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CHAPTER 1
INTRODUCTION

1.1 Motivation and background

Worldwide energy problems are increase of energy consurnption that result in
desyeasing of non-sustainable fossil fuels such as oil, natural gas, coal [1] and emission
of global green-house gases such as carbon dioxide and carbon monoxide. So, the
development of renewable energy is a key concern. Solar cells are widely considered 1o
be the future of renewable energy and as one of the competitive alternatives to Fossil
fuel - based energy sources {2]. The dye semsitized solar celt is one of the most
promising ways to realize solar ceil economy for the following reasons: this process is
based on solar energy, from sunlight which is a clean and everlasting source of energy.,
Drye-sensitized solar ¢ells are the photovoltaic devices of choice because of their high
efficiency, low produciion cost and easy fabrication [3]. The efficiency of dye
sensitized solar cells is 11.2 % with the TiO; nanoparticle [4-5). This efficiency is low
for commercialization of dye sensitized solar cells. For'app]jéaﬁnn in dye semsitized
sofar cells, TiO; nanotubes have higher charpe collection efficlencies than a
nanoparticle structure due to their faster transport and slower recombiration of electrons
[3]. In recent years, TiO; nanotubes have attracted more attention due to thejr excellent
physical and chemical properties [6], They have been wideiy used in various
applications such as solar energy cells [7}, photocatalysis [8] and gas sensors [9] TiO:
manstubes have been successfully fabricated by several methods, hydrothermal
techmiques [10], sol gel transcription [11], seed growth method [12] and efectrochemical
anodic oxidation, Among these methods, electrochemical anodic oxidation is the
simplest and likely the cheapest. However, during the anodization pIOCESS, preparation
perameters infloencing the structure of TiO; nanotubes have been reporied, These
various parameters include electrolyte composition, the anodic voltage, time and pH
[13}. However, there is little information on the process parameters of TiO» nanotubes

such as treatment times in anodization in the published papers.




In this work, we proposed to prepare TiO; nanotubes by anodization method
in mixture elecirolytes. We wsed TiO; nanotubes to fabricate dye-sensitized solar cells,

Eventually, we performed the teasurement of the solar cells efficiency.

1.2 Research ohjectives

The goals of this thesis are to prepare TiO; nanotubes by anodization method
for the dye-sensitized solar cells, to study the effects of different extension periods of

times anodization, and to measure the conversion efficiency of the dye-sensitized solar
cells,




1.3 Scope of this work

Ti0; nanotubes were produced and were used to fabricate the samples for dye
sensitized solar cells, Then, ail sampies were characterized by using X-ray diffraction
(XRD), Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM).
Ti0; nanotubes were used to improve efficiency of dye-sensitized solar cells, The scope
of this work is shown in Figure 1.1,

{ Synthesize TiO, nanotubes q

Characterize all samples by
XRD, SEM and AFM

Use Ti0O» nanotobes to fabricate
dye-sensitized solar cells

¥

Measure the conversion efficiency
of the dye-sensitized solar cells

Figure 1.1 Diagram of the scope in this ressarch.




CHAPTER 2
THEORETICAL AND LITERATURE REVIEWS

This chapter contains a review of properties and struciures of TiQy materials,
the anodization process, effect of deposition parameters, the microstructural properties
of TiO: nanotubes thin films and the concepts of dye-sensitized solar cells. In general,
many methods can be used in the preparation of Ti0, nanotubes thin films suck as sol
gel [14], hydrothenmal process {15) and anodization method [16-17]. The mechanism of
TiD, ranotubes formation is also presented in this Chapter,

2.1 Structnres and properties of TiQ, matexials

Titanium dioxide {Ti0,} or Titania naturally occurs in a form of oxide of
titanium. Titanivm dioxide occurs in nature as well-known minerals rutile, anatase and
brookite. TiO; is 2 cheap and innocuous inorganic materal extensively employed in
industrial and commercial application such as pigment in the paint industry and as a
binder in the medical fizld. For instance, more than 4 million tones of the white pigment
are annwally consumed by the paint industry worldwide, being the most widely used
pigment because of its brightness, high refractive index and low-cost [£8]. Ti(y is a
wide band gap semiconductor that presents photoactivity vpon near UV or higher
irradiation, absorbing photons and transforming them into chemical redox energy.
Although Ti(); is inert and does not promote chemical reactions without irradiation, the
hapdling of very finely divided TiO, particles requires taking safety measures, TiQ. is
rapidly growing worldwide due to its unique ¢lectronic properties, combined with the
possibility of easy applications in nanostructures. Ti; can in fact be manipulated by a
wide spectrum of techniques and shaped into a broad range of nanoscale morphologies;
particles, wires, rods, tubes and shin films [19]. Titania exists in a mmber of crystalline

forms anatase, rutile and brookite. The most important of phases are anatase and rutile.




i)

I(b)

Figure 2.1 A schematic diagram of TiO; structure: (a) rutile phase (b} anatase phase
and {c) brookite {20].




Anatase, rutile and brookite are the three main crystalline phases of Ti0..
In this work, we focus on the first and second crystallites becanse they have an effect on
the optical and electronic properties of films serving as photoanodes. Anatase, rutile and
brookite phases are shown in Figure 2.1 In titania polymorphs, the basic building
blocks consist of a titanium atom surrounded By six oxygen atoms in a more or less
distorted TiOg octahedral configuration. The crystal structure differs by the distortion of
each octzhedral and by ihe assembly patterns of the octahedral chain,

Ta mtile, neighboring TiOg units share corner, being stacked with their long
axjs alternating by 90°. Anatase framework consists of strongly distorted edge sharing
Ti0s octahedral. Comer sharing and edge sharing octabedral units give rise to the three
dimensional network of TiO»-B. Differences in mass density and ¢lectronic band
structure are explained in terms of the different lattice structure, The anatase and Ti
B phases are known to be thermodynamically less stable than the rutile phase 5o that
they are converted into the other phases at high temperature, It is generally accepted that
anatase is the most photoactive form of titania [21]. The bulk struciure of titania
networks is quite complex with various types of intrinsic defects mcloding oxygen
vacancies, Such oxygen deficiency implies the presence of some Ti (IIT) centers that
behave like electron-donating species, providing an n-iype character to the
semiconductor.

The phase change from amorphous to the crystalline anatase and rutile phase
occers with increased temperature or heat treatment, although the anatase and rutile are
stable struc’rufcs at low and high temperatures, respectively. Amorphous anatase can
convert 1o crystalline anatase with heat treatment at approximately 280 °C and above,
A migture of anatase and rutile will undergo the conversion at temperatures higher than
430 °C. Figure 2.2 indicates formation of nanocrystailine TiQ, nanotubes after
annealing or heat treatment, The exhibition of glancing angle X-ray diffraction pattern
of the nanotube arrays samples was annealed at temperatures ranging from 230 °C to
880 °C in dry oxygen ambient for three hours.
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Figure 2.2 Glancing angle X-ray diffraction patterns of the nanctube arrays
annealed at temperatures ranging from 230 to .88{} “C dry oxygen
ambient for three hours A, R and T represent anatase, rutile and
titanium respectively [22].




The properties of semiconductors can be ynderstood by chemicat interpretation
of the band theory as shown Figere 2.3, According to this theory, at 0 K, a perfect
crystal of a semiconductor material possesses a group of very closely filled electronic
states (valence band, VB) and another group of closely empty electronic states at higher
encrgies {conduction band, CB). A region where no electronic states are available {band
gap) exists between the VB and the CB.,

/N
conduction band
/N

-

§ band gap

* N\
valence band

Figure 2.3 A schematic diagram showing the band gap of 2 semiconductor.

TiO; is a wide band gap semiconductor material (3.0-3.2 eV depending on the
crystalline phase {23]), capable of converting energy from light into chetnical redox
energy. I an incident photon of energy greater than or equal to the band gap of the
semiconductor is zbsorbed, an electron from the VB is promoted into the CB leaving a
hole behind. The number of photogenerated electon-hole pairs depends on the
semiconductor band structure as weil as the energy and the effeclive intensity of the
incident light,




Figore 2.4 shows the redox potentials associated to the conduction and valence
bands of titania which defines the thermodynamic requirements for interfacial electron
transfer veactions, While titania electron conduction band is a moderate reducing apent,
hole valence band possesses strong oxidizing power. In order for an electron scceptor A
to be spontancously photoreduced, the potential of the semiconductor must be more
positive than the CB reduction potential of the A/A” pair. Following a similar reasoning,
to assist the oxidation of an electron donor D, the potential of the semiconductor VB
must be more positive than the reduction potential of D*/D pair.

Therefore, assuming no kinetic limitations, light-induced semiconductor
assisted interfacial redox reactions will take place with acceptors and electron donors
whose respective reduction potentials fall between the CB and VB band positions. Due
to TiQ; inertness, Jow-cost and low-solubility, it has great potentials for applications as

a semiconductor.

Potential (vs NHE, pH-7)

Fignre 2.4 A schematic showing the energy pap values of some semiconductor
materials [24].
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2.2 Preparation of TiQ, nanotubes

In 1972, Fujishima and Honda began the application of titanium dioxide (Ti0y)
in photocatalytic splitting of water [25]. This discovery was a driving force and
mofivation to thin films creation and development of other materials, Recently,
researchers have started to focns on surface modification and bio-implantation in the
nanoscale regime because of the natural physiological environment to which bone cells
are accustomed Synthesis of nanostructured titanium dioxide (Ti02) such as nanotubes,
nanowires and nanofibers has raised interest lately due to their high surface so-volume
ratie and the ability to provoke a greater degree of biological plasticity, compared to
conventional microstructures. Nanostructured TiQ» has been widely used in various
applications such as biosensors [26], solar cells [27], photocatalysis [28],
photwelectrolysis {29 and biomaterials [26]). A considerable number of studies have
proved that surfaces comprised of nanostructured TiO, exhibit positive effect on cell
behavior such as significant accelerated rate of apatite formation, enbanced osteoblast
adhesion, as well as proliferation and differentiation. Accordingly, these findings
strongly suggest the use of nanostructured Ti0; as 2 future implant material.

TiO; nanotubes can be prepared by anodization method under optimal
conditions: pH, voltage, anodization time, electrolyte, cathode and temperature bath,
The pH value is also one of the most ﬁnportant factors that affect the Jength of the tubes
{30]. The basic environment pH 8-9 is much more efficient for the formation of longer
nanotubes than the commonly used acidic condition. During the formation of nanotubes
with 1.8 um length after 6 b of anodization in aqueons elecirolyte with pH 4-5, it was
found that nanotubes are not formed when the pH value was above 6 f31]. The different
PH kevels of the electrolyte lead to different current density profiles and different
surface structures of TiO,, The current densities of anodized Ti foil varied as a function
of anodization time at pH 3, 3, and 7 respectively. Ti0; nanotubes were achieved when
Ti foil was anodized in fluoride solution between the low pH and neutral, The pH
affected both the behavior of the electrochemical etch and chemical dissolution owing
io the hydrolysis of titanium jons. The best pH range for formation of the longer
nanotubes is between pH 3 and 5. However, at the lower pH ihe nanotubes were likely
to be shorter but cleaner. For the higher pH, ihe longer and bigger nanotubes could be
obfained [32].
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The clectrolytes were the first consideration factor for synthesis of TiO.
nanotybes. TiO; was mainly formed by electrochemical arodization of Ti in aqueous
HF and NH,F containing electrolytes. In these electrolytes, the dissolution of TiQ, as
soluble [TiFs]” is requited for pore formation. A decade later, Grime and ot al had fhe
first studies for forming uniform titania nanotubes arrays by anodic oxidation of
titanium in a hydroftuoric (HF) electrolyte by varying pH and elecirolyte concentration
containing acidic electrolytes {33]. Subsequently, a second method using buffered
clecirolytes such as solution preparation, mixing and pH adjustment was developed.
The effect of electrolyte and anodization time on Ti0; nanotubes were studied in 1 M
Na;504 containing 0.3 g of NHF, and the results of this were naotubes lengths
ranging from approximately 0.7 to 2.5 pm with the additional aspect of altering the
clectrotytes pH [32], A third method, using polar organic electrolytes such as
formimide, dimenthyl formimide, sthylene glycol, glycerol, HF, methanol and NH,F
was employed to fabricaie TiO; nanotubes. Even in this organic electrolyte fluoride jons
are expected to form soluble Ti fluoride complexes and therefore to dissoive the formed
anodic oxide. However, due to the significant changes in the physical and chemical
properties of the electrolytes, modifications in the growth behavior of the oxide layers
wete expected. The electrochemical behavior of fluorine containing dimethyl sulfoxide
(DMSQ) and ethylene giycol (EG) electrolytes and its influence in controlling the
lateral dimensions of TiO: nanotubes were investigated [34). In addition, TiO,
nasotubes were grown in ammonia flueride {INH,¥) containing organic electrolytes that
synthesized the smooth tube walls several micrometers in thickness. However, as a
result of the high dissolution rate the length of the nanotubes were limited within the
range (200-300 2m) [35].
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Self-organized TiO; nanotubes depead on eléctrolytes and pH. They also
depend on voltage and anodization time parameters. The potential has an effect on the
growth of Ti0, panotubes. The different anodic potentials show a high reproducibility
of up to 40 V. During the continuous sweep phase a relatively constant current value is
established and no significant irregularities occur. At every potential up to 40 V, as the
potential sweep is stopped, the current density slowly decreases and levels off to an
almost constant valve. The final steady-state vatue seems to depend slightly only an the
applied potential. From the samples anodized in the investigated potential ranpe
{between 2 and 40 V), the insets in the 2 and 5V cases show detailed top-views, since
the tube diarneters are very small, There is a large effect of the potential on the tube
diameters, ranging from 20 nm at potential 2 V, 105 nm at potential 20 V and to almost
300 pm at potential 40 V. Figure 2.5 shows an evaluation of the tube diameters and fube
length dependence on the anodization potential. Within the error of the experiment, one
observes a linear dependence. The layer thickness increases linearly up to about 20V
and then remaing approximately constant for higher potentials. This can be ascribed to
significant thinning of the tube walls due to chemical dissolbtion of the oxide with time
[38].

5 % &
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Figore 2.5 Tube diameter and thickness of the nanctubes layers [37].
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Ancdization time is a key parameter to consider in the growth of TiO»
nanotubes because it offers three steps for self organization: 1)} Formation of bazrier
layer of titanium that interacts with electrolyte when voltage was applied 2) Oxide
prowth and dissolution occurs and 3) There is balamce of growth and chemical
dissolution. Samples anodized for different times are shown in Figure 2.6. In the very
first stage of the anodization, a thin and compact TiO» layer is formed. This layer
contains some statistical distribution for breaking-down sites. For instance, accelerated
dissolution occurred for locations next to the compact oxide. After 1-3 minutes, these
pore rucleation events are apparent on almost the entire surface. On some locations,
undermined patches of the initial compact oxide are visible. In the range of 3-10 min
from the beginning of the anodization, the pores have a random appearance. In this
period, promounced dissolution at the pore bottoms takes place that makes them
significantly deeper. Further, no remnant TiQ, layer from stage 1 is present on the
surface. After about 20 minutes, the porous structure starts to readily convert into a
nanofubular structure, The layer thickness at this very moment is already exceeding
200 rm. By further anodization, a self-organized nanotubes layer is being fully evolved
for anodization time of 1 howr. The result shows that the different Ti02 nanotubes
morphologies: 5: 0, 3, 10, 30 and 60 minutes formed compact Ti0; layer, initial porous
layer, initial pore growth, remaining initial porons layer, ordered tubes and self
organized nanotubes layer respectively, Anodization time could be optimized for self
organized TiD; nanotubes.
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2.3 Ti(}; nanotubes formation

The anodization or anodic oxidation method is a technique for synthesizing
TiOz nanotubes in electrolytes as an acid sclution. This is done by using a smal} amount
of hydrofluorie or fluoride ions and applying an electrical potential between a Ti foil as
anodc and a Pt or others metal as cathode. The formation mechanism of TiO; nanotubes
ocours at the anode. The surface of titanium metals is even and smooth after being
polished carefully, However, the surface is covered with a compact thin oxide film duc
to the intrinsic property of valve metal [38]. Oxide growth at the surface of the metal
oecurs due to interaction of the metal with O or OH ions [39]. 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 part. The compact oxide begins to
dissolve and dissolution takes place onty in selective area. The oxide layer formations
arc shown in Figure 2.7, The overall reactions for anodic oxidation of titanium can be
represented as

2H0 —» O+ 4e +4H' (2.1}
Ti+0Q; —» TiO, 2.2)

Figure 2.7 The oxide layer formations,




16

The compact oxide film at the titanium swface existed with or without the
assistance of electric field and NEILF solution can etch the oxide quickly. Bul the
etching speed was different at different area of the oxide due to the different stress on
the surface of oxide film which was called selective etching. Melal ion Ti* migrated
from the metal/oxide interface under application of an electric field and move towards
the oxide/electrolyte interface. Small pits formed due to the localized dissolution of the
oxide which is shown in Figure 2.8, represented by the following reaction:

TiOy+ 6F + 4H" ——  TiF¢" + 2H0 {2.3)

Titanium foit

Figure 2.8 Pore formation due to fluoride addition during anodization,

Ficld assisted dissolution of the oxide at the oxide/electrolyte interface {40].
Due to the applied electric field the Ti-O bond undergoes polarization and is weakened,
promaoting dissolution of the metal cations, Ti** cations dissolve into the electrolyte, and
the free O* anions migrate towards the metal/oxide interface to interact with the metal
[41]. 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. Figure 2.9 shows

growths of pares.
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o T Pore

Titanium foil

Figure 2.9 Growth of the pores due to filed assistant dissolution of titanium.

Chemical dissolution of the metal, or oxide, by the acidic electrolyte also takes
place during ancdization. Chemical dissolution of titania in the NH,F electrolyte plays a
key role in the formation of nanotubes rather than a nanoporous structure [42]. The rate
of oxide growth at the metal/oxide interface and the rate of oxide dissolution at the pore
bettom and 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. As the pores become deeper, the electric field in these metallic regions
increases, enhancing the field assisted oxide growth and oxide dissolution, and the

interpores voids start forming as shown in Figure 2.10. _




i8

Figure 2,10 Void formation in metallic part between the pores [43].

The nanotube array is fully developed with a cotresponding top view. Both
voids and tubes grow in equilibrium to finally yield a tubular structure, If the titanium
oxide in the wall or at the pore bottom dissolves at a balance rate, the pore depth
remains constant and does not change with anodizing time. This was determined for a
given electrolyte concentration and anodization potential. This chemical dissolution, the
key for the self-organized formation of the nanotube arrays, reduces the thickness of the
oxide layer (barrier layer) keeping the electrochemical etching (field assisied oxidation
and dissolution) process active. Figure 2,11 shows formation of titania nanotubes.
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Figure 2.11 Formation of titania nanctubes.

A schematic of the electrochemical and dissolution reactions and ions path

involved during anodization of titanium are presented in Figure 2.12.

f 3

T +20° — TIO, TiO, + 8F +4H - TIF.Y + 2H,0

Figure 2,12 Schematic diagram of electrochemical reaction during ancdization [44].




24 The dye-sensitized solar cells

2.4.1 Principle of dye-sensitized solar cells

Dye-sensitized solar cells are the photovoltaic devices of choice because
of their high efficiency, low production cost and eavironmentally friendly TiOa
semiconductor materiais [45). In general, Dye-sensitized solar cells consist of three
maiu components: a dye-covered nanccrytalline TiO; layer on a transparent conducting
oxide glass (TCO) substrate serving as working electrode, an iodide/triodide redox
couple, Dye-sensitization has also recently been recognized as an important process in
pholon harvesting from sun light, and intense scientific sindies of the photon-to electron
conversion of sun light using wide band gap metal oxides with ZnQ, SnOy, TiQ- and
5tTi0); as semiconductors, and chlorophylls, cyanine dyes, xanthenes dyes, azo dyes
and metal complexes such as mthenium trisbipyridine complexes and Ru bipyridine as
sensitizing dye. Consequently, a wide variety of dyes with differing binding groups and
linkers have been tested as photosensitizer in the Gratzel cell. Anchoring to
semiconductor has been achieved through a number of functional groups, such as
salicylate and acetylacetonate derivatives, the most ﬁdcly used and successful to date
being the carboxylic acid and phosphoric acid functionalities. The carboxylic acid
groeps, while ensuring efficient adsorption of the dye on the surface also promote
clectronic coupling between the donor levels of the excited chromophore and the
aceeptor levels of the TiO» semiconductor [46],

At the heart of the system is a mesoporous oxide layer composed of
napometer-sized particles which have been sintered together to allow for electronic
conduction to take place. The material of choice has been TiQ; (apatase) although
alternative wide band gap oxides such as ZnO and Nb;Os have also been investigated.
Attached to the surface of the nanocrytalline fitm is 2 monolayer of the charge transfer
dye. A typical cell is composed of two layers of Indiwm tin oxide coated glass {ITO),
one of which Is coated with TiQ» sand witched together with a suitable electrolyte and
commter electrode, The conventional electrolyte used in this process is jodinefiodide
complex and the counter electrode is simply InSn0,, glass stide coated with a thin layer

of carbon graphile. A typical setup of dye sensitized solar celi is shown in Figure 2.13.
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Dy Titanimn foil

Figure 2.13 Configuration of 110, nanotubes dye-sensitized solar cell.

The cell operates on a process that is similar in many respects to
photosynthesis, the process by which green plants generate chemical energy from
sunlight. The cell consists of a dye absorbed mesoporous metal oxide film filled with
iodide/triodide redox electrolyte and P1 counter electrode. The system is a microscopic
semiconductor oxide film, which is placed in comtact with a redox electrolyte or an
organic hole-conductor. The material of choice has been TiO, (anatase), although
alternative wide band gap oxides such as ZnO and NbyOs have also been investigated.
Attached to fhe surface of the nanocrytalline film is a monolayer of the sensitizer.
Photoexcitation of the latter results in the injection of an eleciron inte the conduction
band of the oxide. The dye is regenerated by electron donation from the electrolyte,
usually an organic solvent containing a redox system, such as the iedideftriodide couple,
The regeneration of the sensitizer by iodide infercepts the recapture of the conduction
band eleciren by the oxidized dye. The fodide is regenerated, in turn, by the reduction of
triodide at the counter electrode, with the circuit being completed via electron migration
through the external load. The voltage generated under illumination corresponds to the
difference belween the Fermi level of the electron in the solid and the redox potential of
the electrolyte. Overall, the device gencrates electric power from light without sutfering
any permanent chemical transformation [47]. The schematic presentations of the
operating principles of the Dye-sensitized solar cells are given in Figure 2,14,
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Figure 2.14 Schematic energy diagram and electron-hole transfer processes of

dye-sensitized solar cells.

2.4.2 The efficiency of dye-sensitized solar cells
The current-voltage (IV) characteristics of a solar cell under illumination
are vsed to determine the power conversion cfficiency (T). Because dyve sensitized solar
cells have a relatively slow electrical response due to their high interfacisl capacity, the
voltage scan should be sufficiently slow to avoid erors in the current measurement due
to capacitive discharging. After all anodization and post anodization treatment, the lwo
TiQy nanetubes arrays were finally assembled into DSSCs and their IV characteristics

were measured. The equations of the latter two are

v
n(%)=£j,;~’“ﬁxmn =I'L”;—mx1ﬂu .
in i -
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Figure 2.15 TV curve of a typical dye-sensitized solar cell [48].

Whore: J,, is the short-circuit current density (mA/cm®)
Ve is the open-circuit voltage (mV)
FF is fill factor
m is the conversion efficiency (%)
Vinax 18 the voltage at the maximum output power (mV)
Jmax is the current at the maximum output power {(mA/em?)
P, is the power of the incident light (mW/cm®)

In a solar cell, power is dissipated through the resistance of the contacts
and during charge transport and through ieakage currents within the device or around
the side of the device. These effects are electrically equivalent to resistances in series
and in parallel and reduce the fill factor. Series resistance is particularly problematic at
high current densities, whereas the shunt resistance is a problem in poorly rectifying

devices. IV curve of typical dye-sensitized solar cell was shown in Figure 2.15.




CHAPTER 3
EXPERIMENTAL

In this chapter, the fabrication of TiQ; nanotubes by anodization meihod will
be descrived in details. First, the anodization method will be presented. Next, the
characterization of TiO» nanotubes will be described. Third, the preparation of dye
sensitized solar cells will also introduced. Finally, we describe the measurement of the

efficiency of dye sensitized solar cells.

3.1 Materfals and Thin films preparation

The materials used in the experiments consist of Titanium (Ti) foil (0.25 mm
thickness, 99.7% pnrity and Sigma Aldrich), ethylene glycol (EG), ammeonium fluoride
(0.3 wt % NiLF) and deionized water (2 Vol % H0). To clean the samples for growing
Ti0; nanotubes/Ti foils films. Next, Ti foils were cut in circular shape with diameter of
2 cm to be served as substrates. The Ti substrates were degreased ulirasonically 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 O-ring
sef in the electrolyte and electrodes container. The setup is then connected with a GW
laboratary DC power supply for anodization. Before the anadization, Ti substrates were
meunted 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 platioum counter electrode. The anode electrode was placed
at the Ti foils. For, the cathode efectrode is a platinum counter letrode by anidization in
electrolyte,
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1.2 Anodization method

TiO; nanctubes were grown by anodization method at room temperature.
Titanium sheet with 0.25 mm thick, 99.7% purity purchased from Sigma Aldrich were
firstly poiished by various abrasive papers. After polishing, the Ti foils were degreased
uitrasonically in furn in isopropanol, de-ionized water and ethanol. The clectrolytes
were the mixtures of ethylene glycol (EG), ammonivm fluoride (0.3% wt NH,F) and
deionized water (2% V H:(). The electrolytes were kept for 5 h before anodization.
A constant de power supply at 50 V was used anodization with different times (30 min,
1,2, 4, 6 avd 12 h respectively). Before the anodization, Ti foils were anodized using
homemade housing for the substrate, The system consists of a two-clectrode
configuration with a piece of highly pure platinum counter electrode. Figure 3.1 shows
the schematic diagram of the ancdization process. 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 TiO» nanotubes.
The samples were annealed at 450 °C for 2 h. To invéstigate the surface morphology
and microstructure of Ti0y nanctubes all samples studicd by XRD, SEM and ATM.

Power supply

Pt counter electrode

Cu electrode

Plastic: housing |—— — — " = = — — . — — . 1

Figure 3.1 Schematic diagram of the anodization processing.
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Figure 3.2 shows experimental process of this research. .

LTitanjum foils (0.25 mm thick and 99.7% purity) ]

l

LClean in Isopropanol, DI water and Fthanol q

/ Anodization \

Applied voltage: S0V
Anodized times: 30 min, 1, 2, 4, 6 and 12 h
Electrolyte: Ethylene glycol (C:HgO2) + 2%V H0 + 0.3%wt NHF

N J

L Anneal at 450 °C, 2 h ]

b

Analyses structure
XRD
SEM
AFM

L

[ Determination of efficiency of dye-sensitized solar cells ]

Figure 3.2 Flowchart of preparation of TiO» nanotubes by anodization method for dye
sensitized solag cells.
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3.3 The characterization of TiO; nanotubes

A number of analytical techniques can be employed to study the morphology
and characterization of the coatings produced under different deposition conditions.
However, Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) and Atomic
Force Microscopy (AFM) were used in this work.

3.3.1 Scanning Electron Microscopy Analysis (SEM)

TiO, nanotubes morphologies were studied by Scanning Electron
Microscopy. SEM analysis was carried out in a JEOL JSM-5410 Scanning Electron
Microscopy with EDS attachment for quantitative elemental analysis. Figure 3.3 shows
JEOL JSM-5410 Scanning Electron Microscopy.

Figure 3.3 A JEOL JSM-5410 Scanning Electron Microscopy.
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3.3.2 X-ray Diffraction Analysis (XRD)

X-ray diffraction is a useful technique for orientation analysis of bulk
materials and thin films. XRD analysis was performed in a PHILIPS X’Pert MPD
X-RAY diffractometer using Cu K, radiation of a wavelength of 0.154 nm is shown in
Figure 3.4. The A PHILIPS X’Pert MPD can be used for normal 6 - 20 scans, grazing
incidence and high temperature scans. All three methods were employed to characterize
the properties of the thin films. Scans of 8 - 26 and high temperature scans were done at
40 kV and 30 mA. The peaks search for matching was carried out by Philips X’ Pert
High Score.

Figure 3.4 A PHILIPS X’Pert MPD diffractometer using Cu K, radiation of
a wavelength of 0.154 nm.
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The degree of preferred orientation or more commonly referred to as
texture was determined by normalizing the highest integrated intensity peak with the
various (hkl) diffraction lines observed. Calculations of the area under the peaks, was
performed using Philips PANalytical an X-ray fitting program called X’ Pert Plus,
developed by Philips PANalytical.

The XRD intensity profiles provide valuable information on the
crystallite size. Small crystallite exhibit broad diffraction peaks. As the crystallite size
increases the peak intensity becomes more intense and narrower. The crystallite size (D)
is determined by measuring the full width half maximum (8) of the diffracted peak and
using the Scherrer equation [49]:

kA
Bcosé

(3.1)

Where: K is the shape factor (Scherrer constant) which is commonly equal to 0.9
B is the full width at half maximum (FWHM)
A is the wavelength of the X-ray source (0.154 nm)
0 is the Bragg angle for the most prominent diffraction peak

The most prominent diffraction peak for this study was the (101) for Ti
and other titanium. Crystallite calculations were performed using the X’ Pert Plus
program. It should be noted, that the X’ Pert Plus program did not separate the
contributions to the FWHM from crystallite size and strain. Consequently, the program
can cause the crystallite sizes in the films to be slightly underestimated.
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Once the Miller indices of each reflection have been determined from the
XRD pattern, the lattice parameter (a, b and c) value for cubic phases for every
reflection line on the XRD pattern can be calculated by employing the following

equation:

g, = dyx JB+E+D5) (3.2)

‘Where (hkl) are the Miller indices for the particular plane, and:

nA
2siné

(3.3)

dy =

Conscquently, the lattice parameter equation is:

dy x (B + K2 + I%) 3.4

2sin8

The lattice parameter values computed in this way are found to vary from
one reflection to another, the variations being of two kinds, random and systematic.
The random errors decrease in magnitude as the diffraction angle (8) increases, with a
striking effect as 0 approaches 90°. Systemic errors manifest a definite dependence
upon 6, and they also tend to a minimum as 6 approaches 90°. Consequently, by plotting
the lattice parameter for each reflection against cot 6 a linear fit should be obtained,
with the intercept at zero corresponding to the true lattice parameter for that sample.
This method is known as the “extrapolation method”.
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3.3.3 Atomic Force Microscopy Analysis (AFM)
The AFM operates by scanning the surface of the coatings with a probe,
which consists of a sharp tip attached to a cantilever. The movement of the cantilevertip
is detected by a diode laser focused on the tip and reflected to a photodiode (Figure 3.5).

CONTROL UNIT

SWEEP-
REF. ‘| PID ] GENERATOR

SCANNER

Figure 3.5 Schematic of AFM operation.

The AFM can work in two modes, namely contact and non-contact
modes. In contact mode the repulsive van der Waals forces are measured between the
atoms in the tip and the atoms of the materials surface. Consequently the tip is in
physical contact with the surface during the analysis and can cause physical damage to
soft materials. In non-contact mode the attractive van der Waals is measured by
oscillating the cantilever at its resonant frequency with small amplitude some 50 to 100
angstroms from the sample surface (Figure 3.5). Because non-contact mode measures
the weaker attractive forces the lateral resolution is less than that achieved with contact

mode.
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Fignre 3.6 Schematic of Van der Waals force as a function of tip-sample distance in
non-contact mode AFM. )

A Park Scientific Instruments (PSI) “Autoprobe” Scanning Probe
Microscope with an atomic force microscope (AFM) head was used to image the
topography information of the coating surface in the present study. AFM analysis was
performed using contact mode with ultralevers tips type C and D and 100 JE-SCRnner.
The ultralevers tips are made from silicon and have the specifications shown in Table
3.1. Typical ultrahigh resolution AFM cantilever and conicat tip is shown in Figore 3.6,

Table 3.1 Specifications of PSI “Ultralevers™

Properties PSi PSI
Ultralevers-Type C Ultralevers-Type D

Tip Radins (nm) 30 5.0
Force or Spring
Constant (N/m) .1 1.6
Cantilever Thickness
(peam) 0.8 0.8
Resorant Frequency

(kHz) 140.0 - 1700
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3.4 The preparation of dye-sensitized solar cells

Ti0, nanotubes photoelectrode were immersed for 20 b in acetonitrile solution
containing 5 « 10 M cis-bis (isothiocyanato} — bis (2,2 bipyridyl-4,4' dicarboxylatc)
ruthenium (II) bis-tetrabuty-lammonium {N719) dye. Figure 3.7 shows immersing of
N719 dye. Afterwards, the dye-sensitized TiO; electrodes were rinsed with ethancl and
dried in air. Finally, the working electrodes were dried in an oven at temperature 80 °C

30 min. -

Figure 3.7 Ti0; nanotubes were immersed in N719 dye.

A transparent conducting oxide glass (TCO) is used as counter electrode. Afier,
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 (HzPtClg). The TCO glasses were heated for 30 min at 80 °C.
And then, the TiO; nanotubes photoclectrode and Pt coated glass electrode were
assembled inte a sandwich. An electrolyte (KETodine electrolyte) was injected into the
cell. The Pt coated glass electrode was pressed on top of the working electrode to form a
dye sensitized solar cell. The preparation of dye-sensitized solar cell is shown in Figure
3.8
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LT

Figure 3.8 Shows preparation of dye-sensitized solar cells.

After, the light hits the working electrode, Then, the current was generated.
The cells have active areas of 0.25 cm®. The current-voltage characteristic curves were
measured with Keithley 2400 source meter. The Xenon arc lamp was uwsed as an
irradiation source and ihe intensity of the incident light was 70 mW/em®. Mcasuring
device of TV curves for dye-sensitized solar cells is shown in Figure 3.9. Finally, we
calculated the efficiency of dye-sensitized solar cells.

Figure 3.9 Shows measurement device of TV curves for dye-sensitized solar cells.




CHAPTER 4
RESULTS AND DISCUSSIONS

The results of the morphotogies, structure and efficiency of dye-sensitized
solar cells of Ti0; nanotubes will be presented in this chapter. The XRD paitern will be
presenied. The interpretation of XRD data will be discussed. The microstructure
obtained from XRD, SEM and AFM images of Ti0: nanotubes will be presented and
discussed. Finally, the efficiency of the dye-sensitized solar cells will be presented.

4.1 XR1» patierns

Intensity (arb. units)

2 Theta (degres)

Figure 4.1 XRD patierns of the TiO; nanotubes as-anodized samples with different
anodizing times: 30 min, L h, 2k, 4 h, 6 h and 12 h before annealing.
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The XRD patterns of the anodized samples without annealing were shown
in Figure 4.1. The resnits show that all peaks belong to Ti metal sheet. The peak at 26 =
38.44° 40.31°, 53.10°, 63.05°, 71.85° and 76.63° are identified to be the (002), (101),
(102), (110, {103) and (112) crystal faces respectively. The different ancdizing times
produce no change in the structure of puse Ti. Neither anatase nor rutile phase of TiO;
was observed. In fact, alli samples were in the amorphous phase of TiO; {50-31].
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Figure 4.2 XRD patterns of the TiO; nanotubes with different periods of anodization:
3 min, 1 h,2h,4 h, 6 hand 12 h after annealing at 450 °C2 h.

The XRD patterns of anodized samples after annealing at 450 “C 2 h for
different anodizing times were shown in Figure 4.2. We obserbed that TiO» transformed
from an amorphous phase t a crystalline anatase phase [50]. No rutile phase was
detected. This result is in agreement with the work done by Tipparach et al. [51] and Li
et al. §48]. The peaks scatiering angles of 25.27°, 48.75°, 53.46° and 54.75° comrespond
to reflections from {101), (200), (105) and (211) crystalline planes of anatase TiO;
respectively [521.
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4.2 SEM analysis

The morphologies of TiO; nanotubes displayed in Figure 4.3 show sizes of
aboul 30 — 220 am for different anodizing times.

2O, A0




-

*'lﬁm R

W

Figure 4.3 SEM images of TiOz nanotube arrays with diffcrent anodizing times:
{a) 30 min, (b3 1 h,(©)2h, ()4 h{e)6hand (f} 12 h.
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The maorphology of TiO; nanotubes was shown in Figure 4.3 (a)-(f).
The well-aligned and uniform TiQ; nanotubes were observed for all anodizing times. It
was evident that the TiO; nanotubes were small with diameter of about 30 nm when
anodized for short periods of time 30 min for figure 4.3 (a). The size diameter of TiO;
nanotubes are approximately 30 nm, 50 nm, 130 nm, 140 am, 200 nm and 220 nm for
anodizing times 30 min, 1h, 2 h, 4 b, 6 h and 12 h respectively. The TiD; nanotubes are
longer when the anodizing time was extended, From the observation, gas bubbles were
observed during the anodization, In the first step, the current density between the
electrodes was very high and lower when the ancdizing times were extended. The gas
generation slowed down as the current density decreased. The sizes of the nanotubes are
simalar, with a tubular stencture. However, it was observed that at shorter anodizing
times denser nanotubes were obtained. For longer anodizing times, dense oxide lﬁjrcr
rsults in high ohmic resistance, this eventually reduces the current density.
The consequence of the low current density reduces the hydrolytic ability of the
electrolysis. Subsequently, this resulis in lowering the concentration of oxygen [53],
which plays an essential role in the formation of the dense oxide layer of TiO:
nanotubes. |
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4.3 AFM analysis
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Figure 4.4 AFM images of TiO; nanotbes with different anodizing times: (a) 30 min,
{1k {cy2h,(d}4h,(e)6hand{f) 12 h,
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The wall thicknesses of TiO; nanotubes were investigated using Atomic
Force Microscope. Figure 4.4 shows Atomic Force Microscope of TiO; nanotube arrays
with different anodizing times. The wall thickness of TiO, nanotubes were
approximately 113 nm, 122 nm, 130 nm, 136 nm, 98 nm and 174 nm for anodizing
times 30 min, 1 h, 2 h, 4 h, 6 h and 12 h respectively. The wall thickness of TiO:
nanotubes increase with increasing the anodizing times. The wall thickness also
depends on anodization parameters such as NH4F and H>O containing ethalene glycol.
Tube diameter and the wall thickness can be tailored [54]. For longer anodizing times,
the wall thickness of TiO; nanotubes are likely to be bigger because low current density
reduces the hydrolytic ability of the electrolysis. Subsequently, this results in lower
concentration of oxygen, which plays an essential role in formation of thicknesses of
TiO, nanotubes. '



4.4 The efficiencies of dye-sensitized solar cells
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Figure 4.5 1-V characteristic of the dye-sensitized solar cells on the TiO, nanotube
arrays with different anodizing times: 30 min, 1 h,2h,4h,6 hand 12 h.
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The efficiencies of dye-sensitized solar cells were measured by current

voltage curves. The current-voltage curves were showed in Figure 4.5. The efficiencies

of dye sensitized solar cells increase with increasing anodization times. Increase in
anodization times will result in increase length tubes [55]. Electron transfer will be fast
for longer tubes than for shorter tubes. The electrons were excited by the incident light

and then injected into the conduction band of the TiO,. The electrons diffuse rather than
the electron drift that dominates the transport of the electrons from the TiO; to the
transparent electrode in dye-sensitized solar cells [56]. As a result, the efficiencies of

dye-sensitized solar cells increase with increasing the anodization times.



Table 4.1 The efficiencies of dye-sensitized solar cells.

Anodizing times Power in Power out Efficiency
() (mW/cm?) maximum (%)
(mW/cm®)
0.5 70 2.93 4.19
1.0 70 2.84 4.06
20 70 3.90 5.57
4.0 70 4.02 574
6.0 70 385 5.50
120 70 5.54 7.92

The table 4.1 shows efficiencies of dye-sensitized solar cells. When the
anodization times increases from 30 min, 1 h, 2 h, 4 h, 6 h and 12 h, the efficiencies of
dye-sensitized solar cells are 4.19 %, 4.06 %, 5.57 %, 5.74 %, 5.50 % and 7.92 %
respectively. The efficiencies of dye-sensitized solar cells of anodizing times 4 h is
5.74 % which is more than that at 6 h because the nanotube surface after 4 h is more
than that at 6 h in the figure for SEM. The electrons transfer to nanotubes at 4 h is better
than at 6 h [57]. As a result, efficiencies of dye-sensitized solar cells at 4 h more than
that at 6 h. The maximum efficiency for the dye-sensitized solar cell was 7.92 % for
anodizing times of 12 h.



CHAPTER 5
CONCLUSIONS AND SUGGESTIONS

In this work, TiO; nanotubes have been synthesized by anodization in a
mixture of electrolytes with different anodizing times. The TiQ; nanotubes were used
for dye-gensitized solar cells. The XRD data of as prepared samples by ancodization
show that all samples were amorphous even for the different anodizing times, Negither
anatase nor rutile phase of TiO; was observed. The TiO; remained in their amorphos
phases. After annealed, the samples were then transformed from an amorphous phase to
# crytalline anatase phase,

The size of TiQO; nanotubes is larger when the anodizing times were extended.
The dense oxide layer resulted in high ohmic resistance, implying a reduction of the
current density. The low current density in twrn reduces the hydrolytic ability of the
electrolysis, This result in low concentration of oxygen, which plays an essential role in
determining the size of TiD: nanowmbes formed. The minimum diameter of TiO,
nanotubes was approximately 30 nm for anodizing times of 30 min. The diameter is
bigger when the anodizing times increase. The wall thickmess of nanotubes was
observed to be greater when the anodizing times were extended. The wall thickness also
depended on anodization parameters such as the electrolyte mixiure of NH4F and H,0,
The tube diameter and wall thickness can be tailored by varying anodizing times.

The efficiencies of dye-sensitized solar cells increase with increase of
anodization times because the length of TiO; nanotubes increases with increasing
anidizing times. This is a consequence of the fact that electron transfer is faster for
fonger tubes than for shorter tubes. The electrons were excited by the incident light and
then injected into the conduction band of the Ti02. The electrons diffuse rather than the
electron drift that dominates the fransport of the electrons from the TiO; to the
transparent electrode in dye-sensitized solar celis. The maximum of efficiency for the
dye-sensitized solar cell was 7.92 % for anodizing times of 12 h,




Suppestions

Future, study should be done on the eiecirolytic parameters, The anadizing
times information may be used for controlling the size of TiO, nanotube arrays for
synthesizing energy conversion materials such as solar cells and working electrodes for
hydrogen generation by photoelectrocatalytic water splitting. In addition, TiO:
nanotubes may be developed into heterostructures such as p-B junction and n-p-n
junction for applications in electronic devices,
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