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POLYVINYL ALCOHOL (PVA) BASED GEL ELECTROLYTES: 

CHARACTERISATION AND APPLICATIONS IN DYE-SENSITIZED SOLAR 

CELLS 

ABSTRACT 

Three systems of gel polymer electrolytes have been prepared in this work. First system 

was PVA-DMSO-EC-PC-KI-I2 gel polymer electrolytes. In the first system, various 

amount of KI salt were added. The highest conductivity of gel polymer electrolyte for 

the first system was 12.50 mS cm-1 for the gel polymer electrolyte with the composition 

of 5.58 wt. % of PVA - 8.37 wt. % of EC - 11.16 wt. % of PC - 61.37 wt. % of DMSO - 

11.72 wt. % of KI  - 1.80 wt. % of I2. To this composition, part of KI was replaced with 

the quaternary ammonium iodide salt which is TMAI, TPAI and TBAI for the second 

system. The conductivity of the gel polymer electrolyte decreased with the increasing 

amount of quaternary ammonium iodide salts. The best electrolyte in systems 2 which 

gave the highest efficiency of 5.51 % and 5.80 %, respectively have been chosen for 

incorporation with diethyl carbonate (DEC) plasticizer (systems 3). With the addition of 

DEC plasticizer, the conductivity of the gel polymer electrolyte and efficiency of DSSC 

were enhanced. The highest efficiency of 7.5 % was obtained for the DSSC having 5.47 

wt. % of PVA - 8.21 wt. % of EC - 10.95 wt. % of PC - 60.22 wt. % of DMSO - 3.45 

wt. % of KI - 8.05 wt. % of TBAI - 1.08 wt. % of I2 - 2.57 wt. % of DEC. The 

interaction of gel polymer electrolytes have been studied via fourier transform infrared 

(FTIR) spectroscopy. The peak shifting observed for S=O, O-H, C-O-C and C=O bands 

indicates that the interaction has occurred. X-ray diffraction (XRD) pattern reveals that 

all gel polymer electrolytes are amorphous. 

Keyword: Conductivity, Gel polymer electrolyte, Dye-sensitized solar cells, Polyvinyl 

alcohol 
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GEL ELEKTROLIT-POLYVINYL ALCOHOL (PVA) : CIRI-CIRI DAN 

APLIKASI DALAM PEWARNA-PEMEKA SEL SOLAR 

ABSTRAK 

Dalam pembelajaran ini, tiga sistem gel polimer elektrolit telah disediakan Sistem 

pertama adalah PVA-DMSO-EC-PC-KI-I2 gel polimer elektrolit. Sistem pertama, 

berlainan jumlah garam KI telah ditambah. Dalam sistem yang pertama, kekonduksian 

tertinggi 12.50 mS cm-1 ditunjukkan oleh gel elektrolit yang mempunyai komposisi 5.58 

berat % PVA – 8.37 berat % EC – 11.16 berat % PC – 61.37 berat % DMSO – 11.72 

berat % KI – 1.80 berat % I2. Dengan komposisi ini, sebahagian jumlah garam KI telah 

diganti dengan garam quat-ammonium iodida iaitu TMAI, TPAI dan TBAI untuk 

system kedua. Bagi sistem kedua, garam quat-ammonium iodida telah mengurangkan 

nilai kekonduksian. Elektrolit terbaik dalam sistem kedua yang memberikan nilai 

kecekapan 5.51 % dan 5.80 % telah digunakan dengan tambahan diethyl karbonat 

(DEC) untuk sistem ketiga. Kekonduksian gel polimer elektrolit dan kecekapan DSSC 

meningkat adalah disebabkan penambahan DEC. Kecekapan paling tinggi iaitu 7.5 % 

diperolehi daripada gel elektrolit yang mengandungi 5.47 wt. % of PVA - 8.21 wt. % of 

EC - 10.95 wt. % of PC - 60.22 wt. % of DMSO - 3.45 wt. % of KI - 8.05 wt. % of 

TBAI - 1.08 wt. % of I2 - 2.57 wt. % of DEC. Melalui fourier transform infrared 

(FTIR), interaksi dalam gel electrolyte telah dipelajari. Perubahan puncak untuk S=O, 

O-H, C-O-C and C=O telah diperhatikan. X-ray diffraction (XRD) bagi gel elektrolit 

menunjukan keamorfusannya. 

Kata kunci: Kekonduksian, Gel polimer elektrolit, Pewarna-pemeka sel solar, 

Polyvinyl alcohol  
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CHAPTER 1: INTRODUCTION TO THE THESIS 

 

1.1.  Introduction 

Generally, there are two types of energy resources which are non-renewable energy 

and renewable energy. Non-renewable energy resources such as coal, oil and natural gas 

are mainly come from fossil fuel. Biomass is the resource that does not renew itself at a 

necessary rate for sustainable economic extraction in expressive human time-frames. 

These kinds of energy resources give global atmospheric contaminants and also create a 

greenhouse gases. In contrast, renewable energy is defined as energy that comes from 

natural resources and quickly restocks them such as solar, wind, tidal and wave. These 

types of renewable energy resources are potentially infinite energy supply and has long 

term sustainable source.     

In 2016, world population which is the number of humans living on earth is 

recorded more than 7.5 billion. This estimation has been declared by the United States 

Census Bureau. They also predicted that the world population will be increased up to 

11.20 billion at year 2100 (Hollmann et al., 1999). Furthermore, with the high number 

of population the consumption for energy also increases wisely. Currently, in Malaysia 

the largest energy sources are mainly come from coal, oil and natural gas production 

(Mekhilef et al., 2014). The depletion of fossil fuel, climate change and rapid 

urbanization are the reasons for high demand on green renewable energy. Thus, solar 

energy is one example of green energy which is the most promising energy sources in 

Malaysia. Total radiation energy of the sun received from outer atmosphere of the earth 

is 1368 W m-2 (Ahmad et al., 2011). Malaysia, being a tropical country with an average 

daily solar emission of 5.5 kW m-2 (equivalent to 15 MJ m-2) is very suitable for the 

generation of solar energy (Oh et al., 2010). Ahmad et al. (2011) reported that the 
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present production of electricity from the solar energy in Malaysia is around 1 MW 

only.  

Generally, solar cell technologies are classified into three generations. First 

generation solar cells (also known as conventional or wafer cell) are usually made of 

crystalline silicon (c-Si). This silicon-based solar cell follows the p-n junction concept. 

The second generation of solar cells is based on thin-film solar cells which include of 

amourphous silicon, cadmium telluride (CdTe) and copper indium gallium selenide 

(CIGS). These thin-film solar cells have improved by years and dominantly used in 

most solar PV systems. The third generation solar cells usually use organic materials in 

the solar cells. This third generation solar cells include organic solar cells, dye-

sensitized solar cells, quantum dot solar cells, polymer solar cells and perovskite solar 

cells.     

Dye-sensitized solar cells (DSSCs) were invented by Michael Grätzel and Brian 

O’Regan. This type of solar cells is well known as “Grätzel cells” and has been 

designed in 1991. The DSSCs are capable to produce electricity under visible spectrum. 

DSSCs are cheap and easy to fabricate. Currently, highest efficiency achieved for DSSC 

is nearly 14 % (Mathew et al., 2014).  

1.2.  Objectives of the thesis 

Poly (vinyl alcohol) (PVA) has been used in this work as polymer host. The 

objectives of this work are: 

• To prepare the PVA based gel polymer electrolytes containing different amount 

of potassium iodide salts. 
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• To study the effect of various quarternary iodide salts such as tetrametyhl 

ammonium iodide, tetrapropyl ammonium iodide and tetrabutyl ammonium 

iodide on the conductivity of the gel polymer electrolytes. 

• To improve the ionic conductivity by adding diethyl carbonate in the gel 

polymer electrolyte system. 

• To fabricate dye-sensitized solar cell (DSSC) and investigate its performance. 

1.3.  Scope of the thesis 

In this thesis, there are nine chapters including the introductory chapter. Chapter 2 

focuses on the literature review about the working principle of DSSC and its 

components. Chapter 3 presents the details of the sample preparation and basic 

characterization such as x-ray diffraction (XRD), fourier transform infrared (FTIR) 

spectroscopy and electrochemical impedance spectroscopy (EIS). The fabrication of 

DSSC has also been summarized in this chapter.    

The results have been presented in Chapters 4 to 7. FTIR results showing the 

interactions between solvent, salts, polymer and also plasticizer have been properly 

arranged in Chapter 4. Chapter 5 is on the X-ray diffraction (XRD) characteristic of gel 

polymer electrolytes. The impedance properties of the gel polymer electrolytes are 

shown in Chapter 6 whereas the DSSC’s performance is presented in Chapter 7. 

Discussion part has been compiled in Chapter 8 and the conclusion of the thesis with 

further future work is presented in Chapter 9.  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1.  Introduction 

Dye-sensitized solar cell (DSSC) is considered as low-cost production and promises 

attractive features (Grätzel, 2004). DSSC have more advantages compared to thin film 

and silicon-wafer based solar cells (Bagher et al., 2015). This generation of solar cell is 

more flexible and easy to prepare. The DSSC generally consist of three main 

components:  

(1) Sensitized nanoparticles of titanium dioxide (TiO2) layer coated on the active 

side of transparent conducting oxide (TCO) glass 

(2) Electrolyte consist of redox mediator and 

(3) Platinum layer coated on TCO glass as counter electrode (CE).  

DSSC structure is illustrated in Figure 2.1. Each of these components plays an 

important role in the performance of DSSC. 

 

 

 

 

 

 

 

Figure 2.1: Schematic diagram of the DSSC structure 
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2.2.  Working Principle 

In dye-sensitized solar cells (DSSC), the working process is not same as the 

conventional p-n junction solar cells where the absorption of photons and charges 

transportation in DSSC, occurred in the same material. Photons are absorbed by dye 

molecules and generate electrons. The electrons then transported through TiO2 

nanoparticles network and electrolyte. The basic operation of a DSSC is summarized in 

the schematic diagram in Figure 2.2. 

 

Figure 2.2: Illustration of the DSSC principle (Hardin et al., 2012) 
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The working principle of DSSC can be roughly summarized in a stepwise manner in the 

following equations: 

                (photoanode)         (2.1)  

                (photoanode)         (2.2) 

                  (photoanode / electrolyte)       (2.3) 

                       (2.4) 

DSSC is exposed under illumination of light that consists of energy particles which 

are photons (hv). Photons will be absorbed by dye molecules. With enough energy, 

electrons in the dye will be excited, D* (Equation 2.1). These excited electrons will be 

injected into the conduction band of TiO2 nanoparticles. The process occurs within ~50 

fs (Grätzel, 1999) and the dyes become oxidized (D+) (Equation 2.2). The oxidized dye 

molecules will be reduced or regenerated by iodide ions which then turn to triiodide 

ions (Equation 2.3). The triiodide ions will be diffused to the counter electrode. 

Meanwhile, the electrons in the conduction band of TiO2 will be transported to the 

counter electrode through the TiO2 network and external circuit which then reducing 

triiodide ions to iodide ions (Equation 2.4). This cycle will be continuous as long as the 

DSSC is exposed under the light source. 

2.3.  Photoanode 

2.3.1.  Fluorine-doped tin oxide (FTO) coated glass 

TCO glasses such as fluorine-doped tin oxide (FTO) and indium-tin oxide (ITO) 

were widely used in DSSC. ITO glass has transmittance more than 80 % with sheet 

resistance 18 Ω cm-2, while FTO glass displays a transmittance of about 75 % in the 

visible region with sheet resistance of 8.5 Ω cm-2 (Umer et al., 2014). Choosing 

between ITO and FTO are highly dependent on the glass usage (Sima et al., 2010). ITO 

*DDhv 

 22

* TiOeDTiOD cb
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glass mostly used as transparent electrode in opto-electronics devices such as liquid 

crystal displays (LCD) and plasma panels (Kawashima et al., 2004). However, ITO has 

some disadvantages which include expensive, unstable resistance at high temperature 

and the indium present can easily diffuse into the emissive polymer layer (Andersson et 

al., 1998; Hollars, 2005). FTO glass is a better option for DSSC since it is cheaper than 

ITO and thermally stable. 

The comparison between ITO and FTO glass in DSSC also shows that the usage of 

FTO glass is promising with high efficiency (Qiao et al., 2006). The cell using ITO 

glass has gain high resistivity after thermal treatment at high temperature compare to the 

FTO glass with initial low resistivity remains unchanged. Thus the current density of 

the cell is high due to the low resistivity of the glass. Sima et al. (2010) have reported 

that the efficiency of DSSC using ITO glass is 2.24 % while solar cells with FTO glass 

gave the efficiency of 9.6 %.  

2.3.2. Nanocrystalline Titanium dioxide (TiO2) photoelectrode 

Nanocrystalline titania (TiO2) has been developed as potential material with good 

physical, chemical and electrical properties. Other than DSSC, it can be also used in 

lithium-ion batteries (Wang et al., 2014) and as photo-catalyst (Miao et al., 2016).  

TiO2 nanoparticles have some good properties such as (Nakata & Fujishima, 2012; Lin 

et al., 2015): 

• Inexpensive 

• Stable structure 

• Long life cycle 

• Harmless with transparency in the visible light region 
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TiO2 nanoparticles have been categorized into different types of structure such as 

rutile and anatase although both are tetragonal structure. These two are categorized 

depending on the arrangement of [TiO6]
2- octahedra where it is connected by edges in 

rutile and sharing vertices in anatase (Hu et al., 2003).  

Rutile has less energy band gap (~3 eV) compared with anatase (3.2 eV). The 

mobility of electron transport in rutile-based TiO2 is slow due to the high packing 

density. Due to the smaller surface area per unit volume, this rutile is difficult for dye 

adsorption and shows less efficient performance. In DSSC, anatase structure is favoured 

over the rutile structure. Anatase structure exhibits high electron mobility, lower 

dielectric constant, less density and lower deposition temperature (Carp et al., 2004). 

Futhermore, short circuit photo current of an anatase-based DSSC show 30 % higher 

than the rutile-based DSSC with same film thickness (Park et al., 2000). The 

comparison between two types of TiO2 nanoparticles has been shown in Table 2.1. 

  Table 2.1: Comparison between two types of categories TiO2 nanoparticles 

TiO2 nanoparticles Comparison 

Rutile 

-Electron transport process is slow due to the high 

packing density. 

-Less energy band gap (~3 eV) 

-Owing to smaller surface area per unit volume 

-Less absorbs dye 

Anatase 

-Electron transport process is fast due to low density 

-High energy band gap (3.2 eV) 

-Chemically stable 

-Lower dielectric constant 
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Another variants form of TiO2 is brookite which is occurs in four natural 

polymorphic forms. Brookite has larger cell volume compared to anatase and rutile, 

where brookite contains eight TiO2 groups per unit cell while anatase has four and rutile 

has two.  

Usually, the preparation of TiO2 layer for DSSC is made up by two layers; the first 

layer (small particle size) and the second layer (large particle size). The significance of 

double layers result a higher efficiency which is influenced by improvement of light 

harvesting (Im et al., 2011).  

2.3.3. Dye 

Dye is one of the main component in DSSC which acting as a molecular pump. It 

starts from absorbing visible light, injection of electrons into the conduction band of 

TiO2 and receiving electrons from the redox couple in the electrolyte (Meyer, 1997). 

The excellent properties of dye-sensitizer for DSSC are listed in Table 2.2 (Longo & De 

Paoli, 2003; Grätzel, 2004):     

 Table 2.2: List of good dye-sensitizer properties 

Properties of good dye-sensitizer 

• A strong absorption in the visible light range. 

• Good interfacial properties with the TiO2 

surface. 

• Long lifetime consistent with device life. 

• Highly stable to sustain about 20 years of light 

exposure. 
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Generally, the dye sensitizer can be divided into two groups which are natural dye 

and synthetic dye. Natural dyes can be obtained from simple procedures of extraction of 

flowers, leaves and fruits. This kind of low-cost production dyes has been chosen as the 

subject in DSSC research due to the non-toxicity and complete biodegradation 

properties (Zhou et al., 2011).  Some example of natural dyes that use as sensitizer in 

DSSC is cyanin (Sirimanne et al., 2006), carotene (Yamazaki et al., 2007) and 

chlorophyll (Kumara et al., 2006). Table 2.3 shows some examples of natural dyes used 

in DSSC. 

Table 2.3: List of example for natural dye-sensitizer used for DSSC 

Dye-sensitizer Contain Efficiency (%) 

Purple corn extract Anthocyanin 
1.06 (Phinjaturus et al., 

2016) 

Male flowers Luffa cylindrica L 

extract 
Anthocyanin 

0.13 (Maurya et al., 

2016) 

Rosella extract Anthocyanin 
0.37 (Wongcharee et 

al., 2007) 

Callindra haematocephata flower Anthocyanin 
0.06 (Maurya et al., 

2016) 

Peltophorum pterocarpum flower β-carotene 
0.04 (Maurya et al., 

2016) 

Amaranthus caudatus flower Anthocyanin 
0.61 (Godibo et al., 

2015) 

Pawpaw Leaf Chlorophyll 
0.20 (Kimpa et al., 

2012) 

Pomegranate leaf Chlorophyll 
0.72 (Chang & Lo, 

2010) 
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Ruthenium dyes such as N3 (red dye), N719 and N749 (black dyes) have been 

developed by Grätzel group as sensitizer in DSSC. Ruthenium complex are good 

sensitizer due to the variety of photochemical properties and high stability in oxidized 

state (Kohle et al., 1997). The chemical structure of N3, N719 and N749 are shown in 

the Figure 2.3. Table 2.4 shows the DSSC performance using N3, N719 and N749 

sensitizers.  

 

 

 

 

Figure 2.3: Schematic diagrams for N3, N719, and N749 (Highlights, 2009) 

N3 

N719 

N749 
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Table 2.4: DSSCs performance using Ruthenium based sensitizer 

Dye-sensitizer Electrolyte DSSC parameter References 

cis-Ru(II) bis (2,2’-

bipyridyl-4,4’-

dicarboxylate)-(NCS)2 

(known as N3 dye) 

Lithium iodide in 

acetonitrile 

Jsc : 18.20 mA 

cm-2 

Voc : 0.72 V 

ff :0.73 

η: 10 % 

(Nazeeruddin 

et al., 1993) 

cis-diisothiocyanato-bis 

(2,2’-bipyridyl-4,4’-

dicaboxylato) Ru(II) 

bis(tetrabutylammonium) 

(known as N719 dye) 

Electrolyte solution 

Jsc : 17.73 mA 

cm-2 

Voc : 0.85 V 

ff :0.75 

η: 11.18 % 

(Nazeeruddin 

et al., 2005) 

cis-diisothiocyanato-bis 

(2,2’-bipyridyl-4,4’-

dicaboxylato) Ru(II) 

bis(tetrabutylammonium) 

(known as N719 dye) 

Electrolyte solution 

(DHS-Et23) 

Jsc : 14.98 mA 

cm-2 

Voc : 0.70 V 

ff : 0.67 

η: 6.97 % 

(Luo et al., 

2016) 

cis-diisothiocyanato-bis 

(2,2’-bipyridyl-4,4’-

dicaboxylato) Ru(II) 

bis(tetrabutylammonium) 

(known as N719 dye) 

Fumed silica as the 

gelling agent, γ-

butyrolactone (γ-BL) 

and 

tetrapropylammonium 

iodide (Pr4N
+I−) 

Jsc : 15.70 mA 

cm-2 

Voc : 0.64 V 

ff : 0.63 

η: 6.33 % 

(Senevirathne 

et al., 2016) 

Ru (II) tri(cyanato)-

2,2’,2”-terpyridyl-

4,4’,4”-tricarboxylate 

(known as N749) 

0.6 M 1-methyl-3-

propyl-imidazoliun 

iodide, 0.1 M LiI,   

0.05 M I2, and 0.5 M 

tert-butylypyridine 

(TBP) in acetonitrile 

Jsc : 16.50 mA 

cm-2 

Voc : 0.73 V 

ff : 0.71 

η: 8.40 % 

(Bang et al., 

2012) 
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2.4.  Electrolyte 

Electrolyte in DSSC plays the role as medium for charge transportation through a 

redox mediator in the photon-to-electricity conversion process. The electrolyte can be in 

liquid, solid or gel form.   

There are some critical aspects that should be considered for any electrolytes used in 

the DSSC (Nogueira et al., 2004; Li et al., 2006) which are: 

(a) Good interfacial contact between the electrolyte with the nano-porous crystalline 

TiO2 layer electrode and counter electrode. 

(b) Good identical properties such as thermal, chemical, optical, electrochemical 

and long-term stability. 

(c) High ionic conductivity. 

2.4.1. Liquid electrolyte 

Liquid electrolyte contains solvent as a medium and iodide salt. Liquid electrolyte 

has the best ionic conductivity compared to the solid and gel electrolyte. High ionic 

conductivity is important in which it will affect the DSSC performance. Basically, 

liquid electrolyte in the DSSC fabrication should consist of three main components such 

as organic solvent, redox pair and additive. Liquid electrolyte should have some good 

properties such as less viscous, high temperature volatilities and precipitate of salts at 

low temperature (Jayaweera et al., 2015). Traditional organic liquid electrolytes pose 

problems such as: 

• Low long-term stability 

• Problem in sealing process to overcome leakage of electrolyte 

• Easy evaporation of solvent. 
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There are some solvents that have been used such as acetonitrile, ethylene carbonate, 

propylene carbonate, γ-butyrolactone, ethylene glycol, tetrahydrofuran, 

dimethoxyethane, dimethylsulfoxide and water (O'Regan & Grätzel, 1991; Hara et al., 

2001; Kato et al., 2009; Law et al., 2010) in the liquid electrolyte preparation for the 

DSSC application.  

2.4.1.1. Dimethyl sulfoxide (DMSO) 

Generally, DMSO with chemical formula (CH3)2SO is an effective solvent for a wide 

selection of organic materials including many types of polymers. DMSO is a polar 

aprotic solvent (lack of acidic hydrogen) which can dissolve many kinds of inorganic 

salts. DMSO is also miscible with water and most organic type liquids. DMSO acts as a 

good solvent for PVA (Watase & Nishinari, 1989).  

2.4.1.2. Ethylene carbonate (EC) and Propylene carbonate (PC) 

EC is an organic compound with the specific chemical formula (CH2O)2CO. EC is 

colorless in solid form and practically odorless at room temperature. EC has low 

molecular weight and high dielectric constant (εr = 89). EC is widely used in research 

work as solvent in the electrolyte preparation (Ding et al., 2001; Sloop et al., 2001). PC 

has low molecular weight and high dielectric constant (εr = 65). There are some works 

that have been done using the PC as attractive solvent in the electrolyte for devices 

(Jasinski & Burrows, 1969; Yao et al., 2009).  

Since both EC and PC have good properties, EC-PC combination has been used as 

solvents in the electrolyte preparation (Tobishima & Yamaji, 1984; Katayama et al., 

2002).  
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2.4.1.3. Diethyl carbonates (DEC) 

Diethyl carbonate (DEC) is colorless in liquid form with molecular weight of 118.13 

and density of 0.97 g cm-3. DEC has high boiling point of 126.8 oC and a melting point 

of -43 oC. DEC is a high quality solvent which can be used as plasticizer and in 

electrolyte preparation for capacitor, battery and lithium battery application. The 

chemical structure of DEC is shown in Figure 2.4.      

Ionic conductivity of the electrolyte can be improved by the addition of plasticizer. 

The addition of low molecular weight and high dielectric constant plasticizers in the gel 

polymer electrolyte has significantly increase the amorphous phase of the polymer. This 

would affect the flexibility of polymer backbone and mobility of charge carriers 

(Pitawala et al., 2008). The addition of plasticizer also increases the volume of 

electrolyte system and decreases the viscosity of the electrolyte for the ion movement 

(Rahman et al., 2011).    

 

Figure 2.4: Diethyl carbonate chemical structure 

2.4.2. Gel polymer electrolyte 

Although solid form electrolytes may be the ideal state for DSSCs since they give 

high stability, easily in assembly and no-leakage problem but due to them having low 

ionic conductivity and poor contact with the TiO2 nanoparticles layer electrode, the 

efficiency of DSSC is low. Thus, the best method to avoid this problem is using quasi-

solid state polymer electrolytes or gel polymer electrolytes since they have better 

contact and high filling property between electrolyte and electrode. Gel polymer 

electrolyte is a circumventing approach for the solid and liquid electrolytes problem. In 
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addition, gel-form electrolyte can attain high conductivities since this kind of electrolyte 

has properties of holding liquid electrolyte by trapping in cages with the polymer host 

matrices (Wu et al., 2006).  

2.4.2.1. Polymer 

There are some research work that used various polymers or co-polymers as host 

matrices for the gel-form electrolyte in DSSCs, such as poly(methyl methacrylate) 

(PMMA) (Yang et al., 2008; Dissanayake et al., 2014), poly(acrylonitrile) (PAN) 

(Ileperuma et al., 2002; Dissanayake et al., 2012), poly(acrylonitrile-co-styrene) (SAN) 

(Lan et al., 2006; Wu et al., 2006), poly(ethylene oxide) (PEO) (Agarwala et al., 2011), 

poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) (Tsai et al., 2013), and 

polyvinyl pyrrolidone (PVP) / polyethylene glycol (PEG) (Wu et al., 2007). Some 

efficiency results using the abovementioned polymer have been shown in Table 2.5.  

Table 2.5: Various researches on the GPE for the DSSC fabrication 

Gel polymer electrolyte Dye Efficiency (%) References 

 PMMA-KI-TPAI 

PMMA-NaI 

N719 

N719 

3.99 

4.78 

(Dissanayake et al., 

2014) 

(Yang et al., 2008) 

 PAN-TMAI 

 

PAN-KI-TPAI 

N719 

 

N719 

2.99 

 

~ 5.00 

(Ileperuma et al., 

2002) 

(Dissanayake et al., 

2012) 

SAN -NaI N719 3.10 (Lan et al., 2006) 

PEO– KI-LiI N719 5.80 
(Agarwala et al., 

2011) 

PVDF-HFP-KI-LiI N3 5.52 (Tsai et al., 2013) 

(PVP) / (PEG)-KI  N719 4.01 (Wu et al., 2007) 
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2.4.2.2. Poly (vinyl alcohol) (PVA) 

Since there are various types of polymers that have been used as polymer host, PVA 

has been chosen due to the outstanding properties such as (Jia et al., 2007):  

• Non-toxic  

• Biocompatible 

• Biodegradable 

• Highly chemical resistance 

• Show good performance in mechanical strength 

• Easily preparation.  

PVA is also a potential electrolyte material with high dielectric strength for charge 

storage capacity (Mohamed et al., 2014). PVA also has high capability of solvent 

holding and wide temperature window (Agrawal & Shukla, 2000). PVA also widely 

used for binder in solid pigments, ceramic products, plastic, cement, fibers, non-woven 

fabrics, catalyst pellets, and cork compositions (Attia & El-Kader, 2013). This kind of 

water-soluble polymer is used widely for the paper coating, textile sizing, and flexible 

water-soluble packaging films (Bassner & Klingenberg, 1998). Figure 2.5 shows PVA’s 

chemical structure. 

  

Figure 2.5: Polyvinyl alcohol (PVA) chemical structure 
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Polyvinyl alcohol (PVA) has also been used by researchers in severals applications 

such as electrical double layer capacitors (Senthilkumar et al., 2013), supercapacitors 

(Liew, et al., 2015), electrochromic windows (Singh et al., 1995), sensors (Penza & 

Cassano, 2000), batteries (Kadir et al., 2010), Li-ion batteries (Subramania et al., 2006) 

and fuel cell (Liew et al., 2014).  

Therefore, polyvinyl alcohol (PVA) can also be used in the dye-sensitized solar cell 

as polymer host for the electrolyte (Aziz et al., 2014). 

2.4.2.3. Potassium Iodide (KI) 

KI is an inorganic compound containing two ions, K+ as cation and Iˉ as anion as 

shown in Figure 2.6.  

 

 

Figure 2.6: Potassium iodide chemical structure 

There are some researches on the gel polymer electrolytes employing LiI, NaI and KI 

for DSSC applications (An et al., 2006; Aziz et al., 2014; Noor et al., 2014). Table 2.6 

shows some researches on DSSCs that used KI as salt in electrolyte. 

Table 2.6: DSSCs performance using potassium iodide based gel polymer electrolyte 

Gel polymer electrolyte Efficiency (%) References 

PEO-DMPII-KI 4.05 (Chen et al., 2011) 

Poly(acrylamide)-PEG-

EC-PC-KI 
3.00 (Wu et al., 2006) 

PEO-KI 2.04 
(Kalaignan et al., 

2006) 
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Table 2.6, continued. 

Gel polymer electrolyte Efficiency (%) References 

PVdF-HFP-EC-PC-KI 2.20 (Noor et al., 2011) 

PEG-KI 2.67 (Park et al., 2008) 

PEO-KI  4.50 
(Agarwala et al., 

2011) 

 

2.4.2.4. Quaternary ammonium iodide  

Quaternary ammonium iodide (QAI) is generally known as quaternary ammonium 

salts or compounds. This kind of salt contains quaternary ammonium cation and an 

iodide ion. The quaternary ammonium cation is a positive charge and has four branches 

as shown in Figure 2.7.  

 

Figure 2.7: Quaternary ammonium cation chemical structure 

Quaternary ammonium iodide salts are widely used in gel electrolyte for DSSC. 

These quaternary ammonium iodide salts includes tetraethyl ammonium iodide (TEAI), 

tetrapropyl ammonium iodide (TPAI), tetrametyhl ammonium iodide (TMAI), and 

tetrabutyl ammonium iodide (TBAI) (Bandara et al., 2013). The chemical structure of 

these salts are shown in Figure 2.8. 
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Figure 2.8: Example of quaternary ammonium iodide (a) Tetraetyhl ammonium iodide 

(TEAI) (b) Tetrapropyl ammonium iodide (TPAI) (c) Tetramethyl ammonium iodide 

(TMAI) (d) Tetrabutyhl ammonium iodide (TBAI) 

 

The presence of quaternary ammonium iodide in the gel electrolyte system gives an 

advantage for dye-sensitized solar cell. This is because the quaternary ammonium 

iodide has large cation. Hence, this salt is expected to provide more number of iodide 

ions. The large number of iodide ions contributes to the short circuit current density and 

also the efficiency of DSSC (Arof et al., 2014). 

2.4.2.5. Redox couple 

In the DSSC, the redox couple should be playing the main role in the electrolyte. 

There are some properties for an ideal redox shuttles in DSSC to attain good efficiency 

as shown in Table 2.7 and Figure 2.9. 

From the Figure 2.9, the redox shuttle system (R/Rˉ) is the main component for the 

open-circuit voltage of the dye-sensitized solar cell. The gap between the redox shuttle 

(R/Rˉ) potential in electrolyte and Fermi level of TiO2 is a measure of the open circuit 

voltage (Voc).   
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Table 2.7: Properties of ideal redox couple 

Ideal redox shuttles 

Reasonable value of redox potential 

Rational solubility 

Able to prevent the insignificant spectral characteristics in the visible light 

Redox couple should in the stable mode 

Highly reversible process 

No chemical reactivity and surface activity 

 

 

 

 

 

 

 

Figure 2.9: Properties of ideal redox couple (Wolfbauer et al., 2001) 
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There are some examples of redox couple that has been used in the dye-sensitized 

solar cell such as Iˉ / I3ˉ (Boschloo & Hagfeldt, 2009), Brˉ / Br2 (Hara et al., 2001), 

SCNˉ / (SCN)2 with SeCNˉ / (SeCN)2 (Oskam et al., 2001), Fe2+ / Fe3+ (Sönmezoğlu, et 

al., 2012), Co(II/III) (Yella et al., 2011) and Co(phen)3
2+/ Co(phen)3

3+ (Wen et al., 

2000). 

2.5. Counter electrode 

The last component of dye-sensitized solar cell is counter electrode. Counter 

electrode should play well for the electrons transfers from the external circuit to the 

redox couple in electrolyte. A good counter electrode should have these properties such 

as (Koo et al., 2006):  

• Good catalytic effect on the reduction of redox couple  

• Large surface area. 

Platinum has been used widely for dye-sensitized solar cell as counter electrode 

(Özkan, et al., 2017). Other counter electrodes that have been used in DSSC fabrication 

include graphite-based (Wei et al., 2011) and carbon-nanotube (Yang et al., 2013).  

2.6. Summary 

In this chapter, the properties and background of dye-sensitized solar cell have been 

discussed properly with some important details. The next chapter presents the materials 

used, electrolyte preparation and some various experimental characteristics. 
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CHAPTER 3: METHODOLOGY 

 

3.1. Introduction 

In present work, the polymer host which is poly vinyl alcohol (PVA) was used for 

electrolyte preparation. Three systems were done in this work i.e single salt system, 

double salt system and double salt with plasticizer system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Flow chart of work systems 
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3.2. Chemicals 

Ethylene carbonate (EC) and propylene carbonate (PC) were purchased from Sigma 

Aldrich. Dimethyl sulfoxide (DMSO) solvent was purchased from Friendmann Schmidt 

Chemicals. The salts such as potassium iodide (KI), tetrapropyl ammonium iodide 

(TPAI), tetrametyhl ammonium iodide (TMAI) and tetrabutyl ammonium iodide 

(TBAI) were purchased from Sigma Aldrich. Titanium dioxide powder (P90 and P25) 

were purchased from Aeroxide. Ruthenium N3 dye and Platinum (Pt) solution were 

purchased from Solaronix. 

3.3. Gel polymer electrolyte preparation 

3.3.1. PVA-EC-PC-DMSO-KI-I2 system 

The gel polymer electrolytes were prepared by keeping the amounts of PVA (0.2 g), 

EC (0.3 g), PC (0.4 g) and DMSO (2.2 g) fixed and varying the amounts of KI and I2. 

The composition of the gel polymer electrolytes have been shown in Table 3.1.  

Table 3.1(a): Amount of KI salt and I2  

 

Label KI (g) I2 (g) 

A1 0.0412 0.0060 

A2 0.0868 0.0132 

A3 0.1380 0.0212 

A4 0.1952 0.0298 

A5 0.2600 0.0400 

A6 0.3346 0.0512 

A7 0.4200 0.0646 

A8 0.5202 0.0798 

A9 0.6384 0.0980 

 

Table 3.1(b): Composition for gel polymer electrolytes with KI salt 

Label 
PVA 

(wt. %) 

EC (wt. 

%) 

PC (wt. 

%) 

DMSO 

(wt. %) 

KI (wt. 

%) 

I2 (wt. 

%) 

A1 6.36 9.53 12.71 69.90 1.31 0.19 

A2 6.25 9.38 12.50 68.75 2.71 0.41 

A3 6.14 9.20 12.27 67.50 4.23 0.66 
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Table 3.1(b), continued. 

Label 
PVA 

(wt. %) 

EC (wt. 

%) 

PC (wt. 

%) 

DMSO 

(wt. %) 

KI (wt. 

%) 

I2 (wt. 

%) 

A4 6.02 9.02 12.03 66.17 5.87 0.89 

A5 5.88 8.82 11.76 64.71 7.65 1.18 

A6 5.74 8.61 11.48 63.11 9.59 1.47 

A7 5.58 8.37 11.16 61.37 11.72 1.80 

A8 5.41 8.11 10.81 59.46 14.06 2.15 

A9 5.21 7.82 10.43 57.35 16.64 2.55 

 

For the preparation of GPEs, precise amounts of KI were first dissolved in right 

amounts of EC, PC and DMSO contained in a glass container. Then, required amount of 

PVA was added to the salt solution and stirred at 383 K until a homogeneous mixture is 

obtained. The mixture has been cooled down until temperature reached 323 K before 

adding iodine (I2) crystals and continuously stirred for few more minutes. The amount 

of I2 added was 10 % molar ratio of total iodide ions available from salts. The final 

product is in gel form where the I2 is dissolved well in the mixture.  

 

3.3.2. PVA-EC-PC-DMSO-KI-x-I2 (x = TMAI, TPAI, TBAI) system 

From the first system, some parts of KI salt in A7 gel polymer electrolyte 

composition was replaced with tetramethyl ammonium iodide (TMAI), tetrapropyl 

ammonium iodide (TPAI) and tetrabutyl ammonium iodide (TBAI). Table 3.2 (a), (b), 

3.3 (a), (b) and 3.4 (a), (b) list the composition details of gel polymer electrolyte 

composition containing TMAI, TPAI and TBAI, respectively. 

Table 3.2(a): Amount of KI-TMAI salt and I2 

 

Label KI (g) TMAI (g) I2 (g) 

B1 0.294 0.126 0.061 

B2 0.210 0.210 0.058 

B3 0.126 0.294 0.056 

B4 0.000 0.420 0.053 
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Table 3.2(b): Composition for gel polymer electrolytes with KI-TMAI salt 

Label 
PVA 

(wt. %) 

EC 

(wt. %) 

PC (wt. 

%) 

DMSO 

(wt. %) 

KI (wt. 

%) 

TMAI 

(wt. %) 

I2 (wt. 

%) 

B1 5.59 8.38 11.17 61.43 8.21 3.52 1.70 

B2 5.59 8.38 11.18 61.49 5.87 5.87 1.62 

B3 5.59 8.39 11.19 61.52 3.52 8.22 1.57 

B4 5.60 8.40 11.20 61.57 0.00 11.75 1.48 

 

Table 3.3(a): Amount of KI-TPAI salt and I2  

 

Label KI (g) TPAI (g) I2 (g) 

C1 0.294 0.126 0.055 

C2 0.210 0.210 0.049 

C3 0.126 0.294 0.043 

C4 0.000 0.420 0.034 

 

Table 3.3(b): Composition for gel polymer electrolytes with KI-TPAI salt  

 

Label 
PVA 

(wt. %) 

EC (wt. 

%) 

PC (wt. 

%) 

DMSO 

(wt. %) 

KI (wt. 

%) 

TPAI 

(wt. %)  

I2 (wt. 

%) 

C1 5.60 8.39 11.19 61.54 8.22 3.52 1.54 

C2 5.61 8.41 11.21 61.64 5.88 5.88 1.37 

C3 5.61 8.42 11.23 61.74 3.54 8.25 1.21 

C4 5.63 8.44 11.25 61.90 0.00 11.82 0.96 

Table 3.4(a): Amount of KI-TBAI salt and I2  

 

Label KI (g) TBAI (g) I2 (g) 

D1 0.294 0.126 0.0497 

D2 0.210 0.210 0.0464 

D3 0.126 0.294 0.0394 

D4 0.000 0.420 0.0288 
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Table 3.4(b): Composition for gel polymer electrolytes with KI-TBAI salt 

 

Label 
PVA 

(wt. %) 

EC (wt. 

%) 

PC (wt. 

%) 

DMSO 

(wt. %) 

KI (wt. 

%) 

TBAI 

(wt. %) 

I2 (wt. 

%) 

D1 5.60 8.40 11.21 61.63 8.24 3.53 1.39 

D2 5.61 8.41 11.22 61.68 5.89 5.89 1.30 

D3 5.62 8.43 11.24 61.80 3.54 8.26 1.11 

D4 5.64 8.45 11.27 61.99 0.00 11.84 0.81 

 

3.3.3. Plasticizer system  

In this part, the diethyl carbonate was used in the gel polymer electrolyte as 

plasticizer. Two kinds of samples have been chosen from the previous double iodide 

system (KI-TPAI and KI-TBAI) for plasticizer system. Table 3.5 and Table 3.6 shows 

the composition of PVA-EC-PC-DMSO-KI-TPAI-I2-DEC and PVA-EC-PC-DMSO-

KI-TBAI-I2-DEC gel polymer electrolyte system respectively. 

Table 3.5: Composition for gel polymer electrolytes (KI-TPAI-I2-DEC) 

 

Label 

PVA 

(wt. 

%) 

EC 

(wt. 

%) 

PC 

(wt. 

%) 

DMSO 

(wt. %) 

KI 

(wt. 

%) 

TPAI 

(wt. 

%) 

I2 (wt. 

%) 

DEC 

(wt. 

%) 

E1 5.52 8.28 11.04 60.70 5.79 5.79 1.35 1.53 

E2 5.46 8.19 10.92 60.06 5.73 5.73 1.34 2.57 

E3 5.40 8.10 10.80 59.40 5.67 5.67 1.32 3.64 

E4 5.31 7.96 10.62 58.39 5.57 5.57 1.30 5.28 

 

Table 3.6: Composition for gel polymer electrolytes (KI-TBAI-I2-DEC) 

 

Label 

PVA 

(wt. 

%) 

EC 

(wt. 

%) 

PC 

(wt. 

%) 

DMSO 

(wt. %) 

KI 

(wt. 

%) 

TBAI 

(wt. 

%) 

I2 (wt. 

%) 

DEC 

(wt. 

%) 

F1 5.56 8.33 11.11 61.12 3.50 8.17 1.10 1.11 

F2 5.47 8.21 10.95 60.22 3.45 8.05 1.08 2.57 

F3 5.40 8.10 10.80 59.40 5.67 5.67 1.32 3.64 

F4 5.30 7.95 10.61 58.33 3.34 7.80 1.04 5.63 
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3.4. Electrical Impedance Spectroscopy (EIS) 

The HIOKI LCR Hi-Tester ac impedance bridge was used for impedance 

measurements in the frequency range between 1 Hz to 100 kHz.  The gel polymer 

electrolyte was sandwiched between two clean stainless steel electrodes. The 

measurement was performed at various temperatures (298 K to 373 K). 

 

 

 

 

 

 

 

Figure 3.2: Electrochemical impedance spectroscopy (EIS) instrument 

Conductivity was calculated using the following equation:  

                                                                                                                                      (3.1) 

where, t is gel polymer electrolyte thickness, Rb is the bulk resistance which can be 

obtained from the intersection of Cole-Cole plot with the real impedance axis and A is 

the electrolyte surface area.  

In impedance spectroscopy, the applied voltage (V) is defined as  

                                                                                                                                     (3.2) 

where Vo is the voltage amplitude and ω = 2πf, where f is frequency.  

The resulting electric current (I) through the sample is given by, 

                                                 (3.3) 
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where Io is the current amplitude and φ is the phase angle between the applied voltage 

and the resultant current. The electrical impedance, Z(ω) is defined as  

                                                                                                                                      (3.4) 

and also can be expressed as  

                                                                                                                                      (3.5) 

where Zr is real impedance and Zi is imaginary impedance.  

The real and imaginary parts of the complex impedance can be defined as 

                                                                                                                                      (3.6) 

                                                                                                                                      (3.7) 

Nyquist plot is the plot of the negative imaginary part (-Zi) against the real part (Zr) of 

impedance. 

Another related function such as complex permittivity ε (ω) can be expressed by 

                                                                                                                                      (3.8) 

where εr is the real part of complex permittivity and εi is the imaginary part.  

The real and imaginary parts of the complex permittivity is given by 

                                                                                                                                           

(3.9) 

                                                                                                                                         

(3.10) 

Here, Co = ɛoA/t where ɛo, A and t is permittivity of space, area and thickness of the 

electrolyte, respectively. 

)(

)(
)(

tI

tV
Z 

ir jZZZ )(

cosZZr 

sinZZ i 

ir j )(

)(
22

iro

i
r

ZZC

Z







)(

'
22

iro

i
ZZC

Z







Univ
ers

ity
 of

 M
ala

ya



30 

 

In this study, the Nyquist plot or Cole-Cole plot has been used to extract the bulk 

resistance of gel polymer electrolyte where the conductivity value can be obtained from 

Equation (3.1). In order to understand ionic transportation, the diffusion coefficient (D), 

the ionic mobility (μ) and number density of charge carrier (n) for all gel polymer 

electrolytes have been calculated using the following equations (Bandara et al., 2011): 

 

 

 

 

where τ = 1/ ω, ω is the angular frequency at the intercept of spike plot with the x-axis 

in the Cole-Cole plot, A is the area of the sample, k-1 is obtained from the fitting of the 

experimental data, ɛo is the vacuum permittivity, ɛr is the dielectric constant of gel 

polymer electrolyte which can be obtained from equation (3.9), kb is Boltzmann’s 

constant and e is electron charge. 

3.5. X-ray diffraction (XRD)  

X-ray diffraction is an important technique to identify the crystalline or amorphous 

state of the polymer electrolytes. The XRD was carried out by applying an X-ray beam 

with a certain wavelength λ at different angles on the sample. Figure 3.3 shows an 

example of x-ray diffractrograms for polyvinyl alcohol (PVA)-poly vinylidene fluorine 

(PVdF) blend polymer electrolyte. From Figure 3.3, the PVA peaks shown at 2θ=19.5o 

and 22.3o and the PVdF peaks shown at 2θ =20o and 23o. These peaks indicate that the 

PVA and PVdF are semicrystalline. The peaks corresponding LiClO4 do not appear in 

the PVA-PVdF. LiClO4 spectra indicates that the salt is completely dissolved in the 
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polymer matrices. In this work, the XRD of the gel electrolytes was performed using an 

X-ray diffractometer (BTX-II Olympus Benchtop). The source of X-ray is Cu-kα 

radiation with wavelength λ=1.540598 Å. The percentage of the gel polymer electrolyte 

that is crystalline can be determined from equation: 

%100% 
peaksallunderAreaTotal

peaksecrystallinunderArea
ityCrystallin                              

 

Figure 3.3: X-ray diffraction patterns of (a) PVA, (b) PVdF, (c) LiClO4, (d) PVA–

PVdF (0:90)–LiClO4 (10 wt.%), (e) PVA–PVdF (22.5:67.5)–LiClO4(10 wt.%), (f) 

PVA–PVdF (45:45)–Li-ClO4 (10 wt.%), (g) PVA–PVdF (67.5:22.5)–LiClO4(10 wt.%), 

(h)PVA–PVdF(90:0)–LiClO4 (10 wt.%) (Rajendran et al., 2004) 

 

 

 

2θ (degree) 

In
te

n
si

ty
 (

ar
b
it

u
ar

y
 u

n
it

) 

(3.14) 

Univ
ers

ity
 of

 M
ala

ya



32 

 

3.6. Fourier transform infrared (FTIR) spectroscopy  

The functional group of gel polymer electrolytes such as alkyl, hydroxyl, amino 

group can be determined using FTIR spectroscopy. In this work, FTIR 

spectrophotometer (Nicolet iS10 Thermo Scientific) has been used. The measurement 

was carried out in the range between 4000 and 650 cm-1 with 2 cm-1 resolution. 

3.7.  Fabrication of Dye-sensitized solar cell (DSSC)  

3.7.1. Photo-anode preparation 

The photoanode was prepared by coating two layer of TiO2 on top of conducting side 

of FTO glass. The first layer is compact layer and the second is porous layer. The 

compact TiO2 layer was prepared using the following procedure.  0.5 g of TiO2 (P90) 

powder was grounded for about 30 minutes with 2 ml of HNO3 (pH=1) in an agate 

mortar. Then a drop of resulted slurry was spin coated on the well cleaned FTO glass in 

two steps. Spin coating was done first at 1000 rpm for 5 seconds and followed by 

another spin coating at 2300 rpm for 60 seconds.  The spin coated glass plates were 

sintered at 450 °C for about 30 minutes in a furnace. 

The porous TiO2 layer was prepared using the following procedure. 0.5 g of TiO2 

powder (Degussa P25) and 0.1 g of carbowax was grounded with 2 ml HNO3 (pH=1) 

for 30 minutes in an agate mortar. Two drops of Triton X-100 were added as the 

surfactant during the last stage of grinding. Resulted TiO2 slurry was spread on top 

compact layer using the ‘Doctor Blade’ method.  It was the sintered at 450 °C for 30 

minutes in a furnace. 

In order to adsorb dye molecules, the TiO2 coated electrodes were immersed in 0.3 

mM of N3 dye solution held for 24 hours. The N3 dye solution was prepared by 

dissolved 1 mg of N3 powder in 5 mL of ethanol. 
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3.7.2. Platinum (Pt) electrode preparation 

The platinum (Pt) solution was spread onto the clean conducting surface of FTO 

glass. The counter electrode was then heated at 450 oC in the furnace for 30 minutes.  

3.7.3. Dye-sensitized solar cells (DSSCs) assembly 

DSSCs were prepared by sandwiching the gel electrolyte between the dye-sensitized 

TiO2 working electrode and the counter electrode and thus with the configuration of 

glass/FTO/TiO2/Dye/Gel polymer electrolyte/Pt/FTO/glass. A platinum coated glass 

electrode was used as the counter electrode.  

 

 

 

 

 

 

 

 

Figure 3.4: Configuration of Dye-sensitized solar cell (DSSC) 

3.8. J-V measurement of DSSC 

DSSC were tested under white light intensity of 100 mW cm-2. The J-V 

characteristics were obtained using a Keithley 2400 source meter. The fill factor (ff) was 

calculated using the following equation: 

(3.15) 
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where Jsc is the short-circuit current density (mA cm-2) and Voc is the open-circuit 

voltage (V). Jmax (mA cm-2) and Vmax (V) are the current density and voltage at the 

maximum point of power output as shown in Figure 3.5 

 

 

 

 

 

Figure 3.5: J-V curve for dye-sensitized solar cell (DSSC) 

The conversion efficiency from the external light into electricity can be calculated by 

following relationship: 

                                                                                                                                    (3.16) 

 where Pin is the incident light power (100 mW cm-2). 

Figure 3.6 shows a complete fabricated dye-sensitized solar cell. 

 

 

 

 

 

Figure 3.6: Completely fabricated Dye-sensitized solar cell 
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3.9. Summary 

The preparation of gel polymer electrolytes which are PVA-EC-PC-DMSO-KI 

system, PVA-EC-PC-DMSO-KI-x-I2 (x = TMAI, TPAI, TBAI) system and PVA-EC-

PC-DMSO-KI-x-I2-DEC (x=TPAI, TBAI) system have been shown in details. The gel 

polymers electrolytes have been characterized using x-ray diffraction (XRD), fourier 

transform infrared (FTIR) and electrical impedance spectroscopy (EIS). All gel polymer 

electrolytes have been used in the DSSC fabrication. 
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CHAPTER 4: FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

  

4.1. Introduction 

The interaction among the materials in the gel polymer electrolyte systems have been 

investigated using fourier transform infrared (FTIR) spectroscopy. The interactions can 

be determined by observing the shifting of peaks or wavenumbers of the functional 

groups in the spectrum. For example, PVA structure contains the alcohol functional 

group (hydroxyl). This hydroxyl band is expected to shift when O-H bond interacts with 

the cation of salt used.  

4.2. Interaction between PVA-DMSO 

Figure 4.1 shows the infrared spectra for PVA, DMSO and PVA-DMSO in the 

region between (a) 1060 to 1000 cm-1 and (b) 3600 to 3000 cm-1. The functional group 

of S=O for DMSO was observed at 1026 cm-1 (Nakamoto, 1986). The peak has been 

shifted to a lower wavenumber at 1017 cm-1 for the PVA-DMSO sample. Since PVA 

does not have S=O group, there is no peak can be observed in this region. The band at 

3316 cm-1 attributed to the hydroxyl band of PVA has been shifted to 3405 cm-1 as 

shown in Figure 4.1 (b). This shows that there is an interaction between PVA and 

DMSO. All the shifted wavenumber for PVA-DMSO have been listed in Table 4.1.  
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Figure 4.1: FTIR spectra for PVA, DMSO and PVA-DMSO (a) (1060-1000 cm-1) and 

(b) (3600-3000 cm-1) 
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Table 4.1: Bands for PVA, DMSO and PVA-DMSO with their wavenumber 

Wavenumber (cm-1) 

Assignments PVA DMSO PVA-DMSO 

Symmetry C-S 

Stretch 
- 662 657 

Asymmetry C-S 

Stretch 
- 694 700 

Skeletal; C-O 

stretch 
840 887 892 

S=O stretch - 1026 1017 

C-O stretch 1090 - 1081 

CH-OH bending 

and CH3 
1322 1304 1312 

CH2 bending - 1435 1434 

C=O stretch, 

combination of 

υ(CH) and υ(CS) 

and C=C stretch 

1648 1649 1655 

Symmetry C-H 

stretch 
2925 2983 2988 

OH 3316 - 3405 

 

4.3. Interaction between DMSO with EC-PC 

Figure 4.2 shows the FTIR spectra for DMSO, EC, PC, DMSO-PC, DMSO-EC and 

DMSO-EC-PC in the region of 1040 to 1000 cm-1. It can be seen that the DMSO peak 

at 1026 cm-1 was shifted to 1019 cm-1 for DMSO-PC, 1018 cm-1 for DMSO-EC and 

1017 cm-1 for DMSO-EC-PC. The shifting of the band shows that there is an interaction 

between DMSO, EC and PC at the S=O band.  
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Figure 4.2: FTIR spectra for DMSO, EC, PC, DMSO-PC, DMSO-EC and DMSO-EC-

PC (1040-1000 cm-1) 

 

Figure 4.3 shows the FTIR spectra for the DMSO, EC, PC, DMSO-PC, DMSO-EC 

and DMSO-EC-PC in the range of 1200 to 1150 cm-1. This region is contributing to the 

band of C-O-C stretching (Zhang et al., 2013). There is no peak observed for the 

spectrum of DMSO. The C-O-C peak was observed for EC and PC at 1156 cm-1 and 

1180 cm-1 respectively. This peak was shifted to 1184 cm-1 for DMSO-PC and 1163 cm-

1 for DMSO-EC. Since the resolution used in this work was 2 cm-1, this shifting 

indicates that there is an interaction occurs at the C-O-C band of EC and PC with the 

DMSO. The DMSO-EC-PC spectrum shows two peaks at 1180 cm-1 attributed to the 

interaction between DMSO and PC at 1169 cm-1 attributed to the interaction between 

DMSO and EC.  
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Figure 4.3: FTIR spectra for DMSO, EC, PC, DMSO-PC, DMSO-EC and DMSO-EC-

PC (1200-1150 cm-1) 

 

Figure 4.4 shows the FTIR spectra for DMSO, EC, PC, DMSO-PC, DMSO-EC and 

DMSO-EC-PC in the range of 1850 to 1750 cm-1 which is contributing to the C=O 

stretch band  (Osman & Arof, 2003). There is no peak observed for the spectrum of 

DMSO. There are two peaks attributed to the C=O band was observed in the spectrum 

of EC which is at 1767 cm-1 and 1794 cm-1. In the spectrum of PC, the C=O band was 

observed at 1782 cm-1. This band was shifted to 1786 cm-1 for DMSO-PC where 1771 

cm-1 and 1798 cm-1 for DMSO-EC. The DMSO-EC-PC spectrum shows the new shifted 

peak at 1775 cm-1 and 1800 cm-1 for DMSO-EC-PC. This indicates that the DMSO has 

been interacted with EC-PC solvent. The S=O, C-O-C and C=O bands of DMSO-EC-

PC have been listed in Table 4.2.   
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Figure 4.4: FTIR spectra for DMSO, EC, PC, DMSO-PC, DMSO-EC and DMSO-EC-

PC (1850-1750 cm-1) 
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4.4.  Interaction between PVA-DMSO-EC-PC with KI salt 

Figure 4.5 shows the FTIR spectra for PVA-DMSO-EC-PC and PVA-DMSO-EC-

PC-KI gel polymer electrolytes in the region of 3700 to 3100 cm-1. The hydroxyl band 

for PVA-DMSO-EC-PC was observed at 3417 cm-1. The band was shifted when the 

potassium iodide salt was added into the PVA-DMSO-EC-PC. The shifted bands appear 

at 3410, 3410, 3410, 3410, 3410, 3407, 3400, 3403 and 3406 cm-1 for samples A1, A2, 

A3, A4, A5, A6, A7, A8 and A9, respectively. This indicates that the cation of 

potassium iodide do interact with the hydroxyl band of PVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: FTIR spectra for PVA-DMSO-EC-PC and PVA-DMSO-EC-PC-KI (3700 – 

3100 cm-1) 
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Figure 4.6 shows the FTIR spectra for PVA-DMSO-EC-PC gel and PVA-DMSO-

EC-PC-KI gel polymer electrolytes in the region of (a) 1250 to 1150 cm-1 and (b) 1850 

to 1750 cm-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: FTIR spectra for PVA-DMSO-EC-PC and PVA-DMSO-EC-PC-KI (a) 

1250 –1150 cm-1 and (b) 1850 – 1750 cm-1 
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The peaks observed for PVA-DMSO-EC-PC and samples A1, A2, A3, A4, A5, A6, 

A7, A8 and A9 have been listed in Table 4.3. It can be seen that C-O-C band is slightly 

shifted with the addition of KI. The C=O band of PVA-DMSO-EC-PC at 1773 cm-1 

seems unchanged when KI is added. But, the band at 1798 cm-1 was shifted to lower 

wavenumber for sample A1 to A9. This indicates that there is an interaction between 

PVA-DMSO-EC-PC and KI at C-O-C and C=O bands.  

Table 4.3: Bands for PVA-DMSO-EC-PC, A1, A2, A3, A4, A5, A6, A7, A8 and A9 

with their wavenumber 

Wavenumber (cm-1) 

Assignment of bands O-H C=O C-O-C 

PVA-DMSO-EC-PC 3417 1773, 1798 1161, 1177 

A1 3410 1771, 1792 1161, 1179 

A2 3410 1771, 1790 1163, 1182 

A3 3410 1771, 1790 1164, 1182 

A4 3410 1771, 1790 1164, 1182 

A5 3410 1771, 1790 1164, 1182 

A6 3407 1771, 1790 1164, 1182 

A7 3400 1771, 1790 1165, 1184 

A8 3403 1772, 1791 1162, 1179 

A9 3406 1772, 1792 1162, 1179 
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4.5. Interaction between PVA-DMSO-EC-PC with KI-TMAI salt 

Figure 4.7 shows the FTIR spectra for PVA-DMSO-EC-PC-KI-TMAI gel polymer 

electrolytes in the region of 3700 to 3100 cm-1. The band observed at this region was 

hydroxyl band. The hydroxyl band of PVA-DMSO-EC-PC-KI-TMAI gel polymer 

electrolytes has been listed in Table 4.4. Without KI-TMAI salts, the band was observed 

at 3417 cm-1 (Figure 4.5 and Table 4.3). This band shifted to lower wavenumber when 

KI-TMAI salts were added to PVA-DMSO-EC-PC. 

 

 

 

 

 

 

 

Figure 4.7: FTIR spectra for PVA-DMSO-EC-PC-KI-TMAI (3700 – 3100 cm-1) 

 

Figure 4.8 shows the FTIR spectra for PVA-DMSO-EC-PC-KI-TMAI gel polymer 

electrolytes in the region of 1250 to 1150 cm-1 and 1850 to 1750 cm-1. The band 

observed at this region was C-O-C and C=O respectively. The peaks observed for PVA-

DMSO-EC-PC-KI-TMAI have been listed in Table 4.4. It can be seen that C-O-C band 

of PVA-DMSO-EC-PC at 1161 cm-1 and 1177 cm-1 have been shifted to higher 

wavenumber with the addition of KI-TMAI. The C=O band of PVA-DMSO-EC-PC at 

1773 cm-1 seems unchanged when KI-TMAI is added and the band at 1798 cm-1 slightly 
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shifted to lower wavenumber. This indicates that there is an interaction between PVA-

DMSO-EC-PC and KI-TMAI at O-H, C-O-C and C=O bands.  

 

 

 

 

 

 

 

 

Figure 4.8: FTIR spectra for PVA-DMSO-EC-PC-KI-TMAI (a) (1850 – 1750 cm-1) 

and (b) (1250 – 1150 cm-1) 

 

Table 4.4: Band for B1, B2, B3, B4 with their wavenumber 

Wavenumber (cm-1) 

Assignment 

of bands 
B1 B2 B3 B4 

O-H 3412 3409 3407 3409 

C=O 1775,1794 1774,1795 1774,1795 1774,1795 

C-O-C 1164,1185 1163,1186 1165,1185 1165,1183 
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4.6. Interaction between PVA-DMSO-EC-PC with KI-TPAI salt 

Figure 4.9 shows the FTIR spectra for samples PVA-DMSO-EC-PC-KI-TPAI gel 

polymer electrolytes in the region of 3700 to 3100 cm-1. The hydroxyl band was 

observed at 3411, 3415, 3417 and 3419 cm-1 for sample C1, C2, C3 and C4 

respectively. Without KI-TPAI, the band was observed at 3417 cm-1 (Figure 4.5 and 

Table 4.3). Therefore, the hydroxyl band of C2 and C4 gel polymer electrolytes is 

considered unchanged. The shifted peak only observed for C1 sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: FTIR spectra for PVA-DMSO-EC-PC-KI-TPAI (3700 – 3100 cm-1) 

 

Figure 4.10 shows the FTIR spectra for PVA-DMSO-EC-PC-KI-TPAI gel polymer 

electrolytes in the region of 1250 to 1150 cm-1 and 1850 to 1750 cm-1. The band 

observed at this region was C-O-C and C=O respectively.  

The peaks observed for PVA-DMSO-EC-PC-KI-TPAI have been listed in Table 4.5. 

It can be seen that C-O-C band of PVA-DMSO-EC-PC at 1161 cm-1 and 1177 cm-1 is 

shifted with the addition of KI-TPAI.  
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The C=O band of PVA-DMSO-EC-PC at 1773 cm-1 and 1798 cm-1 seems on 

changed when KI-TPAI is added. This indicates that the interaction between PVA-

DMSO-EC-PC and KI-TPAI has been occurred at C-O-C bands.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: FTIR spectra for PVA-DMSO-EC-PC-KI-TPAI (a) (1850 – 1750 cm-1) 

and (b) (1250 – 1150 cm-1) 

Table 4.5: Band for C1, C2, C3, C4 with their wavenumber 

Wavenumber (cm-1) 

Assignment 

of bands 
C1 C2 C3 C4 

O-H 3411 3415 3417 3419 

C=O 1774,1796 1773,1796 1772,1797 1772,1797 

C-O-C 1164,1183 1167,1183 1166,1182 1165,1181 
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4.7. Interaction between PVA-DMSO-EC-PC with KI-TBAI salt 

Figure 4.11 shows the spectra for sample PVA-DMSO-EC-PC-KI-TBAI gel polymer 

electrolytes in the region of 3700 to 3100 cm-1. It can be observed that the hydroxyl 

band is slightly shifted to higher wavenumber for D1 gel polymer electrolyte and lower 

wavenumber for D2 gel polymer electrolyte. Due to the resolution used is 2 cm-1, the 

hydroxyl band of D3 and D4 gel polymer electrolytes are not consider shifted as the O-

H band without KI-TBAI salt (PVA-DMSO-EC-PC) is 3417 cm-1 (Figure 4.5 and Table 

4.3)    

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: FTIR spectra for PVA-DMSO-EC-PC-KI-TBAI (3700 – 3100 cm-1) 

 

Figure 4.12 shows the FTIR spectra for PVA-DMSO-EC-PC-KI-TBAI gel polymer 

electrolytes in the region of 1250 to 1150 cm-1 and 1850 to 1750 cm-1. The band 

observed at this region was C-O-C and C=O respectively.  

The peaks observed for PVA-DMSO-EC-PC-KI-TBAI have been listed in Table 4.6. 

It can be seen that C-O-C band of PVA-DMSO-EC-PC at 1161 cm-1 and 1177 cm-1 is 

shifted with the addition of KI-TBAI. The C=O band of PVA-DMSO-EC-PC at 1798 
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cm-1 was shifted to lower wavenumber when KI-TBAI is added. This indicates that 

there is interaction between PVA-DMSO-EC-PC and KI-TBAI at C-O-C and C=O 

bands.  

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 4.12: FTIR spectra for PVA-DMSO-EC-PC-KI-TBAI (a) (1850 – 1750 cm-1) 

and (b) (1250 – 1150 cm-1) 

Table 4.6: Bands for D1, D2, D3, D4 with their wavenumber 

Wavenumber (cm-1) 

Assignment 

of bands 
D1 D2 D3 D4 

O-H 3420 3414 3417 3419 

C=O 1773,1793 1774,1791 1772,1791 1792,1790 

C-O-C 1163,1183 1162,1184 1163,1184 1163,1185 
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4.8. Interaction between PVA-DMSO-EC-PC-KI-TPAI with addition of DEC 

Figure 4.13 shows the spectra for sample C2 gel polymer electrolyte with the 

addition of various amount of DEC in the region between 3700 to 3100 cm-1. The peaks 

observed which is attributed to the hydroxyl band are listed in Table 4.7. It can be 

observed that the band was shifted to lower wavenumber with the addition of DEC.  

 

 

 

 

 

 

 

 

 

 

Figure 4.13: FTIR spectra for PVA-DMSO-EC-PC-KI-TPAI with variation of DEC 

(3700 – 3100 cm-1) 

 

Figure 4.14 shows the FTIR spectra for PVA-DMSO-EC-PC-KI-TPAI-DEC gel 

polymer electrolytes in the region of 1250 – 1150 cm-1 and 1850 – 1750 cm-1. The band 

observed at this region was C-O-C and C=O respectively.  

The peaks observed for PVA-DMSO-EC-PC-KI-TPAI-DEC have been listed in 

Table 4.7. It can be seen that C-O-C band of PVA-DMSO-EC-PC-KI-TPAI at 1164 cm-

1 and 1183 cm-1 was not changed with the addition of DEC. Similar observation can be 

obtained to C=O band where the band was remain unchanged when DEC is added. This 

indicates that there is no interaction occur between PVA-DMSO-EC-PC-KI-TPAI and 

DEC at C-O-C and C=O bands.  
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Figure 4.14: FTIR spectra for PVA-DMSO-EC-PC-KI-TPAI with variation of DEC (a) 

(1850 – 1750 cm-1) and (b) (1250 – 1150 cm-1) 

Table 4.7: Bands for E1, E2, E3, E4 with their wavenumber 

Wavenumber (cm-1) 

Assignment 

of bands 
E1 E2 E3 E4 

O-H 3408 3399 3395 3390 

C=O 1772,1794 1772,1791 1773,1794 1772,1795 

C-O-C 1163,1183 1162,1184 1163,1184 1163,1185 

 

 

 

E1 

E2 

E3 

E4 

Wavenumber (cm-1) 

(a) (b) 

Univ
ers

ity
 of

 M
ala

ya



53 

 

4.9. Interaction between PVA-DMSO-EC-PC-KI-TBAI with addition of DEC 

Figure 4.15 shows the spectra for sample D3 gel polymer electrolyte with the 

addition of various amount of DEC in region between 3700 to 3100 cm-1. Similar to the 

C2 gel polymer electrolyte, the hydroxyl band of D3 gel polymer electrolyte was shifted 

to lower wavenumber with addition of DEC.   

 

 

 

 

 

 

 

 

 

 

Figure 4.15: FTIR spectra for PVA-DMSO-EC-PC-KI-TBAI with variation of DEC 

(3700 – 3100 cm-1) 

 

Figure 4.16 shows the FTIR spectra for PVA-DMSO-EC-PC-KI-TBAI-DEC gel 

polymer electrolytes in the region of 1250 – 1150 cm-1 and 1850 – 1750 cm-1. The band 

observed at this region was C-O-C and C=O respectively.  

The peaks observed for PVA-DMSO-EC-PC-KI-TBAI-DEC have been listed in 

Table 4.8. It can be seen that C-O-C band of PVA-DMSO-EC-PC-KI-TBAI has not 

shift with the additive of DEC. The C=O band of PVA-DMSO-EC-PC-KI-TBAI at 

1791 cm-1 was shifted to higher wavenumber when DEC is added. This indicates that 

there is an interaction between PVA-DMSO-EC-PC-KI-TBAI and DEC at C-O-C and 

C=O bands.  
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Figure 4.16: FTIR spectra for PVA-DMSO-EC-PC-KI-TBAI with variation of DEC (a) 

(1850 – 1750 cm-1) and (b) (1250 – 1150 cm-1) 

 

Table 4.8: Bands for F1, F2, F3, F4 with their wavenumber 

Assignment 

of bands 
F1 F2 F3 F4 

O-H 3409 3400 3390 3380 

C=O 1772,1794 1772,1791 1773,1794 1772,1795 

C-O-C 1163,1183 1162,1184 1163,1184 1163,1185 
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4.10. Interaction between solvent (DMSO) with salts (KI, TMAI, TPAI and 

TBAI) 

Figure 4.17 shows the FTIR spectra for the DMSO, DMSO-KI, DMSO-TMAI, 

DMSO-TPAI, and DMSO-TBAI in region between 1040 to 1000 cm -1. The S=O band 

peak of DMSO was observed at 1026 cm-1. The peak was shifted to lower wave number 

indicates that the interaction between salts and DMSO occurred at S=O band.  

 

 

 

 

 

 

 

 

Figure 4.17: FTIR spectra for DMSO and KI, TMAI, TPAI and TBAI salts (1040 – 

1000 cm-1) 

 

4.11. Summary 

In this chapter, the interaction between PVA-DMSO-EC-PC with the KI, TMAI, 

TPAI, TBAI and DEC have been analysed using FTIR spectroscopy. The shifted peaks 

indicates that the interaction is occurred. 
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CHAPTER 5: X-RAY DIFFRACTION (XRD) ANALYSIS 

 

5.1. Introduction 

X-ray diffraction is a useful tool to determine the structural phase by observing the 

appearance and disappearance of crystalline or amorphous region. From this study, the 

nature of the different gel polymer electrolytes composition can be described in more 

details.  

In this chapter, XRD results will be presented. XRD patterns for each gel polymer 

electrolyte in the PVA-EC-PC-DMSO-KI, PVA-EC-PC-DMSO-KI-TMAI, PVA-EC-

PC-DMSO-KI-TPAI, PVA-EC-PC-DMSO-KI-TBAI and PVA-EC-PC-DMSO-KI-

TPAI-DEC and PVA-EC-PC-DMSO-KI-TBAI-DEC systems have been obtained. Each 

XRD pattern has been analyzed using the Origin 8 software. 

5.2. PVA-EC-PC-DMSO-KI system 

 

Figure 5.1 shows the XRD pattern for polyvinyl alcohol (PVA) powder. Obviously 

there are some sharp peaks located at 2θ = 5.45
o
, 10.90

o
, 19.60

o
 and 40.25

o
. This 

indicates that the PVA powder is semicrystalline in nature. 

 

 

 

 

 

 

Figure 5.1: XRD pattern for polyvinyl alcohol (PVA) powder 
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The XRD patterns of PVA-EC-PC-DMSO-KI gel polymer electrolytes with different 

amounts of KI salts have been shown in Figure 5.2. All XRD patterns of the gel 

polymer electrolytes show a broad peak at 2θ = 20
o 

which indicates that the gel polymer 

electrolytes are amorphous. The peak position agrees well with the peak located at 2θ = 

20
o 

for pure PVA which has also been reported by Krumova et al. (2000). The FWHM 

values of the XRD patterns for PVA-EC-PC-DMSO-KI gel polymer electrolytes have 

been obtained and shown in Figure 5.3 and Table 5.1. It can be observed that the value 

of FWHM increases slightly starting from 0.19 rad (A1) up to 0.22 rad (A5, A6 and 

A7). The increase of FWHM value indicates that the gel polymer electrolytes have 

become more amorphous. The value is slightly decreased to 0.21 rad for samples A8 

and A9. 

 

 

 

 

 

 

 

 

Figure 5.2: All XRD curves with fitted lines for PVA-EC-PC-DMSO-KI gel polymer 

electrolytes 
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Figure 5.2, continued. 
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Figure 5.2, continued. 
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Figure 5.2, continued. 
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Figure 5.2, continued. 
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Figure 5.3: FWHM for each gel polymer electrolytes with different amount of KI salt 

 

Table 5.1: 2θ and FWHM for gel polymer electrolytes contain different amount of KI 

salt 

 

Electrolyte 2θ (
o
) FWHM (rad) 

A1 21.47 0.19 

A2 21.73 0.19 

A3 21.56 0.21 

A4 21.61 0.21 

A5 21.22 0.22 

A6 21.93 0.22 

A7 21.23 0.22 

A8 21.67 0.21 

A9 22.34 0.21 
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5.3. PVA-EC-PC-DMSO-KI-x-I2 (x = TMAI, TPAI, TBAI) system 

5.3.1. PVA-EC-PC-DMSO-KI-TMAI system 

XRD pattern for tetramethyl ammonium iodide salt has been shown in Figure 5.4. 

There are some sharp peaks shown in this XRD pattern such as at 15.45
o
, 19.20

o
, 

22.45
o
, 29.30

o
, 32.95

o
, 35.80

o
, 39.45

o
, 45.85

o
 and 50.10

o
. These sharp peaks indicate 

that the TMAI salt is crystalline in nature.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: XRD pattern for tetrametyhl ammonium iodide (TMAI) salt 

Figure 5.5 shows the XRD patterns of PVA-EC-PC-DMSO-KI-TMAI gel polymer 

electrolytes with various amounts of KI and TMAI salts. It can be observed that the B1, 

B2, B3 and B4 gel polymer electrolytes exhibits a sharp peak with highest intensity at 

2θ ~ 22
o
. This obvious sharp peak appears in the XRD pattern due to the TMAI salt 

which has not dissolve well in the gel polymer electrolyte. The other crystalline peaks 

that observed in the XRD patterns of B1, B2, B3 and B4 also belong to the TMAI salt. 
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Figure 5.5: All XRD curves with fitted lines for PVA-EC-PC-DMSO-KI-TMAI gel 

polymer electrolytes 
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Figure 5.5, continued. 
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Figure 5.6 shows the degree of crystallinity χ (%) vs wt. % of KI-TMAI for PVA-

EC-PC-DMSO-KI-TMAI gel polymer electrolytes. The degree of crystallinity χ (%) 

calculated using equation 3.15 show an increase trend with decreasing of KI salt and 

increasing of TMAI salt.   

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Degree of crystallinity χ (%) vs wt. % of KI-TMAI  

5.3.2. PVA-EC-PC-DMSO-KI-TPAI system 

Figure 5.7 shows the XRD pattern for tetrapropyl ammonium iodide salt. There are 

some sharp peaks are shown in this XRD pattern such as at 10.05
o
, 12.20

o
, 19.25

o
, 

22.75
o
, 25.30

o
, 27.80

o
, 32.45

o
 and 37.65

o
. These sharp peaks indicate that this TPAI salt 

is crystalline. 

    Figure 5.8 shows the XRD patterns of PVA-EC-PC-DMSO-KI-TPAI gel polymer 

electrolytes with different amounts of KI and TPAI salts. Amorphous nature has been 

observed in all these gel polymer electrolytes.  
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Figure 5.7: XRD pattern for tetrapropyl ammonium iodide (TPAI) salt 

From Figure 5.8, it can be observed that the amorphous peak appears at 2θ ~ 20
o
. 

The absence of TPAI crystalline peaks shows that the TPAI salt has been dissolved 

completely in the gel polymer electrolytes. All the XRD curves also show the fitted red 

line which implies close agreement to the XRD curves. The FWHM values of the PVA-

EC-PC-DMSO-KI-TPAI gel polymer electrolytes have been obtained and shown in 

Figure 5.9 and Table 5.2.  It can be observed that the FWHM value has slightly 

decreased with increasing TPAI concentration. This indicates that the gel polymer 

electrolyte becomes less amorphous in higher TPAI content. 
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Figure 5.8: All XRD curves with fitted lines for PVA-EC-PC-DMSO-KI-TPAI gel 

polymer electrolytes 
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Figure 5.8, continued. 

2θ (
o
) 

2θ (
o
) 

Univ
ers

ity
 of

 M
ala

ya



 

70 

 

 
Figure 5.9: FWHM for each gel polymer electrolytes with different amount of KI-TPAI 

salts 

 

Table 5.2: 2θ and FWHM for gel polymer electrolytes contain different amount of KI-

TPAI salt 

Electrolyte 2θ (
o
) FWHM (rad) 

A7 21.23 0.22 

C1 21.42 0.22 

C2 20.36 0.21 

C3 21.17 0.20 

C4 20.79 0.19 
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5.3.3. PVA-EC-PC-DMSO-KI-TBAI system 

Figure 5.10 shows the XRD pattern for tetrabutyl ammonium iodide salt. There are 

some sharp peaks shown in this XRD pattern such as at 9.40
o
, 18.05

o
, 20.60

o
, 22.60

o
, 

24.70
o
, 27.60

o
, 31.35

o
 and 40.30

o
. These sharp peaks indicate that the TBAI salt is 

crystalline. 

 

 

 

 

 

 

 

Figure 5.10: XRD pattern for tetrabutyl ammonium iodide (TBAI) salt 

Figure 5.11 shows the XRD patterns of PVA-EC-PC-DMSO-KI-TBAI gel polymer 

electrolytes with various amounts of KI and TBAI salts. The broad peaks indicate that 

the amorphous nature of gel polymer electrolytes. The amorphous peak for each gel 

polymer electrolyte contains KI and TBAI salts observed at 2θ ~ 20
o
. The FWHM value 

of the PVA-EC-PC-DMSO-KI-TBAI gel polymer electrolytes has been obtained and 

shown in Figure 5.12 and Table 5.3. It can be observed that the FWHM value is slightly 

decreasing with the increase of TBAI concentration which indicates that the gel polymer 

electrolytes becomes less amorphous. 
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Figure 5.11: All XRD curves with fitted lines for PVA-EC-PC-DMSO-KI-TBAI gel 

polymer electrolytes  
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Figure 5.11, continued. 
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Figure 5.12: FWHM for each gel polymer electrolytes with different amount of KI-

TBAI salts 

 

Table 5.3: 2θ and FWHM for gel polymer electrolytes contain different amount of KI-

TBAI salt 

Electrolyte 2θ (
o
) FWHM (rad) 

A7 21.23 0.22 

D1 20.94 0.18 

D2 20.80 0.17 

D3 20.90 0.17 

D4 20.25 0.16 
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5.4. Plasticizer system 

5.4.1. PVA-EC-PC-DMSO-KI-TPAI-DEC system 

Figure 5.13 shows the XRD patterns of PVA-EC-PC-DMSO-KI-TPAI-DEC gel 

polymer electrolytes with various amount of DEC. All the XRD patterns exhibits a 

broad peak indicates that the gel polymer electrolytes are amorphous. The amorphous 

peak for each gel electrolytes was observed at 2θ ~ 20
o
. The FWHM values of the PVA-

EC-PC-DMSO-KI-TPAI-DEC gel polymer electrolytes have been obtained and shown 

in Figure 5.14 and Table 5.4. It can be observed the FWHM value increases with the 

DEC content which indicates that the gel polymer electrolytes becoming more 

amorphous.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: All XRD curves with fitted lines for PVA-EC-PC-DMSO-KI-TPAI-DEC 

gel polymer electrolytes 
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Figure 5.13, continued. 
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Figure 5.13, continued. 

 

 

Figure 5.14: FWHM for each PVA-DMSO-EC-PC-KI-TPAI gel polymer electrolytes 

with variation of DEC 
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Table 5.4: 2θ and FWHM for PVA-DMSO-EC-PC-KI-TPAI gel electrolytes contain 

different amount of DEC 

Electrolyte 2θ (
o
) FWHM (rad) 

C2 20.36 0.21 

E1 21.60 0.21 

E2 20.95 0.22 

E3 21.61 0.22 

E4 21.21 0.22 

 

5.4.2. PVA-EC-PC-DMSO-KI-TBAI-DEC system 

Figure 5.15 shows the XRD patterns of PVA-EC-PC-DMSO-KI-TBAI-DEC gel 

polymer electrolytes with various amount of DEC. All XRD peaks exhibits a broad peak 

at 2θ ~ 20
o 

indicates that the gel polymer electrolytes are amorphous. The FWHM value 

of the PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer electrolytes has been obtained 

and shown in Figure 5.16 and Table 5.5. It can be observed that the amorphous nature 

of gel polymer electrolytes remain unchanged with the amount of DEC. This can be 

known from the similar value of FWHM. 
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Figure 5.15: All XRD curves with fitted lines for PVA-EC-PC-DMSO-KI-TBAI-DEC 

gel polymer electrolytes 
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Figure 5.15, continued. 
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Figure 5.16: FWHM for PVA-DMSO-EC-PC-KI-TBAI gel polymer electrolytes with 

variation of DEC 

 

Table 5.5: 2θ and FWHM for PVA-DMSO-EC-PC-KI-TBAI gel polymer electrolytes 

with different amount of DEC 

Electrolyte 2θ (
o
) FWHM (rad) 

D3 20.90 0.169 

F1 20.63 0.170 

F2 20.93 0.181 

F3 20.82 0.171 

F4 20.81 0.169 
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5.5. Summary 

In this chapter, the entire XRD patterns for each gel electrolyte system have been 

shown properly. XRD pattern shows that the gel polymer electrolytes are amorphous in 

nature. The appearance peaks of TMAI salt in PVA-EC-PC-DMSO-KI-TMAI gel 

polymer electrolyte system indicates that the TMAI salt is not dissolved properly. 

Meanwhile, TPAI and TBAI salts are completely dissolved in both PVA-EC-PC-

DMSO-KI-TPAI and PVA-EC-PC-DMSO-KI-TBAI gel polymer electrolyte systems.    
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CHAPTER 6: ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

 

6.1. Introduction 

Electrochemical impedance spectroscopy (EIS) is an important technique to measure 

the impedance of the gel polymer electrolytes. From the impedance data, the 

conductivity value of each sample can be calculated. The effect of salt concentration 

(KI), mixed cations (KI-TMAI, KI-TPAI, and KI-TBAI) and plasticizer (DEC) will be 

shown in this chapter.  

6.2. Conductivity studies   

6.2.1. PVA-EC-PC-DMSO-KI system 

Figure 6.1 depicts the Cole-Cole plots for PVA-EC-PC-DMSO-KI gel polymer 

electrolytes at room temperature (RT). Bulk resistance, Rb is obtained by extrapolating 

the spike with the x-axis (Zr). As can be seen from the figure, all the Cole-Cole plots are 

in spike form which indicates that electrode polarization is dominant. Thus, its physical 

model can be described as resistor connected with constant phase element (CPE) 

(Govindaraj et. al., 1995) as shown in equations (6.1) and (6.2).  

 

 

 

 

where p is a fraction of right angle as shown in Figure 6.1 (A1). k-1 corresponds to value 
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Figure 6.1:  Cole-Cole plots for PVA-EC-PC-DMSO-KI gel polymer electrolytes 

0

20

40

60

80

100

0 20 40 60 80 100

-Z
i 
(Ω

)

Zr (Ω)

A3

A3 Fit
0

20

40

60

80

100

0 20 40 60 80 100

-Z
i 
(Ω

)

Zr (Ω)

A4

A4 Fit

0

20

40

60

80

100

0 20 40 60 80 100

-Z
i 
(Ω

)

Zr (Ω)

A5

A5 Fit
0

20

40

60

80

100

0 20 40 60 80 100

-Z
i 
(Ω

)

Zr (Ω)

A6

A6 Fit

Rb = 27 Ω 

p = 0.86 rad 

k-1 = 25μF 

Rb = 17 Ω 

p = 0.78 rad 

k-1 = 30μF 

Rb = 13 Ω 

p = 0.82 rad 

k-1 = 34μF 

Rb = 12 Ω 

p = 0.85 rad 

k-1 = 18μF 

0

50

100

150

200

0 50 100 150 200

-Z
i 
(Ω

)

Zr (Ω)

A1

A1 Fit

(1.31 wt. %)

0

20

40

60

80

100

0 20 40 60 80 100

-Z
i 
(Ω

)

Zr (Ω)

A2

A2 Fit

Rb = 59 Ω 

p = 0.81 rad 

k-1 = 22μF 

Rb = 36 Ω 

p = 0.85 rad 

k-1 = 23μF 

(2.71 wt. %) 

(4.23 wt. %) (5.87 wt. %) 

(7.65 wt. %) 
(9.59 wt. %) 

(πn) / 2 

 

Univ
ers

ity
 of

 M
ala

ya



85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1, continued. 

 

As the weight percentage of KI salt increases, the Rb shows decreasing trend for 

samples A1 to A7. However, the value of Rb increased for samples A8 and A9. Figure 

6.2 (a) displays the graph of conductivity vs wt. % of KI. The plotted graph shows that 

the room temperature ionic conductivity increases from 2.35 ± 0.28 mS cm-1 for 1.31 

wt. % of KI (A1) to the maximum conductivity of 12.48  ± 0.42 mS cm-1 for 11.72 wt. 
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% of KI (A7). However, after the optimum conductivity of sample A7, the conductivity 

is observed to decrease for samples A8 (10.90 ± 0.28 mS cm-1) and A9 (10.70 ± 0.14 

mS cm-1).  

 

 

 

   
 

Figure 6.2:(a) Conductivity vs wt. % of KI and (b) Log conductivity vs 1000/T for 

PVA-EC-PC-DMSO-KI gel polymer electrolytes 
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The relationship between the conductivity and temperature are plotted in Figure 6.2 

(b). Each gel polymer electrolyte for the single iodide system shows that the 

conductivity increased with increasing temperature. All the graph in Figure 6.2 (b) also 

show that a linear variations (R2 ≈ 1) and therefore can be assuming that the 

conductivity-temperature dependence follows Arrhenius relation. 

Activation energy, Ea is defined as the minimum energy required for chemical 

reaction begins. In the conductivity studies, the entire conductivity plot is obey 

Arrhenius relation: 

 

 

where σo is the pre-exponential factor, kb is Boltzmann constant and T is absolute 

temperature in Kelvin. Ea is obtained from the slope of log σ vs 1000/T graph. Here, the 

value of Ea has been calculated in Table 6.1. 

From the table, it can be observed that Ea value for both samples A1 and A2 is 0.15 

eV. The value seems slightly decreased to 0.13 eV (A7) and rise again up to 0.16 eV 

(A8 and A9). The smallest Ea value exhibits the highest conducting gel polymer 

electrolyte (A7). This indicates that the movement of ions is easier in A7 gel polymer 

electrolyte compared to others in the same system.  
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Table 6.1: σRT and activation energy for gel polymer electrolytes with different amount 

of KI 

Sample wt. % of KI salt σRT (mS cm-1) Ea (eV) 

A1 1.15 2.35 ± 0.28 0.15 

A2 2.42 3.66 ± 0.42 0.15 

A3 3.82 5.23 ± 0.41 0.14 

A4 5.45 7.56 ± 0.54 0.14 

A5 7.25 10.20 ± 0.21 0.14 

A6 9.33 10.60 ± 0.64 0.14 

A7 11.72 12.50 ± 0.75 0.13 

A8 14.51 10.90 ± 0.28 0.16 

A9 17.81 10.70 ± 0.14 0.16 

 

Figure 6.3 shows the dielectric constant, εr vs wt. % of KI. The εr value has been 

calculated from Equation (3.14) at frequency 100 kHz and 50 kHz. It can be observed 

that the trend of εr is similar to the ionic conductivity (Figure 6.2 (a)). From Equations 

(3.11) to (3.13), the diffusion coefficient (D), number density (n) and mobility (μ) of 

charge carrier have been calculated and listed in Table 6.2.  
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Figure 6.3:  εr vs wt. % of KI salt for PVA-EC-PC-DMSO-KI gel polymer electrolytes 

 

Table 6.2: Values of D, n, μ for PVA-EC-PC-DMSO-KI gel polymer electrolytes at 

different frequencies (100 kHz and 50 kHz)  

Frequency at 100 kHz 

 

D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A1 0.08±0.02 1.18±0.08  0.03±0.01 

A2 1.73±0.64 2.39±0.19  0.67±0.02 

A3 3.11±0.76 3.69±0.22  1.21±0.57 

A4 3.24±0.35 3.74±0.18  1.23±0.31 

A5 3.19±0.44 5.13±0.36  1.24±0.45 

A6 22.9±3.10 7.43±0.64  8.90±0.32 

A7 37.9±9.20 8.29±0.88  14.8±0.17 

A8 8.81±0.18 6.38±0.71  3.43±0.64 
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Table 6.2, continued. 

A9 2.18±0.59 5.17±0.26  1.85±0.14 

Frequency at 50 kHz 

 

D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A1 1.13±0.21 1.32±0.26 0.44±0.09 

A2 3.25±0.45 1.80±0.42 1.27±0.65 

A3 5.31±0.61 1.95±0.31 2.15±0.47 

A4 5.17±0.37 2.35±0.18 2.82±0.12 

A5 9.81±0.51 3.78±0.51 3.58±0.75 

A6 36.8±1.70 4.48±0.35 4.48±0.68 

A7 48.5±1.20 5.13±0.69 18.9±2.90 

A8 10.0±2.40 1.74±0.21 3.91±0.54 

A9 3.08±0.57 1.57±0.17 1.19±0.94 

 

6.2.2. PVA-EC-PC-DMSO-KI-TMAI system 

Figure 6.4 depicts the RT Cole-Cole plots for PVA-EC-PC-DMSO-KI-TMAI gel 

electrolytes. As the weight percentage of TMAI salt increases, the Rb shows increasing 

trend.  
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Figure 6.4: Cole-Cole plots for PVA-EC-PC-DMSO-KI-TMAI gel polymer 

electrolytes 

 

Figure 6.5 (a) shows the graph of RT ionic conductivity vs wt. % of KI-TMAI. It can 

be observed that the conductivity gradually decreases when part of KI salt is replaced by 

TMAI salt (B1 to B4). B4 (100 wt. % of TMAI) gel polymer electrolyte shows the 

lowest value of conductivity which is 1.72 ± 0.16 mS cm-1. This value is seven times 

lower compared to the A7 (100 wt. % of KI) gel polymer electrolyte.  

Figure 6.5 (b) shows the relationship between the conductivity and temperature for 

PVA-EC-PC-DMSO-KI-TMAI gel polymer electrolytes system. It can be observed that 
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the temperature dependent on conductivity of this gel polymer electrolyte system is 

follows the Arrhenius behavior (R2 ≈ 1). 

 

 
Figure 6.5:(a) Conductivity vs wt. % of KI-TMAI and (b) Log conductivity vs 1000/T 

for PVA-EC-PC-DMSO-KI-TMAI gel polymer electrolytes  

 

The Ea and conductivity values for gel polymer electrolytes with different amount of 

KI-TMAI salt have been listed in Table 6.3. The Ea value shows increment when more 

KI salt is replaced by TMAI salt. The lowest conductivity value of gel polymer 

electrolyte exhibits the highest value of Ea (B4).   
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Table 6.3: σRT and activation energy for gel polymer electrolytes with different amount 

of KI-TMAI 

Sample KI-TMAI σRT (mS cm-1) Ea (eV) 

A7 100-0 12.48 ± 0.75 0.13 

B1 70-30 7.87 ± 0.18 0.14 

B2 50-50 6.24 ± 0.18 0.14 

B3 30-70 4.94 ± 0.29 0.15 

B4 0-100 1.72 ± 0.16 0.20 

 

Figure 6.6 shows the graph εr vs wt. % of KI-TMAI salt for PVA-EC-PC-DMSO-KI-

TMAI system at frequency 100 kHz and 50 kHz. It can be observed that the trend of εr 

is similar to the ionic conductivity (Figure 6.5(a)). Table 6.4 list the D, n and μ value of 

PVA-EC-PC-DMSO-KI-TMAI gel polymer electrolytes system at 100 kHz and 50 kHz. 

 

Figure 6.6:  εr vs wt. % of TMAI salt for PVA-EC-PC-DMSO-KI-TMAI gel polymer 

electrolytes 
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Table 6.4: Value of D, n, μ for PVA-EC-PC-DMSO-KI-TMAI gel polymer electrolytes 

at different frequencies (100 kHz and 50 kHz)  

Frequency at 100 kHz  

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A7 37.9±9.20 8.29±0.88 14.8±6.72 

B1 14.7±3.22 0.86±0.02 5.73±0.14 

B2 0.43±0.14 24.8±4.23 0.16±0.08 

B3 0.24±0.11 35.4±5.35 0.09±0.01 

B4 0.006±0.003 451±13 0.002±0.008 

Frequency at 50 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A7 48.5±1.25 5.13±0.69 18.9±2.9 

B1 27.6±2.65 0.46±0.08 10.8±1.3 

B2 22.7±7.41 4.40±0.25 8.85±0.79 

B3 0.56±0.06 14.11±4.43 0.22±0.03 

B4 0.01±0.01 261±19 0.004±0.003 

 

6.2.3. PVA-EC-PC-DMSO-KI-TPAI system 

Figure 6.7 depicts the RT Cole-Cole plots for PVA-EC-PC-DMSO-KI-TPAI gel 

electrolytes. As the weight percentage of TPAI salt increases, Rb shows increasing 

trend. 
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Figure 6.7: Cole-Cole plots for PVA-EC-PC-DMSO-KI-TPAI gel polymer electrolytes 

Figure 6.8 (a) shows the graph of RT ionic conductivity vs wt. % of KI-TPAI. It can 

be observed that the conductivity gradually decreases when part of KI salt has been 

replaced by TPAI salt (C1 to C4). C4 (100 wt. % of TPAI) gel polymer electrolyte 

shows the lowest value of conductivity which is 6.24 ± 0.64 mS cm-1. This value is two 

times lower compared to the A7 (100 wt. % of KI) gel polymer electrolyte.  

Figure 6.8 (b) shows the relationship between the conductivity and temperature for 

PVA-EC-PC-DMSO-KI-TPAI gel polymer electrolytes system. It can be observed that 
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the conductivity temperature relationship of this gel polymer electrolyte system follows 

the Arrhenius behavior (R2 ≈ 1). 

 

  

Figure 6.8:(a) Conductivity vs wt. % and (b) log conductivity vs 1000/T for PVA-EC-

PC-DMSO-KI-TPAI gel polymer electrolytes 
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The Ea and conductivity values for gel polymer electrolytes with different amount of 

KI-TPAI salt have been listed in Table 6.5. The Ea value shows increment when more 

KI salt is replaced by TPAI salt. The lowest conductivity value of gel polymer 

electrolyte exhibits the highest value of Ea (C4).   

Table 6.5: σRT and activation energy for gel polymer electrolytes with different amount 

of KI-TPAI 

Sample KI-TPAI σRT (mS cm-1) Ea (eV) 

A7 100-0 12.48 ± 0.75 0.13 

C1 70-30 9.72 ± 0.41 0.14 

C2 50-50 7.59 ± 1.46 0.14 

C3 30-70 7.09 ± 0.37 0.14 

C4 0-100 6.24 ± 0.64 0.17 

 

Figure 6.9 shows the graph εr vs wt. % of KI-TPAI salt for PVA-EC-PC-DMSO-KI-

TPAI system at frequency 100 kHz and 50 kHz. It can be observed that the trend of εr is 

similar to the ionic conductivity (Figure 6.8(a)). Table 6.6 list the D, n and μ value for 

PVA-EC-PC-DMSO-KI-TPAI gel polymer electrolytes system at 100 kHz and 50 kHz. 

 

Figure 6.9:  εr vs wt. % of TPAI salt for PVA-EC-PC-DMSO-KI-TPAI gel polymer 

electrolytes 
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Table 6.6: Value of D, n, μ for PVA-EC-PC-DMSO-KI-TPAI gel polymer electrolytes 

at different frequencies (100 kHz and 50 kHz)  

Frequency at 100 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ(x 10-2 cm2 V-1 s-1) 

A7 37.9±9.20 8.29±0.88 14.8±0.17 

C1 13.9±6.20 1.12±0.02 5.40±0.34 

C2 0.61±0.07 19.9±2.2 0.24±0.61 

C3 0.09±0.03 117±35 0.03±0.07 

C4 0.03±0.02 752±81 0.005±0.009 

Frequency at 50 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A7 48.5±1.20 5.13±0.69 18.9±2.90 

C1 16.1±2.80 0.97±0.03 6.28±0.19 

C2 3.56±0.41 3.42±0.07 1.39±0.16 

C3 1.56±0.11 7.29±0.83 0.61±0.09 

C4 1.01±0.35 9.86±0.25 0.39±0.04 

 

6.2.4. PVA-EC-PC-DMSO-KI-TBAI system 

Figure 6.10 depicts the RT Cole-Cole plots for PVA-EC-PC-DMSO-KI-TBAI gel 

electrolytes. As the weight percentage of TBAI salt increases, Rb shows increasing 

trend.  
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Figure 6.10: Cole-Cole plots for PVA-EC-PC-DMSO-KI-TBAI gel polymer 

electrolytes  

 

Figure 6.11 (a) shows the graph of RT ionic conductivity vs wt. % of KI-TBAI. It 

can be observed that the conductivity is gradually decreasing when part of KI salt is 

replaced by TBAI salt (D1 to D4). D4 (100 wt. % of TBAI) gel polymer electrolyte 

shows the lowest conductivity value which of 4.68 ± 0.20 mS cm-1. This value is three 

times lower compared to the A7 (100 wt. % of KI) gel polymer electrolyte.  

Figure 6.11 (b) shows the relationship between the conductivity and temperatures for 

PVA-EC-PC-DMSO-KI-TBAI gel polymer electrolytes system. It can be observed that 
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the temperature dependence conductivity of this gel polymer electrolyte system follows 

the Arrhenius behavior (R2 ≈ 1).  

 

 

Figure 6.11:(a) Conductivity vs wt. % of KI-TBAI and (b) Log conductivity vs 1000/T 

for PVA-EC-PC-DMSO-KI-TBAI gel polymer electrolytes 
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The Ea and conductivity values for gel polymer electrolytes with different amount of 

KI-TBAI salt have been listed in Table 6.7. It can be observed that the Ea value is 

slightly increased when small part of KI salt has been replaced by TBAI salt (D1). The 

value remain unchanged (0.14 eV) until the whole KI salt is replaced by TBAI (D4).   

Table 6.7: σRT and activation energy for gel polymer electrolytes with different amount 

of KI-TBAI 

Sample KI-TBAI σRT (mS cm-1) Ea (eV) 

A7 100-0 12.48 ± 0.75 0.13 

D1 70-30 7.57 ± 0.10 0.14 

D2 50-50 5.67 ± 0.51 0.14 

D3 30-70 5.25 ± 0.72 0.14 

D4 0-100 4.68 ± 0.20 0.14 

  

Figure 6.12 shows the graph εr vs wt. % of KI-TBAI salt for PVA-EC-PC-DMSO-

KI-TBAI system at frequency 100 kHz and 50 kHz. It can be observed that the trend of 

εr is similar to the ionic conductivity (Figure 6.11(a)). Table 6.8 list the D, n and μ value 

for PVA-EC-PC-DMSO-KI-TBAI gel polymer electrolytes system. Univ
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Figure 6.12:  εr vs wt. % of TBAI salt for PVA-EC-PC-DMSO-KI-TBAI gel polymer 

electrolytes 

Table 6.8: Values of D, n, μ for PVA-EC-PC-DMSO-KI-TBAI gel polymer electrolytes 

at different frequencies (100 kHz and 50 kHz)  

Frequency at 100 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A7 37.9±9.2 8.29±0.88 14.8±0.17 

D1 7.15±0.31 1.69±0.42 2.79±0.45 

D2 5.50±0.43 1.62±0.61 2.14±0.92 

D3 1.27±0.28 6.65±0.82 0.49±0.05 

D4 0.19±0.02 40.3±27 0.073±0.021 

Frequency at 50 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

A7 48.5±1.2 5.13±0.69 18.9±2.9 

D1 17.2±3.1 0.71±0.38 6.69±0.26 
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Table 6.8, continued. 

D2 14.2±4.3 0.74±0.17 5.52±0.18 

D3 7.02±0.16 1.20±0.36 2.73±0.20 

D4 2.53±0.15 2.96±0.72 0.99±0.51 

 

6.2.5. PVA-EC-PC-DMSO-KI-TPAI-DEC system  

Figure 6.13 depicts the RT Cole-Cole plots for PVA-EC-PC-DMSO-KI-TPAI-DEC 

gel polymer electrolytes. As the weight percentage of DEC increases, the Rb value 

shows decreasing trend initially for E1 and E2 GPEs. Then, Rb increases as can be 

observed in Sample E3 and E4. 

 

 

 

 

 

 

 

 

Figure 6.13: Cole-Cole plots for PVA-EC-PC-DMSO-KI-TPAI-DEC gel polymer 

electrolytes 
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Figure 6.13, continued. 

Figure 6.14 (a) shows the graph of RT ionic conductivity vs wt. % of DEC. It can be 

observed that the conductivity gradually increases when DEC was added in the PVA-

DMSO-EC-PC-KI-TPAI system. E2 (2.57 wt. % DEC) gel polymer electrolyte show 

the highest conductivity value which is 11.20 ± 0.19 mS cm-1 while E4 (5.27 wt. % 

DEC) gel polymer electrolyte shows the lowest conductivity value of 6.75 ± 0.44 mS 

cm-1.  

Figure 6.14 (b) shows the relationship between the conductivity and temperature for 

PVA-EC-PC-DMSO-KI-TPAI-DEC gel polymer electrolytes system. It can be observed 

that the temperature dependence conductivity of this gel polymer electrolyte system 

follows the Arrhenius behavior (R2 ≈ 1). 
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Figure 6.14:(a) Conductivity vs wt. % of DEC and (b) Log conductivity vs 1000/T for 

PVA-EC-PC-DMSO-KI-TPAI-DEC gel polymer electrolytes  

 

The Ea and conductivity values for gel polymer electrolytes with different amount of 

DEC have been listed in Table 6.9. The highest conducting gel polymer electrolyte (E2) 

exhibits the lowest value of Ea (0.09 eV). 
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Table 6.9: σRT and activation energy for gel polymer electrolytes with different amount 

of DEC 

Sample σRT (mS cm-1) Ea (eV) 

C2 7.59 ± 1.46 0.11 

E1 9.07 ± 0.10 0.10 

E2 11.20 ± 0.19 0.09 

E3 8.22 ± 0.38 0.14 

E4 6.75 ± 0.44 0.15 

 

Figure 6.15 shows the graph εr vs wt. % of DEC for PVA-EC-PC-DMSO-KI-TPAI-

DEC system at frequency 100 kHz and 50 kHz. It can be observed that the trend of εr is 

similar to the ionic conductivity (Figure 6.14(a)). Table 6.10 list the D, n and μ value for 

PVA-EC-PC-DMSO-KI-TPAI-DEC gel polymer electrolytes system at 100 kHz and 50 

kHz. 

 

 

 

 

 

 

 

Figure 6.15:  εr vs wt. % of DEC for PVA-EC-PC-DMSO-KI-TPAI-DEC gel polymer 

electrolytes 
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Table 6.10: Value of D, n, μ for PVA-EC-PC-DMSO-KI-TPAI-DEC gel polymer 

electrolytes at different frequencies (100 kHz and 50 kHz)  

Frequency at 100 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

C2 0.61±0.71 19.9±2.2 0.24±0.61 

E1 1.49±0.41 9.76±0.46 0.58±0.15 

E2 5.02±0.23 3.57±0.41 1.96±0.03 

E3 1.68±0.27 7.82±0.22 0.66±0.15 

E4 1.57±0.13 6.87±0.17 0.61±0.41 

Frequency at 50 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

C2 3.56±0.41 3.42±0.07 1.39±0.16 

E1 14.5±0.43 1.00±0.18 5.66±0.43 

E2 27.1±0.13 0.66±0.03 10.6±0.26 

E3 16.4±0.56 0.81±0.16 6.40±0.30 

E4 4.18±0.07 2.59±0.32 1.63±0.21 

 

6.2.6. PVA-EC-PC-DMSO-KI-TBAI-DEC system  

Figure 6.16 depicts the RT Cole-Cole plots for PVA-EC-PC-DMSO-KI-TBAI-DEC 

gel polymer electrolytes. Figure 6.17 (a) shows the graph of RT ionic conductivity vs 

wt. % of DEC. It can be observed that the conductivity gradually increases when DEC 
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was added in the PVA-DMSO-EC-PC-KI-TBAI system. F2 (2.57 wt. % of DEC) gel 

polymer electrolyte shows the highest conductivity value of 6.19 ± 0.06 mS cm-1 while 

F4 (5.27 wt. % of DEC) gel polymer electrolyte shows the lowest value of conductivity 

which is 5.81 ± 0.06 mS cm-1.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16: Cole-Cole plots for PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer 

electrolytes  

Figure 6.17 (b) shows the relationship between the conductivity and temperature for 

PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer electrolytes system. It can be 

observed that the temperature dependence conductivity of this gel polymer electrolyte 

system follows the Arrhenius behavior (R2 ≈ 1). 
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Figure 6.17:(a) Conductivity vs wt. % of DEC and (b) Log conductivity vs 1000/T for 

PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer electrolytes 

 

 

The Ea and conductivity values for gel polymer electrolytes with different amount of 

DEC have been listed in Table 6.11. The highest conductivity gel polymer electrolyte 
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Table 6.11: σRT and activation energy for gel polymer electrolytes with different 

amount of DEC 

Sample σRT (mS cm-1) Ea (eV) 

D3 5.25 ± 0.72 0.14 

F1 5.98 ± 0.06 0.11 

F2 6.19 ± 0.06 0.10 

F3 5.96 ± 0.11 0.13 

F4 5.81 ± 0.06 0.14 

 

Figure 6.18 shows the graph εr vs wt. % of DEC for PVA-EC-PC-DMSO-KI-TBAI-

DEC system at frequency 100 kHz and 50 kHz. It can be observed that the trend of εr is 

similar to the ionic conductivity (Figure 6.17(a)). Table 6.12 list the D, n and μ value for 

PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer electrolytes system at 100 kHz and 50 

kHz. 

 

 

 

 

Figure 6.18:  εr vs wt. % of DEC for PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer 

electrolytes 
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Table 6.12: Value of D, n, μ for PVA-EC-PC-DMSO-KI-TBAI-DEC gel polymer 

electrolytes at different frequencies (100 kHz and 50 kHz)  

Frequency at 100 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

D3 1.27±0.28 6.65±0.82 0.49±0.05 

F1 1.70±0.31 5.62±0.36 0.66±0.06 

F2 1.86±0.45 5.33±0.09 0.72±0.24 

F3 1.44±0.62 6.66±0.36 0.56±0.18 

F4 0.73±0.03 12.8±2.4 0.28±0.31 

Frequency at 50 kHz 

Sample D (x 10-4 cm2 s-1) n (x 1018 cm-3) μ (x 10-2 cm2 V-1 s-1) 

D3 7.02±0.16 1.20±0.36 2.73±0.20 

F1 11.4±0.35 0.84±0.28 4.45±0.33 

F2 13.0±0.19 0.76±0.57 5.06±0.51 

F3 8.87±0.26 1.08±0.24 3.46±0.64 

F4 3.10±0.47 3.00±0.12 1.20±0.18 

 

6.3. Summary 

In this chapter, all the conductivity at room temperature and various temperatures for 

each system have been displayed. From PVA-EC-PC-DMSO-KI system, the 

conductivity at room temperature increases with the increasing of KI salt amount. 

However, PVA-EC-PC-DMSO-KI-TMAI, PVA-EC-PC-DMSO-KI-TPAI and PVA-
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EC-PC-DMSO-KI-TBAI systems show decreasing trend for the ambient conductivity. 

The RT conductivity has been improved with incorporation of DEC plasticizer. The 

conductivity value increases with the increasing temperature. Activation energy shows a 

different trend from the conductivity trend where activation energy decreases with the 

increases in conductivity. All the diffusion coefficient (D), number charge density (n) 

and mobility (μ) for each electrolyte have been calculated.  
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CHAPTER 7: DYE-SENSITIZED SOLAR CELL (DSSC) 

 

7.1. Introduction 

In this chapter, gel polymer electrolytes with different systems have been used for 

the DSSC fabrication. The DSSCs configuration was glass /FTO /TiO2 /Dye /GPE /Pt 

/FTO /glass. The J-V measurements were performed under white light intensity of 100 

mW cm-2. The performance parameters such as short circuit current density (Jsc), open 

circuit voltage (Voc), fill factor (ff) and efficiency have been obtained.  

7.2. Dye-sensitized solar cell for PVA-EC-PC-DMSO-KI system  

Figure 7.1 shows the J-V curves for DSSCs utilizing PVA-EC-PC-DMSO-KI gel 

polymer electrolytes system (A1 to A9).  

 

 

 

 

 

 

 

 

 

 

Figure 7.1: J-V curves for dye-sensitized solar cell (DSSC) (KI salt) 
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Figure 7.1, continued. 
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Figure 7.1, continued. 

 

Table 7.1 lists the main parameters of DSSC obtained from the J-V curves in Figure 

7.1. The Jsc value is almost same for DSSC, having A1 and A2 gel polymer electrolytes. 

The small value of Jsc which is 4.08 mA cm-2 for DK1 cell and 4.02 mA cm-2 for DK2 

cell are due to the gel polymer electrolytes used containing small amount of KI. Small 

amount of KI exhibits low ionic conductivity value (Table 6.1) which leads to small Jsc 

value. The Jsc value is gradually increased for DSSCs having A3 to A7 electrolytes. The 

value increased up to 11.49 mA cm-2 for DK7 cell. Comparing DK7 cell with DK1 and 

DK2 cells, DK7 cell exhibits almost three times higher Jsc value. The Jsc value decreases 

to 9.04 mA cm-2 and 9.72 mA cm-2 for DK8 and DK9 cells respectively. The Voc value 

is almost unchanged for DK1 cell to DK5 cell which is around 0.65 V. The value 

slightly decreased to 0.59 V for DK7 cell.  
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Table 7.1: Parameter of DSSC using gel electrolytes contain different of wt. % of KI 

DSSC Sample Jsc (mA cm-2) Voc (V) ff Efficiency (%) 

DK1 A1 4.08 0.64 0.46 1.20 

DK2 A2 4.02 0.65 0.48 1.25 

DK3 A3 4.62 0.65 0.53 1.59 

DK4 A4 4.88 0.64 0.67 2.09 

DK5 A5 5.69 0.64 0.68 2.48 

DK6 A6 6.67 0.62 0.63 2.61 

DK7 A7 11.49 0.59 0.56 3.80 

DK8 A8 9.04 0.61 0.62 3.42 

DK9 A9 9.72 0.61 0.56 3.32 

 

The efficiency of DSSCs seems to follow the trends of ionic conductivity. Figure 7.2 

shows the plotted graph of efficiency versus KI concentration. The efficiency increased 

up to 3.80 % for DSSC having A7 gel polymer electrolyte (DK7 cell) before decreased 

to 3.32 % for DK9 cell.  

 

 

 

 

 

 

 

 

Figure 7.2: Efficiency vs wt. % of KI 
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7.3. DSSC for PVA-EC-PC-DMSO-KI-TMAI gel electrolytes 

Figure 7.3 shows the J-V curves for DSSC utilizing PVA-EC-PC-DMSO-KI-TMAI 

gel polymer electrolytes systems (B1 to B4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: J-V curves for dye-sensitized solar cell (DSSC) (KI-TMAI salts) 
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The parameters obtained from the J-V curve in Figure 7.3 are listed in Table 7.2. It 

can be observed that the highest Jsc value obtained is 11.30 mA cm-2 for DSSC having 

B1 gel polymer electrolyte (DKM1 cell). However, the decrement in Jsc was observed 

for DKM2, DKM3 and DKM4 cell. From Table 7.2, it can be observed that the open 

circuit voltage, Voc for all DSSC having gel polymer electrolyte containing KI-TMAI 

salts exhibits the values ranging between 0.56 V and 0.60 V. The fill factor (ff) is 

observed in the range of 0.61 to 0.79.  

The highest efficiency of 5.02 % was observed for DSSC having B1 gel polymer 

electrolyte (DKM1 cell). The efficiency decreases when gel polymer electrolyte 

containing higher amount of TMAI were used in DSSC (DKM2, DKM3 and DKM4) 

Table 7.2: Parameters of DSSCs using gel electrolytes contain different amount of KI-

TMAI 

DSSC Samples Jsc (mA cm-2) Voc  (V) 
Fill factor 

(ff) 
Efficiency, η (%) 

DKM1 B1 11.30 0.60 0.74 5.02 

DKM2 B2 11.20 0.60 0.61 4.10 

DKM3 B3 8.70 0.57 0.74 3.67 

DKM4 B4 6.60 0.56 0.79 2.92 

 

7.4. DSSC for PVA-EC-PC-DMSO-KI-TPAI gel electrolytes 

Figure 7.4 shows the J-V curves for DSSC utilizing PVA-EC-PC-DMSO-KI-TPAI 

gel polymer electrolytes systems (C1 to C4).  
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Figure 7.4: J-V curves for dye-sensitized solar cell (DSSC) (KI-TPAI salts) 

The parameters obtained from the J-V curve in Figure 7.4 are listed in Table 7.3. It 

can be observed that the highest Jsc value obtained is 14.10 mA cm-2 for DSSC having 

C2 gel polymer electrolyte (DKP2 cell). However, the decrement in Jsc was observed 

for DKP3 and DKP4 cell.  
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From Table 7.3, it can be observed that the open circuit voltage, Voc for all DSSC 

having gel polymer electrolyte containing KI-TPAI salts exhibits the values ranging 

between 0.57 V and 0.63 V. The fill factor (ff) is observed in the range of 0.58 to 0.66.  

The highest efficiency of 5.51 % was observed for DSSC having C2 gel polymer 

electrolyte (DKP2 cell). The efficiency decreases when gel polymer electrolyte 

containing higher amount of TPAI were used in DSSC (DKP3 and DKP4) 

Table 7.3: Parameter of DSSC using gel electrolytes contain different amount of KI-

TPAI 

DSSC Samples Jsc  (mA cm-2) Voc (V) 
Fill factor  

(ff) 

Efficiency, η 

(%) 

DKP1 C1 11.20 0.60 0.61 4.10 

DKP2 C2 14.10 0.63 0.62 5.51 

DKP3 C3 11.69 0.63 0.66 4.86 

DKP4 C4 10.47 0.57 0.58 3.46 

 

7.5. DSSC for PVA-EC-PC-DMSO-KI-TBAI gel electrolytes 

Figure 7.5 shows the J-V curves for DSSC utilizing PVA-EC-PC-DMSO-KI-TBAI 

gel polymer electrolytes systems (D1 to D4).  

 

 

 

 

 

 

 

Figure 7.5: J-V curves for dye-sensitized solar cell (DSSC) (KI-TBAI salts) 
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Figure 7.5, continued. 

The parameters obtained from the J-V curve in Figure 7.5 are listed in Table 7.4. It 

can be observed that the highest Jsc value obtained is 12.56 mA cm-2 for DSSC having 

D3 gel polymer electrolyte (DKB3 cell). However, the decrement in Jsc was observed 

for DKB4 cell. From Table 7.4, it can be observed that the open circuit voltage, Voc for 

all DSSC having gel polymer electrolyte containing KI-TBAI salts exhibits the values 

ranging between 0.60 V and 0.67 V. The fill factor (ff) is observed in the range of 0.61 

to 0.71.  

The highest efficiency of 5.80 % was observed for DSSC having D3 gel polymer 

electrolyte (DKB3 cell). The efficiency decreases when gel polymer electrolyte 

containing higher amount of TBAI were used in DSSC (DKB4) 
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Table 7.4: Parameter of DSSC using gel electrolytes contain different amount of KI-

TBAI 

DSSC Samples Jsc (mA cm-2) Voc  (V) 
Fill factor 

(ff) 

Efficiency, 

η (%) 

DKB1 D1 11.20 0.60 0.61 4.10 

DKB2 D2 11.69 0.63 0.66 4.86 

DKB3 D3 12.56 0.65 0.71 5.80 

DKB4 D4 11.13 0.67 0.63 4.70 

 

7.6. DSSC for PVA-EC-PC-DMSO-KI-TPAI-DEC system 

Figure 7.6 shows the J-V curves for DSSC utilizing PVA-EC-PC-DMSO-KI-TPAI-

DEC gel polymer electrolytes systems (E1 to E4).  

 

 

 

 

 

 

 

 

 

 

Figure 7.6: J-V curves for dye-sensitized solar cell (DSSC) (KI-TPAI-DEC) 
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Figure 7.6, continued. 

The parameters obtained from the J-V curves in Figure 7.6 are listed in Table 7.5. It 

can be observed that the highest Jsc value obtained is 17.58 mA cm-2 for DSSC having 

E2 gel polymer electrolyte (DKPD2 cell). However, the decrement in Jsc was observed 

for DKPD3 and DKPD4 cell. From Table 7.5, it can be observed that the open circuit 

voltage, Voc for all DSSC having gel polymer electrolyte containing DEC exhibits the 

values ranging between 0.52 V and 0.63 V. The fill factor (ff) is observed in the range of 

0.54 to 0.64.  

Table 7.5: Parameter of DSSC using gel electrolytes contain different amount of DEC 

DSSC Samples Jsc (mA cm-2) Voc  (V) 
Fill factor  

(ff) 

Efficiency,η  

(%) 

DKPD1 E1 16.13 0.55 0.63 5.59 

DKPD2 E2 17.58 0.58 0.63 6.42 

DKPD3 E3 14.37 0.63 0.54 4.89 

DKPD4 E4 12.42 0.52 0.64 4.13 
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The highest efficiency of 6.42 % was observed for DSSC having E2 gel polymer 

electrolyte (DKPD2 cell). The efficiency decreases when gel polymer electrolyte 

containing higher amount of DEC were used in DSSC (DKPD3 and DKPD4) 

7.7. DSSC for PVA-EC-PC-DMSO-KI-TBAI-DEC system 

Figure 7.7 shows the J-V curves for DSSC utilizing PVA-EC-PC-DMSO-KI-TBAI-

DEC gel polymer electrolytes systems (F1 to F4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7: J-V curves for dye-sensitized solar cell (DSSC) (KI-TBAI-DEC) 
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Table 7.6: Parameter of DSSC using gel electrolytes contain different amount of DEC 

DSSC Samples Jsc (mA cm-2) Voc (V) 
Fill factor 

(ff) 

Efficiency, η 

(%) 

DKBD1 F1 14.69 0.65 0.73 6.97 

DKBD2 F2 16.05 0.64 0.73 7.50 

DKBD3 F3 13.17 0.65 0.71 6.08 

DKBD4 F4 13.05 0.65 0.70 5.94 

 

The parameters obtained from the J-V curves in Figure 7.7 are listed in Table 7.6. It 

can be observed that the highest Jsc value obtained is 16.05 mA cm-2 for DSSC having 

F2 gel polymer electrolyte (DKBD2 cell). However, the decrement in Jsc was observed 

for DKBD3 and DKBD4 cell. From Table 7.6, it can be observed that the open circuit 

voltage, Voc for all DSSC having gel polymer electrolyte containing DEC exhibits the 

values ranging between 0.64 V and 0.65 V. The fill factor (ff) is observed in the range of 

0.70 to 0.73.  

The highest efficiency of 7.50 % was observed for DSSC having F2 gel polymer 

electrolyte (DKBD2 cell). The efficiency decreases when gel polymer electrolyte 

containing higher amount of DEC were used in DSSC (DKBD3 and DKBD4) 

7.8. Summary 

In this chapter, all the J-V curves for DSSCs having PVA-EC-PC-DMSO-KI, PVA-

EC-PC-DMSO-KI-TMAI, PVA-EC-PC-DMSO-KI-TPAI, PVA-EC-PC-DMSO-KI-

TBAI, PVA-EC-PC-DMSO-KI-TPAI-DEC and PVA-EC-PC-DMSO-KI-TBAI-DEC 

gel polymer electrolytes has been plotted. For DSSCs having PVA-EC-PC-DMSO-KI 

gel polymer electrolytes system, the efficency increases when the KI salt amount 

increases. The efficiency is slightly increase with the addition of quarternary ammonium 

iodide salts and DEC plasticizer into the electrolytes.      
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CHAPTER 8: DISCUSSION 

 

In 1991, Grätzel and co-researchers has reported a new prospective of solar cell 

technology using dye-sensitized solar cell with efficiency of ~8 %. Since then, DSSC 

has been chosen as an alternative for silicon-based solar cells replacement. Dye 

sensitized solar cell (DSSC) is developing as promising device having some advantages 

such as (Grätzel 2001): 

• Low cost production  

• Simple fabrication 

• High efficiency.  

At the moment, the highest efficiency of DSSC is reported by Kakiage et al. (2015). 

The efficiency was 14 %. The most popular oxide wide bandgap semiconductor used in 

DSSC was nanocrystalline titania (TiO2). TiO2 has developed as versatile oxide ceramic 

material. Various applications of TiO2 such as lithium-ion batteries, solar cell and 

photo-catalysis have been reported (Xu et al., 2007; Park et al., 2011; Ochiai & 

Fujishima, 2012). TiO2 nanoparticles have been choosen in this work due to some good 

properties which have been discussed in Chapter 2. In this work, the double TiO2 layer 

has been applied on the FTO glass. The first layer, which is P90-TiO2 has small particle 

size (15 nm) are coated on the top of conductive side FTO glass. Then for the second 

layer, P25-TiO2 which is has larger particle size (25 nm) has been coated on the top of 

P90-TiO2 first layer. The double layers of TiO2 are influence higher DSSC efficiency by 

improving light harvesting properties (Im et al., 2011). Each TiO2 layers has own 

purpose such as P90-TiO2 layer has large surface area. In this case, large surface area 

means by high dye adsorption for TiO2 nanoparticle (Zhang & Cao, 2011). A dense 

P90-TiO2 layer is able to suppress the electron recombination at the 

Univ
ers

ity
 of

 M
ala

ya



127 

 

photoanode/electrolyte interface. In addition, P90-TiO2 layer also has less contact 

resistance which results in high open circuit voltage, Voc. P25-TiO2 layer improve the 

durable light scattering ability and also improve the optical absorption path (Ferber and 

Luther 1998). This P25-TiO2 layer also can increase the short-circuit current density, Jsc 

(Jeng et al., 2013).          

There are some aspects that are critical for electrolytes in the DSSC fabrication such 

as good contact between TiO2-dye photoanode and platinum counter electrode, long-

term stability, good properties, fast diffusion of charge carrier and not display a 

significant absorption in the visible range of light (Nogueira et al., 2004; Li et al., 2006) 

as discussed in Chapter 2. In this work, gel polymer electrolyte has been choosed in 

DSSC fabrication which due to some good aspect such as a better contact and high 

filling property compared to solid polymer electrolyte. Gel polymer electrolyte is also a 

circumventing approach for the solid and liquid electrolytes problem. In addition, gel-

form electrolyte is attending high conductivities where this kind of electrolyte has 

properties of holding liquid electrolyte by trapping in cages with the polymer host 

matrices (Wu et al., 2006). Polyvinyl alcohol is a synthetic polymer and has outstanding 

feature with some advantage as discussed in Chapter 2. The chosen of KI salt due to the 

K+ cations improve more in open-circuit voltage and fill factor of DSSC performance 

compare to the other salt such as LiI and NaI (Shi et al., 2011). The iodide/triiodide 

couple has been chosen in this work due to the slow recombination rate with injected 

electrons in the photoanode (Oskam et al., 2001; Lan et al., 2006). 

Six systems (PVA –DMSO –EC –PC -KI, PVA –DMSO –EC –PC –KI -TMAI, PVA 

–DMSO –EC –PC –KI -TPAI, PVA –DMSO –EC –PC –KI -TBAI, PVA –DMSO –EC 

–PC –KI –TPAI -DEC and PVA –DMSO –EC –PC –KI –TBAI -DEC) of gel polymer 

electrolytes have been prepared in this work. The interactions between polymer, solvent 

and salts have been investigated via FTIR spectroscopy. The FTIR spectrum of the PVA 
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powder, DMSO solvent and the gelled PVA-DMSO are shown in Figure 4.1. The O-H 

stretching of PVA powder is observed at 3316 cm-1 (Bhavani et al., 2013). Buraidah and 

Arof (2011) have reported that the hydroxyl band of pure PVA film is observed at 3313 

cm-1. The band was shifted to a new location which is 3405 cm-1 for PVA-DMSO 

indicating that the complexation between PVA and DMSO has occured. The S=O band 

of DMSO has been observed at 1026 cm-1 (Nakamoto, 1986). This peak has been 

shifted to a lower wavenumber at 1017 cm-1 for the PVA-DMSO sample. This confirms 

that the complexation between PVA and DMSO has occurred via sulphur atom 

(Awadhia & Agrawal, 2007).  

The C-O-C stretch of EC and PC can be observed at the region between 1200 to 

1150 cm-1 (Zhang et al., 2013) as shown in Figure 4.3. The C-O-C band was observed 

at 1156 cm-1 for EC and 1180 cm-1 for PC. The peak was shifted to 1163 cm-1 for 

DMSO-EC and 1184 cm-1 for DMSO-PC. This indicates that there is interaction 

between DMSO, EC and PC at the C-O-C band. The mixture of DMSO, EC and PC 

exhibits two peaks (1180 cm-1 and 1169 cm-1). In addition, the peaks show at 1767 cm-1 

and 1794 cm-1 for EC and 1782 cm-1 for PC are assigned to C=O stretching vibrations 

(Rajendran, 2004). These peaks have been shifted to 1771 cm-1 and 1798 cm-1 for 

DMSO-EC and 1786 cm-1 for DMSO-PC which indicates that the interaction between 

DMSO, EC and PC also occurred at C=O band.  

The incorporation of salt into the polymer host revealed that cation of the salt is 

likely to organize with the polar groups of the polymer and result to complexation. This 

interaction is more expected to affect the main structure of polymer backbone. The 

hydroxyl band for PVA-EC-PC-DMSO was observed at 3417 cm-1. The band was 

shifted when the KI salt was added to the PVA-EC-PC-DMSO. This mean that the K+ 

cation is interact with the OH group of PVA. However, the observation of shifted peak 

do not change much in the double iodide system may be due to the large size of 
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quaternary ammonium cation. Other than OH group, the interaction of salts with PVA- 

EC-PC-DMSO can also occurred at C-O-C and C=O bands as shown in Table 4.3, 4.4, 

4.5, 4.6, and 4.7.  

All XRD diffractograms for PVA-DMSO-EC-PC-KI, PVA-DMSO-EC-PC-KI-

TMAI, PVA-DMSO-EC-PC-KI-TPAI, PVA-DMSO-EC-PC-KI-TBAI, PVA-DMSO-

EC-PC-KI-TPAI-DEC and PVA-DMSO-EC-PC-KI-TBAI-DEC gel polymer 

electrolytes have been shown in Chapter 5. The amorphous nature of the samples is 

favorable for ion movement. All gel polymer electrolytes show the prominent peak at 2θ 

= 20o. The peak position agrees well with the peak exist at 2θ = 20o for pure PVA which 

is shown in the literature (Krumova et al., 2000). All the XRD curves has been 

deconvoluted using Origin Pro 9 software.   

The FWHM value for gel polymer electrolytes is increased with the increasing of KI 

content. The increase value of FWHM indicates that the gel polymer electrolytes is 

more amorphous. However, in Table 5.2 and Table 5.3, the FWHM value decreases 

with the amount of quarternary ammonium salts. When the gel polymer electrolyte 

contains KI-TPAI and KI-TBAI are added with DEC, the FWHM value increases as 

shown in Table 5.4 and Table 5.5. The DEC plasticizer enhances the segmental motion 

and flexibility of polymer backbone. Here the gel polymer electrolytes contain DEC 

plasticizer are more amorphous (Saikia & Kumar, 2004). The amorphous phase of gel 

polymer electrolyte is important for obtaining high ionic diffusivity leads to greater 

ionic conductivity (Muthuvinayagam & Gopinathan, 2015).    

The conductivity of gel polymer electrolytes is shown in Chapter 6. In the PVA-EC-

PC-DMSO-KI system, the RT ionic conductivity increases with the amount of KI. The 

highest conductivity of 12.50 mS cm-1 was observed for A7 gel polymer electrolyte. 

The increasing in conductivity is due to the increasing in number density and mobility 
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of charge carriers as shown in Table 6.2. In addition, mobility increases due to the 

smaller size K+ ion with lighter weight effect the ion transport in the electrolyte 

(Sequeira, et al., 1994). The conductivity decreases when the amount of KI is more than 

12 % (A8 and A9). This is may be due to the formation of ion pairs an ion aggregates. 

As can be seen in Table 6.2 the number density and mobility of charge carriers are 

decrease for A8 and A9 gel polymer electrolytes thereby decrease the conductivity.  

The replacement of some part of KI with TMAI decreases the conductivity value as 

shown in Table 6.3. The decrement in conductivity may be attributed to the decreasing 

in mobility of charge carriers as shown in Table 6.4. Although the number density is 

increase with TMAI content (Table 6.4), but due to the bulky size of TMA+ leads to 

decrease in mobility and overall conductivity. Larger cations are probable to entangle in 

the polymer and slow to move in the gel polymer electrolytes. Similar observation for 

gel polymer electrolytes containing TPAI and TBAI salts. The conductivity decreases as 

the TPAI and TBAI content increases which are due to the decreasing in mobility of 

charge carriers as shown in Table 6.6 and Table 6.8. The addition of low molecular 

weight and high dielectric constant plasticizers in the gel polymer electrolyte has 

significantly increase the amorphous phase of the polymer. This would affect the 

flexibility and release of mobile charge carriers due to ion dissolution effect (Pitawala et 

al., 2008). The addition of plasticizer also increases the volume of electrolyte system 

and decreases the viscosity of the electrolyte so that the ions is becomes more easy to 

mobile (Rahman et al., 2011). In addition, the existing of plasticizer decreases the 

brittleness of polymer due to the transition of glass transition temperature, Tg of 

polymer and improve electrical conductivity (Reddy et al., 2007). As can be seen in 

Table 6.9 and Table 6.11, the ionic conductivity of gel polymer electrolytes increases 

with the additional of DEC plasticizer.  
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For DSSC having PVA-EC-PC-DMSO-KI gel polymer electrolytes system, the Jsc 

shows an increment value starting from DK2 to DK7 (as shown in Table 7.1). The 

increase in Jsc may be due to the increasing in gel polymer electrolyte conductivity. 

DSSC having the highest conducting gel polymer electrolyte (A7) exhibits the highest 

Jsc value of 11.49 mA cm-2. It is known that the conductivity increase in PVA-EC-PC-

DMSO-KI gel polymer electrolyte system is due to the increase in number density and 

mobility of charge carriers. Thus, when the number density and mobility of Iˉ/I3
ˉ 

increased, the current flows through the cell become faster. Hence the Jsc value will be 

increased. The effect of conductivity for DSSC performance also has been reported by 

other researcher (Rahman et al., 2004). In addition, when small K+ cations get adsorbed 

on the TiO2 surface, the Fermi level of TiO2 will be shifted to the positive potential 

toward the valence band (Arof et al., 2014). Hence the electrons injection from the 

excited dye molecules into the conduction band of TiO2 will be increased resulting in 

high Jsc. The distance between the Fermi level of TiO2 and redox potential in the 

electrolyte become smaller. Thus the Voc value should be decreased. From Table 7.1, it 

can be observed that the Voc value of DSSCs is almost same for DK1 to DK4 cells 

which are around 0.65 V. The Voc value decreased to 0.59 V for DK7 cell. Hence, it can 

be deduced that the effect of K+ cations can only be observed for DSSC having A6 and 

A7 gel polymer electrolyte (DK6 and DK7 cells). 

The efficiency seem likely to increase marginally start from 1.20 % for DK1 cell up 

to 3.80 % for DK7 cell. However, the efficiency is decreased to 3.42 % and 3.32 % for 

DK8 and DK9 cells respectively. It can be observed that the efficiency of DSSCs 

utilizing PVA-DMSO-EC-PC-KI gel polymer electrolyte follows the trends of ionic 

conductivity.  

Quaternary ammonium iodide salts have been choosen to improve the performance 

of DSSC. The salt was TMAI, TPAI and TBAI. Generally, the ionic conductivity of gel 

Univ
ers

ity
 of

 M
ala

ya



132 

 

polymer electrolyte is contributed by cations and anions. In gel polymer electrolyte 

containing only KI salt as iodide source, the conductivity is resolute by the association 

of K+ cations and I- anions. However, when part of amount KI salt has been replaced by 

the TMAI salt the ionic conductivity is contributed by K+, TMA+ and I- ions.  

Although the ionic conductivity of gel polymer electrolytes decreases with addition 

of TMA, TPAI and TBAI salts, the performance of DSSCs are slightly improved as 

shown in Table 7.2 to Table 7.4. The Jsc for gel polymer electrolytes contain dual iodide 

(KI-TPAI, KI-TBAI) show an increment value compared to gel polymer electrolyte 

contain only KI salt. The increase in Jsc value may be attributed to the increase in 

number density and mobility of iodide ions. Since the size of cations are large, the 

major contribution in conductivity is probably iodide ion. The large number of iodide 

ion helps to increase in the short circuit current density and also the efficiency of DSSC 

(Arof et al., 2014). In addition the larger cations will not easily adhere to TiO2 surface 

due to their bulkiness (Bandara et al., 2013). The decrease in Jsc for DKMI cells may be 

due to the TMAI is incompletely dissolved in PVA-DMSO-EC-PC-KI-TMAI gel 

polymer electrolyte.  

As can been seen in Table 7.2 to 7.4 the Voc value didn’t shows any decrement when 

TMAI, TPAI and TBAI are added into gel polymer electrolyte. The decreasing value of 

Voc for DKM3, DKM4 and DKP4 may be due to the increasing in electron 

recombination process at the photoanode/electrolyte interface. Hence, the performance 

of DSSC is controlled by the electron injection and regeneration of dyes by iodide ions.  

In the PVA-EC-PC-DMSO-KI-TPAI-DEC and PVA-EC-PC-DMSO-KI-TBAI-DEC 

system, the conductivity show an increase trend where sample C2 and D3 has 

conductivity of 7.59 mS cm-1 and 5.25 mS cm-1 are increase up to 11.20 mS cm-1 and 

6.19 mS cm-1 for sample E2 and F2 respectively.  
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From Table 7.3, it can be observed the highest efficiency of DSSC having PVA-

DMSO-EC-PC-KI-TPAI gel polymer electrolytes system was 5.51 % for DKP2 cell. In 

the PVA-DMSO-EC-PC-KI-TBAI gel polymer electrolytes system, the highest 

efficiency was 5.8 % for DKB3 cell. The compositions of gel polymer electrolytes in 

both cells have been added with the DEC plasticizer. It can be observed that the 

efficiency increase up to 6.42 % for DKPD2 cell and 7.5 % for DKBD2 cell. This is 

because of DEC plasticizer present where DEC helps ion dissociation and ion mobile in 

the gel electrolyte. Thus, DEC also enhances conductivity of gel electrolyte and DSSC 

efficiency surely (Rajendran et al., 2004).         
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CHAPTER 9 : CONCLUSIONS AND SUGGESTION FOR FURTHER WORK 

 

Gel polymer electrolytes such as PVA-EC-PC-DMSO-KI, PVA-EC-PC-DMSO-KI-

TMAI, PVA-EC-PC-DMSO-KI-TPAI, PVA-EC-PC-DMSO-KI-TBAI, PVA-EC-PC-

DMSO-KI-TPAI-DEC and PVA-EC-PC-DMSO-KI-TBAI-DEC have been successfully 

prepared. The FTIR spectrum of PVA-DMSO exhibits that the hydroxyl band of PVA 

which was shifted from 3316 cm-1 to a new location which is 3405 cm-1. The S=O band 

of DMSO was also shifted from 1026 cm-1 to 1017 cm-1 indicating that the 

complexation between PVA and DMSO has occurred. The C-O-C peak was observed 

for EC and PC at 1156 cm-1 and 1180 cm-1, respectively. There is no such peak 

observed in the spectrum of DMSO. This peak was shifted to 1163 cm-1 in DMSO-EC 

spectrum and 1184 cm-1 in DMSO-PC spectrum. The incorporation of salt into the gel 

of PVA-DMSO-EC-PC shows the O-H, C-O-C and C=O bands are shifted to higher or 

lower wavenumbers indicating there is interaction between the materials. 

All gel electrolytes also show that the prominent peak at 2θ = 20o. The peak position 

agrees well with the peak located at 2θ = 20o for pure PVA. The FWHM for each gel 

polymer electrolytes with different amount of KI salt is increasing with the increase of 

KI salt amount. Increment in FWHM value implies that the gel polymer electrolytes 

have become more amorphous. The decrease in FWHM value in the quaternary 

ammonium salt indicates that the gel polymer electrolytes are less amorphous. The 

amorphous of gel electrolytes containing KI-TPAI and KI-TBAI have increased with 

the addition of DEC plasticizer. 

The conductivity of gel polymer electrolytes increases with the amount of KI 

content. The conductivity decreases when part of KI salt was replaced with TMAI, 

TPAI and TBAI salts. This may be due to the bulky size of TMA+, TPA+, and TBA+ 
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which makes them less mobile in the gel polymer electrolytes. The conductivity 

increased when DEC was added. The temperature dependent conductivity follows the 

Arhenius relation. The highest efficiency of DSSC obtained was 7.5 % for DSSC 

having F2 gel polymer electrolyte.  

In order to improve the performance of DSSC in future, some suggestions are 

forwarded: 

 Improve the conductivity of the electrolyte up to 10-1 S cm-1. 

 Using different techniques of TiO2 electrode preparation such as printing 

method. 

 Improve the sealing technique of DSSC fabrication. The sealing method and 

technique should be improved. 
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