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Chapter I . Introduction

1.1 Review of the Cunrent Literature

The use of fossil fuels is a major cause of environmental pollution and
the reserves of fossil fuels are not infinite. With the increased use of fossil
fuels, it is important to consider the impact their use has on our global
environment. Therefore, the development of new energy sources that are
clean and advanced and making the change to them away from global fossil
fuel use will be essential in the future. Also in order to convert to clean
energy, such as wind, solar, and tidal power, from fossil fuel sources new
technology and devices must be developed for clean energy-conversion,
storage, and conservation [1].

Energy issues related to the economy and the global environment, are at
the center of discussions on the long-term sustainability in energy. The use
of fossil fuels is causing problems such as air pollution and global warming.
Thereby, serious problems such as the average temperature rising and sea
level rises can be the result in the future. To regulate carbon dioxide
emissions as the main cause of global warming, the Kyoto Protocol, adopted
in December 1997 and formally entered into force on February 16, 2005,
and the carbon dioxide reduction program is working. Korea from 2013 is

included in the list of carbon dioxide regulated countries.

According to an OPEC report[2], primary energy demand was expected
to increase by 51% by the year 2035, and fossil fuels wold account for 82%
of total energy by 2035. Carbon dioxide emissions since 1990 have increased

steadily and this is projected to continue steadily through 2035 and fossil



fuels are predicted to be the cause of up to 61% of total Carbon dioxide
emissions. In addition, carbon dioxide emissions due to fossil fuel use has

contributed to between 6 and 9% of the greenhouse effect[!,3].

Although the use of fossil fuels, particularly oil and coal, is projected to
grow at high rates contributing more than half of the global energy supply,
the use of new energy resources such has nuclear, hydro, and biomass in
addition to other renewables are expected to play a leading role through
2030. Photosynthetic activity of plants is one way carbon dioxide can be
controlled naturally, however current control of carbon dioxide emissions will
be difficult. In order to reduce carbon dioxide emissions, efforts to reduce
the use of fossil fuels and substitute it with renewable energy sources,
should be made.

There are promising renewable energy devices such as fuel cells,
lithium-ion batteries, and solar cells. Developing these energy technologies to
meet our energy demands represents an important step forward, therefore
new innovation is required to improve their performance in terms of
harvesting efficiency, durability, power density, conversion efficiency, and
cost. To overcome these problems, researchers have been trying to create
new nano sized functional materials.

In recent years, nano-technology has attracted a lot of attention and is
being used in the fields of electronics, information technology, and
communications. It has found wide application in other areas as well,
including the mechanical and chemical sciences, biotechnology, and the
energy sector[4,°].

Nano-materials have a very high surface area to volume ratio and have



unique physical and chemical properties unlike bulk materials. Electrospun
nanofibers with one-dimensional structure have been applied to new energy
technologies such as energy storage and energy conversion devices. An
excellent example of this is the absorption of solar radiation in photovoltaic
cells. The absorbtion is much higher in structures composed of nano
materials than it is in continuous sheets of thin film material. In this case,
the smaller particles lead to greater solar energy absorption. There are many
kinds of nanoscale materials including nanoparticles, nanopowders, nanorods,
nanotubes, and nanowires. Nanoparticles have been studied for a long time
and nanofibers have received the attention of researchers recently.

Nanofibers are composed of 1D materials that can be used in various
applications where high surface area and porosity are desirable. Nanofibers
can be prepared by many methods such as template-directed methods,
vapor-phase methods [6], interface synthesis techniques [7], solvothermal
synthesis [8], solution-phase growth controlled by capping reagents [9],
nanolithography [10,11], self-assembly [12] and the electrospinning method.

Recently, electrospinning, a simple, inexpensive technique, has attracted
significant attention in the preparation of nanomaterials. Through the
electrospinning technique, nanofibers or nanorods, nanotubes, and different
shapes of materials can be easily manufactured enabling users to successfully
manufacture complex things such as polymers or metal oxide nanofibers,
chemical and biological sensors, tissue engineering, and scaffolds have been
studied in such applications[13]. These electrospun nano-materials have unique
properties that can be applied to various fields, including the fabrication of

nano-materials for use in energy conversion devices.



1.1.1 Synthesis of TiO, by the Sol-gel Method
The sol-gel method was developed in the 1960s due to the need for new

synthesis methods in the nuclear industry. A method was needed where dust
was reduced (compared to the ceramic firing method) and which needed a
lower sintering temperature. In addition, it should be possible to do the
synthesis by remote control. Synthesis by this method is possible by remote
control and at a lower temperature[l4]. Sol-gel synthesis can be used to
prepare materials with a dense porous structure. In addition, this technology
is very efficient in producing different kinds of functional materials in which
particle size, porosity, separation of particles with different compositions and
structures may be controlled and successful applications using this method
have been achieved.

In other words, the sol-gel process may be described as a way to form
three dimensional continuous networks through a poly condensation reaction
of molecular precursors in a liquid. The procedure for sol-gel synthesis is as
follows:[15]:

Hydrolysis

A mixture of alkoxide and water in a solvent(alcohol) starts to react

slowly under atmospheric pressure.

Ti(OR),+ H,O0 — Ti(OR),_,+ ROH (Eq. 1.1)

Polymerization

The water and solvent are removed by the condensation reaction with the

reactants and the polymers formed by the condensation reaction become

a colloid because bridges between metal oxides are made. In these

conditions, particles start to form. These particles combine with the metal



and oxygen to form a three-dimensional lattice structure.

Gelation

In this process, the viscosity of the mixed solvent suddenly rises and the

solvent becomes a gel if the reaction goes over the gel point.

Drying

The water and solvent are removed at ordinary temperatures and the

hydrated metal oxides and organic residues remain. For the purpose of

making aerogels and products which will have the large surface area and

low-density, the water and solvent must be removed completely.

Dehydration

After the mixed solvent is dried, the gel has silanol group on its surface

and contains water in its holes. The water and hydroxy-groups must be

removed to make the gel stable. The chemical method or sintering is

used for this. Chlorosilane, silicon tetrachloride, chlorine, and carbon

tetrachloride are used to remove the silanol group.

Densification

Hydrolysis and condensation occur not only in solution but also in the

xerogel or aerogel. Products made by this process are not stable although

they are solid. Therefore, the product must go through thermal processing

to be made stable. Because xerogel is porous itself, it shrinks a lot

during thermal processing. In this shrinking process, the density increases

a lot.

Synthesis of TiO, by the sol-gel method is similar to the following
procedure. First, titanium alkoxide is dissolved thoroughly in alcohol. Next,

the solvent is hydrolyzed and then polymerized to form sol which has



colloidal particles below 1um is size spread through it. Then this sol changes
into gel which has a three-dimensional network structure. This gel is dried
and calcined to form TiO,. This is the most common way to make TiO.
Throughout the procedure of making TiO; via the TiO, sol-gel method,
the alkoxide group (OR) and the hydroxyl group (OH) are switched in the
hydrolysis and a Ti-O-Ti combination occurs with water or alcohol formed
by the condensation reaction; (a) the removal of unreacted alkoxide
(Ti*"-OR) and the terminal i-OPr group (-OR) at a temperature higher than
473 K, (b) the forming of surface defects (Ti*") after removal of the
terminal i-OPr group (-OR) after calcination at 723 K (Figure 1-1) [16].

Figure 1-1 The simplified scheme for the first step in creation.



1.1.2 Electrospinning
1.1.2.1 The Principle of Electrospinning

The field of electrospinning had its starting point in the electrical
dispersion of fluids in 1902. The fabrication of textile yarns from electrically
dispersed fluids was patented by Formhals in 1934. This technique did not
receive much attention until the 1990s.

However, It was found that organic polymer nanofibers can be produced
using electrospinning, since then, the term “electrospinning” has been
popularized and attention and research in electrospinning has increased
significantly each year. Today, electrospinning is an established technique for
generating nanofibers [17,18].

A typical electrospinning apparatus consists of a syringe, a collector and
a high voltage power supply. A schematic of an electrospinning set up is
shown in Figure 1-2 [19]. In a typical fiberspinning process, a syringe is
filled with a melt or blend polymer solution and a high voltage is applied
between the syringe nozzle and a collector. Electrospinning is fundamentally
different from air or other mechanically driven spinning techniques in that
the extrusion force is generated by the interaction between the charged
polymer fluid and an externally applied electric field. During electrospinning,
a conical fluid structure called a Taylor cone [29] is formed at the tip of
the syringe. At a critical voltage, the repulsive force of the charged polymer
overcomes the surface tension of the solution and a charged jet erupts from
the tip of the Taylor cone. If the applied voltage is not high enough, the jet
will break up into droplets, a phenomenon called Rayleigh instability. If the

voltage is sufficiently high, a stable jet will form near the tip of the Taylor



cone. Beyond the stable region, the jet is subject to bending instability [21
,22] that results in the polymer being deposited on the grounded collector via
a whipping motion. As the charged jet accelerates towards the region of
lower potential, the solvent evaporates, and the resulting increase in
electrostatic repulsion of the charged polymer causes the fibers to elongate.
The strength of the polymer chains prevent the jet from breaking up

resulting in the formation of fibers.

Figure 1-2 A Typical electrospinning setup. Q, flow rate; d, distance
between collector and needle; V, applied voltage.

Almost any soluble polymer can be electrospun if its molecular weight is
high enough. However, the creation of fine nanofibers requires careful
consideration of many operating parameters (such as polymer molecular
weight, applied voltage, solution feed rate, and spinning distance),
environmental parameters (such as temperature, humidity, and air velocity in
the chamber) and solution properties (such as conductivity, viscosity, and
surface tension). By selecting different polymer blends and tuning these
electrospinning process parameters, a wide range of nanofibers made of
natural polymers, polymer blends, ceramic precursors, and metal or metal

oxides have been spun in the form of each different fiber morphology, such



as beaded [23], ribbon [24], porous [2°,26], core—shell, and aligned [27] fibers
(Figure 1-3).

Nanofibers according to electric application areas are as follows (see Figure
1-4). Because electrospun fibers have a nanofibrous structure similar to
human tissues and organs [20], they are well suited for use in many
biomedical applications such as tissue engineering [28], medical prostheses
[29], drug delivery [30], and wound healing [31]. In addition to biomedical
applications, they have also been used in other areas such as sensors [32,33],
filters and separation membranes, templates for nanotube materials, protective

layers, composite materials and energy applications [34,29].

Figure 1-3 Different morphology of electrospun nanofibers: (a) beaded (b)
ribbon (c) porous fibers and (d) core—.shell.
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Figure 1-4 Potential applications of electrospun polymer nanofibers.

1.1.2.2 Parameters on Electrospinning

The electrospinning process is solely governed by many parameters,
classified broadly into solution parameters, process parameters, and ambient
parameters [35]. Solution parameters include viscosity, conductivity, molecular
weight, and surface tension. Process parameters include the degree of applied
electric field, the tip to collector distance, and the feeding or flow rate.
Each of these parameters significantly affects the fibers morphology obtained
as a result of electrospinning, and by proper manipulation of these
parameters we can get nanofibers of the desired morphology and diameter
[36]. In addition to these variables, ambient parameters encompass the

humidity and temperature of the surroundings which play a significant role
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in determining the morphology and diameter of electrospun nanofibers [17].
In Table 1-1, various parameters and their effects on fiber morphology have

been shown.

Table 1-1 Electrospinning parameters and their effects on fiber morphology

Parameters Effect on fiber morphology Ref.

Solution parameters

Viscosity Low-bead generation, high-increase in fiber diameter |, 7]
disappearance of beads.

Polymer concentration Increase in fiber diameter with increase of concentration. [38]

Molecular ~ weight of Reduction in the number of beads and droplets with [#9]

polymer increase of molecular weight.

Conductivity Decrease in fiber diameter with increase in conductivity. [40]
Surface tension No conclusive link with fiber morphology, high surface [41]
tension results in the instability of jets.

Processing parameters
Applied voltage Decrease in fiber diameter with increased voltage. [42]

Generation of beads with too small and too large a

Distance  between i . o . . ;
P distance, a minimum distance required for uniform [43]

and collector

fibers.

Feed rate/Flow rate Decrease in fiber diameter with a decrease in flow rate, 4]
generation of beads with too high a flow rate.

Ambient parameters

Humidity High humidity results in circular pores on the fibers. [45]

Temperature An increase in temperature results in a decrease in fiber [46]
diameter.
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1.1.3 Dye-sensitized Solar Cells
Recently, Electrospun materials have been used as a material for energy

conversion devices and can also be used in the manufacture of solar cells.
Solar cells convert the energy of sunlight directly into electrical energy via
the photovoltaic effect. Solar cell development has progressed through
several stages including crystalline silicon, thin-film and now a third
generation of solar cells, dye-sensitized solar cells (DSSCs), which cover a
variety of advanced thin-film technologies. Dye-sensitized solar cells are a
relatively new area of thin-film solar cells. DSSC technology can be

described as an artificial photosynthesis process[!].

In the original Gratzel design, a cell was composed of three main parts;
(1) a transparent fluorine-doped tin oxide (SnO.:F) deposited on a glass
plate that served as the anode, (2) a platinum sheet was the cathode, and
(3) a photosensitive ruthenium-polypyridine dye deposited on TiO, (or ZnO,
etc.) film with a thin layer of iodide sandwiched between the two
electrodes.

Figure 1-5 is a schematic illustration of a DSSC. The use of electrospun
materials in DSSC photoelectrodes and electrolytes can be described as
follows[47]. (1) Upon light absorption, the dye (S) is promoted into an
electrically excited state (S*) from there it injects, an electron into the
conduction band of a large band gap semiconductor film (TiO,), onto which
it is adsorbed. (2) The electrons are transported through the TiO, film by
diffusion before reaching the anode of the cell. (3) The positive charges
resulting from the injection process are transferred into the liquid electrolyte

by reaction of the dye cation (S+) with the reduced species of a redox
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couple in the electrolyte solution. This leads to the generation of the charge
neutral state of the sensitizer. (4) The most typical redox couple is | /s .
After ionic diffusion, the carrier of the positive charge (lIs ) reaches the

cathode, where it releases its charge thus being reduced back to | .

A
Y
|
Py
v
External current
TCOgIcss

ig}‘ ™
(ﬁ f‘ electrode

U electrolyte

[ Pt—TCO glass I
|

Figure 1-5 Schematic structure of a dye-sensitized solar cell.

Oxide semiconductors are used specifically in photoelectrochemistry,
because of their exceptional stability against photo-corrosion on optical
excitation in the band gap[48]. Furthermore, transparency of the
semiconductor electrode for a large part of the solar spectrum is needed in
the large band gap (>3 eV) of the oxide semiconductors for DSSCs. In
addition to TiO,, electrodes of semiconductors with porous nanocrystalline
structures used in DSSCs include ZnO, CdSe, WOs, Fe;Os, SnO,, NbyOs,
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and Ta.Os [49]. However, the cornerstone semiconductor of the dye-sensitized
nanostructured electrodes for DSSCs is still TiO..

TiO, is a semiconductor which has a wide band gap [In the case of
anatase it is 3.2 eV (Eg) and for rutile it is 3.0 eV]. It is widely used. as a
pigment in the paper and paint industry, an excipient in pharmaceuticals and
as a raw material for cosmetics. It is very cheap and the preparation of
particles with a very small size is fairly easy. The crystallite structures of
TiO, are anatase, rutile, and brookite. of which brookite is very difficult to
obtain. Rutile absorbs light in the near UV-region, band-gap excitations lead
to generation of holes, and this causes thermal instability in the solar cell.
Anatase is dominant at low temperatures (~1,183.15 K). Table 1-2 shows
the crystal structure and properties of TiO; [50].

Only a few mono-layers of the adsorbed dye can efficiently participate in
the charge injection process. If a planar surface of TiO, is used, the small
absorption cross section of the dye will cause poor performance. Therefore,
TiO, with a sponge-like structure and a high surface area is necessary. The
surface area of the film increases with decreasing particle size. The particle
size can not be reduced indefinitely because porosity also plays an important
role in the performance of the TiO; layer. As the particle size decreases, the
pores also get smaller. The electrolyte has to be able to penetrate the pores
and be present where there is adsorbed dye. In addition, larger particles
scatter light more effectively, and this has been found to have a positive
effect on the performance of the cell [48]. The particle size needs to be
optimized to maximize the effect of the large surface area and the porosity
of the film.
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Table 1-2 The crystal structure and properties of TiOy(rutile, anatase, and
brookite)

Property Rutile Anatase Brookite

Crystal structure

Form.Wt. 79.890 79.890 79.890
Crystal structure Tet* Tet* Orth*

(stable in high temp.)  (stable in low temp.)
Density, g/cm® 4.2743 3.895 4.123
Refractive index 2.71 5.52
Dielectric constant 114 31
Unit Cell
a, A 4.5845 3.7842 9.184
b(A) 5.447
c, A 2.9533 9.5146 5.145
Vol., A® 62.07 136.25 257.38
Melting point 2,131 K Transformation to

rutile at 1,183 K

Band gap, eV 3.0 3.2

* Tet ; Tetragonal, Orth; Orthogonal
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1.2 Objective

Dye-sensitized solar cells (DSSCs) based on the photosensitization of
nanocrystalline TiO, electrodes have been regarded as a promising
cost-effective alternative to silicon-based solar cells since the pioneering
work of O’’Regan and Gratzel [51-53]. The Kkey points in developing
technology for dye-sensitized solar cells are as follows [52,54]. First, it
requires technology where particle size can be regulated and the
crystallization factors and the surface conditions of TiO, controlled. Second,
the material needs to have excellent electronic switching capacity and
long-term stability. Third, there must be a suitable dye which will helps
absorb a wide range of light wavelengths. The material also must have
strong chemical bonds with the surface of the nano oxide semiconductor.
Finally, new polyelectrolytes are required for solid-state dye-sensitized solar
cells [55].

Currently, studies on TiO2, which is mostly commonly used for
photoelectrodes in dye-sensitized solar cells, are eagerly being conducted.
TiO, is the most widely used substance as a photocatalyst and it has been
proven to be a better catalyst used in photooxidation of various organic
materials through a lot of research. The bandgap energy of TiO, is about
3.2 eV and the photoreaction of TiO; is achieved at wavelengths of 400nm
or less.

In fact, of the range of the wavelengths of light that reach the earth, the
wavelengths 400nm or less are less than 5% of all sunlight [35] and TiO,
acts as a catalyst in visible light so it is not that great. New catalysts are

required for a wider range of wavelengths. Since the 1990s, a lot of
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experiments have been carried out to induce electronic recombination by
putting transition metals or nonmetals on TiO, and to make the catalysts
work at visible light wavelengths by widening the available wavelengths [>2,
56].

Mesoporous TiO2, is good as it has a very large surface area for
electronic transport layers, and it has been used as the basic structure of
most DSSCs. Several reports have mentioned that some form mesoporous
TiO, films have an affect on the performance of DSSCs. [57-59].
Furthermore, their important role, such as trap states of the surface and the
recombination of photo generated electrons with dye molecules has been
shown in experimental studies [55,57,60,61]. Reverse photoelectron transfer at
the TiO./dye/electrolyte interface has been identified as the major mechanism
of loss in DSSCs [%5,56]. These studies show the importance of controlling
the density of fault status at the TiOJ/dye/electrolyte interface for
improvement of DSSC performance. It was reported that Processing the
TiO/dye/electrolyte interface with metal oxide was effective in reducing the
recombination losses in DSSCs. In most studies, metal oxides have been
used for the previous purposes mentioned. E. Palomares et. al. reported that
when Al;O3 was included into DSSCs as a recombination blocking layer an
increase of 30% was observed in efficiency [>7]. To suppress the transport
mechanism, a low density surface state or a less active surface state with a
small capture cross section, is required.

Therefore, in this research, an experiment for TiO. modification which
makes a wide range of sunlight available and a recombination blocking layer
for the dye-sensitized solar cell was conducted. The main points of this
research are:
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First, TiO, particles by the sol-gel method were synthesized at different
temperatures and their structural characteristics were examined.

Second, TiO, nanofibers and Al,Oz; nanofibers were prepared through
electrospinning. The morphology of the electrospun TiO; nanofibers was
observed by field emission scanning electron microscopy (FE-SEM) (Hitach,
S-4800). The X-ray diffraction (XRD) pattern was recorded using a Philips
(X'Pert PRO MPO) diffractometer (Cu Ka radiation). And we investigated
the synthesis of alumina nanofibers using a technique that combined the
sol-gel and electrospinning methods using aluminum isopropoxide (AIP), an
organometallic compound, as the precursor and a PVP polymer solution. The
formation, morphology, and crystallinity of the electrospun alumina
nanofibers were determined through thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), X-ray diffraction (XRD) and Fourier
transform-infrared (FT-IR) spectroscopy.

Finally, in order to know the possibility of applying this to the energy
field and environment, experiments for the photo conversion efficiency were
measured using the DSSCs made in this research. Synthesized sol-gel TiO,
particles, electrospun TiO, nanofibers and electrospun Al,O3; nanofibers are
used for the photoelectrodes and the main experiment to find how this

affects the efficiency of DSSCs is conducted.
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1.3 Overview
This paper is organized as follows.

Chapter 1. General introduction, literature review and research purposes are
described.

Chapter 2. The general theory of dye-sensitized solar cells are given.

Chapter 3. Experimental methods mainly consists of 1) preparation of TiO;
particles by the sol-gel method, 2) preparation of TiO, and Al,O3
nanofibers by electrospinning, 3) preparation and measurement of
dye-sensitized solar cells.

Chapter 4. The results and discussion of the experiments are described. In
chapter 4.1, as the preparation of materials for the DSSC,
Synthesised TiO; particles by the sol-gel method were calcined at
various temperatures and the characteristics of the synthesized
sol-gel TiO, particles explained. Synthesis and characterization of
TiO, and Al,Os nanofibers made by electrospinning was
investigated. In chapter 4.2, synthesized sol-gel TiO; particles,
electrospun TiO, nanofibers and electrospun Al,Os; nanofibers are
used for the photoelectrodes and the efficiency of photo
conversion for the each experiment is discussed.

Chapter 5. The main conclusions of this paper are summarized.

This paper consists of five chapters.
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Chaper II. Theoretical background of dye-sensitized solar cells

2.1 Working Principle of Dye-Sensitized Solar Cells

At its simplest configuration (Figure 1-5), the DSSC is comprised of a
transparent conducting glass electrode coated with porous nanocrystalline
TiO2, dye molecules attached to the surface of the TiO,, and an electrolyte
containing a reduction-oxidation couple such as I-/I3- and a catalyst coated
counter-electrode. The absorption of light in the DSSC occurs by dye
molecules and the charge separation by electron injection from the dye to
the TiO, at the semiconductor electrolyte interface. A single layer of dye
molecules however, can absorb only less than one percent of the incoming
light [52]. While stacking dye molecules simply on top of each other to
obtain a thick dye layer increases the optical thickness of the layer, only the
dye molecules in direct contact to the semiconductor electrode surface can
separate charges and contribute to the current generation. A solution to this
problem, developed by the Gratzel group, was to use a porous
nanocrystalline TiO, electrode structure in order to increase the internal
surface area of the electrode to allow large enough amount of dye to be
contacted at the same time by the TiO, electrode and the electrolyte (Figure
1-5).

Figure 2-1 shows principle of operation and energy level scheme of the

dye-sensitized nanocrystalline solar cell.
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Figure 2-1 The working principles and energy level diagram of
dye-sensitized solar cell (DSSC).

DSSCs are based on a process called photoinduced electron transfer,

which can be described as follows [63].

The first step is the absorption of a photon by the dye(S) (photoexcitation):

Sladsorbed) +hy — S*(adsorbed) (Eq. 2-1)

Once in its excited state, the dye can either relax by reemitting a photon, or

inject an electron into the conduction band of TiO, (electron injection):
S — 97+ e (injected) (Eq. 2-2)

The injected electron travel through the mesoporous network of
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semiconductor by diffusion, before reaching the anode, when they are
collected to power a load through an external circuit. Reaching the cathode,
the electrons engage in the reduction of the triiodide contained in the

electrolyte (back reaction or br):

I °+ 2¢e (cathode) — 3I (cathode) (Eq. 2-3)

The iodide reacts with the oxidized dye so that it returns to its grounds

state, and the cycle is completed,
287+ 31 — 25+ I (Eq. 2-4)

However some undesirable reactions resulting in losses in the cell efficiency
occur. DSSCs work because the recombination of the injected electrons with
oxidized (Eq. 2-5) or the reduction of triiodide at the TiO, surface (Eq.

2-6) is much slower than the back reaction (recombination or rec).

St (adsorbed) + e(_ﬂoz) —  S(adsorbed) (Eq. 2-5)

Iy + 2e(50) — 37 (anode) , (k. >k (Eq. 2-6)

TEC>

The total efficiency of the dye-sensitized solar cell depends on
optimization and compatibility of each of these constituents, in particular on
the semiconductor film along with the dye spectral responses [66]. A very

important factor is the high surface area and the thickness of the
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semiconductor film which leads to increased dye loading, thus optical

density resulting in efficient light harvesting [67].
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2.2 Photovoltaic Energy Conversion

2.2.1 The Solar Spectrum
Solar power is associated with the survival of all organics on Earth as

well as human a very important source of energy. The solar spectrum is
one of the electromagnetic spectrum which represented all waves at
electromagnetic fields. The solar radiation spectrum corresponds to the sun
surface temperature which is about 6000 C (i.e., the emitted solar spectrum
as seen in space). As observed on Earth, it is shifted slightly from the
black body radiation spectrum, due to the scattering of blue light and the
absorption of red light into the atmosphere. Figure 2-2 shows the spectrum
of solar radiation in space and the solar radiation after the scattering and

absorption processes by atmospheric aerosols within entering the atmosphere

[68,69].
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Figure 2-2 Solar radiation spectrum in space and after entering the
atmosphere (a) and the spectral distribution of air masses(0, 1, 2
and 5) (b).
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2.2.2 Air Mass
Approximately 30 % of sunlight is reflected into the space from the

atmospheric boundary layer and the remaining 70% reaches the earth's
atmosphere. 3 % of them will disappear due to reflection, reflection and
absorption in the atmosphere and sunlight to arrive at the earth's surface is
about 67 %. Sunlight, which is passed through the atmosphere to the
surface, changes constantly depending on the weather conditions, such as
temperature, humidity, clouds. According to these changes, the extent to
which the reduction of optical (light) is appears differently and reduced
degree of sunlight are represented by the Air Mass (AM).

Namely, air mass is defined as the relative length of the direct-beam
path through the atmosphere compared with a vertical path directly to Sea
level. Under the assumption of an ideal homogenous atmosphere, simple

geometrical considerations lead to:

AM=1/coszs (Eq 2-7)

where, AM is the air mass and zs is the zenith angle of sun.

AM may be described as follows(Figure 2-3). AMO is Energy arriving at
the edge of earth's atmosphere from the sun, and AM1 (6 = 0 °) is
meaned Energy that reaches the wvertical to earth surface through the
atmosphere. Typically AM was calculated using equation 2-1, depending on
the angle of the sun from the zenith to the horizon inclined. AM1.5 has an
angle of 48.2 ° and emits approximately 844 W/m® of energy. AM15 is

similar to the value that is used to measure the efficiency of the solar cell
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(100 mW/cm?®). Global AM1.5 is no cloud and means the distribution of
solar energy that irradiate above sea level, slanting 37° from the sun, in air

stete with the field of vision of 26 km [69].
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Figure 2-3 Reference spectral distributions geometry and Global AMis model.
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2.2.3 Basic Parameters of Solar Cell Performance
As a solar cell is illuminated, a current and voltage are generated. The

current depends on voltage, and a plot of current versus voltage is called
the I-V curve of the cell. The characteristics of an I-V curve is depend on

illumination as well as the temperature.
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Figure 2-4 Dye-sensitized solar cells : -V plots of solar cell.

The following terms are used to parameters of solar cell performance, a
typical 1-V curve shows in Figure 2-4 [48,7071].
(1) Air mass: As already mentioned, it is the ratio of the path length of the
sun rays through the atmosphere when the sun is at a given angle u to
the zenith. An air mass distribution of 1.5, as specified in the standard

condition, corresponds to the spectral power distribution observed when
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()

3)

(4)

()

(6)

the sun’s radiation is coming from an angle to over head of about 48 °.
Open-circuit voltage (Voc): When the cell is operated at open circuit, |
= 0 and the voltage across the output terminals is defined as the
open-circuit voltage.

Short-circuit current (Isc): When the cell is operated at short circuit, V
= 0 and the current | through the terminals is defined as the
short-circuit current.

Maximum power point (PM): (Ipm, Vpm) on the -V curve is the point
where maximum power is produced. Power (P) is the product of current
and voltage (P = IV) and is illustrated in the Figure 2-4 as the area of
the rectangle formed between a point on the I-V curve and the axes.
The maximum power point is the point on the |-V curve where the
area of the resulting rectangle is largest.

Fill factor (FF): This is the ratio of the maximum power point to the

product of open circuit voltage (Voc) and the short circuit current (Isc):

Vmax]max

oc—sc

Power conversion efficiency (PCE or nex): The ratio of power output to
power input. In other words, PCE measures the amount of power
produced by a solar cell relative to the power available in the incident
solar radiation (Pin). Pin here is the sum over all wavelengths and is

generally fixed at 1000 W/m2 when solar simulators are used.
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out Vm X Jm ax V;)(1<]S(‘, FF
Nosr (%)= b L x100= #xmo: — %100 (Eq. 2-9)

in in in

where, the Voc (V), Isc (mA/cm?), Pin (mW/cm?), and FF represent the
open-circuit voltage, short-circuit current density, incident light intensity
(100 mW/cm® at STC), and fill factor, respectively.

(7) Incident photon to current conversion efficiency (IPCE): It is defined as
the number of electrons flowing through the external circuit divided by
the number of photons incident on the solar cell surface at particular
wave length A [48]. In the case of DSSCs, it is defined as the ratio
between the observed photocurrent (short circuit current) and by the
incident photon flux, uncorrected for reflective losses during optical
excitation through the conducting glass electrode. It can also be

considered as a product of three components as follows [49,65]

L.(\)
APy, ()

IPCE(\) = LHE\)®,,;1,, = 1,240 (Eq. 2-10)

where the light harvesting efficiency (LHE) depends on the spectral
properties of the dye, charge injection yield (i) depends on the excited
state redox potential and life time, and charge collection efficiency (ne)
depends on the structure and morphology of the TiO, layer. Further
explanation of the different factors of Equation 2.10 can be found in
Nazeeruddin et al. IPCE is often referred to as photocurrent action

spectrum, spectral response or (external) quantum efficiency [49].
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Reliable and comprehensive -V measurements of DSSCs basically lies
on the coincidence of the two curves from the forward and reverse
directions of the applied voltage by monitoring the short-circuit photocurrent
(Isc). Koide et al. have reported that the dependence of the measurement of
the transient photocurrent on the sweep directions and sampling delay time
may be explained by the longer time constant of DSSCs [%0]. To improve
accuracy, measurements should be carried out with a sampling delay time
exceeding several seconds. However, it was also found that the average
value of the efficiency measured by the two sweeping directions is constant
when the sampling delay time is longer than 40 ms.

The fill factor is a important part of the efficiency of the cell. High
open circuit voltage and short circuit current are essential in achieving high
efficiencies. But paired with a low fill factor, the overall efficiency of the
cell will remain low. In the standard condition used for testing of terrestrial
solar cells the light intensity is 200 W/m® the spectral distribution of the
light source is that of AM 1.5 global standard solar spectrum, and
temperature of the cell is 25 . In practice, special solar simulator light
sources are used for the standard measurements. Figure 2-5 shows the solar
simulation system installed in our laboratory. In this thesis, the
current-voltage (I-V) curves are measured using a source measure unit under
irradiation of white light from a 150 W Xenon lamp (K401 CW150 Lamp
power supply; McScience Co.). The incident light intensity and the active

unit cell area are 100 mw/cm? and 0.25 cm®.
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Figure 2-5 A solar simulation system.
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2.3 Panchromatic Sensitizers

2.3.1 Light Absorption via MLCT Excitation
The absorption of a photon by the dye molecule happens via an

excitation between the electronic states of the molecule. For example the N3
dye has two absorption maxima in the visible region at 518 nm and at 380
nm [49]. The excitation of the Ru complexes via photon absorption is of
metal to ligand charge transfer (MLCT) type. Figure 2-6 illustrates Charge
transfer process at the metal oxide (TiO,)/dye interface and electron injection
into metal oxide [74-76]. This means that the highest occupied molecular
orbital (HOMO) of the dye is localized near the metal atom, Ru in this
case, whereas the lowest unoccupied molecular orbital (LUMO) is localized
at the ligand species, in this case at the bipyridyl rings. At the excitation,
an electron is lifted from the HOMO level to the LUMO level [77].
Furthermore, the LUMO level, extending even to the COOH anchoring
groups, is spatially close to the TiO, surface, which means that there is
significant overlap between the electron wave functions of the LUMO level
of the dye and the conduction band of TiO,. This directionality of the
excitation is one of the reasons for the fast electron transfer process at the

dye-TiO, interface.
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Figure 2-6 Schematic illustration of Charge transfer poceses at the metal
oxide (TiOy)/dye interface and electron injection into metal oxide.

2.3.2 Dye Molecule Sensitizers
The absorption of incident light in the DSSCs is realized by specifically

engineered dye molecules placed on the semiconductor electrode surface. To
achieve a high light to energy conversion efficiency in the DSSCs, the
properties of the dye molecule as attached to the semiconductor particle
surface are essential. Such desirable properties can be summarized as:

The dye should absorb light at wavelengths up to about 920 nm, i.e. the
energy of the exited state of the molecule should be about 1.35 eV above
the electronic ground state corresponding to the ideal band gap of a single
band gap solar cell. To minimize energy losses and to maximize the

photovoltage, the exited state of the adsorbed dye molecule should be only
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slightly above the conduction band edge of the TiO,, but yet above enough
to present an energetic driving force for the electron injection process. For
the same reason, the ground state of the molecule should be only slightly
below the redox potential of the electrolyte. The process of electron
injection from the exited state to the conduction band of the semiconductor
should be fast enough to outrun competing unwanted relaxation and reaction
pathways. The excitation of the molecule should be preferentially of the
MLCT-type.

The adsorbed dye molecule should be stable enough in the working
environment (at the semiconductor-electrolyte interface) to sustain at least 10°
redox turnovers [77]. The dye molecules are adhered onto the nanostructured
TiO, electrode by immersing the sintered electrode into a dye solution,
typically 0.2 mM in ethanol [48], for a long enough period to fully adsorb
the electrode. During the adsorption process the electrode is sensitive to
water [78]. To minimize water vapor content inside the pores of the
electrode, the electrode should be warm upon immersion to the dye solution.
The adsorption process lasts from one to several hours depending on the
TiO, layer thickness and whether the dye solution is heated or kept in room
temperature. The stability of the dye is intrinsically high, because there is
no band gap excitation of the TiO, semiconductor substrate and therefore no
photo-excited hole generation to oxidize the dye [7/9]. The dye stability
becomes an important factor during manufacturing of the cell and during
operation. The humidity and water are to be avoided because of their
degrading effect on the dye molecules. In addition, UV-light has some

deteriorative effect. If the solar cell is manufactured properly, the dye can
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last in excess of 20 years [80].

While the high efficiency of the dye sensitized solar cell arises from a
collective effect of numerous well-tuned physical-chemical nano scale
properties as will become apparent later, the key issue is the principle of
dye-sensitization of large band-cap semiconductor electrodes. As already
mentioned, in the DSSCs, this is accomplished by coating the internal
surfaces of the porous TiO. electrode with special dye molecules tuned to
absorb the incoming photons. Figure 2-7 represents the molecular structures
of three efficient photosensitizers for DSSCs including the so called N3 dye,
N719 dye, and the black dye [72]. Figure 2-7 compares the spectral response
of the photocurrent observed with the two sensitizers. The incident photon to
current conversion efficiency (IPCE) of the DSSCs is plotted as a function
of excitation wavelength. Both chromophores show very high IPCE values in
the visible range. However, the response of the black dye extends 100 nm
further into the IR than that of N3. The photocurrent onset is close to 920
nm, i.e. near the optimal threshold for single junction converters. From there
on the IPCE rises gradually until at 700 nm it reaches a plateau of ca.
80%. If one accounts for reflection and absorption losses in the conducting
glass the conversion of incident photons to electric currents is practically
quantitative over the whole visible domain [81].

The adsorption of the dye to the semiconductor surface usually takes
place via special anchoring groups attached to the dye molecule. In the N3
dye these are the four carboxylic groups (COOH) at the end of the pyridyl
rings (Figure 2-4). The COOH groups form a bond with the TiO, surface
by donating a proton to the TiO; lattice [/7]. The area occupied by one N3
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molecule at the TiO, surface at full monolayer coverage is 1.65 nm®.
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Figure 2-7 Photocurrent action spectra of nanocrystaline TiO, films sensitized
by N3, N719 and the black dye(N749).

The efficient spectral sensitization in the DSSC is made evident in
Figure 2-7, where the spectral response (IPCE) curves, i.e. the photon to
current efficiency curves, for cells sensitized with different dyes is compared
with a naked TiO, electrode. The actual sensitization effect can be seen in

Figure 2-7 as a shift of the IPCE curve of the naked TiO, to the higher
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wavelength when coated with the dye. The current efficiency of the cell is
related to the ‘height' of the IPCE curve, which depends on the charge
separation and charge collection efficiencies. The IPCE curves in Figure 2-7
are not corrected for the optical losses in the glass substrate, which only
makes the obtained peak IPCE values more significant.

The incident monochromatic photon-to-current conversion efficiency
(IPCE), sometimes referred to also as the “external quantum efficiency”
(EQE), is an important characteristic of a device. In particular, using devices
with same architecture, it is possible to compare the light-harvesting
performance of sensitizers. It is defined as the number of electrons generated
by light in the external circuit divided by the number of incident photons as

a function of excitation wavelength.
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2.4 Interfacial Principle of DSSCs

2.4.1 Interfacial Kinetics
Figure 2-8 shows control of electron injection and transport at the

materials interfaces that can be at the core of the DSSCs design. The
materials interfaces such as on three core elements (i) metal oxide, (ii) dye
sensitizer, and (iii) metal oxide/dye/electrolyte interface, is that influence
efficient electron injection and transportation, especially which are mainly

determinants in the overall performance of DSSCs [82].

©
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Transparent Photo Counter
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0 Dye/metal oxide interface; @ Dye/electrolyte interface; e Metal oxide/electrolyte interface

Figure 2-8 Combination of materials and interfaces involved in DSSCs.
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The DSSCs are based on photoelectrochemical reactions at the
semiconductor-electrolyte interface, and depending on the operation of the
cells, it is due to competition of the chemical reactions with the other rate
constants. Dye molecules of a DSSCs are chemisorbed on a TiO; porous
layer surface and visible light is absorbed by the sensitizer dye to generate
excited electrons. Electron injection from the excited state of the dye into
the conduction band of the TiO; is followed by the subsequent regeneration
of the dye by an I /I3 redox couple. Efficient operation of a DSSCs device
relies on minimization of the possible recombination pathways occurring at
the TiOy/dye/electrolyte interface to allow efficient charge transport through
the TiO, porous layer and subsequent charge collection at the device

contacts [83,84].

2.4.2 Charge Transport
In the DSSCs charge transport happens by electron transport in the

nanostructured TiO, electrode and hole transport in the electrolyte as Is.
Although the electron transport process has attracted an intensive study due
to several interesting fundamental questions concerning it, both charge
transport mechanisms are equally important for the operation of the solar
cell.

Electron Transport in the Nanostructured Semiconductor Electrode

The semiconductor nanoparticle network works not only as a large
surface area substrate for the dye molecules but also as a transport media
for the electrons injected from the dye molecules.

Because of the porous structure of the electrode and the screening effect
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of the electrolyte, the electrode can be viewed as a network of individual
particles through which electrons percolate by hopping from one particle to
the next [77]. As mentioned above, the small size of the particles prevents
the formation of a space charge layer and a built-in electric field inside the
particles, and therefore the transport of electrons cannot be drift in an
electric field. Recombination processes being efficiently blocked at the
semiconductor electrolyte interface the generation of electrons to the
conduction band of the TiO, particles under illumination results in an
electron concentration gradient in the electrode and the electrons are
transferred to the transparent conducting oxide (TCO) back contact layer by
diffusion.

Measurements have shown that the diffusion of electrons is characterized
by a distribution of diffusion coefficients, which have been related to
hopping of electrons via surface traps of different depths [77]. These electron
traps are localized energy states just below the conduction band edge of the
TiO, and they play a significant role in the electron transport. Because of
the majority carrier nature of the TiO, electrode, trapping of electrons in the
bulk states does not lead to recombination losses. Instead trapping of
electrons at the TiO, surface may be a pathway for recombination, resulting
in photocurrent losses and also photovoltage losses for kinetic reasons [49].
In addition, the trap states will lead to a lower quasi-Fermi level for the
electrons under illumination and thus to a reduced photovoltage [49].

The diffusion coefficient of electrons depends on the electron quasi-Fermi
level under illumination. At low light conditions only deep traps participate

in the electron transport causing a low diffusion coefficient. Increasing the
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light intensity raises the electron quasi-Fermi level and deep traps are filled
at steady state condition, while shallow traps contribute to the electron
motion, resulting in a larger diffusion coefficient [77]. Increasing the
illumination level thus increases the conductivity of the TiO. electrode by
filling the trap states.

It has also been suggested that the motion of the electrons in the
semiconductor particles is coupled to the species in the electrolyte at the
semiconductor-electrolyte interface [77]. Cahen et al. [85] calculated that the
screening by the electrolyte keeps the electrons near the particle surface,
consistently with the picture of electron transport via surface electron traps.
The electron together with its screening charge in the electrolyte side of the
particle surface can be viewed as a polaron moving by the electron diffusion
towards the back contact where the electron is subsequently separated.

All in all, the picture of the electron transport in the nanostructured
electrode of the DSSCs is presently incomplete and a lot of basic research
has to be done. Understanding the mechanisms of charge transport in the
nanostructured electrode electrolyte systems is important for the further
development of the dye-sensitized nanostructured solar cell concept and
especially for designing cells with solid polymer or gel electrolytes.

lon Transport in the Redox Electrolyte

The electrolyte in the DSSCs is usually an organic solvent containing the
redox pair I'/l3, which in this case works as a hole-conducting medium. At
the TiO, electrode the oxidized dye, left behind by the electron injected to
the TiO, is regenerated by I in the electrolyte while at the

counter-electrode I3 is reduced to I'. In other words, I3 is produced at the
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TiO, electrode and consumed at the counter electrode and thus diffused
across the electrolyte correspondingly. This is why I3 is often labeled as the
hole carrier to draw similarities with the conventional pn junction solar cells.
Similarly, I' is produced at the counter-electrode and diffused to the opposite
direction in the electrolyte.

The most simple way of dealing with the electrolyte might be to think it
as an essentially neutral sink of I' and Is at the electrodes and maintaining
the redox potential in the bulk of the electrolyte via the fast redox reaction
of the I/l pair. This redox reaction in the electrolyte is a two-electron
reaction [86]. The redox electrolyte chemistry appears to be a more or less
standard and established area of chemistry, or at least it is only rarely
discussed in much more detail than this in conjunction with DSSC research
reports in the literature.

A schematic of energy level diagram describing the charge transfer
processes involved in DSSCs is shown in Figure 2-9 [87]. It is to be noted
that the rate of electron injection is significantly contributed from un
thermalized excited state and plays major role in the electron injection

efficiency|[88,89].
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Figure 2-9 A schematic of energy level diagram for metal oxide/dye/
electrolyte interfaces.

2.4.3 Charge Recombination

Charge recombination between dye cations and injected photoelectron
occurs quickly on its way to the electrical back contact. The wide range of
recombination time is usually attributed to the trapping of electrons by
localized states on the semiconductor surface [90-93].

Experiments, which can be controlled by changing the intensity of the
light source or the surrounding electrolyte composition, or by applying the
external bias, were able to get strong sensitivity of the recombination rate to
the occupancy of trap levels [90].

[lumination of the dye-sensitized electrode initially in equilibrium (in the

dark) generates a transient electric field between the injected electrons in the
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TiO, and the oxidized species in the electrolyte. This electric field could in
principle oppose further charge separation and promote recombination.
However, in the dye cell the mobile ions in the electrolyte can easily
rearrange and effectively screen the light induced opposing fields in steady
state conditions through out the electrode film, and thus enable an efficient
charge separation [94].

In the absence of holes in the semiconductor particles, the recombination
occurs mostly by loss of electron to an oxidized dye molecule or to a hole
in the electrolyte, i.e. the oxidized triiodide. The former process is
negligible, as assumed in most electrical models of the cell, but may be
important in near open circuit conditions, i.e. in the case of the
accumulation of electrons into the TiO, particles [%]. The latter
recombination pathway on the other hand, is made inefficient by reaction
kinetic reasons. According to Huang et al. the net recombination reaction at
the TiO-electrolyte interface is a two electron reaction [96]

The last of which is a slow dismutation reaction and rate limiting in the
net recombination reaction. The reaction equation 2.12 also tells, that the
actual electron acceptor in the recombination reaction is l,. Because of the
porous structure of the electrode the conducting glass substrate may be
partly exposed to the electrolyte setting up a potential recombination
pathway between electrons in the conducting substrate and hole carriers in
the electrolyte. However, there is experimental evidence that this effect is
insignificant, most likely due to low electrocatalytic activity of Pt-free

SnO2:F (FTO, as well as ITO) surface for the iodine/triiodide redox system

[85]_
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Chapter III. Experimental Procedure

3.1 Preparation of Materials for DSSCs

3.1.1 TiO, Particle by Sol-gel Method
The nanoparticles of titanium dioxide were synthesized by sol—gel method

in which the sol was obtained through hydrolysis of titanium isopropoxide
(TIP, Junsei Chemical Co., >98%). The formation of TiO, nanoparticles

through hydrolysis take place based on the following reactions:
TTIP+ 2H,O— TiOy+ AC,H,OH (Eqg. 3.1)

Figure 3-1 shows the schematic diagram for the synthesis of
nanocrystalline TiO, particles by sol-gel method. TIP was used as a main
starting material without further purification. An appreciated amount (20 mL)
of TIP was slowly dropped in ethanol (200 mL) at room temperature for 5
min. Consequently, a drop-wise addition of hydrochloric acid solution (0.05
M) into the TIP solution was conducted for 24 h under vigorous stirring
condition. The suspension was then ultrasonicated at room temperature for 1
h and centrifugated at 4 C and 8,000 rpm for 20 min. The white
precipitate formed was filtered and dried at room temperature for 1 h. After
the TiO, sol was drying, this was finally calcined in a furnace at the
temperature in the range of 250-700 C for 3 h, the TiO, particles was

made.
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TIP + EtOH
(Vig. Stirring)
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Addition of distilled water + HCI
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4

synthesis of sol-gel TiO, particles

Figure 3-1 Experimental procedure for preparation of the TiO, nanoparticles
by sol-gel method.
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X-ray diffraction is a non-destructive analytical technique which reveals
information about the crystallographic structure, chemical composition, and
physical properties of materials and thin films. It is based on observation of
the scattered X-ray beam after hitting a sample as a function of incident
and scattered angle, polarization, and wavelength or energy. The X-ray
diffraction data was obtained with an X'Pert PRO MPD (PANalytical)

SEM(S4800, Hitachi Ltd, Japan) is a microscope that uses electrons
instead of light to form an image. The scanning electron microscope has
many advantages over traditional microscopes. The SEM has a large depth
of field, which allows more of a specimen to be in focus at one time. The
SEM also has much higher resolution, so closely spaced specimens can be
magnified at much higher levels. Because the SEM uses electromagnets
rather than lenses, the researcher has much more control in the degree of
magnification. Field-emission scanning electron microscope provides ultra
high resolution images down to 1nm resolution thanks to the inherent
brightness of the field emission electron gun. Morphology and surface of
TiO, particles were analyzed.

X-ray photoelectron spectroscopy (XPS) analysis was conducted using a
photoelectron spectrometer (VG Scientific MultiLab 2000 system) equipped
with a non-monochromatic Mg ka radiation of 1,253.6 eV. The Cls peak

(285.0 eV) was used to calibrate the binding energy values.
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3.1.2 Electrospun TiO, Nanofibers

For the preparation of TiO., nanofiber, titanium isopropoxide(TIP) was
directly added to an alcohol solution containing polyvinylpyrrolidone (PVP)
to prepare TiO./PVP composite nanofibers. PVP was selected as the base
polymer because of its good solubility in alcohols and acetic acid and its
compatibility with some titania precursors. In addition to PVP solution in
ethanol, acetic acid had to be added to stabilize the solution and to control
the hydrolysis reaction of the sol-gel precursor. In a typical procedure, 6 mL
of TIP was mixed with 12 mL of acetic acid and 12 mL of ethanol. After
60 min, this solution added to 30 g of ethanol that contained 10 wt %
PVP, followed by magnetic stirring for 24 hr. The mixture was immediately
loaded into a glass syringe equipped with a 21 G needle made of stainless
steel. The needle was connected to a high voltage supply (DC power supply
PS/ER 50R06 DM22, Glassman High Voltage Inc., USA) that is capable of
generating DC voltages up to 50 kV. The flow rate(100 pL/min) for the
precursor spinning solution was controlled using a syringe pump (200 series,
KD Scientific Inc., USA). Aluminum foil was placed 15 cm of TCD (tip-to
collector distance) to collect the nanofibers. Electro spinning process was
carried at the room temperature. The TiO, nanofibers were calcined at 500
C for 1 hr. The procedure of electrospun TiO, nanofiber was shown in
Figure 3-2.

The morphology of TiO, nanofibers were observed by field emission
scanning electron microscopy (FE-SEM) (Hitach, S-4800). X-ray diffraction
(XRD) pattern was recorded wusing a Philips (X'Pert PRO MPO)

diffractometer (Cu Ka radiation).
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4

Homogenous solution
(TiO2/PVP)

§ < Stirring for 24 h
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Calcination at 500 C

4

TiO, nanofiber

Figure 3-2 Experimental procedure for preparation of the TiO., nanofiber by
electrospinning method.
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3.1.3 Electrospun Al,Os; Nanofibers

The polymer polyvinylpyrrolidone (PVP) (MW=1300000; Kanto, Japan),
aluminum isopropoxide (AIP) (CoH2:03Al) (>97.0%; Sigma-Aldrich), ethanol
(94.0%; Daejung, Korea), and nitric acid (60%; Daejung,Korea) were
obtained commercially and used as-received without further purification. All
the equipment used in the study was thoroughly cleaned prior to the
experiments.

A typicals ynthesis run was as follows: A certain amount of nitric acid
and 10 mmol of the aluminum precursor AIP were added to 20 mL of
ethanol, and the solution stirred vigorously. The final composition of the
mixed solution was such that the molar ratio of AIP: nitricacid:ethanol was
1:m:34, where m (=2.57) is the molar ratio of the acid (HNOs) to the
alkoxide [97]. The mixture was covered with polyethylene (PE) film and
then stirred vigorously at room temperature for at least 5 h. The PVP
solution (10 wt%) was prepared by dissolving the PVP polymer powder in
ethanol under constant and vigorousstirring. The weight ratio of the polymer
to the aluminum precursor was maintained at 3:1 (Figure 3-3).

The AIP and PVP solutions were then mixed, and the resulting AIP/PVP
solution was loaded into a 10 mL syringe(SGE LL type) that was fitted
with a metallic needle. The positive terminal of a variable high-voltage
power supply was connected to the metallic needle and the negative terminal
to a rotating collector (speed = 200 rpm) that was covered with the
aluminum foil and served as the counter electrode. During a typical
procedure, the voltage and the feeding rate were kept at 15 kV and 3.0

mL/h, respectively. The distance between the needle tip and the collector
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was maintained at 15 cm. The relative humidity was controlled and
maintained between 35-45 % at room temperature (Figure 3-4).

After the electrospinning was complete, the as-spun nanofibers were dried
at 80 C for 24h. Some of the dried nanofibers were used for the
characterization by TGA, SEM, FTIR spectroscopy, and XRD analysis. The
remaining as-spun AIP/PVP composite nanofibers were calcined at 800 T
and at 1200 C for 2 h each at a heating rate of 5 C/min in order to
obtain pure alumina nanofibers.

As mentioned previously, the morphology of the fibers was examined by
SEM (S4800, Hitachi Ltd, Japan). The diameter of the nanofibers were
calculated from the SEM images using the Image J (National Institutes of
Health, USA) software. The X-ray diffraction data was obtained with an
X'Pert PRO MPD (PANalytical) diffractometer using Cu Ka radiation. FT-IR
spectroscopy was performed on the samples using a NICOLET6700 (Thermo
Scientific) spectrometer that had a KBr beam splitter (operational wavelength
range = 7800-350 cm™). TGA was performed using at hermo analyzer
(TGA2050, TAlnstruments) in air with a heating rate of 10 ‘C/min.
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Figure 3-3 Flow chart of the preparation of alumina nanofibers.
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Power supply

Figure 3-4 Schematic diagram of the electrospinning apparatus.
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3.2 Preparation and Measurement of DSSC

3.2.1 Praparation of DSSC
Table 3-1 shows experimental condition of Dye-sensitized solar cell for

this study.

Table 3-1 Experimental condition of DSSC

Items Parameters

Electrode TiO, particle (P25)
TiO, particle (by sol-gel method)

Dopant  TiO, nanofiber (by electrospinning; ~ 1.5 %)
Al;,O3 nanofiber (by electrospinning; ~ 1.5 %)

Dye N719

Electrolyte 0.3 M 1,2-dimethyl-e-propyl imidazolium iodide
0.5 M Lil
0.05 M Iy(Aldrich Co.)
0.5 M 4-TBP
3-MPN

Counter electode Pt-Catalysts T/SP, Solaronix Co.

Substrate FTO glass
(fluorine-tin-oxide, TEC 8¢/sq)
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3.2.1.1 Thin Film

The preparation of nanocrystalline TiO; thin films was first developed by
Gratzel's research [80]. Gratzel et. al. introduced a preparation method of
TiO, nano powder consisting of sol-gel synthesis and hydrothermal treatment
[%8]. In a typical sol-gel experiment, titanium isopropoxide (125 mL) was
added drop wise at room temperature to 0.1 M nitric acid solution (750
mL) under vigorous stirring. A white precipitate formed instantaneously.
After that, the slurry was heated to 80 C and stirred vigorously for 8 h.
To achieve peptization (i.e., destruction of the agglomerates and redispersion
into primary nanocrystallites), the solution upon filtration to remove
non-peptized agglomerates was diluted with water to adjust the final solids
concentration to ~5 %[W/V].

Preparation of the photoanode involves deposition of the TiO,
nanoparticles on fluorine-doped tin oxide (FTO) glass, sintering/annealing,
post-treatment and sensitization. Nanoparticle deposition most commonly
involves preparation of a paste and application by doctor-blade [66] or screen
printing [%9].

In typical method, the fabrication scheme for TiO, mixtures pastes is
shown in Figure 3-5. First the nanotitania particles are manually ground
after mixing with acetic acid, water and ethanol. The TiO; slurry is
transferred with the excess ethanol to a beaker where it is magnetically
stirred and then homogenized using a sonicator. This is filled with the
addition of a mixture of anhydrous terpineol and a mixture of ethyl
cellulose and ethanol by stirring and sonication again. Finally, the contents

are concentrated by evaporation [100].
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The TiO; powder is initially dispersed by grinding with dispersion agent
and followed by the addition of distilled water and a wetting agent. The
binder such as hydroxypropyl cellulose (Aldrich Co.) is also used. The paste
is then spread with doctor blade or screen printing onto the FTO glass (10
Q/cm?, Pilkington Co.). At that time, TiO, thin film is formed a thickness
of 50 ym to 100 um. Also, the TiO, thin film coated thus on the FTO
glass is 0.5 cmx0.5 cm (0.25 cm?) in size. The fabricated TiO, thin film is
sintered at 500 C for 1 h. The sintering rate should be very slow. In the
temperature interval 200 < T < 350 C, organic materials such as dispersant
and organic solvents used during the TiO, film deposition stage decompose.

The decomposition process induces mechanical stress into the TiO, layer.
If the heating is done too fast, the adhesion to the FTO substrate is not
firm. Consequently, cracks form within the layer and the film becomes
brittle. The cooling rate of the sintered TiO, electrode also needs to be slow
in order to minimize the stress within the TiO, layer. Finally, sintered TiO;
thin film has a thickness of 5 um to 10 um. The performance of the TiO,
layer can be further improved by adding a further layer of TiO, after

sistering (i.e., Multi layer coating) [101].
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Figure 3-5 The typical preparation for TiO, paste and the various coating
method for the fabrication of nanocrystalline TiO, thin film.
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3.2.1.2 Electrode

(1) TiO, Particle Electrode

For the preparation of nanostructured TiO, electrode, TiO, paste was
prepared by mixing of 2 g TiO, particles, 0.68 mL 10 %[V/V] acetyl
acetone and 1 g hydroxy-propylcellulose (HPC, Mw. 80,000 g/mol, Aldrich
Co.) in 10.68 mL water for 12 h at 300 rpm using a ZrO, ball mill
(Planetary mono mill, Fritsch Co.). A TiO, film was fabricated by coating a
precursor paste onto the FTO glass plates (15 ©/cm’ Asahi glass Co.) by
using a doctor blade technique (adhesive tape was used as spacer of ca. 65
um  thickness).

Based on the thermal gravity analysis (TGA) report (Figure 3-6), the
sol-gel TiO, film heated at 500 C for 2 h for the complete removal of
HPC. Thus, The sol-gel TiO, film formed on the FTO glass was 4-5 um
thickness and 0.5 cm x 0.5 cm size. To fabricate the DSSCs, the prepared
thin film electrode was immersed in the N719 dye (Solaronix Co.) solution
of 0.3 mM at 20 C for 12 h followed by rinsing with an anhydrous
ethanol and drying. Pt coated FTO glass (15 Q/cm® Asahi glass Co.)
electrode was prepared as a counter electrode with an active area of 0.25
cm’. The Pt electrode was placed over the dye-adsorbed TiO: electrode, and
the edges of the cell were sealed with 5 mm wide stripers of 60 /m thick
sealing sheet (SX 1170-60, Solaronix Co.). The sealing was accomplished by
hot pressing the two electrodes together at 80 ‘C. The redox electrolyte pass
into the cell through the small holes and it was sealed with a small square
of sealing sheet. The redox electrolyte consists of 03 M
1,2-dimethyl-3-propyl imidazolium iodide (Solaronix Co.), 0.5 M Lil (Aldrich
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Co.), 0.05 M 1, (Aldrich Co.), and 0.5 M 4-TBP (Aldrich Co.), and 3-MPN

(Fluka Co.) as a solvent.

120

sol-gel TiO; film

HPC powder

50 100 150 200 250 300 350 400 450 500 550
Temperature, °C

Figure 3-6 TG analysis of sol-gel TiO; film and HPC powder.

(2) TiO, Nanofiber Dopant

For the preparation of TiO, nanofiber dopped TiO; thin film, TiO, slurry
was prepared by mixing of 2 g synthesized TiO, particles [192], 0.68 mL 10
%[V/V] acetylacetone, l1ghydroxypropylcellulose (Mw.80,000, Aldrich), and
10.68 mL water for 20 h at 300 rpm using a paste mixer (PDM-300, Korea
mixing technology Co.). Thus, synthesized TiO, film was fabricated by a

coating of blended paste on to the fluorine-doped SnO, conducting glass
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plates (FTO, 10 &/cm’ Asahiglass Co.) by using as queeze printing
technique (adhesive tape was used as spacer of ca.65 um thickness). The
TiO, film wash eat-treated at 500 C for 1h. Then, the TiO, film formed on
the FTO glass was 7 um thickness and 0.5 cm I 0.5 cm in size. TiO, thin
film which is prepared from the anatase crystalline phase has atransparency,
dispersibility and high efficiency for photoelectrode. The TiO; thin film was
prepared under the different addition ratio of the TiO, nanofibers (0.5~1.5
wit%) for photoelectrode with high efficiency.

(3) Al,O; Nanofiber Dopant

For the preparation of Al.Os; nanofiber dopped TiO; thin film, TiO,
slurry was prepared by mixing of 2 g synthesized TiO, particles [102], 0.68
mL 10%[V/V] acetylacetone, 1lghydroxypropylcellulose (Mw.80,000, Aldrich),
and 10.68 mL water for 20 h at 300 rpm using a paste mixer (PDM-300,
Korea mixing technology Co.). Thus, synthesized TiO, film was fabricated
by a coating of blended paste on to the fluorine-doped SnO, conducting
glass plates (FTO, 10 ©/cm® Asahiglass Co.) by using as queeze printing
technique (adhesive tape was used as spacer of ca.65 pm thickness). The
TiO, film wash eat-treated at 500 C for 1lh. Then, the TiO, film formed on
the FTO glass was 7 um thickness and 0.5 cm I 0.5 cm in size. TiO, thin
film which is prepared from the anatase crystalline phase has atransparency,
dispersibility and high efficiency for photoelectrode. The TiO; thin film was
prepared under the different addition ratio of the Al,O3; nanofibers (0.5~1.5
wt%) for photoelectrode with high efficiency.

The film thickness and surface morphology of metal oxide nanofiber
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doped TiO2 electrode were measured by field-emission scanning electron
microscope (FE-SEM; S-4700, Hitachi Co.). X-ray photoelectron spectroscopy
(XPS) analysis was conducted using a photoelectron spectrometer (VG
Scientific MultiLab 2000 system) equipped with a non-monochromatic Mg k
a radiation of 1,253.6 eV. The Cls peak (285.0 eV) was used to calibrate

the binding energy values.

3.2.1.3 Dye

One of the first dye that was introduced with the nonocrystalline solar
cell was cis-RuL,-(NCS),, where L stand for 2,2'-bipyridyl- 4,4'-dicarboxylic
acid, the dye is also known as N3. It sensitizes very efficiently wide
band-gap oxide semiconductors, like titanium oxide, up to a wavelength of
750 nm. A two-fold deprotonated form of N3, called N719
[cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(l1)bis-
tetrabutylammonium dye, Solaronix Co.], was used in this work (Mw.:
1,185.5 g/mol).

The dye molecules are adhered onto the nanostructured TiO; electrode by
immersing the sintered electrode into a dye solution, typically 0.2 mM in
ethanol [48], for a long enough period to fully adsorb the electrode. During
the adsorption process the electrode is sensitive to water [78]. To minimize
water vapor content inside the pores of the electrode, the electrode should
be warm upon immersion to the dye solution. The adsorption process lasts
from one to several hours depending on the TiO, layer thickness and
whether the dye solution is heated or kept in room temperature. The

stability of the dye is intrinsically high, because there is no band gap
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excitation of the TiO, semiconductor substrate and therefore no photo-excited
hole generation to oxidize the dye [103]. The dye stability becomes an
important factor during manufacturing of the cell and during operation. The
humidity and water are to be avoided because of their degrading effect on
the dye molecules. In addition, UV-light has some deteriorative effect. If the

solar cell is manufactured properly, the dye can last in excess of 20 years

[80]_

3.2.1.4 Electrolyte

Between the TiO. electrode and the counter electrode is the electrolyte.
The electrolyte used in the DSSCs consists of iodine (I') and triiodide (I3)
as a redox couple in a solvent with possibly other substances added to
improve the properties of the electrolyte and the performance of the
operating DSSC. Since the discovery of the DSSC about ten years ago [52]
no redox couple preceding the performance of the 1/ I couple in the
DSSC has been discovered [104]. The I/ I3 redox electrolyte is prepared by
adding I, to the solvent together with some iodine salt such as KI [52], Lil
[104]. A resent report by Wolfbauer et al. [104] clearly highlights the
importance of the cation of the iodine salt to the performance of the DSSC.
The photocurrent output was found to increase linearly with decreasing
cation radius, the smallest cations Li" and K" showing the best performance.
The results also showed that the relative concentration of I3 to I' in the
electrolyte is an important factor to the cell performance.

Examples of the solvents used in the electrolytes in DSSCs are:

acetonitrile (ACN) [>2], methoxyacetonitrile (MAN) [104], methoxypropionitrile
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(MPN) [105]. The solvent in electrolyte used already in the early DSSC,
ACN, seems to be still the best choice when the cell efficiency is to be
maximized. However, with respect to the preferred solvent properties listed
above, acetonitrile immediately fails at least in two points. Firstly, it is
highly volatile with boiling point of 82 C, which is about the maximum
temperature that a roof-top solar cell can reach at full sunlight [106], and
due to the high volatility it easily escapes from the cell through the sealing.
Secondly, acetonitrile is highly toxic and carcinogenic chemical and cannot
be used in the commercial DSSC. The choice of solvent is thus always a
trade-off between low viscosity with better ion diffusion properties and high
viscosity with ease of manufacturing and less stringent sealing requirements
[197]. The MPN seems arise as a potential candidate for the commercial
DSSCs. In contrast to ACN it is nontoxic and has a boiling point of 160
C.

The 3-methoxypropionitrile (3-MPN, Fluka Co.) was used in this work.
The performance achievable with ACN is nevertheless greater due to lower
viscosity. In this work, the used redox electrolyte consists of 0.3 M
1,2-dimethyl-3-propyl imidazolium iodide (Solaronix Co.), 0.5 M Lil (Aldrich
Co.), 005 M I, (Aldrich Co.), and 0.5 M 4-tert-butylpyridine (4-TBP,
Aldrich Co.) and 3-MPN as a solvent.

3.2.1.5 Counter Electrode
The function of the counter electrode is the reduction of triiodide to
iodide. The plain SnO.:F (FTO) layer does this rather poorly, so a small

amount of platinum (Pt) is deposited to the electrode to fast catalyze the
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Kinetic reaction. Charge transfer resistance, Re, IS a measure of the
electrodes performance in an electron transfer process. The platinized counter
electrode has a charge transfer resistance of ca. 1 Q/cm? while the
resistance of the plain electrode is seven orders of larger magnitude [105,108].
In this work, Pt-sol (Pt-catalyst T/SP, Solaronix Co.) was used. Pt counter
electrodes were prepared by doctor blade or screen printing of Pt-sol on to
FTO glass (TEC 8: 10 Q/cm?® Pilkington Co.) and successive sintering at
450 TC.

3.2.1.6 Substrate

The electrodes of the standard DSSC are prepared onto TCO coated
glass substrates, between which the cell is assembled. The conducting
coating of the substrate works as a current collector and the substrate
material itself both as a support structure to the cell and as a sealing layer
between the cell and the ambient air. Fluorine-doped tin oxide (SnO.:F) and
indium tin oxide (In,Oz:Sn or ITO) are the most frequently used TCOs in
thin film photovoltaic cells. The standard preparation procedure of the
nanostructured TiO electrode includes sintering of the deposited TiO, film
at 450~500 C. As the only TCO coating stable at these temperatures [109],
the SnOx;F (TEC 8 10 Q/cm’ Pilkington Co.) has been the material of

choice in this work.
3.2.1.7 Fabrication of Dye-sensitized Solar Cell

To fabricate the DSSCs, the prepared sol-gel TiO, particle, TiO;

nanofiber and Al,O3; nanofiber thin film electrode was immersed in the
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N719 dye solution of 0.3 mM at 20 C for 12 h, rinsed with anhydrous
ethanol and dried. Pt coated FTO glass electrode was prepared as a counter
electrode with an active area of 0.25 cm’. The Pt electrode was placed over
the dye-adsorbed TiO, electrode, and the edges of the cell were sealed with
5 mm wide stripers of 60 pum thick sealing sheet (SX 1170-60, Solaronix
Co.) (Figure 3-7).
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Figure 3-7 Fabrication method of dye-sensitized solar cell.
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3.2.2 Measurement of DSSC
3.2.2.1 Characterization of Photoelectrode

The crystallinity of the synthesized TiO, was characterized by an X-ray
diffractometer (XRD; D/MAX-1200, Rigaku Co.) using a Cu ka X-ray and
Ni filter at 35 kV and 15 mA. The film thickness and surface morphology
were measured by field-emission scanning electron microscope (FE-SEM,;
S-4700, Hitachi Co.). X-ray photoelectron spectroscopy (XPS) analysis was
conducted using a photoelectron spectrometer (VG Scientific MultiLab 2000
system) equipped with a non-monochromatic Mg ka radiation of 1,253.6 eV.
The Cls peak (285.0 eV) was used to calibrate the binding energy values.
Nitrogen adsorption and desorption isotherms on TiO, were measured at
-196 C using an automatic analyzer (BET; ASAP 2010, Micromeritics Co.).
Before the measurements, the samples were out gassed for 2 h in the degas
port of the adsorption apparatus. The measurement of the adsorption-
desorption isotherms required 1 day. The BET surface areas were determined
from the adsorption of isotherms of nitrogen. In addition, the pore size
distributions were also calculated by the Barrett, Joyner, and Halenda (BJH)
method. Moreover, the fourier transform infrared spectrophotometer (FT-IR;
DA-8, Bomem Co.) was used for the analysis of the bonding structure

between dye molecules and TiO, surface.

3.2.2.2 Efficiency of DSSC
In this study, efficiency measurement of each photoelectrode (sol-gel
TiO,, TiO, nanofiber dopant, Al.O3; nanofiber dopant) is followed;

The current-voltage (I-V) curves were measured using a source measure

- 67 -



unit under irradiation of white light from a 150 W Xenon lamp (K401
CW150 Lamp power supply; McScience Co.) (Figure 2-2). The incident light
intensity and the active cell area were 100 mW/cm® and 0.25 cm’
respectively. The 1-V curves were used to calculate the short-circuit current
(Isc), open-circuit voltage (Vo), fill factor (FF), and overall conversion
efficiency (nerr) of DSSCs (Equation 2.1 and 2.2).
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Chapter IV. Results and Discussion

4.1 Matenals

4.1.1 TiO, Particles by Sol-gel Method
XRD pattern of the TiO, particle by sol-gel method (expressed as the

hereafter, sol-gel TiO;) calcined at different temperature is shown in Figure
4-1. Because the X-ray peak did not appear at the calcination temperature,
2507C, it was certain that the synthesized sol-gel TiO, was amorphous. As
the calcination temperature went up, the peaks - (101) at 25.28°, (004) at
38.08°, (200) at 47.92°, (105) at 53.32°, and (211) at 62.66° were observed.
This was the typical crystal structure of the anatase-type TiO;.

When the deposition temperature was changed from 350°C to 600TC, the
diffraction peaks became narrow. This showed that the sol-gel TiO, particles
got bigger as the calcination temperature rose. It started to form the rutile
structure at the temperature of 600C.

The crystallite size of TiO, particles was measured through Scherrer's
equation (Equation 4.1) and it was 34 at 350C, 29 at 500C, 27 at 600TC,

and 32 nm at 700C. Scherrer’s equation is [110]:

K\
p= B cosb

(Eq. 4.1)

where D is crystalline size of the particles (nm), K is the apparatus
constant, and taken as 0.89; A the wavelength of Cu ka line (0.1542 nm);
© the Bragg's angle; and {3 the full width at half-maximum of the

diffraction peak (radian).
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TiO, powders which were made via the sol-gel method were calcined at
various temperatures and SEM photographs of the sol-gel TiO, particle are
shown in Figure 4-2. The TiO, powders were calcined at 250, 350, 500,
600 and 700°C for 2 hours and they were analyzed by SEM. As a result
of the analysis, the size of sol-gel TiO, particles got bigger as the
calcination temperature rose. Especially, when the calcination temperature
rose from 600C to 700C, the size of TiO, particles got bigger sharply.

The particles of anatase-type TiO; increased in proportion to the rise of
the calcination temperature. As the anatase type changed into the rutile type,
the rate of size increase of TiO, particles went down.

The change from anatase type to rutile type occurred at 700°C [!11]. The
size of anatase nanoparticles got bigger as the temperature of the reactor's
center rose. And once rutile type appeared, the size of the particles got
smaller [112].

The sol-gel TiO, particles were relatively uniform in size. According to
the result of XRD analysis, all TiO, powders calcined at up to 500C were

anatase type.
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Figure 4-1 XRD patterns of sol-gel TiO, particles calcinated at 250, 350,
500, 600 and 700C. (a) Rutile, JCPDS No. 21-1276, (b)
Anatase. JCPDS No. 21-1272.
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Figure 4-2 SEM photographs of sol-gel TiO, particle calcined at various
temperatures: (@) 350C , (b) 500C , (c) 600TC and (d) 700C.
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Figure 4-3 shows XRD patterns of sol-gel particle and commercial TiO;
(P25-TiO,, Degussa Co.) with heat treatment at 450 C for 30 min. Sol-gel
TiO, particle showed almost single-phase anatase nanocrytallites without
rutile, while P25-TiO, particle has the mixture of anatase and rutile phases
(7:3).

XPS analysis provides important information about physicochemical
changes of porous materials. Figure 4-4 is the quantitative XPS analysis of
sol-gel TiO,. XPS data of the sol-gel TiO, clearly show signatures of O,
Ti and contains the Ti 2p and O 1s peaks of the titanium dioxide (Figure
4-43). The Ti 2p* and Ti 2p° spin-orbital splitting photoelectrons are located
at binding energies of 464.4 eV and 458.7 eV, respectively (Figure 4-4b).
The O 1sA peak of sol-gel TiO., is shown at 530.64 eV and a shoulder
located toward the side of higher binding energies (Figure 4-4c). The
contents of Ti and O of sol-gel TiO, are 27.01 % and 5223 %
corresponding to closely Ti*" state. Generally, similar results are observed in

TiO, porous materials[71,113].
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Figure 4-3 X-ray diffraction spectra of sol-gel TiO, and P25-TiO..
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4.1.2 Electrospun TiO, Nanofibers
The synthesized TiO, nanofibers were characterized by FE-SEM, XRD,

and BET analysis. Contrary to the commercial P-25 titania, the TiO;
nanofibers prepared by electrospinning method in this work consist mainly of
anatase from the XRD patterns.

Figure 4-5 shows the FE-SEM image of sol-gel TiO, particle and
electrospun TiO, nanofiber. The TiO, spherical nanoparticle (ca.10~20 nm)
and nanofibers (ca. diameter of 70~160 nm) are well distributed. The film
thickness is about 7 pm. The diameter of electrospun TiO, nanofibers was
in the range of 70~160 nm.

Figure 4-6 shows the XRD patterns of the electrospun TiO, nanofiber
calcined at temperatures 400, 450, 500, 600, 700 and 800 C. By comparing
these patterns with the TiO, reference patterns, one can conclude that the
samples calcined at 400 and 450 °C are anatase type. But those calcined at
500, 600 and 700 °C are a mixture of anatase and rutile types. The pure
rutile nanofiber was obtained by calcining at 800 . So a phase
transformation from anatase to rutile occurs at 700-800 .

From the result of the nitrogen adsorption-desorption isotherm, the TiO,
sintered at 450 C for 30 min exhibited the International Union of Pure and
Applied Chemistry (IUPAC) type-IV isotherm with a mesoporous structure
(Figure 4-7). The BET surface area was about 50 m’g" for TiO,
nanoparticle and 17 m’g” for TiO, nanofiber. The average poresize of

nanoparticle and nanofiber was 67 and 3.2 nm.
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Figure 4-5 FE-SEM image of (a) sol-gel TiO, particle, (b) as spun TiO,
nanofiber at room temperature and (c) calcined at 500 C.

- 77 -



g _ _
e - o -
E = = - o
S LE iy 800°C
—

. 1]
5 L | | H 700°C
]

"
(1]
z L o i n 600°C
v = o ek iy e
=] - T = = - = = _
g cz 223 8 E§ § B .
(73 — i )
£ A == < in: il 500°C
A 450°C
. 400°C
Raw

10 20 30 40 30 60 70 80 90

20, degree
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4.1.3 Electrospun Al,Os; Nanofibers
4.13.1 TGA

Figure 4-8 shows the results of the TGA of the as-spun AIP/PVP
nanofibers. Endothermic and exothermic peaks were observed, with a
corresponding weight loss of 17 %, in the region extending from 50 C to
150 . These peaks were attributed to the vaporization of physically
absorbed water and the removal of any remaining solvent from the
composite fibers. In the region extending form 150 T to 250 T, an
exothermic peak was observed that was associated with a weight loss of 26
%. This observation was in accordance with previously reported Kang et al.
[114] resulted from the decomposition and burning of the PVP polymer
fibers. Two exothermic peaks were observed between 250-600 C with
maxima at 324 and 429 T, respectively. The weight loss associated with
these peaks was 80% and indicated the complete combustion of the PVP
polymer fibers and the organometallic compound of AIP. In contrast to a
study on sol-gel process without PVP performed by Xu at al. [%], the
prominent exothermic peak was observed at 429 T and indicating the

complete combustion of the PVP polymer fibers.
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Figure 4-8 (a) The thermogravimetric curve and (b) the derivative weight
loss curve of the as-spun AIP/PVP nanofibers. The heating rate

was 10 C/min.
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4132 SEM

The SEM micrographs of the composite nanofibers, which can be seen
in Figure 4-8, Figure 4-10 and Figure 4-11, show that the as-spun fibers as
well as those calcined at 800 C and 1200 C had similar morphologies. As
can be readily seen, in addition to their shapes, the continuous morphology
of the as-spun composite nanofibers was maintained in the calcined
nanofibers as well. This was despite the decrease in the diameters of the
Al,O; nanofibers after the heat treatments at 800 C and 1200 T.
Cylindrical nanofibers with diameter sin the range of 276-962 nm could be
successfully prepared using AIP as the precursor (Figure 4-11a). The
diameter of these nanofibers decreased after calcinations at 800 °C and 1200
C, and alumina nanofibers with diameters of 114-390 nm (Figure 4-11b)
and 102-378 nm (Figure 4-11c) were obtained after the respective heat
treatments. In addition, as the calcination temperature increased, the average
diameter of the Al.Os; nanofibers decreased continuously, indicating that the
organic groups in the fibers were progressively removed till almost none of
them remained. However there was no further decrease in the diameter for
an increase in the calcination temperature beyond 1200 C. The Al,O3
nanofibers fabricated in this study were thinner and had narrower diameters

distributions than those reported by Kang et al. [119].

- 82 -



Figure 4-9 SEM images of as-spun AIP/PVP nanofibers.
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Figure 4-10 SEM images of alumina nanofibers calcinated at 800 (left) and
1200 C (light).
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Figure 4-11 SEM images and diameter distributions of (a) the as-spun
AIP/PVP nanofibers and the nanofibers calcined at (b) 800 °C
and (c) 1200 °C.
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4223 XRD

Figure 4-12 shows the XRD spectra of the alumina nanofibers calcined
at 700 °C, at 800 °C and at 1200 °C. The nanofibers calcined at 700 °C
were found to be amorphous/microcrystalline in nature, while those calcined
at 800 °C comprised the y-alumina phase. As expected, the XRD spectrum
of the sample calcined at 1200 °C indicated that a-alumina phase was
formed. All the observed diffraction peaks matched well with those reported
by Favaro et al. (JCPDS Card No;42-1468) [116].
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Figure 4-12 XRD spectra of the alumina nanofibers calcined at 700 C, at
800 C and those at 1200 T; (a) y-Alumina from JCPDS file
10-0425, (b) a-Alumina form JCPDS file 42-1468.
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4133 FT-IR

Figure 4-13 shows the FT-IR spectra of the (a) AIP solution, (b)
AIP/PVP solution, (c) as-spun composite fibers, (d) alumina fibers obtained
after calcination of the composite fibers at 800 °C and (e) those obtained
after calcination at 1200 °C. Figure 4-13a and 4-13b show the characteristic
peaks at around 3400, 2900, 1600, 1000, 881 and 600 cm™, respectively,
which is corresponding to the stretching and bending vibrations of AIP/PVP.
The results are in agreement with the experimental and theoretical spectra
investigated by Mahapatra [117], Xu [97] and Favaro [!16] in the range of
the OH- stretching bands of gibbsite. Figure 4-13c shows the FT-IR
spectrum of AIP/PVP as spun composite fibers after drying at 800 C. The
three characteristic peaks in the region of 400-1000 cm™ is observed, which
is due to removal of ethanol and adsorbed water in air. Figure 4-13d and
4-13e show the appearance of new peaks in the range of 440-860 cm™.
The results are may be attributed to the presence of alumina and is also
supported by XRD results [116]. The measured IR spectra corresponding to
temperatures show a spectrum that was observed in other works [116] with
three main structures visible between 400 and 650 cm™. When the fibers
was calcined at 800 C and 1200 C, the characteristic peaks of PVP and
O-H stretching band disappeared because of removal of polymer and

decomposition of AIP precursors at calcination temperature [1187].
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Figure 4-13 FT-IR spectra of (a) AIP solution, (b) AIP/PVP solution, (c)
as-spun AIP/PVP composite nanofibers, (d) alumina nanofibers
calcined at 800 °C, (e) and those calcined at 1200 °C. (B:Al-O
bending, S:Al-O stretching).
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4.1.3.4 Effects of Humidity on Al,Os-based PVP Electrospun Fibers

Humidity effects on Al,O; nanofibers were studied by electrospinning
method. Table 4-1 shows electrospining condition. The humidities of inside
chamber during electrospinning were typically controlled and maintained
between 30 and 80 % RH. And the general effects of fiber morphology was
also observed by SEM.

Table 4-1 Condition of electrospinning in this study

Parameter Condition

Syringe 10 mL (SGE LL type) with metallic needle
Collector Rotating 200 rpm

voltage 15 kV, 20 kV

Feeding rate 3.0 mL/h

Distance 15 cm

(between tip and collector)

Relative humidity 30-80 % at room temperature

Figure 4-14 shows SEM images for effects of humidity on as-spun
composite nanofiber. Lower humidity (less than 35% RH) displayed
fiber-like, however it raised fiber-fiber bonding (Figure 4-14a). Humidity
between 40 and 55% RH was found to be formed clean fibrous structure
(Figure 4-14b, 4-14c and 4-14d). Higher humidity (70 % RH or more) was
induced excessive plasticization of the as-spun Al,Os/PVP nanofiber (Figure
4-14e).
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Figure 4-15 shows SEM images of as-spun composite nanofiber at less
than 35 % RH condition according to voltage power supply (15 and 20
kV). When the voltage is changed to 15 kV from 20 kV, fiber-fiber
bonding phenomenon has been slightly improved (Figure 4-15b).
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Figure 4-14 SEM image according to relative humidity of as-spun
Al,O3/PVP nanofiber; () RH > 35 %, (b) RH 40-45 % (c) RH
45-50 % (d) RH 50-55 % and (e) RH 70 < %. Electrospinning
condition (1.5 mL/h, 20 kV, 15 cm).
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Figure 4-15 SEM image of as-spun Al,Os; nanofibers at different power
supply (@) 15 kV and (b) 20 kV (Relative Humidity <35 %).
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4.2 Photoelectricity for DSSC Performance
4.2.1 TiO, Particle Photoelectrode

To characterize the nanocrystalline sol-gel TiO, film properties, BET,
FE-SEM, and FT-IR measurements were performed. Figure 4-16 exhibits the
FE-SEM images of surface morphology and the cross-section of TiO; thin
films coated on FTO glass.

TiO, film has a porous structure in which the TiO, spherical
nanoparticles are all bonded together through a sintering process. The
spherical nanoparticles of P25-TiO, film (Figure 4-16a) and sol-gel TiO;
film (Figure 4-16b) are well distributed and maintain their original size and
shape. The pattern reveals the TiO, particles to be composed of a
three-dimensional network of interconnected particles. We also found that the
particle size of sol-gel TiO, was smaller than that of P25-TiO,. These
results are consistent with those estimated from XRD data.

From the line width of XRD peak (anatase, 101) of the TiO, samples,
we have also roughly estimated the particle sizes of TiO, using the
Scherrer’s equation (Equation 4.1). From the Equation 4.1, their crystalline
nanoparticle sizes are about 22 nm for P25-TiO, and 14 nm for sol-gel
TiO..
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Figure 4-16 FE-SEM images of (a) P25-TiO, and (b) sol-gel TiO, film.

Table 4-2 Surface properties of TiO; film

Properties Unit P25-TiO, film  Sol-gel TiO, film
Root mean square roughness (Rq) nm 25.1 28.8
Mean roughness (Ra) nm 20.3 22.9
Adsorption amount of N719 mmolx10°®/cm’ 4.982 5.874
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Commonly, if the TiO, thin film has a higher surface roughness, the
amount of N719 dye adsorbed is increased [119]. It has been known that the
anatase TiO.-based solar cells exhibit better photovoltaic characteristics
compared to the rutile TiO,-based solar cells because of higher surface area
(i.e., higher amount of dye adsorption) [110]. These results corresponds to
adsorption amount of N719 dye on TiO, film in Table 4-2.

The surface area determined by nitrogen adsorption/desorption isotherm
data of sol-gel TiO, was found to be 63 m’g (Figure 4-17a), and the
average ore size calculated by BJH method was 83 A (Figure 4-17b). From
the results of the nitrogen adsorption/ desorption isotherm, the sol-gel TiO,
exhibited the International Union of Pure and Applied Chemistry (IUPAC)
type-1V isotherm with a mesoporous structure [120,121122] A slight increase
of surface area of sol-gel TiO, fabricated in this work compared to

P25-TiO, is attributed to the development of mesopores.
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Figure 4-17 N, gas adsorption and desorption isotherms (a) and pore size
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Interfacial binding between the dye molecules (N719) and the surface of
TiO, was investigated by FT-IR spectra of the dye-anchored TiO, films. In
general, the efficiency of the charge injection process is highly dependent on
bonding structure of the dye molecules adsorbed on the TiO, film. In
addition, the electron transfer in DSSC is strongly influenced by electrostatic
and chemical interactions between TiO, surface and the adsorbed dye
molecules [123].

Figure 4-18 shows the FT-IR spectra of N719 dye adsorbed on TiO,
films (P25-TiO,, sol-gel TiO;) compared to the signals of the dye powder.
Absorption at 2,105 cm™ of N719 dye is attributed to the SCN stretch
model of N-bonded SCN ligand [124,125]. The FT-IR spectra were observed
at 1,370 cm™, 1,610 cm™, and 1,720 cm™ a when the dye molecules were
adsorbed on P25-TiO, and sol-gel TiO, films. The FT-IR spectra located at
1,370 cm™ and 1,610 cm™ is consistent with the bidentate coordination.
Compared to the dye-anchored P25-TiO, films, the dye-anchored sol-gel TiO,
films have strong absorptions at 1,720 cm™, indicating the C=O stretch
mode of the protonated carboxylic acid (i.e., ester-like linkage). Similar
results were reported that the coordination of N719 dye on TiO; films
occurs mainly by the contribution of unidentate (i.e., ester-like linkage) and

partially by bidentate linkage [123,124,125],

- 08 -



1720 (@)
1370 1610 2105
(b)
~_
(c)

Absorbance
o R i h I

Figure 4-18 FT-IR spectra; N719 dye powder (a), N719 dye adsorbed on
P25-TiO, film (b) and sol-gel TiO; film (c).
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Figure 4-19 shows the photocurrent-voltage curves of P25-TiO, and
synthesized sol-gel TiO,. The fill factor (FF) and overall energy efficiency
(nerr) were determined by the Equations 2.1 and 2.2 which was described in
detail elsewhere [4881]. Where Iy is the short-circuit current density
(mA/cm?), Vo is the open-circuit voltage (V), Pi, is the incident light power,
and Ina (MA/cmM?) and Vi (V) are the current density and voltage in the
I-V curve at the point of maximum power output. The determined I-V
curves are summarized in Table 4-3.

A dye-sensitized solar cell with sol-gel TiO, electrode fabricated in this
work gave an open-circuit voltage of 0.55 V, short-circuits current density of
15.57 mA/cm® for an incident light intensity of 100 mwWi/cm’ and the
conversion efficiency of over 4.88 %. Also, it showed that photo-energy
conversion efficiency of DSSC with sol-gel TiO, electrode was increased

compared with the P25-TiO; electrode.
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Figure 4-19 Photocurrent-voltage (I-V) curves of sol-gel TiO, and P25-TiO;

films.

Table 4-3 Photovoltaic performance of DSSC

Voo, V lsc, mA/cm2 FF Netr, %
P25-TiO; film 0.52 16.08 0.52 4.26
Sol-gel TiO; film 0.55 15.57 0.57 4.88
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Characterization of DSSC with Sol-gel TiO, Electrode on Adsorption

Time

In this study is experimental for characterization of DSSC with sol-gel
TiO2 electrode on adsorption time and adsorption amount.

Before making the cell, the working electrodes were immersed in a 0.5
mM of N719 dye for different adsorption time (0.25, 0.5, 1.0, 5.5, and 24
h) to control the adsorption amount. The effect of adsorption quantity on the
photovoltaic performance of DSSC analyzed. The determined the short-circuit
current (lsc), open-circuit voltage (Vo), fill factor (FF), and overall
conversion efficiency (ner) of DSSCs are summarized in Tables 4-3.

And figure 4-20 shows effecency and adsorption amount according to
adsorption time of N719 dye. As shown in the figure 4-20, it was noted
that the order of the photocurrent densities and conversion efficiency
increased with the adsorption amount and adsorption time, until adsorption
time 5.5 h. The result is showed that high adsorption capacity of sol-gel
TiO, with the low charge transfer resistance may give rise to the superior
Isc of DSSCs because of the monolayer adsorption [123].

However, after adsorption time 5.5 h, there was little change in amount
of adsorption and the photocurrent density and conversion efficiency of
sol-gel TiO, decreases with increasing immersion time. This result may
explain how the agglomeration of dyes molecules adsorbed on sol-gel TiO,
surfaces affected negatively on the charge transfer resistance [67,126]. To
avoid this agglomeration of dye molecules, the dye adsorption should be
conducted under a supercritical condition. It can be concluded from this

work that the conversion efficiency of the DSSC was dependent on the
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adsorption properties of N719 dye on TiO; films.

Table 4-4 Characteristics values of dye-sensitized solar cells according to

adsorption time

Adsorption time, h Ad;?;%ﬁifzoizr?;m’ Voc, V lse, MA/Cm? Fil :‘:z?:ctor, e, %
0.25 0.25 0.58 1.4 59 0.5
0.5 1.05 0.62 3.3 a7 1.0
1.0 3.67 0.63 6.3 42 1.7
5.5 5.29 0.62 8.5 45 2.4
26.0 5.35 0.66 7.3 45 2.2
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Figure 4-20 Efficiency and adsorption amount according to adsorption time

of N719 dye.
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4.2.2 TiO, Nanofiber Doped TiO, Nanopatical Electrode
Photovoltic efficiency of the photoelectrode film with different TiO,

nanofiber content performance was carried out. To evaluate the photovoltaic
performance of nanoporous TiO, thinfilm, the current-voltage curves were
obtained. The photocurrent-voltage (I-V) curves were measured using a
source measure unit under irradiation of white light from a 1,000 W Xenon
lamp (Thermo Oriel Instruments). The incident light intensity and the active
cell area were 100 mW/cm® and 0.25 cm? respectively. The I-V curves were
used to calculate the short-circuit current(lsc), open-circuit voltage(Voc),
fillfactor(FF), and overall conversion efficiency (7zr) of DSSC. As shown in
Fig.6, it was observed that the over all conversion efficiency(zes) is in the
following order: NF (1.5 wt%: 5.87 %) > NF (0.5 wt%: 5.43 %) > NF (0.0
wt%: 5.00 %). This trend is identical to that of the N719 adsorption on
nanoparticle and nanofibers of TiO,. Therefore, It is reasonable to conclude
that the overall photovoltaic performance was substantially dependent on the
adsorption amount of N719 (Figure 4-21 and Table 4-5) because of the high
packing density of TiO, electrode by employing the TiO, nanofiber

additives.
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Figure 4-21 Photocurrent-voltage(l-V) of DSSCs depending on the contents

of TiO, nanofiber dopant in TiO, electrode.

Table 4-5 Photovoltaic performance of DSSC with TiO, nanofiber dopant

TiO2 nanofiber(NF) content Voe, V lse, MA/cm’ FF Netr, %
Without NF 0.73 15.86 0.43 5.00
0.5 % NF 0.73 16.93 0.43 5.26
1.5 % NF 0.72 19.01 0.42 5.77
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4.2.3 Al,Os; Nanofiber Doped TiO, N anopatical Electrode
Photovoltic efficiency of the photoelectrode film with different Al,Os

nanofiber content performance was carried out.

Figure 4-22 shows SEM image and EDS analysis of Al,Oz; nanofiber doped
photoelectrode. As shown in the SEM image, there is no difference between
the Al,O; nanofiber and TiO, particles. This is considered that both have
due to a similar size of single-crystal spherical particles. Electrosun Al;O3
nanofiber doped photoelectrode, which particles are mixed with each other,
is played a decisive role in the delivery of the generated photoelectron and
the adsorption of the dye and the electrode [127]. EDS data acquired on the
photoelectord film are displayed in light of Figure 4-22. The spectra reveal

signatures of titanium and aluminum.
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Figure 4-22 SEM image (left side) and EDS analysis (right side) of Al,Os;
nanofiber doped TiO, films; (a) without Al,O3; nanofiber, (b) 0.5
% Al,O; nanofiber (c) 1.0 % Al,Os nanofiber.

- 108 -



Information about the surface elemental composition of the electrode is
obtained using XPS. Since many relevant processes such as adsorption or
catalysis occur on surfaces, the presence of even trace amounts of impurities
may have unwanted effects in the application of these material and, in that
regard, XPS is a very powerful analytical method for our purposes [128, 129].
Survey scans of composite Al,O3/TiO, powder calcined at 700 T are
presented in Figure 4-23. XPS data clearly show signatures of O, Ti, and
Al. A carbon signal is almost always seen in XPS as previously reported
for calcined electrospun Al,Os [129], TiO, [130], and this result was similar

to experiments of the EDS.
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Figure 4-23 XPS Survey graphs (a) and Al 2p core level (b) of Al,Os
nanofiber doped TiO, films.
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Figure 4-24 shows the electrochemical impedance spectra of
corresponding to the charge recombination on the interface of TiO./Al,Osf
dye/electrolyte (frequency range:  10°~10°, 1~10° and 0.1~1 Hz), where the
spectra of three cells are composed of three semicircles. It has been reported
that the semicircle in high frequency is attributed to a charge transfer at the
counter electrode, a circle in intermediate-frequency is associated with both
the electron transport in the mesoscopic TiO., film and back reaction at the
TiO-/electrolyte interface, and a semicircle in low-frequency reflects the
diffusion of I3 in the electrolyte [131-133], The high frequency offset in the
spectra is the series resistance of the cell, primarily due to the FTO
resistance. The impedance at the platinum/electrolyte interface can be seen in
the spectra as a small arc at high frequencies. The charge transport and
charge transfer resistance in the TiO./AlOs/dye/electrolyte can be seen as
the big semicircle at the intermediate frequencies, whose radius increases
with increase in amount of Al,Oz nanofiber dopant. And the semicircle in
low frequency decrease with increase in amount of Al,Oz nanofiber dopant.
These results indicate that the diffusion rate of I3 in the ionic liquid
electrolyte is higher than the only TiO, electrode and the slow response of
only TiO electrode to attain a saturated point can be explained by the slow

diffusion rate of I; .
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Figure 4-24 Electrochemical impedance spectra of TiO2/Al,O; nanofiber

doped electrode.
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To evaluate the photovoltaic performance of TiOJ/Al;O; NF electrode,
the current-voltage curves were obtained. The photocurrent-voltage (I-V)
curves were measured using a source measure unit under irradiation of white
light from a 150 W Xenon lamp (K401 CW150 Lamp power supply;
McScience Co.). The incident light intensity and the active cell area were
100 mW/cm® and 0.25 cm?’, respectively. The 1-V curves were used to
calculate the short-circuit current(lsc), open-circuit voltage(Voc), fillfactor(FF),
and overall conversion efficiency (neff) of DSSC. As shown in Figure
4-25and Table 4-7, it was observed that the over all conversion efficiency(n,
eff) is in the following order: AlLOz NF (1.5 wt%: 5.99 %) > Al,Os; NF
(0.5 wt%: 5.54 %) > AlLOs NF (0.0 wt%: 5.10 %). This trend is identical
to that of the N719 adsorption on nanoparticle and nanofibers of TiO..
Therefore, It is reasonable to conclude that the overall photovoltaic
performance was substantially dependenton the adsorption amount of N719
because of the high packing density of TiO, electrode by employing the

Al,O3; nanofiber additives.

Table 4-6 Photocurrent-voltage of dye-sensitized solar cells for Al,Os

nanofiber dopped TiO, electrodes

Al,O; nanofiber(NF) content Voo, V Isc, mA/cm? FF Neff, %0
Without NF 0.71 16.70 0.42 5.10
0.5 % NF 0.70 17.98 0.42 5.54
1.5 % NF 0.67 20.00 0.43 5.99
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Figure 4-25 Photocurrent-voltage(l-V) polt of DSSCs depending on the

contents of Al,Os; nanofiber dopant in TiO, electrode.
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Chapter V. Conclusions

In this research, an experiment for TiO, modification which makes a
wider range of sunlight available as well as a recombination blocking layer
for the dye-sensitized solar cell was conducted. The main conclusions of this
research are:

The TiO, particles produced by the sol-gel method (expressed hereafter
as sol-gel TiO;), which were synthesized at a low temperature and calcined
at higher temperatures, and their structural characteristics were examined.
The sol-gel TiO, particles were relatively uniform in size. According to the
results of XRD analysis, all TiO, powders calcined at up to 500°C were
anatase type.

The TiO; nanofibers were prepared with an electrospinning method from
a mixture of titanium-tetra-isopropoxide and polyvinylpyrrolidone. It was
found from the FE-SEM images of TiO, nanofiber that the fiber-like shape
and continuous morphology, the diameter of the electrospun TiO, nanofibers
was in the range of 70~160 nm. The BET surface area was about 50 m’g”
for the TiO, nanoparticles and 17 m’g" for the TiO, nanofibers. The
average poresize of the nanoparticles and nanofibers was between 67 and
3.2 nm.

Electrospun Al,Os; nanofibers were successfully prepared by combining
the sol-gel and electrospinning methods, while using AIP as an alumina
precursor. On the basis of the results of the XRD analysis, the Al,Os;
nanofibers calcined at 1200 °C were identified as comprising the a-alumina

phase. It was found from the SEM images of the various samples that the
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fiber-like shape and continuous morphology of the as-spun samples were
preserved in the calcined samples. The diameters of the fabricated nanofibers
were small and in a range between 102 and 378 nm. When compared to
polymer nanofibers, the electrospun Al,O3; nanofibers were found to be more
sensitive to humidity. Humidity between 40 and 50% RH led to clean
fibrous structure. Higher humidity (70% RH or more) induced excessive
plasticization of the as-spun Al,O3/PVP nanofiber. When the voltage is
changed to 15 kV from 20 kV, the fiber-fiber bonding phenomenon is
slightly improved.

In order to know the possibility of applying this to the energy field and
environment, experiments for the photo conversion efficiency are measured
using the DSSCs made in this research. Synthesized sol-gel TiO, particles,
electrospun TiO, nanofibers and electrospun Al,O; nanofibers were used for
the photoelectrodes and the films of single-phase anatase crystallites were
formed on the FTO glass for a working DSSC electrode. The films were
characterized by BET, FE-SEM, FT-IR, XPS, and XRD analysis. The
content of Ti and O in the sol-gel TiO, particles are 27.01% and 52.23%
corresponding closely to the Ti*" state. The nanoparticle size of the sol-gel
TiO, particle is about 14nm and the film thickness was ca. 4um. A
dye-sensitized solar cell of sol-gel TiO, particale gave an open-circuit
voltage of 0.55 V and a short-circuit current density of 15.57 mA/cm® for
an incident light intensity of 100 mW/cm’. DSSCs made with sol-gel TiO,
nanocrystalline films as photo-anodes achieved better photo-energy conversion
efficiency compared to those prepared using commercially available P25-TiO,

films. A power conversion efficiency of over 4.88 % was achieved using
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the single-phase anatase sol-gel TiO, crystallites synthesized in this work.
The order of the photocurrent densities and conversion efficiency increased
with adsorption amount and adsorption time, until the adsorption time was
5.5 h. The results showed that the high adsorption capacity of sol-gel TiO;
with the low charge transfer resistance may give rise to the superior ls of
DSSCs because of the monolayer adsorption. However, after an adsorption
time of 5.5h, there was little change in the amount of adsorption and the
photocurrent density and conversion efficiency of sol-gel TiO, decreases with
increasing immersion time.

In order to improve the short-circuit photocurrent, we added the TiO;
nanofibers and Al,O; nanofibers to the TiO, electrode. The additive TiO,
nanofibers increased the amount of dye adsorption on the TiO; electrode.
Also, the TiO, nanofibers added to the DSSC can increase the conversion
energy by up to about 15% over conventional DSSCs with only TiO,
electrodes. Conversion efficiency (7z.r) of the photoelectrode with 1.5% TiO;
nanofiber content was 5.87 %. The additive Al,Os; nanofiber increased the
amount of dye adsorption on the TiO; electrode. The higher diffusion rate
of I3 in the ionic liquid electrolyte in the TiO./Al,03 NF electrode
compared to the simple TiO, electrode was confirmed by the electrochemical
impedance spectra.

Also, the Al,O; nanofibers added to the DSSC can increase the
conversion efficiency by 20% over conventional DSSCs with only TiO,
films. The photo-to-electric conversion efficiency for DSSCs of TiO./Al,O3

nanofiber electrodes was 5.99%.
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A solar cells are dealt to overcome the future energy and environmental
problems. Solar cell as an alternative energy source is electricity generator
changing from sun light to electricity directly by photovoltaic effect.
Compared to silicon solar cell, dye-sensitized solar cells (DSSC) have been
much attention from industrial fields because of the high energy conversion
efficiency and low fabrication cost. For the enhancement of energy
conversion efficiency, many researchers have been studied on the
nanocrystalline TiO, electrode, dye development, electrolyte, electron
diffusion, sealing technology and conductivity substrate.

In this study, various TiO, electrode was developed and the energy
conversion efficiency was evaluated to increase the photovoltaic conversion
efficiency. Nanocrystalline TiO, particles as a key part in DSSC were
synthesized by typical sol-gel method. The synthesized TiO, particles are
single-phase anatase nanocrystallites and have particle size of the 15 nm.
The prepared TiO, electrode including commercial P25-TiO, electrode were
characterized by BET, FE-SEM, FT-IR, XPS, and XRD analysis. It was
found that DSSC made of TiO, electrode as photo-anodes achieved better
photo-energy conversion efficiency compared to those prepared using
commercially available P25-TiO, electrode. The influences of adsorption
properties on the energy conversion efficiency of DSSC are also
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investigated. To this end, adsorption equilibrium and kinetics of N719 dye
on the TiO, electrode were investigated.

To improve the photovoltaic conversion efficiency, metal oxides have
been wused for the reduction of electron recombination losses at
TiO-/dye/electrolyte interface. In this study, the energy conversion efficiency
of TiO; photo electrodes adding electrospun TiO, and Al,Os; nanofibers were
investigated. The electrospun samples were characterized by BET, SEM,
XRD, FT-IR and TGA analysis. To improve the short-circuit photocurrent,
TiO, nanoparticle paste with different mixing ratio of additives (i.e.,
electrospun TiO, and Al,O3 nanofibers) was prepared and applied for the
evaluation of DSSC performance. The conversion efficiencies of TiO, photo
electrode with TiO; and Al.Os; nanofibers were increased up to 15 % and
20 %, respectively, compared to TiO, photoelectrode without nonofiber
additives. This result may come from the fact that the adsorption amount of
dye molecule and the diffusion coefficient of I5° for TiO, photoelectrode
including additives of TiO, and Al,O3 nanofibers were higher and faster
than those of TiO, photoelectrode prepared by sol-gel method.
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