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ABSTRACT 

New copolymers using methyl methacrylate (MMA) and ethyl methacrylate (EMA) 

monomers were randomly copolymerized via free-radical bulk polymerization method 

towards development as solid electrolyte in dye sensitized solar cell (DSSC). In this study, 

copolymer of 90MMA:10EMA showed the most promising characteristics to be used as 

host in polymer electrolytes due to its smooth cross sectional surface, lowest resistivity, 

low molecular weight, and glass transition temperature. Therefore, 90MMA:10EMA was 

incorporated with different weight ratios of lithium iodide and sodium iodide. The 

complexation between salts and copolymer host has been investigated using Fourier 

transform infrared spectroscopy. The ionic conductivity and thermal stability of the 

electrolytes were measured using impedance spectroscopy and differential scanning 

calorimetry, respectively. The highest ionic conductivities found for lithium iodide and 

sodium iodide systems were at 20 wt% with the value of 1.3 × 10-6 S cm-1 and                   

5.19 × 10−6 S·cm−1 respectively. The DSSCs employing the copolymer electrolytes with 

suitable working and counter electrodes were tested under AM 1.5 illumination at a light 

intensity of 100 mW·cm−2. The DSSC exhibited photo-conversion efficiency of 0.45% 

for electrolytes containing lithium iodide and 0.62% for that containing sodium iodide. 

Furthermore, lithium and sodium iodide based polymer systems were added with 1-

Methyl 3-propyl imidazolium iodide ionic liquid to study the characteristics of the 

electrolytes and to enhance the photo conversion efficiency of DSSCs. The electrolyte for 

both systems exhibited highest ionic conductivity at 6 wt% of ionic liquid with the value 

of 8.93 × 10-8 S cm-1 for lithium based and 4.43 × 10-5 S cm-1 for sodium based. The 

photo-conversion efficiency of DSSC employing ionic liquid based electrolytes 

demonstrated an increment of 1.19% for copolymer-lithium iodide-ionic liquid and 

1.05% for copolymer-sodium iodide-ionic liquid. These performances strongly suggested 

that the polymer electrolytes are promising electrolytes for DSSC application. 
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ABSTRAK 

Kopolimer baru menggunakan metil metakrilat (MMA) dan etil metakrilat (EMA) 

monomer telah dikopolimerasi secara rawak melalui kaedah radikal bebas pempolimeran 

pukal dan digunakan untuk pembuatan pepejal elektrolit di dalam pewarna sensitif sel 

solar (DSSC). Di dalam kajian ini, kopolimer 90MMA: 10EMA menunjukkan kriteria 

yang paling sesuai untuk digunakan sebagai perumah dalam elektrolit polimer kerana 

keratan rentas permukaan yang licin, nilai kerintangan yang paling rendah, berat 

molekular dan suhu peralihan kaca yang rendah. Oleh itu, 90MMA: 10EMA dicampurkan 

dengan nisbah berat litium iodida dan natrium iodida yang berbeza. Kompleksi antara 

garam dan perumah kopolimer telah dikaji menggunakan spektroskopi inframerah. 

Kekonduksian ionik dan kestabilan terma elektrolit diukur menggunakan spektroskopi 

impedans dan pengimbasan kalorimeter. Kekonduksian ionik tertinggi bagi sistem litium 

iodida dan natrium iodida adalah pada 20 wt% dengan nilai masing-masing adalah           

1.3 × 10-6 S cm-1 dan 5.19 × 10-6 S cm-1. DSSC yang terdiri daripada elektrolit polimer 

dengan elektrod kerja dan elektrod kaunter yang sesuai telah di uji di bawah pencahayaan 

AM 1.5 pada keaamatan cahaya 100 mW.cm-2.  DSSC tersebut mencapai kecekapan foto-

penukaran sebanyak 0.45% untuk elektrolit yang mengandungi litium iodida dan 0.62% 

bagi yang mengandungi natrium iodida. Seterusnya, litium dan natrium iodida berasaskan 

sistem polimer telah ditambah dengan 1-Methyl 3-propyl imidazolium cecair ionik iodida 

untuk mengkaji ciri-ciri elektrolit tersebut dan penambahbaikan dalam kecekapan foto-

penukaran DSSC. Elektrolit bagi kedua-dua sistem telah mencapai kekonduksian ionik 

tertinggi pada 6wt% cecair ionik dengan nilainya 8.94 × 10-8 S cm-1 untuk yang 

berasaskan lithium dan 4.43 × 10-5 S cm-1 untuk yang berasaskan natrium. Kecekapan 

foto-penukaran DSSC menggunakan elektrolit berasaskan cecair ionik menunjukkan 

peningkatan dengan 1.19% untuk kopolimer-litium iodida-cecair ionik dan 1.05% untuk 
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kopolimer-natrium iodida-cecair ionik. Prestasi ini kuat menunjukkan bahawa elektrolit 

polimer ini adalah sesuai sebagai elektrolit untuk diaplikasi dalam DSSC 
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CHAPTER 1: INTRODUCTION  

1.0 Background 

Photovoltaic technology utilizing solar energy has received considerable attention as 

one of the environmentally sustainable energy technologies. One type of photovoltaic 

technology is dye-sensitized solar cell (DSSC) which provides a promising alternative to 

conventional p–n junction photovoltaic devices because of their relatively high 

photoelectric conversion efficiency, various choices of materials that can be used, and 

low environmental impact during fabrication (Lewis, 2007; Kim et al., 2008; Caramori et 

al., 2010; Preat et al., 2010; Hardin et al., 2012; Negro et al., 2012).  DSSC consists of a 

dye-coated mesoporous nanocrystalline metal oxide photoanode electrode, modified 

platinum counter electrode and a thin polymer electrolyte layer sandwiched between the 

two electrodes. The polymer electrolyte membrane which is sealed between the two 

electrodes usually composed of I-/I3
- redox couple in organic solvents.  

 

DSSC’s prototype reported in 1991 achieved the power conversion efficiency about 

11% by employing organic-solvent as the electrolyte (O'Regan &  Grätzel, 1991; 

Nazeeruddin et al., 1993). Since then, DSSCs have received great attention and broad 

research over the world due to their high power conversion efficiency, low manufacturing 

cost and simple preparation technique. However, most of the cells that give high 

efficiency utilize liquid electrolytes, which cause some problems, such as leakage, 

volatilization, corrosion at the counter electrode, difficulty in fabrication and limited 

long-term performance (Nogueira et al., 2001; Kubo et al., 2002; Lin et al., 2011; Bari et 

al., 2012; Mastroianni et al., 2012). Replacing liquid electrolytes with solid polymer 
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electrolytes (SPEs) has become one of the approaches to overcome those problems 

(Tennakone et al., 1995; Bach et al., 1998; Li et al., 2006). Besides, SPEs have been 

reported to show promising results for application in DSSCs (Nogueira et al., 2001; Günes 

&  Sariciftci, 2008). SPEs are also safer, free from leakage problems, show good thermal 

stability and are easier to handle for device fabrication (Meng et al., 2003; Hirata et al., 

2006; Yang et al., 2008; Imperiyka et al., 2014; Su’ait et al., 2015). 

 

Even though solid polymer electrolytes (SPEs) render many advantages over liquid 

electrolyte systems, SPEs still have some limitations such as low room temperature ionic 

conductivity and poor mechanical stability (Ratner et al., 1987; Armand, 1990; Croce et 

al., 1998; Croce et al., 2000). There are several methods that have been proposed in order 

to improve the performance of SPEs such as modification of polymer hosts (Kim et al., 

2005; Mobarak &  Abdullah, 2010; Bella et al., 2013; Mobarak et al., 2013), addition of 

plasticizers or addition of fillers (Armand, 1990; Capuano et al., 1991; Tarascon et al., 

1996). Among them, modification of polymer host becomes the main approach to 

enhance the properties of SPEs because polymer host plays an important role for ion 

transport mechanism in the SPEs (Bella &  Bongiovanni, 2013; Weerasinghe et al., 2013; 

Shukla et al., 2014). Modification can be made by copolymerization technique (Decker, 

1996; Bella et al., 2013; Imperiyka et al., 2014). Patel and coworkers have reported that 

copolymerization is the most successful technique to obtain materials with tailor made 

properties (Soykan et al., 2000; Andrzejewska, 2001; Strub, 2008; Patel et al., 2012). Oh 

et al (2001) and Balakrishnan et al (2013) have modified copolymers with two or more 

functional monomers as a solution to prevent the leakage problem of liquid electrolyte 

and improve the mechanical strength of gel polymer electrolytes (Oh et al., 2001; 

Balakrishnan et al., 2013). In addition, copolymerization were also reported to develop 
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gel polymer electrolytes with enhanced ionic conductivity and charge-discharge cycle 

performance (Ichino et al., 1995; Yamazaki et al., 1995).  

 

In recent years, many studies have been carried out on acrylic monomers because they 

are the most versatile family of monomers that can be used to form acrylate polymers 

based on the structure of acrylic acid, which consists of a vinyl group and a carboxylic 

acid terminus (Frechet et al., 1995; Yagci et al., 2010). For example, Reddy and 

coworkers have investigated the copolymerization of phenyl monomer (n-phenyl 

methacrylamide) with ethyl methacrylate (EMA) (Reddy et al., 2010). Roy and coworkers 

have investigated the RAFT copolymerization of N,N-(dimethylamino)ethyl 

methacrylate and methyl methacrylate (MMA) (Roy et al., 2013). Other than these works, 

many other researches have also done works on acrylic based polymer, but mostly for use 

in coating and paint (Balakrishnan et al., 2013; Lee et al., 2015). Only a few studies on 

acrylic based polymer electrolytes for application in DSSC have been done. However, the 

acrylic based polymer electrolytes have been prepared in the form of quasi solid 

electrolyte (Li et al., 2010; Tang et al., 2011).  

 

Acrylic is thermoplastic resin which can be dissolved in suitable solvents such as 

aromatic hydrocarbons, acetone, alogenated hydrocarbons, and methyl ethyl ketone. 

Acrylic can cross-link by itself under ultraviolet exposure to a different extent as a 

function of specific type of polymer and temperature of exposure in respect to the glass 

transition of the polymer itself.  In the case of acrylic, polymerization can be induced by 

UV curing technique. This technique has been recognized as a useful technology to 

transform instantly liquid photo reactive materials consisting of monomers and/or 

prepolymers into cured film in the presence of photoinitiators (Garnett, 1995; Decker, 

1996; Bella &  Bongiovanni, 2013). It has been shown to increase production speed, 
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reduce reject rates, improve scratch and solvent resistance, and facilitate superior 

bonding. The technique is also important for the environmental preservation because of 

its high energy efficiencies and reduced emission of volatile organic compounds.  

1.1 Problem Statement 

A lot of research on acrylic based polymers has been carried out for application in 

paints, coatings, and others. Only a few researches on the acrylic-based polymer 

electrolytes for use in DSSC have been carried out but all the polymer electrolytes were 

prepared in the form of gel polymer electrolytes (Wu et al., 2007; Li et al., 2010; Boonsin 

et al., 2012; Bella et al., 2013). However, the main problems of usage acrylic based gel 

polymer electrolyte in DSSC are leakage for long term use and the needs of rigorous 

sealing procedure (Imperiyka et al., 2014). Therefore preparing acrylic based polymer 

electrolytes in solid form may offer alternative electrolyte materials to overcome these 

problems.  

 

Preparing polymer electrolytes in solid form has main disadvantages which is low in 

ionic conductivity. Therefore, in order to overcome this problem, modification of the 

polymer host can be made. This is because polymer host plays an important role to for 

ions movement in the polymer electrolytes. There are a few types of modification of 

polymer host which are blending, plasticizing or copolymerizing (Li et al., 2010; 

Rudhziah et al., 2011; Boonsin et al., 2012; Imperiyka et al., 2013; Rudhziah et al., 2015). 

Among the techniques, copolymerization technique is the most useful technique to 

modify the polymers. This technique can be induced using UV curing technique which is 

the most effective techniques to produce instantaneously highly cross-linked materials in 

flexible film form (Gerbaldi et al., 2010; Bella &  Bongiovanni, 2013). UV curing 
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technique was used in the attempt to obtain acrylic copolymer film via an easy and fast 

technique. Besides that, the solvent-free, high-rate of curing reaction and ease of 

applicability are the main advantages of UV-curing technique. (Decker, 1996; Nair et al., 

2008; Bella &  Bongiovanni, 2013; Bella et al., 2013). This technique may offer some 

advantages to obtain free standing film of acrylic based copolymers suitable for polymer 

electrolytes.   

  

Addition of salts is important for ions contributor in solid polymer electrolytes system. 

In this study, iodide based ions was chosen because it can influence the re-reduction of 

the oxidized state of the dye (redox system) as well as several other process in the DSSC 

(Singh et al., 2009; Bella et al., 2013). But, the addition of single iodide salt cannot 

increase too much the ionic conductivity of the solid polymer electrolytes. Therefore, in 

order to overcome this problem, binary iodide mixtures (iodide salts and iodide ionic 

liquids) was added in the solid polymer electrolytes system. According to some recent 

reports, the cation size of iodide salts and the binary iodide mixtures showed strong effect 

to the performance of DSSC (Bhattacharya et al., 2009; Dissanayake et al., 2013; 

Dissanayake et al., 2014). This can be understood by studying single and dual role of the 

cation in determining the short circuit current density through iodide ion conductivity as 

well as in influencing the charge injection mechanism at the electrolyte interface 

(Agarwala et al., 2011; Dissanayake et al., 2012). The problem is  only a few published 

reports on the use of a binary iodide mixture in DSSC have been reported (Seo et al., 

2011; Bandara et al., 2012). Therefore, in this research, the effects of single and binary 

iodide mixtures to the properties of copolymer based electrolytes and DSSC will be 

characterized and analyzed in order to understand well the DSSC mechanism. 
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1.2 Research Objectives 

The main objective of this work is to prepare copolymer host designed for polymer 

electrolytes from two types of methacrylate monomers using UV curing technique and 

was further applied in the DSSC. Studies were carried out with the objectives as follows: 

i. To obtain new copolymers using methacrylate monomers by copolymerizing the 

monomers via photo-polymerization technique for use as polymer host in polymer 

electrolytes. 

ii. To investigate the effects of addition with various weight ratios of two types of 

iodide salts to the synthesized copolymers on the optical, thermal and electrical 

properties. 

iii. To obtain copolymer electrolytes with enhanced properties by adding iodide ionic 

liquid. The characteristics of ionic liquid added polymer electrolytes were studied 

by comparing with the copolymer electrolytes without ionic liquid systems.  

iv. To develop DSSC employing the copolymer electrolytes and suitable working and 

counter electrodes. The DSSC performance for each system (copolymer-salt and 

copolymer-salt-ionic liquid) was analyzed. 

1.3 Materials Selection 

In this work, methyl methacrylate, MMA and ethyl methacrylate, EMA monomers 

were used as host copolymer.  Lithium iodide (LiI) and sodium iodide (NaI) have been 

used as the doping salts while 1-methyl 3-propyl imidazolium iodide (PMII) has been 

selected as additives. 
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1.4 Thesis organization 

This thesis reports the research work with the objectives mentioned before. In chapter 

2, an overview on polymer electrolytes is presented followed by an overview of the types 

of polymer electrolytes and techniques for their preparation. Chapter 3 covers the 

preparation method and characterization techniques of the P(MMA-co-EMA) based solid 

polymer electrolytes studied in this work. The solid polymer electrolytes were prepared 

using solution casting technique and the characteristics of the electrolytes were 

determined using Fourier transform infrared spectroscopy (FTIR), Dynamical mechanical 

analysis (DMA), Gel permeation calorimetry (GPC), Differential scanning calorimetry 

(DSC), Scanning electron microscopy (SEM), Impedance spectroscopy (IS), transference 

number measurement and linear sweep voltammetry (LSV). The preparation and 

characterization techniques of DSSC prepared using selected copolymer are explained at 

the end of Chapter 3. 

 

Results and discussion of the synthesized copolymers, copolymer-salt electrolytes and 

ionic liquid added polymer electrolytes are discussed in Chapter 4, Chapter 5 and Chapter 

6 respectively. Meanwhile, the results and discussion of DSSCs fabricated in this work 

are also discussed in Chapter 5 and Chapter 6. Finally, Chapter 7 gives the conclusions 

of this thesis and a few suggestions for future work. Univ
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CHAPTER 2: LITERATURE REVIEW 

2.0 Introduction 

Photovoltaic devices are based on the concept of charge separation at an interface of 

two materials of different conduction mechanism. To date, this field has been dominated 

by solid-state junction devices usually made of silicon.  Besides, this field profiting from 

the experience and material availability resulting from the semiconductor industry 

(Mahesh &  Rajesh, 2012). The dominance of the photovoltaic field by inorganic solid-

state junction devices is now being challenged by the emergence of a third generation 

cells, based, for example, on nanocrystalline and conducting polymer films (Grätzel, 

2001). The third generation cells based on nanocrystalline and conducting polymer films 

offer the prospective of low cost in fabrication and present attractive features that 

facilitate market entry. It is now possible to depart completely from the classical solid-

state junction device, by replacing the contacting phase to the semiconductor by an 

electrolyte, liquid, gel or solid, thereby forming a photo-electrochemical cell (Grätzel, 

2003).  

 

The phenomenal progress realized recently in the fabrication and characterization of 

photo-electrochemical cell based on nanocrystalline materials has opened up vast new 

opportunities (Grätzel, 2005). Contrary to expectation, devices based on interpenetrating 

networks of mesoscopic semiconductors have shown strikingly high conversion 

efficiencies, which compete with those of conventional devices (Grätzel, 2001). The 

prototype of this family of devices is known as dye-sensitized solar cell, which realizes 

the optical absorption and the charge separation processes by the association of a 
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sensitizer as light-absorbing material with a wide band gap semiconductor of 

nanocrystalline morphology (O'Regan &  Grätzel, 1991; Hagfeldt &  Grätzel, 2000). 

2.1 Dye sensitized solar cell 

DSSC is a third generation photovoltaic (solar) cell that converts any visible light into 

electrical energy. It was invented by Michael Grätzel and Brian O'Regan in 1991 

(O'Regan &  Grätzel, 1991). In the past two decades, dye sensitized solar cell (DSSC) 

formed by a combination of organic and inorganic components have gained great 

attention as the next generation of photovoltaic devices due to their potential low 

manufacturing costs, ease of preparation and relatively high electric conversion efficiency 

(O'Regan &  Grätzel, 1991; Grätzel, 2001). It also offers the prospect of a cheap and 

versatile technology for large scale production of solar cells.  

 

Previously, there is report on an impressive achievement of photo-conversion 

efficiency of about 11%. (Kuang et al., 2007). Although the efficiency is high, it utilized 

liquid electrolyte such as acetonitrile in the DSSC fabrication. Liquid electrolytes suffer 

from the typical drawback such as leakage, volatilization, corrosion of the electrodes and 

difficulties in cell fabrication therefore limiting the long-term performance and practical 

use of the DSSC (Seo et al., 2011). Therefore, an attempt to overcome these problems has 

been made by replacing the liquid electrolytes with solid polymer electrolytes. The solid 

polymer electrolytes based DSSC have some advantages over liquid electrolyte based 

DSSC as they show good mechanical stability and are leak proof, do not contain volatile 

solvents and are therefore free from evaporation of the electrolyte component in the DSSC 

(Yang et al., 2008). Besides that, solid polymer electrolytes based DSSC have showed 

promising photo-conversion efficiency results (Qin &  Peng, 2012).  
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2.2 DSSC structure 

A typical DSSC consists of two main electrodes, namely; photoelectrode and counter 

electrode at the back contact of the photovoltaic cell as the catalyst surface (Thomas et 

al., 2014) deposited onto the thin layer of transparent conducting oxide (TCO). TCO 

allows light to pass through to the active material beneath (where carrier generation 

occurs) and acting as an ohmic contact for charge carrier to transport out of the 

photovoltaic devices (Ashton, 2013). There are a few types of TCO glass substrate that 

are commonly used in DSSC such as indium-doped tin oxide (ITO), fluorine doped tin 

oxide (FTO), or aluminum-doped zinc oxide (AZO) (Coutts et al., 1999; Kong et al., 

2007; Liu et al., 2010; Stadler, 2012; Su’ait et al., 2015). Photoelectrode was spread with 

metal oxide semiconductor and then covered with an organic dye which act as a photo-

absorber material. While counter electrode plays a role in transferring electrons, since 

charge transfer resistance from FTO surface to the electrolyte is high, the use of a suitable 

catalyst helps in the reduction of the charge transfer resistance at counter electrode, and 

thus helps in pushing the reaction toward a forward direction (Thomas et al., 2014). There 

are several types of counter electrodes available such as platinum, carbon based materials, 

nitrides and sulfides based materials that are extensively studied by the researchers 

(Hagfeldt et al., 2010; Jena et al., 2012; Thomas et al., 2014). Among them, Platinum (Pt) 

is the most common counter electrode used in DSSC due to its high catalytic activity and 

high power conversion efficiency. Both of the electrodes are then separated with an 

electrolyte containing redox mediators such as iodide based, thiocyanate based, and 

cobalt based electrolytes (Fukui et al., 2006; Wu et al., 2007; Yella et al., 2011) as shown 

in Figure 2.2.  
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Metal oxide semiconducting materials act as electron acceptor and electronic 

conduction path to facilitate photoexcited electrons because of their conductive electronic 

structure, referred to as the valence band (VB) and conduction band (CB) (O'Regan &  

Grätzel, 1991; Gong et al., 2012). There are a few types of metal oxide semiconductors 

that have gained a lot of attentions due to their wide bandgap such as TiO2, ZnO, SnO2, 

ZrO2 and Nb2O5 (Zhang et al., 2005; Li et al., 2014; Omar &  Abdullah, 2014; Jamil et 

al., 2015). Besides these simple oxides, ternary oxides, such as SrTiO3 and Zn2SnO4, also 

have been investigated, as well as core–shell structures, such as ZnO-coated SnO2 

(Lenzmann et al., 2001; Hagfeldt et al., 2010; Yang et al., 2010). Since the discovery of 

DSSC in 1991 by O’Regan and Grätzel (1991), mesoporous TiO2 made up of arrays of 

nanoparticles photoelectrode has an unbeatable record of the highest efficiencies in DSSC 

till today (Jena et al., 2012). It is because, the n-type of TiO2 photoelectrode nanoparticles 

offer some unique properties that make it a possible semiconductor for DSSC such as low 

intrinsic conductivity of the film, small size of the nanocrystalline particles which does 

not support a built-in electric field and the electrolyte diffuse into the porous film all the 

way to the back-contact will create the semiconductor/electrolyte interface essentially 

three-dimensional (Grätzel, 2003). TiO2 normally occurs in three phase modification 

structures, namely; rutile, anatase and brookite phases.  

 

Rutile is the thermodynamically stable phase while anatase is preferable phase for dye 

sensitized solar cells application, due to its larger band gap (Eg = 3.2 eV for anatase 

compared to Eg = 3.0 eV for rutile, corresponding to an absorption edge of kg 390 nm 

and kg 410 nm, respectively) (Schwanitz, 2008; Lee et al., 2011). Besides that, the high 

refractive index of TiO2 (n = 2.5 in anatase phase) results in efficient diffuse scattering of 

the light inside the porous photoelectrode, which significantly enhances the light 

absorption (Sao, 2009). Furthermore, mesoporous TiO2 photoelectrode has a high internal 
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surface area to support the monolayer of a dye sensitizer and its conduction band edge 

lies slightly below the excited state energy level positioned of many dyes sensitizer. This 

condition is required for efficient electron injection in the conduction band to transport 

across TiO2 film by diffusion toward the TCO (Grätzel, 2003; Sao, 2009; Jena et al., 

2012). The high dielectric constant of TiO2 (ε = 80 in anatase phase) also provides good 

electrostatic shielding of the injected electrons from the oxidized dye molecule attached 

to the TiO2 surface, thus reduced their recombination before reduction of the dye by the 

redox electrolyte (Narayan, 2012). However, the capabilities of TiO2 anatase phase to 

absorb solar spectrum in the range of ultraviolet or near-ultraviolet radiation can only 

capture about 4% of the solar light. Thus, dye sensitization of wide band-gap 

semiconductor surfaces by anchored dyes has provided a successful solution to extending 

the absorption range of the cells to long wavelength region (Chen et al., 2011).  

 

Dye sensitizer layer serves as the solar energy absorber in DSSC which absorbs the 

solar photons and produced electron–hole pairs. Since the electrons and holes in the dye 

layer have very small mobilities, this layer must be very thin for the charge carriers to 

reach the membranes within their lifetimes (Würfel &  Würfel, 2009). There are many 

different types of dyes that have been extensively studied for DSSC application and it can 

be classified into two main types; organic dyes and inorganic dyes according to the 

structure (Kong et al., 2007). Organic dyes include natural organic dyes such as coumarin 

(Hara et al., 2003; Hara et al., 2003; Liu et al., 2012) perylene (Zafer et al., 2007; Cappel 

et al., 2009) and synthetic dyes. While, inorganic complexes dyes includes metal 

complex, such as polypyridyl complexes of transition metals, metalloporphyrins, metallo-

phathalocyanines and inorganic quantum dots (CdS, CdSe, CZTS, ZnTe) which has high 

thermal and chemical stability as compared to organic dyes (Hagfeldt et al., 2010; Yella 

et al., 2011; Giribabu &  Kanaparthi, 2013). 
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Electrolyte is one of the important part for regeneration of the dye sensitizer from its 

oxidized state by receiving ground-state electrons from redox mediators in DSSC 

(Grätzel, 2003). The chemical composition of the electrolyte is a particularly crucial 

parameter in photovoltaic systems. The electrolyte needs to meet the requirements of 

having a long-term stability, including chemical, optical, electrochemical, thermal and 

interfacial stability, which does not cause desorption and degradation of the dye from the 

oxide surface. The electrolyte must reduce the oxidized dye rapidly and guarantee the fast 

diffusion of charge carriers between porous nanocrystalline layer and the counter 

electrode in order to sustain the light energy conversion (Bella et al., 2013).  

 

 

 

 

 

 

     

Figure 2.1: DSSC components 
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2.3 Working principle of DSSC 

Energy conversion from light source to electricity in DSSC is based on the injection 

of electrons from a photoexcited dye molecules into the conduction band of the 

nanocrystalline TiO2 semiconductor (Nogueira et al., 2004). The electrons then enter the 

external circuit and return to the de-excited ionized dye molecules through the redox 

mediator. The complete photoelectrochemical cycle of the DSSC can be outlined as 

follows (Sariciftci et al., 1992; Hagfeldt &  Grätzel, 2000; Benkö et al., 2002; Wu et al., 

2008):  

(1) Upon illumination of light through the photoelectrode, dye molecules absorb 

photons (hν) forming excitations in the dye molecule (electron-hole pairs).  

D + hν → D*  (photoexcitation)       (1) 

(2) The excited dye molecules then release the electrons and inject them into the 

conduction band (CB) of TiO2 leaving a hole on each dye molecule.  

D* + TiO2 → D+ + e- (TiO2) (electron injection)     (2)  

(3) Subsequently, the injected electrons in CB are transported across the TiO2 by 

diffusion toward the TCO substrate, and then to the external circuit resulting in a 

flow of current. 

e- (TiO2) + Electrode → TiO2 + e-(Electrode) + energy   (3) 

(4) The holes in the dye molecules are filled back with electrons from redox reaction. 

The dye is subsequently regenerated from its oxidized state by electron transfer 

from iodide (I−) ions in the electrolyte containing (I−/I3
−) redox couple.  

D+ + e-(I-) → D + I3
-(sensitizer generation)     (4)  

(5) The triiodide (I3
−) ions formed in this regeneration process diffuse to the 

platinum-coated electrode, where they are reduced rapidly to I−.  

I3
- + 2e- (Pt) → 3I- (electron donor regeneration)    (5)  
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The circuit being completed via electron migration through the external load. Photo-

injected electrons should escape from any recombination process in order to have a unit 

charge collection efficiency at the photoelectrode back contact. Therefore, appropriate 

selection and optimization of the materials constituting the cell components is essential 

both for obtaining high photovoltaic performance and to ensure their durability over time.  

 

One of the main criticality of DSSC is related with the use of an organic solvent-based 

liquid electrolyte (Wu et al., 2008). To overcome these critical issues, SPEs have been 

recently proposed as electrolytes in DSSC fabrication. Solid polymer electrolytes with 

combination of non-volatility, good performance, flexibility on the structure design, 

chemical and electrochemical stability, are the best candidates to ensure high and durable 

sunlight conversion efficiencies of the corresponding DSSC (Lee &  Yang, 2011; Bella 

&  Bongiovanni, 2013). 

 

 

Figure 2.2: Working principle of DSSC 
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2.4 Solid polymer electrolytes  

SPEs are complexes of polymers with metal salts which can be prepared by dissolving 

the ionic salts into the coordinating polar polymer hosts. The film of SPEs are usually 

prepared using solution casting technique. Recently, SPEs have received considerable 

attention due to potentially promising applications of such electrolytes, not only in all 

solid-state rechargeable batteries, but also in other electrochemical devices such as 

supercapacitors, fuel cell, electrochromic windows, and sensors (Gray, 1991; Scrosati et 

al., 1997; Ng &  Mohamad, 2008; Eh et al., 2015). For an example, Smitha et al (2005) 

reviewed the basic characteristics of membranes polymer electrolytes for application in 

fuel cell (Smitha et al., 2005). Besides that, Lewandoski and co-workers (2001) have 

successfully used PEO–KOH–H2O solid polymer electrolyte for fabricating 

supercapacitor and the electrolyte showed good compatibility which enhanced the 

performance of the supercapacitor (Lewandowski et al., 2001). Furthermore, Lin et al 

(2015) have synthesized PEO-MUSiO2 using in situ hydrolysis method and successfully 

fabricated in all-solid-state Li batteries with significantly enhanced performance (Lin et 

al., 2015). 

SPEs possess many advantages such as better mechanical stability, good electrode-

electrolyte contact, easy for devices fabrication, free from leakage and wide operating 

temperature range (Agapov &  Sokolov, 2011; Balducci et al., 2011). Although they 

possess many advantages, SPEs still exhibit low conductivity at room temperature (Kang 

et al., 2002; Rajendran et al., 2008). There are a few methods have been employed to 

improve the properties of SPEs (mechanical stability, ionic conductivity, thermal 

behavior, etc), such as modifying the polymer host of polymer electrolytes (Kim et al., 

2005; Bella et al., 2013), addition of suitable salts (Kalaignan &  Kang, 2006; 
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Bhattacharya et al., 2009) and also addition of plasticizers or ionic liquids (Kawano &  

Watanabe, 2003; Bai et al., 2008; Seo et al., 2011). 

2.5 Modification of the polymer host 

There are a few techniques that can be used to modify the polymer hosts such as 

blending, plasticization and copolymerization technique (Li et al., 2008; Basri et al., 

2011; Rudhziah et al., 2011; Bella et al., 2014; Imperiyka et al., 2014; Rudhziah et al., 

2015).  

2.5.1 Blend Technique 

Blend technique is a physical mixtures of polymers that combining the useful 

properties of the constituent components to achieve economic or property advantage (Yu 

et al., 2006). This technique is commonly used in order to obtain polymers with improved 

thermal, mechanical and electrical properties (Luo et al., 2003; Rudhziah et al., 2015). 

According to Sundaram and co-workers (2008), blending of PVdF-HFP with PVA 

decreased the glass transition temperature (Tg), melting temperature (Tm) and heat of 

fusion (ΔHm) (Sundaram et al., 2008). On the other hand, Hatta and co-workers (2005) 

observed that the conductivity of PVA blend PVP-KOH increased with the increase of 

PVP content in the polymer electrolytes system (Hatta et al., 2005). Besides that, Ding 

and co-workers (2009) reported an improvement in ionic conductivity and mechanical 

property of electrospun PVdF-HFP/PMMA blend membranes (Ding et al., 2009). 

Furthermore, Rudhziah et al (2015) successfully enhanced the ionic conductivity of 

polymer electrolytes by blending κ-carrageenan with cellulose derivative. The new 
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derivatives of κ-carrageenan and cellulose will have more number of oxygen atoms that 

may provide vacancies for cations to coordinate. This will lead to the enhancement of 

ionic conductivity and excellent thermal and chemical stability (Rudhziah et al., 2015). 

However, in polymer blends, the individual polymers are chemically different and do not 

form covalent bonds as in copolymers. The blends often characterized by their phase 

behaviour as being miscible or immiscible (Kannan, 2012).  

2.5.2 Plasticization technique 

Plasticization technique is a technique with addition of low molecular weight and high 

dielectric constant polymer into the polymer host in order to enhance the conductivity of 

the polymer electrolytes. According to Imperiyka et al (2014), ionic conductivity of 

P(GMA-MMA) + LiClO4 improved up to two orders of magnitude upon addition of 

ethylene carbonate (EC) into the polymer electrolytes (Imperiyka et al., 2014). Besides 

that, Ahmad and co-workers (2011) reported that with addition of plasticizers such as 

propylene carbonate (PC) and EC to the MG49/PMMA based polymer electrolytes, the 

conductivity of polymer electrolytes was enhanced. The enhancement was ascribed to 

increased amorphous content as well as increase in ion concentration (Ahmad et al., 

2011). Cowie and co-workers (1987; 1998) prepared hybrid polymer electrolyte films by 

dissolving PAN and LiClO4 in a plasticizer such as PC and EC. The plasticizers reduced 

the viscosity of the electrolytes which in turn facilitated the movement of charge carriers 

along the polymer backbone (Cowie et al., 1987; Cowie &  Spence, 1998). Some 

examples of typical plasticizers together with their properties are listed in Table 2.1. 

However, plasticization technique also have some drawbacks such as solvent volatility, 
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poor mechanical properties due to a high degree of plasticization and reactivity of polar 

solvent with electrode (Hou &  Siow, 2000; Fan et al., 2002; Saikia et al., 2011). 

Table 2.1: Some typical plasticizers and their physical properties (Song et al., 2000) 

Plasticizer 

Melting 

point, 

Mp (˚C) 

Boiling 

point, 

Bp (˚C) 

Density, ρ 

(g cm-3) 

Dielectric 

constant, ε 

Molecular 

weight, Mw 

(g mol-1) 

Solubility 

parameter 

(J cm-3)1/2 

DMC 2.4 90 1.06 3.12 90.08 20.3 

DEC -43.0 126 0.98 2.82 118.13 18.0 

BL -43.3 204 1.13 39.0 86.09 25.8 

PC -48.8 242 1.20 66.14 102.09 27.2 

EC 36.4 248 1.32 89.78 88.06 30.1 

2.5.3 Copolymerization technique 

Copolymerization technique is a technique that combine chemically two or more types 

of different monomers to produce a new copolymer. It is the most successful technique 

to obtain materials with tailor made properties such as the improvement of mechanical 

stability and ionic conductivity (Soykan et al., 2000; Kang et al., 2002; Patel et al., 2012). 

According to Oh et al., copolymers have been proposed as a solution to prevent the 

leakage problem of liquid electrolyte and improve the mechanical strength of gel polymer 

electrolytes (Oh et al., 2001). Besides that, copolymers were also used to develop gel 

polymer electrolytes with enhanced ionic conductivity and charge-discharge cycle 

performance (Ichino et al., 1995; Yamazaki et al., 1995). Moreover, by copolymerization 

technique, the mechanical properties of polymeric materials suitable as electrolytes also 

makes them the right candidates for flexible DSSCs (Bella et al., 2013; Imperiyka et al., 
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2013). In this study, the copolymerization was prepared using free radical photo-

polymerization technique. 

 

Free-radical polymerization is normally recognized as addition polymerization which 

is one of the chemical processes used to alter monomer into long chain segments. It is a 

well-established technique that takes place at room temperature under UV radiation. This 

technique has an advantage over conventional routes as it gives freedom to design 

polymeric networks and their final properties (Decker, 1996). It is also versatile, easy to 

handle, fast and environmental friendly, as energy consumption is low and there is no 

emission of volatile organic compounds, as the use of solvent is almost avoided (Gerbaldi 

et al., 2010). The polymerization occurred by introducing free radicals in the acrylic 

monomers. Free radical polymerization composed with three kinds of chemical reactions 

which are initiation, propagation, and termination. Monomers polymerized by this 

process must contain an unsaturated site in their structure. The reactivity exhibited by the 

two electrons in the π-bond found on the doubly-bound carbon atoms is the fundamental 

factor that gives monomers the ability to experience chain growth phenomena (Campbell, 

1994). In order for polymerization to occur, a free radical initiator must break into free 

radicals to begin the process. Once monomer units add rapidly, high molecular weights 

of polymers build up in a short time.  

 

As noted earlier free-radical polymerization is separated into three distinct steps. The 

first step occurs when the free radical initiator dissociates to produce free radicals. 

Initiation involves another reaction, the addition of the first monomer unit to form the 

initiating species. The next step is the addition of monomer units to the initiating species 

until the radical reactive centre is transferred to the end of the propagating chain. This 
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portion of the polymerization is ascribed to as the propagation step. The third step of free 

radical polymerization is termination step which is finally, the special chains will stop 

growing (Charlesby, 1965; Hutchinson &  Penlidis, 2008; Drobny, 2010). Two growing 

chains contain radicals may react with each other by combination resulting in “dead” 

polymer. The term of dead polymer represents the stopping of growth for the propagating 

radical.  

2.6 Types of copolymers 

Copolymers can be divided into a few types namely alternating copolymers, block 

copolymers, graft copolymers and random copolymers. 

2.6.1 Alternating copolymers  

Alternating copolymer is a type of polymer that consists of two different repeating 

monomer units in which the monomer units alternate positions within the chain of the 

molecule.  

A-B-A-B-A-B-A-B-A-B-A-B-A-B-A-B 

2.6.2 Block copolymers  

Block copolymer is a mixed distribution of monomer units which is a long sequence 

or block of one monomer is joined to a block of the second monomer. 
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A-A-A-B-B-B-A-A-A-B-B-B-A-A-A 

2.6.3 Graft copolymers 

Graft copolymer is a special type of branched copolymer in which the side chains of a 

given monomer are attached to the main chain of the second monomer. 

A-A-A-A-A-A-A-A-A-A-A-A-A-A-A 

B-B-B-B                        B-B-B-B 

2.6.4 Random copolymers  

Random copolymer is a copolymer where the different types of monomer units are 

distributed randomly, and sometimes unevenly, in the polymer chain.  

A-B-A-A-B-B-A-B-B-A-B-A-A-B-A 

 

In this study, random copolymer structure is chosen because among all types of 

copolymers, random copolymers are much easier to be synthesized. Besides that, this type 

of copolymers can also self-assemble various structures (Liu et al., 2005; Yan et al., 2006; 

Guo et al., 2008). 
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2.7 Basic characteristics of acrylic monomers  

The main reason of utilizing acrylic monomers to produce new copolymer is its 

stability against UV radiation. Acrylic monomers also provide the final coating with 

flexibility, hardness, water resistance, scratch resistance, exterior durability, tensile 

properties, solvent resistance and adhesion. A typical structure of an acrylic monomer is 

shown in Figure 2.1 below:  

 

  

*R = atom or group of atom 

Figure 2.3: A typical structure of an acrylic monomer 

 

There are few types of acrylic monomers such as acrylate, methacrylate, acrylamide 

acrylonitrile, etc. Among all these types of acrylic monomers, methacrylate monomer is 

a versatile monomer group. Its physical and chemical properties depend upon the “R' ” 

group, the molecular weight and the tacticity (Yagci et al., 2005), the number of carbon 

atoms present in the backbone and the nature of the substituent present on the  position 

of the vinyl group polymer (Martens, 1961). This methyl group helps in the stability, 

hardness and stiffness of the polymers formed from the methacrylate monomers. Most 

researchers used methacrylate monomers to produce copolymers because of its very 
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reactive double bond and easily to polymerize with other methacrylate or acrylic 

monomers. Besides that, methacrylate monomer also has carbonyl group (C=O) which 

provides oxygen atom and it is expected to form coordinate bond with the cations from 

the incorporated salt.  

2.7.1 Methyl Methacrylate  

Methyl methacrylate (MMA) monomer is a colourless and volatile organic compound 

in liquid form. It has a relatively high vapour pressure (51.3 hPa at 20°C) and moderate 

water solubility (15 g/litre). The empirical formula for methyl methacrylate is C5H8O2. 

The structural formula for methyl methacrylate is illustrated in Figure 2.4. 

 

 

 

 

 

Figure 2.4: Chemical structure of MMA 

 

MMA monomer has a polar functional group with high affinity for cations which makes 

it a potential candidate for polymer electrolyte material. Besides that, MMA also have 

reactive vinyl group (C=C) which can easily polymerize with other methacrylate monomer.  
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2.7.2 Ethyl Methacrylate  

Ethyl methacrylate (EMA) monomer characteristics is about same as MMA monomer. 

It is also a colourless liquid and volatile organic compound. EMA has moderate vapour 

pressure which is 20 hPa at 20°C and low water solubility (4.69 g/litre at 20 °C). The 

empirical formula for ethyl methacrylate is C6H10O2. The structural formula for ethyl 

methacrylate is shown in Figure 2.5 below. 

 

Figure 2.5: Chemical structure of EMA 

 

EMA monomer also has a polar functional group and reactive double bond so that 

when it copolymerizes with MMA monomer, the active site for cations interactions will 

increase.  

2.8 Copolymerization of MMA with EMA 

Owning to several benefits of both MMA and EMA, various chemical modifications 

have been attempted to modify their properties and extend their usage.  
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The random copolymerization of MMA and EMA have merge their properties in a 

cooperation way. Generally, copolymerizing acrylics monomers into a new polymers 

have been reported to have improved properties such as: 

1) Improved mechanical properties of SPE, 

2) Increased adhesion to the electrodes, 

3) Enhanced conductivity, 

4) Improve the formation of flexible films, and 

5) Lower the glass transition temperature, 

There are various reports on copolymerizing either MMA or EMA with other acrylic 

monomers. Reddy et al. (2010) which have been successfully investigated the 

copolymerization of different ratio of phenyl monomer (n-phenyl methacrylamide) with 

ethyl methacrylate (EMA) using free radical solution polymerization (Reddy et al., 2010). 

Roy and co-workers (2013) reported that, they have successfully copolymerized N,N-

(dimethylamino)ethyl methacrylate with MMA using reversible addition-fragmentation 

chain transfer (RAFT) copolymerization technique (Roy et al., 2013). Kalal et al. (1974) 

research involved a detailed study of thermodynamic properties and characterization of 

poly (glycidyl methacrylate-co-ethyl methacrylate) (P(GMA-co-EMA)) obtained by -

azobisisobutyronitrile (AIBN) (Kalal et al., 1974). Moreover, Nasirtabrizi et al. (2011) 

have reported the homopolymerized of GMA and copolymerize of GMA with other 

acrylate monomers such as EMA, MMA and ethyl acrylate (EA) using free radical 

polymerization initiated by AIBN (Nasirtabrizi et al., 2011). Imperiyka and Bella et al. 

have copolymerized GMA monomer with MMA, EMA and ethylene glycol methyl ether 

methacrylate (EGMEM) for use as polymer host for polymer electrolytes (Imperiyka et 

al., 2013; Bella et al., 2014; Imperiyka et al., 2014). These polymer electrolytes were then 

applied in photo-electrochemical devices. However, the use of MMA with EMA 

copolymer as host in polymer electrolytes have never been reported in the literature. In 
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this study, new copolymer of EMA/MMA was synthesized using free radical photo-

polymerization technique and then used as host for polymer electrolytes for application 

in DSSC.  
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CHAPTER 3: RESEARCH METHODOLOGY 

3.0 Introduction 

This chapter describes the preparation and characterization techniques of the polymer 

host, solid polymer electrolytes and DSSC. The characterization techniques employed in 

this study are FTIR, DMA, GPC, DSC, SEM, IS, Transference number measurement and 

LSV. The technique of solar cell performance analysis is also included in this chapter.  

3.1 Samples Preparation 

3.1.1 Preparation of polymer host 

For the polymer host preparation, two types of monomers have been chosen which are 

MMA and EMA. (100-x) wt% of MMA and (x) wt% of EMA solutions (where x = 10, 

30, 50, 70 and 90) was added with 2, 2-dimethoxy-2-phenylacetophenone (DMPA) which 

was used as a photo-initiator, with the ratio of 16:1 (polymer host: photo-initiator) 

(Imperiyka et al., 2013). The mixture was stirred until a clear solution was formed. The 

mixture was then poured into a teflon petri dish and exposed under UV radiation with 

continuous flow of nitrogen gas for a few minutes to avoid the sample from reacting with 

oxygen in the air. Then, the formed transparent copolymer was washed using methanol 

to remove the residual materials. This method was previously reported by Imperiyka et 

al., 2013. The flow diagram of the copolymer preparation technique is illustrated in Figure 

3.1. Three grams (this amount is sufficient enough to produce a few copolymer films) of 

the synthesized copolymers  was then dissolved in 30 ml of tetrahydrofuran (THF) and 
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stirred for 24 hours at 40 ˚C until homogenous solution was obtained. The solution was 

then cast into glass petri dishes and left to dry at room temperature in a fume hood (for 

slowly evaporation) to form free standing films. The preparation of host polymer have 

been repeated 5 times for each ratio.  

3.1.2 Preparation of solid polymer electrolytes  

In order to prepare polymer electrolyte films, the copolymer that showed potential 

properties to be as host polymer for polymer electrolytes was used. Three grams of the 

selected ratio of P(MMA-co-EMA) copolymer, LiI salt of varying weight ratio (10, 20, 

30 and 40) was dissolved in 30 ml of THF at 40 ˚C. The weight ratio (wt%) of salt was 

calculated using the following equation: 

 

𝑤𝑡𝑠𝑎𝑙𝑡(𝑔𝑟𝑎𝑚) = (𝑤𝑡 % 𝑜𝑓 𝑠𝑎𝑙𝑡) × (𝑤𝑡 𝑜𝑓 𝑃(𝑀𝑀𝐴 − 𝑐𝑜 − 𝐸𝑀𝐴)  (𝑔𝑟𝑎𝑚)) (3.1) 

 

This preparation technique was also applied for NaI salt system. Figure 3.2 shows the 

flow diagram of the preparation process of the solid polymer electrolyte. All the 

preparation of the polymer electrolytes (LiI and NaI) films was repeated for 5 times. 

3.1.3 Preparation of ionic liquid added solid polymer electrolytes  

The mixtures of 90MMA-co-10EMA copolymer with LiI were added with 1-methyl-

3-propylimidazolium iodide (PMII) that was used as the second additives and dissolved 

with THF solution in separate beakers for 24 hours at 40 ˚C. PMII was chosen due to its 

interesting characteristics such as molten salt at room temperature, low volatile and non-
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flammable ionic liquid. Therefore, the PMII not only can act as a plasticizer, but also as 

ions contributor (Wang et al., 2004; Mohmeyer et al., 2006; Singh et al., 2008; Noor et 

al., 2013).  The obtained homogenous solution was then poured into a glass petri dish and 

left to dry at room temperature for 8 hours to form free standing film. The weight 

percentage of PMII was limited up to 8 wt% since high loading of the ionic liquid produce 

electrolytes of poor film stability (gel-like electrolyte). The wt% of PMII addition was 

calculated using the following equation: 

 

𝑤𝑡𝑃𝑀𝐼𝐼 = (𝑤𝑡 % 𝑜𝑓 𝑃𝑀𝐼𝐼) × (𝑤𝑡 𝑜𝑓 𝑃(𝑀𝑀𝐴 − 𝑐𝑜 − 𝐸𝑀𝐴) )  (3.2) 

 

This technique was also applied for P(MMA-co-EMA) + NaI salt system. Figure 3.3 

shows the flow diagram of the preparation process of solid polymer electrolyte ionic 

liquid systems in this study.  
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Figure 3.1: Flow diagram of preparation procedure of polymer host film 
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Figure 3.2: Flow diagram of preparation procedure of polymer electrolyte films 
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Figure 3.3: Flow diagram of preparation procedure of ionic liquid added polymer 

electrolyte films 
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3.1.4 Preparation of Dye Sensitized Solar Cell 

 Photoanode glass, with the support of adhesive tapes that was used to prevent it from 

moving, was spread with titanium dioxide (TiO2) paste (DSL 18NR-AO) using doctor 

blade technique while, fluorine-doped tin oxide (FTO) counter electrode was platinized 

with platinum (Pt) paste under commercial name Platisol T by brushing-painting 

technique. Both TiO2 photoanode and platinized FTO counter electrode were then 

annealed at 450 ˚C for 30 minutes in order to change the anatase phase into the rutile 

phase and activate quasi transparent platinum layer respectively (Bella et al., 2013; Su'ait 

et al., 2014). The TiO2 photoanode was sensitized in 0.3 mM of cis-diisothiocyanato-

bis(2,2’-bipyridyl-4,4’-dicarboxylato ruthenium(II) bis(tetrabutylammonium) dye (N719 

dye) solution at room temperature for 24 hours (to ensure the the TiO2 photoanode was 

fully sensitized by N719 dye). The highest conducting polymer-salt (with and without 

ionic liquid) systems were then added with iodine (10:1) for 24 hours and cast on the TiO2 

photoanode electrodes and left to dry at room temperature for a few minutes (Su'ait et al., 

2014). The assembling procedure of FTO/TiO2-dye/polymer electrolytes membrane-I2/Pt 

dye sensitized solar cell is shown in Figure 3.4  

 

 

Figure 3.4: Fabrication of FTO/TiO2-dye/polymer electrolytes membrane-I2/Pt dye 

sensitized solar cell 
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3.2 Characterization of samples 

3.2.1 Fourier Transform Infrared Spectroscopy  

FTIR is an analytical tool used for identifying chemical interaction that occurred in 

polymer electrolytes (Noor et al., 2013; Su'ait et al., 2014). The IR spectra may show the 

occurrence of interactions in the polymer electrolytes which change the vibrational modes 

of atoms or molecules in the materials (Rajendran &  Uma, 2000). In this research, 

universal attenuated total reflectance (ATR) accessory was used for FTIR analysis 

because it is more suitable to analyze polymer electrolyte samples in solid form. ATR-

FTIR spectra were recorded by computer interfaced with Perkin Elmer Frontier FTIR 

spectrophotometer. The prepared sample was placed on the top plate of universal ATR 

and a pressure was applied to push the sample onto the diamond surface. The analysis 

was carried out in the range of 4000 to 550 cm-1 with a scanning resolution of 2 cm-1.  

3.2.2 Differential Scanning Calorimetry  

DSC measures the temperature and heat flow associated with transitions in materials 

as a function of time and temperature. It is widely used to characterize thermal transitions 

of materials and provides useful information about melting point, glass transition 

temperature, crystallinity, heat capacity, thermal stability and phase transition 

temperature. It can also be used to check the absence of significant amounts of new phases 

in a sample (Bershteĭn &  Egorov, 1994; Danley et al., 1998; Noor et al., 2013). In this 

work, about 5-6 mg were placed in an aluminum crucible with the heating temperature 

range from 30 to 250 oC at a scanning rate of 10 oC/min. The analysis was performed 
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using DSC 131 EVO instrument (SETARAM Instruments) and the results were evaluated 

with the STARe Software.  

3.2.3 Scanning Electron Microscopy  

SEM is a useful tool to observe samples morphology. It utilizes electrons in the 

formation of a microscopic image (Harrison et al., 1998; Zadora &  Brożek-Mucha, 

2003). The electrons are usually emitted from a tungsten filament that is heated by 

running a current through it. The emitted primary electrons beam are accelerated towards 

the sample and focused with electromagnetic lenses. Once the primary electrons beam 

hits the sample, atoms from the sample are ejected. The interaction between electrons 

from the beam and atoms from the sample will produce signal that contains topographical 

information of the sample. The cross sectional morphological images of the prepared host 

copolymer samples in this study was observed using Zeiss EVO MA10 scanning electron 

microscope at a magnification of 100× with an accelerating voltage of 10.0 kV. Each of 

the sample was prepared by breaking into a small rectangular shape by using liquid 

nitrogen and was coated with gold under vacuum condition. 

3.2.4 Gel Permeation Chromatography  

GPC is one of the most powerful and versatile analytical techniques available for 

understanding and predicting polymer performance. It is the most convenient technique 

for characterizing the complete molecular weight distribution of a polymer. GPC can 

determine several important parameters such as average number of molecular weight, 

average weight of molecular weight, average Z weight of molecular weight, and the most 
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fundamental characteristic of a polymer its molecular weight distribution (Imperiyka et 

al., 2014; Su'ait et al., 2014; Ibrahim et al., 2015). In this study, the molecular weight 

analysis of copolymer host was performed using GPC system that consists of a Water 717 

plus Autosampler and a Water 2414 differential refractive index (RI) detector. The 

samples were prepared by dissolving 0.03 g of sample in 10 ml of THF at 40°C for 24 

hours to achieve equilibrium before injected to the GPC system. The injection volume is 

100 ml and operation time taken was 55 minutes for each sample. 

3.2.5 Dynamic Mechanical Analyzer  

DMA is a tool that can be used to characterize a material’s properties as a function of 

temperature, time, frequency, stress and other parameters. DMA measurements can be 

carried out in all standard deformation modes such as bending, tension, compression and 

shear mode. DMA measures stiffness and damping that can also be reported as modulus 

and tan delta (Rani et al., 2014; Ibrahim et al., 2015; Rudhziah et al., 2015). From the 

measurement results, glass transition temperature value of each sample can be 

determined. In this study, Perkin Elmer DMA 8000 instrument was used to get the glass 

transition temperatures of the copolymer host samples. The analysis was done in tension 

mode. The samples used were of 20 mm length, 10mm width, and a thickness between 

0.1 to 0.5 mm. The temperature range was from 30 to 100 ºC at heating rate of 1 ºC/min 

at the frequency of 1 Hz.  
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3.2.6 Electrochemical Impedance Spectroscopy  

EIS is a powerful tool for the characterization of many electrical properties of materials 

and their interfaces with electron conducting electrodes. This spectroscopic technique 

refers to the measurement of the real and imaginary parts of impedance over a wide range 

of frequency (Chandra and Pandey; 1992, Bonanas et al, 1987).  

The data of the impedance analyzer are commonly presented in Nyquist plot which 

consists of imaginary (Zi) and real (Zr) impedance components as shown in Figure 3.5. 

Each point in the plot corresponds to impedance at a particular frequency. From the plot, 

the value of bulk resistance, Rb of a sample could be obtained and the conductivity, σ 

could then be calculated using the equation:  

AR

t

b

             (3.3) 

where t is the thickness of the electrolyte and A is the electrolyte – electrode contact area 

(Bard &  Faulkner, 1980; Arof et al., 2000; Macdonald &  Barsoukov, 2005).  

 

 
Figure 3.5: Typical complex impedance plot for polymer electrolytes 
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In this study, the ionic conductivity and other electrical properties were measured 

using Solartron 1260 impedance analyzer over the frequency range from 10 Hz to 5 MHz 

with 100 mV voltage amplitude. In order to investigate the effect of temperature changes 

to the ionic conductivity, the temperature dependence- ionic conductivity was carried out 

in a temperature range from 30 ˚C to 100 ˚C (Solartron was connected to the sample that 

was placed in a temperature chamber).  

3.2.7 Transference number measurement 

Transference number which is also known as transport number in solid electrolytes is 

due to both ions and electrons. Both ionic transference number (tion) and electronic 

transference number (te) may be found from the equation as follows: 

 

𝜎𝑇 = 𝜎𝑖 + 𝜎𝑒           (3.4) 

 

 where σi and σe are the conductivities contributed by ions (cations/anions) and 

electrons/holes respectively (Arof et al., 2000).  The transference number of an ion (ti) or 

an electron (te) in a solid electrolyte is the ratio of the conductivity due to the ionic species 

to the total conductivity of the electrolyte i.e. 

 Ionic transference number,   

𝑡𝑖𝑜𝑛 =
𝜎𝑖

𝜎𝑇
             (3.5) 

Electronic transference number,   

𝑡𝑒 =
𝜎𝑒

𝜎𝑇
            (3.6) 

 

Every type of electrolytes has their own ionic or electron transference number, ti and 

te which must be always positive and between zero and one. If the solid electrolyte is 
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purely ionic, then tion = 1 while for an electronic conductor te = 1. For mixed conductors, 

tion may have value from 0 to 1 (Bhargav et al., 2007).   

 

Therefore, to determine the majority of charge carrier that contribute for the 

conductivity of P(MMA-co-EMA)-salt and P(MMA-co-EMA)-salt-ionic liquid films, the 

transference number were measured using DC polarization technique. For this technique, 

the solid polymer electrolyte sample was sandwiched between stainless steel electrodes 

with applied potential difference of 1 V. The value of current was monitored until it 

reached the steady state condition (Wagner &  Wagner, 1957). 

 

The transference number was calculated from polarization current versus time plot 

using equation: 

𝜏𝑖𝑜𝑛 =
𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝐼𝑓𝑖𝑛𝑎𝑙

𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙
            (3.7) 

 

where 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial current and 𝐼𝑓𝑖𝑛𝑎𝑙 is the final residual current (constant current). 

If the charge transport in the sample is ionic, the current through an ion blocking electrode 

decreases rapidly with time as shown in Figure 3.6.   
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Figure 3.6: Normalized current versus time 

 

In order to determine the actual type of charge carrier in the electrolytes, cation 

transference number measurement was done based on the analysis of combined dc and ac 

on the symmetrical cell with non-blocking cation electrodes such as lithium or sodium 

which allowed Li+ and Na+ ions to transfer respectively. For this measurement, the 

samples were sandwiched between lithium metal or sodium metal electrodes and all 

measurement was done in an argon filled glove box with O2 < 0.1 ppm and H2O < 0.1 

ppm. The cation transference number measurement was done using Bruce and Vincent 

method in order to determine the actual type of charge carriers. This method requires 

characterization of cell before and after polarization (after reaching the steady state) by 

using combination of EIS and DC polarization technique (Bruce et al., 1988).  

For small polarization potentials, the transference number for the cation, X+ (where X = 

Li or Na) is given by: 

𝑋+ =
𝐼𝑠𝑠(∆𝑉−𝐼0𝑅0)

𝐼0(∆𝑉−𝐼𝑠𝑠𝑅𝑠𝑠)
                       (3.8) 
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where 𝐼𝑠𝑠 is the steady-state current, 𝐼0 the initial current, ΔV the applied potential, 

𝑅𝑠𝑠 and 𝑅0  the electrode resistances after and before the polarization, respectively (Bruce 

et al., 1988; Riley et al., 2002; Bhargav et al., 2009). The impedance plot before and after 

polarization and variation of the current with time are shown in Figure 3.7 and 3.8 

respectively. 

 

 

  

Figure 3.7: Impedance plot before and after polarization of Li metal/ P(MMA-co-

EMA)/Li metal 
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Figure 3.8: Current versus time plot for Li metal/P(MMA-co-EMA) + 20 LiI/Li metal 

3.2.8 Linear Sweep Voltammetry  

LSV is a technique where the current at a working electrode is measured while the 

potential between the working electrode and a reference electrode is swept linearly in 

time (Bard &  Faulkner, 1980). Oxidation or reduction of species is registered as a peak 

or through in the current signal at the potential at which the species begins to be oxidized 

or reduced (Figure 3.9). 

 

The LSV measurement in this study was obtained using a multichannel 

electrochemical workstation (Zive MP2 Multichannel) which was operated at a scanning 

rate of 100 mVs-1 over the potential range from 0 to 5 V, with stainless steel as both 

working and reference electrodes at room temperature.  
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(a) 

 

(b)

Figure 3.9:(a) Linear potential sweep starting at Ei . (b) Resulting I–E curve adapted 

from (Wang, 2006) 

3.2.9 Current density-voltage measurements 

Current density-voltage (J–V) measurement was recorded using Wonatech Zive MP2 

multichannel electrochemical analyzer with a xenon light source under AM (air mass) 1.5 

illumination (100 mW·cm−2) controlled by a radiometer. The measurement was carried 

out at room temperature and the illumination cell area was set to 1 cm2 to study the 

performance of DSSC. The performances was evaluated by calculating the fill factor, FF 

and energy conversion efficiency, η. FF is defined as the ratio of the maximum power 

from the DSSC to the product of open circuit voltage and short current density. 

Meanwhile, the η is efficiency of energy conversion from light to electricity. The values 

of FF and η were calculated using Equations (3.9) and (3.10), respectively: 

  

                                                          FF =  
𝑉𝑚𝑎𝑥×𝐽𝑚𝑎𝑥

𝑉𝑂𝐶× 𝐽𝑆𝐶
                                                 (3.9) 

 

𝜂 =
𝑉𝑂𝐶×𝐽𝑆𝐶 ×FF×100

𝑃𝑖𝑛
             (3.10) 
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where 𝑉𝑂𝐶 is the open circuit voltage (V), 𝐽𝑆𝐶  is the short circuit current density               

(mA cm-2), 𝑃𝑖𝑛 is the incident light power density (mW cm-2) while 𝑉𝑚𝑎𝑥 (V) and 𝐽𝑚𝑎𝑥 

(mA cm-2) are the voltage and the current density in the J-V curves, respectively, at the 

point of maximum power output (Bella et al., 2013; Su'ait et al., 2014)
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CHAPTER 4: P(MMA-CO-EMA) RANDOM COPOLYMER SYNTHESIZED 

USING FREE-RADICAL BULK POLYMERIZATION METHOD 

4.0 Introduction 

In this study, P(MMA-co-EMA) copolymers were prepared using free-radical bulk 

polymerization technique with different ratios of MMA and EMA. One of the 

photographs of the flexible copolymer film is shown in Figure 4.1 (a). The ratio of 

copolymer films prepared in this study are listed in Table 4.1. The difference of 

copolymerization ratio of the two monomers cannot be too small because there is no 

significant effect to the polymer chain (Pomposo et al., 1996; Kim et al., 1998; Roy et al., 

2013). In order to identify the most potential copolymer ratio to be used as host for 

polymer electrolytes, FTIR, DMA, GPC, SEM and IS measurement were carried out. The 

characterization was done on the copolymer with EMA ratio up to 50 wt% since the films 

containing EMA > 50 wt% poor in mechanical properties. EMA has low mechanical 

strength compared to MMA due to its longer chain length. Therefore, the mechanical 

strength of the P(MMA-co-EMA) decreases when the MMA ratio is decreased (Kim &  

Oh, 2000; Latif et al., 2006). As such the copolymers containing high wt% of EMA 

become gel-like (Figure 4.1 b), hence they are not suitable use for preparation of SPEs. 

The results of these studies are presented in the following sections.   
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Figure 4.1: Photograph of (a) free standing film of P(MMA-co-EMA) and (b) gel-like 

film of P(MMA-co-EMA) 

 

Table 4.1: MMA and EMA copolymer films prepared in this study. 

MMA (wt% 

ratio) 

EMA (wt% 

ratio) 
Sample Designation Sample  

90 10 90MMA:10EMA Free standing film 

70 30 70MMA:30EMA Free standing film 

50 50 50MMA:50EMA Free standing film 

30 70 30MMA:70EMA 
Not free standing 

film 

10 90 10MMA:90EMA 
Not Free standing 

film 

4.1 FTIR Analysis 

Figure 4.2 shows FTIR spectra for MMA and EMA monomers, and MMA-co-EMA 

copolymers of different MMA:EMA ratios. The chemical structure of EMA is quite 

similar to that of MMA where the only differences between them are the chain length and 

alkyl group bonded to methacrylate group. MMA contains methoxy group (-OCH3) that 

(a) 

When EMA > 50 wt % 

(b) 
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is bonded to the carbonyl (C=O) carbon while the ethoxy group (-OC2H5) is found in 

EMA. The main evidence to prove that the monomers have been successfully 

copolymerized is the disappearance of the absorption peaks at 939 cm-1 which is assigned 

to C-H bonding in the C=CH2 group and the stretching vibration band of C=C at 1638 

cm-1 (Patel et al., 2008) as can be seen in Figure 4.2. According to Han et al (2013) and 

Szczepanski et al (2012; 2015), the disappearance of the double bond peaks (C=C and 

C=CH2) indicates that the monomers had participated in the synthesis reaction 

(Szczepanski et al., 2012; Han et al., 2013; Szczepanski &  Stansbury, 2015). The 

chemical structure of P(MMA-co-EMA) after copolymerization is illustrated in Figure 

4.3. 

 

Figure 4.2: FTIR spectra of (i) MMA, (ii) EMA, (iii) 90MMA:10EMA,  

(iv) 70MMA:30EMA (v) 50MMA:50EMA copolymers in the wavenumber regions of 

(a) C=CH2 bonding (b) C=C bonding 
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Figure 4.3: Structure of P(MMA-co-EMA) 

 

Illustrated in Figure 4.4 are the strong absorption peaks observed within range 1720 - 

1740 cm-1, 1140 - 1160 cm-1 and 1240 - 1300 cm-1 which are assigned to carbonyl group 

(C=O), ether group (C-O-C), and epoxy group (C-O-C) respectively (Su'ait et al., 2009; 

Ahmad et al., 2011; Imperiyka et al., 2013). In the region of 2900 to 3000 cm-1, the peaks 

at 2986, 2945, 2910 cm-1 are due to the C-H stretching vibration of the methylene (C-

CH3) and ethylene (O-C2H5) groups. Similar observation has been reported by Venkatesh 

and co-workers (Venkatesh et al., 1985; Abdelrazek, 2007; Sivakumar et al., 2007; Reddy 

et al., 2010). From the figure, it can be seen that there are only single bands occurred for 

all functional groups indicating that MMA and EMA was successfully copolymerized. 

Besides that, the bands for the focus functional groups such as carbonyl, ether and epoxy 

are shifted to lower wavenumbers by > 2 cm-1 suggesting the occurrence of interactions 

between the two monomers. Similar observations were reported by other researchers. 

(Imperiyka et al., 2013; Ibrahim et al., 2015; Rudhziah et al., 2015).  
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Figure 4.4: FTIR spectra of (i) MMA, (ii) EMA, (iii) 90MMA:10EMA, (iv) 

70MMA:30EMA and (v) 50MMA:50EMA copolymers 

4.2 Thermal Analysis 

Presented in Figure 4.5 are tan δ – temperature curves for the three MMA:EMA 

copolymers. Temperature corresponding to the maximum peak of tan δ is attributed to Tg 

while height of tan δ curves is related to the mechanical nature of the copolymers (Elmér 

et al., 2003; Szczepanski et al., 2012; Szczepanski &  Stansbury, 2015). The values of Tg 

determined from the plots are 33.8, 67.8 and 55.9 ᵒC for the samples of 90MMA:10EMA, 

70MMA:30EMA and 50MMA:50EMA respectively. The Tg values shows no specific 

trend with the EMA concentration. Logically, EMA has longer side chain compared to 

MMA which allows greater chain mobility and spaces between the chains leading to 

reduction in entaglement interactions and Tg (Szczepanski et al., 2012). But in this study, 

there is no correlation between Tg and EMA content. According to some researchers, the 
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relationship between Tg and composition is not always linear for random copolymer and 

the presence of a single Tg confirms the homogeneity of the copolymers (Sichina, 2000; 

Slobodian et al., 2012; Pal et al., 2014). From the tan δ curves, it can be seen that  

90MMA: 10EMA exhibit the lowest Tg value compared to the other ratio indicating that 

the polymeric network become looser, hence enhance the flexibility of the polymer chain 

(Bella et al., 2014).  

 

 

Figure 4.5: DMA spectra for MMA:EMA copolymers 

4.3 GPC study 

Table 4.2 shows the molecular weights for MMA:EMA copolymers which have been 

analyzed using GPC. From the table, it can be seen that 90MMA: 10EMA copolymer 

possesses the lowest molecular weight value followed by 50MMA: 50EMA and 70MMA: 

30EMA. This results are consistent with the Tg values that reported earlier which shows 
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that, the lowest molecular weight exhibit the lowest Tg. This is because, when the 

molecular weight is lower, the chain flexibility of the polymer host will be greater. This 

will helps in enhancing ion transport in the polymer host and hence enhanced the ionic 

conductivity (Scrosati, 1993; Szczepanski et al., 2012; Szczepanski &  Stansbury, 2015). 

This agreement was also supported by Shi and Vincent (1993) which reported that the 

ionic conductivity increases with decrease of molecular weight (Shi &  Vincent, 1993). 

 

Table 4.2: Molecular weight values for (100-x)MMA:(x)EMA copolymers 

Sample name Molecular weight (g/mol) 

90MMA:10EMA 46941 

70MMA:30EMA 64605 

50MMA:50EMA 57566 

 

4.4 Morphology study 

The SEM micrographs of the three MMA:EMA copolymer films depicted in Figure 

4.6 were characterized at the cross sectional area. As can be seen, the surface of 

70MMA:30EMA and 50MMA:50EMA in Figure 4.6 (b and c) shows unsmooth and 

cracked surface. Whereas, the surface morphology for 90MMA:10EMA in Figure 4.6 (a) 

is smooth. According to previous reports, the smoother surface will helps to improve the 

better interfacial properties at the electrode electrolytes interface hence enhance the 

performance of DSSC (Xia et al., 2006; Prabakaran et al., 2015)  
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Figure 4.6: Cross section morphology of (a) 90MMA:10EMA, (b) 70MMA:30EMA, 

and 50MMA:50EMA samples 

(a) 

(b) 

(c) 
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4.5 Electrical study 

The room temperature bulk resistivity, Rb of MMA: EMA copolymer films with 

different EMA concentrations are listed in Table 4.3. Bulk resistance is the material 

property which shows how strongly the material opposes the flow of electric current. 

From the table, 90MMA:10EMA shows the lowest Rb value followed by 

70MMA:30EMA and 50MMA:50EMA. As in Equation 3.3, Rb of a sample is inversely 

proportional to the conductivity, σ. The lower Rb value indicating the smaller resistance 

of ions to flow between electrode-electrolytes interfaces. As a results, it helps the ions 

move easier inside the polymer host hence enhance the conductivity (Wright, 1975; 

Ratner &  Shriver, 1988). Therefore, it shows that 90MMA: 10EMA is the most potential 

of copolymer ratio to be as host in polymer electrolytes.  

 

Table 4.3: Conductivity values for (100-x)MMA:(x)EMA copolymer 

Copolymer Bulk resistivity (Ω) 

90MMA:10EMA (6.16 ± 0.42) × 108  

70MMA:30EMA (3.11 ± 0.46) × 109 

50MMA:50EMA (1.51 ± 0.16) × 109 

 

The results obtained in this section show that the copolymer ratio of 90MMA:10EMA 

is the most potential for application in polymer electrolytes due to its better in physical 

and electrical properties such as greater chain flexibility, smooth surface and lower bulk 

resistivity. This indicates that 90MMA:10EMA can helps the ions move freely inside the 

polymer host system.  
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CHAPTER 5: P(MMA-co-EMA) – IODIDE SALTS (LiI and NaI) POLYMER 

ELECTROLYTE FILMS 

5.0 Introduction 

As mentioned in Chapter 4, the copolymer ratio of 90MMA:10EMA has been 

identified as the most suitable to be used as a polymer host. Therefore, in order to prepare 

copolymer electrolytes, 90MMA:10EMA was added with various amounts of LiI and NaI 

salts forming two systems which are P(MMA-co-EMA) + LiI system and P(MMMA-co-

EMA) + NaI system respectively. For the purpose of determining suitable ratio polymer 

electrolytes to be applied in DSSC, the prepared samples were characterized using FTIR, 

DSC, IS, transference number and LSV measurement. The obtained flexible polymer 

electrolytes films are shown in Figure 5.1 (a) and (b). From the figures, it can be seen that 

P(MMA-co-EMA) + NaI (Figure 5.1 b) form films that are more transparent compared 

to P(MMA-co-EMA) + LiI (Figure 5.1 a) films. The results of characterization are 

revealed in the following sections.   

 

(a) 
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Figure 5.1: Flexible films of (a) P(MMA-co-EMA) + LiI and (b) P(MMA-co-EMA) + 

NaI polymer electrolytes 

5.1 P(MMA-co-EMA) + LiI POLYMER ELECTROLYTE SYSTEM 

Table 5.1 lists the composition and designation of each P(MMA-co-EMA) + LiI 

polymer electrolyte film prepared in this study.  

Table 5.1: P (MMA-co-EMA) + LiI polymer electrolytes prepared in this study. 

P(MMA-co-EMA) + (x) LiI 

(wt% ratio) 
Sample Designation 

10 10 LiI 

20 20 LiI 

30 30 LiI 

40 40 LiI 

(b) 
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5.1.1 FTIR analysis 

According to Sako et al. (2001) and other researchers, iodide salts has been widely 

used for the cleavage of the C-O bonds in esters and ethers with the presence of polar 

solvent. (Sako et al., 2001; Chakraborti et al., 2002; Dick et al., 2004), Therefore, the 

dissociation of lithium and iodide ion in the polymer host leads to the coordination of 

lithium ions to the carbonyl and C-O bond at the ether group and iodide ions to the methyl 

group. This is due to the lithium ions which are more attractive to the oxygen (O) atoms 

that have lone pair of electrons and iodide ions to the CH3 group that have been as polar 

group after cleavage with C-O bonds in esters and ethers. Figure 5.2 shows the FTIR 

spectra of the specific functional groups of P(MMA-co-EMA) which are carbonyl group 

(C=O) located around the wavenumber of 1750-1730 cm-1, ether (C-O-C) and methyl 

group (CH3) located around the wavenumber of 1500-1000 cm-1 (Su'ait et al., 2009; 

Ahmad et al., 2011). Figure 5.2 (a) presents the symmetrical stretching of the carbonyl 

group, ν(C=O) spectra for the polymer host added with various concentrations of LiI salt. 

With addition of 10 wt%, 20 wt%, 30 wt% and 40 wt% of lithium salt, the carbonyl peak 

was down shifted from 1724 cm-1 to 1719 cm-1.  

Figure 5.2 (b, c and d) shows the vibration mode for ether and methyl group. Specific 

vibrational mode of ether group (C-O-C) can be observed at a stretching mode of –COO- 

and ν(C-O) which are symmetrical stretching mode (νs(C-O-C)), asymmetrical stretching 

mode (νas(C-O-C)) and asymmetric deformation of the MMA-co-EMA group, δ(O-CH3) 

at the wavenumber of 1271, 1147 and 1448 cm-1 respectively (Su'ait et al., 2009; 

Imperiyka et al., 2013). With addition of salt, these bands are shifted to the lower 

wavenumbers of 1269, 1142 and 1444 cm-1. The –CH3 asymmetric bending at 1435 cm-1 

and –CH3 symmetric bending at 1241 cm-1 were shifted to the lower wavenumbers of 

1431 cm-1 and 1235 cm-1 respectively. The bands for all three specific functional groups 
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(a) 

 

(b) 

 

(c) 

 

(d)

Figure 5.2: FTIR spectra of P(MMA-co-EMA) + LiI polymer electrolytes in the (a) 

carbonyl (b, c and d) vibration of ether and methyl group  spectral region
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are shifted more than 2 cm−1, indicates interactions between cation and anion from the 

doping salt with the functional group in the host polymer (Mauritz, 1989; Sagane et al., 

2005; Ahmad et al., 2011; Imperiyka et al., 2013; Imperiyka et al., 2014). The effects on 

the intensity of FTIR spectra after addition of different wt% of LiI could not be studied 

since the force applied by the knob of ATR-FTIR analyzer towards the samples is 

controlled by the equipment (the applied force is different from one to the other). The 

proposed mechanism of the complexation between lithium and iodide ions with the 

polymer host is shown in Figure 5.3. 

 

 

 

Figure 5.3: Proposed interaction in P(MMA-co-EMA) + LiI polymer electrolytes 

5.12 Conductivity Measurement 

Figure 5.4 shows the variations of ionic conductivity and glass transition temperature 

with wt% ratio of LiI. From the figure, it can be seen that the ionic conductivity increase 

and achieves an optimum value of 1.3 × 10-6 S cm-1 at 20 wt% of LiI. This may be due to 

the increase of mobility of Li+ and I- ions. However, when the concentration of LiI 
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increased above than 20 wt%, the dissociation of Li+ and I- ions might have reached an 

optimum value resulting in a decrease in ionic conductivity. The increase of Li+ and I- 

ions may form ion pairs or ion clusters which reduce the number of free ions leading to 

the decrease in ionic conductivity (Karan et al., 2008; Kunze et al., 2012). Figure 5.4 also 

demonstrates that the ionic conductivity generally is also related to the glass transition 

temperature (Tg) of the polymer electrolytes. When the Tg value decreases, the flexibility 

of the polymeric chain increases leading to the increase of Li+ and I- transportation in the 

polymeric chain (Chaurasia et al., 2014; Ng et al., 2015). As a result, the ionic 

conductivity value is enhanced (Nagaoka et al., 1984; Kobayashi et al., 1985). This is 

another factor for the higher ionic conductivity value of 20LiI compared to other 

electrolyte films.  

 

 

Figure 5.4: Variation of ionic conductivity at room temperature and Tg value with 

concentration of LiI for P(MMA-co-EMA) + LiI electrolytes 
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5.1.3 Temperature dependence of ionic conductivity 

Figure 5.5 presents the variation of dielectric loss with frequency at different 

temperatures for 10 LiI film. The plots of loss tangent with frequency at different 

temperatures for 20 LiI and 30 LiI films also show similar trend. From Figure 5.5, it can 

be seen that the tan δ increases with frequency at different temperatures, reaches a 

maximum value and thereafter decreases. The tan δ at lower frequency is due to the free 

charge build up at the interface between the electrolyte and the electrodes. While at higher 

frequencies, the periodic reversal of the electric field occurs so fast, so that there is no 

excess ion diffusion in the direction of the field. The polarization which is due to the 

charge accumulation increases leading to the increase of the tan δ value as the temperature 

increases, hence enhance the ionic conductivity at high temperature. For the film of 40LiI 

(Figure 5.6), it does not follow the similar trend as other concentrations, hence make the 

behaviour for this sample is difficult to understand. Therefore, this study was only done 

for 3 concentrations of LiI which are 10, 20 and 30. The tan δ peak is also found to shift 

towards higher frequency with increase in temperature and it suggests a dielectric 

relaxation process (Fan et al., 2003; Bhargav et al., 2009).  

 

In order to understand the dielectric relaxation process, the relaxation frequency peak 

(fmax) obtained from the maximum peak of tan δ in Figure 5.5 was plotted against 

temperature, as shown in Figure 5.7.  
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Figure 5.5: Variation of loss tangent with log frequency at different temperatures for 10 

LiI polymer electrolyte film. 

 

Figure 5.6: Variation of loss tangent with log frequency at different temperatures for 40 

LiI polymer electrolyte film 
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Figure 5.7: Log frequency relaxation peak of P(MMA-co-EMA) + LiI polymer 

electrolytes films at different temperatures 

 

The plots show that the 𝑓𝑚𝑎𝑥 increases with temperature and are in accordance with 

the non-Debye behaviour (Winie &  Arof, 2004). Moreover, from the plot, activation 

energy of migration mobile ions, Ea can be determined using the following equation (5.1): 

𝑓𝑚𝑎𝑥 = 𝑓0𝑒𝑥𝑝 (
−𝐸𝑎

𝐾(𝑇)
)          (5.1) 

where 𝑓0 is constant and k is the Boltzmann constant. 

Ea is also known as the energy required to provide a conductive condition for the 

migration of ions in the polymer electrolytes system. Furthermore, from the 𝑓𝑚𝑎𝑥 value, 

relaxation times, τ were calculated using equation (5.2): 

2𝜋𝑓𝑚𝑎𝑥𝜏 = 1            (5.2) 

The calculated Ea and τ value for the three different concentrations of LiI are presented 

in Table 5.2. The trends of Ea versus concentration and τ versus concentration of the 
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electrolytes are consistent with that of the conductivity versus LiI content This means that 

the conductivity depends on the Ea and τ. (Winie &  Arof, 2004; Amir et al., 2011)  

Table 5.2: Relaxation time, τ and activation energy, Ea determined from frequency 

relaxation peak, fmax of P (MMA-co-EMA) + LiI 

Polymer 

electrolyte 

τ at ambient 

temperature (s) 
Ea (eV) 

10 LiI 3.18 × 10-4 0.45 

20 LiI 2.01 × 10-4 0.39 

30 LiI 1.27 × 10-2 0.81 

40 LiI - - 

5.1.4 Ionic and Li+ ion transference number 

Figure 5.8 shows the plot of normalized current versus time for 20 LiI polymer 

electrolyte film. The total ionic transference number shown in this plot is 0.98. This 

suggests that ions are the dominant charge transport in this polymer electrolyte film 

(Subba et al., 2003; Saikia &  Kumar, 2004). This means that both cations (Li+) and anions 

(I−) may contribute to conductivity since both types of ions are coordinated with the 

polymer chains as shown in Figure 5.3. Univ
ers

ity
 of

 M
ala

ya



 

65 

 

Figure 5.8: Normalized current versus time for 20 LiI polymer electrolyte film 

 

Presented in Table 5.3 are the Li+ ion transference numbers for various concentrations 

of LiI. The Li+ ion transference number values (𝑡𝐿𝑖+) were calculated using equation 3.8. 

From the table, it can be seen that 𝑡𝐿𝑖+  for all concentrations of LiI are below 0.3. The 

low value of 𝑡𝐿𝑖+ maybe due to small size of Li+ ions which makes the ions strongly 

interact with the lone pair electrons of oxygen atoms, which act as electron-donor atoms 

in the structure of the polymer host, hence decrease the mobility of Li+ ions  (Hiller et al., 

2011). Therefore, this result indicates that the majority of ions that contribute to ionic 

conductivity is not Li+ ions but most possibly I- ions (Ali et al., 2006; Bhargav et al., 

2009).  
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Table 5.3: Lithium ion transference numbers of P (MMA-co-EMA) + LiI electrolytes 

Polymer electrolytes Transport number of Li+ (𝒕𝑳𝒊+) 

10 LiI 0.20 

20 LiI 0.30 

30 LiI 0.10 

40 LiI 0.05 

5.1.5 DSSC Performance 

In order to fabricate DSSCs, two samples; 30 LiI and 20 LiI which possess the lowest 

and highest 𝑡𝐿𝑖+ respectively. This was done in order to study the effect of Li+ ion 

transport number in DSSC application. Even though 40 LiI exhibits the lowest 𝑡𝐿𝑖+, it 

cannot be chosen for fabrication in DSSC because from the temperature dependent 

conductivity study earlier, its conductivity does not follow any specific trend at elevated 

temperatures. The DSSC were then tested under illumination of light. Photocurrent 

density–voltage (J–V) curves of DSSC employing 20 LiI and 30 LiI as electrolyte 

membranes are shown in Figure 5.9. The photovoltaic parameters such as Jsc, Voc, FF and 

η were obtained from the intersection of current and voltage from the J-V curves under 

illumination (Rahman et al., 2007). FTO/TiO2-dye/20 LiI-I2/Pt DSSC gives the 

photovoltaic efficiency, η of 0.45% with Jsc of 4.60 mA cm-2, Voc of 0.30 V and FF of 

0.33. Meanwhile, FTO/TiO2-dye/30 LiI-I2/Pt DSSC exhibits an η of 0.10% with Jsc of 

0.95 mA cm-2, Voc of 0.29 V and FF of 0.35. These show that even though I- ions is 

important for redox couple in DSSC system, the 𝑡𝐿𝑖+of the electrolyte systems should not 

be too low because the smaller size of cations can penetrate easily into the dye coated 
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TiO2 film and form ambipolar Li+-e- with the electrons in the conduction band of TiO2. 

This will increases the transport speed of electrons in the TiO2 network and enhances Jsc 

of the DSSC (Li et al., 2010; Shi et al., 2011; Bella et al., 2013). Therefore, based on the 

performance of the DSSCs, 20 LiI is a more promising system for application in DSSC. 

 

Figure 5.9: J-V curves of FTO/TiO2-dye/P(MMA-co-EMA)-LiI/I2/Pt assembled with 

20 LiI and 30 LiI polymer electrolytes 
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5.2 P (MMA-co-EMA) + NaI POLYMER ELECTROLYTES SYSTEM 

Composition and designation of each P(MMA-co-EMA) + NaI polymer electrolyte 

films prepared in this study are listed in Table 5.4. 

 

Table 5.4: P(MMA-co-EMA) + NaI polymer electrolytes prepared in this study 

P(MMA-co-EMA) + (x) NaI (wt%) Sample Designation 

10 10 NaI 

20 20 NaI 

30 30 NaI 

40 40 NaI 

5.2.1 FTIR Analysis 

FTIR spectroscopy was used to study the vibration energy of covalent bonds in the 

polymer host due to the interactions that occurred when salt was introduced into the 

polymer (Su’ait et al., 2011). Figure 5.10 shows the FTIR spectra at selected regions of 

interest. The main regions of interest are the regions for oxygen atoms of the carbonyl 

group (C=O) located around the wavenumber of 1750–1730 cm−1, ether group (C–O–C) 

at 1300–1000 cm−1 and the methyl group (CH3) at 1440–1245 cm−1 of the MMA and 

EMA structure in P(MMA-co-EMA). The interaction of sodium iodide with polymer host 

is similar with P(MMA-co-EMA) + LiI system where with of the presence of polar 

solvent, iodide salts has been widely used for the cleavage of the C-O bonds in esters and 

ethers with. (Sako et al., 2001; Chakraborti et al., 2002; Dick et al., 2004). Therefore, the 
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oxygen atoms from carbonyl and ether groups that act as electron donor atoms will form 

coordinate or dative bonds with sodium ions from the doping salt, while iodide ions to 

the methyl group that have been as polar group after cleavage with C-O bonds in esters 

and ethers, hence forming a polymer-salt electrolyte (Sako et al., 2001; Chakraborti et al., 

2002; Dick et al., 2004; Pavia et al., 2005; Ahmad et al., 2011). Thus, in these polymer 

electrolyte system, the sodium iodide is assumed to be fully dissociated into cations and 

anions, then coordinated with the polymer host structure. Figure 5.10 (a) presents the 

FTIR spectra of the symmetrical stretching of the carbonyl group, ν(C=O), from the 

polymer host structure for various concentrations of salt. With the addition of 10 wt%, 20 

wt%, 30 wt% and 40 wt% of sodium salt, the peak is shifted from 1725 to 1719 cm−1. 

The specific vibration mode of ether group (C–O–C) can also be observed in the spectra 

(b, c, d and e), which shows that the –CH3 asymmetric deformation of P(MMA-co-EMA) 

from σ(O–CH3), the symmetric and asymmetric stretching mode of C–O–C and the 

asymmetrical stretching mode, ν𝑎𝑠(C–O–C), of the ether group at 1447, 1271, 1240 and 

1144 cm−1, respectively. With addition of salt, these peaks shifted to lower wavenumbers, 

which are 1444, 1267, 1236 and 1141 cm−1 respectively. CH3 asymmetric bending at 1434 

cm−1 is shifted to 1431 cm−1, and the CH3 symmetric bending at 1239 cm−1 to 1236 cm−1. 

All of the wavenumbers are shifted more than 2 cm−1 (Ahmad et al., 2011; Imperiyka et 

al., 2014). Therefore, these observations are significant to prove the occurrence of 

complexation between the polymer host and the doping salt. The possible interaction 

between polymer host with the doping salt is shown in Figure 5.11. 
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(e) 

Figure 5.10: (a–e) FTIR spectra in the spectral region of carbonyl, ether and methyl 

group of P(MMA-co-EMA) + NaI 

 

 

 

Figure 5.11: Possible interaction of P(MMA-co-EMA) + NaI polymer electrolytes. 
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5.2.2 Conductivity and Thermal Analysis 

Figure 5.12 shows the plots of ionic conductivity and glass transition temperature (Tg) 

of copolymer electrolytes as a function of sodium salt concentration. The ionic 

conductivity increases with the increase of the concentration of salt until it reaches the 

optimum value of 5.19 × 10−6 S·cm−1 at 20 NaI. The full dissociation of Na+ and I− in the 

polymer host structure is a factor for the enhancement of the ionic conductivity. The 

increase in salt content increases the number of mobile ions in the polymer matrix, 

resulting in the increase of ionic conductivity (Tsuchida et al., 1988; Ramesh &  Arof, 

2001; De Oliveira et al., 2003). With further increment of the salt concentration (up to 40 

wt%), the ionic conductivity starts to decrease. The decrease may be due to the excess 

dissociation of Na+ and I− attributed to the increase of the association rate of the ion, thus 

leading to the formation of ion clusters. This reduces the number of mobile charge carriers 

and the mobility of the ions, hence decreasing the ionic conductivity (Wu, 1985; 

Rajendran et al., 2008; Kumar &  Hashmi, 2010; Imperiyka et al., 2013). The content of 

salt was limited to 40 wt%, since the addition of salt of more than 40 wt% produced sticky 

films that were difficult to handle.  

 

The trend of Tg versus sodium salt concentration is the same as that of the ionic 

conductivity. Generally, the conductivity is expected to decrease when the Tg increases 

(Nagaoka et al., 1984; Kobayashi et al., 1985). But, in this system, the Tg increases with 

conductivity which may be due to crosslinking that formed between the P(MMA-co-

EMA) chain and sodium salts. According to Subban (2004) and Mohammad et al (2013), 

in the polymer electrolyte system, the crosslinks are well separated in space and can move 

with respect to each other to a certain extent, thereby contributing to an increase in ionic 

conductivity (Subban, 2004; Mohammad et al., 2013). Similar observation was reported 
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by other researchers (Le Nest et al., 1992; Song et al., 2002). Besides that, the anions that 

interact with the polymer may also contribute to the ionic conductivity, as mentioned 

earlier (Hardy &  Shriver, 1985; Johansson et al., 1996). 

 

Figure 5.12: Variation of conductivity and Tg of P(MMA-co-EMA) with concentration 

of NaI. 

5.2.3 Temperature Dependent Impedance Analysis 

Figure 5.13 shows the plot of loss tangent with frequency at different temperatures for 

20 NaI polymer electrolyte film. The plots 10 NaI, 30 NaI and 40 NaI polymer electrolyte 

films were also plotted and the plots show similar trend. The value of tan δ shows an 

increasing trend to reach a maximum value before decreasing at high frequency region. 

As the temperature increases, the frequency at which tan δmax was occurred are shifted 

towards higher frequencies. The loss peaks and their shifts with temperature indicates that 
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the relaxation time decreases when the temperature increases (Huo &  Cebe, 1992; Glatz-

Reichenbach et al., 1994; Bhargav et al., 2009). Besides that, from equation 5.2 and 5.3, 

fmax is proportional to P, indicates that P increase with increase the temperature, hence 

increased the ionic conductivity. 

 

 

Figure 5.13: Variation of loss tangent with log frequency at different temperatures for 

20 NaI polymer electrolyte film 
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.  

Figure 5.14: Log frequency relaxation peak of P(MMA-co-EMA) + NaI polymer 

electrolyte films at different temperatures 

 

The frequency at the peak of tan δ in Figure 5.12 is known as a relaxation frequency 

(fmax). The plot of fmax are then plotted against temperature and presented in Figure 5.13.  

The temperature dependence of relaxation frequency appears thermally activated 

(Harun et al.; Glatz-Reichenbach et al., 1994; Winie &  Arof, 2004) and from the plot, 

the activation energy of migration mobile ions, Ea can be determined using the equation 

(6) that showed earlier. Furthermore, from the 𝑓𝑚𝑎𝑥 values, the relaxation times at 

ambient temperature can be determine using equation (5.2). 

The calculated Ea and relaxation time, τ values for the four different concentrations of 

NaI are presented in Table 5.5. As can be seen in the table, the electrolyte that contains 

20 wt% of NaI exhibits the lowest Ea compared to other electrolyte films. This indicates 

that 20 NaI required smallest energy for ions to move in the polymer electrolytes. In 

addition, the film with 20 NaI also exhibits the lowest τ. This means that the ions travel 

fastest in this film (Winie &  Arof, 2004; Amir et al., 2011). These explain why the 20 

NaI film shows the highest conductivity.  
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In addition, Ea and τ for 20 NaI shows the lower value compared to 20 LiI. This results 

is expected since the ionic conductivity for 20 NaI is higher compared to 20 LiI. This may 

be due to the weaker Coulomb force interaction between Na+ and I- ions compared to Li+ 

and I-  hence enhance the number of mobile free ions (Fuoss &  Kraus, 1933; Karo, 1959; 

Klein et al., 2006; Noor et al., 2015).  

 

Table 5.5: Activation energy, Ea and relaxation time, τ for various concentrations of 

NaI. 

Samples Activation Energy, Ea (eV) 
Relaxation time (s) at 

ambient temperature, τ 

10 NaI 0.42 1.60 × 10-4 

20 NaI 0.38 3.18 × 10-5 

30 NaI 1.22 2.01 × 10-4 

40 NaI 0.52 1.60 × 10-4 

5.2.5 Ionic and Na+ ion transference Number 

The normalized current versus time of 20 NaI is plotted in the graph that is shown in 

Figure 5.14. From this graph, it shows that the total ionic transference number is 0.98. 

This suggests that the charge transport that contribute to conductivity in this polymer 

electrolytes film is predominantly due to ions (Subba et al., 2003; Saikia &  Kumar, 2004; 

Bhargav et al., 2007, 2009). This result is consistent with coordination of both cations 

(Na+) and anions (I−) with polymer host that is shown in Figure 5.10.  
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Figure 5.15: Normalized current versus time for 20 NaI polymer electrolyte film 

 

Table 5.6 listed the Na+ ion transference number values for various NaI concentrations. 

For high salt concentration (40NaI), the excess dissociation of Na+ and I− attributed to the 

increase of the association rate of the ion, thus leading to the formation of ion clusters. 

Therefore, the value of sodium transport number cannot be determined. From the table, it 

can be suggested that the dominant charge carriers contribute for conductivity is most 

probably due to I- ions (Zhao et al., 2008; Bhargav et al., 2009). It also shows that the 

𝑡𝑁𝑎+  for 20NaI is higher compared to 𝑡𝐿𝑖+ for 20LiI. This may be due to the size of Na+ 

ions which is slightly bigger than Li+ ions. Therefore, it makes the Na+ ions loosely 

interact with the electron donor atom in the polymer host compared to Li+ ions (Kim &  

Oh, 2000; Zhao et al., 2008). 
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Table 5.6: Sodium ion transference number of P (MMA-co-EMA) + NaI 

Polymer electrolytes Transport number of Na+ (𝒕𝑵𝒂+) 

10 NaI 0.35 

20 NaI 0.52 

30 NaI 0.43 

40 NaI - 

5.2.6 Linear Sweep Voltammetry 

Film of 20 NaI was chosen for LSV analysis to determine the electrochemical stability 

of the electrolytes. Figure 5.15 represents the current-voltage response of the polymer 

electrolyte film which shows that at potentials range from 0 to 2.5 V, the current is small 

and almost constant. This small current is due to the electron flow that required to 

maintain a charged double layer at the stainless steel electrode surface. This current is 

called charging current. As the potential varied beyond 2.5 V, an electrochemical reaction 

occurs between the surface of the electrode and electrolytes which is, electrons transfer 

from the electrode surface to the polymer electrolytes film, causing a reduction of the 

polymer electrolytes and a rapid increase in current. Therefore, the reduction value for 

this polymer electrolyte film is 2.5 V. This value suggests that this polymer electrolyte is 

suitable for applications in DSSC (Suri &  Mehra, 2007; Imperiyka et al., 2013; Rani et 

al., 2014).  
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Figure 5.16: Current versus voltage plot of 20 NaI. 

5.2.7 J–V Measurements 

Illustrated in Figure 5.16 is the photocurrent density-voltage (J–V) curve of 20 NaI-

based DSSC under illumination. The mechanism in the DSSC can be explained as 

follows. As the dye molecules are struck by light, electrons in the dye are injected into 

the TiO2 layer. Then, the electrons are collected by the FTO glass electrode and supplied 

to the external load. The dye molecules are then electrically reduced to their initial states 

by electrons transferred from the redox coupling (I−/I3
−) in the polymer electrolyte. The 

oxidized ions in the polymer electrolyte diffuse to the Pt electrode to receive electrons 

(Ichino et al., 1995). 

The photovoltaic parameters, such as Jsc, Voc, FF and η, were obtained from the 

intersection of current and voltage from the J–V curves under illumination (Rahman et 

al., 2007). FTO/TiO2-dye/20NaI-I2/Pt DSSC shows a photovoltaic response with a Jsc of 

2.23 mA·cm−2, Voc of 0.76 V, FF of 0.37 and η of 0.62%.  
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Figure 5.17: J-V curve of FTO/TiO2-dye/20NaI-I2/Pt DSSC 

 

Comparing the results of DSSCs based on P(MMA-co-EMA) + LiI and P(MMA-co-

EMA) + NaI, it can be said that the efficiency of DSSC employing P(MMA-co-EMA) + 

NaI is higher compared to DSSC employing P(MMA-co-EMA) + LiI. It might be due to 

the high value of Voc for former compared to the latter. The increase of Voc value is related 

to the reduction of both the volume concentration of dye adsorbed on the photoelectrode 

and the I3
ˉ concentration in the electrolyte (Kim et al., 2005).  

According to Nazeeruddin et al (1993), based on equation (5.3), the decrease of the I3
ˉ 

concentration retards the back transfer of electrons from the conduction band of TiO2 to 

I3
ˉ, and hence improves the Voc  value (Nazeeruddin et al., 1993).  

 

𝑉𝑜𝑐 = (
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where k and T are the Boltzmann constant and absolute temperature, respectively, q is the 

elementary charge, Iinj is the photocurrent resulting from injection, ncb is the electron 

concentration at the conduction band of TiO2, ket is the rate constant for the back transfer 

of electron, and I3
ˉ is the triiodide concentration.  
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CHAPTER 6: ADDITION OF IONIC LIQUID FOR DSSC EFFICIENCY 

ENHANCEMENT 

6.0 Introduction 

In Chapter 5, the P(MMA-co-EMA) + LiI and P(MMMA-co-EMA) + NaI polymer 

electrolyte systems with salt ratio of 20 wt% have been found to give the highest 

conductivity for each system. In order to improve the properties of the polymer 

electrolytes, various ratio of iodide ionic liquid was added to both polymer electrolytes. 

Several experimental techniques namely FTIR, DSC, IS and ionic transference number 

measurement have been employed in order to determine the suitable ratio of electrolytes 

to be further applied in DSSC. The results of the measurements are presented in the 

following sections.   

6.1 P(MMA-co-EMA) + LiI/NaI + PMII IONIC LIQUID SYSTEM 

The compositions and designations of ionic liquid added P(MMA-co-EMA) + 20 LiI 

and P(MMA-co-EMA) + 20 NaI electrolytes are listed in Table 6.1. Figure 6.1 (a) and 

(b) shows the example of 6 wt% ionic liquid added P(MMA-co-EMA) + 20 LiI and 

P(MMA-co-EMA) + 20 NaI polymer electrolyte films. These films are smoother 

compared to without ionic liquid polymer electrolytes films shown in Figure 5.1 (a) and 

(b) respectively. 
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Table 6.1: Designations of PMII ionic liquid added P(MMA-co-EMA) + 20 LiI and 

P(MMA-co-EMA) + 20 NaI polymer electrolytes. 

PMII (wt% 

ratio) 
LiI-PMII NaI-PMII 

2 LiI-2IL NaI-2IL 

4 LiI-4IL NaI-4IL 

6 LiI-6IL NaI-6IL 

8 LiI-8IL NaI-8IL 

     

 

 

Figure 6.1: PMII ionic liquid (6 wt%) added (a) P(MMA-co-EMA) + 20 LiI and (b) 

P(MMA-co-EMA) + 20 NaI polymer electrolyte films 

 

6.1.1 FTIR Analysis 

Displayed in Figures 6.2 and 6.3 are FTIR spectra of the P(MMA-co-EMA) + LiI and 

P(MMA-co-EMA) + NaI polymer electrolytes before and after addition of PMII ionic 

liquid. The figures show several selected regions which are regions for carbonyl group 

(a) (b) 
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(C=O) located between the wavenumber 1750 and 1730 cm-1, ether group (C-O-C) at 

1300-1000 cm-1 and methyl group (CH3) at 1440-1245 cm-1 of the MMA and EMA in 

P(MMA-co-EMA). In earlier discussion (Chapter 5), the addition of LiI and NaI to the 

P(MMA-co-EMA) host copolymer resulted in the shifting of the bands to lower 

wavenumbers. This was due to the coordination of cations and anions from the doping 

salts with the oxygen atoms and methyl group from the functional groups of host 

copolymer respectively (Pavia et al., 2005; Ahmad et al., 2011).  

 

Later, with addition of PMII ionic liquid into the P(MMA-co-EMA) + LiI and 

P(MMA-co-EMA) + NaI polymer electrolytes, the bands are shifted to higher 

wavenumbers. For PMII added polymer electrolytes containing LiI, the symmetrical 

stretching of the carbonyl group, 𝜈(C=O) at 1717 cm-1 are shifted to 1723 cm-1. The 

specific vibration mode of ether group (C-O-C) such as –CH3 asymmetric deformation of 

P(MMA-co-EMA) from 𝛿(O-CH3) at 1478 cm-1  was shifted to 1483 cm-1, symmetric and 

asymmetric stretching mode of C-O-C at 1266 and 1234 cm-1 respectively are shifted to 

1272 and 1242 cm-1 and asymmetrical stretching mode, 𝜈𝑎𝑠(C-O-C) at 1138 cm-1 shifted 

to 1143 cm-1 respectively.  

 

Meanwhile for polymer electrolytes ionic liquid added P(MMA-co-EMA) + NaI 

system, the band of the symmetrical stretching of the carbonyl group, 𝜈(C=O) at 1717 

cm-1 is shifted to 1726 cm-1. The specific vibration mode of ether group (C-O-C) such as 

–CH3 asymmetric deformation of P(MMA-co-EMA) from 𝛿(O-CH3) at 1444 cm-1, 

symmetric and asymmetric stretching mode of C-O-C at 1267 and 1234 cm-1 respectively 

and asymmetrical stretching mode, 𝜈𝑎𝑠(C-O-C) at 1138 cm-1 are shifted to higher 

wavenumbers of 1448, 1272, 1239 and 1145 cm-1 respectively. The shifting of the bands 
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to the higher wavenumbers for both polymer electrolytes added with ionic liquid are 

probably due to the strong interaction that occurred between H+ from the PMII ionic 

liquid with the oxygen atoms of the copolymer host (Freitas et al., 2009).  

 

Ethyl group, CH2 scissoring 𝛿(CH2) band for ionic liquid added P(MMA-co-EMA) + 

LiI and P(MMA-co-EMA) + NaI polymer electrolytes was assigned at 1478 and 1480 

cm-1 respectively is shifted to 1483 and 1486 cm-1. These may be due to the interaction 

between polymer host with iodide ions from salts and the anions from PMII ionic liquid 

(Ramesh &  Lu, 2008; Ramesh et al., 2014).  The possible interaction mechanism between 

of the host copolymer, doping salt and ionic liquid polymer electrolytes are shown in 

Figure 6.4 (a) and (b) respectively. 

 

Figure 6.2: FTIR spectra of P(MMA-co-EMA) + LiI + IL 

100012001400160018002000

Wavenumbers (cm-1)

1717 

1138 

1234 
1266 

1478 

1443 

1721 

1143 

1237 

1269 
1487 

1445 

1723 

1143 

1242 
1270 1483 

1451 

1723 

1141 

1242 

1272 1483 
1450 

1721 

1142 

1236 
1270 1483 

1450 

LiI-0IL 

LiI-8IL 

LiI-6IL 

LiI-4IL 

LiI-2IL 

Univ
ers

ity
 of

 M
ala

ya



 

86 

 

Figure 6.3: FTIR spectra of P(MMA-co-EMA) + NaI + IL
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(b)

Figure 6.4: Possible interaction in (a) LiI-IL and (b) NaI-IL polymer electrolytes 

6.1.2 Thermal Analysis 

DSC thermograms of PMII added P(MMA-co-EMA) + LiI and P(MMA-co-EMA) + 

NaI with various concentrations of PMII are shown in Figure 6.5 (a) and (b) respectively. 

The figures demonstrate that the Tg decreases with the increase in PMII concentration up 

to 6 wt%. It is may be due to the IL molecules have interrupted and weaken the polymer-

salt interactions, hence increase the polymer chain segmental mobility resulted in the 

decrease of Tg (Chiodelli et al., 1988; Silva et al., 2004; Baskaran et al., 2006; Anuar et 

al., 2012). However, further addition of PMII concentration resulted in an increase in Tg. 

This phenomenon is believed due to the formation of ion pairs and ion aggregates that 

could obstruct the orientation of the molecules and hence constrain the flexibility of 

polymer chains (Thokchom et al., 2005; Liew et al., 2014). 
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(a) 

 

(b) 

Figure 6.5: DSC thermograms of (a) LiI-IL and (b) NaI-IL polymer electrolytes 
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6.1.3 Electrical Analysis   

The ionic conductivity behaviour for both P(MMA-co-EMA) + LiI and P(MMA-co-

EMA) + NaI added with PMII are presented in Table 6.2. The conductivity of P(MMA-

co-EMA) (copolymer host) is in the order of 10−11 S cm−1 (Chapter 4). Later, with addition 

of LiI and NaI salt into the copolymer host, the ionic conductivity value is enhanced to 

the order of 10-6 S cm-1. This enhancement was attributed to the increase of the number 

and mobility of ions in the polymer host matrix. Further effect in ionic conductivity is 

observed with addition of PMII ionic liquid to polymer electrolytes. 

 

For the P(MMA-co-EMA) + NaI + PMII system, the highest ionic conductivity value 

is obtained at 6 wt% of PMII with the value of 4.43 × 10−5 S cm−1. The conductivity 

enhancement upon the addition of ionic liquid concentration for both systems are may be 

due to the increase of charge carriers and polymer chains segmental mobility as evidenced 

by the decrease in Tg mentioned earlier (Chaurasia et al., 2014; Ng et al., 2015). As the 

amount of ionic liquid increased to 6 wt %, an optimum ion concentration is reached 

whereby ion interactions between polymer, salt and ionic liquid were optimized. At high 

ionic liquid concentration (8 wt%), the distance between the ions from doping salt and 

ionic liquid within the polymer host decreases and the ions might have formed ion pairs 

or ion clusters (Karan et al., 2008; Kunze et al., 2012). This result was similar to the 

variation of Tg with ionic liquid concentration which decrease the ions mobility and hence 

decreases the ionic conductivity (Thokchom et al., 2005; Karan et al., 2008).  Some 

researchers have reported that with addition of low viscosity ionic liquid to the polymer 

electrolytes system increased the ionic conductivity due to additional charge carriers since 
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the ionic liquid composed of cations as well as anions (Bhattacharya et al., 2010; Nagarale 

et al., 2010; Singh et al., 2010; Singh et al., 2011).  

 

However, in this work the conductivity decreases upon the addition of PMII to the 

P(MMA-co-EMA) + LiI system. The ionic conductivity values showed no significant 

decrease when the amount of ionic liquid was increased. The slight decrease in 

conductivity may be due to the trapping of Li+ ions by the bulky ions of the ionic liquid. 

(Calhoun &  Voth, 1996; Selvasekarapandian et al., 2006). 

 

Table 6.2: Conductivity of samples with various concentrations of PMII at room 

temperature 

IL Concentration (wt%) 
Conductivity, σ (S cm-1) 

LiI-IL 

Conductivity, σ (S cm-1) 

NaI-IL 

2IL (2.19 ± 0.19) × 10-8 (1.56 ± 0.33) × 10-8 

4IL (2.34 ± 0.11) × 10-9 (1.22 ± 0.19) × 10-8 

6IL (8.94 ± 0.26) × 10-8 (4.43 ± 0.34) × 10-5 

8IL (4.28 ± 0.20) × 10-9 (1.90 ± 0.85) × 10-8 

6.1.4 Temperature dependence study  

Figures 6.7 and 6.8 show the plot of log conductivity against 1000/T, for LiI-IL and 

NaI-IL system. For LiI-IL system, the film of LiI-2IL was not stable at elevated 

temperature as presented in Figure 6.6 and the phenomenon could not be understandable.  

Therefore, for LiI-IL system, the temperature dependence study was done only for 3 
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concentrations of IL which are 4, 6 and 8 wt%. From Figure 6.7 and 6.8, it is observed 

that the conductivity value increases as the temperature increase. This indicates that the 

conductivity for both LiI-IL and NaI-IL polymer electrolyte systems are thermally 

activated due to the improvement of polymer chain segments movement and dissociation 

of ions in the polymer electrolytes-ionic liquid systems (Rajendran &  Uma, 2000; 

Rajendran et al., 2004; Alias et al., 2005).  

 

 

Figure 6.6: Plots of temperature dependence of conductivity for LiI-2IL polymer 

electrolyte 
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Figure 6.7: Plots of temperature dependence of conductivity for LiI-IL polymer 

electrolytes 

 

 

Figure 6.8: Plots of temperature dependence of conductivity for NaI-IL polymer 

electrolytes 
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The activation energy, Ea, can be calculated from the slope of the plots in Figure 6.7 

and 6.8 using the equation below: 

𝜎 = 𝜎0𝑒𝑥𝑝 (
−𝐸a

𝑘𝐵𝑇
)           (6.1) 

where σ0 is the pre-exponantial factor of conductivity, kB and T are Boltzman constant 

and absolute temperature respectively.  

The Ea values for both LiI-IL and NaI-IL are listed in Table 6.3. Samples with 

lower value of Ea which are LiI-6IL and NaI-6IL required smaller energy to allow the 

conducting ions move easily in the polymer matrix, hence increase the ionic conductivity 

of the sample (Chandra &  Chandra, 1994). The trend of the Ea - IL content is the same 

as the trend of Tg - IL content and consistent with the trend of conductivity - IL content. 

This shows that the Ea is another factor influencing the conductivity of the studied IL 

added copolymer electrolytes.  

 

Table 6.3: Activation energy for LiI-IL and NaI-IL 

IL Concentration (wt%) Ea for LiI-IL (eV) Ea for NaI-IL (eV) 

2IL - 0.61 

4IL 2.04 0.96 

6IL 1.41 0.52 

8IL 1.63 1.12 
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6.1.5 Ionic transference number measurement 

Total ionic transference number (τion) was measured to determine the ionic 

contribution to the total charge transport. The plots of normalized current versus time for 

LiI-6IL and NaI-6IL are depicted in Figure 6.9 and 6.10 respectively. The value of τion for 

LiI-6IL and NaI-6IL was calculated using equation (3.7) and the value is 0.99 for both 

samples. According to Arof (2000), the value of τion is approximately to 1 if the ideal 

electrolytes is predominantly due to ions. Therefore, these results shows that the charge 

transport for these polymer electrolyte films were predominantly due to ions (Saikia &  

Kumar, 2004). 

 

Figure 6.9: Normalized current-time plot of LiI-6 IL polymer electrolyte 
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Figure 6.10: Normalized current-time plot of NaI-6 IL polymer electrolyte 

6.1.6 DSSC Measurement 

The photocurrent density voltage curve of the FTO/ TiO2-dye/ LiI-6IL-I2/ Pt is 

presented in Figure 6.11. The DSSC based on LiI-6IL shows a higher efficiency value, 

Table 6.4, compared to that of the DSSC fabricated using 20LiI reported in Section 5.1. 

This behaviour is not predictable since the ionic conductivity of the LiI-6IL is lower than 

the conductivity of 20LiI. The Jsc value for DSSC based LiI-6IL does not have significant 

effect compared to DSSC based 20LiI. Therefore, the higher efficiency can be related 

with the higher Voc value of DSSC based LiI-6IL compared to DSSC based 20LiI. The 

higher Voc value may be due to the negative shift of the conduction band edge of TiO2 and 

the suppression of electron recombination at the TiO2/electrolyte interface. It is assumed 

that when the electrons are injected into the conduction band of TiO2 from the dye 

sensitizer, the cations are likely to be adsorbed on the negative charged TiO2 particle, 

forming the electric double layer (Helmholtz layer) at the TiO2 particle surface. 

Generally, the potential drop in Helmholtz layer gives a positive shift of conduction band 

edge of TiO2 (Redmond &  Fitzmaurice, 1993; Lyon &  Hupp, 1995; Liu et al., 1998; 

Cahen et al., 2000). In this case, the PMI+ cation is bulky, therefore it is less mobile while 
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Li+ cations form complex with hard coordination with P(MMA-co-EMA) (the interaction 

of ions with host polymer is presented in Figure 6.4 (a)) (Armand, 1990), correspondingly 

decreasing the amount of the absorbed Li+ on the surface of TiO2 particle and thereby 

resulting in the shift of the conduction band edge back to a negative position. 

Furthermore, this polymer electrolytes membrane might have also served as a passivation 

layer on the TiO2 surface, blocking the charge recombination between the electrons in 

TiO2 and triiodide in the electrolyte, which resulted in a decrease recombination and 

increase electron lifetime of the polymer electrolytes.  

 

 

Figure 6.11: J–V curve of the dye-sensitized solar cell based LiI-6IL 

 

Figure 6.12 illustrated the photocurrent density voltage curve of FTO/ TiO2-dye/ NaI-

6IL-I2/ Pt. The efficiency of this DSSC is 1.05% which is higher compared to DSSC based 

on 20NaI. The higher efficiency value of DSSC based on NaI-6IL is due to the increases 

of Jsc and decreases of Voc value. This behaviour is expected since this electrolyte 

contained more Na+ ions (from Na+ transference number result) and iodide ions (from 

NaI and PMII), thus the regeneration of the oxidized dye is expected to be more efficient 
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(Seo et al., 2011). This result is confirmed with the lower value of Voc value compared to 

that of DSSC employing ionic liquid free polymer electrolyte which is 0.76 V. According 

to Enright et al (Enright et al., 1994) and Redmond et al (Redmond &  Fitzmaurice, 1993), 

this reduction might be due to the increase concentration of I3
- hence increasing the 

recombination reaction between injected electrons and electrolyte. Besides, the 

intercalation of cations into the TiO2 structure might have also shifted down the Fermi 

level of the oxide semiconductor (Freitas et al., 2009). 

 

 

Figure 6.12: J–V curve of the dye-sensitized solar cell based NaI-6IL 

 

Table 6.4 lists the results of Voc, Jsc, FF and efficiency of DSSC for both based LiI-6IL 

and NaI-6IL. These results prove that with addition of ionic liquid in to the P(MMA-co-

EMA) based polymer electrolytes gave better energy conversion efficiency.  
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Table 6.4: Parameters of LiI-IL and NaI-IL based DSSCs 

DSSC Voc Jsc FF Eff (%) 

LiI_PMII 0.62 4.59 0.42 1.19 

NaI_PMII 0.44 7.21 0.33 1.05 
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CHAPTER 7: CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

7.0 Conclusions 

New P(MMA-co-EMA) copolymers were successfully obtained using free radical 

photo-polymerization technique. Five different monomers ratios of 90MMA:10EMA, 

70MMA:30EMA, 50MMA:50EMA, 30MMA:70EMA and 10MMA:90EMA were 

copolymerized. However only three of them, namely 90MMA:10EMA, 70MMA:30EMA 

and 50MMA:50EMA could form flexible free standing films. The formation of the 

copolymers was confirmed by the disappearance of reactive double bond peaks of C=CH2 

at 939 cm-1 and C=C peak at 1636 cm-1 in the FTIR spectra indication the combination 

between C-CH2 from MMA and EMA monomers. This was supported by the presence of 

a single peak in the DMA curves. Among those three ratios, 90MMA:10EMA exhibited 

the lowest molecular weight bulk resistivity and glass transition temperature value 

indicating greatest copolymer chain flexibility that is favourable for ions transport. 

Therefore, 90MMA:10EMA copolymer was the most promising to be used as host in 

polymer electrolytes. 

 

Addition of LiI and NaI into the 90MMA:10EMA copolymer host gave significant 

effects to the optical, thermal and electrical properties. The formation of P(MMA-co-

EMA) – salt complex was indicated by the interactions between the cations and anions 

from the salts with oxygen atoms and methyl group of the copolymer host respectively. 

This was evidenced by the shifting of FTIR bands of carbonyl (C=O) group located 
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around 1750-1730 cm-1, ether (C-O-C) and methyl (CH3) group located around 1500-

1000 cm-1 towards lower wavenumbers. 

 

The ionic conductivity of the P(MMA-co-EMA) + LiI system increased with the 

increase of LiI concentration but decreased at high loading of LiI. The highest ionic 

conductivity was achieved at 20 wt% of LiI with the value of 1.3 × 10-6 S cm-1. This trend 

is opposite to that of the Tg – LiI concentration. The increase in ionic conductivity was 

due to the increase in flexibility of the polymer chain, as evidenced by the decrease in Tg, 

that helped in enhancing the mobility of Li+ and I- ions. This was supported by the 

decrease in activation energy and relaxation time. However, the decrease in ionic 

conductivity with addition of more than 20 wt% LiI was ascribed to the formation of ion 

pairs or ion clusters which reduced the number of free ions. The charges transport in the 

electrolyte system was predominantly due to ions. All of the P(MMA-co-EMA) + LiI 

electrolytes exhibited low Li+ ion transport number indicating that the majority of ions 

that contributed to ionic conductivity was not Li+ ions but most possibly I- ions and 20LiI 

sample exhibited the highest Li+ transport number. 

 

Unlike the P(MMA-co-EMA) + LiI, the σ - NaI content of the P(MMA-co-EMA)-NaI 

polymer electrolyte system showed the same trend as that of the Tg – NaI content. The 

sample containing 20 wt% of NaI exhibited the highest ionic conductivity value of 5.19 

× 10-6 S cm-1. The conductivity increase observed for samples containing ≤ 20 wt% of 

NaI might be due to the crosslinking effect between NaI and P(MMA-co-EMA) chains. 

On the other hand, the decrease in conductivity for sample containing more than 20 wt% 

NaI was attributable to the formation ion pairs or ion clusters which reduced the number 

of free ions leading to the decrease in ionic conductivity. Ionic transference number of 
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20NaI polymer electrolyte samples suggested that the charge transport in the electrolyte 

system was predominantly due to ions. Besides that, all the P(MMA-co-EMA) + NaI 

displayed low Na+ ion transport number (<0.5) suggested that the majority of ions that 

contributed to ionic conductivity was most probably due to I- ions not Na+ ions.  

 

Comparatively, polymer electrolytes of P(MMA-co-EMA) + NaI exhibited higher 

ionic conductivity, lower activation energy and relaxation time. This was ascribed to the 

bigger size of Na+ compared to Li+, implying lower Coulomb interaction force between 

Na+ and I- compared to that between Li+ and I-. Therefore, the Na+ and I- ions were easier 

to be dissociated leading to higher number of free mobile ions that contributed to ionic 

conductivity. The bigger size of Na+ also made the Na+ ions loosely interact with the 

electron donor atoms in the polymer host compared to Li+ ions and thus gave greater 

contribution to conductivity as indicated by the higher Na+ ion transport number 

compared to Li+ ion. 

 

PMII ionic liquid of various concentrations was added into the P(MMA-co-EMA) + 

20LiI and P(MMA-co-EMA) + 20NaI polymer electrolytes. FTIR spectra for both 

polymer electrolytes added with ionic liquid showed that the bands of carbonyl, ether and 

methyl groups were shifted to the higher wavenumbers. This was due to the strong 

interaction that occurred between H+ from the PMII ionic liquid with the oxygen atoms 

of the copolymer host and iodide ions with the methyl groups.  

 

The addition of ionic liquid increased the conductivity by one order magnitude of the 

NaI-IL system. The highest ionic conductivity values was obtained at 6 wt% of PMII for 

NaI-IL system with ionic conductivity values of 4.43 × 10−5 S cm−1. The increase in 
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conductivity was believed due to the plasticizing effect of ionic liquid which increased 

the segmental mobility of the polymer chains as evidenced by the decrease in Tg. The 

decrease of conductivity of the polymer electrolyte containing high content of PMII ionic 

liquid might be due to the decrease of the distance between ions from doping salt and 

ionic liquid, due to high content of ions, within the polymer host resulting in the formation 

of ion pairs or ion clusters.  

 

Meanwhile, for the LiI-IL system, the conductivity decreased by two orders of 

magnitude. This may be due to the entrapment of Li+ ions by the bulky PMI+ ions of ionic 

liquid that decreased the mobility of the ions. The size of Na+ is bigger compared to Li+ 

as such the chances of Na+ ions to be trapped by the PMI+ was smaller.  This was 

consistent with the results of Ea, which was another factor that affected the conductivity.  

The Li-IL exhibited higher Ea compared to the NaI-IL system indicating that the ions in 

the latter system were more readily to move in the system.  

 

Transference number measurement demonstrated that both LiI-6IL and NaI-6IL 

polymer electrolytes were ionic conductors. The obtained transference number values are 

about the same with those without ionic liquid, LiI and NaI systems. This demonstrated 

that the IL did not contributed additional ions but only acted as a plasticizing agent. The 

low cationic transference number for P(MMA-co-EMA) + LiI and P(MMA-co-EMA) + 

NaI systems, <0.5, indicated that the majority mobile ions in these polymer electrolyte 

systems were I- anions. This means that both the P(MMA-co-EMA) + LiI and P(MMA-

co-EMA) + NaI polymer electrolytes can act as redox mediator (I-/I3
-) making them 

suitable for DSSC application.     
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DSSC based on P(MMA-co-EMA) + 20LiI and P(MMA-co-EMA) + 20NaI polymer 

electrolytes exhibited the energy conversion efficiency of 0.45% and 0.62% respectively. 

The higher efficiency of DSSC based on the 20NaI polymer electrolytes membrane might 

be due to the high value of Voc. This was ascribed to the decrease of I3
- concentrations 

that retarded the back transfer of electrons from the conduction bands of TiO2 to I3
-. The 

DSSC efficiencies increased to 1.19% and 1.05% for LiI-6IL and NaI-6IL respectively 

with addition of ionic liquid into the systems. This was attributed to the increased iodide 

ions content (from salt and ionic liquid) in the polymer electrolyte systems. Therefore, 

this observation proved that the DSSC efficiency can be enhanced by adding ionic liquid 

into the polymer electrolyte systems.   

7.1 Suggestions for future work 

Solid polymer electrolytes studied in this work were found suitable for application in 

dye sensitized solar cells. Further work should be done in order to improve the properties 

of these solid polymer electrolytes such as conductivity and mechanical stability for long 

term use in DSSC application. The improvement may be achieved by several approaches 

as follows: 

i. Acrylic monomer may be copolymerized with other suitable monomers in order 

to improve the mechanical stability of the host polymer for long term usage. 

ii. Other types of more suitable salts and ionic liquids that can act as redox couple 

for DSSC application may be used to act as dopant and plasticizers respectively. 

iii. Other types of metal oxides need to be considered as alternative photo-electrodes 

in order to improve the performance of the P(MMA-co-EMA) based DSSCs. 
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