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ABSTRACT

TITLE : FABRICATION AND CHARACTERIZATION OF TiO,
NANOTUBE DYE-SENTIZED SOLAR CELLS BY ANODIZATION
METHOD

BY : SANGWORN WANTAWEE

DEGREE : DOCTOR OF PHILOSOPHY

MAJOR : PHYSICS

CHAIR : ASST.PROF.UDOM TIPPARACH, Ph.D.

KEYWORDS : TiO, NANOTUBES / DYE-SENSITIZED SOLAR CELLS /
ANODIZATION

Titanium dioxide nanotubes were synthesized and used to fabricate dye-
sensitized solar cells. Anodization method was used to prepare TiO; nanotubes. The
anodization conditions include the effect of pH values and anodization voltages.
Scanning electron microscopy (SEM), X-ray diffraction (XRD) and UV-visible
Spectrometer were used to characterize of the prepared samples. The phase of TiO;
nanotubes is anatase and the diameters of the tubes are in the range of 90 nm - 200 nm
corresponding with 40, 50, 60 and 70 V, respectively. The specimens were used as
working electrodes for making dye-sensitized solar cells. The measurements of the I-V
characteristic cuves were carried out by using eDAQ potentiostat. The photoconversion
efficiencies of dye-sensitized solar cells made of the working electrodes obtained from
of 40, 50, 60 and 70 V were 4.21%, 4.77%, 6.10% and 6.89%, respectively, under

irradiation of 60 mW/cm?.
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CHAPTER 1
INTRODUCTION

Since the industrial revolution began in the 18th century, fossil fuels in the
form of coal, oil, and natural gas have powered the technology and transportation
networks that drive society. However, continuing to power the world from fossil fuels
threatens our energy supply and put enormous strains on the environment. The world’s
demand for energy is projected to double by 2050 in response to population growth
and industrialization of developing countries [1]. The vast uses of fossil fuel, causing
environmental pollution and global warming, have led us to focus on the renewable
energy sources for the future [2]. One of the biggest challenges ahead of human kind is
to replace the fossil fuel with renewable energy sources while keeping pace with the
worldwide increasing thirst for energy because of increasing population and rising
demand from developing countries. This challenge has to be answered with a low-cost
solution using abundantly available raw materials. The sun is an obvious source of
clean and cheap energy, already used by nature to sustain almost all life on Earth.
Therefore harnessing the power of the Sun with photovoltaic technologies appears to
be the only reasonable large scale answer to the energy challenge. Up to now,
commercially available photovoltaic technologies are based on inorganic materials
such as Si and GaAs, which require high costs and highly energy consuming
preparation methods. In addition, several of those materials, like CdTe, are toxic and
have low natural abundance. Organic photovoltaic can avoid those problems. The
efficiencies of organic-based photovoltaic cells are still at the moment a long way
behind those obtained with purely inorganic based photovoltaic technologies [3].

Titanium dioxide is an attractive semiconductor material because of its
photocatalytic activity and its application in the areas of electronics, gas sensors, dye
sensitized solar cells (DSSCs), hydrogen generation, photovoltaics, fuel cells,
photochemistry, photoelectrolysis, biology, environmental purification and self-
cleaning materials. The photocatalytic activity of a photocatalyst is due to the

production of excited electrons in the conduction band of the semiconductors (SCs)



along with corresponding positive holes in the valence band by the absorption of UV
and/or visible photons. The photocatalytic efficiency of the anatase TiO; is known to
be more effective than that of other polymorphs of titania. Some nanostructures like
nano powders and nanotubes increase the efficiency of these applications of TiO,
because of their high surface-to-volume ratios. Compared with nanoparticles,
nanotubes can provide higher aspect ratio due to their central hollow structures [4].

The properties of TiO, materials are strongly related to the control of desired
morphology, specific surface area, composition, size, crystallinity and porosity for
various applications mentioned above. TiO, materials with diverse morphologies, such
as mesoporous films, spheres, beads, wires, rods, submicro-rings, as well as tubular
structures, have been reported in recent years. Of particular interest is tubular
structures which may contribute simultaneously to the extension of porosity, specific
surface area, electrical transport and light absorption [5]. Highly ordered TiO;
nanotube arrays have attracted extensive attention due to their large surface area, low
electron recombination and charge-transport properties. Compared with nanoparticles,
TiO; nanotube arrays are considered to be superior chemical materials because they
form one-dimensional channels for carrier transport. They are of considerable interest
for applications in water photolysis, gas sensors, solar energy cells, biomedical
catalysts, and so on. The physical and chemical properties of their structures depend
on geometric features such as tube length, pore diameter and wall thickness, which
also have important effects on device efficiency. Therefore, a variety of preparation
routes have been used to fabricate TiO, nanotubes: hydrothermal synthesis, template
synthesis, sol-gel methods and anodic oxidation. However, anodic oxidation can
produce vertically ordered TiO, nanotubes in which the amount of e—/h+
recombination is reduced. There are three kinds of crystal phases found in titania:
anatase, rutile and brookite. The properties of titania depend on its crystallinity and
phase type. Anatase is preferable to rutile for dye-sensitized solar cells (DSSCs),
whereas rutile is suitable for gas sensors and water photolysis. The annealing
conditions for TiO, nanotube arrays have also been investigated by a number of
researchers [6].

In the future, any further increase in existing DSSC efficiency largely relies on

new dyes that could absorb both high- and low-energy photons. A few articles have



also reported that the nanoarchitecture comprising an array of highly ordered,
vertically aligned titania nanotubes grown by anodic oxidation of titanium offers
longer electron diffusion lengths and shorter electron transport time constants superior
to randomly oriented titania nanoparticle films [7].

However, to the best of our knowledge, very few studies on electrochemical
etching of titanium to prepare highly ordered TiO, nanotube arrays in organic solvents
has been reported. In the present study, there are four different fluorides based
electrolyte solutions and studied their effect on the TiO, nanotube length as a function
of varying anodizing conditions like reaction time, and annealing before/after
anodization [6-7]. A dye-sensitized solar cell is a class of photoelectrochemical cells,
which converts sunlight to electric energy directly. DSSCs offer moderate conversion
efficiency with other advantages, such as low production cost, easy scale-up, good
performance under weak/diffuse light, and compatibility with building window glass
and flexible substrates [8]. A variety of methods have been developed to synthesize
TiO; nanotubes including electrochemical anodization [9], sol-gel method [10], and
hydrothermal process [11]. Among the fabrication approaches, the electrochemical
anodization is a very promising one, which was successfully applied in the preparation
of tailored porous structures of Al;O3 and Si, and more recently of self-organized,
vertically aligned TiO, nanotube arrays. Formation of self-organized TiO, nanotubes
is the result of a fine balance between the electrochemical processes (field assisted
oxidation of Ti metal to form titanium dioxide and dissolution of Ti metal) and
chemical dissolution of Ti and TiO; [12].

Electrochemical anodization is low cost and convenient method for
modification of surface structure of different metal oxides. At first, electrochemical
anodization was applied for obtaining porous alumina. Then the anodization method
was adopted to obtain porous structures of TiO,. Titania nanotubes were sensitive
mainly towards hydrogen. The enhancement of characteristics of metal oxide gas
sensors is possible by addition of other metals as dopants or mixtures. One further
application of TiO, nanotubes is in photoanodes for dye-sensitized solar cells, where
the straight tubular structure acts as transparent electron conductor and, at the same
time, hosts dye molecules responsible for light absorption. In this context, titania

nanotubes are required to posses high specific surface to obtain high dye uptake and,



as a consequence, high optical density of the photoanode in the range of light
absorption of the dye [13]. Since the fabrication by Ti anodization was realized, the
TiO; nanotube arrays have demonstrated perspective applications in a variety of fields.
When used in the DSSCs, the TiO, nanotubes are expected to have advantages over
TiO, particles. First, their one-dimensional structure can reduce the transport
dimensionality and recombination of the photoinjected electrons. Second, their tubular
structure provides large area for hosting dye molecules and receiving illumination
[14].

In this work, we intended to synthesize Titanium Dioxide (TiO;) nanotubes
by anodization method. For making dye-sensitized solar cells, we also investigated the
anodization condition such as pH values and anodization voltages. The nanotubular
layer was obtained by Ti metal anodization in an electrolyte consisting of a mixture of
oxalic acid (H>C,04), ammonium fluoride (NH4F), and sodium sulphate (Na;SOj)
with different pHs and an electrolyte consisting of a mixture of C2H502, NH4F, and DI
water under the applied voltages of 40 and 70 V. The characterization of TiO;
nanotubes films is used by X-ray diffraction (XRD), scanning electron microscopy
(SEM) and UV-vis spectrometer. Finally, we tested dye-sensitized solar cell by using
TiO; nanotubes as a working electrode.

The objectives of this work are to synthesize TiO, nanotubes by anodization
method and to test the efficiency of dye-sensitized solar cell by using TiO, nanotubes

as a working electrode.



CHAPTER 2
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Semiconductivity

Materials are divided into three groups depending on their electrical
conductivity. The best conducting materials are conductors, materials with very low
electrical conductivity are insulators, and materials having electrical conductivity
between conductors and insulators are semiconductors. Furthermore, the property of
materials can be depicted in terms of the energy bands as shown in Figure 2.1 The
electronic structure of a semiconductor plays a key role in semiconductor
photocatalysis. Unlike conductors, semiconductors have valence band (VB) and
conduction band (CB) overlap. When semiconductors are excited by photons with
energy equal to or higher than their band gap energy, electrons are promoted from VB
to CB [15].

V’Wf onduction ban
) e e

LB.I‘gﬂ Gap / T ‘
_— Condudtion %% Conduction band
/{/ 0 i bfmd :: Small Gap

%.»__\\ N ::00{%00600{?3 verlap .
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Insulator Conductor Semiconductor

Figure 2.1 the comparison of the band structure of insulator, conductor and

semiconductor.




Charge carriers in a semiconductor can be negative or positive, or both when
an electron moves from the valence band into the conduction band, it leaves behind a
vacant site, called a hole, in the otherwise filled valence band. This hole (electron-
deficient site) appears as a positive charge and acts as a charge carrier in the sense that
a free electron from a nearby site can transfer into the hole. Whenever an electron does
so, it creates a new hole at the site it abandoned. Thus, the net effect can be viewed as
the hole migrating through the material in the direction opposite the direction of
electron movement [16]. In a pure crystal containing only one element or one
compound, these are equal numbers of conduction electron and hole pair, in an
external electric field, the holes move in the direction of the field, and the conduction

electrons move in the direction opposite the field as shown in Figure 2.2.

Energy
Conduction electrons  Conduction band
X = \‘\ e electron
Narrow forbidden gal::) }| 5 hole
® & /—bo & -f‘_’f,—r.

Valence band
[ ] ® L ] [ ] L ] [ ]

Applied E field

Figure 2.2 Movement of charges in an intrinsic semiconductor.

2.2 Titanium dioxide

2.2.1 TiO; structures and properties
Titanium dioxide (TiO,) exists as three different polymorphs; anatase,
rutile and brookite. The primary source and the most stable form of TiO, is rutile. All
three polymorphs can be readily synthesised in the laboratory and typically the

metastable anatase and brookite will transform to the thermodynamically stable rutile



upon calcination at temperatures exceeding ~600 “C. Inall three forms, titanium (Ti*")
atoms are co-ordinated to six oxygen (O?") atoms, forming TiOg octahedra. Anatase is
made up of corner (vertice) sharing octahedra which form (001) planes (Figure 2.3a)
resulting in a tetragonal structure. In rutile the octahedra share edges at (001) planes to
give a tetragonal structure (Figure 2.3b), and in brookite both edges and corners are
shared to give an orthorhombic structure (Fig.2.3¢). Titanium dioxide is typically an n-
type semiconductor due to oxygen deficiency. The band gap s 3.2 eV for anatase
phase, 3.0 eV for rutile phase, and ~3.2 eV for brookite phase. Anatase and rutile are
the main polymorphs and their key properties are summarized in Table 2.1. TiO, is the
most widely investigated photocatalyst due to high photo-activity, low cost, low

toxicity and good chemical and thermal stability. In the past few decades there have

been several exciting breakthroughs with respect to titanium dioxide [17].

Figure 2.3 Crystalline structures of titanium dioxide (a) anatase, (b) rutile, (¢) brookite
[17].



Table 2.1 Physical and structural properties of anatase and rutile TiO, [17-18].

Property Anatase Rutile
Molecular weight (g/mol) 79.88 79.88
Melting point (°C) 1825 1825
Boiling point (°C) 2500-3000 2500-3000
Light absorption (nm) <390 <415
Mohr’s Hardness 5.5 6.5-17.0
Refractive index 2.55 2.75
Dielectric constant 31 114
Crystal structure Tetragonal Tetragonal
. a=3.78 a=4.59
Lattice constant ( A )
c=9.52 c=2.96
Density (g/cm3) 3.79 4.13
. 1.94 (4) 1.95 (4)
Ti- O bond length (A ) 197 ) 1.98 2)

The crystal structure of anatase and rutile is tetragonal; while the brookite
has an orthorhombic structure as shown in figure 2.4. Since brookite is less studied
and does not play a considerable role in many of the titanium dioxide applications, we

will focus only on the anatase and rutile phases.
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Figure 2.4 Geometrical illustration of the crystal structure of anatase, rutile and
brookite [18].

2.2.2 The photocatalytic of Titanium dioxide

Titanium dioxide (TiO;) also known as titania, is an important
commercial product that has been used in many commercial applications that range
from industrial (paint and pigment) to cosmetic (skin-care product). On a research
level, it is interested for water splitting, solar photovoltaic cells and water or air
remediation. Many studies used TiO; as photocatalysts for water splitting to produce
hydrogen. TiO, have three crystalline forms such as rutile, anatase and brookite.
However, all of these anatases show a higher photocatalytic activity. Even through the
crystal lattices of rutile and anatase are similar, but there are a few significant
differences. Band gaps of Rutile and anatase are 3.02 eV and 3.2 eV, respectively.
Rutile and anatase also have different numbers of active site. A common observation
is that for anatase good photocatalytic activity is observed, while rutile shows good

photocatalytic activity in some and almost zero activity in other studies. The small
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difference of band gap between rutile and anatase cannot explain their different
activity. A main difference is their recombination rate of photoinduced electrons and
holes that anatase is higher than rutile. Often heat treatment at high temperatures is
used to obtain the rutile phase, resulting in the irreversible loss of surface
hydroxylation and increased crystal growth, both of which decrease the photcatalytic
activity of TiO,. On the other hand a combination of the two crystal phases can lead to
an enhancement of the photocatalytic activity. The recombination of anatase and rutile
is the P25 powder from Degussa which has become a reference powder photocatalyst.
Photoinduced processes on TiO, are characterized by the presence of photoinduced
phenomena. All these photoinduced processes originate from the semiconductor band

gap as shown in Figure 2.5.

hv > E,

E

B

(band gap energy)

Figure 2.5 Photoinduced processes on TiO» [15].

When photons have a higher energy than this band gap, they can be
absorbed and an electron is promoted to the conduction band, leaving a hole in the
valence band. This excited electron can either be used directly to create electricity in
photovoltaic solar cells or drive a chemical reaction, which is called photocatalysis. A
special phenomenon was recently discovered: trapping of holes at the TiO, surface
causes a high wettability and is termed ‘photoinduced superhydrophilicity’ (PSH). All
photoinduced phenomena involve surface bound redox reactions. TiO, mediated
photocatalytic reactions are gaining nowadays more and more importance and this is

reflected in the increasing number of publications that deal with theoretical aspects
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and practical applications of these reactions as illustrated in Figure 2.5. By far, the
most active field of TiO, photocatalysis is the photodegeneration of organic

compounds.

2.3 Formation of TiO; nanotube arrays

2.3.1 Electrochemical Anodization method

Electrochemical anodization is a process of oxidizing a bare metallic
surface. This oxidization process is done by the effect of applied electric field between
this metallic surface and another chemically inert metal when both are immersed in a
given electrolyte. The anodization process acts to uniformly oxidize the surface of the
required metal. The oxide layer is controlled by many factors; in most cases, the main
factors that control the oxide layer properties are the applied voltage, the electrolyte,
and the duration of the anodization process. The anodization can be done through two
different setups, two-electrode anodization cell or three-electrode anodization cell as

shown in Figure 2.6.

DC Voltage B) I Potentiostat

Platinum
(Cathode)

Platinum Metal
(Cathode)| | |(Anode)

Reference electrode

Figure 2.6 Schematic diagrams for a) two electrodes and b) three electrodes

anodization cell [18].

In the two-electrode cell, the positive terminal of a DC power supply is
connected to the given metal which acts as the anode, and the negative terminal is
connected to platinum mesh which acts as the cathode. Both anode and cathode are

immersed in a specific electrolyte. Under appropriate voltage, when the DC power
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supply is switched on, an electric field is generated in the electrolyte which pulls the
positive ions (hydrogen ions) towards the cathode and the negative ions (oxygen ions)
towards the anode. At the metal surface, the oxygen ion loses its electrons to the metal
atoms and bond with these atoms to form a metal oxide. After the first wave of oxygen
ions reach the metallic surface, a metal oxide layer forms and covers the metallic
surface. The successive waves of oxygen ions have to diffuse through the recently
formed oxide layer to reach the metallic surface underneath and react with those atoms
to form another oxide layer under the older one. In time, the oxide layer grows and
becomes thick, so the diffusion rate is slower and weaker. If this process continues,
only the oxide layer will reach a critical thickness where it is impossible for oxygen
ions to diffuse to reach the metallic surface. Another process which keeps the
anodization reaction going is the dissolution of the oxide layer in the electrolyte. Most
electrolytes dissolve metal oxide; in this case, the first layer of the oxide to dissolve is
the oldest layer or the first layer formed.

As a result of these two combating reactions, oxidation at the metallic
surface and dissolutions at the oxide surface, the thickness of the oxide layer is
controlled. On the other hand the positive hydrogen ions are pulled toward the cathode
where it receives electrons and hydrogen gas is formed in the form of bubbles. At
equilibrium, ionic current is continuously flowing in the electrolyte while electrical
current is flowing in the external circuit. The thickness of the oxide layer can be
increased by choosing conditions that will make the oxidation rate higher than the
dissolution rate, which will slowly increase the oxide layer thickness. This can be
observed by noticing the current drop in the external circuit as the oxide thickness
increases [18].

2.3.2 Mechanistic model of nanotube array formation

The key processes responsible for anodic formation of nanoporous
alumina and titania [19-21] appear to be the same, and are fundamental to the
formation of straight titania nanotubes. The key processes are: (1) Oxide growth at the
surface of the metal occurs due to interaction of the metal with O* or OH™ ions [22].
After the formation of an initial oxide layer, these anions migrate through the oxide
layer reaching the metal/oxide interface where they react with the metal. (2) Metal ion

Ty migration from the metal at the metal/oxide interface; Ti'" cations will be
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ejected from the metal/oxide interface under application of an electric field that move
towards the oxide/electrolyte interface. (3) Field assisted dissolution of the oxide at the
oxide/electrolyte interface [20-26]. Due to the applied electric field the Ti-O bond
undergoes polarization and is weakened promoting dissolution of the metal cations.
Ti** cations dissolve into the electrolyte, and the free O®" anions migrate towards the
metal/oxide interface, see process (1), to interact with the metal. (4) Chemical
dissolution of the metal, or oxide, by the acidic electrolyte also takes place during
anodization. Chemical dissolution of titania in the electrolyte plays a key role in the
formation of nanotubes rather than a nanoporous structure. As the anodization process
begins the initial oxide layer, formed due to interaction of the surface Ti*" jons with
oxygen ions (O%) in the electrolyte, is seen uniformly across the surface. The overall

reactions for anodic oxidation of titanium can be represented as

2H,0 >0, +4e” +4H" 2.1)

Ti+0, — TiO, (2.2)

In the initial stages of the anodization process field-assisted dissolution
dominates chemical dissolution due to the relatively large electric field across the thin
oxide layer [20,27]. Small pits formed due to the localized dissolution of the oxide,

represented by the following reaction, act as pore forming centers:
TiO, +6F~ +4H* > TiFF +2H,0 (2.3)

Then, these pits convert into bigger pores and the pore density increases.
After that, the pores spread uniformly over the surface. The pore growth occurs due to
the inward movement of the oxide layer at the pore bottom (barrier layer) due to
processes (2.1)—(2.3). The Ti*" ions migrating from the metal to the oxide/electrolyte
interface dissolve in the electrolyte. The rate of oxide growth at the metal/oxide
interface and the rate of oxide dissolution at the pore-bottom/electrolyte interface
ultimately become equal, thereafter the thickness of the barrier layer remains
unchanged although it moves further into the metal making the pore deeper. The
thickness of the tubular structure ceases to increase when the chemical dissolution rate

of the oxide at the mouth of the tube (top surface) becomes equal to the rate of inward



14

movement of the metal/oxide boundary at the base of the tube. Higher anodization
voltages increase the oxidation and field-assisted dissolution hence a greater nanotube

layer thickness can be achieved before equilibrating with the chemical dissolution.

Oxide

| Barrier Layer

(a) Metal (b)

Barrier Layer
(d) :

(e)  Barrier Layer

Figure 2.7 Schematic diagram of the evolution of a nanotube array at constant
anodization voltage: (a) oxide layer formation, (b) pit formation on the
oxide layer, (c) growth of the into scallop shaped pores, (d) metallic part
between the pores undergoes oxidation and field assisted dissolution, and

(e) fully developed nanotube array with a corresponding top view [22].

With the onset of anodization, a thin layer of oxide forms on the titanium
surface shown in Figure 2.7a. Small pits originate in this oxide layer due to the
localized dissolution of the oxide shown in Figure 2.7b 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 shown in Figure

2.7¢. The pore entrance is not affected by electric field-assisted dissolution and hence



Ubon Rajathanee Univ., Instructional Resources C
15

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. As the
Ti—O bond energy is high (323 kJ/mol), in the case of titania it is reasonable to assume
that only pores having thin walls can be formed due to the relatively low ion mobility
and relatively high chemical solubility of the oxide in the electrolyte, hence
un-anodized metallic portions can initially exist between the pores. As the pores
become deeper the electric field in these protruded metallic regions increases
enhancing the field-assisted oxide growth and oxide dissolution, hence simultaneously
with the pores well-defined inter-pore voids start forming, as seen Figure 2.7d.
Thereafter, both voids and tubes grow in equilibrium. The nanotube length increases
until the electrochemical etch rate equals the chemical dissolution rate of the top
surface of the nanotubes. After this point is reached the nanotube length will be
independent of the anodization duration, as determined for a given electrolyte
concentration and anodization potential [20, 28].
2.3.3 Influence of anodization voltage

At lower applied potential, the Ti surface consisted of oxide layer with
random pits whereas, at higher applied potential, irregular structure was formed as the
balance between the chemical dissolution and electric field dissolution, and oxidation
process was interrupted. It can be concluded that the effective surface area and
crystallization of TiO; nanotube arrays are important factors influencing the efficiency
of photoelectrochemical performance [29]. Anodization time is a parameter of self-
organized TiO;NTs/Ti foils because it has three stages for self organization:
1) Forming barrier layer of titanium that interacts with electrolyte when voltage was
applied 2) Oxide growth and dissolution are appear, 3) The balance of growth and
chemical dissolution [30]. At that point, the TiO,NTs/Ti foils were studied in
glycerol/water/ammonium fluoride electrolytes at 20 volts and varied anodization
time. The result was shows the different TiO, morphologies: at 0, 3, 10, 30, 60 min
formed compact TiO, layer, initial growth, initial porous layer, remaining initial
porous layer and order tubes and self-organized nanotubes layer, repectively, as seen

in Figure 2.9. Then, anodization time could be optimized for self-organized
TiO,NTs/Ti foils.
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Figure 2.9 Schematic diagrams of different stages of the TiO; nanotube formation

Anodization stopped after (a) 0 min, (b) 3 min from reaching 20 volts [31].

2.3.4 Influence of pH value
Nanotube arrays several microns in length have been fabricated using
KF (or NaF with equivalent results) electrolytes of variable pH. Electrolyte pH affects
both the behavior of the electrochemical etch and chemical dissolution owing to the
hydrolysis of titanium ions. With increasing pH the hydrolysis content increases,

which slows the rate of chemical dissolution. Longer nanotubes can be formed in
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higher pH solutions that remain acidic. On increasing pH values the hydrolysis content
increases, resulting in a significant amount of hydrous titanic oxide precipitated on the
nanotube surface. Our studies showed that the best pH range for formation of
relatively longer nanotubes is between pH 3 and 5; lower pH forms shorter but clean
nanotubes, while higher pH values result in longer tubes that suffer from unwanted

precipitates [32].

2.4 Dye-sensitized solar cell (DSSC)

Dye-sensitized solar cell (DSSC) is a real revolution in solar energy after 40
years of the invention of silicon solar cell [1, 2]. The working mechanism is based on
photoelectrochemical mechanism, resembling the photosynthesis in plant leaves. The
efficiencies of the DSSC is high as those obtained from amorphous silicon solar cells
(10-11%). It was invented in 1991 by Prof Michael Graetzel in Switzerland. As the
dye molecules are hit by light, electrons in the dye are transmitted to TiO,. Then the
electrons are collected by front electrode and supplied to external load. The dye
molecules are then electrically reduced to their initial states by electrons transferred
from redox couple in the electrolyte. The oxidized ions in the electrolyte, diffuse to the
back electrode to receive electrons.

Major differences of DSSCs from other semiconductor solar cells are that
the sunlight is not mainly absorbed by the semiconductor (TiO;) and that the electron—
hole pair is separated not by the built in potential of a p—n junction. A visible
component of the solar light generates electron—hole pairs in the dye sensitizer which
anchors on the photoanode of wide bandgap semiconductor nanoparticles. When the
electron—hole pairs are formed in the dye molecules, they are quickly separated at a
picosecond scale due to the difference in energy levels. Electrons are injected from the
dye to the conduction band of the photoanode, and are transferred to the transparent
conducting oxide (TCO) film that is coated on the glass. Holes in the dye molecules
are delivered to the electrolyte through a redox reaction. In this structure, the
maximum output voltage is the difference between Fermi energy of the semiconductor

film and redox potential of the electrolyte [29].



18

2.5 Working principle of the dye-sensitized solar cell (DSSC)

Light absorption is performed by a monolayer of dye (D) adsorbed
chemically at the semiconductor surface and excited by a photon of light (Eq. (2.4)).
After having been excited (D*) by a photon of light, the dye-usually a transition metal
complex whose molecular properties are specifically for the task is able to transfer an
electron to the semiconductor (TiO,;) by the injection process (Eq. (2.5)). The
efficiency of a DSSC in the process for energy conversion depends on the relative
energy levels and the kinetics of electron transfer processes at the liquid junction of
the sensitized semiconductor/electrolyte interface. For efficient operation of the cell,
the rate of electron injection must be faster than the decay of the dye excited state.
Also, the rate of rereduction of the oxidized sensitizer (dye cation) by the electron
donor in the electrolyte (Eq. (2.7)) must be higher than the rate of back reaction of the
injected electrons with the dye cation (Eq. (2.6)), as well as the rate of reaction of
injected electrons with the electron acceptor in the electrolyte (Eq. (2.8)). Finally, the
kinetics of the reaction at the counter electrode must also guarantee the fast
regeneration of charge mediator (Eq. (2.8)), or this reaction could also become rate

limiting in the overall cell performance [15-19].

D+hv— D’ (2.4)
D" > D" +e, (2.5)
D" +e, > D (2.6)
- I
D™ 4+=—I" 35 D+=1I; 2.7
2 2

| 3 e ” s
5[3 +2¢, —)51 , Iy +2e,, —>31 (2.8)
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2.6 The components of the dye-sensitized solar cell (DSSC)

2.6.1 Semiconductor photoanode

Semiconductors such as TiO;, ZnO and SnO, have been under
extensive investigation due to their wide application in energy storage and
environmental remediation. They act as sensitizers to facilitate light-reduced redox
processes because of their conductive electronic structure, referred to as valence band
and conduction band. Band positions of several commonly used semiconductors are
shown in Figure 2.11. In the quantum physics theory, a photon with energy (4 v ) that
exceeds or matches the band gap (Eg) of a semiconductor can excite an electron to the
conduction band leaving a hole with a positive charge at the valence band. These
charges can either be transferred to the external circuit to provide electrical current or
be utilized to catalyze a certain chemical reaction.

Titanium dioxide exits in three natural forms. Among them the most
stable form is rutile, which is at the equilibrium phase for any temperature. Though
rutile form is more stable, anatase is perceived to be more chemically active when
used in dye-sensitized solar cells. Anatase is metastable and has a trend to convert to
rutile upon heating. Hence, the phase constituents are greatly influenced by the
synthesis processing method. In order to study this phase conversion influence,
experiments were conducted to compare dye-sensitized rutile-and anatase-based TiO,
solar cells [34]. Dye-sensitized solar cells (DSSCs) fabricated with rutile and anatase
films at the same thickness were subjected to the simulated AM 1.5 solar illumination.
Results show essentially the same value of open-circuit voltage (Voc), whereas the
short-circuit photo current (Isc) of the anatase-based cell is 30% higher than that of
rutile-based cell. The difference in short-circuit current is attributed to the lower
amount of dye absorption by the rutile film, owing to a relatively smaller specific
surface area. The electron transfer rate in rutile film is generally slow in nature due to
the low coordination number associated with the particle packing density, which is

identified by intensity- modulated photocurrent spectroscopy.
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Figure 2.12 Band positions of several semiconductors and potentials of redox couples

are represented using normal hydrogen electrode [33-34].

Figure 2.13 Absorption of dye molecule on TiO; via two of its four carboxylate

groups [35].
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2.6.2 Counter electrode
The prerequisite of a material used as counter electrode in DSSC is
that it should have a low charge transfer resistance and high exchange current densities
for the reduction of the oxidized form of the charge mediator [36]. The counter
electrode serves to transfer electrons arriving from the external circuit back to the
redox electrolyte. It also has to carry the photocurrent over the width of each solar cell.
Hence, it must be well conducting and exhibit a low overvoltage for reduction of the

redox couple. Till now, Pt has been the desired material for the counter electrode since
it is an excellent catalyst for /; reduction.

An interesting low cost alternative for Pt is carbon (C), because it

combines sufficient conductivity and heat resistance as well as corrosion resistance
and electrocatalytic activity for the I; reduction. Porous C electrodes are easily

prepared from graphite powder, which consists of plate like crystals that, on deposition
from a liquid dispersion and drying, will preferentially align in the plane of the counter
electrodes, resulting in a high conductivity in this plane. Pt/C black electrode showed
the same efficiency and lower cost compared with Pt electrode alone [37-39].
2.6.3 Electrolyte

One of the most important DSSC components is the dye sensitizer,
which represents the photodriven elctron pump of the device. It allows an independent
electron injection into the semiconductor conduction band and conversion of visible
and near infrared photons to electricity. Several organic and inorganic compounds
have been investigated for semiconductor sensitization, such as chlorophyll derivatives
[39], porphyrins [40], phtalocyanines [41-42], platinum complexes [43-44],
fluorescent dyes [45], carboxylated derivatives of anthracene [46], polymeric films
[47], and coupled semiconductors with lower-energy bandgaps [48], among others.

The electrolyte is a key component of all dye-sensitized solar cells
(DSSC). It functions as charge carriers collecting electrons at the cathode and

transporting the electrons back to the dye molecule. In terms of the cell efficiency, the
most popularly used electrolyte is the iodide/triiodide (/~/1;) redox couple in an

organic matrix, generally acetonitrile. However, there exist undesirable intrinsic

properties which are inherent of a liquid electrolyte significantly affecting a device’s
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long-term durability and operational stability. For example, not only the leakage of
toxic organic solvent will cause environmental contamination, but also the evaporation
of volatile iodine ions will increase the overall internal resistance by lowering
concentration of the charge carrier. To overcome these disadvantages, research has
been conducted to develop non-traditional electrolytes, quasi-solid state and solid state

electrolytes [21].
The electrolyte is a neutral sink of /- and I; feeding the reactions at the
electrodes and maintaining the redox potential in the bulk of the electrolyte via the fast

redox reaction of the /= /I pair. This redox reaction in the electrolyte is a two

electron reaction [49]:

31" > 1] +2e (2.9)

which is composed of a series of successive reactions:

(I" > I+e )x2 charge transfer reaction (2.10)
21 > I, fast chemical reaction (2.11)
L+I">1I; fast chemical reaction (2.12)

Room temperature ionic liquid has good chemical and thermal stability,
negligible vapor pressure, non flammability and high ionic conductivity. When
incorporated into DSSCs, they serve both as a source of iodide and the solvent itself.
Liquid electrolyte based organic solvent usually have high ionic conductivity and
excellent interfacial contact property however there still exist problems such as
leakage and volatility of the solvent which affect the long term performance of DSSCs
[49,50]. A disadvantage of liquid electrolyte is that it may limit device stability
because the liquid may evaporate when the cell is imperfectly sealed. Penetration of
water or oxygen molecules and their reaction with the electrolyte may also worsen cell
performance. Liquid electrolytes also make the construction of multi-cell modules
difficult because cells must be connected electrically yet separated chemically,
preferably on a single substrate. Among all of the solid-state cells, the one containing a

p-type semiconductor possessed the advantage of easy preparation and higher stability
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while the cells employing polymer electrolytes showed higher efficiency and wider
practical future use with the proper encapsulation[51]. Based on their physical state,
the electrolytes can be classified into 3 groups - liquid electrolyte, quasi-solid
electrolyte and solid electrolyte [52].
2.6.4 Sensitizing materials

In DSSCs, the electronic excitation in the dye achieved through light
absorption promotes dye molecule into a high energy state associated with the Lowest
Unoccupied Molecular Orbital (LUMO). This simultaneously creates an electron
deficiency in the low energy state - the Highest Occupied Molecular Orbital (HOMO).
Electrons in the LUMO and HOMO states are separated by a difference in enthalpy (%)
[48, 53].

Ah=AE=E,,,, —E (2.13)

Homo

where, Ah = change in enthalpy,

AE = difference in energy,

E, .0 = energy of the least unoccupied molecular orbital

E = energy of the highest occupied molecular orbital

Homo

The sensitizer plays a critical role in generating electron—hole pairs.
Sensitizers for DSSCs need to satisfy following requirements:

(1) Energy levels of the sensitizers match well with those of oxide the
semiconductors and electrolyte. In dye sensitizers, for example, LUMO of dye needs
to be higher than the edge of the semiconductor conduction band for the electron
injection, and HOMO of dye needs to be aligned with the redox potential of the
electrolyte for the regeneration of the oxidized dye.

(2) Sensitizing materials are strongly anchored on the surface of the
semiconductor film to decrease an interface resistance and to secure the stable bonding
for a long time.

(3) Electrons in the sensitizing materials are quickly separated from

counterpart holes and injected to the photoanodes before being recombined.
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(4) Light absorption spectrum of the sensitizing materials ranges from UV
region to near IR region, with an absorption peak at visible region. The optimum
absorption peak position of the sensitizing material for a single junction of solar light
is 920 nm.

(5) The sensitizing materials last for more than 20 years, which is equivalent
to 100 million times turnovers of the sensitizing materials under sunlight.

Sensitizing materials compatible with DSSC type solar cells, are group into
metal-complex dye, metal-free organic dye, natural dye, and quantum dots. Several
types of the dye in DSSCs are reviewed in this section. A brief summary of high

efficient dyes is listed in Table 2.2.

Table 2.2 Efficiencies of DSSCs using different dye sensitizer [29].

Dye Efficiency of DSSCs
N3 11.03%
N719 11.18%
Black dye 11.10%
Z910 10.20%
K77 9.00%
D205 7.20%
C219 10.30%




Figure 2.14 Structures of typical ruthenium-complex dye [29].
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Figure 2.15 Molecular orbital energy diagram of N719, N945 and K19 compared to
that ofa TiO, nanoparticle mode [54].

2.7 Recombination

Recombination of the generated electrons with holes in the dye-sensitized
nanostructured TiO, electrode can occur in principle after the electron injection or
during its migration in the TiO, electrode on its way to the electrical back contact.
Illumination of the dye-sensitized electrode initially in equilibrium (in the dark)
generates a transient electric field between the injected electrons in the TiO; and the
oxidized species in the electrolyte. This electric field could oppose in principle further
charge separation and promote recombination. However, in the dye-sensitized solar

cell the mobile ions in the electrolyte can easily rearrange and effectively screen the
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light induced opposing fields in steady state conditions through out the electrode film,
and thus enable an efficient charge separation. In the silicon solar cells, the
recombination of charge carriers in trap states in surfaces, grain boundaries, and in the
bulk degrades the cell performance easily, and thus semiconductor material of high
crystal purity is required. In the dye-sensitized TiO; electrode, there is on the contrary
vast amount of particle boundaries and a huge surface to volume ratio. Yet the dye
solar cell does not seem to suffer from the recombination losses at the grain
boundaries at all. The reason for this is that only electrons are transported through the

semiconductor particles, while holes (oxidized ions) are carried by the electrolyte [55].

2.8 Measurements

The photovoltaic tests of quasi-solid-state dye-sensitized solar cells are
carried out by measuring the J-V character curves under irradiation of white light
from a AM 1.5. The photoelectronic performances [fill factor (FF) and overall energy

conversion efficiency (77)] were calculated by the following equations

[33-35, 56-57]:

EF = M (2.14)
VDC X JSC
V
n = ¥ Kol %x100% = MXIOO% (2.15)

where FF is the fill factor
V. is the open-circuit voltage

oc

V. is the maximum voltage

max

J,. is the short circuit current density
J o 18 the maximum current density
P,.. is the maximum power
P,y 18 the incident light power

n is the energy conversion efficiency
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2.9 Literature Review

TiO; nanotubes were produced by anodic oxidation by controlling the pH
value of the electrolyte. In the strongly acidic electrolyte, the fast chemical dissolution
rate restricts the growth of the TiO, nanotubes, while in the weakly acidic electrolyte
the slow chemical dissolution rate accelerates the growth of the nanotubular TiO,
layer. At first, a thick oxide layer was observed and then, round-shaped holes were
randomly observed due to the F" ions attacking the titanium oxide layer and then,
stable equilibrium states were finally maintained. Furthermore, an investigation was
conduced to understand why the TiO, nanotubes show a rough surface morphology
and irregular wall thickness, which concluded that this resulted from the separation of
the swollen pores [60].

Titania (TiO,) nanotubes were prepared by anodizing titanium (Ti) foils in
an electrochemical bath consisting of 1 M glycerol with 0.5 wt% NH4F. The pH of the
bath was kept constant at 6 and the anodization voltage was varied from 5 V, 20 V to
30 V. It is found that the morphology of the anodized titanium is a function of
anodization voltage with pits-like oxide formed for the sample made at 5 V and
samples made at 20 V and 30 V consisted of well-aligned nanotubes growing
perpendicularly on the titanium foil. However, the nanotubes formed on the samples
made at 30 V were not uniform in terms of the nanotubes' diameter and wall thickness.
Regardless of the anodization voltage, as anodised samples were amorphous [61].

TiO; nanotube arrays were prepared by anodic oxidation in an NH4F/H3PO,4
electrolyte. Various anodization conditions, including magnetic stirring rate, F-
concentration, voltage and time, can be varied to obtain TiO, nanotube arrays with a
uniform and well-ordered morphology. The results show that stirring rate, F-
concentration and voltage have important effects on the morphology and pore
diameter, whereas anodization time affects the length of the TiO, nanotube arrays.
Higher anodic voltage leads to larger pore diameter and greater anodization time
yields longer tubes, which can adsorb more dye [6].

TiO, nanotube arrays were grown on conductive Ti substrates by
anodization in glycerol electrolyte. The TiO; nanotubes were vertically grown, and

adhered perfectly to the substrates. The diameter of the nanotube was gradually
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increased with the increase anodizing voltage, at the same time, the surface area of
nanotube attached with dye molecules more. When the illumination was from the
backside, the incident light passing though the counter electrode can preferable enter
into the larger pore-size nanotubes [62].

Anodic titanium oxide (ATO) was fabricated by anodization method of the
Ti foil in an ethylene glycol electrolyte containing 0.38 wt% of NH,4F and 1.79 wt% of

H,O. Anodizing was carried out at the constant cell potential ranging from 30 to 70V
at the temperature of 20°C. The thickness and aspect ratio of porous TiO, increase

linearly with increasing anodizing potential [63].

Arrays of TiO; nanotubes were fabricated by the anodization of Ti foils and
then used in assembling dyesensitized solar cells (DSSCs). TiO, nanotube arrays are
used as photoanode for the application in dye-sensitized solar cell and the photovoltaic
performance of 1.91% is achieved with a TiO, nanotube sample of 2.2 pm in length
combining with N719 dye, and the corresponding photovoltaic parameters of 3.6 mA
cm in short circuit photocurrent density, 840 mV in open circuit potential, and 63.2%
in fill factor [9].




CHAPTER 3
EXPERIMENTAL PROCEDURES

3.1 Materials and thin films preparation

Titanium Dioxide (TiO;) nanotubes were synthesized by anodization method.
The anodization conditions include the effect of pH values and anodization voltages.
TiO; nanotube photoanodes have been synthesized on titanium foils by anodization
method in the mixtures of ammonium fluoride (NH4F), sodium hydroxide (NaOH) and
sodium sulphate (NaySO4) for the condition of different pH values. Then, we are
interested in fabricating TiO, nanotubes by anodization method. The nanotubular layer
was obtained by Ti metal anodization in an electrolyte consisting of a mixture of
ethylene glycol (C;HgO,), ammonium fluoride (NH4F), and DI water under the applied
voltages between 40, 50, 60 and 70 V for the condition of different voltages. The post
anodization process was carried out by annealing in air at 450°C for 2 hrs. The
characterization of TiO, nanotubes films is used by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and UV-vis spectrometer. In application, we test dye-
sensitized solar cell by using TiO, nanotubes form anodization voltage condition as a

working electrode.

3.2 Anodization method

In each fabrication, a Ti sheet, 0.25 mm in thickness and 99.7% in purity, was
anodized at room temperature in ethylene glycol (C;HgO,) that also contained 0.25%
NH4F (in mass) and 0.6% H,O (in volume). Before the anodization, the sheet was
cleaned ultrasonically in turn in isopropanol, de-ionized water and ethanol. A DC
power source was used to drive the reaction. The Ti sheet was bound to the electrolytic
cell via an O-ring and a Cu plate. One side of the sheet was in contact with the
electrolyte and the opposite side, covered by a Cu plate, was connected to the power
source with a conducting wire. The counter electrode was a piece of platinum
(Figure3.1). The spacing between the two electrodes was approximately 5 ¢m. The

anodization voltages were varied between 40, 50, 60 and 70 V and the Ti sheet were
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subjected to a constant 5 hrs anodic time. Samples were washed with ultrasonic
treatment to remove occluded ions from the surface of the TiO» nanotubes after
anodization. All substrates were annealed at 450 °C for 2 hrs to obtain anatase
crystalline phases of TiO> [20]. To investigate the surface morphology and
microstructure of TiO,NTs, all samples were characterized by SEM and XRD

techniques.

Power supply

Pt counter electrode

Cu electrode

"

NN

77777

Plastic housing

Figure 3.1 Experimental equipment diagram ofanodization method for TiO,NTs.




Figure 3.2 Ti foils before anodization process.
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Figure 3.3 Schematic illustration of the preparation of TiO, nanotube arrays by

anodization method for the condition of different pH values.
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Figure 3.4 Schematic illustration of the preparation of TiO, nanotube arrays by

anodization method for the condition of different voltages.

Figure 3.5 TiO, nanotube arrays after anodization process.
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TiO» nanotube film was immersed in a dye solution (N719) for 24 hrs to
absorb the dye adequately, then the dye sensitized TiO, film was washed up with
anhydrous ethanol and dried in moisture- free air [29, 33, 56].

Figure 3.6 TiO, nanotube films were immersed in a dye solution (N719).

3.3 Electrolyte

An electrolyte was prepared as following. 0.6 M potassium iodide (KT) and
0.05 M iodine were mixed with solvent of ethylene carbonate (EC) and propylene
carbonate (PC) (6:4, w/w) under stirring to form a homogeneous liquid electrolyte

solution,

3.4 Dye-sensitized solar cell

To fabricate a dye-sensitized solar cell, the polymer gel electrolyte was
injected into the aperture between a dye-sensitized TiO, nanotube film electrode
(working electrode) and a platinized conducting glass sheet applied by electroplating
(counter electrode). Then, the two electrodes were clipped together and epoxy resins

were used as sealants [22].




Figure 3.7 dye sensitized solar cell.

3.5 Measure ment
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The photovoltaic tests of dye-sensitized solar cells were carried out by

measuring the J-V character curves under irradiation of 60 mW/cm’ and the active cell

areas were 0.25 cm’. The photoelectronic performances [fill factor (FF) and overall

energy conversion efficiency ( 77)] were calculated by the following equations [33-34,

56, 57]:
FF = Lo %o
Vrlt‘ XJN.'
4
n = wa_v’.m_xmg% = MX}OO‘%

in

where FF is the fill factor
V., is the open-circuit voltage

0oc

V. 18 the maximum voltage

max

J,, is the short circuit current density

e
J e 1S the maximum current density
P, is the maximum power

P, 18 the incident light power
n is the energy conversion efficiency

(3.1)

(3.2)
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Figure 3.8 measurement of dye sensitized solar cell by Potentiostate.

3.6 Scope of fabrication of dye sensitized solar cells

We are interested in fabricating TiO> nanotubes by anodization method. The
nanotubular layer was obtained by Ti metal anodization in an electrolyte consisting of
a mixture of ethylene glycol (C2HgO3), NH4F, and DI water under the applied voltages
between 40, 50, 60 and 70 V. The characterization of TiO, nanotubes films is used by
X-ray diffraction (XRD), scanning electron microscopy (SEM), and UV-vis
spectrometer. In application, we show dye-sensitized solar cell by using TiO2

nanotubes as a working electrode.



synthesize TiO, nanotube KI, I, EC,PC || Coated by Pt
by anodization method at

different voltage (40 ,50,60 and 70

A 4

Characterize samples by XRD and SEM

A4

Immerse in dye solution(N719)

v A 4

Working Electrode L drop Electrolyte Counter Electrode

@sitized Solar Cell

!

I-V characteristic for Dye-Sensitized Solar Cell

Figure 3.9 Scope of fabrication of dye-sensitized solar cell.

39



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Effect of pH values

Figure 4.1 shows XRD patterns of Ti sheet post annealed TiO> nanotubes.
The XRD patterns show that the phases of TiO; nanotubes are anatase. The anatase
(101) peak shows prominently when the anodization was carried out in the electrolyte
with pH 3. The SEM image of post-annealed TiO, nanotubes grows in the different pH
electrolytes. The morphology of the TiO> was found to be influenced by pH of the
anodizing electrolyte. The prepared sample with the anodization in pH 5 electolyte
was the titania films with anatase phase. The TiO2 nanotubes were not observed while
the samples with anodization in pH 3 electrolyte showed clearly titania nanotubes with

diameters of about 100 nm as shown in Figure 4.3.
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Figure 4.1 XRD patterns of TiO» NTs and in TiO,/Ti foil; pH 5 and pH 3.




Figure 4.2 SEM image, the top view of TiO> NTs/Ti foil as formed in mixed
electrolyte at pH 5.

— 188nm
®4B8,808008 - M

Figure 4.3 SEM image, the top view of TiO; NTs/Ti foil as formed in mixed
clectrolyte at pH 3.
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4.2 Effect of anodization voltages

Figure 4.4 shows XRD diffraction patterns of nanotube films as prepared
and calcined at 450 °C for 2 hrs which the TiO, nanotubes were fabricated in different
voltages (40, 50, 60 and 70 V). The XRD diffraction patterns of nanotube films as
prepared TiO; nanotube arrays are amorphous after anodization. As the TiO,
nanotubes have been calcined they possess polycrystalline nature. This is confirmed
by XRD analysis. The presence of peak in XRD pattern indicates that the calined
nanotubes are composed of pure anatase phase at all different applied voltages. Good
crystallinity is required for smooth electron flow in the nanotubes for the efficient dye-

sensitized solar cells [64].
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Figure 4.4 XRD patterns of (a) before annealing and after annealing at different
voltages at 450 °C for 2 hrs : (b) 40 V, (c) 50 V, (d) 60 V and (e) 70 V.
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Figure (4.5-4.8) shows the SEM micrographs of TiO, nanotubes obtained by
anodization for 5 hours in 25% NH4F + CoHgO, + 0.6% H,0 aqueous solution at room
temperature at different voltages (40, 50, 60 and 70 V, respectively) the calcinated at
450 °C for 2 hours. Anodization voltage strongly affects the spacing and pore size of
TiO; nanotubes because the electrochemical etching rate depends on the anodization
potential. The nanotube formation process includes electrochemical etching of Ti and
chemical dissolution of oxide formed. The nanotube depth increases till the
electrochemical etching rate becomes equal to the chemical dissolution of the top
surface of the nanotubes. Higher anodization voltages increase the oxidation and field
assisted dissolution hence a greater nanotube layer thickness can be formed before
equilibrating with the chemical dissolution.

In order to evaluate the influence of the applied voltage on the average
diameter of TiO, nanotubes, anodization experiments at different applied voltages
have been performed. The key factor controlling the tube diameter is the anodization
voltage [62]. The higher applied voltage can strike out bigger pits, which act as pore
forming centers. It was obvious that the average diameter of the nanotubes was
proportional to the applied potential. The average pore diameter of the nanotubes
formed at 40, 50, 60 and 70V were approximately 90, 125, 150 and 200 nm,
respectively. It is clearly shown that the nanotube diameter increases with the higher
anodization voltage [45-46]. The corresponding average pore diameter of TiO,

nanotubes as a function of the anodization voltage is reported.
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Figure 4.6 SEM image of TiO; nanotube arrays at 50 V.
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Figure 4.8 SEM image of TiO; nanotube arrays at 70 V.
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The dye absorption of the TiO» nanotubes with various pore diameters was

characterized with the UV-visible spectroscopy. The amount of absorbed dye solution

is an important factor during the determination of energy conversion efficiency since

the electrons are ejected only through the dyes attached to the TiO, nanotubes. Figure

4.9 shows the amount of dye absorption of TiO, nanotubes. It can be seen that the

amount of dye absorption increased with increasing the pore diameter of nanotube

because larger surface area is beneficial for dye absorption, and surface area is the

function of the pore-size nanotubes. Thus, we concluded that pore diameter of TiO,

nanotube dominates the efficiency of dye-sensitized solar cells [65].
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Figure 4.9 UV-vis spectra of TiO; nanotube arrays with various anodization voltages.
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4.3 Solar cell pe rformance

A number of researches demonstrate that self-organized TiO, array layers
can enhance the light to electricity conversion efficiency of solar cells since the
nanotubes has high surface area, strong internal light-scattering effect and facile
charge transport. Here, the anodized TiO, nanotube arrays prepared at different

applied voltage are used as photoanode for application in dye-sensitize solar cells [64].
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Figure 4.10 J-V characteristics of dye-sensitized solar cells based on different TiO,

nanotube samples prepared at different applied voltages.

Figure 4.10 shows the photocurrent-voltage curves of DSSCs based on the
N719 dye and organic electrolyte as a function of TiO, tube diameter under
illumination of 60 mW/cm®. The short circuit photocurrent densities (Jsc) obtained
with TiO; nanotubes of 40, 50, 60 and 70 V anodization potential (or pore size of
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nanotube of 90, 125, 150 and 200 nm) were 5.50, 6.01, 7.52 and 8.25 mA/cm?® which
the energy conversion efficiencies of dye-sensitized solar cells were 4.21, 4.77, 6.10
and 6.89% , respectively. The highest efficiency of 6.89% was achieved with TiO;
nanotube arrays photoanode synthesized at 70V anodization potential. Detailed
photovoltaic performance parameters (Js, V., FF and 7] ) of the DSSCs for films at
different anodization potential were presented in Table 4.1. The energy conversion
efficiency of the DSSCs increased with increasing pore size of nanotube (as a function

of anodization potential). This is directly attributed to the increase in the amount of

dye absorption form the increased surface area of film [6].

Table 4.1 Photovoltaic parameters of DSSCs based on four different TiO, nanotube

samples prepared at different applied voltages.

Voltage | Anodization time | Diameter J sc Vac FF | 7] (%)
V) (h) (m) | (mA/em?) | (V)
40 5 90 5.50 0.635 0.72 421
50 5 125 6.01 0.655 0.73 4.77
60 5 150 7.52 0.665 0.73 6.10
70 5 200 8.25 0.675 0.74 6.89




CHAPTER 5
CONCLUSION AND SUGGESTIONS

We have synthesized and characterized of TiO, nanotubes by anodization
method in mixed electrolytes at different pHs; 3 and 5. The morphology of the TiO,
was found to be influenced by pH of the anodizing electrolytes. The prepared sample
with the anodization in pH 5 electolyte was the titania films with anatase phase. The
TiO; nanotubes were not observed while the samples with anodization in pH 3
electrolyte showed clearly titania nanotubes with diameters of about 100 nm. Then, we
have succeeded in making TiO; nanotubes by anodization method in mixed
electrolytes at voltages (40, 50, 60 and 70 V) and making dye-sensitized solar cell by
using TiO, nanotubes as a working electrode. The corresponding average pore
diameter of TiO, nanotubes is a function of the anodization voltage which the
nanotube diameter increases as voltage increases. Furthermore, the TiO, nanotube
diameters at applied voltage of 40, 50, 60 and 70 V were approximately 90, 125, 150
and 200 nm, respectively.

The anodized TiO, nanotube arrays prepared at different applied voltages are
used as photoanodes for application in dye-sensitize solar cells. The photoconversion
efficiencies of dye-sensitized solar cells made of the working electrodes obtained from
of 40, 50, 60 and 70 V were 4.21%, 4.77%, 6.10% and 6.89% , respectively, under
irradiation of 60 mW/cm?®. The highest efficiency of 6.89% was achieved with TiO,
nanotube arrays working electrode synthesized at 70V anodization potential.
The photoconversion efficiency of the DSSCs increases pore diameter of nanotube as
a function of anodization potential increases. This is directly attributed by the increase
of dye absorption form the increase of the surface area of the film. The greater the
pore size and the greater the amount of dye absorbed, the better the electron transfer
process leading to higher energy conversion efficiency of dye-sensitized solar cells.

In the future work, several conditions in the fabrication of TiO; nanotube
arrays such as the effect of calcination temperature, different anodization times, water

content and fluoride ion concentration will be investigated to improve the conversion
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efficiency of TiO, nanotube dye-sensitize solar cells. In application, we may use TiO,
nanotube arrays as photoanode for several devices such as dye-sensitize solar cells,

hydrogen production and gas sensors.
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