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Aim of the Thesis

The demand of energy is increasing day by day. At present, most of the energy
needs rely on fossil fuel. The world energy consumption is made up of about 88%
fossil fuel, 6% hydroelectricity, 6% nuclear power, a small fraction from biomass
and solar energy sources [1]. Fossil fuels cause environmental pollution and are
limited in nature. There is a need to find alternative sources of energy such as solar

or wind energy. The solar energy is the largest carbon free energy source [2].

Solar cell (photovoltaic cell or photoelectric cell) is a solid state device that
converts the solar energy into electricity by photovoltaic or photoelectric effect.
Silicon based solar cells are environmentally clean and have high power conversion
efficiency of about 20% [3, 4]. Silicon solar cells are very expensive as they require
large amount of material for production in its purest form. Harnessing solar energy
with inexpensive materials and manufacturing methods has become an important

challenge. Alternate forms of solar cells are thus being heavily researched.

Michael Gratzel created a low cost dye sensitized solar cell (DSSC) with TiO,
and obtained a solar cell efficiency of 10.4% in 1991 [5]. Dye sensitized solar cells
are considered to be a promising alternative to conventional silicon based
photovoltaic devices because of their simple assembly and low cost fabrication. The
dye sensitized solar cell comprises of anode, redox electrolyte and counter electrode.
Anode is a semiconducting film deposited on transparent conducting glass plate
covered with the monolayer of Ru based synthetic dye. Counter electrode is a

platinum coated transparent conducting glass plate.
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This work is an attempt towards improving performance and lowering the
fabrication cost of dye sensitized solar cells. There are several parameters which
affect the efficiency of DSSC. The photo anode is the key component for enhancing
the efficiency. Generally, TiO; is widely used semiconducting material for photo
anode. A thin film of TiO; is coated on transparent conducting glass plate. For
enhanced performance this film must possess certain structural, electrical and optical
properties. The material should be of small particle size and high surface area so that
more dye molecules can be adsorbed on the surface and more current can be
produced. The film should be porous, so that it can accommodate large no of dye
molecules. The electrical conductivity of the material should be high enough to
transfer electrons generated by dye through the film and reach the conducting plate
easily. A material with high refractive index is needed for making a good dye
sensitized solar cell. Due to high refractive index, the material reflects incident light
and thus light can travel more distance inside the material or light can stay for longer
time inside the material. To generate large number of electrons large number of
photons should be absorbed by material and so the optical absorption coefficient of

material should be high.

In the present work main focus will be on changing material properties. The
highest efficiency of DSSC has been reported for photo anode prepared with TiO..
Attempts have been made to modify the properties of TiO,. The particle size of TiO,
can be varied by mixing it with another oxide. New crystallographic phases with
quite different properties than the original oxides can be produced by mixing of the
oxides [6]. It has been reported that incorporation of ZrO, leads to decrease in
particle size of TiO, and increase in surface area [7]. TiO,-ZrO, composites of

different molar ratios were prepared by hydrothermal method in the present work.
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The electrical and optical properties of material can be modified by doping. The
addition of small amount of foreign atoms in the crystal lattice of semiconductor
changes their electrical properties and produces n-type or p-type semiconductors.
The porosity of the material can be also increased by doping [8]. Doping can change
absorption properties of material by introducing new defects and energy levels. In
the present work different metals were doped into TiO,-ZrO, composites to modify

its properties.

To prepare a low cost dye sensitized solar cell, it is required to replace expensive
components with cheaper one. The expensive parts of DSSC are ruthenium based
synthetic dye and platinum coated counter electrode. Ruthenium based synthetic dye
is very expensive. In the present work, synthetic ruthenium dye has been replaced by
natural dyes extracted from fruits, flowers as well as leaves and platinum coated

counter electrode by carbon coating to lower the fabrication cost.

Since most of the DSSC preparation has TiO; as its base material for working

electrode, a review of the structure and properties of TiO, becomes necessary.

1.1 Titanium Dioxide

Titanium dioxide (TiO,) is a wide band gap semiconducting material. TiO; is
chemically inert, cheap and easy to synthesize. It is a naturally occurring mineral.
TiO; exists in three different crystal structures namely Anatase, Rutile and Brookite.
Among these, the Anatase and Rutile phase has major applications as they can be
synthesized easily [9]. In recent years, it has been reported that Brookite also

exhibits good photo catalytic properties [10].




Chapter 1: Introduction

Anatase TiO, has bandgap of 3.2 eV, Rutile 3.0 eV, where as Brookite TiO, has
bandgap between 3.0 eV and 3.2 eV [11]. The Rutile phase is thermodynamically
stable while Anatase and Brookite are metastable phases and can be easily
transformed into Rutile on heating [12]. Anatase transforms to equilibrium phase at
temperatures between 550° and 1000 °C. The transformation temperature depends
on the impurities or dopants as well as on the morphology of the material. Rutile
TiO, is widely used in white pigments because of its high refractive index. Rutile
TiO; is optically positive where as Anatase TiO; is optically negative. The different

physical parameters are listed in Table 1.

Table 1: Physical properties of the TiO, phases.

Phase Refractive Index Bandgap (eV) Density (gm/cm?®)
Rutile 2.609 3.00 4.23
Anatase 2.488 3.20 3.78
Brookite 2.583 Between 3.00 and 4.08
3.20

1.1.1Crystal structure of TiO,

Among the three phases of TiO,, Rutile and Anatase have tetragonal crystal
structure. These crystals are formed by chains of distorted TiOg octahedra. The unit
cell of most stable Rutile phase contains two TiO, units. The titanium cations have a
coordination number of 6. They are surrounded by an octahedron of 6 oxygen atoms

via two apical and four equatorial bonds of length 1.976 A° and 1.946 A°
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respectively [13]. The oxygen anions have a co-ordination number of 3 resulting in
three coplanar titanium cations via one apical and two equatorial bonds. The unit
cell of metastable Anatase phase contains four TiO, units whereas unit cell of
Brookite contains eight TiO, units. The Ti — Ti distance in Rutile is shorter than in
Anatase. These structural changes lead to the change in mass density. Anatase phase
IS 9% lesser dense than Rutile. Two surfaces (101) and (001) of Anatase crystal are
exposed. The (101) surface is most stable and constitutes 94% of the crystal surface.
Three different surfaces (110), (101) and (001) of Rutile crystal are exposed. The
most stable (110) surface forms 56% of the total crystal surface [13]. The unit cells

of different structure of TiO;are shown in figure 1.

Figure 1: Unit cell of different TiO, structures (a) Rutile, (b) Anatase and (c)
Brookite (from left to right)[14]
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1.1.2 Applications of TiO,

TiO, has wide applications. Some of the prominent ones are given below.
(1) Pigment

The most important constituent of paint is titanium dioxide. Titanium dioxide
(TiO,) is the most important inorganic white pigment used in the coating industry
because of its high refractive index, brightness and opacity. Rutile TiO; is preffered
because it scatters light more efficiently, is more stable and durable. It is also used
as a refractive optical coating for dielectric mirrors [15]. Earlier, toxic Lead was
used in paints for high gloss and rich depth of color. TiO, being a non toxic, opaque
and inert substance has replaced it. It has also been used in food colouring and

crayons [16]. Nearly 95% of the TiO, production is supplied to the pigment industry

(2) Photocatalyst

The word photocatalysis is composed of two parts, “photo” and “catalysis”.
Photocatalyst is the substance which can modify the rate of chemical reaction using
light. Titanium dioxide is a photocatalyst under ultraviolet radiation. Anatase phase
of TiO, is more active as a photocatalyst compared to Rutile. When TiO, is excited
by UV, the electrons absorb energy and move from valance band to conduction
band. Hence an electron hole pair is generated. These free radicals recombine with
oxygen, water or pollutants adsorbed on the surface of TiO, and decomposes them
[17].TiO, can act as a hydrolysis catalyst and can break water molecule into

hydrogen and oxygen. Hydrogen can be collected and used as a fuel. TiO, can be
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also used as a self cleaning or anti fogging coating. The photocatalytic propety of

TiO, is useful in water purification and photodegradation of pollutants.
(3)  Cosmetics

Skin protection against ultraviolet radiation has become essential in current life
style. TiO has been used for years in cosmetics and sunscreens for UV protection.
Being a wide band gap material TiO, absorbs UV radiations. Generally sunscreens
are composed of mixture of organic and inorganic UV filters. TiO, based material
can be used for UVB protection and replaces organic UV filters.TiO, based UV
absorbants also impart whitening effect when applied to the skin[18]. TiO, does not
have side effects or drawbacks of organic UV filters. The particle size of TiO,
influences UV absorption. The sunscreen composed of TiO, nanoparticles will help
to make thin uniform layer of it on the skin, which will be more efficient against UV
radiations. The whitening effect is due to the scattering of visible light. It has been
reported that the scattering of visible light decreases with decreasing particle size but
UV — absorption ability is mintained as light scattering and light absorption is
differently dependent on particle size. The particle size of TiO, in typical UV filters

is in the range of 15-50 nm.
(4) Dye Sensitized Solar Cell

The most important application of TiO; is in dye sensitized solar cell. Dye
sensitized solar cell(DSSC) is third generation solarcell, it was invented in 1991 by
Professor Michael Graetzel and Dr Brian O’Regan[19]. DSSC works on the
principle of photosynthesis.The details of Dye Sensitized Solar Cell is given in

Chapter 2.
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1.2 Zirconium Dioxide

Zirconium dioxide (ZrO,) is a refractory material. It is also called as Zirconia.
ZrO, has a great potential for technological applications because of its electrical and
mechanical properties [20]. ZrO, is one of the most studied ceramic materials. It has
excellent properties such as high melting point, high refractive index, good thermal
and chemical stability, high fracture toughness, high density, high hardness and
good resistance against oxidation [21]. ZrO; exists in three different polymorphs
namely Monoclinic, Tetragonal and Cubic. At room temperature it remains in
Monoclinic phase. As temperature increases, it transforms into Tetragonal and then
Cubic phase. The Tetragonal phase is stable at 1170°C and Cubic phase at 2370°C.
The volume of crystal expands as cubic phase transforms to tetragonal and then to
monoclinic phase. The cubic phase of ZrO, can be stabilized at room temperature
by doping with different oxides like MgO, CaO, and Y,03[22]. ZrO; is an insulating
material with a bandgap of 6 eV. However, it behaves as a semiconductor when

prepared by sol gel method or doped with transition metal [23].
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1.2.1 Crystal Structure of ZrO,

ZrO, exists in three different crystal structures namely Monoclinic, Tetragonal
and Cubic. Monoclinic and Cubic are stable phases whereas Tetragonal is a

metastable phase ZrO,. Figure 2 shows different phases of ZrO, [24].

0 0 "

Figure 2: (a) Cubic ZrO,, (b) Tetragonal ZrO,, (c) Monoclinic ZrO,.

Monoclinic phase is a natural form of Zirconia. It is also known as baddelyite.
Zr** ions of monoclinic ZrO, have coordination number of seven for the oxygen.
The average distance between the Zirconium ion and three of the seven Oxygen ions
is 2.07 A° while between Zirconium ion and other four Oxygen ions is 2.21 A°. In
Tetragonal phase, Zr** ions have coordination number of eight. The distance
between the Zirconium ion and four Oxygen ions is 2.065 A° and that between
Zirconium and other four oxygen ions is 2.455 A°. The Cubic structure of ZrO; is
also known as fluorite. It can be represented by a cubic lattice with eight oxygen

ions which are surrounded by a cubic arrangement of cations [24]. The single crystal
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of Cubic ZrO, has low fracture toughness and strength but very high thermal shock
resistance. The atomic density of Monoclinic phase is 96% of that of Cubic phase
and 97% that of Tetragonal phase. The transformation from Monoclinic to
Tetragonal and then to Cubic phase is results into toughening of the material [25].
Tetragonal to Monoclinic transformation can also be triggered by applying stress.
Hence strain will be produced in structure. The reverse transformation also leads to
toughening and depends on volume expansion as well as shear strain when

tetragonal phase transforms to monoclinic phase.

1.2.2 Applications of ZrO,

Zirconia has extraordinary thermal, electrical, optical and mechanical properties.
Because of these properties, it is used in refractory materials, insulations, catalyst,
anti-corrosion coating, oxygen sensors, fuel cell membranes, high temperature
induction furnace susceptors and for clinical purpose. Zirconia is one of the best
insulating material. It has approximately 5 times the insulating value of alumina or

magnesia. Some of ZrO, applications are listed below.
(1) Biological Applications

It has been confirmed that Zirconia is a highly biocompatible material when it is
purified of its radioactive content [26]. Instead of Titanium and Aluminium, ZrO,
can be used as a new material for hip replacement [27]. Zirconia is chemically inert
and produces no adverse reactions in tissues. In vitro tests have proved that Zirconia

has lower toxicity than Titanium.
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Zirconia has emerged as a promising material for dental ceramics due to its
excellent mechanical properties. The mechanical property of ZrO, is similar to
stainless steel and hence it has been called as ‘Ceramic Steel’ by Gravie [28].The
Cubic phase of Zirconia transforms to Monoclinic phase on cooling, causes
approximately 5% volume expansion and produces cracks. This volume expansion
may fracture Zirconia at room temperature. Due to this, pure Zirconia is not used in
dentistry application. However, mixed phases of Zirconia are used. A mixture of
Tetragonal phase along with Yttrium stabilized Zirconia or Magnesium stabilized

Zirconia is widely used for dentistry application [2].
(2) Refractory material

Zirconia is an excellent material for high temperature applications because of
high melting point, excellent corrosion resistance, high mechanical properties and
small thermal expansion co efficient. Zirconia can withstand high temperature up to
2700°C. Zirconia is an ideal material for the melting of precious metals and super-

alloys which have melting point higher than 1800°C.

1.3 Mixed Oxides

Mixed oxides are oxides that contain more than one cation. The combination of
Titania — Zirconia has been extensively studied in recent years. TiO, and ZrO,
exhibit good catalytic properties. It has been extensively mentioned in literature that
mixing of two dissimilar oxides form a new stable compound having different
physiochemical and catalytic properties. The structural and optical properties are

greatly influenced by mixing oxides.
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The Anatase phase of TiO, can be stabilized by mixing ZrO, [30]. Mixing of
ZrO, with TiO, decreases particle size of TiO, and increases surface area because of
dissimilar nuclei size [31]. The photo catalytic activity of TiO, can be changed by
doping it with transition metal oxides [32]. The photo catalytic activity of TiO; is
seen to be improving by mixing ZrO; [33]. The acid — base or redox properties of
oxides can be altered by mixing two of them which is beneficial for catalytic
applications. The surface acidity of TiO,—ZrO, mixed oxide is improved compared
to pure Zirconia and pure Titania which will enhance the catalytic property [34]. The
mixed oxides have been used for various purposes like fuel cell, gas sensors,

catalyst, ceramic technologies etc. [35].

1.4 Effect of doping

Doping is a process of introducing impurities in a pure semiconductor in order to
modify its structural, electrical and optical properties. In luminescent or phosphor
materials, doping is known as activation. The number of electrons and holes in a
semiconductor can be changed by doping. The addition of small amount of foreign
atoms in the crystal lattice of semiconductor changes their electrical properties and
produces n-type and p-type semiconductors. The conductivity of a semiconductor
material can be increased in n-type material by increasing number of electrons and

in p-type material by increasing number of holes.
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Substitutional doping Interstitial doping
Host atom foreign atom

Figure 3: Doping in semiconductors

Doping can be either substitutional or interstitial or both. In substitutional
doping the foreign atom takes its position in crystal lattice by replacing an atom
from host material. If an atom takes its position in available voids or space in a
crystal lattice of host material, such a doping is called interstitial doping. These are

illustrated in figure 3.

The electrical, optical and structural properties are greatly influenced by doping.
The phase transformation of TiO, depends on impurities, types of dopant and
amount of dopant. The doping of iron increases porosity in TiO [8]. The dopants are
more likely to enter lattice in a substitutional manner if the ionic radius of dopant is
smaller than the host atom and inhibit the crystal growth. If the ionic radius of

dopant is larger than host atom, it enters into interstitial space and breaks the crystal.
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Semiconducting material with varying bandgap has significant applications in
optoelectronic devices. The bandgap of material can be varied by either changing
particle size or by adding impurities. Transition and rare earth metal ions shift the
absorption edge towards visible region and increase photo reactivity of TiO, in the
visible region [36, 37, 38, 39, 40]. The metal and rare earth ions produce new energy

levels within the bandgap of TiO..




Chapter 1: Introduction

References

[1] World energy report 2005, RWE Group, http://www.rwe.com.

[2]M. Graetzel, in European Conference on Hybrid and Organic Solar Cells, Paris,
2006.

[3] N. Robertson, Angew. Chem. Int. Ed. 2006, 45, 2338.

[4] L. B. Roberson, M. A. Poggia, J. Kowalik, G. P. Smestad, L. A. Bottomley, L.
M. Tolberta, Coord. Chem. Rev. 2004, 248, 1491.

[5] O’Regan, B.; Gratzel , M. Nature (London, United Kingdom) 1991, 353, 737-40.
[6] N.I.LK uznetsova, L.1.K uznetsova, L.G.Detushe va, V.A. Likholobov, G.P .Pez,
and H.Cheng, J. Mol. Catal. A 2000, 161, 1.

[7] X. Fu, L.A. Clark, Q. Yang, M.A. Anderson, Environ. Sci. Technol. 1996, 30
647-653.

[8] Mukhtar Effendi and Bilalodin, International Journal of Basic & Applied
Sciences, 2012, 12, 02.

[9] D Reyes-Coronado, G Rodriguez-Gattorno,M E Espinosa-Pesqueira, C Cab, R
de Coss and G Oskam, Nanotechnology, 2008, 19, 145605.

[10] R. Zallen , M.P. Moret, Solid State Communications, 2006, 137, 154-157.

[11] Grétzel, M.; Rotzinger, F.P. Chem. Phys. Lett. 1985, 118, 474-477.

[12] Agatino Di Paola , Marianna Bellardita and Leonardo Palmisano, Catalysts
2013, 3, 36-73.

[13] Michele Lazzeri, Andrea Vittadini, and Annabella Selloni, physical review B,
2001, 63, 1554009.

[14] Jonas Moellmann, Stephan Ehrlich, Ralf Tonner and Stefan Grimme, J. Phys.

Condens. Matter, 2012, 24, 424206.




Chapter 1: Introduction

[15]http://mww2.dupont.com/Titanium_Technologies/en_US/tech_info/literature/Co
atings/CO_B_H_65969 Coatings_Brochure.pdf,

[16] http://cleanair.bz/otheruses.html,

[17] DEVELOPMENT OF A SIMPLE DIP COATING METHOD FOR
IMMOBILIZATION OF TiO2 ONTO SOLID SUPPORTS USING DIRECT TiO2
POWDER, AZZARYIATUL HAFIZAH AMAR, Thesis submitted in fulfilment of
the requirements for the degree of Master of Science

[18] S. Wiechers, P. Biehl, C. Luven, M. Maier, J. Meyer, J. Miinzenberg, and C.
Schulze-Isfort, Cosmetics & Toiletries magazine, 2013, 128, 5.

[19] B. Oregan and M. Gratzel, Nature 1991, 353, 737 — 740.

[20] J. C. Garciaa and L. M. R. Scolfarob, A. T. Lino, V. N. Freire and G. A. Farias,
C. C. Silva and H. W. Leite Alves, S. C. P. Rodrigues and E. F. da Silva, J. of App.
Phy. 2006, 100, 104103

[21] J. Xing, X. Wang, L. Jie, J. Kuiaun, H. Meng, Z. DongNing, LU Hui-Bin, Chin.
Physi. Lett. 2007, 24, 530.

[22] Experimental and theoretical determination of the electronic structure and
optical properties of three phases of ZrO2. Physical review B condensed matter,
third series , 1994, 49, 8.

[23] T. Lopez, M. Alvarez and R. Gomez, Journal of Sol-Gel Science and
Technology, 2005, 33, 93-97,

[24] T. Vagkopoulou, S. O. Koutayas, P. Koidis, & J. R. Strub, Eur J Esthet Dent,
2009, 4, 130-151.

[25].Victor Milman, Alexander Perlov, Keith Refson, Stewart J Clark, Jacob

Gavartin and BjoernWinkler, J. Phys.: Condens. Matter, 2009, 21, 485404.



http://www2.dupont.com/Titanium_Technologies/en_US/tech_info/literature/Coatings/CO_B_H_65969_Coatings_Brochure.pdf
http://www2.dupont.com/Titanium_Technologies/en_US/tech_info/literature/Coatings/CO_B_H_65969_Coatings_Brochure.pdf
http://cleanair.bz/otheruses.html

Chapter 1: Introduction

[26] M. Gahlert, T. Gudehus, S. Eichhorn, E. Steinhauser, H. Kniha, W. Erhardt,
Clin Oral Implants Res, 2007, 18, 662-668.

[27] J. D. Helmer, T. D. Driskell. Research on bioceramics. Symposiumon Use of
Ceramics as Surgical Implants. South Carolina, USA: Clemson University; 1969.
[28] Paolo Francesco Manicone et al, Journal of Dentistry. 2007, 35, 819-826.

[29] Seyed Asharaf Ali, Suma Karthigeyan, Mangala Deivanai, Ranjana Mani,
Pakistan Oral & Dental Journal, 2014, 34, 1.

[30] Masanori Hirano, Chiaki Nakahara, Keisuke Ota, and Michio Inagaki, J. Am.
Ceram. Soc, 2002, 85, 1333-35

[31] Athapol Kitiyanan, Supachai Ngamsinlapasathian, Soropong Pavasupree,
Susumu Yoshikawa, Journal of Solid State Chemistry, 2005, 178, 1044-1048

[32] K.Y. Jung and S.B. Park, Mater. Lett. 2004, 58, 2897- 2900.

[33] Singto Sakulkhaemaruethai, Athapol Kitiyanan and Susumu Yoshikawa,
Journal of Ceramic Processing Research. 2006, 7, 10-13.

[34] A. Kristiani, S N. Aisyiyah Jenie, J A. Laksmono, S. Tursiloadi, Int. J. Adv.
Eng. And Tech, 1, 1, 038 - 042

[35] M. Benjaram, Reddy andAtaullah Khan, Catalysis Reviews, 2006, 47, 257-296,
[36] Mukhtar Effendi and Bilalodin, International Journal of Basic & Applied
Sciences, 2012, 12, 02.

[37] Anh Tuan Vu, Quoc Tuan Nguyen, Thi Hai Linh Bui, Manh Cuong Tran, Tuyet
Phuong Dang and Thi Kim Hoa Tran, Adv. Nat. Sci.: Nanosci. Nanotechnol. 2010,
1, 015009

[37] Long Wang, Jian Mao, Gao-Hua Zhang, Ming-Jing Tu, World J Gastroenterol

2007, 13, 4011-4014.




Chapter 1: Introduction

[38] Jianhua Chen, Maosheng Yao, Xiaolin Wang, J Nanopart Res, 2008, 10, 163—
171.

[39] T. Umebayashi Tetsuya Yamaki Hisayoshi Itoh, Keisuke Asai, Journal of
Physics and Chemistry of Solids, 2002, 63, 1909-1920.

[40] G. Magesh, B. Vishwanathan, R. P. Vishwanath, T. K. Varadarajan, Ind. J.

Chem. 20009, 48, 480-488.



https://www.researchgate.net/profile/Keisuke_Asai2

