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Abstract

Dye-sensitized solar cells have been developed for two decades. However, the

highest light-to-electricity power conversion efficiency still remains at ~11 percent

based on TiO2 nanoparticle-thin film with thickness of over 10um for many years. One

of the main issues for further enhancement of the power conversion efficiency in dye-

sensitized solar cells, as the analyses of their parameters show, is the fundamental

tradeoff between light-harvesting efficiency and the recombination rate in the

photoelectrodes of dye-sensitized solar cells. How to develop a novel electrode to

maintain a high light-harvesting efficiency and provide good charge transport

properties remains a major issue.

Three-dimensional (3-D) titanium dioxide (TiO2) nanoforests with a large surface

area and high-electron transport properties have been successfully synthesized on

transparent conducting oxide (TCQO) substrate by using a unique multi-step

hydrothermal synthesizing process. First, TiO> nanorods with well-controlled density

and length are grown on TCO glass substrate. TiO, nanowires are then synthesized on

TiO2 nanorods with another hydrothermal process. In comparison with previously

reported one-dimensional (1-D) TiO2 nanorod arrays, TiO2 nanoforests offer a larger



surface area for the same height, which is beneficial for achieving a higher-efficiency

dye-sensitized solar cell (DSSC). The experimental results confirm that a conversion

efficiency of 3.93 percent can be achieved with a 5.1um long TiO2 nanoforest-based

DSSC.

According to the previous research, electrons have better charge transport ability

in anatase TiO> than rutile TiO2. A novel method to grow single crystal anatase TiO-

nanowires was proposed. A bulk-like TiO thin film was deposited on transparent

conducting oxide (TCO) substrate to act as a protective layer of TCO substrate and a

starting material for hydrothermal synthesis in a strong alkaline solution (L0M NaOH).

After the hydrothermal process, NazTisO7 nanowires were synthesized on TCO

substrate. Single crystal anatase nanowires were successfully synthesized on TCO

substrate after ion exchange and annealing. The light-to-electricity conversion

efficiency of DSSCs based on 2.2 uym anatase nanowires reaches 5.2 percent, which

was the highest efficiency of single crystal anatase TiO. nanowire-based DSSCs

realized in early 2012.



TABLE OF CONTENTS
LSt Of FIQUIES .. ot e e e e vii
LiSt Of Tables .ottt et e e e e e e e e e e e e Xii
ACKNOWIEd@EMENTS. .. ..ottt e xiii
Chapter 1 INtrodUCHION. ...t e, 1
1.1 Development of renewable energy............oooiiiiiiiiiii i, 1
1.2 Solar cells of different generations................coovviiiiiiiii i, 5
1.3 Nano-structured TiO> for Dye-Sensitized Solar Cells........................... 9
1.4 TRESIS OVEIVIBW....ouintiii i 20
1.5 REFEIENCES. ... 21
Chapter 2 Dye-Sensitized Solar Cells.............oooiiiiii 27
2.1 History of Dye-sensitized solar cells(DSSCS)........ccovvvviriiiniiiiiinnn, 27
2.2 Mechanism of Dye-Sensitized Solar Cells................cooooiiiiiinin, 28
2.3 MOLIVALION. ... 37
2.4 MEhOUS. . ..o 48
2.5 REFEIBNCES. ... cuiniitt 49
Chapter 3 Multi-step Hydrothermally Synthesized TiO, Nanoforests................... 53
3.1 INIrOTUCTION. .. ettt 53
3.2 Experimental methods and procedures...............ccoveviiiiiiiiiiiinenn.n. 57
3.3 Results and diSCUSSION.........ouiiieiii e, 63

34 CONCIUSION. ..o 74



Vi

3.5 RETOIBNCES. .. et 76
Chapter 4 Single-Crystal Anatase NanOWIreS. ..........coovvieiiiiiiiiiiiiiieeeanenn 79
A1 INtrOdUCHION. .. .utt ettt 79
4.2 Synthesize anatase TiO2 nanowires on FTO substrate......................... 80
4.3 Fabrication of DSSCs based on anatase TiO2 nanowires...................... 84
4.4 Experimental Results and Discussions.............ccovviiiiiiiiiiiiiiniennnnnn. 85
A5 CONCIUSION. ...ttt e e e e e e e e e 98
46 Re OICNCES. ...ttt 100
Chapter 5 Conclusion and Future Directions............c.cooviiiiiiiiiiiiiiiieeeen, 103
5.1 CONCIUSION. ...eee i 103
5.2 Photoelectrochemical water splitting devices................cccoeveieninnn... 104
5.3 Hydrogen deteCtion............c.oiiiriiiiiii e 107
5.4 SUPEICAPACITON. ...\ttt e 110

DD REBIBIBNCES. . oot 112



vii

LIST OF FIGURES
Figure 1-1. Share of different energy resources in 2011.............cooviiiiiiiiiinnnnnn.. 2
Figure 1-2. Share of different renewable energy resources in 2011....................... 3

Figure 1-3. Growth rates of different renewable energies. The purple bar shows the
growth rate in 2011. The blue bar represents the average growth rate from
2006 10 2011, ... it 5
Figure 1-4. The diagram of a dye-sensitized solar cell............................oi 9
Figure 1-5. Band positions of different semiconductors. The red bars represent the
conduction bands of the semiconductors, and the green bars represent the
conduction bands of the semiconductors [1.14]............ccooviiiiniininn... 11
Figure 1-6. The crystal structure of rutile. The blue balls represent titanium atoms, and
red balls represent oxygen atom..............ooiiiiiiiiiiiii i, 12
Figure 1-7. The crystal structure of anatase. The blue balls represent titanium atoms,
and red balls represent oXygen atom..............cooviiiiiiiiiiiiiiiiiiannn, 12
Figure 1-8. Experiment setup of Anodization method: Ti acts as anode, and platinum
foil acts as cathode. Experiment is conducted in electrolyte containing
fluorine ions at room temperature...............cooeieiiiiiiii e 15
Figure 1-9. Hydrothermal/solvothermal methods are conducted in ovens. Teflon reactor

which contains precursor solution and substrates is sealed in metal



viii

Figure 2-2. Mechanism of liquid electrolyte based dye-sensitized solar cells.......... 30
Figure 2-3. Dyes are absorbed on the surface of TiO2 by two ways: (a) physical
absorption: hydrogen bonding and (b) chemical absorption: unidentate

linkage, bidentate linkage, or bridging linkage (from left hand side to right

hand SIde). ..o 31
Figure 2-4. J-V curve of dye-sensitized solarcells.....................ooo. 33
Figure 2-5. Equivalent circuit model of a dye-sensitized solar cell....................... 34

Figure 2-6. When Rs increases, the ideal J-V curve (blue line) will change to red

Figure 2-10. (a) A schematic illustration of molar extinction coefficient of N-719 as a
function of wavelength. (b) A schematic illustration of molar extinction
coefficient of N-749 as a function of wavelength. (c) A schematic
illustration of required effective thickness for achieving a 90% light-
harvesting efficiency as a function of wavelength for N-719 dye. (d) A
schematic illustration of required effective thickness for achieving a 90%
light-harvesting efficiency as a function wavelength for N-749 dye......... 43

Figure 2-11. A traditional TiO2 nanoparticle (P25)-based photoelectrode fabricated



with blade-paste method. The density of the dyes distributed on this
photoelectrode is around 7.73 x10™°mol-cm™3.................oooiiilll 44
Figure 2-12. A conceptual illustration of two ways of charge recombination. (1)
Reduction of the oxidized dye and (2) reduction of the oxidized species in
the electrolyte. ... ..o 46
Figure 3-1. Electron diffusion length in TiO2 nanorod is longer than that in TiO>
nanowire. Charge recombination happens less during the electron transport
in TiO2 nanorod than that in TiO2 NANOWITe...........cccoviiviniiiieeienen, 56
Figure 3-2. A schematic of a metal bomb and a Teflon reactor set up to perform a
hydrothermal Synthesis.............coooiiiiiiii e 58
Figure 3-3. The procedure of synthesis of nanotrees: TiO2 nanorods are synthesized on
FTO glass substrate by multi-step hydrothermal process. TiO2 nanawires are
then  synthesized on  TiO> nanorods by  solvothermal
MELNOU. ... e 60
Figure 3-4. The synthesized nanotrees are sensitized with dyes. Redox electrolyte is
filled in the Pt coated counter electrode and the sensitized nanotrees. The
dssc is tested under AML.5 illumination....................oooeiiiiiinn. 61
Figure 3-5. Setup of solar sSimulator...............coiiiiiiiiii e 63
Figure 3-6. (a-b)Top and cross-section views of TiO2 nanorods after three growing
cycle with an average length around 1.3 um and a diameter around 50 nm.
(c-f)Top views of TiO2 nanorods after four, five, six, and seven growing
cycles, respectively. (g-h) Top and cross-section views of TiO2 nanorods

after eight growing cycle with an average length around 4.1 um and a



diameter around 300 NM...... ..ottt e 67
Figure 3-7. (a) A conceptual illustration of the grown nanowires on nanorod substrates.
(b) (a) A conceptual illustration of the grown nanowires on nanorod
substrates. (b) An SEM image of the top view of the grown nanowires on
nanorod substrates, showing a nanoforest configuration. (c) An SEM image
of the cross-section view of the grown nanowires on nanorod substrates,
showing a nanoforest configuration....................oooiiiiii .. 69

Figure 3-8. J-V characteristics of TiO2 nanoforest based DSSCs for Sample 1, Sample

2, Sample 3, Sample 4, and Sample 5, respectively...............coooennnnn 72
Figure 4-1. Molecule structure of Titanium(IV) butoxide......................c..oooi. 83
Figure 4-2. Molecule structure of PEG............coooiiiiiiii e, 83

Figure 4-3. (a) The cross-section SEM picture of TiO; thin film dip-coated without
PEG. (b) The cross-section SEM picture of TiO2 bulk-like thin film dip-
coated With PEG..... ..o e, 86

Figure 4-4. (a) A SEM picture of the cross-section of grown anatase TiO2 thin film by
dip-coating, (b) a SEM picture of the cross-section of the sample after
alkaline hydrothermal treatment for 2 hours, (c) a SEM picture of the cross-
section of the sample after alkaline hydrothermal treatment for 3.5 hours,
and (d) a SEM picture of the cross-section of the sample after alkaline
hydrothermal treatment for 10 hours...............coooiiiiii s, 88

Figure 4-5. (a)XRD patterns of grown samples. blue line: FTO substrate, red line:
bulk-like a TiO> thin film, green line: Na TizO7 nanosheets, and pink line:
Anatase TiO2 nanowires.(b)The TEM image of TiO2 bulk-like thin film(c)

The TEM image of anatase nanowire in which the periodic lattice fringes



Xi

show the structure is single crystal................coocoiiiiiiiiii i, 91
Figure 4-6. Nanowires start to split from nanoflakes..........................ll. 92
Figure 4-7. The experimentally measured J-V curves of DSSCs based on bulk-like
anatase TiOz thin film (blue line) and anatase TiO2 nanowires (red line),
FESPECLIVEIY ... 94
Figure 4-8. Vo is the difference between the Fermi level of TiO2 and the nernst potential
of the Redox electrolyte.............coiiiii ... 96
Figure 4-9. The higher thickness of space charge layer will cause the more bending of

the conduction band. Therefore, when di1>d>>d3, Ece1 <Ecg2<

Figure 5-1. The tradition mechanism of photocatalytic water splitting. With excitation
of photon (4v), an electron/hole pair is generated. The electron and hole can
migrate to the surface of TiO2 and reduce and oxidize the reactants absorbed
by TiO2. Hydrogen and oxygen can be produced through this
PO CESS . . .ttt ettt et ettt e et e et e e e 106

Figure 5-2. Water splitting device with dye sensitization. The dye can absorb the photon
of energy (<3.2eV), so that more electron/hole pairs can be generated.
Electrons will inject into TiO2 and react with the reactants at the surface of
TiO2 to produce hydrogen...............coveiiiiiiiin e 107

Figure 5-3. The chemisorption of spilled-over hydrogen atoms at the surface of TiO>
makes hydrogen ions and electrons partially separate. The accumulation of
electrons makes the conductivity of TiOz increase.......................... 108

Figure 5-4. Schematic diagram of a hydrogen gas Sensor.....................coeeee. 110



Xii

LIST OF TABLES

Table 1-1. Comparisons of different types of renewable energies......................... 3
Table 3-1. Characteristics of TiO2 nanoforest based DSSC for samples 1, 2, 3, 4, and 5,

TESPECt VLY e e 72



Xiii

Acknowledgements

| would like to express the deepest gratitude to my advisor, Prof. Shizhuo Yin, for

his continuous support and guidance. He offered me help when | most needed it in the

course of my graduate career. His enthusiasm and engagement have been an inspiration

for me. His patience and trust have allowed me to learn and grow in this profession,

trying out different ideas and methods. | am grateful that he was always there to offer

help and advice, especially when I encountered difficulties in my research. Without his

persistent guidance and generous support, this thesis would not have been possible.

| would also like to thank Prof. Breakall, Prof. Urbina, and Prof. Li for their

insights on and suggestions for the development of my project and their generous

encouragement in my comprehensive exam.

Special thanks are due to my group members, Yun-Ching, Chao, and Jimmy, with

whom | have shared a history of hard work and challenging moments. We brainstormed

and exchanged research ideas and supported each other. The research would not have

gone that well without them.

I am particularly grateful to Prof. Yin, who supplied intellectual guidance and

financial support for my graduate life. The financial support that he offered allowed me



Xiv

to pursue this project.

Lastly, I would like to thank my wife, Grace, my family, and my friends for everything

they did. Without their love and support, this journey would definitely have been more

difficult. I am so lucky to have them.



Chapter 1

Introduction

1.1 Development of renewable energy

In recent years, the price of fossil fuels remains high because of the expectation
of fossil resource shortage. Moreover, increasing greenhouse gas emissions generated
by burning fossil fuels have caused global warming effects, including climate change
and extreme weather. The cost of fuels and the impact of fuel consumptions on the
environment and on climate change have stimulated much more investment in
developing forms of renewable energy. These forms of renewable energy include solar
hot water, geothermal power, hydropower, biodiesel, wind power, solar photovoltaic
devices, and concentrated solar power (CSP). In 2011, renewable energy reached 9

percent of total global energy [1.1].



35 -

30 -

25 -
20 A
15 -
10 -
n 1
0

Nuclear Coal Natural Gas Renewable

Figure 1-1 Share of different energy resources in 2011

Each form of renewable energy has its advantages and disadvantages (see Table

1). Among the variety of renewable energy technologies, power generated from solar

photovoltaic devices has had the highest growth rate in recent years because of the

practical demand (e.g. portable applications) and the rapid development of technologies

(solar cells of different generations) [1.2].
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Advantage

Disadvantage

Solar hotwater

e infinite source
e clean

e Dependent on the
weather
¢ high upfront cost

Geothermal power

o infinite source

e clean

o reliable source of
energy

e minimal land

e Not many spaces
¢ high upfront cost

Hydropower

e infinite source
e clean

e migration of fish

o affected by the
weather(e.g. drought)

e impact on the
environment( e.g.
natural habitat of
some living)




Ethanol plant-based fuel need of land may
produced from restrict other uses
sources (sugar cane, (e.g. animal feed)
corn, waste paper, frequent engine
grains, and etc) maintenance because
clean ethanol can easily

absorb water and
dust)

Biodiesel many sources(e.g. cannot be directly
crop waste, manure, used
and other storage
byproducts) production of
lower carbon biodiesel may affect
emission production of food

Wind Power infinite source Not reliable source
clean of energy

noisy

Solar PV infinite source dependent on the
clean weather

expensive

Solar CSP infinite source expensive

clean

not reliable source of
energy

Table 1-1 Comparisons of different types of renewable energies
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Figure 1-3 Growth rates of different renewable energies. The purple bar shows the
growth rate in 2011. The blue bar represents the average growth rate from 2006 to 2011.

1.2 Solar cells of different generations

1.2.1 First generation:

First-generation solar cells are usually described as single-crystal or poly-crystal

silicon-based solar cells. The major advantage of first-generation solar cells is high

power conversion efficiency. The highest efficiency of single-crystal silicon based solar

cells is around 24 percent. However, the worst drawback is its high cost; the price of

silicon-based solar cells is usually determined by the price of single-crystal and poly-

crystal silicon. Even though the price is high, first-generation solar cells are still the

primary product for current commercial solar cells due to their high stability and



matured technology [1.3-1.4].

1.2.2 Second generation:

Second-generation solar cells are also called thin-film solar cells because the thickness

of the devices can be reduced to several micrometers, much thinner than silicon-based

solar cells. Thin-film solar cells were developed to reduce the fabrication cost and need

for source materials (e.g. single-crystal and poly-crystal silicon) of first-generation

solar cells. Second-generation solar cells are usually fabricated by deposition

technology (e.g. chemical vapor deposition). Types of second-generation solar cells

include amorphous silicon thin-film solar cells, cadmium telluride (CdTe), copper

indium selenide (CIS), and copper indium gallium selenide (CIGS) solar cells. The

advantage of using second-generation solar cells is their relatively low cost of

fabrication, reducing the quantity of source materials used in fabricating solar cells.

The disadvantages of thin-film solar cells are the following: a) the toxic byproducts

may pollute the environment; b) the power conversion efficiency of thin-film solar cells

is still low due to the complexity of fabrication technology [1.5-1.7].

1.2.3 Third generation:

Third-generation solar cells are made from a variety of new materials, including



nanotubes, nanowires, other nanostructured materials, organic dyes, and conductive

plastics. The development of third-generation solar cells aims at increasing the light

absorption spectrum (e.g. infrared (IR) region) of the active materials of solar cells,

reducing the fabrication cost, and developing more uses in daily life. Examples of third-

generation solar cells include nanocrystal-based solar cells, polymer-based solar cells,

dye-sensitized solar cells, and concentrated solar cells [1.8-1.10].

As technologies have created different types of solar cells, many applications have

been developed, such as transparent solar glass, solar buses, solar ships, and portable

electronic devices. Not all types of solar cells and their applications are matured. Solar

cells of different technologies have their limitations or restrictions on applications. For

example, single-crystal silicon-based solar cells may not be ideal for portable electronic

devices because a) the power conversion efficiency is very low because the indoor light

spectrum differs from the sunlight spectrum; b) silicon-based solar cells are relatively

larger and heavier than second-generation and third-generation solar cells.

Among these varieties of solar cells, this research focuses on dye-sensitized solar

cells for the following reasons [1.11-1.13].

1. Low fabrication costs: dye-sensitized solar cells are fabricated at low temperatures



and can be fabricated in a non-cleanroom environment.

2. Development of nanotechnology: metal oxide nanostructures (e.g. nanoparticles,

one-dimensional structures, and three-dimensional structures) with large surface areas

were developed in recent years. These structures as developed can be adopted as n-type

photoelectrodes in dye-sensitized solar cells.

3. Wider light absorption spectrum: in contrast to other solar cells, the absorption

spectrum of dye, which is a photon sensitizer, can be modulated through different

chemical syntheses so that the dye-sensitized solar cells will have a wider light

absorption spectrum. With this property, dye-sensitized solar cells can be potentially

adopted for more applications, especially for portable devices. Fig. 1-4 shows the

diagram of a dye-sensitized solar cell.



Figure 1-4 The diagram of a dye-sensitized solar cell

1.3 Nanostructured TiO2 for Dye-Sensitized Solar Cells

Nanostructured semiconductors play an important role in the transition from

traditional fossil energy to renewable energy and accelerate the utilization of sunlight.

For example, the properties of high surface area to volume ratio and good conductivity

of nanostructured metal oxides elevate the efficiency of dye-sensitized solar cells or

water-splitting devices. These semiconductors are usually metal oxides, such as TiOa,

Zn0, and SnO2 [1.30-1.32]. Among these materials, titanium dioxide attracts the most

attention for the development of dye-sensitized solar cells because of the following

properties:
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TiO; is highly transparent to visible light. The band gap of TiO; is around

3.2ev, which makes TiO2 a good material to use as a photoelectrode in a dye-

sensitized solar cell.

TiO; is a chemically stable material. Excited electrons are usually injected into

TiO, from dyes via hydrogen or chemical bonding. (The details will be

discussed in Chapter Two.) This chemical stability ensures that no chemical

reaction happens between the TiO> and the dye, so that electrons can be

efficiently injected into the conduction band of TiOa.

TiOz is an abundant material. The cost to derive it is very low.

The band position of TiO2 makes it a good n-type semiconductor material for

use in photoelectrodes when it is applied to dye-sensitized solar cells. The

energy level of the conduction band is slightly lower than the

lowest unoccupied molecular orbital (LUMO) of dyes, meaning that 1)

electrons can easily be injected into TiO2 from dyes and 2) large open circuit

voltage can be derived.

TiO2 has good conductivity properties.



11

Vacuum E NHE

O L
|
|
|
SiC
3.0 | .15 _—
-35 | -1.0 |
-4.0 - -0.5 | TiOZ ZnO GaAs —Eu2+/3+
- [ | Fe,O -
—4:54— = =004 — = — == = — = — SNO,~ - - = =—--~- 2= - - —HZ/HZO
sofF osf — = laev
-5.5 - 1.0 j - _|:e2+/|:e3+
60 L s b AE=3.2eV - 3.2eV 2.1eV —H,0/0,
-6.5 | 20 3.8eV
-7.0 25 |- |
75k 30fF = -
-8.0 35 |
-85 40
9.0 | a5 | —

Figure 1-5 Band positions of different semiconductors. The red bars represent the
conduction bands of the semiconductors, and the green bars represent the conduction
bands of the semiconductors [1.14].

1.3.1 Different phases of TiO;

TiO2 basically has three common phases: rutile (tetragonal) anatase (tetragonal),
and brookite (orthorhombic). Of these three phases, rutile (see Fig. 1-6) and anatase
(see Fig. 1-7) have better applications. Rutile is the most stable. Anatase can provide

the best charge transport properties. The high reflective index (n) makes TiO2 a good
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material to use for an anti-reflection layer (n of anatase is 2.488, and n of rutile is 2.609).

Figure 1-6 The crystal structure of rutile. The blue balls represent titanium atoms, while
red balls represent oxygen atoms.

Figure 1-7 The crystal structure of anatase. The blue balls represent titanium atoms,
while red balls represent oxygen atoms.
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1.3.2 Different morphologies of TiO2:

a.

Nanoparticles:

A nanoparticle has the simplest morphology of any nanostructure.

The sol-gel method is usually used for nanoparticle synthesis. To

synthesize TiO2 nanoparticles, a titanium precursor (i.e., titanium (1V)

isopropoxide (TTIP)) is dissolved in a mixture of de-ionized (DI) water,

ethanol, and nitric acid. After being stirred for half an hour, the solution is

aged for 24 hours to form gel. After drying and annealing this gel, TiO>

nanoparticles can be derived [1.15-1.16].

One of the main advantages of TiO2 nanoparticles is that the method

to synthesize nanoparticles is relatively easy. The other is that TiO:

nanoparticles can be easily synthesized on substrates (transparent

conducting oxide or flexible substrate) by blade paste method when they

are used on some applications (e.g. solar cells and water-splitting devices).

The disadvantage of nanoparticles is that the electron properties are

relatively lower than those of one-dimensional or three-dimensional single

crystal nanostructures.
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One-dimensional TiO:

One-dimensional TiO2 nanostructures were developed to provide

shorter electron transport pathways than TiO. nanoparticles. There are

several one-dimensional TiO2 nanostructures which can be synthesized by

different methods. Two representative TiO2 one-dimensional

nanostructures, nanotubes and nanowires, will be introduced below:

i Nanotubes:

TiO2 nanotubes can be synthesized by several methods:

(a) Electrochemical anodization method: the anodization method is

the commonest method used to synthesize TiO2 nanotubes on

titanium or fluorine-doped tin oxide (FTO) substrate [1.17-1.18].

By oxidation of the titanium and dissolution of the titanium

dioxide by the fluorine ions in the electrolyte, well-aligned TiO>

nanotubes gradually form and grow on the substrate (see Fig. 1-

8). The dimensions, including wall thickness, length of nanotube,

and inner and outer diameters, can be controlled by the electrolyte,

time, and operational voltage.
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Figure 1-8 Experimental setup of the anodization method: Ti acts as the anode, and the
platinum foil acts as a cathode. The experiment is conducted in an electrolyte
containing fluorine ions at room temperature.

(b) Template-assisted method: Anodic aluminum oxide (AAO) is
usually used as a template to synthesize nanotubes or nanowires
by electro-deposition or the sol-gel process. After nanotubes or
nanowires form in the pores of the AAQ, it is removed in a base
solution (NaOH aqueous solution) [1.19-1.21]. The advantage of
the template-assisted method is that the morphology can be well

controlled with different templates. However, the drawback is the
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high cost of the template, so this method is often too expensive to

be applied to fabrication of TiO2 nanostructures.

The advantages of TiO> nanotubes are 1) this structure can

provide a direct charge transport pathway for electrons, so that the

transport distance will be much shorter than in a nanoparticle-

composited structure and 2) a TiO2 nanotube structure can provide a

large surface area by controlling the dimension of the structure for

many applications (e.g. dye-sensitized solar cells, photocatalysts, and

gas sensing). However, this structure also has its drawbacks. The

main problem is crystallization. A single-crystal nanotube cannot be

synthesized using the anodization method. Therefore, the electron

transport properties in this structure will not be as good as expected

due to the traps at the surfaces of the polycrystals.

Nanowires:

TiO2 nanowires can be synthesized by the following methods:
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(a) Hydrothermal and solvothermal methods: Hydrothermal and

solvothermal methods are techniques used to synthesize crystal

materials from high-temperature solutions at high vapor pressures

[1.22-1.24]. The difference between hydrothermal synthesis and

solvothermal synthesis is the type of solvent used (e.g. the

hydrothermal method is conducted in an agueous solution, and the

solvothermal method is conducted in a solution containing no

water). Hydrothermal and solvothermal methods can control the

size, morphology, and crystallization of nanostructures. By

changing the parameters, which include time, temperature,

solvents, substrates, and precursors, nanostructures can be

synthesized as designed in the experiments. (see Fig. 1-9)


http://en.wikipedia.org/wiki/Aqueous_solution
http://en.wikipedia.org/wiki/Vapor_pressure
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Figure 1-9 Hydrothermal/solvothermal methods are conducted in ovens. A Teflon
reactor which contains precursor solution and substrates is sealed in a metal bomb.

The advantage of nanowires synthesized by

hydrothermal/solvothermal methods is that such nanowires have

excellent electron transport abilities with their single crystal

properties and direct charge transport pathways. However, the
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major disadvantage of nanowire at this stage of development is

the limitation of the surface area. The dimension of TiO;

nanowire synthesized on transparent conducting oxide (TCO)

substrates cannot be well controlled when compared to TiO:

nanotubes. For example, the maximum length of TiO2 nanowires

synthesized on TCO substrates is less than 10um, which is much

shorter than nanotubes synthesized on TCO substrates.

(b) The dimension and density of TiO> nanowires can also be well

controlled by other synthesis methods, such as vapor—liquid-solid

chemical vapor deposition (VLSCVD) and the template-assisted

method. However, these fabrication techniques are expensive and

do not meet the low-cost goal [1.25-1.26].

Other TiO2 nanostructures, including nanoflakes, nanobelts, pyramid-

shaped nanocrystals, etc., can be synthesized via various methods, but

these practical applications still cannot compete with the above

structures, such as nanoparticles, nanotubes, and nanowires [1.27-
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1.29].

1.4 Thesis overview

The development of TiO, nanostructures diversified in the past decade. Some

newly-developed TiO> nanostructures inspired the research being examined here, and

made big contributions to increasing the power conversion efficiency of dye-sensitized

solar cells as well. Some of them were novel but not practical. This research focuses on

the synthesis of TiO2 nanostructures on transparent conducting oxide (TCO) substrates

for better applications on dye-sensitized solar cells using low-cost methods.

The second chapter will introduce the mechanism of dye-sensitized solar cells,

analyze the problems to be overcome, and explain the motivation for this research.

The third chapter will propose a novel method to synthesize three-dimensional

TiO2 nanoforests on transparent conducting oxide substrate and its application on

DSSCs.

The fourth chapter will discuss the synthesis of single-crystal anatase nanowires

on transparent conducting oxide substrate by a unique method not previously described.

The conclusion will present the findings of the dissertation and discuss future

work to be developed on the basis of these TiO2 nanostructures.
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Chpater 2
Dye-Sensitized Solar Cells

2.1 History of dye-sensitized solar cells (DSSCs)

The dye-sensitized solar cell was invented by Michael Gratzel in 1991 [2.1]. This
solar cell has attracted much attention because of its relatively low fabrication cost (i.e.,
no cleanroom facilities and no vacuum chambers are needed), non-toxicity, and plenty
of resource materials (e.g. titanium dioxide, zinc oxide, and tin oxide). However,
DSSCs still have some challenges to be overcome, such as stability problems, sealing,
and area limitations. The highest power conversion efficiency reported is ~11 percent,
but its efficiency is still lower than other commercial solar cells, such as silicon-based
solar cells or thin-film solar cells (e.g. the power conversion efficiency of the
commercial single-crystal solar cells is ~20 per cent, and the power conversion
efficiency of CdTe thin-film solar cells is ~14 percent) [2.2-2.3]. However, the
price/performance ratio of DSSCs is low enough to compete with fossil-fuel-generated
power. Many researchers have devoted themselves to improving the power conversion

efficiency and making DSSCs more feasible for more applications. Fig. 2-1 shows the



28

schematic of a DSSC.

v

Figure 2-1 Schematic of a typical nanoparticle-based DSSC

2.2 Mechanism of dye-sensitized solar cells

To further understand the mechanism of a DSSC, the structure of a DSSC is shown

in Fig. 2-2. DSSC was first realized as liquid DSSC. Liquid DSSC is composed of three

parts: (1) the first part is n-type semiconductor material (photoanode or photoelectrode).

Titanium dioxide (TiO2) is the commonest material used for the n-type material because

it has better band positions with respect to dyes, transparency to the visible light, and

chemical stability. (2) The second part is dye, which is a photon sensitizer. Dyes can be
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absorbed on a TiO2 surface in two ways. One is by physical absorption, such as
hydrogen bonding. The other is by chemical bond formation with a unidentate linkage,
a bidentate linkage, or a bridging linkage (see Fig. 2-3) [2.16-2.18]. (3) The third part
is an electrolyte, which contains reduction/oxidation (redox) couples. lodide ions (I°)
and tri-iodide ions (I3”) are usually adopted as redox couples. The power-generation
cycle can be activated by the incident light (photons). When a photon excites the dye,
the electron set in the highest occupied molecular orbital (HOMO) level will receive
energy from the incident photon (4v) and then jump to the lowest unoccupied molecular
orbital (LUMO) level of the dye.
SO+ hy — S*

The electron set in the LUMO level will be injected into the conduction band of an n-
type semiconductor (TiO2). This action leads the dye to be oxidized.

S* > ST + e (Ti0,)
The iodide ion in the redox electrolyte will then reduce the oxidized dye to the original
state dye, which is capable of capturing photons again. At the same time, the iodide ion
is oxidized to the tri-iodide ion.

2ST + 317 - 25 +135
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The tri-iodide ion will get an electron from the counter electrode and then be reduced
to an iodide ion again.

I3 +2e7(Pt) - 31
Power will be generated after the generated electrons complete a transportation cycle

in the external circuit pathway.

Pt coated
TCO substrate electrode
(Anode) (Cathode)
i e (rN1y)
Reduction
e
Oxidation
Redox T
l,e' electrylte €
- Load 3 }
e e e
—> —> —>

Figure 2-2 mechanism of liquid electrolyte-based dye-sensitized solar cells
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(a)

(b)

Figure 2-3 Dyes are absorbed on the surface of TiO. in two ways: (a) physical
absorption: hydrogen bonding and (b) chemical absorption: unidentate linkage,
bidentate linkage, or bridging linkage (from the left-hand side to the right-hand side)
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Parameters of Dye-Sensitized Solar Cells

a. Open circuit voltage (Moc):

When the two terminals of the solar cell are floated under illumination, the voltage

across these two terminals is open circuit voltage. Open circuit voltage is the optical

bandgap minus the loss-in-potential [2.4]. Loss-in-potential is mainly composed of two

parts. One is the driving force for the charge to be injected from the oxidized dye to the

conduction band of the semiconductor (usually 100-200mV). The other is the loss

caused by the energy mismatch between the oxidized dye and the Nernst potential of

the redox electrolyte (usually 650mV).

b. Short-circuit current (Isc):

Short-circuit current is the current when the load resistance is 0 under illumination.

There are two ways to improve the short-circuit current. One is to increase the overlap

of dye absorption spectrum and solar spectrum. Some groups endeavor to develop dye

sensitizers with wider spectra, containing IR or NIR regions [2.5-2.8]. The other

method is to increase the absorption surface area of dyes by increasing the thickness of

the sensitized nanostructured thin film. The drawback of the latter method is that the
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short-circuit current is considerably affected by the charge-diffusion length in the nano-

structured thin film. 1-D morphology is known to have at least one order longer

diffusion length than this particular morphology, and this is why many groups focus on

developing 1-D-structured thin film in recent years [2.9-2.10].

c. Fill Factor(FF):

Fill factor is defined as follows: (see Fig. 2-4)

FF = P (2.1)
VOC X ISC '
where Pr is the maximum power output.
J
A
Isc|
Pm
>V

| Voc

Figure 2-4 J-V curve of dye-sensitized solar cell
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FF is determined by the series resistance (Rs) and shunt resistance (Rsn) of the

solar cells. An equivalent circuit of solar cells is shown in Fig. 2-5.

/L<1> Rsn Vv

Figure 2-5 Equivalent circuit model of a dye-sensitized solar cell

Rsis usually determined by the inverse of the slope of the J-V curve when current

density (J) is 0. It can be affected by the transparent conducting oxide layer, the

morphology of the semiconductor, and the redox electrolyte. (See Fig. 2-6) Rsn is

determined by the inverse of the slope of the J-V curve when voltage (V) is 0. It is

usually affected by recombination at the surface of the transparent conducting layer and

the redox electrolyte. As the series resistance increases, the J-V curve will change from

the blue line in Fig. 2-6(a) to the red line in Fig. 2-6(b). From this information, some

possibilities can be predicted. The first might be the high sheet resistance of transparent
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conducting oxide. The second might be that the electrons have poor transport ability in

the n-type semiconductor. The third would be the poor conductivity of the redox

electrolyte. When the shunt resistance decreases, the J-V curve will change from the

blue line in Fig. 2-7(a) to the red line in Fig. 2-7(b). As this happens, a partial short at

the interface of the electrolyte and the transparent conducting oxide layer can be

predicted. This also indicates that the nanostructured semiconductor layer is not

uniform, so that this layer cannot fully isolate the conducting layer and the redox

electrolyte.

Ideal 1-V characteristics:

A A

Rq increasgs

N
7

V Vv

Figure 2-6 When Rs increases, the ideal J-V curve (blue line) will change to red curve
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Ideal I-V characteristics:

A A

\R decreases
Y

Figure 2-7 When RsH decreases, the ideal J-V curve (blue line) will change to red curve

d. Power conversion efficiency(n):

Power conversion efficiency is defined as follows:

Pn FF X1 XV,

=—= 2.2
P, P, (2.2)

N

, Where Pq is the incident optical power.
e. Incident photon to current efficiency (IPCE):

Incident photon to current efficiency is defined as the following:

IPCEQ)) = # of generated carriers % 100%
~ #of incident photons °

= Naps X d)inj X Neoll (2.3)
where 1, 1S absorption efficiency or light-harvesting efficiency,

Ui Is charge-injection efficiency,



37

Neon 1S carrier-collection efficiency,
and A is the wavelength of incident light.

Naps 1S Usually determined by the ability of dyes to catch the photons. The surface
area of the nanostructured photoelectrode for dye attachment. {;,; depends on how
dyes couple with the semiconductor (TiO2), the energy position of dyes’ LUMO level,
and the conduction band of the semiconductor. n.,; depends on the charge transport
ability in the nanostructure semiconductor and recombination at the surface of the
photoelectrode. By integrating IPCE(A) - Isyn(A) verse wavelength (), the overall
short -circuit current density (lsc) can be derived.

Iy, = J OOIPCE(A) Agyn (D) dA (2.4)
0

where Isyn(A) is the spectral intensity of solar emissions.

2.3 Motivation

A dye-sensitized solar cell (DSSC) is one of the most promising next-generation
solar cells because (1) it offers a relatively high photo-to-electric energy conversion
efficiency 11.2 percent; (2) it has a lower manufacturing cost than that of a silicon solar

cell; (3) it can be fabricated on flexible substrate; and (4) it is expected that it can meet
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the stability requirement (i.e., outdoor operation for at least twenty years) [2.11-2.12].

To further enhance the competitiveness of DSSC technology and expedite the
commercialization process, a higher conversion efficiency (e.g. ~15 percent,
approximating the efficiency of a commercial silicon solar cell) is expected. Many
research groups have developed different methods to achieve this goal, and those
approaches may be classified into two categories.

One category is to develop new dyes that can offer higher efficiency.
Unfortunately, it is a challenging job to develop high-efficiency new dyes. For example,
although there have been significant investigations in this field, the highest efficiency
DSSC achieved by the cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-dicarboxylato)
ruthenium(I1) bis(tetrabutylammonium) dye (N-719) (see Fig. 2-8) was developed over

a decade ago.



Bu,N

39



40

NCS

"NCS

(b)

Figure 2-8 (a) molecule structure of N719 (b) molecule structure of N749 (black dye)

The other approach is to improve the efficiency by developing new semiconductor
bandgap materials and structures with existing dyes. This can be a very promising
approach. For example, according to the theoretical calculation of Ref. 4, the efficiency
of  triisothiocyanato-(2,2”:6°,6”-terpyridyl-4,4° ,4”-tricarboxylato)  ruthenium(ll)

tris(tetrabutyl-ammonium) dye (N-749 or black dye) could be over 15 percent because
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it has an absorption onset at ~ 900 nm, as illustrated in Fig. 2-9.

90
80
70
60
50
40
30
20
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IPCE(%)

\

—N719
—N749
—Ti02

550 750 950
Wavelength(nm)

Figure 2-9 A schematic illustration of absorption curves of N719, black dye (N-749),

and TiOz

However, the maximum efficiency of DSSC with black dye is only around 11.1

percent [2.2], which is substantially lower than the theoretical value of Ref. 2.4. This is

mainly due to the recombination between photo-generated electrons and oxidized dye

molecules and/or electron-accepting species such as electrolyte during the charge

transport process. Thus, in the conventional DSSC structure [e.g. with titanium dioxide
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(TiO2) nanoparticles], there is a fundamental tradeoff between the light-harvesting
efficiency, n.yr(4), and the recombination rate. To increase the light-harvesting
efficiency, particularly at the longer weak absorption wavelengths (i.e., 700-900 nm),
a thicker photoelectrode (i.e., higher surface area for dyes) to increase n,yg(1) for
DSSC is needed. To achieve high conversion efficiency, a high n,5z(1) is needed
over a broad spectral range (e.g. n.zr(4) > 90% over a 400 nm-900 nm spectral
range). Since n,yr(4) is related to the effective thickness of the film, to have a
numerical idea of the required thickness, we conducted theoretical analyses for the most
popular dyes (i.e., N-719 and N-749). In the simulation, a typical dye concentration
value (i.e., 7.73 x10~>mol - cm™~3) was assumed. This value is close to the density of
dyes which are coated on traditional TiO2 nanoparticle (P25)-based photoelectrodes
(see Fig. 2-11). Figs. 2-10(a) and 2-10(b) depict the molar extinction coefficients as a
function of wavelength for N-719 and N-749 dyes, respectively. Based on these data,
Figs. 2-10(c) and 2-10(d) show the required effective thickness as a function of
wavelength for N-719 and N-749 dyes, respectively. It can be seen that an effective
thickness of around twenty microns is needed at shorter visible wavelengths (e.g. < 600

nm). However, a much larger effective thickness (~ 100 microns) is required at longer
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(near-1R) wavelengths due to the lower molar extinction coefficients at those longer

wavelengths. Even considering the enhancing effect on the effective thickness due to

light scattering by the TiO2 nanostructures, an actual thickness on the order of tens of

microns is needed.

30000 30000
25000 A 25000 A
20000 A 20000 A
15000 A 15000 A
10000 4 10000 4
5000 A 5000 A
0 L] L] L] 0 L] L] L]
300 500 700 900 300 500 700 900
Wavelength(nm) Wavelength(nm)
(a) (b)
100 100
90 1 90 A
80 1 80
70 1 70 A
- 60 1 - 60 -
§_ 50 1 g_ 50 1
= =
40 A 40 A
30 A 30 4
20 1 20 1
10 1 10 A
0 T 0
300 400 500 600 700 300 500 700
Wavelength(nm) Wavelength(nm)
(c) (d)

Figure 2-10 (a) A schematic illustration of molar extinction coefficient of N-719 as a
function of wavelength. (b) A schematic illustration of molar extinction coefficient of
N-749 as a function of wavelength. (c) A schematic illustration of required effective
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thickness for achieving a 90% light-harvesting efficiency as a function of wavelength
for N-719 dye. (d) A schematic illustration of required effective thickness for achieving
a 90% light-harvesting efficiency as a function wavelength for N-749 dye.

EHT = 3.00 kV Mag= 100K X Signal A= InLens PSU Nanofab
ZeissSHT1530

Figure 2-11 A traditional TiO2 nanoparticle (P25)-based photoelectrode fabricated
with blade-paste method. The density of the dyes distributed on this photoelectrode is
around 7.73 x10~°mol - cm™3.

Unfortunately, the longer charge transport distance increases the recombination

rate. It is extremely challenging to achieve a high electron-collection efficiency, nqcg,

for such a long effective thickness (i.e., ~ 100 microns) due to the limited electron

diffusion length. To realize the collection of a charge carrier, the electron diffusion
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length, Lgp,, must be greater than the effective thickness of the film, d., as given
by
Lgpr > depr. (2.5)

Since the typical value of Lgp; is only within the range of 7 - 30 microns [2.8-2.10]
for the conventional TiO2-based DSSC such as TiO2 nanoparticles, due to charge
recombination through the reduction of the oxidized dye or that of the oxidized species
(13) in the electrolyte at the surface of a nanostructured semiconductor, as illustrated in
Fig. 2-12, it is almost impossible to harvest the solar spectrum within the 700-900 nm

spectral regime, which represents a waste of solar energy of over 15 percent.
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FTO substrate
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Redox
electrylte
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Figure 2-12 A conceptual illustration of two methods of charge recombination: (1)
reduction of the oxidized dye and (2) reduction of the oxidized species in the electrolyte.

To overcome this fundamental tradeoff between the light-harvesting efficiency

and the recombination rate, people have recently paid more attention to one-

dimensional (1-D) structured thin films because this structure can provide a direct

diffusion pathway for charges and a high surface area for application of dye-sensitized

solar cells [2.9-2.10], [2.13-2.14]. Longer length and smaller diameter are usually



47

pursued to increase the surface area of the 1-D structure, which is conventionally

identified as the key factor to increase the performance of the dye-sensitized solar cells.

However, during the process of generated electron transport, the possibility of charge

recombination by reduction of the oxidized dye or reduction of the oxidized species (I3

at the surface of a 1-D structured semiconductor will increase with the decrease of the

diameter of such 1-D structures [2.15]. Soudi’s research has shown that the probability

of charge recombination during the charge transport process will decrease with the

diameter of the 1-D semiconductor in which charges transport. In other words, charge

diffusion length in a 1-D structured semiconductor with larger diameter will be greater

than that in a 1-D structured semiconductor with smaller diameter [2.10]. That is to say

that pursuing infinitely smaller diameters of 1-D structures is not promising for the

increase of power conversion efficiency in 1-D structure-based solar cells. Therefore,

even 1-D structures can provide direct carrier transport pathways and high surface areas

for dye-sensitized solar cells; the generated electrons still have a good possibility

recombining with oxidized dyes or redox ions during the carrier transport process.
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2.4 Methods

Our interest is to develop TiO2 nanostructured materials that maintain a large

surface area and provide a pathway through which electrons can be transported faster

than those reported in 1-D nanostructured thin films and nanoparticle-composited thin

films. In Chapter Three, three-dimensional TiO, nanoforests will be proposed to

overcome the drawbacks of reported 1-D TiO> nanostructures (i.e., crystallization and

charge diffusion properties). Our group proposed three-dimensional TiOz structures

(nanoforests) which can provide large surface areas to enhance light-harvesting

efficiency and result in better electron diffusion ability. In Chapter Four, a synthesis of

single-crystal anatase nanowires on transparent conducting oxide (TCO) substrates will

be proposed. According to previous research, electrons have better diffusion properties

in anatase crystal than in rutile crystal. However, synthesis of single-crystal nanowires

on TCO substrates is more difficult than in free space. A novel method to synthesize

single-crystal nanowires on transparent conducting oxide substrate (i.e., FTO glass)

will be described.
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Chapter 3
Multi-step Hydrothermally Synthesized

Ti10> Nanoforests

3.1 Introduction:

A dye-sensitized solar cell (DSSC) is one of the most promising next-generation
solar cells because (1) it offers a relatively high photo-to-electric energy conversion
efficiency 11.2 percent; (2) it has a lower manufacturing cost than that of a silicon solar
cell; (3) it can be fabricated on flexible substrate; and (4) it is expected that it can meet
the stability requirement (i.e., outdoor operation for at least twenty years) [3.1-3.4]. To
further enhance the competitiveness of DSSC technology and expedite the
commercialization process, a higher conversion efficiency (e.g. ~15 percent, which is
closer to the efficiency of a commercial silicon solar cell) is desperately needed.
Titanium dioxide (TiO.) is widely used for DSSCs because it has a wide band gap and
a superior charge diffusion coefficient. In recent years, one-dimensional (1-D)
nanostructured TiO> thin films (including 1-D nanorods and 1-D nanotubes) were

proposed and investigated for the DSSC application [3.5-3.12] because they can



54

provide a much longer electron diffusion length than that of the conventional TiO>
nanoparticle-based structure. However, there is a fundamental tradeoff between the size
of the dye absorption area and electron diffusion length for the 1-D nanostructured TiO-
thin film. For example, the larger diameter 1-D nanorod has a lower recombination rate
during the charge transport process, but it also results in a smaller surface area [3.13].
As discussed in the previous chapter, there is a tradeoff between the light-
harvesting efficiency and the electron-collection efficiency when developing
nanostructures for the application of dye-sensitized solar cells. To overcome this issue,
a new type of DSSC using a ZnO nanoforest as the wide-bandgap oxide semiconductor
was recently reported [3.14]. In this structure, the trunks of the nanoforest served as the
charge conduction pathways, increasing the electron diffusion length and reducing the
charge recombination rate; meanwhile, the branches of the nanoforest offered a large
light absorption surface area, ensuring good light-harvesting efficiency. However, due
to the poor electron injection efficiency from excited dyes to ZnO, caused by the
dissolution of ZnO and precipitation of day-Zn?* complex [3.15], the conversion
efficiency reported in Ref. 14 was still low (~ 2.63 percent even with a backbone trunk

length of 13 microns). Compared with ZnO, TiO: is a relatively stable high bandgap



55

semiconductor material for DSSCs because of its higher charge injection efficiency.

In this chapter, by using a unique multi-step hydrothermal growing process (to be

described in detail in next section), a TiO2 nanoforest was successfully grown. The TiO>

nanoforest is composed of an array of nanotrees, as illustrated. Each nanotree consists

of a trunk (also called a nanorod) that has a diameter on the order of hundreds of

nanometers, branches (also called nanowires) that has a diameter on the order of tens

of nanometers, and dyes attached on the branches, as illustrated in Fig. 3-1. The large

diameter of the trunk and its continuous one-dimensional structure (unlike a

nanoparticle network that has many contact interfaces, reducing the electron diffusion

length) results in a good carrier transportation. In other words, the trunk serves as an

electron carrier pathway, which ensures a long electron diffusion length that results in

high electron-collection efficiency. On the other hand, the large surface area of the

branches produces a high light-harvesting efficiency.
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Figure 3-1 The electron diffusion length in a TiO2 nanorod is longer than that in a TiO-
nanowire. Charge recombination happens less frequently during electron transport in a
TiO2 nanorod than in a TiO2 nanowire.

In short, the TiO2 nanoforest provides all the required characteristics for achieving
a high IPCE (1) over a broad spectral range (e.g. >80 percent over the 400 nm-900
nm for the black dye N-749), including a high light-harvesting efficiency (offered by
the large surface area of the branches), (2) a high electron-collection efficiency due to
the existence of the electron carrier pathway (provided by the trunks), and (3) a high
charge-injection efficiency because of the excellent contact between the TiO2 material

and the dye. Thus, according to the theoretical prediction of Ref. 5, a higher
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conversion (over 15 percent) is achievable.

3.2 Experimental methods and procedures

3.2.1 Hydrothermal/solvothermal synthesis

Hydrothermal/solvothermal synthesis is a method to synthesize crystal

nanostructures in the environment with high-temperature saturated solution and high-

pressure vapor. The crystallization process is conducted in autoclaves. An autoclave is

usually composed of a Teflon reactor and a metal bomb (see Fig. 3-2). To conduct a

hydrothermal process, a substrate containing solution and precursor is placed in the

autoclave. When the autoclave is heated, supersaturation will occur, causing the crystal

metal-oxide seed nucleate on the substrate and the metal oxide to grow along the

direction of the crystal. The morphology and size of the metal oxide can usually be

controlled by changing the substrates, precursors, solvents, temperature, reaction time,

concentration of the solution, and pH value of the solution.
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Figure 3-2 A schematic of a metal bomb and a Teflon reactor set up to perform a
hydrothermal synthesis

3.2.2 Synthesis of a TiO2 nanoforest

A unique multi-step hydrothermal process was used to synthesize a TiO2
nanoforest, as illustrated in Fig. 3-3. First, fluorine-doped tin oxide (FTO) glass
substrates (TEC8/TEC15) were well cleaned by ultrasonication in ethanol, isopropanol,
and acetone for ten minutes each. Then a two-step hydrothermal process was used to

synthesize a TiO2 nanoforest, as described below:

3.2.2.1 Growth of TiO2 nanorods (trunks)
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The first step was to synthesize a TiO2 nanorod (i.e., trunk) on the cleaned FTO

substrate. FTO glass substrates were put in a Teflon reactor which contained a mixture

of a solution of DI water (30 mL), HCI aqueous solution (30 mL with a 37 percent

concentration), and titanium butoxide (0.5 mL). The reactor was sealed in the metal

bomb and baked at a temperature of 150°C for six to twenty hours.

3.2.2.2 Growth of TiO2 nanowires (branches)

The second step was to synthesize TiO> nanowires (i.e., branches) on the

previously synthesized TiO2 nanorods with following procedures. First, after rinsing

the samples with deionized (DI) water and ethanol for several times and drying with

gentle nitrogen flow, the TiO2 nanorod samples were transferred to another Teflon

reactor that contained 10 mL toluene, 0.25 mL to 2.0 mL titanium butoxide, 1 mL HCI

aqueous solution (37 percent), and 1 mL TiCls solution (1 M in toluene). Second, the

reactor was sealed in a metal bomb again and baked at a temperature of 180°C for

several hours. Finally the sample was removed from the reactor, rinsed with DI water

and ethanol several times, and annealed at a temperature of 450°C for one hour.
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Figure 3-3 Nanotree synthesis procedure: TiO2 nanorods are synthesized on FTO glass
substrate by a multi-step hydrothermal process. TiO2 nanowires are then synthesized
on TiO2 nanorods using the solvothermal method.

3.2.3 Fabrication and testing of TiO2-nanoforest-based DSSCs

3.2.3.1 Fabrication of DSSCs based on TiO2 nanoforests

The DSSC was fabricated after synthesizing a TiO2 nanoforest using the procedures

described below. First, TiO2 nanoforest samples were immersed in 0.3mM N-719 dye

(made by Solaronix Inc., Switzerland) solution for twenty-four hours. Second, the

Redox electrolyte was synthesized by mixing a commercial electrolyte (MPN-100,

Solaronix Inc., Switzerland) with acetonitrille that contained 0.1 M Lil at a ratio of 1:2.
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Third, a 25um hot-melt spacer SX-1170-25PF (Solaronix Inc., Switzerland) was loaded
between nanoforest sample and counter electrode of platinum (Pt) coated FTO glass.

Finally, DSSC was fabricated by filling Redox electrolyte into the sandwiched structure.

and Use Pt Coated FTO

Inject ReDox Electrolyte
Glass as Counter Electrode

Pt coated FTO glass

Dye coated TiO,
nanoforests in ReDox
Electrolyte

FTO glass

RN R RN}

Test Nanoforest DSSC under
AML.5 lllumination

Figure 3-4 The synthesized nanotrees are sensitized with dyes. Redox electrolyte is
filled in the Pt coated counter electrode and the sensitized nanotrees. The DSSC is
tested under AML.5 illumination.

3.2.3.2 Experiment setup of 1-V measurement and test of DSSCs
The performance of TiO2 nanoforest based DSSC samples was quantitatively tested
with a standard AM1.5 solar simulator made by Newport Corporation. The experiment

setup of I-V measurement is shown in Fig. 3-5. This setup includes (1) a solar simulator,
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(2) a power supply of solar simulator, (3) a computer with LabVIEW based I-V
characterization software, (4) a multimeter, and (5) a DC power supply. The solar
simulator can generate AM 1.5 incident light, which is a simulated sun light. To gain
the 1-V curve of the DSSCs under AM 1.5 illumination, a DC voltage is fed to the
positive electrode of a DSSC. At the same time the positive and negative electrodes are
connected to a multimeter. A computer with LabVIEW based |-V characterization
software is connected to the multimeter to record the data of voltages and currents

generated from the tested device.
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Figure 3-5 Setup of solar simulator

3.3 Results and discussion

By using the procedures as described in Section 3.2.1, TiO2 nanorods with a length

around 2um and a diameter of several hundred nanometers were synthesized in one

single round hydrothermal process. The density of nanorods synthesized on FTO

substrate was controlled by the concentration of titanium precursor. Furthermore, to

achieve a long nanorod without making them contact each other, a multi-step growing
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process was employed. As reported in Ref. 3-11, the maximum length of TiO2 nanorod

was only about 2.8 microns if only one growing cycle was used because the growing

solution reached the chemical equilibrium state after certain time (e.g. twenty hours).

In our experiment, eight growing cycles were used and the growing time for each cycle

was around six hours. In each growing cycle, a fresh solution with the same

composition was employed. Thus, the nanorod could continue to grow without the

maximum length limitation of the conventional one-cycle growing method, since a

chemical equilibrium condition was not reached during each growing cycle.

To achieve a large surface area for the nanoforest, longer nanorods and greater

spacing between adjacent nanorods are needed. The length and spacing of nanorods

depends on the length of baking time and the baking temperature of hydrothermal

process. Longer baking time and higher baking temperatures can result in longer

nanorods. However, they can also reduce the spacing between adjacent nanorods. To

avoid contact of adjacent nanorods, can result in a reduced surface area, the length of

the baking time for each cycle was shortened to six hours rather than twenty hours as

used in Ref. 3.11. Observation of the growing process of the nanorods showed that

nothing appeared on the surface of the FTO substrates when the growing time was less
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than three hours. The nanorods began to grow on the FTO substrates after three hours,

and the density of nanorods on the FTO substrates increased as well. To restrain the

increase rate of the density of nanorods, the hydrothermal process was terminated at

the end of each six-hour period. After cooling down, the samples were transferred to a

fresh solution immediately for the next step of process. The advantage of this process

is that existing nanorods would continue to grow for each new hydrothermal cycle, but

new nanorods would only appear after three hours, which reduces the generation rate

of new nanorods so that longer nanorods with larger spacing among them can be

achieved.

The ambient condition for the hydrothermal process was set as 30 mL DI water +

30 mL HCI aqueous solution (37 percent concentration) + 0.5 mL titanium butoxide.

The experimental result showed that there were no noticeable grown nanorods after the

first and second growing cycles. However, one could start to observe grown nanorods

after the third growing cycle. As an example, Figs. 3-6(a) and 3-6(b) showed the

scanning electron microscope (SEM) images of the top and cross-section views of the

grown nanorods after the third growing cycle. One could clearly see the grown

nanorods. The average length and diameter of the nanorods were around 1.3um and
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50nm, respectively.

With the increase in the number of hydrothermal process cycles, the length,
diameter, and numbers of the nanorods are all increased. Fig. 3-6(g) and 3-6(h) show
the top and cross-section views of the TiO2 nanorods after eight growing cycles. It can
be observed that the average length and diameter of the nanorods were around 4.1pm
and 300nm, respectively. These experimental results clearly demonstrated that longer
nanorods could indeed be grown by employing the multi-step growing technique as
described. Furthermore, since the growth occurs in both longitudinal and transversal
directions (i.e., the nanorod becomes thicker after each growing cycle), in order to
avoid the contact among adjacent nanorods, the separation distance for the initial
growing cycle was controlled by adjusting the growing conditions (e.g. the baking

temperature and time).
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Figure 3-6 (a-b) Top and cross-section views of TiO2 nanorods after three growing
cycles, showing an average length of around 1.3 um and a diameter of around 50 nm.
(c-f) Top views of TiO2 nanorods after four, five, six, and seven growing cycles,
respectively. (g-h) Top and cross-section views of TiO2 nanorods after eight growing
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cycles showing an average length of around 4.1 um and a diameter of around 300 nm.

For the second step of the hydrothermal process, a non-polar solvent, toluene, was

adopted as the main solvent to synthesize smaller-diameter TiO2 nanowires as branches.

The nanowires were grown on the nanorod substrates synthesized during the first step

of hydrothermal process. The growing rate, direction, and dimension of the nanowire

depended on the concentration of the titanium precursor. The experimental results

showed that nanowires had a tendency to grow in vertical directions as the

concentration level of the titanium precursor increased (e.g. > 2.0 mL of titanium

precursor added in 10 mL toluene). As an example, Fig. 3-7(a) is a conceptual drawing

of the grown nanowires on nanorods under these conditions. Figs. 3-7(b) and 3-7(c)

showed the SEM images of the top and cross-section views of the grown nanowires on

nanorods (with a length of around 1.3 um). It clearly shows a nanoforest structure. The

total height of the nanoforest is around 2.4 um. The length of the nanowires can be over

I um and the average diameter of the nanowire is less than 30 nm. It is noted that

although nanowires can also grow on TCO substrate, they can only grow a thin layer

(< 100 nm) because further growth in the upper direction is blocked by the nanowires

grown on the nanorod.
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Figure 3-7 (a) A conceptual illustration of the grown nanowires on nanorod substrates.
(b) An SEM image of the top view of the grown nanowires on nanorod substrates,
showing a nanoforest configuration. (¢c) An SEM image of the cross-section view of the
grown nanowires on nanorod substrates, showing a nanoforest configuration.

Finally, a set of TiO2-nanoforest-based DSSCs with different heights of nanoforest

from 1.5um to 5.1pum were synthesized by using procedures described in Section 2.2.

The performance of the DSSCs was also quantitatively tested with a standard AM1.5

solar simulator made by Newport Corporation. The important parameters of the solar

cell, including the photocurrent-voltage curve, the short-circuit current density, the
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open-circuit voltage, and the fill factor were measured. Based on these measured data,

the conversion efficiency, n, was also calculated using the following equation:

_JscVocFF

— 6D

where Js- denotes the short circuit photocurrent density, V,. represents the open-
circuit photovoltage, FF stands for the fill factor, and I, is the intensity of the
incident light.

Table 1 and Fig. 3-8 summarize the testing results for Samples 1, 2, 3, 4, and 5, of
which the thickness are 1.5, 2.0, 2.3, 3.7, and 5.1 microns, respectively. It can be clearly
seen that the conversion efficiency increases as the height of the nanoforest increases
due to the increased surface area. The conversion efficiency is up to 3.93 percent for a
5.1 um-height TiO2 nanoforest, which is much higher than that of a DSSC based on a
ZnO nanoforest. For instance, the conversion efficiency of a ZnO nanoforest is only
about 2.63 percent even when the thickness of the ZnO nanoforest is thirteen microns,
which is substantially lower than the conversion efficiency achieved with a 5.1-micron-

thick TiO»-nanoforest-based DSSC. Thus, a TiO2-nanoforest-based DSSC can offer a
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much higher conversion efficiency than that of a ZnO-nanoforest-based DSSC when

the thickness of the nanoforest is the same. This is because a TiO» nanoforest has a

higher electron-injection efficiency than a ZnO nanoforest [3.15].

Thickness(um) Efficiency Jsc(mA/cm?)  Voc(V) Fill

(%) Factor
Samplel 1.5 0.04 0.28 0.504  0.30
Sample 2 2.0 0.58 1.15 0.797  0.63
Sample 3 2.3 1.25 2.57 0.774  0.63
Sample 4 3.7 2.50 4.90 0.756  0.67
Sample 5 5.1 3.93 7.30 0.787  0.68

Table 3-1 Characteristics of a TiOz-nanoforest-based DSSC for samples 1, 2, 3, 4, and

5, respectively.
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Figure 3-8 J-V characteristics of a TiO2-nanoforest-based DSSC for Sample 1, Sample
2, Sample 3, Sample 4, and Sample 5, respectively.

It can be also noted that the reason of conversion efficiency increases with the
increase of the height of the nanoforest is due to the increased surface area so that a
larger amount of dyes can be attached on the surface of nanoforest, which results in a
better light absorption. The conversion efficiency increases with increase in the height
of nanoforest; however, it reaches a certain maximum level at certain height (e.g.
twenty microns). After the majority of the light (e.g. 99.9 percent) is absorbed by dye,

the further increase in height can reduce the conversion efficiency due to the reduced
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transport efficiency.

3.4 Conclusion

Anew type of DSSC based on a TiO2 nanoforest was demonstrated in this research.

The TiO2 nanoforest was synthesized by using a unique multi-step hydrothermal

process. There are several major advantages of TiO2-nanoforest-based DSSCs. First,

the nanoforest structure overcame a fundamental limitation of the conventional DSSC,

which was the tradeoff between the light-harvesting efficiency and the electron-

collection efficiency. Second, unlike a ZnO nanoforest that had a poor electron-

injection efficiency, a TiO2 nanoforest also was shown to have high electron-injection

efficiency. Thus, all the required characteristics for achieving high conversion

efficiency, including high light-harvesting efficiency, high electron-collection

efficiency, and high electron-injection efficiency, could be achieved simultaneously,

enabling the realization of low-cost high-conversion-efficiency solar cells. The

experimental results confirmed that a conversion efficiency of 3.93 percent could be

achieved for a TiO2 nanoforest with a 5.1-micron trunk length, which was higher than

a ZnO-nanoforest-based DSSC with a much longer trunk length (thirteen microns).
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This experimental result clearly demonstrated the advantage of using TiO2 nanoforests

to replace ZnO nanoforests for DSSC applications. An even higher conversion

efficiency, which will be investigated in the future, is anticipated if a longer trunk (e.g.

thirteen-micron) TiO2 nanoforest is employed, due to the increased surface area.
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Chapter 4

Single-Crystal Anatase Nanowires

4.1 Introduction

In recent years, there has been an increased interest in nanostructured titanium
dioxide (TiO) thin films, including nanorods, nanowires, and nanoflakes, because they
can provide a direct transport pathway for photo-generated charge carriers, which is
very important for a variety of clean-energy-related applications, including dye-
sensitized solar cells (DSSCs) [4.1-4.4], photo-catalytic water splitting, [4.5-4.6] etc.
Although high-aspect-ratio rutile TiO2 nanorods and nanowires have been successfully
grown on fluorine-doped tin oxide (FTO) transparent conductive substrates [4.7-4.8],
anatase TiO2 nanostructured thin films are preferred because their electron mobility
properties are an order of magnitude higher than the rutile counterpart.

Unfortunately, it is more challenging to grow high-aspect-ratio anatase
nanostructured thin films on transparent conductive substrates because rutile is a more

stable state in nature. Anatase nanostructured TiO> nanorods and nanoflakes grown on
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transparent conductive substrates were only reported very recently [4.9]. However,

nanorod and nanoflake length is still very limited (around one micron), which limits

the overall surface area of nanostructured TiO thin films. The light-to-electricity

conversion efficiency of the DSSC based on this type of nanostructured TiOz thin film

is about 2.1 percent [4.9].

To grow thicker anatase nanostructured TiO: thin film on transparent conductive

substrate, we present a new growing method in this chapter, describing the combination

of dip coating and alkaline hydrothermal techniques [4.10], [4.11]. The length of grown

anatase TiO2 nanostructured thin film is close to 2.2 microns, and the light-to-electricity

conversion efficiency of DSSCs based on this anatase TiO2 nanostructured thin film

reaches 5.2 percent, which represents a substantial technological advance in this area.

4.2. Synthesizing anatase TiO2 nanowires on FTO substrate

The anatase TiO2 nanowires were grown on FTO substrate by combining the dip

coating and alkaline hydrothermal techniques.

4.2.1 Depositing a thin TiO2 overlay layer on an FTO glass substrate by dip coating.
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To achieve the goal of lowering the cost, the TiO2 pre-film was deposited by the

dip-coating method rather than by using various high-cost approaches (e.g. PVD or

CVD).

First, FTO glass (TEC7) substrate was cleaned by ultrasonicating in acetone,

isopropanol, and ethanol, rinsing with DI water, drying with nitrogen, and baking at

100°C for one hour. Second, titanium butoxide (Ti(OCH2CH2CH2CHa)4) (see Fig. 4-

1), polyethylene glycol (PEG), and ethanol were mixed with a ratio of 1:1:2. The

cleaned FTO substrates were dip-coated multiple times in the solution at a drawing

speed of one cm/min and then calcined at 400°C  for ten minutes after each coating.

After applying the last layer of coating, samples were kept in the furnace overnight to

form bulk-like TiO thin-film layers.

It should be noted that the bulk-like TiO2 thin-film layers deposited by the dip-

coating method may be discontinuous because titanium butoxide can be hydrolyzed

due to the water vapor in the air, resulting in the formation of TiO: large-sized

nanoparticles. This affects the quality of the deposited titanium butoxide thin film. To

prevent the hydrolysis of titanium butoxide during the dip-coating process,

polyethylene glycol (PEG) (see Fig. 4-2), a stable liquid polymer, was also added to
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the mixture of titanium butoxide and ethanol because PEG can serve as a protective
layer between the air and the titanium butoxide. After baking at 400°C , PEG will
evaporate and the rest of the uniform titanium butoxide thin film will be oxidized,

resulting in a continuous bulk-like TiO thin film, as given by

Ti(0 — C4Ho), + 4H,0 — Ti(OH), + 4C,H,OH
Ti(OH), + Ti(0 — C,Hs), — 2TiO, + 4C,H,OH

Ti(OH), + Ti(OH), — 2Ti0, + 4H,0

It should also be noted that the FTO layer and substrate glass can be dissolved

in the highly-concentrated aqueous NaOH solution during the later hydrothermal

process via the following chemical reactions:

Sn0, + 2NaOH — Na,Sn0O; + H,0

Si0, + 2NaOH — Na,SiO3 + H,0

To prevent the dissolving of the FTO layer and the corresponding glass substrate, the
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TiO2 layer was also annealed at 550°C to form a firm contact between the TiO; and

FTO layers. In this case, TiO2 can serve as a protective layer.

\/\/O O\/\/
/\/\O O/\/\

Figure 4-1 molecular structure of Titanium (IV) butoxide

O _H
H O

n

Figure 4-2 molecular structure of PEG

4.2.2 Growing anatase TiO2 nanowires on an FTO substrate with an anatase TiO>
overlay layer
Anatase TiO2 nanowires were grown on FTO substrates with dip-coated anatase

TiO overlay layers. First, FTO glass substrates with dip-coated TiO. overlay layers
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were put into a 23-mL Teflon reactor which contained 10 mL 10 M NaOH aqueous

solution, then sealed in a metal bomb. Second, the bomb was moved into an oven and

baked at 130-200°C for several hours.

3Ti0, + 2NaOH — Na,Ti;0, + H,0

Third, after being removed from the Teflon reactor, the samples were moved into

a 0.3M HCl aqueous solution to proceed with the ion-exchange process, and then rinsed

with DI water.

Na,Ti;0, + 2HCl - H,Ti;0, + 2NaCl

To increase the purity of grown anatase TiO2 nanowires, the above process was

repeated several times. Finally, the samples were annealed at 600°C  for two hours at

a ramping rate of 1°C/min.

H,Ti;0, - 3Ti0, + H,0

4.3. Fabrication of DSSCs based on anatase TiO2 nanowires

To illustrate the great potential of longer anatase TiO. nanowires for the

application of clean energy, DSSCs were fabricated by using the grown anatase TiO>

nanowires as photoelectrodes.
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First, FTO glass substrates with grown anatase nanowires were immersed in N-

719 dye (Solaronix Inc., Switzerland) solution (0.3mM ethanol) overnight. Second, the

redox electrolyte was prepared by mixing the commercial electrolyte MPN-100

(Solaronix Inc., Switzerland) with acetonitrille (containing 0.1 M Lil) at a ratio of 1:2.

Third, 100nm Pt-coated FTO glass substrate was fabricated as the counter electrode.

Fourth, the DSSC was constructed with a sandwiched structure by injecting the redox

electrolyte between two electrodes. Finally, the performance of the fabricated DSSCs

was tested under AM 1.5 spectra illumination with a solar simulator made by Newport

Corporation.

4.4. Experimental Results and Discussions

4.4.1 Grown anatase TiO» nanowires

According to previous research, Na.TizO7 nanoflakes or nanowires start to appear

on the surface or the edges of TiO2 nanocrystals or TiO2 nanoparticles. To ensure a

connection between the newly-synthesized nanowires and the TiO2 nanocrystals, a

bulk-like or compacted nanocrystal TiO> thin film must be deposited on FTO substrate

in advance. The up-to-down synthesis method can also ensure that the TiO2 bulk-like
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thin film connects with the underlying FTO substrate before the transformation occurs
at the interface of the TiO thin film and the FTO substrate. To further increase the
quality of TiO2 bulk-like thin film, PEG was added to the dip-coating solution. Without
added PEG, the film formed from dip-coating will be discontinuous. The SEM pictures
shown in Fig. 4-3 illustrate the difference between films deposited with and without
PEG. Fig. 4-3 (b) shows that the TiO2 bulk-like thin film dip-coated in a solution that
included PEG is apparently more compact and continuous than the TiO2 thin film

shown in Fig. 4-3(a), dip-coated in a solution without PEG.
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Figure 4-3 (a) The cross-section SEM picture of TiO> thin film dip-coated without PEG.
(b) The cross-section SEM picture of TiO> bulk-like thin film dip-coated with PEG.

By using the method and process described in Section 4.2, anatase TiO2 nanowires

were successfully grown. To illustrate the grown samples at different stages, scanning

electron microscope (SEM) pictures for samples at different stages were taken. Fig. 4-

4(a) shows the SEM picture of grown anatase TiO> thin film (~2.5 um) by dip-coating.

Fig. 4-4(b) shows the SEM picture of the sample after anatase TiO> thin film was

alkaline-hydrothermally treated in 10M NaOH aqueous solution at 140°C for two hours.

It can be seen that a group of Na,TisO7 nanoflakes with a thickness of around 1.5um

was formed. As the time of the hydrothermal process increases, the shape of the
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nanostructure is also changed from a nanoflake shape to a nanowire shape (i.e., thinner

and taller). Fig. 4-4(c) shows the SEM picture of the sample after three and a half hours

of the hydrothermal process. It clearly shows some Na;TizO; nanowires, which is

consistent with previous reports [12-13]. After ten hours of the hydrothermal process,

all the anatase TiOz thin film was converted into Na>TizO7 nanowires, as shown in Fig.

4-4(d).

Figure 4-4 (a) An SEM picture of the cross-section of grown anatase TiOz thin film by
dip-coating, (b) an SEM picture of the cross-section of the sample after alkaline
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hydrothermal treatment for two hours, (c) an SEM picture of the cross-section of the
sample after alkaline hydrothermal treatment for three and a half hours, and (d) an SEM
picture of the cross-section of the sample after alkaline hydrothermal treatment for ten
hours.

Finally, as described in Section 4.2, samples were moved into a 0.3M HCI aqueous
solution to proceed with the ion-exchange process and then rinsed with DI water.
NazTizO7 nanowires were converted into anatase TiO2 nanowires with a similar shape
after the ion-exchange and annealing processes, as shown in Fig. 4-4(d).

To verify that the grown nanowires were indeed anatase TiO2 nanowires, we also
conducted x-ray diffraction and transmission electron microscopy (TEM) analyses.
First, the XRD chart for the bulk-like TiO> thin film grown by the dip-coating method
was obtained, as shown in Fig. 4-5(a). The peak locations are at 25.3°,37.8",48.0 ",
53.9°, and 55.0 °, respectively, which is consistent with the standard XRD pattern of
anatase TiOz thin film (i.e., JCPDS card number 21-1272). This XRD experimental
result confirms that the grown thin film is indeed anatase TiO- thin film. Also, the TEM
picture shown in Fig. 4-5(b) gives the morphology of the anatase bulk-like thin film,
showing that it is composited of compact anatase nanocrystals. Second, the XRD chart

for the grown NazTizO7 nanowires and TiO2 nanowires was obtained, as shown in Fig.
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4-5(a). The peak locations of anatase TiO2 nanowires are at 25.2°, 37.7°, and 48.0 °,
respectively, which is consistent with the standard XRD spectrum of anatase TiO2 (i.e.,
21-1272). The TEM picture in Fig. 4-5(c) also shows the anatase nanowire is single-
crystal. The interplanar spacing of the lattice fringe of nanowire in Fig. 4-5(c) is 3.5A,
corresponding to the peak of the face (101) in Fig. 4-5(a). Fig. 4-6 shows the anatase
nanowires forming during the process of nanoflake splitting. This phenomenon
corresponds to the previous research. [4.12-4.13] NazTizO; nanoflakes gradually
thicken during the hydrothermal process, resulting in splitting from thick nanoflakes to

form thin nanoflakes and nanowires.
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Figure 4-5 (a) XRD patterns of grown samples: blue line: FTO substrate, red line: bulk-
like TiO2 thin film, green line: NaxTisO7 nanosheets, and pink line: anatase TiO:
nanowires. (b) The TEM image of TiO2 bulk-like thin film(c) The TEM image of
anatase nanowire in which the periodic lattice fringes show the structure to be single-
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crystal.

Figure 4-6 Nanowires start to split from nanoflakes.

4.4.2 DSSCs based on the grown TiO2 nanowires

First, by using the procedures described in Section 4.3., DSSCs based on grown
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anatase TiO2 nanowires with a length of around 2.2 um were fabricated. For
comparison purposes, DSSCs based on bulk-like anatase TiO> thin film were also
fabricated. The performance of the fabricated DSSCs was then evaluated. The blue and
red lines of Fig. 4-7 depict the measured I-V curves of bulk-like anatase TiO- thin-film-
based DSSCs and anatase TiOz-nanowire-based DSSCs, respectively. It clearly shows
a better 1-V curve for the anatase TiO2-nanowire-based DSSCs. The short-circuit
photocurrent density, Jsc, the open-circuit voltage (Voc), the fill factor (FF), and light-
to-electricity conversion efficiency, (n), for two samples were also measured. The Jsc,
Vo, FF, and 7, for the anatase TiO; thin-film-based DSSCs are 2.74 mA/cm?, 0.73 V,
0.64, and 1.29 percent, respectively. On the other hand, the Jsc, Voc, FF, and n, for the
anatase TiOz-nanowire-based DSSCs are 10.64 mA/cm?, 0.77 V, 0.63, and 5.20 percent,

respectively.
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Figure 4-7 The experimentally measured J-V curves of DSSCs based on bulk-like
anatase TiO2 thin film (blue line) and anatase TiO2 nanowires (red line), respectively.
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Both the short-circuit photocurrent density and the light-to-electricity conversion
efficiency are much higher (~3.88-fold) in this case, which clearly shows the advantage
of using anatase TiO2 nanowires instead of bulk-like anatase TiO; thin film because of
the significantly-increased surface area of the former. Another noticeable point is the
difference between the open-circuit voltages of these two devices. Open-circuit voltage
is basically the difference between the Nernst potential of the redox electrolyte and the
Fermi level of the n-type semiconductor (see Fig. 4-8). The Fermi level in an n-type

semiconductor will be closer to the conduction band of an n-type semiconductor when



more charge is generated in the n-type semiconductor.
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where n is the density of the electron, N, is the effective density of states, m} is the

electron's effective mass, k is Boltzmann’s constant (=8.62 x 10~°eV/K), h is Planck’s

constant (= 6.63 x 10734] —s), Ep is the energy level of the conduction band of

TiO2, and E,.q40, 1S the Nernst potential of the redox electrolyte.
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Figure 4-8 V. is the difference between the Fermi level of TiO2 and the Nernst
potential of the redox electrolyte

Therefore, we can reasonably predict that the charge recombination rate in bulk-
like thin-film devices is much higher than that in anatase nanowire devices, resulting
in reduction of carriers in the bulk-like thin film. That is to say, charges have better
transport ability in anatase nanowires than in bulk-like thin film (composited
nanocrystals). Another reason that anatase nanowire solar cells have higher open-
circuit voltages than bulk-like thin film solar cells is the size of the nanostructured

semiconductor. The diameter of an anatase nanowire in our sample is ~ten nm, which
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is much smaller than the thickness of bulk-like thin film (several micro-meters),

resulting in less banding of the conduction band. From Eq. 3, this will also increase the

difference between the Fermi level of an n-type semiconductor and the Nernst potential

(Eredox) OF a redox electrolyte. Fig. 4-9 simply illustrates how the conduction bands of

different sizes bend at the interface of an electrolyte and an n-type semiconductor. Sizes

of structures are represented by d1, d2, and d3 (d1>d2>d3). When TiO2 contacts

with redox electrolyte, a Schottky barrier will form at the interface of the n-type

semiconductor (TiO2) and the liquid redox electrolyte. The thickness of the space

charge layer in an n-type TiO> correlates positively to the size of the TiO> [4.14-4.16].

The greater thickness of the space charge layer will cause more bending of the

conduction band. In other word, nanowires of smaller size (~ten nanometers) can

provide higher open-circuit voltage than bulk-like thin film (~several microns).

Furthermore, since the height of our anatase TiO2 nanowires (~ 2.2 um) is longer than

the one reported in Ref. 9 (~ one wm), the light-to-electricity conversion efficiency of

our anatase TiO2-nanowire-based DSSCs (~5.2 percent) is more than double the

efficiency of the DSSCs reported in Ref. 4.9 (~2.1 percent). Again, this represents a

substantial advance for the anatase TiO2-nanowire-based DSSC.



98
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Figure 4-9 The thicker the space charge layer, the more the bending of the conduction
band is increased. Therefore, when d1>d> > d3, then Ece1 < Ecg2 < Ecga.

4.5. Conclusion

In conclusion, a new anatase TiO2-nanowire-growing technique based on a

combination of conventional dip-coating and alkaline hydrothermal growth was

proposed and demonstrated. The major advantage of this new approach was the

capability of growing longer anatase TiO» nanowires within a reasonable growing time

(e.g. ~ ten hours). A TiO2 nanowire with a length of around 2.2 um was successfully
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grown, which was more than double the length of the anatase TiO2 nanowire reported

in Ref. 4.9. This resulted in a substantial increase in the surface area, which could be

beneficial for many clean and renewable energy applications. For example, in terms of

DSSCs, the light-to-electricity conversion efficiency based on our TiO2 nanowire

reached 5.2 percent. This was also more than double the light-to-electricity conversion

efficiency reported in Ref. 9 and represented a significant technological advance. In the

future, we will further refine the technology for growing longer anatase TiO2 nanowires

(e.g. > ten wm) and further improve the light-to-electricity conversion efficiency (e.g.

> 20 percent) so that both the cost and the technical performance can better those of

current commercial solar cells.
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Chapter 5

Conclusion and Future Directions

5.1 Conclusion

In this dissertation, we analyzed the mechanism of dye-sensitized solar cells and
concluded several novel approaches for the future development of dye-sensitized solar
cells. One is to develop new a photon sensitizer, dye, which has wider light absorption
spectrum (near the IR region) and excellent electronic coupling properties with the n-
type semiconductor (photoelectrode). Another approach was the development of new
nanostructured n-type semiconductors which could provide large dye attachment
surfaces for and a good charge transport pathway for the photo-generated carriers. The
three-dimensional TiO2 nanotree was successfully synthesized on FTO substrate, which
providing a greater surface area for dye attachment on small-diameter nanowires
(branches) and excellent charge transport pathways with large-diameter nanorods
(trunks). By the use of a multi-step hydrothermal method, the dimensions of the
nanoforest can be well controlled. An increase in the thickness of the nanoforest and a

reduction in fabrication time can be realized and modified from the reported method in
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Chapter Three. According to various researches, another TiO2 phase, anatase, can

provide a much better charge diffusion coefficient than the rutile phase. Therefore, we

also developed a novel method to synthesize single-crystal anatase nanowires on FTO

substrates. The use of a higher open-circuit voltage illustrated that charge

recombination could be greatly decreased with the anatase nanowire-synthesized FTO

substrate.

5.2 Photoelectrochemical water-splitting devices

Besides its use in dye-sensitized solar cells, TiO> also plays an important role in

photo-electrochemical water-splitting devices because TiO2 has the properties of

stability, proper band position, high band gap (>1.23eV), and good conductivity.

However, the traditional water-splitting devices based on TiO2 photoelectrodes have

low conversion efficiency due to two main reasons: 1. TiO2 cannot absorb all of the

visible light and even light from the IR region of the spectrum because the band gap of

TiO2 is ~3.2eV; 2. The rapid recombination of photo-excited electron/hole pairs.

Many techniques, such as chemical additives for Hx production enhancement and

photo-catalyst modification techniques, have been developed to improve water-



105

splitting efficiency in recent years. [5.1-5.6]

. hv +
TIOZ 4 eTiOZ + hTi02

Among these different methods, dye sensitization is largely adopted to enhance
energy conversion in the visible and IR regions of the spectrum. Our developed
nanostructured materials, 3-D TiO, nanoforests and 1-D single-crystal anatase
nanowires, have great potential for application in dye-sensitized water-splitting devices.
The properties of large surface area and good charge-diffusion ability match the

qualifications for photoelectrodes used in water-splitting devices.
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Figure 5-1 The traditional mechanism of photocatalytic water splitting. With excitation
of the photon (%4v), an electron/hole pair is generated. The electron and hole can migrate
to the surface of TiO, and reduce and oxidize the reactants absorbed by TiO. Hydrogen

and oxygen can be produced through this process.
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Figure 5-2 Water-splitting device with dye sensitization. The dye can absorb the photon
of energy (<3.2eV), so that more electron/hole pairs can be generated. Electrons will
be injected into TiO2, where they will react with the reactants at the surface of the TiO-
to produce hydrogen.

5.3 Hydrogen detection

To decrease the impacts of fossil fuel usage on the environment, hydrogen, one of
the most important clean energy sources, has attracted much attention. In the previous
paragraph, we have illustrated how hydrogen can be produced from utilization of

another clean energy technology, solar power, based on our developed materials.
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Hydrogen detection is another important category in the development of hydrogen
utilization. Titanium dioxide is a very good semiconductor material for hydrogen
detection due to its high stability and high electronic sensitivity to hydrogen. [5.7-5.11]
The mechanism of hydrogen detection based on a TiO> electrode is the chemisorption
of hydrogen atoms on the surface of TiO2 nanostructures, resulting in the separation of
hydrogen ions (H*) and electrons (e”) and the accumulation of electrons at the surface
of the TiO2. Due to the accumulation of electrons, the conductivity of the TiO:
nanostructures increases. Therefore, when an electrical field is fed across the TiO>
nanostructures (nanowires or nanoforests), the current across the nanostructures will be

greater with exposure to hydrogen gas than without it.

| H'1 1 H'1 1 H*) 1 H*
| 1 | 1 | 1 | 1
| N | 1 | | | 1 |
1 €] 1 €] 1 € 1 € TiOz

- - - - == - A A
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Figure 5-3 The chemisorption of spilled-over hydrogen atoms at the surface of TiO2
makes hydrogen ions and electrons partially separate. The accumulation of electrons
makes the conductivity of TiO- increase.

The transient response pattern and the sensitivity (S) are the two indices to

determine the performance of the hydrogen gas sensor. The sensitivity can be defined

as:

Ie — 1o

S= I

where Ig is the current after the sensor is exposed to Hz, and lo is the current when the

sensor is exposed without Ho.

We plan to further adapt our developed materials, single-crystal anatase nanowires

and rutile nanoforests, for hydrogen gas detection. Advanced research, such as doping

and modifying the geometry of the nanostructured thin films, will be undertaken to

improve performance. Fig. 5-4 shows the schematic diagram of a hydrogen gas sensor

based on TiO2 nanostructures (nanoforests/nanowires).
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Figure 5-4 Schematic diagram of a hydrogen gas sensor

5.4 Supercapacitors

Research on supercapacitors has been thoroughly researched because of their properties

of high capacitance per unit volume and great energy density. In recent years, there

have been considerable advances in supercapacitors because of the well-developed

nanostructure metal oxide, which can be used as the electrode of the supercapacitor

[5.12-5.17]. It has been proven that nanostructured TiO2 plays an important role in

supercapacitors due to its high charge-transport ability and high surface area for

interaction with redox electrolyte. We believe that the 1-D single-crystal nanowires and

3-D TiO2 nanoforests described in this thesis have great potential for application to
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supercapacitors in the future.
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