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Pure and zinc (Zn)-doped titania nanotubes (TNTs) were fabricated by means of 

the anodization method which was carried out in a mixture of electrolytes prepared by 

combining ethylene glycol (EG), ammonium fluoride (0.3 wt % NH4F), and 

de-ionized water (2 Vol % H20) with 1 wt%, 2 wt%, and 3 wt% concentrations of 

dopant zinc fluoride (ZnF2). A constant de power supply of 50 V was used as anodic 

voltage. Anodized samples were annealed at 450 °C for 2 hours. The resultant 

samples were characterized by several techniques, x-ray diffraction (XRD) for 

structure and phase analysis, scanning electron microscopy (SEM) for surface 

morphology, and x-ray photoelectron spectroscopy (XPS) for chemical composition 

analysis. The results showed that the diameters and thicknesses of titanium dioxide 

(Ti02) NTs were about 66 nm and 15 nm respectively. The efficiency of the 

dye-sensitized solar cells made from Zn-doped Ti02 NTs was 4.54% under 

illumination of 100 mW/cm2 when 1 wt% of ZnF2 dopant was used. 
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1.1 Introduction 

CHAPTERl 

INTRODUCTION 

Global energy crisis such as high oil price and energy shortage due to growing 

population and expanding industrialization, and exhaustion of natural energy sources 

such as fossil fuels, coal, oil and natural gas, has triggered the need for developing 

alternative sources of energy that are renewable, clean and low cost. In addition, the 

use of energy especially fossil fuels causes air pollution due to emission of green

house gases. Solar energy is an excellent energy source because it's natural, abundant 

and inexhaustible. Solar cells and other photovoltaic devices are being used to harness 

energy from the sun. The invention of the dye-sensitized solar cells (DSSCs) by 

Gratzel and O'Regan in 1991 [1] has led to intensive research to improve solar cell 

efficiency. 

Ti02 semiconductor has been extensively studied in recent years due to its high 

photocatalytic activity, dielectric effect, resistance to corrosion, nontoxicity, and low 

cost. These unique properties make it a suitable material for several applications such 

as in photocatalysis [l], humidity sensing [2], water splitting [3], hydrogen generation 

[4], and gas sensing [5]. 

The use of Ti02 means its solar energy absorption is restricted mostly in the 

ultraviolet region due to its large energy band gap (3.2 eV for anatase). In addition, 

high rate of charge recombination limits its practical applications. These problems can 

be solved by modifying the structure of titania through doping with foreign ions [6, 7] 

or through developing nanotubes of Ti02 [8, 9]. 

Ti02 nanotubes have been successfully fabricated usmg techniques such as 

hydrothermal [10], solvothermal [11], sol-gel [12] and anodization [13-15] methods. 

Of these methods, anodization is a more suitable method due to its simplicity and low 

cost. Several parameters have been investigated in the preparation and application of 

titania nanotubes. These include: electrolyte composition, electrolyte pH, anodization 

time, anodizing voltage, dopant element and annealing temperature [16 -21]. 
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Anodization is an electrolytic process that creates a protective oxide film over 

a metallic surface. Anodization of titanium foil wascarried out in two-electrode 

electrochemical cells at constant applied voltage. The use of different electrolyte 

solutions permits control of the architecture from well separation an open top and 

bottom closed by barrier layer of metal [22]. Fabrication of titania nanotube arrays by 

anodic oxidation in electrolyte containing fluoride possess manyexcellent properties 

such as highly ordered, uniform diameter and length [23]. There are many effects on 

the growth of titania nanotubes including the anodization voltage and current density, 

anodization time, fluoride concentration, pH of electrolyte, and preparation of 

electrolyte [23-26]. All these parameter could influence the efficiency of their 

photocatalytic activity. Furthermore, doped titania nanotube arrays have been 

extensively investigated due to their capability to narrow band gap and extend the 

wavelength response of Ti02 nanotube arrays into the visible light region and inhibits 

phase transformation [27]. Many researchers have recently paid their attention on 

studying new techniques for preparing titania nanotube arrays. Various studies have 

been interested to improve photocatalytic efficiency of titania nanotube arrays. 

Most titania catalysts require activation by ultraviolet light which comprises only 

about 4% of the solar energy spectrum [22]. To improve the photocatalytic reactivity 

of Ti02 and to extend its light absorption into the visible region several methodshave 

been considered such as controlling band gap energy (3.2 eV in the anatase Ti02 

crystalline phase) through doping nonmetal materials and enlarging the surface area by 

producing titania in the form of nanoparticles, nanowires and nanotubes [28-29]. 

In previous work, The almost common knowledge that the electrolyte needs an aging 

process before it can be used for an anodization fabrication of titania nanotubes which 

helps to synthesize well defined nanotubes [30-31] and doping with foreign elements 

such as Carbon (C), Nitrogen (N), Fluorine (F), Sulfur (S), Boron (B), Iodene (I) and 

Phosphorus (P) [22,32]. However, no detailed study has been reported on preparation 

and compound properties of titania synthesized by stirring the electrolyte in 

preparation process of solution and adding zinc fluoride in the electrolyte. So, this 

research proposed to prepare and investigate the nanostructureproperties of undoped 

and ZnF2-doped titania nanotubes by stirring and aging of the electrolytes in 

preparation process in the electrolyte solutions for the electrochemical anodic 
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oxidation of pure titanium sheets in the mixtures of ethylene glycol, ammomum 

fluoride and deionized water electrolyte solution added with different zinc fluoride 

doping concentrations. 

1.2 Objectives 

1.2.1 To prepare and modify the structure of undoped and Znf 2-doped titania 

nanotubes by anodization method with pure titanium sheets. 

1.2.2 To investigate the microstructure and properties ofundoped and ZnF2-doped 

titania nanotubes by XRD, SEM images for surface morphology, X-ray photoelectron 

spectroscopy (XPS) chemical composition of the prepared samples. 

1.2.3 To fabricate and test the efficiency of the dye sensitized solar cells (DSSCs). 

1.3 Scope of research 

The scope of this research is to prepareand to investigate the microstructure and 

the properties of undoped and ZnF2-doped Ti02 nanotubes by anodization method of 

pure titanium sheets in the mixture electrolyte, mixtures of ethylene glycol, 

ammonium fluoride and deionized water electrolyte solution containing with different 

Znf 2 doping concentrations. The dopants were varied from 1.0 wt%, 2.0 wt% and 

3.0 wt% of ZnF2. The anodizing voltage will be set at 50 V and the process will be 

conducted for 2 hours. The titanium foils wereanodized at room temperature. Then, 

the samples were subjected to mild ultrasonic treatment in ethanol for 10 min. The 

nanotubes were crystallized by the annealing at 450 °C for 2 hours. The titanium 

nanotubes will be characterized by XRD for microstructure, SEM images for surface 

morphology and XPS for chemical composition properties and performance test of the 

dye sensitized solar cellsin the illuminance of 100 mW /cm2. 

1.4 Expected outcomes 

1.4.1 Understanding the fabrication proceed for titania nanotube arrays by 

anodization method 

1.4.2 Obtain the working electrodes for the dye sensitized solar cells for ZnF2 

dopedtitania nanotube. 
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1.5 Research methods 

The titania nanotubes will be prepared by anodization methods of pure titanium 

sheets. The titanium sheets, 0.25 mm in thickness and more than 99.7% in purity, from 

Sigma Aldrich. The titanium sheets will be cut in circular shape with diameter about 

1.5 cm. Before anodization, the titanium substrates will be degreased ultrasonically in 

turn in is opropanal, de-ionized water and ethanol [5] for 10 min. The substrates will 

be bound to an electrolytic cell via an o-ring and a copper (Cu) plate. One side of the 

substrate will be in contact with the electrolyte and the opposite side, covered by a Cu 

plate, will be connected to the DC power supply with a conducting wire. The counter 

electrode will be a piece of platinum (Pt) sheet. The spacing between the two 

electrodes was approximately 2 cm. The electrolyte will be the mixture of ethylene 

glycol (EG) ammonium fluride (0.3 wt% NH4F), de-ionized water (2 Vol% H20) and 

containing with different concentrations of Zinc Fluoride (ZnF2). The anodizing 

voltage will be set at 50V and the process will be carried out for 2 hours. The titanium 

foil will be anodized at room temperature. Then, the samples will be subjected to mild 

ultrasonic treatment in ethanol for 10 minutes in order to clean debris that covers the 

surfaces of the samples. The nanotubes will be crystallized by the annealing at 450 °C 

for 2 hours. 

The titania nanotubes will be characterized by XRD for microstructure, SEM 

images for surface morphology and XPS for chemical composition properties and 

performance test in dye sensitized solar cells. 



2.1 Renewable energy 

CHAPTER2 

REVIEW OF LITERATURES 

Recently, the world energy is largely depended on fossil fuels. The use of fossil 

fuels leads to atmospheric pollution, global warming and energy shortage. This may be 

replaced by using sustainable and renewable energy sources [25]. Renewable energy is 

energy that is generated from natural processes that are continuously replenished. 

There are many forms of renewable energy. Most renewable energy comes either 

directly or indirectly from the sun. Solar energy can be used directly for heating and 

lighting homes and other buildings, for generating electricity, for hot water heating, 

solar cooling, and a variety of commercial and industrial uses. Solar energy is the 

direct conversion of sunlight using panels or collectors. Biomass energy is stored 

sunlight contained in plants. Hydrogen is high in energy, yet an engine that bums pure 

hydrogen produces almost no pollution. Other renewable energies that do not depend 

on sunlight are geothermal energy, which is a result of radioactive decay in the crust 

combined with the original heat of accreting the Earth, and tidal energy, which is 

a conversion of gravitational energy. 

The sun radiates energy in forms of light and heat, which depends on the nuclear 

fusion power from the core of the Sun. Solar energy can be collected and converted in 

few different ways. Two main types of solar energy systems are in use today, which 

including photovoltaics, and thermal systems. Photovoltaic systems convert solar 

radiation to electricity by a variety of methods. The most common approach is to use 

solar cells, which generate an electrical current when light shines upon it. Solar 

Thermal Systems seek to store heat from the sun that can be used for a variety of 

purposes. Many different approaches can be employed here, including active systems, 

such as solar hot water heaters, and passive systems, in which careful engineering 

design results in a building that automatically stores and utilizes solar energy. 
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Wind power is a form of solar energy. Winds are caused by the rough heating of 

the atmosphere by the sun, the irregularities of the earth's surface, and rotation of the 

earth. Wind flow patterns are modified by the earth's region, bodies of water, and 

vegetative cover. This wind flow, when harvested by wind turbines, can be used to 

generate electricity. 

Hydroelectricity is the term referring to electricity generated by hydropower. This 

form uses the gravitational potential of elevated water that was lifted from the oceans 

by sunlight. It is not strictly speaking renewable since all reservoirs eventually fill up 

and require very expensive excavation to become useful again. At this time, most of 

the available locations for hydroelectric dams are already used in the developed world. 

Biomass is the term for energy from plants. Energy in this form is very commonly 

used throughout the world. Unfortunately the most popular is the burning of trees for 

cooking and warmth. This process releases copious amounts of carbon dioxide gases 

into the atmosphere and is a major contributor to unhealthy air in many areas. Some of 

the more modem forms of biomass energy are methane generation and production of 

alcohol for automobile fuel and fueling electric power plants. 

Hydrogen is the simplest element in the universe. An atom of hydrogen consists 

of only one proton and one electron. It's also the most plentiful element in the 

universe. Despite its simplicity and abundance, hydrogen doesn't occur naturally as 

a gas on the Earth - it's always combined with other elements. Water is a combination 

of hydrogen and oxygen (H20). Hydrogen is also found in many organic compounds, 

notably the hydrocarbons that make up many of our fuels, such as gasoline, natural 

gas, methanol, and propane. There are several promising methods to produce 

hydrogen, such as solar power. Currently, most hydrogen is made this way from 

natural gas. An electrical current can also be used to split water into its components of 

oxygen and hydrogen atoms. This process is known as electrolysis. Some algae and 

bacteria, using sunlight as their energy source, even give off hydrogen under certain 

conditions. 

A fuel cell combines hydrogen and oxygen to produce electricity, heat, and water. 

Fuel cells are often compared to batteries. Both convert the energy produced by 

a chemical reaction into usable electric power. However, the fuel cell will produce 

electricity as long as fuel (hydrogen) is supplied, never losing its charge. 
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Geothermal energy is the heat from the Earth. It's clean and sustainable. 

Resources of geothermal energy range from the shallow ground to hot water and hot 

rock found a few miles beneath the Earth's surface, and down even deeper to the 

extremely high temperatures of molten rock called magma. Geothermal 

electricity is electricity generated by geothermal energy. Technologies in use include 

dry steam power stations, flash steam power stations and binary cycle power stations. 

In certain areas the geothermal gradient is high enough to exploit to generate 

electricity. This possibility is limited to a few locations on Earth and many technical 

problems exist that limit its utility. Another form of geothermal energy is Earth 

energy, a result of the heat storage in the Earth's surface. Soil everywhere tends to stay 

at a relatively constant temperature, the yearly average, and can be used with heat 

pumps to heat a building in winter and cool a building in summer. This form of energy 

can lessen the need for other power to maintain comfortable temperatures in buildings, 

but cannot be used to produce electricity. 

Tidal energy is a form ofhydropower that converts the energy obtained 

from tides into useful forms of power, mainly electricity. Although not yet widely 

used, tidal power has potential for future electricity generation. Tides are more 

predictable than wind energy and solar power. Among sources of renewable energy, 

tidal power has traditionally suffered from relatively high cost and limited availability 

of sites with sufficiently high tidal ranges or flow velocities, thus constricting its total 

availability. However, many recent technological developments and improvements, 

both in design and turbine technology, indicate that the total availability of tidal power 

may be much higher than previously assumed, and that economic and environmental 

costs may be brought down to competitive levels. 

The sun is the most important source of renewable energy available to day. The 

sun has provided energy for practically all living creatures on earth, through the 

process of photosynthesis, in which plants absorb solar radiation and convert it into 

stored energy for growth and development. The Scientists and engineers today seek to 

utilize solar radiation directly by converting it into useful heat or electricity. There is 

a great deal of opportunity for using these systems to improve the available technology 

and increase the utilization of solar energy systems. Solar energy is a smart green and 

clean energy opportunity to add to our overall renewable energy or sustainable energy 
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group to help offset the use of conventional fuels, reduce harmful emissions, and meet 

necessary future energy goals. 

2.2 Solar energy 

Solar energy is healthy energy that is produced by the Sun. Every day, the Sun 

radiates an enormous amount of energy. The amount of energy humans use annually, 

about 4.6 x 1020 joules, is delivered to Earth by the Sun in one hour. The enormous 

power that the Sun continuously delivers to Earth, 1.2 x 105 terawatts, dwarfs every 

other energy source, renewable or nonrenewable. It significantly exceeds the rate at 

which human civilization produces and uses energy, currently about 13 terawatts [34]. 

The impressive supply of solar energy is complemented by its usefulness. Solar 

radiation is a renewable energy resource that has been used by humanity in all ages. 

The solar energy could be a best option for the future world because of it is abundant 

in nature and freely available source of energy with no cost. Moreover, it is 

a promising source of energy in the world because it is not exhaustible, giving solid 

and increasing output efficiencies than other sources of energy [33]. The discovery of 

photovoltaic effect by Becquerel in 1839 and the creation of the first photovoltaic cell 

or solar cell in the early 1950s opened entirely new perspectives on the use of solar 

energy for the production of electricity. Sunlight can be converted into electricity by 

exciting electrons in a solar cell. It can yield chemical fuel via natural photosynthesis 

in green plants or artificial photosynthesis in human-engineered systems. The sunlight 

can produce heat for direct use or further conversion to electricity. Photovoltaic 

technology is a technology used to convert sunlight into electricity directly without 

any interface for conversion. Therefore, these devices are very simple in design and 

for efficient handling. In addition, they have the ability to give larger outputs from 

smaller inputs. Thus, they are used in various applications worldwide. But, its system 

is still to be improved for better outputs. Photovoltaic devices commonly use 

semiconductor material to induce electricity, in which silicon is commonly used. The 

principle of this device is to activate electrons by giving additional energy. This device 

works on the principle that the electrons are activated from lower energy state to 

higher energy state as of the energy addition from sunlight. This activation will in turn 

create number of holes and free electrons in the semi-conductor thus giving electricity 
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[33]. Since then, the evolution of solar technologies continues at an unprecedented 

rate. Nowadays, there exist an extremely large variety of solar technologies, and 

photovoltaics have been gaining an increasing market share for the last 20 years. 

Nevertheless, the abundance and versatility of solar energy, we use very little of it to 

directly power human activities. Solar electricity accounts for a minuscule 0.015% of 

world electricity production, and solar heat for 0.3% of global heating of space and 

water. Biomass produced by natural photosynthesis is by far the largest use of solar 

energy. Its combustion or gasification accounts for about 11 % of human energy needs. 

Between 80% and 85% of our energy comes from fossil fuels, a product of ancient 

biomass stored beneath Earth's surface for up to 200 million years [34]. Fossil-fuel 

resources are of finite extent and are distributed unevenly beneath Earth's surface. 

When fossil fuels are turned into useful energy though combustion, they produce 

greenhouse gases and other harmful environmental pollutants. In contrast, solar 

photons are effectively inexhaustible and unrestricted by geopolitical boundaries. 

Their direct use for energy production does not threaten health or climate. The solar 

resource's magnitude, wide availability, flexibility, and benign effect on the 

environment and climate make it an appealing energy source. From a scientific and 

technological viewpoint, the great challenge is finding new solutions for solar energy 

systems to become less capital intensive and more efficient. Many research efforts are 

addressing these problems. Low-cost and high efficiency photovoltaic device concepts 

are being developed. Solar thermal technologies are reaching a mature stage of 

development and have the potential of becoming competitive for large energy supply. 

Intermittency is being addressed with extended research efforts in energy storage 

devices, thermal storage, and the direct production of solar fuels. All these are 

valuable routes for enhancing the competitiveness and performance of solar 

technologies. 

Over the years there have been several studies on semiconductor photocatalytic 

and photoelectronchemical systems for hydrogen generation or water splitting 

reaction. The underlying operating principles have also been extended to many other 

areas such aselectrochemical photovoltaics, wastewater treatment, antibacterial, self

cleaning, and fuel synthesis. The conversion of radiant energy to electrical or chemical 

energy is primarily based upon the pumping of electrons to higher energy levels upon 



10 

the absorption of light in the visible or ultra violet regions. Intermolecular electron 

transfer from these excited molecules, either directly or via an external circuit in an 

electrochemical cell, provides the basis of the energy conversion process. Generally, 

when a semiconductor surface is exposed to light radiation, electron hole pairs are 

generated. Efficient utilization of the radiant energy requires separation of the 

photogenerated electron-hole pairs before recombination. These events have been 

found to occur quite effectively within the electric field formed at the interface 

between a semiconductor and an electrolyte solution. The photovoltaic effect is 

a phenomena in which a voltage or electrical current is generated in a material by 

being exposed to electromagnetic radiation. This is the basis of semiconductor 

photocatalysis and photoelectrochemistry. 

Although the solar spectrum contains enough energy to conversion of radiant 

energy to electrical or chemical energy, this reaction does notoccur spontaneously at 

significant rates, due to the low absorption coefficient in the UV-visible region of the 

electromagnetic spectrum. However, in theory, sunlight can be used to excite 

a semiconductor material, which in tum acts as a catalyst for conversion of radiant 

energy to electrical or chemical energy. In practice, the progress in the 

photoelectrochemical conversion of radiant energy to electrical or chemical energy 

technology is materials-limited. The most challenging key factors are the existence of 

a material with a band gap suitable for capturing as much energy as possible from 

incident light, its stability in a wide range of aqueous electrolytes and minimization of 

charge carrier recombination. Further, the material has to be in a plentiful supply and 

environmentally benign for scalable applications. To this end, metal oxide 

semiconductors appear to exhibit superior properties as photo-electrodes in 

comparison to other types of materials. Titania is one of the possible materials for the 

energy conversion because of its excellent photocatalytic activity [25]. 

2.3 Introduction of Ti02 

Recently, Owing to titanium dioxide (Ti02) has relatively high photocatalytic 

activity, biological and chemical stability, low cost, non-toxic nature and long-term 

stability, it is one of the most widely semiconductors, many researchers have been 

studied it in many fields such as sensing devices, solar cell and waste water treatment. 
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2.3.1 Basic Properties 

Ti02 is a n-type semiconductor and has three common polymorphs: anatase 

(tetragonal) in low temperatures, rutile (tetragonal) and brookite (orthorhombic) in 

high temperatures. Moreover, anatase and rutile are most used in photocatalytic 

reaction, and anatase gives better reaction activity than rutile. It conjectured that the 

Fermi level of anatase (EG= 3.2 eV) is higher than rutile (EG= 3.0 eV). Some basic 

properties of three crystal structures ofTi02are shown in Table 2.1 [35] 

Table 2.1 Basic properties of three crystal structures of Ti02 [35] 

Anatase Ru tile Brookite 

Crystalline Tetragonal Tetragonal Orthorhombic 

Specific Gravity (g/cm3
) 3.9 4.2 4.13 

Mohs Hardness 5.5-6.6 6.0-7.0 6.0-6.5 

Dielectric 31 114 -
Index of Refraction 2.52 2.71 -
Energy Gap ( e V) 3.2 3.0 3.2 

1,770 

Transform into (Transform into 
Melting Point (°C) 

rutile at 600 °C 
1,858 

rutile in high 

temperature) 

2.3.2 Morphology and Fabrication of Nano-Scale Ti02 

A variety of preparation routes have been used to fabricate nano-scaled Ti02 

of different geometric shapes and microstructures such as wires, dots, particulates and 

tubes. Among one-dimensional architectures, nanotube arrays have a higher surface 

area than nanowires and nanoparticles due to the additional surface area enclosed 

inside the hollow structure. Hence, many researchers have great interest in fabricated 

Ti02 nanotubes. Moreover, Ti02 nanotubes have been fabricated by electrochemical 

anodization [36], template method [37], and hydrothermal synthesis [38] as follow: 
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(1) Template Method 

The preparation of nanotubes by template method is shown schematically 

in Figure 2.1. Anodic aluminum oxide (AAO) template has attracted much interest for 

the preparation of several nanosized materials [3 7]. The size of Ti 0 2 nano tubes can be 

controlled by applied templates. However, the template method is gradually 

superseded, because there are some difficulties, such as complex fabrication and post

removal, yet to overcome. 

,.\ nodic Porous Alumina. 
Gold Evaporation 

El cctrodcposi tion of 
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.. 

- Aluminum Oxide 
-Gold 
ffi/"'¥1''.f] PMMA 
.. Titanium Dioxide 

PMMA Replk·ated Ncgatype 

+ 

Electroless plated 
Gold Layer 

Semiconductor 
Nanotubes after 
Dissolution of 
the Polymer 

Figure 2.1 Preparation process of Ti02 nanotube by template method [37] 

(2) Hydrothermal Synthesis 

After the innovative achievements from Kasuga et al. [38], the fabrication 

of Ti02 nanotubes by hydrothermal synthesis has promoted vigorous research 

activities. Ti02 nanotube can be synthesized from the Ti02 particles in highly 

concentrated NaOH solutions. A schematic diagram for the formation of Ti02 

nanotubes by hydrothermal synthesis is shown in Figure 2.2. The key factors affecting 
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the fabrication of Ti02 nanotube arrays by hydrothermal synthesis were temperature 

and duration of treatment, alkali solution, Ti precursors and acid washing [39]. The 

hydrothermal synthesis is suitable for large scale production of low dimensional, well 

separated and crystallized Ti02 nanotubes. 

/I ~ 

A 
,,/ 

a 

c 

Figure 2.2 Schematic diagram for the formation of Ti02 nanotubes by 

hydrothermal method [ 40] 

(3) Electrochemical Anodization 

Ti02 nanotube arrays fabricated by anodic oxidation in electrolytes 

containing fluoride possess many excellent properties such as highly-ordered, uniform 

diameter and length, effective contact with Ti foil, high aspect ratio using anodic 

oxidation method. A schematic set-up for anodic oxidation is shown in Figure 2.3. 

Ti02 nanotube arrays are tubular structure which can increases the light scattering. 

Moreover, it not only increases the light absorption, but also shows much higher 
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conversion efficiency than Ti02 nanoparticle, owing to its high electron transporting 

characteristics. Therefore, Ti02 nanotube arrays fabricated by anodic oxidation have 

been considered for extensive applications such as photocatalysts, dye-sensitized solar 

cells and gas sensors. There are several operational variables associated with the 

fabrication of Ti02 nanotube arrays, suchas anodization voltage, water content in 

electrolyte, anodization time, anodization temperature, fluorine ion concentration, pH 

value of electrolyte and annealing environment. In this studied, we will focus on 

electrochemical anodization. 

a b 

electrolytes 
contals.tng F~ 
(optimized 
conditions) 

Compact TiOt. 

Self-organized no= 
nanolubn 

Figure 2.3 The schematic set-up for anodic oxidation method [36] 

2.4 Nanostructures material 

A nanostructure is a structure of intermediate size between microscopic and 

molecular structure. Nanoscience and technology are considered to be the materials 

with the dimensions ranging from several nanometers to several hundred nanometers. 

The main types of nanostructured materials based on the dimensions of their structural 

elements are zero-dimensional (OD), one-dimensional (ID), two-dimensional (2D) and 

three-dimensional (3D) nanomaterials, as illustrated in Figure 2.3. Zero-dimensional 

nanomaterials include nanocluster materials and nanodispersions, such as materials in 

which nanoparticles are isolated from each other. One-dimensional nanomaterials 
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are nanofibre or nanorod and nanotubular materials with fibre length from 100 nm to 

tens of microns. Two-dimensional nanomaterials are coating films with nanometer 

thickness. Structural elements in OD, lD and 2D nanomaterials can be distributed in 

a liquid or solid macroscopic matrix or be applied on a substrate. Three-dimensional 

nanomaterials include powders, fibrous, multilayer and polycrystalline materials in 

which the OD, lD and 2D structural elements are in close contact with each other and 

form interfaces. An important type of three-dimensional nanostructured materials is 

a compact or bulk polycrystal with nanosize grains, whose entire volume is filled with 

those nanograins, free surface of the grains is practically absent, and there are only 

grain interfaces. The formation of such interfaces and disappearance of the 

nanoparticle or nanograin surface is the fundamental difference between three

dimensional compact nanomaterials and nanocrystalline powders with various degrees 

of agglomeration that consist of particles of the same size as the compact 

nanostructured materials. 

Clusters 

OD 
Nanotubes, fibers and rods 

JD 
Films and coats 

2D 
Polycrystals 

3D 

Figure 2.4 Types of nanocrystalline materials by size of their structural elements: 

OD (zero-dimensional) clusters; lD (one-dimensional) nanotubes, 

fibers and rods; 2D (two-dimensional) films and coats; 3D (three

dimensional) polycrystals. [99] 
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One of the very basic results of the physics and chemistry of solids is the insight 

that most properties of solids depend on the microstructure, i.e. the chemical 

composition, the arrangement of the atomic structure and the size of a solid in one, 

two or three dimensions. In other words, if one changes one or several of these 

parameters, the properties of a solid vary. The most well-known example of the 

correlation between the atomic structure and the properties of a bulk material is 

probably the spectacular variation in the hardness of carbon when it transforms from 

diamond to graphite. Comparable variations have been noted if the atomic structure of 

a solid deviates far from equilibrium or if its size is reduced to a few interatomic 

spacing in one, two or three dimensions [26]. 

New and interesting physical and chemical properties emerge when the size of 

a material decreases down to the nanometer domain. Properties also vary as the shapes 

of the shrinking nanomaterials change, the surface area and number of bonds on the 

surface increases. In semiconductor materials within this size domain, the movement 

of electrons and holes is governed by the well-known quantum confinement effect, 

and the transport properties related to phonons and photons are largely affected by the 

size and geometry of the material. As a result, quantum confinement has an effect on 

the optical, electrical, and chemical functionalities. Quantum confinement effect in 

nanomaterials is a result of a dispersed distribution of allowable energy states. That is, 

as the size of the particle a decrease in dimension from bulk to nano-sized, the density 

of states (DOS) becomes discreet. A review article by Xiaobo Chen, and Samuel 

S. Mao [27] covers numerous synthesis methods to achieve nanosized titanium 

dioxide, while an extensive review by Ulrike Diebold [29] covers the bulk properties 

and surface science of titanium dioxide. Although there are several methods to 

synthetically obtain ID titania nanostructures such as nanotubes, nanorods, generally 

three methods are hydrothermal synthesis, template directed growth using porous 

alumina, and electrochemical anodization. Out of these three methods, electrochemical 

anodization offers several advantages over the former two. For example, 

electrochemical synthesis is a scalable process, offers easier reagent handling, and 

demonstrates robust control on the nanoscale. In the former two synthesis methods, the 

final material is in powder form, which can limit its applications. Electrochemical 

synthesis methods have shown promise to synthesize a number of metal oxide 
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nanostructures, in particular electrochemical anodization of so-called valve metals and 

their alloys. Through the use of various processing techniques, a wide variety of 

nanostructures can be synthesized with high control. The synthesis of vertically 

orientated self-ordered metal oxide nanotube arrays on metal substrates, using 

electrochemical anodization technique, has been reviewed [34-36], as well as their 

application in solar energy conversion systems [37-39]. 

2.5 Mechanism of Titania Nanotube arrays formation by anodization method 

The key processes responsible for anodic formation of titania nanotube arrays are 

oxide growth at the metal surface due to interaction of the metal with 0 2-or Off ions 

which decomposed from the bulk electrolyte and reacted with metal ion (Ti4+) to form 

the initial oxide layer. Moreover, these anions will continuously react with Ti4
+ ions by 

diffusing through the oxide layer and reaching the metal or oxide interface. On the 

other hand, Ti4
+ ions will migrate to metal or oxide interface and further be progressed 

to oxide or electrolyte by applied electric field [ 45]. When increasing anodization 

time, oxide layer become more thickness by Ti4
+ ions dissolve into the electrolyte and 

0 2
- anions migrate to the metal or oxide interface. Moreover, electrochemical 

dissolution process will react at the same time and form small pits on the surface of 

oxide layer. Owing to pits causing relatively thinner barrier layer, at bottom, the 

electric field intensity across the bottom of pits was increased [ 4 2-44]. Continued the 

above reaction, the pits progressively deepen and widen to form the pores indicated 

that the deeper pores will cause uneven electronic charge distribution over oxide and 

the protruded metallic regions will form inter-pore voids by local electric field. Due to 

pore and voids form, they will compete for the available current and finally both voids 

and tubes grow in equilibrium [ 41]. 

The anodic growth of compact oxides on the surfaces of titanium sheets and the 

formation of nanotubes can be explained by following reactions: 

At the anode, there action takes place: 

(2.1) 

At the cathode, hydrogen evolution occurs: 
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(2.2) 

The overall process of oxidation formation is given by: 

(2.3) 

Fluorine ions can attack the oxide and hydrated layer or the ions being mobile in 

the anodic layer under the applied electric field, react with Ti4+ as described by: 

(2.4) 

Ti(OH)4 + 6P- ~ TiFi" + 40H- (2.5) 

Ti4
+ + 6P- ~ TiFi" (2.6) 

The formation of tubular structures is show in Figure 2.5. The anodization onset 

a thin layer of oxide forms on the titanium surface Figure 2.5a. Small pits originate in 

this oxide layer due to the localized dissolution of the oxide Figure 2.5b making the 

barrier layer at the bottom of the pits relatively thin which, in turn, increases the 

electric field intensity across the remaining barrier layer resulting in further pore 

growth, Figure 2.5c. The pore entrance is not affected by electric field assisted 

dissolution and hence remains relatively narrow, while the electric field distribution in 

the curved bottom surface of the pore causes pore widening, as well as deepening of 

the pore. The result is a pore with a scallop shape [44-45]. The pits progressively 

deepen and widen to form the pores indicated that the deeper pores will cause uneven 

electronic charge distribution over oxide and the protruded metallic regions will form 

inter-pore voids by local electric field, Figure 2.5d. Due to pore and voids form, they 

will compete for the available current and finally both voids and tubes grow in 

equilibrium, Figure 2.5e.The nanotube length increases until the electrochemical etch 

rate equals the chemical dissolution rate of the nanotube top surface. After this point is 
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reached the nanotube length will be independent of the anodization duration, as 

determined for a given electrolyte concentration and anodization potential. 

(a) 

(d) 

(c) 

(e) Ti02 Nanotube 
,...-..... 

Figure 2.5 The formation of tubular structures [53]. 

2.6 Fabrication of Ti02 Nanotube Arrays by Electrochemical Anodization 

The effect of operational parameters on the morphology and dimension of 

nanotube arrays are discussed as follow. 

2.6.1 Effect of Anodization Voltage 

Anodizing voltage is one of the factors to affect electrochemical oxidation 

rate and electrochemical dissolution. The electrochemical oxidation rate increases with 

increasing anodizing voltage and affects the growth of Ti02 nanotube arrays. 

Therefore, it is an important driving force to occur anodization process. 

Albu et al. (2008) [46] prepared Ti02 nanotube arrays with organic 

electrolyte containing ethylene glycol, HF and H202 at varied anodizing voltage of 

120, 40 and 0 V. They found a very regular layer with thickness of about 10 mm forms 

that consists of aligned, individual Ti02 nanotubes with diameters of 150 nm was 

formed with anodizing voltage of 120V. Moreover, if anodizing voltage is lowered to 

40 V, and the growth of the nanotubes slows down, depending on the resulting 

conditions, may entirely stop. 
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Liu et al. (2008) [ 4 7] found that the anodizing voltage influences the 

nanotube formation process and morphology of the as-anodized samples greatly. 

At a lower voltage resulted a compact oxide layer, there are no exact tubular structure 

formed and the nanopores was highly disordered with average pore diameter smaller 

than 15 nm. On the contrary, at a higher voltage, nanotubular structures can be 

identified and small disordered, due to the insufficient growth of the oxide film, and 

the partial irregular nanotubes should be related to general chemical etching of the 

tubular walls. Moreover, the author said the nanotubular structure will be almost 

destroyed when the anodizing voltage was higher than 30 V. 

Liu et al. (2009) [ 48] investigated the effect of the applied potential on the 

microstructure of the as-prepared nanotubes under ultrasonication condition, the 

anodizing voltage was applied from 5 V to 20 V with the electrolyte composition 

contained 0.5 wt% HF solution and anodization time (1800 s) constant. Furthermore, 

their studies found that anodization at 5 V for 1800 s only gives a thin layer of porous 

film rather than nanotube, but the voltage increased to 20 V, the anodization results 

nanotubes layer with diameter and length of about 65 and 280 nm, respectively. It is 

evidenced that both the diameter and length increased with an increment in applied 

potential. 

2.6.2 Effect of Anodization Time 

Anodizing time is affecting the length of Ti02 nanotube arrays and playing 

an important role in anodization process. As shown in Figure 2.6, Albu et al. (2008) 

[ 46] investigated the current-time curve during anodiaztion process, in first stage 

a compact oxide layer forms and as time goes on the current drops exponentially with 

increasing layer thickness. At step II, a fine porous layer forms due to the layer is 

partially etched by fluoride ion migration and accompanying oxide dissolution and the 

current increases. In the third stage the reaction is stabilized, and regularly growing 

pores or tubes are formed. Therefore, anodization time plays an important role for 

growth of Ti02 nanotube arrays and the length of Ti02 nanotube arrays increases with 

the increasing anodization time. 

Liu et al. (2009) [49] prepared Ti02 nanotube arrays by anodization process 

under ultrasonic wave irradiation for different time intervals ranging from 10 s to 3600 

s at 20V. When anodization time over 500 s, a tube-like surface morphology was 
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obtained and there are well-aligned nanotubes ~280 nm in length, ~65 nm in inner 

diameter and ~5 nm in wall-thickness after anodization time to 1800 s. Moreover, they 

found that with further anodization, there is almost no further change in the 

nanotubular structure when anodization process extended from 1800 s to 3600 s. 
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Figure 2.6 Typical current-time characheristics and corresponding growth 

stages during anodization process [ 46] 
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Yoriya et al. (2009) [50] investigated Ti02 nanotube arrays by anodization 

process, the anodization electrolyte were diethylene glycol mixing with HF. They 

found at the first 20 h, Ti02 nanotube arrays growth rate is +0.2 µm/h, and +0.4 µm/h 

is obtained from 20-40 h anodization duration, owing to the oxidation growth rate is 

faster than the oxide dissolution. On the contrary, when anodization time beyond 40 h, 

the oxide dissolution is faster than the oxidation growth rate and the tube length 

decreases with a negative growth rate of-0.1 µm/h. 

Kuang et al. (2008) [51] studied highly ordered Ti02 nanotube arrays with 

ethylene glycol electrolyte containing 0.25 wt% HzO and 0.75 wt% NH4F for different 

anodization time. The result revealed the average TNT lengths are 5-14 urn increasing 

with increasing anodization time from 2-2 h. 

Hattori et al. (2011) [52] prepared Ti02 nanotube arrays in glycerol 

electrolyte containing 0.5 wt% NH4F for different anodization duration and annealed 

at 450 °C in air for 90 minutes. Anodization time at 1 hr and 10 hr, length of Ti02 

nanotube arrays from 150 nm increased to 1.5 µm, but dimension showed the same 

inner pore (~23 nm) and outer diameter (~36 nm). However, anodization time at 30 hr, 

dimension of Ti02 nanotube arrays increased to 45 nm and 55 nm. When anodization 

time increasing up to 36 hr, Ti02 nanotube arrays showing oblique geometry. 

2.6.3 Effect of Water Content in Electrolyte 

Owing to the anhydrous nature of the ethylene glycol, many researchers will 

add specific amounts of deionized water as an additional electrolyte component. 

Hence, the water content significantly affects the morphology of Ti02 nanotube arrays 

and the influences of water content on growth of Ti02 nanotube arrays are described 

as following: 

Prakasam et al. (2007) [53] studied morphology of Ti02 nanotube arrays 

with electrolyte containing different concentration of HzO from 1 to 3 vol% for a 17 

anodization at 60 V. They found at the 0.3 wt% N~F, the length of Ti02 nanotube 

arrays reached maximum at the HzO concentration of 2 vol%. Moreover, water is 

usually the source of oxygen in anodizing solutions. When more water is present, 

hydroxyl ions will injected into the body of the oxide layer and affect the structure 

sufficiently to inhibit ion transport though the barrier layer. On the contrary, when less 
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water is present, the rate of growth of the overall oxide film will be limited, owing to 

the difficulty in extracting oxygen and/or hydroxyl ions. 

Alivov et al. (2009) [54] prepared Ti02 nanotube arrays m glycerol 

electrolyte with NF 4F and H20 at different anodization voltages (Va) and electrolyte 

composition. They indicated addition of water to the electrolyte results in an increase 

in TNT growth rate and modification of TNT film morphology. The result revealed 

there was poor dependence of the diameter on the voltage at low H20 concentration 

( < 5% ); however there was a very well pronounced linear dependence of the diameter 

on the voltage at higher water concentration (2:5% ). Owing to addition of water 

decreases the electrolyte viscosity, so this parameter seems to be crucial for NT 

diameter control. 

2.6.4 Effect of Fluorine Ion Content in Electrolyte 

Fluoride content is one of the important factors to affect anodization 

process, owing to the electrochemical dissolution was the fluoride ion reacting with 

titanium dioxide to form the [TiF 6]
2. Many researchers studied the relationship 

between electrochemical dissolution and the formation of Ti02 nanotube arrays by 

different dosage of ammonium fluoride on anodization process. 

Macak et al. (2005) [55] prepared Ti02 nanotube arrays by IM Na2S04 

solutions with the addition of different amounts of NaF (0.1-I wt%) and they found 

that anodization in NaaSCU solution containing 0.1 and 0.3 wt% ofNaF results in the 

etch reaction happened but etch is not uniform on the entire surface. Moreover, 

anodization process in Na2SC4 (IM) solution containing NaF in the range of 0.5-1 wt 

% results in far more uniform porous structures. When the concentration of NaF is 

higher than 1 wt %, it will be not produced due to the limited solubility of NaF in 

aqueous solution of IM Na2S04. Furthermore, in their studied indicated that pore size 

is not significantly depending on the NaF concentration. 

Prakasam et al. (2007) [53] studied morphology of Ti02 nanotube arrays 

with electrolyte containing different concentration of NE4F from 0.1-0.3 wt% and 

anodization for 17 h at 60 V. They found at the 2 vol% H20, the length of Ti02 

nanotube arrays increased at the concentration of N~F increasing up to 0.3 wt%. 

Furthermore, at concentration of ammonium fluoride lower than 0.3%, the reaction 

rate is low and the water absorbed from the ambient sufficient to meet the demand for 
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oxygen arising from the Ti02 nanotube formation. NHiF concentration greater than 

0.3 wt% without water addition resulted in corrosion on the foil directly. 

Wang et al. (2009) [56] studied the concentration of HF is too high, the 

oxide layer on the surface of Ti02 nanotube arrays will be easily etched, leaving an 

over etching pores and excess HF may continuous etching the structure of TNTs, 

resulting in a large number of defects. Moreover, the concentration of HF is one of the 

factors affected the rate of chemical etching. Therefore, they increasing the 

concentration of HP up to 10 vol% confirmed that the length of TNTs further 

decreased due to the rapid etching of TNTs both in the vertical direction and in the 

lateral direction. 

2.6.5 Effect of Temperature 

The influence of temperature of electrolyte on the performance of growth 

Ti02nanotube arrays depends on electrochemical oxidizing rate and chemical 

dissolution rate. Especially, chemical dissolution rate is a temperature dependent 

process with etching rates typically being exponential functions of the temperature 

[57]. Hence, the morphology of Ti02 nanotube arrays was affected by anodization 

temperature. 

Mor et al. (2005) [57] investigated Ti02 nanotube arrays which anodized 

at 10 V in electrolyte bath of four different temperatures: 5, 25, 35 and 50 °C. 

However, they found that the wall thickness increases with decreasing anodization 

temperature from 9 nm at 50 °C to 34 nm at 5 °C. Moreover, when decreases 

electrolyte bath temperatures the wall thickness increases and in the same diameter the 

wall thickness increases will cause tubes becoming more interconnected result in each 

nanotubes look like a nanoporous structure on the surface. On the other hand, the 

length of the nanotubes (corresponding to the thickness of the nanotube layer) 

increases with decreasing anodization bath temperature from 120 nm at 50 °C to 224 

nm at 5 °C. 

Wang et al. (2009) [56] prepared Ti02 nanotube arrays in the 0.5 wt% NH4F 

and 1 vol% HF ethylene glycol electrolyte solution anodized at 60 V for 1 h with 

various anodization temperatures from -5 to 60 °C. They found that the reaction 

temperature can affect the chemical etching and the electrochemical anodization, 

especially the chemical etching at the early stage and the electrochemical anodization 
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at the late stage. At the late stage, chemical etching also will affect by concentration of 

HF, because consumption of HF will make it slower. In brief, anodization 

temperatures can control nanoporous and nanotubes morphology, the pore size, the 

wall thickness, and the nanotubes length. 

2.6.6 Effect of Electrolyte pH Value 

It is well known that the growth offi02 nanotube arrays from a competition 

between chemical dissolution and electrochemical oxidizing. The electrolyte pH 

value is one of the factors to affect chemical dissolution rate. Hence, in order to know 

the influence of pH value on the growth of Ti02 nanotube array, many researchers 

studied the anodization under various pH values in electrolyte. 

Macak et al. (2005) [55] studied the effect of pH value on the dissolution of 

Ti02 etching experiments. In their studied found when pH of electrolyte solution is 2, 

there is highest dissolution rate observed and the rate approximately 38 run/min. On 

the contrary, electrolyte solution at pH= 5 the dissolution rate is the lowest with a rate 

of less than 1.5 run/min. Therefore, it is evident that in acidic electrolytes the rate of 

chemical etching is much higher than in alkalinity electrolytes. 

Sreekantan et al. (2009) [58] investigated well-organized Ti02 nanotubes by 

anodizing titanium foil in 1 M Na2S04contaming 0.3 g ofNH4F. They found nanotube 

lengths ranging from -0.7 to 2.5 µm could be formed by altering the electrolytes pH. 

Moreover, with increasing pH value the rate of formation decreasing obviously and 

the rate as follow: pH 3 at a rate of 23 nm mm-I, 0.7 um; pH 5 at a rate of 15 nm 

min-I, 0.6 µm; pH 7 at a rate of 8 nm min-I, 0.5 um. 

From previous literature revealed that the nanotube-array length was 

subsequently increased to about 7 µm by control of the anodization electrolyte pH 

(higher values while remaining acidic) which reduced the chemical dissolution of Ti02 

during anodization. 

2.7 Factors Affecting Utilizing Ti02 Nanotube Arrays 

2.7.1 Annealing Condition of Ti02 Nanotube Arrays 

At first, owing to the prepared Ti02 nanotube arrays is amorphous, we have 

to transform it into crystalline, in order to facilitate photocatalytic reaction. There are 

three common polymorphs in Ti02 nanotube arrays: anatase in low temperature, rutile 
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and brookite in high temperature. In the past literatures, anatase and rutile are most 

used in photocatalytic reaction, and anatase gives better reaction activity than rutile. 

Moreover, the ratio between them is important to result photocatalytic efficiency. 

Therefore, photocatalytic efficiency will different from different annealing condition, 

Allam et al. (2010) [59] fabricated Ti02 nanotube arrays by anodization 

process with a formamide-based electrolyte containing 0.2 M NH4F, 1 M HJP04, and 

3 vol% H10 at 20 V for 20 h. The as-anodized samples were crystallized by oxygen 

annealing at different temperatures with heating and cooling rates of 1 °C/min. In their 

studied, the anatase-to-rutile phase transformation was found to start at 550 °C and 

annealed temperature up to 700 °C rutile still does not transformation completely. 

However, the anatase-to-rutile transformation starts near 430 °C for the 500 nm long 

nanotubes studied by Varghese and coworkers. Therefore, they indicated the nanotube 

length is a factor to effect phase transformation process. 

Awitor et al. (2008) [60] prepared Ti02 nanotube arrays by anodization with 

electrolyte containing 0.4 wt% HF at room temperature (20 °C) and the voltage 

maintain at 20 V. The as-anodized sample annealed at different temperature 300 -

600 °C in increments 50 °C and oxygen for 1 h. They found the morphology of 

Ti02nanotube arrays are not affected by increasing annealed temperature to 500 °C. 

Moreover, annealed temperature up to 550 °C and 600 °C, the anatase-to-rutile mass 

ratio decreased to 30:70 and 20:80, respectively. 

Schulte et al. (2010) [61] prepared Ti02 nanotube arrays in the 1 M H1S04 

and 0.8 M KF electrolyte solution with adjusted pH = 4.0 and anodized at 20 V for 2 

h. The as-anodized samples were annealed in ambient air at different temperatures 

with heating rates of 1 °C/min. They found the barrier oxide layer below the nanotubes 

is beginning to convert to rutile at 480 °C and fully converted to rutile at 620 °C. 

When annealed temperature is up to 680 °C, the nanotube structures are collapse. 

Moreover, in C02 reduction reaction the sample annealed at 680 °C has the best 

photocatalytic activity, due to the collapsed nanotube will created new active site. 

However, the oxidation reaction resulted that anatase is more usefully oxidant 

compared with rutile and the sample annealed at 550 °C has the best photocatalytic 

activity, due to anatase/rutile has the best ratio. 
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2.7.2 Dimension ofTi02 Nanotube Arrays 

In previous studies indicated that dimension of Ti02 nanotube arrays can be 

controlled by different anodization processes, such as various anodization time or 

different anodization potential. Recently, many researchers studied photocatalytic 

efficiency with Ti02 nanotube arrays prepared by different anodization processes as 

follow: 

Smith et al. (2009) [62] prepared Ti02 nanotube arrays by anodization 

process in ethylene glycol containing 0.5 wt% N~F and 10 wt% HzO with various 

anodization potential from 20 - 60 V. They indicated the diameter of Ti02 nanotube 

arrays can be easily changed by varying the applied potential during the anodization 

process and an average tube diameter are 50 to 120 nm. The results revealed the 

increase in diameter improves the conversion. However, increasing the diameter from 

75 to 120 nm does not proportionally improve the dye conversion. 

Liu et al. (2009) [ 49] prepared different dimension of Ti02 nanotube arrays 

by anodization process with changed anodization potential and anodization time. The 

result in a nanotube arrays approximately 19.4 µmin length, referred as long tube. As 

a comparison, the short Ti02 nanotube arrays, about 500 nm in length. In 

photocatalytic reaction, removal efficiency of methylic orange (MO) reaches 63.1 % 

for long nanotube electrode after 3 h reaction, which is much higher than 46.9% for 

short nanotube electrode. It is possible that long nanotube possess larger specific 

surface area than short nanotube. In photoelectrocatalytic reaction, removal efficiency 

of MO for long nanotube electrode is also better than short nanotube electrode. Owing 

to long nanotube electrode has a large effective surface area in close proximity with 

the electrolyte solution, thus the photo-generated electrons can transfer more 

effectively to the counter electrode via the external circuit. Therefore, the long 

nanotube electrode can be improved due to the effective separation of electron-hole 

pairs on the surface of electrode. 

Lai et al. (2006) [63] investigated Ti02 nanotube arrays by electrochemical 

anodization in 0.5 wt% HF with various potential at 10-20 V for 20 minutes. It can be 

observed that lengths and inner diameters of Ti02 nanotube arrays are 215-400 nm and 

38-78 nm, respectively. They indicated that with increasing dimension of Ti02 

nanotube arrays, the rate of methylene blue removal was increased. Moreover, the 
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results revealed increased anodization there are higher active anatase phase ratio, light 

absorption ability, and greater UV response arrangement. Moreover, the increasing 

amounts of Ti02 participating to generate more photoelectrons and holes in 

heterogeneous photocatalysis. 

2.7.3 Applied Bias Potential 

The bias potential 1s shown an important factor influencing the 

photoelectrocatalytic reactions. Owing to the structure of Ti02 nanotube arrays is 

vertical tube and connect compactly with Ti substrate, it can provide a unidirectional 

electric channel. Therefore, many researchers are interesting in photoelectrocatalytic 

reaction by utilizing Ti02 nanotube arrays. 

Quan et al, (2007) [64] investigated photoelectrocatalytic degradation 

of pentachlorophenol by utilizing Ti02 nanotube film electrode with various bias 

potential. They applied four levels of bias potential, 0.0, 0.2, 0.4 and 0.6 V, 

respectively. In photoelectrocatalytic reaction, bias potential supply draws the 

photoinduced electrons to the counter electrode. Therefore, bias potential is a key 

factor that affects PEC efficiency. Moreover, when the bias potential applied from 0.0 

to 0.6 V, pentachlorophenol removal wl§ increased and from previous literature 

indicated electrochemical degradation and water splitting requiring a potential greater 

than 0.6 V. Hence, the enhancement of PCP photodegradation was not due to direct 

electrochemical degradation or secondary reactions caused by active oxidizing free 

radicals such as free hydroxyl radicals produced by electrochemical water splitting, 

but was mainly due to charge separation. 

Brugnera et al. (2010) [65] studied effect of bias potential on the BPA 

degradation kinetics and choosing the best condition. Bias potential varied from -0.6 to 

+ 1.5 V and the result revealed the initial degradation rates increased with the applied 

potential and maximum degradation rate was obtained at E = + 1.5 V. Moreover, 

applied bias potential supplied an electric field, which keeps photogenerated charges 

apart. These results also suggest that adsorption of the BP A is enhanced and/or the 

generation and separation of electron-hole pairs is accelerated under the field gradient, 

which promotes faster BP A decomposition. 
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Wu et al. (2009) [66] investigated enhancing photoelectrocatalytic degradation 

of methylene blue by applied different bias potential: 0.0, 0.2, 0.4 and 0.6 V, 

respectively. In direct electrocatalytic oxidation with potential at 0.8 V found that no 

noticeable degradation of MB was detected in the presence of NaCl but without 

illumination. However, in the case of photoelectrocatalytic reaction, with a relatively 

low applied potential of +0.6 V, almost completed degradation (about 97.57%) was 

observed at 60 minutes. Because applied bias potential generates a bending of the 

conduction band, it causes a more effective charge separation to increase the 

photocurrent, and likely promotes a better oxidative degradation process. 

2.7.4 Modification of Ti02 Nanotube Arrays 

Owing to the relatively large band gap of Ti02 limits the efficiency of 

photocatalytic reaction, the photogenerated electron and hole will recombination 

easily. Currently, many researchers paid their attention on highly ordered Ti02 

nanotube arrays loaded with noble or transition metals because Ti02 nanotube arrays 

has extensively applications such as gas sensor, dye-sensitized solar cell and 

photocatalyst. Moreover, Ti02 nanotube arrays loaded with metal can mcrease 

photocatalytic efficiency and expand absorption in visible light region. 

Sun et al. (2009) [67] introduced Fe3
+ dopant into the highly ordered Ti02 

nanotube array film during ananodization process. They indicated that enhanced of 

photocatalytic activity attributes to the effective separation of photogenerated electron

hole upon the introduction of appropriate Fe3
+ amount into the anatase Ti02 structure. 

Lai et al. (2010) [68] fabricated Nitrogen-doped Ti02 nanotube arrays by a 

wet immersion and annealing post-treatment. They found the annealing temperature 

and the light source used for the degradation experiment strongly effect the 

photocatalytic activity of N-doped Ti02 nanotube arrays. Moreover, The N-doped 

Ti02 nanotube array films annealed at 450 °C have the highest photocatalytic activity 

to degrade MO pollutant under visible (0.027 min-1
) or UV light (0.169 min-1

) 

sources. 

Liu et al. [69] investigated short nanotube electrode doped CdS by 

sonoelectrochemical deposition method to improves the combination between CdS 

and Ti02 nanotubes, as well as the dispersion of CdS nanoparticles. The result 

revealed the presence of CdS nanoparticles significantly extends the response of Ti02 
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nanotubes in the visible region. Moreover, CdS can facilitate the separation and 

transfer of photogenerated electron/hole pairs. Photocurrent of CdS/Ti02 electrode 

enhanced to ~ 7 fold in comparison with the pure Ti02 nanotube electrode. 

Xie et al. (2010) [70] prepared Ag nanoparticles loaded Ti02 nanotube 

arrays by pulse current deposition. They found the maximum incident photon to 

charge carrier efficiency value of Ag/Ti02 nanotube arrays was 51 %, much higher 

than pure Ti02 nanotube arrays. Moreover, Ag/Ti02 nanotube arrays exhibited higher 

photocatalytic activities than the pure Ti02 nanotube arrays under both UV and visible 

light irradiation. The photoelectrocatalytic activity of Ag/Ti02 nanotube arrays was 

increasing 1.6 times in comparison with the pure Ti02 nanotube electrode. 

Zhang et al. (2011) [71] studied photocurrent density and the photocatalytic 

degradation efficiency of Ag loaded N-doped Ti02 nanotube arrays. They revealed the 

average photocurrent density and the photocatalytic degradation efficiency of the 

Ag/N-TNTs obtained for the degradation of Acid Orange II are 6 times and 6.8 times 

higher than those of annealed Ti02 nanotube arrays. 

2.8 Doping Titania Nanotube arrays 

One of the major challenges for scientific communities includes the proper 

application of titania nanotube arrays under visible light. Visible light composes the 

largest part of solar radiation. Anatase Ti02, which is the most photoactive phase of 

Ti02 only absorbs ultraviolet light with wavelengths shorter than 380 nm which 

occupies only about 5% of solar energy [72]. 

The solar radiation in space is relatively independent of the position. The terres

trial sunlight radiation intensity, however, depends on the zenith angle. The solar 

radiation that reaches the Earth's surface without being absorbed or scattered is called 

direct radiation. The sunlight that is scattered in the atmosphere is termed diffuse 

radiation. A measure of attenuation of sunlight in the atmosphere is air mass (AM) and 

this is related to the optical path length through the atmosphere determined by the 

zenith angle. The solar energy spectrum, determined for the common case of an air 

mass (AM) of 1.5. The solar energy spectrum, in terms of the number of photons as 

a function of photon energy, is shown in Figure 2. 7. 



1 

SOlARENEAGYSPECTAUM 

THEORET.CAl ENERGY RANGE 

COMMERCIAL no2 
RANGE 

2 3 4 
PHOTON ENERGY (eV] 

31 

5 

Figure 2. 7 Solar energy spectrum for an air mass (AM) of 1.5 in terms of the 

number of photons as a function of photon energy, showing different 

photon flux regimes available for the conversion of solar energy 

(area under curve); band gap of commonly available Ti02 and effect 

of band gap reduction through appropriate processing are also 

shown [73-74]. 

Ti02 which is treated promising has been an attraction in the photocatalytic 

degradation of environmental pollutants and photoelectronchemical conversion of 

solar energy. Ti02 is proved to be the most suitable photocatalysts for its non-toxicity, 

physical and chemical stability, and convenience for use. While the band gap of titania 

is about 3.0 eV for rutile phase and about 3.2 eV for anatase phase [75]. It can just be 

activated under ultraviolet (UV) irradiation, which the photon flux available for 

conversion is very small, which explains why the energy conversion efficiency (ECE) 

of these materials are low. So, there have been efforts to develop photocatalysts which 

need less energetic but more sufficiently visible light through band engineering of 

doping [73]. However, it has been shown that doping procedures used to reduce the Eg 

of Ti02 do not lead necessarily to an increase in the ECE. As discussed, this failure is 

a result of increased energy losses associated with the fact that the ECE is determined 



32 

by several variables that must be modified simultaneously. This is why a research 

approach is essential. It also has been shown that most of these variables, such as 

electronic structure, charge transport kinetics and surface properties, are defect 

dependent. Therefore, defect disorder is emerging as the most suitable framework for 

the optimization of the performance of photoelectrodes based on metal oxides, 

including Ti02 and its solid solutions [76]. Consequently, the subsequent papers in the 

present series concentrate on the defect chemistry of Ti02 and those aspects of the 

defect chemistry that are associated with the photoelectrochemical properties of Ti02. 

Over the past 10-15 years, considerable effort has gone into doping or band gap 

engineering of Ti02 by introducing asecondary electronically active species into the 

lattice. The main thrust comes from photocatalytic or photovoltaic applications to 

exploit the solar spectrum much better and the onset energy for light absorption needs 

to be decreased [77]. The most typical methods to prepare doped Ti02 nanostructuresa 

retreating the final or growing Ti02 nanomaterials in a solution or melt of the doping 

species, thermal treatments or synthesis in gas atmospheres of the doping species, 

production of the nanomaterials by co sputtering or sputtering in an atmosphere of 

doping species, high-energy ion implantation, and the use of a substrate of a suitable 

alloy or the incorporation of active electrolyte species for Ti02 structures that grow 

from the metals byelectrochemical oxidation. 

In the band structure of Ti02 made up of 0 2p orbitals contribute to the filled 

valence band (VB), while Ti 3d, 4s, 4p orbitals contribute the unoccupied conduction 

band (CB). The lower position of CB is dominated by Ti 3d orbital. Upon doping with 

other cations in replacement of Ti, an impurity level could be introduced in the 

forbidden band. This intermediate energy level can act as either an electron acceptor or 

a donor, which hallows Ti02 to absorb visible light [78]. In silicon solar cells, doping 

is a frequently used method to improve conductivity. Here the effect can mainly be 

ascribed to the increase in free charges and thus conductivity, by the donation of 

electrons for dopants with a valency higher than that of the native material (n-type 

doping), or holes for dopants with a lower valency (p-type doping). In the case of 

Ti02 the mechanism is much more complicated due to the defect ridden nature ofTi02 

and doping mainly affects the trap states and electronic structure of Ti02, which is 

illustrated by the improvements that are made by doping with elements of equal 
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valency as the host Ti02 ions. Doping can be achieved by either replacing the Ti4+ 

cation or the 0 2-anion. Cationic dopants are typically metals, whereas anionic dopants 

are non-metals. Since the lower edgeof the CB is made up of Ti4+3d bands, replacing 

Ti4+ by a different cation is thus expected to heavily affect the CB structure. The upper 

edge of the VB consists of 0 2-2p bands and replacing02- by a different anion affects 

the VB energy [79]. 

Do pants modify the electronic structure of nano-Ti02 to broaden its effective 

range of light sensitivity for photocatalysis from the ultra-violet (UV) region to the 

visible light region [80]. Doping techniques have been shown to be effective and 

efficient despite their being susceptible to thermal instability and their requirement for 

expensive ion implantation facilities [81]. Do pants are valued for their ability to 

confer excellent physicochemical properties such as high crystallinity, high specific 

surface area, and small crystallite size [82-83]. There are three types of crystalline 

phases of nano-Ti02, namely, the rutile, anatase, and brookite phases. The anatase and 

rutile phases are the common crystallographic phases found in the formation of nano

Ti02, with the former particularly favored for its high photocatalytic activity [84] and 

exceptional thermodynamic stability in nanoscale dimensions [85]. The crystalline 

structure of nano-Ti02 is represented as a Ti06 octahedral. The formation of the 

anatase and rutile phases or phase transformation from anatase to rutile is strongly 

dependent on the thermal dehydration process during which time; Ti-0-Ti bonds are 

formed by the interaction between -OH groups and the protonated surfaces. 

Specific surface area of Ti02 is one of the factors that determine the morphology 

of Ti02 in photocatalysis. A large specific surface area of Ti02 enhances the 

photocatalytic degradation rate of organic pollutants as availability of active sites in 

Ti02 is increased [86-88]. Crystallite size is another important characteristic that 

determines the quality of Ti02. The performance of nano-Ti02 can be enhanced in the 

photocatalysis by producing nano-dopedTi02 with high crystallite size up to a certain 

limit [88]. Then, the photocatalytic performance of nano-doped Ti02 decreases when 

the crystallite size falls beyond this limit because of the trapping of charge carriers 

during the diffusion process. With the presence of do pants in the formation of nano

doped Ti02, the phase transformation from anatase to rutile inhibits when the thermal 

energy is low enough to overcome the nucleation barrier during the thermal 
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dehydration process, and this occurs more readily with the smaller crystallite size of 

nano-doped Ti02 [88]. In short, dopants suppress the crystallite size of nano Ti02 by 

inserting itself into the lattice structure of the nano-doped Ti02 octahedral to modify 

its physicochemical properties. In general, a smaller crystallite size of nano-doped 

Ti02 is favored compared to larger crystallite size of nano-doped Ti02 since the 

smaller size reduces the recombination of the photogenerated charge carriers [80]. 

Some researchers reported that smaller crystallite size of nano-doped Ti02 induced 

a larger band gap due to the increased redox ability [82]. The resultant photocatalytic 

activity benefits from the quantum size effect of nano-doped Ti02 that enhances its 

photocatalytic activity [87]. 

2.9 Zinc incorporation of Titania Nanostructures 

The formation of anodized NTs can be explained in terms of a competition 

between the oxidation of Ti into Ti02 and field assisted dissolution of Ti02 by P- ions. 

The mechanism behind the formation of NT structures can be summarized in three 

initial processes described as (1) the formation of oxide (passivation layer) over the 

anode, (2) the electric field dissolution of oxide layer, which forms pits on the anode 

surface, and (3) the attack of P- ion on these pits to form porous or tubular structure. 

It is also observed that not all but only selective pores transform into self-organized 

nanotubular structure [33]. These mechanisms can be defined by the following 

equations 

Ti+ 2H20 ~ Ti02 + 4H+ + 4e- [formation of oxide layer] 

Ti02 + 6NHJF + 4H+ ~ [TiF6]T + 2H20 + 6NTt 

[electric field dissolution of oxide] 

(2.7) 

(2.8) 

To obtain Zn doped Ti02-NTs, a freshly prepared solution of ZnF2 with EG was 

used as an electrolyte. Here, ZnF2 precursor forms negatively charged [ZnF4]2-
complex, which under the influence of electric field drives to anode (Ti), where Ti02-

NTs have been formed. The formation of negative complex of ZnF2 can be described 

as follows: 
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Zn+ 2HF/ZnF2 + H2 (formation of ZnF2) (2.9) 

2ZnF2~ 2Zn2+ + 4F- (dissociation of Zn2-ions and F- ions) (2.10) 

(2.11) 

To investigate the effect of Zn doping on the formation of Ti02-NTs and how the 

doping affects the other properties, two different concentrations of ZnF 2 were used 

while keeping the EG amount constant. 

Ti02 nanotube arrays (TNTA) 

Figure 2.8A schematic of the preparation process for Zn doped TNT A. 

A typical DSSC cell consists of two FTO, with a nanoporous Ti02 layer covered 

with dye solution in the middle of the cell. Below it are the liquid electrolyte and the 

counter electrode that is usually fabricated with Pt. The mechanics of DSSC is quite 

different to the conventional silicon solar cell. The idea was initially inspired from the 

photosynthesis of the leaves. Ti02, especially its anatase phase, has attracted much 

attention for its potential application in degradation of various environmental 

pollutants, both gaseous and liquid however; its short comings include a large band 

gap (~3.2eV) which causes most of the solar spectrum unutilized [89-91]. To extend 

the optical absorption of Ti02 to the visible region, various do pants have been added 

to the oxide to improve its solar efficiency [92-93]. 
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In this work we describe first the preparation of ZnO doped Ti02 nanostructure, 

followed by the process of dye extraction from various parts of morphology and 

elementary composition of pure Ti02, modified Ti02 nanoparticles and by using XRD, 

SEM, and XPS analyses. Finally overall conversion efficiency for dye sensitized solar 

cells (DSSCs). 

2.10 Dye sensitized solar cells (DSSCs) 

Solar cells are photovoltaic devices that convert sunlight directly into electricity. 

The first generation solar cells, bulk-type c-Si based solar cells, suffer from 

complicated manufacture and high cost. The second generation solar cells that employ 

thin film technology can bring down the manufacture cost significantly, because of the 

extremely clean conditions required to process crystalline silicon. But their efficiency 

needs to be enhanced in order to make them practically viable. To reduce the 

manufacturing cost and increase the efficiency, a third generation solar cells that 

employ nanotechnology, such as dye-sensitized solar cells and organic solar cells have 

emerged [106-107]. Among the third generation solar cells, DSSCs attract great 

attention due to their higher solar cell efficiency. 

A dye-sensitized solar cell (DSSCs) is a photochemical device that offers the 

potential of large-scale manufacturability at a competitive cost. A typical cell uses 

a liquid electrolyte or other ion-conducting phase as the charge-transport medium. 

The actual dye-sensitized solar cell contains broadly five components are 

a mechanical support coated with Transparent Conductive Oxides, the semiconductor 

film, usually Ti02, a sensitizer adsorbed onto the surface of the semiconductor, an 

electrolyte containing a redox mediator, and a counter electrode capable of 

regenerating the redox mediator like platine [94]. A schematic representation of the 

dye-sensitized solar cell is shown in Figure 2.9. 



37 

Pllltlne 

• • TIO,t ~le with dye 
MSOIDed OMO the surface 

Figure 2.9 Schematic representation of the dye-sensitized solar cell [94]. 

The operating principle of DSSCs is comprised of a mesoporous oxide layer of 

anatase Ti02, the surface of which is sensitized with a monolayer of, typically, 

a ruthenium complex dye, for example, N719, N3, Black dye, anchored to the Ti02 

surface by a carboxylated bipyridyl ligand. The visible light absorption of these types 

of complexes is based on a metal-to-lig and charge transfer. The carboxylate groups 

are directly coordinated to the surface titanium ions producing intimate electronic 

contact between the sensitizer and the semiconductor. Photo-excited dye molecules 

inject electrons into the Ti02 conduction band, and redox species such as the 

iodide/triiodide (rlh) couple in the electrolyte reduce the oxidized dye molecules 

back to their original state. Dye regeneration by the iodide happens through the 

thiocyanate group and, thereby, intercepts the recapture of the conduction band 

electron by the oxidized dye. In tum, the iodide is regenerated by the reduction of 

triiodide at the counter electrode, with the circuit completed via electron migration 

through the external load [96]. 

- > e 

l· 
Figure 2.10 Operation principles and energy levels of nanocrystalline DSSCs [97]. 
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The operational principle of DSSCs is illustrated in Figure 2.10. The system 

consists of the following [ 108]: 

(1) Upon light absorption, the dye (S) is promoted into an electronically excited 

state cs*) from where it injects, an electron into the conduction band of a large band 

gap semiconductor film (Ti02), onto which it is adsorbed. 

(2) The electrons are transported through the Ti02 film by diffusion before 

reaching the anode of the cell. 

(3) The positive charges resulting from the injection process are transferred into 

the liquid electrolyte by reaction of the dye cation (S+) with the reduced species of 

a redox couple in the electrolyte solution. This leads to the generation of the charge 

neutral state of the sensitizer. 

(4) The most typical redox couple is 1/1)-. After ionic diffusion, the carrier of 

the positive charge (h -) reaches the cathode, where it releases its charge thus being 

reduced back to 1. When exposed to sunlight, the dye sensitizer gets excited from 

which an electron is injected into the conduction band of the mesoporous oxide film. 

These generated electrons diffuse to the anode and are utilized at the external load 

before being collected by the electrolyte at cathode surface to complete the cycle. 

In order to enhance electrical conductivity and light transmittance, conducting 

glass is used as the substrate. There are mainly two types of conducting glass: indium

doped tin oxide (ITO) and fluorine-doped tin oxide (FTO). The standard to select 

a proper type is sometimes ambiguous because of the variety of cell configurations 

and materials. The semiconductor electrode is usually a layer of nanocrystalline 

titanium dioxide (Ti02), a thin film deposited on the conducting glass film with the 

thickness 5-30 mm, which plays an important role in both the exciton dissertation and 

the electron transfer process. The porosity and morphology of the Ti02 layer are 

dominant factors that determine the amount of dye molecules absorbed on its surface 

which can provide an enormous area of reaction sites for the monolayer dye molecules 

to harvest incident light. A large number of artificial dye molecules have been 

synthesized since the first introduction of dye-sensitized solar cells and some of them 

have already been successfully commercialized such as N3, N719 and Z907. Desirable 

dye molecules have to meet certain criteria, such as match with the solar spectrum, 

long-term operational stability, and firm graft on the semiconductor surface. 



39 

In addition, their redox potential should be high enough to facilitate the regeneration 

reaction with a redox mediator. As such, iodide and triiodide (r/I3- ) redox couple is 

most commonly used in the liquid electrolyte, while other solid-state and quasi-solid 

electrolytes like organic hole-transport material and polymer gel are also applicable. 

Platinum is generally used as the cathode to catalyze the reduction of the oxidized 

charge mediator [98]. 

The overall performance of the above described solar cellscan be evaluated in 

terms of cell efficiency ( 11) and fill factor (FF) expressed as 

(2.12) 

(2.13) 

whereJs)s the short-circuit current density (mA/cm2
), V

0
)s the open-circuit 

voltage (V), and P;n the incident light power (W). J max and Vmax correspond to current 

and voltage values, respectively, where the maximum power output is given in the J-V 

curve. 



CHAPTER3 

EXPERIMENTAL PROCEDURES 

In this chapter, I will describe the fabrication and characterization of ZnF2-doped 

titanium dioxide nanotubes (Ti02 nanotubes) using anodization method for energy 

conversion. Ti02 nanotubes will be studied characterization techniques used SEM, 

XRD, XPS, and testing of each sample's performance in a dye - sensitized solar cells 

(DSSC). The experimental procedure is summarized in Figure 3.1. 

Titanium foils (0.25 mm thick and 99.7% purity) 

Cleaned in Isopropanol, DI water and Ethanol 

Anodization 
Applied voltage: 50 V 

Electrolyte: Ethylene glycol (C2~02) +2% V H20 +0.3%wt NHiF + l .Owt%, 
2.0wt%, 3.0wt% of ZnF2 

Ethanol Cleaned 

i 
( Annealed 450 °C 2 h 

i 
) 

Analysis by -SEM 

-XRD 

-XPS 

Fabrication and test efficiency of dye-sensitized solar cells 

Figure 3.1 Flowchart of preparation of ZnF 2 doped Ti02 nanotubes by 

anodization method for dye sensitized solar cells. 
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3.1 Materials and nanotubes preparation 

The materials which were used in the experiments consist of Titanium (Ti) foil 

(0.25 mm thickness, 99.7% purity and Sigma Aldrich), ethylene glycol (EG), 

ammonium fluoride (0.3 wt % NH4F), deionized water (2 Vol % H20) and Zinc 

Fluoride (ZnF2). To clean the samples for growing ZnF2 doped Ti02 nanotubes, first, 

Ti foils were used as the substrates. Next, Ti foils were cut in circular shape with 

diameter of 2 cm to be served as substrates. The Ti substrates were degreased 

ultrasonically in the solution containing isopropanol, deionized water and ethanol with 

duration each 10 min respectively. Finally, the samples were dried in air and used 

immediately in the 0-ring set in the electrolyte and electrodes container. The setup is 

then connected with a homemade power supply for anodization. Before the 

anodization, Ti substrates were mounted in a home-made housing. Only one face of 

the substrates was in contact with the electrolyte and was anodized. The system 

consisted of a two-electrode configuration with a piece of highly pure platinum 

counter electrode. The anode electrode was placed at the Ti foils. For, the cathode 

electrode is a platinum counter elctrode by anidization in electrolyte. 

Power supply 

+ 

Electrolyte 

Figure 3.2 DC Anodization apparatus 
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3.2 Preparation of ZnF2 doped Ti02 nanotubes 

In this research the Ti02 nanotubes were prepared by DC anodization at room 

temperature on titanium sheet of thickness 0.25 mm, of diameter 2 cm and 99.7 % 

purity, purchased from Sigma Aldrich. Before anodization, the sheet was first polished 

and ultrasonicated for 10 minutes in isopropanol, de-ionized water and ethanol. The 

electrolyte solution which consist of ethylene glycol (EG), ammonium fluoride (0.3 % 

wt NH4F) and deionized water (2 % vol DI H20), and doped 1.0 wt%, 2.0 wt% and 3.0 

wt% of ZnF2was stirred magnetically for 2 hours and kept for 24 hours prior to 

anodization. The Ti sheet is mounted to serve as the anode in the electrolyte, while the 

cathode or counter electrode is made of platinum. A constant 50 V DC voltage is 

applied during anodization and each sample is anodized for 1 hours. This set up allows 

only one face of Ti foil contact with the electrolyte. And then, Ti foils were washed 

with ethanol and ultrasonicated to remove occluded ions from the surface of the Ti02 

nanotubes. The samples were annealed at 450 °c for 2 h. To investigate the surface 

morphology and nanostructure of ZnF2 doped Ti02 nanotubes all samples studied by 

SEM, XRD and XPS. The anodization set up is shown in Figure 3.3. 

Figure 3.3 DC Anodization method and samples 
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3.3 Characterization Techniques of ZnF2 doped Ti02 nanotubes 

The prepared samples were characterized using several techniques - Scanning 

Electron Microscopy (SEM), X-ray Diffraction (XRD), and X-ray Photoelectron 

Spectroscopy (XPS), and testing of each sample's performance in a dye - sensitized 

solar cell (DSSC). 

3.3.1 Scanning Electron Microscopy (SEM) 

The surface morphology of the samples was characterized using a JEOL 

JSM-6010 LV Scanning Electron Microscopy (shown in Figure 3.4) operating at an 

acceleration voltage of 20 kV. 

Figure 3.4 AJEOL JSM-6010L V Scanning Electron Microscopy 

3.3.2 X-ray Diffraction (XRD) 

The XRD was be performed to determine the crystal phase and crystallite 

size of the samples using a Philips X'Pert-MDP X-ray diffractometer (shown in Figure 

3.5) with Cu - Ka radiation (A.= 1.5418 A) with Ni filter. The operational mode was 40 

kV, 35 mA, with spectral scanning in the 28 range from (20°-80°) at a rate of 0.02° per 

second. Figure 3.5 shows a schematic diagram of how the X-ray Diffractometer 

operates. 
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Information about the crystal size D can be obtained from the XRD 

peaks. Given the X-ray wavelength (A.), the Bragg angle for the most prominent 

diffraction peak (8), measurement of the full width half maximum (B), the crystallite 

size can be calculated using the Scherrer equation [37, 38]: Crystallite Size D 

D=~ 
{3cos8 

(3.1) 

Usually, k = 0.9, and is called the shape factor or Scherrer constant. 

Figure 3.5 Philips X'Pert-MDP X-ray diffractometer 

Lattice Parameter a 

The diffraction of the incident waves through the crystal planes is illustrated 

in Figure 3.6. The distanced between crystal planes is given by Bragg's law [37, 38]. 

nA. = 2dsin8 (3.2) 
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Figure 3.6 Schematic diagram of X-ray Diffractometer 
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Figure 3. 7 Bragg's law and diffraction through crystal planes 
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For cubic phases, each lattice parameter (a, b, c) can be determine using the Miller 

indices (hkl) of each reflection and the equation that follows [ 46] 

(3.3) 

Substituting Bragg's law gives 

(3.4) 
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The corresponding equation for a tetragonal crystal with axes a and c is given by 

szn e =- --+-. 2 A_2 (h2+k2 l2) 
4 a2 c2 (3.5) 

The distance between crystal planes for a tetragonal crystal is given by 

(3.6) 

3.3.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS was used to determine the binding energy and elemental constituents 

present in the samples. Figure 3.8 shows the Thermo Al K- Alpha XPS machine (from 

South Korea) used for this research. XPS works on the photoelectric effect 

phenomenon. Low- energy X-rays are used to eject electrons from atoms. The binding 

energy Es can be determined for an incident photon of frequency f, and ejected 

electron of energy Ee, using the following equation [3.8]: 

(3.7) 

Figure 3.8 Thermo Al K- Alpha XPS machine (South Korea) 
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3.4 Fabrication and testing of a DSSCs 

Titania nanotube films were immersed in 0.3 mM solution of N-719 dye in 

ethanol for 24 h to absorb the dye adequately. (The N719 dye 8.9 mg was dissolved in 

ethanol 25 ml).Afterwards, the dye sensitized Ti02 films were rinsed with ethanol and 

dried in air. 

A transparent conducting oxide glass (TCO) is used as counter electrode. After, 

TCO glass was cleaned with alcohol solution in an ultrasonic bath for 10 min and 

rinsed with DI water. A platinum catalyst was deposited on the TCO glass by coating 

with drop of platinum solution (H2PtCl6). The TCO glasses were heated for 30 min at 

80 °C. And then, the Ti02 nanotubes photoelectrode and Pt counter electrode were 

assembled into a sandwich. An electrolyte (KVIodine electrolyte) was injected into the 

cell. An electrolyte was prepared as following 0.6 M potassium iodide (Kl) and 0.05 

M iodine (Ii) were mixed with solvent of ethylene carbonate (EC) and propylene 

carbonate (PC) (6:4 v/v) under stirring to form a homogeneous liquid electrolyte 

solution. 

After, the light was illuminated from the counter electrode. The cells have active 

areas of 0.25 cm2. The current-voltage characteristic curves were measured with 

Electrometer Keithley2400 source meter. The Xenon arc lamp was used as an 

irradiation source and the intensity of the incident light was 100mW/cm2. Measuring 

device of J-V curves for dye-sensitized solar cells is shown in Figure 3.9. 

Figure 3.9 Shows measurement device of J-V curves for DSSCs. 
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The solar cells power conversion efficiency ( T/) is the parameter associated with 

the photovoltaic performance of the solar cell and defined as the ratio of the maximum 

power, ( Pmax) to the incident light power, ( P;n ). The solar cell power conversion 

efficiency is defined as 

(3.8) 

where FF is the fill factor defined as 

(3.9) 

where Jsc is the short-circuit current density (mA/cm2
), i:c is the open-circuit voltage 

(V), and l';n the incident light power (W). J max and Vmax correspond to current and 

voltage values, respectively, where the maximum power output is given in the J-V 

curve. 

\ 
lmax 

Ymax 

~ 
Voltage (V) 

Figure 3.10 J-V curves for dye-sensitized solar cells. 



CHAPTER4 

RESULTS AND DISCUSSION 

In this chapter, I would like to present the experimental results of both undoped 

and ZnF2 - doped Ti02 nanotubes. The samples were analyzed by SEM, XRD, XPS, 

and tested in dye-sensitized solar cells (DSSCs). 

4.1 Preparation and modification of Titania Nanotube arrays by anodization 

method 

As anodized, the samples appear dark as shown in Figure 4.1. 

Figure 4.1 The Ti sheets were cut in circular shape with diameter of 1.4 cm. 



4.2 Characterization of Ti02 Nanotubes 

4.2.1 SEM analysis 

Figure 4.2 SEM images of Ti02 nanotube arrays with different doped ZnF2: 

50 

Undoped (b) Doped 1.0 wt% of ZnF2 (c) Doped 2.0 wt% of ZnF2 and 

( d) Doped 3.0 wt% of ZnF 2 
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Figure 4.2 SEM images of Ti02 nanotube arrays with different doped ZnF2: 

Undoped (b) Doped 1.0 wt% of ZnF2 (c) Doped 2.0 wt% of ZnF2 and 

( d) Doped 3.0 wt% of ZnF 2 (continued) 
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The SEM images of TNTs doped with different concentrations of ZnF2 are 

shown in Figure 4.1. The nanotubes are well-arrayed with an average diameter of 

about 66 nm, wall of about 15 nm, and approximately 1.4 7 µm in length. 

The morphology of the pure and ZnF2 doped Ti02 nanotubes were studied 

by using SEM analysis and micrographs are shown in Figure 4.1 (a)-(d). It show the 

synthesized Ti02 nanotubes have average diameter of about 66 nm, wall of about 15 

nm, and approximately 1.4740 µmin length. It shows the size of sample A (1.0 wt%), 

B (2.0 wt%), and C (3.0 wt%) synthesized nanotubes are increased campared to pure 

Ti02. It is clear that the prepared sample A, B, and C have tube shape and uniform 

size, good nanotube array all sample. 

4.3 XRD Analysis 

• 

• 

A.TNTA 

B.ZnOflTNTA 

• •Tl 
£Ti02 

*ZnO 

• • 

0 10 20 30 40 50 60 70 80 90 100 
28 (degree) 

Figure 4.3 XRD patterns of Ti02 nanotube arrays with ZnF 2• 

The structure of the ZnF2 doped Ti02 nanotubes was measured using XRD, as 

shown in Figure 4.3. The peaks of Zn, Ti and 0 are clearly identified, gives the XRD 

patterns of the Ti02 nanotubes (TNTA: spectrum A) and ZnF2 doped Ti02 nanotubes 

(spectrum B). In spectrum A, the diffraction peaks are ascribed to Ti02 and titanium 

substrate. Compared with spectrum A, new diffraction peaks at 31.6° and 36.1° 

emerge in the XRD pattern of ZnF2 doped Ti02 nanotubes (spectrum B), which 
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correspond to (100) and (101) plane of ZnO. In addition, the peaks of Ti02 become 

weaker after the deposition of ZnO. The emergence of ZnO peaks and the weakening 

of Ti02 peaks evidently confirm the successful growth of ZnF2 doped Ti02 nanotubes. 

The phase offi02 nanotubes is anatase. 

4.4 XPS patterns 
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Figure 4.4 XPS spectra of ZnF2 doped Ti02 nanotubes with different doped 

ZnF2: Undoped (b) Doped 1.0 wt%, of ZnF2 (c) Doped 2.0 wt% of 

ZnF 2 and ( d) Doped 3.0 wt% of ZnF 2. 
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Figure 4.4 XPS spectra of ZnF 2 doped Ti02 nanotubes with different doped 

ZnF2: Undoped (b) Doped 1.0 wt%, of ZnF2 (c) Doped 2.0 wt% of 

ZnF2 and (d) Doped 3.0 wt% of ZnF2. (continude) 

X-ray photoelectron spectroscopy (XPS) was used to examme the chemical 

composition of the prepared samples. Figure 4.4 shows the XPS spectra of ZnF2 doped 

Ti02 nanotubes with different concentrate. Figure 4.4 displays the C1s, 01s, Ti2p, and 

Zn2s spectra peaks ZnF2 doped Ti02 nanotubes. 

XPS analysis was employed to confirm the Zn doping and to explore the chemical 

state of the undoped and doped Ti02 nanotubes. Fig. 4.3 shows the survey spectra of 
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undoped as well as doped nanotubes. XPS spectra corresponding to C15, 0 15, Tiip, and 

Zn2s spectra peaks are analyzed by using XPS. For undoped Ti02 nanotubes, the 0 15 

spectrum (Fig. 4a) shows two components, 530.7 and 532 eV, which can be assigned 

to the lattice oxygen in Ti02 (Ti-0) and to the surface hydroxyl group of Ti02 (Ti

OH), respectively [34,35]. Similarly, in Tiip peak (Fig. 4a), the spin-orbit splitting of 

the Ti2p leads to two 2p components, located at 459.3 (Ti 2p3/2) and 464.0 eV 

(Ti 2p 112). From theses peak positionsit can be concluded that the core level spectrum 

of Ti is of anatase phase (Ti4+) [36]. Further, Fig. 4(b-d) show the XPS spectra of Zn 

doped Ti02-NTs, which reveal that the doped nanotubes are composed of three 

elements, that is, 0 Is, C Is, and Zn 2p. It is clear that the atomic percent profile of Zn 

are increased when compared to pure Ti02. 

4.5 The efficiencies of dye-sensitized solar cells 

The performance of the as-prepared samples was tested in DSSCs. The current

voltage characteristics are displayed in Figure 4.5. The conversion efficiencies are 

shown in Table 4.1. As observed in Table 4.1, the power conversion efficiency of the 

doped samples decreases with increase in dopant amount. A maximum efficiency of 

7.98 % was obtained for the sample undoped. At 1.0 wt%, 2.0 wt%, and 3.0 wt% of 

ZnF2, the efficiency of the DSSC is found to be less than that with 7 %. This indicates 

that there is a limit to the amount of dopant above which the efficiency starts to 

decrease. 
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Figure 4.5 Current-Voltage curves of DSSCs with TNT doped with different 

amounts of ZnF2 using ammonia as source - (a) undoped, (b) 1.0 wt%, 

( c) 2.0 wt%, and ( d) 3.0 wt% 

Table 4.1 Efficiencies of DSSCs with ZnF 2-doped TNT with different amounts of 

ZnF2 

Amount of Voe lsc VMax I Max FF 11 

ZnF2 (volts) (mA/cm2) (volts) (mA/cm2) (%) 

Undoped 0.70 16.00 0.45 11.67 0.47 7.6 

1.0wt% 0.70 10.56 0.46 6.84 0.43 4.54 

2.0wt% 0.69 11.40 0.44 6.53 0.37 4.16 

3.0wt% 0.63 09.71 0.42 6.76 0.46 4.01 

In efficiency for 1.0 wt%, 2.0 wt%, and 3.0 wt% of ZnF2 could be due to optical 

band gap reduction as Zinc incorporates into the TNT [76]. For one, too much Zinc 

may cause many oxygen vacancies in the Ti02 lattice. These vacancies would serve as 

recombination centers for the charge carriers (electrons and holes). As a result, there is 

a decrease in the conversion efficiency. 



CHAPTERS 

CONCLUSION AND RECOMMENTDATIONS 

Titania nanotube arrays and Zn-doped titania nanotubes were fabricated by DC 

anodization at 50 Volts for 2 hours at room temperature in different electrolyte 

solutionscontaining different concentrations of ZnF2. The electrolyteswere prepared by 

mixing ethylene glycol (EG) ammonium fluride (0.3wt% NRiF), de-ionized water 

(2Vol% H20) and contained different concentrations of ZnF2. The dopants were varied 

from 1.0 wt%, 2.0wt%, and 3.0 wt%, of ZnF2. The electrolytes were mixed by stirred 

at room temperature for 1 hour by a magnetic stirrer and aged at room temperature for 

24 hours before being used. The as anodized samples were crystallized by annealing at 

450 °C for 2 hours. From our observation, gas bubbles were observed during the 

anodization process. In the first step, the current density between the electrodes was 

very high and lower when the anodizing time was extended. The gas generation 

slowed down as the current density decreased. The results of the characterization, 

fabrication and performance testsoftheDSSCs can be summarized as follows: 

The influence of Zn doping on the microstructure of the nanatube film was 

analyzed through XRD. The structural phase of Titania nanotube arrays and Zn-doped 

titania nanotubes was anatase. The diffraction peaks are ascribed to Ti02 and titanium 

substrate. In addition, the peaks of Ti02 become weaker after the deposition of ZnO. 

The emergence of ZnO peaks and the weakening of Ti02 peaks evidently confirm the 

successful growth of ZnF2 doped Ti02 nanotubes. 

The synthesized Ti02 nanotubeshaveaveragediameter of about 66 nm, wall of 

about 15 nm, and approximately 1.47 µm in length. When synthesized ZnF2 doped 

Ti02 nanotubes showed nanotubes wall are increase when compared to pure Ti02. 

The XPS spectra of ZnF2 doped Ti02 nanotubes with different concentrate are 

displays the C18, 018, Tbp, and Zn2s spectra peaks ZnF2 doped Ti02 nanotubes. XPS 
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analysis was employed to confirm the Zn doping and to explore the chemical state of 

the undoped and doped Ti02 nanotubes. It is clear that the atomic percent profile of Zn 

is increased when compared to pure Ti02. 

The power conversion efficiency of the doped samples decreases with increase in 

dopant amount. A maximum efficiency of 4.54 % was obtained for the sample doped 

with 1.0 wt% of Znf 2. This indicates that there is a critical dopant concentration, 

above which the efficiency starts to drop. 

This work presented the study of preparation and some properties of Ti02 and Zn

doped Ti02 nanotube arrays film fabricated in organic electrolytes by the anodization 

method. For future work, it would be interesting to extend the studies ofthe UV -

Visible properties, and test lithium ions batteries (LIBs ). Remarkable have been 

devoted to expand the application of lithium ion batteries (LIBs) to military, 

aerospace, and electric vehicles, beyond the function of energy storage devices in 

consumer electronics, mainly due to their excellent energy density, low cost, no 

memory effect, and a slow loss of charge when not in use. 
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