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Abstract

In this chapter, we review the controlling of the microstructures, the properties, and the 
different methods to obtain titanium dioxide and the application of these materials on 
solar cells. We will concentrate on the application of efficient solar cells including dye-
sensitized solar cells (DSSCs). In the first section, we provide a background on energy, 
including its sources—photovoltaics and titanium dioxide—and the advantages of their 
application in solar cells. The second section outlines the different methods to obtain 
TiO

2
 nanoparticles. The shapes of titanium dioxide are explored in the third section. In 

the fourth section, we discuss the use and effect of the titanium dioxide in the efficient 
dye-sensitized solar cells, and the last section is a summary of the current state of the art 
and perspectives of titanium dioxide for efficient solar cells.

Keywords: titanium dioxide, nanoparticles, solar cells, dye-sensitized solar cells, 
efficiency, applications

1. Introduction

The focus of this chapter is to study a general background on titanium dioxide and explain 
the different methods of its preparation including dry and wet chemical methods. In this sec-
tion, the importance of titanium dioxide and the effect of different structural morphologies of 
titania are depicted with the efficiency of the solar cell applications especially dye-sensitized 
solar cells (DSSCs).

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1.1. Sources of energy

Energy makes change; it does things for us. The cars along the road as well as the boats over the 
water can be moved by energy. A cake in the oven and the ice frozen in the freezer also are been 
done using energy. It plays our favorite songs on the radio and lights our homes. Energy enables 
our bodies grow and make our minds to think. Scientists define energy as the ability to do work. 
Energy sources are classified into renewable and nonrenewable sources as shown in Figure 1.

Most of our energy is extracted from nonrenewable energy sources. Coal, petroleum, natural 
gas, propane, and uranium are nonrenewable energy sources. The name of nonrenewable 
energy sources has appeared because their supplies are limited. Petroleum, for example, was 
formed millions of years ago from the remains of ancient sea plants and animals. A long 
period of time is needed to deposit more crude oil.

Renewable energy sources include biomass, geothermal energy, hydropower, solar energy, 
and wind energy. They are replenished in a short time, so they are called renewable. 
Electricity is mainly produced from renewable energy sources. Sunlight, or solar energy, can 
be used directly for heating, lighting, generating electricity, and many other applications [1, 

2]. Indirectly, sun’s heat also creates winds, whose energy is used to generate electricity by 
wind turbines, which is called wind energy. Plants are grown by sunlight. Biomass is the 
organic matter which is composed of plants. It can be used, for example, to produce electric-
ity and transport fuels. Furthermore, geothermal energy absorbs the Earth’s internal heat and 
can be used for a large variety of applications such as building heating and electricity produc-
tion. Ocean energy draws on energy of the ocean waves, currents, and tides which can under 
favorable conditions be used for the production of electricity. Global energy consumption 
consists of six primary sources: 44% petroleum, 26% natural gas, 25% coal, 2.5% hydroelectric 
power, 2.4% nuclear power, and 0.2% non-hydro renewable energy [3]. Between 1990 and 
2010, worldwide consumption of petroleum, coal, and natural gas is enhanced by 22, 27, and 
71%, respectively.

Figure 1. Renewable and nonrenewable energy sources. From Ref. [4]. Reprinted with permission from WordPress.
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1.2. Solar energy

Solar energy develops a large variety of techniques, including photovoltaic systems, concen-
trating solar power, passive solar systems, solar hot water, and solar process heat [5].

Conversion of the light energy into electricity is the main use of photovoltaic solar cells and 
has been existing for a long time; many applications like solar panels on satellites and smaller 
uses as calculator or watch energy supply, which is familiar for everyone, enable them to be 
famous. The solar energy is instituted on the solar cell (photovoltaic) effect, which allows the 
conversion of light (photons) to electricity (electrons).

1.3. Photovoltaic (PV) technology

Electricity is a necessity in everyday life. The cheapest and available power plays a very cru-
cial role in the economic development of the industrialized nations. At the beginning of the 
twenty-first century, more than 80% of electricity is generated by burning fossil fuels (coal, 
gas, and oil) [6]. Because of the limited supply of fossil fuels and the growing concerns about 
global warming, the use of more and more renewable energy sources in energy production 
is being encouraged in different parts of the world [7]. Among the various sources of renew-
able energy, solar energy has been considered to have great potential because of the virtually 
unlimited (100 KTW) supply of sunlight on the Earth [8]. The technology which harnesses 
the solar energy and converts it into electrical energy is called photovoltaic (PV) technology.

1.4. Titanium dioxide

The semiconductor of choice for making dye-sensitized solar cells (DSSCs) due to its good 
properties is titanium dioxide, TiO

2
, also known as titania. This material is a cheap and harm-

less water-insoluble inorganic material that is related to the family of transition metal oxide 
[9]. Although TiO

2
 is a chemically inert substance and it does not promote chemical reactions 

in the absence of light, particular safety measures are needed when handling nanosized tita-
nia [10]. Moreover, TiO

2
 has a strong ionic character and can be noticed as being constituted 

of TiIV+ and O2– ions. The conduction band is formed by the 3d orbital of titanium, and the 
valence band is obtained by the 2p orbital of oxygen. TiO

2
 is commercially available and 

widely used in industrial applications [11].

The most common form of this oxide in nature is rutile. Another form is brookite. A third form 
of this oxide is anatase, which is the thermodynamically stable crystalline form at high pres-
sure. In all of them, each titanium is surrounded by six oxygen atoms, leading to more or less 
distorted TiO6

2− octahedrons. Crystal structures differ by the distortion of each octahedron 
and by the assembly patterns of the TiO6

2− units [12]. For the rutile structure, each octahe-
dron is connected with 10 neighbors (two sharing edge oxygen pairs and eight sharing corner 
oxygen atoms), while for the anatase and brookite structures, every moiety is in contact with 
eight neighbors (four sharing an edge and four sharing a corner) as shown in Figure 2. Three-
dimensional TiO

2
 network is obtained from a mixture of corner-sharing and edge-sharing 

octahedral units [13].
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The most stable phase for titania is anatase below the particle size of 11 nm [15]. The struc-
tural parameters lead to differences in mass density and electronic band structure, inducing 
inherent properties to each polymorph. Then, it is widely confirmed that anatase is the most 
photoactive TiO

2
 phase, although a mixture of anatase and rutile is preferred for photocata-

lytic applications [16].

2. Synthesis of titania nanoparticles

An exponential growth of research activities has been noticed in nanoscience and nanotechnol-
ogy in the past decades [17, 18]. When the size of the material becomes smaller and smaller, 
down to the nanometer scale, new physical and chemical properties are obtained. Properties also 
change by the changing in the morphologies of the shrinking nanomaterials. One of the best fea-
tures of these materials is the swimming of electrons and holes in semiconductor nanomaterials, 

which are first organized using the well-known quantum confinement, and the moving features 
owned to phonons and photons are greatly related to the size and geometry of the materials 
[19]. The specific surface area and surface-to-volume ratio increase dramatically as the size of 
a material decreases [20, 21]. Continuously, breakthroughs have been made in the preparation, 
modification, and applications of TiO

2
 nanomaterials. Here, we focus on recent progress in the 

synthesis, properties, modifications, and applications of TiO
2
 nanomaterials. The syntheses of 

TiO
2
 nanomaterials, including nanoparticles, nanorods (NRs), nanowires (NWs), and nanotubes 

(NTs), are primarily categorized with the preparation techniques. For detailed instructions on 
each synthesis, the readers are referred to the corresponding literature related to the common 
major four preparation methods as well as the obtained shapes of titanium dioxide nanopowders.

2.1. Synthetic methods for titanium dioxide nanostructures

2.1.1. Sol-gel method

TiO
2
 nanomaterials have been synthesized by the sol-gel method from hydrolysis of a titanium 

precursor. This process normally happened through an acid-catalyzed hydrolysis step of tita-
nium (IV) alkoxide followed by condensation as shown in Figure 3. The improvement of Ti─O─Ti 

bonds is developed with small amount of water, low hydrolysis rates, and excess amount of  

Figure 2. Rutile, anatase, and brookite unit cells, all showing octahedral titanium coordination. Gray and red atoms 
correspond to Ti4+ and O2−, respectively. Reproduced from Ref. [14] with permission from American chemical society 2010.
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titanium alkoxide in the reaction content [22]. Polymeric skeletons with three-dimensional struc-
ture show close packing result from the enhancement of Ti─O─Ti chains. The Ti(OH)4 is pre-
ferred to be obtained with high hydrolysis rates for a medium amount of water. The existence 
of a large quantity of Ti─OH and scanty development of three-dimensional polymeric skeletons 
resulted in freely packed first-order particles. Polymeric Ti─O─Ti chains are improved in the 

presence of a big amount of water [23]. The different sizes and shapes of highly crystalline ana-
tase TiO

2
 nanoparticles could be obtained by the polycondensation of titanium alkoxide in the 

presence of tetra methyl ammonium hydroxide [24].

2.1.2. Hydrothermal and solvothermal methods

Hydrothermal synthesis includes the different techniques of crystallizing substances from 
high-temperature aqueous solutions at high vapor pressures, whereas solvothermal method 
includes crystallization of materials in alcohol-based solvent such as ethanol, methanol, 
n-propanol, and n-butanol. The hydrothermal method has been used by many groups to 
obtain TiO

2
 nanoparticles [26, 27]. For instance, hydrothermal treatment of peptized precipi-

tates of a titanium precursor with water is considered to be a good source of TiO
2
 nanopar-

ticles [28]. The precipitate materials were fabricated by adding a 0.5 M isopropanol solution of 
titanium butoxide into deionized water ([H

2
O]/[Ti]) [29], and then they were peptized at 70°C 

for 1 h in the presence of tetra alkyl ammonium hydroxides (peptizer). After that, filtration 
and treatment have been done at 240°C for 2 h; then, the as-obtained powders were washed 
with deionized water and absolute ethanol and then dried at 60°C. With the same amount of 
peptizer, the particle size decreased with increasing alkyl chain length. The morphology of 
the particles is affected by the peptizers and their concentrations. In another example, TiO

2
 

nanoparticles were prepared by hydrothermal reaction of titanium alkoxide in an acidic  
ethanol-water solution [30]. Besides TiO

2
 nanoparticles, TiO

2
 nanorods have also been syn-

thesized with the hydrothermal method [31] that obtained TiO
2
 nanorods by treating a dilute 

Figure 3. (a) An illustration of the mechanisms of sol-gel processes: (A) acidic conditions, (B) alkaline conditions, and 
(C) P123-templated, containing weak alkaline conditions in this. (b) SEM images of the surface of the tubular titania 
membrane. Reproduced from Ref. [25] with permission from The Royal Society of Chemistry.
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TiCl4 solution at 333–423 K for 12 h in the presence of acid or inorganic salts [32]. Figure 4 

illustrates the fabrication process of the titania nanorods (TNRs) film on FTO substrate via 
hydrothermal method as well as the SEM image of TiO

2
 nanoparticles.

The solvothermal method has been found to be a versatile method for the synthesis of a vari-
ety of nanoparticles with narrow size distribution and disparity [33]. TiO

2
 nanoparticles and 

nanorods with narrow size distributions can also be developed with the solvothermal method 
[34]. For example, in a typical synthesis from [35], the suspension of TiO

2
 powder has been 

done by keeping 5 M NaOH water-ethanol solution at 170–200°C for 24 h in an autoclave and 
then cooled to room temperature naturally. After that, the obtained sample is washed with 
a dilute HCl aqueous solution and dried at 60°C for 12 h in air. Then, TiO

2
 nanowires are 

obtained. The crystal morphology determination is highly dependent on the solvent used.

2.1.3. Chemical vapor deposition and physical vapor deposition methods

Materials in a vapor state are condensed to form a solid-phase material is the meaning of 
vapor deposition operation. These operations are basically used to form coatings to prevent 
the mechanical, electrical, thermal, optical, corrosion resistance, and wear resistance prop-
erties of various substrates. Lately, they have been exceedingly reconnoitered to prepare 
different shapes of nanomaterials. A vacuum chamber is a place where the vapor deposi-
tion process is taken place. In case where no chemical reaction happens, this operation 
is named physical vapor deposition (PVD); otherwise, it is named chemical vapor depo-
sition (CVD). In CVD processes, thermal energy heats the gases in the coating chamber 
and drives the deposition reaction. On the other hand, plasma-enhanced chemical vapor 
deposition (PECVD) is a chemical vapor deposition process used to deposit thin films from 
a gas state (vapor) to a solid state on a substrate as shown in the schematic diagram in 
Figure 5. Chemical reactions are implicated in the operation, which happened following 

the creation of a plasma of the reacting gases. The plasma is generally obtained using radio 
frequency (RF) (alternating current (AC)) or direct current (DC) discharge between two 
electrodes, the space between which is filled with the reacting gases. Furthermore, in PVD, 
materials are firstly evaporated and then condensed to obtain a solid material. The primary 

Figure 4. (a) Fabrication process of the TNRs film on FTO substrate via hydrothermal method. (b) SEM photograph of a 

TiO
2
 film resulted from P25 and titanium isopropoxide ethanol solution after hydrothermal treatment at 100 °C for 12 h. 

Reproduced from Ref. [36, 37, 57] with permission from AIMSpress 2016 and Royal Society of Chemistry 2014.
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PVD methods contain thermal deposition, ion plating, ion implantation, sputtering, and 
laser vaporization. TiO

2
 nanowire arrays have been assembled by a simple PVD method or 

thermal deposition [38].

2.1.4. Organic acid precursor method

The organic carboxylic acid precursor technique includes the preparation of aqueous solution 
of required cations and the chelation of cations in solution by addition of carboxylic acid then,  
raising the temperature of the solution until formation of the precursor. The precursor is 

Figure 5. Schematic diagram of the plasma-enhanced chemical vapor deposition (PECVD). Reproduced from Ref. [39] 

with permission from IOPScience publishers.

Figure 6. TEM image of TiO
2
 nanoparticles with an average size of 21 nm obtained from Evonik (Aerosil TiO

2
 P-25). It 

consists of a mixture of 80% anastase and 20% rutile with a specific surface area of approximately 50 m2/g. Reproduced 

from Ref. [37, 41, 58] with permission from Springer Nature publishing 2017.
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 calcined at low temperature. The method is also called combustion method, polymeric precur-
sor method, and acid gel method (oxalate precursor, tartaric acid, lactic acid, and citrate pre-
cursor method). The process depends on complexation of metallic salts with aqueous solution 
of organic acid; the formed complex solution was evaporated at low temperature from 60 to 
1000°C until viscous resin is formed; the formed polymer resin was dried and then calcined at 
low temperature from 200 to 1000°C for 1–4 h [40]. Figure 6 shows TEM micrographs of titania 

nanopowders synthesized using organic acid precursor.

3. Shapes of titanium dioxide nanopowders for dye solar cells

Nowadays, most of the successful photovoltaic devices are assembled by semiconductor 
materials such as silicon (Si) [42]. In recent years, different alternatives to Si-based solar cells 
have become obtainable, and the large research is outstanding toward substantially decreas-
ing the cost of electricity generation. Dye-sensitized solar cells (DSSCs) [43] are attractive 
alternative in comparison with others as they can be cheap, lightweight, portable, and flex-
ible. On the other side, the attractive and extensive properties of titania (TiO

2
) have led to its 

wide use in many industries, from traditional industries to high-technology industries [44]. 

The morphology and particle size of TiO
2
 play critical roles in the photoelectric conversion 

efficiency of DSSCs [45]. For example, TiO
2
 materials with different morphologies, such as 

nanoparticles [46], nanotubes [47], nanowires [48], and nanorods [49], have applied to fabri-
cate the porous film electrodes. Nanostructured TiO

2
 materials can be prepared by dry and 

wet processes as mentioned in the previous section. Because different reaction conditions, 
like reactants, reaction medium, temperature, and pH of solution, can be chosen in the wet 
processes, the crystallite size, crystal shape, and surface structure of the nanocrystals can be 
controlled more easily than that in the dry processes [50].

In particular, one-dimensional (1D) TiO
2
 nanostructures, including nanorods (NRs) [49], 

nanowires (NWs) [48], and nanotubes (NTs) [47], have attracted large interest because of their 
unique microstructure and promising lineaments, like a high aspect ratio, high surface area, 
higher surface area/volume ratio, enhanced number of delocalized carriers, and increasing 
the charge transport afforded by dimensional anisotropy with the conventional properties 
[51]. Their remarkable properties have referred to their use in wide applications including 
dye-sensitized solar cells (DSSCs), photocatalysis, and photochromic devices [52]. For dye-
sensitized solar cell (DSSC) operation, 1D nanostructure-based photoanodes can contribute 
to rapid electron transport, ensuring efficient charge collection by the conducting substrate 
in competition with recombination. This point has promoted research on self-ordered, 1D 
photoanodes stretched on a substrate with enhanced electron transport properties due to 
their desirable features, namely, highly decreased intercrystalline contacts and a structure 
with a specified directionality. Kang et al. (2008) confirmed that TiO

2
 nanorods (NRs) are 

believed to have exceptional properties and have been deemed an alternative to nanoparticles 
(NPs) as shown in Figure 7 [53]. Furthermore, increasing the delocalization of carriers in rods, 
where they can move freely throughout the length of the NRs, is expected to decrease the 
e−/h+ recombination probability. However, this is partially recompensed by the traps in the 
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surface sites to guarantee more efficient charge separation [53]. Moreover, NRs can poten-
tially enhance the charge transport in the photoanodes of DSSCs. In addition, NRs offer direct 
electrical pathways for photo-generated electrons and can enhance the electron transport rate, 
which in turn may improve the performance of DSSCs.

In the DSSC, the photoanode encompassed of oriented attachment. TiO
2
 NRs showed the 

following two main advantages: (1) confirmation of high surface area directly proportional 
to the light-harvesting yield (dye uptake) resulted from the NRs synthesized from the neck-
ing of truncated NPs by recovering the low surface area of the general TiO

2
 NRs and (2) fast 

electron transport rate and degraded charge recombination from the decreased intercrystal-
line contacts between grain boundaries and specific directionality of NRs, bringing about the 
improved charge collection efficiency.

4. The architecture of the dye-sensitized solar cell (DSSC)

The architecture of a dye-sensitized solar cell (DSSC) is discussed in Figure 8. The DSSC con-
sists of a dye-covered, nanoporous TiO

2
 (titanium dioxide) layer and an electrolyte founded in 

between two glass substrates. Front and back electrodes are decorated with a transparent con-
ducting oxide (TCO). Fluorine doped tin oxide (SnO

2
: F), FTO, is the most widely known. The 

FTO at the back electrode is covered with few nanometers of atomic layers of platinum (Pt), which 
enhance the formation of electrons through the redox reaction with the electrolyte. The front elec-
trode is covered firstly with thin layer of TiO

2
 as a blocking layer which is responsible to prevent 

the holes from reaching the anode and then coated with a nanocrystalline TiO
2
 layer with an aver-

age particle size of 5–20 nm. Considering a layer thickness of 10 μm, the resulting effective surface 
is about 1000 times larger than the dense compact TiO

2
 layer. Three modifications of TiO

2
 exist: 

rutile, anatase, and brookite. In the DSSC preferably only the anatase modification is used [54].

Subsequently, a monolayer of dye molecules (scattering layer) is adsorbed on the surface of the 
TiO

2
. The huge nanoporous surface allows for an adsorption of a sufficiently huge number of dye 

molecules for efficient light harvesting. The most widespread dye molecule employed in DSSC is 
usually a ruthenium (Ru) metal-organic complex, the so-called N719 [56]. The spectral absorption 
of the dye lies between 300 nm and 800 nm. Sufficient adsorption of the dye to the TiO

2
 is critical 

and is obtained by the two carboxylic groups of the ligand (L = 2,2′-bipyridyl-4,4′-dicarboxylic 
acid) of the RuL

2
 (NCS)

2
. Finally, a liquid redox electrolyte is inserted between the two electrodes.

Figure 7. The TiO
2
 photoanodes consisting of the NPs and NRs in the configuration of DSSCs (Kang et al., 2008). From 

Ref. [53]. Reprinted with permission from Royal Society of Chemistry 2016.
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4.1. How does the DSSC work?

When the solar light is irradiated, the dye sensitized it, and the electron excited from the valence 
band (VB) to the conduction band (CB) of the dye leaving a hole in the valence band. After that, 
the electron moves from the valence band of the dye to the valence band of the TiO

2
 nanopar-

ticles which facilitate the swimming of the electrons to the FTO anode substrate and then to 
the Pt cathode to generate electricity. On the other hand, the redox reaction occurs in the iodine 
electrolyte to facilitate the formation of the electron to fill the hole founded in the valence band 
of the dye to regenerate the electron in the cell, and the process occurs continuously.

4.2. Uses of titanium dioxide in DSSC

TiO
2
 is used for DSSCs for the following key properties: (i) is a suitable band that adjusts for 

electron injection from most commercial dyes, (ii) has a high surface area which is suitable for 
higher dye loading, and (iii) has high electronic mobility for photo-generated electron collection.

Nowadays, many groups and results mentioned that TiO
2
 is the best available choice compared 

to other metal oxide semiconductors such as ZnO, SnO
2
, and so on due to the internal network 

structure which is important to achieve high charge collection efficiency and more electron 
transportation. These features enable a good electrode while fabricating a typical DSSC device.

5. Summary and perspectives

Since many years, titanium dioxide nanomaterials have been highly discussed because of 
their application in solar to electricity conversion for their matching with modern tech-
nologies. The persistent permeation in the synthesis and modifications of titanium dioxide 

Figure 8. Schematic diagram of a solar cell sensitized by dye. The nanoporous semiconductor (TiO
2
) and the redox 

electrolyte are founded between two substrates, covered with fluorinated tin oxide (FTO). The TiO
2
 is filled with a dye, 

and the cathode is covered with a platinum layer. From Ref. [55]. Reprinted with permission from Springer Nature 2003.
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nanomaterials has imparted novel properties and applications in the photovoltaic field with 
enhanced performance. Aside from that, recently improved devices depend on a novel con-
cept that have largely expanded the application range of titanium dioxide and also put for-
warded new requirements for titanium dioxide properties. In this chapter, the major advances 
of applying titanium dioxide nanomaterials to photovoltaics have been discussed, including 
the dye-sensitized solar cells. These steady progresses have demonstrated that TiO

2
 nano-

materials play an important role in the search for efficient and low-cost photovoltaic tech-
nologies. The charge transfer process in these photovoltaic devices is nearly correlating with 
the features of titanium dioxide nanomaterials as well as the titanium dioxide interface. The 
unique physical and chemical properties of titanium dioxide nanomaterials can be controlled 
through modulation of nanocrystal structure, size, shape, and organization. Furthermore, the 
properties of titanium dioxide interface can be amended through the interaction between 
TiO

2
 and the surrounding elements, including light harvesters, charge transport materials, 

additives, as well as interfacial modifiers. Moreover, many efforts have been done to develop 
large-scale preparation technique for high-quality, low-cost titanium dioxide nanomaterials 
and transformative technology. In order to realize the marketing economically of solar panels 
with wide application prospect, many studies have been considered. It is believed that future 
research efforts on new materials and key interfaces will make the titania-based solar cells as 
a new PV energy source.

Acknowledgements

The authors would like to extend their sincere appreciation to the Central Metallurgical 
Research and Development Institute, Egypt, for its financial support to pursue the work.

Author details

Ahmed Esmail Shalan*, Ahmed Mourtada Elseman and Mohamed Mohamed Rashad

*Address all correspondence to: a.shalan133@gmail.com

Electronic and Magnetic Materials Division, Advance Materials Department, Central 
Metallurgical Research and Development Institute (CMRDI), Helwan, Cairo, Egypt

References

[1] Iychettira KK, Hakvoort RA, Linares P, de Jeu R. Towards a comprehensive policy 
for electricity from renewable energy: Designing for social welfare. Applied Energy. 
2017;187:228-242

[2] de Souza JS, De Andrade LOM, Müller AV, Polo AS. Nanomaterials for solar energy con-
version: dye-sensitized solar cells based on ruthenium (II) Tris-heteroleptic compounds 
or natural dyes. Nanoenergy. 2018:69-106. https://doi.org/10.1007/978-3-319-62800-4_2

Controlling the Microstructure and Properties of Titanium Dioxide for Efficient Solar Cells
http://dx.doi.org/ 10.5772/intechopen.72494

361



[3] Kriegler E, Bauer N, Popp A, Humpenöder F, Leimbach M, Strefler J, Baumstark L, 
Bodirsky BL, Hilaire J, Klein D. Fossil-fueled development (SSP5): An energy and resource 
intensive scenario for the 21st century. Global Environmental Change. 2017;42:297-315

[4] http://greenplanetethics.com/wordpress/renewable-and-non-renewable-energy-sources-
explained/

[5] Soon-HC. Thermal type seawater desalination with barometric vacuum and solar 
energy. 2017;141:1332-1349

[6] DeCotis PA. Market-pricing idiosyncrasies present a twenty-first-century grid challenge.  
Natural Gas & Electricity. 2016;32:27-28

[7] Lamnatou C, Chemisana D. Concentrating solar systems: Life Cycle Assessment (LCA) 
and environmental issues. Renewable and Sustainable Energy Reviews. 2017;78:916-932

[8] Elseman AM, Rashad MM, Hassan AM. Easily attainable, efficient solar cell with mass 
yield of nanorod single-crystalline organo-metal halide perovskite based on a ball mill-
ing technique. ACS Sustainable Chemistry & Engineering. 2016;4:4875-4886

[9] Bonelli B, Esposito S, Freyria FS. Mesoporous titania: Synthesis, properties and com-
parison with non-porous Titania. Titanium Dioxide. 2017:119-141. DOI: 10.5772/
intechopen.68884

[10] Vranic S, Gosens I, Jacobsen NR, Jensen KA, Bokkers B, Kermanizadeh A, Stone V, Baeza-
Squiban A, Cassee FR, Tran L. Impact of serum as a dispersion agent for in vitro and 
in vivo toxicological assessments of TiO

2
 nanoparticles. Archives of Toxicology. 2017; 

91:353-363

[11] Sterchele S, Bortolus M, Biasi P, Boström D, Mikkola J-P, Salmi T. Is selective hydroge-
nation of molecular oxygen to H

2
O

2
 affected by strong metal–support interactions on 

Pd/TiO
2
 catalysts? A case study using commercially available TiO

2
. Comptes Rendus 

Chimie. 2016;19:1011-1020

[12] Luo B, Tang H, Cheng Z, Ji Y, Cui X, Shi Y, Wang B. Detecting the photoactivity of ana-
tase TiO

2
 (001)-(1× 4) surface by formaldehyde. Journal of Physical Chemistry C. 2017; 

121:17289-172962017

[13] Baldini E, Chiodo L, Dominguez A, Palummo M, Moser S, Yazdi-Rizi M, Auböck 
G, Mallett BP, Berger H, Magrez A. Strongly bound excitons in anatase TiO

2
 single 

crystals and nanoparticles. Nature Communications. 2017;8:13. DOI: 10.1038/s41467- 
017-00016-6

[14] Dambournet D, Belharouak I, Amine K. Chem. Mater. 2010;22(3):1173-1179

[15] Satoh N, Nakashima T, Yamamoto K. Metastability of anatase: Size dependent and irre-
versible anatase-rutile phase transition in atomic-level precise titania. Scientific Reports. 
2013;3:1959

[16] Cao L, Chen D, Wu W-Q, Tan JZ, Caruso RA. Monodisperse anatase titania micro-
spheres with high-thermal stability and large pore size (∼80 nm) as efficient photocata-
lysts. Journal of Materials Chemistry A. 2017;5:3645-3654

Titanium Dioxide - Material for a Sustainable Environment362



[17] Cogan NM, Liu C, Qiu F, Burke R, Krauss TD. Ultrafast dynamics of colloidal semi-
conductor nanocrystals relevant to solar fuels production. SPIE Defense+ Security. 2017 
101930B-101930B-11

[18] Rashad M, Shalan A, Lira-Cantu M, Abdel-Mottaleb M. Synthesis and characterization 
of mesoporous anatase TiO

2
 nanostructures via organic acid precursor process for dye-

sensitized solar cells applications. Journal of Industrial and Engineering Chemistry. 
2013;19:2052-2059

[19] Liu XY, Chen H, Peng JH, Zhang JX. One-pot synthesis of close-packed titanium diox-
ides on graphene oxides. Ceramics International. 2016;42:11478-11481

[20] Shalan AE, Narra S, Oshikiri T, Ueno K, Shi X, Wu H-P, Elshanawany MM, Diau EW-G, 
Misawa H. Optimization of a compact layer of TiO

2
 via atomic-layer deposition for high-

performance perovskite solar cells. Sustainable Energy & Fuels. 2017;1:1533-1540

[21] Shalan A, Rasly M, Rashad M. Organic acid precursor synthesis and environmental 
photocatalysis applications of mesoporous anatase TiO

2
 doped with different transition 

metal ions. Journal of Materials Science: Materials in Electronics. 2014;25:3141-3146

[22] Rashad M, Elsayed E, Al-Kotb M, Shalan A. The structural, optical, magnetic and photo-
catalytic properties of transition metal ions doped TiO

2
 nanoparticles. Journal of Alloys 

and Compounds. 2013;581:71-78

[23] Mombrú D, Romero M, Faccio R, Mombrú AW. Microstructure evolution, thermal stabil-
ity and fractal behavior of water vapor flow assisted in situ growth poly (vinylcarbazole)-
titania quantum dots nanocomposites. Journal of Physics and Chemistry of Solids. 2017; 
111:199-206

[24] Di Noto V, Boaretto N, Negro E, Bettiol M, Bassetto F. Hybrid membranes containing 
titanium dioxide doped with fluorine, Google Patents. 2017

[25] Xueping C, Wenheng J, Weihong X, Yiqun F, Yan K, Junhang D. Fabrication of a visible-
light response mesoporous TiO

2
 membrane with superior water permeability via a weak 

alkaline sol-gel process. Chemical Communications. 2011;47:3457-3459

[26] Elgh B, Yuan N, Cho HS, Magerl D, Philipp M, Roth SV, Yoon KB, Müller-Buschbaum 
P, Terasaki O, Palmqvist AE. Controlling morphology, mesoporosity, crystallinity, and 
photocatalytic activity of ordered mesoporous TiO

2
 films prepared at low temperature. 

APL Materials. 2014;2:113313

[27] Cargnello M, Gordon TR, Murray CB. Solution-phase synthesis of titanium dioxide 
nanoparticles and nanocrystals. Chemical Reviews. 2014;114:9319-9345

[28] Li L, Zhang P, Wang W-M, Lin H, Zerdoum AB, Geiger SJ, Liu Y, Xiao N, Zou Y, Ogbuu 
O. Foldable and cytocompatible sol-gel TiO

2
 photonics. Scientific Reports. 2015;5:13832

[29] Rezaee M, Mousavi Khoie SM. Mechanically induced polymorphic phase transformation 
in nanocrystalline TiO

2
 powder. Journal of Alloys and Compounds. 2010;507:484-488

[30] Krumdieck S, Gorthy R, Gardecka AJ, Lee D, Miya SS, Talwar SD, Polson MI, Bishop C.  
Characterization of photocatalytic, wetting and optical properties of TiO

2
 thin films and 

Controlling the Microstructure and Properties of Titanium Dioxide for Efficient Solar Cells
http://dx.doi.org/ 10.5772/intechopen.72494

363



demonstration of uniform coating on a 3-D surface in the mass transport controlled 
regime. Surface and Coatings Technology. 2016;326:402-410 

[31] Jiang W, He X, Liu H, Yin L, Shi Y, Ding Y. Digital selective fabrication of micro/nano-
composite structured TiO

2
 nanorod arrays by laser direct writing. Journal of Micro-

mechanics and Microengineering. 2014;24:115005

[32] Wang X, Li Z, Shi J, Yu Y. One-dimensional titanium dioxide nanomaterials: Nanowires, 
nanorods, and nanobelts. Chemical Reviews. 2014;114:9346-9384

[33] Wang P, Zhang Y, Su L, Gao W, Zhang B, Chu H, Wang Y, Zhao J, William WY. 
Photoelectrochemical properties of CdS/CdSe sensitized TiO

2
 nanocable arrays. Electro-

chimica Acta. 2015;165:110-115

[34] Wang X, Zhuang J, Peng Q, Li YD. A simple chemical technique can be used to create a 
large family of high-quality nanocrystals. Nature. 2005;437:121-124

[35] Wen B, Liu C, Liu Y. Depositional characteristics of metal coating on single-crystal TiO
2
 

nanowires. The Journal of Physical Chemistry. B. 2005;109:12372-12375

[36] Pham Van V, Le Van H, Cao Minh T. The directed preparation of TiO
2
 nanotubes film 

on FTO substrate via hydrothermal method for gas sensing application. AIMS Materials 
Science. 2016;3:460-469

[37] Abazari R, Mahjoub RA, Sanati S.  RSC Adv. 2014;4:56406-56414

[38] Shalan AE, Rashad MM, Yu Y, Lira-Cantu M, Abdel-Mottaleb MSA. Controlling the 
microstructure and properties of titania nanopowders for high efficiency dye sensitized 
solar cells. Electrochimica Acta. 2013;89:469-478

[39] Baghgar M, Abdi Y, Arzi E. Fabrication of low-pressure field ionization gas sensor using 
bent carbon nanotubes. Journal of Physics D: Applied Physics. 2009;42:135502

[40] Mohamed RM, Rashad MM, Haraz FA, Sigmund W. Structure and magnetic proper-
ties of nanocrystalline cobalt ferrite powders synthesized using organic acid precursor 
method. Journal of Magnetism and Magnetic Materials. 2010;322:205

[41] Mohamed MS, Torabi A, Paulose M, Kumar DS, Varghese OK. Scientific Reports. 2017;7: 
1-11. Article number: 41844

[42] Green MA, Emery K, Hishikawa Y, Warta W. Solar cell efficiency tables (version 31). 
Progress in Photovoltaics. 2008;16:61-67

[43] Bartelt AF, Schütz R, Strothkämper C, Schaff J, Janzen S, Reisch P, Kastl I, Ziwritsch 
M, Eichberger R, Fuhrmann G. Efficient electron injection from acyloin-anchored semi-
squarylium dyes into colloidal TiO

2
 films for organic dye-sensitized solar cells. The 

Journal of Physical Chemistry C. 2014;118:6612-6623

Titanium Dioxide - Material for a Sustainable Environment364



[44] Ali K, Khan SA, Jafri MM. Effect of double layer (SiO
2
/TiO

2
) anti-reflective coating on 

silicon solar cells. International Journal of Electrochemical Science. 2014;9:7865-7874

[45] Gonzalez-Valls I, Lira-Cantu M. Dye sensitized solar cells based on vertically-aligned 
ZnO nanorods: Effect of UV light on power conversion efficiency and lifetime. Energy & 
Environmental Science. 2010;3:789-795

[46] Freitag M, Teuscher J, Saygili Y, Zhang X, Giordano F, Liska P, Hua J, Zakeeruddin SM, 
Moser J-E, Grätzel M. Dye-sensitized solar cells for efficient power generation under 
ambient lighting. Nature Photonics. 2017;11:372-378

[47] Gonzalez GL, Irene Gonzalez V, Monica Lira C, Angel Barrancoa Agustın R, Gonzalez 
E. Aligned TiO

2
 nanocolumnar layers prepared by PVD-GLAD for transparent dye sen-

sitized solar cells. Energy & Environmental Science. 2011;4:3426

[48] Mehmood U, Malaibari Z, Rabani FA, Rehman AU, Ahmad SHA, Atieh MA, Kamal 
MS. Photovoltaic improvement and charge recombination reduction by aluminum oxide 
impregnated MWCNTs/TiO

2
 based photoanode for dye-sensitized solar cells. Electro-

chimica Acta. 2016;203:162-170

[49] Rajamanickam G, Narendhiran S, Muthu SP, Mukhopadhyay S, Perumalsamy R. 
Hydrothermally derived nanoporous titanium dioxide nanorods/nanoparticles and 
their influence in dye-sensitized solar cell as a photoanode. Chemical Physics Letters. 
2017;689:19-25

[50] Wang X, Karanjit S, Zhang L, Fong H, Qiao Q, Zhu Z. Transient photocurrent and pho-
tovoltage studies on charge transport in dye sensitized solar cells made from the com-
posites of TiO

2
 nanofibers and nanoparticles. Applied Physics Letters. 2011;98:082114

[51] Yang Z, Xu T, Ito Y, Welp U. Enhanced electron transport in dye-sensitized solar cells 
using short ZnO nanotips on a rough metal anode. Journal of Physical Chemistry C. 
2009;113:20521-20526

[52] Subramaniam MR, Kumaresan D, Jothi S, JD MG, Watson TM. Reduced graphene oxide 
wrapped hierarchical TiO

2
 nanorod composites for improved charge collection effi-

ciency and carrier lifetime in dye sensitized solar cells. Applied Surface Science. 2017; 
428:439-447

[53] Hsieh M-Y,  Lai F-I, Chen W-C, Hsieh M-C, Hu H-Y, Yu P, Kuo H-C, Kuo S-Y. Nanoscale. 

2016;8:5478-5487

[54] Shalan AE, Elseman AM, Rasly M, Moharam MM, Lira-Cantu M, Rashad MM. 
Concordantly fabricated heterojunction ZnO–TiO

2
 nanocomposite electrodes via a co-

precipitation method for efficient stable quasi-solid-state dye-sensitized solar cells. RSC 
Advances. 2015;5:103095-103104

[55] Durrant JR, Haque SA. Solar cells: A solid compromise. Nature Materials. 2003;2:362-363

Controlling the Microstructure and Properties of Titanium Dioxide for Efficient Solar Cells
http://dx.doi.org/ 10.5772/intechopen.72494

365



[56] Lies S. Visible light photocatalysis of radical cation Diels–Alder cycloadditions: Pre-
paration of Tris (2,2′-bipyrazyl) ruthenium(II) Bis (tetrakis(3,5-bis (trifluoromethyl)phe-
nyl)borate). Organic Syntheses. 2016;93:178-199

[57] Oekermann T, Zhang D, Yoshida T, Minoura H. Journal of Physical Chemistry B. 2004; 
108:2227-2235

[58] Wilke T, Schneider M, Kleinermanns K. Open Journal of Physical Chemistry. 2013;3(2): 
97-102. DOI: 10.4236/ojpc.2013.32012

Titanium Dioxide - Material for a Sustainable Environment366


