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ABSTRACT 

 

 Titanium dioxide (TiO2) has been widely used as a pigment in 

sunscreens, paints and ointments, since its commercial production from its ore 

ilmenite. In 1972, Fujishima and Honda reported the electrochemical splitting 

of water in to hydrogen and oxygen on the surface of TiO2. In 1977, the photo 

catalytic degradation of organic pollutants present in water and the self 

cleaning properties of TiO2 were demonstrated. In 1991, Gratzel employed a 

nanocrystalline TiO2 layer with a monolayer of dye molecules for the 

successful conversion of solar energy to electrical energy. After these 

landmark discoveries, different morphologies and nanostructures of TiO2 

were extensively studied for various applications. Particularly, different 

nanostructures such as nanospheres, nanoparticles, nanotubes, nanorods and 

nanowires were employed as photoanode materials in dye-sensitized solar 

cells. Though, these nanostructures are well-known for their electron transport 

properties, their lower surface area decreases the amount of dye adsorption 

leading to low photon absorption. Therefore, hierarchical nanostructures and 

interconnected network structures were introduced in which the lower 

dimensional nanostructures are arranged in a 3-D manner that improves the 

specific surface area. TiO2 aerogels are one such 3-D interconnected network 

structures with mesopores offer high surface area, high optical transparency 

and low density.  

 TiO2 aerogels are synthesized through sol-gel method followed by a 

special drying technique such as supercritical drying, freeze drying and 

ambient pressure drying method, in order to avoid the shrinkage of the 

network structure formed during gelation. However, the high temperature and 

pressure required for supercritical drying of gel prevents the industrial 
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production of aerogels. In freeze drying method, the pore liquid undergoes 

crystallization in the pores at freezing point which leads to fracture of the 

network structure. In ambient pressure drying method, the pore liquid is 

exchanged with low surface tension liquid which again exchanged with still 

low surface tension liquid. Therefore, ambient pressure drying technique is 

technically simple and industrially viable process for the large production of 

aerogels.        

 Dye Sensitized Solar Cell (DSSC) is an electrochemical energy 

converting device that derived from the inspiration from photosynthesis and 

converts solar energy directly to electrical energy. DSSC utilizes TiO2 

nanoparticle layer with a monolayer of dye molecules as photoanode. The 

amount of dye adsorbed on the TiO2 layer governs photon absorption and the 

DSSC performance. The photon absorption and the DSSC performance will 

be high, as long as the amount of dye adsorption is high. The specific surface 

area and the surface chemistry of TiO2 plays vital role in improving the 

amount of dye adsorption.  

 Therefore, the objective of this thesis is focussed in the direction of 

achieving high efficiency in DSSCs by enhancing the amount of dye 

adsorption through following ways 

i) By employing TiO2 aerogel as photoanode material 

ii) Surface modification of TiO2 aerogel by oxygen plasma treatment 

iii) Increasing the specific surface area of TiO2 aerogel by 

changing synthetic conditions  

 The present study involves the synthesis of TiO2 aerogel through 

sol-gel method followed by ambient pressure drying technique. The surface 

area and pore size distribution obtained in the present work is comparable 
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with the TiO2 aerogel synthesized through supercritical drying, demonstrates 

the successful implementation of ambient pressure drying to TiO2 aerogels. 

TiO2 aerogel was employed as a photoanode material in quasi-solid dye-

sensitized solar cell and obtained a power conversion efficiency of 3.08% 

with a short-circuit current density of 8.64 mA/cm2. Also, an attempt has been 

made to modify the surface of TiO2 aerogel by oxygen plasma treatment in 

order to achieve large amount of dye adsorption by inserting additional 

hydrophilic groups. It was observed from the present study that the high 

surface area of TiO2 aerogel and the additional hydroxyl groups inserted on 

the surface during plasma treatment enhanced the amount of dye adsorption 

as well as photon absorption. Therefore after plasma treatment, the power 

conversion efficiency was improved to 3.94% with a short circuit current 

density of 9.45 mA/cm2. It was also concluded that oxygen plasma treatment 

is an efficient method to modify the surface of TiO2 aerogel without 

damaging the network structure.  

 Moreover, the sol-gel synthesis was slightly modified by using 

microwave irradiation in order to get desired microstructural properties TiO2 

aerogels. The microwave assisted synthesis improved the specific surface area 

up to 299 m2/g. A maximum power conversion efficiency of 5.2% with a 

short-circuit current density of 15.18 mA/cm2 was attained by using this TiO2 

aerogel as photoanode material in quasi-solid dye-sensitized solar cell. As a 

whole, 3-D nanostructured TiO2 aerogels are demonstrated as a potential 

photoanode material for dye-sensitized solar cell applications. The details of 

the procedure adopted for the synthesis of TiO2 aerogel and various studies 

carried out are presented and discussed in the thesis. 
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CHAPTER 1 

INTRODUCTION 
 

1.1 TITANIUM DIOXIDE 

 Titanium belongs to the IV group of periodic table and forms a 
wide range of oxides. It forms oxides such as TiO, Ti2O3, Ti3O5 and Ti4O7 of 
the general formula TinO2n-1and these oxides are called magneli phases 
(Andersson et al. 1957; Pearson 1958). The other important oxide is titanium 
dioxide or TiO2 which exist in three polymorphs anatase, brookite and rutile. 
The crystal structures of three phases are shown in Figure 1.1. All three forms 
have primary structural unit TiO6 octahedra in which the Ti4+ atom is 
coordinated to six oxygen atoms. In anatase phase, the corners are shared 
between the octahedral units and form tetragonal structure. In rutile phase, the 
edges are shared between octahedral units and form tetragonal structure. If 
both corners and edges are shared and form orthorhombic structure, it is 
called brookite (Cromer & Herrington 1955; Baur 1961). 

 
(Source: Sauvage et al. 2013) 

Figure 1.1 Crystal structures of TiO2 polymorphs anatase, rutile and 
brookite  
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 Anatase and brookite are metastable phases at lower temperatures 

and transformed to thermodynamically stable rutile, when it is calcined above 

600 °C (Dachille et al. 1968). The Ti-O bond lengths are 1.937, 1.966 Å for 

anatase and 1.946, 1.983 Å for rutile in the equatorial and axial direction 

respectively. This change in bond length causes different orbital coupling 

between oxygen 2p and titanium 3d orbitals. This results in a bandgap of 3.23 

eV with an absorption maximum of 387 nm for anatase and 3.05 eV with an 

absorption maximum of 413 nm for rutile (Rao 1974; Burdett et al. 1987). 

The structural parameters of TiO2 polymorphs are presented in the Table 1.1.  

Other than these three major phases hollandite, ramsdellite, columbite, 

cotunnite and baddeleyite are also found at high temperature and pressures 

(Latroche et al. 1989; Dewhurst & Lowther 1996). 

Table1.1  Structural details (crystal system, space group, lattice 
parameters and bandgap) of different TiO2 phases 

TiO2 
Crystal 
system 

Space 
group 

a 
(Å) 

b 
(Å) 

c 
(Å) 

 
(g/cm3) 

Eg 

(eV) 

Anatase Tetragonal I41/amd  3.79 3.79 9.51 3.90 3.2 

Rutile Tetragonal P42/mmm 4.58 4.58 2.95 4.23 3.0 

Brookite Orthorhombic Pbca 5.46 9.18 5.14 4.10 3.4 
  

 Titanium dioxide was manufactured from its ore ilmenite and used as 

white pigment (Bichowsky 1929). Its low cost, chemical inertness and non-

toxicity make this material as essential constituent for paints, sunscreens, 

ointments and food coloring. In 1972, Fujishima and Honda reported their 

landmark discovery of photo electrochemical water splitting. They demonstrated 

the potential use of TiO2 for splitting of water in to hydrogen and oxygen under 

ultra-violet light (Fujishima & Honda 1972). After five years, Frank and Bard 

reported the photocatalytic oxidation of cyanide ions present in water which 
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opened a new path of water purification using TiO2 and sunlight (Frank & Bard 

1977; Frank & Bard 1977). Since then, the research on TiO2 has been triggered 

for different applications such as photocatalytic water splitting, decomposition of 

organic chemicals, removal of pollutants from the environment and biomedical 

devices (Asahi et al. 2001). 

 In the year 1991, Gratzel reported their pioneering research of dye-

sensitized solar cells utilizing a nanocrystalline TiO2 along with a monolayer 

of dye molecules for solar energy conversion(O’regan & Gratzel 1991). They 

have employed a10 µm thick layer of15 nm sized TiO2 nanocrystals with a 

monolayer of di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-

bipyridyl-4,4’-dicarboxylato)ruthenium(II) (N-719) dye for light harvesting 

and achieved a overall power conversion efficiency of 7.9% under simulated 

sunlight and 12% in diffused daylight. They obtained a large current density 

over 12 mA/cm2 with an exceptional stability of the cell. Also, the cost of this 

process was reduced more than 5 times compared to silicon based solar cells. 

Afterwards, the use of TiO2 was studied extensively for various energy 

converting devices such as dye sensitized solar cells, batteries and fuel cells. 

In 1997, another significant use of TiO2 was reported by Wang et al. They 

demonstrated the anti-fogging and self cleaning properties of TiO2 surface in 

the presence of UV light (Wang et al. 1997). The potential application of TiO2 

in various fields is depicted in Figure 1.2. The structural, optical, 

morphological, electronic and surface properties of TiO2 greatly influence the 

performance in above applications. In addition, the size of the TiO2 particle 

also has a significant influence on the above applications. Therefore, great 

attention has been paid to tailor these properties to improve the effectiveness 

of TiO2 for diverse applications. 
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(Nakata & Fujishima 2012) 

Figure 1.2 Applications of TiO2  

1.1.1 TiO2 NANOMATERIALS 

 When the size of the material becomes smaller and smaller to 

nanometer scale, interesting physical and chemical properties are emerging. 

The transport properties, surface area and light scattering behavior of TiO2 are 

mainly governed by the size and morphology of the particles (Chen & Mao 

2007). Therefore, 0-, 1-, 2-, 3-dimensional nanostructures such as 

nanospheres, nanoparticles, nanotubes, nanorods, nanowires, nanosheets and 

interconnected network structures of TiO2 were reported for different 

applications. 1-D nanostructures ofTiO2 such as rods, wires and tubes, are 

well-known for its efficient transport of electrons but the low surface area of 
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one-dimensional nanostructures limits their application in many fields. 2-D 

TiO2 nanosheets are electronically insulated and surface is very smooth. 

These, inferior electronic properties and the smooth surface of nanosheets 

limit light scattering, adsorption and transport properties necessary for 

photocatalytic and photovoltaic applications prevent their use in these 

applications. However, 3-D interconnected network structure offers large 

internal surface area, high carrier mobility and ultra-low density. Lower 

dimensional nanomaterials are anisotropically arranged in a 3-D manner and 

form an interconnected 3-D network structure (Nakata & Fujishima 2012). 

This type of spatial organization of the solid causes free space or voids in the 

nanostructures are called pores which create an interest to study about the 

porosity, pore size distribution and pore volume. Because, for most of the 

applications the pore size of the nanomaterials is an important parameter.   

1.1.2  CLASSIFICATION OF POROUS MATERIALS 

 According to the International Union of Pure and Applied 

Chemistry (IUPAC), the porous solids are classified in to three categories 

based on their pore size (Pal & Bhaumik 2013). 

i) Microporous Materials 

 Those materials containing pores with diameters less than 2 nm (<2 

nm) is called microporous materials. Zeolites and Metal Organic Frameworks 

(MOF) are the examples of microporous materials. 

ii) Mesoporous Materials 

 Those materials containing pores with diameters in the range of 2 

and 50 nm are called mesoporous materials. Mobil Crystalline Materials 

(MCM-41) and aerogels are the examples of mesoporous materials. 
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iii) Macroporous Materials 

 Those materials with pore diameters larger than 50 nm and up to 

1000 nm or 1 µm are called macroporous materials. Sponge is an example for 

macroporous materials. 

1.1.3  MESOPOROUS TiO2 

 Of these three types of porous materials, microporous and 

mesoporous materials find wide applications. For example, microporous 

zeolites are well known for its shape selectivity due to regular and uniform 

pore sizes. Zeolites are very useful in catalysis for molecules smaller than 2 

nm size. The first mesoporous material called molecular sieves was 

synthesized by Mobil researchers and designated as MCM-41 (Beck et al. 

1992). After this discovery, much attention was paid on mesoporous materials 

owing to their fascinating properties such as tunable pore sizes, high surface 

areas, large pore volumes and alternative pore shapes as well as their 

promising applications in various fields. Mesoporous materials are widely 

used as hosts because they are capable of encapsulating bulky molecules into 

mesopores that cannot be achieved using microporous materials, such as 

zeolites (Vivero-Escoto et al. 2016). Therefore, the presence of mesopores 

greatly extends their potential application for catalysis, separation, sensing 

and biomedical fields. Mesoporous materials can be synthesized through 

solvothermal or hydrothermal, sol-gel and templating methods (Bagheri et al. 

2015). The synthesis of ordered mesoporous materials using soft (a) and hard 

(b) template methods are schematically presented in the Figure 1.3. 

Surfactants have been employed as structure directing agents to synthesize 

different mesoporous structures. Template methods involve the condensation 

of precursor materials in a mesoporous structure as directed by the templates. 
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(Source: Shi et al. 2011) 

Figure 1.3 Diagram illustrates the template synthesis (a: soft 
templating method and b: hard templating method) of 
mesoporous materials  

 Mesoporous TiO2 nanomaterials are crucial for solar energy 

conversion, photocatalytic water splitting and degradation of organic pollutants. 

After the successful preparation of MCM-41 by Mobil researchers using 

alkyl(trimethylammonium bromide) as surfactant, David et al. synthesized 

mesoporous TiO2 through sol-gel method using tetradecyl phosphate surfactant 

as template (Antonelli & Ying 1995). The problem in this method was the 

phosphorous present in the template could not be eliminated completely during 

the calcinations or solvent exchange process. Then, they used phosphate free 

dodecylamine as template and synthesized worm like mesoporous TiO2 

(Antonelli 1999). Amphiphilic poly(alkylene oxide) block co-polymers were 

used as surfactants by Yang et al. for synthesizing various metal oxides 

including TiO2 (Yang et al. 1998).  Kobayashi et al. used cationic surfactant for 

the synthesis of fibrous TiO2 through the aggregates formed by the electrostatic 

interaction between anionic TiO2 species and cationic surfactant (Kobayashi et 
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al. 2000). Kavan et al. used cetyltrimethyl ammonium bromide and polymeric 

surfactants for the synthesis of mesoporous TiO2 for different applications 

(Kavan et al. 2000; Kavan et al. 2001). 

 Non-ionic triblock copolymers such as pluronic P-123 was used by 

Zhao et al. for the preparation of mesoporous TiO2 (Zhao et al. 2004). 

Nanocrystalline mesoporous TiO2 was synthesized by surfactant assisted 

template method using laurylamine hydrochloride as template for dye 

sensitized solar cell applications (Ngamsinlapasathian et al. 2006). 

Mesoporous TiO2 nanocrystals were also prepared by using hexadecylamine 

as a template (Alexaki et al. 2009; Chen et al. 2010). Gajjela et al. employed 

soft templating approach in which the surfactants with increasing chain 

lengths octyl, dodecyl and cetyltrimethylammonium bromide was used. They 

reported that the increasing chain length of surfactant increased the pore size 

and pore volume of TiO2 (Gajjela et al. 2010). Mesoporous TiO2 spheres and 

membranes were prepared using polymethylmethacrylate as template multiple 

applications (Chen et al. 2010; Oh et al. 2011). Besides, sonochemical, 

surfactant free synthesis and solvothermal methods were adapted for the 

preparation of mesoporous TiO2 for photocatalytic and photovoltaic 

applications (Wang et al. 2000; Li & Liu 2009; Zalas & Schroeder 2012). 

1.1.4 APPLICATIONS OF TIO2 NANOMATERIALS 

 TiO2 nanomaterials are very crucial in solar energy conversion, 

photocatalysis and self cleaning applications. The photocatalytic activity of 

TiO2 extends the utility of this material to variety of applications such as 

removal pollutants from water, killing bacteria, offset printing, self cleaning of 

windows and water splitting. When TiO2 absorb photons from sunlight, it 

generates electron-hole pairs and these charges react with the surface adsorbed 

molecules resulting in the formation of OH-, O2-, H2O2 radicals. These radicals 
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oxidize the pollutants or kill the bacteria present in water and clean the surfaces 

of glass windows (Macwan et al. 2011). The photo generated electrons and 

holes can cause redox reactions in solutions. For instance, the water molecules 

are reduced by the electrons and oxidized by the holes and forms H2 and  O2 

leading to water splitting. In addition, TiO2 nanomaterials find applications in 

gas sensing, H2 storage, Li-ion batteries, electrochromic displays and 

biomedical fields (Anitha et al. 2015). Another very important application of 

TiO2 nanomaterials is dye sensitized solar cell which uses mesoporous TiO2 

nanoparticles as photoanode material (Jena et al. 2012).  

1.2  DYE-SENSITIZED SOLAR CELL 

 Dye Sensitized Solar Cells (DSSCs) are electrochemical energy 

converting device that derived from the inspiration from photosynthesis, 

converts solar energy directly to electrical energy. DSSCs are considered to 

be a potential alternative to conventional photovoltaic technologies like p-n 

junction and thin film solar cells due to its low material cost and inexpensive 

fabrication methods (Grätzel 2003). Because in DSSCs the light absorption 

and electron transport processes are separately done by the association of dye 

molecules with a nanocrystalline TiO2, unlike conventional p-n junction solar 

cells (Grätzel 2009).DSSC consists of a photoanode, redox electrolyte and 

counter electrode. The photoanode is made up of wide bandgap 

semiconductors like TiO2, ZnO or SnO2 thin layer coated on fluorinated tin 

oxide (FTO) glass substrate with a monolayer sensitizer adsorbed on the 

semiconductor surface. Iodide/tri-iodide (I-/I3
-) in acetonitrile is used as an 

electrolyte and a platinized FTO glass substrate is used as counter electrode. 

Other than these three major components DSSC requires sealants also to 

avoid leakage of the liquid electrolyte and moisture permeation in to the cell. 
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A co-polymer poly(ethylene-co-methacrylic acid) commercially called Surlyn 

is used for this purpose. Figure 1.4 shows the schematic diagram of DSSC. 

 

 

Figure 1.4 Schematic diagram of DSSC with different components 

1.2.1 Working Principle and Processes 

 Absorption, separation and transport are the three major processes 

occur in DSSCs. Besides, electron injection, recombination and dye 

regeneration are the sub-processes taking place. All these processes are 

explained in the following section (Hagfeldt et al. 2010). The working 

principle and the electron flow diagram of DSSC are described in Figure 1.5.  
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Figure 1.5 Working principle and Electron flow diagram of DSSC 

 On illumination, dye molecules absorb photons from the visible 

region and the electrons are promoted from the Highest Occupied Molecular 

Orbitals (HOMO) to Lowest Unoccupied Molecular Orbitals (LUMO). These 

electrons are separated from the LUMO level of dye and injected in to the 

conduction band of TiO2, since the energy level of conduction band is slightly 

lower than that of LUMO level of dye molecules. 

 The dye molecules are now in oxidized state. The semiconductor 

layer absorbs photons from the ultra-violet region and the electrons are 

promoted from the valence band to the conduction band. Then these electrons 

are transported through the semiconductor layer and reaches FTO substrate. 

Then the electrons are flowing through the external circuit connected to the 
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load and arrives the counter electrode. The iodide ion donates electron to 

oxidized dye molecules and regenerates the dye. The tri-iodide ion receives 

electron from counter electrode and undergoes reduction at cathode. These 

processes are explained schematically as below. 

 S + h     S*               (Absorption of photons)         (1.1) 

 S*    S+ + e-
CB                (Injection of electrons) (1.2) 

 I3
- + 2e-   3I-                    (Reduction of triiodide)  (1.3) 

 S+ + 3/2 I-   S + 1/2 I3
-        (Regeneration of dye)             (1.4) 

 The excited state electrons may undergo reactions with the oxidized 

sensitizer or with the oxidized tri-iodide ion at the semiconductor surface. 

These processes are called recombination reactions leading to the loss in the 

cell performance.  

 S+ +e-
CB   S  (Recombination with oxidized dye) (1.5) 

 I3
- + 2e-

CB    3I-  (Recombination with oxidized triiodide)(1.6) 

 Here, S represents sensitizer, CB and VB represents conduction and 

valence bands of TiO2. The time scale of different electron transfer processes 

are shown in Figure 1.6 and values are presented in Table 1.2. 
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(Source: Martinson et al. 2008) 

Figure 1.6 Electron transfer processes and their time scale 

Table 1.2 Time scale of electron transfer processes 

S.No Process Time scale 

1 Electron injection 150 ps 

2 Electron transport 100 µs 

3 Electron life time 100 ms 

4 Dye regeneration 10 ns 

5 Recombination with dye 3 µs 

6 Recombination with electrolyte 1 ms 
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1.2.2 Importance of Photoanode 

 The performance and the power conversion efficiency of the DSSC 

are highly dependent on the properties of individual components. Despite, the 

photoanode plays a significant role in improving the efficiency of the DSSC. 

As it is explained earlier, the photoanode is made up of a thin semiconductor 

layer on FTO substrate adsorbed with a monolayer dye molecules. 

Photoanodes are considered to be the heart of DSSCs because the important 

processes associated to DSSCs such as photon absorption, electron-hole 

separation, injection and transport of electrons, regeneration of dye molecules 

and recombination reactions are occurring at photoanode. However, photon 

absorption is the preliminary step for all these processes. Different strategies 

were proposed by the researchers to enhance the photon absorption (Lee & 

Yang 2011).  

1.2.3  Improvement of Photon Absorption using Dyes 

 In order to achieve a broad light harvesting spectrum, it is essential 

to lower the bandgap between HOMO and LUMO levels of dye molecule. 

Ruthenium polypyridyl complexes are the successful dyes owing to their 

broad light absorption capability extending up to visible and near IR region. 

Also, these dye molecules are having suitable HOMO and LUMO energy 

levels, long lived photo-excited state and high molecular stability 

(Nazeeruddin et al. 2001). The chemical structures of Ru-based dye molecules 

such as N-719, N3 and black dye are depicted in the Figure 1.7. 
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(Source: Lee & Yang 2011) 

Figure 1.7 Chemical structures of Ru-based dyes (N3, N-719, black dye) 

 Metal free pure organic dyes are also promising candidates for 

DSSC application due to comparatively lower cost and high molar extinction 

coefficient (Mishra et al. 2009). These organic dyes are having donor-  

spacer-acceptor (D- -A) units in their structure in which the donor and 

acceptor parts are joined together with the -spacer and the anchoring group is 

attached with the acceptor. Generally, dyes with D- -A units show intense 

absorption in the visible and near IR region in contrast to Ru-based dyes. Zinc 

porphyrin or phthalocyanine complexes also exhibit extended absorption in 

the visible and near IR regions and possess outstanding molecular stability 

and efficient electron injection (Zhang et al. 2013). However, it is very 

difficult to synthesize a panchromatic dye having photon absorption in UV to 

NIR regions of the solar spectrum. Therefore, the co-sensitization was 

proposed by the researchers to use more than one dye with complementary 

absorption properties. But, in all these cases the dye aggregation and self 

assembling of dyes become a problem which limits the DSSC performance. 

Another method of improving the photon absorption is tandem structures in 

which two different photon absorption layers are connected in parallel or 

series to achieve a high photo current density (Dürr et al. 2004; Balasingam et 

al. 2013).  
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 Beyond the development of new dye molecules,light scattering is 

another strategy employed in photoanodes of DSSC to enhance the photon 

absorption (Deepak et al. 2014). Generally, a thin layer of larger particles or 

photonic crystals are used for this purpose. However, the larger particles and 

the photonic crystals reduce the amount of dye loading that diminishes photon 

absorption as well as photo current density. Therefore, in order to improve the 

photon absorption the dye loading should be enhanced which increases the 

short-circuit current density and the overall performance of the DSSC. It can 

be achieved by using high surface area nanomaterial as photoanode and also 

by increasing the surface hydrophilic groups on the surface. 

1.2.4 Improvement of Photon Absorption using Tio2 Nanostructures 

 Though wide band gap semiconductors like TiO2, ZnO, SnO2 and 

Nb2O5 are identified as photoanode materials for DSSC, much attention was paid 

on mesoporous TiO2 due to better optical and electronic properties and excellent 

chemical and thermal stabilities (Liu et al. 2016). Consequently, different types 

of TiO2 nanostructures such as nanospheres, nanoparticles, nanorods, nanowires 

and nanotubes were synthesized and used as photoanode material in DSSCs 

(Wang et al. 2014). Generally, the electron transport rate in TiO2 nanoparticles is 

comparatively slow due to surface states, intrinsic TiO2 defects and grain 

boundaries, which acts as electron trapping and recombination sites. The1-D 

nanostructures such as nanotubes, nanowires and nanorods provide 

unidirectional pathway for electron transport (Lee et al. 2014). However, these 

nanostructures suffer from the low internal surface area which decreases the 

amount of dye adsorption and limits the DSSC performance. 

 Therefore, hierarchical nanostructures were introduced owing to 

their interesting properties such as large surface area, better interfacial 

transport, dispersion of active sites and shorter diffusion path. Randomly 
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oriented and vertically aligned 1-D hierarchical nanostructures were 

employed for their applications in DSSCs to improve the electron transport 

and surface area (Qu & Lai 2013). But, randomly oriented nanostructures are 

not suitable for charge transport due to more number of grain boundaries. 

Therefore, vertically aligned 1-D nanostructures are widely accepted for 

DSSC applications (Mor et al. 2006; Mor et al. 2006; Paulose et al. 2006). 

Sauvage et al. used hierarchical nanostructure as photoanode in DSSC and 

found that the electron life time was increased and 4.9% power conversion 

efficiency was obtained (Sauvage et al. 2010). Hwang et.al prepared 

hierarchical TiO2 spheres using electro spray method and a power conversion 

efficiency of 10.5% was achieved in DSSCs (Hwang et al. 2011). 

Subramanian et al. also reported hierarchical nanostructure suppresses 

recombination rate and improved dye loading as well as light harvesting 

(Subramanian & Wang 2014).  

 Recently, self assembled3-dimensional nanostructures were 

reported for their application in DSSCs which improves the amount of dye 

adsorption and power conversion efficiency compared to 1-D nanostructures 

(Tétreault & Grätzel 2012). The power conversion efficiency, short circuit 

current density and open circuit voltage obtained in DSSC using different 

types of nanostructures are listed in the Table 1.3. Recently, a highest power 

conversion efficiency of 14.7% was achieved by using co-sensitization of 

silyl or carboxyl anchored dye molecules on TiO2 nanoparticles as 

photoanode, Co3+/2+ as redox electrolyte and graphene nanoplatelets as counter 

electrode (Kakiage et al. 2015). The open circuit voltages of their DSSCs 

were reached 1 V with a short circuit current density over 19 mA/cm2. 
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Table 1.3  DSSC performance obtained with different type of TiO2 
nanostructures as photoanode materials 

S.No 
TiO2 

Nanostructure 
Jsc 

(mA/cm2) 
(Voc) 
(V) 

 
(%) 

Ref 

1 Nanoparticle 18.2 0.78 10.1 (Ito et al. 2008) 

2 Nanotube 16.0 0.76 7.8 (Lin et al. 2013) 

3 Nanorod 14.2 0.83 4.3 
(Fujihara et al. 

2007) 

4 Nanowire 13.1 0.71 5.1 (Wang et al. 2012) 

5 Hierarchical 17.5 0.75 6.2 (Lee et al. 2013) 

6 
3-D 

Mesoflower 
14.8 0.74 8.3 

(Deepak et al. 
2014) 

 

1.3  AEROGELS-STRUCTURE AND PROPERTIES 

 Aerogels are emerging 3-dimensionalnanostructured materials with 

interconnected networks derived from a gel in which the liquid component of 

the gel has been replaced with gas. Because of their high porosity and 

transparency, low thermal conductivity, they find applications in catalysis and 

thermal insulation. They have been employed as particle detectors in space 

applications due to their extraordinarily low refractive index (Lawrence 

1998). The application of aerogels are extended to energy devices such as 

supercapacitors, batteries, solar cells and also to sensors, drug delivery due to 

its interesting structural, optical, electrical, mechanical and thermal 

conducting properties (Biener et al. 2011; Ulker & Erkey 2014). The main 

advantages of the 3-D nanostructured aerogels are high surface area, 

interconnected porous channels and improved charge transport. The network 

structure is formed by the interconnection of lower dimensional 

nanostructured building blocks. Three dimensional interconnected network 

structure of aerogel is schematically shown in the Figure 1.8. 



19 
 

 

 

Figure 1.8 Schematic representation of the interconnected network 
structure of aerogels  

 Aerogels are airy materials in which about 95% of the volume was 

occupied by air. Aerogels are mesoporous ultralow density materials offering 

large internal surface area, wide pore size distribution and high optical 

transparency. The extremely open porous structure of aerogel provides a large 

internal surface area and rapid diffusion of reactants made aerogels as better 

candidates for catalytic applications. 

 The bulk density of aerogels is in the range of 0.004 – 0.5 g/cm3 

which is very close to the density of air 0.00129 g/cm3. Some important 

structural properties of SiO2 aerogel is given in the Table 1.4. Aerogels have 

the lowest thermal conductivities of all solids which makes this material as 

best thermal insulator. The reduction in mean free path of the gas molecules 

available inside the pores provides a very low thermal conductivity.  Also, 

these materials are nonflammable and optically transparent. 
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Table 1.4 Structural parameters of SiO2 aerogels 

Property Range 

Bulk density (g/cm3) 0.003 – 0.5 

Skeletal density (g/cm3) 1.7 – 2.1 

Porosity (%) 80 – 99.8 

Average pore diameter (nm) 20 – 150 

Surface area (m2/g) 100 - 1600 

Thermal conductivity (300 K, air) Wm-1K-1 0.017 – 0.021 

Refractive index 1.007 – 1.24 
 

 Kistler first synthesized SiO2 aerogels from aqueous solution of 

sodium silicate and hydrochloride. He demonstrated that the liquid present in 

the gel network can be removed without destroying the gel structure. For this 

purpose, he implemented a special drying technique called supercritical 

drying (Kistler 1931).To perform supercritical drying on gels, the water 

present in the gel network needs to be exchanged with alcohol hence, the 

process becomes time consuming. Therefore, Teichner et al. used methanol as 

a solvent and a very small amount of water for hydrolysis and condensation 

processes. In this process, the gel network mainly contains alcohol and there 

is no need of solvent exchange which makes the aerogel synthesis rapid and 

simple (Teichner et al. 1976). The most common method used for the 

preparation of aerogel is sol-gel method in which the metal alkoxides are 

hydrolyzed to form primary nanoparticle or monomer which undergoes 

aggregation. The term sol refers to a colloidal suspension of solid particles 

with diameter in the range of 1 nm to 1 µm. Then these particles condensed 

together to form an irregular, three dimensional network that extends through 

the entire volume of the solution. Therefore, the pores of the solid network are 

filled with a liquid. The resulting network is called gel and the gelation 
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process was normally initiated by changing the pH or temperature of the sol 

(Norris & Shrinivasan 2005). 

1.3.1  Mechanism of Network Formation      

 Formation of the highly porous, three dimensional network is one 

of the key step in the sol-gel synthesis of aerogels because the network 

formed during synthesis is going to be preserved in the final material obtained 

after drying. Molecular precursor undergoes hydrolysis and forms sol 

particles. The irregular, three dimensional network is formed by the 

condensation of these primary colloidal particles. Hydrolysis and 

condensation are the two competing processes occur during the synthesis of 

aerogels.   The network formation is usually affected by the parameters such 

as pH, temperature, solvent and the concentration of the precursor. Schaefer 

and Keefer used Small Angle X-ray Scattering (SAXS) measurements and 

proposed two kinetic models for the growth of the gel network based on 

SAXS data.  

 Under acidic conditions, hydrolysis is favored and the condensation 

becomes the rate determining step. A large number of primary particles or 

small clusters are simultaneously formed and condensed together to form a 

network structure with smaller pores. This process is called Reaction Limited 

Cluster Aggregation (RLCA). Under basic conditions, hydrolysis becomes 

slow and the condensation of particles happens very fast. Therefore, the 

particles formed by hydrolysis reaction are immediately condensed together 

and the cluster grows by condensation of the particles. This process is called 

reaction limited monomer cluster growth or Eden growth. In this process, 

condensation of clusters with each other is unfavorable (Schaefer & Keefer 

1984; Keefer & Schaefer 1986). Brinker et al. developed a two step method in 

which the precursor is first hydrolyzed and then aqueous acid or base is added 

to initiate the condensation process. They concluded that the reactive clusters 



22 
 

 

formed in the first step are responsible for the formation of network 

independent of the catalyst used in the second step. But, the stiffness of the 

network varies with acid or base catalyzed reactions (Brinker et al. 1982). 

Tillotson et al. used this two step method and synthesized ultra-low density 

aerogels in the range of 0.004g/cm3 (Tillotson & Hrubesh 1992). Pajonk et al. 

also employed similar method for the synthesis of aerogel with different 

precursor materials (Pajonk et al. 1994). 

1.3.2  Drying Techniques  

 The drying techniques are also equally important in aerogel 

synthesis as network formation. The three dimensional gel network formed by 

condensation process needs to be preserved without any shrinkage after 

drying the gel. When the gel network is formed by hydrolysis and 

condensation of metal alkoxides, the pores are occupied by the solvents used 

for synthesis. Now the removal of pore liquid without shrinking the gel 

network becomes very difficult due to the formation of liquid-vapour 

meniscus, which recede the pore walls. The effect of capillary pressure on the 

pore walls is shown in Figure 1.9.  

 

(Source: Hüsing & Schubert 1998) 

Figure 1.9 Capillary force exerts on the walls of different size pores 
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 Also, the capillary pressure acting on the pore walls is inversely 

proportional to the pore radius which is controlled by the surface tension of 

the liquid. 

=     (1.7) 

 Here, Pc is capillary pressure,  is the surface tension of the pore 

liquid and rp is pore radius which is represented by 

                                                     (1.8) 

 Here, Vp is pore volume and Sp is surface area. 

 The gel network tries to shrink by the volume that was previously 

occupied by the liquid and it flow out to the surface from the interior of the 

gel network. This causes deformation of the gel network or shrinkage. Also, 

during shrinkage of network the surface hydroxyl groups approach closer and 

reacts with each other. Therefore, if the gel is dried by conventional methods 

like simple heating or drying at room temperature leads to shrinkage of gel 

network and the rough surfaces will be collapsed upon drying due to these 

capillary forces acting on pore walls. If the gel is dried by conventional 

drying, the microporous xerogels are obtained.  

 Also, the gel can be dried using some special drying techniques, 

without altering the network structure or the pores formed. If the gels are 

dried using special drying techniques, the mesoporous aerogels are obtained. 

The drying method requirement for the preparation of aerogel and xerogel 

from the wet gel is schematically represented in Figure 1.10. 
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Figure 1.10 Importance of drying techniques in aerogel synthesis 

 In order to preserve the network structure formed, the capillary forces 

acting on the pore walls should be minimized.  For this purpose, special drying 

techniques such as supercritical drying, freeze drying and subcritical drying of 

wet gels were adopted. These methods diminish the capillary forces and avoid 

the shrinkage of the pore structure. Supercritical drying method was first 

introduced by Kistler for the synthesis of silica aerogel.  

1.3.2.1  Supercritical drying 

 The capillary forces developed by the surface tension of the liquid 

causes shrinkage of porous network structure. To minimize the capillary 

force, it is necessary to reduce the surface tension of the pore liquid. One 

convenient way of achieving this is to convert the pore liquid in to fluid which 

is having zero surface tension. The capillary force acting on the pore walls 

becomes zero since, surface tension of the liquid is directly proportional to 
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capillary forces. This is the principle behind the super critical drying method 

(Heinrich et al. 1995; Sui & Charpentier 2012). Therefore, the removal of 

pore liquid under supercritical condition preserves the porous network 

structure of the wet gel by avoiding shrinkage. Supercritical drying involves 

heating the wet gel in an autoclave, so that the pressure and temperature 

exceeds the critical temperature and pressure of the pore liquid. The 

supercritical point was attained through two pathways A and B. The slow rise 

in temperature results in an increase in the pressure (path A) inside the 

autoclave. The vessel can also be pre-pressurized with nitrogen to avoid 

evaporation of the solvent (path B). The pore liquid becomes a supercritical 

fluid above its critical temperature and pressure. At constant temperature, the 

fluid present inside the pores is slowly vented out without damaging the 

network structure results a drop in pressure. The temperature is then cooled 

down to room temperature and the porous solid can be collected. The 

schematic representation of supercritical drying is depicted in the Figure 1.11. 

 

Figure 1.11 Principle of supercritical drying of gels. Tc,  Pc are critical 
temperature and pressure of the pore liquid 
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 The supercritical drying requires high temperature and pressure 

depending upon the pore liquid. The flammability of the pore liquid and high 

temperature and pressure creates safety problems in this method. Also, the 

rearrangement reactions in the gel network are possible under these conditions 

which cause reduction in surface area. Therefore, low temperature 

supercritical drying with liquid carbon dioxide was introduced to overcome 

these problems. The critical point of liquid carbon dioxide is relatively low 

compared to the other solvents (Štengl et al. 2006). The structural changes are 

very minor in this case and the porous network formed can be preserved.  

However, the exchange of pore liquid with liquid carbon dioxide is time 

consuming process and the miscibility problem still extends the time by 

intermediate solvent exchange (Aravind et al. 2010).  

1.3.2.2  Freeze drying 

 Another drying technique used to preserve the porous network is 

called freeze drying. In this method, the pore liquid is first taken to its 

freezing point and the frozen solid is removed by sublimation under vacuum 

without affecting the pore walls. The porous material obtained in this method 

is called cryogels and their surface area, pore volume will be slightly smaller 

than aerogels. Here also, the pore liquid should be exchanged with another 

liquid with low expansion coefficient and freezing point. The disadvantage of 

this method is crystallization of the liquid inside the pores which collapse the 

network structure. To overcome this problem, a rapid freeze process called 

flash freezing was developed. 

1.3.2.3  Ambient pressure drying  

 The supercritical drying and freeze drying techniques are not viable 

processes for commercial production of aerogels due to risk and high cost 

involved in these processes. However, ambient pressure drying method is 
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very simple and economically viable for large scale synthesis of aerogels 

(Aravind et al. 2010). Therefore, different approaches were implemented to 

remover pore liquid under ambient conditions without shrinkage in the 

network.  

 In order to minimize the capillary forces exerted on the pore walls 

the contact angle between the pore liquid and the pore walls should be altered 

by adding surfactants. Deshpande et al. followed this principle and modified 

the surface using hydrophobic groups to reduce the contact angle between the 

liquid and pore walls. They have also studied the effect of surface tension on 

surface area and pore size. They have concluded that high surface tension of 

the solvent leads to cross-linking reaction between surface hydroxyl groups 

results decrease in pore size and surface area (Deshpande et al. 1992; 

Deshpande et al. 1996). Therefore, they have modified the surface hydroxyl 

groups of the inner and outer surface of the network structure. The pore liquid 

is first exchanged with non-aqueous solvent and then the surface hydroxyl 

groups are silylated using chlorotrimethylsilane. The silylation of surface 

hydroxyl groups of silica is shown in Figure 1.12. 

 Smith et al used hexamethyldisiloxane for modifying the surface 

hydroxyl groups of the gel (Smith et al. 1995). Consequently, the gel surface 

becomes highly hydrophobic and the reactivity is very low. Now the gel 

network is dried conventionally. The gel network undergoes shrinkage, when 

the pore liquid is evaporated. However, the crosslinking reactions (Si-O-Si, 

Ti-O-Ti) between the surface hydroxyl groups are prevented by silyl groups 

and the shrinkage becomes reversible. Therefore, the network expands back to 

its original size and this phenomenon is called spring back effect. This 

method is technically very simple and economically interesting for industrial 

applications.  
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(Source: Aravind et al. 2010) 

Figure1.12 Silylation of surface hydroxyl groups of silica 

 Einarsrud et al. used slightly different strategy to remove the pore 

liquid under ambient conditions without shrinkage of the network (Haereid et 

al. 1995). They increased the mechanical strength and stiffness of the network 

drastically by aging the gels in aqueous alcoholic solution of 

tetraalkoxysilanes. These silanes mainly condense in the pores and the gels 

can be dried under ambient conditions. Kumar et al. employed a very simple 

solvent exchange method with different solvents to get aerogel under ambient 

conditions. In this technique, the pore liquid was effectively exchanged with 

another liquid having low surface tension without affecting the walls of the 

pores present in aerogel network. They concluded that a solvent with low 

surface tension, low vapour pressure and high molecular volume favors the 

production of high surface area aerogels (Kumar et al. 1998). The surface 

tension of different liquids isshown in Table 1.5.The surface area and the pore 

size of the aerogels prepared with ambient pressure drying are comparable to 

that of supercritically dried aerogels (Smitha et al. 2006). Sarawade et al. also 

reported that the aerogels prepared using ambient pressure drying exhibits 

high surface area and large pore volume (Sarawade et al. 2007).    
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Table 1.5 Surface tension values of different solvents 

S.No Solvent Surface tension (dyn/cm) 

1 Super critical fluid  0 

2 Liquid CO2 (at 273 K) 4 

3 n-hexane 18 

4 2-Propanol 21.7 

5 Ethyl alcohol 22.9 

6 Acetone 23.7 

7 Tetrahydrofuran  23.1 

8 Acetonitrile 29.3 

9 Water 72 
 

1.4  TiO2 AEROGELS  

 TiO2 aerogels are first prepared by Teichner et al. from titanium 

alkoxides with a surface area of around 100 m2/g (Vicarini et al. 1970). In 

1992, Schneider et al. synthesized TiO2 aerogels with slightly high surface 

area through an acid catalyzed sol-gel route followed by supercritical drying. 

They reported that the network is made up of well developed anatase 

nanocrystals of 7 nm with a surface area of 200 m2/g after calcinations under 

623 K(Schneider & Baiker 1992). Tomkiewicz et al. synthesized TiO2 

aerogels with a surface area of 373 m2/g and a porosity of 90% and studied 

the photocatalytic degradation of salicylic acid. They reported that the 

degradation rate is 10 times faster on TiO2 aerogels than Degussa TiO2 

powder (Dagan & Tomkiewicz 1994). Also, they explored the morphology 

and microstructural properties of TiO2 aerogels using different techniques like 

SEM, HRTEM, Raman spectroscopy and Small Angle Neutron Scattering 

(SANS) (Zhu et al. 1995; Zhu et al. 1995; Kelly et al. 1997). They showed 
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that 5 nm sized nanocrystals forms closely packed aggregates of 50 nm size. 

These aggregated nanoparticles are interconnected well with each other and 

forms the network structure. The specific surface area and pore diameter 

obtained for TiO2 aerogels synthesized under different conditions are 

presented in Table 1.6. 

Table 1.6  Surface area obtained for TiO2 aerogels synthesized under 
different conditions 

S.No TiO2 aerogel Drying 
technique 

Surface 
area 

(m2/g) 

Average 
pore 

diameter 
(nm) 

Ref. 

1 
as 

prepared/calcined 
at 350 °C, 2 h 

Supercritical 226/200 20/11 (Schneider & 
Baiker 1992) 

2 
as 

prepared/calcined 
at 400 °C,1 h 

Supercritical 373/189 - (Dagan & 
Tomkiewicz 1994) 

3 calcined at 400 °C, 
5 h  Supercritical 73 - (Malinowska et al. 

2003) 

4 Calcined at 500 
°C, 3 h 

Supercritical 
with liq. CO2 

143 11 
(Aguado-Serrano & 

Rojas-Cervantes 
2006) 

5 Calcined at 350 
°C, 6 h 

Supercritical 
with liq. CO2 

144 14.1 (Pietron et al. 2007) 

6 Calcined at 380 
°C, 2 h 

Supercritical 
with liq. CO2 

192 - (Sui et al. 2011) 

 

 The change in molar ratios of precursor materials (AcOH, TIP, 

TBO) changed the morphology of TiO2 aerogel from particle to rods or fibers 

using TBO as precursor and from ribbons to curled or straight fiber using TIP 

as precursor. The spherical TiO2 particles are favorably formed at high 

temperature and pressure (Sui et al. 2011). Malinowska et al. studied the 

photocatalytic activity of TiO2 aerogels for para derivatives of phenol 

(Malinowska et al. 2003). Highly crystalline, Au deposited TiO2 aerogels 
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were synthesized through gas phase synthesis and used as a catalyst in 

oxidation of cyclooctene and trans-stilbene (Dilger et al. 2010). D’Elia et al. 

studied the effect of different TiO2 morphologies such as nanoparticles, 

nanotubes and aerogels for methanol assisted photocatalytic water splitting. 

They have concluded that aerogel based catalyst showed three times better 

catalytic effect compared to other TiO2 morphologies (D’Elia et al. 2011). 

High surface area TiO2 aerogels were synthesized by surface modification of 

the gel by polyethyleneglycol-2000 as surfactant. They also reported that the 

morphology of the aerogel was not spoiled and the surface area was relatively 

high even after heat treatment (Yang et al. 2014). 

 Recently, TiO2 aerogels are studied for photocatalytic water 

splitting by different research groups.  Platinum decorated TiO2 aerogels 

having surface area of 600 m2/g was synthesized through sol-gel method 

followed by supercritical drying and used for photocatalytic water splitting 

(Puskelova et al. 2014). Rolison etal. are pioneers in TiO2 aerogels and they 

have studied for different applications such as photocatalytic water splitting, 

photo degradation of dichloro acetate and DSSCs(Pietron et al. 2007; DeSario 

et al. 2015). They used supercritically dried TiO2 aerogels first time as 

photoanode materials in DSSCs and reported that the network structure allows 

chemisorption of high amount of dye and gives high incident photon to 

conversion efficiency at higher wavelength region. Baia et al. used different 

molar ratios of the precursor materials to get high surface area TiO2 aerogels 

for DSSC applications (Baia et al. 2006). Recently, Chiang et al. used 12 µm 

thick TiO2 aerogel layer with N-719 dye as photoanode and a power 

conversion efficiency of 8.36% was achieved (Chiang et al. 2012). Hybrid 

aerogels such as SiO2-TiO2 are employed as a photoanode material and found 

that the light harvesting capacity was enhanced due to high surface area of 

aerogel structure. They achieved a maximum power conversion efficiency of 

9.41% with a DSSC prepared using 18 µm thick hybrid aerogel layer and 
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TiCl4 treatment (Gao et al. 2012). Also, TiO2 aerogel layer was used as 

blocking layer in between FTO substrate and P25 TiO2which improved the 

photo current density and open circuit voltage with retarded recombination 

reactions (Gu et al. 2014). However, for photovoltaic applications not only the 

surface area is important, but also the surface properties TiO2. 

1.5 SURFACE MODIFICATION  

 The surface modification of metal oxides, nanoparticles and 

polymers have received much attention because it affects the physical and 

chemical properties such as hydrophilicity, roughness, dispersion, wettability 

and adhesive property of materials. Besides, during surface modification 

temporary or permanent functional groups are inserted on the surface 

depending upon the method adopted for modification, which totally alters the 

surface properties of materials (Alwin et al. 2011; Ata et al. 2014; Mittal 

2015). Surface modification of materials can be done by different techniques 

such as chemical etching, ozone treatment and plasma treatment. Metal oxide 

nanoparticles readily make hydrogen bonds and polar interactions with other 

molecules because of its fascinating surface properties (Agarwal et al. 2014). 

The surface modification of metal oxides boosts their surface properties 

beneficial for various applications. Particularly for DSSC applications, the 

surface properties of nano TiO2 have significant impact on dye adsorption, 

charge separation, transport, and recombination processes. 

1.5.1  Chemical Treatment 

 TiO2 photoanodes were treated with TiCl4 solution to suppress the 

charge recombination due to the formation of a thin blocking layer of TiO2 on 

the surface of photoanode. The TiCl4 treatment improved the amount dye 

adsorption either by increasing the surface roughness or be removing the 

surface adsorbed molecules (Mor et al. 2006; Liu & Aydil 2009).Ahmed et al. 
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treated both the FTO layer (pre-treatment) as well as TiO2 layer (post-

treatment) with aqueous TiCl4 solution at 70 °C for 30 min. They have 

reported that the pretreatment improved the open circuit voltage due to 

reduced recombination at the interface. The post treatment of TiO2 surface 

enhanced the short circuit current density by improving dye adsorption and 

light scattering due to high surface roughness (Ahmed et al. 2011). Kim et al. 

studied the effect of nitric acid treatment on photoanode and found that 

electrostatic attraction between the TiO2 surface and Ru anion was increased 

and the dye adsorption kinetics was 18 times faster than untreated TiO2 

photoanode. Also, weak anchoring affinity of nitrate ion enables the rapid co-

ordination of dye with TiO2 and increased the positive charge density on the 

surface of TiO2 without degrading the nanostructure (Kim et al. 2013). Lee et 

al. reported that ozone treatment enhanced the amount of dye adsorption by 

removing the organic and carbon residues present on the surface (Lee & Kim 

2009). Aminopropyltrimethoxy silane modified TiO2 nanoparticles enhanced 

the open circuit voltage as well as power conversion efficiency of DSSC 

(Prabakaran et al. 2015). 

1.5.2  Plasma Treatment 

 Plasma treatment is another interesting method used for the 

modification of TiO2 surface, as it can change only the surface without 

affecting the bulk properties. Plasma is considered to be the fourth state of 

matter and can be generated by providing energy to gaseous molecules. When 

energy is supplied, the gas molecules are get ionized to form equal number of 

positive or negatively charged ions by the dissociation of chemical bonds. The 

supplied energy may be in the form of thermal, electrical or electromagnetic. 

The plasma is electrically neutral and the presence of large number of ions 

makes plasma electrically conductive. Generally, plasma consists of ions, 

electrons, radicals and neutral molecules.  



34 
 

 

 Therefore, plasma treatment is widely accepted method for the 

modification of TiO2 for DSSC applications since it grafts new hydrophilic 

groups such as OH-, COOH- and also influences the oxide stoichiometry 

without affecting the bulk properties much (Kim et al. 2008; Rajmohan et al. 

2013). However, on oxide stoichiometry there are two observations are 

reported. Firstly, the surface oxygen vacancies present in the TiO2 are reduced 

during plasma treatment that suppresses the interfacial recombination 

reactions (Wu et al. 2011). Secondly, some oxygen vacancies are generated 

which forms reactive oxygen species such as O- in the TiO2 crystal lattice 

during oxygen plasma treatment (Nakamura et al. 2000; Jun et al. 2006). But, 

it can be controlled by adjusting oxygen pressure, exposure time and plasma 

power. It was reported that oxygen plasma treatment introduces additional 

hydrophilic groups and saturates the surface of TiO2 nanotubes with hydroxyl 

groups. This promotes the adsorption of dye molecules by forming interfacial 

bonding between dye molecules and TiO2 surface through hydroxyl groups 

and exhibited a power conversion efficiency of 7.37% (Wang & Lin 2009). 

1.6 MICROWAVE ASSISTED SYNTHESIS 

 Microwave assisted synthesis becomes an extremely beneficial 

method owing to the advantages like rapid, clean, cost effective and eco-

friendly synthesis. Also, this is relatively a new method to perform rapid 

chemical reactions and green synthesis of nanomaterials with lower energy 

consumption and higher product yield (Bilecka & Niederberger 2010). 

Microwave interacts with the permanent or induced dipole of molecules 

initiate rapid heating due to molecular rotation which generates super-heating 

regions in the reaction mixture cause a chemical reaction to proceed rapidly. 

Also, during microwave irradiation heat flows from interior to surface of the 

reaction mixture provides uniform temperature rise in solution, unlike 

conventional heating. The use of microwaves particularly in the field of 
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nanoscience and technology is very promising due to homogeneous heating 

provided by microwaves. The growth of nanostructures, nanomaterials and 

metal nanoparticles are highly sensitive to the reaction conditions (Gawande 

et al. 2014; Zhu & Chen 2014). 

 Komarneni et al. first used microwaves for the synthesis of TiO2 

microspheres (Komarneni & Roy 1985). It was also reported that the 

microwave irradiation enhances the crystallization rate which influences the 

crystallite size and surface area (Komarneni et al. 1999; Komarneni 2003). 

Recently,  Polshettiwar et al. reported that metal oxides assembled in to 

various 3-dimensional nansotructures without using any capping or structure 

directing agents(Polshettiwar et al. 2009). Microwave heating of the alkaline 

solution of layered colloidal titanates produced anisotropic anatase 

nanocrystals. These nanocrystals were used as photoanode material in DSSC 

and a power conversion efficiency of 8.32% was realized (Manseki et al. 

2013). TiO2 nanospheres and nanoparticles were synthesized by microwave 

assisted method with different solvents and studied as photoanode material in 

DSSCs. The device fabricated using nanoparticle under layer and nanosphere 

overlayer showed a short circuit current density of 12.6 mA/cm2, an open 

circuit voltage of 0.72 V resulting an overall efficiency of 6.54% (Dar et al. 

2014). Hierarchical TiO2 nanocrystals were synthesized by microwave 

assisted method and an efficiency of 7.64% was achieved in DSSCs when 

used as photoanode material (Wang et al. 2015). 

1.7 OBJECTIVE OF THE PRESENT STUDY 

 The main objective of the present thesis are to synthesize TiO2 

aerogels through sol-gel method followed by ambient pressure drying 

technique and to employ these aerogels as photoanode material in quasi-solid 

dye-sensitized solar cells to enhance the amount of dye adsorption as well as 

power conversion efficiency. The other objective are listed below 
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i) To enhance the surface hydrophilic groups by modifying the 

surface of TiO2 aerogel using oxygen plasma treatment.  

ii) To study the effect of oxygen plasma treatment on the 

structural (XRD, BET, FESEM, HRTEM) optical (UV-Vis 

spectroscopy, Photoluminescence Spectra) and surface 

properties (Thermogravimetry, XPS analysis, dye adsorption 

study) of TiO2 aerogel. 

iii) To improve the specific surface area of TiO2 aerogel by using 

microwave assisted sol-gel synthesis.   

iv) To study the effect of hydrophilic groups generated by oxygen 

plasma treatment and high specific surface area obtained 

through microwave assisted synthesis on the amount of dye 

adsorption. 

v) To study the photovoltaic performance (short-circuit current 

density, open circuit voltage, fill factor, efficiency) and the 

electron transport properties (electron life time, diffusion time) 

of plasma treated TiO2 aerogel and microwave synthesized 

TiO2 aerogel by employing them as photoanode material in 

quasi-solid dye-sensitized solar cells.  

1.8 ORGANIZATION OF THESIS 

 The thesis has six chapters and the details of each chapter are 

presented briefly in the following section. 

 Chapter 1 provides an introduction to TiO2, TiO2 nanomaterials, 

properties and the applications of TiO2 nanomaterials. As TiO2 aerogels form 

the subject of this thesis, the structure and properties of aerogels, network 

formation mechanism and different drying techniques used to synthesize TiO2 
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aerogels are discussed. Also, a special emphasis is given for dye sensitized 

solar cells, since the application of TiO2 aerogels are studied in DSSCs. In 

addition, the literatures related to TiO2 nanomaterials, aerogels and DSSC are 

reviewed to update.   

 Chapter 2 explains the methods used to synthesize and modify the 

surface of TiO2 aerogels especially the sol-gel synthesis, plasma treatment and 

the characterization techniques used to study TiO2 aerogels. Also, fabrication 

method of DSSC and their photovoltaic characterization techniques are 

explained. 

 Chapter 3 reports the structural studies on TiO2 aerogels such as 

XRD analysis, BET and BJH analysis, FESEM and TEM analysis. 

 Chapter 4 describes the effect of oxygen plasma treatment on the 

structural and optical properties along with the surface properties of TiO2 

aerogels. The overall effect of these properties on the photovoltaic 

performance of TiO2 aerogels is discussed. 

 Chapter 5 illustrates the importance of microwave assisted 

synthesis of TiO2 aerogels and their influence on structural and photovoltaic 

properties.  

 Chapter 6 gives the summary of the work carried out and the 

conclusions derived from the results obtained in the present work. This 

chapter also includes the scope for future work on TiO2 aerogels. 
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CHAPTER 2 

 EXPERIMENTAL METHODS AND 

CHARACTERIZATION TECHNIQUES 

 

2.1 SYNTHESIS OF TIO2 AEROGELS  

2.1.1  Method 

 TiO2 aerogels are synthesized by sol-gel method followed by 
ambient pressure drying technique. In this method, titanium alkoxides are 
subjected to controlled hydrolysis to form primary nanoparticle. These 
primary particles undergo condensation process and forms interconnected 
network structure.  

 

Figure 2.1 General scheme of sol-gel method for TiO2 aerogel synthesis 
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 After performing an ambient pressure drying on wet gels TiO2 
aerogels are formed. Different steps involved in sol-gel method such as 

stabilization, hydrolysis, condensation, aging and drying are explained. The 
synthetic scheme of TiO2 aerogel preparation is presented in Figure 2.1 

(Hüsing & Schubert 1998). 

2.1.2 Synthetic Procedure 

 About 4.12 ml of titanium isopropoxide (TIP) was mixed with 7.95 

ml of glacial acetic acid to stabilize TIP. Then, the above mixture was subjected 
to controlled hydrolysis by adding 87.92 ml of de-ionized water drop by drop to 

start the hydrolysis. The molar ratio of TIP, glacial acetic acid and de-ionized 
water is 1:10:350. The sol was continuously stirred for 1 h to complete the 

hydrolysis process. Then the pH of the sol was adjusted to 5 by keeping inside 
the closed ammonia container, in order to allow the ammonia vapours to enter 

into the solution. The change in pH initiates the gelation process and the TiO2 
particles undergo condensation. The gels were transferred into de-ionized water 

and aged for 24 h at 50 °C to strengthen the network structure. The aged gels 
were then solvent exchanged with 2-propanol at 50 °C for 6 times to remove 

water from the aerogel network. Now, it is expected that the pores are occupied 
completely by 2-propanol. Then, 2-propanol was exchanged for 2 times with n-

hexane, which is having still lower surface tension than 2-propanol to minimize 
the capillary forces on pore walls. This allows drying the gel network under 

ambient conditions. The aerogel powder was then dried at room temperature in 
a closed beaker for 3-4 days. 

2.1.3         Microwave assisted synthesis   

 TiO2 aerogel was synthesized by microwave assisted sol-gel 
method. In this method, TIP, glacial acetic acid and de-ionized water were 

used in the molar ratios as explained earlier. Initially, TIP was stabilized to 
control the rate of hydrolysis by using glacial acetic acid. The white solid 

mass obtained was subjected to undergo hydrolysis with de-ionized water. 
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The obtained sol was microwave irradiated with three different power levels 
of 100 W, 300 W and 600 W for 10 min. Then the gelation process was 

initiated by changing the pH of the sol. The gel was aged at 50 °C for 24 h in 
de-ionized water and water present in the pores were removed by solvent 

exchange with low surface tension solvents such as 2-propanol and n-hexane. 
Finally, the wet gel was allowed to dry slowly at room temperature by 

covering the beaker with aluminium foil. TiO2 aerogels obtained through 
microwave (100 W, 300 W, 600 W) assisted synthesis were designated as 

MW-100, MW-300, MW-600. TiO2 aerogel synthesized without microwave 
irradiation was designated as MW-0. 

2.2 REACTION MECHANISM 

 Transition metal alkoxides such as titanium (IV) isopropoxide 
(TIP) hydrolyze upon contact with moisture resulting titanium hydroxide (Ti-

OH) precipitate. The chemical structure of titanium (IV) isopropoxide is 
shown in Figure 2.2. This hydroxide formation leads to inhomogeneity in the 

properties of metal oxides. Therefore, the hydroxide formation should be 
essentially controlled (Dunuwila et al. 1994). The most promising method 

available for this purpose is stabilizing titanium (IV) isopropoxide with acetic 
acid. Acetic acid acts as a bidendate ligand and forms a 6-coordiantion 

complex (Figure 2.3) with alkoxides by occupying the coordination sites 
(Livage & Sanchez 1992; Birnie & Bendzko 1999). This process suppresses 

the reactivity of alkoxides and lowering the rate of hydrolysis. This process is 
called peptization (Bischoff & Anderson 1995). Then, de-ionized water is 

slowly added drop by drop to the peptized TIP to start hydrolysis.  
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Figure 2.2 Chemical structure of titanium (IV) isopropoxide 

 
Figure 2.3 Peptized TIP: A six coordination complex formed between 

TIP and acetic acid 

 The sol consists of Ti-OH primary particles which are considered to 

be the building blocks of the network structure. The hydrolysis process will 

be dominated as long as the pH of the sol is under acidic condition (Simonsen 

& Søgaard 2010). When the pH of the sol is raised to 5 by allowing ammonia 

vapours to diffuse the sol, the gelation process commences. The gelation can 

be initiated by changing the pH or temperature of the sol. The primary 

particles condensed together and form the network structure. This process is 
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called condensation. The hydrolysis and the condensation reactions are 

presented in the following equations (Stathatos et al. 2004; Choi et al. 2006). 

The steps involved in sol-gel synthesis are shown below.  

 Ti-OR   + AcOH   Ti-OAc + R-OH             (Stabilization)   (2.1) 

 Ti-OAc + R-OH or H2O  Ti-OH + R-OAc (Hydrolysis)       (2.2) 

 Ti-OAc + RO-Ti  Ti-O-Ti + R-OAc           (Condensation)  (2.3) 

 Ti-OH   + HO-Ti  Ti-O-Ti + H2O               (Condensation)   (2.4) 

 Here, R represents isopropoxide group AcOH represents acetic 

acid.  

 A possible reaction pathway for the reaction between TIP and 

acetic acid was proposed recently by Parra et al. and presented in the  

Figure 2.4 (Parra et al. 2007).  

2.3 PREPARATION OF TiO2 AEROGEL LAYER 

 About 1 g of TiO2 aerogel powder was homogeneously dispersed in 

4 ml of 2-propanol using probe sonicator for 30 min. The temperature of the 

slurry was controlled by keeping it in icebath. Then, the TiO2 slurry was spin 

coated on fluorinated tin oxide (FTO) glass substrate with 2000 rpm for 30 s. 

The layer was dried at room temperature and the second layer was coated 

above the first layer. The coating was continued till the loading of TiO2 on 

FTO reaches 10 mg/cm2. Finally, the TiO2 aerogel layer was dried at 120 °C 

for 30 min under vacuum.   
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Figure 2.4 Mechanistic pathway for the reaction between titanium (IV) 
isopropoxide and acetic acid 

2.4  PLASMA TREATMENT 

 The vacuum dried TiO2 aerogel layer after cooling to room 
temperature was kept inside the plasma chamber. The plasma chamber is 
made up of quartz with a dimension of 30 mm diameter and 100 mm length. 
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A copper coil is assembled around the quartz tube as radio frequency antenna. 
The chamber was evacuated using roto pump and oxygen gas was purged 
with a pressure of 1.5 X 10-2 mbar. The oxygen flow was controlled by the 
gas flow meters to maintain the chamber pressure uniformly. The ion source 
was operated at 13.56 MHz and a 50 W inductively coupled oxygen plasma 
was generated using RF auto tuner (AIT-600) and impedance matching unit 
(AG-0113, T&C Power Conversion Inc., USA). The plasma ion source 
reported by Nabhiraj et al. is used in the present work and the schematic 
diagram is presented in Figure 2.5 (Nabhiraj et al. 2010). Oxygen plasma 
treatment was done on TiO2 aerogel layers separately for 5, 10 and 15 min. 
The 100 W inductively coupled plasma (ICP) ion source and the oxygen 
plasma generated inside the quartz chamber are shown in Figure 2.6.  

 

 

(Source: Nabhiraj et al. 2010) 

Figure 2.5 Schematic diagram of plasma ion source 
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Figure 2.6 Photographs of the plasma ion source (ICP-100) 

2.5  FABRICATION OF DSSC 

 The TiO2 aerogel layer coated on FTO substrate was heat treated at 

120 °C for 30 min. After cooling to 80 °C, the layer was soaked in 0.3 mM 

solution of N-719 dye (cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-

dicarboxylato)ruthenium(II)bis-tetrabutylammonium) obtained from 

Solaronix in ethanol for 24 h for sensitization. The chemical structure of N-

719 dye is shown in Figure 2.7. 

 

Figure 2.7 Chemical structure of N-719 dye 
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 Platinized FTO glass substrate was used as the counter electrode. 

The counter electrode was prepared by coating a thin layer of 2 mM H2PtCl6 

on FTO substrate. Then, the platinization was done by thermal decomposition 

of H2PtCl6 by heating at 350 °C for 30 min. The quasi-solid gel electrolyte 

consists of poly(ethylene oxide)-poly(ethylene glycol)-NaI/I2 and an ionic 

liquid 1-ethyl-3-methylimidazoliumbis(trifluoromethyl sulphonyl)imide in 

acetonitrile is used as electrolyte. The polymer electrolyte was prepared 

through the method reported by Singh et al (Singh et al. 2011). In the present 

work, the polymer to NaI ratio was maintained as 75:25 and 10% I2 with 

respect to NaI was optimized for our system. The polymer was taken with a 

ratio of 90% of PEO and 10% of PEG. About 60 wt% of ionic liquid with 

respect to polymer was used for ionic conduction. 

 In order to achieve better penetration of electrolytes in to the 

nanopores of TiO2, a low molecular weight polyethylene glycol (Mw = 4000 

g/mol) was used alongwith high molecular weight polyethylene oxide (Mw = 

100000 g/mol). The coil size or radius of gyration (Rg) of the polymer plays a 

vital role in penetration inside the nanopores (Kang et al. 2005). The radius of 

gyration of a polymer chain in a solvent can be calculated using the following 

formula. 

  )                                                    (2.5) 

 Here, Mw is molecular weight (g/mol) and C is constant (0.063). 

The coil diameter determined for PEO is 19.92 nm and for PEG is 3.98 nm. 

Therefore, when the coil diameter is smaller than the average pore diameter of 

TiO2, the low molecular weight polymer can penetrate well inside the pores 

and helps better charge collection. 

 The above-prepared polymer gel electrolyte was introduced on the 

photoanode in two step method to penetrate inside the mesopores. Initially, a 
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very thin polymer electrolyte was introduced on the TiO2 layer to fill the 

pores completely and then a viscous electrolyte was introduced. Finally, the 

dye-sensitized solar cell was fabricated by assembling the photoanode and the 

counter electrode as shown in the figure 2.8. The active area of the cell is 0.5 

cm2. 

 

Figure 2.8 Fabrication of TiO2 aerogel based DSSCs 

2.6  CHARACTERIZATION 

2.6.1  X-Ray Diffraction 

 XRD was employed to study the structural properties of the TiO2 

aerogels. The powder x-ray diffraction pattern of the TiO2 aerogels was 

recorded using a PANalytical XPERT-PRO diffractometer available in 

Department of Physics, Alagappa University, Karaikudi. The acceleration 

voltage of the diffractometer was set at 40 kV with a current 30 mA. The 

XRD pattern was obtained between the 2  values of 10° to 80° using CuK  

radiation with wavelength of 1.5406Å. 
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2.6.2  BET Analysis 

 Brunauer-Emmett-Teller (BET) analysis involves a physical 

adsorption of gas molecules on a porous solid surface and provides 

information regarding surface area, pore size and porosity. The measurements 

were performed using a Micromeritics Tri-Star II 3020 analyzer available at 

Department of Chemistry, Indian Institute of Space Science and Technology 

(IIST), Thiruvananthapuram, Kerala. The adsorption-desorption isotherms 

were obtained using nitrogen at 77 K. The surface area of the aerogels is 

determined from the following equation. 

                                            =                                                         (2.6)          

Where, S is total surface area, Wm is weight of adsorbate for monolayer 

adsorption, N is Avogadro number, A is cross-sectional area of adsorbate and 

M is the molecular weight of the adsorbate.  

 Before the measurement, the samples were pretreated under the 

flow of N2 gas for 3 h at 200 °C. The pore size distribution was obtained from 

the desorption branches of isotherms using the Barrette–Joynere–Halenda 

(BJH) method. 

2.6.3 Field Emission Scanning Electron Microscope (FESEM) Analysis 

 The microstructure and morphology of the TiO2 aerogels were 

investigated using FESEM analysis. High magnification FESEM images are 

obtained using FESEM-SUPRA55, CARL ZEISS available at Center for 

Nanoscience and Nanotechnology, Sathyabama University, Chennai. A thin 

layer of gold was coated on the surface to reduce image distortion due to 

charging effect. The acceleration voltage used is 15 -20 kV.   
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2.6.4 Transmission Electron Microscope (TEM) Analysis 

 The morphology and the interconnected network structure of TiO2 

aerogel were examined by TEM and HRTEM images. The TEM images and 

Selected Area Electron Diffraction (SAED) pattern were obtained using 

JEOL/JEM 2100 available at Sophisticated Test and Instrumentation Center 

(STIC), Cochin University of Science and Technology, Cochin. The operating 

voltage is 200 keV. For TEM and HRTEM analysis the aerogel powders were 

dispersed in 2-propanol and the suspension was dropped on a copper grid.   

2.6.5  Absorption Spectra 

 The absorption spectra of TiO2 aerogels are recorded under diffused 

reflectance mode using Shimadzu-2600 UV-Vis spectrophotometer with an 

integrating sphere attachment available at Center for Scientific and Applied 

Research (CSAR), PSN College of Engineering and Technology, Tirunelveli. 

The spectrum was recorded between the wavelength ranges of 200 – 800 nm 

using a light source of deuterium and halogen lamps for ultra-violet and visible 

regions respectively. The bandgap values of TiO2 aerogels were determined by 

extrapolating the linear region of tauc’s plot to the photon energy. 

2.6.6  Photoluminescence Spectra 

 Photoluminescence (PL) spectroscopy is employed to study the 

optical and electronic properties of solid state materials, the defects lying 

within the bandgap of metal oxides and the charge recombination processes. 

When TiO2 absorb photons, the electron-hole pairs will be formed and it 

liberates energy in the form of photoluminescence when they recombine 

together. The photoluminescence (PL) spectra were recorded using a varian 

cary spectrophotometer with a 450 W xenon arc lamp as the light source 

available at Department of Physics, Alagappa University, Karaikudi. 
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2.6.7 Thermogravimetric Analysis (TGA) 

 To study the surface hydrophilic groups, the TiO2 aerogel layers 

were allowed to adsorb water molecules under humidified condition for 48 h. 

Then, these layers are subjected to TGA analysis and weight loss due to 

removal of water molecules is determined. TGA was carried out between the 

temperature ranges of 30 °C - 300 °C with a heating rate of 10 °C/min. The 

analysis was done using Perkin Elmer STA6000 available at Sophisticated 

Test and Instrumentation Center (STIC), Cochin University of science and 

technology, Cochin.  

2.6.8 X-Ray Photoelectron Spectroscopy (XPS) Analysis 

 XPS analysis was performed on TiO2 aerogel thin layers to study 

the surface characteristics of the aerogel layers. The survey spectra and high 

resolution elemental spectra of TiO2 aerogel were obtained using SPECS-

GmbH spectrometer using Al-K  (1486.6 eV) radiation with Phoibos-100 

MCD energy analyzer available at Department of Instrumentation and 

Applied Physics, Indian Institute of Science (IISc), Bangalore. The analysis 

was carried out at pass energy of 40 eV under ultrahigh vacuum (5×10-10 

mbar). The fitting and the de-convolution of the elemental spectra were done 

using fityk software. 

2.6.9  Dye Adsorption 

 The amount of dye adsorption provides information about the 

surface hydrophilic groups and surface area of TiO2 aerogels. To determine 

the amount of dye adsorption, the samples were dipped in to a 0.3 mM dye 

solution for 24 h. For this purpose, both eosin-y (Sigma Aldrich) and N-719 

(Solaronix) dyes were used for adsorption. The amount of dye adsorption on 

TiO2 layers were analyzed by desorbing the adsorbed dye in to 0.1 M, 1:1 

ethanol water solution of NaOH. The absorbance spectrum of the desorbed 



51 
 

 

dye solution was recorded between the wavelength ranges of 200 nm – 800 

nm using a Shimadzu-2600 UV-Vis spectrophotometer available at Center for 

Scientific and Applied Research (CSAR), PSN College of Engineering and 

Technology, Tirunelveli. The concentration of dye molecules was estimated 

using Beer-Lambert’s law,  

  A = bc         (2.7) 

Here, A is absorbance,  is molar extinction co-efficient, b is path length and c 

is the concentration of the dye molecules. 

2.6.10 Fourier Transform Infrared Spectroscopy (FT-IR) 

 FT-IR was used to study the adsorption mechanism of dye 

molecules on the surface of TiO2 aerogels. The spectrum was recorded 

through Attenuated Total Reflection (ATR) method using JASCO FTIR 

spectrometer available at Center for Scientific and Applied Research (CSAR), 

PSN College of Engineering and Technology, Tirunelveli.  The resolution of 

the spectrophotometer was set at 4 cm-1. 

2.6.11 Photovoltaic Study 

 The photocurrent-voltage (I-V) characteristics and Intensity 

Modulated Photocurrent spectroscopy (IMPS)/ Intensity Modulated 

Photovoltage spectroscopy (IMVS) were performed using ZAHNER electrik 

IM6 electrochemical work station available at Center for Scientific and 

Applied Research (CSAR), PSN College of Engineering and Technology, 

Tirunelveli. The LED light source was controlled using PP211 slave 

potentiostat coupled with main potentiostat IM6. The efficiency of the DSSC 

was determined using the following equation 2.6. The ratio of maximum 

power to intensity of the incident light gives the efficiency of the cell. The 
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power conversion efficiency ( ) of the DSSC can be determined from the 

following equation (Jena et al. 2012).  

         = = 100    (2.8) 

 Here, P max is the maximum power obtained by multiplying current 

and voltage at a particular point where they are maximum. Pin represents the 

intensity of the incident light (100 mW/cm2) on solar cell. Jsc represents short-

circuit current density and defined as the highest current density obtained under 

short-circuit condition i.e. when the applied voltage is 0. Voc represents open 

circuit voltage and defined as the maximum voltage obtained when there is no 

current flow. It corresponds to the energy difference between Fermi level of the 

semiconductor and redox energy level of the redox couple. Fill factor (FF) is 

defined as the ratios of maximum power (Pmax) to the product of short-circuit 

current density and open circuit voltage as shown in equation 2.7.   

                                                                        (2.9)  

 The electron lifetime ( n) was determined from the IMVS spectra 

and the electron transit time or diffusion time ( d) was determined from the 

IMPS spectra (DeSario et al. 2015). IMPS involves the measurement of 

diffusion time by illuminating the intensity modulated light on solar cell under 

short-circuit condition since the electron starts flowing through the external 

circuit. The electron diffusion time was determined from the IMPS spectra by 

taking the minimum frequency of the semicircle. IMVS involves the 

measurement of electron lifetime by illuminating the intensity modulated light 

on solar cell under open circuit condition since the electron mobility is hindered 

and undergoes recombination. The electron lifetime and the difussion time was 

determined from the following equation by substituting the minimum 

frequency of the semicircle (fmin) obtained from IMVS/IMPS spectra. 

                                                                                (2.10) 
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 The charge collection efficiency ( cc) can be determined from the 

following formula, here d is electron diffusion time and n is electron 

lifetime. 

     = 1                                                         (2.11) 
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CHAPTER 3 

 STRUCTURAL STUDIES OF TITANIA AEROGELS 

 

3.1  INTRODUCTION 

 This chapter focuses on the fundamental structural analysis of TiO2 

aerogels synthesized by changing the volume ratios of two different solvents. 

To study the effect of solvent on crystal structure and surface area of TiO2 

aerogels, the volume ratio of de-ionized (DI) water and ethanol were changed 

and used for sol-gel synthesis. The molar ratios of the reactants and volume 

ratios of the solvents taken for study are given in Table 3.1. The molar ratio of 

the reactants TIP:AcOH:H2O was 1:10:350, in which the ratio of TIP and 

AcOH remain unchanged. The amount of water used was changed as 2:1, 1:1, 

and 1:2 mixture of DI-H2O and EtOH. The synthesized TiO2 aerogels are 

designated as AG-1, AG-2, AG-3 and AG-4 respectively. The crystal 

structure of TiO2 aerogels and the effect of solvent on the phase formation 

were studied using XRD analysis.  

 The effect of solvent on specific surface area and the pore size 

distribution were studied using BET isotherms and BJH pore size distribution 

analysis. Microstructure and morphology of the TiO2 aerogels were studied 

using electron microscopic analysis. The porous morphology and the 

interconnected network structure of TiO2 aerogels were investigated by 

FESEM and HRTEM analysis. 
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Table 3.1  Molar ratios of the reactants and the volume ratio of the 
solvents used for sol-gel synthesis of TiO2 aerogels 

S.No Aerogel Reactants Ratio 

1 AG-1 TIP:AcOH:H2O 1:10:350 

2 AG-2 TIP:AcOH:(H2O:EtOH) 1:10:(233.33:116.67) 

3 AG-3 TIP:AcOH:(H2O:EtOH) 1:10:(175:175) 

4 AG-4 TIP:AcOH:(H2O:EtOH) 1:10:(116.67:233.33) 
 

3.2 XRD ANALYSIS  

 The XRD pattern obtained for the TiO2 aerogels AG-1 and AG-3 

are presented in Figure 3.1. The diffraction peaks are observed at 2  values 

25.3, 38, 48 and 54º for both aerogels. The obtained XRD pattern was 

compared with JCPDS data and found to be similar to that of anatase TiO2 

(JCPDS No : 21-1272). Therefore, XRD pattern indicates that TiO2 is 

preferentially crystallized in anatase phase and no rutile peaks are observed 

(Sibu et al. 2002; Baiju et al. 2007).  

 It is also noteworthy to mention that the change in solvent during 

sol-gel synthesis has no influence on anatase phase formation. The 

broadening of the diffraction peaks suggest that aerogel network is made up 

of nanocrystalline TiO2 particles. The average crystallite sizes of both 

aerogels were calculated from the full width half maximum value of 101 peak 

using Debye-Scherrer equation. 

                                           D =                                                        (3.1)   
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Where,  is the avelength of CuK  radiation (=1.5405 Å),  is the full width 

at half maximum of (101) diffraction peak and  is the half of the diffraction 

angle of (101) peak.  

 The average crystallite size was found to be 8.1 nm for both 

aerogels, which is very close to the crystallite size (7 nm) of TiO2 obtained by 

Schneider et al (Schneider & Baiker 1992). It indicates that the crystallite size 

is not affected, when de-ionized water and ethanol mixture is used as a 

solvent in sol-gel synthesis of TiO2 aerogel.  

 

 

 

 

 

 

Figure 3.1 XRD pattern of TiO2 aerogels AG-1 and AG-3 

3.3 BET ANALYSIS 

 BET surface area analysis was performed for all TiO2 aerogel 

samples to determine the specific surface area. Figure 3.2 shows the nitrogen 

adsorption-desorption isotherms of TiO2 aerogels AG-1, AG-2, AG-3 and 

AG-4. All four TiO2 aerogels exhibit type IV BET isotherm with hysteresis 
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loop, a characteristic of mesoporous materials. The sharp increase in 

adsorption volume of nitrogen at high partial pressures also suggests that the 

pores are in the range of mesoporous region. 

 

Figure 3.2 N2 adsorption-desorption isotherms of AG-1, AG-2, AG-3 
and AG-4  

 The surface area, pore volume and the pore diameter obtained for 

AG-1, AG-2, AG-3 and AG-4 are presented in the table 3.2. The specific 

surface area of AG-1, AG-2, AG-3 and AG-4 is 252 m2/g, 249 m2/g, 241 

m2/g, 240 m2/g respectively. This shows that the addition of ethanol to water 
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for sol-gel synthesis leads to a slightly lower surface area. However, the 

specific surface area obtained in the present study is slightly higher than the 

uncalcined TiO2 aerogel synthesized through supercritical drying technique 

(Schneider & Baiker 1992). They reported that 226 m2/g for uncalcined and 

200 m2/g for TiO2 aerogel calcined at 350 °C for 2 h. Therefore, the BET 

surface area result demonstrates the successful implementation of ambient 

pressure drying of TiO2 gels. It indicates that the capillary forces acting on the 

pore walls are minimized by the exchange of water with low surface tension 

solvents like 2-propanol and n-hexane. Based on these results, in the present 

work de-ionized water was fixed as solvent for sol-gel synthesis of TiO2 

aerogel. Also, only AG-1was taken for further study.  

Table 3.2 Physical properties of TiO2 aerogels 

Sample 
BET Surface 

Area (m2/g) 

Average Pore 

Size (nm) 

Pore Volume 

(cm3/g) 

AG-1 252.21 23 0.71 

AG-2 249.75 21.1 0.58 

AG-3 241.07 18.8 0.53 

AG-4 240.57 10 0.55 

 

 Though, the addition of ethanol is not having considerable 

influence on the crystal structure, crystallite size and specific surface area of 

TiO2 aerogels, the pore size distribution shows a substantial change. The BJH 

pore size distribution analysis of the aerogels AG-1, AG-2, AG-3 and AG-4 

are presented in the figure 3.3. The pore size distribution of AG-1 is very 

wide and the average pore size is 23 nm. However, the pore size distribution 

becomes narrow as the amount of ethanol is increased in sol-gel synthesis and 
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the average pore size is only 10 nm for AG-4. It was reported that the amount 

of water used in the synthesis is a factor of great influence on the surface area 

and pore size distribution (Yoldas 1986; Aguado-Serrano & Rojas-Cervantes 

2006). The larger the ratio of water to alkoxide the greater the surface area 

and pore size (Pajonk 1991). Water can cause dissolution, reprecipitation, 

depolymerization, repolymerization, alkoxylation and network densification 

leading to restructuring phenomena during sol-gel synthesis (Schneider et al. 

1994). Besides, water molecules present inside the pores may be effectively 

exchanged with 2-propanol during solvent extraction process, when water 

alone was used as solvent. However, ethanol may be predominantly removed 

from the pores when water and ethanol was used as a solvent. This leaves 

some amount of water molecules inside the pores which exerts capillary 

forces on the pore walls leading to pore size reduction during drying.   

 

 

 

 

 

 

 

 

 

Figure 3.3 BJH pore size distribution analysis of AG-1, AG-2, AG-3 
and AG-4 
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3.4 FESEM ANALYSIS 

 Field emission scanning electron microscope was used to examine 

the microstructure of TiO2 aerogel powder. The FESEM images of AG-1 

aerogel powder under different magnifications are presented in Figure 3.4. A 

rough morphology of TiO2 aerogel made up of irregularly shaped 

nanoparticles is observed from the FESEM images.   The growth of 3-

dimensional network and porous structure of the aerogels are also noticed 

from the images.  

 The aerogel network structure is made up of approximately uniform 

sized nanoparticles in the range of 30 – 50 nm along with some larger 

agglomerates of 100 nm size. The pore size between two nanoparticle 

agglomerate is around 200 nm. However, the TiO2 nanocrystals are 

interlinked well with each other and form a continuous mesoporous network 

structure. This type of network structure is favourable for fast electron 

transport and better diffusion of electrolyte required for photovoltaic 

applications.   

 TiO2 aerogel was dispersed in 2-propanol and spin coated on glass 

substrates. The surface morphology of the TiO2 aerogel layers are presented 

in the Figure3.5. It was observed from the image that there are no cracks are 

seen on the surface. However, some larger agglomerates are noticed on the 

surface. The high magnification FESEM image shows that layer is highly 

rough and porous with a better connectivity of the TiO2 nanoparticles. Also, it 

is noticed that the nanoparticles are uniformly arranged on the surface.   
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Figure 3.4 FESEM images of TiO2 aerogel under different 
magnifications 
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Figure 3.5 FESEM images of TiO2 aerogel layer coated on glass substrate 
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3.5 TEM AND SAED ANALYSIS  

 TEM images of TiO2 aerogel are presented in the figure 3.6 which 

clearly demonstrate the interconnected network structure of TiO2 aerogels. 

Also, the network structure is made up of nanocrystals smaller than 10 nm as 

indicated by XRD analysis. Due to the interlinking of the nanocrystals, they 

are slightly elongated.  

 HRTEM and SAED analysis were used to study the crystallinity 

and structural properties of TiO2 aerogels. HRTEM and SAED pattern are 

shown in the figure 3.7. HRTEM image shows the highly crystalline regions 

of TiO2 aerogel and the lattice fringes are clearly seen. The interplanar 

distance is determined from the HRTEM image and found to be 0.35 nm 

which corresponds to the 101 plane of anatase crystal.  

 SAED pattern illustrates the diffraction rings correspond to the 

polycrystalline nature of the crystals. These diffraction rings are formed due 

to the presence of planes 101, 004, 200, 211 and 204 representing the anatase 

structure of TiO2 (Zhu et al. 1995). The HRTEM and SAED results also 

support the anatase structure as demonstrated by the XRD pattern.     
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Figure 3.6 TEM images of TiO2 aerogel 
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Figure 3.7 HRTEM and SAED pattern of TiO2 aerogel showing the 
lattice fringes and diffraction rings of anatase structure 



66 
 

 

 In summary, TiO2 is crystallized preferentially in anatase structure 

and the solvent used for sol-gel synthesis of TiO2 aerogel has no influence on 

the crystal structure and size of the crystal. The specific surface area of the 

aerogel is 252 m2/g and shows a wide pore size distribution in the mesoporous 

region. This result demonstrates the successful implementation of ambient 

pressure drying technique for TiO2 aerogels. FESEM analysis reveals the 

highly porous nature and the network structure of aerogel. The continuous 

network structure of aerogel is formed by the interconnection 30 - 50 nm 

sized nanoparticles which provide better electronic transport pathway. TEM 

images also support the formation of interconnected network structure of 

aerogel. HRTEM and SAED pattern demonstrates the anatase crystal structure 

in consistent with XRD pattern. 
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CHAPTER 4  

 PLASMA TREATED TITANIA AEROGELS AS 

PHOTOANODE MATERIALS FOR DYE-SENSITIZED 

SOLAR CELLS 

 

4.1  INTRODUCTION  

 The interaction between mesoporous TiO2 and dye governs the 

photon absorption, charge generation, electron injection, and recombination 

processes in DSSCs. These processes are directly influencing the short-circuit 

current density (Bai et al. 2014). Therefore, favorable surface properties of 

TiO2 are essential to achieve superior performance in DSSCs. The surface 

treatment of mesoporous TiO2 can fetch better DSSC performance by 

enhancing the amount of dye adsorption and by controlling the recombination 

processes (Mora-Seró & Bisquert 2010). In the present chapter, we report the 

effect of oxygen plasma treatment on the properties of TiO2 aerogel and 

DSSC performance. 

 The effect of oxygen plasma treatment on structural, optical and 

surface properties of TiO2 aerogels are discussed in this chapter. TiO2 aerogel 

powder was coated on glass substrate and subjected to oxygen plasma 

treatment with a power of 50 W for 5, 10, 15 min. The oxygen pressure inside 

the plasma chamber was 1.5 X 10-2 mbar. Plasma treated TiO2 aerogel are 

designated as 5 min, 10 min, 15 min and untreated aerogel is designated as 0 

min for comparison. 

 The structural and optical properties of the untreated and plasma 

treated TiO2 aerogels are studied using XRD, BET, FESEM, HRTEM, UV-
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Vis and PL analysis. The surface properties of the untreated and plasma 

treated TiO2 aerogels are studied using TGA, XPS and dye adsorption 

analysis. The plasma treated TiO2 aerogels are employed as a photoanode 

material in DSSC and the photovoltaic performance was studied.  

4.2 STRUCTURAL PROPERTIES 

4.2.1  XRD Analysis 

 The effect of oxygen plasma treatment on crystallinity of TiO2 

aerogel was studied using XRD pattern. Figure 4.1 depicts the XRD pattern of 

the plasma treated and untreated TiO2 aerogels. The peaks observed for 

untreated aerogel at 2  values 25.3°, 38°, 48°, 54° and 62.4° representing 101, 

004, 200, 211 and 204 planes show the anatase structure of TiO2.It is 

observed that after oxygen plasma treatment the peaks corresponding to 

anatase structure is retained for 5 and 10 min of exposure with slight 

broadening and for 15 min of plasma exposure, only 101 peak (at 25.3°) is 

retained with substantial broadening leaving behind the other peaks.  

 The XRD peak broadening may be due to generation of oxygen 

vacancies in the crystal by plasma treatment. However, the XRD peak 

broadening is possible both by crystallite size reduction and oxygen vacancy 

generation. Therefore, to ascertain this interpretation, TiO2 aerogel was 

subjected to vacuum treatment, since vacuum can generate only oxygen 

vacancies in the crystal and can’t have any effect on the size of the crystals. 

Also, it was reported that the vacuum treatment is creating surface oxygen 

vacancies in the crystal structure (Nowotny 2011). Accordingly, TiO2 aerogel 

was kept inside the plasma chamber and vacuum was generated by the rotary 

pump with a pressure of 5X10-5 bar at 30 °C for 30 min without applying 

plasma treatment. 
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Figure 4.1 XRD pattern of untreated and plasma treated TiO2 aerogels 

 The XRD pattern obtained for vacuum treated TiO2 aerogel is 

presented in Figure 4.2 along with untreated aerogel for comparison. It was 

observed from the figure that the XRD peaks are broadened after vacuum 

treatment reveals the generation of oxygen vacancies. This result supports the 

XRD peak broadening after plasma treatment is due to oxygen vacancies 

rather than size reduction. Because, it can be understood from this result that 

even vacuum itself is able to generate oxygen vacancies in the crystal, the 

effect will be predominant during plasma treatment. The surface temperature 

of the substrate is increasing substantially during plasma treatment and which 

can create oxygen vacancies in the crystal. Therefore, 15 minutes of plasma 

treatment may have generated more number of surface oxygen vacancies by 

thermal effect instigating the amorphous nature in the anatase TiO2 crystal. 
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Figure 4.2 XRD pattern of untreated and vacuum treated TiO2 
aerogels (Vacuum conditions: 5X10-5 bar, 30 min, 30 °C) 

4.2.2 BET Surface Area and BJH Pore Size Distribution Analysis 

 BET isotherms and BJH pore size distribution of untreated and 

plasma treated TiO2 aerogels are presented in the Figure 4.3. Both untreated 

and 10 min plasma treated TiO2 aerogels exhibit type IV BET isotherm with a 

characteristic hysteresis loop of mesoporous material. A sharp increase in 

adsorption volume of nitrogen was observed at high relative pressures. This 

sharp increase is due to the capillary condensation gas molecules inside the 

mesopore results hysteresis loops. The specific surface area of untreated TiO2 

aerogel was 252 m2/g and shows H3 type hysteresis loop. The H3 type 

hysteresis loop does not have plateau at high partial pressure values indicating 

that there is no well defined mesopore volume due to the metastability of the 

adsorbed multilayer. Therefore, H3 loop corresponds to a non-rigid, non-

uniform porous structure (Sing & Williams 2004). Interestingly, after 10 min 

plasma treatment the BET isotherm exhibits H2 type hysteresis loop which is 

having a well defined plateau at high partial pressure regions indicating a 

rigid and uniform pore structure and the surface area is also increased to 273 

m2/g. The isotherm also shows that the pore structure has become robust after 

2 0 3 0 4 0 5 0 6 0 7 0 8 0

 V a c u u m

 

 0 m in

 

In
te

ns
ity

 (a
rb

)

2  T h e ta  (d e g )

 



71 
 

 

plasma treatment. A wide pore size distribution is observed for untreated TiO2 

aerogel with an average pore size of 23 nm and it becomes narrow after 10 

min of plasma treatment with uniform pores of 6.5 nm.  

 

Figure 4.3 BET isotherms and BJH pore size distributions of untreated 
and plasma treated (10 min) TiO2 aerogels 

4.2.3  Morphology 

 In order to understand the morphology of untreated and plasma 

treated TiO2 aerogel, the layers were studied using FESEM analysis. The 

FESEM images of TiO2 aerogel layers before and after plasma treatment are 

illustrated in Figures 4.4 and 4.5 under different magnifications. The porous 

morphology of the TiO2 aerogel is clearly seen from the images and the TiO2 

particles are interlinked well with each other. It is observed from the image 

that the interconnected network structure of aerogel is made up of smaller 

nanocrystals. Before plasma treatment, the nanoparticles are agglomerated 
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and the arrangement of the particles on the surface is non uniform. However, 

after plasma treatment TiO2 nanoparticles are arranged more uniformly with 

less agglomeration. It is also noteworthy to mention that the overall 

nanoporous morphology and the interconnected network structure of aerogel 

are retained after plasma treatment. 

 

Figure 4.4 FESEM images of untreated (top) and plasma treated 
(bottom) TiO2 aerogel 
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Figure 4.5 FESEM images of untreated (top) and plasma treated 
(bottom) TiO2 aerogel under high magnification 
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4.2.4  Microstructure 

 TEM images of untreated and plasma treated (5, 10, 15 min) TiO2 

aerogels are presented in the Figure 4.6. The images reveal that the 

interconnected mesoporous network structure of TiO2 aerogel is preserved 

after oxygen plasma treatment. It is also observed that the interconnected 

continuous network structure formed by the irregularly shaped primary 

particle is clearly seen even after plasma treatment. The important conclusion 

derived from the morphological and microstructural analysis is that the 

aerogel network is preserved after plasma treatment. It indicates that oxygen 

plasma treatment is an efficient method to modify the surface of TiO2 

aerogels without damaging the network structure. 

 HRTEM and SAED analysis were performed on plasma treated and 

untreated TiO2 aerogels to ascertain the effect of plasma treatment on 

crystallinity of TiO2 aerogel. Figure 4.7 shows HRTEM images of untreated 

and plasma treated TiO2 aerogels. The lattice fringes are clearly seen for 

untreated and 5, 10 min plasma treated TiO2 aerogels from the HRTEM 

images. The interplanar distance determined from the images is found to be 

0.35 nm which corresponds to the 101 plane of anatase TiO2. However, the 

lattice fringes are blurred for 15 min plasma treated TiO2 aerogel which shows 

the oxygen plasma treatment for 15 min induces amorphous nature in the 

anatase crystal lattice. Figure 4.8 shows the SAED pattern of TiO2 aerogels. 

The SAED pattern of untreated and 5, 10 min of oxygen plasma treated TiO2 

aerogel clearly shows the diffraction rings corresponding to their respective 

planes are consistent with the XRD pattern. But, the diffraction rings become 

unclear for 15 minutes of plasma treatment that also confirms induced 

amorphocity in the anatase crystal as indicated by the HRTEM and XRD 

results. These results points out that long exposure of plasma on TiO2 aerogel 

may lead to amorphous nature.   
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Figure 4.6 Transmission Electron Microscopic images of Untreated (a), 
(b) and plasma treated 5 min (c), (d), 10 min (e), (f), 15 min 
(g), (h) TiO2 aerogels 
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Figure 4.7 HRTEM images of untreated (a) and plasma treated 5 min 
(b), 10 min (c), 15 min (d) TiO2 aerogels 
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Figure 4.8 SAED pattern of untreated (a) and plasma treated 5 min (b), 
10 min (c), 15 min (d) TiO2 aerogels 

4.3 OPTICAL PROPERTIES 

4.3.1  Absorption Spectra 

 Figure 4.9 shows the absorption spectra of untreated and plasma 

treated TiO2 aerogels. Though the absorption maximum differ considerably 

the absorption edge of 5 min plasma treated TiO2 aerogel shows only a slight 

difference from untreated TiO2 aerogel. It indicates that during first 5 minutes 

of plasma treatment there is no considerable change in the TiO2 crystal 
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structure. However, after 10, 15 minutes of plasma treatment the absorption 

edge is extended to the visible region substantially. 

 

Figure 4.9 Absorption spectra of untreated and plasma treated (5, 10, 
15 min) TiO2 aerogels 

4.3.2  Bandgap 

 The change in bandgap was estimated using tauc’s plot and 

presented in Figure 4.10. The bandgap values are presented in the Table 4.1. 

The bandgap of pure TiO2 is 3.23 eV and after plasma treatment the bandgap 

is reduced to 3.22 eV, 3.11 eV, 3.08 eV for 5, 10, 15 min respectively. It was 

reported that the introduction of oxygen vacancies in the anatase TiO2 crystal 

leads to the reduction of bandgap to 2.02-2.45 eV compared to stoichiometric 

TiO2 (Dhumal et al. 2009; Jaimy et al. 2012). However, in the present work 

the maximum reduction in bandgap after plasma treatment is 0.15 eV which is 

very minimal and consistent with the change observed by Das et al. (Das et al. 
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2016). They reported that the reduction in bandgap due to oxygen vacancies 

are microstructure dependent and the change is between 0.15-0.25 eV for 

different nanostructures. In the case of highly crystalline TiO2 the bandgap 

reduction is found to be minimal and in the range of 0.12 eV. Therefore, a 

slight reduction in bandgap observed after plasma treatment in the present 

work is due to the generation of oxygen vacancies in the anatase structure. 

Also, it was reported that the conversion of stoichiometric TiO2 to oxygen 

deficient Ti2O3 results reduction of bandgap to 0.13 eV (Nowotny 2011). 

Therefore, the reduction in bandgap of TiO2 aerogel indicates the formation of 

sub-oxides of TiO2 due to the generation of oxygen vacancies by oxygen 

plasma treatment. 

 

Figure 4.10 Tauc’s plot of untreated and plasma treated (5, 10, 15 min) 
TiO2 aerogels 
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Table 4.1  Bandgap values determined from tauc’s plot for untreated 
and plasma treated TiO2 aerogels 

S.No Sample Bandgap (eV) 

1 0 min 3.23 

2 5 min 3.20 

3 10 min 3.11 

4 15 min 3.08 
 

4.3.3 Photoluminescence (PL) Spectra 

 When TiO2 absorb photons, the electron-hole pairs will be formed 

and it liberates energy in the form of photoluminescence as they recombine 

together. Therefore, the presence of oxygen vacancies or trap states in the 

crystal leads to higher recombination which results high intense PL spectra. 

The PL spectra of the plasma treated and untreated TiO2 aerogels are 

presented in the Figure 4.11. PL spectra shows a peak at 527 nm a 

characteristic emission in the green region and an additional emission peak at 

485 nm indicates recombination of electrons with holes or oxygen vacancies 

present in the crystal. The presence of oxygen vacancies in TiO2 crystal 

generates an emission in the visible region (Mercado et al. 2011; Sarkar et al. 

2016). It is also noteworthy to mention that the PL intensity is increased after 

plasma treatment compared to untreated TiO2 aerogel and it is high for 15 

minutes plasma treated TiO2 aerogel. This result attributes the generation of 

oxygen vacancies during plasma treatment and also supports XRD peak 

broadening and bandgap decrease as indicated by the XRD pattern and 

absorption spectra respectively. 
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Figure 4.11 PL spectra of untreated and plasma treated (5, 10, 15 min) 
TiO2 aerogels 

4.4  SURFACE PROPERTIES 

4.4.1.  Thermogravimetric Analysis 

 The effect of plasma treatment on TiO2 aerogel surface was 

determined by thermogravimetric analysis (TGA). As the amount of water 

molecules adsorbed on TiO2 aerogel surface reveals the concentration of 

surface hydrophilic groups, the additional hydrophilic groups inserted on the 

surface of TiO2 aerogel during plasma treatment was determined using TGA. 

For TGA, plasma treated and untreated TiO2 aerogel thin films were kept in 

humidified chamber for 48 h and the weight loss due to water elimination was 

calculated. The additional hydrophilic groups embedded on TiO2 aerogel 

surface during plasma treatment was determined by TG analysis of water 

adsorbed plasma treated and untreated samples.  
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 Figure 4.12 shows TG analysis of water adsorbed untreated and 10 

min plasma treated TiO2 aerogels. A weight loss observed up to 150 °C is 

attributed to the loss of surface adsorbed water molecules. About 12 % weight 

loss is observed for plasma treated TiO2 aerogel whereas only about 2 % 

weight loss for untreated aerogel. It shows that the plasma treated TiO2 

aerogel has adsorbed more number of water molecules. This result clearly 

indicates that the plasma treatment had grafted additional hydrophilic groups 

on TiO2 aerogel surface.    

 

Figure 4.12 Thermogravimetric analysis of untreated and plasma 
treated TiO2 aerogels 

4.4.2  XPS Analysis 

 X-ray photoelectron spectroscopic (XPS) analysis was performed 
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aerogels. The titanium to oxygen, oxide to hydroxyl and oxide ratio of 

untreated, plasma treated TiO2 aerogels were determined from the area under 

the curve of O 1s and Ti 2p spectrum. 

 

Figure 4.13 High resolution x-ray photoelectron spectroscopy: O 1s 
spectra of untreated and plasma treated TiO2 aerogels 

 

Figure 4.14 High resolution x-ray photoelectron spectroscopy: Ti 2p 
spectra of untreated and plasma treated TiO2 aerogels 
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(530 eV) of TiO2 and surface hydroxyl groups (532.2 eV) and the difference in 

binding energy (~2 eV) indicates that the secondary peak at 532.2 eV is due to 

surface hydroxyl groups of TiO2. Another peak observed at 534.2 eV for 

untreated aerogel disappeared in the case of plasma treated TiO2 aerogel may be 

due to adsorbed water molecules (Simmons & Beard 1987; Erdem et al. 2001). 

The ratio of titanium to oxygen was calculated by integrating the areas under Ti 

2p and O 1s peaks and found that the ratio is 1 : 1.6 for untreated aerogel and 1 : 

2.4 for plasma treated aerogel. This clearly shows the oxygen percentage is 

increased during plasma treatment compared to untreated TiO2 aerogels. 

However, during plasma treatment both filling of oxygen vacancies on the oxide 

surface and grafting of hydroxyl groups can be anticipated  (Jun et al. 2006; Kim 

et al. 2008). Therefore, to further confirm the ratio of surface hydroxyl groups to 

oxides of TiO2 was determined from the relative peak area ratio of oxide and 

hydroxyl groups present in O 1s peak. It is found that the ratio is increasing from 

0.32 to 0.70 after plasma treatment which indicates that the increase in oxygen 

percentage may be due to surface hydroxyl groups rather than filling of oxygen 

vacancies. This result clearly confirms that additional hydroxyl groups are 

embedded on TiO2 aerogel surface during plasma treatment. 

4.4.3  Dye Adsorption Study 

 The amount of dye adsorption provides information about specific 

surface area and availability of hydrophilic groups on the surface. Therefore in 

the present study, the effect of plasma treatment on TiO2 aerogel film was also 

assessed by eosin-y dye adsorption behavior and presented in Figure 4.15. For 

this study, the samples were dipped in to a 0.3 mM eosin-y dye solution for 24 

h. The amount of dye adsorption for 10 min of plasma treatment was increased 

by 2.5 times compared to that of untreated aerogel film. This is due to the 

increase of surface area and the formation of additional hydrophilic groups 

during plasma treatment as it is evidenced by the BET surface area and XPS 

analysis. 
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 These additional hydrophilic groups can promote anchoring of dye 

molecules on the surface of TiO2aerogel. It is noteworthy to mention that 10 

min exposure of plasma may have saturated the surface with hydroxyl groups, 

hence increasing the amount of dye adsorption. This is also supported by the 

thermo gravimetric and XPS analysis of plasma treated and untreated 

aerogels. The amount of dye adsorption for TiO2 aerogel film with 5 min 

plasma treatment is almost equal to that of untreated aerogel. This suggests 

that initial 5 min of plasma treatment may be removed only the surface 

adsorbed molecules such as H2O and CO and after that new hydrophilic 

groups are started grafting on the surface without modifying the specific 

surface area. However, 15 min of plasma treatment result in decreased dye 

adsorption. It may be due to the increase in surface temperature and that may 

have induced sputtering of hydroxyl groups from the aerogel surface which 

consequently, leads to less amount of dye adsorption. 

 

Figure 4.15 Comparison of dye adsorption behaviour: untreated and 
plasma treated TiO2 aerogels with 50 W and for 5,10,15 
minutes 
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4.4.4 FT-IR Study 

 Figure 4.16 illustrates the FT-IR spectrum of Eosin-Y dye, plasma 

treated and untreated TiO2 aerogel films after dye adsorption. The vibrational 

peaks observed at 1422 cm-1, 1465 cm-1 in eosin-yare due to symmetric 

vibration of carboxyl group and phenyl group respectively. The peaks at 1452 

cm-1, 1321 cm-1 and at 1642 cm-1, 1624 cm-1 in plasma treated and untreated 

films are assigned to the symmetric and asymmetric vibrations of carboxylic 

group. The much interesting thing observed from the FT-IR spectrum is the 

carboxyl (C=O) peak observed at 1753 cm-1 for Eosin-Y is entirely 

disappeared after the  adsorption on plasma treated and untreated aerogel 

films suggest that eosin molecules are hydrogen bonded through carboxyl 

groups to the surface hydroxyl groups of TiO2 aerogel (Zhang et al. 2013).  

 

Figure 4.16 FT-IR spectrum of (A) Eosin-Y powder, (B) Plasma treated 
TiO2 aerogel after dye adsorption, (C) Untreated TiO2 
aerogel after dye adsorption 
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4.5  PHOTOVOLTAIC PROPERTIES 

4.5.1  I-V Characteristics 

 The DSSC performance of plasma treated and untreated TiO2 

aerogels as photoanode material was evaluated using photocurrent-voltage 

measurements. The quasi-solid gel electrolyte consists of poly(ethylene 

oxide)-poly(ethyleneglycol)-NaI/I2 and an ionic liquid 1-ethyl-3-

methylimidazoliumbis(trifluoromethylsulphonyl) imide in acetonitrile was 

used as electrolyte. The photocurrent density-voltage (J-V) curves are 

presented in the Figure 4.17. The power conversion efficiency of 3.08% was 

attained for untreated aerogel as photoanode with an open circuit voltage 

(Voc) 0.664 V and short-circuit current density (Jsc) 8.64 mA/cm2. After 5 

minutes of plasma treatment the power conversion efficiency was increased to 

3.42% with a rise in both Jsc (8.45 mA/cm2) and Voc(0.679 V). The DSSC with 

10 minutes of oxygen plasma treated TiO2 aerogel as photoanode yields a 

power conversion efficiency of 3.94% and Jsc, Voc of 9.45 mA/cm2, 0.694 V. 

The power conversion efficiency of DSSC with 10 min plasma treated TiO2 

aerogel as photoanode is significantly higher than that of the DSSC with 

untreated TiO2 aerogel as photoanode. However, 15 min of plasma treatment 

may increase the surface temperature which leads to sputtering of surface 

hydroxyl groups. This results a decrease in dye adsorption and also Jscand 

hence low power conversion efficiency. Therefore, 15 min of plasma 

treatment may be a long exposure for TiO2 aerogels which induces amorphous 

nature, generating oxygen vacancies and sputtering hydroxyl groups from the 

surface leading to lower DSSC performance.  

 This improvement in efficiency is mainly due to enhanced amount 

of dye adsorption by oxygen plasma treatment. The amount of dye adsorption 

was determined using Beer-Lamberts law and presented in the Table 4.2. The 

plasma treatment increased the specific surface area and inserted additional 
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hydrophilic groups on the surface of the TiO2 aerogel. This has improved the 

short-circuit current density and hence high efficiency compared to untreated 

TiO2 aerogel. Besides, the absorption edge of plasma treated TiO2 aerogel was 

slightly extended to the visible region which also can increase the light 

harvesting nature of photoanode. Also, the open circuit voltage of the DSSCs 

prepared using 5, 10 min of oxygen plasma treated TiO2 aerogels as 

photoanode are higher than that of untreated TiO2 aerogel. This is due to the 

change in bandgap since open circuit voltage corresponds to the energy 

difference between the fermi level and energy level of redox electrolyte. 

 

Figure 4.17 Photocurrent -Voltage (I-V) characteristics of DSSCs 
prepared using untreated and plasma treated (5, 10, 15 min) 
TiO2 aerogels as photoanodes 
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Table 4.2  Photovoltaic and photoelectrical properties of untreated and 
plasma treated TiO2 aerogels 

DSSC 
Dye 

adsorption 
(mol/cm2) 

Voc 

(V) 
Jsc 

(mA/cm2) 
FF  (%) 

n 

(ms) 
d 

(ms) 
cc 

0 min 2.47X10-7 0.653 8.64 0.549 3.08 2.075 1.435 0.309 

5 min 2.45X10-7 0.679 8.45 0.595 3.42 2.265 1.261 0.443 

10 min 5.60X10-7 0.694 9.45 0.60 3.94 2.276 1.189 0.478 

15 min 6.30X10-8 0.621 5.27 0.468 1.52 1.266 1.802 0.423 

 

4.5.2  Electron Transport  

 The influence of oxygen plasma treatment on the photoelectrical 

properties such as electron life time, diffusion time and charge collection 

efficiency were studied using IMPS/IMVS spectra. The IMPS/IMVS spectra 

obtained for DSSCs prepared using untreated and plasma treated TiO2 aeorgel 

as photoanode are shown in Figures 4.18 and 4.19. To realize better power 

conversion efficiency in DSSC higher electron life time ( n) and lower 

diffusion time ( d) is anticipated which increases the charge collection 

efficiency ( cc = 1 – d n) of the cell. The photoelectrical properties such as 

electron life time, diffusion time and charge collection efficiency are 

presented in the table 4.3. The electron life time of DSSCs prepared with 5, 

10 minutes plasma treated TiO2 aerogel is 2.265 ms, 2.276 ms and the 

diffusion time is 1.261 ms, 1.189 ms respectively. The electron lifetime is 

higher than that of untreated aerogel (2.075 ms) and the diffusion time is 

lower (1.435 ms). It shows that the photoelectrical properties are improved 

even in the presence of oxygen vacancies demonstrating that less number of 

surface oxygen vacancies are beneficial for better electron transfer through 

trap-detrap mechanism (Ko et al. 2005). The electrons can flow through the 

surface defects but it is highly depending on the concentration of defects. The 

charge collection efficiency of 5, 10 minutes plasma treated TiO2 aerogel 
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photoanodes (0.443, 0.448) are increased compared to untreated TiO2 aerogel 

photoanode due to favourable electrical properties. However, the charge 

collection efficiency of 15 minutes plasma treated TiO2 aerogel (0.423) is less 

compared to 5, 10 minutes plasma treated aerogels but higher than untreated 

TiO2 aerogel photoanode. It indicates that the high concentration oxygen 

vacancies generated by plasma treatment started acting as recombination 

centers as evidenced by PL spectra rather than helping the electron transfer 

process through trap-detrap mechanism. Therefore, controlled generation of 

oxygen vacancies by plasma treatment is desirable for better electron 

transport and for achieving high power conversion efficiency in DSSCs. 

 

Figure 4.18 IMPS spectra of DSSCs prepred with untreated and plasma 
treated TiO2 aerogels as photoanodes (dotted line – 
measured, solid line – fitted, DC light intensity : 100 
mW/cm2) 
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Figure 4.19 IMVS spectra of DSSCs prepred with untreated and plasma 
treated TiO2 aerogels as photoanodes (dotted line – 
measured, solid line – fitted, DC light intensity :  
100 mW/cm2) 

 In summary, the effect of oxygen plasma treatment on structural, 

optical, surface and photovoltaic properties of TiO2 aerogel were studied. 

Oxygen plasma treatment enhanced the amount of dye adsorption by 

increasing the specific surface area and by introducing additional hydrophilic 

groups on the surface. The interconnected network structure of TiO2 aerogel 

was retained after plasma treatment as indicated by the FESEM and TEM 

analysis. The XRD pattern and PL analysis indicates long exposure of plasma 

generates oxygen vacancies in the anatase crystal which induces amorphous 

nature in the crystal. The power conversion efficiency of 3.94% with a Jsc, Voc 
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of 9.45 mA/cm2, 0.694 V was achieved for DSSC prepared using 10 minutes 

of oxygen plasma treated TiO2 aerogel as photoanode which is higher than 

that obtained for untreated aerogel based DSSCs (3.08%). Therefore, the 

exposure of 50 W plasma for 10 min is the optimized dose for TiO2 aerogels 

to achieve better DSSC performance. The photoelectrical studies indicate that 

low concentration of oxygen vacancies improves the electron transport 

through these vacant sites and enhance the overall power conversion 

efficiency. These results suggest that oxygen plasma treatment is a powerful 

tool for the modification ofTiO2 aerogel surface and to increase the power 

conversion efficiency of solid state dye sensitized solar cells.   
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CHAPTER 5  

 MICROWAVE ASSISTED SYNTHESIS OF HIGH 

SURFACE AREA TITANIA AEROGELS FOR DYE-

SENSITIZED SOLAR CELL APPLICATIONS 

 

5.1  INTRODUCTION 

 The microstructure and morphology of the aerogel are governed by 

the three-dimensional network formations during sol-gel synthesis. The 

primary colloidal particles are considered to be the building blocks of the 

aerogel network structure. The branched porous network structure is formed 

by the condensation of primary colloidal particles or clusters present in the sol 

(Hüsing & Schubert 1998). Therefore, it is judicious to have the control over 

the formation of primary particles and their condensation to design a TiO2 

aerogel with desired microstructural properties for DSSC application. 

Therefore, TiO2 sol was microwave irradiated with different power levels 

(100 W, 300 W, 600 W). The microwave irradiated samples were designated 

as MW-100, MW-300, MW-600. For comparison, TiO2 aerogel was 

synthesized without microwave irradiation and designated as MW-0. This 

chapter mainly describes the structural and photovoltaic properties of 

microwave synthesized TiO2 aerogels. 

5.2  XRD ANALYSIS 

 The XRD pattern of the synthesized TiO2 aerogels MW-0, MW-

100, MW-300 and MW-600 are presented in Figure 5.1. The diffraction peaks 

observed for the TiO2 aerogels at 2  values 25.3°, 38°, 48° and 54°shows that 

the TiO2 particles are crystallized in anatase phase (JCPDS No : 21-1272). 
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Therefore, the microwave irradiation of TiO2 sol with different powers has no 

influence on phase formation. However, the broad diffraction peaks reveal 

that the aerogel network is made up of nanometer-sized anatase crystals. The 

crystallite sizes calculated using Debye-Scherrer equation is presented in 

Table5.1. The size of TiO2 crystals present in the aerogel network synthesized 

from the sol without microwave irradiation (MW-0) was 8.1 nm. After 

microwave irradiation the size of the crystals MW-100, MW-300 and MW-

600 were reduced to 4.7 nm, 3.1 nm and 4 nm respectively. This indicates that 

the homogeneous heating provided by microwaves to TiO2 sol have a 

profound effect on crystallite size.  

 

Figure 5.1 XRD pattern of microwave synthesized TiO2 aerogels (MW-
100, MW-300, MW-600) and MW-0 
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particle forces engaged in aggregate formation can be modified by changing 
the reaction temperature (Boal et al. 2000).The interactions between the 
primary particles are schematically represented in the Figure 5.2. If the sol is 
not subjected to microwave irradiation (MW-0), there will not be any thermal 
effect. In absence of thermal effect, particle-particle attraction is high and the 
primary particle undergoes nucleation followed by growth which leads to 
comparatively larger crystals (Jha et al. 2012; Zhang et al. 2013). When 
thermal energy is increased by microwave irradiation (MW-100, MW-300), 
the attractive forces between the primary TiO2 particle becomes negligible. 
Therefore, the growth of the crystal will be hindered due to less interaction 
between the primary particles leading to decrease in average crystallite size.  

 

Figure 5.2  Schematic representation of behavior of primary particles in 
sol under different conditions  
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delivers excess of energy which cannot be absorbed by the sol. This excess 

energy provides fast heating that leads to rise in temperature of the sol. As the 

temperature of the sol (MW-600) increases, dissociation and collision of the 

primary particles will be predominant. The dissociated primary particle may 

undergo aggregation with adjacent primary particle again or collision between 

the primary particles leads to particle-particle adherence resulting in slightly 

increased crystallite size. Vidya et al. also observed similar results in average 

particle size, when the temperature of the sol increases (Vidya et al. 2014).  

5.3 BET SURFACE AREA AND BJH PORE SIZE 

DISTRIBUTION ANALYSIS 

 Figure 5.3 represents nitrogen adsorption-desorption isotherm of 

TiO2 aerogels MW-0, MW-100, MW-300 and MW-600. The isotherm of all 

four aerogel exhibits type IV behavior with a hysteresis loop, a characteristic 

of mesoporous materials. A sharp increase in adsorption volume of nitrogen 

was observed between the partial pressure of 0.7 - 0.9 may be due to the 

capillary condensation of gas molecules inside the mesopores. The specific 

surface area of TiO2 aerogel MW-0 is 252 m2/g. However, after microwave 

irradiation the surface area was significantly increased to 291m2/g, 299m2/g 

and 285m2/g for MW-100, MW-300 and MW-600 respectively. The increase 

in surface area may be due to smaller particles formed by the microwave 

irradiation as indicated by XRD analysis. The BET surface area, pore size and 

pore volume are presented in the Table 5.1.  

 Figure 5.4 shows BJH pore size distribution analysis of the TiO2 
aerogels. It is observed from the plot that the pore size distribution is very 
wide in MW-0 with the average pore size 23 nm, whereas the pore size 
distribution becomes narrow in MW-100, MW-300 and MW-600with the 
average pore size 9.6 nm, 14.5 nm and 8.6 nm respectively. The condensation 
and structural reorganization of primary particles are possible as long as the 
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gels are in protic liquids and these processes will lead to shrinkage of aerogel 
network (Hüsing & Schubert 1998). In the case of MW-300, mechanically 
strong network may be formed by better packing and cross-linking between 
the surface hydroxyl groups of primary particles due to microwave 
irradiation, which prevents the reorganization of nanoparticles during drying 
results larger pores than MW-100 and MW-600 in which the reorganization 
of particles may be feasible. It is noteworthy to mention that the microwave 
irradiation homogenized the size of the pores and the pore size distribution 
confirms TiO2 aerogels are mesoporous materials which are beneficial to 
accommodate bulky dye molecules along with electrolyte inside the pores. 

 

Figure 5.3 Nitrogen adsorption and desorption (BET) isotherms of 
TiO2 aerogels (MW-0, MW-100, MW-300 and MW-600)  
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Figure 5.4 BJH pore size distribution analysis of TiO2 aerogels 
(Average pore size: MW-0: 23 nm, MW-100: 9.6 nm, MW-
300: 14.5 nm, MW-600: 8.6 nm) 

 

Table 5.1. Structural parameters of TiO2 aerogels 

S.No Sample 
Crystallite 
size (nm) 

Surface 

area (m
2
/g) 

Pore size 
(nm) 

Pore volume 

(cm
3
/g) 

1 MW-0 8.15 252 23.0 0.55 

2 MW-100  4.70 291 9.6 0.54 

3 MW-300 3.13 299 14.5 0.74 

4 MW-600 4.07 285 8.6 0.52 

 

 

0 10 20 30 40 50
0.0

0.5

1.0

1.5

2.0

2.5

3.0

dv
/d

lo
gD

 (c
m

3 /g
)

Pore Diameter (nm)

 M W -0
 M W -100
 M W -300
 M W -600



99 
 

 

 

5.4 MORPHOLOGY 

 The morphology of the microwave synthesized TiO2 aerogels was 

studied using field emission scanning electron microscope (FESEM) and the 

images are presented in Figure 5.5. It is observed from the FESEM images 

that the aerogels synthesized in this work are highly porous in nature and the 

spherical shaped nanoparticles are agglomerated.  

 These agglomerated nanoparticles are interconnected well with 

each other and forms the mesoporous aerogel network structure. This type of 

morphologies will improve dye loading and electron transport through the 

network and hence the DSSC performance.  

 The FESEM image of MW-300 (Figure 5.5(c)) shows the more 

even arrangement of TiO2 nanoparticles with uniform pores compared to 

MW-100 (Figure 5.5(b)) and MW-600 (Figure 5.5(d)). However, after 

microwave irradiation the shape of the particles is slightly elongated from the 

spherical shape and the elongation is clearly seen in MW-600 (Figure 5.5(d)). 

 When TiO2 sol is under acidic conditions, the condensation of 

primary nanoparticles is very sluggish whereas during microwave irradiation, 

two or more primary particles may be merged together. This may be the 

reason for the elongation observed in the shape of the TiO2 nanoparticles. 
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Figure 5.5 FESEM images of MW-0 (a), MW-100 (b), MW-300  
(c), MW-600 (d) 

5.5 MICROSTRUCTURE 

 TEM images of MW-0 and MW-300 are presented in the Figure 

5.6. The TEM images also support the interconnected network structure of 

aerogel as evidenced by the FESEM analysis. The images demonstrate the 

interlinking of randomly oriented nanocrystals which builds the network 

structure.  
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Figure 5.6 TEM images MW-0 (a, b) and MW-300 (c, d) 

 The HRTEM and SAED analysis were performed on the MW-0 

and MW-300 to investigate the crystallinity of the TiO2 aerogels and the 

images are depicted in the Figure 5.7. The lattice fringes are clearly seen from 

the HRTEM images of both MW-0 and MW-300 suggests the highly 

crystalline nature of TiO2 aerogels. Also, the inter-planar distance determined 

from the image is 0.35 nm which confirms the 101 plane of anatase structure. 

The diffraction rings corresponding to 101, 004, 200 and 105 planes of 

anatase TiO2 are clearly observed from the SAED pattern of both MW-0 and 
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MW-300 also confirms the anatase structure and the results are consistent 

with XRD pattern obtained. These results indicate that the microwave 

irradiation of TiO2 sol has no influence on the anatase phase formation. 

 

Figure 5.7 HRTEM images of MW-0 (a) and MW-300 (b). The inset 
shows the SAED pattern of the corresponding TiO2 aerogels 

5.6 DYE ADSORPTION STUDY 

 The dye adsorption study was performed to investigate the amount 

of dye adsorption on TiO2 aerogel layers. Because in DSSC high short-circuit 

current density can be attained by improving the photon absorption which will 

be high when the amount of dye adsorption on the TiO2 electrode is high. The 

absorption spectrum of N-719 dye is showed in the Figure 5.8. Two broad 

absorption peaks are observed at 375 nm and 510 nm due to electronic 

transitions which is similar to the results already reported (Nazeeruddin et al. 

2003; Kim et al. 2008). As expected, the amount of dye adsorption is high for 

all microwave synthesized TiO2 aerogels (MW-100, MW-300, MW-600) 

compared to MW-0 of which MW-300 showed highest amount of dye 

adsorption. This is mainly due to the high surface area offered by microwave 

synthesized TiO2 aerogels. MW-300 shows a very high surface area of 299 
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m2/g and the amount of dye adsorption is also high compared to all other TiO2 

aerogels synthesized in this work. 

 

 

 

 

 

 

 

 

 

Figure 5.8 Absorption spectra of N-719 dye desorbed from MW-0, 
MW-100, MW-300, MW-600 TiO2 aerogel layer shows the 
amount of dye adsorption 

5.7 PHOTOVOLTAIC STUDY 

 The photovoltaic performance of the DSSC prepared using 

microwave synthesized TiO2 aerogel as photoanode material was investigated. 

The photocurrent-voltage (I-V) characteristics of the DSSCs are presented in 

Figure 5.9. From the dye adsorption studies, it was anticipated that the DSSCs 

prepared with microwave synthesized TiO2 aerogels (MW-100, MW-300, 

MW-600) as photoanode will provide better performance than MW-0, since 

the amount of dye adsorption was enhanced due to higher surface area. The 

power conversion efficiency of MW-100, MW-300 and MW-600 are 

considerably higher than that of MW-0 as expected. The photovoltaic 

properties of the DSSCs are presented in Table 5.2. The power conversion 
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efficiency of DSSC employing MW-0 as photoanode is 3.1% with a short-

circuit current density (Jsc) of  8.64 mA/cm2 and an open circuit voltage (Voc) 

0.65 V was achieved. But, the DSSCs employing MW-100, MW-300 and 

MW-600 as photoanode yields a Jsc of 11.11 mA/cm2, 15.18 mA/cm2and 

10.41 mA/cm2 respectively. Therefore, the power conversion efficiency is 

also substantially improved to 4.1%, 5.2% and 3.9% respectively for MW-

100, MW-300, MW-600. A maximum power conversion efficiency was 

realized for MW-300 compared to all other aerogel photoanodes. It is 

noteworthy to mention that the overall improvement in efficiency of the 

microwave synthesized TiO2 aerogels is mainly due to the increase in Jsc, 

which is accomplished by a large amount of dye adsorption. These results 

may be explained on the basis of the average pore size effect.  

 

Figure 5.9 Photocurrent-voltage (I-V) characteristics of DSSCs 
prepared using MW-0, MW-100, MW-300, MW-600 TiO2 
aerogels as photoanode materials (Zahner CIMPS, White 
LED: WLC02-1491, Intensity: 1000 W/m2) 
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Table 5.2 Photovoltaic properties of microwave synthesized TiO2 aerogels 

DSSC 
Voc 

(V) 
Jsc 

(mA/cm2) 
FF  (%) 

MW-0 0.65 8.64 0.55 3.1 
MW-100 0.62 11.11 0.6 4.1 
MW-300 0.62 15.18 0.56 5.2 
MW-600 0.605 10.41 0.62 3.9 

 

 The average pore size of MW-0 is 23 nm, which allows complete 

penetration of electrolyte inside the pores and diminish the electrolyte free 

region in the photoanode. Besides, the average pore size obtained for MW-

300 is reasonably higher than that of MW-100 and MW-600 as evidenced 

from BJH pore size distribution analysis. It is beneficial for the 

accommodation of bulky dye molecules and facilitates better permeation of 

polymer electrolyte inside the pores to improve the active interfacial area of 

the photoanode (Snaith et al. 2008; Song et al. 2014). Therefore, the high dye 

adsorption and active interfacial area attained in MW-300, synergistically 

increased the Jsc and hence the power conversion efficiency. Despite, the 

average pore size of MW-100, MW-600 is 9.6 nm and 8.6 nm is smaller than 

MW-300 and the diffusion of the polymer electrolyte is difficult. This enables 

shallow diffusion of polymer electrolyte in the pores of MW-100, MW-600 

leads to a low active interfacial area that reduces Jsc as well as the power 

conversion efficiency compared to MW-300. 

 The dynamics of electron and the charge collection efficiency was 

investigated by IMPS/IMVS measurement to probe electron recombination. 

The electron lifetime, diffusion time and charge collection efficiency are given 

in Table 5.3. It can be expected that when the electrolyte penetration inside the 

TiO2 pores is incomplete the electron recombination will be high. It was also 

reported that the incomplete filling of hole transport material inside the pores of 
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TiO2 reduce the electron lifetime and facilitates the recombination of electrons 

(Lee et al. 2009; Melas-Kyriazi et al. 2011; Chen et al. 2014).  

Table 5.3  Electron transport properties of DSSCs prepared with TiO2 
aerogels  

DSSC n 
(ms) 

d 

(ms) cc 

MW-0 2.075 1.435 0.30 
MW-100 1.37 0.99 0.28 
MW-300 1.789 1.202 0.33 
MW-600 1.607 1.245 0.23 

 

 

Figure 5.10 IMPS spectra of DSSCs prepared using MW-0, MW-100, 
MW-300, and MW-600 as photoanode (dotted line – 
measured, solid line – fitted, DC light intensity :  
100 mW/cm2) 
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Figure 5.11 IMVS spectra of DSSCs prepared using MW-0, MW-100, 
MW-300 and MW-600 as photoanode (dotted line – 
measured, solid line – fitted, DC light intensity :  
100 mW/cm2) 

 The electron lifetime of the DSSCs prepared with microwave 

synthesized TiO2 aerogels are lower than that of MW-0. But, the electron 

lifetime of MW-300 is 1.789 ms which is higher than MW-100 (1.37 ms) and 

MW-600 (1.607 ms). This result shows the electrons undergo recombination 

faster in the case of MW-100 and MW-600 due to incomplete diffusion of the 

polymer electrolyte. This may be the possible reason for the reduction in Voc 

obtained for microwave synthesized TiO2 aerogel based DSSCs. These results 

demonstrate that the larger pores in the range of 15-25 nm are essential for 

better penetration of polymer electrolyte and the microwave assisted synthesis 
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is a potential method to control the pore size and to improve surface area of 

TiO2 aerogel.  

 In summary, high surface area TiO2 aerogels were synthesized 

through microwave assisted sol-gel method. Microwave irradiation prevents 

the formation of larger particles due to thermal effects generated by 

microwaves which reduces the interparticle attraction. Therefore, the growth 

of the larger crystal was hindered and thus enhanced the surface area up to 

299 m2/g. The high surface area and reasonably good pore size improved the 

amount of dye adsorption and permeation of the polymer electrolyte. A 

maximum power conversion efficiency of 5.2% with a short-circuit current 

density 15.18 mA/cm2 and open circuit voltage 0.62 V was achieved using 

MW-300 as photoanode in QSDSSCs. The high short-circuit current density 

and power conversion efficiency obtained are attributed to more dye 

adsorption and reduced recombination due to better penetration of polymer 

electrolyte in to the pores of TiO2 aerogel. These results suggests that 3-D 

nanostructured high surface area TiO2 aerogels are potential candidates for 

achieving high short-circuit current density and power conversion efficiency 

in dye-sensitized solar cells. 
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CHAPTER 6 

SUMMARY AND SCOPE FOR FUTURE WORK 

 

 This thesis work was focused on synthesizing TiO2 aerogel through 

sol-gel method followed by ambient pressure drying and surface modification 

by oxygen plasma treatment. The main objective of the present thesis was to 

employ high surface area TiO2 aerogels as photoanode material in quasi-solid 

dye sensitized solar cells for improving the power conversion efficiency.  

 TiO2 aerogels were synthesized through sol-gel method followed 

by ambient pressure drying technique. The specific surface area obtained for 

TiO2 aerogels synthesized in the present work are comparable with the 

supercritically dried TiO2 gels. The pore size distribution was also very wide 

in the mesoporous region and the average pore size was 23 nm. These results 

demonstrated the successful implementation of ambient pressure drying 

technique to TiO2 aerogels. TiO2 was crystallized preferentially in anatase 

structure and the solvent used for sol-gel synthesis of TiO2 aerogel has no 

influence on the crystal structure and size of the crystal. FESEM analysis 

revealed the continuous network structure of TiO2 aerogel and the network 

was formed by the interconnection of 30 - 50 nm size agglomerated 

nanoparticles. 

 In the present work, TiO2 aerogel layers were subjected to oxygen 

plasma treatment and its effect on surface and photovoltaic properties of TiO2 

aerogel were studied. The interconnected network structure of TiO2 aerogel 

was retained after plasma treatment along with the introduction of additional 

hydrophilic groups on the surface. Besides, the specific surface area of TiO2 

aerogel was increased considerably. These properties simultaneously 
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enhanced the amount of dye adsorption and photon absorption which 

improves the short circuit current density as well as power conversion 

efficiency. The power conversion efficiency of 3.08% with a Jsc 8.64 mA/cm2 

and Voc 0.653 V was achieved for untreated TiO2 aerogel as photoanode 

material in quasi-solid DSSCs. The power conversion efficiency was 

increased to 3.94% with a Jsc 9.45 mA/cm2 and Voc 0.694 V for 10 min 

plasma treated TiO2 aerogel as photoanode material. The exposure of 50 W 

plasma for 10 min was the optimized dose for TiO2 aerogel for improved 

DSSC performance. The absorption spectra and PL analysis indicate long 

exposure of plasma generates oxygen vacancies in the anatase crystal which 

induces amorphous nature in the crystal as evidenced by XRD pattern and 

HRTEM analysis. These results suggest that oxygen plasma treatment is a 

powerful tool for the modification of TiO2 aerogel surface without damaging 

the network structure and to increase the power conversion efficiency of 

QSDSSCs.  

 The microstructure and morphology of the aerogel are governed by 

the three-dimensional network formations during sol-gel synthesis. The 

primary colloidal particles are considered to be the building blocks of the 

aerogel network structure. Therefore, it is judicious to have the control over 

the formation of primary particles and their condensation to design a TiO2 

aerogel with desired microstructural properties for DSSC application. To 

achieve this, TiO2 sol containing primary particles were microwave irradiated 

with different microwave power levels. High surface area TiO2 aerogels were 

synthesized through microwave assisted sol-gel method. Microwave 

irradiation prevents the formation of larger particles due to thermal effects 

generated by microwaves which reduces the interparticle attraction. 

Therefore, the growth of the larger crystal was hindered by the random 

motion of primary particles and thus enhanced the surface area up to 299 

m2/g. The high surface area and reasonably good pore size improved the 
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amount of dye adsorption and diffusion of the polymer electrolyte. A 

maximum power conversion efficiency of 5.2% with a Jsc of 15.18 mA/cm2 

and Ocv of 0.62 V was achieved using MW-300 as photoanode in QSDSSCs. 

The high short-circuit current density and power conversion efficiency 

obtained are attributed to more dye adsorption and reduced recombination due 

to better penetration of polymer electrolyte in to the pores of TiO2 aerogel. 

These results suggest that 3-D nanostructured high surface area TiO2 aerogels 

are potential candidates for achieving high short-circuit current density and 

power conversion efficiency in QSDSSCs. 

 On the whole, the application of TiO2 aerogel as a photoanode 

material in DSSC was successfully demonstrated. A maximum power 

conversion efficieny of 5.2% was achieved in QSDSSCs by employing TiO2 

aerogel as photoanode material.  

SCOPE FOR THE FUTURE WORK 

 As far as DSSCs are concerned, the electron transport properties of 

TiO2 layer are also important.  The recombination reactions can be suppressed 

by increasing the electron mobility through TiO2 layer. One possible way of 

improving electron transport is doping of TiO2 aerogels with metals or 

carbon. Otherwise, making composites with electronically conducting carbon 

nanotubes (CNT) and graphene. Therfore, utilizing composite TiO2 aerogels 

with high electronic conducting materials as photoanode may further improve 

the power conversion efficiency of DSSCs. Another strategy of improving 

electron transport is preparing composite aerogels or hybrid aerogels with 

high electron conducting metal oxides such as zinc oxide aerogels. Therefore, 

utilizing composite TiO2 aerogels with high electronic conducting materials as 

photoanode may further enhance the power conversion efficiency of DSSCs. 
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