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NATURAL SENSITIZERS FOR SOLAR CELL BASED ON GEL POLYMER

ELECTROLYTES CONTAINING IODIDE/TRIIODIDE REDOX COUPLE

ABSTRACT

Polyvinyl alcohol (PVA) based gel polymer electrolytes (GPEs) containing
iodide/triiodide have been prepared. Two types of solvents namely dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) have been used in the preparation of the GPEs.
The GPEs are (i) DMF/PVA/KU/I,, (ii)) DMF/PVA/KU/1p/4-tert-butylpyridine (TBP), (ii1)
DMSO/PVA/KI/I> and, (iv) DMSO/PVA/KI/I/TBP. The ionic conductivity of GPEs at
different temperatures have been determined from the electrochemical impedance
spectroscopy (EIS) measurement. X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR) have been performed to analyze the structural properties of
the GPEs. All GPEs have been tested for dye-sensitized solar cell (DSSC) with natural
sensitizers extracted from different natural sources namely blackberry, blueberry,
raspberry and saffron. DSSCs have been characterized with J-J measurement, EIS,
Intensity-modulated photocurrent spectroscopy (IMPS), and Intensity-modulated
photovoltage spectroscopy (IMVS). The GPEs without TBP shows the ionic conductivity
of (14.05+3.50) mS cm™' for DMF GPE and (2.45+1.51) mS ¢cm’! for DMSO GPE. The
addition of TBP does not improve the ionic conductivity of the GPE with (11.99+6.84)
mS cm™! for DMF GPE and (2.98+1.35) mS cm™ for DMSO GPE. DSSCs have been
fabricated by sandwiching GPE in between photoanode and platinum counter electrode.
The photoanode has been prepared by coating two layers of TiO2 on fluorine doped tin
oxide (FTO) substrate via doctor blade method and sensitized with natural sensitizer.
DMEF/PVA/KI/I,/TBP GPE exhibit the best performance in DSSC with anthocyanin dye

system. The best performance of DSSC can be explained via the charges transfer

il



resistance, electron transfer time and electron recombination time from the EIS, IMPS

and IMVS data respectively.

Keywords: 4-tert-butylpyridine (TBP); Dye-sensitized solar cells; Gel polymer

electrolytes; Natural dye sensitizers.
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PEMEKA SEMULAJADI UNTUK SEL SOLAR BERASASKAN ELEKTROLIT
GEL POLIMER YANG MENGANDUNGI PASANGAN REDOX

IODIDE/TRIIODIDE

ABSTRAK

Polivinil alkohol (PVA) berasas gel polymer elektrolit (GPEs) yang mengandungi
iodide/triiodide telah disediakan. Dua jenis pelarut iaitu dimethylformamide (DMF) dan
dimethyl sulfoxide (DMSO) telah digunakan dalam penyediaan GPE. GPE itu adalah (i)
DMF/PVA/KV/L,, (i) DMF/PVA/KI/Io/4-tert-butylpyridine (TBP), (iii) DMSO/PVA/
KI/I> dan (iv) DMSO/PV A/KI/I,/TBP. Kekonduksian ionic GPE pada suhu yang berbeza
telah ditentukan daripada pengukuran spektroskopi impedans electrokimia (EIS).
Belauan X-ray (XRD) dan spektroskopi transformasi inframeraf-Fourier (FTIR) telah
dijalankan untuk menganalisa pencirian struktur semua GPE. Kesemua GPEs telah diuji
di dalam pencelup sel suria terpeka (DSSC) dengan pemeka semulajadi diekstrak dari
sumber semulajadi iaitu buah beri hitam, beri biru, raspberi dan kunyit. DSSC telah
dicirikan dengan pengukuran J-V, EIS, spektroskopi keamatan-termodulat arus foto
(IMPS) dan keamatan-termodulat voltan foto (IMVS). GPEs tanpa TBP menunjukkan
nilai kekonduksian ionik (14.05+3.50) mS cm™! untuk DMF GPE dan (2.45+1.51) mS cm’
' untuk DMSO GPE. Penambahan TBP dalam GPE tidak mempertingkatkan
kekonduksian GPE dengan (11.99+6.84) mS cm™! untuk DMF GPE dan (2.98+1.35) mS
cm™! untuk DMSO GPE. DSSC telah difabrikasi dengan mengapitkan GPE diantara
fotoanod dan platinum elektrod. Fotoanod telah disediakan dengan menyalut dua lapisan
Ti02 pada fluorine doped tin oxide (FTO) substrat melalui kaedah “doctor blade” dan
dipekakan dengan pemeka semulajadi. DMF/PVA/KI/Io/TBP GPE menunjukkan prestasi

terbaik dalam DSSC dengan system pemeka anthocyanin. Prestasi terbaik yang



ditunjukkan oleh DSSC boleh dijelaskan melalui rintangan pemindahan cas, masa
pemindahan elektron dan masa pembangunan semula elektron didapati EIS, IMPS dan

IMVS data.

Kata kunci: 4-tert-butilpiridina(TBP); suria terpeka pewarna; gel elektrolit polimer;

pemeka pewarna semula jadi.
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CHAPTER 1: INTRODUCTION

1.1 Background

Increasing energy crisis and environmental concerns through fossil fuel and its
depletion reserve have led to very intense research on sustainable and renewable energy
sources (Nastasi et al. 2022) such as tidal power, solar thermal, biomass, hydropower,
and solar energy (J.-H. Kim et al. 2022).

Photovoltaic cell is a device that convert solar energy which is photon into electricity.
The first practical photovoltaic cell has been designed at Bell Laboratories in 1954
(Dewan and Yadav 2021). The first generation of the solar cells which have been
commercialized are based on the crystalline silicon materials. The fabrication process was
expensive and using toxic chemicals to obtained high purified silicon. The second
generation of the solar cells are based on thin film technology such as cadmium telluride
and cadmium indium gallium. This type of solar cells is cheaper and using less materials
but also less efficiency as compared to the first generation. The solar cells that using
sensitizer as light absorption such as quantum dot sensitized solar cell (QDSSC) and dye
sensitized solar cell (DSSCs) are considered as the third generations of solar cells and
exhibits a potential to be higher efficiency than the second generation while having low
cost in fabrication (Mrinalini ef al. 2019).

DSSC exploit the photosynthesis concept which is using the plant’s ability of turning
sunlight to energy. In DSSC, dye sensitizer (organic or inorganic) was used as light
absorption. DSSCs firstly invented in 1988 by Michael Gratzel and Brian O’Regan
(O’regan and Grétzel 1991). They are easy to manufacture, semi-transparent and low cost.
A typical DSSC consists of (a) transparent conductive oxide (TCO) (b) metal oxide (MO)
semiconductor; (¢) dye sensitizer (d) electrolyte and (e) catalyst counter electrode (CE).

TCO mostly used as a substrate for sensitized MO semiconductor which is known as



photoanode. The MO semiconductor such as Titanium dioxide (TiO>) provide a suitable
porous structure for the sensitizer. The sensitizer can be obtained by the synthesis process
or extraction from the natural plants, fruits, and flowers. The electrolyte work as a
mediator in DSSC which transport charge carriers between photoanode and cathode
(Richhariya et al. 2017).

DSSCs have the tendency of working better in a cloudy and dark weather, which makes
them a perfect choice for the indoor applications and for the countries that where the
silicon based solar cell might face some difficulties to absorb sunlight (Bella ez al. 2014).
These advantages lead to the intensive research to increase the efficiency of the cell which
currently reported exhibits the highest efficiency of 14% (O’Regan and Gritzel 2018;

Mathew et al. 2014).

1.2 Problem statement

Over the last decades, various types of solar cells have been developed. Electrolyte is the
one of the indispensable components in DSSCs. Liquid electrolyte gives the best
performance of DSSC but prone to leakage and volatile. On the other hand, solid based
polymer electrolyte has low ionic conductivity and poor contact with both photoanode
and CE which can affect the DSSC performance. The sensitizer is another factor that
affects the efficiency of the DSSCs. Synthetic dyes such as N3 and N719 have high

efficiency, but they are extremely expensive and toxic.

1.3 Research Objectives

e To study the effect of TBP in gel polymer electrolytes on the performance of dye
sensitize solar cells.

e To analyst the role of DMF and DMSO solvents in GPEs, on the performance of

DSSCs.



e To determine charges transport properties in DSSC with blueberry, blackberry,

raspberry, and saffron dyes.

14 Scope and limitations of the study

This study aims to answer the features and effect of different dyes on the performance
of dye sensitized solar cells. The focus of this investigation is to explore the different dyes
characteristics as the sensitizer for the DSSCs as well as their efficiency with various gel

polymer electrolytes.

1.5 Thesis organization
The thesis consists of five chapters dealing with different aspects related to the research
topic.

e CHAPTER 1 Includes a brief introduction to the research project.

e CHAPTER 2 Contains a comprehensive literature survey of DSSCs, followed by
overview of the characteristics of blackberry, blueberry, dragon fruit, raspberry and

saffron as the potential dyes for the DSSCs.

e CHAPTER 3 Describes the materials synthesis and characterizations as well as
process setups for DSSCs experiments. Furthermore, all experimental design

techniques and analysis equipment and processes are explained in detail.

e CHAPTER 4 Presents the results and data obtained from laboratory experiments.
Efficiency evaluation of the new fabricated DSSCs is carried out in terms of
absorption, photovoltaic characterization, electrical impedance characteristics (EIS),

IMVS and IMPS. Gel polymer electrolytes containing potassium iodide with/without



0.05M of TBP have been applied as charge transport medium in DSSC with dyes of
1/50 concentrations. Furthermore, a comprehensive discussion and explanation of the

experimental results have been performed in this section.

CHAPTER 5 Summarizes the conclusions according to the study results and

findings, followed by a list of recommendations for the further studies.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
This chapter discusses the fundamentals and working principle of dye sensitized solar
cells (DSSCs). The components of DSSC and their function have also been discussed in

this chapter.

2.2 Solar cell

Solar energy is one of the alternatives to overcome the energy crisis due to the
depletion in fossil fuel. The energy converted from solar is renewable and clean (Ulucak
and Khan 2020). Earth receives about 174 x 10° terawatts (TW) of solar radiation,
whereas our global primary energy consumption is about 15 TW (Sonker and Sabhajeet
2018). Therefore, developing a technology to use only 0.1 % of the sun’s energy, could
be more than sufficient to meet the energy demand on earth. From the quantum study of
solar cell, sunlight consist of the very small and massless particles named photon. These
photon with the energy they have, can excite one electron and let it escape from the
semiconductor atoms and leaves a “hole” behind to fill with other electrons (Moharam et
al. 2021). This is the fundamental concept of the working principle of solar cell in general.
When the n-type and p-type semiconductors come to contact with each other, they create
a p-n junction which has an electric field. The electric field allow electrons to across the
junction from the n-type to p-type semiconductor and leaving hole behind in the n-type
semiconductor. The holes created on the n-type semiconductor will be filled from the
other electrons that flow through the external circuit powering an external load (Moharam
et al. 2021). Figure 2-1, present the schematic cross section of a p-n junction silicon solar

cell.



Figure 2.1. Schematic figure of p-n junction.

2.3 Dye- sensitized solar cells
2.3.1 Main component of the DSSC
The structure of a DSSCs is basically a sandwich type. This sandwich is consisting of
FTO glass, TiO; layers, dye, electrolyte, Pt, FTO glass (Birel, Nadeem, and Duman 2017).
Figure 2.2 illustrates the structure of a DSSCs, layer by layer.
1) MO; and MO are the metal oxide for first and second layer. The first layer is denser
than the second layer.
2) Dye is the sensitizer which were adsorbed on the MO surface
3) Electrolyte which can be solid, gel, and liquid form.
4) Platinum (Pt) which used as catalyst for CE.

5) Fluorine doped Tin Oxide glass (FTO) is TCO in which MO and Pt coated on it.



FTO glass

MO

MO:

Dye

Electrolyte

Pt

FTO glass

Figure 2.2. The structure of a dye sensitized solar cell.

2.3.2  Working principle of DSSCs

The mechanism of the DSSC is the resemblance of the natural process of turning
sunlight into chemical energy called photosynthesis. The energy of the sunlight is capture
in the nanocrystalline TiO, photoanode sensitized with dye (K. Sharma, Sharma, and
Sharma 2018). The flow of the electrons from photoanode to counter electrode and back

to the photoanode is shown in Figure 2.3.

Figure 2.3. Schematic diagram of a working DSSCs.



When the energy of the Sun which is photons struck to the surface of the photoanode,
it will be absorbed by the dye sensitizer (D) that attached to the MO TiO> surface. When
enough energy, the dye will get excited (D") where electrons from the HOMO of dye
molecules will be excited to the LUMO level (equation 2.1). Charges separation occur
when the excited electrons be injected into the conduction band (CB) of MO TiO; leaving
holes in the oxidized dye molecule (equation 2.2). The electrons in the CB of TiO>
eventually reach to the FTO glass and subsequently moves to the CE through the external
circuit (Mahadevi and Sumathi 2020). At the CE, electrons will be transferred into the
electrolyte where the triiodide (I3”) ions be reduced to iodide (I') ions after receiving 2
electrons (equation 2.3). The I' then move to the photoanode and oxidized back to I3” and

regenerate the dye molecules to complete the circuit (equation 2.4 and 2.5).

TiO,/ D + hv - Ti0,/ D* 2.1)
Ti0,/ D* - (Ti0, + e™)/D* (2.2)
I3 +2e > 3I° (2.3)
3 > I3 (2.4)
TiO,/ D* + e~ - Ti0,/ D (2.5)

For the electrons to be collected efficiently at the FTO glass, it must avoid the trapping
state the TiOz. The trapping and detraining determine the elective lifetime of the electrons
(ta) and the electron diffusion coefficient (D») (E. Supriyanto et al. 2019) which can be

determined from the impedance measurement (Mozaffari et al. 2015).
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24.1

Electrolyte

Liquid electrolyte (LE)

In general, The electrolyte manages the transfer of charge between the electrodes (Yu

et al. 2011). Liquid electrolytes for DSSC consist of a solvent like acetonitrile and

ethylene glycol to solvate iodide salt like potassium iodide and lithium iodide. High ionic

conductivity, wide electrochemical window and excellent thermal and chemical stabilities

are some of the advantages of liquid electrolyte (Miao et al. 2021). Table 2.1 shows some

of the studies in DSSCs field using liquid electrolytes.

Table 2.1. DSSCs with liquid electrolytes.

No. Dye Electrolyte solvent Jsc Voc FF PCE References
(mA-em™) mV) (%) (%)

1 RuC Lil Methanol/water ~ 5.82 600 52 1.8 (Pirashanthan et al. 2021)

2 N3 0.17 M Cu(I), 0.04 M Cu(Il), Dry acetonitrile 14.5 690 49 4.99 (Selvaraj et al. 2021)
0.6 M TBP, and 0.1 M
LiClO4

3 N719 TBAL 0.6 M; Lil, 0.1 M; 12, 3-MPN 13.96 0.62 0.44 3.8  (P.T.Nguyen and Do
0.05 M; GuNCS, 0.1 M; and Nguyen 2018)
DNB, 0.1 M, in 3-MPN.

4 7907 M 1-propyl-3- 3-MPN 13.69 728.5 7023 7.00  (Park, Lee, and Ko 2019)
methylimidazolium iodide
(PMII), 0.15 M
iodine (12), 0.1 M
guanidinium thiocyanate
(GSCN), and 0.5 M 4-tert-
butylpyridine (TBP) in MPN

5 N719 0.6 MBMII+0.03M 12 + Acetonitrile/ 17.73 846 72 11.18 (Mohammad K
0.l M GNCS+0.5 M TBP in valeronitrile Nazeeruddin et al. 2005)
C2H3N and C5HON (v/v,
85/15)

6 N945 0.60 MBMII+0.03M 12+  Acetonitrile/ 17.96 728 71 9.29  (Md K Nazeeruddin et al.
0.1 M GNCS +0.50 M TBP  valeronitrile 2007)
in C2H3N and C5HON (v/v,
85/15)

7 7910  0.60 M PMII+0.1 MI2 + 2- 17.2 777 76.4 10.2  (P. Wang et al. 2004)
0.5 M C8H8N2 in C4H7NO  Pyrrolidinone

8 7907  0.5MLil[+0.05M12+0.5 Acetonitrile 14.16 680 67 63 (Yenetal 2011)
M TBP in C2H3N

9 CYC-Bl 05MLil+0.05MI12+0.5 Acetonitrile 23.92 650 55.0 8.54  (Chia-Yuan Chen et al.
M TBP in C2H3N 2006)

10 CYC-B3 0.60 MBMII+0.03MI2+  Acetonitrile 15.7 669 70.5 739  (C-Y Chen et al. 2007)

0.1 M GNCS + 0.50 M TBP
in C2H3N and CSHON (v/v,
85/15)




2.4.2  Solid polymer electrolyte (SPE)

Solid polymer electrolytes advantages over liquid electrolyte such as higher energy
density, flexibility, no leakage during the process and easy to use in higher temperatures
(Asano, Kubo, and Nishikitani 2004; R. Singh et al. 2016). Due to their potential use in
electrochemical devices like solid-state batteries and separation membranes, SPEs have
drawn a lot of attention in recent years. However, due to its high crystallinity, its ionic
conductivity is unsuitable for solar cell applications (Kang et al. 2005). However it has
other disadvantages such as poor physical contact with both electrodes and poor ionic
conductivity that made DSSC suffer in performance (Selvanathan et al. 2020). Table 2.2

shows some of the studies in DSSCs field using solid polymer electrolytes.

Table 2.2. DSSCs with solid polymer electrolytes.

No. Dye Electrolytes Jsc Voc FF PCE References
(mA-em?)  (mV) (%) (%)
1 Ru535 PEODME/MPIV/I, 9.5 0.65 - 4.50 (J. H. Kim et al. 2004)
/Si0,
2 Ru535 PEO-KV/I, 0.06 0.68 0.26 0.01 (Kang et al. 2005)
3 Ru535 PEO-PPG-KV/I, 11.2 0.72 0.48 0.03 (Kang et al. 2005)
4 N719 PU-Lil/L 0.06 0.14 0.26 0.003 (Su’Ait et al. 2014)
5 ZnO PEO-KV/I, 2.1 0.63 0.67 1.7 (Sonker and Sabhajeet
particle 2018)
6 ZnO needle  PEO-KI/I, 20 0.48 0.44 42 (Sonker and Sabhajeet
2018)
7 N3 HPA-impregnated 3.902 0.426 0.25 2.77 (Anandan et al. 2006)
PVDF
8 N719 PEO-KI/I, 0.02 0.54 0.61 0.015 (S. Singh et al. 2021)
9 Raspberry PEO-KI/I, 0.02 0.54 0.60 0.006 (S. Singh et al. 2021)
10 Pomegranat PEO-KI/I, 0.03 0.65 0.80 0.028 (S. Singh et al. 2021)

(<
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24.3  Gel polymer electrolyte (GPE)

Microporous membrane with a liquid electrolyte medium make up a quasi-solid-state
(gel-like) electrolyte. These have various benefits for the DSSC, including excellent
filling and contact qualities between the electrodes, low vapour pressure, cohesive
properties of the solids, great thermal stability, and exceptional ionic conductivity
(Manatfi et al. 2021).

The composition of GPE include high boiling point solvent such as DMSO and DMF,
salts like lithium iodide and potassium iodide and polymers like PVA, PAN, PEO, PVDF
and etc. Unlike SPE, solvent in GPE remain in the polymer matrix that help in the
movement of the polymer chain and therefore improve the ionic conductivity of the
polymer based electrolyte. With high ionic conductivity and the advantage of the presence
of the polymer (preventing from leakage) have attract more reasearch on the GPE for
DSSC (D.-W. Kim ef al. 2005). Table 2.3 shows some of the studies in DSSCs field using
gel polymer electrolytes.

Table 2.3. DSSCs with gel polymer electrolytes using synthetic dyes.

No. Dye Polymer/ solvent/salt JSC vocC FF EFF References
(mA-em™)  (mV) (%) (%)
1 N719  PAN/EC, PC/Pr4NI/ KI 13.79 679.1 57.25 5.36 (Dissanayake et al. 2012)
N719  PVdF/EC, PC/Pr4NI/ KI 6.148 680.5 69.28 2.90 (A K Arofetal. 2014)
- PAN /DMSO, PC/ Lil, 11.21 0.66 0.73 541 (Chan, Wang, and Chen
TBAI 2013)
4 N719  PAN/ EC, PC/ Hex4Nl/ 20.0 748.0 50.0 7.5 (T. Bandara et al. 2019)
Rbl, BMII
5 N; PAN/ EC, PC/ BMII, 21.0 0.48 53.4 5.4 (A K Arofetal. 2017)
TPAL Lil
6 N719  PAN /PC, EC/ Tetrabutyl 15.96 0.751 0.616 7.27 (Ileperuma et al. 2011)
ammonium iodide
7 MD- PVDF/HFP/ acetonitrile/ 15.7 0.95 0.69 10.4 (Suzuka et al. 2016)
153 tributyl phosphate
8 CS28  PhCh/ EC, DMF/TPAI 7.70 0.64 0.58 2.86 (Yusufet al. 2016)
9 TPAR3 Lil (0.1 g), 12 (0.019 g), 17.0 0.70 0.57 6.80 (G. D. Sharma, Suresh, and
propylene carbonate (5 Mikroyannidis 2010)

mL), P25 TiO2 (0.0383 g),
PEO (0.2648 g), and 4-tert-
butylpyridine (0.044 mL)
into acetonitrile (5 mL)
10 N719 0.1 MLiL 0.1 MI2,0.6 M 0.695 12.21 68.9 5.85 (Shi et al. 2013)
DMPII, 0.45 M NMBI,
MePN, and PEO
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2.4.3.1 4-tert-Butylpyridine (TBP)

4-tert-butyl pyridine (TBP) is highly hydrophobic due to a pyridine group at one end
(Liu et al. 2017) can increase the hydrophobicity of the layer. TBP is used as an additive
in different layers of perovskite solar cells to increase the stability and performance of
solar cells (Y.-H. Wu et al. 2018; Shi et al. 2015; Habisreutinger et al. 2017; Tumen-
Ulzii et al. 2021). Additionally, TBP also was applied as an additive in the gel polymer
electrolytes (GPE). TBP has a higher boiling point which could be beneficial for the
consistent long-term performance of DSSC (Sun et al. 2016). In a study by (T. M. W. J.
Bandara et al. 2016), they stated that the addition of TBP was largely able to improve the
overall performance of the DSSC by improving its open-circuit voltage (Voc) value. (J.-
Y. Kim et al. 2012) have described that there is a shift at the titanium dioxide (TiO2)
conduction band, which resulted in an increase of the Voc value in the DSSC. This is due
to the adsorption effect of TBP on the surface of mesoporous TiO; at photoanode. The
highest power conversion efficiency reported in their work was 7.39%. (X. Zhang et al.
2008) also incorporated TBP into the GPE consisting of polymer grafted ZnO
nanoparticle. Results shows a drastic improvement in short-circuit current and overall

performance of DSSC of 5.0%.

2.4.3.2 Dimethylformamide (DMF)
Dimethylformamide (DMF) 1is an organic compound with the formula
(CH3)2NC(O)H. This colourless liquid is miscible with water and the majority of organic

liquids. Figure 2.4 represent the schematic of the chemical structure of DMF.
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Figure 2.4. Schematic of the chemical structure of Dimethylformamide (DMF).

DMF has widely used as a solvent of dyes in DSSCs (Muin, Zakaria, and Zaini 2022;
Abdukarimov et al. 2022; Selvanathan et al. 2020; da Silva, Sanchez, and Freeman 2020).
In a recent study by Lakshmi ef al., they had applied DMF as a solvent to extract the dye
from Wrightia tinctoria leaf by grinding the sample with 100 ml of DMF (Lakshmi e al.
2022). Novel Co and Zn-Phthalocyanine dyes have been applied in DSSCs by (Ilgiin et
al. 2021). They had stated that the DMF had been selected as the solvents due to it high
polarity and the phthalocyanines were very much soluble in this solvent. The polymers
such as PhCh, PVA, PVdF, and many are others are able to dissolve in the DMF solvent

to produce the gel polymer electrolytes (Yusuf et al. 2016).

2.4.3.3 Dimethyl sulfoxide (DMSO)

Dimethyl sulfoxide (DMSO) is an organosulfur compound with the formula
(CH3)2S0. This colourless liquid is an important polar aprotic solvent that dissolves both
polar and nonpolar compounds and is miscible in a wide range of organic solvents as well

as water. Figure 2.5 represents a schematic of the chemical structure of DMSO.
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Figure 2.5. Schematic of the chemical structure of Dimethyl sulfoxide (DMSO).

Due to several advantages of DMSO over other solvents in solar cell studies, many
researchers have applied this solvent (Bist and Chatterjee 2021). (Lobregas and Camacho
2019) investigated the effect of various solvents include water, DMSO, DMF, ethanol,
acetone, DCM, toluene, acetonitrile, and ethyl acetate to produce starch-based gel
polymer electrolyte. Based on their findings, the good contact filling between the
electrodes provided by the gel matrix makes the DMSO better for long-term usage as the
gel polymer electrolyte. To produce gel polymer electrolytes, DMSO used as a solvents
to dissolve the polymers such as PhCh, PVA and PVdF (Yusuf ef al. 2016; Goetzberger

and Hebling 2000)

2.5 Counter electrode (CE)

CE in DSSC have three functions. 1) as a catalyst, 2) as a positive electrode, and 3) as
a mirror (Bera et al. 2021; O’regan and Grétzel 1991). It acts as catalyst to improve the
completion of the process inside the DSSC, positive electrode to collect the electron from
the external circuit and last but not the least as a mirror to reflect the unabsorbed sunlight’s
beam (Arsyad ef al. 2019). A good CE that fulfills those three functions must have high
electrical conductivity, high catalytic activity, high reflections, chemical, electrochemical
and mechanical stability and finally low cost (Sarkar, Bera, and Chakraborty 2020).
Platinum, metal transition compound, conductive polymer and carbon are among the

materials that can be selected for CE (K. Wu et al. 2019).

14



2.6 Photoanode
2.6.1 Fluorine doped Tin Oxide (FTO) Glass Substrate

As presented in the scheme of Figure 2.3, light must pass through a transparent
substrate to reach the active layer formed by the MO layer sensitized by the dye. FTO
glass is the most common substrate used in DSSCs due to its electrically stable at high
temperature. FTO considers as an advanced ceramic material with vast optical and
electronic application. Energy conserving architectural windows, defogging aircraft and
automobile windows, heat-reflecting coatings to increase light bulb efficiency, gas
sensors, antistatic window coatings, and wear resistant layers on glass are other
application of FTO glass (Xu ef al. 2006; Limmer, Takahashi, and Cao 2003; Hu ef al.
2003; Antony et al. 2004; Patel, Patel, and Vaishnav 2003; Alam and Cameron 2002).
There are several method to prepare FTO powder such as vapor—liquid—solid (VLS) (Han
et al. 2007; Pan and Wang 2001), sol-gel (Han et al. 2004), emulsion technique (Han et

al. 2004), ion exchange, and hydrothermal process (Xu et al. 2006; Han et al. 2007).

2.6.2 Mesoporous Titanium dioxide (TiO2) nanoparticles film

Because of its high stability, low cost, and safety for humans and the environment,
titanium dioxide (TiO2) is believed to be very near to a perfect semiconductor for
photocatalysis .Titanium dioxide TiO> is the most famous and used as photocatalysts
(Hoffmann et al. 1995; Muna Muzahim Abbas 2020) and chemical inertness (Nkele e al.
2020; Miyoshi, Nishioka, and Maeda 2018). TiO> exists in different forms namely
anatase, rutile and brookite (T. Igbal et al. 2020). TiO; is a large-band semiconductor,
with anatase, rutile, and brookite phases with band gaps of 3.2, 3.02, and 2.96 eV,
respectively (Wunderlich et al. 2004). Brookite is not much useful in the industry due to
the temperature stability issue. Rutile exists after high temperature calcination and their

properties like electrical, optical, and thermal had been widely studied (Q. Zhang, Gao,
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and Guo 2000). The photocatalytic activity of the rutile phase is often low (Sclafani,
Palmisano, and Schiavello 1990). Anatase structure on the other hand has been
extensively used as photoanode in DSSC. Due to its better electron mobility, low
dielectric constant, and lower density, the anatase structure is chosen over other
polymorphs for solar cell applications (Carp, Huisman, and Reller 2004). The role of
anatase Ti0; in the injection process in a photochemical solar cell with a high conversion
efficiency has sparked an interest recently in DSSC technology (Tang et al. 1994; Gupta
and Tripathi 2011). The tolerance temperature of the TiO» anatase structure is in between
450C to 500 C. Above 500 C, the crystal structure of TiO2 will become rutile (Vorontsov

et al. 2018; Nkele et al. 2020).

2.6.3 Dyes
Due to the wide bandgap of TiO», it absorbs high energy photons (~ 390 nm) (T. T.

Nguyen ef al. 2021). To harvest as much as possible of the solar spectrum, dye molecules

which chemically bound to the TiO; surface acting as antennas. To choose a dye molecule

there are few criteria that must be fulfilled to ensure that the sensitization work efficiently

(K. Sharma, Sharma, and Sharma 2018).

1. The dye should have a broad absorption spectrum, to capture as much as possible
of the solar radiation.

2. The dye should have higher extinction coefficient over the whole absorption
spectrum, to absorb most of the light with a minimum of dye.

3. The dye must possess functional groups (-COOH, -H>POs;, -SO3H, etc.) to
improve the chemical bonding with the semiconductor surface and work as

bridges for electron injection.
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4. The LUMO of the dye must slightly higher than the CB of MO semiconductor
and the HOMO of the dye must have more positive potential than the redox couple
in the electrolyte.

5. The dye should be soluble in some solvent for adsorption on the electrode and
should not be desorbed by the electrolyte redox.

6. The photosensitizer should have chemical, thermal and electrochemical stability

during exposure to solar radiation and in the electrolyte media.

Figure 2.6 shows the types of dyes which basically can be categorized into two groups
namely natural and synthetic. Organic synthetic dyes include indoline and porphyrin (Ji
et al. 2020). Inorganic synthetic dyes include ruthenium-based such as Z90Z, N719 and
N3 (Kanakkillam ef al. 2021; Suhaimi et al. 2015). Due to the high efficiency and
stability, Ruthenium-based dyes has been used for TiO: sensitization since DSSC
invention, despite the fact that this component is one of the most expensive in DSSC
(O’regan and Grétzel 1991; Shalini ef al. 2015; Sanda et al. 2021; Ding et al. 2019;
Mbaba, Golding, and Smith 2020). Besides, these dyes exhibit other disadvantages: noble
metal scarcity, toxic raw materials, and sophisticated synthesis and purification steps
(Shalini et al. 2015; Sharmoukh ef al. 2018). Thus, an alternative organic dye such as
natural dyes is suggested with similar characteristics with high absorption coefficients
(Jinchu, Sreekala, and Sreelatha 2014).

Synthetic Ruthenium dyes are quite scarce so they will not be available for longer time
span (Maurya et al. 2019; Ammar et al. 2019), however naturally occurring dyes can
never get extinct even due to higher usage (K. Sharma, Sharma, and Sharma 2018).
Comparing the efficiency of the two, natural dyes sensitizer exhibits lower efficiency
because of the degradation (Sangiorgi et al. 2021; Zeng et al. 2020). Natural dyes show

an absorption range from 400 to 700 nm (Semalti and Sharma 2020), whereas synthetic
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dye such as N3 has an absorption up to 800 nm of solar spectrum (Kumar, Suresh, and

Nagaraju 2004; Mehmood et al. 2014).

2.7 Natural dyes as photosensitizer

Natural dyes are environmentally safe, fully biodegradable, non-toxic, easy to prepare,
cost effective and widely available (Hosseinnezhad et al. 2017)(Vishveshvar et al. 2018).
They can be used to replace the more expensive and toxic synthetic dyes, although
efficiency and stability still need improvement for this alternative to be considered.
Kumara et. al (2017) points several advantages of natural dyes over synthetic ones:

* Simple preparation technique

* Low cost of production

» Complete biodegradation

 Easy access

* High availability

* Purity grade

* Environmental friendliness

* High reduction of noble metals usage

The natural dyes categorized in 5 group of anthocyanin (Richhariya et al. 2017),
betalain (Wendel et al. 2017), flavonoid (Zdyb and Krawczyk 2019), carotenoid (A.
Supriyanto, Nurosyid, and Ahliha 2018), and chlorophyll (Abdul Kariem Arof and Ping
2017). The first category is anthocyanin such as reddish and barley, the second category
is betalain such as beetroot and amaranth leave, third category is flavonoid such as
cherries and peltophorum, fourth category is carotenoid such as green algae and orange

peel and the fifth category is chlorophyll such as turmeric.
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Anthocyanin dye molecule consist of carbonyl and hydroxyl responsible for the colour
pigment in visible red-to-blue spectrum (Lin et al. 2007). Teoli et al (2016), investigated
natural dyes extracted from cherry, blackberry, blueberry, raspberry, and strawberry fruits
for DSSCs. They obtained the highest efficiency of 1.13 % from the dye extracted from
blueberry fruit. Hamadanian et al, (2014) have studied several natural dyes as sensitizer
include reseda luteola, berberies integerrima, panica granatum pleniflora, consolida
orientalis, reseda gredensis, clemetis orientalis, adonis flammea, salvia sclarea and
consolida orientalis. They observed that consolida ajacis is the best sensitizer compared
to other dyes due to the fact that Delphinidin is the main pigment of C. ajacis and have
good interaction between the hydroxyl groups of the Delphinidin and the TiO> surface
(Hamadanian et al. 2014). A. Lim et al, (2015) has reported the possibility of using dye
extracted from skin of canarium odontophyllum, in DSSC. Three main groups of
flavonoid pigments were detected from UV-vis absorption spectra. The highest
conversion efficiency of 1.43% was obtained for cyaniding derivatives (Lim et al. 2015).
Natural dyes extracted from purple cabbage, coffee, blueberry and turmeric DSSC have
been reported by Syafinar ef al, (2015). They reported that the combination of purple
cabbage and blueberries as cocktail dye have the best DSSC performance. Dagher et al,
(2014) reported the performance of DSSCs using natural dyes extracted from black cherry
and hibiscus. The power conversion efficiencies of 0.45% and 0.54 % was obtained for

hibiscus and black cherry respectively.
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Figure 2.6. Organogram of natural pigments extracted from different fruits, flowers, seeds, leaves, and vegetables.



Table 2.4. Photovoltaic performance of DSSC utilizing various natural dyes as
photosensitizer (M. Z. Igbal, Ali, and Khan 2019).

Jsc Voc Pax FF Efficiency Reference

NO. Dye (mA/em?) (V) (mW/em?) (%)

1 Pomegranate juice 0.20 0.40 0.45 1.50 - (Sirimanne et al. 2006)

2 Calafate extract 6.2 0.47 1.1 0.36 - (Polo and Tha 2006)

3 Jaboticaba extract 9.0 0.57 1.7 0.42 - (Polo and Iha 2006)

4 Shisonin and chlorophyll 4.80 0.53 - 0.51 1.31 (Kumara et al. 2006)

5 Shisonin 3.56 0.55 - 0.51 1.01 (Kumara et al. 2006)

6 Chlorophyll 3.52 0.43 - 0.39 0.59 (Kumara et al. 2006)

7 Crocetin 2.84 0.43 - 0.46 0.56 (Yamazaki et al. 2007)

8 Crocin 045 0.58 - 0.60 0.16 (Yamazaki et al. 2007)

9 Rosella 1.63 0.40 - 0.57 0.37 (Wongcharee et al., 2007)

10 Blue pea 0.37 0.37 - 0.33 0.05 (Wongcharee et al., 2007)

11 Rosella & Blue pea mixture 0.82 0.38 - 0.47 0.15 (Wongcharee et al., 2007)

12 Red cabbage in water 0.66 0.37 0.14 0.54 0.17 (Dumbrava et al. 2008)
extract

13 Red cabbage in EtOH 0.58 0.36 0.11 0.52 0.14 (Dumbrava et al. 2008)
extract

14 Red cabbage in MeOH 0.23 0.39 0.47 0.54 0.06 (Dumbrava et al. 2008)
extract

15 Red onion in water extract 0.60 0.40 0.10 0.42 0.13 (Dumbrava et al. 2008)

16 Red onion in EtOH extract 0.53 0.39 0.95 0.45 0.12 (Dumbrava et al. 2008)

17 Red onion in MeOH extract 0.52 0.44 0.11 0.48 0.14 (Dumbrava et al. 2008)

18 C.indica L. 0.82 0.54 0.26 0.59 0.29 (Luo et al. 2009)

19 S. splendens 0.70 0.56 0.24 0.61 0.26 (Luo et al. 2009)

20 Cowberry 0.4 0.56 0.12 0.54 0.13 (Luo et al. 2009)

21 S. nigrum L. 1.01 0.54 0.28 0.51 0.31 (Luo et al. 2009)

22 Red cabbage and Curcumin 0.81 0.53 0.30 0.69 0.60 (Furukawa et al. 2009)
(70:1)

23 Mulberry 6.10 0.49 1.60 0.52 - (Patrocinio et al. 2009)

24 Blueberry 1.00 0.59 0.40 0.61 - (Patrocinio et al. 2009)

25 Jaboticaba’s skin 3.9 0.45 1.00 0.56 - (Patrocinio et al. 2009)

26 Spinach 0.47 0.55 - 0.51 0.13 (Chang et al. 2010)

27 Ipomoea 0.91 0.54 - 0.56 0.28 (Chang et al. 2010)

28 Delonix regia liquid 1.33 0.30 - 0.39 0.317  (Senthil et al. 2011)

29 Delonix regia polymer 0.84 0.30 - 0.48 0.245 (Senthil ez al. 2011)

30 Eugenia jambolana liquid 1.49 0.35 - 0.48 0.505  (Senthil et al. 2011)

31 Eugenia jambolana 1.58 0.30 - 0.46 0.444  (Senthil et al. 2011)
polymer

32 Ixora coccinea on ZnO 2.65 0.21 - 0.29 0.33 (Thambidurai et al. 2011)
nanorode

33 Mulberry on ZnO nanorode 2.90 0.23 - 0.30 0.41 (Thambidurai et al. 2011)

34 Beetroot on ZnO nanorode 2.30 0.20 - 0.30 0.28 (Thambidurai et al. 2011)

35 K. japonica 0.5597 0.5839 - 0.68 0.22 (Hemalatha et al. 2012)

36 K. japonica with sugar 0.7509 0.5526 - 0.70 0.29 (Hemalatha et al. 2012)

37 R. chinensis 0.8017 0.5433 - 0.66 0.29 (Hemalatha et al. 2012)

38 R. chinensis with sugar 0.7025 0.5373 - 0.69 0.27 (Hemalatha et al. 2012)

39 Bahraini Henna 0.368 0.426 - 0.24 0.128  (Jasim 2012)

40 Yemeni Henna 0.407 0.306 - 0.28 0.117 (Jasim 2012)

41 Cherries 0.466 0.305 - 0.38 0.181 (Jasim 2012)

42 Pomegranate juice 1.70 0.395 - 0.48 1.07 (Jasim 2012)

43 Raspberries 0.566 0.360 - 0.45 0.309 (Jasim 2012)

44 Eruca sativa 2.90 0.62 - 0.40 0.72 (Abdel-Latif et al. 2013)

45 Eruca sativa with Lil 4.6 0.64 0.54 1.6 (Abdel-Latif et al. 2013)
electrolyte

46 Dried Spinach with TiO, 1.11 0.583 0.301 0.46 0.29 (Taya et al. 2013)

47 Teak 0.29 0.460 0.105 0.79 - (Kushwaha, Srivastava, and

Bahadur 2013)

48 Hibiscus (Red) 0.765 0.515 - 0.47 0.19 (Mulati et al., 2012)

49 Dianthus barbatus 0.53 0.58 0.14 0.48 0.15 (Taya et al. 2015)

50 L. cylyndrica L. 0.44 0.52 0.13 0.60 0.13 (Maurya et al., 2016)

51 Pomegranate 12.20 0.39 - 0.41 2.00 (Ghann et al. 2017)

52 Henna extract with TiO, 1.63 0.40 - - 1.08 (Sathyajothi, Jayavel, and
nanoparticles Dhanemozhi 2017)

53 Beetroot extract with TiO, 1.7 0.46 1.3 - 1.3 (Sathyajothi, Jayavel, and
nanoparticles Dhanemozhi 2017)

54 P. amaryllifolius extract 0.4 0.55 0.1 0.61 0.1 (Al-Alwani et al. 2017)

55 C. tora 0.06 0.29 - 0.72 0.013 (Maurya et al. 2018)

56 C. surattensis 0.13 0.47 - 0.74 0.046 (Maurya et al. 2018)

57 C. alata 0.16 0.80 - 0.95 0.122  (Maurya et al. 2018)

58 C. occidentalis 0.20 0.83 - 0.90 0.150 (Maurya et al. 2018)
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Table 2.4, continued.

59 A. amentacea+P. 14.19 0.809 - 0.64 7.38 (Sanjay et al. 2018)
pterocarpum in Water
60 A. amantacea+P. 14.95 0.834 - 0.65 8.22 (Sanjay et al. 2018)
pterocarpum in Ethnl.
61 E. conferta 4.63 0.37 — 0.56 1.00 (Jaafar, Ain, and Ahmad
2018)
62 G. atroviridis 2.55 0.32 - 0.63 0.51 (Jaafar, Ain, and Ahmad
2018)
63 Red beans - 0.84 - 0.56 0.40 (P. K. Singh, Bhattacharya,
and Khan 2018)
64 Orange peel - 0.76 - 0.49 0.25 (P. K. Singh, Bhattacharya,
and Khan 2018)
65 Barley grass - 0.69 - 0.60 0.18 (P. K. Singh, Bhattacharya,
and Khan 2018)
66 Gallocatechin (1.5 pH) 1.87 0.50 - 0.47 0.44 (Prima et al. 2017)
67 Hesperidin (1.5 pH) 3.23 0.48 - 0.45 0.71 (Prima et al. 2017)
68 Dry Turmeric in Acetone 0.40 0.53 - 0.51 0.10 (Ruhane et al. 2017)
69 Dry Turmeric in Ethanol 0.81 0.50 - 0.29 0.12 (Ruhane et al. 2017)
70 Dry Turmeric in Methanol 0.65 0.57 - 0.44 0.16 (Ruhane et al. 2017)

2.7.1  Dye preparation
There are many reported protocols for both steps in the available literature. Some are
simple, others require special equipment and more time-consuming techniques. In
general, the preparation of natural dyes requires 2 basic steps:
1. Plant processing to obtain an extract, which may involve the dissolution in a
solvent (usually water and/or alcohol).
2. Extract filtration and purification. Frequently, paper filtering and centrifugation

but may include others like chromatography and lyophilization.

Extraction is a very important step in isolating and identifying plant pigments and no
single or standard method of extraction is available (Amogne, Ayele, and Tsigie 2020).
Fruits, vegetables, flowers, and leaves may be ground, dried, or lyophilized, and some
fresh plants may be soaked to extract phenolic compounds (Xie ef al. 2017) (Sinopoli,
Calogero, and Bartolotta 2019).

Mehmood et al. 2020, used a drying step at ambient temperature to transform

Curcumin extract in a glass like residue for dissolution in methanol. Leyer et al. 2018
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dried, ground and sieved maqui berry and blackberry fruits for later dissolution in water.
This technique can eliminate water from the plant easier. Silva ef al. (2017) did not use
drying step during plant processing but included chromatography for purification of
carotenoid and anthocyanin extracted from mondo-grass berries and blackberries
(DeSilva et al. 2017). They also kept the extract and pulp in the refrigerator for 24h for
saturation.

Gusti et al. (Gusti et al. 2021) purified the filtrated dye from Melastoma
malabathricum fruit with a rotary evaporator to obtain thick extracts. Several solvents can
be used during dye extraction from plants, the most commons are water, ethanol,
methanol, and organic acids. Igbal et al. (2020) states that the chosen solvent will impact
on the dye adsorption and the cell performance. Kumara et al. (2017) also highlights the
importance of solvents including acidity, polarity and temperature during the extraction
of dye. The polarity of the solvent need to match the compound for efficient extraction
(P. K. Singh et al. 2018). Hossain et al. (2017) applied five distinct types of solvents for
the extraction turmeric and reported that the DSSC performance was obtained for 2h
adsorption time of dye on TiO2 nano-porous surface with ethanol extracted dye from dry
turmeric (Hossain et al. 2017).

For the extract purification step, a wide range of techniques have been investigated,
ranging from solid phase (SPE) and liquid-liquid (LLE) extractions to the use of
sophisticated chromatographic techniques such as counter current chromatography
(Schwarz et al. 2003; Wybraniec et al. 2009), medium-pressure liquid chromatography
(MPLC) and High Performance Liquid Chromatography (HPLC) (Wybraniec et al.
2009). HPLC with UV—Vis or photodiode array (PDA) detectors is the most common
method used to separate anthocyanin (Sinopoli, Calogero, and Bartolotta 2019). High-

performance liquid chromatography, also known as high-pressure liquid chromatography,
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is an analytical chemistry technique for separating, identifying, and quantifying

individual components in a mixture.

2.7.2  Blackberry

The blackberry is a fruit from the Rosaceae family that existed in many species. The
worldwide production of the blackberry is estimated 154,578 tons every year. Blackberry
is an edible fruit that consumed in different forms such as, quick frozen packs, bulk
frozen, seedless or seeded puree, freeze-dried, and dried fruit which used in this study
(Strik 2007). Many countries produce blackberry as the daily based use fruits like,
America, Australia, and Europe. Blackberry has high amount of anthocyanins as well as
other phenolic components which subsidize into its high antioxidant volume (Cho et al.
2004). Blackberry has medicinal usage to treat infections of the mouth and eyes due to
the presence of high antioxidant activity in 16" century (Dai, Patel, and Mumper 2007).

Figure 2.7 shows the fresh blackberry fruit that had been used in this study.

Figure 2.7. Fresh blackberry fruit.
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The phenolic component of blackberry is anthocyanin that responsible for the red to
black color of the fruit (Leyrer et al. 2018). Dyes with —-COOH or —OH functional groups
that attach to TiO> nanoparticles via metal complexation cause electron transfer from the
dye molecules to the TiO2 conduction band (Patrocinio et al. 2009; Ramamoorthy et al.
2016).

Anthocyanin classified as the flavonoid and can be found in berries and red grapes
(Cho et al. 2004). The chemical structure of the blackberry anthocyanin showed in the

Figure 2-8.

Flavonoid Anthocyanin

Figure 2.8. Chemical structure of Blackberry Flavonoid and Anthocyanin (Kaume,
Howard, and Devareddy 2012).

Blackberry anthocyanins include cyanidin 3-glucoside, cyanidin 3-galactoside,
cyanidin 3-xyloside, cyanidin 3-dioxalyl-glucoside, cyanidin 3-rutinoside, cyanidin 3-
sophoroside, cyanidin 3-glucosylrutinoside, cyanidin 3-arabinoside, malvidin 3-
arabinoside, pelargonidin 3-glucoside, cyanidin 3-(3-malonyl)glucoside, and cyanidin 3-
(6-malonyl)glucoside.40,41  Cyanidin  3-dioxaloylglucoside, and  zwitterionic
anthocyanin components which are is exceptional to blackberries (Kaume, Howard, and

Devareddy 2012).
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2.7.3  Blueberry

Blueberry is one of the world’s famous fruits from Ericaceae family. Blueberry contain
phenolic components such as anthocyanin and flavonoids with bioactivity like antioxidant
(Koca and Karadeniz 2009). Blueberries can be consumed in fresh, frozen dried or dried
types. Based on the study, total flavonoid and anthocyanin of blueberry had been
measured to 96.0 = 0.96 mg/100 and 360.0 + 0.76 mg/100 respectively (Diaconeasa et al.

2015).

Anthocyanin

Flavonoid

Figure 2.9. Chemical Structure of Blueberry Anthocyanin and Flavonoid (Miles and
Schilder 2013).

Figure 2.9 indicates the chemical structure of flavonoid and anthocyanin of blueberry.

The image of fresh blueberry before drying procedure shown in Figure 2-10.
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Figure 2.10. Fresh Blueberry fruit.

2.7.4  Dragon fruit

Dragon fruit is form the Cactoideae of the tribe Cacteae family (Freitas and Mitcham
2013). Dragon fruit or pitaya has gained popularity in many countries over the world
because of the bright red (figure 2.11) skin with overlapping green fins all over the fruits
(Ruzainah et al. 2009). There are three varieties of the dragon fruits which are, red-
skinned fruit with red pulp called red pitaya, red-skinned fruits with white pulp called red
pitaya too and yellow skinned fruit with white pulp called yellow pitaya (Choo and Yong

2011).

Figure 2.11. Fresh dragon fruit.
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Due to the antioxidative activity of the dragon fruit, it drawn more attention for its
growth (Rebecca, Boyce, and Chandran 2010; Esquivel, Stintzing, and Carle 2007;
Nurliyana et al. 2010). Betanin, phyllocactin, hylocerenin, and betacyanin with 5-O-
glycosides or 6-O-glycosides have been discovered in many species of the Cactaceae
family (Herbach et al. 2006). These types of compounds are responsible for many
pharmacological activities such as antitumor, antioxidant, and anti-inflammatory actions
(Herbach, Stintzing, and Carle 2005). Figure 2.12, indicate the chemical structure of

Betanin of dragon fruit.

HO. OH

I=

(@] O

Figure 2.12. Chemical structure of Betanin.

275 Raspberry

Raspberries are from rose family. There are various types of raspberries such as black,
purple, golden and red raspberries or Rubus Idaeus. Raspberry mostly cultivate in the
temperate areas so as Europe and North Asia (Middleton, Kandaswami, and Theoharides

2000). Figure 2.13 shows the fresh Raspberry fruit that used in this study.
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Figure 2.13. Fresh Raspberry fruit.

In addition to containing vitamin C, raspberries have high antioxidant levels which
include two components of anthocyanins and ellagitannins. Figure 2.14 Shows the
chemical structure of anthocyanin and chemical structure of Raspberry ellagitannin

(Beekwilder et al. 2005).

Anthocyanin

Ellagitannin

Figure 2.14. Chemical structure of Anthocyanin and Ellagitannin of Raspberry.
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2.7.6  Saffron

Saffron is a spice from the flower of Crocus sativus know as red gold that collected
and dried to be used as food coloring, fragrance, and medicine. The cultivation and use
of saffron are more than 3500 years that extended to cultures and countries. Saffron has
a bitter taste, hay-like fragrance (Cardone et al. 2020). Saffron cultivates are in Iran,
Greece, Asia, India, Italy, Morocco, Spain, Switzerland, and Turkey. However, Iran and
Spain are known as the main saffron producers (Tashakkori et al. 2021). As shown in
Figure 2.15, the saffron flower contained stigma, petal, stem and corm which stigmas are

the important part that known as saffron (Hassan-Beygi ef al. 2010).

Figure 2.15. Saffron flower’s structure.

Saffron has three components that each represent a feature of saffron. Safranal, Crocin
and picrocrocin. Safranal with scientific name of 2,6,6-trimethyl-1,3-cyclohexadiene-1-
carboxaldehyde is responsible for the aroma of saffron (Kanakis ez al. 2004). Picrocrocin
with scientific name of 4-(B-D-glucopyranosyloxy)-2,6,6-trimethyl-1-cyclohexene-1-

carboxaldehyde is responsible for the bitter taste of saffron (Sanchez et al. 2008). And
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Crocin with the scientific name of Bis [ (25,3R,4S,5S,6R)- 3, 4, 5- trihydroxy- 6 - ({[(2R,
3R, 4S, 58, 6R)- 3, 4, 5- trihydroxy-6- (hydroxymethyl) tetrahydro- 2H- pyran- 2- yl] oxy}
methyl) tetrahydro-2H - pyran- 2- yl] (2E, 4E, 6F, 8E, 10E, 12E, 14E)- 2, 6, 11, 15-
tetramethyl-2, 4, 6, 8, 10, 12, 14-hexadecaheptaenedioate is responsible for the color of
saffron (Scalzo, Todaro, and Rapisarda 2012). These three components are found in the
flowers crocus sativus (Zareena et al. 2001). Carotenoid is crocetin, which has a
carboxylic group on its molecule and Crocetin is a natural carotenoid dicarboxylic acid
that is found in the crocus flower and Gardenia jasminoides (Hug et al. 2014). The
structure of safranal, crocin, picrocrocin, and crocetin are shown in Figure 2.16. Figure

2.17 shows the saffron stigma that used in this study.

Figure 2.16. The structure of Crocetin, Safranal. Crocin and Picrocrocin of saffron
(Mashmoul ef al. 2013).
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Figure 2.17. Fresh saffron stigma.

2.7.7  Anthocyanin

Anthocyanin is a pigment that uses broad band gap semiconductor sensitization.
Several hues, including those in the purple-red spectrum, show how anthocyanin provides
plants' flowers, fruit, and leaves their colors. As shown in Figure 2-18 (a), the carbonyl
and hydroxyl groups will be bound to the surface of TiO2 and stimulate the transfer of
electrons from the sensitizer to the conduction band of the surface of TiO2 (Figure 2-18
(b)). Due to charge transfer transitions from HOMO (Highest occupied molecular orbital)
to LUMO, anthocyanins exhibit a broad absorption band in the visible area (Lowest

unoccupied molecular orbital) (Alhamed, Issa, and Doubal 2012; Syafinar et al. 2015).
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Figure 2.18. Structure of anthocyanin pigments and the binding between anthocyanin
molecule and TiO> particle (Alhamed, Issa, and Doubal 2012).

2.7.8 Carotenoid

Figure 2-19 represent several carotenoids with various functional groups were chosen,
including 7'-apo7’-(4-carboxyphenyl)-a-carotene (1), 8'-apo-a-caroten-8'-oic acid (2), 8'-
apo-a-caroten-8'-aldoxime (3), 8'-apo-a-caroten-8'-al (4), and canthaxanthin (5).
Carboxylate groups can substitute OH groups at the TiO> surface and chemically connect
to surface Ti atoms, according to infrared measurements 6a,7,23. Therefore, it was
anticipated that carotenoids with terminal -CO>H groups would have a high interaction
with the semiconductor surface (Konovalova, Kispert, and Konovalov 1999; Li et al.

2018).
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canthaxanthin ( 5)

Figure 2.19. Several carotenoids with different functional group (Konovalova, Kispert,
and Konovalov 1999).

2.8 Summary of the chapter

In this section the fundamentals of solar cells as well as its various types, and the
DSSCs have been introduced as an advanced structure of a solar cell demonstrated. In
continue, various sections of the DSSCs have been reviewed. Various types of the applied

dyes and electrolytes have also been reviewed.

Introduction

Solar cell

e Dye sensitized solar cells

Main component of the DSSC
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Working principle of DSSC
Electrolytes

Liquid electrolytes

Solid electrolytes

Gel electrolytes

Counter electrolyte
Photoanode

Substrate (FTO glass)
Mesoporous TiO; nanoparticles film
Dyes

Natural dyes as photosensitizer
Dye preparation

Plant processing

Extract purification
Blackberry

Blueberry
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Raspberry

Saffron
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CHAPTER 3: RESEARCH METHODOLOGY

3.1 Introduction

In this section, firstly, the applied materials for this research have been introduced.
Furthermore, the explanation of different methods that were applied for preparation of
the elements of experiment such as dyes, gel polymer electrolytes, preparation of TiO>
layers and photo electrodes, preparation of Pt counter electrode, fabrication, and
characterization of DSSCs are presented. In continue, the procedure and conditions for
each applied analysis method have been precisely described. The applied analysis
methods include X-ray diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), J-V characteristics, Electrical impedance spectroscopy (EIS), intensity-
modulated photocurrent spectroscopy (IMPS), and intensity-modulated photovoltage
spectra (IMVS). Finally, the DSSCs assembly and its conditions have been detailed in

this section. Figure 3.1 represent the methodology flowchart of this investigation.

3.2 Materials

All materials that have been used for preparation of the samples and analyses include
Iodine (I2), potassium iodide (KI), ethanol, poly vinyl alcohol (PVA), 4. tert-Butyl
pyridine (TBP), dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) were
purchased from sigma Aldrich. Saffron was purchased form a saffron farm in Torbat Jam
city, Khorasan Razavi province, Iran. All fresh fruits include Blackberry, Blueberry,
Dragon, and raspberry were purchased from a local market (Village grocer) in Malaysia

and were used as received.
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Figure 3.1. Methodology flowchart of this research.



33 Preparation of the dyes
3.3.1 Drying process

During this process, the fruits and flowers were washed with distilled water and dried
in two steps. First, they were placed on a hot plate during the daytime, at 40 °C, and
second, in a climate chamber, at 40 °C, at night until they were fully dried. The weight of
each sample, before and after drying as well as the required time for the drying process
were recorded. Table 3.1 represents the weight of the samples and their corresponding
times for the drying process. The saffron sample was purchased in the dry form and no

drying process was required for this sample.

Table 3.1. Time and weight of the fruits before and after drying.

Name Drying time (h) Weight before (g) Weight after (g)
Raspberry 18 101.23 10.63
Blackberry 24 102.89 10.02
Blueberry 144 100.09 16.84
Dragon fruit 100 182.25 9.12

Saffron

3.3.2 Dye extraction

After drying process, in order to extract the dye from the samples, the fruits and saffron
stigma were grounded in a mixer to a powder form. Powder forms would speed up the
extraction process. Then, they were mixed with ethanol with the ratio of 1:50 (1 gram of
the dried fruits: 50 ml of ethanol). The mixture was then stirred on a magnet stirrer at
room temperature for 24 hours. Next, the mixtures were centrifuged to get a clear and

homogeneous solution.
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34 Preparation of gel polymer electrolytes

The applied PVA-based gel polymer electrolyte was prepared based on the previous
work (Shamsuddin et al. 2017). First, 0.611g of potassium iodide was mixed with 2g of
DMEF/DMSO and the mixture has been stirred for 1h at the room temperature. Then, 0.1g
of PVA polymer was added to the mixture and stirred at 120 °C for about 4h until the
mixture became homogenous and viscous. During the cooling procedure, 0.042g of I»
and 0.05M TBP were added and stirred for about 30 mins. GPEs having 0.05M of TBP
have also been prepared to obtain a better performance in DSSC (Ji ef al. 2020). All the

electrolytes were kept in a desiccator over night before being used.

Table 3.2. The composition of GPEs.

Electrolyte DMF (g) DMSO (g) I (g) PVA (g) Ki(g) TBP (M)
A 2 - 0.0042 0.1 0.611 -
B 2 - 0.0042 0.1 0.611 0.05
C - 2 0.0042 0.1 0.611 -
D - 2 0.0042 0.1 0.6111 0.05
35 Preparation of photoanode

3.51 Cleaning process of FTO glasses

FTO glasses were cut in lcm x 2cm pieces and they being soaked in a soap and water
solution for 20 minutes. All the glasses then washed individually with a tissue to remove
any dirty and rinsed and soaked in distilled water again with 2 drops of nitric acid for 10
minutes. At last, the FTO glasses were soaked in isopropanol alcohol and boiled until the

bobbles appeared. After cooling down, they were removed from the alcohol and let it dry.
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3.5.2  Preparation of conductive layers of TiO2 (photoanode)

Ti0; photoanode consists of two layers of titanium dioxide with different particle size.
The first layer of photoanode was prepared by grinding 0.5g P90 TiO, with mortar and
pestle. Then, 2mL of nitric acid were added to the TiO» powder and grounded to form a
paste. The paste was coated on the FTO glasses using spin coat with 3000 rpm. Next, the
glasses were sintered at 450 °C for 30 minutes. For the second layer, 0.5g TiO> (P25)
were grounded with mortar and pestle, then 2mL of nitric acid were added to the powder.
0.25g of PEG and two drops of triton x-100 as surfactant were added. After mixing all
the material, the paste was grounded to get a homogenous mixture with soft and smooth
texture. Finally, the prepared paste was coated on to FTO glass with one layer of TiO»
using doctor blade method. The coated FTO glasses were sintered for 30 minutes at 450
°C (Wongcharee et al., 2007). Electron recombination at the FTO/TiO; interface can be
prevented by applying a compact layer to the FTO substrate before the mesoporous oxide
coating. This so-called blocking layer prevents the electrolyte from making physical
contact with the FTO surface, reducing the likelihood of triiodine reduction by
photoinjected electrons (Patrocinio, Paterno, and Tha 2010). The TiO> second layer
provide better surface to adsorbed dyes due to the porosity of the second layer (Rho et al.

2015).

3.5.3 Sensitizing of the photoanode
The prepared photoanodes was heated to 100 °C for 10 mins. After 10 mins when the

photoanodes reach the room temperature they were soaked in dye solution for 24h.

3.6 Preparation of Pt counter electrode (Cathode)
To prepare the Pt counter electrode, the plastisol solution was brushed on the

conductive side of the FTO glasses at 120 °C on a hot plate. The coating was continued
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until all the surface of the glass covered by a thin layer of plastisol. The provided electrode

was sintered at 450 °C for 30 minutes.

3.7 DSSCs fabrication

The photoanodes were removed from the dye and washed with absolute ethanol to
remove any sprinkles of dyes on the electrodes and then dried with hair dryer to avoid
any stain on the glass. Next a thin layer of gel polymer electrolytes coated on the surface
of TiOz and dye. Then the Pt counter electrode placed faced down on the GPE layer and

the glasses clipped on both sides to avoid the glasses from slipping. Figure 3.2 shows the

fabricated DSSC.

Figure 3.2. Image of the assembled DSSCs.

3.8 Characterization
3.8.1 Characterization of gel polymer electrolyte
The ionic conductivity, X-ray diffraction (XRD) and Fourier transform infrared

spectroscopy (FTIR) experiments have been performed.
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3.8.1.1 Ionic Conductivity

Impedance spectroscopy of GPE were performed using HIOKI 3532-50 LCR Hi-
Tester in the frequency range of 50Hz to SMHz. To find the conductivity, GPEs were
filled into the coin cell which was sandwiched in between two stainless steels. The bulk
resistance, Ry was obtained from the impedance plot and the ionic conductivity can be
calculated from equation (3.1).

t 3.1

Here A is the area which is 3.14 cm? and t is the thickness of 0.16 cm (Shamsuddin et al.

2017).

3.8.1.2 X-Ray Diffractometer (XRD)
The XRD was performed by Olumpus BTX-II Benchtop x-ray diffraction, from
intensity of 0 to 400 and 20 angles of 5° to 55° with 30 kV accompanied by 0.35 mA

using Cu Ka radiation at 0.05° step size (Shamsuddin et al. 2017; Buraidah ef al. 2016).

3.8.1.3 FTIR

FTIR spectra were performed in the range of wavenumber from 4000 to
650 cm™ ! during 64 scans, with 2 cm™ ! resolutions (Paragon 1000, PerkinElmer, USA).
The FTIR spectra were normalized, and major vibration bands were associated with

chemical groups.

3.8.2 Characterization of DSSCs
The characterization of DSSCs were performed using solar simulator and metrohm
autolab (Metrohm Autolab B.V. PGSTAT 128N Netherlands) connected to the computer

with software Nova 1.11. Figure 3.3 shows the solar simulator and Metrohm lab.
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Figure 3.3. Solar simulator with reference cell positioned for testing.

3.8.3 Photovoltaic characteristics

The photovoltaic characteristics of the cells were measure under solar simulator with
intensity of 100 mW cm™ (AM 1.5). An external bias was applied to the cells and the
generated photocurrent were measured. Short circuit current density, Jsc and open circuit
voltage, Vo were obtained from the J-V curve characteristic. Figure 3.4 shows an example
of J-V curve characteristic of a DSSC under illumination. Js is dependent on several
factors such as the light intensity, light absorption, injection efficiency and regeneration
of the oxidized dye. Js. obtained when voltage equal to zero. The V. is measured when

the current through the cell is equal to zero (open circuit).

43



Figure 3.4. [llustration of J-V characteristics of a solar cell. Blue line: measured current-
voltage curve. Red line: area of Voc = Jsc. Green line: area of Viax * Jmas.

The fill factor, FF' measures the ideality of the device and is defined as the ratio of the
maximum power output per unit area to the product of V,. and Ji. (area within the green
square divided by the area of the red square in Figure 3.4). Several factors can influence
the FF, such as a high inner resistance (e.g., a bad counter electrode), which will give a
low fill factor and a decreased overall efficiency. The FF can be calculated by using
equation (3.2).

Vimax Jmax (3.2)
VocJsc

FF =
The overall solar energy to electricity conversion efficiency, 7 of a solar cell is defined
as the ratio of the maximum output of the cell divided by the power of the incident light.

It can be determined by Jsc, Voe, FF, and the intensity of the incident light (Pin) as shown

in equation (3.3) (Ning, Fu, and Tian 2010; Sokolsky and Cirdk 2010).

(3.3)

X 100%

_ Voc s FF
n=—p—

mn
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3.84 Electrochemical impedance spectroscopy (EIS)
The electrochemical impedance spectroscopy was carried out using metrohm autolab
to evaluate the resistivity of charge transfer between electrodes and electrolytes in DSSCs.

The impedance of DSSCs were performed in the frequency range of 1 -1000 Hz.

3.8.5 IMPS/IMVS

Intensity-modulated photovoltage spectroscopy (IMVS) and intensity-modulated
photocurrent spectroscopy (IMPS) can get significant data about DSSCs. IMPS and
IMVS yield time constants which are related to the electron transport and electron
recombination, respectively. IMPS and IMVS are related to the EIS. In EIS, a constant
potential or current signal is applied to a cell which is superimposed by an AC signal. The
frequency is modulated. The measured sinusoidal signal has the same frequency as the
applied signal, but it is phase-shifted.

Both IMPS and IMVS operate in a similar way. Instead of modulating the amplitude
of a current or potential signal, the intensity of a light beam focused on a DSSC is

modulated. Figure 3.5 illustrates both techniques.

Figure 3.5. Sketch of the light signal focused on a DSSC during IMPS and IMVS.
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During IMPS and IMVS experiments, light with a base intensity /pc is focused on a
DSSC. Upon the constant base intensity, a sinusoidal waveform with amplitude Iy is
superimposed. The frequency f of the sine wave is changed during an experiment. The
angular frequency w can be expressed as w = 2pf. The photocurrent (IMPS) or
photovoltage (IMVS) respectively of a DSSC is measured. Similar to EIS, but in this case,
the resultant signal has the same frequency as the applied signal, but its phase is shifted.
By changing the frequency of the light signal, time-dependent information about various
processes such as diffusion coefficients or reaction rates can be obtained. EIS and
IMPS/IMVS can be further differentiated by looking at the I-V curve of a DSSC. Figure
3.6 shows stylized sketches of I-V curves with increasing light intensity. The regions
covered by EIS, IMPS, and IMVS are highlighted.

The power generated by a DSSC rises with increasing light intensity. As a result, the
photocurrent increases leading to a higher short-circuit current Isc at OV. In addition, the
open-circuit potential Eoc shifts towards higher potentials. Typically, experiments with
DSSCs are performed under constant illumination. When measuring EIS spectra, only
one point of a single I-V curve can be analyzed. In contrast, the light intensity is
modulated during IMPS and IMVS. This way, the cell’s response within a series of [-V
curves can be measured. The regions for IMPS and IMVS are highlighted in green and
red in Figure 3.6. During IMPS, the potential of a DSSC is potentiostatically controlled
and set to OV (short-circuit conditions). The generated photocurrent is measured. The

green line-segment in Figure 3.6 indicates the range measured during IMPS.
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Figure 3.6. I-V curves of a DSC showing the regions covered by EIS, IMPS, and IMVS.

(a) The electron transport lifetime (ts)

At short-circuit conditions, the band gap between non-conductive valence band and
conduction band of the semiconductor is maximum. As a result, nearly no electrons are
injected into the conduction band. Most reactions occur on the back layer of the anode
and electrons are migrating from the location where they are generated to the electrode’s
back layer. The corresponding electron transport time constant 1y can be evaluated by
IMPS. The technique exhibits a specific frequency fips which is inversely proportional
to 7, according to Equation 3.4.

1 (3.4)

T —_——
T 21 fimps
(b) Electron recombination lifetime (t..)

IMVS experiments are performed under open-circuit conditions. As the name implies,
the cell is open and the open-circuit potential of a DSSC is measured. The red

line-segment in Figure 3.6 indicates the measured range during an IMVS experiment. The
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open-circuit potential is the maximum potential of a DSSC before power is dissipated
instead of being generated. The band gap between valence band and conduction band is
small at this potential. Hence reactions on the back layer of the anode are less likely. Most
generated photoelectrons are injected into the semiconductor’s conduction band. In
addition, the DSSC reaches steady-state at the open-circuit potential. This means that the
rate of electron injection into the conduction band is equal to the electron recombination
rate. IMVS can be used to evaluate the rate of electron recombination or the electron
lifetime. The technique yields a frequency fimvs which is inversely proportional to the

electron recombination time constant Trec, as in Equation (3.5).

1 (3.5)

free = 2T fimvs
3.9 Safety aspects

Throughout the experiments, care is taken to prevent the health, fire, reactivity, and
contact hazards associated with all the chemicals and hazards related with all the
equipment and instrument used in the research project. Besides, normal laboratory safety
precaution procedures including the use of appropriate personal protective equipment and
use of standard operating procedures and waste disposal system is followed to eliminate

and minimize the risk.

3.10 Summary of the chapter

All materials used in this work including sample preparation have been described in
this chapter. Impedance of GPEs was obtained from HIOKI whereas the impedance of
DSSCs was performed by using metrohm equipment. FTIR and XRD were conducted to
analyst the structural properties of GPEs. The DSSCs performance were analyzed from

the J-V characteristic, EIS and IMPS/IMVS data.
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CHAPTER 4: RESULTS AND DISCUSSION

Introduction

This chapter discusses the conductivity of the GPEs and DSSCs performance. The
DSSCs were characterized by J-V curve, EIS, IMPS and IMVS. The conductivity of the
GPEs were characterized via impedance spectroscopy, and their structural properties

were studied via FTIR and XRD

4.1 Ionic conductivity of the selected gel polymer electrolytes

The Nyquist plot of 4 electrolytes (A, B, C and D) at room temperature (RT) is shown
in Figure 4.1. From the figure, it can be observed that the impedance of all GPEs exhibits
tilted spike. This indicates that the plot can be represented as a series connection of
resistor and constant phase element (CPE). CPE is also known as leaky capacitor. The

impedance of CPE can be described as:

Zepg = 1/Q(w)™ 4.1)

where Q is a constant related to the CPE and 1/Q is the capacitance of the CPE. The
distance from the tilted spike to origin at the real axis indicates the bulk resistance of the
electrolyte. As can be seen from the figure, the largest bulk resistance was observed for
GPE C. Therefore, GPE C has the lowest RT conductivity. The composition of GPE C is
similar to the like of GPE D having DMSO as a solvent except that TBP is incorporated
in the GPE D. Therefore, it seems that the addition of TBP slightly affect the conductivity
value of the electrolyte. However, the bulk resistance of GPE A and B are quite similar.
Therefore, the changes in conductivity cannot be seen when the TBP is added into the

electrolyte containing DMF as a solvent (GPE B).
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Figure 4.1. Bulk resistance from the Cole-Cole plot of real and imaginary Rs.

The Nyquist plot presented in Figure 4.1 is a selected sample from the repeated
measurement for all 4 electrolytes. Figure 4.2 shows the variation of average conductivity
with temperature. The average values of conductivity for all GPEs are tabulated in Table
4.1. After calculating standard deviation, it seems TBP does not improve the conductivity
of GPE. From the average values of the conductivity, it can be observed that the addition
of TBP does not change significantly. The GPE consist of DMF solvent (A and B)
exhibits the better ionic conductivity as compared to the GPE with DMSO solvent. These
might be due to the DMF is less viscous than the DMSO (Yang et al. 2008). The R? values
of the graph in Figure 4.2 are close to 1 for all GPEs. This indicates that, the temperature
dependance ionic conductivity of all electrolytes obeys Arrhenius relationship which can

be described as:
-E»
o= aoexpkb—T 4.2)

where E, is the activation energy, g, is a constant, kj, is a Boltzmann constant and 7 is

the temperature.
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Figure 4.2. Log conductivity of the gel polymer electrolytes.

Table 4.1. Conductivity of gel polymer electrolytes in different temperatures.

Conductivity, o (mS cm™)

Temperature

(K) A B C D

303 14.05 + 3.50 11.99 + 6.84 245+ 1.51 2.98+1.35
313 14.75 + 3.63 12.88 + 8.54 4.06 +2.05 3.33+1.43
323 14.99 + 3.57 14.32 +£3.52 6.61 £3.70 449 +1.02
333 15.61 £3.78 15.27 +3.50 7.17 +3.82 4.96 +1.01
343 16.02 +3.90 15.57+3.57 8.04 +£4.26 5.79£1.80
353 17.19 £4.15 16.49 +3.35 9.02 +£4.63 6.26 +1.86
363 17.93 +4.05 17.71 £3.42 9.45+490 7.96 +£2.94
373 18.61 +4.55 18.90 = 4.25 10.52 +5.20 10.17 £ 3.23

E, (eV) 0.04 0.06 0.18 0.16

The values of E4 for all GPEs are tabulated in Table 4.1. It can be observed that the E,
values are almost identical for GPEs with and without TBP (A/B and C/D). As expected,
the GPEs having DMF solvent (A and B) exhibits the lowest E4 since they have the higher
ionic conductivity as compared to the GPEs having DMSO solvent (C and D). Ej, is the
energy required for ions to move from one site to another sites. When the temperature
increases the polymer matrix is expanding and produces more free spaces. In addition,
the rise in temperature will cause the re-dissociation of ions pair and ions aggregates. The

conductivity represents the ions mobility and the polymer expansion around the polymer
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chain. It means that, with the increasing temperature, the free ions increases and the
polymer segment will move faster and results in conductivity increases (Saikia, Han, and
Chen-Yang 2008). The increase in ionic conductivity in the electrolyte due to the presence
of the co-additives does not appear to be contributing directly to the rise in photocurrent
in the DSSC (Dissanayake et al. 2021). And due to the presence of hydrogen bonds in
protic solvents such as (water, formamide, N-methylformamide), the DC value is

excessively high (Shcherbakov ef al. 2021).

4.2 Fourier-transform infrared spectroscopy (FTIR) of the selected electrolytes

FTIR spectra of all GPEs are shown in Figure 4.3. In the GPE A and B, the peaks
which is attributed to the DMF are observed at 1387 cm™, 1652 cm™!, 2867 cm™!, 866 cm’
I em™, 2929 ecm™, 1502 cm! and 1440 cm™ correspond to N-C-H bending, C=0O
stretching, C-H stretching, C-N symmetric stretching, CH3 symmetric stretching, C-N
stretching mode and CH3 asymmetric deformation respectively (Jacob and Arof 2000).
Addition of TBP to the host polymer and solvent (DMF) has not affected on the polymer
structures, as no significant change in the intensity of the constituent peaks has been
observed. However, a broad band stretching around 3200-3600 cm™!, belonging to the -
O-H bonding, suggests that many intramolecular and intermolecular hydrogen bonds are

formed by the interaction of GPE A and TBP (Saidi ef al. 2021; Perrin et al. 2014).
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Figure 4.3. FTIR spectra recorded between 0 and 4000 cm™ for gel polymers electrolytes
(A, and C) and samples containing TBP additive (B, and D).

In GPE C and D, the peaks which is attributed to the DMSO solvent are observed at
673 cm’!, 953.15 cm™, 702cm™', 1020 to 1030 cm™, 1311 cm™ |, 1406 cm™! 1437 ecm’!,
1659 cm™ , 2909 cm™ and, 2995 cm™! correspond to Symmetric C—S stretch, Asymmetric
C-S stretch, S=O stretch and C-S stretch, CH-OH bending and CHj3 inplane
deformation, NH deformation, vibration , and asymmetric 6(CH3), CH> bending, C=0
stretch, combination of o(CH) and o(CS) and C=C stretching, symmetric C-H
stretching, and, C-H stretching respectively (Awadhia and Agrawal 2007). The effect of
TBP also cannot be observed in the FTIR spectrum (Noor ef al. 2014; Saikia, Han, and

Chen-Yang 2008).

4.3 Characterization of the electrolyte: X-ray diffraction (XRD) studies
Figure 4.4 shows the XRD pattern for all 4 GPEs. It can be observed that the GPEs
studied are amorphous. There are no crystalline peaks of KI salts were observed from the

figure. This indicate that all KI salts were fully dissolved in the PVA based GPEs.
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Figure 4.4. The XRD pattern of the gel polymer electrolyte A, B, C and D.

Broad peaks were observed at 20 = 22.59° and 20.64° for the GPEs having DMF (A and
B) and DMSO (C and D) solvents respectively. The peaks were attributed to the
amorphous nature of the GPEs. From Figure 4.4, it also can be seen that the amorphous
peak intensity of the GPE A had elevated slightly after the addition of TBP (electrolyte
B). Similar increment in intensity was observed for the GPEs with DMSO solvent. The
increase of the peak intensity may be due to the existence of a bulky cation in the
electrolyte (Syairah et al. 2019). The bulky cations were come from the interaction

between the lone pair of nitrogen atom in TBP with K* of the KI salt.

4.4 DSSCs performance analyses of Blackberry
4.4.1 Photovoltaic (J-V) characteristics
The J-V curve of DSSC using sensitizer extracted from dry blackberry with four gel

polymer electrolytes A, B, C and D are shown in Figure 4.5.
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Figure 4.5. Blackberry J-V Curves of photovoltaic cells with different GPEs.

The average values of short circuit current density (Js), open circuit voltage (Voc), fill

factor (FF), and efficiency # are shown in Table 4.2.

Table 4.2. Photovoltaic parameters of Blackberry with different GPEs.

Dye GPE Jse (mA cm™) Voe (V) FF n%
A 2.16+£0.23 0.42 +£0.01 0.55+0.04 0.50+0.02
B 2.18+£0.19 0.44 £0.01 0.57+0.01 0.54 +0.04
Blackberry
C 1.40+0.11 0.44 £0.01 0.60 +0.02 0.37+0.01
D 1.65+0.17 0.43 +£0.01 0.58 £0.02 0.41+0.05

From Table 4.2, it can be observed that the Ji. and efficiency of DSSCs having gel
polymer electrolyte containing DMF solvent (A and B) are higher than the electrolyte
containing DMSO solvent (C and D). The higher J;. and efficiency may be due to the
higher conductivity value of electrolyte A and B as compared to the electrolyte C and D.
Electrolyte conductivity affect the performance of DSSC. As discussed in previous
chapter, the function of the electrolyte is to carry charges from counter electrode to
photoanode. A complete circuit will be achieved when electrons in counter electrode
reached photoanode and regenerate oxidized dye molecules. It is known that the mobility
of charge carries affect the conductivity of the electrolyte. Therefore, the higher

conductivity, the faster the circuit to be completed thus led to higher Ji and efficiency
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(Mohammed 2020). It also can be observed that the incorporation of TBP into the
electrolyte improving the Js. and efficiency of DSSC. For the DSSC having electrolytes
A, the Ji. increased to 2.18 mAcm™ after the addition of TBP (DSSC with electrolyte B).
The efficiency is also increased to 0.54%. For the DSSC having electrolytes C and D
which represented the electrolytes with solvent DMSO, the values of J,. increased from
1.40 (mA cm™?) to 1.65 (mAcm™) and the efficiency increased from 0.37 % to 0.41 %.
TBP in the electrolyte help to suppress electron recombination and improve the charge
transportation. When excited electron in dye molecules be injected into the CB of MO
TiO2, they can recombine back to triiodide ions in the electrolyte. Therefore, by having
TBP in the electrolyte, the recombination process or also known as dark current in DSSC
can be suppressed by the adsorption of TBP on the empty surface (no dyes) of the TiO».
This led to higher J;. and efficiency of DSSC using gel polymer electrolyte incorporated

with TBP.

4.4.2 Electrical impedance spectroscopy (EIS)

Figure 4.6 shows the impedance plot of DSSCs based blackberry dye. From the
impedance plot, the series and charge transfer resistance of DSSC can be analyzed. The
series resistance can be determined by measuring the distance from the origin to the first
semicircle at the real axis. The semicircle represents the charge transfer resistance at the
electrode/electrolyte interface and diffusion of ions in the electrolyte (C. Wang et al.

2019).
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Figure 4.6. The Nyquist plots of EIS for the blackberry fabricated photovoltaic cells with
different GPEs.

Two semicircles in which small at the high frequency region can be observed for DSSC
having gel polymer electrolyte A, C and D. The small semicircle at the high frequencies
represents the charge transfer resistance at the counter electrode/electrolyte interface
(Rcg). The second semicircle at the medium frequencies represents the charge transfer at
the photoanode/electrolyte interface (Rp). On the other hand, three semicircles were
observed for DSSC having gel polymer electrolyte B. The third semicircle at the low
frequencies is represent as the ion’s diffusion in the electrolyte. However, third semicircle
does not clearly been seen in other DSSCs. Therefore, the main focus in this work was
the charge transfer resistance at the photoanode/electrolyte interface. From Figure 4.6, it
can be observed that the values of Rck are quite similar for all DSSCs. The Rp values of
all DSSCs are listed in Table 4.3. It can be observed that the Rp of DSSCs having gel
polymer electrolyte A and B is smaller than the DSSCs having gel polymer electrolyte C

and D. This indicates that the charge transfer from the electrolyte containing DMF solvent
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to the photoanode of DSSC is faster than the DMSO. This is agreed with the conductivity

of the gel polymer, J;c and efficiency obtained in the previous section.

Table 4.3. R, value of DSSCs using blackberry dyes.

Dye GPE Rp

A 121

Blackberry B 103
C 149

D 128

4.4.3 IMPS and IMVS study of photovoltaic cells

Figure 4.7 shows the IMPS graphs of the DSSCs based blackberry dye.
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Figure 4.7. IMPS plot for the DDSCs based blackberry dye with different GPEs.

The maximum value at intermediate frequency is the IMPS characteristic frequency,
fiups. This value was used to calculate electron transport, T through the pores of the
photoanode to the FTO glass by using the equation (3.4). Figure 4.8 shows the IMVS
graphs of the DSSCs based blackberry dye. Same as the fiups, the IMVS characteristic
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frequency, fivys was determined at the maximum value of intermediate frequencies. This

value was used to calculate the electron recombination time, T.c by using the equation

(3.5).
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Figure 4.8. IMVS plot for the DDSCs based blackberry dye with different GPEs.

The fiups, fiuvs, tr, and tr. are listed in Table 4.4. Overall, it can be seen that the ¢ for

both DSSC having GPE A and B is faster than the DSSC having GPE D. This explains

the better performance of both DSSC. Although the #.. for DSSC with GPE A and B is

faster than GPE C and D, the ionic conductivity of GPE A and B is higher and therefore

better efficiency. The value of the electron transfer of sample C is less than the sample A

which may be due to the dielectric properties of the solvents.
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Table 4.4. The parameters obtained from IMPS and IMVS experiments for the DSSCs
using blackberry dye with different GPEs.

GPE fmps fmvs tr trec
(Hz) (Hz) (s) (s)
A 1.18 0.57 0.13 0.28
B 0.99 0.60 0.16 0.26
C 3.32 1.38 0.05 0.12
D 2.82 1.26 0.06 0.13

4.5 DSSCs performance analyses of Blueberry
4.5.1 Photovoltaic (J-V) characteristics

The J-V curve of DSSC using sensitizer extracted from blueberry with GPE A, B, C

and D are shown in Figure 4.9.

Current density, J (mA cm?)
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Voltage, V (V)

Figure 4.9. Blueberry J-V curves of photovoltaic cells with different GPEs.

The average values of short circuit current density (Jsc), open circuit voltage (Vo.), fill

factor (FF), and efficiency # are shown in Table 4.5.
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Table 4.5. Photovoltaic parameters of Blueberry with different GPEs.

Dye GPE Jse (mAcm™) Voe (V) FF n%
A 240+0.17 0.44 + 0.008 0.57 +£0.01 0.60 +0.03
B 2.79+0.27 0.42 £0.02 0.57 +£0.02 0.66 = 0.06
Blueberry
C 1.41+0.20 0.43+0.01 0.58 £ 0.04 0.44 +0.07
D 1.77+0.24 0.51+0.02 0.65 +0.04 0.46 + 0.08

From Table 4.5, the Ji values increased with the additional of TBP in the electrolyte. For
the DSSC having GPEs with DMF solvent, the Jy. increased from 2.40 mA cm™ (GPE A
without TBP) to 2.79 mA c¢cm™ (GPE B with TBP) resulted in the increasing of the
efficiency from 0.60 % to 0.66 %. Similar trend has been observed for the DSSC having
GPEs with DMSO solvent where the Ji. increased from 1.41 mA cm™ (GPE A without
TBP) to 1.77 mA cm™ (GPE B with TBP) and the efficiency increased from 0.44 % to
0.46 %. As mentioned before the addition of TBP into the GPE can minimize the possible
charges recombination in the DSSC and thus improve the cell performance. Overall, the
DSSCs having GPEs with DMF solvent are better as compared to the DSSCs having
GPEs with DMSO solvent. This is due to the higher conductivity of GPE with DMF

solvent than the GPE with DMSO solvent.

4.5.2 Electrical impedance spectroscopy (EIS)

Figure 4.10 shows the impedance plot of DSSCs based blueberry dye. The EIS was
performed to measure the impedance in which involving the mobility charges transfer
characteristic. Since DSSC consist of three main components namely photoanode,
electrolyte and counter electrode, the impedance of these three components can be
analyzed via EIS.

The Rp values of all DSSCs are listed in Table 4.6. Based on Table 4-6, it can be

observed that DSSCs having GPEs with DMSO solvent exhibits larger Rp than the GPEs
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with DMF solvent. The larger resistivity implies lesser charges were transferred between
photoanode and electrolytes causing the low current density and efficiency of the DSSC.
Therefore, the higher J;. and efficiency of DSSC based blueberry dye having GPEs with
DMF solvent may be due to the faster charges transfer at the photoanode/electrolyte
interface. The decrease in Rp values when TBP was added into GPE indicating that the

DSSCs perform better with GPEs incorporated with TBP.
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Figure 4.10. The Nyquist plots of EIS for the blueberry fabricated photovoltaic cells with
different GPEs.
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Table 4.6. R, value of DSSCs using blueberry dye.

Dye GPE Re

A 115

B 113

Blueberry C 192
D 121

453 IMPS and IMVS study of photovoltaic cells
The IMPS and IMVS graphs of the DSSCs based blueberry dye are shown in Figure
4.11 and 4.12 respectively. The fiups, fiuvs, tr, and tr.c obtained from Figure 4.11 and 4.12

are listed in Table 4.7.
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Figure 4.11. IMPS Nyquist type plot for the blueberry fabricated photovoltaic cells with
different GPEs.
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Figure 4.12. IMVS Nyquist type plot for the blueberry fabricated photovoltaic cells with
different GPEs.

From Table 4.7, It can be seen that the # of DSSCs having GPE with TBP is smaller than
the GPE without TBP indicates that the charges transportation in the photoanode of
DSSCs having GPE with TBP is faster than the GPE without TBP. On the other hand, the
trec 18 bigger for DSSC having GPE with TBP indicating the charge recombination is
slower than the DSSC having GPE without TBP. Therefore, the better performance of
DSSCs having GPE with TBP can be explained based on these two parameters (charges

transportation and recombination).
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Table 4.7. The parameters obtained from IMPS and IMVS experiments for the
DSSCs using blueberry dye with different GPEs.

GPE fmps fmvs tr trec
(Hz) (Hz) () ()
A 1.00 0.50 0.16 0.32
B 1.26 0.25 0.13 0.64
C 1.99 1.00 0.08 0.16
D 2.51 0.32 0.06 0.57

4.6 DSSCs performance analyses of Raspberry
4.6.1 Photovoltaic (J-V) characteristics
The J-V curve of DSSC using sensitizer extracted from raspberry with GPE A, B, C

and D are shown in Figure 4.13.

25
—~ —A
QA
5 2 .
= 15 e C
=
z 1 —b0
Q
o
é 0.5
=
O

0

0 0.1 0.2 0.3 0.4 0.5

Voltage, V' (V)

Figure 4.13. Raspberry J-V curves of photovoltaic cells with different GPEs.

The average values of short circuit current density (Js), open circuit voltage (Voc), fill
factor (FF), and efficiency # are shown in Table 4.8. The efficiency of the DSSC with
raspberry dye having GPE A, B, C and D show a similar trend as the DSSCs using
blackberry and blueberry dyes with the same GPEs. Therefore, it is shows that the
conductivity of the GPEs is the main factor to the improvement of the DSSC performance.

In addition, GPEs with incorporation of TBP also improved the overall efficiency. From
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Table 4.8, it can be seen that the efficiency increased from 0.57% to 0.66 % for the DSSC

having GPE A and GPE B respectively.

Table 4.8. Photovoltaic parameters of raspberry with different GPEs.

Dye GPE Ise Voc FF Eff
A 2.09 +£0.22 0.44+0.01 0.62 +0.04 0.57+0.01
Raspberry B 2.86+0.24 0.50 +£0.01 0.71+0.04 0.66 +0.05
C 2.13+0.24 0.41+0.01 0.59+0.01 0.51+0.04
D 220+0.24 0.42+0.01 0.59+0.01 0.54 +£0.04

4.6.2 Electrical impedance spectroscopy (EIS)

Figure 4.14 shows the impedance plot of DSSCs based raspberry dye and their Rp
values are listed in Table 4.6. Based on Table 4.8 and 4.9 it can be observed that the
highest efficiency of DSSC (having GPE B) does not exhibits the lowest R;, value of 127
Q) which is belong to the DSSC having GPE D. In Table 4.8 it can be observed that the
DSSC with GPE A is slightly better than the DSSC with GPE C and D. However, if based
on the standard deviation shown in the table, the efficiency of DSSC having GPE D and
A are quite similar even though the conductivity of GPE A is greater than the GPE D.
This may be due to the larger R, of DSSC with GPE A which is 247 Q affecting the

overall efficiency of the DSSC.

66



200 200
150 | A 150 | B
_ R, a
i 100 IR =100
N 50 o* ®e N 5 *® %,
0 _/ 0 J .\
0 50 100 150 200 250 300 0 50 100 150 200 250 300
7' (Q) 7' ()
200 200
~150 C 150 D
S S
N’
= 100 e ® o =~ 100
N °® ¢ ®e N
50 ) .. 50 ......\
0 —‘ \ 0 —/
0 50 100 150 200 250 300 0 50 100 150 200 250 300
7' (Q) YAN(Y)

Figure 4.14. The Nyquist plots of EIS for the raspberry fabricated photovoltaic cells with
different GPEs.

Table 4.9. R, value of DSSCs using raspberry dye with different GPEs.

Dye GPE Rr

A 247

Raspberry B 134
C 194

D 127

4.6.3 IMPS and IMVS study of photovoltaic cells

The IMPS and IMVS graphs of the DSSCs based raspberry dye are shown in Figure
4.15 and 4.16 respectively. The fiups, fiuvs, tir, and tr.c obtained from Figure 4.15 and 4.16
are listed in Table 4.10. From the Figure 4.15, a slight decrease in the semicircle radius
of the plot B (DSSC having GPE B) can be observed compared to plot A (DSSC having
GPE A). It seems that the IMPS plot of DSSC having GPE with TBP exhibits smaller
radius of the semicircle where the DSSC having GPE C and D are also shows a similar

behaviour.
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Figure 4.15. IMPS Nyquist type plot for the raspberry fabricated photovoltaic cells with

different GPEs.
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Figure 4.16. IMVS Nyquist type plot for the blueberry fabricated photovoltaic cells with

different GPEs.

From Table 4.10, it can be seen that the charges transport in the photoanode of DSSC

having GPE with TBP is faster whereas the charge recombination is slower compared to
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the DSSC having GPE without TBP. This is agreed with the efficiency of DSSCs

presented in Table 4.8.

Table 4.10. The parameters obtained from IMPS and IMVS experiments for the DSSCs

using raspberry dye with different GPEs.

GPE f mps fmvs tr trec
(Hz) (Hz) (s) (s)
A 1.23 0.20 0.13 0.80
B 0.70 0.62 0.23 0.26
C 2.10 0.67 0.08 0.24
D 1.48 0.83 0.11 0.20

4.7 DSSCs performance analyses of Saffron

4.7.1 Photovoltaic (J-V) characteristics

The J-V curve of DSSC using sensitizer extracted from saffron with GPE A, B, C and

D are shown in Figure 4.17. The average values of the short circuit current density (Jsc),

open circuit voltage (Vo.), fill factor (FF), and efficiency # are shown in Table 4.11. It can

be observed that the performance of DSSCs using saffron dye does not follow the

conductivity of the GPEs. As discussed in previous section, the conductivity of GPE A is

higher than the GPE C. However, this was not reflected to the DSSC performance where

they both have similar efficiency. The DSSC having GPE D exhibits the highest

efficiency of 0.62%. This may be due to the faster of charge transfer at the

photoanode/electrolyte interface which will be explained in the next section.
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Figure 4.17. Saffron J-V curves of photovoltaic cells with different GPEs.

Table 4.11. Photovoltaic parameters of raspberry with different GPEs.

Dye GPE Ise Voc FF Eff
A 0.92+0.15 0.46 = 0.007 0.62+0.01 0.26+0.04
B 1.37+0.08 0.41 £0.01 0.61 £0.01 0.35+0.009
Saffron
C 0.91+0.08 0.45+0.01 0.65+0.008 0.27+0.02
D 2.80+0.300 0.44 +0.01 0.50 +£0.05 0.62 +0.06

4.7.2  Electrical impedance spectroscopy (EIS)

Figure 4.18 shows the impedance plot of DSSCs based saffron dye and their Rp values
are listed in Table 4.12. As can be seen, the smallest R, shows the better performance of
DSSC. Based on the DSSC performance, it seems that the saffron dye is more compatible
with the DMSO solvent. Unlike blackberry, blueberry and raspberry where the major
pigments are anthocyanins, saffron contain carotenoid pigment. The higher efficiency of
DSSC based saffron dye probably due to the different in structure of carotenoid pigment
which has been discussed in chapter two. Pigments and solvents affect the ability of
adsorption dye on MO TiO; surface and eventually the efficiency of the charge transfer

at the photoanode.
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Figure 4.18. The Nyquist plots of EIS for the saffron fabricated photovoltaic cells with
different GPEs.

Table 4.12. EIS parameters of fabricated DSSCs for saffron dye with different GPEs.

Dye GPE Re
A 533

Saffron B 17
C 341

D 118

4.7.3 IMPS and IMVS study of photovoltaic cells

The IMPS and IMVS graphs of the DSSCs based saffron dye are shown in Figure 4.19
and 4.20 respectively. The fivps, fiuvs, tir, and tr. obtained from Figure 4.19 and 4.20 are
listed in Table 4.13. It can be observed that the charge tansport in the photoanode of
DSSCs having GPE with DMSO solvent is faster than the GPE with DMF solvent. This
is agreed with the DSSCs performance where the efficiency is higher for DSSC having

GPE with DMSO solvent than the DMF solvent. Therefore it can be deduced that the
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saffron dye is probably more compatible with the DMSO than the DMF. In addition, the

charge recombination time is also slower in the DSSC having GPE with TBP indicates

that TBP succesfully supress the dark current thus leds to the better DSSC performance.
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Figure 4.19. IMPS Nyquist type plot for the saffron fabricated photovoltaic cells with

different GPEs.
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Figure 4.20. IMVS Nyquist type plot for the saffron fabricated photovoltaic cells with
different GPEs.

Table 4.13. The parameters obtained from IMPS and IMVS experiments for the DSSCs
using saffron dye with different GPEs.

Electrolytes f mmps fmvs tur trec
(Hz) (Hz) (s) (s)
A 1.83 0.40 0.09 0.40
B 1.15 0.60 0.14 0.27
C 0.37 0.21 0.43 0.76
D 0.91 0.32 0.17 0.50
4.8 Summary of chapter

The highest conductivity of GPE was obtained for the GPE with DMF solvent. The
conductivity of the GPE reflect the performance of DSSC where the DSSCs having GPE
A and B exhibits higher efficiency compared to the DSSCs having GPE C and D.
Although GPE A and GPE B have the same ionic conductivity, the DSSC having GPE A
is still lower than the DSSC having GPE B. This is because TBP in GPE B help to reduce

charges recombination in DSSC thus leads to higher efficiency. This trend can be
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observed for DSSC based anthocyanin dyes which is blackberry (7 = 54%), blueberry (7
= 66%) and raspberry (77 = 66%) dye sensitizers. In DSSC using saffron as sensitizer, the
highest efficiency was observed for the DSSC having GPE with DMSO solvent which is
GPE D (7= 62%). This may be due to the compatibility of carotenoid of saffron with the
DMSO solvent. Impedance and IMPS/IMVS characteristics have also been presented in
this chapter. Charges transfer resistance, charges transportation time and charges

recombination time has also been calculated.
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CHAPTER 5: CONCLUSION

GPE with DMF solvent exhibits better in conductivity compared to the GPE with
DMSO solvent. The conductivity-temperature relationship of all GPEs followed
Arrhenius rule. Addition of TBP into both GPE does not significantly change the value
of the conductivity. TBP in GPE plays a special role for the improvement of DSSC. The
additional of TBP caused and increment of 8% in the efficiency of DSSC based
blackberry dye having GPE with DMF solvent. 11% increment in the efficiency was
observed for DSSC based blackberry dye having GPE with DMSO solvent. In DSSC
using blueberry as sensitizer, an increment of 10% in efficiency was observed for DSSC
having GPE with DMF solvent (A and B) and 4.54% efficiency increment for DSSC
having GPE with DMSO solvent (C and D). Similar observation can be said for the DSSC
using raspberry dye as sensitizer. 37% and 33% efficiency increment of DSSC are
obtained when the TBP was added into GPE A and GPE D respectively. For DSSC using
saffron dye as sensitizer, the highest efficiency was observed for DSSC having GPE with
DMSO solvent. The higher efficiency of DSSC having GPE with TBP can also be
explained based on the charge transfer resistance calculated from impedance data. All
DSSCs having GPE with TBP exhibits smaller charges transfer resistance, Rp compared
to the without TBP. This indicates that faster charges transfer occurred at the
photoanode/electrolyte interface thus led to improve in the DSSC efficiency. From all the
data’s that have been collected, the DSSCs with anthocyanin components exhibits almost
similar efficiency than that saffron which from the carotenoid group but using different
electrolyte system. Due to the presence of OH and COOH groups in both anthocyanin
and saffron where they can chemically be adsorbed on the TiO; surface, the excited

electrons from HUMO to LUMO in dyes can easily be injected into the conduction band
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of TiO,. However, DSSC using natural dyes generally still exhibits lower efficiency in
comparison to the ruthenium dyes.

For the future work, some thought, and insight have been developed in this study.
Based on the findings of the present work there are some knowledge that can be explored
for better understanding and improved the performance of DSSC based natural

sensitizers.

1. Study the shifting of the conduction band of the semiconductors with various types
of additives to the GPE such as N-methylbenzimidazole (NMBI) and guanidinium
thiocyanate (GuNCS).

2. Modeling and simulate the J-V characteristics of DSSCs to understand better in the
charges transport properties of DSSC.

3. Study the effect of more different types of solvents in GPEs system to obtain the best

performance of DSSC.
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