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ABSTRACT
Gel polymer electrolytes (GPE) consisting of phthaloylchitosan (PhCh), polyethylene
oxide (PEO), dimethylformamide (DMF), ethylene carbonate (EC),tetrapropyl
ammonium iodide (TPAI) and iodine (Iz) have been prepared and characterized using
electrochemical impedance spectroscopy (EIS). The highest conductivity of 11.1 mS cm"
! was obtained for 5.04 wt.% PhCh-1.26 wt.% PEO-31.51 wt.% DMF-37.81wt.% EC-
22.68wt.% TPAI-1.7 wt. % b GPE. Dye-sensitized solar cell (DSSCs) have been
fabricated by sandwiching GPE between FTO/TiO2-dye photoanode and platinum/FTO
counter electrode. The photocurrent density-voltage (J-}) characteristics of the DSSCs
have been measured under white light illumination of 100 W m? with active area of 0.20
cm?. The optimized GPE exhibits the efficiency of 7.1 % using N3 dye as sensitizer and
0.81 % with mixed natural dyes. The natural dyes used were anthocyanin (An) and
chlorophyll (Chl) which have been extracted from black rice and fragrant screwpine
(Pandanus amaryllifolius) leave, respectively using methanol as solvent. The
anthocyanin and chlorophyll dyes were characterized using UV-Vis absorption
spectroscopy. While the anthocyanin dye has a broader absorption peak at 541 nm, the
chlorophyll dye has two prominent absorption peaks at 410 nm and 663 nm. The
anthocyanin and chlorophyll dyes were deposited sequentially on the TiO> electrode. The
optimized GPE has been added with tert-butyl-pyridine (TBP) at different concentration
as additives and have been tested in DSSC. With the addition of 8 wt. % of TBP, the
conductivity of GPE decreased to 10.28 mS cm™!. However,the open circuit voltage, (Voc)
and the efficiency of DSSC using 8 wt. % TBP increased to 0.73 V and 8.84 %,

respectively.
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ABSTRAK

Elektrolit gel polimer (GPE) yang terdiri daripada phthaloylchitosan (PhCh);
polyethylene oksida (PEO); dimethylformamide (DMF); ethylene karbonat (EC); dan
iodin (Ib) telah disediakan dan dicirikan menggunakan spektroskopi impedans
elektrokimia (EIS). Kekonduksian tertinggi 11.1 mS cm! telah diperolehi bagi 5.04 wt.%
PhCh-1.26 wt.% PEO-31.51 wt.% DMF-37.81 wt.% EC-22.68wt.% TPAI-1.7 wt. % I»
GPE. DSSCs telah difabrikasi dengan meletakkan GPE di antara FTO/Ti02-pencelup/
dan platinum/FTO. Pencirian ketumpatan arus-voltan (J-V) bagi DSSCs telah diukur di
bawah pencahayaan cahaya putih 1000 W m™ dengan keluasan aktif 0.20 cm?. DSSC
yang menggunakan GPE yang telah dioptimumkan memberikan kecekapan sebanyak 7.1
% bagi pencelup N3 dan 0.81 % bagi pencelup semulajadi. Pencelup semulajadi yang
digunakan adalah antosianin (An) dan klorofil (Chl) yang telah diekstrak daripada pulut
hitam dan daun pandan (Pandanus amaryllifolius) dengan menggunakan metanol sebagai
pelarut. Pencelup antosianin dan klorofil dicirikan menggunakan Penyerapan UV-Vis
spektroskopi . Pencelup antosianin mempunyai penyerapan puncak yang lebih luas pada
541 nm, manakala pencelup klorofil mempunyai dua puncak penyerapan yang jelas
kelihatan di 410 nm dan 663 nm. Pencelup antosianin dan klorofil telah dideposit kan
secara berurutan pada elektrod TiO,. GPE yang dioptimumkan juga telah ditambahkan
dengan tertbutyl pyridine (TBP) pada kepekatan yang berbeza sebagai bahan tambahan
dan diuji dalam DSSC. Dengan penambahan 8 wt. % TBP, kekonduksian GPE turun
kepada 10.28 mS cm™!. Walau bagaimanapun dan voltan litar terbuka, (¥,.) dan dengan

kecekapan DSSC masing-masing meningkat kepada 0.73 V dan 8.84 %.
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CHAPTER 1: INTRODUCTION

1.1 Background

Energy is one of the most fundamental parts of our universe. It plays a vital role in
the development of mankind. The sources of all conventional energies are non-renewable.
These include coal, petroleum, natural gas and so on which have been used from the very
beginning of human civilization. These energy are being used everywhere and the total
reserves has been largely depleted. Discovering and exploiting new resources has become
an increasingly difficult task. It has been predicted that deposits of petroleum and coal in
fossil banks will get exhausted in the near future. The burning of fossil fuels to create
energy can cause air and water contamination in the environment (Nature Reports Climate
Change, 2008). More importantly, a lot of heat is being added to our earth due to emission
of CO; from burning of fossil fuels that has contributed to global change.

Nowadays, research on energy is focusing on green technology. Green implying the
technology produces “clean energy” without polluting the environment. The reserve
derived from the conversion of oil, coal and gas constitutes approximately 36%, 27% and
23% respectively (International Energy Outlook, 2013). The balance is from the other
sources. Renewable energy sources have had a great impact on growing energy demand
due to the fast depletion of fossil fuels. Renewable energy sources are also known as
regenerated resources. These include geothermal heat, hydro, wind and the most abundant
solar energy. The different types of renewable energy sources are shown in Figure 1.1.
Among the sources of renewable energy, solar energy is the most available and cleanest
renewable energy. Sunlight is a mixture of electromagnetic wave comprising of infrared,
visible, and ultraviolet light. The solar spectrum is approximately similar to the black
body radiation, which is shown in Figure 1.2. Solar generated energy can be a significant

application for future generation due to its most abundance and availability. The total



energy supply to earth from the sun is 3x10%* joules a year (Nazzerruddin et al., 1993,
Rajendran et al,. 2002). 0.1 % of this energy is converted for use, it amounts to about four
times of the world’s energy production in a year. Hence, among the various renewable
energy technology solar photovoltaics ‘in particular’ have gained much attention to solve
energy related problems without any environmental pollution.

The efficiency of a photovoltaic is dependent mainly on the energy distribution and
intensity of the incident light. Solar distribution may be different in different areas. This
depends on many factors such as Earth/Sun distance and rotation, weather, geographical
location, shiny day conditions. An accurate power density and standard solar spectrum
will enable comparison among all solar devices to be made. The emission wavelength
range covers from the ultraviolet (UV) to visible and infrared (IR) regions at around 500

nm (Voigt et al., 2002).

Figure 1.1. The images of different renewable energy sources.



Figure 1.2. Solar radiation spectrum (Shockley et al., 1961).

The semiconductor material is a major component in solar energy to electricity
conversion devices. There are three different generations of photovoltaics. The limitation
of solar conversion efficiency for both first and second generation is not more than 31%
power efficiency limited by the Schockley-Queisser effect (Shockley et al., 1961). It is
noted that the band gap energy of the semiconductor materials must not be lower than the
photons energy.

Solar cells work when they absorb photons from sunlight and electrons start to
flow after completing circuit in between two poles (Green, 1982). The dye-sensitized
solar cell (DSSC) technology has shown the possibility of producing renewable energy
using natural material. Today we have benefited either in industrial or domestic sector
using solar energy over the world.

Solar cells have been classified according to the semiconducting materials used.
Most cells are made from silicon, which is doped to release electrons after exposure to
sunlight. Figure 1.3 shows a typical silicon based solar cell used on roof.

Until today three generations of solar cells can be used according to our needs.

These are categorized as below.



First generation solar cells: Silicon based first generation photovoltaics have still
better quality over other types of solar cells in the commercial market. These crystalline
silicon wafer cells consist of multi crystalline ribbons.

Second generation solar cells: These cells are termed as thin film solar cell. There
are four types namely amorphous silicon cells, polycrystalline silicon cells, copper
indium gallium diselenide (CIGS) alloy cells and cadmium telluride (CdTe) cells. Their
band gap varies from 1.38 eV to about 1.7 eV.

Third generation solar cells: The example of these type of photovoltaic systems
are dye sensitized solar cell (DSSCs), quantum dot sensitized solar cell (QDSSC), organic

solar cell, perovskite solar cell and etc.

Figure 1.3. Image of silicon based solar cell setup: location archive building at Penang
Free School, Penang, Malaysia.

1.2 Problem statement

In the DSSC application, the highest solar cell efficiency was obtained using liquid
electrolytes. In spite of highly efficiencies of DSSCs, the liquid electrolytes have many
problems such as leakage, evaporation, corrosive and etc. In order to overcome these
problem, gel polymer electrolyte have been studied and applied in DSSCs. The gel

polymer electrolytes can be made through the process of polymerization or dispersion of



polymeric materials with salt complexes (Hagfeldt ez al., 2010). Gel polymer electrolytes
have high mechanical stability as well as low electrical conductivity compared with liquid

electrolytes.

1.3 Objectives of the thesis
This dissertation is about dye-sensitized solar cells (DSSCs) using biopolymer
phthaloychitosan based gel polymer electrolytes.
The major objectives of this work are as follows:
a) To investigate the effect of tetrapropyl ammonium iodide concentration on the
conductivity of gel polymer electrolyte.
b) To identify the potentiality of fragrant screwpine (Pandanus amaryllifolius)
and black rice as natural sensitizers.
¢) To acculturate how solar cell efficiency can be increased by incorporating

additive i.e. tert-butyl-pyridine (TBP) in polymer electrolytes.

1.4 Scope of the dissertation

This dissertation is made of 6 chapters. Chapter 1 introduces the dissertation and its
contents as well as problem statement and objectives. Chapter 2 is an inexhaustive
overview on the working principle of dye sensitized solar cell (DSSCs), natural dyes
commonly used in DSSCs as well as the selection of materials used in the fabrication of
DSSCs. Chapter 3 describes the details of electrolyte preparation, anthocyanin and
chlorophyll extraction and optical characterization i.e. UV-vis absorption spectroscopy
of the dye solution and electrochemical impedance spectroscopy (EIS). The chapter also

deals with DSSC fabrications and characterization.



Chapter 4 illustrates the influence of tetrapropyl ammonium iodide (TPAI) added
to the phthaloylchitosan based gel polymer electrolyte and the photovoltaic performance
of DSSCs using the N3 dye and natural dyes (anthocyanin and chlorophyll) as sensitizers.
Chapter 5 describes the effect on solar cell performance using gel polymer electrolyte
added with tert-butyl pyridine. Finally, chapter 6 discusses all the results and concludes

the dissertation with some suggestions for the future work.



CHAPTER 2: REVIEW OF LITERATURE

2.1 Introduction

The photovoltaic devices called Dye Sensitized Solar Cell (DSSCs) constructed on
nano-crystalline TiO2 were developed by O’Regan and Gréetzel (1991). This type of solar
cell is featured by their relatively high efficiency (11% at full sunlight) and low
fabrication cost (1/10th to 1/5th of silicon solar cells) Grietzel (1995). Since the birth of
DSSCs, great efforts have been devoted in making these devices more efficient and stable.
Long-term stability tests show good prospects of DSSCs for domestic devices and
decorative applications. They have attracted considerable interest since the cells are
fabricated with the easily obtainable raw materials and comparably low cost and facile
fabrication techniques. This chapter fully deals the review of literature with fundamentals

and formation of DSSC.

2.2 Basic structure of DSSCs

DSSC consists of four components. This includes a photoelectrode of
nanostructured semiconductor (usually TiO») attached to the conducting substrate (TCO),
a dye monolayer adsorbed on the semiconductor surface , electrolyte (typically with I /I3
mediator) and a platinized FTO counter electrode or cathode. Figure 2.1 shows the

structure of the DSSC.



Figure 2.1. Schematic representation of a DSSC O’Regan and Gréetzel (1991).

2.3 Working principles of DSSCs

The photoanode of a DSSC or Gréetzel cell is made of semiconductor such as
Ti02, ZnO, SiO; etc., a monolayer of dye molecule adsorbed on it, an iodide/triiodide
couple dissolved in an ions conducting medium and a platinum (Pt) or carbon (C) etc.,
coated conducting substrate as cathode. Then, these two electrodes are connected by an
external circuit in order to offer a pathway to electricity. The DSSC uses the same basic
principle as plant photosynthesis to generate electrical energy from the solar energy. Each
plant leaf is a photochemical cell that converts the solar energy into biological materials.
Although only 0.02 % to 0.05 % of the incident energy is converted by the photosynthesis
process, the food being produced is 100 times more than what is needed for mankind. The
chlorophyll in green leaves generate electrons using the photon energy which triggers the
subsequent reactions to complete the photosynthesis process. Hence, conversion of
photon for DSSCs is an artificial photosynthesis process. The working configuration of

DSSC is demonstrated in Figure 2.2.



Figure 2.2. The working principles of DSSC.

When the dye loaded photoanode is illuminated, the dye molecules (D) get excited
when they absorb photons. The excited dye molecule will be oxidized and electrons
released enters the TiO2 semiconductor. The electrons then exit the photoanode and move
to the cathode through the external circuit where they reduce triiodide ions into iodide
ions. The iodide ion diffuses towards the dye and releases an electron to the oxidized dye.
The dye gets regenerated and the iodide ion is oxidized into a triiodide ion again. The
electron circuit is complete and the cycle repeats itself. Electricity is thus generated. The
above process in DSSC is given by the following reactions.

Upon absorbing incident photon by the dye, the dye molecules get excited an
electron from ground state S° to a higher lying excited state S*.

S°+ hv —> S (2.1)
Here, 4 is Planck’s constant, v is light frequency

From the state of elevated energy, S* an electron is injected into the TiO:

nanoparticle network and the dye molecule oxidized to S*.



S* + TiO2 —» S* + ¢(Ti02) (2.2)

For an electrolyte with I3 /I mediator (Theerthagiri et al., 2015), the electron that
has reached the counter electrode reduces the triiodide ion (equation 2.3).The I ion
diffuses towards the dye where it releases an electron and becomes oxidized. The electron
is accepted by the oxidized dye and is regenerated (equation 2.4).

I3 +2e— 31 (2.3)

28" +31 52S°+ 15 (2.4)
It is to be noted that the injected electrons from the dye can recombine with I3 ions and
contribute to dark current.

I: +2e(TiO2) > 31 (2.5)
The recombination is also possible between the injected electrons and the oxidized dyes.

S*+ e (TiO2) —» S + TiO2 (2.6)
Equation (2.5) and (2.6) are “parasitic” reactions that can reduce short circuit current,/y.
and lead to poor performance of DSSC.

The maximum theoretical value for the photovoltage (V,c) depends on the

potential difference between the redox potential and the Fermi level of TiO2 at open

circuit condition.

2.4 Photovoltaic parameters of DSSC
The sustainability of a DSSC is determined by its overall power conversion
efficiency, stability and cost. The current-voltage (/-V) curve can determine the

photovoltaic parameters of DSSC and are shown in Figure 2.3.

10
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Figure 2.3. A typical current-voltage (I-V) curve of a DSSC.

The open-circuit voltage (Vo) is the maximum voltage due to energy difference
between the redox potential and the Fermi level of the semiconductor at zero current. In
other words, when no current flows through the DSSC the maximum voltage is the open-
circuit voltage,

Viat 1=0) = Voc 2.7

The maximum current when the solar cell voltage is zero is short circuit current, .
In other words,

I (at v=0) = Lsc

(2.8)
Solar cell current is generally given as short circuit current density (Jsc), i.e.

1

__sc -2
Jsc_ y (mAcm™ “) (2.9)

Here A is the active area, Jsc depends on solar irradiation, optical properties and charge
transfer that occurs in the solar cell.

The power per unit area of the cell is the product of current density and the
corresponding voltage on the J-V curve. The maximum power (Pnax) is the product of

maximum current density and voltage at the maximum power output (Pmax= Jmax X Vinax).

11



FF is the ratio of the Ppax to the product of Vo and Iy.. The ratio of Py to total intensity

of photons (Pi»= 100 mW cm™) gives the overall efficiency (#) of the solar cell.

Fp - Vmax X /max (2.10)
Voc *Jse

The solar cell efficiency () is the ratio of the maximum output electrical power Pou: to
the input power P;, according and is given by the equation.

e Jse X FF

n(%) = Vo 100 (2.11)

in
Generally, efficiency is given in percentage.

Researchers use a solar simulator, which approximates the illumination of natural
sunlight. A standardized measurement for P;, is the solar power of a 100 mW cm™ for an
air mass (AM) of 1.5.

The following sections discuss some basic aspects and considerable growth for each

of the different DSSC components.

2.5 Components of DSSCs
The components of a DSSC are the conducting oxide glass plate, dye sensitizer,
semiconducting oxide (e.g., TiO2), counter electrode (CE) and the electrolytes. These are

involved in the overall function of DSSC and is shown in Figure 2.4.

Figure 2.4. The major component of DSSC.
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2.6 Conducting glass substrates

The conducting glass substrate should be highly transparent to allow the higher
penetration capacity of solar energy to the dye loaded area (active area). The properties
of conducting plate also determine the solar cell efficiency as it should minimize the
energy losses. There are two types of conducting oxide substrate used in DSSCs such as
fluorine doped tin oxide substrate denoted by FTO and indium doped tin oxide substrate
denoted by ITO. The transmittance of ITO films and FTO films in the visible region is
about ~80 %, ~75 % with sheet resistance of 18 Q cm?, 8.5 Q cm™ respectively
(Mehmood et al., 2014). Sima et al. (2010) used both FTO and ITO glass substrates to
fabricate the DSSCs and obtained the power conversion efficiency 9.4% and 2.4%
respectively. This is may be due to the effect of sintering the glasses at 450 ° C. The ITO
sheet resistance increased from 18 to 52 Q c¢m™ but the FTO sheet resistance remained
constant. Hence, FTO glass substrate is widely used in DSSC due to its conduction and

stable sheet resistance at higher temperatures.

2.7 Photoanode: the TiO: layer

In DSSCs, one of the important parts is the porous semiconducting layer. It is
prepared using porous semiconductor metal oxides like TiO; (Fukai et al., 2007), ZnO
(Chou et al., 2012), Si0O2 (Nguyen et al., 2007), Nb2Os (Cho et al., 2013), AlO3 (Kumara
et al., 2013) etc. The porosity largely enhances the surface area that allows more dye
molecules to be loaded onto the semiconducting oxide layer and thus improves light
absorption. Gorischer ef al. (1960) fabricated the first dye sensitized photogalvanic cell
using ZnO single crystal .The efficiency was less than 0.5 %. This is due to the smooth
surface of the crystal that did not enable large dye loading, leading to insufficient light

absorption.

13



Griéetzel et al. (1991) assembled a nanocrystalline DSSC applying mesoporous
TiO, and it showed the high efficiency of 7.5 %, which was a breakthrough in the
development of DSSC research. The increase in efficiency is due to the increased surface
area the TiO> that allowed a larger amount of dye molecule to be adsorbed on the TiO>
layer. Among the metal oxides, TiO2 is most popularly used in DSSCs due to its stability,
low cost, availability, non-toxicity, biocompatibility and the better power conversion
efficiency that can be achieved in the cell Grietzel et al. (1991).

The TiO; coating is important in DSSC. This is because microstructure, particle
size, porosity and pore size distribution on the photo anode affect the cell performance.
There are several well established and inexpensive methods to coat the TiO; layer like as
doctor blade, screen printing, electrophoretic deposition, spray coating and spin coating
techniques which are used to make the TiO; porous film on the conducting glass plate for

DSSCs.

2.8 Counter electrode

The main function of the counter electrode in DSSCs is to aid in completing electron
flow circuit. The electron reduced Is to I at the conducting substrate/electrolyte
interface. To fulfil this requirement efficiently, the surface of counter electrode is
activated using a suitable catalyst. There are several types of catalytic materials are used
as counter electrode in DSSCs such as platinum (Kung et al., 2012) carbon based
materials (Li et al., 2008), conducting polymers (Wu et al., 2008), and transition metal-
containing materials (Gong et al., 2012) . Among these, Pt catalyst has high transparency,
higher catalytic activity and high current exchange density (Fang et al., 2004). The
performance of the counter electrode depends on the methods of coating catalytic
materials on conducting glass substrate (Wu et al., 2011). The following methods such as

electrode deposition, sputtering, vapour deposition, screen printing, spin coating and drop
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casting techniques are used to deposit plastisol or platinum solution on the conducting

glass substrate.

2.9 Liquid electrolytes
In DSSC, liquid electrolytes containing redox couples such as I /I3 , Co (III/IT) and
SCN /SCN; can be employed. The main function of the electrolyte is to access road the
electric circuit by transporting positive charges to the counter electrode and regeneration
of dye molecules after electron injection in to TiO2. The stability of the DSSC is highly
dependent on the properties of the electrolyte. Most of the DSSCs have been fabricated
with liquid electrolytes. The highest light to electricity conversion efficiency of liquid
electrolytes based DSSC achieved till now is 14% (Kakiage et al., 2015). The main
components of the liquid electrolytes are redox couple, organic solvent and additives. The
following properties are necessary for a liquid electrolyte in DSSCs.
1. The redox potential should be more negative than the HOMO energy level of the
dye.
1. The redox species should have higher reducing capability to regenerate the dye.
1ii. The electrolyte must have long-term stability.
iv. It should have low viscosity as well as high ionic conductivity.
v. The electrolyte should have good interfacial contact between photoanode and the
counter electrode.
vi. It should not prevent dye adsorption on the TiO; surface.
vii. It should be stable up to ~80 °C.

viii. The electrolyte should not absorb light in the visible range.
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2.9.1 Organic solvent

The organic solvent is the essential component for I/I; ions diffusion and
dissolution in liquid electrolytes. In DSSCs organic solvents (Lee ef al., 2009, Hara et.
al., 2001) used include acetonitrile (AcN), dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), propylene carbonate (PC), ethylene carbonate (EC), N-methyl-2-
pyrolidone (NMP) and methanol. The physical properties of solvent e.g. viscosity, donor
number and dielectric constant can affect performance of the DSSC (Bella et al., 2013).
Among them, acetonitrile (AcN) is known to be the most efficient organic solvent for
good solar cell efficiency (Lee et al., 2009). This may be due to its low viscosity and good
solubility to dissolve salt and organic components in the electrolytes (Lee et al., 2009).
N, N-Dimethylformamide (DMF) is well known effective solvent in DSSCs application

(Lee et al., 2009). The physical properties of few organic solvent are listed in Table 2.1.

Table 2.1. Physical properties of some organic solvents

Solvent name Boiling | Melting | Density | Viscosity(cP) | Dielectric
point point(°C) | (g/mol) constant
O
Acetonitrile(AcN) |  81.65 -43.8 0.7857 | 0.37 at15 (°C) 35.9
N,N-Dimethyl °
formamide(DMF) 153 -60.4 0.9445 | 0.79 at 20 (°C) 36.1
Ethylene o
Carbonate(EC) 238 36 1.32 90.0 at 20 (°C) 90.0
Propylene o
Carbonate(PC) 241 -49 1.21 2.52 at 20 (°C) 65.0
Dimethyl o
sulfoxide(DMSO) 189 18.4 1.092 2.2 at 20 (°C) 46.5
Methanol 64.6 -98 0.791 ] 0.545 at 20 (°C) 33
Ethanol 78.5 -114.1 0.789 | 1.08 at 25 (°C) 25
N-methyl-2- o
pyrolidone(NMP) 202 -24 1.033 1.7 at 25 (°C) 32

2.9.2 Redox couple
The redox couple plays an extremely significant role in DSSCs. The redox couple

is obtained by mixing chemical species that have different oxidation states and can act as
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a reducing or oxidizing agent. Since the first development of DSSCs in 1991, the most
widely used redox couple is I /I3 , because it is prepared by using iodide salts and iodine
and showed a high power conversion efficiency. This can be obtained due to its stability
to regenerate the dye and the relatively slow recombination losses through reaction with
injected electrons which in turn increases electron concentration at the photoanode. Apart
from this, SCN /(SCN); (Oskam et al., 2001), Br /Br; (Ferrere et al., 1997),
SeCN /(SeCN); (Bella et al., 2013), cobalt complexes (Mathew et al., 2014), sulphur-
based systems (Liu et al., 2013), ferrocene derivatives (Daeneka et al., 2011) and stable
nitroxide radical (Kato et al., 2012) based redox couples are alternative mediators to the
replace 1 /I3 redox couples. However, the alternative redox couples mentioned face
problems that involved electron recombination, dye regeneration and slow reduction of

oxidized species at the counter electrodes (Liu ef al., 1998).

2.9.3 Additives

Additives are another crucial component in liquid electrolytes to improve
photovoltaic performance of DSSCs. The additives are expected to be adsorbed onto TiO2
surface and this can affect the position of the TiO> conduction band. This will determine
the photocurrent and photovoltage of the DSSCs. The incorporation of additives into the
electrolytes has been successful for important of V,. and improving DSSC performances
(Hara et al., 2004). Nitrogen-containing heterocyclic compounds are the most widely
used additives to prevent recombination reaction and improve the cell performance (Hara
et al., 2004). The addition of tert-butyl-pyridine (TBP) is able to reduce electron
recombination at the TiO»/electrolytes interface via the coordination N atom in TBP, with
Ti ion, which helped to increase the V., FF as well as efficiency of DSSCs (Hara et al.,
(2004). Gréetzel et al. (1993) used TBP as additive in liquid electrolytes that resulted in

significant improvement of the V,.. The addition of TBP into the liquid electrolytes was
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studied by Boschloo et al. (2010) and it was found that increase in V,. could be attributed
to the combined influence of TiO2 conduction band towards a negative direction and also
to the longer electron life in the TiO2 conduction band. Furthermore, Kusama et al. (2008)
also studied the large number of nitrogen containing heterocyclic compounds such
benzimidazole, aminotriazole, pyrimidine, aminothiazole, pyrazole and quinoline

derivatives. This compounds also behaved in a similar way to TBP.

2.10 Polymer electrolytes in DSSCs

The fabricated DSSCs with 14% efficiency are based on liquid electrolytes
(Kakiage et al., 2015). However, liquid electrolytes have certain problems such as being
volatile, leakage and etc. Therefore, effects have been harnessed to replace the liquid
electrolytes with solid or quasi-solid state polymer electrolytes (Shah et al., 2016). The
solid state electrolytes can be ionic liquids entrapped in a polymer host and hole transport
materials in polymers and polymer-salt complexes. Among these, polymer salt complexes
are most preferred due to easy preparation, good stability and low cost. However, polymer
complexes exhibits lower electrical conductivity compared liquid electrolytes. To
enhance conductivity, plasticizers, ionic liquids and fillers have been added. Polymer

blending has also been considered.

For solid-state DSSC applications, the following properties are requirements for
good polymer electrolyte (Singh ef al., 2011).
1. The polymer should have a flexible chain with a large number of polar groups (e.g.
O, N, and S)
2. The polymer electrolyte should have high ionic conductivity.
3. It should have good thermal stability at temperatures ranging from -40 °C to 80 °C.

4. The polymer should have amorphous region to increase ionic conductivity.
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5. The polymer electrolyte should have a good chemical compatibility with anode and

cathode.

2.11 Dye as sensitizer

Photo-sensitizing dye of DSSCs captures photons from the sun to generate electron

flow or current. A good dye should has properties that enable the efficient conversion of

light to electricity (Kuppuswamy & Gritzel, 2009). These are,

1.

il.

1il.

1v.

V1.

vil.

Light in the visible region of the electromagnetic spectrum (400-700 nm) must be
absorbed intensively.

Have strong anchoring attachment to the semiconductor. The photosensitizer
should have the anchoring groups such as -COOH, -H>PO3, and -SO3zH which can
help the photosensitizer to bind strongly onto the semiconductor.

The dye’s LUMO must be more negative higher than the conduction band edge of
Ti0o.

The sensitizer ground state should at a more positive level than the redox potential.
The adsorbed dye on the TiO: surface must be stable for a long cell life.

The dye must show good solubility.

The sensitizer should possess a high extinction coefficient.

Based on DSSCs application, many different photosensitizing materials such as

porphyrins, phthalocyanines and metal-free organic dyes have been used in DSSCs.

2.11.1 Ruthenium (Ru) dye

Ru-centered polypyridyl complexes such N3 and N719 have resulted in power

conversion efficiency of more than 11% and this is due to their good optical and electronic

properties like a broad absorption spectra, suitable energy band gap and good chemical

stability (Kuppuswamy & Gritzel, 2009). Although metal based sensitizers has produced
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a higher efficiency but these precious metals is expensive and environmental unfriendly.
The structure of some of high performance Ru-metal based dye molecules with their

efficiencies are shown in Figure 2.5.

COOTBA COOH
7 Z I
HOOC\ A \Nl e e COOH
Z N | A A | s
Ru /RU\
N/ | \N/ N I N/ l
7 N | cZ N
- I\ 7 - COOH
s I COOTBA s ¢
d 4
N719 Dye (5=11.1 %) N3 Dye (7=10 %)

Figure 2.5. The structure of some of high performance Ru-metal based dye
molecules with their efficiencies (Nazzeruddin et al., 1993).

2.11.2 Organic dyes

Compared to noble metal complexes, organic dyes are cheaper and environmental
friendly. Organic dye has donor acceptor (D-z-A) structure which make them as
alternative to Ru complexes. On absorption of light, charge transfer occurs within the
molecule from acceptor to donor via the z-bridge. Organic dyes have been modified to
improve DSSC performance. Many n-type organic dyes (Mishra et al., 2009 and Ooyama
et al., 2009), coumarin dyes (Hara ef al., 2001 and Hara et al., 2003), indoline dyes
(Dentani et al., 2009), carbazole dyes (Wang et al., 2008), hemicyanine dyes (Wang et
al., 2000), merocyanine dye (Sayama et al., 2000), perylene dyes (Li et al, 2007),
anthraquinone dyes (Erten-Ela ef al., 2008), and polymeric dyes (Liu et al., 2008) have
been used as sensitizers for DSSCs. Donor-p-Acceptor structure principle of an organic

dye in DSSCs with TiO» photoanodes are shown in Figure 2.6.

20



Figure 2.6. (a) Donor-p-acceptor structure principle of an organic dye in DSSCs with
Ti02 photoanodes (Nazzeruddin et al., 1993), (b) Possible binding modes of a COOH-
group to TiO». (Pan et al., 2002)

2.11.3 Natural dye sensitizers

In nature plenty of colourful pigments that can be readily extracted and used for
DSSC fabrication (Chang and Lo, 2010). These pigments have been considered as
promising alternative sensitizers for DSSCs due to their low cost, simple preparation
technique, biodegradability, availability, and most importantly reduction on the use metal
based sensitizer (Keka et al., 2012).

The performance of natural sensitizers in DSSC has been evaluated by the

equation of energy conversion efficiency (7). Several pigments have been the popular
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subject of research e.g. chlorophyll (Kumara et al., 2006, Hao et al., 2006), carotenoid
(Gomez-Ortiz et al., 2010), anthocyanin (Alhamed et al., 2012, Chang and Lo, 2010),
flavonoid (Keka et al., 2012), cyanine (Furukawa et al., 2009), and tannin (Kamel et al.,
2005). Natural colorants are pigmentary molecules obtained mainly from plants with or
without chemical treatments. Natural colorants have a hydroxyl groups in their structure
to bind with semiconductor (Alhamed et al., 2012). So it gives low efficiency in
application of DSSCs with natural sensitizers. Several colorants do not have solubilizing
group; hence, a temporary solubility group is generated during application (Furukawa et

al., 2009). The chemical structure of some natural sensitizers are shown in Table 2.2.

Table 2.2 Some chemical structure of the natural dyes (Furukawa et al 2009)

Name Chemical structure
Bixin
Crocetin OH

R N 0 VS e Y

OH
Crocin ® OH
> (o) o) "I g C:)H
HO - OAQOJ,OMWO o O?OH
OH .. . O o
HO! OH OH

OH OH

Betaxanithin 0
[s] ‘ = NH
Ny oH
0o "0 0\
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CO,H ) CO,H
N
HOC and "€ , Rand R’ =H or R = B-D-glucose

Delphinidin (an
anthocyanidin)
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Table 2.2, continued. ..

Cyanidin (an
anthocyanidin)

Cyanin (an
anthocyanin)

Nasunin (an
anthocyanin)

Peonidin (an
anthocyanidin)

a-Mangostin

B-Mangostin

Chlorophyll a
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Table 2.2, continued. ..

Rutin (a flavonol
glycoside)

Methyl-3-carboxy-3-
devinylpyropheophorbide
(a modified chlorophyll)

Neoxanthin

Violaxanthin

Lutein

B-Carotene
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2.11.4 Flavonoid

Flavonoid is the term that describes a great collection of natural pigments which
includes a phenylbenzopyran functionality (Grotewold, 2006). The degree of phenyl ring
oxidation (C-ring) identifies the different colors of flavonoids. However, they all have
similar structures but all flavonoids do not have the same light absorption capacity.
Flavonoid molecules are characterized by loose electrons; thus, the energy required for
electron excitation to LUMO is lowered, allowing pigment molecules to be energized by
the visible light. The wvarious flavonoid pigment colours are determined by the
wavelengths of the visible light absorbed by pigment molecules and those that are
reflected. The adsorption of flavonoid to the mesoporous TiO: surface is fast, displacing
an OH counter ion from the Ti sites that combines with a proton donated by the flavonoid
structure (Narayan and Raturi, 2011). Over 5000 naturally occurring flavonoids have
been extracted from various plants, and are divided according to their chemical structure
as follows: flavonols, flavones, flavanones, isoflavones, catechins, anthocyanin, and
chalcones. Anthocyanin belongs to a natural group that provides colour to the flowers,
fruits and leaves of plants, and it has also absorption in the purple-red region (Polo ef al.,
2006).

Anthocyanin can also be found in roots, tubers, and stems of the plant organs
(Patrocinio et al., 2009), and are widely distributed in plant seeds. The molecular structure
of anthocyanin is shown in the chemical structure of Table 2.2. Anthocyanin molecule
have binding groups (carbonyl and hydroxyl) that can bind to the semiconductor TiO>
surface. This helps electron transfer from sensitizer to the TiO2 conduction band upon
photon illumination (Hao et al, 2006). Anthocyanin extracted from different plants
provides various sensitizing performances (Luo et al., 2009).

Nishantha ef al. (2012) used an anthocyanin dye extracted from the barks of Kopsia

flavida fruit that showed Jic = 1.2 mA cm™?, Voo = 520 mV, and FF = 0.62. Wongcharee
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et al., (2007) extracted anthocyanin-rich natural dyes from the flowers of rosella and blue
pea as sensitizers for DSSC. They have investigated the performance of the DSSC using
mixed blue pea—rosella dye and hypothesized that two anthocyanin dyes having various

absorption spectrums than the single dye.

2.11.5 Carotenoid

Carotenoids, anthocyanin and flavonoids are organic pigments that naturally occurs
in the same organs of plants. Carotenoid pigments are usually responsible for yellow to
orange petal colours (Teresita et al., 2010). Carotenoids are light-harvesting pigments and
have important roles in photosynthesis protection. Carotenoids pigments complement
chlorophylls through redox reactions. The pristine natural pigments perform better than
their purified counterparts (Koyama et al., 2012). This is due to alcohols and organic acids
present. This compounds assist dye adsorption, prevent electrolyte recombination, and
decrease dye accumulation. Hemalatha et al. (2012, reported that Kerria japonica
carotenoid dye sensitizer has conversion efficiency is 0.22 %. Carotenoids are compounds
consisting of eight isoprenoid units that are widespread in nature, and have great potential
as energy harvesters and sensitizers for DSSCs (Hemalatha et al., 2012).

Theoretical evaluation of the chemical and physical properties of natural dye as
sensitizers are important in establishing performance and structure properties of dyes
sensitizers (Zhang et al., 2009). Koyama et al., (2012) reported that the main factor for
the increased cell performance is the reduced interaction among the excited state dye
sensitizers. Some carotenoic acid and retinoic-acid sensitizers also contain n-conjugated
double bonds (Zhang et al., 2009). Yamazaki et al. (2007) studied crocetin, and crocin as
sensitizers. The efficiency of crocetin-sensitized DSSCs (0.56%) is three times, or higher
than crocin (0.16 %), because of the presence of carboxylic groups in the crocetin

molecule (Yamazaki et al., 2007).
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2.11.6 Chlorophyll

Chlorophyll (Chl) is found in the leaves of most green plants, algae, bryophytes and
also in cyanobacteria (Hassan et al., 2014). The most occurring type is Chl a. There are
six different types of Chl pigments exist in nature. The molecular structure of chlorophyll
is formed by a magnesium (Mg) ion.

Chl are the principal pigments in natural photosynthesis systems (Chang et al.,
2011). Chl include a group of more than 50 tetrapyrrolic pigments. Chl and their
derivatives are inserted into DSSC as dye sensitizers because of their beneficial light
absorption tendency modes; the most efficient of which is Chl a (chlorine 2) derivative-
methyl trans-32-carboxy-pyropheophorbide a. Wang et al. (2010) reported that chlorine
2 has an ability to anchor onto TiO2 and ZnO semiconductors surfaces through different
modes. Chl has an absorption peak at 670 nm. Amao and Komori (2004) reported that
the chlorine-es created by Chl hydrolysis contains three carboxylate groups per molecule.
The absorption spectrum of Chl-es is similar to that of Chl. The Js, Vo and FF of the
solar energy cell using Chl-e¢ are 0.31 mAcm?, 0.43 V, and 0.45, respectively (Amao

and Komori, 2004).

2.12 The dye anchoring on the TiO2 semiconductor

Generally, there are six different ways how a molecular can be adsorbed on a
surface. These are classified as follows: (a) covalent attachment brought about directly
by linking groups of interest or via linking agents, (b) electrostatic interactions, brought
about via ion exchange, ion-pairing or donor-acceptor interactions, (c¢) hydrogen bonding,
(d) hydrophobic interactions leading to self-assembly of long chain fatty acid derivatives,
(e) van der Waals forces involved in physisorption of molecules on solid surfaces, and (f)
physical entrapment inside the pores or cavities of hosts such as cyclodextrins, micelles,

etc. (Kalyanasundaram and Gra”tzel 1998). Dye adsorption on semiconductor surfaces
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depends on dye-semiconductor strong interlinkage. Thus the dye requires an anchoring
group to form attachment with the semiconductor surface. There are number of anchoring
groups such as carboxylic (-COOH), ester, acid chloride, acetic anhydride, sulfonate (-
SO5") and silane (SiX3) or Si (0X):s.

Most photosensitizers have carboxylic acid anchoring group. This is due to its
relative stability and easy synthesis. However, there are different ways of binding
between the carboxylic acid and the semiconducting oxide surface which are shown in

Figure 2.7 (Deacon and Phillips, 1980).

Figure 2.7. Binding modes for carboxylate unit on TiO; surface

(Deacon and Phillips, 1980).

2.13 Combining sensitizers

In order to extend adsorption on the mesoporous TiO: surface, many approaches
have been developed e.g. incorporation of a mixed dye sensitizer. Spitler et al. (2001)
have combined cyanine dyes in DSSCs and compared to the performance of DSSCs with
single dyes. Ozawa and Arakawa (2012) reported an 11% efficiency by mixing a Ru
complex and an organic sensitizer (D131). Clifford et al. (2004) developed a method of
double layer dye adsorption photoanode. Using this co-sensitization method and
combining two organic dyes, Choi ef al. (2008) and Chiron et al. (2014) also obtained very

high efficiency in DSSCs.
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2.14 Summary

Inorganic solid-state junction Si devices is being challenged by the emergence of
DSSCs. Among the basic components of DSSCs, sensitizer are the main effective
component. The metal based ruthenium dye has been showing the highest cell efficiency
compare to other types of dye sensitized solar cell. But due to their some disadvantages,
alternative sensitizer need to find for DSSC application. The use of natural dyes as
sensitizers in DSSCs provided an alternative source because they are cheap, eco-friendly,
available in abundance and manufacture and use. Recent developments on different kinds
of sensitizers for DSSC devices have led to the use of natural dyes that absorb sunlight
within the visible spectrum providing higher efficiencies. The nature of the dye used as
sensitizers is also the main factor affecting the DSSC efficiency. Although the stability
and efficiency of this type of cells are still insufficient, they are expected to evolve soon
because of the significant research efforts in developing all parts of the cell, especially,
the sensitizers. The results of these studies encourage further research on the use of natural
dye sensitizers to increase the ability of converting photon to electricity and stabilize

DSSC for commercialization.
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CHAPTER 3: EXPERIMENTAL METHODS

3.1 Introduction

In the present work, black rice (anthocyanin) and fragrant screwpine (Pandanus
amaryllifolius) chlorophyll were used as sensitizer for DSSCs. The TiO; electrode was
dipped into each dye solution one after another using different combinations of dipping
times. Ruthenium metal based dye sensitizer (N3) has also been used. Gel polymer
electrolytes (GPE) consisting of phthaloylchitosan (PhCh), polyethylene oxide (PEO),
dimethylformamide (DMF), ethylene carbonate (EC), tetrapropylammonium iodide
(TPAI), iodine (I2), tertbutyl pyridine (TBP) have been prepared for the fabrication of
DSSCs. The optimized GPE has been added with TBP as additive and has been tested in
DSSC. The photocurrent density-voltage (J-V) characteristic of DSSCs have been
measured under white light illumination of 100 W c¢cm™ with active area 0.20 cm?. The
incident photon to current conversion efficiency (IPCE) was also characterized for the
fabricated DSSCs. Electrochemical impedance spectroscopy (EIS) has been taken to

investigate internal resistance of every solar cell.

3.2 Materials

Materials purchased were polyethylene oxide (PEO), tetrapropylammonium iodide
(TPAI), ethylene carbonate (EC) and triton-X surfactant (Sigma-Aldrich),
dimethylformamide (DMF) (Friedemann Schmidt Chemical) and iodine (I2) crystals
(Amcochemie-Humburg). Phthaloylchitosan was obtained by reacting of chitosan with
phthalic anhydride (Merck-Germany). 15 nm (P90) and 21 nm (P25) TiO> particles were
purchased from Evonik Industries. Polyethylene glycol (PEG) was purchased from

Supelco, USA and methanol from John Kollin Corporation. Tetrapropylammonium
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iodide (TPAI) and tertbutyl pyridine (TBP) were purchased from Sigma-Aldrich.

Platinum (plastisol) purchased from Solaronix.

3.3 Electrode Preparation
3.3.1  Glass substrate washing process

At first, the fluorine-doped tin oxide (FTO) glass substrate was cleaned with liquid
soap and upright with distilled water, and then rinsed again with acetone. Secondly, the
glass substrate was dried at room temperature and boiled in 2-propanol until bubbles

shown to remove rest of dirt. The unstained FTO glass was then kept for further use.

3.3.2 TiO: photoelectrode preparation

The first TiO; layer or the compact layer was prepared by mixing 0.5 g of P90
powder with 2 mL of 0.1 mol nitric acid. The mixture was ground for 15 min. The TiO>
paste was spin coated on the FTO substrate and heated at 450°C for 30 min. The second
TiO, layer or porous layer was prepared by grinding 0.5g P25 powder and nitric acid of
the same amount with 0.1 g PEG and few drops of surfactant. The doctor blade method
was used to coat the porous layer above the compact layer and was then heated at 450°C

for 30 min.

3.4 Dye solution preparation

Natural dyes (anthocyanin and chlorophyll) were extracted using very simple
procedure. 200 g pandanus leaves were cut in many small pieces and washed with distilled
water and leave it to dry. After that leaves are soaked in same amount of methanol (200
ml at pH = 1) solution to extract dye after 24 h. Extracted dye was filtered by filter paper
and kept in fridge for further use. 200 g black rice was put in same amount of methanol

to extract anthocyanin dye. After 24 h, the dye was extracted and filtered with filter paper.
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In addition, 3 x 10™* M of ruthenium dye (N3) dye was prepared by immersing the
dye in ethanol solution for 24 h, then the dye sensitized TiO> electrodes were washed

with absolute ethanol and dried in air before assembling the DSSCs.

3.5 Counter electrode preparation

The plastisol solution is a paste containing platinum precursor which forms a quasi-
invisible catalytic layer of platinum by heat treatment. The plastisol was added drop by
drop on cleaned FTO glass until the surface turned opaque. The FTO glass was then

heated at 450 °C for 45 minutes.

3.6 Preparation of gel polymer electrolytes

A modified chitosan (phthaloylchitosan) was blended with polyethylene oxide
(PEO) to prepare gel polymer electrolytes. The dimethylformamide (DMF) organic
solvent was mixed with blended polymers at 80°C. The solution was stirred until it
dissolved completely. Followed by this ethylene carbonate (EC) was added to increase
amorphousness of polymer. Tetrapropylammonium iodide salt added to the solution and
stirred until all compound dissolved properly. After the sample was cooled down at room
temperature, crystals iodine were added in to gel polymer solution to form redox couple.
For second polymer electrolytes system different weight percentage of tertbutyl pyridine
(TBP) additive was added into polymer electrolytes. All the electrolytes composition are

shown in Table 3.1 to Table 3.3.
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Table 3.1: Electrolytes composition for first system and its designation

Electrolyte GPEIA GPEIB GPEI1IC GPEID
Gram W% Gram W% Gram W% Gram W%
(8) (8) (8) (8)
PhCh 0.08 5.11 0.08 5.04 0.08 4.97 0.08 491
PEO 0.02 1.28 0.02 1.26 0.02 1.24 0.02 1.23
EC 0.50 | 31.93 0.50 [31.50| 050 |31.08| 0.50 | 30.67
DMF 0.60 | 3832 | 060 |37.80| 060 |37.30| 0.60 |36.81
TPAI 0.34 | 21.71 036 [2268| 038 |23.62| 040 |24.53
I 0.0255 | 1.63 | 0.0270 | 1.70 | 0.0285 | 1.77 | 0.030 | 1.84

Table 3.2: Electrolytes composition (in gram) for second system and its designation.

Electrolyte | Conductivity, | PEO | PhCh | DMF | EC | TPAI 15 TBP

c(mScm?) | (g (2 (€9) (2 (2 (2 (2
0.6

GPE 2A 10.72 0.02 | 0.08 0.5 . 0.36 | 0.027 | 0.032
GPE 2B 10.34 0.02 | 0.08 0.5 0.6 | 036 | 0.027 | 0.066
GPE 2C 10.13 0.02 | 0.08 0.5 0.6 | 0.36 | 0.027 | 0.101
GPE 2D 10.28 0.02 | 0.08 0.5 0.6 | 036 | 0.027 | 0.138
GPE 2E 10.37 0.02 | 0.08 0.5 0.6 | 036 | 0.027 | 0.177
GPE 2F 10.66 0.02 | 0.08 0.5 0.6 | 0.36 | 0.027 | 0.209

Table.3.3: Electrolytes composition (in wt.%) for second system and its designation

Electrolyte | PEO PhCh DMF EC TPAI I TBP
(wt. %) | (wt. %) | (wt. %) | (wWt. %) | (wt. %) | (wt. %) | (wt. %)
GPE 2A 1.23 4.94 30.87 37.05 22.23 1.67 1.99
GPE 2B 1.21 4.84 30.24 36.29 21.77 1.63 4.00
GPE 2C 1.18 4.73 29.61 35.54 21.32 1.60 6.00
GPE 2D 1.16 4.64 28.98 34.77 20.87 1.56 8.01
GPE 2C 1.13 4.53 28.35 34.02 20.41 1.53 10.01
GPE 2E 1.10 4.43 27.72 33.27 19.96 1.5 12.00

3.7 Fabrication of DSSCs

The DSSC was assembled by sandwiching the photoanode and counter electrode.
In between of photoanode and counter electrode, gel polymer electrolyte was used to give
ionic conduction. The DSSC configuration was FTO/Ti02-dyes/GPE/Pt/FTO and the
fabricated DSSC images are shown in Figure 3.1. The J-V characteristics were measured
with an auto lab electrometer under 1 Sun illumination. The solar cell active area was

used approximately 0.2 cm?.
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Figure 3.1. Image of fabricated DSSCs.

3.8 Characterization Techniques
3.8.1 UV-Vis Spectroscopy

The dyes were placed horizontally to spectrum line and its spectrum was taken
using the UV-3101PC Shimadzu ultraviolet visible-near infrared (UVVIS-NIR) scanning

spectrophotometer. The absorbance were measured from 400 nm to 750 nm.

3.8.2 Electrochemical impedance spectroscopy (EIS)
In this work, EIS was carried out to determine the ionic conductivity of polymer
electrolytes and resistance of DSSC devices. lonic conductivity of polymer electrolytes
was measured using HIOKI 3532-50 LCR from the frequency range of 50 Hz to 5 MHz
with the a.c voltage of 10 mV. The GPE were placed in a coin cell of 0.285 cm thickness
and 2.271 cm? stainless steel electrodes surface area. The point of intersection of the
impedance plot of the real axis gives the bulk resistance (R») of the sample, thus
conductivity (o) of a given sample may be expressed as
o=t/RpA (3.1)

where ¢ 1s the thickness of the thin film, 4 the area of cross—section and Rp the bulk
resistance of the sample.

The model of Nyquist plot (Figure 3.2 a) displays —Z” against Z’. It is the most

frequently used in electrochemical literature as it allows an easier prediction of the
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equivalent electronic circuit. However, it does not represent the frequency dependence
and therefore it is complemented by the Bode plot.

The Bode plots (Figure 3.2 b and c) display the impedance or phase angle against
the frequency which allows the determination of the absolute value of the impedance |Z|

and the phase shift ¢.

(a)

(b)

()

Phase angle, ¢

Figure 3.2 (a) Nyquist plot, imaginary part of the impedance, Z”, versus its real part,
Z’, (b) Bode plot, absolute value of the impedance, | Z | , versus the frequency, and (c)
Bode plot, phase angle, ¢, versus the frequency.
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The internal resistance of DSSCs fabricated were carried out with an AUT 85988
advanced electrochemical system (Metrohm Autolab B.V. PGSTAT 128N Netherlands)
from 1 mHz to 1 MHz at room temperature. All the measurements were carried out with

applied bias of open circuit voltage (V,) under AM 1.5 global illuminations.

3.8.3 Incident photon-to-current efficiency (IPCE)

The incident photon-to-current efficiency (IPCE) was measured in the wavelength
range from 300 nm to 900 nm using Newport Oriel setup. The measurements of IPCE are
the measure of the ratio of total amount of incident photon that converted into the rate of

photocurrent. Some incident photons are also converted into heat.

3.9 Summary

As a summary, the DSSC should consist of a photoanode, electrolyte with redox
mediator and a counter electrode. The procedures for making each component and the
characterization techniques have been presented in this chapter and will be used to obtain

the results of the present study.
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CHAPTER 4: Results and Discussion
(PhCh-PEO-DMF-EC-TPAI-I2)

4.1 Introduction

In this work, different concentration of TPAI salt in wt. % were used to prepare gel
polymer electrolytes. Conductivity measurement has been taken for all gel polymer
electrolytes.

The prepared gel polymer electrolytes were used to fabricate the DSSCs. The
DSSCs have been assembled with a ruthenium based dye as sensitizer. Besides this,
natural pigment dyes have also been utilized to compare with synthetic dye on DSSCs.
The J-V characteristics and IPCE of the DSSCs were measured using the Newport Model
70528 Oriel Monochromator Illuminator. The EIS measurement has also taken to

investigate cell resistance.

4.2 The electrical conductivity of PhCh-PEO-DMF-EC-TPAI-I: electrolytes
Figure 4.1 shows the Nyquist plots at room temperature for the PhCh-PEO-DMF-
EC-TPAI-I> GPEs. It can be observed in Figure 4.1 that the bulk resistance, Ry decreases
with increasing salt concentration which indicates that the resistance of the movable ions
decreases and leads to increase in ionic conductivity. The ionic conductivity increase up
to 11.80 mS cm™! for 22.68 wt. % of TPAI (GPE 1B). The increase in conductivity may
be due to the increasing in number density and ion mobility. Moreover, from 23.62 wt. %
to 24.53 wt. % of TPAI salt content, the Ry, of the GPE increases and thus the conductivity
is decreased. This is probably due to the formation of ion aggregation and decrease in ion
mobility. Dissanayake et al. (2012) have studied gel polymer electrolyte using
polyacrylonitrile (PAN), ethylene carbonate (EC), propylene carbonate (PC), TPAI and
I,. The highest ionic conductivity obtained was 2.4 mS cm™ which is lower than the

conductivity of GPE 1B.
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Figure 4.1. Nyquist plots of PhCh-PEO-DMF-EC-TPAI-I, GPE.
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Figure 4.2 shows the Log o versus 1000/7 for the GPEs. It is obvious that the conductivity
for each GPEs increases with increasing temperature. This can be attributed to the

increase in ions mobility and decreased in crystallinity of polymer matrix.

-1.4
y=-0.9012x +0.9775 @, ®GPE 1A
15 4 y =-0.7468x + 0.5113 ’:\'..’-._ ® GPE 1B
y =-0.833x + 0.7178 u” GPE 1C
— y = -0.8389x + 0.6686 .
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%) R Y )
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° Y ] .
2 -9 .,
2 18 . .,
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Figure 4.2. Conductivity-temperature dependence of gel polymer electrolytes.

The temperature dependence ionic conductivity for all GPEs shown in Figure 4.2 follow

the Arrhenius relation;

,EA
oc=0,e " 4.1)

Where E4 is the activation energy, k is the Boltzmann constant, 7 is the temperature in

Kelvin and o, is the pre-exponential factor. Figure 4.3 shows the activation energy upon

salt content. It can be seen that the activation energy for all GPEs are almost the same.
From the literature, it is known that the activation energy value for liquid electrolyte is
unchanged although the salt concentration changed (Aziz ef al., 2015). In this system,
GPEs were formed by trapping DMF and EC which is in liquid form at room temperature
inside the polymer matrix. Therefore, the activation energy is depending on the nature of

the co-solvents (DMF and EC) and thus remains unaffected by the salt concentration.
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Figure 4.3. Graph of activation energy vs TPAI contents.

4.3 J-V Characteristics of DSSCs using PhCh-PEO-DMF-EC-TPAI-I: electrolytes

Figure 4.4 shows the J-V characteristics for the DSSCs using GPE 1A (SC 1A),
GPE 1B (SC 1B), GPE 1C (SC 1C) and GPE 1D (SC 1D) electrolytes. From the figure,
it can be seen that the highest Jsc was obtained for the DSSC using GPE 1B electrolyte.
The higher Js. value may be due to the higher ionic conductivity of the GPE 1B. It is
known that the DSSC performance is dependent on few factors such as ionic mobility in
the electrolyte. Electrons generated at the photoanode by a sensitizer will be transported
to the counter electrode (cathode) and returned back to the photoanode (sensitizer will be
regenerated) through the iodide ions (/ ). Once the 7/ ion transfers an electron to the
sensitizer, it will be transformed to the triiodide (/3 ) ion which then diffuses to the
counter electrode. Therefore, the number density and mobility of /  and /3 ions in the
electrolyte are essential for the DSSC performance. The highest Jsc obtained was 16.56
mA cm for the DSSC using GPE consists of 22.68 wt.% of TPAI (GPE 1B).

The other DSSCs parameters such as V., fill factor and efficiency are listed in Table
4.1. As we can see that the DSSC fabricated with 22.68 wt.% of TPAI (GPE 1B) showed

the higher conversion efficiency of 7.10 % with J,. = 16.56 mA ¢cm™, V,. = 0.65 V and
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FF=0.66. The value of V. and fill factor are almost same for all DSSC fabricated. Hence,
the higher efficiency for SC 1B is due to the higher Ji. In addition, the higher Js. of the
cell is attributed to the higher ionic conductivity of iodide and triiodide ions in the GPE.
Therefore, the 22.68 wt.% of TPAI (GPE 1B) electrolyte based DSSC (SC 1B) exhibited

the highest power conversion efficiency.
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Figure 4.4. J-V curves of DSSCs with various amount of TPAL

Table 4.1. Photovoltaic parameters of DSSCs fabricated with various amount of TPAIL

Electrolyte | DSSCs | Jsc (mA cm™) | Vo (V) | Fill Factor, FF | Efficiency, 7 (%)
GPE 1A SC 1A 13.58 0.63 0.68 5.81
GPE 1B SC 1B 16.56 0.65 0.66 7.10
GPE 1C SC 1C 15.15 0.65 0.65 6.40
GPE 1D SC 1D 14.38 0.67 0.66 6.35
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4.4 Incident photon to current conversion efficiency (IPCE) of DSSCs using PhCh-
PEO-DMF-EC-TPAI-I: electrolytes

Figure 4.5 shows the graph IPCE measurement with different wavelength of
incident light. The IPCE peak of N3 dye-sensitized device is usually at wavelength of 530
nm (Hara et al., 2000) which is comparable with the value obtained in this work (520 to
550 nm). From the figure, it can be observed that the [PCE measurement is following the
trend of the GPE conductivity and Jsc. It can be seen that the DSSC using 22.68 wt.% of
TPAI (GPE 1B) electrolyte exhibits the highest IPCE which is 62 %. The IPCE is defined
as the number of electrons in the external circuit collected per incident photon (Wang et

al., 2014). The relation between Jsc and IPCE are shown in equation 4.2:

IPCE(1)= 1240JSC—W (4.2)

AR, (2)
where Piy (A) (W cm™) is the incident light and A (nm) is the wavelength of the incident

light. From the equation 4.2, it is clear that the IPCE is proportional to Js.. IPCE increases

when the Ji value increases.

70

—e— SC 1A

300 400 500 600 700 800
Wavelength, A (nm)

Figure 4.5. IPCE curves of DSSCs with various amount of TPAI salt.
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4.5 Electrochemical impedance spectroscopy (EIS) on DSSCs using PhCh-PEO-
DMF-EC-TPAI-I: electrolytes

The impedance plots of DSSCs are shown in Figure 4.6. EIS is used to study the

movement of electrons at the interfaces in DSSCs.

7
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Figure 4.6. Nyquist plots of DSSCs with various amount of TPAI salt.

Usually there are three semicircle observed in impedance plot of DSSC. The first
semicircle indicates the charge-transfer resistances at the counter electrode (R1) and the
second semicircle corresponds to the charge-transfer resistances of the TiO»/dye/

electrolyte interface (R2). The third semicircle is associated with the Warburg diffusion
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process of redox couple in the electrolyte (R3). The impedance parameters (R1, R2 and
R3) for all DSSCs are listed in Table 4.3. The small R1 value of all DSSCs indicates that
the high potential electron transferring from counter electrode to deionized dye (Ma et
al., 2015). From Table 4.2, it can be observed that the R1 value is almost same for all
DSSCs which is due to the same counter electrode used (Pt electrode). The R2 values for
all samples follow reversely the trend of power conversion efficiency as shown in Table
4.2. The highest R2 value for SC 1B cell indicates that the electron recombination rate at
the dye/TiO»/electrolyte interface is lower compared to other DSSCs. This leads to higher
Jse and efficiency. Meanwhile, DSSCs performance seems not affected by R3 since the

value is fluctuating as can be observed from Table 4.2.

Table 4.2. EIS parameters of DSSCs

DSSCs R1 (Q) R2 (Q) R3 (Q)
SC 1A 1.26 5.20 1.80
SC 1B 1.30 6.50 2.05
SC 1C 1.15 4.95 1.15
SC 1D 1.15 4.90 2.69

4.6 Natural dyes as sensitizer

Anthocyanin and chlorophyll dyes were used to fabricate solar cell in order to
determine the sequential effect of dipping photoanode into dye materials. Two batches of
photo-electrodes were prepared either starting first with anthocyanin or chlorophyll using
two sequential dye deposition procedures.

The UV-vis spectrum of the two dyes are shown in Figures 4.7.and 4.8,
respectively. The absorption spectrum of anthocyanin dye in methanol solution reveals

two peaks at 541 nm and 663 nm.
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Figure 4.7. UV-vis absorbance curves of anthocyanin dyes.

The chlorophyll dye in methanol solution has shown four absorption peaks at 465

nm, 545 nm, 613 nm and 663 nm, respectively. These absorption wavelength peaks are

comparable with reported results (Lim et al., 2015).
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Figure 4.8. UV-vis absorbance curves of chlorophyll dyes.
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GPE with composition of 5.04 wt.% PhCh-1.26 wt.% PEO-37.81 wt.% DMF-31.51
wt.% EC-22.68 wt.% TPAI — 1.70 wt.% L (GPE 1B) is the highest conducting sample
and thus used for fabrication of natural DSSCs. The gel electrolyte was sandwiched
between the photoanode and counter electrode (Pt).

Figure 4.9 shows the J-V curves for the four photoanodes of the DSSCs. The solar
cell performances are summarized in Table 4.3. The DSSC using anthocyanin dye (Nal)
achieves Js of 1.83 mA cm™ and efficiency of 0.59 % .On the other hand, DSSC using
chlorophyll dye (Na3) achieves Js of 1.29 mA ¢cm™ and exhibits the efficiency of 0.40 %.
These solar cell performances are comparable with the DSSCs performances reported by
Melo et al. (2009). The DSSC using anthocyanin exhibited higher Js. due to the
anthocyanin dye molecules have carbonyl and hydroxyl groups that can easily bind on
the surface of TiO; and thus electrons can be easily transferred from anthocyanin to the

Ti0; (Theerthagiri et al., 2015).
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Figure 4.9. J-V curves of DSSCs with batch A and batch B photoelectrodes.
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Table 4.3. Performance parameters of DSSCs with batch A and B photoelectrodes.

Dye DSSCs Jse (A ecm™) | Voo (V) | Fill Factor, | Efficiency, 7

FF (%)

Anthocyanin Nal 1.83 0.50 0.65 0.59

Anthocyanin- Na2 2.64 0.49 0.63 0.81
Chlorophyll

Chlorophyll Na3 1.29 0.49 0.63 0.40

Chlorophyll- Na4 1.64 0.52 0.66 0.56
Anthocyanin

The Na2 cell (anthocyanin deposited first before chlorophyll) exhibited higher Ji.
of 2.64 mA cm™ and efficiency of 0.81 % compared to other cells. Also, the Jy and
efficiency of Na4 cell is shown to be lower than Na2 cell. Therefore, DSSC performance
is enhanced when the anthocyanin dye deposited first before the chlorophyll dye. It is
expected that when anthocyanin dye was loaded first, the electrons injection occurs more

efficiently into the TiO>. This is due to the presence of carbonyl and hydroxyl groups in

anthocyanin structure that help to produce higher current as well as higher efficiency.

Noor et al. (2011) have reported an efficiency of 0.42 % for a DSSC with a PVdF-HFP

based GPE using mixed dyes (anthocyanin and chlorophyll). In this work, sequential

deposition of anthocyanin and chlorophyll dyes showed significant improvement of

performance in DSSC application. The IPCE results are illustrated in Figure 4.10.

Na2
Na4

Na3
Nal

Figure 4.10. IPCE curves of Nal, Na2, Na3 and Na4 cells.
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According to IPCE graph, Na2 cell absorbed more photons that have been
converted into electricity as compared to Nal cell. This is due to Na2 cell contained
anthocyanin and chlorophyll dyes, whereas Nal cell contained only anthocyanin dye.
This is attributed to synergistic effect where anthocyanin increased absorption at 500 to
600 nm and chlorophyll dye absorbs at 663 nm. On the other hand, when chlorophyll dye
adsorbed first on the semiconductor surface, the chances of anthocyanin dye adsorption
is reduced and this leads to the reduced photon conversion efficiency of Na4 cell as
compared to Nal and Na2 cells. Finally, it can be seen that the IPCE value for the Na2
cell is the highest compared to the other cells which is tally with the DSSC results.

Figure 4.11 shows the impedance plots of DSSCs using natural dyes and their
parameters (R1 and R2) are listed in Table 4.4. It is observed that the R2 values increase
in the order Na2<Nal<Na4<Na3 in four solar cells. The larger semicircle means the
higher resistance. The higher resistances for R2 contributed to the lower electron

recombination rate.
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Figure 4.11. The EIS plot of cells Nal, Na2, Na3 and Na4.
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The lower recombination rate is usually good for DSSC. In this DSSC configuration, it
can be observed that the highest efficiency cell (Na2) exhibits the highest recombination
rate (smallest R2). This may be attributed to the higher electron density in CB of TiO>
due to higher electron injection from dyes to TiO».

Table 4.4. EIS parameters of DSSCs with batch A and B.

DSSCs RI1(Q) R2(Q)
Nal 9.15 140.30
Na2 10.68 122.00
Na3 10.07 216.46
Nad 9.56 146.56

4.7 Summary

Various amount of tetrapropylammonium iodide (TPAI) salt was added to optimize
the conductivity of gel polymer electrolyte. DSSCs have been assembled with a
ruthenium based dye sensitizer. The J-V characteristics of the DSSCs have been measured
with active area of 0.20 cm?. The DSSC using an electrolyte containing 22.68 wt. % of
TPALI exhibits the highest efficiency of 7.10 % with Ji = 16.56 mA cm?, V,. = 0.65 V
and FF=0.66. The highest conductivity of the electrolyte (22.68 wt. % of TPAI) and also
the lowest electrons recombination rate are the reason for the highest efficiency. A series
of TiOs photoanodes deposited sequentially in anthocyanin and chlorophyll dye
sensitizers were tested. The best performance of DSSCs using mixed natural dyes was
obtained with the photoelectrode prepared with anthocyanin deposition first then
chlorophyll. This cell showed the highest efficiency of 0.81 %. Sequential deposition of
dyes on the photoanode can improve the DSSC performance compared to the usage of
one or mixture of dyes solution. The better performance is due to the maximum anchoring
possibility of anthocyanin dye onto the semiconductor surface together with the

increment absorption by chlorophyll.
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CHAPTER 5: Results and Discussions
(PhCh-PEO-DMF-EC-TPAI-I:-TBP)

5.1 Introduction

Phthaloylchitosan (PhCh) blended with polyethylene oxide (PEO) forms the host in

gel polymer electrolyte with composition 5.04 wt.% PhCh-1.26 wt.% PEO-31.51 wt.%

DMF-37.81 wt.% EC-22.68 wt.% TPAI — 1.70 wt.% I> (GPE 1B). To this composition,

X wt. % of tert-butyl pyridine (TBP) [X = 2, 4, 6, 8, 10, 12] have been added and the

conductivity of the electrolytes has been calculated. DSSCs have been assembled with a

ruthenium based dye sensitizer. The J-V characteristics, IPCE and impedance of the

fabricated DSSCs have been measured.

5.2 The electrical conductivity of PhCh-PEO-DMF-EC-TPAI-I>-TBP electrolytes

Figure 5.1 shows the Nyquist plot at room temperature for the PhCh-PEO-DMF-EC-

TPAI-I,-TBP GPEs.
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Figure 5.1. Nyquist plot of PhCh-PEO-DMF-EC-TPAI-L.-TBP GPE.
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From the figure, it can be observed that the spike has been shifted towards right with the
addition of TBP indicating the increase in bulk resistance.

The room temperature ionic conductivity of the electrolyte without TBP (GPE 1B)
is 11.8 mS cm™. The ionic conductivity is decreasing in the range from 10.13 to 10.72
mS cm! as shown in Figure 5.1. The decrease in conductivity is probably due to the less
or decrease in salt concentration caused by the addition of TBP. The ionic conductivity
of the electrolyte containing 2 wt.% of TBP (GPE 2A) is 10.72 mS cm™!, 4 wt.% TBP
(GPE 2B) is 10.34 mS cm™ , 6 wt.% TBP (GPE 2C) is 10.13 mS cm™!, 8 wt.% of TBP
(GPE 2D)is 10.28 mS cm™!, 10 wt.% TBP (GPE 2E) is 10.37 mS cm™ and 12 wt.% TBP
(GPE 2F) is 10.66 mS cm™'. Figure 5.2 shows the log ¢ versus 1000/T for PhCh-PEO-

DMF-EC-TPAI-I,-TBP GPE. It can be seen that the conductivity is thermally activated.
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Figure 5.2 Conductivity of gel polymer electrolytes at different temperatures.
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5.3 J-V Characteristics of DSSCs using PhCh-PEO-DMF-EC-TPAI-I>-TBP
electrolytes
Figure 5.3 shows the J—JV curves for DSSCs fabricated using GPE consist of
different TBP contents. The sensitizer used is N3 dye. The corresponding performance
parameters are listed in Table 5.1. It can be observed that the DSSC with 8 wt. % TBP
(GPE 2D) exhibits the highest Jic of 17.30 mA cm™ and an efficiency of 8.84 %. On the
other hand, without TBP added in the GPE (GPE 1B), the cell exhibits an efficiency of

7.10 %. The values of Vo and FF increase upon addition of TBP which leads to higher

efficiency.
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Figure 5.3. J-V curves of DSSCs with TBP.

From Table 5.1, it can be observed that the Jic decreased slightly with increasing
TBP concentration, but is still not less than 16 mA cm™ except for the cell using 8 wt. %
of TBP. The total conversion efficiency increased from 7.68 % for 2 wt. % of TBP to
8.84% for 8 wt. % TBP. Taking into consideration of these results, it is possible that the
Fermi level of TiO; has shifted to a more negative potential due to the TBP adsorption on
the TiO7 surface that resulted in a large difference between the Fermi level of TiO; and

redox potential in electrolyte that led to improved V,. (Hara et al., 2003). At a more
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negative potential, charge recombination between electrons injected into TiO> and the
oxidized N3 dye molecules is possible (Haque et al., 1998). Recombination between
injected electrons and triiodide ions is another possible process. All these lead to a
reduction in photocurrent. However, it may be implied that the recombination rate is slow
since the Jy. is still on average greater than 16 mA cm. Thus, although the Fermi level
has shifted to a more negative potential, but the decreasing leakage of electrons led to
almost unchanged value of Js. As illustrated in Figure 5.3, TBP addition (i) has almost
relinquished electron recombination and prevented significant decrease in photocurrent
at relatively low voltage and (ii) led to an increase in V,. by increasing the difference in
potential between the Fermi and redox levels and (iii) increase FF value. It may be
considered that the effect of TBP in the electrolyte would be similar to that of
semiconducting oxide blocking layers, which prevent the injected electrons from
recombining with the triiodide ions. This helps to improve V. (Zaban et al., 2000). The
Jsc obtained for 8 wt.% of TBP is higher compared to the others. The more dye adsorbed
also results in increased light absorption in the photoelectrode and thus giving rise to
higher Ji.. Moreover, 12 wt.% of TBP may change the band gap of semiconductor
materials TiO» surface. Therefore, the potential difference between conduction band to
valance band will be changed resulting in voltage decreased and fill factor also be

reduced.

Table 5.1. Photovoltaic performance parameters of DSSCs with various amount of

TBP.
Electrolytes Cell Jse (MA cm™?) Voe (V) | Fill Factor, | Efficiency,

FF 1 (%)
GPE 2A SC 2A 16.40 0.66 0.71 7.68
GPE 2B SC 2B 16.30 0.68 0.70 7.76
GPE 2C SC 2C 16.23 0.70 0.71 8.06
GPE 2D SC 2D 17.30 0.73 0.70 8.84
GPE 2E SC 2E 16.48 0.73 0.73 8.78
GPE2F SC 2F 16.14 0.72 0.69 8.02
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5.4 Incident photon to current conversion efficiency (IPCE) of DSSCs using PhCh-

PEO-DMF-EC-TPAI-I:-TBP electrolytes

Figure 5.4 shows the IPCE spectrum for DSSCs using PhCh-PEO-DMF-EC-TPAI-
Ib-TBP electrolytes. The DSSCs can convert visible light to current efficiently from 300
nm to around 750 nm. The broader IPCE spectrum suggests that the dye molecules have
adsorbed effectively to the semiconductor substrate. As can be seen in Figure 5.4, the
highest IPCE value is 72.3 % at 530 nm for the cell with 8 wt.% TBP electrolyte. TBP
helped to improve IPCE of DSSCs (He et al., 2002). He et al. (2002) suggested that the
co-adsorbents such as TBP reduced surface aggregation that suppressed quenching of dye
due to energy transfer between the aggregated molecules. This led to the improved IPCE
performance. Khazraji ef al. (1999) also reported that the IPCE performance of a dye-
sensitized TiO; solar cell can be improved when added with co-adsorbents. Higher IPCE
values indicate effective electron transfer from excited dye molecules to the

semiconductors (Hara et al., 2000).
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Figure 5.4. IPCE curves of DSSCs with various amount of TBP.
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As can be seen from Figure 5.4, the IPCE measurement of the SC 2A (DSSC using
2 wt.% of TBP electrolyte), SC 2B (DSSC using 4 wt.% of TBP electrolyte), SC 2C
(DSSC using 6 wt.% of TBP electrolyte), SC 2E (DSSC using 10 wt.% of TBP electrolyte)
and SC 2F (DSSC using 12 wt.% of TBP electrolyte) are quite similar which is around
60 %. However, the IPCE value for SC 2D (DSSC using 8 wt.% of TBP electrolyte)
exhibits slightly higher (72 %) compared to the other. This may be due to the charge
recombination at the TiO»/dye/electrolyte interface was suppressed efficiently in the SC

2D cell.

5.5 Electrochemical impedance spectroscopy (EIS) on DSSCs using PhCh-PEO-
DMF-EC-TPAI-I>-TBP electrolytes

The Nyquist plots for the DSSCs with various amount of TBP is shown in Figure
5.5. The R1, R2 and R3 values for the DSSCs using GPE having various amount of TBP
is presented in Table 5.2. The increasing R2 value was contributed to reduce electron
recombination rate by larger content of adsorbed TBP molecules and more injected
electrons could sustain in the conduction band of semiconductor (Jae-yup ef al., 2012). It
means that TBP effect reducing the electron recombination was inclined with the higher
contents. This results in higher V. value as shown Table 5.1. The charge transfer
resistance at electrolytes/Pt (R3) also increasing adding TBP indicates deteriorated of

platinum interface (Jae-Yup et al., 2012).
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Table 5.2. The R1, R2 and R3 values for the DSSCs with various amount of TBP.

DSSCs R1 (Q) R2 (Q) R3 (Q)
SC 1B 1.30 6.50 2.05
SC 2A 2.22 7.02 2.81
SC 2B 3.16 12.29 3.22
SC 2C 2.93 12.41 3.31
SC 2D 2.63 13.17 3.35
SC 2E 2.25 6.17 2.95
SC 2F 2.64 13.47 3.25

5.6 Summary

The conductivity of gel polymer electrolytes was found to be decreased with the
addition of tertbutyl pyridine (TBP). However, the J,. values did not decrease
significantly which is due to the suppression of dark current (low electron recombination
process). Less electron recombination produces higher V.. Hence, the overall efficiency
of DSSCs having TBP in gel polymer electrolyte has increased. The 8 wt.% TBP

containing electrolyte showed the best V,., F'F and efficiency values.
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Chapter 6: Conclusion and suggestions for future work

This dissertation focuses on the optimization of gel polymer electrolyte for the
increment of DSSC performance based on natural dyes (anthocyanin and chlorophyll) as
well as synthetic dye (N3) as sensitizers. The DSSC structured with one photoanode and
a platinized counter electrode (charge collector) coupled with electrolyte in a sandwich
form. Optimization work was intensified on TPAI salt based electrolytes and TBP
additive based electrolytes. The results of the intensified work was presented and
discussed in two chapters (Chapters 4 and 5).

Various amount of tetrapropylammonium iodide (TPAI) salt was added to an
optimized phthaloylchitosan (PhCh) based polymer electrolyte. The electrolyte
containing 0.36 g of TPAI exhibits the highest efficiency of 7.10 % with Jsc = 16.56 mA
em™, Voo = 0.65 V and FF = 0.66. A series of TiO> photoanodes deposited sequentially
in anthocyanin and chlorophyll dye sensitizers with various dipping durations have
successfully tested. The best performance of DSSCs using mixed natural dyes was
obtained with the photoelectrode prepared with anthocyanin deposition first. This cell
showed the highest efficiency of 0.81 %. Sequential deposition of dyes on the photoanode
can improve the DSSC performance compared to the usage of one or mixture of dyes.
The better performance is due to the maximum anchoring possibility of anthocyanin dye
onto the semiconductor surface and also increment absorption by chlorophyll.

The addition of TBP in gel polymer electrolytes has further improved the
performance of DSSC. Although Js. decreased slightly with increasing TBP content, the
total conversion efficiency increased from 7.68 % (2 wt.% of TBP ) to 8.84 % (8 wt.% of
TBP) before decreased to 8.02 % (12 wt. % of TBP). The improved V. can be attributed
to the suppression of dark current. In further work, the efficiency can be enhanced by
incorporating ionic liquid into gel polymer electrolytes in order to improve the ionic

conductivity.
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