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Abstract

Ruthenium dyes are a well-known player in the field of DSSCs due to their structure and
presence of a novel metal. Their properties and complexes are studied for almost three
decades. Although these sensitizers show better performances, their high cost makes these
devices less economical. Organic dyes have recently been explored as an alternative to
ruthenium-based dyes due to their easy and low-cost synthesis. This is a comparative study
between Ruthenium and organic dyes which analysis dicyanoisophorone and Rhodanine
organic dyes with ruthenium complexes. The Ruthenium complex named SZD-3 has
shown efficiency of 1.208%. High recombination rate at interfaces of photoanode- dye
molecule and photoanode- electrolyte molecule degrades the device performance
consequently decreasing open-circuit voltages and short circuit current of the device. ZnO
metal oxide structure instability in the presence of Ru-dyes is also a player in the lower
output of the devices. While organic sensitizers SMA-06 and PT4N are 10-11% efficient
as compared to SZD-3.

Keywords: Sensitizers, Ruthenium Complexes, isophorone sensitizer, Rhodanine
Sensitizer, DSSC
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Chapter 1

Introduction

1.1 Introduction

Energy is a basic necessity of humans in everyday life for decades and even millenniums.
The importance of energy can be seen in the use of several tasks that cannot be done
without the use of energy. The energy demands are increasing with time and the
advancement of technology. The most important source of energy generation is a fossil
fuel that is depleting rapidly, and a very limited amount is left. To conserve these fossil
fuels, precautionary measures should be taken to avoid the exhaustion of reserves and
alternative resources should be applied for continuous energy supply in the world.

Challenges related to energy and its generation are as follow:

Major energy
challenges

* Energy security
* Economic growth
* Environmental effects

¢ Electricity system
reliability

Figure 1.1 Energy Challenges[1]

The consumption and demands of energy are increasing day by day with time and

population growth. Furthermore, greenhouse gases (GHG) emissions and environmental



pollution poses a threat to natural habitat and human health. Fossil fuels are the major
source of GHG emissions and environmental pollution, but their use is still not limited,
and a large amount of energy demands of the world are met by the combustion of fossil
fuels. Alternative sources of energy generation are the point of discussion for many
countries in order to act in climate emergency. Renewable energy and renewable
technologies are the focus of attention as the legislations and policies bound the energy
producers to reduce fossil fuel uses, emissions from fossil fuels and their harmful
effects[1].

1.2 Renewable Energy Technologies
The renewable technologies to produce clean energy are as follow:

e Wind Energy
e Bioenergy

e Hydropower

e Geothermal

o Tidal energy

e Solar Energy

Energy contributions from renewable technologies are anticipated to increase by 1/5" per
year to meet the energy demands of the world, from 2018 to 2023. It was forecast that in
2023, 30% of the global energy demand will be met by renewable technologies. In 2017,
24% of global energy demands were met by renewable technologies in which solar
technologies were at the top of the energy production list. The second renewable
contributor to global energy demands were wind energy followed by hydro and biofuels.
Now, 16% share of the world energy production is met by hydropower, 6% form wind
energy, 4% from solar energy and 3% from biofuels. It was also anticipated that energy
demands for heating and transportation will increase by 10-12%][2].

1.2.1 Wind Energy

The cause of wind is as the earth surface is heated by the sun unevenly, the air adjacent to
the surface heated up and flows. It is kind of a solar energy. The sun heats up all the
surfaces of earth including oceans, but the oceans are cooler than land at daytime. The air
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adjacent to land flows upwards and cooler air from above ocean take its place. This makes
the wind[3]. In the energy coming from the sun, only 2% is transferred to wind and about
35% energy is being wasted around 1000 meters. About, 1.26x10°MW of energy is
available in the wind that is sufficient to meet global energy demands. Kinetic energy in
the wind can be converted into mechanical energy to be utilize in turbine for energy
production. Modern wind turbines consist of tree blades and are able to generate several

megawatts of energy at high wind speed[4].
1.2.2 Bioenergy

In sustainable development, a constructive role is being played by bioenergy[5].
Bioenergy is the derivative of biomass. Biomass is the main source of bioenergy, which
is organic matter formed by photosynthesis in the presence of water and carbon dioxide
with sunlight. Solar energy storage medium is chemical energy which can be converted
into heat, fuels for transport and electricity. plantation forest, forest residue, industry of
crop and timber, animal fats, vegetable oil, industrial organic waste, human settlements
and animal husbandry[6][7]. Useful products from biomass can be converted into several
ways. Conversion techniques and their development are being considered for the useful
energy production for biomass. In electricity generation, cost effective method is cofiring
in a coal fired power plant. Commercial dedicated units of biomass combustion in
combine heat and power generation (CHP) plants are in operation. Another best suited
option for electricity generation is anaerobic digestion which is in use as well. For cleaner,
and reliable electricity system, heat and fuel generation of higher quality further
improvements are necessary|[8].

1.2.3 Hydropower

Moving water produce hydropower. Electricity is generated by conversion of mechanical
and kinetic energy of water. It is also a form of solar energy as the hydrologic cycle is
driven by the sun, rain is also facilitated by it. Hydrologic cycle makes the atmospheric
water reach the surface of earth by rain. Surface run off is the majority of this water as the
water percolates in the soil and but some of it evaporates as well. Ponds, lakes, reservoir
and ocean are the destination of rain and melting snow which generates electricity with
the help of turbine[9]. Many regions of the world relied upon hydro energy which plays
an important role in several countries around 150 to generate electricity by hydropower.



It is the largest renewable resource of the world. The commercial electricity in ten
countries such as Norway, Bhutan, Paraguay, and several African countries comes from
hydro. About 19% of global energy production which accounts for 2600 TWh/year is
expected to be operational globally making hydro power about 700 GW[10].

1.2.4 Geothermal

Earth’s heat or geothermal energy is a sustainable and clean resource of energy. It has
been used for centuries for bathing, washing, health and cooking. It is one of the most
adaptable energy sources. As the new applications arises, the geothermal energy is utilized
in direct hot water uses and increasing rapidly. About 24 countries were using electricity
from geothermal energy in late 2013 and about 78 countries using heating from
geothermal energy. The growth of geothermal energy is increasing day by day which has
reached about 10.7 GWe in total installed capacity of geothermal[11]. Somegeothermal
energy uses rely on the earth's temperatures near the surface, while others necessitate
drilling kilometers below the ground. The earth’s temperature near surface is sometimes
utilized in geothermal but most of the time kilometers below the ground, drilling has been

done for it. Applications of geothermal energy are as follow [12]:

e Direct Use: Spring and reservoir in the vicinity is utilized for the hot water

needs.

e Power generation: Water and steam temperature ranging from 300 to
700degree Fahrenheit is the requirement of a power plant. Mostly, the
geothermal reservoir is near the power plant is in the range of 2 miles.

e Geothermal heat pumps: Temperature of the buildings are controlled by

geothermal heat pumps by utilizing water temperature near earth’s surface

1.2.5 Tidal Energy

Research and development stage of tidal energy is not done, and it is not
commercialized yet. It is a new renewable technology that is not yet economically
feasible. Tidal energy is limitless sources of energy. The main advantage of this
energy is that it is not subjected to climate change as other renewable energies, as
climate changes does not affect it[13]. It is estimated theoretically that tidal energy

that can be harvested near the coast locations is about 1 terawatt (TW), globally. In



comparison, Tidal current technologies are more advantageous than Tidal range
technologies. About 514 MW total tidal range was present in 2012. It was estimated
that about 200 MW for tidal current will be developed till 2020. The best part of tidal
energy is that it is not intermittent, and energy can be generated at night or day.
Neither it is being affected by weather conditions and changes. It provides several

alternatives for power generation[14].
e Atebb tide, power generation one way
e At flood tide power generation one way

e Power generation two way.

1.2.6 Solar Energy

Among renewable energy resources, Solar energy is a well-known source of energy.
Solar energy can be used in ways such as electrically, chemically, and thermally.
Although solar energy is abundant, and it is practically available almost everywhere,
but only small amount of solar energy is utilized. In the worlds output of electricity,
solar energy only accounts for 0.015%. For global space and water heating, solar
energy contributes about 0.3%. The most common use of solar energy is in the form
of biomass, its natural process production, gasification, and combustion.
Photocatalysis is used in solar energy for the use of hydrogen production. About

11% of energy demands of humans are fulfilled by hydrogen production[15].

1.3 Harvesting Technologies

Solar Energy can be harvested by three techniques [15].
1. Solar Fuel

2. Solar Thermal

3. Electricity
1.3.1 Solar Fuel

Splitting of water using solar energy is a cleaner, greener, and sustainable alternative
for future as it can reduce global warming. Hydrogen production is mainly done by

water splitting that requires high temperatures or voltages to separate oxygen and



hydrogen molecules in water. As the photosynthesis which utilizes sunlight and
produces chemical energy solar hydrogen production also utilizes photon energy
conversion into chemical energy. Researchers are focusing to produce an artificial
photosynthesis devices such as “artificial leaf” that will be helpful in capturing,

converting and storing solar energy as chemical fuel[15].

1.3.2 Solar Thermal

Heating requirements can be fulfilled by suing solar energy in the form of drying,
heating, and cooling at industries and residences. For low temperature requirements,
Solar flat plate collector is used. For high temperature applications, concentrated
solar collectors are utilized. Solar energy is also applied for wastewater and saline

water treatments to save the environment.[15][16].

1.3.3 Electricity
Electricity generation is further divided into two categories [17].

e PV Technologies

e Solar Thermal Power generation
1.3.3.1 Solar Thermal Power Generation
Concentrated solar collectors are used to generate electricity. Steam is formed from
water at a point where mirrors magnify and concentrated solar energy. Frensel,
power towers and solar dish are used in solar concentrated energy and high
temperature application. Arrays of reflecting mirrors in quantity of thousand are
utilized for power[17] [16].
1.3.3.2 PV Technologies

In PV, semiconductors are used. The sunlight produces electricity after conversion
the semiconductors. The electron of semiconductors travels across the bandgap of it
by absorbing a photon which creates an electron hole pair and P-n junction. The
changes move in opposite directions which is responsible for the creation of potential
difference[15].

1.3.3.2.1 Classification of Solar PV Cells

Classification of Solar PV depends upon the times they were introduced and the materials

that are being used in it[18]. There are four generations of solar cells.



1.3.3.2.1.1 First Generation

The silicon based solar cells are first generation solar cells. These are of two types: mono

and poly crystalline solar cells. The material waste that is produce in the manufacturing of
first generation of solar cells is high and that’s makes the first-generation solar cells
expensive and less environmentally friendly.

1.3.3.2.1.2 Second Generation

To overcome the drawback of first-generation solar cells, second generation solar cells

were introduced. These cells are nanoscale thin films that reduces the cost and wastage of
material being used. Silicon in amorphous form, cadmium zinc tin sulfide (CZTS),
cadmium telluride, and cadmium indium gallium selenide (CIGS).

1.3.3.2.1.3 Third Generation

Third generation solar cells used organic and inorganic materials for light management in

the device. These cells are dye-sensitized solar cells, perovskite solar cells, photo chemical

cells and quantum dot cells.

1.4 Dye Sensitized Solar Cells

In comparison to silicon based solar cells, DSSC became a better alternative. It has
several advantages such as easy fabrication, chape, flexible and transparent. The
commercialization of DSSC can become easy because of all these advantages. In 1991,
Gratzel and O’Regan first introduced DSSC at UC Berkeley[19], hence also known as
Gratzel cells. The first DSSC consists of TiO2 nanoparticles as semiconductor film and

dye layer coating on it for charge transfer.
1.4.1 Component of DSSCs

A DSSC is made by joining different components together. A photoanode which is a
working electrode is the main component of a DSSC. The dye which is a sensitizer is
sensitized on the photoanode is used as absorbance and performance enhancer. A
counter electrode which is usually platinum electrode deposited on an FTO. An
electrolyte is present between two electrodes that are sandwiched together, which is a
redox mediator which provide charges to oxidized sensitizers[20].



1.4.2 Working of DSSCs

A glass or plastic conductive substrate is used for the deposition of working electrode
and counter electrode. The substrate act as a contact which collects charges. The
substrates are usually transparent above 80% to be able to pass the sunlight effectively
towards the active area of the cell in order to get high efficiency. To reduce the energy
losses from the substrate and better charge transfer kinetics, electrical conductivity of

the substrate should be high. Here are some of the characteristics of substrate:
1) Flourine doped Tin Oxide (FTO, SnOz2: F)
Transmittance ~ 75%
Sheet Resistance ~ 8.5 Q cm™
2) Indium doped Tin Oxide (ITO, In203: Sn)
Transmittance ~ 80%
Sheet Resistance ~ 18 Q cm™ [21]

The photoanode which is also called working electrode is prepared by semiconductor
oxide nanolayer or micro layer on the surface of a substrate either glass or plastic. The
semiconductors oxides are usually ZnO, TiO,, and Nb,Os, These materials are the best
options for this layer because of their wider band gap between 3-3.2 eV. The titanium
dioxide is usually the preferred choice because of low cost and non-toxicity. The
problem with these materials is that only a small region of UV light is absorbed by these
so sensitizations of dyes are done on the surface of metal oxide layers. The sensitized
dye on the metal oxide surface attach itself by covalent bonding with the metal oxide. It
is suggested to have a highly porous layer of metal oxide on the photoanode to have
more dye adsorbed on it which can harvest more sunlight. For the sun light to be
absorbed on the surface of photoanode, dyes play an important role. The days that can
absorb light in the range from UV visible to near infra-red are desired dyes. These are
luminescent dyes. It is desired that the highest occupied molecularorbital (HOMO) of
dye molecule should be higher than conduction band of metal oxide. Likewise, and

lowest unoccupied molecular orbital (LUMO) of dye molecule should be higher than



conduction band of semiconductor metal oxide material. It is also suggested that the
compatibility of electrolyte with the dye orbital are very important. The main role of
electrolyte is charge transport and dye regeneration. The most commonly used
electrolytes are Co(l1)/Co(lll) [22], I/1°Br/Br?[23] and SCN/SCN2 [24]. For an ideal
electrolyte, it should be able to regenerate the dye oxidize molecules and should remain stable
electrochemically and thermally inside the DSSCs for longer period of times. In the previously
state electrolytes, lodine electrolyte has been used extensively because of the reported good
results[25] the only drawback with iodine electrolyte is degrades the device as it corrodes
the electrodes, contributes in dye desorption and makes the device less stable[26]. For
the photoanode conduction band enhancement which enhances the open circuit voltage,
TBP (4-Tert-butylpyridine) is used to avoid charge recombination on the surface of
titanium dioxide from electrolyte used[27]. The light strikes a DSSC device and the
electrochemical changes in it generates power which produces electricity. It is also called
artificial photosynthesis because the process is similar to actual photosynthesis. The dye
is the real working element in a DSSC as the light absorbs on the surface of the DSSC
and the dye molecules gets excited and jump from ground state which is HOMO (highest
occupied molecular orbital to excited state which is LUMO (lowest unoccupied
molecular orbital) and the electron that is emitting is called photogenerated electron.
Semiconductor metallic oxide photoanode is n-type material that electron conductor as
well as electron acceptor[28]. The electron of dye which gets excited by light transfer
from dye to conduction band of photoanode semiconductor metallic oxide material[19].
Because of this, hole and electron pair generates as an electron transfers from dye to
metal oxide surface leaving a hole behind and dye in its oxide state[29]. Energy different
for this excited state LUMO and ground state HOMO can be given buy following
equation of enthalpy[30].

Ah=AE = ELUMO - EHOMO (11)
here,
Ah = enthalpy Change

AE = energy Change
ELumo = LUMO energy



Ervomo = HOMO energy

The electron that came to the metal oxide surface from dye is transported to the
conductive substrate and produces current by flowing through an external circuit[31].
The electricity is generated through this, and the speed of this process is very fast. The
hole appears in the dye because of loss of electron is filled by electrolyte which
regenerate dye by giving electron. The electron deficiency of the electrolyte is filled by
the electron coming from the counter electrode which is receiving electron form the

external circuit[16]. Working principle of DSSC is shown in Figure 2.

@
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[ Load |

Figure 1.2 Schematic diagram of DSSC

Different factors define the efficiency of DSSC. Energy levels of different components

and charge transfer kinetics are the well-known factors to define DSSC efficiency.

1.4.3 Applications of DSSCs

There is no vacuum required for the fabrication of DSSCs and it can easily be fabricated
in open environment which reduced its cost of production[32]. This lower cost of
manufacturing makes these a sustainable alternative for commercialization in future.
When these are compared with silicon based DSSCs, its production cost account for 1/5
to 1/10[33]. Different colors in dyes can be used for aesthetic appeal inside the vicinity
such as windows and sunroofs[34]. DSSCs can also be flexible and easily fabricated by
synthesizing photoelectric materials for conversion. At higher air mass, DSSC module
shows enhanced efficiencies because of Voc and Jsc degradation[35]. In building

integrated PV (BIPV) better efficiency and performance is shown by transparent
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DSSC[36]. Plastic substrate gives a better alternative for light weight DSSC production,
and it can be used in several applications related to light weight DSSC. This will rise as
a new brand market[34].

1.5 Pakistan’s Status of Renewable Energy

According to yearly report of NEPRA 2020, power generation capacity of Pakistan is
38700 MW in which 31 % of energy is coming from Hydro and 4 % is coming from
renewable energy including wind, solar and Bagasse. AEDB (Alternate Energy
Development Board) is monitoring 22 solar projects with the capacity of 890 MW, from
which 6 solar projects are working and generating about 400 MW solar energy. Remaining
16 projects are at different stages of completion [37]

1.6 Problem Statement
Ruthenium complexes are a well-known player in the fabrication of a DSSC. Complicated
synthesis and expensive material requirements make them less attractive and feasible for
the fabrication of DSSC and its economics. This is a limitation and problem for the
development of the DSSCs.

1.7 Research Objectives
The Objectives of this research are:
v' Examine the performance of Ruthenium dyes in DSSC
v" Examine the performance of rhodamine and dicyanoisophorone organic dye in
DSSC
v' study the interaction of ZnO photoanode with ruthenium complexes
v' study the interaction of ZnO photoanode with rhodamine and dicyanoisophorone
Organic dyes
v' Conclude the properties and drawbacks in ruthenium, rhodamine and

dicyanoisophorone dyes in ZnO based DSSC
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Chapter Summary

For energy demands of current period of time, use of renewable energy is better than
conventional energy uses. Solar energy as an alternative can generate electricity and heat.
Different type of solar technologies and cells can be used for the generation of electricity.
Solar cells can be categorized into three generations depending upon their advancement
and technology. Silicon based solar cells are the first-generation solar cells that is
commercialized technology being used in institutes, industries, homes, and hospitals for
electricity generation. But this technology is expensive, and the production cost and steps
require huge amount of heat and expenses. In contrary, third generation DSSC are cheap
and simple fabrication of these make them more environmentally friendly.
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Chapter 2

Literature Review

2.1Introduction
This chapter will discuss different type of sensitizers used in dye sensitized solar cells.
Ruthenium dyes and their complexes, different type of organic dyes, their properties and

draw backs will be briefly explained.

2.2 Characteristics of Dyes

The progress that has been reported in the dye optimization has been done by metal,
ligands and metal and transition metal complexes by candidate of substitute groups. The
development of mononuclear and polynuclear dye is made by systematic study of metals
i.e., Re, Pt, Os, Cu, Fe and Ru. A variety of organic molecules have been tested, some of
those are squaraine, indoline, hemicyanine, coumarin and donor acceptor organic dyes.
The highest efficiency that is reported by these dyes is 8%. Some research has also been
done on phthalocyanine and porphyrin dyes. There are some design requirements a dye
need to have just to function properly inside a DSSC. There should be a proper anchoring
group present which binds the dye molecules with the surface of metal oxide surface.
Strong bonding of dye molecule to photoanode surface are necessary efficient electron
transfer from the dye to metal oxide surface and for electrolyte leaching prevention. Some
of the anchoring groups are phosphonic acid and carboxylic. The excited state of the dye
should be high so that the electron transfer to semiconductor metal oxide become easy.
Likewise, the ground state of dye molecule should be low enough so that regeneration of
oxidized dye molecules is not difficult from electrolyte. An ideal dye should be able to
absorb sunlight in the region of visible and near IR spectrum of sunlight. It should be able
to transfer photogenerated electron rapidly to the metal oxide surface as compared to going
back to its ground state. It is recommended to use dyes showing emission at room

temperature but it is not necessary[1].
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2.3Ruthenium Dyes

It is noted that the Ruthenium complexes consists of Ruthenium metal as center atom and
ligands such as tetrapyridine or bipyridine and NCS as auxiliary ligand. These dyes show
charge separation. Structures of Ru complexes such as N3, N719 and N749 are presented
in Figure. 2.1. The first Ru complex that has been first developed was N3 in 1991 which
is (RuL2X2) complex. It has two dipyridyl ligands and two X ligands (NCS). Two N
electron are given by dipyridyl molecules, and one N donor electron is given by NCS
ligand. There are other ruthenium dyes that are developed after the development of N3 by
the Gratzel group.

The reason for the popularity of Ru dyes is that these dyes show good photoelectric
properties. These dyes also have energy band structure that helps in the maximum
absorption of light and shows maximum absorption. To improve the efficiency of a dye it
IS suggested to increase the electron lifetime in LUMO and absorbance of visible region
light. There are studies that make changes in the structure of Ru dye to achieve the above
requirements by changing the X ligand of the complex that only donates one electron.
When N3 was in the development phase, the X ligand choice was made by analyzing
different ligands such as Br, CI, I, CN, NCS and H20 and NCS was selected because of
its ability of MLCT which made the development of N3 possible. It is reported that N3
dye gives results about 80-85% IPCE but the absorbance of light by N3 is limited and
cannot absorbance longer wavelength photons of visible region (n of 10 %).

To increase the absorbance of N3, a new dye was developed which is black dye. In the
structure of black dye, one monoprotonated hydrogen is present on the polypyridyl ligand
that can be adsorbed on the photoanode. This was done to reduce the dye aggregation on
the surface of metal oxide photoanode and decrease intermolecular hydrogen bonding.
This dye can absorbance light even in the near infrared region showing efficiency of 10.4
%. The reason for larger wavelength light absorption is due to MLCT red shift. Although
the molar extinction coefficient of black dye is lower than N3 and the adsorption on the
surface of photoanode is also small, the black dyes PCE has been shown improved results.
Among all the Ru based Complexes, N719 has been reported the best efficiency so far.
The molecules similar to N719 having carboxylic acids, when adsorbed on the surface of

metal oxide, it loses its hydrogen. This makes the surface of the photoanode positive, and
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the fermi level decreases. This helps in the adsorption of the dye molecules on the surface
of photoanode material and the transfer of charge from the LUMO of dye after light
absorption to the metal oxide photoanode. Although some aspects of the dyes enhance by
the number of hydrogens increase in the structure such as photocurrent but the open circuit
voltages and overall conversion decreases because of the changes of fermi level of metal
oxide and electrolyte. These results gave an idea for the development of a new dye N719
which shows highest efficiency of 11.18% in Ruthenium complexes[2].
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Figure 2.3 Structure of Ruthenium Dyes (a) N719 (b)N3 (c)N749[2]

The styryl group has shown promising results. Two new ruthenium complexes S1 and S2
are developed in which former has a pyrrole extended ligand and later one has a styryl
group. These two dyes containing pyrrole has various reason to be interested in. The
electron donating effect is brought by bipyridine ligand which has a pyrrole pound by
nitrogen. This results in the energy level rise of the ground states of the dye which allows
the MLCT transition at the lower energy and absorption of light with the red shift. In
addition to that, molar extinction coefficient can also be increased by pyrrole n-electron.
An extended absorption in S2 compared to N3 dye is because of the n-delocalization. S1
dye is giving better performance with the redox mediator Co (DTB)3?*/Co(DTB)3s** couple
(DTB = 4.,4'-diterbutyl-2,2"-bipyridine) (IPCE 62%) and S2 performed better with
I"/13” couple (IPCE 75%). These dyes can also be used in the solid-state devices as the
presence of pyrrole make it possible to be polymerize. It is also noted that the NCS

influence the behavior of dyes and both of the NCS ligands behave differently. One of the
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NCS groups favors in charge transfer and second one draw electron density from another
anchoring group carboxylic group COOH which discourage the charge transfer. The
MLCT and LLCT both can be found in the UV region of the light. The ligand choice can

be used in the development of a favorable dye design and structural tunning[3].

COOH

COOH

Figure 2.4 Structure of S1 and S2 dye[3]

Figure 2.3 is showing CYC-B6S and CYC-B6L dyes structure. CYC-B6S has shown
better performance than CYC-B6L as opposing the same energy level orbital structures
and absorption region. It clearly indicates that the absorption and energy levels of a dye
cannot define its performance parameters as well as the size and the amount of dye
adsorbed on the surface of metal oxide surface also are responsible for the performance
on the dye[4].

CYC-B6S: R=tert-CjHy L |
CYC-B6L: R=n-C7H15 R

Figure 2.5 Structure of CYC-B6S and CYC-B6L[4]
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An efficiency of 3.42% has been reported by the presence of ligand (E)-5-nitro-N1-
(pyridin-4-ylmethylene) benzene-1,2-diamine (NPD-PC) on the structure of the dye along
with the Voc of 0.79 V, Jsc of 7.12 mA/cm?and FF of 0.61. This efficiency is the result
of the dual anchoring group in the structure of the dyes which indicates that the more the
number of anchoring groups in the structure of dye, the better the binding of dye on the
surface of the metal oxide as compared to less anchoring groups. One of the reasons which
hinders the commercialization of DSSC is its stability for longer periods of time. It is

reported that the RNPDA has proved to be stable for 80h while producing efficiency[5]
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Figure 2.6 Synthesis and Energy diagram of RNDPCJ5]

As presented in Figure. 2.5. Ru-D1 and Ru-D2 dyes are analyzed in DSSC. These two
dyes were tested against a Reference cell made of N719. The Voc reported by the cell
sensitized by these dyes have reported 0.74 V as compared to 0.60 V of the reference cell.
It is reported that Ru-D1 has shown 23% Voc betterment as compared to the refence N719
cell. This makes these dyes a suitable candidate for the use in a DSSC application. These
dyes have shown lower FF and photocurrent because of the higher recombination rate.
The Ru-D1 has reported efficiency of 1.46% while Ru-D1 has shown 1.13% efficiency[6].
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Figure 2.7 Structure of Ru-D1 and Ru-D2[6]
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A new Ru senstizer was developed by the replacement of dcbpy ligands in N3 dye by
abtpy, which is a bipyridine ligand substituted with alkyl bithiophene groups and the
Sensitizer is named as CYC-B1. The structure of CYC-B1 is presented in the Figure. 2.6.
This sensitizer has shown the efficiency of 8.54% in the DSSC which is about 10% higher
than N3 dye with the same conditions and parameters for fabrication. It has also shown
the VVoc and Jsc values that are closer to the N3 dyes reported values. The reason for higher
efficiency of this dye is because of the higher Jsc values coming from the MLCT of dcbpy
higher absorption coefficient. On the surface of metal oxide, water induced desorption of
dye molecules have been prevented by alkyl group on the abtpy ancillary ligand. It is also

suggested that this dye can give better stability in the DSSC[7].

| CgH17]

Figure 2.8 Structure of CYC-B1[7]

A new Ru-complex having ancillary ligand of hexasulfanyl-styryl-modified bipyridyl
group has been developed. The structure of this Ru-polypyridine sensitizer (TGA) is
shown in the Figure. 2.7. This sensitizer has a high absorption coefficient and small red
shift absorption. This higher absorption coefficient of TGA is responsible for better
sensitization of the metal oxide thin films on the photoanode. TGA has also proved better
performance as compared to N719 as it has reported 11.4 mA of photocurrent in
comparison with N719 which has only reported 9.0 mA. In the device fabricated by using
TGA, the electrolyte that was used promotes electron injection high quantum efficiency
but have lower voltages for both dyes. It is also revealed that TGA can perform better than

N719 in the same condition, but it needs some structural modification before achieving
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highest efficiency than N719. The only draw back of the TGA is the electrode/electrolyte

recombination, which is because of the p- system extension[8].
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Figure 2.9 Structure of TGA[8]

Ru sensitizers, CBTR and CfBTR are shown in the Figure. 2.8. These sensitizers have
reported higher VVoc values such as 730 and 710 mV, respectively as compared to N719
which has only reported 700mV under the same conditions. This is because these
sensitizers influence the fermi level of the metal oxide surface in the same way as N719
while binding to the surface of the metal oxide. CBTR has reported efficiency of 9.69%
which is about *% higher than N719 efficiency of 8.98% under the same conditions and
fabrications. This higher efficiey of CBTR is because of the NHC ligand which donate a
strong o electron resulting in the higher Jsc value. The CfBTR has only shown slightest
elevated efficiency than N719 which was 9.04% It is suggested that the enhanced
efficiency of CBTR can also efficiently donate electron to the metal oxide conduction
band after photo excitation of the electron. It is revealed that the molecular tuning of Ru
sensitizers can results into higher efficiencies of DSSC and the presence of NHC—pyridine
group can be a promising candidate in the structure of Ru sensitizers. It clearly depicts

that the these sensitizers can used in the DSSC and give better results[9].



CEBTR (1a}
CFBTR (1b)

Figure 2.10 Structure of CBTR and CfBTR][9]

New sensitizers in the family of Ru complexes have been developed in the class of
cyclometallated ruthenium (11) complexes, (Ru(tctpy)(C*N)(NCS) (1, 2). In the structure
of this sensitizer, bidentate cyclometallating ligand which is a C*N is used indicating 2-
phenylpyridinato or 2-(4-(2-phenylethynyl) phenyl) pyridinato. The structure of these
senitizers is shown in Figure.2.9. It is reported that the sensitizer 2 has higher IPCE values
as compared to sensitizer 1. This higher efficiency of 2 is because of the higher molar
extinction coefficient of dye 2 which is also responsible for the extended absorption of
light up to near IR region. The output parameters of sensitizer 1 and 2 are as follow: Isc:
6.1 mA cm 2 and 9.1 mA cm 2, Voc: 0.53 V and 0.58 V, FF: 0.69 and 0.70 and efficiency:
2.2% and 3.7%, respectively. It is also noted that the efficiency and performance of these
dyes can further improved by optimization of the devices and the structural modification
of C”N ligand in the sensitizers[10].
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Figure 2.11 Structure of Ruthenium dye 1 and 2[10]
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2.40rganic dyes

A lot of research has been done on the development of organic sensitizers. This is because
organic sensitizers have a number of advantages on inorganic sensitizers which are easy
preparation and purification method with low costs, they can harvest more wavelength of
light in the visible and IR region, have high molar extinction coefficient and a variety of
structural modification which can help the in the use of desired substituting groups that
can be responsible for better photo physical and electrochemical results in the application
in the DSSC. These dyes have vast number of resources as there is no limitation of material
as no rare element is used in the preparation of organic dyes. Many organic dyes have
reported high performances in DSSC which were structurally designed and developed for
the application of DSSC[11].

Four organic sensitizers NKX-2553, NKX-2554, NKX-2569, and NKX-2600 which are
shown in the Figure. 2.10, are developed. These conjugated novel organic dyes having
electron donor moieties of N, N-dimethylaniline (DMA) and electron acceptor moieties of
cyanoacetic acid (CAA) were used in the DSSC. These dyes have shown good
performance in the DSSC. The dye NKX-2569 has shown the highest efficiency of 6.8%
under irradiation of 1.5 AM, with Voc of 0.71V, Jsc of 12.9 mA cmz2 and FF of 0.74. the
improved performance of the dyes is because of the smooth electron injection of dye to
the conduction band of metal oxide surface. It is noted that the use of organic sensitizers
in the DSSC will not only lower the cost of DSSC production but also provide higher
performance of the DSSC[12].
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Figure 2.12 Structure of Novel Conjugated dye[12]
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A series of dyes named as DS-1, DS-2, DS-3, and DS-4 presented in Figure.2.11, are
developed for the application of DSSC. These series of sensitizers have D—n—A scheme.
The photovoltaic results of DS-1, DS-2, and DS-4 are higher than DS-3, which has only
shown 5.12% of overall efficiency. The sensitizer DS-2 has given 7.00% overall efficiency
with the Voc of 633 mV, Jsc of 15.3 mA/cm? and FF of 72.5. This efficiency is better than
the reported triphenylamine-based DSSCs which has previously only reported efficiencies
are between 2.47-6.15%. The sensitizers DS-1 and DS-4 has shown efficiency of 6.71%
and 6.57%, respectively. It is revealed that the Electron spacer in the structure of dyes
influences the overall efficiencies and performance of the dyes in the DSSC. The DS-2
dye has shown better result in comparison to DS-1 because of the inclusion of another
single bond thiophene unit. The Jsc of DS-2 was slightly higher than DS-1 device.
Thienothiophene electron spacer in the structure of DS-4 has reduced the efficiency of the
dye as the dye aggregation on the surface of metal oxide is promoted by it. It is understood
that a single layer on the surface of metal oxide is required for efficient charge transfer of
photoexcited electron to the conduction band of metal oxide. The dye molecules
aggregation on the surface of metal oxide is responsible for electron recombination
resulting in the decrease of Voc value as the VVoc output of DS-4 was 610mV. The DS-3
has shown the lowest results in the series of dyes although the absorption of the light by
this dye was extended. The presence of vinyl unit in the spacer from (E)-1,2-bis(5-formyl-
2-thienyl) ethane) is responsible for the complicated intramolecular charge transfer in the
excited state resulting in the lower excited energy and electron injection efficiency as
reported earlier. The vinyl unit is also responsible for the VVoc decrease which leads to the

dye aggregation on the surface of metal oxide[13].
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Figure 2.13 Structure of organic dye DS-1, DS-2, DS-3 and DS-4[13]

A water-soluble organic sensitizer represented in the Figure. 2.12 was developed and
named as Eosin Y. The dye has pink color and show fluorescence in yellow green. This
dye is already used in several fields as it is used in fluorescent pigment, printing and dyeing
as well. The Isc of the device fabricated by the sensitization of eosin Y on the photoanode
is1.020 mA/cm?. The Voc is 0.671 V and the FF ranged from 42.4% to 59.6%. The highest
efficiency achieved by the Eosin Y is 0.399% in the fabricated DSSC[14].

Figure 2.14 Structure of Eosin Y organic dye[14]

A sensitizer named SSD1 which is represented in the Figure. 2.13, having chromophores
with donor/accepter capability in a spiro configuration was developed to be used in DSSC.
This dye has shown similar behavior in DSSC as the devices fabricated by using N3 dyes.
This sensitizer is efficient in keeping the positive charge away from the metal oxide
surface resulting in the better performance of the dye. This behavior reduces charge
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recombination as the back transfer of electron is reduced. The two carboxylate anchoring
groups provides the bivalent binding of the dye molecule on the surface of metal oxide
and reduces charge recombination as the metal oxide surface is separated from
photogenerated electron donating molecules. The output parameters of the cells fabricated
by the dye are: Jsc = 8.9 mA cm2, Voc = 0.63 V, FF = 0.67 and efficiency of 3.75%[15].

Figure 2.15 Structure of SSD1 organic dye[15]

Two novel organic sensitizers named as DRA-BDC and DTB-BDC presented in Figure.
2.14. are developed. These sensitizers contain electron acceptors in the form of rhodanine-
3-acetic acid/thiobarbituric acid and electron donors and spacers in the form of N, N-butyl
dicarbazole to be used in DSSC. The DSSC output of DRA-BDC and DTB-BDC are 0.92
and 0.59 V od Voc, respectively. These values shows that these sensitizers efficiently
inject electrons from LUMO of dyes to conduction band of meta oxide films. These dyes
efficiency can be calculated by the variation of energy between excited state of dye to
conduction band of metal oxide film. The theoretical efficiency of these devices is 1.29
and 0.73 eV/PCBM. These values reveal that electron junction of dyes by these sensitizers
are powerful[16].

DRA-BDC DTB-BDC

Figure 2.16 Structure of Dye DRA-BDC and DTB-BDC[16]
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Three new organic sensitizers named L0, L1 and L2 are represented in Figure. 2.15, were
synthesis. These sensitizers having donor moiety of a triphenylamine, acceptor of a
rhodanine-3-acetic acid and a connection of polyene. These donor and acceptors are linked
by methine and thiophene moieties. The red shift response of these dyes and the reduced
positive oxidized potential is because of the conjugated length increased in the dyes. The
device was fabricated using titanium dioxide as photoanode sensitized by these dyes and
iodide/triiodide electrolyte. The lowest efficiency among the dyes is shown by L2, due to
lower charge collection and dye regeneration. A photocurrent reduction is also observed
by the addition of 4-tert-butylpyridine in the electrolyte which decreases the electron
injection efficiency. A negative shift in the conduction band of thin film was observed of
0.15 V[17].
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@Oﬁ

w
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Figure 2.17 Structure of LO, L1 and L2[17]

An organic sensitizer series of R1, R2 and R3 are represented in Figure. 2.16, are formed
to be used in DSSC. These sensitizers contain electron donating moieties of carbazole,
iminodibenzyl, and phenothiazine, electron accepting and anchoring moiety of rhodanine
ring. The device output prepared by using R1, R2 and R3 dye is Voc of 587 mV, 625 mV
and 661 mV, Jsc of 6.62 mA/cm 2, 7.46 mA/cm? and 10.34 mA/cm? and overall
efficiency of 2,54%, 3.52%, and 4.87%, respectively under same conditions. The highest
efficiency of R3 has shown because of phenothiazine ability to donate electron from
donating moiety to accepting moiety. The higher value of VVoc is also contributing to the

overall enhanced efficiency of phenothiazine substituted dyes[18].
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Figure 2.18 Structure of Dye R1, R2 and R3[18]

The synthesis of hemicyanine and Dicyanoisophorone was done to prepare dyes to be used
in DSSC. These dyes contain D-xn-A strategy. The anchoring group present in the dyes are
carboxylic (COOH) acid. The efficiency of SLN-01 is reported to be 0.13% as compared
to reference cell which was prepared by the use of N719 having efficiency of 1.58% on
ZnO based DSSC. It is noted that DCI dyes are better alternative for ZnO based DSSCs
than Cyanine dyes[19].

SLN-01:
R6= NEtz, R5= OCHchQCH2COOH

Figure 2.19 Structure of Dye SLN-01[19]

In this work, Ruthenium complexes are being used as sensitizers in the ZnO-based DSSC.
Ruthenium complexes are a well-known player in the study and fabrication of DSSCs. Ru
Complexes used in this study contains unique nitro, amine, and carboxylic anchoring
groups along with thiocyanate. The carboxyl group as ligand promotes an increase in

molar extinction coefficient, smooth attachment of dye molecule on semiconductor
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surface and secure close coupling between conduction band of semiconductor and excited
state wave function of dye molecule[3]. Ambidentate nature of thiocyanate makes it able
to attach with a metal either with nitrogen or sulfur. Thiocyanate isomer of N-bound is
efficient in solar cell. The N-bound thiocyanate facilitate charge transfer from electrolyte
by interacting with ligand at sulfur end which increases the efficiency of dye sensitized
solar cell. Nitro, amine, and carboxylic acids anchoring groups have been used in the
Ruthenium complexes previously, but their incorporation in a single molecule is new in
these complexes. The absorbance of these complexes solutions has shown appreciative
results.

The organic sensitizers used in this study are Rhodanine and dicyanoisophorones.
Dicyanoisophorone used in named as SMA-06. The absorbance of SMA-06 solution has
shown comparative results with Rhodanine sensitizer. Rhodanine sensitizer used in this

study is PT4N, which has also shown appreciative absorbance.
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Chapter Summary

This chapter describes literature review of different type of Ruthenium complexes and
Organic dyes with their photovoltaic performances in DSSCs. The structure and output
parameters of dyes used in DSSCs are presented along with the factors attributing to the
final outcome of the DSSCs. Organic dyes are better alternative in comparison with

Ruthenium complexes because of their cost-effective synthesis with comparable results.

32



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

N. Robertson, “Optimizing Dyes for Dye-Sensitized Solar Cells,” Angew. Chemie
Int. Ed., vol. 45, no. 15, pp. 2338-2345, Apr. 2006.

S.-H. Nam, K. H. Lee, J.-H. Yu, and and J.-H. Boo, “Review of the Development
of Dyes for Dye-Sensitized Solar Cells,” Appl. Sci. Converg. Technol., vol. 28, no.
6, pp. 194-206, Nov. 2019.

A. Monari, X. Assfeld, M. Beley, and P. C. Gros, “Theoretical study of new
ruthenium-based dyes for dye-sensitized solar cells,” J. Phys. Chem. A, vol. 115,
no. 15, pp. 3596-3603, Apr. 2011.

C.-Y. Chen et al., “Multifunctionalized Ruthenium-Based Supersensitizers for
Highly Efficient Dye-Sensitized Solar Cells,” Angew. Chemie, vol. 120, no. 38, pp.
7452-7455, Sep. 2008.

K. Subramaniam, A. B. Athanas, and S. Kalaiyar, “Dual anchored Ruthenium(II)
sensitizer containing 4-Nitro-phenylenediamine Schiff base ligand for dye
sensitized solar cell application,” Inorg. Chem. Commun., vol. 104, pp. 88-92, Jun.
2019.

A. S. A. Almalki et al., “Enhancement of the open-circuit voltage of the dye-
sensitized solar cells using a modified ruthenium dye,” Appl. Phys. A Mater. Sci.
Process., vol. 127, no. 3, pp. 1-8, Mar. 2021.

C.-Y. Chen, S.-J. Wu, C.-G. Wu, J.-G. Chen, and K.-C. Ho, “A Ruthenium
Complex with Superhigh Light-Harvesting Capacity for Dye-Sensitized Solar
Cells,” Angew. Chemie, vol. 118, no. 35, pp. 5954-5957, Sep. 2006.

F. Matar, T. H. Ghaddar, K. Walley, T. DosSantos, J. R. Durrant, and B. O’Regan,
“A new ruthenium polypyridyl dye, TG6, whose performance in dye-sensitized
solar cells is surprisingly close to that of N719, the ‘dye to beat’ for 17 years,” J.
Mater. Chem., vol. 18, no. 36, pp. 42464253, 2008.

W.-C. Chang et al., “Highly Efficient N-Heterocyclic Carbene/Pyridine-Based
Ruthenium Sensitizers: Complexes for Dye-Sensitized Solar Cells,” Angew.
Chemie, vol. 122, no. 44, pp. 8337-8340, Oct. 2010.

T. Funaki et al., “Synthesis of a new class of cyclometallated ruthenium(ll)

complexes and their application in dye-sensitized solar cells,” Inorg. Chem.

33



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Commun., vol. 12, no. 9, pp. 842-845, Sep. 2009.

Y. Ooyama and Y. Harima, “Molecular Designs and Syntheses of Organic Dyes for
Dye-Sensitized Solar Cells,” European J. Org. Chem., vol. 2009, no. 18, pp. 2903—
2934, Jun. 2009.

K. Hara et al., “Novel Conjugated Organic Dyes for Efficient Dye-Sensitized Solar
Cells**,”,

G. Li, K.-J. Jiang, Y.-F. Li, S.-L. Li, and L.-M. Yang, “Efficient Structural
Modification of Triphenylamine-Based Organic Dyes for Dye-Sensitized Solar
Cells,”.

T. M. El-Agez, S. A. Taya, K. S. Elrefi, and M. S. Abdel-Latif, “Dye-sensitized
solar cells using some organic dyes as photosensitizers,” Opt. Appl., vol. XLIV, no.
2,2014.

D. Heredia et al., “Spirobifluorene-bridged donor/acceptor dye for organic dye-
sensitized solar cells,” Org. Lett., vol. 12, no. 1, pp. 12-15, Jan. 2010.

M. S. Abusaif et al., “New carbazole-based organic dyes with different acceptors
for dye-sensitized solar cells: Synthesis, characterization, dssc fabrications and
density functional theory studies,” J. Mol. Struct., vol. 1225, p. 129297, Feb. 2021.
T. Marinado et al., “Rhodanine dyes for dye -sensitized solar cells : spectroscopy
, energy levels and photovoltaic performance,” Phys. Chem. Chem. Phys., vol. 11,
no. 1, pp. 133-141, Dec. 2008.

T.Y.Wuetal., “Iranian Chemical Society Synthesis and Characterization of Three
Organic Dyes with Various Donors and Rhodanine Ring Acceptor for Use in Dye-
Sensitized Solar Cells,” 2010.

G. Shabir et al., “The Development of Highly Fluorescent Hemicyanine and
Dicyanoisophorone Dyes for Applications in Dye-Sensitized Solar Cells,” J.
Fluoresc., vol. 32, no. 2, pp. 799-815, Mar. 2022.

34



Chapter 3
Experimental and Characterization

Techniques

3.1 Introduction

Experimental are conducted for the fabrication of a DSSC. These experiments are
preparation of Photoanode and counter electrode by using doctor blade, sensitization of
photoanode by sensitizers and Fabrication of cell. Characterization, dyes, photoanode and
cell is carried out in every step in between the experimentation procedures. Techniques

used for the experimentation will be listed here:

3.2 Experimental Techniques
Experimentation techniques to fabricate a dye sensitized solar cell with their working
principle will be discussed here:

3.2.1 Deposition Techniques for electrodes fabrication

For the preparation of photoanode or working electrode and counter electrode of a
DSSC several techniques are used. Simply, a conductive thin film is deposited on the
surface of a substrate in order to prepare a photo and counter electrode. This deposition
of conductive material can be done by any of the available techniques of deposition. In
this chapter some of these techniques will be discussed in detail.

3.2.1.1 Solution based Synthesis

Some of the Solution based techniques for the deposition of conductive material on the
surface of DSSC will be discussed below.

3.2.1.1.1 Doctor Blading

This is the simplest and low-cost method to deposit a thin film on the surface of a glass or

plastic substate. This is also called tape casting method. It is usually used when large
surface area is deposited by thin films materials because of the ease of procedure and
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simplicity. For doctor blading two techniques are used. Rectangular frame doctor blading

and spiral film application technique

)] Rectangular Frame Doctor Blade

Doctor blade
(Frame)

Substrate

Figure 3.20 Doctor blade principle, frame reservoir moving over the substrate[1]

A reservoir is used in the method of this technique. Literature has already reported the
sol flow behavior from the reservoir geometry[2]. Two situations can be adopted while
using this method. In one condition, the doctor blade can be used a stationary form and
the surface that need to be casted is movable for material layer deposition Fig 3.1.
redrawn from literature [1], which depicts the doctor blading technique. To control the
thickness of the deposited material, substrate and doctor blade gap is adjusted which is
represented in Figure 3.2.

Doctor Blade Frame
Substrate

Figure 3.21 Thickness of layer control by gap between doctor blade and frame[1]

Literature has also reported more than on blade use at a time for different applications

[3]. Dual blades are also responsible for the accurate, controlled, and precise thickness
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of the depositing layer. Plastic foils can also be coated by liquids using doctor blade[4].
Asshown Figure. 3.3, the web beneath the blade moves and doctor blade is position with

aroller.
Tank ] Blade
3
Sol
= Wet Film
»
-

."/ Web
\ J| Stationary
l'.
\‘___ ) //‘ Raoll

Figure 22.3 Moving Web setup for coating plastic foils[4]

i) Spiral Film Doctor Blading

Uneven surface coatings and industrial level processes such as foils coatings, textiles
and leather coatings are done by Spiral Film Doctor blading. It is used when the
moldable material was desired. Spiral applicator is usually used in this technique. Spiral
is placed above the substrate. The material is pressed down by the spiral as it rolls over
the surface of substrate. The material is also smoothed by the spiral. A’ S Spiral Film

Doctor blading is presented in Figure 3.4.

’ :
' _ — Spiral
Zz . |
5

y

Substrate

Figure 3.23 Spiral film doctor blade set up[1]
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The film thickness is controlled by the gap between the blade and substrates and the

geometry of the structure.

3.2.2 Sensitization of Photoanode

3.2.2.1 Traditional Sensitization Method

In this Method, the prepared photoanode is dipped in the dye solution. The metal oxide
surface is sensitized using one dye. This affords a much higher level of dye loading.
Control parameters in this technique is sensitization time[5].

3.2.2.2 Inject Printed dye sensitization:

For the accurate and control amount of dye on the surface of metal oxide thin films, the inject
printing method of concentrated dyes are used. This produces uniform cells with stable and
equal performances as compared to drop casting process. Among several advantages of this
technique, one is that the controlled amount of dye is injected into the thin film of metal
oxide[6].

25 and multicolored dye patterns on single TiO,
electrode (a-b) and common paper (c) with
accurate control of dye loading.

Fast one step printing process

From
- seconds to

E minutes.
- No washing.

15 h -1 day
+ washing

Single-colored TiO, electrodes and modules with

Slow bath process that requires washing dye loading pre-determined by their thickness.

Figure 3.24 Process of Inject printing for DSSC photoanode[7]

3.2.2.3 Functionalized Carboxylate Deposition (FCD)

It is a technique which uses vapor phase deposition of sensitizers. This technique is
presented as the alternative of dip coating sensitization method. It is better than dip coating
because it forms a monolayer of dye on the metal oxide surface by reducing the dye
loading time of the photoanode. The first layer deposition is the spontaneous attachment

of the dye molecules with the metal oxide surface. The hydroxyl group are the usual
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anchoring ligands of dyes on the surface of metal oxide. The dye molecules are evaporated
and attached to the surface of metal oxide chemically by using a covalent bond. As the
area of the metal oxide is covered by the deposition of the dye molecules, the process of
deposition stops, making it as self-limiting process. The reaction of dye molecule

attachment on the surface of titanium dioxide is shown by following reaction:

O, [ Ti0,

v

Surlace site Q O
e withdrawing
fumchional group
o— m Bridge O .
v
COOH
FCD dye molecule

Figure 3.2. FCD dye molecules’ attachment with the TiO2 surface

2l

Ti-OH

Figure 3.25 FCD for sensitization of Photoanode in DSSCJ[8]

Ti-OH + R-COOH — Ti-COOR +H:20
The advantages of FCD techniques as compared to dip coating are as follow:
1) It decreases up to 95% of dye loading time
2) Solvent use is avoided in this technique

3) Minimum amount of dye is used[9]

3.3 Cell Fabrication

First, all of components are to be made ready as discussed in previous sections. For
microfluidic technique, list of all components is given below:
v Photoanode
Counter Electrode
Dye
Electrolyte
Spacer

Copper foil

AN N N NN

Electrolyte injector
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For photoanode, a metal oxide, mostly TiO2/ZnO, are deposited on conductive glass
substrates which are FTO/ITO. A standard dye is prepared. Dyes have been discussedin
first chapter in details. Dye solution is dissolved in ethanol and sonicated to dispersedye in
ethanol. A standard electrolyte, mostly lodoly AN-150 is used. Platinum coating on FTO
glass is used as counter electrode. Two holes are drilled in the counterelectrode. PDMS
membrane as spacer is used. For assembling by microfluidic sealingtechnique [10]
following steps are followed and illustration is shown in Figure 3.7.
v Photoanode is dipped in dye solution and is dipped for 3 hours so that dye is
adsorbed in the photoanode
v The photoanode and counter electrode are placed at some distance by placing
spacer in between. The two electrodes are connected by using foils to connect
theterminals of both electrodes

v’ Electrolyte is filled into the space by injecting through the holes in counter

' ——ug—
PAMMA
clampsng
’ -

cr system

electrode.

g ’ l
i - O-ring POMS
'T,z’ mterconnection

= Carbon coated PET
—
1 POMS
membrane
—
- copper foil
bottom
> FTO/glass shde

/ with TO.,

Figure 3.8 Cell Assembly [10]

In this way, DSSC is assembled and then subjected to characterization which will be

discussed in later section of characterization techniques.
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3.4 Characterization Techniques

There are different characterization techniques to study characteristics of Photoanode,
dyes and complete DSSC. UV-vis spectroscopy is used for characterization of dyes,
sensitized and co-sensitized photoanode deposited on FTO. Photoanode is also
characterized by Profilometry, XRD and Scanning Electron Microscopy. Efficiency of
DSSC is measured by solar simulator

3.4.1. UV-vis Spectroscopy

Ultraviolet visible spectroscopy (UV-Vis) is a very popular characterization technique
because of its ability to detect almost every molecule. Light in the ultraviolet to visible
region illuminates the sample and the amount of light passed through is recorded. This
gives us the transmittance behavior of the material and by a simple calculation, the
absorbance can also be analyzed. The amount of light absorbed or transmitted at a given
wavelength gives us information about the chemical structure of the material under

investigation [11].

Detector
Menechromator

Cuvette

/ (53mple holder)
r Extt Slie

Dispersing
Device

Entrance
shis

Source

Figure 3.9 Instrumentation of a UV-Vis Spectrophotometer[11]

The technique is often used for general analysis because most elements and compounds
can absorb light in that range. The wavelength range for the light used extends from 100
nm (deep UV) to 1000 nm (beyond visible). For this long range of light, typically two
different sources are used. The deuterium lamp is for the UV light whereas a tungsten

filament produces visible light.
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Working Principle

A photon strikes the molecule and after being absorbed excites the molecule to a higher
energy state. The UV-Visible light has high energy with the ability to transfer electrons
from the highest occupied orbital to an excited state in the lowest unoccupied orbital. The
different in energy between both states is the bandgap of the material. The bandgap is
unique for each material therefore every crystal structure has its own characteristic

absorption spectra.
3.4.2. Diffuse Reflectance Spectroscopy

Diffuse reflectance spectroscopy is a very useful tool for the study of interactions among
various formulation components, and the technique has been successfully used in the
characterization of many solid-state reactions. [12]. Reflectance spectroscopy is very
closely related to UV/Vis spectroscopy, in that both of these techniques use visible light
to excite valence electrons to empty orbitals. The difference in these techniques is that in
UV/Vis spectroscopy one measures the relative change of transmittance of light as it
passes through a solution, whereas in diffuse reflectance, one measures the relative change

in the amount of reflected light off of a surface[13].

i REE |
l?eﬂ_ected | Incident  ooqo-40 liht
light light light
Specular reflection Diffuse reflection

Figure 3.10 Diffuse Reflectance Spectroscopy[14]

Working Principle

As the light strikes the powder sample, it reflects back in all the direction as presented in
Figure. 3.11. The reflection that occurs at the surface of powder sample is specular
reflection. The powder sample has various shapes present which reflects the light in many
the directions. Some of the enters into the powder sample surface and refracted. Scattering
of light happen when it enters the surface of powder because of internal refraction. This

internal reflection is caused by the powder grain surfaces and recurrent refraction entering
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into the powder. The air receives the scattered light as emission. The reflected light
becomes less intense as it reflects back or pass though the powder grains and when powder
absorbs it. This makes reflected spectrum of diffused light same as the transmission
spectrum. But some of the powdered sample absorbs maximum light in which longer
wavelength light is absorbs and only shorter wavelength light is reflected back into the air.
However, some of the powdered sample did not absorb maximum light and not even long
wavelength light is absorbed by this region. Diffuse reflectance from this region has shown
high intensity peaks which are significant than transmission spectrum. Nonetheless, the
peak intensity of transmission spectrum and diffuse spectrum are contrary as the low
intensity peaks of transmission becomes high intensity peaks in diffuse reflectance
spectrum. To measure the transmission spectrum or quantitative analysis Kubelka-Munk
function id used which is K-M function (f(R-))[14].

Incident light

>4

Figure 3.11 Light Scattering from a sample[14]

3.4.3 1-V Characteristic Measurement

The 1-V curve is a graph of all possible available combinations of voltage and current
operated under constant conditions and give the characteristic electrical properties of a
solar cell depending upon the active electrode region that enhances charge transport,
exciton dissociation and carrier injection. These properties a usually measured using a
Keithley source meter under illuminated and dark conditions. Generally, the 1-V curve has
a characteristic shape point, the behavior is similar however, when it is to the right of the
MPP, there is an immediate decline in power output because of sealed charges within the
solar cell that do not flow out. These charges are a result of increased voltage output [15].
IV-curve gives the Isc, Voc and Fill Factor FF for the device under consideration and this
information can be used to find efficiency of the cell.
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Newport Oriel IV station with Kiethley PVIV 2400 source meter and solar simulator under
power intensity of 750 W/m2 were used for IV measurements. While the cell was covered
with a black mask having an active area of 0.22 cm2 to limit extra light [16]. The
simulator's output light intensity was calibrated (1000 Wm-2 ) using a reference Si
photodiode that Newport 36 had calibrated at (1000 W m-2 ). Important characteristics
such as open circuit voltage (VVoc), short circuit current density (Jsc), fill factor (FF), and
photo conversion efficiency can be calculated using the J-V data measured for samples.
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Figure 3.12 I-V Curve and different parameters of DSSCs with output Current and Power as a

function of Voltage[17]
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CHAPTER SUMMARY

All the experimental techniques and characterization techniques used in this research work
have been discussed in detail in this chapter. Fabrication techniques of electrodes for
DSSCs assembly and for characterization have been discussed. Doctor blade technique
for electrode fabrication has been explained. Different characterization techniques,
UV/Vis spectroscopy, diffuse reflectance spectroscopy and Solar Simulator for IV

Characteristic curve for DSSC characterization have been described.
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Chapter 4

Experimentation

4.1 Introduction

In this Chapter, Experimentation techniques are discussed in detail. The steps for
preparation of photoanode, sensitization of photoanode and fabrication of dye sensitized
solar cells are discussed with steps to prepare photoanode, counter electrode, dye solution

and sensitization of dyes.

4.2 Materials

4.2.1 Materials used for ZnO nanorice Synthesis

Materials used for the synthesis of ZnO nanorice are Zinc Acetate dihydrate (Sigma
Aldrich), Sodium Hydroxide pellets (Sigma Aldrich), Methanol (Merck), and Deionized
water. These chemicals are used without further purification.

4.2.2 Solvents used for Dye solution preparation

Solvents used for dye solution preparation are dimethyl formamide (DMF) (Sigma
Aldrich), Acetonitrile (Duksan Pure Chemicals). These chemicals were used without
further purification.

4.2.3 Solvents used for washing of FTOs

Solvents used for the washing of fluorine-doped tin oxide glass substrate (FTO) are
Distilled Water, Sulfuric acid (Sigma Aldrich), Hydrogen peroxide (BDH), Ethanol
(BDH), isopropanol (BDH) and Acetone (BDH). These solvents were used without further
purification.

4.2.4 Materials used for photoanode preparation

Materials used for the fabrication of semiconductor metal oxide photoanodes are
synthesized ZnO nanorice, dimethyl formamide (DMF) (Sigma Aldrich), fluorine-doped
tin oxide glass substrate [F: SnO2, 8 Q/cm?] (Sigma Aldrich) and Nafion. The FTOs are
cleaned before the deposition of ZnO nanorice film. Both these solvents are used for

preparation of the slurry of ZnO nanorice.
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4.2.5 Materials used for Counter Electrode preparation
Fluorine-doped tin oxide glass substrate [F: SnO2, 8 Q/cm?] (Sigma Aldrich), and
Platinum paste (Platisol T/SP) (solaronix) are used in the fabrication of counter electrode

by doctor blading platinum paste on the FTO followed by annealing.

4.2.6 Materials used for DSSC fabrication
Electrolyte lodolyte AN50 (Solaronix), prepared photoanode, Prepared counter electrode

and copper strips (locally purchased) are used for the fabrication of DSSC fabrication.

4.3 Synthesis of Zinc Oxide (ZnO) nanoparticles

Zinc oxide was prepared by reported hydrothermal method [1]. 1M solution of zinc acetate
in Methanol. 3M NaOH solution was prepared in menthol separately by stirring. The
anionic solution was added drop wise in zinc acetate solution while stirring and
maintaining the pH between 9 to 11. This solution was autoclave for 12 hours and after
that solution was rinse and washed by ethanol and distilled water several times. The
resulted slurry was dried overnight in the oven. The dried powder was grinding in mortal

and pastel for 30mins.

4.4 Fabrication of Photoanode

4.4.1 Cleaning of FTO

Transparent conducting oxide (TCO) glass was used as the base of photoanode. Fluoride
doped tin oxide (FTO) conducting glass as a substrate, which was cleaned in water,
isopropanol, acetone and ethanol under sonication for 15 minutes respectively[2][3]. Prior
to this, the FTO substrate are washed with soap and piranha solution prepared by sulfuric
acid and hydrogen peroxide to remove organic residue from the substrate in ultrasonic
bath[4][5]. Followed by cleaning with distilled water and isopropanol[6] in the same order
to avoid the formation of ester on the surface of substrates. The cleaned glass was then
kept in isopropanol for 24 hours prior to use for film deposition.

4.4.2 Preparation of ZnO Paste

ZnO paste was prepared using25mg of synthesized ZnO nanorice mixed with 0.5ml of
dimethyl formamide (DMF) [7] containing25 uL of 5 wt% Nafion as a binder to help in

adhesion [8] under sonication to make a slurry.
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4.4.3 Deposition of Photoanode

Clean FTO with conductive side upward were placed on a clean surface. A locally
purchased non residual adhesive tape with a circle of area 0.78cm? was placed on the
conductive surface of FTO[9]. The slurry was then dip-coated onto cleaned FTO glass
substrate and tape casting technique employed to ensure the same thickness[10]. The drop
casted photoanodes were left overnight for air drying. After air drying, the electrode was
annealed at 350°C[11] for 30 minutes [12].
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Figure 4.26 Prepared Photoanode with ZnO nanorice

4.5 Fabrication of Counter Electrode

Counter electrode was prepared on FTO with hole punched for introduction of electrolyte.
The holes were drilled through with the help of diamond drilling bit. Platisol
D/SP(Solaronix) solution by doctor blade technique [13] was deposited on FTO with
holes[14] followed by annealing for 30 mins.

4.6 Preparation of Dye Solution

Dye solutions of different dyes are prepared in different solvents. The details of solvents
along with concentrations are presented in the following table. These solutions are

sonicated up to 45 mins in ultraviolet sonicator.
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Table 4.1 Dye solution Data

Dye Name Solvent Concentration (mM)
SZD-1 DMF 0.2
SZD-2 DMF 0.2
SZD-3 DMF 0.2
SZD-4 DMF 0.2
SMA-06 Acetonitrile 0.2
PT4N Acetonitrile 0.2

Figure 4.27 Prepared solution of PT4N

4.7 Characterization of Dyes
All of the dyes were characterized by UV-Vis NIR Spectrophotometer (UV-3600 Plus) to

find the absorbance of the dye solutions.

4.8 Sensitization of Photoanode
The photoanodes are sensitized in dyes for 3 hours at room temperature used in dye
sensitized solar cells as depicted in Figure.4.1. Samples then were rinsed with respective

solvents to wash out un-adsorbeddye [22].
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Sensitization of Photoanode

gy

Photoanode Dye Solution Sensitized Photoanode

Figure 4.28 Photoanode Sensitization

e e ——

Figure 4.29 Photoanode Sensitized by SMA-06 and SZD-1

4.9 Characterization of Sensitized Photoanode

These sensitized photoanodes were characterized by characterized by UV-Vis NIR

Spectrophotometer (UV-3600 Plus) to find the absorbance of dye adsorbed photoanode.

4.10 Assembling Dye Sensitized Solar Cell

DSSCs were assembled using microfluidic structure [23] with 17/1* redox couple
electrolyte. ZnO based photoanode and Platinum coated counter electrodes were used.
The two electrodes were clipped together with a spacer (PMMA/PDMS) used in between
the two electrodes. The spacer function is to avoid short circuiting and separate the two
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electrodes. Copper strips were used to makeconnections for both photoanode and counter
electrode[24]. Electrolyte was injected into the assembly by using an injection[25]. The
electrolyte was injected through holes drilled in counter electrodes. All the assembled
DSSCs having an active area of 0.78cm? and electrical measurements were performed by

applying a black mask with an active area 0.22cm?.

Cell Assembly

Counter
Electrode

Cell Structure

Photoanode e

Figure 4.30 Cell Assembly for DSSC

4.11 Characterization of DSSCs
Characterization of Fabricated devices were done by Newport Oriel IV station with

Keithley PVIV 2400 solar simulator for IV cure measurements.
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Figure 4.31 Fabricated DSSC by using microfluidic structure
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Chapter Summary

This Chapter Discussed the methodology, techniques and equipment used in the
fabrication of dye sensitized solar cells. Different dyes are prepared in different solvents
which are defined along with concentrations for best performance in DSSC. The
preparation of photoanode, sensitization and counter electrode along with assembling
DSSCs with microfluidic structure are explained.
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Chapter 5

Results and Discussions

5.1 Introduction

This chapter presents the results obtained by characterizations of Ruthenium and Organic
dyes used in ZnO-based dye Sensitized solar cells. It describes the performance of these
dyes by elaborating the function of species presents in the dye and causes of different

behaviors presented by it.

5.2 Morphology of Nanoparticles

The structural analysis of grown nanostructure has been performed by X-ray
diffractometer and obtained results are presented in Figure 2 which have confirmed the
growth of the ZnO wurtzite phase. The peak obtained at 26 equate to 31.5°, 34.2°, 36.0°,
47.2°, 56.4°, 62.7°, 66.2°, 67.7° and 68.9° indicate the reflection from the planes (001),
(002), (101), (102), (110), (103), (200), (112) and (201) respectively which coincide with
the reported standard data (PDF # 99-0111) and a previously conducted study [1]. Further,
the sharp peaks obtained during XRD analysis are an indication of a more crystalline
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structure. No additional peak except peaks for ZnO wurtzite phase was observed during

the analysis which reveals that no impurity is present in the final product.
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Figure 5.32 XRD Pattern of grown ZnO nanorice

Morphological changes were assessed with the help of scanning electron microscopy and
depicted in Figure 3(a). The images uncovered that the ZnO nanostructures possess a
nanorice-like morphology and are stacked on each other in irregular manners. All the
grown nanostructures acquired uniformity in size ranging from 112-200 nm with an
average particle size of 145 nm. The small particle size of nanostructures is a sign of more
surface area which helped the dye adsorption onto photoanodes. Moreover, the 1D growth
of nanostructures has shown better conductivity as observed in our previous study [2].

Corresponding elemental analysis of grown photoanodes is illustrated in Figure 3(b) and
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shows the presence of Zinc (Zn) and Oxygen (O) in the ZnO matrix while the presence of

Ca and Si is associated with the glass substrate on which ZnO film was deposited.
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Figure 5.33 (a) SEM image of ZnO grown nanostructure film on a glass substrate (b) Elemental
analysis of ZnO film over a glass substrate

5.3 Optical Properties of Dye Solutions

The absorbance of dyes was measured by UV-Vis NIR Spectrophotometer (UV-3600
Plus) which is illustrated in Figure 4(a). Ruthenium-based dyes have shown absorption
ranging from 350nm up to 700nm. Among ruthenium-based dyes, SZD-3 has shown the
highest absorption. It has a peak at 407 nm along with an elbow at 372 nm. The lowest
absorption is shown by SZD-2 which has a minor peak at 320 nm. SZD-1 along with the
absorption peak in the visible region at 530 nm has shown a peak in the UV region at 319
nm while SDZ-4 has shown an absorption peak in the UV region at 319 nm. The peaks in
high energy wavelength in the range of 300 to 350 nm of all these dyes are attributed to
intraligand m-m* transition [3] and lower energy peaks in the range of 400nm to 600nm
of these dyes are the outcome of metal to ligand charge transfer (MLCT) [4]. Among the
organic dyes, PT4N has the absorption peak at 380nm and on contrary, SMA-06 has the
absorption peak at 526 nm. Peaks of these dyes in the higher energy region are because of
the m-m* of aromatic nuclei present in the dyes and the lower energy visible region is due
to intermolecular charge transfer [5]. Photoluminescence emission spectra of all dyes were
also recorded with the help of a Photoluminescence spectrophotometer and presented in
Figure 4(b). All of the Ruthenium dyes SZD-1, SZD-2, SZD-3, and SZD-4 have shown
emissions in the visible and near-infrared regions. The SZD-1, SZD-2, SZD-3, And SZD-
4 have excitation peaks at 410, 390, 370, and 410 nm resulting in emission peaks at 826,

61



796, 865, and 822 nm respectively. All these dyes have carboxylic acid and SCN present
in their structure and the red Shift of emission happened because the energy of ligand m*
is orbital decreases attributing to the Carboxylate electron-withdrawing properties [6].
Sigma donation of NCS™ is also responsible for the red shift due to the stabilization of the
Center atom of Ru during the excitation state of MLCT [7][8]. Dicyanoisophorone dye
SMA-06 has shown an emission peak of 678 nm at a 460 nm excitation peak. A red shift
of organic dye SMA-06 is owing to the presence of carboxylic-linked benzene which
decreased the electron donating capacity of the molecule [5]. Rhodaniane Dye PT4N has
excitation at 390 nm and an emission peak at 824 nm. The red shift of emission is caused
by the presence of phenyl molecule as electron accepting moiety [9]. Further, among the
Ruthenium based dyes, SDZ-2 and SDZ-4 have shown the highest emission peaks which
can be attributed to the absorption of these dyes in high-energy regions that can generate
more electron-hole pairs while among the organic dye SMA-06 has shown the highest

emission peak that is possibly due to the extended absorption from UV to visible region.
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Figure 5.34 (a) Absorption spectra of dyes (a) Photoluminescence emission spectra of dyes

The diffuse reflectance Spectroscopy was used to record the absorption data for pristine
photoanodes and dye-adsorbed photoanodes and the obtained results are depicted in
Figure 5(a,b). Pure ZnO photoanode has shown an absorption edge in the UV region with
a bandgap of 3.31 eV, which is later extended to the visible region after dye adsorption,
and no other peak is observed in the visible region for pristine ZnO photoanode [2].
Although the large surface area of the ZnO nanorice-like structure harvests a larger portion
of light by increasing the traveling path of light and improving the dye molecule-
photoanode interaction in addition to appropriate dye loading.[10]. The peak at 380 nm of
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PT4N related to intraligand mt-m* transition is reduced after anchoring on the metal-oxide
surface as compared to SMA-06 which has a red shift in the peak from 526 nm to 540 nm.
The ruthenium dye series of SZD-1, SZD-2, SDZ-3, and SDZ-4 has shown similar results
of absorbance in sensitized photoanode even the intensity of SDZ-3 is reduced which
having the extended absorbance spectra along with more intensity.
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Figure 5.35 (a) Pristine ZnO nanorice-based photoanode (b) Dye adsorbed photoanodes

5.4 Photovoltaic Properties of Solar Cells

The fabricated devices are tested under standard testing conditions and the results are
illustrated in Figure 6. Open circuits voltage Voc, Short Circuit current density Jsc, and
efficiency of the fabricated devices are summarized in Table.2. The performance of the
DSSC is dependent on the ZnO surface, structure, porosity for dye absorption, and shape
and size of particles [11]. The highest efficiency is being observed for SZD-3 with an
open-circuit voltage of 0.51 volts and a short circuit current density of 4.76 mA/cm?. In
SZD-3, the Nitrogen donor corresponds with Ruthenium metal as well as with the amine
nitrogen and azomethine nitrogen [12]. The SZD-3 has multiple anchoring groups having
nitro and Carboxyl group. These anchoring groups increased the binding properties of
dyes to the ZnO surface [12] which consequently increases the efficiency of the devices.
All the ruthenium dyes except SZD-4 have shown higher efficiencies than Organic dyes.
Although, SZD-4 has shown the highest absorbance in sensitized photoanode which is
possibly owing to two amino group units present in the SZD-4 dye makes it is less efficient
than SZD-2 having only one amino group [13]. Amine group anchoring on the ZnO

surface is less lasting than the nitro group. Further, The electron recombination is higher,

63



the short lifetime of electron and higher resistance [13] in SZD-4 in comparison with
SZD-3. SZD-4 dye sensitization was also limited like other dyes on the ZnO photoanode
and went through the phenomena of bleaching of photoanode which is caused by ZnO and
dye molecule weaker molecular bonding. This insufficient dye molecule bonding on the
surface of photoanode causes a higher recombination rate, lesser free-electron availability,
and conversion of porous structure into denser structure [14]. SZD-1 has shown lower
efficiency than SZD-3 likely due to one nitro group presence in the molecule. The ZnO
particle may undergo the conversion into Zn?* that can decrease the performance of DSSC
and reduces the efficiency of the cell due to the acidic dye adsorption on the ZnO surface
that likely makes a layer of Zn?*/dye molecule which act as an insulating layer stopping
the electron transfer from the dye to metal oxide surface [15]. Zn?*-Ru dye agglomeration
on the surface of the ZnO photoanode is responsible for charge transfer loss from dye to
metal oxide resulting into the recombination [14] of charge and reducing the output of the

fabricated device.
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Figure 5.36 Photovoltaic Characteristics of Solar cells by using different dyes
These lower efficiencies are because of the contribution of charge recombination which is
induced by grain boundaries and disordered particles [16] as well as water-induced
desorption of dye molecule from the ZnO surface [17]. Ru-dye sensitized ZnO

photoanodes are less efficient because of the strong basic nature of photoanode and the

64



strong acidic nature of dye [18]. Both organic dyes have almost the same open-circuit
voltages, short circuit current densities, and comparable efficiencies. Rhodanine
sensitizers have shown less photovoltaic efficiency due to a single anchoring group present
in the molecule, although the sensitized photoanode has more absorbance than ruthenium
dyes. This could be because of the dye aggregation on the photoanode surface [19] that
hinders the photovoltaic performance of fabricated devices due to electron transfer
difficulty [20]. This aggregation of dye molecules reduced the efficiency of dye as well as
the performance of DSSC by decreasing the light absorbance on the photoanode as
molecules randomly attached to the ZnO surface making a cluster of molecules where the
only upper surface of the dye is used to capture the sunlight [21]. The lower output of Jsc
and Voc is also because of the surface states and bulk traps in the ZnO surface that increase
the recombination of the electron[22]. The electrolyte and metal oxide interface because
of unsensitized ZnO surfaces is also a cause of recombination between free electrons of
ZnO photoanode and holes in electrolyte[23]. ZnO electron injection Kinetics is slower

which is also responsible for the high recombination rate[18] in the fabricated device.
Table 5.2 J-V characteristics of Dyes

Dye Voc Jsc Vmp Jmp EE | n(%) | Sensitization
(V) | (mAlcm?) | (V) (mA/cm?) Time

SZD-1 | 0.449 1.390 0.326 1.247 0.651 | 0.407 3 hrs.

SZD-2 | 0.449 2.005 0.306 1.644 0.559 | 0.503 3 hrs.

SzZD-3 | 0.510 4.760 0.306 3.948 0.497 | 1.208 3 hrs.

SZD-4 | 0.326 0.304 0.408 0.374 0.649 | 0.099 3 hrs.

SMA-06 | 0.422 0.481 0.312 0.420 0.645 | 0.131 3 hrs.

PT4N | 0.459 0.466 0.336 0.402 0.633 | 0.135 3 hrs.
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Chapter Summary

This chapter summarizes the results obtained by optical and photochemical properties of
fabricated device as well as the analysis related to dyes used in this study. These studies
highlight the performance of these dyes along with their respective functions and
properties attributing in the enhancement of DSSC performance. The comparison
presented in this study emphasize on the importance of photoanode metal oxide material
and its affinity of dye being sensitized on it. This interaction dictates the final outcome of

the device by promoting flaws and qualities of the used material.
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Chapter 6

Conclusions and Recommendations

6.1 Introduction

This chapter presents Conclusion of the obtained results and discussions presented in the

previous chapter and recommend future work related to this study.

6.2 Conclusions

Ruthenium dyes are widely used dyes in DSSCs because of their optical properties and
complex structure. Organic dyes are also being used DSSCs as an alternative to ruthenium
dyes. This study shows a comparative analysis of ruthenium and organic dyes. Although
ruthenium dyes have shown better electrical and optical properties, ZnO-based Ru-
complex sensitized DSSCs are less stable because of their lower electron transfer kinetics
and acidic nature of Ru-dyes. The recombination because of trap states and grain
boundaries increases the losses of the device already bearing interfaces recombination of
electrons. SZD-1, SZD-2, and SZD-4 are showing efficiency of 0.40%, 0.50%, and 0.09%,
respectively. The low efficiency is the consequence of the Zn2+/dye molecule insulating
layer on the ZnO surface, less stability of anchoring group, water-induced desoption of
the dye molecule, and bleaching of photoanode. SZD-3 has shown an efficiency of 1.02%
because of the stable nature of the Nitro group on the surface of the ZnO photoanode.
Organic dyes have shown comparable results despite their simpler structure and lesser
optical intensities. Due to their smaller molecular structure, aggregation of organic dye
molecules decreased the output of the device and the light-harvesting property of dye. In
comparison with SZD-3, SMA06 and PT4N have shown an efficiency of 10% and 11%,
respectively. Some efforts in the structural tuning and development of the sensitizers along
with the selection of an appropriate anchoring group can enhance the overall outcome of

the device.

6.2 Recommendations

Following are the recommendations for future work on this topic:
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Titanium based DSSC fabrication using Ruthenium based these sensitizer
Titanium based DSSC fabrication using rhodamine and dicyanoisophorone
sensitizer

Doping of ZnO nanorice for enhanced performance in DSSC

ZnO nanorice and Titanium based DSSC comparison with same sensitizers
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Chapter Summary

This chapter concludes the drawback and improvements of DSSCs fabricated by using
Ruthenium (SZD-1, SZD-2, SZD-3 and SZD-4) and organic sensitizer (SMA-06 and
PT4N). It also highlights the drawbacks of ZnO photoanode and the downside of
Ruthenium sensitizer usage in DSSC. Also, it recommends the future work related to this

research to better evaluate the performance of dyes by using different photoanodes.

72



