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ABSTRACT

Surface coating of TiO, nanoparticles with Th,O3; has been carried out using sol-gel and
hydrothermal method. X-ray diffraction (XRD) analysis reveals the formation of anatase phase
TiO, nanoparticles. Energy dispersive x-ray spectroscopy (EDAX) shows the presence of Th,03
on the surface of TiO, nanoparticles. Transmission electron microscopy (TEM) confirms the
coating of Th,0O3 on the TiO, nanoparticles surface. The strong quenching in photoluminescence
emission, in case of Th,O3/TiO, nanoparticles as compared to TiO, nanoparticles, has been
attributed to the decrease in recombination rate of photo-generated electron—hole pairs. The
synthesized nanoparticles have been employed as a photo-anode in DSSCs. From the dye
desorption study, it has been revealed that ccompared to TiO, electrodes, Th,O3/TiO, electrodes
adsorbed more dye. The photoelectrochemical property of the Th,O3/TiO, based DSSC has been
found to improve as compared to bare TiO, based DSSC, and the energy conversion efficiency
increases from 1.54% to 1.88% under the illumination of simulated light of 100 mW/cm?. Th,03
coating played a significant role in minimizing electron-hole recombination which occurred at

TiO, surface by trapping electrons and facilitating them to anode.
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CHAPTER-1 Introduction

1.1 Need of solar energy

Solar energy is one of the most promising future energy resources in concern to the sustenance of
life on Earth and the depletion of fossil fuels [1]. Perhaps the largest challenge for our global
society is to find ways to replace the slowly but inevitably vanishing fossil fuel supplies by
renewable resources and, at the same time, avoid negative effects from the current energy system
on climate, environment, and health. The quality of human life to a large degree depends upon
the availability of clean energy sources. The world-wide power consumption is expected to
double in the next 3 decades because of the increase in world population and the rising demand
of energy in the developing countries. This implies enhanced depletion of fossil fuel reserves,
leading to further aggravation of the environmental pollution [2].

Between 80% and 85% of our energy comes from fossil fuels, a product of ancient biomass
stored beneath Earth’s surface for up to 200 million years. Fossil-fuel resources are of finite
extent and are distributed unevenly beneath Earth’s surface. When fossil fuels are turned into
useful energy though combustion, they produce greenhouse gases and other harmful
environmental pollutants. It is projected that the fossil fuel related CO, emissions will rise to 42
billion metric tons till year 2035 (Energy Information Administration - EIA, 2010). This
enormous amount of CO, emission will lead to a severe climatic change of the world and leading
to a great anxiety for the scientific era of 21% century [1]. In contrast, solar photons are
effectively inexhaustible and unrestricted by geopolitical boundaries. Their direct use for energy
production does not threaten health or climate. The solar resource’s magnitude, wide availability,
versatility, and benign effect on the environment and climate make it an appealing energy source
[3]. This rigorous apprehension leads the scientist for the development of solar cells that utilizes
solar energy, a renewable and carbon free energy source. The solar energy strike to the earth in
one hour is about 4.3x10%° J, which is higher than all the energy consumed in the planet
(4.1x10% J). Therefore, covering 0.1% of the earth’s surfaces with solar cell of 10% efficiency
would satisfy the current energy demand (Gratzel, 2001) [1]. However, capturing solar energy

and converting it to electricity or chemical fuels, such as hydrogen, at low cost and using
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abundantly available raw materials remains a huge challenge. Chemistry is expected to make

pivotal contributions to identify environmentally friendly solutions to this energy problem [2].

The impressive supply of solar energy is complemented by its versatility, as illustrated in figure
1.1. Sunlight can be converted into electricity by exciting electrons in a solar cell. It can yield
chemical fuel via natural photosynthesis in green plants or artificial photosynthesis in human-
engineered systems. Concentrated or unconcentrated sunlight can produce heat for direct use or

further conversion to electricity.

H’l/\‘ Electrons %]
—
r—
Holes 90,
Sugar
400-3000 °C
Natural 50-200°C Heat engines;
photosynthesis Artificial Space, water electricity generation,
(biomass) photosynthesis heating industrial processes

Figure 1.1: Solar photons convert into three forms of energy—electricity, chemical fuel, and
heat

Despite the enormous energy flux supplied by the Sun, only a tiny fraction can be utilized for our
current and future energy needs. As harvesting electricity from solar energy is very costly;
between 5-10 times the electricity costs from fossil fuels, it supplies just 0.015% of the world’s
electricity demand. Solar fuel, in the form of biomass, accounts for approximately 11% of world
fuel use, but the majority of that is harvested unsustainably. Solar heat provides 0.3% of the
energy used for heating space and water. The utilization gap between solar energy’s potential

and our use of it can be overcome by raising the efficiency of the conversion processes [3].
1.2 Brief about generations of solar cells

Solar cells are usually divided into three main categories called generations. The first generation
contains solar cells that are relatively expensive to produce, and have a low efficiency. The
2



second generation contains types of solar cells that have an even lower efficiency, but are
economical, such that the cost per watt is lower than in first generation cells. The third
generation solar cells are very efficient and are not yet commercial, but there is a lot of research
going on in this area [4]. Following are the three generations of solar cells:

1.2.1 First-generation solar cells are fully commercial. They use the wafer-based crystalline
silicon (c-Si) technology, either single crystalline (sc-Si) or multi-crystalline (mc-Si) [5].

The first modern PV solar cells, silicon (Si) p-n, were developed by Chapin et al. at Bell
Laboratories in 1954 [6]. A few years later; they were already intensively used in space
exploration. Si cells were the perfect solution for space energy production. Since, apart from
regular use in power calculators, traffic signs, clocks and other small appliances, the use of solar

cells has grown quite slowly although steadily .

Multi and polycrystalline silicon (mc-Si and pc-Si, respectively) solar cells have
dominated the terrestrial PV market. Silicon is far from being the ideal material for PV
conversion [7]. The major reason for ¢c-Si market dominance — besides Si natural abundance, low
toxicity and a well-established processing technology — is that manufacturers have been supplied
with rejected material from the high-tech semiconductor industry. The first amorphous Si cell (a—
Si) appeared in 1976 [8]. It is odd that the main competitor to c-Si is also Si-based, especially as
a-Si is very different from c-Si. Particularly, a-Si has a high absorption rate and therefore does

not need a Si layer as thick as c—Si, which makes it a thin-film technology.

1.2.2 Second-generation solar cells are based on thin-film PV technologies and generally
include three main families: 1) amorphous (a-Si) and micromorph silicon (a-Si/pc-Si); 2)
Cadmium-Telluride (CdTe); and 3) Copper-Indium-Selenide (CIS) and Copper-Indium-Gallium-
Diselenide (CIGS) [5].

Most other PV technologies have the same working principle as c-Si. They are all based
in one or more p—n junctions to absorb photons. Polycrystalline CdTe was one of the first PV
thin-film materials proposed [9], CdTe solar cells are typically hetero-junctions with CdS being
the n-type component. CdTe has the adequate energy band gap (Eg) of 1.45 eV and a high optical
absorption coefficient. A troubling issue concerning these cells is CdTe toxicity [10, 11]. The

first chalcopyrite solar cells were based on CulnSe; (CIS), [12] but it was realized later that
3



incorporating Ga to produce CulnGasSe; (CIGS) results in a widened Eg of 1.3 eV [13]. CIGS
solar cells together with a—Si and CdTe are the leading thin-film technologies. Of these three,
CIGS cells confirmed maximum efficiency of 19.2% [14].

Although not as much of concern as CdTe, CIGS have some inherent toxicity that may
turn out to be a problem for mass production [10]. 11I-V semiconductor solar cells are very
efficient but expensive devices, normally based on GaAs and InGaP, they can be used alone
although better results are obtained in tandem cells (multijunction cells) with semiconductors
showing different energy bandgaps, thus taking better advantage of the whole solar spectrum.
Double and triple junction devices are currently being commercialized; the most common 3J is
GalnP/GaAs/Ge with a record efficiency of 32% [14]. In space applications, where cost is not

the major problem, multijunction cells have replaced Si cells.

1.2.3 Third-generation solar cells include organic and dye sensitized solar cells (DSSCs) and
are still under demonstration and have not yet been widely commercialized [5].

Molecular and polymer organic solar cells are simple PV devices that are made by
organic semiconductors ‘‘sandwiched’” between two electrodes. These cells are characterized by
high optical absorption coefficients and low manufacturing costs. A great deal of attention has
been given to these cells in recent times, as they are expected to play a key role in the future PV
market, particularly now that the 5% efficiency barrier has been overcome [15,16].

They are inexpensive, but not very efficient. In addition to the low efficiency, a major
challenge for organic solar cells is their instability over time. Organic cells can be applied to
plastic sheets in a manner similar to the printing and coating industries, meaning that organic
solar cells are lightweight and flexible, making them ideal for mobile applications and for fitting
to a variety of uneven surfaces. Potential uses include battery chargers for mobile phones,
laptops, radios, flashlights, toys and almost any hand-held device that uses a battery. PV modules
attractive for building-integrated applications as it will expand the range of shapes and forms
where PV systems can be applied. Another advantage is that the technology uses abundant, non-
toxic materials and is based on a very scalable production process with high productivity [5].

Dye-sensitized solar cells use photo-electrochemical solar cells, which are based on

semiconductor structures formed between a photosensitized anode and an electrolyte. In a typical



DSSC, the semiconductor nanocrystals serve as antennae that harvest the sunlight (photons) and
the dye molecule is responsible for the charge separation (photocurrent). It is unique in that it
mimics natural photosynthesis (Gratzel, 1991). These cells are attractive because they use low-

cost materials and are simple to manufacture [5].

Dye-sensitized solar cells (DSSC) are very promising alternative for low cost production of
energy. State of the art DSSCs achieve more than 11% energy conversion allied to good
performance under any atmospheric condition and low irradiance [17]. The third generation solar
cells can be manufactured using solution-based, low-temperature roll-to-roll manufacturing
methods, incorporating conventional printing techniques on flexible substrates, which presents
the opportunity for a more economical alternative for solar cells within the next few years. The
low-cost third generation solar cells will offer larger surface areas with enhanced performance.
However, to enable the commercialization of DSSC and OPV in grid-connected or stand-alone
rooftop applications, significant progress in cell efficiency, stability, and lifetime are needed. The
manufacture of multi-colored cells is truly a competitive advantage of DSSCs. This is achieved

by changing the dye, either organic [18] or inorganic [19].
DSSCs main advantages can be summarized as follows:

» Good performance under standard reporting conditions

» Stable performance at non standard conditions of temperature, irradiation and solar
incidence angle

» Low cost

» Available environmental-friendly raw materials

» Semi-transparency and multi-color range possibilities
1.3 Dye-sensitized solar cells

The famous 1991 Nature paper by O‘Regan and Gratzel took the scientific community by storm,
in which the authors successfully showed the workings of a dye-sensitized photoelectrochemical
solar cell with high efficiencies never seen before [20]. The basic principle of the dye-sensitized

solar cell (DSSC) rests on the dual function of light harvesting by an organic dye, and charge



transport through a semiconductor oxide matrix. The system crucially also incorporates a redox
electrolyte, which helps to regenerate the dye. Apart from these crucial components, a DSSC
further incorporates a transparent and conducting front electrode, together with a highly
conducting counter or back-electrode.

Since the initial work by the Gratzel group, a wealth of DSSC components and configurations
has been developed. A staggering number of dyes and electrolyte systems have been
investigated, together with numerous types of mesoporous semiconductor oxide films with
different morphologies and compositions. After more than 15 years of intense research, still the
physical chemistry of several of the basic operations in the DSSC device remains far from fully
understood. With time, the chemical complexity of DSSCs has become clear, and the main
challenge for future research is to understand and master this complexity, especially at the
oxide/dye/electrolyte interface [21].

1.3.1 Mechanism of DSSC

DSSCs are constructed in a sandwich configuration, as shown in Figure 1.2. The DSSCs consist
of dye molecule coated to a wide bandgap semiconductor layer, electrolyte, and transparent
conduction oxide (TCO) film. The working electrode is nanocrystalline semiconductor deposited
onto a TCO. In contrast to the conventional systems where the semiconductor assumes both the
task of light absorption and charge carrier transport are separated here. Light is absorbed by a
sensitizer, which is bound to the surface of a wide band gap semiconductor; primarily TiOo,
ZnO, and SnO, are the preferred compounds. Charge separation takes place at the interface
between semiconductor and sensitizer via photoinduced electron injection from the dye into the
conduction band of the solid which prevents electron-hole recombination. Carriers are
transported in the conduction band of the semiconductor to the charge collector, usually the TCO
[22]. The nanocrystalline film has mesoscopic pores that are filled by a mediator such as a redox
couple. The photosensitive dye is chemisorbed onto the semiconductor surface in order to
capture the light. The counter electrode (CE) is made of TCO coated glass, pre sputtered with
thin layer of platinum to catalyze the regeneration process of the redox couple. The maximum
output voltage is the difference between Fermi energy of the semiconductor film and the redox
potential of the electrolyte [23].
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Figure 1.2: The sandwich configuration of a dye sensitized solar cell

The working principle behind the DSSC operation is as follows. As light is illuminated onto the
cell, a photon is absorbed by a dye molecule by which the dye is energetically promoted to its
excited state. Photoexcitation results in an ultrafast injection of an electron into the conduction
band of the semiconductor due to difference in energy levels, producing an oxidized dye. The
counter electrode (CE) acts as an electron carrier from the external circuit to the redox
electrolyte. The electron then transports through the network of semiconductor (TiO; or ZnO) to
the collecting anode where it flows into the external circuit allowing energy utilization by a load.
Simultaneously, the oxidized dye is reduce to its ground state by the redox species present in the
electrolyte, which is usually an iodide (I)/triiodide(l3). lodide reduces the oxidized dye to form
an intermediate ionic species (such as I,), that then disproportionates to form triiodide and
diffuses to the counter-electrode, providing two electrons per molecule, as shown in figure 1.3.
The regeneration cycle of iodide by triiodide takes place at the platinum catalysts-coated
cathode. The slow recombination and relatively fast dye regeneration rates of the I'/l3" redox
couple have resulted in near unity internal quantum efficiencies for a large number of dyes,
providing the high external quantum efficiencies [24].
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Figure 1.3: Dye-sensitized solar cell device schematic and operation

Overall, this system generated electron power from sunlight without exhibiting any permanent

chemical changes, allowing for DSSC to be practical source of renewable energy.
1.4 Review of Literature

Upon illumination of a DSSC, an electron is injected from the dye into the semiconductor film
followed by a hole transfer to the electrolyte. The injected electrons must cross the
semiconductor film and reach the conducting substrate, while the oxidized ions diffuse towards
the back electrode where they are re-reduced [25]. But, the porous geometry and high surface
area of photoelectrode, increases the probability of recombination between the injected electrons
and the holes in the electrolyte solution, which leads to reduction in efficiency of DSSC [26].
Recombination in DSSCs relates to the reaction of the photoinjected electrons, located in the
electron-selective material contacting the dye (the TiO;), with electron acceptors such as
oxidized ions and electron scavengers, located in the hole-selective phase (electrolyte) or the
oxidized dye molecules at the interface between the two phases. Three electron acceptors can
participate in the recombination process: the oxidized dye molecules, oxidized electrolyte
species, and electron scavenger contaminants in the system. The latter may be relevant to the
initial operation of the cell, after which they will be fully consumed, unless the electrochemical

reaction is fully reversible. No effect on the cell is expected because of the large redox ion



concentration [27]. These processes decrease the cell performance by affecting all cell

parameters (i.e., open circuit voltage (Voc), short-circuit current (Jsc), and fill factor (FF)).

Different approaches to enhance efficiency and to reduce electron-hole recombination rate have
been used such as fabrication of bilayer electrode, preparation of composite semiconductor
electrode, and passivation of semiconductor electrode using electro-polymerization method. Kim
et al. [26] suggested that coating on the surface of nanoparticles acts as an energy barrier at the
electrode—electrolyte interface which reduces this interfacial recombination process [Kim et al.].
Various wide band gap materials such as CaCOs3;, Al,O3;, MgO and rare earth oxides have been
used as coatings on semiconductor oxides (ZnO, TiO,); this considerably enhances the efficiency
of DSSCs by reducing the recombination rate [28-29]. Among the above-mentioned materials,
rare-earth oxides have aroused extensive interest and research due to their specific 4f electronic
structure, high band gap and unique photo-electro and magneto properties [30]. The rare earth
oxide layer forms energy barrier on nanoparticles, which effectively inhibits the surface charge
recombination and improves the energy conversion efficiency of the DSSCs. The dye adsorption
and light harvesting capability of electrodes are also increased by coating of rare earth oxides,
which enhances the photocurrent density and the open-circuit voltage of the DSSCs. Rare earth
oxide coupled with ZnO induces energy band bending in the junction region which facilitates its

photoactivity under visible light irradiation. This has been a motivation for the present work.

Li et al. [31] introduced Gd,03:Sm** nanoparticles in to the TiO, film in dye sensitized solar cell.
Gd,03:Sm*, acts as a luminescence medium, which improves light harvest via down shift
luminescence process and increases photocurrent; Gd»03:Sm**, as a p-type dopant, elevates the
energy level of the oxide film and increases the photovoltage. Under simulated solar light
irradiation of 100 mWcm, the solar cell doped Gd,03:Sm** (6 wt% in doping layer) achieves a
light-to electric energy conversion efficiency of 6.72%, which is increased by 12.6% compared

with a solar cell without Gd,03:Sm*".

Wu et al. [32] demonstrate the improvement in the photoelectric performance of DSSC by
introducing Y20s:Eu** into the TiO, electrode. As a luminescence medium, Y,Os:Eu®" improves
both the light harvest and the photocurrent. Also being a p-type dopant, Y,0s:Eu** elevates both

the energy level of oxide film and the photovoltage of DSSC. With 3 wt.% of Y,04:Eu®* dopant
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in the TiO; electrode, the light-to-electric conversion efficiency of the DSSC reaches 6.52%
under a simulated solar light irradiation of 1000mWecm 2, which is enhanced by a factor of 1.14
compared to that of the DSSC without Y,Oz:Eu®" doping. This finding demonstrates the
feasibility of the conversion luminescence with p-type doping in a dye-sensitized solar cell and

provides an effective way to improve the sunlight conversion efficiency for solar cells.

Two lanthanide complexes with pyridine-2, 6-dicarboxylic acid ligands have been synthesized by
Wang et al. [33] under hydrothermal or solvothermal conditions. Both nine-coordinate
lanthanide metal complexes were attached to a nanocrystalline TiO, film to assemble co-
sensitized photoelectrodes with N719 for dye-sensitized solar cells, which yielded a remarkably
high optoelectronic efficiency of 4.91%. Moreover, the Voc and Isc increased after introducing

the cosensitizers.

Xie et al. [34] introduced Y,Os:(Eu®, Gd**) into the TiO, film electrode in DSSC. As a
luminescence medium, Y,0s:(Eu®*, Gd*") improves the light harvest via a conversion
luminescence process and increases the photocurrent as a p-type dopant, Y,Os: (Eu**, Gd*")
elevates the energy level of oxide film and heightens photovoltage. Under an optimized
condition, the cell’s light-to-electric conversion efficiency enhances 18.6% compared to the cell
without Y,O3: (Eu®*, Gd**) doping. The present result first demonstrates the feasibility of the
doping rare-earth oxide in dye-sensitized solar cell and provides an effective way to improve the

sunlight conversion efficiency for the solar cell.

Lu et al. [35] fabricated DSSC using porous ZnO film electrodes. The experiment results show
that the kinetic parameters for the recombination reactions in the ZnO-based solar cells show
different changing trends after modification with the rare earth ions. Generally, it can be ascribed
to the different distribution of rare earth ions, which affect the crystallinity, crystal growth and
microstructure of the electrode, and then consequentially its surface and electronic properties.
Moreover, the rare earth oxides loaded on the electrode surfaces form energy barrier, and
effectively suppress the electron recombination and enhance the photovoltage and fill factor;
whereas some rare earth ion modifications can passivate the surface states of electrodes. Among
the five rare earth ions tested, the Gd-ion modified ZnO film shows an enhanced photocurrent

while the La-, Ce-, Nd- and Sm-ion modified films lead to a decreased photocurrent. As a result,
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the La-, Ce- and Nd-ion modified ZnO-based cells show lower efficiencies than the unmodified
one, whereas the optimal conversion efficiency is obtained from the Gd-ion modified ZnO-based
cell, with a 44.5% improvement in the efficiency as compared to the unmodified one, indicating
this rare earth ion modification is promising in DSSC.

Yahav et al. [36] demonstrated that a La treatment of mesoporous TiO; films leads to strong
improvements of the photocurrent or photovoltage, depending on the pH of the deposition
conditions. At neutral pH, a strong increase in the photovoltage is observed while the
photocurrent is reduced. The charge extraction and lifetime measurements indicate that the VVoc
increase is due to a shell formation around the TiO, nanocrystals, generating an interface dipole
that shifts the TiO, energy bands toward the vacuum level, whereas the reduced photocurrent is
caused by less favorable electron injection through the shell. With acidic La treatment, they
observe an increase in accumulated electrons in the mesoporous electrode under illumination
leading to a strong photocurrent enhancement and attributed this to a higher surface density of
adsorbed dye molecules to the TiO, nanocrystals. Similar to TiCl,-treated samples, their results
suggest that the TiO, energy levels are shifted downward while the electron lifetime as a
function of accumulated charge increases such that the photovoltage remains nearly unchanged.
Finally, they demonstrated that the addition of La acetate to the TiCl, treatment improves the
photovoltaic performance much stronger compared with the well-known La-free TiCl,

procedure.

La,Os-modified TiO, nanoporous photoanodes were fabricated by Yu et al. [37] for dye-
sensitized solar cells by a dip-coating method using an organic lanthanum solution. They
concluded that the formation of coordination bonding between the lanthanide ions and dye
molecules enhances the dye adsorption. Moreover, photoelectrochemical characterization results
demonstrate that the modified photoanodes possess lower electron transfer resistance than the
original TiO, photoanodes, which alleviates the electron recombination rate. The XRD and XPS
analyses suggest the presence of La** in the modified photoanodes. Consequently, the overall
energy conversion efficiency of the La,O; modified DSSCs was dramatically boosted to 9.67%

in comparison with 6.84% of the original DSSCs.
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Rare earth element cerium was doped in the TiO, nanocrystals. The Ce*" and Ce** oxidized
states were formed and highly dispersed in the TiO, films. Zhang et al. [38] reported that the
cerium ions may exist at grain boundary or on the surface of TiO, particles at a high cerium
doping amount and decrease the size of the TiO, nanocrystal slightly. Cerium with a partially
occupied f orbital endowed TiO, with special properties. It introduced impurity states under the
conduction band edge of TiO; and reduced the optical band gap energy even at the low doping
amounOt (<1%). There Ce** is reduced to Ce®*" under electron-injected conditions, making Ce as
trap states in the TiO, film, which strongly decreased the Jsc and performances of DSSCs with
Ce-06 and Ce-09 but enhanced the FF. The optimized performance (7.65%) and Jsc of DSSCs

with the Ce-01 photoanode were due to the improved electron injections from the dye.

Zalas et al. [39] studied the electrochemical properties of DSSC fabricated using lanthanide ions
(Ce, Yb, Sc, Y, Pr, Sm, Eu, Gd, Dy, and Tm) modified TiO; films.

Jian et al. [40] investigated the effect of rare earth oxide Th,O3; additive on transformation
behavior and grain growth of anatase and photocatalytic activity for TiO,/(O'+p’)-Sialon multi-
phase ceramic. The added Th,0O3 existed in two forms in the catalysts: some entered TiO, lattice
and the other deposited on the surface of TiO,. Their results showed that Th,O3 significantly
inhibited the transformation process, which displayed an appreciably intensified effect with
increasing Th,O3 content. The addition of Th,O; effectively restrained the grain growth of TiO;
and the effect became significant with the increase of its content. With the increase of Th,O3
addition, the photocatalytic activity of the catalysts increased and then dropped after reaching the
maximum at about 2%. The action mechanism of Tb,O3; could be attributed to its optical

properties and its effect on phase transformation, grain growth and crystal structure of TiO,.

Th,03/TiO, nanoparticles have been synthesized by and their optical properties have been
investigated [41-43].

But to the best of our knowledge, no report on the synthesis of Th,O3 coated TiO, nanoparticles
for the application as photo-anode in DSSC has been found in the literature. In the present study,

the synthesis of TiO, and Th,03 coated TiO, nanoparticles has been done. Structural and optical
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properties of the synthesized nanoparticles have been investigated and their successful

application in DSSCs has been reported.
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CHAPTER 2 Objectives and Methodology

2.1 Gaps in Research

From the review of literature, it has been found that the following areas are not much

explored till now. Following are the gaps in the present study:

e Synthesis of Th,O3 coated TiO, nanoparticles.

e Employment of these nanoparticles as photo-anode in DSSC.

2.2 Objectives
I.  Synthesis of TiO, and Th,05/TiO, nanoparticles.

Il.  Characterization of synthesized nanoparticles through X-ray diffraction (XRD),
Transmission Electron Microscopy (TEM), energy dispersive X-ray spectroscopy
(EDAX), photoluminescence (PL), and Fourier Transform Infrared Spectrometer (FTIR).

I1l.  Using the synthesized nanoparticles as photo-anode in DSSC.

2.3 Methodology

Following steps have been taken to achieve the objectives:

» Synthesis of TiO, and Thb,O3/TiO, nanoparticles: The synthesis of TiO,
nanoparticles has been done by sol- gel method, using hydrolysis of titanium
isopropoxide. The Th,O3 coating on TiO, has been done by hydrothermal treatment.

» Structural Analysis: XRD has been done to know about the crystal structure and
crystallinity.

» Morphological study: The morphology of the synthesized nanoparticles has been
examined by TEM.

» Compositional analysis: The elements present in the synthesized sample have been
detected by EDAX. To know about the bonds present in the synthesized samples,

FTIR has been performed.
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> Optical study: The synthesized samples have been optically characterized through
PL. Also, to compare the amount of dye adsorbed on the fabricated electrodes, dye
desorption studies have been performed.

> Fabrication of dye sensitized solar cells: Using the synthesized nanoparticles,
DSSCs have been fabricated by doctor blade technique. The fabricated DSSCs have

been characterized by current density-voltage (J-V) characteristics.
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CHAPTER 3 Experimental and Instrumentation

3.1 Synthesis of nanomaterials

For synthesis of nanomaterials and the fabrication of nanostructures there are two approaches

which are mainly used, they, are top down and bottom up as shown in figure 3.1.
3.1.1 Top down-approach

Top down approach involves slicing or successive cutting of a bulk material to get nano sized
particle. Reduction in structure sizes of microscopic elements to the nanometer scale by applying

specific machining and etching techniques (e.g. lithography, ultraprecise surface figuring).

Top-down approach includes: @ @ Asenbl rom
Atoms/Molecules
1. High energy milling
_ N 3 g 68
2. Chemical mechanical milling S 89
for Assembly
3. Vapour phase condensation 005 la]
4. Electro-explosion Q
5. Laser Abilation
6. Sputtering
TOP-DOWN BOTTOM-UP

Figure 3.1: Schematic representation of the
building up of nanostructures by the two
approaches, top down and bottom up

3.1.2 Bottom up-approach

Bottom up approach refers to buildup of a material from the bottom: atom by atom, molecule by
molecule or cluster by cluster. It refers to controlled assembly of atomic and molecular
aggregates into larger systems (e.g. clusters, organic lattices, supramolecular structures and

synthesized macromolecules).
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Bottom-up approach includes:

Solution combustion method
Sol-gel method
Hydrothermal Synthesis
Micro emulsion

Reverse Micelle synthesis

o g ~ w nh e

Chemical precipitation synthesis

When structures fall into a nanometer scale, there is a little chance for top down approach. All
the tools that are used for top down approach are too big to deal with such tiny subjects. Bottom
up approach promises a better chance to obtain nano structures with less defects, more

homogeneous chemical composition.
3.1.2.1 Sol-gel method

The sol-gel process, as the name implies, involves the evolution of inorganic networks through
the formation of a colloidal suspension (sol) and gelation of the sol to form a network in a
continuous liquid phase (gel). The precursors for synthesizing these colloids consist usually of a
metal or metalloid element surrounded by various reactive ligands. The starting material is
processed to form a dispersible oxide and forms a sol in contact with water or dilute acid.
Removal of the liquid from the sol yields the gel, and the sol/gel transition controls the particle
size and shape. Calcination of the gel produces the oxide. Sol-gel processing refers to the
hydrolysis and condensation of alkoxide-based precursors [44]. The reactions involved in the
sol-gel chemistry based on the hydrolysis and condensation of metal alkoxides M(OR), can be

described as follows:
MOR + H,0 — MOH + ROH (hydrolysis) (3.2)

MOH+ROM—M-0O-M+ROH (condensation) (3.2)

The sol-gel process can be described by a series of distinct steps:
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First step involves formation of different stable solutions of the alkoxide or solvated
metal precursor (the sol).

In the second step gelation starts, resulting from the formation of an oxide- or alcohol-
bridged network (the gel) by a polycondensation or polyesterification reaction that results
in a dramatic increase in the viscosity of the solution.

Third step is aging of the gel (Syneresis), during which the polycondensation reactions
continue until the gel transforms into a solid mass, accompanied by contraction of the gel
network and expulsion of solvent from gel pores. It is referred to as coarsening,
phenomenon by which smaller particles are consumed by larger particles during the
growth process and phase transformations may occur concurrently with syneresis.

The fourth step is drying of the gel, when water and other volatile liquids are removed
from the gel network. This process is complicated due to fundamental changes in the
structure of the gel. The drying process has itself been broken into four distinct steps: (i)
the constant rate period, (ii) the critical point, (iii) the falling rate period, and (iv) the

second falling rate period.

xerogel film dense film

metal
alkoxide
solution

heat .
e
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extraction of
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uniform particles

hydrolysis

polymerisation

spinning

furnace

_ ceramic fibres
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Figure 3.2: Schematic representation of sol-gel process of synthesis of nanomaterials
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V. The fifth step involves dehydration, during which surface bound M-OH groups are
removed, there by stabilizing the gel against rehydration. This is normally achieved by
calcining the monolith at temperatures up to 800°C.

VI.  The sixth step involves densification and decomposition of the gels at high temperatures
(T>800°C). The pores of the gel network are collapsed, and remaining organic species are
volatilized. The typical steps that are involved in sol-gel processing are shown in the

schematic diagram, figure 3.2 [44].

The interest in this synthesis method arises due to the possibility of synthesizing nonmetallic
inorganic materials like glasses, glass ceramics or ceramic materials at very low temperatures

compared to the high temperature process required by melting glass or firing ceramics.
3.1.2.2 Hydrothermal synthesis

Hydrothermal synthesis refers to the synthesis by chemical reactions of substances in a sealed
heated solution above ambient temperature and pressure. Understanding the mechanism of
hydrothermal reactions is particularly necessary for both the suitable application of a method to a
specific synthesis and the exploration of new materials with desired properties. Basically, the
mechanism of hydrothermal reactions follows a liquid nucleation model [45]. It is different from
that of solid-state reactions, where the reaction mechanism involves mainly diffusion of atoms or
ions at the interface between reactants. New methods and strategies play an important role in the
investigation of hydrothermal synthesis. The various methods such as induced growth through
crystal seeds, structure-directing agent technique, mineralizing, templating, complexing, non-
aqueous solvothermal routes, high temperature and pressure technique, and redox environment

control make hydrothermal reactions particularly available for new advanced solid materials.

Hydrothermal synthesis has been successful for the preparation of important solids such as
microporous crystals, supersonic conductors, chemical sensors, electronically conducting solids,
complex oxide ceramics and fluorides, magnetic materials, and luminescence phosphors. It is
also a route to unique condensed materials including nanometer particles, gels, thin films,
equilibrium defect solids, distinguished helical and chiral structures, and particularly-stacking-

sequence materials [46].
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3.2 Synthesis of TiO, nanoparticles

The synthesis of TiO, nanoparticles was done by sol-gel method. This process consists of
hydrolysis and condensation of titanium isopropoxide. Following is the step-wise procedure for

the synthesis of TiO; nanoparticles:-

» A mixture of 95 ml of distilled water and 150 ml of 2-propanol was made. Second
mixture of 21 ml of titanium isopropoxide and 150 ml of 2-propanol was prepared. These
two solutions were mixed together.

» The mixture was stirred on a magnetic stirrer for 4 hour.

» The precipitates were collected, filtered, washed several times with water and ethanol.

» After washing, the powder obtained was dried in oven for 24 hour at 60°C.

» The obtained powder was calcined at 450°C for 30 minutes.

3.3 Synthesis of terbium coated titanium dioxide nanoparticles

After the above synthesis, Th,O3 coating on TiO, nanoparticles was performed by hydrothermal

technique. Following is the step-wise procedure used:-

» 0.001M of (Tb(NOs3), in 18ml of ethanol was reduced with 0.02M of NaBH,, and, added
in 0.2M of TiO; nanoparticles dispersed in ethanol.

» The solution was stirred on a magnetic stirrer for 10 min.

> Finally, this solution was transferred to autoclave for hydrothermal treatment for 12 hour
at 140°C.

» The so obtained precipitates were filtered, washed and dried at 60°C.

» Then the obtained particles were calcined at 500°C for 1 hour (this sample is named as
TiTbl).

> Similarly, two more samples were synthesized by adjusting the concentration of
(Tb(NOg3), to 0.005M and 0.01M (TiTb5 and TiTb10).
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3.4 Characterization Techniques

Success in devising and collecting systems on the scale of nanometers require a deeper
understanding of the basic processes and phenomena involved. Hence, one of the current key
objectives is to adapt and develop a range of techniques that can characterize the structural,
electronic, compositional and optical properties of the nanostructured systems [47]. These
techniques include x-ray diffraction (XRD), transmission electron microscope (TEM), energy
dispersive x-ray spectroscopy (EDAX), Fourier transform infrared spectroscope (FTIR), UV-
Visible spectroscopy (UV-Vis) and photoluminescence (PL) study.

3.4.1 X- Ray Diffraction

X-ray diffraction (XRD) is a versatile, non-destructive analytical technique that reveals detailed
information about the chemical composition and type of molecular bond of crystalline phase

[48]. X-rays are the waves with wavelengths on the order of 0.1 A to ~10 A.
3.4.1.1 Generation of X-rays

When electrons strike a metal anode with sufficient energy, X-rays are produced. This process is
typically accomplished using a sealed x-ray tube, which consists of a metal target (often copper
metal) and a tungsten metal filament, which can be heated by passing a current through it
(typically 10-15 mA), resulting in the “boiling off” of electrons from the hot tungsten metal
surface. These “hot” electrons are accelerated from the tungsten filament (negative bias) to the
metal target (positive bias) by an applied voltage (typically 15-30 kilovolts). The collision
between these energetic electrons and electrons in the target atoms results in electron from target
atoms being excited out of their core-level orbital’s, placing the atom in a short-lived excited
state. The atom returns to its ground state by having electrons from lower binding energy levels
(i.e. levels further from the nucleus) make transitions to the empty core levels. The difference in
energy between these lower and higher binding energy levels is radiated in the form of X-rays.
This process results in the production of characteristic X-rays. Thus X-rays provide a convenient
means of determining what elements are present in a sample because of the unique wavelengths

produced by each unique element as shown in figure 3.3 [49].
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Figure 3.3: Illustration of x-ray diffraction
3.4.1.2 Working principle of XRD

Diffraction is a scattering phenomenon. When X-rays are incident on crystalline solids, they are
scattered in all directions. In some of these directions, the scattered beams are completely in
phase and reinforce one another to form the diffracted beams. The Bragg law describes the
conditions under which this would occur. It is assumed that a perfectly parallel and
monochromatic X-ray beam, of wavelength A, is incident on a crystalline sample at an angle 0 as

shown in figure 3.4.

Incident
plane wave

3

2dsin @
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dsin® when
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Bragg’s Law

Figure 3.4: Incident x-rays are diffracted by the layers of atoms in a crystalline material
The concept of x-ray diffraction can be described by the Bragg's Law.
Diffraction will occur if:

N\ = 2d sin® (3.3)
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where d is the distance between atomic planes, n an integer, A the wavelength, and 6 the angle of

incidence of the x-ray beam and the atomic planes.

2d sind is the path length difference between two incident x-ray beams where one x-ray beam
takes a longer, but parallel, path because it "reflects" off an adjacent atomic plane. This path
length difference must equal an integer value of X of the incident x-ray beams for constructive

interference to occur such that a reinforced diffracted beam is produced.

For a given A of incident x-rays and interplanar spacing, d, in a mineral, only specific 6 angles
will satisfy the Bragg equation. No "reflections” will occur until the incident beam makes an
angle 0 that satisfies the Bragg equation with n = 1. Continued rotation leads to other
"reflections™ at higher values of 6 and correspond to when n = 2, 3 ... etc.; these known as 1st,

2nd, 3rd order, etc., "reflections" [48].

Xeray tube

Collimator
Filter
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Figure 3.5: Schematic of x-ray diffractometer

In figure 3.5, the blue lines represent planes of atoms in the reciprocal lattice where dyy is the
distance between planes defined by the Miller indices h, kand . The sample loaded into the
system where it is rotated through a chosen 26 angle. The incident x-ray beam is reflected out of
the sample and may go through several slits (collimator and filter) before entering into a detector

which registers the intensity at an angle 26 with respect to the sample plane.
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By varying the angle 0, the Bragg's Law conditions are satisfied by different d-spacing in
polycrystalline materials. Plotting the angular positions and intensities of the resultant diffracted
peaks of radiation produces a pattern, which is characteristic of the sample. Where a mixture of
different phases is present, the resulting diffractogram is formed by addition of the individual
patterns. Based on the principle of x-ray diffraction, a wealth of structural, physical and chemical

information about the material investigated can be obtained.

When an incident beam angle is equal to the angle of reflection, the beams reflected are in phase
with each other; that is they have a path difference with an integer number of wavelengths. This
condition is referred to as the Bragg diffraction condition. At certain characteristic angles for
each material the Bragg diffraction condition will be met and large intensities of the reflected
beam will be detected whereas at most 20 angles small or no intensity of the reflected beam will
be detected. These intensities are seen as peaks in a plot of 20 vs. Intensity. The peak positions,
peak shapes and relative intensities are directly correlated to crystallographic spacing, phase, and
grain or particle size. Thus XRD spectra can be used to determine various material parameters
[50].

3.4.1.3 Ideal Uses of XRD
> Phase identification for a large variety of bulk and thin-film samples
> Detecting crystalline minority phases (at concentrations greater than ~1%)
> Determining crystallite size for polycrystalline films and materials
> Determining percentage of material in crystalline form versus amorphous
> Determining strain and composition in epitaxial thin films

> Measuring residual stress in bulk metals and ceramics [51]
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3.4.2 Transmission electron microscopy

Transmission electron microscope (TEM) operates on the same basic principles as the light
microscope but uses electrons instead of light. What you can see with a light microscope is
limited by the wavelength of light. TEM’s use electrons as “light source” and their much lower
wavelength make it possible to get a resolution a thousand times better than with a light

microscope [52] as shown in figure 3.6.

Objects to the order of a few angstroms (10™° m) can be seen using TEM. For example, study of
small details in the cell or different materials down to near atomic levels can be studied. The
possibility for high magnifications has made the TEM a valuable tool in both medical, biological

and materials research [53].
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Figure 3.6: Showing a schematic outline of a TEM. A TEM contains four parts: electron source,

electromagnetic lens system, sample holder, and imaging system.
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3.4.2.1 Main parts of TEM
Electron source

The electron source consists of a cathode and an anode. The cathode is a tungsten filament which
emits electrons when being heated. A negative cap confines the electrons into a loosely focused
beam. The beam is then accelerated towards the specimen by the positive anode. Electrons at the
rim of the beam will fall onto the anode while the others at the center will pass through the small

hole of the anode. The electron source works like a cathode ray tube.
Electromagnetic lens system

After leaving the electron source, the electron beam is tightly focused using electromagnetic lens
and metal apertures. The system only allows electrons within a small energy range to pass

through, so the electrons in the electron beam will have a well-defined energy.
Sample holder

The sample holder is a platform equipped with a mechanical arm for holding the specimen and

controlling its position.
Imaging system

TEM uses high energy electrons (up to 300 kV accelerating voltage) which are accelerated to a
very high speed. The electron beam behaves like a wavefront with wavelength about a million
times shorter than light waves. When an electron beam passes through a thin-section specimen of
a material, electrons are scattered. A sophisticated system of electromagnetic lenses focuses the
scattered electrons into an image or a diffraction pattern, or a nano-analytical spectrum,

depending on the mode of operation [54].
3.4.2.2 Principle of TEM

The basic principles of electron microscopy are identical to those of light microscopy; the main
difference is that in electron microscope electromagnetic lenses are used not optical lenses. It

also focuses a high velocity electron beam rather than visible light. The electrons are absorbed by
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atoms in air and that is the reason why the whole tube between the electron source and the
viewing screen is sustained beneath an ultrahigh vacuum. The TEM directs a beam of electrons
via a specimen. The electrons are emitted by a tungsten cathode whenever it is electrically
heated. A condenser lens concentrates the electron beam on to the sample, objective and projects

them on to a presentation screen or on a piece of photographic film [55].

Electron beams are not only of particulate nature but also behave as a form of radiation with a
defined and much shorter wavelength than light; if an electron beam instead of light beams is
used to “illuminate" a specimen, the microscope's resolution R is tremendously increased
because the wavelength of an electron beam is with 0.005 nm approximately 100,000-times

shorter than an average light beam of about 600 nm [56].

The smallest distance D at which the two objects can be differentiated is proportional to the
wavelength A of the light which illuminates the objects. Therefore the limit of resolution for the
electron microscope is hypothetically 0.005 nm or 40,000 times better than the resolution of the
light microscope and 2 million times enhanced than that of unaided human eye. However in
reality a resolution of 0.10nm can be acquired with TEM, around 2000 times better than the

resolution of the light microscopes [55].
3.4.2.3 Ideal uses of TEM

> ldentification of nm sized defects on integrated circuits, including embedded particles
and residues at the bottom of vias.

> Determination of crystallographic phases as a function of distance from an interface.

> Nanoparticle characterization: Core/shell investigations, agglomeration, effects of

annealing.
> Ultra small area elemental maps.

> Crystal defect characterization [57]
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3.4.3 Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDAX) is a chemical microanalysis technique. The
EDAX technique detects x-rays emitted from the sample during bombardment by an electron

beam to characterize the elemental composition of the analyzed volume [58].
3.4.3.1 Main parts of EDAX

The EDAX system consists of three main components: an x-ray detector, separated from the
SEM chamber by a very thin polymer window; pulse processing circuitry, which determines the
energy of the detected x-rays; and analyzer equipment, which interprets the x-ray data and

displays it on a computer screen as illustrated in figure 3.7 [59].
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Figure 3.7: X-ray detector schematic

When the sample is bombarded by the electron beam, electrons are ejected from the atoms
comprising the sample's surface. The resulting electron vacancies are filled by electrons from a
higher state, and an x-ray is emitted to balance the energy difference between the two electron’s
states as shown in figure 3.8. The x-ray energy is characteristic of the element from which it was
emitted [58].
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Figure 3.8: In EADX, an incoming X-ray ejects an inner shell electron, leaving a vacancy which

is filled by an outer shell electron, releasing a photon
3.4.3.2 Principle of EDAX

The x-ray detector is housed inside a metal tube, which is inserted into the SEM chamber so that
the detector is very close to the final aperture of the SEM column, and pointed at the surface of
the specimen. Thus, some of the emitted X-rays will pass through the thin polymer window on to
the surface of the detector. The detector is a semiconductor made of silicon doped with lithium.
This detector must be operated at liquid nitrogen temperatures [59].

When an X-ray strikes the detector, it will generate a photoelectron within the body of the Si. As
this photoelectron travels through the Si, it generates electron-hole pairs. The electrons and holes
are attracted to opposite ends of the detector with the aid of a strong electric field. The size of the
current pulse thus generated depends on the number of electron-hole pairs created, which in turn
depends on the energy of the incoming X-ray [60].

The signal is then sent to multichannel analyzer where the pulses are sorted by voltage value.
The energy, as determined from the voltage measurement for each incident x-ray, is sent to a
computer for display and further data evaluation. The spectrum of x-ray energy versus counts is

evaluated to determine the elemental composition of the sampled volume.
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3.4.3.3 Ideal uses of EDAX
> Foreign material analysis
> Corrosion evaluation
> Coating or boundary layer composition analysis
> Rapid material alloy identification
> Small component material analysis
> Phase identification and distribution [58]
3.4.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a novel infrared technique used to detect
vibrational transitions of a molecule. The advantage of FTIR compared to conventional infrared
spectroscopy is that all wavenumbers are measured at once with help of Michelson

interferometer [61].
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Figure 3.9: Ray diagram of an FTIR spectroscopy

But for the purists, an FTIR is a method of obtaining infrared spectra by first collecting an

interferogram of a sample signal using an interferometer as illustrates in figure 3.9, and then
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performing a Fourier Transform (FT) on the interferogram to obtain the spectrum. An FTIR
spectrometer collects and digitizes the interferogram, performs the FT function, and displays the

spectrum [62].
3.4.4.1 Working of FTIR

FTIR is a technique that measures the frequency dependence of the interaction of radiation with
matter. FTIR is the combined use of IR light, for illuminating a light absorbing sample, with an
interferometer, for producing an interference pattern from which an absorption spectrum
characteristic of the sample is recovered through Fourier transformation. In FTIR, the selection
rules governing band assignments are the same as those found for dispersive IR spectroscopy.
The majority of IR spectrometers now use a Michelson interferometer to produce the
interference pattern. A typical Michelson interferometer consists of two perpendicular mirrors
and a beamsplitter. One of the mirror is a stationary mirror and another one is a movable mirror.
Referring to figure 3.10, a collimated beam emanating from an IR light source is split in half by a

beam splitter.

IR Source

IR Detector
Interferometer
Fixed Mirror
ass through a gas cell
ﬁ/T‘»

Beam Splitter

Moving Mirror !

Figure 3.10: Optical illustration of michelson interferometer

The Michelson interferometer is used to split one beam of light into two so that the paths of the

two beams are different. Then it recombines the two beams and conducts them into the detector

where the differences of the intensity of these two beams are measured as a function of the

difference of the paths. The beam-splitter is designed to transmit half of the light and reflect half
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of the light. Subsequently, the transmitted light and the reflected light strike the stationary mirror
and the movable mirror, respectively. When reflected back by the mirrors, two beams of light

recombine with each other at the beam-splitter [63].

A computer controls the interferometer, accumulates, stores and manipulates interferogram data,
performs the Fourier transformation, as well as post spectral manipulation such as plotting,
calibration and correlation. Manipulation of interferogram data consists of co-adding successive
scans, apodization and phase correction. The first operation improves the signal-to-noise ratio of

a spectrum, whereas the latter two remove instrumental artifacts.

Unlike a dispersive instrument where the light interacting with the sample has a narrowly defined
frequency, the interference pattern contains light having a wide range of frequencies covering
either the near infrared (NIR) or the mid-infrared (Mid-IR) region of the electromagnetic
spectrum. Since the sample absorbs only at certain frequencies, the shape of the interference
pattern, or interferogram, changes upon interacting with the sample, thereby producing a

spectrum characteristic of the sample [64].
3.4.4.2 Ideal uses of FTIR
» ldentifying organic contaminants (e.g. residues)

» Characterization or identification of organic materials (e.g. solids, powders, films, or

liquids)
3.4.5 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a contactless, nondestructive method to probe the
electronic structure of materials and is therefore a powerful tool upon studying fundamental
properties of semiconductor materials [65]. Typically, a laser beam is absorbed by a
sample. Excess energy can be brought to the material removed by light emission or
luminescence. As the excitation of the material is produced by a light beam, this luminescence is

called "photoluminescence".
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In fact, photoluminescence spectroscopy gives only information about the lowest of the studied
system energy levels. In semiconductors the most common radiative transition occurs between
states of the conduction band states and the valence band separated by an energy difference
called bandgap ("gap"). In a PL, excitement is generated by a laser at a much higher energy than
the band gap energy. Photo carriers created electrons and holes relax to their respective band

edges and recombine to emit light energy "gap™ of the semiconductor [66].
3.4.5.1 Principle of PL

The general concept of a PL measurement is easy to grasp as outlined by figure 3.11. Light of
energy in excess of the fundamental band gap is directed on a semiconductor sample where it
gets absorbed, thereby generating photoelectrons and holes. These carriers release part of their
energy by nonradiative processes (mostly through emission of phonons) until they reach a local
ground state, from where they may radiatively recombine upon emission of a new photon. The
energy of the emitted light, which is called luminescence, relates to the energy difference of the
electronic states involved in the transition. The optical polarization may moreover yield valuable

information on the symmetry and magnetic properties of the probed material.

E
/conduction band
k
valence band

Figure 3.11: Principle of beam of light in PL
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PL provides a wealth of information on semiconductor properties such as the fundamental
bandgap, impurity levels and defect states, electronic complexes (e.g. excitons) and the

relaxation mechanisms of carriers in the material [65].
3.2.5.2 Working of PL

The basic elements of an experimental setup for PL spectroscopy consist of an optical excitation
source, a spectrometer and a detector. A typical arrangement is shown in figure 3.12. The
excitation laser beam is focused on the sample using a lens of focal length f of the order of
typically 20-30 cm. The emitted light can be collected either by a single lens or two lenses F;
and F,. The latter configuration allows a lens F; of short focal length which improves the
efficiency of collection. Moreover, F, is selected to have the same optical aperture as the

spectrometer, which prevents additional losses [66].

Focalisation Lens MONOCHROMATOR

F2

Sample F1
Collection lenses
DETECTOR

Figure 3.12: Basic diagram of a montage of photoluminescence spectroscopy
3.4.5.3 PL applications and uses:

» Band gap determination: The most common radiative transition in semiconductors is
between states in the conduction and valence bands -bandgap of a semiconductor.
Bandgap determination is particularly useful when working with new compound

semiconductors.
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» Impurity levels and defect detection: Radiative transitions in semiconductors also
involve localized defect levels. The PL energy associated with these levels can be used to
identify specific defects, and the PL intensity can be used to determine their

concentration.

» Recombination mechanisms: As discussed above, the return to equilibrium, also known
as "recombination™ can involve both radiative and nonradiative processes.The PL
intensity and its dependence on the level of photo-excitation and temperature are directly
related to the dominant recombination process.

» Material quality: In general, nonradiative processes are associated with localized defect
levels, whose presence is detrimental to material quality and subsequent device
performance. Thus, material quality can be measured by quantifying the amount of
radiative recombination [67].

3.4.6 UV-Visible Absorption spectroscopy

Ultraviolet-Visible absorption (UV-Vis) spectroscopy is useful to characterize the absorption,
transmission, and reflectivity of a variety of compounds and technologically important materials,
such as pigments, coatings etc. The UV-Vis spectra have broad features that are of some use for
sample identification but are very useful for quantitative measurements [68]. UV-Vis spectrum
results from the interaction of electromagnetic radiation in the UV-Vis region with molecules,
ions or complexes. It forms the basis of analysis of different substances such as, inorganic,
organic and biochemical’s. These determinations find applications in research, industry, clinical

laboratories and in the chemical analysis of environmental samples.
3.4.6.1 Principle of UV-VIS Spectroscopy

In order to obtain a UV-VIS spectrum the sample is ideally irradiated with the electromagnetic
radiation varied over a range of wavelength. A monochromatic radiation i.e., a radiation of a
single wavelength is employed at a time. This process is called scanning [69]. Molecules absorb
energy and this energy can bring about translational, rotational or vibrational motion or

ionization of the molecules depending upon the frequency of the electromagnetic radiation they
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receive. Excited molecules are unstable and quickly drop down to ground state again giving off

the energy they have received as electromagnetic radiation [68].

The amount of the radiation absorbed at each wavelength is measured and plotted against the
wavelength to obtain the spectrum. Thus, a typical UV spectrum is a plot of wavelength or

frequency versus the intensity of absorption.
3.4.6.2 Working of UV-VIS Spectroscopy

There are five essential components of UV-VIS instruments. These are: radiation source,
wavelength selector, sample holder, detector and a signal processing and output device as shown
in figure 3.13. The wavelength selection is achieved by absorption filters in low cost instruments
for visible region. In the modern instruments this is done by using suitable monochromators. The
sample is taken in quartz cuvettes, though for visible region even glass cells can be used. The
detection of the transmitted radiation is done generally by a phototube or a photomultiplier tube.
Nowadays, the modern machines employ diode arrays for detection purposes. These components

are assembled into single beam, double beam and diode array spectrometers [69].

: monochromator e

detector

sample

lam
P cuvette

amplifier —| readout

Figure 3.13: Schematic of a single beam uv-vis spectrophotometer

The UV-Visible spectrophotometer uses two light sources as illustrated in figure 3.14, a
deuterium (D,) lamp for ultraviolet light and a tungsten (W) lamp for visible light. After
bouncing off a mirror (mirror 1), the light beam passes through a slit and hits a diffraction
grating. The grating can be rotated allowing for a specific wavelength to be selected. At any
specific orientation of the grating, only monochromatic (single wavelength) successfully passes
through a slit. A filter is used to remove unwanted higher orders of diffraction. The light beam

hits a second mirror before it gets split by a half mirror (half of the light is reflected, the other
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half passes through). One of the beams is allowed to pass through a reference cuvette (which
contains the solvent only), the other passes through the sample cuvette. The intensities of the

light beams are then measured at the end [70].
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Figure 3.14: Working of a uv-vis spectrophotometer

In a typical absorption spectral measurement a monochromatic radiation is made to fall on a
sample taken in suitable container called cuvette. In such a situation a part of the radiation is

reflected, a part is absorbed, and a part is transmitted.

Bouguer’s law or Lambert’s law expresses the relationship between the light absorption
capacity of the sample and the thickness of the absorbing medium; and Beer’s law, which
expresses the relationship between the light absorptive capacity of the sample and its

concentration. The two laws are combined together to give Beer-Lambert’s law.
3.4.6.3 Ideal uses of UV-VIS Spectroscopy
> Detection of Impurities

» UV absorption spectroscopy can be used for the quantitative determination of compounds

that absorb UV radiation
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» Kinetics of reaction can also be studied using UV spectroscopy. The UV radiation is

passed through the reaction cell and the absorbance changes can be observed [71].

3.4.7 Current density-voltage (J-V) characteristics

The electrical characteristics of photovoltaic (PV) devices are depicted by current-voltage (I1-V)
curves. These 1-V curves are obtained by exposing the cell to a constant level of light, varying
the resistance of the load, and measuring the current that is produced. The conversion
efficiency of a solar cell is the percentage of the solar energy shining on it that is converted into
electrical energy [72]. In the present study, J-V characteristics were measured using Source

Meter interfaced with computer under the illumination of simulated sunlight (Solar Simulator).

3.4.7.1 Principle of I1-V characterization

I-V curves represent the most important and direct characterization method for solar cells. The
open circuit voltage (Voc), short circuit current (Isc) and the fill factor of the I-V curve
determines the efficiency () of DSSC. Short-circuit current density (Jsc) is short-circuit current
per active area [73]. To remove the dependence of the solar cell area, the short-circuit current
density is listed rather than the short-circuit current. Fill factor describes how well the area under
the 1-V curve “fills in” the maximum possible rectangle defined by Jsc X Voc. The fill factor can

be visualized by the ratio of the areas of the A and B in figure 3.15.

Current,
Power Cell with High Fill Factor

Isc

FF=Imp=vYmp
Isc=Voc
=area i
area B

ut: Yoltage
Figure 3.15: Graph of cell output current (red line) and power (blue line) as function of voltage.

Isc, Voc and the maximum power points (Vmp X Imp) are indicated
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3.4.7.2 Determining the parameters of solar cell

On an I-V plot, the vertical axis refers to current, and the horizontal axis refers to voltage. The

actual 1-V curve typically passes through two significant points:

. The short-circuit current density (Jsc) is the current produced when the positive and
negative terminals of the cell are short-circuited and the voltage between the terminals is
zero, which corresponds to a load resistance of zero.

. The open-circuit voltage (Voc) is the voltage across the positive and negative terminals
under open-circuit conditions when the current is zero, which corresponds to a load
resistance of infinity.

The cell may be operated over a range of voltages and currents. By varying the load resistance
from zero (a short circuit) to infinity (an open circuit), the highest efficiency as the point at
which the cell delivers maximum power, can be determined. That power is the product of voltage
times current. Therefore, on the I-V curve, the maximum-power point (Pmax) Occurs where the
product of current times voltage is a maximum. That point represents the maximum efficiency of
the solar device at converting sunlight into electricity [72]. The efficiency and fill factor of the

solar cells is calculated using the following equations:

Jsc X Voe X FF

n(%) = 5 (3.4)
In
P“TLE.'{
FF=_—J8% (3.5)
Isc X Ve
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CHAPTER 4 Results and Discussions

4.1 X-ray diffraction analysis

X-ray diffraction patterns were recorded by an X-ray diffractometer (PANalytical X’Pert PRO
MRD) using CuKa radiation (A= 1.54060A°) with radiation operated at 45kV and 40mA. Figure
4.1 shows the XRD spectra obtained from TiO,, TiTbl, TiTb5 and TiTh10 samples.

—TiO
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," TiTh5
— TiTb10

Intensity (a.u.)

1

(004)
(200)
(105)
(211)

(204)
(116)
(220)
(215)
224)

N

20 40 60 80

2 0 (degree)
Figure 4.1: X-ray diffraction patterns of TiO,, TiTbl, TiTb5, and TiTb10

The diffraction peak positioned at values 20 values of 25.32°, 37.84°, 48.07°, 53.95°, 55.10°,
62.75°, 68.84°, 70.34°, 75.12°, 82.75° corresponds to the (101), (004), (200), (105), (211), (204),
(116), (220), (215), (224) planes matches well with anatase structured TiO, with tetragonal phase
compared with JCPDS (File no. 84-1286). The peak position of mixed oxides was nearly same as
pure mesoporous TiO,, thereby implying both contain the crystallized anatase phase. However,

the broadness of the peak became larger as more Th,O3 was incorporated.

40



The average crystallite sizes were determined by Scherrer’s formula [74] (equation 1), as given

below:

kA

d =
fecos@

(4.1)

where d is the crystallite size, k is the shape factor (k = 0.94), A is the x-ray wavelength (1.54A),
0 is the diffraction angle, B is the line broadening at half the maximum intensity (FWHM). Table

4.1 shows the crystallite size obtained from the Scherrer’s formula for all the samples.

Table 4.1: Crystallite size calculated from the XRD pattern using Debye—Scherer formula

Sample FWHM 20 D (nm)
TiO, 0.84 25.37 9.65
TiTbl 0.80 25.39 10.11
TiTb5 0.80 25.38 10.12
TiTb10 0.86 25.39 9.46

The crystallite size calculated using Scherrer’s equation has been found to be about 9.65, 10.11,
10.12 and 9.46 nm for TiO,, TiTb1, TiTb5 and TiTb10 respectively. The data obtained from the
Scherer’s equation shows a slight increase in crystallite size with increase in Tb,O3 content. The

Th,03 coating influences the lattice structure and the crystallite size.
4.2 Transmission electron microscopy

TEM micrographs of TiO, and TiTb1 nanoparticles are shown in figure 4.2. The average particle
size of the bare TiO, and TiTbl nanoparticles has been found to be, 9.3 nm and 10.1 nm,

respectively.
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Figure 4.2: TEM images of (a) TiO, (b) TiTb1 nanoparticles. The inset in figure (b) shows the

magnified view of the dotted square

4.3 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDAX) spectrum of TiTbl sample has been shown in
figure 4.3. The EDAX spectrum shows distinct peaks of O, Ti and Tb with atomic percentage
68.81, 30.62 and 0.57, respectively, concluding stoichiometric formation of TiTh1l sample. The
analysis of EDAX spectrum concludes that the surface of TiO, contains Tb and O, which

confirms the formation of Th,O3 coating on the surface of TiO, nanoparticles.

0K 68.81
TiK 30.62
Tb L 0.57
Total 100.00
'zj,’/:.!j,’ T
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Figure 4.3: EDAX spectrum of TiTh1 sample
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4.4 Fourier Transform Infrared Spectroscopy

The Fourier transform infrared (FTIR) spectra reveal absorption peaks, corresponding to the
vibration modes of hydroxyl, carboxylate, and alkane groups in the synthesized samples. Figure
4.4 presents the FTIR spectra of TiO,, TiTbl, TiTb5, TiTb10 nanoparticles. The spectra displays
a broad absorption peak around 3,428 cm™ assigned to the stretching vibration of -OH group on
the TiO, surface. This is because the hydroxyl group and adsorbed water dominate the surface
chemistry of TiO,. Small peaks at 2,847 and 2,920 cm™ are due to C—H stretching vibration of
alkane groups. The peak observed at 1,632 cm™ has been assigned to the bending modes of the
adsorbed water [75]. The characteristic vibrations of the inorganic Ti-O stretch have been
observed in the range 400-900 cm™. The peak at 1374 cm™ has been assigned to sulphate group.

The peak observed at 1117 cm™ is due to the plane bending vibrations of C-H mode.
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Figure 4.4: FTIR spectra of TiO,, TiTb1, TiTh5 and TiTb10 samples
4.5 Photoluminescence spectroscopy

PL spectroscopy was performed in order to analyze the phenomenon of electron-hole
recombination process taking place in the bare and Th,O3/TiO, nanoparticles. Figure 4.5 shows
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the PL spectra of the synthesized samples. In the PL spectrum of bare TiO, nanoparticles, the
emission signal at 485 nm is attributed to the charge-transfer from Ti** to oxygen anion in a
TiOs® complex, related with oxygen vacancies at the TiO, surface [76]. The emission peak at
383 nm corresponds to a direct band emission—the fundamental band gap of 3.2 eV of anatase
TiO, [77]. The peak observed around 421 nm is attributed to the self-trapped excitons [78]. The
emission peak at 444 nm is associated with the emission process related to the presence of
oxygen vacancy defects in TiO,. The green emission, 529 nm, can be associated with anion
vacancies on the surface of TiO, nanoparticles [79].

On exciting the Th,03/TiO, nanoparticles at 325 nm, the Th** ions give emission at 447
nm and 461 nm corresponding to *Ds-'Fs transitions [80]. It is well known that, the emission
transitions of Th** ions are mainly from the two excited energy levels °D; and °D4 — 'F; ground
states because the large energy gap between °Ds, °D, states and 'F; ground states causes the
relaxation process from these two (°Ds and °D4) excited energy states to the ‘F; ground states and
this occurs radiatively and spectra in the visible region is obtained. Further the spectral

distribution mainly depends on the concentration of Th*" ions [81-83].
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Figure 4.5: Photoluminescence spectra of TiO,, TiTb1, TiTb5 and TiTb10 nanoparticles
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As the concentration of Th®" ions increases, the distance between the ions decreases and they
come closer to each other. This leads to the transfer of energy between terbium ions and then this
energy is released through some non-radiative processes [84]. A wide band in the 400-500 nm
region related to anatase TiO, is also observed.

It has been observed from the PL analysis that Th,O3/TiO, nanoparticles give emission having
lower intensity compared to the bare TiO, nanoparticles. Generally, PL emission intensity
increases with the increasing number of emitted electrons resulting from recombination between
excited electrons and holes, and, consequently, decreasing the photoactivity [85]. Th,O3 coating
on TiO, nanoparticles has reduced the unwanted non-radiative decay pathways, thus increasing
the electron injection efficiency. The decrease in intensity of PL, infers that Tb,O3 coating on
TiO, suppresses the electron-hole recombination process on TiO, surface. The strong quenching
of photoluminescence is due to the increase in the separation efficiency of the photogenerated
electron—hole pairs. This enhances the transferring process to the FTO, leading to easier electron
transfer activities. Therefore, it can be anticipated that the performance of DSSC, fabricated
using Th,O3/TiO, nanoparticles, is likely to be better than that of bare TiO, DSSC.

4.6 Dye desorption analysis

Procedure for dye desorption: The influence of Th,O3 coating on dye adsorption has been
investigated by measuring the absorption spectra of the N719 dye desorbed from the fabricated
electrodes. To desorb the dye molecules from the electrodes, they were soaked in 0.1 mM

aqueous NaOH solution.

Figure 4.6 shows the UV-Visible absorption spectra of the N719 dye desorbed from the
electrodes. The peaks observed at 380 nm and 515 nm correspond to the characteristic absorption
of N719 dye. The intensity of the UV-visible absorption is proportional to the degree of dye
adsorption on the electrode. From the absorption study, it has been found that the amount of dye
adsorbed on the TiTbl electrode show enhanced dye adsorption as compared to the TiO,

electrode.
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Figure 4.6: UV-visible absorption spectra of the N719 dye desorbed from TiO,, TiTb1, TiTh5
and TiTb10 electrode

Figure 4.6 illustrates that the electrode fabricated from TiTb1l sample shows maximum photon
capturing in the visible region and furthermore indicate strong light-harvesting capacity. The
enhanced adsorption of the dye molecules on TiTbhl based electrode improves the DSSC
performance, as this increases the concentration of photogenerated electrons by visible light [86].
For the generation of high photocurrent density, the amount of dye adsorbed on nanocrystalline
film should be high. The decrease in the adsorbed dye from TiTb5 and TiTbh10 electrodes is due
to the decrease in the surface area of the working electrodes due to high concentration of coating
precursor. The photocurrent of DSSC is influenced by the initial number of photogenerated

electron-hole pairs, which depend on the film structure of the electrodes.
4.7 Photocurrent density—voltage (J-V) characteristics

Figure 4.7 shows the J-V curves obtained from DSSC fabricated using TiO,, TiTb1, TiTbh5 and
TiTh10 nanoparticles, with an active area of 1 x 1 cm?® The various parameters (Jsc, Vo, fill
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factor (FF) and efficiency (1)) calculated from J-V curve are summarized in Table 1. The fill

factor and efficiency of the DSSCs have been calculated using the following equations:

P"'-I:.x
FF = — 7% (4.2)
Jse X Ve
Jsc=Vage =FF

where Pnax is the maximum power and Pjj, is the power of the input light.
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Figure 4.7: J-V curves of TiO,, TiTb1, TiTbh5 and TiTh10 based DSSCs

An increase in the parameters has been registered in DSSC fabricated from TiTb1 nanoparticles
compared to bare TiO, nanoparticles. This increase can be explained as follows: The coating
Th,03 on TiO; acts as an energy barrier, which minimizes the e/h* recombination and retards the
back electron transfer to the electrolyte, resulting in increase in the value of open circuit voltage
from 681 to 696 mV in case of TiO, DSSC and TiTb1l DSSC, respectively. The increase in Voc
indicates the Th,O3 coating on TiO, nanoparticles has decreased the recombination rate of the
electron to the electrolyte [87].
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Table 4.2: Photovoltaic parameters as obtained from the J-V curve

Sample name | Jsc (MA/cm?) Voc (mV) FF Efficiency (1)
TiO, 4.66 681 0.48 1.54
TiTbl 6.13 696 0.44 1.88
TiTh5 3.16 421 0.29 0.38
TiTh10 2.61 250 0.25 0.16

An increase in the short circuit current density from 4.66 mA/cm? for TiO, DSSC to 6.13
mA/cm? for TiTh1 DSSC has been observed. This increase in short circuit current density can be
explained by the fact that the amount of dye molecules adsorbed on Th,Os3/TiO; electrode is
higher than the bare TiO, electrode (figure 4.6) [88]. The higher extent of absorption of dye
molecules in case of Th,03/TiO, leads to higher JSC, which results in greater light harvesting
efficiency, and, hence, improves the performance of DSSC [89]. The enhancement of Voc and
Jsc in the case of TiThl DSSC as compared to TiO, DSSC leads to an increase in the overall
efficiency from 1.54% to 1.88%. However, TiTh5 and TiTb10 based DSSC show a decline in
efficiency as compared to TiTbh1 based DSSC. This is due to the fact that thicker coating more
effectively reduces the charge recombination but it also reduces the rate of electron injection into
TiO; [90]. With the increased distance for electrons to tunnel through the Th,0O3 coating to TiO,,
Jsc has decreased due to a reduced interfacial charge transfer rate. The enhancement of the cell

parameters (Voc, Jsc, FF) lead to an increase in the overall DSSC efficiency.
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CHAPTER-5 Conclusions

The aim of the present research was to synthesize Th,O3 coated TiO, nanoparticles as electrode
material for dye sensitized solar cells. The structural, morphological and optical of the
nanoparticles were investigated. J-V characteristics of the fabricated DSSCs were also analysed.

Following are the conclusions of the work performed:

» Synthesis of bare TiO, nanoparticles has been done by sol-gel method and the Th,O;

coating has been done by hydrothermal process.

» From XRD analysis, all the peaks are indexed and well-matched to the tetragonal
structure having anatase phase (JCPDS Card No. 841286) of TiO,.

» The EDAX spectrum shows that the surface of TiO, contains Th and O, which confirms

the formation of Th,O3 coating on the surface of TiO, nanoparticles.

» From the TEM micrographs, the particle size of TiO; and Th,O3/TiO;, nanoparticles has

been found to in the range of 9.3 nm and 10.1 nm respectively.

» The photoluminescence analysis of bare and coated showed that the Th,O3 coating leads
to reduction of the unwanted non-radiative decay pathways, thus increasing the electron

injection efficiency from TiO, to FTO.

» From the dye desorption studies, it has been found that the amount of dye adsorbed on
the TiTb1 photoelectrode is higher than that of bare TiO; electrode.

» DSSC fabricated using Th,03/TiO, nanoparticles as electrode; exhibit higher conversion
efficiency, 1.88%, as compared to that of the bare TiO, nanoparticles, 1.54%. Coating of
Th,03 on TiO, nanoparticles acts as an energy barrier, minimizes the electron-hole
recombination at the TiO,/dye/electrolyte interface by increasing the surface resistance of
Th,O3; modified TiO, and retarding the back electron transfer to the electrolyte; this, in
turn, increases Voc. Also, the coating leads to an increase in the dye adsorption, which

leads to greater light harvesting efficiency, and, hence leads to increase in Jsc. The
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improvement in DSSC efficiency has been attributed to the enhanced dye adsorption as
well as retardation of the back electron transfer. Therefore from the present study, it is
concluded that coating of higher band gap materials on TiO, open the way to use these

nanostructures in DSSCs.
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