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Preface

Photovoltaic technologies represent one of the leading research areas of
solar energy. It is one of the most potent renewable alternatives to fossil fuels.
Direct conversion of solar radiation into electricity is a renewable, abundant
and clean method for producing energy. Though conventional photovoltaic
devices (silicon-based solar cells) are promising for the direct conversion of
photons into electrons, the prohibitive cost of these cells is uncompetitive with
conventional power generating methods. On the contrary, dye-sensitized solar
cells (DSSCs) are a non-conventional photovoltaic technology that has
attracted significant attention because of their high conversion efficiencies, low
cost, non-toxic and recyclable materials and suitability for wide variety of end-
user products. This thesis work entitled “Investigations on Dye Sensitized
Solar Cells to Optimize its Performance” is the outcome of the experimental
investigations performed on the fabrication and characterization of DSSCs

based on various dyes, photoanode and electrolyte materials.

This thesis focuses on optimizing the different components of a DSSC
and studying the influence of various parameters of these component materials
on the overall performance of the cell in terms of efficiency and stability. The
thesis is broadly divided into seven chapters. Chapter 1 briefly introduces the
world's present energy scenario and an overview of the need for renewable
energy sources. This chapter also discusses different generations of
photovoltaic technology along with a brief introduction to different
components and working principles of dye sensitized solar cells. Chapter 2
describes the basic theory of the experimental techniques used for
characterizing the different components of DSSCs. Chapter 3 illustrates the
charge transfer kinetics and effect of the shape of ZnO nanostructure on the
performance of DSSCs based on two natural dyes. Chapter 4 investigates the
impact of surface modification via sol-gel spin coating of ZnO nanoparticles on

the performance of WO; photoanode-based DSSCs by varying the

X



concentration  of  ZnQ) precursor  solution, In Chapter 5. the role of
chenodeoxyeholic acid (CDCA) as dye co-adsorbent and blocking layer iy
improving the performance of dye sensitized solar cells has been presented,
Chapter 6 deals with investigating the use of gel electrolyte on the siability

enhancement of DSSCs. Finally, the critical findings arising from the presem

work have been summarized in Chapter 7.

(ﬁﬁ of Binuzn.
Rajat Biswas Date: ch.f aa‘;f 1420
Dept. of Physics Place: S-A° 34“-'
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ABSTRACT

Energy, one of the fundamental requirements for society's progress,
cannot be created or destroyed; it can only be changed into one form or
another. The world's need for energy is growing every day as a result of
population growth and ongoing industrialization. Traditionally, fossil fuels like
coal, petroleum, and natural gas are used to generate electricity. However,
these fuels will eventually run out in addition to devastatingly polluting the
environment and posing significant difficulties for earth's living creatures. In
order to meet our ever-increasing energy needs, it is necessary to find some
unstoppable energy sources that can supplement traditional energy supplies and
take their place in the future. The use of renewable energy sources that are free
from the issues related to the use of fossil fuels has therefore received attention.
Some of the possibilities available to us are solar, wind, tidal waves,
geothermal, and biomass.

Although conventional Silicon-based photovoltaic technologies are
promising, the expensive cost of these cells makes them uncompetitive with
current power generating methods. Contrarily, dye-sensitized solar cells
(DSSCs) are a non-traditional photovoltaic technology that has garnered much
interest due to its promising conversion efficiencies, low cost, non-toxic, and
recyclable components, and adaptability for a wide range of end-user goods.
Though many other DSSCs have been studied, the majority of them have not
yet gained commercial popularity due to problems with low conversion
efficiency, production costs, and lower stability and durability. The main
objective of this thesis is to investigate on the different components of DSSC
with an aim to optimize its performance in terms of environment-friendly
nature, cost-effectiveness, better durability and improved light to electron
conversion efficiency. This thesis is broadly organized into seven chapters. The

favorable results from this thesis will lead to the following mentioned outcome.
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Chapter 1 addresses the world's present energy scenario and an
overview of the necessity of renewable energy sources. This chapter also
includes a brief discussion about different types of photovoltaic devices
available. Furthermore, a basic introduction to DSSC, its construction and role
of its different components is also discussed in this chapter. Besides this, the

working principle of DSSCs is also described.

Chapter 2 describes the basic theory and detailed description about
different experimental techniques viz. X-ray diffraction analysis (XRD),
Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy
(EDS) study, UV-VIS spectroscopy and Raman spectroscopy used for
characterizing the materials of the different components of DSSCs. In addition,
the principles of Current-Voltage (I-V) and electrochemical impedance
spectroscopy measurement along with the detail description of critical
parameters determining the device performance, have also been discussed in

this chapter.

Chapter 3 illustrates a comparative evaluation of optical, electrical and
electrochemical properties of DSSCs fabricated using vertically aligned ZnO
nanorods synthesized using low-cost Sol-Gel spin coating technique on ITO
coated glass substrate and ZnO nanopowder and their application in the
fabrication of natural dye-based Dye Sensitized Solar Cells. Natural dyes
extracted from pomegranate and turmeric are used as sensitizers.
Electrochemical impedance spectroscopy (EIS) was employed for a detail
investigation of the charge carrier recombination properties and the charge

transfer mechanism at different interfaces of the devices.

Chapter 4 contains an investigation on the impact of surface
modification via sol-gel spin coating of ZnO nanoparticles on the performance
of WO; photoanode-based DSSCs by varying the concentration of ZnO
precursor solution. The semiconducting material WOz was chosen in search of

a photoanode material for DSSC alternative to TiO,. However, the performance
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of pure WO; based DSSC was found to be extremely poor despite having
several advantageous properties. To improve the photovoltaic performance of
the cell, the WOj; surface was coated with varying concentrations of the ZnO
precursor solution. It was observed that the concentration of the precursor

solution of ZnO highly controls the photovoltaic performance of the DSSC.

Chapter 5 depicts the role of optimum concentration of
chenodeoxycholic acid (CDCA) as anti-dye-aggregation material in improving
the DSSC performance based on rose bengal dye. Aside from this, the effect of
a very thin and compact ZnO blocking layer was also investigated to reduce the
charge recombination and hence to improve the performance of dye sensitized

solar cells.

Chapter 6 focuses on the use of gel electrolyte in DSSC instead of
liquid electrolyte. The leakage problems of liquid electrolyte, electrode
corrosion, photo-degradation of attached dyes, and solvent volatility restrict the
long-term performance of DSSCs based on liquid electrolyte. To overcome
these limitations, gel electrolyte has been used as the volatility of organic
solvents can be decreased and leakage can be prevented by gel-type
electrolytes. Gel electrolyte-based DSSCs have been fabricated with ethyl
cellulose (EC) as gelation material in the conventional liquid electrolyte
containing Lil and I, as a redox couple in acetonitrile solvent to enhance the
stability of the cells. Both TiO, and ZnO were used as photoanode materials for
different types of DSSCs. Photovoltaic performance, including their stability

behavior over a certain period of time were also evaluated.

Chapter 7 summarizes the essential findings and conclusions arising from the

present work.
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Chapter 1

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.
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Figure 1.1 Construction of a p-» 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).

Mono-5Silicon
1 Generation
(Classic Silicon) Poly-Silicon
ClGs
2™ Generation CdTe
(Thin film) Amorphous
Solar Cells Silicon
GaAs
CZTs
3" Generation ( DSSC
Organic and
Hybrid Solar Polvmers
cells) d
Heterojunction

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,Os) 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-/13-) 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).

Solar Light
FTO coated glass
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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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1l.

iil.
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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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viit.  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.

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, (¢) 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

dyes. Natural dyes, unlike synthetic

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, 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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Flant 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
0O

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

RS

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

Xanthophylls, and (¢) Chemical structure of Carotene.
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Figure 1.16 The molecular structures of crocetin and crocin.
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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'/I57) 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 2,27, 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.

Page 39



Chapter 1

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 13- 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: € g (SC) — ¢ (TCO)

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

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

©® NS 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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2.1 X-Ray Diffraction analysis

X-ray diffraction (XRD) analysis is a technique used to determine the
crystal structure of materials in the nanomaterial, thin-film, or bulk material
form. In the XRD experiment, a monochromatic X-ray beam is allowed to
incident on the sample and the diffraction occurs. Constructive interference is
obtained for the glancing angles (0) corresponding to those (hkl) planes only
for which the path difference is equal to the integral multiple (n) of wavelength

(M) of the X-ray used. This condition is given by Bragg’s equation
2dSind = ni (2.1)

where d is the interplanar spacing. The schematic diagram of the experimental
arrangement is shown in Fig. 2.1. The reflected X-rays make an angle of 260
with the material surface. A typical XRD pattern consists of these reflection

peaks along the y-axis with the diffraction angles 260 along the x-axis [1, 2].
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Figure 2.1 X-ray diffraction at the sample film surface.
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X-rays are diffracted at specific angles by different crystal planes in
nanostructures satisfying Bragg’s condition. One can also calculate the inter-
planer spacing by knowing 6 and A. XRD is usually performed in the 6- 20 scan
mode where a monochromatic X-ray beam is incident on the nanostructure
sample surface. X-ray source and detector motion are coupled with each other
so that the detector always makes an angle 26 with the incidence direction.
Finally, the output is plotted as a graph between the recorded intensity of the
diffracted beam and angle 20. The crystalline size (D) of the sample may be

calculated using the Scherrer’s formula

D kA
~ B cosH

(2.2)

Where k = 0.9 and = Full Width at Half Maximum (FWHM)

In our study, the X-ray diffraction analysis was employed using PAN-
analytical X’Pert PRO X-ray diffractometer (CuKa radiation, 30 mA, 40 kV,
A= 1.5406 A) to determine the crystalline structure and phase of different

nanoparticle samples used in making the photoanode of the DSSCs.

2.2 Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) [3-6] is a microscope that
creates an image by using electrons rather than light. There are numerous
advantages to using a scanning electron microscope over a traditional
microscope. The SEM has a large depth of field, allowing for more of a
specimen to be in focus at once. As the SEM uses electromagnets instead of
optical lenses, the researcher has much more control over the magnification
level. Along with that, SEM allows much higher resolution compared to optical
microscopes. Because of these advantages, the scanning electron microscope is
one of the most helpful research tools available today. An electron gun
produces an electron beam at the top of the microscope. The electron beam is

focused on the sample with the help of electromagnetic lenses. Electrons and
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X-rays are emitted once the incident electron beam interacts with the sample.

Detectors present in the instrument collect these scattered electrons, X-rays and

covert them into signal.
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Figure 2.2 Schematic diagram of Scanning Electron Microscope.

(https://www.purdue.edu/ehps/rem/laboratory/equipment%?20safety/Research%

20Equipment/sem.html)

The surface morphology of the sample is exposed by producing a visual

image corresponding to the signal received, following the same method with

which a picture is created on a television screen.
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Figure 2.3 Experimental setup for SEM and EDS measurement.

2.3 UV-VIS spectroscopy

In order to study the absorption spectra of the dye solution, UV-VIS
spectroscopy was used. In this measurement, the sample is exposed to light
within a selected range of wavelengths. Absorption occurs when the incident
photon energy surpasses the energy gap between the lower energy orbital
(highest occupied molecular orbital-HOMO) and the higher energy unoccupied
orbital (lowest unoccupied molecular orbital-LUMO) of the materials, and then
the spectrometer records the signal. The block diagram of the UV-VIS

spectrophotometer is shown in Fig. 2.4 [7].
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Figure 2.4 Schematic of UV-VIS spectrophotometer.
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Figure 2.5 Experimental setup for UV-VIS absorption measurement.

In the present study, the absorbance spectrum measurement of the dye was

carried out using a Perkin-Elmer Lambda-35 UV-VIS spectrophotometer.
2.4 Energy Dispersive X-ray spectroscopy (EDS)

Energy Dispersive X-ray Spectroscopy (EDS) study is performed to
identify and quantify the elemental composition of the materials [8-10]. The
basic working principle of EDS analysis utilizes the interaction of an electron
beam with the sample. When primary electrons collide with the sample surface,
the inner shell electrons are ejected and X-rays are produced as a result of the
transition of the outer shell electrons filling up the vacancy in the inner shell.
Due to its unique atomic structure, each element emits a distinct X-ray
emission pattern that can be used to perform the atomic compositional analysis
of the specimen with an energy dispersive spectrometer. The analysis of these
peaks yields both qualitative and semi-quantitative information about the

material.
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2.5 Raman Spectroscopy

Raman spectroscopy is an analysis technique that measures the
vibrational energy modes and provides detailed chemical and structural
information about the sample. This information is obtained by detection of the
Raman scattering from the sample. When a monochromatic beam of light
incident on the sample, most of the scattered light consists frequency same as
that of the incident radiation. This is known as Rayleigh scattering. However, a
small portion of the scattered light has frequencies above and below the

incident frequency which is referred as Raman scattering.
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Figure 2.6 (a) Stokes Raman Scattering, (b) Anti-Stokes Raman Scattering.

When a photon beam having energy hv suffers an elastic collision with
molecules present in the sample, they scatter without suffering any energy
exchange with the molecule and thus, the frequency of the scattered light
remains unchanged.

However, during the inelastic collision, there will be exchange of energy
between the molecule and the photon. Consequently, the scattered light will
have a frequency different from the incident frequency. If the molecule absorbs
some energy from the incident photon, then it gains some energy and

consequently, the scattered photon loses energy. Light scattered with a
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frequency lower than the incident frequency is known as Stokes Raman
scattering.

On the other hand, when the molecule loses some energy to the scattered
photon, the frequency of the scattered light becomes more than the incident
light and the corresponding phenomenon is known as Anti-Stokes Raman

scattering [11-13].
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Figure 2.7 Schematic diagram of a typical Raman Spectrophotometer.

(https://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html)

In a typical Raman spectrophotometer, a very narrow and
monochromatic laser beam (coherent and powerful) is used to excite the target
material. Usually, the material is filled inside a narrow quartz or glass tube. The
light is scattered by the sample and then collected by a lens. The collected light
is passed through a grating Monochromator. Finally, a detector captures the

signal and sends it to a computer for decoding.
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2.6 Basic parameters to evaluate the performance of

DSSCs: Solar Cell Terminologies

Current-voltage measurement is a simple method to evaluate
photovoltaic devices under both illumination and dark conditions. Fig. 2.8
represents a simplified equivalent circuit (single diode equivalent model) of a
solar cell, including the series (R;) and parallel resistances (R, ) are added to
account for various loss mechanisms a typical I-V curve for a solar cell under

illumination and dark.

B,
[ \ ",I 'IIIII
AVAY Ay m—
l'._'l'! lIl~'.|'|I III'lIIII

/

r

F e pueien v d:\.--..
[¥ e L
| — - ®,

Figure 2.8 One diode equivalent circuit model of a Solar cell [14].
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Figure 2.9 Typical I-V characteristics of a solar cell [17].
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The current-voltage characteristic of a Solar cell allows us to determine
the photovoltaic performance of the cell. The Power-Voltage plot to calculate
the maximum power point (Pyp), Iyp and Vyp are represented in Fig. 2.9.
Various parameters like photocurrent density (Jsc), open-circuit voltage (Voc)
and fill factor (FF) can be extracted from the I-V curves. From which the
overall photoelectric conversion efficiency (1) can be calculated.

Equivalent circuit modeling is a very important tool required for better
understanding and explaining the solar cell performance and analysis of the
electrical processes occurring inside the cell. The functioning of a solar cell is
generally modeled by a single diode with a constantphoto-generated current
source, a series (Rg) and shunt resistance (Ry,) as shown in Fig. 2.8. The

current-voltage relation is given by the equation

(q(V +IR,) V + IR,
I=1,—1 —_— = 1| - 2.3

where 1, I,, R, Ry, q, A, kg and T are the photocurrent, the saturation current
of the diode, the series resistance, the shunt resistance, the electron charge, the
ideality factor, the Boltzmann constant, and absolute temperature, respectively
[16, 17]. The circuit parameters like Ry and Ry, are not directly measurable.
They are calculated by fitting the experimental J-V curve with equation 2.3

[15].
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Figure 2.10 Experimental Setup for I-V measurement.

2.6.1 Open circuit voltage (Voc)

Open-circuit voltage is the maximum voltage obtainable from a solar
cell and is obtained when a load with infinite resistance is attached to its
terminals i.e. the cell current is zero. It is determined by the difference between
the redox potential of the electrolyte and the Fermi level of electrons in the

semiconductor, namely TiO,. For DSSC, V. is given by:

_ Eﬂ-l-k—Tln( n )_Eredox

= (volts) 2.4
qg q \Ngg (24)

oc

Where n represents the number of electrons in the TiO, conduction band and
Ncp 1s the effective density of states [11]. E,.q0x represents the Nernst potential
of the redox mediator and first two terms in above equation define the quasi-

Fermi level of TiO, and.
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2.6.2 Short circuit current density (Jsc)

The short circuit photocurrent (Igc) is the cell photocurrent measured at
zero voltage. It is the current obtained from the cell when it is short-circuited or
in other words when the load resistance is zero. It largely depends on the
photon-generated electrons and the interfacial recombination of the electrons
and holes. In general, it is represented in the form of the short circuit current
density (Jsc) and is defined as Jgc=Igc /A (mA/cmZ), Where, A is the effective
area of the solar cell. It is a function of the solar illumination, optical properties

and charge transfer probability of the cell.

2.6.3 Series Resistance (Rg)

Series resistance, R, in a solar cell, results from the contact resistance
and charge transfer resistance in the semiconductor material. Series resistance
reduces the fill factor of the device and thus affects the maximum device power
output, while an excessively high value of RS can also reduce the short-circuit
current. The open-circuit voltage is not affected by Rs, since at Voc the total
current flow through cell itself is zero and hence the series resistance is zero.
An approximate value of the series resistance can be determined from the slope

of the I-V curve at the open-circuit voltage point.

2.6.4 Shunt Resistance (R;,)

Low shunt resistance provides an alternate path for the photo-generated
current causing significant power loss. The effect of low shunt resistance is
reduced fill factor and lower open-circuit voltage affecting the maximum
power output. The short-circuit current is not affected unless for a very low
value since at J,. the total current flows through the outer path and hence
through the shunt resistance is low. An approximation of the shunt resistance
can be calculated from the slope of the I-V curve at the short circuit current

point.
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2.6.5 Fill Factor (FF)

The fill factor (FF) is a measure of the maximum power output from a
solar cell. It represents the squareness of the I-V curve that is The FF describes
how a maximum power rectangle fits under the I-V characteristics and is given
by the ratio of the maximum output power to the product of Isc and V¢ for the

solar cell:

— ]MPVMP

FF
ISCI/OC

(2.5)

Where, V., and I, are the voltage and current at the maximum power point.
Fill factor, being a ratio of the same physical parameters, has no unit. Fill factor
is a function of the series and shunt resistance of the solar cell. For DSSC, it
reflects the extent of electrical and electrochemical losses during cell operation.
To obtain high FF, Rg should be small, while Rg, needs to be as large as
possible.

2.6.6 Power Conversion Efficiency (1)

The power conversion efficiency of a photovoltaic cell is described as
the ratio of the maximum electrical energy output of the device to the energy
input from the sun. Thus the mathematical definition of efficiency is

Pout _ IchocFF

— — 2.6
n P, P (2.6)

Where P;, represents the input power of sunlight. Efficiency is generally
expressed in percentage. Besides the solar cell performance, it depends on the
incident light spectrum and intensity as well as operating temperature. The
internationally recognized standard condition for the efficiency measurement of
solar cells is under ‘AMI1.5 Global’ solar irradiation and at a temperature of

25°C [18].

Page 82



Chapter 2

2.7 Electrochemical Impedance Spectroscopy (EIS)

The current-voltage measurement of a solar cell is the elementary
method to evaluate the overall electro-optical performance of the device.
However, it fails to provide detailed information about the limiting factors and
resistances offered by the individual components and interfaces of the
architecture that inhibit device performance. The electrochemical impedance
spectroscopy (EIS) is a very advanced and powerful diagnostic technique that
offers simultaneous measurement of various interfacial charge transfer
dynamics and recombination mechanisms inside the device. This method is
based on analyzing the electrical response of the device to a periodic voltage
having variable frequency superimposed on a constant bias potential. These are
typically represented by modeling appropriate equivalent circuits in terms of

resistors and capacitors [19, 20].

Figure 2.11 Experimental setup for EIS measurement.

2.7.1 Theory of Impedance

The concept of electrical impedance can be realized starting from the

theoretical concept of resistance. The electrical resistance of a material
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represents the ability of the material to resist the flow of electrical current
through it. It is defined by well known Ohm’s law as the ratio between voltage

(V) and current (I)

R= (2.7)

%4
1
But the applicability of this relationship is restricted to a single circuit element,
the ideal resistor. However, most of the systems under investigation contain
circuit elements with much more complicated behaviour. This implies that the
basic idea of resistance should be replaced by a more general parameter:
impedance, which incorporates not only the respective amplitudes of voltage
and current but also their relative phases. Impedance is also a measure of a
circuit’s capacity to resist the flow of electrical current in a specific way, but it
isn’t restricted to the features of a pure resistance. Impedance is a broad term
that refers to the collective obstruction to current offered by resistances,
capacitances, and inductances present in the device or the circuit. Typically,
electrochemical impedance is analyzed by delivering an alternating potential to
an electrochemical cell and measuring the current flowing through it. It is
generally measured. In order to produce a linear response from the cell,
electrochemical impedance is generally measured by applying a small
sinusoidal excitation potential and recording the corresponding current
response from the device. This current response will also be a sinusoidal wave
with the same frequency but a shifted phase. The applied sinusoidal excitation

potential can be represented as
V =V,sinwt (2.8)

The corresponding current response from the device with a shifted phase may
be written as

I =1, (sinwt+ @) (2.9)
where ¢ is the phase shift. The impedance of the system may be calculated

using a formula similar to Ohm’s Law.
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%4 V, sin wt
I

Z —_— —_—
I, (sinwt + @)

(2.10)

It is usually more convenient to represent impedance using complex
exponentials. The magnitude and phase of the input and output signals may be
represented in a  much simpler way using these complex numbers.
Furthermore, it provides a more powerful representation for circuit analysis
purposes.

The applied potential and current response from the cell can be
represented as a complex function having a form like

V =V, exp(jwt) (2.11)

and I =1,expj(wt — @) (2.12)
respectively.

Consequently, the complex impedance may be written as

/AA

Z = 7= EeXP(JQD)

=Zy(cos @ +jsing)
=7Z'+j7" (2.13)
where Z'=Zycos¢e and Z'" =Z,singp  are the real and imaginary

components of the impedance respectively.

2.7.2 Nyquist and Bode plots

During the impedance measurement, the system is generally kept in a
steady condition prior to applying an alternating potential and measuring the
corresponding alternating response current through the cell. Globally used
impedance measurement setups allow measurement of the complex impedance
and phase shift at a particular applied frequency The impedance of the system
as a function of frequency may be easily obtained by varying the frequency of
the applied signal in a continuous way. Impedance parameters for specific
internal components of the cell can be assigned using proper model equivalent

circuits (which might have multiple options dependent on splitting an actual
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device into component structures). The recorded data is usually represented in

two ways; one is the Nyquist plot depicting the plot between real (Z') and

imaginary (Z"") part of the impedance and another is the Bode plot depicting

the variation of the magnitude of the impedance (Z, = |Z|) or phase (¢) with

frequency (f) of the applied signal as shown in Fig. 2.12 (a) and fig. 2.12 (b)

respectively.
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Fig. 2.12 Typical (a) Nyquist and (b) Bode plot.
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2.7.3 Equivalent circuit for impedance measurement of DSSC

A dye-sensitized solar cell is a very complex system, and its ultimate
impedance response depends on the responses received from various
components of the device. The electronic processes that occur within the DSSC
are well represented by the transmission line model developed by Bisquert
[21]. The transmission line model widely used to represent different charge
transfer, recombination and diffusion processes occurring inside DSSC is

shown in Fig. 2.13.
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Fig. 2.13 (a) Equivalent circuit for a complete solar cell; (b) Simplified circuit
for insulating TiO2 (potentials around 0 V) as currents are low, Z; may be
skipped and (c) Simplified equivalent circuit of a DSSC when the TiO, is in
conducting state ( At V. bias potential) [22].
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Usually, the EIS measurement is carried out at the potentials near to V.
in order to in order to achieve consistency equivalent to that of a real system.
The nanostructured oxide model has been simplified to a columnar model in
this illustration, which depicts the mesoporous layer through which the
electrolyte solution passes. The different circuit elements are:

e R is sheet resistance of the TCO layer and contact resistances.

e R; = r.L is the electron transport resistance.

e R, = n./L is the charge transfer resistance related to the recombination
of the electrons at the TiO,+dye/electrolyte interface.

o Ryco is the charge-transfer resistance for electron recombination from
the uncovered layer of the TCO to the electrolyte.

o Cpco 1s the capacitance at the triple contact TCO/TiO,/electrolyte
interface

e (), is the capacitance at the TiO2+dye/electrolyte interface.

o Zy(sol) is the impedance of the redox species diffusion into the
electrolyte, generally called Nernst impedance Zy.
e Ry, is the charge transfer resistance at the counter electrode.

o (Cyp, is the capacitance at the electrolyte/counter electrode interface.

The first three mentioned elements are denoted in lowercase letters in
Fig. 2.13(a), meaning the element per unit length for a film of thickness L,
because they are distributed in a repetitive arrangement of a transmission line.
Physical interpretation of the different electrochemical operations across the
interfacial regions of the DSSCs can be made by fitting the EIS spectra with the
appropriate equivalent circuit. Generally, a typical Nyquist plot of a DSSC
exhibits three semicircles (Fig. 2.14). The first semicircle in the high frequency
range (above 100 Hz) describes the charge transfer at the Pt/electrolyte
interface (Z;), the second semicircle at an intermediate frequency range (1-100
Hz) is related to the recombination at the photoanode/electrolyte interface and

the charge transport into the semiconductor (Z;). The third one at low

Page 88



Chapter 2

frequency (below 1 Hz) represents the diffusion in the electrolyte (Z;) and is
attributed to the Nernst contribution. If the voltage is reduced, the two external
semicircles are incorporated into the biggest one. Nevertheless, these Nyquist
plots have one major limitation: they do not give complete information on the

exact frequency used to record one point.
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Fig. 2.14 Typical Nyquist plot of a DSSC under Open circuit condition.

Another important representation of the EIS data is Phase bode plot
representing Phase (-0) vs. Frequency (f) curve. Unlike the Nyquist plot, the

very important aspect of this plot is that frequency information is not lost.

Page 89



Chapter 2

ddb 'f'

MRy

EIE

Phase {degree)
=
i

—
=
]

11 b | ™ T b | T T T m
w1 w1 11
lrequeney (HT)

Fig. 2.15 Typical Bode plot (Phase) representation of a DSSC.

The average carrier lifetime can be estimated from phase bode plots (shown in

Fig. 2.15) using the formula
1

B anmax

where f,,.x represents peak frequency in the mid-frequency range [23].

Te
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3.1. Introduction

With the increasing world population, spreading urbanization and
technological advancement, matching the energy supply with the energy
demand is the major challenging issue the world is facing these days. The
environmental consequences related to extensive use of fossil fuels, safety
related issues of nuclear power, ever-growing energy demand and depleting the
stock of fossil fuels have motivated the researchers to search for alternative
economically and environmentally sustainable renewable energy sources [1]. In
such a context of global energy requirements, among all the non-polluting and
renewable energy sources, the photovoltaic technology utilizing solar energy
has emerged as the most assuring candidate [2]. Though conventional
photovoltaic devices (silicon-based solar cells) are promising for the direct
conversion of photons into electrons, the prohibitive cost of these cells is non-
competitive with conventional power generating methods [3, 4]. On the
contrary, dye-sensitized solar cells (DSSCs), invented by O’Regan and Gritzel
in 1991, are non-conventional photovoltaic technology based solar cells that
have attracted significant attention because of their novel fabrication concept
derived from nature’s principle (photosynthesis), easy fabrication procedure
using abundant materials, cost-effectiveness, suitability for a wide variety of
end-user products and can be made flexible. SSC is a device that performs the
conversion solar energy into electrical energy based on the principle of
sensitization of wide band-gap semiconductors [5]. The photoelectrochemical
performance of a DSSC mainly depends on the selected Photoanode material,
including its surface morphology and the sensitizing dye used [6-9]. Although a
large number of different DSSCs have been investigated, most of them are not
commercially popular until now because of their issues with low conversion

efficiency, higher production cost, lower stability and durability [10, 11]

Different inorganic, organic and hybrid dyes were employed as

sensitizers in DSSCs. But among all of them, the ruthenium complexes are the
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most popular sensitizers because of But among all of them, the ruthenium
complexes are the most popular sensitizers because of their exceptional charge
transfer mechanics and absorption across the complete visible range along with
intense metal-to-ligand charge transfer mechanism [12]. But the significant
downsides of Ruthenium dyes are its rareness, high cost and complicated
synthesis process [13].Also, ruthenium polypyridyl complexes contain heavy
metal, which is harmful to the environment [14]. In order to find out low-cost
and environment-friendly alternatives to these expensive ruthenium
compounds, researchers are focusing on easily available natural dyes extracted
from various natural resources. Many researchers have studied sensitizing
effects of several natural dyes derived from various fruits, flowers and leaves
[15]. Most of them are used with TiO, nanostructures as photoanode[16-20].
However, ZnO has recently emerged as a great potential alternative to TiO2
due to its fascinating electrical and optical properties. 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 [21, 22]. Apart from this, ZnO is very easy to
synthesis, abundant, inexpensive and poses higher electron mobility (200-300
cm?V'S ' for bulk material and 1000 cm?V™'S™ for nanowire) than that of TiO,
nanoparticles (0.1-4cm?V™'S™) [23-25]. Moreover, the 1-D single-crystalline
rod-like structure of ZnO nanorods provides a higher surface-to-volume ratio
enabling better dye loading [26]. These qualities of ZnO make it a potential
alternative to TiO, for the fabrication of DSSCs.

In this study, we aimed to combine natural sensitizers with two types of
nanostructured ZnO to get both the advantages of ZnO and also the benefits of
natural organic dyes targeting lower fabrication cost, echo-friendly devices
along with good cell performance and wanted to find out the best suitable ZnO
nanostructure-Natural dye combination. In this regard, we fabricated four
DSSCs using two types of natural dyes, anthocyanin extracted from

pomegranate (Punica granatum) and curcumin extracted from fresh
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turmeric(Curcuma longa) and their electro-optical responses to investigate their
usefulness as natural sensitizers when adsorbed onto ZnO nanorod (NR) and
ZnO nanoparticle (NP) films in DSSCs has been studied. Hydroxyl and
Carbonyl groups existing the natural sensitizers bound them easily to the
surface of the ZnO nanorods, which facilitates very easy electron injection
from LUMO of dye molecule to the conduction band of ZnO [27]. Along with
that, we have also studied the effect of Rose Bengal as sensitizing dye in TiO,

and ZnO nanoparticle based DSSCs.

3.2. Experimental Section

3.2.1. Structure and Working principle of DSSC

A typical DSSC consists of four elements: a photoanode with a thin
layer of mesoporous wide bandgap semiconductor oxide layer (usually TiO,,
Zn0, SnO, or Nb,Os)over a transparent conducting substrate (ITO or FTO), a
monolayer of the sensitizing dye adsorbed on the semiconductor oxide surface
to facilitate light absorption, a redox mediator electrolyte solution (typically L
/ 15.)) in an organic solvent and a counter electrode made up of a catalyst
(platinized ITO or FTO) to facilitate charge collection. The schematic of device
architecture and working principle of a typical DSSC is shown in Fig. 3.1(a)
and Fig. 3.1(b). Upon exposure to the sunlight, dye molecule absorbs photon
energy and goes through an electronic state change, the electron jumps from
ground state (HOMO) to the excited state (LUMO). As a result, electron
injection into the conduction band of the semiconductor oxide (ZnO) film
occurs, whereby the dye molecule gets oxidized. This oxidized dye molecule is
regenerated by taking an electron from the redox species of the electrolyte
(I').Subsequently, I" is regenerated by reduction of I3~ with electrons migrated
from photo anode via external load and collected at the counter electrode,

completing the cycle [5, 6].
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Figure 3.1 Schematic diagram and basic working mechanism of DSSCs based

on (a) ZnO nanoparticle (b) ZnO nanorod.
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3.2.2. Materials used

Transparent ITO coated glass (10 €/ square) was purchased from
Techinstro, India. The liquid platinum paint (Platisol T) purchased from
Solaronix, Switzerland, was used to prepare the platinum-coated transparent
counter electrode. Commercial ZnO and TiO, nanopowder , Zinc acetate
dehydrate, Hexamethylenetetramine and Rose Bengal dye, all were purchased
from Sigma Aldrich. Ethylene Glycol (Sigma Aldrich) was used as a solvent
for the electrolyte preparation using KI (S D Fine-Chemical Ltd., India) and I,
(RANKEM, India). Meltonix 1170-60(60pm) purchased from Solaronix was
used as a spacer between the electrodes to avoid short-circuiting between the

ITO and electrolyte.

3.2.3. Extraction and Preparation of Organic Dye Sensitizers

In the fabrication of Dye Sensitized solar cells, selecting the dyes is a
crucial task as it significantly affects the performance and production cost of
the cells. By choosing abundant natural dyes instead of expensive synthetic
ruthenium dyes we can reduce the production cost by a large amount. In this
work, we have chosen Curcumin and pomegranate juice extracts as sensitizers.
Curcumin was extracted by grinding turmeric root in an iron mortar and then
mixing in 100ml ethanol. After extraction, Solid residues were filtered out to

obtain a clear natural dye solution.

For pomegranate extraction of pomegranate juice, afresh pomegranate
was squeezed and mixed with 100ml deionized water. This solution is also
filtered to obtain pure dye. The dye solutions were properly stored, protecting
from direct sunlight for further use. Studies have shown that Curcumin dyes
have two forms and they are identified as Keto and Enol [28]. On the contrary,
it was found that pomegranate juice mostly contains six types of anthocyanins.
These are cyanidin 3-glucoside, cyanidin 3,5-diglucoside, delphinidin 3-
glucoside, delphinidin  3,5-diglucoside, pelargonidin 3-glucoside and
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pelargonidin 3,5-diglucoside [29]. The chemical structures of these dyes are

shown in Fig. 3.2.
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Figure 3.2 Chemical structures of Curcumin (a & b) present in turmeric and

six major anthocyanins (c- h) present in Pomegranate fruit extracts.

For Rose Bengal dye sensitization, 0.5 mM ethanolic solution of pure

Rose Bengal dye was prepared. Chemical structure of rose bengal dye is shown

Fig. 3.3.
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Figure 3.3 Chemical structure of Rose Bengal dye.

3.2.4. Preparation of working electrodes

To prepare the working electrode, first, the ITO coated glass was cut into
2x2cm square shaped pieces. Cleaning of this substrate is very important as it
removes any organic or inorganic contaminant present on its surface which can
significantly affect the performance of the cells. Furthermore, cleaning
enhances the adhesion of the subsequent layers to be deposited over it. The ITO
substrates were cleaned using dilute HCI for 15 minutes in an ultrasonic cleaner
to remove oxide impurities. Then they were rinsed extensively with deionized
water to remove the HCI residues. The substrates were then cleaned in acetone,
ethanol and deionized water for 15 minutes each using an ultrasonic bath.
Finally, the substrates were dried using a hairdryer. The cleaned substrates
were masked using scotch tape on four sides, leaving the central area empty for
semiconductor material deposition.

ZnO nanorods were grown on the ITO coated glass substrate following a
simple two-step Sol-Gel spin coating protocol followed by hydrothermal
growth [30]. In the first step, a thin ZnO seed layer was formed on the ITO
glass substrates using SmMZinc acetate dehydrate (CH;COO),Zn, 2H,0, (98%
Merck) in acetone as precursor solution. The solution was mixed well using an
ultrasonic bath for 2 hours at room temperature and spun onto cleaned and
masked ITO coated glass substrates using a programmable spin coater (Apex
Technologies, Model SCU-2008C) at 1000 rpm for 30 seconds. The coated
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substrates were then annealed at 350°Ctemperature for 30 minutes. After
evaporation of the solvent, a thin ZnO film was formed whose thickness can be
controlled by repeating the above process. In this way, the seed layer is formed.
The thickness of the film can also be controlled by varying solution
concentrations and the spinning speed of the spin coater [31]. In the second
step, vertically aligned ZnO nanorods were grown over the seed layer coated
ITO glass substrate by hydrothermal method. In this method, the seed layer
coated substrate was immersed in a solution containing an equal proportion of
5SmM Zinc acetate dehydrate (CH3;COO),Zn, 2H,0 and 5mM
Hexamethylenetetramine (C4H;,N4) at 90°C temperature in a Pyrex vessel for 2
hours. This creates an array of vertically aligned ZnO nanorods on the
substrate. It was then taken out from the solution and rinsed immediately with
ethanol and deionized water to remove any leftover residues from the film
surface and allowed to air dry at room temperature. Finally, the ZnO nanorod
formation was completed by annealing the film at 450°C for 30min. This ZnO
nanorod array coated substrates were then immersed in the dye solutions to
allow adsorption of the dye molecules onto the semiconductor nanorod surface
for 24 hours. Then the electrodes were taken out from the solutions and rinsed
with ethanol and deionized water to remove the excess dye from the
photoanode surface of the films and air-dried at room temperature. The counter
electrode was prepared by spin coating the platinum precursor solution (platisol
T—solaronix) at 1000 rpm for 30 seconds onto a drilled ITO substrate and
giving heat treatment at 450°C for 15 minutes. The flow chart representing the

whole process of growth of the ZnO nanorods is shown in Fig. 3.4. below.
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5mM Hexamine and boil for 2hr at 90°C
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Figure 3.4 Flow chart for preparation of ZnO nanorod layer.
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Figure 3.5 (a) Spin Coater for seed layer formation (b) vessel for nanorod
grow.

On the other hand, the nanopowder based photoelctrodes were prepared
by doctor blade method. At first, 10 gm of the nanopowder was mixed with

diluted acetic (1ml in 50 ml deionized water) acid in a mortar and pastel and
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added a few drops of Triton X100 (Merck) as surfactant and ground
continuously until a homogenous, smooth suspension was obtained. The lump-
free slurry was then applied on the conductive side of an ITO-coated glass
using the doctor blade method to make a homogeneous layer. To strengthen the
bonding between the ITO glass and the semiconductor paste, the nanopowder
coated ITO glass plates were sintered in normal atmospheric condition at
450°C for 45 minutes. In the sintering process, after introducing the sample in
the furnace, the temperature was raised with a rate of 10°C/5 min until the
temperature had reached 350°C and after that, it was increased with a rate of
10°C/10 min until 450°C. When it cooled down to room temperature, the
sintered substrates were immersed in the Rose Bengal dye solution for dye
adsorption on the surface of the TiO, and ZnO nanoparticles for 24 hours.
Image of TiO, photoanode during sintering process and after sintering is shown

in Fig. 3.6.

Figure 3.6 TiO, nanopowder coated ITO (a) during sintering process (b) after
sintering.

3.2.5. DSSC assembling

To assemble the solar cell, the conductive side of the platinum coated

counter electrode was placed over the dye adsorbed ZnO nanorod photoanode
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so that the platinized side of the counter electrode faces the ZnO film. Surlyn
spacer (Meltonix 1170-25um) was placed between them to prevent the
uncoated areas of the electrodes from short-circuiting. Two binder clips were
used to firmly clamp the two electrodes together in a sandwich manner. The
redox electrolyte was prepared by mixing 0.5 M KI and 0.05 M I, in Ethylene
Glycol (Fig. 3.7 (b)) solvent in a proportionate amount. This electrolyte
solution was injected into the cell through the drilled hole on the counter
electrode. The hole was then sealed using a hot melt sealant. The effective cell
area was 1 cm’. Fig. 3.7(a) depicts the picture of a complete cell fabricated

using ZnO nanoparticle and curcumin dye.

Figure 3.7 (a) Cell Fabricated with Curcumin dye (b) KI + I, Electrolyte.

3.2.6. Device Characterization and Measurements

The absorption spectra of the dyes were studied using a Perkin Elmer
Lambda—35 UV-VIS spectrophotometer in the wavelength range of 200-600nm
range. The crystalline structure of the ZnO films was studied using a
PANalytical X’Pert PRO X-ray diffractometer with CuKa (30mA, 40 kV, A=
1.5406 A). The surface morphologies of the ZnO films were characterized by
using scanning electron microscopy (JEOL). The current-voltage (I-V)
characteristics of the fabricated cells under illumination of 100mW/cm? (Oriel
Xenon lamp 450W) were recorded by employing a Keithley 2400 source meter

connected to a PC.
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3.3. Results and Discussion

3.3.1. UV-VIS absorption spectral analysis of the dyes

UV-VIS absorption spectra of the Curcumin, pomegranate and Rose
Bengal dye are shown in Fig. 3.8. A clear difference among the absorption
peaks of the dyes can be seen. Curcumin exhibits an absorption peak at 422
nm, whereas pomegranate fruit extract solution at 517 nm. The Rose Bengal
shows absorption peak at 549 nm. The difference in the absorption peaks is due
to the different types of colours and chromophores present in curcumin,

pomegranate and Rose Bengal dyes.
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Figure 3.8 Absorption spectra of the (a) curcumin and anthocyanin

(pomegranate) (b) Rose Bengal sensitizers used to fabricate DSSCs.
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3.3.2. X-ray diffraction analysis of the ZnO film

The structural and crystalline quality information of the synthesized ZnO
nanorods, purchased ZnO and TiO, nanoparticles were studied using X-Ray
diffraction pattern of the samples and shown in Fig. 3.9, Fig. 3.10 and Fig. 3.11
respectively. The consistency of the obtained diffraction peaks of ZnO samples
were confirmed by comparing them with the standard JCPS card no. 36-1451.
A remarkably enhanced diffraction peak for the (002) plane at 34.4595 ° can be
clearly observed for the ZnO Nanorods. It indicates strong preferential growth
of ZnO nanorods along the c-axis and vertical alignment on the ITO substrate

and the hexagonal wurtzite structure. XRD of TiO, and ZnO nanoparticles are

shown in Fig. 3.10 and Fig. 3.11 respectively.
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Figure 3.9 XRD pattern of the ZnO nanorods synthesized by a sol-gel spin

coating method.
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Figure 3.11 XRD of ZnO nanopowder
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3.3.3. Scanning Electron Microscope Studies

Scanning electron microscopy (SEM) was carried out to study the
morphological properties of the sample film. Fig. 3.12(a) shows the SEM
image of the ZnO nanorod arrays on ITO substrate. The SEM observation
reveals that most nanorods have grown vertical to the seed layer on the ITO
substrate and have a hexagonal wurtzite structure. The nanorods have
diameters ranging from 100-200 nm with an average length of 300 to 400 nm
and in the case of nanoparticles, the average particle size was around 50nm.
EDS analysis was performed to investigate the chemical composition of the
nanorods, which is shown in Fig. 3.11(b). It clearly confirms the presence of
Zn and O in the photoanode. The unidentified peaks are due to the presence of
indium (In) and tin (Sn) in the ITO substrate. The SEM and EDS of TiO,

nanopartilces are shown in Fig. 3.13.
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Figure 3.12 SEM image of (a) ZnO nanorods grown on ITO substrate (b) EDS
spectra of the nanorod sample showing elemental composition (c¢) & (d) ZnO

nanoparticle deposited sample at lower and higher magnification respectively.
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Figure 3.13 (a) SEM image of TiO, nanoparticles (b) EDS of TiO,.

3.3.4. Current-Voltage Characteristics study of the cells:
Solar cell efficiency measurements

The current-voltage characteristic of a Solar cell allows us to determine
the photovoltaic performance of the cell. The J-V curves of the fabricated cells
under the illumination of 100 mW/cm?® are shown in Fig. 3.14 (a). The Power-
Voltage plot to calculate the maximum power point (P.x), Imax and Vi, are
represented in Fig.3.14 (b). Table 3.1 shows various parameters extracted from
the I-V curves of the ZnO nanorod-based DSSCs fabricated using natural dyes
Curcumin and Pomegranate. The solar cell fabricated using Curcumin extract
exhibits higher short-circuit photocurrent density (Jsc), open-circuit voltage
(Voc) and fill factor (FF) compared to the DSSC fabricated using pomegranate
extract as a dye. In addition, the Curcumin dye cell shows an improved overall
photoelectric conversion efficiency (n) over the anthocyanin dye cell. The
efficiency of these natural dye-based cells may be low compared to the
synthetic dye-based DSSCs, but these values are comparable to the efficiencies
obtained for natural dye-based DSSCs reported by other researchers [33].
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Figure 3.14 (a) Current density-Voltage characteristics of the natural dye based

cells under illumination (b) Power-Voltage curve to obtain maximum power

point.

Equivalent circuit modeling is a very important tool required for better

understanding and explaining the solar cell performance and analysis of the

electrical processes occurring inside the cell. The functioning of a solar cell is

generally modeled by a single diode with a constantphoto-generated current
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source, a series (Rg) and shunt resistance (Ry,) as shown in Fig.3.15. The
current-voltage relation is given by the equation

(q(V +IR,) V + IR,
I=1,—1 —_—— 1| - 1

where 1, 1,,R,Rsn, ¢,A kg and T are the photocurrent, the saturation current of
the diode, the series resistance, the shunt resistance, the electron charge, the

ideality factor, the Boltzmann constant, and absolute temperature, respectively

[34].

’ - E—-

1 |

Figure 3.15 The equivalent circuit (single diode model) of a solar cell.

The circuit parameters like R; and Ry, are not directly measurable.
Instead, they are calculated by fitting the experimental J-V curve with the
equation 1. Values of these parameters obtained for the fabricated cells are also
represented in table 3.1.

Table 3.1. Solar Cell parameters of DSSC’s fabricated with natural dyes.

Cell Dye used & Jee Ve R, Rg, FF Efficiency

Name 7ZnO (mA/em?) (V) (Qem?)  (Qcmd) (n %)
nanostructure

Cell-1 Curcumin & 1.43 0.49 86.28 7866.28 0.59 0.41
ZnO NR

Cell-2 Anthocyanin 1.20 043 116.67 272290 0.46 0.24
& ZnO NR

Cell-3 Curcumin & 1.27 0.46 101.19 6629.31 0.56 0.33
ZnO NP

Cell-4 Anthocyanin 0.98 0.45 146.87 4659.92 0.48 0.21
& ZnO NP
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Cell-1 shows the lowest series resistance (R;) compared to other cells.
This indicates improved electrical contacts, lower junction resistances and
better ZnO nanorod morphology in the case of cell-1. Higher series resistance
means greater voltage drop inside the cell resulting in lower terminal voltage
and sagging of current controlled part of the J-V curve towards the origin,
which can be correlated with table 3.1 and Fig. 3.14(a). In addition, from the
single diode equivalent circuit of the solar cell (Fig.3.15), it can be clearly seen
that Ry, provides an alternative path to the photocurrent, which causes power
losses in the solar cell. Lower Ry, results in partial shorting between the two
electrodes of the solar cell giving rise to leakage current. So, the highest value
of Ry, of cell-1 attributes to the lowest leakage current resulting in improved
cell performance. Also, from table 3.1 it can be confirmed that higher shunt
resistance results in a higher fill factor and consequently better
photoconversion efficiency.

For DSSCs fabricated with Rose Bengal dye, In dark current
measurement ( Fig. 3.16 (a)) it was observed that TiO, cells shows higher dark
current than ZnO cells, both sensitized with Rose Bengal dye. The dark current
which actually flows in opposite direction to the original current minimizes the
cell efficiency. Higher dark current of TiO, cell attributes to the lower

efficiency.

s men <7 M W R S

Figure 3.16 (a) Dark current measurement (b) I-V characteristics of the cells
under illumination fabricated using TiO2 and ZnO.
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Figure 3.17 Power vs. Voltage graph of the cells fabricated with Rose Bnegal.

The I-V characteristic of the cells under illumination is shown in Fig.
3.16 (b). Fig. 3.17 displays the Power-Voltage curve to obtain maximum power
points. Table shows comparative performance of the TiO, and ZnO cells in
terms of open circuit voltage (Voc), Short circuit current (Isc), Fill Factor (FF)

and energy conversion efficiency.

Table 3.2 Photovoltaic performance of the Rose Bengal sensitized cells.

Material ~ Isc (mA/cm?) Voc(V) FF Efficiency
(n %)
TiO, 1.65 0.514 0.35 1.18
ZnO 2.03 0.501 0.36 1.47

From table 3.2 we can see that ZnO cells are more efficient than TiO,
cells when sensitized with Rose Bengal dye. This may be due better adsorption
of Rose Bengal dye on ZnO nanoparticle surface than TiO, nanoparticle
surface. Also the higher dark current of TiO, cell (shown in Fig.3.16(a)), which
indicates higher recombination of electrons in case of TiO, cells than ZnO

cells, attributing lower efficiency.
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3.3.5. Electrochemical impedance spectroscopy study of the
cells

The electrochemical impedance spectroscopy is a very useful diagnostic
technique that has often been performed to investigate the interfacial charge
transfer dynamics and recombination mechanisms occurring inside a DSSC
[35]. These are generally modelled using the appropriate equivalent circuit in
terms of resistors and capacitors. The EIS measurements were performed using
HIOKI Impedance Analyser in the frequency range 0.1 Hz to 190 kHz under
dark condition with employing an AC sinusoidal signal having an amplitude of
10mV under the influence of V. bias voltage. EIS findings as Nyquist plot of
the DSSCs are shown in Fig. 3.18(a). Physical interpretation of the different
electrochemical operations across the interfacial regions of the DSSCs can be
done by fitting the EIS spectra with the equivalent circuit shown in Fig.
3.18(b).Generally a typical Nyquist plot exhibits three semicircles. However,
only two semicircles are present in our study due to low-frequency limitation of
our instrument. The first smaller semicircle (in the high-frequency range)
attributes to the charge transfer resistance at the Pt counter
electrode/Electrolyte interface (R¢g) and the second semicircle (mid-frequency
range) having a higher diameter corresponds to the resistance of charge transfer
and recombination process at the ZnO photoelectrode/dye/electrolyte interface
(R¢). The intercept of the first semicircle in the high-frequency range on the
real axis of the Nyquist plot is associated with the contact resistances and
external ohmic series resistance (Rggr) of the assembled cell [36]. The
experimental Nyquist plot is fitted with the equivalent circuit shown in the inset
of Fig. 3.18(a) using MEISP software by Kumho Chemical Laboratories, based
on the algorithm developed by Prof. J. R. Macdonald (LEVM v7.0) for non-
linear complex least square fitting, and the obtained parameters are represented
in table 3.3. The chemical capacitance (C,) is very useful in illustrating the
underlying mechanism through which photoelectrons store free energy and

generates current and voltage in the outer circuit [37]. Also, the chemical
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capacitance (C,) reflects charge carrier accumulation on the ZnO film and the
density of states in the band-gap region [38]. From table 3.3, it can be seen that
Cell-1 exhibits a much higher C, value than the other cells, which indicates the
conversion of a higher amount of photon energy into chemical energy resulting
in a higher amount of energy storage by virtue of carrier injection into the
conduction band of ZnO. Reduced C, values for cell-2,3 &4 also suggest poor
dye loading [39, 40]. It can also be observed from the Nyquist plot that the
recombination resistance (R..) at the ZnO NR- Dye/ Electrolyte interface is
highest for cell-1 compared to the other three cells. This shows that cell-1 has
better resistance to the charge recombination between the photo-generated
electrons and the electron acceptors in the red-ox electrolyte attributing lower

recombination current [41].
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Figure 3.18 EIS spectra of DSSCs (a) Nyquist Plot (b) Equivalent circuit for
fitting (c) Bode Phase plot and (d) Bode magnitude plot for impedance.
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Table 3.3. Summary of EIS parameters of the DSSCs determined by fitting the

experimental data.

Cell Dye used & ZnO  Rgegr  Riee(2)  Reg C, Peak Electron

Name microstructure (Q) (Q) (uF) freq. lifetime
(Hz) (Te)

(ms)

Cell-1 S‘f{cumm&zno 42.85 17321 1628 83.16 22 7.24
Cell-2 ﬁghocyamn&zno 4093 15637 15.17 59.41 3329 478
Cell-3 Ii‘lf"“mm&zno 4325 12974 1756 4252 51 3.12

Anthocyanin &

Cell-4 000 41.63 103.56 16.85 29.40 8848  1.80

As all the cells' counter electrodes were prepared using the same
procedure, the values of Rcg are almost the same for all four cells. Another
important representation of the EIS data is Phase and Magnitude bode plots
representing Phase (-0) vs. Frequency (f) and Magnitude of Impedance (|Z|) vs.
Frequency curve. Unlike the Nyquist plot, the very important aspect of this plot
is that frequency information is not lost. The average carrier lifetime can be
estimated from phase bode plots (shown in EIS Fig. 3.18(b)) using the formula

1

B anmax

where £, represents peak frequency in the mid-frequency range [42]. ZnO NR

(2)

Te

loaded with Curcumin dye shows the lowest characteristic peak frequency
attributing to the highest electron lifetime in the LUMO of the Curcumin dye
molecule. It shifts towards higher frequency values for the other cells, which
results in decreased electron lifetime(refer to table 3.3).The lowest value of T,
in ZnO NP cell loaded with anthocyanin (cell-4) extracted from pomegranate
juice attributes to the fastest electron recombination leading to degraded overall

cell performance.
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On the other hand, bode magnitude plots depicted in Fig. 3.18(d)
represents the variation of magnitude of impedance with frequency. It may be
noted from bode magnitude plot shown in Fig. 3.18.(d) that at low frequencies
the magnitude of impedance is high, which indicates higher recombination
resistance. But with increase in frequency the impedance starts falling which is
due to the faster electron recombination at higher frequencies. In the lower
frequency region, the ZnO NR cell sensitized with Curcumin is showing
highest magnitude of impedance implying slowest recombination rate, giving
rise to highest short circuit current (Isc). In contrary, ZnO NP cell sensitized
with anthocyanin extracted from pomegranate fruit shows the lowest
impedance in the low frequency region implying fastest recombination process
which is reflected in Table 3.3. The possible reason behind these behaviours
may be the better adsorption of Curcumin dye molecules over the hexagonal
rod shaped ZnO nanostructures in comparison to the other cells. It also can be
seen that the value of characteristic frequency shifts towards lower side for
increasing value of either R, or C,. One more thing can be noted from the
impedance plots that the maximum value of phase angle is also decreases with

the decrease in value of R,..

3.4. Conclusions

In this study, hexagonal-shaped ZnO nanorods with preferential growth
along (002) plane were successfully grown on ITO substrates using low-cost
sol-gel hydrothermal technique. The nanorods have diameters ranging from
100-200nm. XRD study revealed remarkably high crystalline quality of the
nanorods. These ZnO nanorod-based substrates were used as photoanodes to
prepare DSSCs using natural dyes extracted from pomegranate and turmeric.
On the other hand, commercial ZnO nanopowder is also used to fabricate
DSSCs using the same natural dyes. Photoelectrochemical performances of all
four cells were recorded. From the J-V measurements, a clear enhanced overall

cell performance was noticed for the cell constructed using ZnO nanorods and
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sensitized using Curcumin dye compared to the other three cells. The probable
reason behind this could be the higher amount of Curcumin dye molecule
adsorption by the ZnO film due to the better interaction between the carbonyl
and hydroxyl groups of Curcumin molecule and the ZnO nanorod film than that
of Pomegranate extract. For a deeper understanding of the performances
obtained from the cells, the different interfacial mechanisms of the cells were
investigated using the EIS technique. It is found that the shape of ZnO
nanostructures and different dye molecules present in the extracts affected the
electrochemical parameters of the cells. The Best performance of the cell
prepared with ZnO nanorod with Curcumin dye is found to be due to highest
chemical capacitance (C,) along with lowest electron recombination rate and
fast charge transport along the ZnO nanorod. Therefore, the Curcumin dye
should be an alternative to anthocyanin source for natural dye sensitized solar
cells. These results also show that the performances of the natural extract based
DSSCs can be enhanced significantly by combining suitable natural dye with
the appropriate shape of semiconductor nanostructures and they can become a
potential alternative to the synthetic sensitizers based DSSCs. In fact, such
combination may results in environment-friendly, remarkably low cost and
easily manufacturable dye sensitized solar cells. We can also observe that ZnO
based cells are more efficient than Ti1O, based cells when sensitized with Rose

Bengal dye.
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4.1. Introduction

Increasing energy demand and environmental contamination are the two
major problems faced by society in recent years. The major energy
requirements of the world are fulfilled by fossil fuels (i.e., coal, petroleum and
natural gas), which may not be sufficient to overcome the energy crisis in the
future due to fast depletion, the rapid development of industrialization and
environmental pollution[1-4]. To address these issues, scientists have focused
on renewable and environment-friendly energy sources. As Sun represents an
immense source of renewable energy, expected to provide an appreciable
amount of power in the future, it is the most widespread type of alternative
energy source among all the renewable energy sources [5-7]. Dye-sensitized
solar cells, an unconventional photoelectrochemical device that directly
converts photo-energy into electrical energy, have drawn much more attention
than conventional silicon solar cells due to their easy fabrication technique, the
low-level requirement of the high-temperature process, cost-effectiveness and
environment-friendly nature [8, 9]. But until now, DSSCs are not commercially
viable as the reason for their comparatively low conversion efficiency and
stability issues compared to the silicon-based solar cells [10]. Photo anode, the
heart of a DSSC system plays a key role in enhancing the overall performance
of the DSSC by transferring electrons and supporting the Dye molecules [11].
It consists of a nanostructured mesoporous semiconductor film deposited on a
conducting glass or a flexible substrate [12, 13]. An ideal photoanode material
should have some properties of high charge carrier mobility, significantly high
surface  areas, environmental friendliness, cost-effectiveness, and
comparatively less electron-hole recombination rate. The band edge positions
and corresponding band gap values of several commonly used wide bandgap
metal oxide semiconductors are shown in Fig. 4.1 [14, 15]. The

semiconducting oxide material TiO, is mostly used as a photoanode because of
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its excellent optical, electrical and chemical properties [16-19]. Although
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Figure 4.1 Energy band positions of several semiconductors.

conversion efficiency is achieved with TiO,, its low electron mobility leads
many scientists to think about new alternative photoanode materials for better
performance of Dye sensitized solar cells [20]. On the other hand, WO;, a
wide bandgap semiconductor having bandgap in the range of 2.6eV-3.1eV has
been used extensively in the fabrication of gas sensors, water splitting and
photocatalyst [21]. Owing to the favourable bandgap, high electron mobility
and extreme stability in harsh environments, it has attracted the attention of

researchers as an alternative photoanode material for DSSC fabrication.
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Moreover, the nonreactive nature of WO; in acidic environments may provide
the solution of long-term stability issues in DSSCs with more acidic
electrolytes. However, DSSCs based on pure WO; photoanode have been
proven to be inefficient. On the other hand, DSSCs based on surface modified
WO; photoanode by ultrathin layer of TiO, exhibited significant increase in
power conversion efficiency [22]. ZnO can be used as a substitute for TiO, due
to its agreeable properties in the view of high electron mobility and abundant
nanostructure morphologies [23-25]. To the best of our knowledge, however,
there are no detailed reports found in which surface modification of WOj; is
done by an ultrathin layer of ZnO in the fabrication of DSSCs. In this work, we
have prepared the WO; photoanode and a facile sol-gel spin coating technique
was utilized to alter the surface property of it by a thin layer of ZnO. Very
careful control of the thickness of the ZnO layer is necessary to get the
optimum performance out of the solar cell and for this purpose different

concentration of ZnO precursor solution was used.

4.2. Materials and Method

4.2.1. Preparation of working electrodes

All the reagents used in the fabrication process were of analytical
grades. So no further purification was required. To prepare the thin films of the
photoanode materials, the ITO coated glass substrates were first cleaned with
dilute HCI in an ultrasonic bath for 15 minutes and then thoroughly rinsed with
deionized water to remove the HCL residues. Then the substrates were cleaned

with acetone and ethanol using an ultrasonic cleaning bath [26].

The working electrode of the DSSC was prepared by following the
standard doctor blade method. The WO; paste for doctor blading was prepared
by mixing WO; nanopowder with terpineol as solvent and ethyl cellulose as a

binder and stirred continuously in order to obtain a smooth lump-free slurry.
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The WO; paste was then coated on the conductive side of the cleaned ITO
glass substrate and subsequently annealed at 500°C for 2 hr in order to burn out
the terpineol and ethyl cellulose contents of the working electrode and
strengthens the bonding between the substrate the WO; film. In addition to this,
the annealing procedure also helps to improve the surface quality of the thin

film along with increasing the crystallinity of the sample [22].

The Sol-Gel spin-coating technique was employed to deposit thin layers
of ZnO onto the surface of the as-prepared WO; photo-anode. Zinc acetate
dihydrate (CH3COO) , Zn, 2H,0, (98% Merck) was mixed with acetone at
different molar ratios to obtain desired concentrations of ZnO precursor
solution. The prepared solutions were then mixed extensively in an ultrasonic
bath for 2 hours and then spin-coated on the WO; coated substrate using a
programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-
P1) at 2000 rpm for 30 seconds. The thickness of the ZnO film can be
controlled by varying the precursor solution concentration. In our experiment
we have prepared 1 mM, 5 mM, 10 mM, 15 mM, 20 mM, and 25 mM solutions
of ZnO precursor and spin-coated them over WO; film keeping the number of
sol drops unchanged in order to obtain various ZnO film thickness and study
the effect on the solar cell performance. The ZnO coated WO; electrode was
annealed at 450°C for 1 hour. All the electrodes were sensitized by immersing
them in a 0.3 mM ethanolic solution of Ruthenium based dye
(Cy6H20010NgS,Ru) known as N3 (Solaronix) for 48 hours. The working
electrodes were then removed from the solution and thoroughly rinsed with
deionized water and ethanol to remove any excess dye from the semiconductor

film surface and air-dried at room temperature.

The counter electrodes of the cells were prepared by spin coating the
platinum catalyst precursor solution Platisol-T (Solaronix) on the conducting
side of the cleaned ITO coated glasses and heating on a hot plate at 450 ° C for

15 minutes.
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Figure 4.2 (a) N3 dye, (b)lodolyte ANS50 electrolyte, (c) Platisol T used for

preparing Pt counter electrode in DSSC fabrication.

Figure 4.3 DSSC fabricated with N3 dye and WO; as photoanode material.

The dye adsorbed working electrode and Pt- coated counter electrode
was assembled against the coated sides of each other in a sandwich manner
using two binder clips with a Surlyn film (Meltonix 1170-25um, Solaronix)
gasket as a spacer in between them. The liquid electrolyte used in our
experiment was a Solaronix high-performance electrolyte (Iodolyte ANS5O0)
with iodide/tri-iodide as redox couple, ionic liquid, and lithium salt and
pyridine derivative as additives dissolved in acetonitrile solvent. The redox

concentration of the electrolyte was 50 mM. The active area of the cells for

Page 133



Chapter 4

illumination was determined by employing a black mask of aperture size 0.25

2
cm .

4.2.2. Characterization and Measurements

The crystalline structure of the WO3 and ZnO were analyzed with the
help of X-ray diffraction analysis using the PAN-analytical X’Pert PRO X-ray
diffractometer (CuKa radiation, 30 mA, 40 kV, A= 1.5406 A). Scanning
electron microscopy (JEOL) was done to reveal the surface morphology of the
prepared thin films. More detailed structural information of the samples was
obtained from Raman Spectroscopy. The Photocurrent-Voltage (I-V)
characteristics data of the cells were recorded using Keithley 2400 digital
source meter with the help of a computer under 100 mW/cm® illumination
(Xenon lamp 450W). HIOKI Impedance Analyzer in the frequency range of
0.1Hz to 190 kHz was used to study the electrochemical impedance spectra of

the cells.

4.3. Results and Discussion

4.3.1. Structural and phase characterization WQOj; photoanode

Figure 4.3. shows the X-ray diffraction pattern of the as-purchased WO,
nanopowder. The XRD pattern exhibits the coexistence of both the monoclinic
and orthorhombic crystal phases. The peaks corresponding to the monoclinic
phase well matches with the standard JCPDS card no. 43-1035 and the
orthorhombic phase matches with JCPDS card no. 20-1324. Sharp and strong
peaks signify the high crystalline nature of the sample [27, 28].
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Figure 4.4 X-ray diffraction pattern of WO; nanoparticles. The peaks
correspond to Monoclinic (*) and orthorhombic (*) phases of WO;

respectively.

The crystal phases are further confirmed by Raman spectra of the pure
WO; powder, which is shown in fig. 4.3 and it consists of well-resolved four
sharp Raman peaks at 274, 329, 719 and 807 cm™'. The lower peaks centered at
274 cm™ and 329 cm™ attributed to O-W-O bending vibrations and the higher
peaks at 719 cm™ and 807 cm™ are due to W-O-W stretching mode vibration
[29]. Sharp peaks suggest profoundly crystalline nature of the sample. All four
Raman peaks attribute to the monoclinic phase [30]. However, the Raman
peaks corresponding to the orthorhombic phase lie neighbouring to the peaks
mentioned above. Consequently, both phases are believed to be present in the

sample. No impurity was found in the Raman spectra of the pure WO; sample.
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Figure 4.5 Raman spectra of WO; nanoparticle.

4.3.2. Surface Morphology study and energy dispersive
spectroscopy of the photoanodes

Scanning Electron Microscopy was employed to investigate the surface
morphology of the pure and ZnO coated WO; photoanodes. Fig. 4.4(a) shows
the SEM image of pure WO; photoanode on the FTO substrate whereas
Fig. 4.4(b-g) show the SEM images of WO; photoanodes coated with ImM,
5mM, 10mM, 15mM, 20mM and 25mM concentrations of ZnO precursor
solution concentrations respectively. Highly porous films with nearly spherical
shape WOj; nanoparticle having a diameter in the range of 140nm-150nm can
be clearly seen from the SEM images. High porosity the film enhances the

surface
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to volume ratio, consequently increasing the dye loading amount resulting in
high photocurrent [31-34]. It can also be observed from the SEM images that
the surface morphology of uncoated and ZnO coated WO; substrate are not so
visually different for low ZnO precursor concentrations, but for higher
concentrations like 20 mM and 25 mM, the screening of WOj; surface by ZnO
nanoparticles may be evidently observed in Fig. 4.4(f) and 4.4(g).

The EDS spectrum, which reveals the elementary analysis are shown in
fig. 4.4(h) and 4.4(1) for bare WO; and the WO; surface coated with 5SmM ZnO
precursor solution concentration respectively. Predominating peaks of W and
O, in Fig. 4.4(h) unveil that the sample contains only WO; whereas in
Fig. 4.4 (i) additional strong peak of Zn confirms the presence of ZnO coating
over WOs.

4.3.3. Current-Voltage characterization of the cells

The Current-Voltage characteristic is a crucial characterization to
investigate the overall photovoltaic performance of a solar cell. Fig. 4.5(a)
illustrates the I-V characteristics of the seven DSSCs based on pure and coated
WO; as photoanodes with different precursor solution concentrations. The

overall photoconversion efficiency of the solar cell is given by

_ Pour _ LicVocFF

P~ P (1)

Where I, V.., FF and Pin represent the short circuit current density , open-
circuit voltage,Fill factor and incident light power respectively light power

respectively. The fill factor is calculated by the formula

FF — Imaxvmax (2)
ISC\/OC
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Where V.« and 1.« are the voltage and current corresponding to the maximum

output power point of the solar cell respectively. All the photovoltaic

parameters obtained from the I-V curve are summarized in Table 4.1.
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A clear enhancement in the efficiency and fill factor due to the presence
of ZnO on the WO; surface compared to the bare WO; electrode can be
observed from Table 4.1. The fill factor, which represents the squareness of the
I-V curve [35], is very low for bare WO; which in turn decreases cell
efficiency. The low fill factor may be attributed to the high recombination rate
of electrons for bare WO; photoelectrode DSSC. However, a significant
improvement in the value of J. can be noted from table 4.1 upon ZnO coating
over the WOj; surface which demonstrates the positive role of the ZnO layer in
reducing the recombination process. The DSSC with 5 mM ZnO precursor
solution concentration yielded the highest short circuit photocurrent Jgc and
efficiency n. But the photocurrent and the efficiency start falling sharply with a

further increase in the precursor solution concentration.

Table 4.1. Photovoltaic performance of uncoated and ZnO coated WO;
photoanode based DSSC.

ZnO precursor solution concentration Jee Voo FF Efficiency
(mA/ecm®) (V) (M %)

Pure WO3 2.65 042 0.39 0.44

1 mM ZnO 2.98 0.53 0.63 1.07

5 mM ZnO 3.58 0.55 0.62 1.21

10 mM ZnO 2.32 0.56 0.62 0.80

15 mM ZnO 1.67 0.56  0.60 0.38

20 mM ZnO 0.68 0.57 0.38 0.15

25 mM ZnO 0.32 0.58 047 0.09

The maximum value of open-circuit voltage is determined by the
difference between the Fermi level of the photoanode (metal oxide) material
and the red-ox potential of the liquid electrolyte [36]. WOj3 is known to possess

a lower conduction band edge ( E,) 1.e. more positive E., thereby reducing the
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open-circuit voltage (V,.). However, employing an ultrathin layer of more E,
negative metal oxides like ZnO onto WO; surface may increase the value of
Ve as the photogenerated electrons from LUMO of dye molecules are now
injected to the more negative conduction band of ZnO and then step down to

the conduction band of WO; which is illustrated in Fig. 4.6 (b).

Furthermore, the energy barrier created due to the incorporation of ZnO
onto the WO; film surface may prevent the charge carrier recombination and as
well as decreasing back transfer of electrons to the HOMO of the dye molecule.
Aside from this, the ultrathin layer of ZnO incorporation on the WO; surface
facilitates the amount of dye adsorption and hence increasing the amount of

photon absorption resulting in higher Jg..

The dark current measurement was done in order to interpret the
variation of charge recombination reaction of the photogenerated electrons with
Iy ions at the Pt coated counter electrode/red-ox -electrolyte interface.
Fig. 4.5(b) shows the dark J-V characteristics of the DSSCs fabricated with
uncoated and coated with different concentrations of the ZnO precursor
solution. The photoelectron injection from LUMO of dye to the CB of the
working electrode is completely absent in the dark condition and hence the
dark current is mainly due to the diffusion of electrons from semiconductor to
the redox electrolyte [37]. Ultrathin coating of ZnO layer on the WO; surface
decreases the dark current which can be observed in dark current characteristics
in Fig. 4.5(b). On the other hand, the uncoated WO; possesses a higher dark
current for a particular bias voltage. This may be due to the fact that poor dye
loading capacity of WO; allows more direct contact between WO; surface and
liquid electrolyte. This facilitates the back transfer of electrons from WO; to
electrolyte via reduction of I3 into I" which led to increased dark current [22].
But the coating of ZnO creates an energy barrier that effectively reduces the
rate of electron recombination thereby decreasing the dark current,

consequently suppressed recombination of charge carriers due to ZnO coating
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Figure 4.9 Effect of ZnO precursor solution concentration on the values of

photovoltaic parameters (a) Jsc (b) FF (¢) Voc and (d) 0.

increases cell FF. In addition to that, a very thin coating of ZnO also improves
the dye loading which enables the ZnO treated WO; DSSC to harvest more
light energy compared to ordinary WO; DSSC and significantly enhances
current density. However, with the increase in the ZnO precursor concentration
of more than 5 mM, the values of FF and J start decreasing. This decrease in
Ji. and FF might be due to the fact that thicker ZnO completely screens WO;
from dye molecules. Moreover, a higher amount of ZnO content act as
recombination sites [38]. Apart from this, an increased amount of ZnO
deposition via increasing the ZnO precursor solution concentration promotes

aggregation of Zn"? ions and N3 dye which may decrease the photocurrent due
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to light loss due to absorption and scattering of light by these aggregates [39-
41].

Figure 4.7 shows the variation of the different DSSC performance
parameters as a function of ZnO precursor solution concentration. The values
of Ji, FF, and n enhanced significantly for the cells with ultrathin ZnO
nanoparticles coating as compared to the cell with bare WO; nanoparticle thin
film. The best performance was obtained with 5 mM ZnO solution
concentration with values of cell parameters like Ji., V., FF, and n as 3.56

mA/cm?, 0.55 V, 0.62 and 1.21 % respectively.

4.3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was performed to further
explore the interfacial charge transport properties and recombination
resistances for a better understanding of the cell parameters. The EIS
measurement was carried out at V. bias voltage and applying an AC voltage
of 10mV amplitude to the DSSC under 1 sun illumination in the frequency
range 0.1 Hz to 190 kHz. The Nyquist plot of the different DSSCs fabricated
using bare WO; and with a coating of different concentrations of ZnO onto it
are depicted in Fig. 4.8(a). Usually, a typical Nyquist plot consists of three
semi-circles. The first semicircle in the high-frequency range is attributed to
the charge transport resistance at the Pt counter electrode/ electrolyte interface,
while the second semicircle in the mid-frequency range represents the
recombination resistance at the semiconductor/dye/electrolyte interface. The
third semicircle is associated with Nernst diffusion (Warburg diffusion
impedance Z,,) which is the impedance faced by the electrons during diffusion
through the electrolyte [39]. However, in our case only two semicircles are
present as the third semicircle is usually observed at frequencies below 0.1 Hz
[42]. The intersection/intercept of the 1% semicircle on the real axis of the

Nyquist plot in the high-frequency range represents the sheet resistance of
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Figure 4.10 Electrochemical Impedance Spectra of the DSSCs (a) Nyquist plot

along with equivalent circuit (inset) (b) Bode plot.
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FTO and other ohmic contact resistances (R;) of the assembled cells. The
capacitive components C; & C, in the equivalent circuit are due to the
formation of charge double layer between the counter electrode/electrolyte and
semiconductor/dye/electrolyte interfaces respectively [43]. The equivalent
circuit, shown in the inset of Fig. 4.8(a) is used to fit the experimental Nyquist
plot and the obtained EIS parameters are represented in table 4.2. The value of
contact resistance (R;) is almost the same for all the coated cells except the
bare WOj; cell. The increase in the value of R in ZnO coated cells may be due
to the increase in the number of layers. The value of recombination resistance
(R,) is very low for bare WOs;. But a gradual increase in R, with an increase in
ZnO precursor concentration may be observed in Fig. 4.8(a) and table 4.2. The
highest value of R, is observed for 5 mM ZnO concentration as this much
concentration provided the highest amount of dye adsorption without affecting
the carrier transport through WO; thereby generating the highest number of
charge carriers and also reducing the charge carrier recombination at the

semiconductor/due/electrolyte interface.

Table 4.2. Summary of EIS measurements of the fabricated DSSCs.

ZnO precursor Rg (QQ) R, R (Q) C, Peak Electron

solution concentration (Q) (uF)  freq. lifetime(t,)
f(Hz) (ms)

Pure WO3 19.3 852 8.67 843 37.18 4.28

1 mM ZnO 195 1083 84 103.7 31.36 5.08

5 mM ZnO 19.6 119.7 8.62 1254 24.15 6.59

10 mM ZnO 20.1  79.57 836 98.35 40.72 3.91

15 mM ZnO 208 67.57 879 87.35 48.47 3.29

20 mM ZnO 21.1 5623 841 683 68.67 2.32

25 mM ZnO 213 4576 852 55.57 97.29 1.64
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Further increase in ZnO concentration starts decreasing R, due to poor
dye loading on the WOs; surface. Along with that presence of recombination
sites for the free charge carriers in the thick layer of ZnO (38). Thick ZnO layer
also makes the thickness of the film such a high that it becomes greater than the
diffusion length of the electrons. This decreases the net photocurrent reaching
the FTO and lowers the cell performance. The highest value of chemical
capacitance C, also reflects the transformation of a higher amount of photon
energy into chemical energy [44, 45]. To estimate the charge carrier lifetime,
the Bode plot representing variation in phase angle (0) with frequency (f) for
varying amounts of ZnO concentration is depicted in Fig. 4.8(b). The electron

lifetime is calculated using formula [46-49],

1
Tn B anmax

Where f,.x represents the characteristic peak frequency of the Bode plot in the

mid-frequency range. The lower value of fi,c is associated with a higher
electron lifetime. The DSSC with 5mM ZnO coating has the lowest value of
fnax leading to the highest lifetime of photogenerated electrons. This
enhancement in electron lifetime reduces the recombination process leading to
the highest photocurrent among the seven fabricated cells in our study. These
results are in accordance with the results obtained from J-V characteristics

under 1llumination and dark.

4.4. Conclusion

In this study, we have fabricated DSSCs based on WOj; as an alternative
photoanode material. The DSSC showed an efficiency of 0.44% with a low FF
of 0.39. This was due to very high recombination rates of photoexcited
electrons along with poor dye loading due to the highly acidic surface of WO;,
Apart from that, the lower conduction band edge position of WO; limits the

open-circuit voltage of the DSSC. In order to improve the performance of WO;
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based DSSC, the effect of inclusion of the ZnO thin layer on the surface of
WO; was studied. The current densities (J) — voltage (V) characteristics of the
prepared cells were compared and a clear enhancement of cell efficiency was
recorded upon ZnO coating and the highest efficiency was achieved for 5 mM
concentration. Although the incorporation of a thin layer of ZnO onto WO;
enhances the power conversion efficiency by creating an energy barrier and
limiting the electron back-recombination, the thicker layer of ZnO degrades the
cell performance by forming an aggregation of Zn™ ions and N; dye and
reducing the dye adsorption quantity of WO; film. This suggests an optimum
concentration for ZnO to be deposited over WO; film to achieve the highest
efficiency. The improvement of the value of V. due to ZnO coating was
attributed to the upward shift in CB of WO;. Apart from J-V characteristics,
study under illumination and dark, EIS measurement was also performed. It
was found that the cell with SmM of ZnO over WO; film has the highest
recombination resistance which efficiently retards/suppresses the electron
recombination rate and as result, the lifetime of photogenerated electrons is
also highest. The decrease in the photoconversion efficiency with further
increase in ZnO concentration above optimum value is due to the complete
screening of WOj; film by a thicker layer of ZnO. Therefore, the novel method
used here to modify the surface property of the WO; photoelectrode of DSSC
is found to be promising to enhance the cell performance and thereby develop

an efficient WO; based Dye sensitized Solar cell.
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5.1. Introduction

Ever growing global energy requirement and depleting level of fossil
fuels have accelerated the demand for efficient power generation from solar
photovoltaic (PV) cells in recent years [1-3]. The environmental impact of the
use of fossil fuels is another major concern [4]. The current production of
photovoltaic (PV) modules is dominated by crystalline silicon modules based
on bulk wafers. However, the use of toxic materials and the high production
cost of these solar cells have motivated the researchers to find new kinds of less
expensive and non silicon-based solar cells to harvest solar energy efficiently
[5-8].

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic
technology that has attracted significant attention because of their high
conversion efficiencies and low cost. O’Regan. B. & Gritzel reported high
efficiency cells using nanoporous titanium dioxide (TiO,) semiconductor
electrodes, ruthenium (Ru) metal complex dyes, and iodine electrolyte
solutions in the journal of Nature in 1991 [9]. Since then, many studies have
been actively carried out on DSSCs and revealed their performance comparable
to amorphous silicon thin films [10,11]. These DSSCs have the advantages of
low cost, lightweight and easy fabrication, but issues include durability and
further improvement of their properties. To respond to these issues, many
attempts have been made, such as solidifying electrolytes and improving
materials and structures, but there have been no great breakthroughs yet
[12,13].

A dye-sensitized solar cell consists of two conducting glass electrodes in
a sandwich arrangement. Each layer has a specific role in the cell. The
transparent glass electrodes allow the light to pass through the cell. The
titanium dioxide serves as a holding place for the dye and participates in
electron transfer. The dye molecules collect light and produce excited electrons

which cause a current in the cell. The iodide electrolyte layer acts as a source
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for electron replacement. The bottom conductive layer is coated with platinum
which plays the role of the counter electrode. A schematic structure of a liquid
electrolyte DSSC and its working principle is shown in Fig. 5.1. When light
passes through the conductive glass electrode, the dye molecules absorb the
photons and the electrons in the dye go from the ground state (HOMO) to an
empty excited state (LUMO). This is referred to as photoexcitation. The
excited electrons jump to the conduction band of the semiconducting dioxide
and diffuse across this layer reaching the conductive electrode. Then they travel
through the outer circuit and reach the counter electrode. The dye molecules
become oxidized after losing an electron to the semiconductor oxide material.
The red-ox iodide electrolyte donates electrons to the oxidized dye molecules
thereby regenerating them. When the originally lost electron reaches the
counter electrode, it gives the electron back to the electrolyte [9,14].

Electron
injection
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Figure 5.1 Schematic diagram and working principle of a conventional DSSC.
The photovoltaic performance of a DSSC highly depends on all of its
components and the fabrication methodology. Therefore, the optimization of

every component is extremely crucial to achieve the best performance. Since its
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introduction into the science community in 1991, the nanocrystalline
photoanode in dye-sensitized solar cells has predominantly been comprised of
titanium (Ti0O,) nanoparticles as the semiconducting material [9,14,15]. Many
researchers became very interested in studying the dye-sensitized solar cell
performance fabricated using alternative semiconducting nanomaterials
[16,17]. Specifically, Zinc Oxide (ZnO) has been an ideal alternative to TiO,
because of having a similar conduction band edge that is appropriate for proper
electron injection from the excited dyes; moreover, ZnO provides better
electron transport due to its higher electronic mobility. Along with that, ZnO is
also highly transparent, which allows greater light penetration [18-22].

In this study, ZnO nanoparticles were implemented to fabricate the
photoanode of the DSSCs and rose bengal dye was utilized as a sensitizer. To
obtain better efficiency, the dye molecules must bind tightly to the mesoporous
ZnO photoanode surface with the assistance of their anchoring group to ensure
proficient electron injection from the LUMO of the dye molecule to the
conduction band (CB) of ZnO.

Ruthenium dyes have long been used as quite efficient sensitizers for the
photoanodes of the DSSCs [23-25]. However, these dyes are expensive,
difficult to synthesis, requires high production cost, toxic, rare and easily
pollute the environment [26]. Owing to these facts, the organic photosensitizer
Rose Bengal (RB), emerges as a promising and alternative candidate. It is a
xanthenes class photosensitizer having high absorbtion coefficient and absorbs
a wide spectrum of solar radiation. It energetically matches the conduction
band edge of ZnO and iodine/iodide redox couple for DSSC application
[27,28]. Accordingly, ZnO based DSSC performes specifically well when
sensitized with Rose Bengal. Although the efficiency of these type of organic
sensitizer based DSSCs is less, production cost per watt will be less compared
to the ruthenium based DSSCs even if we achieve moderate efficiency. As the

RB dye is an organic dye and does not contain any toxic noble metal such as
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ruthenium, there are no environmental pollution related issues with it. It is
widely used because of its high absorption coefficient in the visible region of
solar spectrum and its molecular structure ( Fig. 5.2.) comprises of anchoring
groups that can be adsorbed onto the semiconductor oxide surface. For the
particular case of ZnO-RB combination, the interaction between the unfilled
valance shell of the ZnO and the carboxyl groups present in the dye molecules
leads to easy adsorption of the dye molecules on the ZnO surface. Such kind of
bonding between the dye molecule and ZnO not only increases adsorptivity of
dye but also facilitates electron injection because of the substantial overlap
between the electron molecular orbitals of the dye and those of the

semiconductor's conduction band [29].

Cl
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Figure 5.2 Chemical structure of Rose Bengal dye.

However, in case of ZnO photoanode based DSSCs, the dye
aggregation on the ZnO surface affects the photoelectron injection by
increasing charge recombination and hence limits the overall device
performance [30-32. The use of additives such as Chenodeoxycholic acid
(CDCA) 1is a very useful and widely used strategy in lowering the self-
aggregation of dye molecules by suppressing unfavourable dye-dye interactions

as shown in Fig. 5.3 and thereby enhances the photoconversion efficiency [33-
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35]. However, the strong binding of CDCA molecules to the ZnO surface
partially displaces dye molecules and consequently reduces photon harvesting.
Therefore, to maximize the positive effect of the co-adsorbent, it is very crucial
to carefully optimize the amount of CDCA [36]. Few researchers have studied
the role of CDCA as an anti-aggregation agent in ruthenium and organic dye
based DSSCs and found it to be very effective in reducing the aggregation of
dye molecules over the semiconductor surface [37-40]. But there is no report
available related to the application of CDCA on Rose Bengal dye. Herein, we
report the investigation on the effect of CDCA as co-adsorbent in the
performance of Rose Bengal (RB) dye based DSSCs. Different concentrations
of CDCA were studied to identify the optimum value for achieving the best

device performance.

Figure 5.3 (a) Unfavourable dye-dye interaction in absence of CDCA (b)

reduced self-aggregation of dye molecules in presence of CDCA.
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On the other hand, the mesoporous nature of the ZnO film is very
essential to tender high surface area offering more dye loading and thereby
generating more photoelectrons. However, small pores present in the
nanocrystalline ZnO layer of the photoanode may provide a path for the direct
contact between the liquid electrolyte and the FTO substrate. This may allow
the electrons of FTO to recombine with the I'; ion present in the electrolyte
resulting in high recombination current and hence decreased cell performance
[41,42]. Therefore, to inhibit the electron back transfer, a promising approach
is to modify the FTO/electrolyte interface by adding a compact metal oxide
blocking layer. A thin blocking layer (BL) of ZnO was deposited by a facile
and cost-effective sol-gel spin coating process before depositing the
mesoporous active ZnO layer. In this work, we reported the fabrication and
characterization of DSSCs based on ZnO nanoparticles and Rose Bengal dye.
The effect of CDCA concentration and the compact ZnO blocking layer in
boosting the photovoltaic performance of the device was investigated in terms
of photocurrent-voltage (J-V) characteristics and dark current measurement. In
addition to that, electrochemical impedance spectroscopy (EIS) analysis was
employed to investigate the charge transfer kinetics and electron back reaction

of the fabricated cells.

5.2. Materials and Methods
5.2.1. Materials

ZnO nanopowder, Zinc acetate dehydrate (CH;COO),Zn, 2H,0) and
Monoethanolamine (MEA) were bought from Sigma Aldrich, India.
ethylcellulose and terpineol were bought from TCI Chemicals, India.
Transparent FTO coated glass (10 €2/ square), the high-performance liquid
electrolyte (Iodolyte ANS50), chenodeoxycholic acid (CDCA) as a dye co-
adsorbent and liquid platinum paint (Platisol T) to prepare the platinum-coated

counter electrode were purchased from Solaronix, Switzerland. Meltonix 1170-
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25 (25um) (Solaronix) was used as a spacer between the working and counter
electrode to avoid short-circuiting. All the reagents utilized in the fabrication

process were of analytical grades. So no further purification was required.

Figure 5.4 (a) Rose Bengal dye and (b) chenodeoxycholic acid (CDCA).

5.2.2.  Preparation of conventional ZnO photoanode

To prepare the thin films of the photoanode materials, the FTO coated
glass substrates were first cleaned with dilute HCI in an ultrasonic bath for 15
minutes and then thoroughly rinsed with deionized water to remove the HCL
residues. The substrates were then cleaned with acetone and ethanol using an
ultrasonic cleaning bath [17,22]. The mesoporous ZnO photoelectrode of the
DSSC was prepared by following the standard doctor blade method. The paste
for doctor blading was prepared by mixing 0.5 g of ZnO nanopowder with a-
terpineol as a solvent and 0.45 g of ethyl cellulose as a binder [43]. The
mixture was stirred continuously to obtain a smooth lump-free slurry. The ZnO

paste was then coated on the conductive side of the cleaned FTO glass
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substrate and subsequently annealed at 400°C on a hot plate for 30 min to burn
out the ethyl cellulose and other organic contents of the working electrode and
to strengthening the bonding between the substrate and the ZnO film. In
addition to that, the annealing procedure also helps to improve the surface
quality of the thin film along with increasing the crystallinity of the sample

[44-47].
5.2.3.  Preparation of photoanode with Compact ZnO layer

In order to improve the photovoltaic performance of the cells further by
preventing the direct contact between FTO and liquid electrolyte, a thin and
compact ZnO layer was deposited on FTO coated glass substrate by employing
a simple sol-gel spin coating method prior to deposition of mesoporous active
ZnO nanoparticle layer. The precursor solution was prepared by mixing Zinc
acetate dehydrate (CH3COO),Zn, 2H,0) in 50 ml isopropanol as solvent and
monoethanolamine (MEA) was used as a stabilizer. The precursor solution
concentration was maintained at 0.05 M. The mixture was vigorously stirred at
60° C by a magnetic stirrer for 1 hr. MEA was added dropwise under stirring,
yielding a clear homogenous solution. The solution was left for 24 hr at room
temperature for aging before it could be used for film deposition. The aged
solution was then spin-coated on a cleaned FTO glass substrate with a
programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-
P1) at 3000 rpm for 30 s and annealed at 200° C for 20 minutes to form the
ZnO blocking layer. Over this compact blocking layer, the mesoporous active
layer was coated using the same doctor blade method and then annealed at 400°

C as done earlier.
5.2.4. Assembling the devices

One set of ZnO photoanodes were sensitized by immersing them in a 0.5

mM ethanolic solution of pure Rose Bengal dye for 12 hours. Another set of
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photoanodes (both with and without ZnO blocking layer) were sensitized with
the RB dye solution containing various concentrations ( 0 mM — 10 mM) of
CDCA at room temperature for 12 hours. The working electrodes were then
removed from the solution and rinsed thoroughly with deionized water and
ethanol to get rid of any excess dye from the thin film surface and left for air
drying at room temperature. The platinum catalyst precursor solution (Platisol-
T) was spin-coated on the conducting side of the cleaned FTO glasses and
heated at 450° C for 15 minutes on a hot plate to prepare the counter electrodes
for the cells. The dye adsorbed working electrodes and platinum(Pt)-coated
counter electrodes were assembled against the coated sides of each other in a
sandwich manner using two binder clips with a Surlyn film (Meltonix 1170-
25um, Solaronix) gasket as a spacer in between them. The liquid electrolyte
used in the fabrication process was poured inside the cell through fine holes
pre-drilled on the counter electrodes. The red-ox concentration of the
electrolyte was 50 mM. The active area of the cells for illumination was

adjusted to 0.16 cm’.
5.2.5. Characterization and Measurements

X-ray diffraction (XRD) analysis is a technique used for the
determination of the crystal structure of materials in the nanomaterial, thin-
film, or bulk material form. In the XRD experiment, a monochromatic X-ray
beam is allowed to incident on the sample and the diffraction occurs. In our
study, the X-ray diffraction analysis was employed using PAN-analytical
X'Pert PRO X-ray diffractometer (CuKa radiation, 30 mA, 40 kV, A= 1.5406
A) to determine the crystalline structure of ZnO nanoparticles used in making
the photoanode of the DSSC. Absorbance spectrum measurement of the dye
was carried out using a Perkin-Elmer Lambda-35 UV-VIS spectrophotometer.
Scanning electron microscopy (JEOL) was used to examine the surface

morphology of the prepared ZnO thin films. The current-voltage (J-V)
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characterization of the cells was measured under 100 mW/cm® illumination
using a Keithley 2400 digital source meter which was controlled by Keithley
LabTracer computer software. The overall photoconversion efficiency of the

solar cell was calculated using the formula

_ Pour _ LicVocFF
P P

(1)

Where P, Vo, I and FF denote the incident photon power, open-circuit
voltage, the short circuit current density and fill factor respectively. The fill

factor was estimated using the following formula:

FF — Imaxvmax (2)
ISC\IOC

Where 1, and V., respectively, represent values of current and voltage at
the maximum output power point of the solar cell. The area of the fabricated
cells that was exposed to light was 1 cm®. The electrochemical impedance
spectroscopy (EIS) of the cells was done in the frequency range of 0.1Hz to

190 kHz under open circuit conditions.

5.3. Results and Discussion

5.3.1. UV-VIS absorption spectral analysis of the dye

0.5 mM ethanolic solution of Rose Bengal dye was prepared and its
absorption property was studied using Perkin Elmer Lambda-35 UV-VIS
spectrophotometer. UV-VIS absorption spectrum of the RB dye is shown in
Fig. 5.6 (b). The value of /,,,, obtained from the absorption spectrum is a very
important parameter as it demonstrates the potential of the molecular systems
for significant usage as a functional material in DSSC. It can observed that the
Rose Bengal dye absorbs a larger fraction of the solar spectrum in the visible
region of 460—600 nm and it shows the highest optical absorption at 549 nm

wavelength. The strong absorption peak may be assigned to the intra-molecular
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charge transfer (ICT) transitions from the donor to acceptor level within
HOMO (Highest Occupied Molecular Orbital)- (Lowest Unoccupied Molecular
Orbital) LUMO energy levels as shown in Fig.5.5 [48].

#

o

]_[* LUMO

———

n
1 HOMO

0]

Figure 5.5 Possible transition mechanism in the Rose Bengal molecular

system.

The optical energy gap of the dye was calculated to be 2.26 eV from the
absorption spectra using equation (3) given below [49] (Ossai et al 2020).

1240
E, =

eV (3)

Amax

where A, 1s the maximum absorption wavelength.

Page 167



Chapter 5

Ll beh ey ddn |

B8 4TS SH SP5 5500 575 A
Wavelength {nm)

Figure 5.6 (a) UV-VIS experimental setup (b) absorption spectra of Rose
Bengal dye.

The dye's HOMO-LUMO energy gap has an impact on how electrons
are injected into the ZnO particles' conduction band from the dye's LUMO
molecule. It facilitates the vertical electron transition through the dye excitation
[50]. On the other hand, indirect transition is a phonon assited transition where
change in momentum must be taken into account. When the photons having
energy fairly above the indirect band gap of dye molecule is absorbed by the
dye electron, phonons get emitted [51]. As a result the direct band gap is
utilized to determine the vertical transition during the course of
photosesitization [52,53]. Hence, the lowest electronic transition, which
corresponds to the onset of absorption in the UV-visible absorption spectrum,
was used to calculate the optical bandgap. It is the energy difference between
HOMO and LUMO which is caused by the excitation of electrons from HOMO
to LUMO.
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5.3.2.  Structural and phase characterization ZnO compact

layer

The X-ray diffraction pattern of the ZnO compact blocking layer, shown
in Fig. 5.7 (a), exhibits the hexagonal wurtzite crystal phase of ZnO and the
peaks well match with the standard JCPDS card no. 36-1451. The diffraction
peaks observed at 20 values of 31.79°, 34.42°, 36.25°, 47.51°, 56.60°, 62.86°,
67.96°, and 69°corresponds to the reflection from the (100), (002), (101),
(110), (103), (112), and (201) lattice planes respectively. Sharp and strong
peaks indicate the highly crystalline nature of the material [54,55]. The XRD
pattern for the commercial ZnO nanopowder is shown in Fig. 5.7 (b). It can be
clearly seen that both the commercial ZnO nanopowder and synthesized ZnO
blocking layer showed similar XRD patterns. The XRD pattern of sample with
both the blocking and active layer is shown in Fig. 5.7 (¢). This is very similar
to the XRD pattern of the blocking layer. This is because the blocking layer is
more crystalline in nature, which is evident from its XRD pattern with its

sharper peaks.
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Figure 5.7 X-ray diffraction pattern of (a) ZnO compact blocking layer (b)

ZnO nanoparticles as active layer (c) ZnO blocking/active layer.
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5.3.3. Surface Morphology study and energy dispersive
spectroscopy of the photoanodes

Scanning electron microscopic (SEM) analysis of the ZnO active layer
and the compact blocking layer on the FTO substrate was carried out to study
the surface morphology and the particle size of the sample. The SEM images of
the ZnO active and blocking layers on the FTO substrate are depicted in Fig.
5.8 and Fig. 5.9 respectively. It can be seen from Fig. 5.8 (a) that the ZnO
nanoparticles have a hexagonal structure. Fig. 5.9 (a) and 5.8 (b) represent the
SEM images of compact blocking layer at low and high magnifications
respectively. The diameter of the spin-coated nanoparticles ranges from 150 to
180 nm. Further, the chemical composition and elemental percentage of the
compact ZnO film are revealed by the Energy Dispersive X-Ray Spectroscopy
(EDS) analysis which is shown in Fig. 5.10. Predominating peaks of Zn and O,

unveil that the synthesized blocking layer contains pure ZnO.
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Figure 5.8 SEM images of ZnO NP active layer (a) at lower magnification
(b) at higher magnification.
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Figure 5.9 SEM images of ZnO blocking layer (a) at lower magnification and
(b) at higher magnification.
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Figure 5.10 EDS and elemental composition of ZnO blocking layer.

5.3.4.  Photovoltaic characterization of the cells

The Current-Voltage (J-V) characteristic is a crucial measurement that
reveals the value of the overall photovoltaic performance of a solar cell along
with the key performance parameters like open circuit voltage and short circuit
current density. Fig. 5.11 (a) depicts the J-V characteristics of the DSSCs based
on different types of photoanodes under illumination and the obtained

photovoltaic parameters for each of the cells are summarized in Table 5.1.
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Figure 5.11 Current-voltage characteristics of different cells under (a)

illumination (b) dark
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Table S.1.

Photovoltaic parameters of DSSCs fabricated with various ZnO photoanodes

Cell CDCA Jo (mA/cm®)  Vo(V) FF  Efficiency

name concentration (m %)
DSSC1 0 mM 1.98 0.58 0.43 0.49
DSSC2 2mM 2.08 0.61 0.58 0.74
DSSC3 4 mM 2.18 0.62 0.60 0.81
DSSC4 6 mM 2.36 0.63 0.58 0.86
DSSC5 8§ mM 2.80 0.64 0.56 1.00
DSSC6 10 mM 2.63 0.64 0.54 0.91
DSSC7 & mM + BL 3.09 0.66 0.60 1.22

5.3.5. Effect of CDCA

The conventionally prepared DSSC with ZnO nanoparticles and Rose
Bengal dye displayed a short circuit current density (Jo) of 1.98 mA/cm®, an
open circuit voltage (V) of 0.58 V, and a fill factor (FF) of 0.43, resulting in a
photoconversion efficiency () of 0.49 %. However, under the same working
conditions, the device performance was found to be highly influenced when
CDCA solution was incorporated into the dye solution at various
concentrations. From Table 5.1, it can be noted that the value of V., as well as
Js., increases with an increase in the concentration of CDCA. Optimum
concentration (8mM) provides the finest dye attachment to the ZnO surface.
The best device performance was achieved for the optimized CDCA
concentration of 8§ mM when added with 0.5 mM RB dye solution. This
improvement in the performance may be attributed to reduced dye aggregation
along with uniform dye adsorption yielding better electron injection into the

conduction band of ZnO.
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5.3.6. Effect of compact ZnO blocking layer

To avoid the direct contact between the FTO and the liquid electrolyte
through the pores present in the nanocrystalline ZnO film in a conventionally
prepared DSSC, a thin and compact layer of ZnO was employed as shown in
Fig. 5.12. From Table 5.1 it can be observed that the addition of a compact
ZnO blocking layer in DSSC7 with 8 mM CDCA additive shows a remarkable
enhancement in J, (3.09 mA/cm®) and V. (0.66 V) and consequently the
highest value of photoconversion efficiency n (1.22 %) was obtained among all
the fabricated cells. Such type of performance enhancement may be accredited
to the consolidated effect of improved dye loading due to the addition of
CDCA with proper concentration and increased charge collection along with
decreased electron recombination at the FTO/ZnO/electrolyte interface

hindering the direct contact between FTO and electrolyte by the blocking layer.
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Figure 5.12 Schematic diagram of a DSSC with compact ZnO blocking layer.
5.3.7. Dark current measurement

To explore the effect of CDCA concentration and ZnO blocking layer in

the process of electron back transfer, the J-V characteristics were also
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measured in the dark which is shown in Fig. 5.11(b). It is regarded as a
qualitative method to assess the degree of electron back transfer in DSSCs. The
dark current generation is known to be partly due to the presence of exposed
FTO sites having direct contact with the liquid electrolyte and the pores left
between the ZnO nanoparticles and the FTO surface [41,42]. These exposed
FTO sites and the pores of ZnO nanoparticle film would allow the liquid
electrolyte to penetrate through ZnO film and directly come in contact with
bare FTO sites resulting in recombination losses as shown in the energy band
diagram for conventional ZnO NP based DSSC in Fig. 5.13(a). It can be
observed from Fig. 5.11(b) that for a particular value of the voltage on the X-
axis (i.e. voltage axis) of the dark current characteristics, the corresponding Y-
axis value (i.e. value of dark current) is lowest for DSSC7 for that particular
voltage. It can also be seen that the dark current has the highest value for
conventionally prepared cell (DSSC1) with bare FTO and decreases with an
increase in CDCA concentration up to 8 mM. An enlarged plot of the dark
current characteristics is provided as an inset in Fig. 5.11(b) so that a clear
scenario is observed. For the cell (DSSC7) with compact ZnO BL and 8§ mM
CDCA solution as dye co-adsorbent, the dark current is reduced significantly
for the same bias potential in comparison to all other cells. This demonstrates
that the compact ZnO BL reduces the bare FTO site and thereby successfully
suppresses the dark current by lowering the electron back transfer. It was also
observed that the DSSC7 has the slowest rate of increase of dark current with
an increase in bias voltage confirming excellent suppression of electron

recombination and consequently reduced current loss.
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Figure 5.13 Schematic diagram showing interfacial charge transfer and

recombination in case of DSSCs (a) without ZnO BL (b) with compact ZnO
BL.
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The variations of different cell parameters with the concentration of
CDCA solution for the fabricated DSSCs are depicted in Fig. 5.14. It can be
observed that CDCA concentration highly influences the value of J,.. ZnO BL
improves the current further. A small increase in the values of V. and FF can
also be noted from Fig. 5.11 due to these processes. The highest values of cell

parameters were obtained for the cell DSSC7.
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Figure 5.14 Effect of CDCA concentration and ZnO blocking layer (BL) on

different cell parameters.
5.3.8.  Electrochemical impedance spectroscopy study

To further gain an insight into the influence of CDCA concentration and the
coating of compact ZnO blocking layer on the charge transfer and
recombination kinetics of the prepared devices, the DSSCs were further
investigated by electrochemical impedance spectroscopic (EIS) measurement

in dark under V. bias voltage with 10 mV AC perturbation amplitude. This
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gives a more precise understanding of the limiting factors for the cell
performance parameters. In the EIS measurement done under the dark
condition and with an applied bias voltage, electrons from FTO are injected
into the conduction band of ZnO and then transported through the ZnO
network. Some of the injected electrons recombine with the I3 ion present in
the electrolyte giving rise to the recombination phenomenon [56]. Fig. 5.14(a)
shows the Nyquist plot of all the prepared cells exhibiting two obvious
semicircles. The curves are fitted using the equivalent circuit shown in the inset
of Fig. 5.15(a) and the EIS measurement results obtained in terms of
resistances and capacitances are summarized in Table 5.2. The charge transfer
resistance (R) and double layer capacitance (C,) at the Pt counter
electrode/electrolyte interface is responsible for the first semicircle in the high-
frequency range, while the second semicircle in the mid-frequency range may
be assigned to the charge transfer and recombination resistance (R,.) and
chemical capacitance (C) at the ZnO/dye/electrolyte interface [36,57,58]. The
intercept at the real axis of the Nyquist plot represents the series resistance (R;)
of FTO and other ohmic contacts like connecting cables, clamps and clips used

to connect the cells for measurement. [59,60].
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Figure 5.15 EIS of the DSSCs representing (a) Nyquist plot along with

equivalent circuit (inset) and (b) Bode plot.

Page 181



Chapter 5

Table 5.2 Summary of EIS measurement.

Cell CDCA R (©2) R, () Ry Peakfreq. Electron
name concentration (Q f(H2) lifetime (z,)
(ms)
DSSC1 0 mM 17.15 6.51 40.2 34.21 4.65
DSSC2 2 mM 17.23 6.55 48.8 22.13 7.19
DSSC3 4 mM 17.05 6.46 65.4 17.05 9.34
DSSC4 6 mM 17.12 6.23 75.2 15.62 10.94
DSSC5 8 mM 17.36 6.65 87.6 11.03 14.45
DSSC6 10 mM 17.29 6.37 81.4 13.13 12.13
DSSC7 8mM+BL 19.23 6.39 102.7 6.54 2435

The small semicircles in the high-frequency range are almost identical
indicating nearly similar values of R, for all four kinds of cells as all of them
have similar Pt counter electrodes and the same electrolyte. On the contrary, a
substantial dissimilarity can be observed in large semicircles in the mid-
frequency range. This indicates that the charge transport and recombination
behaviour at the ZnO/dye/electrolyte interface was extensively affected due to
working electrode modification by the addition of CDCA and incorporation of
the blocking layer. The middle arc of the Nyquist plot for the conventionally
prepared DSSC has the lowest diameter indicating the lowest recombination
resistance (R,.) and thus representing the highest recombination process
among all the cells. The diameter is evidently larger for the CDCA treated cells
indicating its positive role in increasing the recombination resistance and hence
lowering the recombination phenomena. It can be observed from Table 5.2 that

the recombination resistance increases in the order of DSSC1 < DSSC2 <
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DSSC3< DSSC4< DSSC6 < DSSC5< DSSC7 indicating that the
recombination resistance increases with an increase in CDCA concentration
from 0 to 8 mM and decreases at 10 mM concentration. The larger R, value
indicates it is more difficult to transfer the injected electrons from the ZnO
back to the electrolyte, and thus the back recombination can be suppressed in
the cell, thus giving a higher J,. and V. The highest value of recombination
resistance is obtained when the optimum CDCA concentration (8§ mM) is
combined with the ZnO blocking layer in DSSC7 leading to the highest J,. and
Voo of 3.09 mA/cm?® and 0.66 V respectively and consequently best device
performance. The highest recombination resistance is obtained for the cell with
the blocking layer as the blocking layer prevents the injected electrons to come
in direct contact with the electrolyte and consequently reduces the direct
capture of electrons by the I3” ions of the electrolyte. Furthermore, the CDCA
addition with optimum concentration and blocking layer increases the number
of electrons accumulated in the conduction band of ZnO which led to increased
electron density. This creates a small shift of Fermi level for the electrons
present in the ZnO. This rise in Fermi level slightly improves V,. which can

also be observed from Table 5.1 [36,61].

Apart from recombination resistance, the second semicircle also
provides information about the electron lifetime in the conduction band of ZnO
which gives the measure of the rate at which the recombination reaction occurs.
This lifetime is inversely proportional to the oscillation frequency at which the
peak on the second arc is obtained. But, since, the frequency information is
missing in the Nyquist plot; the electron lifetime can be calculated from the

phase bode plot using the formula

1

T, =
¢ anpeak

(4)
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where f,..c represents the peak frequency of phase Bode plot in the mid-
frequency range as shown in Fig. 5.15(b). A shift in the peaks may be observed
in the Bode plots of the DSSCs prepared following different procedures.
Shifting of peak frequency towards lower frequency represents longer electron
lifetime (t.) and slower recombination process. The calculated electron
lifetimes for all the cells are summarised in Table 5.2. The highest electron
lifetime of 24.35 ms is obtained for the cell fabricated with 8 mM CDCA
concentration along with ZnO compact blocking layer (DSSC 7). The increased
electron lifetime due to CDCA and blocking layer effectively enhances the
photoconversion efficiency (PCE) which is in good agreement with the results
obtained from J-V measurement. The reduced dye aggregation in presence of
CDCA and inhibition of electron recombination by the blocking layer may be

accounted for this.

5.4. Conclusion

Effects of co-adsorption of CDCA and ZnO blocking layer were
investigated in Rose Bengal dye based DSSCs. The surface, photovoltaic and
electrochemical properties of all the cells were extensively studied. The strong
binding of CDCA molecules to the ZnO surface partially displaces dye
molecules and consequently reduces photon harvesting. Excessive CDCA
concentration implies significantly reduced dye attachment to the ZnO surface
leading to decreased amount of light energy absorption. Therefore, to
maximize the positive effect of the co-adsorbent, it is very crucial to carefully
optimize the amount of CDCA. The amount of CDCA has been optimized by
adjusting its concentration in the dye solution and found that the best device
performance was obtained for 8§ mM concentration. At optimized co-adsorbent
concentration, the reduced dye loading due to the presence of CDCA and
consequently decreased light-harvesting was compensated by the increased
electron injection efficiency leading to maximum device efficiency of 1 %. The

performance was further increased from 1.00 % to 1.22 % when a compact
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ZnO blocking layer was added to the FTO before depositing the mesoporous
ZnO active layer. This was due to the suppression of electron back transfer
from the FTO to the liquid electrolyte. These results indicate that the addition
of CDCA as a dye co-adsorbent and the introduction of ZnO blocking layer is
an effective way to boost the performance of Rose Bengal dye based DSSCs.
The efficiency of the fabricated cells is low as the dye used in this study is rose
bengal. Though the efficiency is low here compared to the ruthenium based
cells, it lies in the range of efficiency of rose bengal dye based DSSCs
obtained by other researchers. Higher efficiencies can be obtained by using

high performance ruthenium dye.
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6.1. Introduction

Due to continuously increasing energy demand, the polluting
environment, and the rising price of fossil fuels, scientists are constantly
thinking of new ways to find pollution-free renewable energy sources [1]. The
natural resources that can renew themselves over time are called renewable
energy sources [2]. It is believed that solar energy would be the main source of
alternative energy [3]. Conventional Crystalline and polycrystalline silicon
solar cells have attained energy conversion efficiency of over 20%, but due to
their complicated and difficult fabrication process and high cost [4], people
have started to think about its alternative. Grétzel and co-workers first reported
DSSCs as a useful substitute for conventional solar cells [1], and subsequently,
a considerable interest has been developed in DSSCs because of their easy
fabrication technique and low cost [5].

Photo anode of a DSSC performs a vital role in determining the overall
performance of the DSSC by transporting electrons and supporting the Dye
molecules [7, 8]. The semiconducting oxide material TiO, is mostly used as a
photoanode because of its excellent optical, electrical, and chemical properties
[9-12]. Although appreciably high conversion efficiency is achieved with TiO,,
its low electron mobility results in low electron mobility have led to renewed
investigations into new alternative wide-bandgap photoanode materials like
Zn0O, WO3, and SnO, for better performance of Dye-sensitized solar cells [13-
15]. Researchers are also using natural dyes extracted from different fruits,
vegetables, and flowers in search of low-cost DSSC fabricated with
environment-friendly and non-toxic material [16-20].

But the electrolyte has a close interaction with all the components of
DSSC and it determines the time stability of the cell. Due to this, scientists
have been paying more attention to electrolytes these days [21, 22]. Though the
theoretically estimated maximum photoelectric conversion efficiency of a

DSSC is 29 % [23] has been recorded with liquid electrolytes, the actual
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efficiency of 14.3% could be achieved. This is due to leakage problems of
liquid electrolytes, electrode corrosion, photo-degradation of attached dyes, and
solvent volatility restricts the long-term performance of DSSCs [24]. To
overcome these limitations, gel electrolytes have been used instead of liquid
electrolytes as the volatility of organic solvents can be decreased and leakage
can be prevented by gel-type electrolytes [25]. Gel electrolytes are usually
prepared by adding materials of high molecular weights with organic solvents
and iodides. Polyvinyl carbonate (PC), Acetonitrile (ACN), and ethylene
carbonate (EC) are an example of some of the popularly used solvents and
Lithium iodide (Lil), potassium iodide (KI), Sodium iodide are some of the
commonly utilized iodides with iodine (I,). For gelation of liquid electrolytes,
many materials are used, namely polyethylene glycol, polyvinylidene fluoride-

co-hexafluoropropylene (PVDF-HFP), polyethylene oxide, etc. [26].

In this study, we prepared gel electrolytes using ethyl cellulose (EC) as a
gelator in the liquid electrolyte and fabricated DSSCs with both liquid and gel
electrolytes to study to study their overall photovoltaic performance, including
their performance stability over a certain period. We used both TiO, and ZnO
as working electrode material. The effect of EC concentration on the
performance of DSSCs was also examined. A detailed comparison of

photoelectric properties of all the cells is presented in the investigation.

6.2. Materials and Methods
6.2.1 Materials

All the chemicals used in this study were purchased from commercial
sources and used as received. Fluorine-doped tin oxide (FTO) glass slides (10
Q/square; thickness 2.2 mm), ruthenium dye (N3 and N719), Surlyn spacer,
and Platinum Precursors solution (Plastisol T) for counter -electrode
preparation, all were purchased from Solaronix, Switzerland. Titanium dioxide

nanopowder (TiO;), ZnO nanopowder, Lithium lodide (Lil), and lodine (I,)
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were purchased from Sigma-Aldrich, India. The chemicals, used in gel
preparation are Acetonitrile (Merck, India), 4-tert-butylpyridine (TCI
CHEMICALS, Japan), Tetrabutylammonium iodide (Merck), Ethyl Cellulose
(Sigma-Aldrich, India), acetone (C3H4O), ethanol (C,HsOH), and acetic acid
(CH;CO,H) (Sigma-Aldrich, India). All the reagents purchased were of

analytical grade and were used without further purification.
6.2.2 Preparation of liquid and gel electrolyte

The liquid electrolyte, used in this study, was prepared by mixing Lil
(0.5M) and I, (0.05M) in 10 ml acetonitrile solvent. To prepare the gel
electrolyte, ethyl-cellulose powder mixed with ethanol was added to the
prepared liquid electrolyte at different amounts to yield gel electrolyte of
concentrations of 2, 4, 6, 8 and 10 wt%. Fig.6.1 represents different steps of

electrolyte preparation.

Acetonitrile 10 ml Lil I,

4 . 4 4

1

Liquid electrolyte T

Gel electrolyte of
desired wt%

Added at differet

amount

t

High viscous EC
solution

t
1 1

Ethyl-cellulose Ethanol

Figure 6.1 Steps of Liquid and Gel electrolyte preparation.
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6.2.3 Fabrication of the solar cells

The TiO, and ZnO working electrodes of the DSSC were prepared by
following the standard procedure [27]. At first, 10 gm of the nanopowder was
mixed with diluted acetic (Iml in 50 ml deionized water) acid in a mortar and
pastel and added a few drops of Triton X100 (Merck) as surfactant and ground
continuously until a homogenous, smooth suspension was obtained. The lump-
free slurry was then applied on the conductive side of an FTO-coated glass
using the doctor blade method to make a homogeneous layer. To strengthen the
bonding between the FTO glass and the semiconductor paste, the nanopowder
coated FTO glass plates were sintered in normal atmospheric condition at
450°C for 45 minutes. In the sintering process, after introducing the sample in
the furnace, the temperature was raised with a rate of 10°C/5 min until the
temperature had reached 350°C and after that, it was increased with a rate of
10°C/10 min until 450°C. When it cooled down to room temperature, the
sintered substrates were immersed in the ruthenium dye (N3) solution for dye
adsorption on the surface of the TiO, and ZnO nanoparticles for 24 hours. FTO
glass coated with a platinum catalyst (Plastisol-T) and heated at 400°C was
used as a counter electrode and a sealed sandwich-type cell was fabricated by
assembling dye adsorbed working electrode and the platinum (Pt) coated
counter electrode with Surlyn film as a spacer between them. The electrolyte
was introduced into the assembled cell through a pre-drilled hole on the counter
with a syringe. Gel electrolyte having different EC concentration was used in
different cells for the investigation. A small piece of Surlyn spacer and glass
glue was used to seal the hole and finally, the cells were connected to the
external circuit with the help of alligator clips. Different electrolyte

concentrations were used to fill the cells.
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6.2.4 Characterization of the DSSCs

After completing the fabrication of two different cells with liquid and
gel type electrolytes, the cells were placed under artificial solar illumination of
100mW/cm® and connected with the J-V measurement system to calculate the
photoelectric conversion efficiencies [28]. The photocurrent voltage (J-V)
characteristics were recorded using a Keithley 2400 source meter. Simulated
sunlight was supplied using a xenon lamp (450W). The photovoltaic
performances were recorded at a 24 hr interval to investigate the long-term
stability of the DSSCs. The ethyl cellulose as gelator was selected for its easy
availability and low cost. Symmetrical cells having Pt-electrolyte-Pt structure
were configured to perform the EIS measurement of the electrolyte system. Pt
electrodes were prepared by coating the FTO substrate using the same Pt

catalyst solution as used in conventional DSSCs.

6.3 Results and Discussions

6.3.1 Raman spectroscopy of TiO, and ZnO

Fig. 6.2 shows the Raman spectra of TiO, and ZnO nanopowders. The
Raman shifts of Fig. 6.2 (a) at 235, 447, and 612 cm ' are attributed to the
combination of two-phonon scattering modes, E, and A, modes of the rutile
phase, respectively[29, 30]. According to the literature values, all the observed
spectroscopic peaks listed in Fig. 6.2 (b) can be assigned to a wurzite ZnO
structure. Among these Raman peaks, the E, mode centred at 437 cm™' has a
strongerintensity and narrower line-width, which indicates that the as-grown
products are composed of ZnO with a hexagonal wurtzite structure and good

crystal quality [31].
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Figure 6.2 Raman spectra of (a) TiO, and (b) ZnO nanoparticles.
6.3.2 Scanning electron microscope (SEM) analysis

The scanning electron microscope (SEM) was used to examine the
surface morphology of the photoanode films over the FTO glass substrate [29].
The highly porous morphology of the TiO, and ZnO nanostructure films
deposited on the FTO glass substrate can be observed from the SEM images
shown in Fig. 6.3(a) and Fig. 6.3(b) respectively.
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Figure 6.3 Scanning electron microscope (SEM) image of (a) TiO, and (b)

ZnO nanoparticles.

The average particle size of the TiO, nanoparticles was about 20 nm while that
was in a range of 40-300 nm for ZnO. The highly porous structure of the
semiconductor thin film resulted in greater dye molecule adsorption on the
surface of the TiO, and ZnO nanoparticles. Also, the smaller particle size of the
TiO, nanoparticles compared to ZnO provides a higher overall surface area for
dye molecule attachment for a particular volume of the photoanode. More dye
adsorption causes more electron excitation from HOMO to LUMO of dye

molecules after photon absorption [32].
6.3.3 Photovoltaic Performance of the DSSCs

The Current-Voltage (I-V) characteristics of the N719 dye and TiO,
photoanode based DSSCs fabricated using liquid and gel-based electrolytes are
shown in Fig. 6.4.
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Figure 6.4 Current-Voltage characteristics of the N719 dye based cells

fabricated with Ti0,.

The different electrical parameters of the cells obtained from the I-V

characteristics are listed in Table 6.1 below.

Table 6.1. Summary of photovoltaic parameters of the N719 dye based cells.

Electrolyte Jse V.(V) FF  Efficiency
used (mA/cm?) (n %)
Liquid 1.67 0.662 043 1.90
Gel 1.42 0.646  0.35 1.29

The energy conversion efficiency of gel electrolyte based DSSC was

lower than liquid electrolyte based DSSC. The photovoltaic efficiency of

DSSCs using liquid and gel type electrolytes is 1.90% and 1.29% respectively.

Table 6.1 represents the various photovoltaic parameters extracted from the I-V

curves of the cells with liquid and gel electrolytes. The solar cell fabricated

using liquid electrolyte exhibits higher short-circuit photocurrent density (Jsc),
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open-circuit voltage (Voc), and fill factor (FF) compared to the DSSC
fabricated using gel electrolyte as a dye.
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Figure 6.5 Current-Voltage characteristics of the N3 dye based cells fabricated
with (a) TiO, (b) ZnO photoanodes.
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The Current-Voltage (I-V) characteristics of the DSSCs fabricated using
liquid and gel-based electrolytes are shown in Fig. 6.5. The different electrical
arameters of the cells obtained from the I-V characteristics are listed in

Table 6.2 below.

Table 6.2. Summary of photovoltaic parameters of the N3 dye based cells.

Cell wt% of EC Joe Voo (V) FF Efficiency
(mA/cm?) (n %)
TiO, 0 14.16 0.66 0.43 4.01
2 12.0 0.64 0.37 2.84
4 11.18 0.64 0.35 2.50
6 10.06 0.63 0.34 2.15
8 9.51 0.61 0.34 1.97
10 8.33 0.60 0.34 1.70
ZnO 0 6.01 0.56 0.51 1.71
2 5.41 0.55 0.36 1.07
4 4.82 0.55 0.32 0.85
6 3.91 0.56 0.36 0.79
8 3.79 0.55 0.24 0.50
10 2.99 0.55 0.28 0.46

It can be seen from Fig. 6.5(a) and 6.5(b) that for both TiO, and ZnO
photoanode based DSSCs, there is a loss of device performance with an
increase in EC content. This is due to increased electrolyte viscosity and
decreased ionic diffusion coefficient with an increase in EC amount. The
energy conversion efficiency of gel electrolyte based DSSCs was much lower
than the liquid electrolyte based DSSCs in both TiO, and ZnO photoanode
based cells. The photovoltaic efficiency of DSSCs using liquid and gel type
electrolytes is  4.01 % and 2.84 % respectively for TiO, based cells, and
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for ZnO based cells, these values are 1.71 % and 1.10 % respectively. Table 6.2
represents the various photovoltaic parameters extracted from the I-V curves of
the cells with liquid and gel electrolytes. The efficiency of the gel-based DSSC
for both the N719 and N3 dye may be low compared to the liquid electrolyte
based DSSC, but the values of cell parameters obtained are found to be
comparable to the efficiencies obtained for gel electrolyte based DSSCs [32].
For both TiO, and ZnO photoanodes, we had the highest efficiency in gel-
based cells for 2 wt% EC concentration. The TiO, based devices showed better

performance as compared to ZnO based devices which were quite expected.

6.3.4 FElectrochemical behavior analysis of the DSSCs

Electrochemical Impedance Spectroscopy (EIS) is a very useful
technique for interpreting the kinetics of charge transport processes in different
layers of DSSCs [33]. To quantify the effect of EC content on the diffusion
property of the electrolyte, EIS measurement was employed in Pt-electrolyte-Pt
cells with an electrolyte having various content of EC in the liquid electrolyte
and the obtained Nyquist plot is shown in Fig. 6.6. Generally the Nyquist plot
of a Pt-electrolyte-Pt cell consists of two semicircles. First semicircle
corresponding to high-frequency range represents the charge transfer resistance
in the Pt-electrolyte interface, and the second semicircle in the low-frequency
range represents Warburg diffusion element due to diffusion of iodide / tri-
iodide ion in the electrolyte. An equivalent circuit shown in the inset of Fig. 6.4
is incorporated to analyze the EIS data. R corresponds to the series resistance
of the electrical contacts and the FTO substrate present in the cell, Rp,
represents the resistance in the Pt counter electrode/electrolyte interface and Cp,
represents corresponding capacitance. W represents impedance (corresponding
resistance is Ry,) due to the Warburg diffusion process of I /I3 in the electrolyte

[22, 33-36].
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Figure 6.6 Nyquist plot of the Pt-electrolyte-pt cells with liquid and gel
electrolyte with different EC content.

Different parameters extracted from Fig. 6.6 by fitting with the
equivalent circuit are summarised in Table 6.3. The variations in Rp; and Ry, are
caused by the differences in conductivities in the relevant electrolytes. It can
be seen that both R, and R,, is the lowest for liquid electrolyte, indicating the
highest conductivity of the electrolyte [37]. Increased values of R and R,, with
increase in EC content indicates deceased conductivity and hence decreased
cell performance which is in well agreement with the current-voltage
measurement of both TiO, and ZnO cells given in Table 6.2. Increased values
of diffusion resistance (R,) with increased EC content implies decreased
diffusion rate of I' and I5™ ions in the electrolyte and thereby slightly lowering
the J,. and n with an expected increase in device stability by preventing leakage

of electrolyte. It also suggests that the more viscous gel electrolyte does not
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affect the charge transfer process very much for EC concentration of 2 Wt% in
the photoanode/electrolyte interface of the cell as compared to the liquid

electrolyte.

Table 6.3. EIS measurement results of the Pt-Electrolyte-Pt cells with liquid

electrolyte and gel electrolyte having different EC content.

EC Concentration Ry(Q) Rp(Q2) Ry (L)
0 Wt% (Liquid) 12.25 10.30 4.25
2 Wt% 12.30 12.52 4.93
4 Wt% 12.32 13.46 5.27
6 Wt% 12.28 15.25 5.48
8 Wt% 12.25 17.83 6.85
10 Wt% 12.41 20.58 9.23

6.3.5 Stability Study of the Cells

To explore the effect of electrolytes on long-term stability, the DSSCs
were characterized by performing photovoltaic measurement over time. The
sealed cells were placed under 1 sun illumination and J-V measurements were
recorded every day over fifteen days. The stability check was performed for
both TiO, and ZnO DSSCs fabricated with liquid and gel electrolytes. The gel
electrolyte with EC content of 2 wt% was only chosen for stability
measurements and the cells with gel electrolytes having EC content of more
than 2 wt% showed significantly decreased efficiency. Figure 6.7 depicts Jg. ,
Vo » FF, and 1 over time for liquid DSSCs and gel DSSCs fabricated with both

TiO, and ZnO as photoanode material.
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Figure 6.7 Stability behaviour of the liquid and gel based DSSCs fabricated
with (a)-(d) TiO, and (e)-(h) ZnO as photoanode material.
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It is clearly evident from Fig.675 that incorporating EC into the DSSC
electrolyte improves device stability significantly for both types of DSSCs. V.
remains almost unchanged for both liquid and gel electrolytes, whereas FF and
J. decrease rapidly for liquid electrolyte-based DSSCs, but this decline is much
slower for Gel electrolyte cells. Consequently, the efficiency of the gel
electrolyte-based cells is well stable compared to the efficiency of liquid
electrolyte-based cells, which decreases rapidly over time. It is clear that even
though there is a slight decrease in the efficiency of the gel electrolytes, the cell
developed with gel electrolytes shows better stability than that with liquid
electrolyte. The improvement in long-term stability is probably due to the
higher viscosity of gel, inhibiting the ionic migration to stabilize the system
over a longer time and also by controlling the evaporation of liquid electrolytes
[38]. Also, the higher stability of the gel electrolyte gives it better cost-

effectiveness than the liquid electrolyte.
6.4 CONCLUSION

DSSCs were fabricated with pure TiO, and ZnO photoanodes with liquid
and gel-type electrolyte, and cell performances were recorded. The liquid
electrolyte cells exhibited higher short-circuit photocurrent density, open-
circuit voltage, fill factor, and efficiency compared to the gel electrolyte based
DSSCs. Though the efficiency of the gel-based DSSC is lower than the liquid
electrolyte DSSC, the cell parameters obtained were comparable to the
parameters obtained for gel electrolyte DSSCs by other researchers. Comparing
these two types of DSSCs, it is clear that though the photovoltaic performance
of gel electrolyte DSSC is slightly lower than liquid electrolyte DSSC, the
performance of gel-based DSSC remains noticeably stable while for the liquid
electrolyte the stability decreases remarkably over time. It is also found that the
EC based gel electrolyte with proper EC wt% can be used to increase the
stability of both TiO, and ZnO photoanode based DSSCs.
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It is necessary to create novel photovoltaic device designs in addition to
the well-established, conventional silicon and thin-film panels if solar
electricity is to reach its full potential as a clean, renewable energy source. This
thesis entitled “Investigations on Dye Sensitized Solar Cells to Optimize its
Performance” submitted for the degree of Doctor of Philosophy (Science) in
Physics of the University of North Bengal, principally focuses on dye
sensitized solar cells, a still-evolving type of photovoltaic converter whose
advantages include, for the most part, inexpensive, safe, and readily available
materials as well as easy manufacturing processes. The whole work presented
in this thesis is mainly devoted to the comprehensive study and understanding
of the role of different components of DSSC. It investigates their optimization
conditions to enhance the device performance in terms of efficiency, stability
and cost-effectiveness. This study explored several key parameters towards the

performance optimization of DSSC.

The first chapter discusses the world’s current energy situation as well
as the importance of renewable energy sources. This chapter provides a brief
discussion of the various types of photovoltaic devices that are available. This
chapter also includes a basic introduction to DSSC, its construction, working
principle and the roles of its various components. To fully comprehend the
DSSC’s working principles, components, and potential areas of research that
could lead to commercialization, a thorough review of the relevant literature

was conducted in this chapter.

Chapter 2 provides a basic theory and in-depth explanation of
experimental techniques used in the study, viz. X-ray diffraction analysis
(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS) research, UV-VIS spectroscopy and Raman spectroscopy.
In addition, in this chapter, the fundamentals of measuring current-voltage (I-

V) characteristics and electrochemical impedance spectroscopy, as well as a
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detailed explanation of the critical factors affecting device performance, are

also covered.

The photovoltaic performance of a DSSC is primarily determined by the
Photoanode material chosen, including surface morphology and the sensitizing
dye used. Although many different DSSCs have been investigated, most of
them are not commercially popular due to issues such as low conversion
efficiency, higher production costs, and lower stability and durability. Among
all dye sensitizers, the ruthenium complexes are the most popular. The main
disadvantages of Ruthenium dyes are their rareness, high cost, and complicated
synthesis process. Furthermore, ruthenium polypyridyl complexes contain
heavy metals that are hazardous to the environment. In order to find out low-
cost and environment-friendly alternatives to these expensive ruthenium
compounds, we have used anthocyanin extracted from pomegranate (Punica
granatum) and curcumin extracted from fresh turmeric (Curcuma longa) as
sensitizers. Additionally, ZnO has been used as a potential alternative to TiO,
due to its fascinating electrical and optical properties. Both ZnO nanoparticles
and ZnO nanorods are used as photoanode material. ZnO nanorod based DSSC
showed better performance as 1-D single-crystalline rod-like structure of ZnO
nanorods provides a higher surface-to-volume ratio enabling better dye loading
as well as it provides a direct path for faster charge transfer through them.
Efforts are made to improve device performance using low-cost sensitizers and

semiconductor materials. These research findings are put together in Chapter 3.

The Chapter 4 investigates the effect of WO; as a working electrode
material for DSSC as an alternative to TiO,. Despite having several
advantageous properties, the performance of pure WO3-based DSSC was found
to be extremely poor. Surface modification of the WO; photoanode was done
by spin coating ZnO nanoparticles synthesized via the sol-gel method. Device
performances were recorded for different concentrations of ZnO precursor

solution. The concentration of the ZnO precursor solution was found to have a
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strong influence on the DSSC’s photovoltaic performance. It was observed
that, although the incorporation of a thin layer of ZnO onto WO; enhances the
power conversion efficiency by creating an energy barrier and limiting the
electron back-recombination, the thicker layer of ZnO degrades the cell
performance by forming an aggregation of Zn"™ ions and N3 dye and reducing

the dye adsorption quantity of WO; film.

Dye aggregation on the metal-oxide surface of a DSSC affects the
photoelectron injection by increasing charge recombination and hence limits
the overall device performance. The use of additives such as Chenodeoxycholic
acid (CDCA) is a very useful and widely used strategy in lowering the self-
aggregation of dye molecules by suppressing unfavourable dye-dye interactions
and thereby enhancing the photoconversion efficiency. However, the strong
binding of CDCA molecules to the ZnO surface partially displaces dye
molecules and consequently reduces photon harvesting. Therefore, to maximize
the positive effect of the co-adsorbent, it is very crucial to carefully optimize
the amount of CDCA. The impact of the proper concentration of CDCA as an
anti-dye-aggregation material in boosting the DSSC performance based on
Rose Bengal dye is discussed in Chapter 5. Additionally, in order to minimize
charge recombination, the impact of a very thin and compact ZnO blocking
layer was also examined. At optimized co-adsorbent concentration, the reduced
dye loading due to the presence of CDCA and consequently decreased light-
harvesting was compensated by the increased electron injection efficiency
leading to maximum device efficiency of 1 %. oreover, when a compact ZnO
blocking layer was applied to the FTO prior to depositing the mesoporous ZnO
active layer, the performance was further improved from 1.00 percent to 1.22
percent. This resulted from the inhibition of electron back transfer from the

FTO to the liquid electrolyte.

Chapter 6 focuses on the use of gel electrolytes in DSSC rather than liquid

electrolytes. The leakage of liquid electrolyte, electrode corrosion, photo-
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degradation of attached dyes, and solvent volatility all limit the long-term
performance of liquid electrolyte-based DSSCs. Gel electrolytes were used to
overcome these limitations because they reduce the volatility of organic
solvents and prevent leakage. To improve the cell stability, gel electrolyte-
based DSSCs were created using ethyl cellulose (EC) as the gelation material
in a conventional liquid electrolyte containing Lil and I, as the redox couple in
acetonitrile solvent. TiO, and ZnO were used as photoanode materials in
various types of DSSCs. The effect of EC concentration on the performance of

DSSCs, including stability over time, was also studied.

Although the efficiency of the gel-based DSSC is less than that of the liquid
electrolyte DSSC, the cell characteristics were equivalent to those for gel
electrolyte-based DSSCs by other researchers. A Comparison of these two
kinds of DSSCs reveals that, despite having slightly lower photovoltaic
performance than liquid electrolyte DSSC, gel-based DSSC performance is
noticeably more stable than liquid electrolyte performance over time. The
stability of both TiO2 and ZnO photoanode based DSSCs can be improved by
using an EC based gel electrolyte with the correct EC wt%.
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1. Introduction

Recent years have seen an increase in demand for efficient solar
photovoltaic (PV) cell power generation due to the world’s increasing energy
needs and the depletion of fossil fuels [1-3]. Effect of substantial use of fossil
fuel on the environment is a matter of significant worry as well [4]. Modules
made of crystalline silicon and based on bulk wafers make up the majority of
the photovoltaic (PV) modules produced today. The high expense of these solar
cells’ fabrication as well as the use of hazardous ingredients has driven
researchers to develop new, less expensive solar cells that are not silicon-based

in order to capture solar energy more effectively [5-8].

Due to its high conversion efficiencies and low cost, dye-sensitized solar
cells (DSSCs), a novel photovoltaic technology, have garnered much interest.
Using nanoporous titanium dioxide (TiO,) semiconductor -electrodes,
ruthenium (Ru) metal complex dyes, and iodine electrolyte solutions, O’Regan,
B., and Griétzel reported high efficiency cells in Nature in 1991 [9]. Since then,
many studies have been actively carried out on DSSCs and revealed their

performance comparable to amorphous silicon thin films [10, 11].

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic
technology that has attracted significant attention because of their high
conversion efficiencies and low cost. O’Regan. B. & Gritzel reported high
efficiency cells using nanoporous titanium dioxide (TiO,) semiconductor
electrodes, ruthenium (Ru) metal complex dyes, and iodine electrolyte
solutions in the journal of Nature in 1991 [9]. Since then, many studies have
been actively carried out on DSSCs and revealed their performance comparable
to amorphous silicon thin films [10, 11]. The advantages of these DSSCs are
their low cost, light weight, and ease of production; yet, problems with
durability and future enhancement of their features exist. Numerous efforts

have been undertaken to address these problems, including upgrading materials
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and structures and solidifying electrolytes, but major advancements have not
yet been accomplished [12, 13]. Two conducting glass electrodes are
sandwiched together to form a dye-sensitized solar cell. Each layer plays a

particular function in the cell.

The photovoltaic performance of a DSSC highly depends on all of its
components and the fabrication methodology. Therefore, the optimization of
every component is highly crucial to achieve the best performance. Since its
introduction into the science community in 1991, the nanocrystalline
photoanode in dye-sensitized solar cells has predominantly been comprised of
titanium (Ti0O,) nanoparticles as the semiconducting material [9, 14, 15]. Many
researchers became very interested in studying the dye-sensitized solar cell
performance fabricated using alternative semiconducting nanomaterials [16,
17]. Specifically, Zinc Oxide (ZnO) has been an ideal alternative to TiO,
because of having a similar conduction band edge that is appropriate for proper
electron injection from the excited dyes; moreover, ZnO provides better
electron transport due to its higher electronic mobility. Moreover, ZnO is also

highly transparent, allowing greater light penetration [ 18-22].

In this study, ZnO nanoparticles were used to fabricate the photoanode
of the DSSCs and Rose Bengal dye was utilized as a sensitizer. To obtain better
efficiency, the dye molecules must bind tightly to the mesoporous ZnO
photoanode surface with the assistance of their anchoring group to ensure
proficient electron injection from the LUMO of the dye molecule to the
conduction band (CB) of ZnO. Here, we have studied the effect of the inclusion
of rose bengal dye solution during the ZnO nanoparticle paste preparation. This
yielded a coloured pre-dye treated paste of ZnO nanoparticles. The
performance of pre-dye treated DSSC was compared with the cell prepared

without pre-dye treating.
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2. Materials and Method
2.1. Materials

Transparent ITO coated glass (10 €/ square) was purchased from
Techinstro, India. Commercial ZnO nanopowder, Rose Bengal dye, and Triton
X-100 were bought from Sigma Aldrich, India. The liquid electrolyte used in
our experiment was a Solaronix high performance electrolyte (Iodolyte AN50)
with 1odide/tri-iodide as redox couple, ionic liquid, and lithium salt and
pyridine derivative as additives dissolved in acetonitrile solvent. The liquid
platinum paint (Platisol T) purchased from Solaronix, Switzerland was used to
prepare the platinum-coated transparent counter electrode. Meltonix 1170-25
(25um) purchased from Solaronix was used as a spacer between the working
and counter electrode to avoid short-circuiting. All the reagents utilized in the
fabrication process were of analytical grades. So no further purification was

required.

2.2. Preparation of pure ZnO photoanode

To prepare the thin films of the photoanode materials, the ITO coated
glass substrates were first cleaned with dilute HCI in an ultrasonic bath for 15
minutes and then thoroughly rinsed with deionized water to remove the HCL
residues. Then the substrates were cleaned with acetone and ethanol using an
ultrasonic cleaning bath [17, 22].

The working electrode of the DSSC was prepared by following the
standard doctor blade method. The paste for doctor blading was prepared by
mixing ZnO nanopowder with dilute acetylacetone as a solvent and ethyl
cellulose as a binder. One drop of Triton X-100 was added to the mixture to
reduce the surface tension of the slurry and to enable even spreading. The
mixture was stirred continuously in order to obtain a smooth lump-free slurry.
The ZnO paste was then coated on the conductive side of the cleaned ITO glass

substrate and subsequently annealed at 450°C on a hot plate for 30 min in order
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to burn out the ethyl cellulose contents of the working electrode and
strengthens the bonding between the substrate and the ZnO film. In addition to
that, the annealing procedure also helps to improve the surface quality of the

thin film along with increasing the crystallinity of the sample.

2.3. Preparation of pre-dye treated ZnO photoanode

To prepare the pre-dye treated ZnO photoanode, the above procedure is
slightly modified by directly adding 0.3 mM ethanolic solution of Rose Bengal
dye during the ZnO nanoparticle paste preparation. This yielded a coloured pre-
dye treated paste of ZnO nanoparticles. This paste was also coated using the
doctor blade method (Fig. 1) on a previously cleaned ITO glass substrate and
annealed following the identical procedure as followed for the pure ZnO

electrode to obtain the pre-dye treated ZnO working electrode.
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Figure 1. Schematic diagram of doctor blade method.

(https://link.springer.com/article/10.1007/s11356-020-10022-9)

2.4. Fabrication of the cells

Both of the pure and pre-dye treated ZnO electrodes were sensitized by
immersing them in a 0.3 mM ethanolic solution of Rose Bengal dye for 12
hours. The working electrodes were then removed from the solution and

thoroughly rinsed with deionized water and ethanol to remove any excess dye

Page 232



Appendix

from the ZnO nanoparticle film surface and left for air drying at room
temperature. The platinum catalyst precursor solution Platisol-T (Solaronix)
was spin-coated on the conducting side of the cleaned ITO glasses and heated
at 450 ° C for 15 minutes on a hot plate to prepare the counter electrodes for the
cells. The dye adsorbed working electrodes and platinum(Pt)-coated counter
electrodes were assembled against the coated sides of each other in a sandwich
manner using two binder clips with a Surlyn film (Meltonix 1170-25pm,
Solaronix) gasket as a spacer in between them. The liquid electrolyte used in
the fabrication process was poured inside the cell through fine holes pre-drilled
on the counter electrodes. The redox concentration of the electrolyte was 50

mM. The active area of the cells for illumination was 0.16 cm?>.

2.5. Characterization and Measurements

PAN-analytical X’Pert PRO X-ray diffractometer (CuKa radiation, 30
mA, 40 kV, A= 1.5406 A) was used to study the crystalline structure of the ZnO
nanoparticles. The surface morphology of the prepared ZnO thin films was
studied by using scanning electron microscopy (JEOL). The Current-Voltage
(I-V) characterization of the cells was done using a Keithley 2400 digital

source meter under 100 mW/cm? illumination (Xenon lamp 450W).

3. Results and Discussion

3.1. UV-VIS absorption spectral analysis of the dye

UV-VIS absorption spectrum of the Rose Bengal dye is shown in Fig. 2.
The Rose Bengal dye absorbs a larger fraction of the solar spectrum in the
visible region of 460—600 nm and it shows the highest optical absorption at 549

nm wavelength.
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Figure 2. Absorption spectra of Rose Bengal dye.

3.2. Structural and phase characterization ZnO of the

photoanode

X-ray diffraction pattern of the as-purchased ZnO nanopowder is shown
in Fig. 3. The XRD pattern exhibits the hexagonal wurtzite crystal phase of
ZnO and peaks well match the standard JCPDS card no. 36-1451. The
diffraction peaks observed at 20 values of 31.79°, 34.42° 36.25°, 47.51°,
56.60°, 62.86°, 67.96°, and 69°corresponds to the reflection from the (100),
(002), (101), (110), (103), (112), and (201) lattice planes respectively. Sharp
and strong peaks indicate the highly crystalline nature of the material [23, 24].
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Figure 3. X-ray diffraction pattern of ZnO nanoparticles.

3.3. Surface Morphology study and energy dispersive
spectroscopy of the photoanodes

Scanning electron microscopic (SEM) analysis of the ZnO nanopowder
film on the ITO substrate was carried out to study the morphological properties
and the particle size of the sample. The SEM image of the ZnO nanoparticles

on an ITO substrate is shown in Fig.4 (a).
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Figure 4. (a) SEM images, (b) EDS and (c) Elemental composition of ZnO

Nanoparticles respectively
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The SEM observation confirms that the ZnO particle size is in the
nanometre range and they have a hexagonal wurtzite structure. Further, the
chemical composition and elemental percentage of the film are revealed by the

EDS analysis which is shown in Fig. 4 (b) and 4 (c) respectively.

3.4. Photovoltaic ( Current-Voltage) characterization of the

cells

The Current-Voltage characteristic is an essential measurement that
reveals the values of the overall photovoltaic performance of a solar cell along
with key performance parameters like open circuit voltage and short circuit
current density. Fig. 5 depicts the I-V characteristics of the DSSCs based on
pure and pre-dye treated ZnO as photoanodes respectively. The overall

photoconversion efficiency of the solar cell is calculated by the formula
_ Pour _ IscVocFF
P P

(1)

Where P, Vo, I and FF denote the incident photon power, open-circuit
voltage, the short circuit current density and fill factor respectively. The fill
factor is calculated using the following formula:

FF — Imaxvmax (2)
ISC\/OC

Where 1., and V., respectively, represent values of the current and voltage

at the maximum output power point of the solar cell.
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Figure 5. Current-voltage characteristics of different cells under illumination.

The photovoltaic parameters extracted from the [-V characteristics of
the fabricated DSSCs are shown in table 1 below.
Table 1.
Photovoltaic performance of uncoated and ZnO coated WO; photoanode based

DSSC

ZnO precursor J. (mA/cm?) Voo (V) FF Efficiency (n
concentration %)
Pure ZnO 3.73 0.53 0.63 1.26
Pre-dye treated ZnO 4.47 0.55 0.62 1.53

A considerable improvement in the values of J,. and n for the pre-dye
treated DSSC can be observed compared to the conventionally prepared pure
ZnO electrode from Table 1. This demonstrates the positive role of the pre-dye
treating process. This may be attributed to the fact that the pre-dye loading
method resulted in uniform dye adsorption, reduced agglomeration, the

improved surface morphology of photoanode and less dye aggregation [25].
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The V,. is also improved slightly. The increased amount of dye molecule
adsorption on the pre-dye treated ZnO nanoparticle surface absorbs more
photons and thereby injecting more electrons to the conduction band of ZnO.

This yielded increased J. and n.

4. Conclusion

DSSCs using pure and pre-dye treated ZnO nanoparticles as photoanode
material were fabricated and their electro-optical performances were compared.
The performance of the DSSC was remarkably improved upon pre-dye loading.
The pre-dye treated ZnO DSSC showed a 19.84% improvement in Short circuit
current density (Jy.) and 21.43 % improvement in photoconversion efficiency
(n). Therefore, the method of pre-dye loading of ZnO nanoparticles may be
used as an effective and novel way to improve the performance of dye

sensitized solar cells.
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Abstract

Effective suppression of dye aggregation on the photoanode surface of dye sensitized solar
cells plays a key role in improving solar cell efficiency. Chenodeoxycholic acid (CDCA)
is a very popular anti dye aggregation material used in dye sensitized solar cells (DSSC).
However, the selection of an improper concentration of CDCA may lead to decreased solar
cell efficiency by lowering the open circuit voltage and short circuit current as a conse-
quence of reduced dye loading. The influence of CDCA as a dye co-adsorbent on the per-
formance of DSSCs fabricated using Rose Bengal dye was studied in this paper. The con-
centration of the CDCA solution was varied to identify the optimum value for the best
device performance. Aside from this, the effect of a very thin and compact ZnO block-
ing layer was also investigated to reduce the charge recombination. With photovoltaic
parameters such as short circuit current density (J)=1.98 mA/cm?, open circuit voltage
(V,)=0.58 V, and fill factor (FF)=0.43, the traditional cell displayed an overall conver-
sion efficiency of 0.49%, while the power conversion efficiency was found to be increased
to 1.00% (Jsc=2.80 mA/cm?, V,.=0.64, FF=0.58) when CDCA was added at optimised
concentration of 8§ mM. Reduced dye aggregation and increased electron injection in the
presence of CDCA may be accounted for the DSSC’s remarkable improvement in the effi-
ciency. Moreover, the combined effect of 8 mM CDCA and the compact ZnO blocking
layer dramatically enhanced the efficiency further to 1.22% (J..=3.09 mA/cm?, V,,=0.66,
FF=60). Electrochemical impedance spectroscopic (EIS) analysis revealed that the addi-
tion of CDCA as a co-adsorbent in the dye solution and addition of ZnO blocking layer
resulted in significantly improved electron lifetime and reduced electron recombination
yielding improved J, V. and 0.
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1 Introduction

Ever growing global energy requirement and depleting level of fossil fuels have acceler-
ated the demand for efficient power generation from solar photovoltaic (PV) cells in recent
years (Bach 1997; Meadows et al. 1972; Hosenuzzaman et al. 2015). The environmental
impact of the use of fossil fuels is another major concern (Barbir et al. 1990). The cur-
rent production of photovoltaic (PV) modules is dominated by crystalline silicon modules
based on bulk wafers. However, the use of toxic materials and the high production cost of
these solar cells have motivated the researchers to find new kinds of less expensive and
non silicon-based solar cells to harvest solar energy efficiently (Goetzberger et al. 2003;
Alharbi et al. 2011; Lee and Ebong 2017; Yamamoto et al. 2001).

Dye-sensitized solar cells (DSSCs) are a non-conventional photovoltaic technology
that has attracted significant attention because of their high conversion efficiencies and
low cost. O’Regan. B. and Griitzel reported high efficiency cells using nanoporous tita-
nium dioxide (TiO,) semiconductor electrodes, ruthenium (Ru) metal complex dyes, and
iodine electrolyte solutions in the journal of Nature in 1991 (O’Regan and Gritzel 1991).
Since then, many studies have been actively carried out on DSSCs and revealed their per-
formance comparable to amorphous silicon thin films (Chiba et al. 2006; Gritzel 2005).
These DSSCs have the advantages of low cost, lightweight and easy fabrication, but issues
include durability and further improvement of their properties. To respond to these issues,
many attempts have been made, such as solidifying electrolytes and improving materials
and structures, but there have been no great breakthroughs yet (Chung et al. 2012; Cai et al.
2011).

A dye-sensitized solar cell consists of two conducting glass electrodes in a sandwich
arrangement. Each layer has a specific role in the cell. The transparent glass electrodes
allow the light to pass through the cell. The titanium dioxide serves as a holding place
for the dye and participates in electron transfer. The dye molecules collect light and pro-
duce excited electrons which cause a current in the cell. The iodide electrolyte layer acts
as a source for electron replacement. The bottom conductive layer is coated with platinum
which plays the role of the counter electrode. A schematic structure of a liquid electrolyte
DSSC and its working principle is shown in Fig. 1. When light passes through the conduc-
tive glass electrode, the dye molecules absorb the photons and the electrons in the dye go
from the ground state (HOMO) to an empty excited state (LUMO). This is referred to as
photoexcitation. The excited electrons jump to the conduction band of the semiconducting
dioxide and diffuse across this layer reaching the conductive electrode. Then they travel
through the outer circuit and reach the counter electrode. The dye molecules become oxi-
dized after losing an electron to the semiconductor oxide material. The red-ox iodide elec-
trolyte donates electrons to the oxidized dye molecules thereby regenerating them. When
the originally lost electron reaches the counter electrode, it gives the electron back to the
electrolyte (O’Regan and Gritzel 1991; Gritzel 2003).

The photovoltaic performance of a DSSC highly depends on all of its components and
the fabrication methodology. Therefore, the optimization of every component is extremely
crucial to achieve the best performance. Since its introduction into the science commu-
nity in 1991, the nanocrystalline photoanode in dye-sensitized solar cells has predomi-
nantly been comprised of titanium (TiO,) nanoparticles as the semiconducting material
(O’Regan and Gritzel 1991; Gritzel 2003; Shao et al. 2011). Many researchers became
very interested in studying the dye-sensitized solar cell performance fabricated using alter-
native semiconducting nanomaterials (Tiwana et al. 2011; Biswas and Chatterjee 2020).
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Fig. 1 Schematic diagram and working principle of a conventional DSSC

Specifically, Zinc Oxide (ZnO) has been an ideal alternative to TiO, because of having
a similar conduction band edge that is appropriate for proper electron injection from the
excited dyes; moreover, ZnO provides better electron transport due to its higher electronic
mobility. Along with that, ZnO is also highly transparent, which allows greater light pen-
etration (Zhang et al. 2009; Guillén et al. 2011; Quintana et al. 2007; Vittal and Ho 2017;
Biswas et al. 2019).

In this study, ZnO nanoparticles were implemented to fabricate the photoanode of the
DSSCs and rose bengal dye was utilized as a sensitizer. To obtain better efficiency, the dye
molecules must bind tightly to the mesoporous ZnO photoanode surface with the assis-
tance of their anchoring group to ensure proficient electron injection from the LUMO of
the dye molecule to the conduction band (CB) of ZnO.

Ruthenium dyes have long been used as quite efficient sensitizers for the photoanodes
of the DSSCs (Ito et al. 2006, Aghazada et al. 2018, Nazeeruddin et al. 2011). However,
these dyes are expensive, difficult to synthesis, requires high production cost, toxic, rare
and easily pollute the environment (Sayyed et al. 2016). Owing to these facts, the organic
photosensitizer Rose Bengal (RB), emerges as a promising and alternative candidate. It is
a xanthenes class photosensitizer having high absorbtion coefficient and absorbs a wide
spectrum of solar radiation. It energetically matches the conduction band edge of ZnO and
iodine/iodide redox couple for DSSC application (Pradhan et al. 2007, Dufty et al. 2000).
Accordingly, ZnO based DSSC performes specifically well when sensitized with Rose
Bengal. Although the efficiency of these type of organic sensitizer based DSSCs is less,
production cost per watt will be less compared to the ruthenium based DSSCs even if we
achieve moderate efficiency. As the RB dye is an organic dye and does not contain any
toxic noble metal such as ruthenium, there are no environmental pollution related issues
with it. It is widely used because of its high absorption coefficient in the visible region
of solar spectrum and its molecular structure (Fig. 2) comprises of anchoring groups that
can be adsorbed onto the semiconductor oxide surface. For the particular case of ZnO-RB
combination, the interaction between the unfilled valance shell of the ZnO and the carboxyl
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Fig.2 Chemical structure of
Rose Bengal dye

groups present in the dye molecules leads to easy adsorption of the dye molecules on the
Zn0 surface. Such kind of bonding between the dye molecule and ZnO not only increases
adsorptivity of dye but also facilitates electron injection because of the substantial overlap
between the electron molecular orbitals of the dye and those of the semiconductor’s con-
duction band (Rani et al. 2010).

However, in case of ZnO photoanode based DSSCs, the dye aggregation on the ZnO
surface affects the photoelectron injection by increasing charge recombination and hence
limits the overall device performance (Kim et al. 2014; Patwari et al. 2017; Zhang and
Cole 2017). The use of additives such as Chenodeoxycholic acid (CDCA) is a very useful
and widely used strategy in lowering the self-aggregation of dye molecules by suppressing
unfavourable dye-dye interactions as shown in Fig. 3 and thereby enhances the photocon-
version efficiency (Buene et al. 2020; Kumar et al. 2020; Ismail et al. 2018). However,
the strong binding of CDCA molecules to the ZnO surface partially displaces dye mol-
ecules and consequently reduces photon harvesting. Therefore, to maximize the positive
effect of the co-adsorbent, it is very crucial to carefully optimize the amount of CDCA (Li
et al. 2011). Few researchers have studied the role of CDCA as an anti-aggregation agent
in ruthenium and organic dye based DSSCs and found it to be very effective in reducing
the aggregation of dye molecules over the semiconductor surface (Inoue et al. 2010; Lee
et al. 2007; Yum et al. 2008; Lu et al. 2009). But there is no report available related to the
application of CDCA on Rose Bengal dye. Herein, we report the investigation on the effect
of CDCA as co-adsorbent in the performance of Rose Bengal (RB) dye based DSSCs. Dif-
ferent concentrations of CDCA were studied to identify the optimum value for achieving
the best device performance.

On the other hand, the mesoporous nature of the ZnO film is very essential to tender
high surface area offering more dye loading and thereby generating more photoelectrons.
However, small pores present in the nanocrystalline ZnO layer of the photoanode may pro-
vide a path for the direct contact between the liquid electrolyte and the FTO substrate.
This may allow the electrons of FTO to recombine with the 175 ion present in the electro-
lyte resulting in high recombination current and hence decreased cell performance (Yang
et al. 2014; Yeoh and Chan 2019). Therefore, to inhibit the electron back transfer, a prom-
ising approach is to modify the FTO/electrolyte interface by adding a compact metal oxide
blocking layer. A thin blocking layer (BL) of ZnO was deposited by a facile and cost-effec-
tive sol—gel spin coating process before depositing the mesoporous active ZnO layer. In this
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(a)

Fig.3 a Unfavourable dye-dye interaction in absence of CDCA b reduced self-aggregation of dye mole-
cules in presence of CDCA

work, we reported the fabrication and characterization of DSSCs based on ZnO nanoparti-
cles and Rose Bengal dye. The effect of CDCA concentration and the compact ZnO block-
ing layer in boosting the photovoltaic performance of the device was investigated in terms
of photocurrent—voltage (J-V) characteristics and dark current measurement. In addition to
that, electrochemical impedance spectroscopy (EIS) analysis was employed to investigate
the charge transfer kinetics and electron back reaction of the fabricated cells.

2 Materials and methods
2.1 Materials

Zn0O nanopowder, Zinc acetate dehydrate (CH;COO),Zn, 2H,0) and Monoethanolamine
(MEA) were bought from Sigma Aldrich, India. ethylcellulose and terpineol were bought
from TCI Chemicals, India. Transparent FTO coated glass (10 Q/square), the high-per-
formance liquid electrolyte (Iodolyte AN50), chenodeoxycholic acid (CDCA) as a dye
co-adsorbent and liquid platinum paint (Platisol T) to prepare the platinum-coated coun-
ter electrode were purchased from Solaronix, Switzerland. Meltonix 1170-25 (25 pm)
(Solaronix) was used as a spacer between the working and counter electrode to avoid
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short-circuiting. All the reagents utilized in the fabrication process were of analytical
grades. So no further purification was required.

2.2 Preparation of conventional ZnO photoanode

To prepare the thin films of the photoanode materials, the FTO coated glass substrates were
first cleaned with dilute HCI in an ultrasonic bath for 15 min and then thoroughly rinsed
with deionized water to remove the HCL residues. The substrates were then cleaned with
acetone and ethanol using an ultrasonic cleaning bath (Biswas and Chatterjee 2020; Biswas
et al. 2019). The mesoporous ZnO photoelectrode of the DSSC was prepared by following
the standard doctor blade method. The paste for doctor blading was prepared by mixing
0.5 g of ZnO nanopowder with a-terpineol as a solvent and 0.45 g of ethyl cellulose as a
binder (Wong et al. 2012). The mixture was stirred continuously to obtain a smooth lump-
free slurry. The ZnO paste was then coated on the conductive side of the cleaned FTO
glass substrate and subsequently annealed at 400 °C on a hot plate for 30 min to burn out
the ethyl cellulose and other organic contents of the working electrode and to strengthen-
ing the bonding between the substrate and the ZnO film. In addition to that, the annealing
procedure also helps to improve the surface quality of the thin film along with increasing
the crystallinity of the sample (Elilarassi and Chandrasekaran 2010; Shivaraj et al. 2015;
Al-Kahlout 2015; Pandey et al. 2017).

2.3 Preparation of photoanode with compact ZnO layer

In order to improve the photovoltaic performance of the cells further by preventing the
direct contact between FTO and liquid electrolyte, a thin and compact ZnO layer was
deposited on FTO coated glass substrate by employing a simple sol-gel spin coating
method prior to deposition of mesoporous active ZnO nanoparticle layer. The precursor
solution was prepared by mixing Zinc acetate dehydrate (CH;COO),Zn, 2H,0) in 50 ml
isopropanol as solvent and monoethanolamine (MEA) was used as a stabilizer. The precur-
sor solution concentration was maintained at 0.05 M. The mixture was vigorously stirred
at 60° C by a magnetic stirrer for 1 h. MEA was added dropwise under stirring, yielding
a clear homogenous solution. The solution was left for 24 h at room temperature for aging
before it could be used for film deposition. The aged solution was then spin-coated on a
cleaned FTO glass substrate with a programmable spin coater (Apex Instruments Co. Pvt.
Ltd, Model SpinNXG-P1)at 3000 rpm for 30 s and annealed at 200 °C for 20 min to form
the ZnO blocking layer. Over this compact blocking layer, the mesoporous active layer was
coated using the same doctor blade method and then annealed at 400 °C as done earlier.

2.4 Assembling the devices

One set of ZnO photoanodes were sensitized by immersing them in a 0.5 mM ethanolic
solution of pure Rose Bengal dye for 12 h. Another set of photoanodes (both with and
without ZnO blocking layer) were sensitized with the RB dye solution containing vari-
ous concentrations (0—10 mM) of CDCA at room temperature for 12 h. The working elec-
trodes were then removed from the solution and rinsed thoroughly with deionized water
and ethanol to get rid of any excess dye from the thin film surface and left for air drying at
room temperature. The platinum catalyst precursor solution (Platisol-T) was spin-coated
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on the conducting side of the cleaned FTO glasses and heated at 450 °C for 15 min on a
hot plate to prepare the counter electrodes for the cells. The dye adsorbed working elec-
trodes and platinum(Pt)-coated counter electrodes were assembled against the coated sides
of each other in a sandwich manner using two binder clips with a Surlyn film (Meltonix
1170-25 um, Solaronix) gasket as a spacer in between them. The liquid electrolyte used
in the fabrication process was poured inside the cell through fine holes pre-drilled on the
counter electrodes. The red-ox concentration of the electrolyte was 50 mM. The active area
of the cells for illumination was adjusted to 0.16 cm?.

2.5 Characterization and measurements

X-ray diffraction (XRD) analysis is a technique used for the determination of the crystal
structure of materials in the nanomaterial, thin-film, or bulk material form. In the XRD
experiment, a monochromatic X-ray beam is allowed to incident on the sample and the
diffraction occurs. Constructive interference is obtained for the glancing angles (0) cor-
responding to those (hkl) planes only for which the path difference is equal to integral mul-
tiple (n) of wavelength (L) of the X-ray used. This condition is given by Bragg’s equation

2d Sin(@) = n A

where d is the interplanar spacing. The schematic of the experimental arrangement is
shown in Fig. 4. The reflected X-rays make an angle 20 with the material surface. A typical
XRD pattern consists of these reflection peaks along the y-axis with the diffraction angles
20 along the x-axis (Epp 2016, Zhang et al. 2004). In our study, the X-ray diffraction analy-
sis was employed using PAN-analytical X’Pert PRO X-ray diffractometer (CuKa radiation,
30 mA, 40 kV, A=1.5406 A) to determine the crystalline structure of ZnO nanoparticles
used in making the photoanode of the DSSC.

Absorbance spectrum measurement of the dye was carried out using a Perkin-Elmer
Lambda-35 UV-VIS spectrophotometer. In this measurement, the sample is exposed to
light within a selected range of wavelengths. Absorption occurs when the incident pho-
ton energy surpasses the energy gap between the lower energy orbital (highest occupied
molecular orbital-HOMO) and the higher energy unoccupied orbital (lowest unoccupied
molecular orbital-LUMO) of the materials, and then the spectrometer records the signal.
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Fig.4 X-ray diffraction at the sample film surface
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The block diagram of the UV-VIS spectrophotometer is shown in Fig. 5. (Rocha et al.
2018).

Scanning electron microscopy (JEOL) was used to examine the surface morphology of
the prepared ZnO thin films. The current—voltage (J-V) characterization of the cells was
measured under 100 mW/cm.? illumination using a Keithley 2400 digital source meter
which was controlled by Keithley LabTracer computer software. The overall photoconver-
sion efficiency of the solar cell was calculated using the formula

Pout
P.

m

_ LV, FF

> (1)

in

]1:

where P, V., I, and FF denote the incident photon power, open-circuit voltage, the short
circuit current density and fill factor respectively. The fill factor was estimated using the

following formula:

Im me X
=g @

SC © OC

where 1, and V., respectively, represent values of current and voltage at the maximum
output power point of the solar cell. The area of the fabricated cells that was exposed to
light was 1 cm?. The electrochemical impedance spectroscopy (EIS) of the cells was done
in the frequency range of 0.1-190 kHz under open circuit conditions.

3 Results and discussion
3.1 UV-VIS absorption spectral analysis of the dye

0.5 mM ethanolic solution of Rose Bengal dye was prepared and its absorption property
was studied using Perkin Elmer Lambda—35 UV-VIS spectrophotometer. UV-VIS absorp-
tion spectrum of the RB dye is shown in Fig. 7a. The value of 4, obtained from the
absorption spectrum is a very important parameter as it demonstrates the potential of the
molecular systems for significant usage as a functional material in DSSC. It can observed
that the Rose Bengal dye absorbs a larger fraction of the solar spectrum in the visible
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Fig.5 Schematic of UV-VIS spectrophotometer
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Fig. 6 Possible transition
mechanism in the Rose Bengal
molecular system
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region of 460—600 nm and it shows the highest optical absorption at 549 nm wavelength.
The strong absorption peak may be assigned to the intra-molecular charge transfer (ICT)
transitions from the donor to acceptor level within HOMO (Highest Occupied Molecular
Orbital)- (Lowest Unoccupied Molecular Orbital)LUMO energy levels as shown in Fig. 6
(Sayyed et al. 2016, Singh et al. 2012).

The optical energy gap of the dye was calculated using Tauc’s relation (Eq. 3) (Sham-
suddin et al. 2017, Ghobadi 2013, Uyanga et al. 2020)

ahv = B(hv — Eg)m (3)

where a is the absorption coefficient, iv is the photon energy, E, is the optical energy gap
of the material and value of m depends on type of transition. The value of m is 2 or % for
indirect and direct transition respectively. The direct band gap of the Rose Bengal dye was
found to be 2.19¢V by extrapolating the linear part of the (ahv)? versus hv plot as shown in
Fig. 7b. The indirect band gap of the dye was calculated through extrapolation of the linear
portion of the (ahv )12 versus hv plot as shown in Fig. 7c (Patni et al. 2020) which indicates
indirect transition at E, = 2.13¢V.

The HOMO-LUMO direct band gap of the dye affects the electron transfer from the
LUMO of the dye molecule to the conduction band of the ZnO particles. It facilitates
the vertical electron transition through the dye excitation (Henson et al. 2013). On the
other hand, indirect transition is a phonon assited transition where change in momentum
must be taken into account. When the photons having energy fairly above the indirect
band gap of dye molecule is absorbed by the dye electron, phonons get emitted (Seo
and Hoffmann 1999). As a result the direct band gap is utilized to determine the vertical
transition during the course of photosesitization (Nguyen et al. 2013, Prima et al. 2016).
Hence, the lowest electronic transition, which corresponds to the onset of absorption in
the UV-visible absorption spectrum, was used to calculate the optical bandgap. It is the
energy difference between HOMO and LUMO which is caused by the excitation of elec-
trons from HOMO to LUMO.

3.2 Structural and phase characterization ZnO compact layer

The X-ray diffraction pattern of the ZnO compact blocking layer, shown in Fig. 8a,
exhibits the hexagonal wurtzite crystal phase of ZnO and the peaks well match with
the standard JCPDS card no. 36—1451. The diffraction peaks observed at 20 values of
31.79°, 34.42°, 36.25°, 47.51°, 56.60°, 62.86°, 67.96°, and 69°corresponds to the reflec-
tion from the (100), (002), (101), (110), (103), (112), and (201) lattice planes respec-
tively. Sharp and strong peaks indicate the highly crystalline nature of the material
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Fig.7 a UV-VIS absorption spectra of Rose Bengal dye b Tauc’s plot for direct transition and ¢ Tauc’s plot
for indirect transition

(Costantino et al. 1998; Oh et al. 2002). The XRD pattern for the commercial ZnO nan-
opowder is shown in Fig. 8b. It can be clearly seen that both the commercial ZnO nano-
powder and synthesized ZnO blocking layer showed similar XRD patterns. The XRD
pattern of sample with both the blocking and active layer is shown in Fig. 8c. This is
very similar to the XRD pattern of the blocking layer. This is because the blocking layer
is more crystalline in nature, which is evident from its XRD pattern with its sharper
peaks.

3.3 Surface morphology study and energy dispersive spectroscopy
of the photoanodes

Scanning electron microscopic (SEM) analysis of the ZnO active layer and the compact
blocking layer on the FTO substrate was carried out to study the surface morphology
and the particle size of the sample. The SEM images of the ZnO active and blocking lay-
ers on the FTO substrate are depicted in Fig. 9. It can be seen from Fig. 9a that the ZnO
nanoparticles have a hexagonal structure. Figure 9b and c represent the SEM images of
compact blocking layer at low and high magnifications respectively. The diameter of the
spin-coated nanoparticles ranges from 150 to 180 nm. Further, the chemical composi-
tion and elemental percentage of the compact ZnO film are revealed by the Energy Dis-
persive X-Ray Spectroscopy (EDS) analysis which is shown in Fig. 9d. Predominating
peaks of Zn and O, unveil that the synthesized blocking layer contains pure ZnO.
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Fig.8 X-ray diffraction pattern of a ZnO compact blocking layer b ZnO nanoparticles as active layer ¢ ZnO
blocking/active layer
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Fig.9 SEM images of a ZnO NP active layer, b ZnO blocking layer at lower magnification, ¢ ZnO blocking
layer at higher magnification and d EDS and Elemental composition of ZnO blocking layer

3.4 Photovoltaic characterization of the cells

The Current—Voltage (J-V) characteristic is a crucial measurement that reveals the
value of the overall photovoltaic performance of a solar cell along with the key perfor-
mance parameters like open circuit voltage and short circuit current density. Figure 10a
depicts the J-V characteristics of the DSSCs based on different types of photoanodes
used in this study and the obtained photovoltaic parameters for each of the cells are
summarized in Table 1.
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Fig. 10 Current—voltage characteristics of different cells under a illumination b dark
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Table 1 Photovoltaic parameters of DSSCs fabricated with various ZnO photoanodes

Cell name CDCA concentration T (mA/cm.?) V,.(V) FF Efficiency (N %)
DSSC1 0 mM 1.98 0.58 0.43 0.49
DSSC2 2 mM 2.08 0.61 0.58 0.74
DSSC3 4 mM 2.18 0.62 0.60 0.81
DSSC4 6 mM 2.36 0.63 0.58 0.86
DSSC5 8 mM 2.80 0.64 0.56 1.00
DSSC6 10 mM 2.63 0.64 0.54 0.91
DSSC7 8 mM+BL 3.09 0.66 0.60 1.22

3.4.1 Effect of CDCA

The conventionally prepared DSSC with ZnO nanoparticles and Rose Bengal dye displayed
a short circuit current density (J,.) of 1.98 mA/cm?, an open circuit voltage (V,.) of 0.58 V,
and a fill factor (FF) of 0.43, resulting in a photoconversion efficiency(n) of 0.49%. How-
ever, under the same working conditions, the device performance was found to be highly
influenced when CDCA solution was incorporated into the dye solution at various concen-
trations. From Table 1, it can be noted that the value of V., as well as J_, increases with an
increase in the concentration of CDCA. Optimum concentration (8 mM) provides the fin-
est dye attachment to the ZnO surface. The best device performance was achieved for the
optimized CDCA concentration of 8 mM when added with 0.5 mM RB dye solution. This
improvement in the performance may be attributed to reduced dye aggregation along with
uniform dye adsorption yielding better electron injection into the conduction band of ZnO.

3.4.2 Effect of compact ZnO blocking layer

To avoid the direct contact between the FTO and the liquid electrolyte through the pores
present in the nanocrystalline ZnO film in a conventionally prepared DSSC, a thin and
compact layer of ZnO was employed as shown in Fig. 11. From Table 1 it can be observed
that the addition of a compact ZnO blocking layer in DSSC7 with 8§ mM CDCA additive
shows a remarkable enhancement in J. (3.09 mA/cm?) and V,, (0.66 V) and consequently
the highest value of photoconversion efficiency n (1.22%) was obtained among all the fab-
ricated cells. Such type of performance enhancement may be accredited to the consolidated
effect of improved dye loading due to the addition of CDCA with proper concentration and
increased charge collection along with decreased electron recombination at the FTO/ZnO/
electrolyte interface hindering the direct contact between FTO and electrolyte by the block-
ing layer.

3.4.3 Dark current measurement

To explore the effect of CDCA concentration and ZnO blocking layer in the process of
electron back transfer, the J-V characteristics were also measured in the dark which
is shown in Fig. 10b. It is regarded as a qualitative method to assess the degree of elec-
tron back transfer in DSSCs. The dark current generation is known to be partly due to the
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Fig. 11 Schematic diagram of a DSSC with compact ZnO blocking layer

presence of exposed FTO sites having direct contact with the liquid electrolyte and the
pores left between the ZnO nanoparticles and the FTO surface (Yang et al. 2014; Yeoh
and Chan 2019). These exposed FTO sites and the pores of ZnO nanoparticle film would
allow the liquid electrolyte to penetrate through ZnO film and directly come in contact with
bare FTO sites resulting in recombination losses as shown in the energy band diagram for
conventional ZnO NP based DSSC in Fig. 12a. It can be observed from Fig. 10b that for
a particular value of the voltage on the X-axis (i.e. voltage axis) of the dark current char-
acteristics, the corresponding Y-axis value (i.e. value of dark current) is lowest for DSSC7
for that particular voltage. It can also be seen that the dark current has the highest value
for conventionally prepared cell (DSSC1) with bare FTO and decreases with an increase
in CDCA concentration up to 8 mM. An enlarged plot of the dark current characteristics is
provided as an inset in Fig. 10b so that a clear scenario is observed. For the cell (DSSC7)
with compact ZnO BL and 8 mM CDCA solution as dye co-adsorbent, the dark current
is reduced significantly for the same bias potential in comparison to all other cells. This
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Fig. 12 Schematic diagram showing interfacial charge transfer and recombination in case of DSSCs a with-
out ZnO BL b with compact ZnO BL
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demonstrates that the compact ZnO BL reduces the bare FTO site and thereby successfully
suppresses the dark current by lowering the electron back transfer. It was also observed that
the DSSC7 has the slowest rate of increase of dark current with an increase in bias voltage
confirming excellent suppression of electron recombination and consequently reduced cur-
rent loss.

The variations of different cell parameters with the concentration of CDCA solution for
the fabricated DSSCs are depicted in Fig. 13. It can be observed that CDCA concentration
highly influences the value of J.. ZnO BL improves the current further. A small increase in
the values of V. and FF can also be noted from Fig. 10 due to these processes. The highest
values of cell parameters were obtained for the cell DSSC7.

3.5 Electrochemical impedance spectroscopy study

To further gain an insight into the influence of CDCA concentration and the coating of
compact ZnO blocking layer on the charge transfer and recombination kinetics of the pre-
pared devices, the DSSCs were further investigated by electrochemical impedance spec-
troscopic (EIS) measurement in dark under V, bias voltage with 10 mV AC perturbation
amplitude. This gives a more precise understanding of the limiting factors for the cell per-
formance parameters. In the EIS measurement done under the dark condition and with an
applied bias voltage, electrons from FTO are injected into the conduction band of ZnO
and then transported through the ZnO network. Some of the injected electrons recombine
with the I;™ ion present in the electrolyte giving rise to the recombination phenomenon
(Liu et al. 2018). Figure 14a shows the Nyquist plot of all the prepared cells exhibiting
two obvious semicircles. The curves are fitted using the equivalent circuit shown in the
inset of Fig. 14a and the EIS measurement results obtained in terms of resistances and
capacitances are summarized in Table 2. The charge transfer resistance (R,) and double
layer capacitance (C,,) at the Pt counter electrode/electrolyte interface is responsible for
the first semicircle in the high-frequency range, while the second semicircle in the mid-
frequency range may be assigned to the charge transfer and recombination resistance (R..)
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Fig. 13 Effect of CDCA concentration and ZnO blocking layer (BL) on different cell parameters
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Fig. 14 EIS of the DSSCs representing a Nyquist plot along with equivalent circuit (inset) and b Bode plot

Table 2 Parameters obtained from EIS measurement

Cell name  CDCA concentration R, (Q) Ry, Q) R.. Q) Peak freq. f(Hz)  Electron
lifetime (t,)

(ms)
DSSCl1 0mM 17.15 6.51 40.2 34.21 4.65
DSSC2 2mM 17.23 6.55 48.8 22.13 7.19
DSSC3 4 mM 17.05 6.46 65.4 17.05 9.34
DSSC4 6 mM 17.12 6.23 75.2 15.62 10.94
DSSC5 8 mM 17.36 6.65 87.6 11.03 14.45
DSSC6 10 mM 17.29 6.37 81.4 13.13 12.13
DSSC7 8 mM+BL 19.23 6.39 102.7 6.54 24.35

and chemical capacitance (C) at the ZnO/dye/electrolyte interface (Li et al. 2011, Mazloum
et al. 2019, Zhao et al. 2017). The intercept at the real axis of the Nyquist plot represents
the series resistance (R,) of FTO and other ohmic contacts like connecting cables, clamps
and clips used to connect the cells for measurement. (Ondersma and Hamann 2010; Chou
et al. 2019).

The small semicircles in the high-frequency range are almost identical indicating nearly
similar values of R, for all four kinds of cells as all of them have similar Pt counter elec-
trodes and the same electrolyte. On the contrary, a substantial dissimilarity can be observed
in large semicircles in the mid-frequency range. This indicates that the charge transport
and recombination behaviour at the ZnO/dye/electrolyte interface was extensively affected
due to working electrode modification by the addition of CDCA and incorporation of the
blocking layer. The middle arc of the Nyquist plot for the conventionally prepared DSSC
has the lowest diameter indicating the lowest recombination resistance (R..) and thus rep-
resenting the highest recombination process among all the cells. The diameter is evidently
larger for the CDCA treated cells indicating its positive role in increasing the recombina-
tion resistance and hence lowering the recombination phenomena. It can be observed from
Table 2 that the recombination resistance increases in the order of DSSC1 <DSSC2 <D
SSC3 <DSSC4 <DSSC6 < DSSC5 <DSSC7 indicating that the recombination resistance
increases with an increase in CDCA concentration from 0 to 8 mM and decreases at 10 mM
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concentration. The larger R .. value indicates it is more difficult to transfer the injected
electrons from the ZnO back to the electrolyte, and thus the back recombination can be
suppressed in the cell, thus giving a higher J . and V.. The highest value of recombination
resistance is obtained when the optimum CDCA concentration (8 mM) is combined with
the ZnO blocking layer in DSSC7 leading to the highest J_ and V. of 3.09 mA/cm? and
0.66 V respectively and consequently best device performance. The highest recombination
resistance is obtained for the cell with the blocking layer as the blocking layer prevents the
injected electrons to come in direct contact with the electrolyte and consequently reduces
the direct capture of electrons by the I;~ ions of the electrolyte. Furthermore, the CDCA
addition with optimum concentration and blocking layer increases the number of electrons
accumulated in the conduction band of ZnO which led to increased electron density. This
creates a small shift of Fermi level for the electrons present in the ZnO. This rise in Fermi
level slightly improves V. which can also be observed from Table 1 (Li et al. 2011; Wei
et al. 2015).

Apart from recombination resistance, the second semicircle also provides information
about the electron lifetime in the conduction band of ZnO which gives the measure of the
rate at which the recombination reaction occurs. This lifetime is inversely proportional to
the oscillation frequency at which the peak on the second arc is obtained. But, since, the
frequency information is missing in the Nyquist plot; the electron lifetime can be calcu-
lated from the phase bode plot using the formula

1
T, =
27[\]276(1]{ (3)

where f,,,, represents the peak frequency of phase Bode plot in the mid-frequency range as
shown in Fig. 14b. A shift in the peaks may be observed in the Bode plots of the DSSCs
prepared following different procedures. Shifting of peak frequency towards lower fre-
quency represents longer electron lifetime (t.) and slower recombination process. The cal-
culated electron lifetimes for all the cells are summarised in Table 2. The highest electron
lifetime of 24.35 ms is obtained for the cell fabricated with 8 mM CDCA concentration
along with ZnO compact blocking layer (DSSC 7). The increased electron lifetime due
to CDCA and blocking layer effectively enhances the photoconversion efficiency (PCE)
which is in good agreement with the results obtained from J-V measurement. The reduced
dye aggregation in presence of CDCA and inhibition of electron recombination by the
blocking layer may be accounted for this.

4 Conclusion

Effects of co-adsorption of CDCA and ZnO blocking layer were investigated in Rose Ben-
gal dye based DSSCs. The surface, photovoltaic and electrochemical properties of all the
cells were extensively studied. The strong binding of CDCA molecules to the ZnO surface
partially displaces dye molecules and consequently reduces photon harvesting. Excessive
CDCA concentration implies significantly reduced dye attachment to the ZnO surface lead-
ing to decreased amount of light energy absorption. Therefore, to maximize the positive
effect of the co-adsorbent, it is very crucial to carefully optimize the amount of CDCA.
The amount of CDCA has been optimized by adjusting its concentration in the dye solution
and found that the best device performance was obtained for 8 mM concentration. At opti-
mized co-adsorbent concentration, the reduced dye loading due to the presence of CDCA
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and consequently decreased light-harvesting was compensated by the increased electron
injection efficiency leading to maximum device efficiency of 0.97%. The performance was
further increased from 1.00 to 1.22% when a compact ZnO blocking layer was added to
the FTO before depositing the mesoporous ZnO active layer. This was due to the suppres-
sion of electron back transfer from the FTO to the liquid electrolyte. These results indicate
that the addition of CDCA as a dye co-adsorbent and the introduction of ZnO blocking
layer is an effective way to boost the performance of Rose Bengal dye based DSSCs. The
efficiency of the fabricated cells is low as the dye used in this study is rose bengal. Though
the efficiency is low here compared to the ruthenium based cells, it lies in the range of effi-
ciency of rose bengal dye based DSSCs obtained by other researchers. Higher efficiencies
can be obtained by using high performance ruthenium dye.
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ARTICLE INFO ABSTRACT

Keywords: In this paper, we have reported the improvement of electro-optical performance of dye sensitized
DssC solar cells based on highly porous WO3 nanoparticles as photoanode by an ultrathin coating of ZnO
Surface modification nanoparticles with varying precursor solution concentration over WOj3 surface and the results were

WO3 nanoparticle
Alternate photoanode
Electron back recombination

compared with the performance of a Dye Sensitized Solar Cell (DSSC) fabricated with bare WO3
photoanode. The semiconducting material WO3 was chosen in search of a photoanode material for
DSSC alternative to TiO.. But the performance of pure WO3 based DSSC was found to be extremely
poor in spite of having several advantageous properties. To improve the photovoltaic performance,
we have coated the WO; surface with varying concentrations of the ZnO precursor solution. It was
observed that the concentration of the precursor solution of ZnO highly controls the performance of
the DSSC. From the electrochemical measurements, it was found that the bare WO3 cell suffers high
electron recombination. But the coating of an ultrathin layer of ZnO over the WOj3 surface in-
troduces an energy barrier and reduces the electron recombination and thereby enhances the cell
performance. The solar cell energy conversion efficiency was found to be highest for 5 mM ZnO
precursor solution concentration and it decreases with the increase in concentration further and
becomes very low at a concentration of 25 mM. This may be attributed to the poor dye adsorption
on the WO3 surface due to complete screening by the thicker ZnO layer.

1. Introduction

Increasing energy demand and environmental contamination are the two major problems faced by the society in recent years. The
major energy requirements of the world are fulfilled by fossil fuels (i.e., coal, petroleum and natural gas), which may not be sufficient
to overcome the energy crisis in the future due to fast depletion, the rapid development of industrialization and environmental
pollution [1-4]. To address these issues, scientists have focused on renewable and environment-friendly energy sources. As Sun
represents an immense source of renewable energy, expected to provide an appreciable amount of power in the future, it is the most
widespread type of alternative energy source among all the renewable energy sources [5-7]. Dye-sensitized solar cells, an un-
conventional photoelectrochemical device that directly converts photo-energy into electrical energy, have drawn much more at-
tention than conventional silicon solar cells due to their easy fabrication technique, the low-level requirement of the high-tem-
perature process, cost-effectiveness and environment-friendly nature [8,9]. But until now, DSSCs are not commercially viable as the
reason for their comparatively low conversion efficiency and stability issues compared to the silicon-based solar cells [10].
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Fig. 1. Band positions of several semiconductors.

Photo anode, the heart of a DSSC system plays a key role in enhancing the overall performance of the DSSC by transferring
electrons and supporting the Dye molecules [11]. It consists of a nanostructured mesoporous semiconductor film deposited on a
conducting glass or a flexible substrate [12,13]. An ideal photoanode material should have some properties of high charge carrier
mobility, significantly high surface areas, environmental friendliness, cost-effectiveness, and comparatively less electron-hole re-
combination rate. The band edge positions and corresponding band gap values of several commonly used wide bandgap metal oxide
semiconductors are shown in Fig. 1 [14,15]. The semiconducting oxide material TiO, is mostly used as a photoanode because of its
excellent optical, electrical and chemical properties [16-19]. Although appreciably high conversion efficiency is achieved with TiO,,
its low electron mobility leads many scientists to think about new alternative photoanode materials for better performance of Dye
sensitized solar cells [20]. On the other hand, WO3, a wide bandgap semiconductor having bandgap in the range of 2.6 eV-3.1 eV has
been used extensively in the fabrication of gas sensors, water splitting and photocatalyst [21]. Owing to the favorable bandgap, high
electron mobility and extreme stability in harsh environments, it has attracted the attention of researchers as an alternative pho-
toanode material for DSSC fabrication. Moreover, the nonreactive nature of WO3 in acidic environments may provide the solution of
long-term stability issues in DSSCs with more acidic electrolytes. However, DSSCs based on pure WO photoanode have been proven
to be inefficient. On the other hand, DSSCs based on surface modified WO3; photoanode by ultrathin layer of TiO, exhibited sig-
nificant increase in power conversion efficiency [22]. ZnO can be used as a substitute for TiO, due to its agreeable properties in the
view of high electron mobility and abundant nanostructure morphologies [23-25]. To the best of our knowledge, however, there are
no detailed reports found in which surface modification of WO5 is done by an ultrathin layer of ZnO in the fabrication of DSSCs. In
this work, we have prepared the WO3 photoanode and a facile sol-gel spin coating technique was utilized to alter the surface property
of it by a thin layer of ZnO. Very careful control of the thickness of the ZnO layer is necessary to get the optimum performance out of
the solar cell and for this purpose different concentration of ZnO precursor solution was used.

2. Materials and method
2.1. Preparation of working electrodes

All the reagents used in the fabrication process were of analytical grades. So no further purification was required. To prepare the
thin films of the photoanode materials, the ITO coated glass substrates were first cleaned with dilute HCl in an ultrasonic bath for 15
min and then thoroughly rinsed with deionized water to remove the HCL residues. Then the substrates were cleaned with acetone and
ethanol using an ultrasonic cleaning bath [26].

The working electrode of the DSSC was prepared by following the standard doctor blade method. The WO3 paste for doctor
blading was prepared by mixing WO3; nanopowder with terpineol as solvent and ethyl cellulose as a binder and stirred continuously
in order to obtain a smooth lump-free slurry. The WO paste was then coated on the conductive side of the cleaned ITO glass substrate
and subsequently annealed at 500 °C for 2 h in order to burn out the terpineol and ethyl cellulose contents of the working electrode
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and strengthens the bonding between the substrate and the WO3 film. In addition to this, the annealing procedure also helps to
improve the surface quality of the thin film along with increasing the crystallinity of the sample [22].

The Sol-Gel spin-coating technique was employed to deposit thin layers of ZnO onto the surface of the as-prepared WO3 photo-
anode. Zinc acetate dihydrate (CH3COO) , Zn, 2H,0, (98 % Merck) was mixed with acetone at different molar ratios to obtain desired
concentrations of ZnO precursor solution. The prepared solutions were then mixed extensively in an ultrasonic bath for 2 h and then
spin-coated on the WO3 coated substrate using a programmable spin coater (Apex Instruments Co. Pvt. Ltd, Model SpinNXG-P1) at
2000 rpm for 30 s. The thickness of the ZnO film can be controlled by varying the precursor solution concentration. In our experiment
we have prepared 1 mM, 5 mM, 10 mM, 15 mM, 20 mM, and 25 mM solutions of ZnO precursor and spin-coated them over WO3 film
keeping the number of sol drops unchanged in order to obtain various ZnO film thickness and study the effect on the solar cell
performance. The ZnO coated WO3 electrode was annealed at 450 °C for 1 h. All the electrodes were sensitized by immersing them in
a 0.3 mM ethanolic solution of Ruthenium based dye (C26H20010NeS2Ru) known as N3 (Solaronix) for 48 h. The working electrodes
were then removed from the solution and thoroughly rinsed with deionized water and ethanol to remove any excess dye from the
semiconductor film surface and air-dried at room temperature.

The counter electrodes of the cells were prepared by spin coating the platinum catalyst precursor solution Platisol-T (Solaronix)
on the conducting side of the cleaned ITO coated glasses and heating on a hot plate at 450 °C for 15 min.

The dye adsorbed working electrode and Pt- coated counter electrode was assembled against the coated sides of each other in a
sandwich manner using two binder clips with a Surlyn film (Meltonix 1170 — 25 pm, Solaronix) gasket as a spacer in between them.
The liquid electrolyte used in our experiment was a Solaronix high-performance electrolyte (Iodolyte AN50) with iodide/tri-iodide as
redox couple, ionic liquid, lithium salt and pyridine derivative as additives dissolved in acetonitrile solvent. The redox concentration
of the electrolyte was 50 mM. The active area of the cells for illumination was determined by employing a black mask of aperture size
0.25 cm®.

2.2. Characterization and measurements

The crystalline structure of the WO3 and ZnO were analyzed with the help of X-ray diffraction analysis using the PAN-analytical
X’Pert PRO X-ray diffractometer (CuKa radiation, 30 mA, 40 kV, A =1.5406 A). Scanning electron microscopy (JEOL) was done to
reveal the surface morphology of the prepared thin films. More detailed structural information of the samples was obtained from
Raman Spectroscopy. The Photocurrent-Voltage (I-V) characteristics data of the cells were recorded using Keithley 2400 digital
source meter with the help of a computer under 100 mW/cm? illumination (Xenon lamp 450 W). HIOKI Impedance Analyzer in the
frequency range of 0.1 Hz to 190 kHz was used to study the electrochemical impedance spectra of the cells.

3. Results and discussion
3.1. Structural and phase characterization WO3 of the photoanode

Fig. 2 shows the X-ray diffraction pattern of the as-purchased WO3 nanopowder. The XRD pattern exhibits the coexistence of both
the monoclinic and orthorhombic crystal phases. The peaks corresponding to the monoclinic phase well matches with the standard

JCPDS card no. 43-1035 and the orthorhombic phase matches with JCPDS card no. 20-1324. Sharp and strong peaks signify the high
crystalline nature of the sample [27,28].
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Fig. 2. X-ray diffraction pattern of WO3 nanoparticles. The peaks correspond to Monoclinic (*) and orthorhombic (w) phases of WO3 respectively.
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Fig. 3. Raman spectra of WO3 nanoparticle.

The crystal phases are further confirmed by Raman spectra of the pure WO3; powder, which is shown in Fig. 3 and it consists of
well-resolved four sharp Raman peaks at 274, 329, 719 and 807 cm ™~ '. The lower peaks centered at 274 cm ™' and 329 cm ™!
attributed to OWO—— bending vibrations and the higher peaks at 719 cm ' and 807 cm ! are due to WOW—— stretching mode
vibration [29]. Sharp peaks suggest profoundly crystalline nature of the sample. All four Raman peaks attribute to the monoclinic
phase [30]. However, the Raman peaks corresponding to the orthorhombic phase lie neighboring to the peaks mentioned above.
Consequently, both phases are believed to be present in the sample. No impurity was found in the Raman spectra of the pure WO3
sample.

3.2. Surface Morphology study and energy dispersive spectroscopy of the photoanodes

Scanning Electron Microscopy was employed to investigate the surface morphology of the pure and ZnO coated WO5 photo-
anodes. Fig. 4(a) shows the SEM image of pure WO3; photoanode on the FTO substrate whereas Fig. 4(b-g) show the SEM images of
WO; photoanodes coated with 1 mM, 5 mM, 10 mM, 15 mM, 20 mM and 25 mM concentrations of ZnO precursor solution con-
centrations respectively. Highly porous films with nearly spherical shape WO3 nanoparticle having a diameter in the range of 140
nm-150 nm can be clearly seen from the SEM images. High porosity the film enhances the surface to volume ratio, consequently
increasing the dye loading amount resulting in high photocurrent [31-34]. It can also be observed from the SEM images that the
surface morphology of uncoated and ZnO coated WO5 substrate are not so visually different for low ZnO precursor concentrations,
but for higher concentrations like 20 mM and 25 mM, the screening of WO3 surface by ZnO nanoparticles may be evidently observed
in Fig. 4(f) and 4 (g).

The EDS spectrum, which reveals the elementary analysis are shown in Fig. 4(h) and (i) for bare WO3 and the WO3 surface coated
with 5 mM ZnO precursor solution concentration respectively. Predominating peaks of W and O, in Fig. 4(h) unveil that the sample
contains only WO3; whereas in Fig. 4(i) additional strong peak of Zn confirms the presence of ZnO coating over WO3.
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Fig. 4. SEM images of (a) Bare WO3 photoelectrode; photoelectrodes having WO3 coated with (b) 1 mM (c¢) 5 mM (d) 10 mM (e) 15 mM (f) 20 mM
and (g) 25 mM ZnO precursor solution respectively. (h) EDS of Bare WO3 and (i) EDS of WOj3 coated with 5 mM ZnO.
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3.3. Photovoltaic (Current-Voltage) characterization of the cells

The Current-Voltage characteristic is a crucial characterization to investigate the overall photovoltaic performance of a solar cell.
Fig. 5(a) illustrates the I-V characteristics of the seven DSSCs based on pure and coated WO3 as photoanodes with different precursor
solution concentrations. The overall photoconversion efficiency of the solar cell is given by

_ Fur _ LcVocFF

B b 1
Where V., I, Pin, and FF represent open-circuit voltage, the short circuit current density, Fill factor and incident light power
respectively. The fill factor is calculated by the formula

Imaxvmax

FF =
LicVoc ®))

Where Viax and [, are the voltage and current corresponding to the maximum output power point of the solar cell respectively. The
photovoltaic parameters like Short circuit current density, Open circuit voltage, Fill factor and the efficiency obtained from the I-V
curve are summarized in Table 1.
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Fig. 5. Current-voltage characteristics of different cells under (a) llumination and (b) Dark.

A clear enhancement in the efficiency and fill factor due to the presence of ZnO on the WO3 surface compared to the bare WO3
electrode can be observed from Table 1. The fill factor, which represents the squareness of the I-V curve [35], is very low for bare
WOj3 which in turn decreases cell efficiency. The low fill factor may be attributed to the high recombination rate of electrons for bare
WO3 photoelectrode DSSC. However, a significant improvement in the value of J,. can be noted from Table 1 upon ZnO coating over
the WO3 surface which demonstrates the positive role of the ZnO layer in reducing the recombination process. The DSSC with 5 mM
ZnO precursor solution concentration yielded the highest short circuit photocurrent Jsc and efficiency n. But the photocurrent and the
efficiency start falling sharply with a further increase in the precursor solution concentration.

The maximum value of open-circuit voltage is determined by the difference between the Fermi level of the photoanode (metal
oxide) material and the red-ox potential of the liquid electrolyte [36]. WO3 is known to possess a lower conduction band edge (E,)
i.e. more positive E, thereby reducing the open-circuit voltage (V,.). However, employing an ultrathin layer of more E;, negative
metal oxides like ZnO onto WO; surface may increase the value of V,,. as the photogenerated electrons from LUMO of dye molecules
are now injected to the more negative conduction band of ZnO and then step down to the conduction band of WO3 which is illustrated
in Fig. 6(b).

Table 1
Photovoltaic performance of uncoated and ZnO coated WO5; photoanode based DSSC.
ZnO precursor solution concentration Jse (mA/cm?) Voe(V) FF Efficiency (n %)
Pure WO3 2.65 0.42 0.39 0.44
1 mM ZnO 2.98 0.53 0.63 1.07
5 mM ZnO 3.58 0.55 0.62 1.21
10 mM ZnO 2.32 0.56 0.62 0.80
15 mM ZnO 1.15 0.56 0.60 0.38
20 mM ZnO 0.68 0.57 0.38 0.15
25 mM ZnO 0.32 0.58 0.47 0.09
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Fig. 6. Schematic energy level diagram and mechanism of the (a) Conventional DSSC and (b) DSSC with the ZnO barrier.

Furthermore, the energy barrier created due to the incorporation of ZnO onto the WOs3 film surface may prevent the charge carrier
recombination and as well as decreasing back transfer of electrons to the HOMO of the dye molecule. Aside from this, the ultrathin
layer of ZnO incorporation on the WOj5 surface facilitates the amount of dye adsorption and hence increasing the amount of photon
absorption resulting in higher Jg.

The dark current measurement was done in order to interpret the variation of charge recombination reaction of the photo-
generated electrons with I3~ ions at the Pt coated counter electrode/red-ox electrolyte interface. Fig. 5(b) shows the dark J-V
characteristics of the DSSCs fabricated with uncoated and coated with different concentrations of the ZnO precursor solution. The
photoelectron injection from LUMO of dye to the CB of the working electrode is completely absent in the dark condition and hence
the dark current is mainly due to the diffusion of electrons from semiconductor to the redox electrolyte [37]. Ultrathin coating of ZnO
layer on the WO3 surface decreases the dark current which can be observed in dark current characteristics in Fig. 5(b). On the other
hand, the uncoated WO possesses a higher dark current for a particular bias voltage. This may be due to the fact that poor dye
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loading capacity of WO3 allows more direct contact between WOj3 surface and liquid electrolyte. This facilitates the back transfer of
electrons from WO3 to electrolyte via reduction of I3- into I- which led to increased dark current [22]. But the coating of ZnO creates
an energy barrier that effectively reduces the rate of electron recombination thereby decreasing the dark current, consequently
suppressed recombination of charge carriers due to ZnO coating increases cell FF. In addition to that, a very thin coating of ZnO also
improves the dye loading which enables the ZnO treated WO3; DSSC to harvest more light energy compared to ordinary WO3; DSSC
and significantly enhances current density. However, with the increase in the ZnO precursor concentration of more than 5 mM, the
values of FF and J, start decreasing. This decrease in J;. and FF might be due to the fact that thicker ZnO layer completely screens
WO3; from dye molecules. Moreover, a higher amount of ZnO content act as recombination sites [38]. Apart from this, an increased
amount of ZnO deposition via increasing the ZnO precursor solution concentration promotes aggregation of Zn*2 ions and N3 dye
which may decrease the photocurrent due to light loss due to absorption and scattering of light by these aggregates [39-41].

Fig. 7 shows the variation of DSSC performance parameters as a function of ZnO precursor solution concentration. The values of
Jse» FF, and n enhanced significantly for the cells with ultrathin ZnO nanoparticles coating as compared to the cell with bare WO3
nanoparticle thin film. The best performance was obtained with 5 mM ZnO solution concentration with values of cell parameters like
Jse» Voo, FF, and n as 3.56 mA/cm?, 0.55 V, 0.62 and 1.21 % respectively.

3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was performed to further explore the interfacial charge transport properties and re-
combination resistances for a better understanding of the cell parameters. The EIS measurement was carried out at V. bias voltage
and applying an AC voltage of 10 mV amplitude to the DSSC under 1 sun illumination in the frequency range 0.1 Hz to 190 kHz. The
Nyquist plot of the different DSSCs fabricated using bare WO3 and with a coating of different concentrations of ZnO onto it are
depicted in Fig. 8(a). Usually, a typical Nyquist plot consists of three semi-circles. The first semicircle in the high-frequency range is
attributed to the charge transport resistance at the Pt counter electrode/ electrolyte interface, while the second semicircle in the mid-
frequency range represents the recombination resistance at the semiconductor/dye/electrolyte interface. The third semicircle is
associated with Nernst diffusion (Warburg diffusion impedance Z,,) which is the impedance faced by the electrons during diffusion
through the electrolyte [39]. However, in our case only two semicircles are present as the third semicircle is usually observed at
frequencies below 0.1 Hz [42]. The intercept of the 1° semicircle on the real axis of the Nyquist plot in the high-frequency range
represents the sheet resistance of FTO and other ohmic contact resistances (R;) of the assembled cells. The capacitive components C;
& C, in the equivalent circuit are due to the formation of charge double layer between the counter electrode/electrolyte and
semiconductor/dye/electrolyte interfaces respectively [43]. The equivalent circuit, shown in the inset of Fig. 8(a) is used to fit the
experimental Nyquist plot and the obtained EIS parameters are represented in Table 2. The value of contact resistance (R;) is almost
the same for all the coated cells except the bare WO3 cell. The increase in the value of R in ZnO coated cells may be due to the
increase in the number of layers. The value of recombination resistance (R,) is very low for bare WO3. But a gradual increase in R,
with an increase in ZnO precursor concentration may be observed in Fig. 8(a) and Table 2. The highest value of R, is observed for 5
mM ZnO concentration as this much concentration provided the highest amount of dye adsorption without affecting the carrier
transport through WO3 thereby generating the highest number of charge carriers and also reducing the charge carrier recombination
at the semiconductor/due/electrolyte interface.

Further increase in ZnO concentration starts decreasing R, due to poor dye loading on the WO3 surface. Along with that presence
of recombination sites for the free charge carriers in the thick layer of ZnO (38). Thick ZnO layer also makes the thickness of the film
such a high that it becomes greater than the diffusion length of the electrons. This decreases the net photocurrent reaching the FTO
and lowers the cell performance. The highest value of chemical capacitance C, also reflects the transformation of a higher amount of
photon energy into chemical energy [44,45]. To estimate the charge carrier lifetime, the Bode plot representing variation in phase
angle (0) with frequency (f) for varying amounts of ZnO concentration is depicted in Fig. 8(b). The electron lifetime is calculated
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Fig. 8. Electrochemical Impedance Spectra of the DSSCs (a) Nyquist plot along with equivalent circuit (inset) (b) Bode plot.
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Table 2
Summary of EIS measurements of DSSCs.
ZnO precursor solution concentration Rs () R, (Q) R, () Cy (UF) Peak freq. f(Hz) Electron lifetime (t.) (ms)
Pure WO3 19.3 85.2 8.67 84.3 37.18 4.28
1 mM ZnO 19.5 108.3 8.4 103.7 31.36 5.08
5 mM ZnO 19.6 119.7 8.62 125.4 24.15 6.59
10 mM ZnO 20.1 79.57 8.36 98.35 40.72 3.91
15 mM ZnO 20.8 67.57 8.79 87.35 48.47 3.29
20 mM ZnO 21.1 56.23 8.41 68.3 68.67 2.32
25 mM ZnO 21.3 45.76 8.52 55.57 97.29 1.64

using formula [46-49],
1
M 3)

Where f,.x represents the characteristic peak frequency of the Bode plot in the mid-frequency range. The lower value of f.x is
associated with a higher electron lifetime. The DSSC with 5 mM ZnO coating has the lowest value of f,.x leading to the highest
lifetime of photogenerated electrons. This enhancement in electron lifetime reduces the recombination process leading to the highest
photocurrent among the seven fabricated cells in our study. These results are in accordance with the results obtained from J-V
characteristics under illumination and dark.

Tn

4. Conclusion

In this study, we have fabricated DSSCs based on WO3 as an alternative photoanode material. The DSSC showed an efficiency of
0.44 % with a low FF of 0.39. This was due to very high recombination rates of photoexcited electrons along with poor dye loading
due to the highly acidic surface of WO3, Apart from that, the lower conduction band edge position of WO limits the open-circuit
voltage of the DSSC. In order to improve the performance of WO3; based DSSC, the effect of inclusion of the ZnO thin layer on the
surface of WO3; was studied. The current density (J) — voltage (V) characteristics of the prepared cells were compared and a clear
enhancement of cell efficiency was recorded upon ZnO coating and the highest efficiency was achieved for 5 mM concentration.
Although the incorporation of a thin layer of ZnO onto WO3 enhances the power conversion efficiency by creating an energy barrier
and limiting the electron back-recombination, the thicker layer of ZnO degrades the cell performance by forming an aggregation of
Zn™*? jons and N3 dye and reducing the dye adsorption quantity of WOs film. This suggests an optimum concentration for ZnO to be
deposited over WO3 film to achieve the highest efficiency. The improvement of the value of V,. due to ZnO coating was attributed to
the upward shift in CB of WO;. Apart from J-V characteristics study under illumination and dark, EIS measurement was also
performed. It was found that the cell with 5 mM of ZnO over WO3 film has the highest recombination resistance which efficiently
suppresses the electron recombination rate and as result, the lifetime of photogenerated electrons is also highest. The decrease in the
photoconversion efficiency with further increase in ZnO concentration above optimum value is due to the complete screening of WO3
film by a thicker layer of ZnO. Therefore, the novel method used here to modify the surface property of the WO3 photoelectrode of
DSSC is found to be promising to enhance the cell performance and thereby develop an efficient WO3 based Dye sensitized Solar cell.
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Abstract—Liquid electrolyte based Dye-Sentisized Solar Cells (DSSC) often suffers stability problems which
limit its durability. The stability of the dye-sensitized solar cell is enhanced with the use of gel electrolyte
instead of liquid electrolyte in this paper. A detailed effective fabrication method of the DSSC based on gel
electrolyte has been presented here. In this approach, the gel-state electrolyte solution was prepared by mixing
the traditional liquid-state electrolyte with ethyl cellulose as a gelator and was placed into the DSSC in its
quasi-solid state. The prepared gel state electrolyte showed appreciable conductivity, which is comparable to
those of traditional liquid electrolytes by Electrochemical impedance analysis. The gel electrolyte based
DSSCs exhibited a considerable power-conversion efficiency of 1.29% and enhanced stability compared to

the traditional liquid electrolyte based DSSC.
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INTRODUCTION

Due to increasing energy demand, polluting envi-
ronment, and the rising price of non-renewable fuel
sources, scientists are constantly thinking of new ways
to find pollution-free renewable energy [1]. The natu-
ral resources that can renew itself over time are called
renewable energy sources [2]. It is believed that solar
energy would be the main source of alternative energy
[3]. Conventional Crystalline and polycrystalline sili-
con solar cells have attained energy conversion effi-
ciency of over 20%, but due to their complicated and
difficult fabrication process and high cost [4], people
have started to think about its alternative. Gratzel and
co-workers first reported Dye-Sentisized Solar Cells
(DSSC)s as a useful substitute for conventional solar
cells [1], and subsequently, a huge interest has been
developed for DSSCs because of its easy fabrication
technique and low cost [5].

The various components of a DSSC are fluorine-
doped tin oxide (FTO) electrode coated with porous
TiO, nanoparticles, dye sensitizer, a platinum-coated
counter electrode, and an electrolyte containing red-
ox mediator [6]. A schematic diagram of the construc-
tion and operating principle of a dye-sensitized solar
cell is shown in Fig. 1a,b, respectively. The photons
are absorbed by the dye sensitizer molecules and the
electrons are excited from the HOMO to LUMO state.
Then photogenerated electrons from the sensitizer are
injected into the TiO, nanostructures and transported
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through the external circuit. Subsequently, electrons
from the electrolyte are transferred to the dye sensi-
tizer and the oxidized dye is restored. The transported
electrons are accepted by the electrolyte through the
platinum-coated counter electrode, and the electro-
Iyte gets regenerated [7].

Photo anode of a DSSC performs a vital role in
determining the overall performance of the DSSC by
transporting electrons and supporting the Dye mole-
cules [8]. The semiconducting oxide material TiO, is
mostly used as a photoanode because of its excellent
optical, electrical, and chemical properties [9—12].
Although appreciably high conversion efficiency is
achieved with TiO,, its low electron mobility results in
low electron mobility has led renewed investigations in
new alternative about new alternative wide-bandgap
photoanode materials like ZnO, WO;, SnO, for better
performance of Dye-sensitized solar cells [13—15].
Researchers are also using natural dyes extracted from
different fruits, vegetables, and flowers in search of
low-cost DSSC fabricated with environment-friendly
and non-toxic material [16—20].

But the electrolyte has a close interaction with all
the components of DSSC and it determines the time
stability of the cell. Due to this, scientists have been
paying more attention to electrolytes these days [21,
22]. Though the theoretically estimated maximum
photoelectric conversion efficiency of a DSSC is 29%
[23] has been recorded with liquid electrolytes, the
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Fig. 1. Schematic diagram of (a) construction and (b) working principle of dye-sensitized solar cell.

actual efficiency of 14.3% could be achieved. This is
due to leakage problems, photodegradation of
attached dyes, and solvents volatility restrict the long-
term performance of DSSCs [24]. To overcome these
limitations gel electrolytes have been used instead of
liquid electrolytes as the please provide the atmo-
sphere for the sintering process (inert, activated, etc?)
[25]. Gel electrolytes are usually prepared by adding
materials of high molecular weights with organic sol-
vents and iodides. Polyvinyl carbonate (PC), Acetoni-
trile (ACN), ethylene carbonate (EC) are an example
of some of the popularly used solvents and Lithium
iodide (Lil), potassium iodide (KI), Sodium iodide
are some of the commonly utilized iodides with iodine
(I,). For gelation of liquid electrolyte, many materials
are used namely polyethylene glycol, polyvinylidene
fluoride-co-hexafluoropropylene (PVDF-HFP),
polyethylene oxide, etc. [26].

In this study, we prepared gel electrolytes using
ethyl cellulose (EC) as gelator in the liquid electrolyte,
and fabricated DSSCs with both liquid and gel elec-
trolytes to study were fabricated with both liquid and
gel electrolytes to study their overall photovoltaic per-
formance including their performance stability over a
certain period. Gel electrolyte was also studied in ear-
lier investigation [22], reporting higherstability. A
detailed comparison of Photoelectric properties is
presented in the investigation.

MATERIALS AND METHODS

All the chemicals used in this study were purchased
from commercial sources and used as received. Fluo-
rine-doped tin oxide (FTO) glass slides (10 ©/square;
thickness 2.2 mm), ruthenium dye (N719), Surlyn
spacer, and Platinum Precursors solution (Plastisol T)
for counter electrode preparation, all were purchased
from Solaronix, Switzerland. Titanium dioxide nano-
powder (TiO,), Lithium Iodide (Lil), and lodine (I,)
were purchased from Sigma-Aldrich, India. The

chemicals, used in gel preparation are Acetonitrile
(Merck, India), 4-tert-butylpyridine (TCI CHEMI-
CALS, Japan), Tetrabutylammonium iodide
(Merck), Ethyl Cellulose (Sigma-Aldrich, India),
acetone (C;H4O), ethanol (C,H;OH), and acetic
acid (CH;CO,H) (Sigma-Aldrich). All the reagents
purchased were used without further purification.

The working electrode of the DSSC was prepared
by following the standard available procedure [27]. At
first, 10 gm of the TiO, nanopowder was mixed with
diluted acetic (1 in 50 ml deionized water) acid in a
mortar and pastel and adding few drops of Triton X100
(Merck) as surfactant and ground continuously until a
homogenous smooth suspension was obtained. The
lump-free slurry was then applied on the conductive
side of an FTO coated glass using the doctor blade
method to make a homogeneous layer. To strengthen
the bonding between the FTO glass and the semicon-
ductor paste, the TiO, coated glass plate was sintered
in normal atmospheric condition at 450°C for 45 min.
In the sintering process, at first, after introducing the
sample in furnace, the temperature was raised with a
rate of 10°C/5 min until the temperature had reached
350°C and after that, it was increased with a rate of
10°C/10 min until 450°C. When it cooled down to
room temperature, the sintered glass substrate was
immersed in the ruthenium dye (N719) solution for
dye adsorption on the surface of the TiO, nanoparti-
cles for 24 hours. FTO glass coated with a platinum
catalyst (Plastisol-T) and heated at 400°C was used as
a counter clectrode and a sealed sandwich-type cell
was fabricated by assembling dye adsorbed TiO, elec-
trode and the platinum (Pt) coated counter electrode
with Surlyn film as a spacer between them. Then elec-
trolyte was introduced into the assembled cell through
the drilled hole of the counter with a syringe. Glass
glue was used to seal the hole and finally the cell was
connected to the external circuit with the help of croc-
odile clips.

APPLIED SOLAR ENERGY Vol. 57 No.1 2021
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Fig. 2. The fabrication procedure of DSSC’s with Liquid and Gel electrolytes.

The liquid electrolyte, which we used here, was
prepared by mixing Lil (0.5M) and I, (0.05M) in 10 ml
acetonitrile. To prepare gel electrolyte, ethyl-cellulose
powder mixed with ethanol was added to the prepared
liquid electrolyte. For our investigation, two cells were
fabricated; one was filled with liquid type electrolyte
and another one with gel-type electrolyte (Fig. 2).

After completion of the fabrication of two different
cells with liquid and gel type electrolytes, the cells were
placed under artificial solar illumination of 100 mW/cm?
and connected with the J-V measurement system to
calculate the photoelectric conversion efficiencies
[28]. The photo-current voltage (I-V) characteristics
were recorded using a Keithley 2400 source meter.
Simulated sunlight was supplied using a xenon lamp
(450W). This process had been repeated every alter-
nate day and accordingly, the photovoltaic perfor-
mances were recorded to investigate the long-term sta-
bility of the DSSCs. The ethyl cellulose gelator was
selected for its easy availability and low cost.

RESULTS AND DISCUSSIONS
Scanning Electron Microscope (SEM) Analysis

The scanning electron microscope (SEM) was
used to examine the surface morphology of TiO, film
over the FTO glass substrate [29]. The highly porous
morphology of the TiO, nanostructure deposited on a
glass substrate can be observed from the SEM image
shown in Fig. 3.

The particle size of the TiO, nanoparticles was
about 60 nm. The higher porous structure resulted in
greater dye molecules adsorption on the surface of the
TiO, nanoparticles. Also, smaller the particle size of
the TiO, particles, the higher the overall surface area
for dye molecules attachment for a particular volume
of the photoanode. More dye adsorption causes a
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greater number of electron excitation from HOMO to
LUMO of dye molecules after photon absorption [29].

Photovoltaic Performance of the DSSCs

The I-V characteristics of the fabricated DSSCs
based on liquid and gel electrolyte and pure TiO, pho-
toanode is shown in Fig. 3. The energy conversion
efficiency of each DSSC was calculated using the for-
mula:

Pout — ISCVOCFF
P b

1

where, [ is the short circuit current density, V,_ the
open-circuit voltage, P, is the total incident power
density, and is FF the fill factor. The fill factor (FF)
determines the quality of the solar cell, and it was cal-
culated by

1)

FF — [mameax s (2)

[SCK)C
where I, and V. represent the current density and
the voltage at maximum power output.

The Current-Voltage (I—V) characteristics of the
DSSCs fabricated using liquid and gel-based electro-
Iytes are shown in Fig. 4. The different electrical
parameters of the cells obtained from the I—V charac-
teristics are listed in Table 1 below.

The energy conversion efficiency of gel electrolyte
based DSSC was lower than liquid electrolyte based
DSSC. The photovoltaic efficiency of DSSCs using
liquid and gel type electrolytes is 1.90 and 1.29%
respectively. Tab. 1 represents the various photovoltaic
parameters extracted from the I—-V curves of the cells
with liquid and gel electrolytes. The solar cell fabri-
cated using liquid electrolyte exhibits higher short-cir-
cuit photocurrent density (Jgc), open-circuit voltage
(Voc), and fill factor (FF) compared to the DSSC fab-
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Fig. 3. Scanning electron microscope (SEM)
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image of TiO, nanoparticles on FTO substrate.
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Fig. 4. Current-Voltage characteristics of the cells under illumination.

ricated using gel electrolyte as a dye. The efficiency of
the gel-based DSSC may be low compared to the liquid
electrolyte based DSSC, but the values of cell parameters
obtained are found to be comparable to the efficiencies
obtained for gel electrolyte based DSSCs [29].

Table 1. Photovoltaic parameters of the fabricated cells

Electrochemical behavior Analysis of the DSSCs

Electrochemical Impedance Spectroscopy (EIS) is
a very useful technique for the interpretation of the
kinetics of charge transport processes in different lay-

Cell Electrolyte used J. (mA/cm?) | Voo (V) | R, (Q cm?)| Ry, (Qcm?)| FF Efficiency (n %)
Cell-1 Liquid 1.67 0.662 309.5 1793 0.43 1.90
Cell-2 Gel 1.42 0.646 253.7 1547 0.35 1.29
APPLIED SOLAR ENERGY Vol. 57 No. 1 2021
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Fig. 5. Nyquist plot of DSSCs.

ers of DSSCs [30]. Generally, EIS data are repre-
sented by Nyquist and Bode plots. In the Nyquist plot,
the imaginary part of impedance Im(Z) is plotted
against the real part of impedance Re(Z) by varying
frequencies of the applied signal [31].

An equivalent circuit is incorporated to analyze the
EIS data, shown in the inset of Fig. 5. In the Nyquist
plot, two semicircles are exhibited. The first semicircle
in the low-frequency region represents the electron
transfer resistance (R) in the electrolyte and the sec-
ond semicircle in the mid-frequency region indicates
the charge transfer resistance (R,) at photoan-
ode/dye/electrolyte interface [32] and Cpp is the
equivalent parallel capacitance. In the Nyquist plot, it
is obvious that the second semicircle is more promi-
nent than the other one. From the Fig. 4, it was seen
that the diameter of the second semicircle for liquid
electrolyte (cell 1) is less than the diameter of the
semicircle for gel electrolyte (cell-2). This indicates
that the charge transfer resistance at the TiO,/electro-
Iyte interface for liquid electrolyte is lower than the
same for gel electrolyte which justifies the slightly
greater open circuit voltage, short circuit current, and
overall cell efficiency of liquid electrolyte based
DSSCs(Table 1). Itis also suggested that the more vis-
cous gel electrolyte does not affect the charge transfer
process very much in the photoanode/electrolyte
interface of the cell, but it affects the charge transfer
resistance at the TiO,/electrolyte interface.

Stability Study of the Cells

The effect of electrolyte on the durability of DSSCs
was characterized by calculating the photoelectric
conversion efficiency over time [33], as shown in Fig.
6. The photoelectric conversion efficiency of DSSC
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based on liquid electrolyte was recorded 1.90% imme-
diately after fabrication and was changed to 0.89%
after 120 hours. The photoelectric conversion effi-
ciency of DSSC developed with gel electrolyte was
recorded at 1.29% immediately after fabrication and
1.13% after some time. From here it is clear that how-
ever there is a small decrease in the efficiency for the
gel electrolytes, the cell developed with gel electrolyte
shows better stability than that with liquid electrolyte.
The improvement in long term stability is probably
due to the higher viscosity of gel inhibits the ionic
migration to stabilize the system over a longer time and
also by control of evaporation of liquid electrolyte.
Also, higher stability of gel electrolyte gives it a better
cost effectiveness than that of liquid electrolyte.
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Fig. 6. Stability behavior of the fabricated DSSCs over
time.
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CONCLUSIONS

DSSCs were fabricated with pure TiO, photoanode
with liquid and gel-type electrolyte, and cell perfor-
mances were recorded. The liquid electrolyte cells
exhibited higher short-circuit photocurrent density,
open-circuit voltage, fill factor, and efficiency com-
pared to the gel electrolyte DSSC. Though the effi-
ciency of the gel-based DSSC is lower than the liquid
electrolyte DSSC, the cell parameters obtained were
comparable to the parameters obtained for gel electro-
Iyte DSSC. Comparing these two types of DSSC:s, it is
clear that though the photovoltaic performance of gel
electrolyte DSSC is slightly lower than liquid electro-
Iyte DSSC, the performance of gel-based DSSC
remains noticeably stable while for the liquid electro-
Iyte the stability decreases remarkably over time.
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Study of Electro-Optical Performance and
Interfacial Charge Transfer Dynamics of Dye
Sensitized Solar Cells Based on ZnO
Nanostructures and Natural Dyes

Rajat Biswas, Trinakhi Roy, and Suman Chatterjee*

The present work reports comparative assessment of optical and electrical properties of DSSCs fabricated
using vertically aligned ZnO nanorods synthesized using low cost Sol-Gel spin coating technique on ITO
coated glass substrate and ZnO nanopowder and their application in the fabrication of natural dye based
Dye Sensitized Solar Cells. Natural dyes extracted from pomegranate and turmeric are used sensitizers. The
surface morphology and crystal structure have been investigated by scanning electron microscopy and X-ray
diffraction techniques. Optical absorption properties of the dyes were studied using UV-VIS spectroscopy.
Photovoltaic parameters like Open Circuit voltage (Vc), Short Circuit current (/g.), fill factor (FF), Energy
Conversion efficiency (n) were calculated to study the performances of the cells. Cell parameters like series
resistance (R,) and shunt Resistance (R,) were calculated from the /-V curve. Electrochemical impedance
spectroscopy (EIS) was employed for detail investigation of the charge carrier recombination properties and
the charge transfer mechanism at different interfaces of the DSSC devices. Various cell parameters were
determined by fitting the experimental EIS curves with the appropriate equivalent circuit. The electron lifetimes
were determined using bode plot of EIS measurement for the ZnO nanorod and ZnO nanoparticle photo
electrodes sensitized using curcumin dye from turmeric and anthocyanin dye from pomegranate juice. The
ZnO nanorod sensitized with curcumin cell emerged out as the best performing cell among the four cells
which can be attributed to the highest electron lifetime, higher recombination resistance resulting in lower
charge carrier recombination in the ZnO/Dye/Electrolyte interface. Many researchers have studied sensitizing
effect of curcumin dye with different nanostructures of ZnO but we are the first to study the sensitizing effect
of curcumin dye on ZnO nanorod like structure.

Keywords: Dye-Sensitized Solar Cells, Zinc Oxide Nanorod, Sol-Gel Hydrothermal Growth, Natural Dyes,
Electrochemical Impedance Spectroscopy, Carrier Lifetime.

1. INTRODUCTION

With the increasing world population, spreading urbaniza-
tion and technological advancement, matching the energy
supply with the energy demand is the major challeng-
ing issue world is facing these days. The environmen-
tal consequences related to extensive use of fossil fuels,
safety related issues of nuclear power, ever-growing energy
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demand and depleting the stock of fossil fuels have
motivated the researchers to search for alternative econom-
ically and environmentally sustainable renewable energy
sources.! In such a context of global energy require-
ment, among all the non-polluting and renewable energy
sources, the photovoltaic technology utilizing solar energy
has emerged as the most assuring candidate.> Though con-
ventional photovoltaic devices (silicon-based solar cells)
are promising for the direct conversion of photons into
electrons, the prohibitive cost of these cells is noncompet-
itive with conventional power generating methods.>* On
the contrary, dye-sensitized solar cells (DSSCs), invented
by O’Regan and Gritzel in 1991, are non-conventional
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photovoltaic technology based solar cells that have
attracted significant attention because of its novel fabrica-
tion concept derived from nature’s principle (photosynthe-
sis), easy fabrication procedure using abundant materials,
cost-effectiveness, suitability for wide variety of end-user
products and can be made flexible. DSSC is a device
which converts the solar energy into electrical energy,
based on the principle of sensitization of wide bandgap
semiconductors.> The photoelectrochemical performance
of a DSSC mainly depends on the selected Photoanode
material including its surface morphology and the sensi-
tizing dye used.®® Although a large number of different
DSSCs have been investigated, most of them are not com-
mercially popular until now because of its issues with low
conversion efficiency, higher production cost, lower stabil-
ity and durability.'® !

Different inorganic, organic and hybrid dyes were
employed as sensitizers in DSSCs. But among all of them,
the ruthenium complexes are the most popular sensitiz-
ers because of their intense charge transfer absorption
across the complete visible range and immensely effi-
cient metal-to-ligand charge transfer mechanism.'? But
the major downsides of Ruthenium dyes are its rareness,
high cost and complicated synthesis process.!* Also, ruthe-
nium polypyridyl complexes contain heavy metal, which
is harmful to the environment.'* In order to find out low
cost and environment-friendly alternative to these expen-
sive ruthenium compounds, researchers are focusing on
easily available natural dyes extracted from various nat-
ural resources. Many researchers have studied sensitizing
effects of several natural dyes derived from various fruits,
flowers and leaves.!> Most of them are used with TiO,
nanostructures as photoanode.'®?° However, recently ZnO
has been emerging out as a great potential alternative to
TiO, due to some its fascinating electrical and optical
properties. ZnO is a wide band gap semiconductor hav-
ing a direct band gap of 3.37 eV making it suitable as a
photoanode material for DSSC.2"?? Apart from this, ZnO
is very easy to synthesis, abundant, inexpensive and poses
higher electron mobility (200-300 cm?V~!S~! for bulk
material and 1000 cm?>V~'S™! for nanowire) than that of
TiO, nanoparticles (0.1-4 cm?V~!S7!).2>-2> Moreover, the
1-D single crystalline rod-like structure of ZnO nanorods
provide a higher surface to volume ratio enabling better
dye loading.?® These qualities of ZnO make it a potential
alternative to TiO, for fabrication of DSSCs.

In this study, we aimed to combine natural sensitiz-
ers with two types of nanostructured ZnO to get both the
advantages of ZnO and also the benefits of natural organic
dyes targeting lower fabrication cost, echo friendly devices
along with good cell performance and wanted to find out
the best suitable ZnO nanostructure-Natural dye combi-
nation. In this regard, we fabricated four DSSCs using
two types of natural dyes, anthocyanin extracted from
pomegranate (Punica granatum) and curcumin extracted

from fresh turmeric (Curcuma longa) and studied their
electro-optical responses to investigate their usefulness as
natural sensitizers when adsorbed onto ZnO nanorod (NR)
and ZnO nanoparticle (NP) films in DSSCs. Hydroxyl
and Carbonyl groups existing the natural sensitizers bound
them easily to the surface of the ZnO nanorods which
facilitates very easy electron injection from LUMO of dye
molecule to the conduction band of ZnO.?’

2. EXPERIMENTAL DETAILS

2.1. Structure and Working Principle of DSSC

A typical DSSC consists of four elements: a photoanode
with a thin layer of mesoporous wide band gap semicon-
ductor oxide layer (usually TiO,, ZnO, SnO, or Nb,Os)
over a transparent conducting substrate (ITO or FTO), a
monolayer of the sensitizing dye adsorbed on the semi-
conductor oxide surface to facilitate light absorption, an
redox mediator electrolyte solution (typically 7=/I°7) in
an organic solvent and a counter electrode made up of a
catalyst (platinized ITO or FTO) to facilitate charge col-
lection. The schematic of device architecture and work-
ing principle of a typical DSSC is shown in Figures 1(a)
and (b).

Upon exposure to the sunlight, dye molecule absorbs
photon energy and goes through an electronic state change,
the electron jumps from ground state (HOMO) to the
excited state (LUMO). As a result, electron injection into
the conduction band of the semiconductor oxide (ZnO)
film takes place whereby the dye molecule gets oxidized.
This oxidized dye molecule is regenerated by taking an
electron from the redox species of the electrolyte (17).
Subsequently, /™ is regenerated by reduction of I3~ with
electrons migrated from photo anode via external load and
collected at the counter electrode, completing the cycle.”©

2.2. Materials

Transparent ITO coated glass (10 {)/square) was purchased
from Techinstro, India. The liquidplatinum paint (Plati-
sol T) purchased from Solaronix, Switzerland was used to
prepare the platinum coated transparent counter electrode.
Commercial ZnO nanopowder (<50 nm,), Zinc acetate
dehydrate and Hexamethylenetetramine all were purchased
from Sigma Aldrich. Ethylene Glycol (Sigma Aldrich) was
used as a solvent for the electrolyte preparation using KI
(S D Fine-Chemical Ltd., India) and 7, (RANKEM, India).
Meltonix 1170-60 (60 wm) purchased from Solaronix was
used as a spacer between the electrodes to avoid short-
circuiting between them.

2.3. Extraction and Preparation of Natural

Dye Sensitizers
In the fabrication of Dye Sensitized solar cells, selection
of the dyes is one the crucial task as it significantly affects
the performance and production cost the cells. By choos-
ing abundant natural dyes instead of expensive synthetic
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Fig. 1. Schematic diagram and basic working mechanism of DSSCs based on (a) ZnO nanoparticle (b) ZnO nanorod.

ruthenium dyes we can reduce the production cost by a
large amount. In this work, we have chosen extracts of
Curcumin and pomegranate juice as sensitizers. Curcumin
was extracted by grinding turmeric root in an iron mor-
tar and then mixing in 100 ml ethanol. After extraction,
solid residues were filtered out to obtain a clear natural
dye solution.

For pomegranate extraction of pomegranate juice, afresh
pomegranate was squeezed and then mixed with 100 ml
deionized water. This solution is also filtered to obtain
pure dye. The dye solutions were properly stored pro-
tecting from direct sunlight for further use. Studies have
shown that Curcumin dyes have two forms and they
are identified as Keto and Enol.?® On the other hand,
it was found that pomegranate juice mostly contains six
type anthocyanins. These are cyanidin 3-glucoside, cyani-
din 3,5-diglucoside, delphinidin 3-glucoside, delphinidin
3,5-diglucoside, pelargonidin 3-glucoside and pelargonidin
3,5-diglucoside.?” The chemical structures of these dyes
are shown in Figure 2.

2.4. Sol-Gel Synthesis of ZnO Nanorods:
Preparation of Working Electrodes

To prepare the working electrode, first, the ITO coated
glass was cut into 2 x 2 cm square shaped pieces. Clean-
ing of this substrate is very important as it removes any
organic or inorganic contaminant present on its surface
which can significantly affect the performances of the
cells. Furthermore, cleaning enhances the adhesion of the
subsequent layers to be deposited over it. The ITO sub-
strates were cleaned using dilute HCI for 15 minutes in an
ultrasonic cleaner to remove oxide impurities. Then they
were rinsed extensively with deionized water to remove
the HCI residues. The substrates were then subjected
to cleaning in acetone, ethanol and deionized water for
15 minutes each using an ultrasonic bath. Finally, the sub-
strates were dried using a hairdryer. The cleaned substrates

were masked using scotch tape on four sides leaving the
central area empty for semiconductor material deposition.

ZnO nanorods were grown on the ITO coated glass
substrate by following a simple two-step Sol-Gel spin
coating protocol followed by hydrothermal growth.*® In
the first step, a thin ZnO seed layer was formed on the
ITO glass substrates using 5 mM Zinc acetate dehydrate
CH,CO0O0),Zn, 2H,0, (98% Merck) in acetone as precur-
sor solution. The solution was well mixed using an ultra-
sonic bath for 2 hours at room temperature and then spun
onto cleaned and masked ITO coated glass substrates using
a programmable spin coater (Apex Technologies, Model
SCU-2008C) at 1000 rpm for 30 seconds. The coated
substrates were then annealed at 350 °C temperature for
30 minutes. After evaporation of the solvent, a thin ZnO
film was formed whose thickness can be controlled by
repeating the above process. In this way, the seed layer
is formed. The thickness of the film can also be con-
trolled by varying solution concentration and the spinning
speed of the spin coater.’! In the second step, vertically
aligned ZnO nanorods were grown over the seed layer-
coated ITO glass substrate by hydrothermal method. In
this method, the seed layer coated substrate was immersed
in a solution containing an equal proportion of 5 mM Zinc
acetate dehydrate, (CH;COO),Zn, 2H,0 and 5 mM Hex-
amethylenetetramine, (C¢H;,N,) at 90 °C temperature in
a Pyrex vessel for 2 hours. This creates an array of verti-
cally aligned ZnO nanorods on the substrate. It was then
taken out from the solution and rinsed immediately with
ethanol and deionized water in order to remove any left-
over residues from the film surface and allowed to air
dry at room temperature. Finally, the ZnO nanorod forma-
tion was completed by annealing the film at 450 °C for
30 min. This ZnO nanorod array coated substrates were
then immersed in the dye solutions to allow adsorption of
the dye molecules onto the semiconductor nanorod surface
for 24 hours. Then the electrodes were taken out from the
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Fig. 2. Chemical structures of curcumin (a and b) present in turmeric and six major anthocyanins (c-h) present in pomegranate fruit extracts.

solutions and rinsed with ethanol and deionized water to
remove the excess dye from the surface of the films and
air dried at room temperature. The platinum counter elec-
trode was prepared by spin coating the platinum precursor
solution (platisol T-solaronix) at 1000 rpm for 30 seconds
onto a drilled ITO substrate and giving heat treatment at
450 °C for 15 minutes.

2.5. DSSC Assembling

To assemble the solar cell, the conductive side of the
platinum coated counter electrode was placed over the
dye adsorbed ZnO nanorod photoanode so that the pla-
tinized side of the counter electrode faces the ZnO film.
Surlyn spacer (Meltonix 1170-25 pum) was placed in
between them to prevent the uncoated areas of the elec-
trodes from short-circuiting. Two binder clips were used
to firmly clamp the two electrodes together in a sand-
wich manner. The redox electrolyte was prepared by mix-
ing 0.5 M KI and 0.05 M I, in Ethylene Glycol solvent

in a proportionate amount. This electrolyte solution was
injected into the cell through the drilled hole on the
counter electrode. The hole was then sealed using a hot
melt sealant. The effective cell area was 1 cm?.

2.6. Device Characterization and Measurements

The absorption spectra of the dyes were studied using a
Perkin Elmer Lambda-35 UV-VIS spectrophotometer in
the wavelength range of 200-600 nm range. The crys-
talline structure of the ZnO films was studied using PAN-
alytical X’Pert PRO X-ray diffractometer with CuKa
(30 mA, 40 kV, A = 1.5406 A). The surface morphologies
of the ZnO films were characterized by using scanning
electron microscopy (JEOL). The current-voltage (I-V)
characteristics of the fabricated cells under illumination of
100 mW/cm? (Oriel Xenon lamp 450 W) were recorded
by employing a Keithley 2400 source meter connected to
a PC. The desired intensity of incident light was obtained
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with the help of a reference cell by adjusting the distance
between the light source and the cell.

The performance of the solar cell is determined by the
overall photoconversion efficiency of the cell which is
defined as the ratio of maximum electrical output power
of the cell to the incident optical power and is given by
the equation

P 1.V, FF
— out — SC " oc (1)
Py, Py,
where P, is the power of the incident light, I, and V.

are the current and voltage corresponding to the maximum
output power from the solar cell and Iy and V. represents
the short circuit current and open circuit voltage respec-
tively. The term FF is known as Fill factor of the cell. It is
determined from the /-V characteristics and calculated as

1.V,

— max " max (2)

L.V,

SCc " oc

The efficiency is generally expressed in percentage.

3. RESULTS AND DISCUSSION

3.1. UV-VIS Absorption Spectral Analysis of the Dyes
UV-VIS absorption spectra of the Curcumin and
pomegranate dye in are shown in Figure 3. A clear dif-
ference the absorption peaks of the two dyes can be seen.
Curcumin exhibits absorption peak at 422 nm whereas
pomegranate fruit extract solution at 517 nm. The dif-
ference in the absorption peaks is due to the different
types of colors and chromophores present in Curcumin and
pomegranate extracts.

3.2. X-ray Diffraction Analysis of the ZnO Film

The structural and crystalline quality information of the
synthesized ZnO nanorods and purchased ZnO nanopow-
der were studied using X-ray diffraction pattern of the
samples which is shown in Figure 4. The consistency of
the obtained diffraction peak was confirmed by comparing
them with the standard JCPS card no. 36-1451. A remark-
ably enhanced diffraction peak for (002) plane at 34.4595°
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Fig. 3. Absorption spectra of the natural sensitizers.
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Fig. 4. XRD pattern of ZnO nanorods.

can be clearly observed for the ZNO nanorods. It indicates
strong preferential growth of ZnO nanorods along c-axis
and vertical alignment on the ITO substrate and also the
hexagonal wurtzite structure. XRD of ZnO nanoparticles
was not performed since the powder was commercially
purchased.

The average crystalline size of the ZnO films were esti-
mated from the width of the (002) peak for ZnO nanorod
and (101) peak for ZnO nanoparticle using Debye-Scherrer
formula for X-ray diffraction,

0.9
BCosb

where 3, 0 and A are FWHM of the peak, Bragg angle
and wavelength of X-ray used. The dislocation density (6),
representing the amount of defects in the crystal and the
strain (&) of the film were determined using following for-
mulae respectively:*

Crystalline Size (D) = (3)

1

= 4)
. B c:s 0 5)

The values of different parameters calculated from the
structural analysis of the XRD pattern are given in Table 1.

Crystalline size estimated from X-ray analysis is gener-
ally found to be less than the particle size found from SEM
images. The reason behind this is that generally a particle
may be formed by combination of several crystallites or
just one crystallite.

3.3. Scanning Electron Microscope Studies
Scanning electron microscopy (SEM) was carried out to
study the morphological properties of the sample film.

Table I. Structure parameters of the ZnO nanorod thin film.
ZnO particle FWHM
type Plane (B)° 26° D (nm) & nm> e

Nanorod 002 0.20567 34.4595 40.43 6.11 x 10~* 4.91 x 1072
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Fig. 5. SEM image of (a) ZnO nanorods grown on ITO substrate (b) EDX spectra of the nanorod sample showing elemental composition (¢ and d) ZnO
nanoparticle deposited sample at lower and higher magnification respectively.

Figure 5(a) is the SEM image of the ZnO nanorod arrays
on ITO substrate. The SEM observation reveals that most
the most of the nanorods have grown vertical to the
seed layer on the ITO substrate and have hexagonal
wurtzite.

The nanorods have diameters ranging from 100-200 nm
with an average length of 300 to 400 nm and in case
of nanoparticles; the average particle size was around
50 nm. To investigate the chemical composition of the
nanorods, EDX analysis was performed which is shown
in Figure 5(b), which confirms the presence of Zn and O.
The unidentified peaks are due to the presence of indium
(In) and tin (Sn) in ITO substrate.

3.4. Current—Voltage Characteristics Study of
Cells/Solar Cell Efficiency Measurements
The current—voltage characteristic of a Solar cell allows
us to determine the photovoltaic performance of the cell.
The J-V curves of the fabricated cells under illumination
of 100 mW/cm? are shown in Figure 6(a). The Power—
Voltage plot to calculate the maximum power point (P, ),
I... and V, . are represented in Figure 6(b). Table II
shows various parameters extracted from the /-V curves
of the ZnO nanorod based DSSCs fabricated using natu-
ral dyes Curcumin and Pomegranate. The solar cell fabri-
cated using Curcumin extract exhibits higher shortcircuit
photocurrent density (Jgc), open-circuit voltage (Vo) and
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Fig. 6. (a) Current density—voltage characteristics of the cells under illumination (b) power—voltage curve to obtain maximum power point.
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Table II. Solar cell parameters of fabricated DSSC’s.

Dye used
Cell and ZnO J Vie R, Ry Efficiency
No. microstructure  (mA/cm?) (V) (Q cm?) (Q cm?) FF (1 %)

1 Curcumin and 143 049 86.28 7866.28 0.59 0.41
ZnO NR

2 Anthocyanin and  1.20 043 116.67 2722.90 0.46 0.24
ZnO NR

3 Curcumin and 1.27 046 101.19 6629.31 0.56 0.33
ZnO NP

4 Anthocyanin and  0.98  0.45 146.87 4659.92 0.48 0.21
ZnO NP

fill factor (FF) compared to the DSSC fabricated using
pomegranate extract as a dye. The Curcumin dye cell
shows an improved overall photoelectric conversion effi-
ciency (7)) over the anthocyanin dye cell. The efficiency
of these natural dye based cells may be low compared to
the synthetic dye based DSSCs but these values are com-
parable to the efficiencies obtained for natural dye based
DSSCs reported by other researchers.*

Equivalent circuit modeling is a very important tool
required for better understanding and explanation of the
solar cell performance and analysis of the electrical pro-
cesses occurring inside the cell. The functioning of a solar
cell generally modeled by a single diode with a constant
photo-generated current source, a series (R,) and shunt
resistance (Rg,) as shown in Figure 7. The current-voltage
relation is given by the equation

q(V+1IR,) } 1] V+ IR

6
Ak,T Ry, ©)

I=1;—-1, [exp{
where I, I, R, Ry, g, A, kp and T are the photocur-
rent, the saturation current of the diode, the series resis-
tance, the shunt resistance, the electron charge, the ideality
factor, the Boltzmann constant, and absolute temperature,
respectively.’

The circuit parameters like R, and R, are not directly
measurable. They are calculated by fitting the experimental
J-V curve with the Eq. (6). Values of these parameters
obtained for the fabricated cells are also represented in
Table II.

Cell-1 shows lowest series resistance (R;) compared to
other cells. This indicates improved electrical contacts,

Fig. 7. The equivalent circuit (single diode model) of a solar cell.

lower junction resistances and better ZnO nanorod mor-
phology in case of cell-1. Higher series resistance means
greater voltage drop inside the cell resulting in lower ter-
minal voltage and sagging of current controlled part of the
J=V curve towards the origin which can be correlated with
Table II and Figure 6(a). In addition, from single diode
equivalent circuit of the solar cell (Fig. 7), it can be clearly
seen that R, provides an alternative path to the photocur-
rent which causes power losses in the solar cell. Lower
R, results in partial shorting between the two electrodes
of the solar cell giving rise to leakage current. So, the
highest value of Ry, of cell-1 attributes to lowest leakage
current which results in improved cell performance. Also,
from Table II it can be confirmed that higher shunt resis-
tance results in higher fill factor and consequently better
photoconversion efficiency.

3.5. Electrochemical Impedance Spectroscopy
Study of the Cells

The electrochemical impedance spectroscopy is a very use-
ful diagnostic technique which has often been performed
to investigate the interfacial charge transfer dynamics and
recombination mechanisms occurring inside a DSSC.%
These are generally modelled using appropriate equivalent
circuit in terms of resistors and capacitors. The EIS mea-
surements were performed using HIOKI Impedance Anal-
yser in the frequency range 0.1 Hz to 190 kHz under dark
condition with employing an AC sinusoidal signal having
amplitude of 10 mV under influence of V. bias voltage.
EIS findings as Nyquist plot of the DSSCs are shown in
Figure 8(a). Physical interpretation of the different elec-
trochemical operations across the interfacial regions of the
DSSCs can be done by fitting the EIS spectra with the
equivalent circuit shown in Figure 8(b). Generally a typi-
cal Nyquist plot exhibits three semicircles. However, only
two semicircles are present in our study due to low fre-
quency limitation of our instrument. The first smaller semi-
circle (in the high frequency range) attributes to the charge
transfer resistance at the Pt counter electrode/Electrolyte
interface (Rcg) and the second semicircle (mid frequency
range) having higher diameter corresponds to the resis-
tance of charge transfer and recombination process at
the ZnO photoelectrode/dye/electrolyte interface (R,,). The
intercept of the first semicircle in the high frequency range
on real axis of the Nyquist plot is associated with the
contact resistances and external ohmic series resistance
(Rsgr) of the assembled cell.’® The experimental Nyquist
plot is fitted with the equivalent circuit shown in inset of
Figure 8(a) using MEISP software by Kumho Chemical
Laboratories, on the basis of algorithm developed by Pro-
fessor J. R. Macdonald (LEVM v7.0) for non-linear com-
plex least square fitting, and the obtained parameters are
represented in Table II. The chemical capacitance (C,)
is very useful in illustrating the underlying mechanism
through which photoelectrons store free energy and gen-
erates current and voltage in the outer circuit.’” Also, the
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Fig. 8. EIS spectra of DSSCs (a) nyquist plot (b) equivalent circuit for fitting (c) bode phase plot and (d) bode magnitude plot for impedance.

chemical capacitance (C,) reflects charge carrier accumu-
lation on the ZnO film and the density of states in the
band-gap region.®® From Table III, it can be seen that
Cell-1 exhibits much higher CM value than the other cells,
which indicates conversion of higher amount of photon
energy into chemical energy resulting in higher amount
of energy storage by virtue of carrier injection into the
conduction band of ZnO. Reduced C, values for cell-2,
3 and 4 also suggest poor dye loading.?>* It can also be
clearly observed from the Nyquist plot that the recombina-
tion resistance (R,..) at the ZnO NR-Dye/Electrolyte inter-
face is highest for cell-1 compared to the other three cells.
This shows that cell-1 has better resistance to the charge
recombination between the photo-generated electrons and

Table IIL
mental data.

EIS parameters of the DSSCs determined by fitting experi-

Dye used Electron
Cell and ZnO Ry Re R C, Peak lifetime
No. microstructure () () () (uF) freq. (Hz) (7,) (ms)
1 Curcumin and 42.85 173.21 16.28 83.16 22 7.24
ZnO NR
2 Anthocyanin 4093 156.37 15.17 59.41 33.29 4.78
and ZnO NR
3 Curcumin and 43.25 129.74 17.56 4252 51 3.12
ZnO NP
4 Anthocyanin  41.63 103.56 16.85 29.40 88.48 1.80
and ZnO NP

the electron acceptors in the red-ox electrolyte attributing
lower recombination current.*!

Since counter electrodes of all the cells were prepared
using same procedure, the values of R are almost same
for all the four cells. Another important representation of
the EIS data is Phase and Magnitude bode plots represent-
ing Phase (—6) versus Frequency (f) and Magnitude of
Impedance (|Z]) versus Frequency curve. Unlike Nyquist
plot, the very important aspect of this plot is that frequency
information is not lost. The average carrier lifetime can be
estimated from phase bode plots (shown in EIS Fig. 8(b))

using the formula )

T, =
2mf,

max

where f,,,, represents peak frequency in the mid-frequency
range.*> ZnO NR loaded with Curcumin dye shows low-
est characteristic peak frequency attributing to highest
electron lifetime in the LUMO of the Curcumin dye
molecule. It shifts towards higher frequency values for
the other cells which results in decreased electron life-
time (refer to Table IIT). The lowest value of 7, in ZnO
NP cell loaded with anthocyanin (cell-4) extracted from
pomegranate juice attributes to fastest electron recombina-
tion leading to degraded overall cell performance.

On the other hand, bode magnitude plots depicted
in Figure 8(d) represents the variation of magnitude of
impedance with frequency. It may be noted from bode
magnitude plot shown in Figure 8(d) that at low frequen-
cies the magnitude of impedance is high, which indicates
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higher recombination resistance. But with increase in fre-
quency the impedance starts falling which is due to the
faster electron recombination at higher frequencies. In the
lower frequency region, the ZnO NR cell sensitized with
Curcumin is showing highest magnitude of impedance
implying slowest recombination rate, giving rise to highest
short circuit current (Iy-). In contrary, ZnO NP cell sen-
sitized with anthocyanin extracted from pomegranate fruit
shows the lowest impedance in the low frequency region
implying fastest recombination process which is reflected
in Table III. The possible reason behind these behaviours
may be the better adsorption of Curcumin dye molecules
over the hexagonal rod shaped ZnO nanostructures in com-
parison to the other cells. It also can be seen that the
value of characteristic frequency shifts towards lower side
for increasing value of either R, or C,. One more thing
can be noted from the impedance plots that the maximum
value of phase angle is also decreases with the decrease in
value of R,..

4. CONCLUSIONS

In this study, hexagonal shaped ZnO nanorods with pref-
erential growth along (002) plane were successfully grown
on ITO substrates using low cost sol-gel hydrothermal
technique. The nanorods have diameters ranging from
100-200 nm. XRD study revealed remarkably high crys-
talline quality of the nanorods. These ZnO nanorod
based substrates were used as photoanodes to prepare
DSSCs using natural dyes extracted from pomegranate and
turmeric. On the other hand, commercial ZnO nano pow-
der is also used to fabricate DSSCs using the same natural
dyes. Photo electrochemical performances of all the four
cells were recorded. From the J-V measurements, a clear
enhanced overall cell performance was noticed for the cell
constructed using ZnO nanorods and sensitized using Cur-
cumin dye compared to the other three cells. One of the
reasons for this could be the higher amount of Curcumin
dye molecule adsorption by the ZnO film due to the better
interaction between the carbonyl and hydroxyl groups of
Curcumin molecule and the ZnO nanorod film than that of
Pomegranate extract. For deeper understanding of the per-
formances obtained from the cells, the different interfacial
mechanisms of the cells were investigated using EIS tech-
nique. It is found that the shape of ZnO nanostructures and
different dye molecules present in the extracts affected the
electrochemical parameters of the cells. Best performance
of the cell prepared with ZnO nanorod with Curcumin
dye is found to be due to highest chemical capacitance
(C,) along with lowest electron recombination rate and
fast charge transport along the ZnO nanorod. Therefore,
the Curcumin dye should be an alternative to anthocyanin
source for natural dye sensitized solar cells. These results
also show that the performances of the natural extract
based DSSCs can be enhanced significantly by combining

proper natural dye with appropriate shape of semiconduc-
tor nanostructures and they can become potential alterna-
tive to the synthetic sensitizers based DSSCs. In fact, such
combination may result in environment friendly, remark-
ably low cost and easily manufacturable dye sensitized
solar cells.
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