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1.1. Introduction

In this modern technological era, energy has become the most important
daily need of our life. With the increasing world population, spreading
urbanization and technological advancement, matching the energy supply with
the energy demand is the main challenging issue the world is facing these days.
The total global energy consumption can be classified into different sources of
energy. It is estimated that the primary sources of energy consist of petroleum
36.0%, coal 27.4%, and natural gas 23.0%, amounting to an 86.4% share of
fossil fuels in the global primary energy consumption [1]. Burning fossil fuels
produces many toxic and greenhouse gases, which affect our environment
heavily. Although nuclear power is one feasible option for producing large-
scale energy, it has some serious safety and waste management issues. To make
it an alternative source of our energy demand, it is required to establish a IGW
nuclear fission power plant every day for the next 50 years on the earth [2].
This is almost impossible. Moreover, the weapon-grade uranium or plutonium
fuels might be secretly derived from the nuclear power plants to make nuclear
weapons and that could be used for mass destruction. This is another critical

concern related to the use of nuclear fuels for power generation.

These environmental consequences related to extensive use of fossil
fuels, safety related issues of nuclear power, ever-growing energy demand and
depleting stock of fossil fuels have motivated the researchers to search for
alternative economically and environmentally sustainable renewable energy
sources. Among all the non-polluting and renewable energy sources such as
Hydropower, Wind turbines, biomass-derived liquid fuels, biomass-fired
electricity generation, solar cells, solar thermal, and geothermal heat, the

photovoltaic technology utilizing solar energy has emerged as the most
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promising candidate. the annual solar energy that the earth receives is about
3x10%* J which is approximately 10" times more than the present global energy
consumption. So covering 0.1% area of the earth surface with solar cells with
an efficiency of 10% would satisfy our present needs. So we are in great need

of technologies for efficient conversion, storage, and distribution of this energy

[3].

1.2. Solar Cell Technologies

A solar cell is a type of semiconducting device that directly transforms
solar energy into electrical energy. Photovoltaic electricity generation employs
solar panels consisting of several solar cells. No harmful emission occurs in the
process of conversion of solar energy to electricity in the solar cells. Thus it is
environmentally sustainable. Aside from the abundance of potentially
exploitable solar energy, photovoltaic cells have several other competitive
features such as comparatively reduced maintenance, off-grid operation and
zero noise pollution, making them ideal for use in remote locations and mobile

applications.

Currently, the crystalline silicon modules (including mono-crystalline
and large-grain polycrystalline Si) based on bulk wafers dominate the
commercial PV module production. These devices are the typical members of a
group referred to as the first generation of photovoltaic cells, which accounted

for around 85% of the photovoltaic market [4].
1.2.1. Classical P-N junction silicon solar sells

The silicon based solar cell technology is basically rooted on the
formation of p-n junction as shown in Fig. 1.1. This junction is formed by

doping two different regions of the same semiconductor (Si) with trivalent and
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pentavalent impurities. An interface between p-type and n-type materials can
be created in this manner. As a consequence of accumulation of donor and
acceptor ions near the interface, a built in electric field is created in that region.

In the so-called depletion layer, this inherent electric field facilitates charge

separation.
”
< Diffusion >
i I_+ I:'|
N-region : [ P-region
£ =) uR) ©:pl O 000
082029 o Sloroo 2
00 ©- B@ e@;@ 00: 0,09 2
= o %
2 g'ee.a E.} ® 10 Ez E::EL_E'E}*- o
%000 00/0%%+0
|
Depletion;
| Layer |
Vols : : - - free alectrons
¥ : ® Postive Donor ion
|
Potential difference | | _JI__ = Megative Acceptor ion

across the junction + + Holes

Figure 1.1 Construction of a p-n junction [5].

Electron-hole pairs are formed when photons with energies greater than
the material's band gap energy incident at the depletion region. The strong
built-in electric field existing in the depletion region favours the charge
separation, and as a consequence, the electrons move to the n region and holes
move to the p regions, respectively. In presence of an external load, connected
across the cell, the accumulated excess electrons and holes pass through the

load, creating electricity and ultimately recombining with each other (Fig.1.2).
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Figure 1.2 Working of a p-n junction solar cell [6].

Several theoretical calculations have been performed to estimate the highest
power conversion efficiency that can be obtained from a single p-n junction Si
solar cell. Shockley and Queisser calculated a theoretical upper limit of
efficiency to be 33.7 % for a p-n junction solar cell based on a semiconductor
with band gap energy (Eg) of 1.4 eV [7]. Poor maximum efficiency is caused
mainly by two main factors. Firstly, the solar cells do not absorb photons with
an energy of E < E,. Secondly, even though the photons with an energy E > E,
get absorbed, they can only transmit the band gap energy to the electric circuit,
while the rest (E - E;) amount of energy is lost as thermal dissipation [8]. The
following requirements that are to be fulfilled by the solar cells to make it a
realistic solution to our present and future energy crisis:

e Broad solar spectrum absorption

e High power conversion efficiency

e Economically cheap
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e (Can be fabricated using abundant and environment-friendly raw

materials

e Should have long term stability

1.2.2. Photovoltaic Generation

On the basis of their performance, cost effectiveness and nature of

materials used, the solar cell technologies are classified into three major

generations (Fig. 1.3).
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Figure 1.3 Generation wise classification of solar cells.
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1.2.2.1. I" generation: Crystalline Silicon (Poly-silicon or mono-

silicon) solar cells
The first generation contains cells that use high-purity materials with
low levels of structural flaws. These solar cells are basically silicon wafer-
based and presently the most efficient cells but have high production cost. The
working principle of these cells is mainly based on the following steps:
a. Photo excited generation of electron-hole pair.
b. Their separation and collection through the P-N junction of a doped
semiconductor.
The efficiencies of these cells typically lie in the range of about 25 %
[9]. However, despite being the most commonly used and researched material,
silicon is not an ideal semiconductor for photovoltaic conversion. It has a low
optical absorption coefficient as it is an indirect bandgap semiconductor.
Consequently, Silicon substrates of larger thickness are required to effectively
absorb the major portion of the incident light. This, combined with the high
cost of silicon purification and crystallization, makes silicon solar cell
manufacturing prohibitively expensive. As a result, while silicon based first-
generation photovoltaics are a reliable and well-established PV technology,
their cost-cutting potential appears to be limited. Furthermore, even though
there is still opportunity for improvement, silicon solar cell efficiencies are still
restricted by the theoretical Shockley-Queisser limit for a single-junction cell
[10]. To address the issues with first-generation solar cells, two approaches
have been taken: (a) to concentrate on to lowering the costs and (b) to boost the
energy conversion efficiency and go beyond the Shockley—Queisser limit. The
primary focus of the first approach is the development of thin-film solar cells.
These devices are commonly known as second generation photovoltaics. On

the other hand, third-generation PV technologies are based on approaches
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centred on devices that could theoretically overcome the Shockley-Queisser

limit.
1.2.2.2. 2" generation: Thin film Solar Cell (TFSC)

The second generation of solar cells is mainly based on the use of thin
film technology. Their constituent material has a thickness of less than 1 pm,
which is much thinner than the first generation solar cells. Thin films are
deposited on glass, metal or plastic substrate by applying various deposition
techniques. The thickness of such films can be varied from a few nanometers to
tens of micrometers. This is because thin film materials have a substantially
higher absorption coefficient than silicon as they are direct band gap
semiconductors. Since these cells use a single p-n junction, they also have a
theoretical maximum efficiency restriction similar to first-generation
photovoltaics. PV modules made of crystalline silicon must be constructed
from individual cells. In contrast, a thin film of the semiconductor materials
may be formed on the larger surfaces, which is advantageous for mass
production of the devices. Examples of these kinds of materials include
amorphous silicon, micro-crystalline silicon, polycrystalline silicon, copper

indium selenide, and cadmium telluride.

Among the materials employed, the most established technique is that of
amorphous silicon (a-Si), which is frequently utilized in so-called double- or
triple-junction cells: these devices are made by assembling several cells with
different band gaps, which absorb light in different wavelength regions. This
material is used in photovoltaic applications where the power requirement is
relatively low. Though these cells have relatively lower efficiency, they are
much cheaper to fabricate. The major advantage of these solar cells is that they

require only 1% of the silicon for solar cell production. As a result, the
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manufacturing cost of these solar cells is dramatically reduced. At the module
level, the efficiency of these solar cells ranges between 4 and 8 percent. The
low quantum efficiency of amorphous silicon solar cells is the reason behind
their low efficiency. These solar cells have low quantum efficiency as a result
of the low number of collected charge carriers per incident photon. The
efficiency of these amorphous silicon solar cells has been enhanced using
tandem and even triple layer devices that feature p-i-n cells stacked one on top
of the other [11]. The low efficiency of these cells is due to the existence of
many dangling bonds, which resulted as a consequence of the disordered
structure of amorphous silicon. Acting like defects, these dangling bonds

results in anomalous conductivity in the amorphous silicon material.

Another popular material used for thin-film solar cell fabrication is
cadmium telluride (CdTe). It has photovoltaic capabilities very similar to
crystalline Si, but with the added benefits of diffuse light absorption and
stability to increasing temperature concerns [12]. The only photovoltaic
technology based on the thin film which is able to outperform the crystalline
silicon PV in terms of cost in the PV market is CdTe. It holds a record with
laboratory efficiency as high as 20%, which has been validated at NREL [13].
The key advantage of these solar cells that are appropriate for wide-scale
production is the availability of a broad range of manufacturing procedures.
The use of rare and toxic materials like cadmium and telluride is the main
concern of this technology. Further, Copper indium selenide (CIS) is a material
with exceptional long-term stability and potential applications in building-
integrated photovoltaics [14]. Another promising material in the field of thin-
film solar cell technology is Copper Indium gallium selenide (CIGS). It has a
high absorption coefficient and subsequently shows high absorption of light

even with much thinner film thickness than other materials. One of the major
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advantages of CIGS based cells over other thin film based solar cells is its
extended life span without showing any significant decline in its performance.
It showed a certified efficiency of 23.35 % in the laboratory scale whereas in
module form, it holds a record of efficiency of around 19.64 % [15] [16-18].
Due to low fabrication cost and high efficiency, CIGS cells are regarded as one
of the most promising candidate of the thin film solar cell technology. Thin
film solar cells also have the advantage of fitting the solar panels on flexible

materials like textiles. [19-21].

The development of thin-film technology is still in its early phases, and
the efficiencies of small-area laboratory cells do not always convert to large-
scale module efficiencies. Aside from this, the usage of toxic compounds like
cadmium and rare elements as telluride and indium is one of the major
challenges that are encountered by this technology. The employment of toxic
materials in a technology that is promoted as environmentally safe is highly

controversial.
1.2.2.3. 3" generation Solar Cells

The third generation encompasses a wide range of technologies and is
usually used to describe photovoltaic systems that are not part of the first or
second generation solar cells and seek to exceed the Shockley-Queisser limit.
This generation of photovoltaic cells relies on a variety of new and low-cost
materials such as organic, conductive polymers, small molecules, and organic
dye molecules. It uses low-cost fabrication methods that do not require severe
temperatures, such as those required for pure silicon-based cells. The primary
difference from earlier generations is that the device’s basic structure is no
longer a p-n junction. Now, it possesses a multilayer structure wherein the

charge carriers are exchanged. In contrast to their inorganic counterparts, newly
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discovered organic and polymeric materials emerged out to be very promising
for photovoltaic application for various reasons, including low material
consumption, lightweightness, flexibility, and low cost for large-scale
manufacture. The areas of research in this field that have attracted the
researchers’ attention most are extremely thin absorber cells (ETA), organic

heterojunction solar cells, hybrid solar cells and dye-sensitized solar cells.

The active layer of an organic heterojunction solar cell is made up of an
n-type donor and a p-type acceptor material. Donor materials include
polyphenylene vinylene derivatives and poly-alkyl thiophene, whereas some
common acceptors include fullerene and its derivatives. The maximum
efficiency that has been achieved to date for this class of devices is 5.15 %,

check for the recent highest efficiency [22].

Entirely solid inorganic materials are used to fabricate three phase ETA solar
cells. A very thin photon absorbing semiconductor material is placed in a
sandwich manner in between two highly interpenetrated and transparent
semiconductor nanomaterial layers acting as electron and hole transport
materials. [23-25]. Semiconductors like TiO, and ZnO are generally used as
electron conductors, whereas material like CuSCN is used as hole conducting

material in these devices.

In contrast, the hybrid solar cells are composed of both the organic and
inorganic semiconductor materials. Usually conjugated polymers are the most
used organic materials used in these cells to absorb light as well as participate
in hole transport. On the other hand, the inorganic material is mainly used as
electron conduction material. These materials are mixed together, forming a
heterojunction. Efficiencies above 5 % have been recorded for this kind of

devices [26].
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The breakthrough came in the third generation of solar cells with the
discovery of Dye sensitized solar cells in 1991 by O’Regan and Grétzel with a
significant energy conversion efficiency of 7.9 % [27]. These cells emerged as
one of the leading runners in the race of non silicon based solar cells because of
its novel fabrication concept derived from nature’s principle (photosynthesis)
and easy fabrication procedure using abundant materials and cost effectiveness
[28, 29]. Working principle of these cells is often referred as artificial
photosynthesis. These cells are usually made up of highly porous film of
titanium dioxide nanoparticles photosensitized with dye molecules which
absorb sunlight similar to the chlorophyll presents in plant leaves. The porous
Ti0O, layer is submerged in a liquid electrolyte solution and a platinum based
counter electrode is placed above it. Discovery of these cells opened a new
scope in the field of photovoltaic research. Many research groups have been
working in this field to improve its performance in terms of efficiency,
stability, durability, flexibility and cost-effectiveness. Today, there are
various similar solar cell approaches, including solid-state DSSCs [30],
quantum dot sensitized solar cells [31, 32], p-type hole conductor-based DSSCs
[33], and perovskite solar cells [34-37]. Since their discovery in 2012,
perovskite solar cells have become a subject of growing interest among
researchers worldwide. Alternatives to the liquid electrolyte in DSSC include
gel electrolytes, ionic liquids, and in-situ polymerized hole conductors [38-43].
The outstanding consolidated efforts given by the research community
throughout the last 30 years have not only improved the efficiencies of these
cells but also uncovered various novel strategies to make rugged and stable
DSSCs with satisfactory conversion efficiencies. This includes vigorous work
on different semiconductor oxides and their morphologies, different inorganic
and organic sensitizers, co-sensitization of different sensitizers, new red-ox

electrolyte and counter electrode materials.
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The key benefits of the Dye sensitized solar cells are inexpensive large-
scale production capability with flexibility. The disadvantages are low
efficiency, stability and strength compared to traditional non-organic PV cells.
For the most part, organic photovoltaic technology is still in the research and
development stages and is not ready for mass commercialization.

The efficiency trend of different generations of solar cells over the years
in the form of laboratory research cells and as solar modules are summarized

below in Fig. 1.4 and Fig. 1.5, respectively.
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1.3. Basic construction and different components of a

Dye sensitized solar cell

The working of a DSSC is based on the sensitization of wide band gap
semiconductors. A typical DSSC consists of five essential elements as follows:
a) Transparent conductive oxide coated glass substrate (FTO, ITO etc).

b) A photoelectrode with a thin layer of nanostructured wide band-gap
semiconductor (usually TiO,, ZnO, WO3;, SnO, or Nb,0s) attached to the
conducting glass substrate.

c) A monolayer of dye deposited on the semiconductor's surface to absorb
light.

d) An electrolyte containing a red-ox couple (typically I-/I3-) which acts as a
source for electron replacement.

e) A counter electrode made of a glass sheet coated with a catalyst to facilitate

electron collection (typically platinized FTO, ITO etc).

SolarLight

- Dy acksorbed TIO, nanoparticle

Figure 1.6 Basic structure of DSSC.
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1.3.1. Transparent conducting oxide (TCO) coated glass substrate

The electrodes for a conventional DSSC are constructed on the TCO-
coated glass substrates [44,45] and the cell is assembled between them. The
performance of the DSSC is heavily influenced by the transparent conducting
substrate. It serves the role of a current collector as well as a support structure
for the semiconductor layer. It has two key characteristics: high optical
transparency, which permits natural sunlight to penetrate through to the
underlying active material without suffering any undesired solar spectrum
absorption, and low electrical resistivity, which promotes electron transport and
decreases energy loss.

Both inorganic as well as organic materials have been used to make
transparent conducting coatings for photovoltaic usage. Indium tin oxide (ITO),
fluorine-doped tin oxide (FTO), and doped zinc oxide [46—48] are examples of
transparent conducting oxides (TCO) that are frequently utilized as a layer in
inorganic films.. On the other hand, the organic layers have been developed
employing grapheme and carbon nanotube networks, as well as networks of
polymers like PEDOT [poly(3,4-ethylenedioxythiophene)] [49,50] and its
derivatives[51-53]. A large varity of TCOs have been designed and researched
extensively during the past thirty years. Among them, the most efficient TCO
materials frequently utilized in solar applications are ITO and FTO coated glass
substrates because of their easy fabrication process along with optimum
electrical and optical properties. However, compared to ITO, FTO has better
conductivity and better transparency to visible light. Furthermore, the electrical
properties of ITO degrade at high temperatures and in the presence of oxygen,
whereas FTO remains much more stable in such conditions. Moreover, FTO is
cheaper as compared to ITO. Due to these reasons, FTO is mostly preferred

over ITO in DSSC fabrications.
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1.3.2. Photo electrode

The photoanode comprises of a wide bandgap metal oxide
semiconductor coating over a TCO glass substrate, usually deposited via doctor
blading, screen printing or dip-coating method. The semiconductors widely
used to prepare mesoporous photoanode material are TiO, [154-58], ZnO [59-
61], SnO, [62-64], WO; [65-68], Nb,Os [69-71] etc. This layer acts as a dye
adsorption surface, accepting electrons from the excited dye and conducting
them to the TCO. TiO, has been and continues to be the most preferred choice
as photoanode material for DSSCs. It has three different crystalline forms:
anatase, rutile, and brookite. The brookite form is very difficult to synthesize.
So it is not so popularly used to make photoanodes. Rutile (band gap = 3 eV,
absorption edge at 413 nm) [72] is the most stable among all the three phases;
however, it has a poor electron transfer rate, resulting in low current in DSSC.
Moreover, it is not completely transparent in the UV-VIS range of the solar
spectrum [73]. As a result, the anatase form of TiO, having band gap = 3.2 eV
(absorption edge at 388 nm) [74] has been widely used in DSSC fabrication
[75].

TiO, has certain special features that make it the favoured
semiconductor for dye sensitised solar cells. Its conduction band edge is
slightly lower than the excited state energy level (LUMO) of many dyes, which
is one of the major requirements for the efficient electron injection from dye to
semiconductor. Another advantage of TiO, is it’s high dielectric constant (80
for anatase), which allows efficient electrostatic screening of the injected
electron from the oxidized dye molecules anchored to the TiO, surface,
lowering the possibility of recombination before the dye molecule gets reduced

by the red-ox electrolyte. As discussed earlier, the larger band gap of anatase
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phase of TiO, makes it a better choice for dye-sensitized solar cells. It has the
ability to absorb only ultraviolet light, leaving the rest of the visible and near-
infrared spectrum of the solar light for the dye molecules attached to the
surface, depending upon the sensitizers properties. Aside from this, the high
refractive index of anatase TiO, (n = 2.5) enables effective diffuse scattering of
the light inside the mesoporous photoanode and hence significantly enhances
the light adsorption. As a result, by carefully controlling the TiO, surface, one
may improve the light absorption and hence the photo anode’s light harvesting
efficiency.

If we consider a simple planar electrode TiO, surface covered with a
sensitizer monolayer, only a small percentage of incident light may be
absorbed, which is disadvantageous for the device performance. But when a
nanocrystalline mesoporous TiO, film is used, the effective surface area may
be enhanced to 1000 times the area of a planer film. As a result, the dye loading
is also enhanced and ultimately increasing the light harvesting efficiency.
Usually doctor- blading or screen printing method is to prepare the mesoporous
nanostructured film over the TCO substrate. Subsequently, the nanoparticle
film is sintered to improve its electronic interconnectivity and charge transfer
to the substrate. TiO, cells exhibited a highest efficiency of 14.30 % till date
[76]. The drawback of mesoporous nanostructured films is the lower charge
transfer rate as a result of an extended electron diffusion pathway inside the
semiconductor network. To address this significant drawback and provide
improved charge transport capabilities, photoanode materials other than
nanoparticles, such as 1-D nanostructures like nanotubes, nanorods, and

nanowires, are gaining significant attention among researchers [77-83].

Recently, ZnO has emerged as a great potential alternative to TiO2 due

to its fascinating electrical and optical properties along with a simple synthesis
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process. ZnO is a wide band gap semiconductor having a direct band gap of
3.37 eV, making it suitable as a photoanode material for DSSC [84, 85].
Moreover, it’s conduction band edge is placed nearly at same level as that of
Ti0,. Apart from this, ZnO is very easy to synthesize, abundant, inexpensive
and poses higher electron mobility (200-300 ¢cm?V™'S ' for bulk material and
1000 cm2V™'S™ for nanowire) than that of TiO, nanoparticles (0.1-4cm?V™'S™)
[86-88]. Furthermore, zinc oxide is popular for its ability to be grown easily
with a wide range of nanostructural shapes, such as nanoparticles, nanorods or
nanowires, nanotubes, nanoplants, nanosheets etc. Additionally, the 1-D single-
crystalline rod-like structure of ZnO nanorods provides a higher surface-to-
volume ratio enabling better dye loading [79]. These qualities of ZnO make it a
potential alternative to TiO, for the fabrication of DSSCs. Currently, the
highest efficiency of ZnO photoanode-based DSSCs lies in the range of 8 %
[89, 90]. However, the main issue with ZnO is its stability, particularly in
aqueous situations. ZnO gets dissolved easily in basic and acidic solutions and
has a relatively narrow range of stability. Dissolution of ZnO by anchoring
groups like carboxylic acid results in Zn"* jons. These Zn"* ions subsequently
form insoluble complexes with ruthenium dyes like N3 and N719. These
insoluble complexes formed in the mesoporous structure disrupt the charge

transport process.

1.3.3. Dye sensitizer

The sensitizing dye serves as the heart of a DSSC. By absorbing
photons, it generates electrons that are then injected into the conduction band
of the metal oxide semiconductor. The characteristics of the dye have a
significant impact on the light-harvesting efficiency, thus highly influencing
the overall conversion efficiency of the device. A good sensitizer for DSSC

must satisfy several criteria in order to achieve high conversion efficiency.
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11.

iil.

1v.

V1.

Vii.

The longer the absorption range of the dye molecule, higher will be the
conversion efficiency of the device. So the dye should absorb the
sunlight ranging from UV to Infrared region.

The dye must carry an anchoring group so that it can be anchored firmly
to the surface of the metal oxide semiconductor material by forming a
chemical bond. The charge transfer from the dye to the semiconductor
occurs through this chemical bond. Good adsorption to the
semiconductor surface, 1.e., Good attachment to semiconductor
nanoparticles, ensures rapid electron transfer.

The excited state (LUMO) of the adsorbed dye molecule should be
higher enough than the conduction band edge of the semiconductor
oxide so that an energetic driving force can be provided for the electron
injection process.

The sensitizer’s highest occupied orbital (HOMO) must be placed low
enough so that it can accept electron donation from the electrolyte or a
hole conducting material and, consequently, the oxidized could be
regenerated.

The adsorbed dye molecule should be thermally and electrochemically
stable enough in the working environment to sustain a long operation
life under exposure to natural daylight. So it should also have high
photostability.

It should possess high solubility to the solvent used in the dye
impregnation.

The band gap of the dye or HOMO-LUMO gap must be as small as
possible while still maintaining a LUMO that is more negative than the
conduction band of the semiconductor and HOMO that is more positive
than the red-ox species. The HOMO-LUMO gap of the dye sensitizer

determines the spectral range of light that it can absorb.
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viil.  Finally, the dye should not suffer aggregation. Dye molecules frequently
tend to aggregate on the semiconductor oxide surface, increasing the
decay from the excited to the fundamental state and, as a result,
lowering electron injection into the semiconductor conduction band.
Some additives, such as chenodeoxycholic acid (CDCA), are commonly
used as co-adsorbents with the sensitizer in order to reduce the dye

aggregation phenomena.

Several photosensitizers for DSSC applications have been studied over
the last few decades: they are likely the most researched component of a DSSC
device and have been thoroughly evaluated in multiple studies. The typical
sensitizers are mainly classified into metal-complex dyes, metal-free organic
dyes, and natural dyes [91-95].

Metal complex dye sensitizers, like polypyridyl complexes of
Ruthenium (Ru), Osmium (Os), metal porphyrin and phthalocyanine are
efficient and reliable dyes for DSSC application. Ruthenium-based metal
complexes are the most popular among the metal complex dyes, owing to their
excellent photovoltaic characteristics. So far, the most efficient sensitizers in
DSSCs have been Ruthenizer 535-bisTBA (known as N719 dye), Ruthenizer
535(known as N3 dye) and N749 (known as black dye). Their exceptional
photovoltaic activity stems from a broad absorption spectrum, well-aligned
excited and ground states, and stability in the oxidized state, making them the
most suited candidate for DSSC application [96]. However, their poor molar
extinction coefficient, inadequate availability of noble metals, high cost,
negative environmental impacts and complex synthesis and purification method
have compelled researchers to look for metal-free organic dyes and natural
dyes [97]. Chemical structures of some popular metal complex dyes are shown

in Fig. 1.7.
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Figure 1.7 Chemical structure of some metal-complex dyes.

Over the last decade, several organic sensitizer families have been
presented. Organic dye-based DSSCs have been advancing quite rapidly in
recent years, and their conversion efficiencies are comparable to that of
polypyridyl ruthenium dye-based cells. In addition, metal-free organic dyes are
distinguished by their low cost, high molar extinction coefficients, and

diversity of molecular architectures.

Coumarin, indoline, cyanine, merocyanine, hemocyanin, triphenylamine,
phenothiazine, tetrahydroquinoline, dialkylaniline, and carbazole are some
examples of dyes falling in this category. Fig. 1.8, Fig. 1.9 and Fig 1.10 show
molecular structures of some common dyes belonging to this category. Hara et
al. presented various coumarin derivatives and achieved an efficiency of 7.4 %
[98], which was comparable to the performance of a cell fabricated using N719
dye under similar working conditions. In 2003, Horiuchi and co-workers, for
the first time, reported the synthesis and application of indoline dye in DSSC
and achieved a conversion efficiency of 6.1 %, which was slightly less than the
6.3 % efficiency obtained with N3 dye under the same experimental conditions
[99]. Later in 2004, the same group reported a conversion effiency of 8 % for a

new type of indoline structure [100]. In addition to its high photoconversion
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efficiencies, indoline dye was found to be highly stable to photodegradation
procedures. Cyanine dyes are well known for having high molar extinction
coefficients and have the ability to absorb light in the near-IR region [101,
102]. A novel cyanine dye featuring a triphenylamine as donor, carboxylic acid
as acceptor and connected by a low-band-gap benzothiadiazole conjugation
fragment had been developed and effectively used to sensitize TiO,-based
DSSC by Tian and his co-workers [103]. It showed an efficiency of 7.62 %
under the illumination of 75 mW/cm?®. Liu et al. developed a novel isophorone
sensitizer D-3 based on a donor—m—acceptor system and obtained a remarkable

photoconversion efficiency of 7.41 % under 100 mW/cm” illumination.

COOH

NKX-2587

COOH

NKX-2697

Figure 1.8 Molecular structure of Coumarine dyes.
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Figure 1.9 Coumarin dye structures: (a) C343, (b) NKX-2311, (c) NKX-2586,
(d) NKX-2753 and (e) NKX-2593.
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Figure 1.10 Molecular structure of indoline dyes (1-4).

Exrensive research has been conducted over the years to determine the

feasibility of replacing synthesized dyes with plant-based natural dyes. Various

natural fruits, flowers and plant leaves have a variety of colours and contain a

variety of pigments that can be extracted and used in DSSCs to harvest solar

energy. Natural dyes have several advantages compared to the synthesized

dyes. Natural dyes, unlike synthetic dyes, are widely available, simple to

prepare, inexpensive, non-toxic, environment friendly, and fully biodegradable

[104, 105]. Natural dyes are classified into four major families: chlorophyll,

anthocyanin, carotenoids, and flavonoids. Figure 1.11 depicts a flow chart

diagram representing the classification of pigments found in plants [106-108].
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Plant Pigments

Chlorophyll Flavonoids Anthocvanins Carotenoids

Figure 1.11 Classification of plant pigments.

Chlorophyll is abundant in the leaves of most green plants. It is the natural
photosynthetic pigment that gives plants their green colour [109, 110]. The
primary functions of chlorophyll are efficient harvesting of light energy and
transduction of that energy for photosynthesis, which is primarily accomplished
by their spectral properties. Chlorophyll ‘a’ and chlorophyll ‘b’ are the two
major types of chlorophylls. Because of their ability to absorb blue and red
light, chlorophylls and their derivatives are used as sensitizers in DSSC. The
most effective is a chlorophyll a derivative (methyl trans-32-carboxy-
pyropheophorbide) [111]. When compared to chlorophyll a, the absorbance
spectrum of chlorophyll b has a distinct blue tinge and a red shift. Fig 1.12
depicts the chemical structure of chlorophyll a and chlorophyll b.
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Figure 1.12 Chemical structure of Chlorophyll ‘a’ and chlorophyll ‘b’. [112]

Flavonoids are the most common and biochemically active group of
natural constituents that contribute to the colour of flowers [113, 114].
Geissman and Hinreiner coined the term “flavonoid” to describe all compounds
whose structure is based on flavones with a basic C6—C3—C6 skeleton [115].
Flavone comprises two benzene rings connected by a ring that distinguishes
one flavonoid compound from another. Despite their structural similarities,
only a few flavonoids can absorb light in the visible range [111]. The basic
chemical structure of a commonly occurring flavonoid is depicted in Fig. 1.13.
The number of flavonoid structures found in nature is limited, and they range in
oxidation state from flavan-3-ol to flavonols and anthocyanins. Flavonoids are
also comprised of flavanones, flavanonols, and flavan-3, 4-diols [116].
Neoflavones or  4-phenyl  coumarins, dihydrochalcones or  3-
phenylpropiophenones, chalcones or phenyl styryl ketones, isoflavones or 3-

phenyl chromones, and aurones or 2-benzylidine-3-coumaranones are also
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compounds. The orientation of hydroxy and methoxy groups and their numbers
in these two benzene rings distinguish the individual compounds in each class

[117]. Fig. 1.13 depicts the structure of commonly occurring flavonoid. [118]

OH
OH

HO 0

OH
o)

Figure 1.13 Chemical Structure of commonly occurring flavonoid.

Anthocyanins are the second most crucial group of pigments visible to
the human eye after chlorophyll [104]. Anthocyanins also influence the amount
and quality of light incident on chloroplasts [119]. The anthocyanins found in
plants are so diverse that ornamental plants such as dianthus and petunia only
have one type of anthocyanin, whereas tulipa, rosa, verbena, for example, has
mixture of several. Some fruits, on the other hand, are rich in anthocyanins.
Grapes contain a wide range of anthocyanins. Cyanidin is found in apples,
cherries, figs, and peaches, while delphinidin is found in eggplant and
pomegranate. Cherry sweet and cranberry contain both cyanidin and peonidin.
Carbonyl and hydroxyl groups present in anthocyanin molecules from bonding
with the TiO2 molecule, thereby promoting excitation and injection of

electrons from the dye molecule to the conduction band of TiO,. The basic
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chemical structure of anthocyanin pigment is shown in Fig. 1.14

R2

Figure 1.14 Basic chemical structure of anthocyanin pigment. Here ‘R’ could
be replaced with H, OH or OCH; depending on the pigment. The numbers can
be substituted with the hydroxyl group.

Carotenoids are a large family of isoprenoids (with more than 600
members) that give distinguishing red, orange, and yellow colours to many
fruits and flowers. The presence of a C4y hydrocarbon backbone distinguishes
carotenoids, causing structural and oxygenic changes. Fig. 1.15 shows the

chemical structures of some pigments from the carotenoid class [120-122].
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OH

Figure 1.15 (a) Basic structure of an Isoprene unit, (b) Chemical structure of

Xanthophylls, and (¢) Chemical structure of Carotene.

Crocetin; R=H

Crocin; R=
H [B—gentiobiosyl

Figure 1.16 The molecular structures of crocetin and crocin.

Page 32



Chapter 1

Figure 1.17 Possible mechanism of the binding between crocetin and TiO,

surface.

Many investigations have been performed to explore all the classes of natural
dyes mentioned earlier, such as chlorophyll [123-131], carotenoids [132-134],
and flavonoids [135-139]. When compared to DSSCs sensitized with synthetic
dyes, the overall cell efficiency of natural dye-based DSSCs is comparatively
low. Comparative studies on the performances of DSSCs based on different
types of natural dyes have been done by several researchers [105, 140, 141]. To
improve the efficiencies of the natural dye based DSSCs further, different dye
combinations have been investigated and reported in order to obtain a broader
absorption spectrum. Using natural dyes in conjunction with an optimized
extraction solvent improves solar light absorption by the dye molecules and
allows for more efficient utilization of photon energy. As a result, DSSC
sensitized with the dye mixture exhibits higher absorbance and cumulative
absorption properties across the entire visible region than DSSC manufactured

with single individual dyes [138, 142-147].
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1.3.4. Electrolyte

One of the most crucial function in the light-to-electricity conversion
process is played by the electrolyte. It acts as an electron transfer mediator,
restoring the dye sensitizer molecules from their oxidized state. The following
are the requirements for any electrolyte used in a dye-sensitized solar cell:

1. To prevent dye degradation from the oxide surface, the electrolyte must
be chemically, thermally, optically, and electrochemically stable over
time.

2. The charge carriers must be transported between the working electrode
and the counter electrode by the electrolyte. The oxidized dye must be
regenerated and restored to its ground state after the electrons are
injected into the oxide material’s conduction band. As a result, the
electrolyte must be selected carefully, taking into account the redox
potential and recombination properties of the dye.

3. The electrolyte must allow charge carriers to diffuse quickly into the
device and maintain good contact with both the mesoporous
nanocrystalline oxide surface and the counter electrode. In case of
liquid electrolytes, it is necessary to prevent solution loss due to leakage
or evaporation..

4. There should be no significant absorption of visible light by the
electrolyte. As I3” has its own colour, it reduces visible light absorption
by the dye. Additionally, I5" ions may react with the injected electrons
leading to increased current. That is why the concentration of I'/I;” must

be optimized in the electrolytes containing ['/I3” couple.

Depending upon the viscosity, the electrolytes are classified as liquid,
quasi-solid, or solid. Electrolytes based on liquid organic solvents are the most

common electrolytes used in DSSCs. They are typically made up of a redox
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couple dissolved in an organic solvent with a high dielectric constant;
additional additives can be added to improve device performance.
Iodide/triiodide (I'/I37) is the most common redox couple, owing to the slow
recombination reaction; these electrolytes are generally prepared by dissolving
iodide salts with various cations (K*, Li", Na’, Mg") in a liquid solvent. The
kinetics of the (I'/I3") redox couple with Ruthenium dye (N719) is depicted in
Fig.1.18. The injection of phtogenerated electrons into the conduction band of
Ti0, takes place on the femtosecond time scale, which is much quicker than
the electron recombination process with I3, and the oxidized dye mainly reacts
with I rather than the injected electrons. I3 diffuses to the cathode in the
electrolyte to harvest electrons, producing I, which then diffuses in the
opposite direction towards the TiO, electrode and consequently regenerates the

dye molecules.
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Figure 1.18 Charge transfer and recombination kinetics in DSSC.

(https://ro.uow.edu.au/theses/3415/)
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However, because of iodine’s corrosive properties, researchers have
looked into alternative redox couples such as Br-/Br3- [148], SCN-/(SCN)3-
[149], and SeCN-/(SeCN)3- [150], all of which have promising
electrochemical and noncorrosive properties but are chemically unstable [151].
Copper and cobalt complexes can also function as redox mediators [152, 153].

Regarding the solvent, it should be chemically stable, have low volatility
in the temperature range within which the DSSC is being operated, have a high
dielectric constant to facilitate redox couple dissolution faster, low viscosity to
promote rapid charge diffusion [151], and should allow for good solubility of
the redox mediator and other additives in the electrolyte. It is also essential that
the solvent does not cause dye, semiconductor desorption, or dissolve the
sealing material into the solvent. Mostly used solvents are polar organic
solvents. Acetonitrile (ACN) is the most common and effective solvent used in
DSC research because of its excellent performance, stability, low viscosity, and
ability to dissolve a wide range of salts and organic molecules. However,
unfortunately, the boiling point of acetonitrile is low (78 °C), so 3-
methoxypropionitrile (MPN), with a boiling point of 164 °C and low toxicity,
is the preferred choice for the long-term stability of DSSCs.

Additives to the electrolyte such as 4-tert-butyl pyridine (4TBP),
guanidiumthiocyanate, and methyl benzimidazole (MBI) have been found to be
very effective in suppressing the recombination [154-156]. The most likely
mechanism behind this reduction in recombination is that when the TiO2
surface absorbs these additives, they block reduction sites, preventing electron
acceptor molecules from coming into contact. A variety of cations and
compounds have been added to liquid electrolytes as additives and tested to
improve the cell’s photovoltaic performance. The most widely used additive is
4-tert-butylpyridine (TBP), which effectively suppresses the dark current and

thus increases the fill factor and efficiency values by the introduction of
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coordination between N atoms and Ti ions on the TiO, surface, thereby
limiting electron recombination [157]. When guanidinium thiocyanate
(GuSCN) is added in the liquid electrolyte, it increases both the current and
voltage due to a positive shift in the conduction band of TiO, and leads to a
reduction in the charge recombination phenomena [158]. Li cations are another
common additive. They can be readily adsorbed on the surface of TiO,
nanoparticles, resulting in a significant increase in photocurrent density. This
effect is caused by the capability of Li ions in lowering the acceptor states of
Ti0,, modifying the flat band on the photoanode surface and consequently
electron injection process becomes more energetically favourable [159]. When
these cations are not present on the surface, the conduction band of the
semiconductor shifts downward, lowering the V.. of the cell [160]. These
additives can thus enhance the efficiency and stability, even without
participating in the fundamental photoelectrochemical processes. However, the
concentration of Lil must be kept low because the small Li cations may bind to
the TiO, matrix and act as recombination centers, reducing device performance
[161]. The maximum voltage that can be obtained from the DSSC is
theoretically determined by the difference between the quasi-Fermi energy
level of TiO, and the redox potential of the electrolyte.

The major challenges with using liquid solvent-based electrolytes are their
leakage problem, difficulty in sealing and limited long-term stability. These
limitations prevent the utilization of the devices with high and consistent
efficiency over time. Various alternative solutions have been proposed to
address these shortcomings and are currently being researched. Quasi-solid
electrolytes and solid electrolytes have attracted special consideration from
researchers in this regard. Quasi-solid electrolytes can be derived from organic
solvent-based or ionic liquid electrolytes that can be gelled, polymerized, and

dispersed in a polymeric material [151, 162-164].
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Conductive polymers, hole-conducting molecular solids, and organic p-type
conductors, such as poly(3-hexylthiophene) (P3HT) [165] polypyrrole [166],
poly(3,4-ethylene dioxythiophene) (PEDOT) [167], polyaniline (PANI) [168]
and 2,2°7,7-tetranis- (N,N-di-p-methoxyphenyl-amine)9,9’-spirobifluorene
(spiro-OMeTAD) [169] are few examples of solid-state electrolytes. However,
the photovoltaic performance of DSSCs based on all of these alternative
electrolytes is currently lower than those based on liquid solvents, indicating

that more research is needed in this field.
1.3.5. Counter electrode

The counter electrode is that important component of a DSSC where the
reduction of the redox species occurs. In the case of solid-state DSSCs, the
counter electrode collects the holes from the hole transporting material [170].
As the counter electrode, Pt-coated FTO obtained through thermal
decomposition [171], sputtering [172] or chemical reduction [173] is typically
used. However, due to the high cost and limited resources of Pt, considerable
efforts have been made in recent years to replace this Pt catalyst with other
low-cost, earth-abundant materials. Due to their excellent catalytic activity,
materials such as graphite, carbon black, activated carbon on FTO-glass, and
organic-ion doped conducting polymer of poly(3,4- ethylene
dioxythiophene)(PEDOT) on both indium tin oxide (ITO) and FTO-glass have
also been successfully used as counter electrode materials in DSSCs [174-178].
However, the main issue with the carbon counter electrodes is their adhesion to

the substrate surface and their opaque nature.
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1.4. Basic Operating Principle of DSSC

A DSSC is the only photovoltaic device with multiple electron transfer
processes running in parallel and competition. It utilizes separate mediums for
light absorption/carrier generation (dye) and carrier transport (TiO,
nanoparticles and the electrolyte). In contrast, in a p-n junction semiconductor
solar cell, the light absorption, charge separation and transport occur in the
same material. Dye molecules play the same role as chlorophyll in leaves: they
absorb incident photons and initiate the electron transfer process. The

schematic diagram showing the basic working principle of a DSSC is shown in

Fig. 1.19.
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Figure 1.19 Schematic and basic working mechanism of DSSC.
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The basic operation steps and electron transfer process occurring inside DSSC

are as follows [179-181]:

a) When exposed to sunlight, photons are absorbed by the dye molecules and
the electrons are excited from the HOMO-level to the LUMO-level,
instantaneously. This process is known as photo-excitation.

b) These excited electrons are then injected into the conduction band of TiO,,
diffuse through it and are utilized at the external load before being collected
by the electrolyte at the cathode surface to complete the cycle.

c) The dye molecule after losing one electron to the TiO2 gets oxidized. This
means it has deficiency one electron. To recover its initial state, the dye
molecule must obtain an electron. It To obtains this electron from the iodide
electrolyte (I-) and the dye returns to the ground state. This procedure is
known as dye regeneration..

d) This causes the iodide to become oxidized. When the original lost electron
reaches the counter electrode, it returns the electron to the electrolyte. I- ion
is regenerated in turn at the counter electrode by the reduction of I3- with

electrons which have travelled through the external load.

There are also some reverse processes that decrease the overall cell

performance. These are given below.

a) Relaxation of photo excited electron of dye molecule from excited state
(LUMO) to ground state (HOMO), both by radiative and non-radiative
processes.

b) Recombination of photo-injected electrons in the TiO, to the oxidized
species (I3) in the electrolyte.

c) Recombination of photo-injected electrons in the TiO, to the oxidized dye

molecule.
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Figure 1.20 Fundamental processes inside dye-sensitized solar cell.

The following are the steps and corresponding equations involved in the cell
operation [182,183]:

Photo excitation: S + hv (Photon) — S* (Excited)

Electron injection: S* (Excited) — €'(¢p) (SC) + S*

Relaxation: S* — S + hv (Photon)

Electron transport: € gy (SC) — ¢ (TCO)

Recombination with the dye: S* + e cn) (SC) — S
Recombination: 2 €'cp) (SC) + 15" =3I

Dye regeneration: 2S™ + 31" — 2S + 15’

©® =N kW=

Reaction at the counter electrode: I;” + 2e’(C) —3I

S: Dye sensitizer; S*: excitation upon irradiation; S+: Oxidized dye; SC:

Semiconductor; CB: Conduction band; C: Counter electrode.

The above processes are schematically illustrated in Fig. 1.20. The

forward processes are depicted with green arrows, whereas red arrows
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represent combination and reverse processes. The maximum output voltage
is determined by the difference between the Fermi energy level of the
semiconductor and the red-ox potential levell of the mediator electrolyte
[184]. Thus, the device can produce electricity from light without undergoing

any permanent physical and chemical change.
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