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ABSTRACT 

 Polymer electrolytes exhibit interesting properties like size 

flexibility, transparency, light weight, feasibility of thin film formation and 

elasticity. The development of a successful solid state lithium battery depends 

on the choice of suitable host polymer matrix. At ambient temperature, the 

ionic conductivity of solid polymer electrolyte has not reached an appreciable 

value and further poor mechanical strength of polymer hinders the usage of 

polymer electrolytes. Various techniques have been employed to enhance the 

conductivity and mechanical strength of polymer electrolytes at room 

temperature. One such widely used method is to irradiate polymer electrolyte 

with ionizing radiation. The irradiation of polymeric materials with ionizing 

radiation like accelerated electrons, x-rays, gamma rays, ion beams etc., leads 

to the formation of very reactive intermediates, free radicals, ions and excited 

states. Chain scission, chain cross-linking and degradation are the effects of 

irradiation on polymers. When polymer is cross-linked its physical properties 

gets changed. The relative motion of polymer chains decreases and 

dimensional stability is improved. This improves the mechanical strength of 

the polymer. The thermal resistance of the polymer gets improved with cross-

linking. Radiation induced cross-linking is preferred over chemical cross-

linking processes due to the drawbacks like generation of toxious fumes and 

toxious by-products. 

 In the present study, an attempt has been made to improve the ionic 

conductivity of the polymer electrolytes by irradiating the polymer electrolyte 

with both electron beam and x-rays. The polymer matrix selected is poly 

ethylene oxide (PEO), one of the most studied polymer host in the preparation 

of polymer electrolyte. The polymeric chain of PEO is capable of wrapping 

around lithium cations, creating coordination bonds and promoting 

dissolution and ionization of a lithium salt. PEO-based polymer electrolyte 
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exhibits sufficient mechanical properties to act as an electrolyte in a cell. 

However the electrical conductivity, electrochemical and transport properties 

are inferior and needs improvement. PEO usually has low conductivity at 

room temperature.The conductivity of PEO can be improved by addition of 

lithium salt into the polymer matrix and by incorporation of fillers. Hence 

polymer membranes were prepared by adding lithium salt (LiCF3SO3) and 

filler (TiO2) by membrane hot press technique. These membranes were 

subjected to electron beam irradiation and x-ray irradiation. Different 

irradiation dosages given using electron beam were 10, 100, 1000 and 10000 

Gray. Different irradiation dosages given using x-ray were 1.5, 3, 4.5, 6 Gray. 

 For the polymer electrolyte without filler the maximum value of 

conductivity was obtained for the sample irradiated to 4.5 Gray at 338K and is 

about 10-3 S/cm. For electron beam irradiated polymer electrolyte the 

maximum value of conductivity was obtained for the sample irradiated to 

10000 Gray at 338K and is about 10-2.7 S/cm.  For the polymer electrolyte 

with 5wt% filler the highest conductivity was obtained for the sample 

irradiated to 4.5Gray and was of the order of 10-2.7 S/cm.  For electron beam 

irradiation, highest conductivity was obtained for the sample irradiated to 

10000 Gray and was of the order of 10-2.8 S/cm. For the sample with 10wt% 

filler maximum conductivity was obtained for the sample irradiated to 3Gray 

and was of the order of 10-2.9 S/cm. For electron beam irradiation maximum 

conductivity was obtained for the sample irradiated to 10000 Gray and was of 

the order of 10-2.5 S/cm. Spectral analysis confirms the dissolution of lithium 

triflate and filler TiO2 into the polymer matrix. It is also noticed that no 

structural change was induced after both irradiations. A smooth surface 

morphology was obtained by irradiation. Improvement in thermal and 

mechanical properties was noticed for the electrolytes cross-linked on 

irradiation. 
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CHAPTER 1 

INTRODUCTION 

 

 Portable electronic equipment is moving towards increasing 

compactness and light weight. In such circumstances a rechargeable battery 

which powers such equipments plays a vital role. In addition to demands for 

reduced size and weight, there are now requests for improved performance 

necessary to support the sophisticated functions of modern equipments. 

 To meet these demands many batteries like, nickel-cadmium (Ni-

Cd), nickel metal hydride (Ni-MH) etc., are available in the market. Of all, 

lithium ion batteries are found to be a good choice due to the following 

reasons: 

1. High energy density. 

2. Size flexibility. 

3. Low maintenance. 

4. Absence of environment sensitive material etc. 

1.1 TYPES OF BATTERIES 

1. Primary Batteries 

 They are non-rechargeable batteries in which once the electrolyte 

has been fully used up, energy cannot be readily restored and the battery 

needs to be discarded. This particular class of batteries has been facing stiff 

competition from rechargeable battery segment, but still used in applications 
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like wrist watches, electric keys, toys and military missions. Carbon-Zinc or 

Leclanche batteries and Alkaline-Manganese batteries are the most common 

primary batteries in consumer applications. Primary batteries offer the highest 

energy densities. Lithium based primary cells offers more than thrice the 

energy than corresponding secondary batteries. These do offer an initial cost 

advantage, but in the long run they are more costlier than the secondary 

batteries owing to their reusability after recharging which is absent in primary 

batteries. 

2. Secondary Batteries 

 They are rechargeable batteries in which a reversible reaction is 

responsible for the generation of electricity and they can be reverted back to 

the original reactant state. Recharging is effected by passing electric current 

through the battery. Secondary batteries are categorized to several types, such 

as conventional lead-acid, Ni-Cd, Ni- MH and lithium-ion type.  

 Lead- acid battery 

 The oldest form of rechargeable battery is the lead-acid battery. 

Lead acid battery market is dominating primarily because of the unavailability 

of any able competitive solution in the market and that they offer lowest cost 

per watt-hour despite of their low specific energy. The disposal of lead acid 

batteries involves certain environmental problems due to hazards like lead 

poisoning. The low energy density and toxicity of lead make it unsuitable for 

portable devices. 

 Nickel-Cadmium battery 

 Nickel cadmium (Ni-Cd) batteries have a matured technology. 

They are used in places where long service life and economy is required. But 
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today they are out-of-date and are seldom used in high-tech portable devices. 

They are heavy and are prone to suffer from ―Memory Effect‖. The memory 

effect is caused by crystallization of the battery‘s substances and can 

permanently reduce the battery‘s lifetime, even make it useless. The toxicity 

of cadmium is an important drawback of this battery. 

 Nickel Metal Hydride (Ni-MH) battery 

 The advantage of Ni-MH batteries over Ni-Cd batteries is, they are 

cadmium free. They are less affected by the memory effect than Ni-Cd 

batteries and thus require less maintenance and conditioning. However, they 

have problems at very high or very low room temperatures.  

 Lithium ion battery 

 The advantage of using Li metal was first demonstrated in the 

1970s with the assembly of primary Li cells. Owing to their high capacity and 

variable discharge rate, they rapidly found applications as power sources for 

watches, calculators and implantable medical devices. The rapid development 

of electric vehicles, electrochemical devices and other high-tech electronic 

products etc., have made a large demand on lithium ion battery technology. 

Lithium is placed on the top in the electrochemical potential list and provides 

high specific energy per unit weight. Based on varying specific energies, 

discharge currents and service lives, lithium ion batteries are divided into 

three categories; viz., lithium ion cobalt, lithium ion manganese and lithium 

ion phosphate. Lithium-polymer batteries and lithium-ion-polymer batteries 

are other two kinds of lithium based batteries.  
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 The Lithium Polymer battery 

 The Li-polymer battery uses polymer as electrolyte. The use of 

solid polymer electrolyte dates back to 1970‘s (Fenton De et al. 1973). This 

electrolyte resembles a plastic-like film that does not conduct electricity but 

allows the exchange of ions. The polymer electrolyte replaces the traditional 

porous separator, which is soaked with electrolyte. The advantages of dry 

polymer design are simplifications with respect to fabrication, ruggedness, 

safety and thin-profile geometry. There is no danger of flammability because 

no liquid or gelled electrolyte is used. The smaller geometry of cell allows 

size and shape flexibility to design engineers. Unfortunately, the dry Li-

polymer suffers from poor conductivity. Internal resistance is too high and 

cannot deliver the current needed for modern communication devices and 

spinning up the hard drives of mobile computing equipment. Heating the cell 

to 60°C and higher increases the conductivity, but makes it unsuitable for 

portable applications. To make a Li-polymer battery conductive, some gelled 

electrolyte was added. Most of the commercial Li-polymer batteries used 

today for mobile phones are a hybrid and contain gelled electrolyte.  

 The major reason for switching to the Li-ion polymer is its 

flexibility. It allows wafer-thin geometries which is demanded by the mobile 

phone industry. The advantage also includes very low profile, lightweight and 

improved safety. There are certain limitations such as lower energy density 

and decreased cycle count and expensive.  

1.2 HOW A LITHIUM ION BATTERY WORKS? 

 In a rechargeable lithium ion battery (secondary battery), lithium 

ions (Li
+
) move from anode to cathode during discharge and from cathode to 

anode during charging. Electrons move in the external circuit in the same 

direction as Li-ions. Figure 1.1 shows the schematic illustration of the 
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discharge and charge processes of lithium rechargeable battery. When the 

battery is discharged, the lithium ions in the anode material migrate to the 

cathode material and a discharging current flow. In contrast, when the battery 

is charged, the lithium ions in the cathode material migrate between the layers 

of material to form the anode, and charging current flows. The anode is 

usually lithium metal, graphite or lithium titanate. The cathode is typically 

lithium metal oxide (Tarascon & Armand 2001, Perrin et al. 2005, Armand & 

Tarascon 2008, Ozawa 2009, Scrosati et al. 2010, Scrosati 2011).  

 

(Source: Thackeray et al. 2012) 

Figure 1.1 Schematic illustration of lithium rechargeable battery 

 The reactivity of lithium and low cycle life were the problems 

under high energy densities during early days. However, modern lithium 

based electrodes provide much better power density and cycle life, as a result 

lithium ion batteries are used in vehicles.  
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1.3 POLYMERS 

1.3.1 Introduction to Polymers 

 One of the most exciting areas in chemistry, chemical engineering 

and material science is the preparation, characterization and application of 

polymers. Polymers (or macromolecules) are large molecules made up of 

smaller units, called monomers or repeating units, covalently bonded together. 

Macromolecules are formed by joining monomer molecules by chemical 

reaction, generally known as polymerization. They become the most versatile 

commodity in today‘s life style. There has been tremendous development in 

the past eighty years and as on today it is impossible to think of world without 

polymeric materials. The use of synthetic polymers is increasing rapidly year 

by year and in many applications they are replacing conventional materials 

like metals, ceramics, wood and natural fibres. 

1.3.2 Classification of Polymers 

 Polymers can be classified according to different criteria. One 

criterion is based on the origin of material whether natural or synthetic. 

Cellulose, lignin, starch, silk, wool, chitin, chitosan, natural rubber, 

polypeptides (proteins), polyesters (polyhydroxybutyrate), and nucleic acids 

(DNA, RNA) are examples of natural polymers while polyethylene, 

polystyrene, polyurethanes or polyamides are examples of synthetic polymers. 

When natural polymers are modified by chemical conversions (cellulose into 

cellulose acetate, chitin into chitosan for example), the products are called 

modified natural polymers. 

 Another decisive factor is the chemical composition of the 

polymers; if a polymer contains only carbon, hydrogen, oxygen, nitrogen, 

halogens, and phosphorus, they are called organic. If they additionally 
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contain metal atoms or have a carbon-free main chain but organic lateral 

substituents - such as polysiloxanes, polysilanes, and polyphosphazenes - they 

are called organometallic or hybridic. Finally, if they do not contain carbon 

atoms at all - such as polymeric sulfur - they are called inorganic. 

 At the same time, the polymers might be classified according to 

their chains have only one kind of atoms - like carbon - in the backbone 

(homo-chains) or different elements (heterochains).  

 Concerning their chain architecture, they are subdivided into linear, 

branched, crosslinked and network polymers. 

(a) Linear polymers 

 Polymer chains are weakly attached together by Vander Waals 

forces. Linear chains may also be arranged at short intervals along a single 

main chain via tri functional branch points as shown in Figure 1.2. These 

‗‗comb‘‘ polymers can be synthesized by polymerization of macromers (a 

monomer consisting of a polymerizable group linked to a short polymer 

chain). Examples: polyethylene, nylon, polyethylene oxide. 

 

(Source: polymershttps://agordon75.files.wordpress.com/2015/07/network_branched_ 

crosslinker-14.png?w=474) 

Figure 1.2 Linear chain  
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(b) Branched polymers 

 In branched polymers, three or four side chains are connected at a 

specific branch points. When side chains of different lengths are irregularly 

distributed along the main chain, the branched polymers are static in nature. 

These polymers resemble trees as shown in Figure 1.3. Examples: 1, 3- buta 

diene, glycogen etc. 

 

(Source:  polymershttps://agordon75.files.wordpress.com/2015/07/network_branched_ 

crosslinker-14.png?w=474) 

Figure 1.3 Branched chain polymers 

(c) Cross-linked polymers 

 In this type, the main chains are interconnected by many bonds 

mainly covalent bonds and lead into a single, ‗‗infinitely large‘‘ molecule as 

shown in Figure 1.4. Example: poly isoprene. 
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(Source: polymershttps://agordon75.files.wordpress.com/2015/07/network_branched_ 

crosslinker-14.png?w=474) 

Figure 1.4 Crosslinked polymers 

(d) Network polymers 

 Network polymers generally made from tri-functional monomers. 

Networks can be generated by intermolecular covalent bond or by physical 

junctions, such as ion clusters, crystallites, or micro phases. Physical (non-

covalently bound) networks can be dissolved by a solvent, whereas chemical 

(covalently bound) networks are insoluble in all solvents. The chemical 

properties of polymer networks depend strongly on the chemical structure of 

the chemical chain and the type of junction (McCrum et al. 1997, Rodriguez 

1989 and Rosen 1993). The mechanical properties are primarily dictated by 

the cross-link density and by the mobility of the chain segments. Networks 

may thus be soft, elastic, brittle, or hard. The pictorial representation of 

network polymers is shown in Figure 1.5. Examples: epoxides, phenol-

formaldehyde. 
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(Source:  polymershttps://agordon75.files.wordpress.com/2015/07/network_branched_ 

crosslinker-14.png?w=474) 

Figure 1.5 Network polymers 

 Based on the thermal behavior, polymers can be subdivided into the 

following two types. 

(a) Thermoplastic polymers 

 Thermoplastic polymers are linear, one-dimensional polymers 

having strong intramolecular covalent bonds and weak intermolecular Vander 

Waals forces. At elevated temperature, these bonds melt easily and molecular 

chains readily slide past one another. At elevated temperatures, they can be 

remolded into different forms and in general, are dissolvable. Examples: poly 

styrene and poly vinyl chloride. 

(b) Thermosetting polymers 

 Thermosetting polymers are three-dimensional amorphous 

polymers having highly crosslinked (strong, covalent intermolecular bonds) 

networks with no long-range order. Thermosetting polymers are those resins 

which are "polymerized" through a chemical reaction resulting into one large 

3-dimensional molecular network. Once the polymerization is complete, the 
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polymer becomes a hard, infusible, insoluble material, which cannot be 

softened, melted or molded non-destructively. Two part epoxy system is a 

good example for thermosetting polymers and formed by mixing a resin and 

hardener. Within few minutes, the polymerization is complete and a hard 

epoxy polymer is formed. 

1.3.3 Polymer Electrolytes 

 A lithium ion polymer batteries uses electrolyte which consists of a 

lithium salt dissolved in organic solvents (polymer) with a large 

electrochemical stability window. A suitable electrolyte should have good 

ionic conductivity, high chemical stability, low cost and assure safety (Dias  

et al. 2000, Xu 2004). Solvents with low melting point, high boiling point and 

low vapour pressure are highly desirable. In other words, a polymer 

electrolyte (PE) is defined as a solvent–free system whereby the ionically 

conducting pathway is generated by dissolving the low lattice energy metal 

salts in a high molecular weight polar polymer matrix with aprotic solvent. 

The fundamental of ionic conduction in the polymer electrolytes is the 

covalent bonding between the polymer backbones with the ionizing groups. 

Initially, the electron donor group in the polymer forms solvation to the cation 

component in the dopant salt and then facilitates ion separation, leading to 

ionic hopping mechanism. Hence, it generates the ionic conductivity. In other 

words, the ionic conduction of PE arises from rapid segmental motion of 

polymer matrix combined with strong Lewis–type acid–base interaction 

between the cation and donor atom. Ideally, the electrolyte should have the 

following characteristics:  

 High lithium ion conductivity and low electronic conductivity 

over a wide temperature range.  
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 Tolerance towards unplanned electric, mechanical, and thermal 

abuse, for example overcharge, crushing, or overheating.  

 To be composed of renewable, non-toxic, eco-friendly and low 

cost materials.  

1.3.3.1 Dry solid polymer electrolytes 

 The dry solid polymer electrolytes are easy to fabricate as soft films 

of few microns and their flexibility permits interfaces with solid electrodes, 

which remain intact, when the device is in use. Solid polymer electrolytes 

have been paid much attention in rechargeable lithium batteries, due to safety, 

high energy density and design flexibility (Dias et al. 2000). Solvent-free 

solid polymer electrolytes used in the rechargeable lithium polymer batteries 

are mainly poly ethylene oxide (PEO)-based polymers containing the lithium 

salts. The polymer electrolyte allows ion exchange and replaces the traditional 

porous separator. The conduction mechanism of the lithium ion is regulated 

by lithium ion-polymer interactions involving cation-ether oxygen 

coordination bonds. Lithium-ion polymer batteries started appearing in 

consumer electronics around 1996. The advantages of using solid polymer 

electrolytes also include lower manufacturing cost and being more robust to 

physical damage. The concept of using a polymer as the sole electrolyte 

solvent imposes different electrochemical properties to the overall lithium 

battery. The most important is the possibility to combine the solid polymer 

electrolyte (SPE) with a lithium metal anode, since the corresponding 

interface is more mechanically resistant to dendrite growth. In principle, this 

leads to a more reliable cell with a higher energy density which is perfectly 

suitable for electrical vehicle application (Armand 1994 and Basak & 

Manorama 2004) and alternative large scale battery applications. However, 

these materials have the major drawback that the ionic conductivity for 

practical applications can only be reached at high temperature, due to the 
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crystallinity of PEO at room temperature. Several approaches have been 

investigated in order to overcome inherent drawbacks of PEO-based solid 

polymer electrolytes (Sadoway et al. 2001, Sadoway 2004). 

 The initial interest on SPEs (Fenton et al. 1973) in the late 1970‘s 

was inspired by the favorable alkali ion/polymer interactions which had been 

observed in PEO (Armand et al. 1979) and the low reactivity of the ether  

(–C–O–C-) linkage. Consequently, the first lithium polymer battery (LPB) 

used a PEO-based electrolyte, but operated at temperatures greater than 

120°C, which highlights one of the inherent problems of these electrolytes, 

i.e., poor room temperature ionic conductivity. The ionic conductivity of PEO 

lithium salt complexes is commonly in the order of 10
-6

 - 10
-8

 S cm
-1

 at room 

temperature (Gray 1997) except in the case of a plasticizing lithium salt 

(LiTFSI/PEO, ζion ~ 10
-5

 S cm
-1

). With the facile ion transport occurring in 

the amorphous phase, the high crystallinity of PEO was identified as the main 

hurdle to facile ion transport. Therefore, various attempts have been made to 

replace or modify PEO. However, it has been proven that it is difficult to find 

a more suitable polymer than PEO. PEO combines high ionic conductivity 

with mechanical and electrochemical stability (Sequeira, & Hooper 1983). 

But, the composite polymer electrolytes (CPEs) have shown favourable 

effects on both ion transport properties and interface stability (Ciosek et al. 

2007, Ahmad 2009, Fergus 2010). However, control over particle size, 

polymer electrolyte uniformity, and reproducibility has proven a challenge 

(Scrosati et al. 2001). Nevertheless, the development of CPEs has led batteries 

competitive for electric vehicle applications (Syzdek et al. 2010)  

1.3.3.2 Composite solid polymer electrolytes 

 The dimensional and mechanical stabilities of GPEs are limited 

because of the impregnation of a liquid electrolyte into a polymer system and 

this leads to the softening of the polymer (Manuel Stephan et al. 2006). This 
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is another approach in which both the ionic conductivity and the mechanical 

stability of the electrolytes were considerably enhanced simultaneously. This 

was eventually achieved by adding inorganic reinforcement filler to 

composite polymer electrolyte (CPE). Therefore, CPE is defined as a type of 

polymer electrolyte with inorganic or organic fillers in the polymer matrix. 

Composite polymer electrolytes were prepared by the addition of high surface 

area inorganic fillers such as Al2O3, SiO2, MgO, LiAlO2, TiO2, BaTiO3 and 

zeolite powders. The mechanical strength and stiffness of the complex 

systems were improved appreciably when the fillers are incorporated into the 

polymer matrix. However, the main advantages of the composite electrolyte 

are the enhancement of room temperature ionic conductivity and an improved 

stability at the electrode electrolyte interface. The inert fillers, due to its large 

surface area prevent the local chain reorganization with the result of locking 

in at ambient temperature and highest amorphous phase. This in turn, 

becomes more favorable for the high ionic transport (Peter P Chu et al. 2003). 

The polymer in ceramic electrolyte, (Angell et al. 1993) follows a 

corresponding approach, where a porous ceramic phase acts as a matrix for a 

liquid oligomer and a lithium salt. The aim of above said two approaches is to 

combine the good transport properties of alternative glassy and ceramic solid-

state electrolytes, (Syzdek et al. 2009) which suffer from brittleness and 

mechanical rigidity, with the flexibility and surface adhesive properties of 

polymers. 

1.4 PEO AS POLYMER HOST 

 The polymer host should pocess the following characteristics to act 

as the solvent for the salts. They are: 

 Atoms or group of atoms with sufficient electron donor power 

to form coordinate bonds with cations.  
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 Low barriers to bond rotation so that segmental motion of the 

polymer chain can take place readily.  

 A suitable distance between the coordinating centers because 

the formation of multiple intra polymer ion bonds appears to be 

important.  

 Although a number of polymers satisfy these criteria, none has 

shown advantage over PEO, where the regularity of the - (CH
2
-CH

2
-O) - units 

allows a high degree of crystallinity (70-85%). Therefore, PEO remains as the 

most studied polymer host for polymer electrolyte preparation (Armand et al. 

1979, Wright 2002). It is the most common polymer host for the solvent-free 

systems today. The range of salts dissolve in PEO is large. However, attention 

has been focused primarily on a small group of lithium and sodium salts. 

They form polymer electrolytes of potential commercial interest. The 

polymeric chain of PEO is capable of wrapping around lithium cations, 

creating coordination bonds and promoting dissolution and ionization of a 

lithium salt.  

 The polyether (-(CH
2
)

m
O-)

n 
show remarkable variations in physical 

properties with increasing number of methylene repeat units. For instance, 

poly (oxymethylene) (m=1) and poly (ethylene oxide) (m=2) are homologues 

with only one oxymethylene group difference. But their structural difference 

namely, poly (oxymethylene)‘s tight helix containing nine chemical repeat 

units and five turns in the fiber period of 1.739 nm, versus that of PEO‘s 7/2 

helix or seven ethylene oxide repeat units with two turns in the fiber period of 

1.93 nm is highly significant. 

 Although PEO-based polymer electrolyte exhibits sufficient 

mechanical properties to act as a separator in a cell, the electrical 

conductivity, electrochemical and transport properties are inferior and needs 
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improvement. The poor conductivity is linked to the crystalline nature and to 

the restrictive segmental motion of the PEO especially the high molecular 

weight PEO. Due to partial crystallinity in the structure the problem arises 

both at microscopical and macroscopical level. The polycrystalline phase is 

often dendritic or spherulitic structure with well separated amorphous 

boundary. The gross morphological structure of PEO-salt complexes may 

play an important role in determining the ion transport properties of the 

material. The melting point, Tm of the crystalline phase is 65°C and the glass 

transition temperature, Tg of the amorphous phase is – 60°C. 

 The conductivity of PEO increases with increasing temperature. 

The temperature dependence of polymer electrolytes conductivity indicates 

that it is an activated process. The conductivity can be increased to the level 

of 10
-4

 Scm
-1

 at room temperature by using various conductivity promotion 

methods. However, this conductivity level still does not satisfy the basic 

requirements for the electrolyte in a solid-state battery. Importantly, PEO is 

compatible with a wide range of plasticizers, low molecular weight 

compounds, and other polymeric materials. At room temperature, PEO is 

completely miscible with water in all proportions. Aqueous phases range from 

solutions containing less than 1% by weight of polymer. They have 

characteristic and useful rheological properties to non-tacky elastic gels at 

concentrations of around 20%, and finally to tough materials in which water 

acts as a plasticizer. PEO is also soluble at room temperature in a number of 

common organic solvents such as acetonitrile, dichloromethane, carbon 

tetrachloride, tetrahydrofuran, and benzene. 

 Secondary lithium-polymer rechargeable batteries are well 

facilitated energy storage devices and received much attention over last three 

decades. Three decades earlier (Fenton et al. 1973) the divalent polymer 

electrolyte was studied first. The study of MacCallum on PEOn- Lix system in 
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1987 was the benchmark data (MacCallum & Vincent 1987). The work on 

solid polymer electrolytes is always gaining momentum because of their 

immediate application in rechargeable lithium ion polymer batteries, fuel 

cells, electrochromic windows, aerospace, automobile and electronic 

industries (Chao & Wringhton 1987, Armand 1983 and Choi et al. 2001). 

Polymer electrolytes exhibit interesting properties like size flexibility, 

transparency, light weight, feasibility of thin film formation and elasticity.  

 Armand et al. reported PEO and poly (propylene oxide) (PPO) 

based solid electrolytes complexed with lithium thoicyanide, sodium 

thiocyanide and potassium thiocyanide alkali salts (LiSCN, NaSCN and 

KSCN). The glass transition temperature Tg of PEO was found to be -60°C 

and the conductivity of these solid electrolytes have been studied as a function 

of temperature. The conductivity value reaches 10
-5

 Scm
-1

 in the temperature 

range 40-60°C; which made these compounds suitable as solid-state 

electrolytes for battery application (Armand et al. 1979). 

 The wide and systematic work of synthesis and characterization 

performed during the 1980‘s, and the relative technological applications  

are well summarized in books and conference proceedings (Armand et al. 

1979, Scrosati 1990, Scrosati 1993, Chowdhary 1996, Scrosati & Yamamoto 

1997). 

 It was reported that fast ionic transport takes place in the 

amorphous electrolyte phases, in which conductivity is two or three orders of 

magnitude higher than in the crystalline phase (Berthier et al. 1983). Most 

research efforts therefore have been directed toward the attainment of films 

containing large and stable amorphous phases, possibly with a low glass 

transition temperature, Tg in order to obtain a good flexibility of the polymer 

chains which are responsible for the ion transport.  
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 After the discovery of the first SPE material; a (PEO): alkali metal 

salt complex, followed by an experimental demonstration of the first all-solid-

state battery, the research activity in this area was enhanced tremendously. As 

a consequence, a wide variety of SPEs have been synthesized in the last three 

decades. The majority of good dry solid polymeric electrolytes reported so far 

are based on high molecular weight polymers, namely, PEO and/or PPO 

complexed/dissolved with different Li-ion salts (Fenton et al. 1973). 

 Classical examples of lithium polymer electrolytes are blends of a 

lithium salt, LiX, (where X is preferably a large soft anion, such as chlorate 

(ClO4
-
)

 

or trifluoromethanesulfonyl imide (CF3SO2)2N
−
) and a high-molecular 

weight PEO containing Li
+

 coordinating groups. These electrolytes combine 

the advantages of solid state with the ease of casting as thin films. It is 

commonly believed that for PEO-based electrolytes, fast ionic transport takes 

place only in the amorphous phase due to flexible polymer chains 

(MacCallum 1987, Berthier 1983). 

 Most of the efforts have therefore been directed towards the 

synthesis of PEO with a large and stable amorphous phase with a low glass 

transition temperature in order to obtain good flexible polymer chains for ion 

transport (Quartarone et al. 1998). Hence the development of PEO 

electrolytes has passed through three stages 

1. Dry solid-state polymer 

2. Gel/plasticized polymer electrolyte systems and 

3. Polymer composites.  

 The very first example of ‗dry solid‘ polymer electrolyte is the 

high-molecular weight PEO-based systems that showed a very low ambient-

temperature conductivities of the order of 10
-8 Scm

-1
. Because of their specific 
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structural position, the lithium ions can be released to transport the current 

only on unfolding the coordinating PEO chains. This type of polymer 

electrolyte requires local relaxation and segmental motion of the PEO chains 

to allow fast lithium-ion transport. Thus, high conductivity is restricted only 

to the amorphous state of the PEO component. At about 70°C, the crystalline 

to amorphous transition occurs; hence the conductivity increases by several 

orders of magnitude and reaches the order 10
−3

Scm
−1

. This implies that the 

use of PEO–LiX electrolytes is restricted to batteries with relatively high 

operating temperature limits. The relatively high operating temperature limits 

their overall practical output (Stephan & Nahm 2006). 

1.5 ROLE OF LITHIUM SALTS IN SOLID POLYMER 

ELECTROLYTES 

 The simplest way of introducing ionic conductivity into a polymer 

is to solvate the inorganic ion to the polar groups of polymers. The polar 

groups in the polymers are thus known as solvating groups. The most useful 

solvating group is ether oxygen which is invariably found in PEO.  

 A lithium salt has to be added with a solvent to provide a Li
+
 ion 

conducting electrolyte with enough concentration of charge carriers. To find 

an optimal counter-ion to Li
+
 is far from trivial. The interactions of the anion 

with Li
+
 ions, solvent molecules, electrodes, and even the current collectors, 

pose the same difficulties in choosing a suitable counter-ion, as a solvent or 

solvent mixture. Currently, lithium salts with highly symmetrical fluorinated 

anions, LiCF3SO3 and lithium trifluoromethanesulfonyl imide (LiTFSI) 

gaining much attention compared to other traditional lithium salts.  

  In the mid 90‘s, anions were developed based on a four-

coordinated boron centre, directly bonded to oxygen atoms of larger aromatic 
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or non-aromatic structures. Lithium bis(oxalato)borate (LiBOB) seems to 

have all the qualities needed to replace lithium hexafluorophosphate (LiPF6). 

Xu et al. reported conductivity of 7.5 Scm
-1

 in ethylene carbonate-dimethyl 

carbonate (EC:DMC), an oxidative stability up to 4.3 V vs. Li
+
/Li, the ability 

to form an solid electrolyte interface (SEI) and solid polymer interface (SPI) 

and good passivation of the Al-current collector up to 6.0 V vs. Li
+
/Li  

(Xu et al. 2002, Xu 2004). Lithium bisoxalatoborate (LiBOB) is also prefered 

due to its high solvating ability, less hygroscopic nature. It also yields high 

ionic conductivity as compared to other traditional lithium salts. It contains 

larger anion which can easily interfere with the crystallization process of PEO 

chain, thereby increasing the amorphocity with consequent enhancement of 

the lithium ionic conductivity. 

 PEO complexed alkali salts are useful for various applications such 

as batteries, fuel cells, sensors, electrochemical display drives, smart 

windows, photo electrochemical solar cells etc., (Steele & Weston 1981, 

Papke et al. 1982, Armand 1986, Ratner & Shriver 1988, Owen 1989). PEO, 

in particular, is an exceptional polymer, which dissolves high concentration of 

a wide variety of salts to form polymeric electrolytes and has a high degree of 

crystallinity. Since the ionic transport in the PEO-LiX complexes may be 

interpreted on the basis of hopping mechanism between the polymer chains, it 

is understandable that how the conductivity dramatically increases above the 

crystalline-amorphous transition temperature (Steele & Weston 1981, Papke 

et al. 1982, Berthier et al. 1983, Armand 1986, MacCallum & Vincent 1987, 

Ratner & Shriver 1988, Owen 1989). In fact above this temperature, the 

polymer behaves as a highly viscous liquid (elastomer) and the mobility of the 

ions greatly increases because of the disordered movements of the chain 

(MacCallum et al. 1984). 



21 

 

 

 In the present work, LiCF3SO3 is used as salt due to the fact that it 

results in weak cation - anion interaction and less hygroscopic compared to 

other salts. 

 Gray et al. prepared a new type of polymer electrolytes based on 

PEO- LiCF3SO3 and polystyrene by hot-press method. The inclusion of 

polystyrene in PEO- LiCF3SO3 complex improved the mechanical strength of 

the electrolytes and achieved a maximum ionic conductivity of 10
-3.2

 Scm
-1

 

(Gray et al. 1986). Ito et al. have prepared PEO based polymer electrolyte 

using LiCF3SO3 as salt by evaporation method. Combined differential 

scanning calorimetry, molecular weight measurement and IR data showed that 

the evaporated films are partially composed of molten state structure such as 

that observed in molten PEO. Also the dried films have a high ionic 

conductivity of about 3x10
-2

 Scm
-1

 at room temperature. The presence of 

different structural region of PEO was identified by x-ray photoelectron 

spectroscopy (ESCA). Carbon atoms not directly attached to oxygen were 

observed in polymer electrolytes and increased with increasing LiCF3SO3. i.e., 

The C-O bonds in PEO are cleaved by evaporating together with LiCF3SO3 

and replaced by C-H or C-C bonds. They concluded that molten state regions 

with relatively low molecular weight effectively enhance conductivity 

whereas differently structured regions with C-atoms not directly bonded to 

oxygen adversely affect conductivity (Ito et al. 1987). 

 Scrosati and his coworkers fabricated new type of lithium cell 

(Li/PEO-LiX(X=BF4, ClO4, CF3SO3)/PPy) using different lithium salt doped 

polymer electrolytes (Scrosati 1990). This was the first time that 

electrochemically synthesized polypyrrole (PPy) was used as cathode. The 

characteristics of the cell have been investigated by ac impedance and cyclic 

voltammetry analyzes. The results indicate that the kinetics of the 

electrochemical charge-discharge process depend upon the specific PEO 
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complex used. The best behavior was obtained with the PEO- LiCF3SO3 

complex. Rhodes et al. have studied the ionic association in the high 

molecular weight PEO- LiCF3SO3 complexes by FT-IR spectra. Mechanisms 

have proposed to explain the observed kinetic effects in ionic association of 

PEO-LiCF3SO3 complexes (Rhodes et al. 2000). The transference number 

measurement of PEO-LiCF3SO3 electrolyte was analyzed by Evans et al. 

using steady state current method. The transference numbers of lithium 

triflate ion in PEO at 90ºC was measured and attain a mean value of 

0.46±0.02 (Evans et al. 1987). 

 Later Vallee et al. made a comparative study on thermal and 

conductivity behavior of polyether based composite electrolytes comprising 

of different lithium salts LiX (X=trifluoromethanesulfonyl imide (TFSI), 

triflate (Tf) and chlorate (ClO4
-
)). These electrolytes exhibit conductivity of 

greater than 10
-5

 Scm
-1

 at 25ºC (Vallee et al. 1992). Tominaga et al. reported a 

new way to enhance the ionic conductivity in PEO-LiCF3SO3 electrolytes. 

They applied super critical CO2 to PEO-LiCF3SO3 mixture in order to 

enhance chain mobility in the amorphous phase. The ionic conductivity at 

room temperature of the mixed polymer electrolyte was improved more than 

ten times by the addition of supercritical CO2 treatment (Tominaga et al. 

2002). Ramesh et al. have investigated the conductivity, dielectric and 

vibrational behavior of PEO-LiX (X= triflate (CF3SO3), sulphate (SO4)) 

polymer electrolytes. It was observed that PEO-LiCF3SO3 polymer 

electrolytes have higher conductivity than PEO-ClO4 electrolytes. Also they 

have studied the various interactions between PEO and different lithium salts 

using FT-IR spectral analysis (Ramesh et al. 2008). Sequira & Hooper have 

described the electrochemical properties of solid lithium systems of (PEO)x -

LiCF3SO3 in the temperature range 100-170ºC. (PEO) 9 -LiCF3SO3 solid 

electrolyte was cycled approximately with 40% capacity at a current density 

of 1 mAcm
-2 

(Sequeira & Hooper 1983).  
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1.6 ROLE OF FILLERS IN SOLID POLYMER 

ELECTROLYTES 

 Utilization of common additives such as inorganic fillers and 

plasticizers is the effective and efficient approach to enhance the ionic 

conductivity. The composite polymer electrolytes containing ceramic fillers 

of nano meter grain size are generally termed as nanocomposite polymer 

electrolytes (NCPEs). Fillers (also known as reinforcing fillers) are divided 

into two types: inorganic and organic. Different types of inorganic fillers have 

been used, including mica, clay, titania (TiO2), fumed silica (SiO2) and 

alumina (Al2O3). On the other hand, graphite fibre and aromatic polyamide 

are some examples of organic fillers. The main purpose of using inorganic 

fillers is to alter the properties of the polymer, enhance processability and 

improve the mechanical stability in the polymer electrolyte system. By 

dispersing nano ceramic fillers in the conventional SPE host, an enhancement 

of 1 to 2 orders of magnitude in the room temperature conductivity from that 

of the un-dispersed host was noted. These CPEs offer some attractive 

advantages such as superior interfacial contacts, high flexibility, improved 

lithium transportation, good ionic conductivity and better thermodynamic 

stability towards lithium and other alkali metals. It has been showed that the 

significant role of the filler is to act as a solid plasticizer for PEO, by 

inhibiting chain crystallization upon annealing in the amorphous state at 70ºC. 

This leads to stabilization of the amorphous phase at lower temperatures and 

thus increases the useful range of electrolyte conductivity. Furthermore, the 

ceramic filler enhances the lithium-ion transference number (Appetecchi et al. 

2000, Arico et al. 2005). A comprehensive review on the state-of-art 

modifications in ionic conductivity, transference number and electrode-

electrolyte interfacial activity of the nanocomposite polymer electrolytes has 

been reported in the literature (Kumar & Scanlon 1994). On the basis of 

differential scanning calorimetry (DSC) analysis, (Kumar et al. 2001) the 
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effect of particle size on the crystalline-amorphous transition of polymer 

electrolyte PEO: LiBF4 dispersed with inorganic filler namely, Al2O3, SiO2 

etc., was explained. The nano-sized inorganic filler was found to be very 

effective in reducing the crystallinity in PEO based polymeric host.  

 Kumar and co-workers also carried out similar DSC studies on 

PEO-LiBF4 dispersed with nano-sized ceramic filler particles of materials 

with a high dielectric constant, namely, TiO2 and ZrO2, and identified that 

interactions between polymer chain and high dielectric constant inorganic 

fillers are influenced by the size and mass of the particles which lead to a 

better enhancement in the ionic conductivity. The degree of enhancement 

depends on the choice of the ceramic filler and, in particular, of the nature of 

its surface states (Kumar & Rodrigues 2001, Kumar & Scanlon 1999).  

 Poonam Sharma et al. studied the effect of propylene carbonate 

(PC) and nano fumed SiO2 on electrical and mechanical properties of PEO-

NH4PF6 electrolytes (Poonam Sharma et al. 2011). The simultaneous addition 

of PC and fumed silica led to the formation of electrolytes with higher 

conductivity (4.50×10
-5

Scm
-1

 at 25ºC) and mechanical strength.  

 The development of successful solid state lithium battery depends 

on the choice of suitable host polymer matrix. Among the SPEs so far 

reported, PEO-LiX is the most intensively studied electrolyte systems. 

Unfortunately, at ambient temperature, the ionic conductivity of solid 

polymer electrolyte has not reached an appreciable value. Most of the SPEs 

based on PEO-LiX exhibits low ionic conductivities at ambient temperatures 

(ζ< 10
-7

 Scm
-1

) because of their crystallization tendencies (Appetecchi et al. 

1998, Appetecchi et al. 2001, Persi et al. 2002). To improve the ionic 

conductivity of SPEs, a concept of gel polymer electrolytes (GPE) was 

introduced (Murata et al. 2000). The conductivity of PEO-LiX increased 

significantly by incorporating a liquid plasticizer into a solid polymer 
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electrolyte, but at the sacrifice of mechanical strength and the compatibility of 

the electrolyte with lithium. Recently, a new strategy to overcome the 

disadvantages of solid polymer electrolytes is being intensively studied. 

Instead of liquid plasticizers, nanosized powders or molecular sieves were 

dispersed directly into the polymer hosts to gain mechanical strength and to 

improve ionic conductivities (Li et al. 2008).  

 Composite solid polymer electrolytes (CSPEs) are solid polymer 

electrolyte dispersed with nano/micro-sized filler particles of inert ceramic 

materials. CSPEs, especially in the lithium polymer batteries, offer enhanced 

electrode/electrolyte compatibility as well as safety. Dispersal of nano/micro-

ceramic filler particles in SPE host also improves the morphological, 

electrochemical and mechanical properties of the SPE membranes (Croce  

et al. 1998, Appetecchi et al. 2000, Itoh et al. 2003, Bronstein et al. 2004). 

The nanofiller can tend to suppress the crystalline nature of polymer as well 

as it improves the mechanical strength and binding properties of polymer 

matrix. These innovative electrolytes are known as composite polymer 

electrolytes (CPEs), in which the added solid particles, known as fillers, 

incorporate into the host polymer (Raghavan et al. 2008). This strategy was 

more encouraged by Gadjourova et al. by proving that the conductivity in a 

static and ordered environment of the crystalline phase could be greater than 

that in the equivalent amorphous material above Tg. The study also showed 

that in a crystalline phase, ion transport is dominated by the cations, indicated 

by Li
+
 transference number in the case of lithium battery polymer electrolytes 

(Gadjourova et al. 2001).  

 In addition, Jiang et al. also studied the enhancement of cation 

transference number and interfacial stability between the electrolyte and 

lithium metal electrode by ceramic filler (Croce et al. 2000 and Jiang et al. 

2005). As conventional compounds, oxide ceramic fillers including Al2O3 



26 

 

 

(Scrosati et al. 2001), TiO2 (Wang et al. 2005), ZrO2 (Rajendran & Uma 

2000, D'Epifanio et al. 2004) had attracted the attention and of major interest 

in the study of inorganic fillers. The first study on the fillers for polymer 

electrolytes of lithium ion battery was carried out with Al2O3 (Weston & 

Steele 1982).  

 According to Croce et al. either TiO2 or Al2O3 dispersed in PEO-

LiClO4 (10 wt %) forms complexes with the oxygen atoms in PEO chains. It 

further acts as cross-linking centers for PEO segments and reduces the 

reorganizing tendency of the polymer chain and promotes preferred Li
+
 

transport at the boundaries of the filler particles (Croce et al. 1999). Indeed, 

below the melting point of PEO, the conductivity of PEO-based 

nanocomposite electrolytes was reported to be strongly dependent on the 

thermal stability. Such functional fillers are called as ―solid plasticizers‖ 

(Kumar & Scanlon 1999)
.
 However, the role of ceramic fillers seems to be 

quite different from that of liquid plasticizers, which significantly change the 

dynamics of polymer chain and thus promotes the segmental conductivity 

(Strauss et al. 1998, Xi et al. 2004, Lin et al. 2005). Enhancement in the room 

temperature conductivity and electrochemical properties have also been 

reported for the other polymer electrolytes based on PEO : lithium salts 

(LiClO4, LiBF4, LiPF6, LiCF3SO3) dispersed with sub-micro metre size 

particles of ferroelectric materials, namely, BaTiO3, PbTiO3, LiNBO3 (Sun  

et al. 1999, Sun et al. 2000). A comprehensive review on the state-of-the-art 

modifications in ionic conductivity, transference number and electrode–

electrolyte interfacial activity of the composite solid polymer electrolyte 

systems has been presented by Kumar and Scanlon (Kumar & Scanlon 1994). 

According to them, dispersal of nano-sized filler particles leads to better 

electrode/electrolyte compatibility as compared with micro metre sized 

particles. On the basis of differential scanning calorimetry (DSC) analysis, 

they explained the effect of particles on the crystalline–amorphous transition 



27 

 

 

of polymer electrolyte (PEO: LiBF4 dispersed with inorganic filler, namely, 

Al2O3, SiO2, etc.) (Kumar & Rodrigues 2001). The nano-sized inorganic filler 

was very effective in reducing the crystallinity. Kumar & coworker (Kumar & 

Scanlon 1999 and Kumar & Rodrigues 2001) also carried out similar DSC 

studies on PEO: LiBF4 dispersed with nano-sized ceramic filler particles of 

materials with a high dielectric constant, namely, TiO2, ZrO2. It was identified 

that interactions between polymer chain and inorganic fillers are influenced 

by the size and mass of the particles which lead to a better enhancement in 

ionic conductivity. The nature of interaction has been believed to be dipole–

dipole type driven by a dielectric constant gradient. Shanmukaraj et al. have 

investigated the role of inorganic ceramic fillers Al2O3 and TiO2, on ionic 

conductivity and electrochemical stability of poly (methyl methacrylate) - 

poly (ethylene oxide) blend (Shanmukaraj et al. 2008). The effect of ceria 

(CeO2) nano particles on thermal stability and ionic conductivity of poly 

ethylene oxide: NH4Cl4 complex has been studied earlier (Arup Dey et al. 

2008). 

1.7 ROLE OF IRRADIATION IN SOLID POLYMER 

ELECTROLYTES 

 Irradiation of polymers causes structural and chemical changes that 

lead to change in chemical and physical properties. Ionizing radiation may 

induce several changes in the structure of a polymer, crosslinking, chain 

scission, gas desorption, changes in crystallinity and UV saturation. Such 

behavior makes the study of this kind of polymer processing of great interest; 

because of the wide spread application of ionizing radiation in many 

industries. For example, the use of radiation in the sterilization of medical and 

pharmaceutical items, many of which are made of polymeric materials, is a 

common process and information about the radiolysis products is mandatory 

for the evaluation of the process. The modification of polymer properties via 



28 

 

 

irradiation can be also used in the production of heat shrinkable films and 

tubing crosslinked polymers. 

1.7.1 Effect of X-ray Irradiation on Polymer 

 X-ray irradiation is a possible competitor to traditional gamma and 

electron beam irradiation (Abs et al. 2004). In electron beam irradiation, 

electrons interact with polymer and in x-ray irradiation the electromagnetic 

radiation interacts with matter. X-rays are electromagnetic radiation like 

gamma radiation. It is mainly the shower of secondary electrons from 

Compton scattering that initiates ionization events and activates numerous 

chemical reactions (Croonenborghs et al. 2007). Despite the similarities 

between electron beam and x-rays in the main interaction mechanism with 

matter, the effects of e-beam and x-ray on material properties are not identical 

because of differences in mean radiation energy, radiation energy distribution 

and dose rate (Chmielewski et al. 2005). Croonenborghs and co-workers 

found differences between x-ray and electron beam irradiation on high density 

polyethylene (Croonenborghs et al. 2007). 

 Polymers are sensitive to x-ray irradiation (Coffey et al. 2002). 

Most of the studies on x-ray irradiation focus on irradiation damage caused in 

polymers (Cleland et al. 2003). Loss of crystallinity, loss of mass and 

chemical modification is the expected effect of x-ray irradiation. Some studies 

shows a decrease in intensity of specific functional groups and also the 

observation of new spectral features attributed to the formation of new 

chemical structures (Coffey et al. 2002). Irradiated polymers can loss mass 

due to bond breaking (scissioning) in the main chain or in side groups. 

Though polymers can undergo chain scissioning and crosslinking upon 

irradiation, one mechanism usually dominates. Scissioning is the dominant 

process in polymers like PET and PMMA. Crosslinking dominates in 

polyethylene (PE). In polymers like Nylon-6 both chain scissioning and 
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crosslinking are comparable. For PE, after irradiation an increase in C=C 

bonds has been observed. Some researchers reported increased electrical 

conductivity with increased. Studies on x-ray irradiated poly propylene 

showed free radical formation, crosslinking and degradation. Polymer 

crosslinking at lower doses and degradation at higher doses are observed by 

many researchers (Chen et al. 2002, Coffey et al. 2002, Cleland et al. 2003 

and Craciun et al. 2011). 

1.7.2 Effect of Electron Beam Irradiation 

 In recent years electron beam (EB) irradiation technique is 

becoming an advanced approach to optimize the physical properties of 

polymer materials such as dielectric, electrical, structural, and thermal 

properties (Cleland et al. 2003). However, the modification depends upon 

their radiation dose rate and material characteristics. Modified polymer 

electrolytes are prominent materials for a wide range of potential applications 

like polymer light-emitting diode, solid state battery, optical display (Sevil et 

al. 2003), and electronic devices (Fink et al. 1994). Whenever EB energy 

interacts with polymer material it induces change in the molecular structural 

arrangement such as ionization, displacing atoms, carbonization and 

production of free radicals; as a result chain scission and cross linking leading 

to degradation occur. The radiation not only alters the chemical structure of 

the polymer, but it can also enhance the presence of trapped charges or creates 

defects in the polymer matrix (Chen et al. 2002). Thus, these alterations are 

responsible for the change in the dielectric, electrical and thermal properties 

of irradiated polymers (Randall et al. 1983, Wielunski et al. 1997, Virk et al. 

1998 and Kumar et al. 2003). In other words, irradiated polymers can convert 

them from insulators to good electrical conductivity materials which are a 

good sign and these materials can be used in various electronic applications 

(Clough 2001). Generally polymer electrolytes are found in solid or 
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viscoelastic state; the molecular structure plays a significant role in 

determining the dielectric behavior. The dielectric constant and AC 

conductivity of modified polymer are examined to understand charge 

transportation (Ragu et al. 2014). These phenomena are powerful means to 

know the charge relaxation and mobility in polymer electrolytes (Karmakar & 

Ghosh 2011). Electrical conduction by ions is believed to take place only in 

the amorphous and free volume regions and chain motions are supposed to aid 

the ions to move. However, dielectric parameters of polymer electrolyte are a 

much more complex system because of the competition between intra–inter 

chain process in the transport mechanism, the radiation modification being till 

more complex. An enhancement in ionic conductivity of EB irradiated 

PEG:LiClO4 polymer electrolyte films was reported by Joykumar Singh and 

coworkers. A conductivity of 7.27x10
-7

 Scm
-1

 for an unirradiated polymer 

electrolyte and 1.31x10
-5

 Scm
-1

 for 15 KGray irradiated polymer electrolyte 

(Joykumar Singh et al. 2004). Kronfli and coworkers reported that the 

conductivity enhancement of gamma rays irradiated PEO-LiX films was 

found to be 10
-5

-10
-4

 Scm
-1

 at 60
o
C and 10

-6
-10

-5
 Scm

-1
 at 30

o
C (Kronfli et al. 

1988). These values are well comparable and consistent with the observed 

result. The literature review reveals that very little work has been reported on 

EB induced effect on dielectric and AC conductivity of polymer films. Ionic 

transport in polymer electrolytes is affected by EB radiation, and there is 

significant alteration in the electrical and dielectric properties. The EB can 

also be used for various purposes such as the preparation of polymers 

(Chirinos et al. 2003) or for the modification of polymer properties (Sevil  

et al. 2003, El-Sayed et al. 2004, Abdel-Hamid et al. 2004). The induction of 

irradiation can affect structure or molecular (polymer unit) arrangement 

because of chemical changes such as the displacement of atoms, the creation 

of new double bonds, carbonization, chain scission (-C-C- bond scission), and 

radical-radical combination (crosslinking) (Ruck et al. 1997, Nouh 2004). 

These modifications favours charge transportation. Therefore, the study of the 



31 

 

 

electrical conductivity and dielectric property in EB-induced polymer 

electrolytes has become an interesting area of active research for 

understanding charge transportation. In this work, EB-induced modifications 

of the electrical conductivity and dielectric properties of polymer electrolyte 

films were reported. The conductivity and dielectric properties of polymer 

electrolytes have been investigated and reported over the past two decades but 

the amount of reported work has been minimal. Pawde and Parab studied the 

effect of EB irradiation on the mechanical and dielectric properties of 

polypropylene films (Pawde & Parab 2011). Uchiyama et al. showed that 

chain scission and cross linking in PEO was aresult of EB effect (Uchiyama  

et al. 2009). Singh et al. observed that changes in the dielectric properties 

were due to chain scission and cross linking (Singh et al. 2004). In general, it 

is a well-known fact that conductivity in doped PEO is influenced by the 

concentration of defects and the volume of the amorphous region in the 

system. EB radiation has also been used to increase the amorphous volume 

and has been reported to enhance conductivity (Damle et al. 2008). EB-

mediated degradation takes place in irradiated polymers (Vijayalakshmi et al. 

2005, Singh et al. 2008). Based on these studies, a number of authors have 

recently investigated the effect of EB irradiation effect on the optical 

properties of doped polymer electrolyte films (Kilarkaje et al. 2011). Electron 

beam (EB) induced alterations are responsible for the change in the dielectric, 

electrical and thermal properties of irradiated polymers (Craciun et al. 2011). 

Irradiation can affect structure or molecular (polymer unit) arrangement 

because of chemical changes such as the displacement of atoms, the creation 

of new double bonds, carbonization, chain scission (-C-C- bond scission), and 

radical-radical combination (crosslinking) (Bee et al. 2015, Cheon et al. 

2015). 
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1.8 OBJECTIVES OF THE RESEARCH WORK 

 The main objectives of the present research work are to 

 investigate the effect of irradiation (electron beam and x-ray) on 

the structural, thermal and electrical properties of poly ethylene 

oxide (PEO)-lithium triflate polymer electrolytes with and 

without filler. 

 understand the chemical changes induced in the polymer 

electrolytes by irradiation using spectroscopic methods. 

 to measure the changes in mechanical parameters like tensile 

strength, Young‘s modulus, toughness elongation at break of 

polymer electrolytes before and after irradiation. 

1.9 PRESENT STUDY 

 In the present study, we have attempted to understand the effect of 

irradiation on the ionic conductivity, dielectric and mechanical properties of 

PEO based polymer electrolytes incorporated with nanofillers. The polymer 

electrolytes were irradiated by electron beam (EB) and x-rays. The optimized 

irradiation dosages were identified for obtaining higher ionic conductivity 

without compromising thermal and mechanical stability of the polymer 

electrolyte. The details are presented in the thesis. 

 Chapter 1 gives a general introduction on batteries with a special 

emphasis on polymer electrolytes. Methods adapted for improving the 

performance of polymer electrolytes were also discussed in detail. 

 In chapter 2, the materials used for the preparation of polymer 

electrolyte with and without filler are given. The method of preparation 
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adopted in the present study and an outline about the characterization 

techniques used were also discussed.  

 In chapter 3, we discuss the effect of x-ray irradiation on the 

morphological, chemical, electrical, thermal and mechanical properties of the 

prepared polymer electrolyte with and without filler. 

 Chapter 4 discusses about the morphological, chemical, electrical, 

thermal and mechanical properties obtained for the prepared polymer 

electrolyte with and without filler before and after irradiated with electron 

beam.  

 Chapter 5 provides the summary and conclusion drawn from the 

present study. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 MATERIALS USED 

1. Poly ethylene oxide ( abbreviated as PEO) ({C2H4O}n; 

Molecular weight (Mw): 2 x 10
5
 g/mol, purchased from Sigma 

Aldrich, used as such) 

 

2. Lithium trifluromethanesulfonate (Lithium triflate, LiTf) 

{LiCF3SO3; Molecular weight = 156 g/mol, purchased from 

Sigma Aldrich, used as such} 
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3. Tetra hydrofuran 

 Molecular formula; C4H8O, molecular weight; 72.11 g/mol, 

purchased from E-Merck. 

4. Acetone 

 Molecular formula; C3H6O, molecular weight; 58.1 g/mol, 

purchased from E-Merck, used as such. 

5. Titanium dioxide 

 Molecular formula; TiO2, molecular weight; 79.87 g/mol, 

purchased from Sigma Aldrich, used as such. 

2.2 PREPARATION OF LiCF3SO3 BASED POLYMER 

ELECTROLYTES 

 All the chemicals were dried under vacuum at 50ºC for 24 h before 

use. The quantity of materials added was expressed as weight percent (wt %). 

In the present investigation, the optimized concentration of lithium salt was 5 

wt % (as given in table 3.1). Li:O ratio is 8.5:1. First 5 wt% of LiCF3SO3 was 

dissolved in THF and stirred for 4 hours. After ensuring thorough dissolution 

of salt, 95 wt% of PEO was added to this solution and was stirred well for 8 h. 

The obtained coagulated pasty mass solution was transferred on to the clean 

glass plate and allowed to dry. This dried polymer salt electrolyte was then 

cast into thin films of 0.1mm by a membrane hot press at a temperature and 

pressure of 90ºC and 5 torr cm
-2

.The temperature used is enough for 

vaporizing the used solvent. This procedure gave mechanically strong, self-

standing and homogeneous membranes which were dried in vacuum for two 

days to ensure complete evaporation of solvent traces before subjected to 

further characterization. 
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 The membranes were prepared in sufficient numbers for irradiation 

using x-ray and electron beam of different irradiation doses. X-ray irradiation 

was done at Sree Chitra Thirunal Institute of Medical Sciences, Trivandrum 

and electron beam irradiation was done at Microtron centre, University of 

Mangalore. 

 The composition of polymer and salt used in the preparation of 

polymer electrolyte without filler and the x-ray irradiation doses given were 

tabulated in Table 2.1. 

Table 2.1 Composition of PEO & LiCF3SO3 and X-ray irradiation dosages 

PEO (Wt %) LiCF3SO3 (Wt %) X-ray dose (in Gray) 

95 

95 

95 

95 

95 

5 

5 

5 

5 

5 

0 

1.5 

3 

4.5 

6 

 

 The composition of polymer and salt used in the preparation of 

polymer electrolyte without filler and the EB irradiation doses given were 

tabulated in Table 2.2 . 

Table 2.2 Composition of PEO & LiCF3SO3 and EB irradiation dosages 

PEO (Wt %) LiCF3SO3 (Wt %) EB dose(in Gray) 

95 

95 

95 

95 

95 

5 

5 

5 

5 

5 

0 

10 

100 

1000 

10000 
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2.3 PREPARATION OF LiCF3SO3 BASED POLYMER 

ELECTROLYTES WITH TiO2 FILLER 

 Polymer electrolyte membranes were prepared with two different 

weight concentrations of TiO2 as filler. The filler wt % used was 5 and 10. 

First 5 wt% of LiCF3SO3 was dissolved in THF and stirred for 4 hours. After 

ensuring through dissolution of salt 90 wt% of PEO was added to this solution 

and was stirred well for 8 h. To this 5 wt% of TiO2 was added and was let to 

be stirred for 12 h. As done earlier the obtained coagulated pasty mass 

solution was prepared as thin membranes. The polymer electrolytes thus 

prepared were prepared in sufficient numbers and were used for getting x-ray 

irradiated and electron beam irradiated polymer electrolytes. 

 For preparing polymer electrolyte with 10 wt% of filler TiO2, the 

polymer PEO taken was 85 wt%, lithium salt LiCF3SO3 was 5wt% and filler 

TiO2 was 10 wt%. The procedure used for the preparation of polymer 

composite with 5 wt% of filler TiO2 concentration was adapted for the 

preparation of polymer composite with 10 wt% of filler TiO2 concentration 

also. 

 The composition of polymer, salt and filler used in the preparation 

of polymer electrolyte with filler and the x-ray irradiation doses given were 

tabulated in Table 2.3. 
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Table 2.3 Composition of PEO, LiCF3SO3 & TiO2 and X-ray irradiation 

dosages 

PEO 

(Wt %) 

LiCF3SO3 

(Wt %) 

TiO2 

(Wt %) 

X-ray dose 

(in Gray)  

90 

90 

90 

90 

90 

85 

85 

85 

85 

85 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

10 

10 

10 

10 

10 

0 

1.5 

3 

4.5 

6 

0 

1.5 

3 

4.5 

6 
 

 The composition of polymer, salt and filler used in the preparation 

of polymer electrolyte with filler and the electron beam irradiation doses 

given were tabulated in Table 2.4. 

Table 2.4 Composition of PEO, LiCF3SO3 & TiO2 and EB irradiation 

dosages 

PEO 

(Wt %) 

LiCF3SO3 

(Wt %) 

TiO2 

(Wt %) 

EB dose  

(in Gray)  

90 

90 

90 

90 

90 

85 

85 

85 

85 

85 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

10 

10 

10 

10 

10 

0 

10 

100 

1000 

10000 

0 

10 

100 

1000 

10000 
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2.4 CHARACTERISATION TECHNIQUES 

 The prepared electrolytes were subjected to various physico-

chemical characterizations. The experimental details are presented herein. 

2.4.1 X-ray Diffraction Analysis 

 The crystalline nature of prepared nanocomposite polymer 

electrolytes (both NCPEs and PNCPEs) were investigated using BRUKER 

AXSD8 advanced X-ray diffractometer with CuKα radiation (λ=1.5412 Å). 

The accelerating voltage was set at 40 kV with 30 mA fluxes at a scanning 

rate of 20 °/m in the 2θ range between 0 and 120°.  

2.4.2 ATR-FT-IR Spectroscopy 

 The infrared spectra of prepared polymer electrolytes (both NCPEs 

and PNCPEs) were recorded using FT-IR spectrometer (JASCO FT-IR 

L4100, Japan) spectrum in the wave number region between 4000 cm
-1

 to 400 

cm
-1

. The resolution of the spectrometer at room temperature was 4cm
-1

. The 

spectra were recorded in the transmittance mode. 

2.4.3 ATR-FT-Raman Spectroscopy 

 The Raman spectroscopic analysis was carried out at room 

temperature using Labram-HR 800 spectrometer with wave number resolution 

of 1cm
-1

 in the range 500cm
-1

 to 1500cm
-1

 and the excitation wavelength of 

784nm. 

2.4.4 Scanning Electron Microscopy (SEM) 

 The surface morphology of all the prepared polymer electrolytes 

(both NCPEs and PNCPEs) was studied using a JEOL JSM Model 6360 
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scanning electron microscope without gold sputtering. SEM images were 

recorded with an accelerating voltage and magnification of 10 kV and 10000 

X, respectively, at liquid N2 atmosphere. 

2.4.5 Differential Scanning Calorimetric (DSC) Analysis 

 DSC analysis was carried out to determine the thermal behavior of 

all the prepared polymer electrolytes (both NCPEs and PNCPEs) in the 

temperature range 30–100 °C at a heating rate of 10°C/min in nitrogen 

atmosphere. Polymer electrolytes were hermetically sealed in an aluminium 

pan and perforated in order to keep the polymer electrolytes at atmospheric 

pressure. The temperature was then maintained at 70
o
C for 2 minutes to 

ensure the complete evaporation of solvent moieties at a heating rate of 

10
o
C/min. The final heating scan was used to evaluate the melting 

temperature (Tm).  

2.4.6 Ionic Conductivity 

 The ionic conductivity was measured using electrochemical 

impedance analyzer (ZAHNER, IM6, Electrochemical work station, 

Germany) connected to a computer for data acquisition. The thickness of the 

polymer electrolytes (both NCPEs and PNCPEs) were measured by using a 

digital micrometer screw gauge. The measurement of thickness was repeated 

a few more times on different places of the polymer electrolytes in order to 

obtain the average thickness. The NCPE and PNCPE were sandwiched 

between two gold blocking electrodes and impedance studies were carried out 

in the frequency range 1Hz to 1MHz with a signal amplitude of 1 V. Ionic 

conductivity was calculated from the impedance response using a widely 

accepted equivalent circuit model and extracting the bulk resistance of the 

electrolyte from the higher frequency response. 
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2.4.7 Temperature Dependent Ionic Conductivity Studies 

 The temperature dependent ionic conductivity of all the prepared 

polymer electrolytes (both NCPEs and PNCPEs) was measured in the 

temperature range 30 to 70 °C. The bulk resistance of NCPEs and PNCPEs 

were determined by using the equation below 

 AR

t

b

                 (2.1) 

where, ‗t‘ is the thickness in (cm); Rb is the bulk resistance in (Ω) and A is the 

known area in contact with the electrodes in (cm
2
). The semicircle fitting was 

accomplished to obtain the bulk resistance (Rb) of the polymer electrolytes. Rb 

of the thin electrolytes was calculated from extrapolation of the semicircular 

region on Z real axis (Z‘). Besides, Z‘ and Z‖ axes must be in equal scale 

because the radius of a circle must be the same. 

2.4.8 Dielectric Analysis 

 The dielectric analysis and modulus formalism were studied using 

ZAHNER, IM6 Electrochemical workstation in the temperature range from 

303 K to 343 K over a wide frequency range from 1Hz to 1MHz.  

2.4.9 Mechanical Studies  

 Mechanical properties were studied using Universal testing 

machine (Model 3345, Instron Corporation, WA, USA) at 25 ºC equipped 

with a 100N load cell with a cross head speed of 100mm/min. All polymer 

electrolytes were exposed to room temperature for 24 h previous to the test 

and were conducted in a room temperature environment. Five tests were 

executed for each dose range and the mean was obtained from each of the five 

results. The polymer electrolytes were cut into dumb bell shape and were used 

to measure the mechanical properties. 
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CHAPTER 3 

EFFECT OF X-RAY IRRADIATION ON SOLID POLYMER 

ELECTROLYTES DISPERSED WITH AND WITHOUT 

NANOFILLER 

 

 The polymer electrolytes are prepared as per the procedure given in 

chapter 2.2. The prepared electrolytes are subjected to various 

characterizations. The results are presented and discussed herein. 

3.1 X-RAY DIFFRACTION (XRD) STUDIES 

3.1.1 Polymer Electrolyte without TiO2 Filler 

 From the XRD pattern, it is observed that, two main peaks are 

appearing around 19
o
 and 23

o
 for PEO. The presence of few crystalline peaks 

and amorphous humps indicates the semi crystalline nature of the polymer 

electrolyte. XRD patterns of the polymer electrolytes before and after 

irradiation are presented in Figure 3.1 (a-e). 

 The characteristic peak of PEO appears at 2θ=19.1
o
 and 23.2

 o
. The 

diffraction peaks at 2θ =19.51° and 23.73° correspond to the prominent peaks 

of crystalline PEO (JCPDS file No: 39-1894). The peak position at 2θ=23.2° 

is broad due to the reflections of various phases of PEO like (0 3 2), (1 32),   

(1 1 2), (2 1 2), (0 0 4), (1 2 4). The peak at 2θ=19.1° corresponds to (1 2 0) 

phase of pure polymer (Christopher et al. 2007).   
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Figure 3.1 The XRD patterns of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray 

 The fundamental peaks of lithium triflate are absent in all the 

diffractograms. This shows that the lithium salt was completely dissolved in 

the polymer matrix and has formed polymer-lithium complexes (Angulakshmi 

et al. 2012, Yogesh Kumar et al. 2011). With x-ray irradiation, the XRD 

patterns are found to change in their intensity and width. The peak at 

2θ=19.1° corresponding to the polymer electrolyte irradiated at 1.5 Gray 

broadens with a reduction in peak intensity. For polymer electrolytes 

irradiated upto 4.5 Gray dosages the intensity is found to decrease. For 6 

Gray, the peak once again sharpens with a maximum intensity. The 

conductivity of PEO based solid polymer electrolyte depends on the 

amorphocity of the polymer used. Addition of lithium salt increases the 
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amorphocity due to its plasticizing effect. Irradiation with x-rays further 

increases its amorphocity which can be interpreted as further dissolution of 

the salt into the polymer matrix. The same effect is noted for the peak 

appearing at 2θ=23.2
o
. The multiple sharp peaks appearing for the polymer 

electrolyte before irradiation broadens for an irradiation dosage of 1.5 Gray. 

For an irradiation dosage of 3 Gray, once again the peaks reappear with a 

reduced intensity. For the polymer electrolyte irradiated to 4.5 Gray and 6 

Gray a broadened peak is obtained. These results are reflected in conductivity 

studies also. The room temperature conductivity measured changes as per the 

amorphocity changes in XRD pattern. The conclusions drawn from XRD 

result supports the argument that ionic conduction of polymer electrolyte 

happens in an amorphous rich phase of polymer. The appearance of the 

amorphous region or the reduction of the crystalline region gave a high ionic 

conductivity in comparison to the crystalline or semi-crystalline region. These 

results resembles the report reported earlier (Gray 1997, Glasse et al. 2002, 

Subban & Arof 2003, Rajendran & Uma 2000, Ali et al. 2006, Baskaran et al. 

2006, Mahendran & Rajendran 2003). The broadening of peak in the 

diffractogram is the clear evidence for polymer segmental motion 

enhancement (amorphous nature) which is responsible for ionic conductivity. 

After irradiation it is observed that the intensity decreases for the prominent 

peaks. These results suggest a decrease in the degree of crystallinity and 

increase in the amorphocity of PEO. It is reported that the decrease in 

crystallinity is attributed to the degradation of the polymer chains (Raghu et 

al. 2014). These results agreed well with the obtained DSC results. 

3.1.2 Polymer Electrolyte with TiO2 Filler 

 The characteristic peaks of lithium triflate are absent in all the 

diffractograms which is due complete dissolution of salt in polymer host. The 

peak at position 2θ=23.7° is found to undergo changes with the addition of 
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filler. Figure 3.2 shows the variation in the XRD pattern of polymer 

electrolyte dispersed with 5 wt% of TiO2 before and after x-ray irradiation 

with different dosages. 

 

Figure 3.2 The XRD patterns of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray with 5 wt% filler 

 The incorporation of filler in the polymer matrix results in 

diminished peak intensity and the peak becomes broadened. This is due to the 

fact that there was reduction in crystalline nature of polymer by incorporation 

of filler. The broadening of peak in the diffractogram is the clear evidence for 

polymer segmental motion enhancement (amorphous nature) which was 

responsible for ionic conductivity. Hence, the incorporation of filler enhances 

the amorphous region of polymer host as similar to that of irradiated polymer 
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electrolytes without filler. The appearance of the amorphous region or the 

reduction of the crystalline region gave a high ionic conductivity in 

comparison to the crystalline or semi-crystalline region. These results 

resembles the report reported earlier (Gray 1997, Glasse et al. 2002, Subban 

& Arof 2003, Rajendran & Uma 2000, Ali et al. 2006, Baskaran et al. 2006,  

Mahendran & Rajendran 2003). In addition to the peaks of polymer PEO the 

peaks of TiO2 are also observed in the diffractograms. The anatase form of 

TiO2 shows peak at 2θ =26° and 36° and these correspond to (101) and (004) 

planes (Jeon et al. 2006). The peaks are found to have a low intensity which 

shows that TiO2 have almost dissolved into the polymer matrix. With 

irradiation the intensity decreases further, showing that x-ray irradiation 

favours enhanced dissolution of filler particles. 

 The major change that can be noticed in increasing the filler content 

is the crystalline peak of TiO2 corresponding to (101) plane at 26°. It is 

already reported that there is an optimized amount for the addition of filler 

particles for complete dissolution into polymer matrix. If the amount exceeds 

it results in agglomeration of filler particles and hence a phase separation can 

be formed. The crystalline peak at 26° corresponds to these phase segregated 

and agglomerated filler particles. With the increase in the irradiation dose the 

intensity of this peak is found to decrease showing that irradiation dissolute 

some more undissolved filler particles and hence the crystalline peak intensity 

decreases. This result is sustained by the observations made in SEM and DSC 

analysis. The peak of PEO at 2θ =19.51° and 23.73° are found to broaden 

with irradiation and shows the amorphocity of polymer matrix. Hence one can 

conclude that even though there is agglomeration of filler particles ionic 

conduction happen through the amorphous phases of polymer. 

 Figure 3.3 shows the variation in the XRD pattern of polymer 

electrolyte dispersed with 10 wt% of TiO2 before and after x-ray irradiation 

with different dosages. 
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Figure 3.3 The XRD patterns of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray with 10 wt% filler 

3.2 FT-IR AND FT-RAMAN ANALYSIS 

3.2.1 FT-IR Analysis of Polymer Electrolyte without TiO2 Filler 

 The complexation behavior of lithium salt with polymer system can 

be identified from FT-IR spectra. The possible modes of vibrations of PEO 

based electrolytes were already reported in the literature (Rajendran et al. 

2000, Ramesh et al. 2008, Rajendran et al. 2001, Rocco & Moreira 2003, 

Chartoff et al. 1981). The vibrational modes and the corresponding 

wavenumbers of pure PEO are given in the Table 3.1. 
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Table 3.1 Vibrational modes and wavenumbers of pure PEO 

Wavenumbers (cm
-1

) Band Assignment 

2800-2935 C-H stretching  

1950-1970 Asymmetric stretching  

1450 Asymmetric bending 

1465-1485 CH2 scissoring 

1250-950 C-O-C stretching 

991 CH2 twisting 

842 CH2 wagging 
 
 

 Figure 3.4 shows the FT-IR spectrum of polymer electrolyte 

(without TiO2 filler particles) before and after x-ray irradiation at different 

dosages.  

 

Figure 3.4 The FT-IR spectra of (a) polymer electrolyte before 
irradiation (b) polymer electrolyte irradiated at 1.5 Gray  
(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 
electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 
irradiated at 6 Gray without filler TiO2 
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 The band at 2883 cm
-1 

corresponds to the C-H stretching of PEO. 

The band at 1466 cm
-1 

corresponds to the CH2 scissoring. The bands at     

1279 cm
-1

, 1098 cm
-1

 and 1033 cm
-1

 correspond to the C-O-C stretching of 

PEO. CH2 twisting and CH2 wagging are found in wavenumber 991 cm
-1

 and 

842 cm
-1

. Addition of lithium salt to PEO can be confirmed by the shift 

noticed in the C-O-C stretching band (1095 cm
-1

) of PEO which was already 

reported. With irradiation the intensity of bands gets increased and there is no 

considerable shifts are noticed. The semicrystalline nature of PEO remains 

unaltered with irradiation. This was confirmed by the triplet peak of C-O-C 

stretching (Rajendran et al. 2000). 

3.2.2 FT-IR Analysis of Polymer Electrolyte with TiO2 Filler 

 The addition of TiO2 filler particles are confirmed by the bands 

observed around 540 cm
-1

 and 660 cm
-1

. For the polymer electrolyte with        

5 wt% TiO2 the peaks of Ti–O–Ti and Ti–O are observed at 648 cm
-1

 and     

521 cm
-1

. For the polymer electrolyte with 10 wt% TiO2 the peaks of Ti–O–Ti 

and Ti–O are observed at 640 cm
-1

 and 560 cm
-1

. Figure 3.5 shows the FT-IR 

spectrum of polymer electrolyte with 5 wt% of TiO2 filler particles before and 

after x-ray irradiation with different dosages.  

 With irradiation the intensity of these peaks gets decreased and this 

confirms the increased dissolution of the filler particles. The Ti
+
 ions are 

expected to replace and thus liberate the Li+ ions, which are bonded with the 

ether oxygen. This was achieved by irradiation. One of the triplet peaks of 

ether oxygen at 959 cm
-
1 gets shifted to 969 cm

-
1, which confirms the 

replacement of Li
+
 ions with Ti

+
 ions. 
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Figure 3.5 The FT-IR spectra of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray with 5 wt% of filler TiO2 

 Figure 3.6 shows the FT-IR spectrum of polymer electrolyte with 

10 wt% of TiO2 filler particles before and after x-ray irradiation with different 

dosages. 
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Figure 3.6 The FT-IR spectra of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray with 10 wt% of filler TiO2 

3.2.3 FT-Raman Analysis of Polymer Electrolytes without TiO2 Filler 

 Raman spectroscopy remains as powerful tool in the analysis of 

materials. Moreover, it can be used in the analysis of complexation and in the 

investigation of ionic interactions in polymer electrolytes. The finger print 

region (500 cm
-1 

to 1500 cm
-1

) was chosen for Raman analysis. This is 

because the spectrum for this region is typical of a molecule. The polymer - 

salt complexation and the effect of irradiation on the polymer electrolyte was 

studied using Raman analysis. Figure 3.7 shows the Raman spectrum of 

polymer electrolyte without filler.  
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Figure 3.7 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray without filler TiO2 in the range  

500 cm
-1

-1500 cm
-1

 

 The Raman bands of PEO, lithium triflate and the complex were 

already reported by other researchers (Rey et al. 1998, Ferry et al. 1998, 

Bernson et al. 1993, Huang et al. 1995). The bands of PEO are present in all 

the spectra before and after irradiation with x-ray. Complexation of lithium 

ion with the ether oxygen (C-O-C) of polymer matrix was confirmed by the 

band appearing at 848 cm
-1

 and 861 cm
-1

. The symmetric stretching band of 

SO3 and symmetric deformation band of CF3 at 1030 cm
-1

 and 760 cm
-1

 

respectively are of great importance as they give information about the 

presence of free ion, ion-pairs and aggregates. The spectrum around         
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1030 cm
-1

 (Figure 3.8) shows that there is left shift in the peak position with 

irradiation upto 3 Gray and at dosage higher than 3 Gray there is a right shift.  

This implies that with irradiation there was an increase in the number of  

free ions and above the dosage of 3 Gray once again there was a decrease  

in the number of free ions. The band at 760 cm
-1 

also follows the same  

trend confirming the change in the number of free ions with irradiation 

(Figure 3.9). 

 

Figure 3.8 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray without filler TiO2 in the range  

1020 cm
-1

-1060 cm
-1
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Figure 3.9 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray without filler TiO2 in the range          

745 cm
-1

-785 cm
-1

 

3.2.4 FT-Raman Analysis of Polymer Electrolyte with TiO2 Filler 

 The anatase form of TiO2 gives a Raman band at 519 cm
-1

 and    

639 cm
-1

. The bands at 516 cm
-1

 and 639 cm
-1

 confirms the complexation of 

filler TiO2 into the polymer matrix. The C-O-C band shifts to right showing 

the replacement of lithium ions with titanium ions. Addition of filler helps in 

the liberation of lithium ions from the bond with ether oxygen. Irradiation 

once again helps in the complete dissolution of both lithium salt and the filler 

particles. No major change in the band was noticed after irradiation showing  
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that the chemical structure was not affected by irradiation. Figure 3.10 and 

3.11 shows the Raman spectrum of polymer electrolytes loaded with 5 and   

10 wt% of filler. 

 

Figure 3.10 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray with 5 wt% filler TiO2 in the range  

500 cm
-1

-1500 cm
-1
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Figure 3.11 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 1.5 Gray  

(c) polymer electrolyte irradiated at 3 Gray, (d) polymer 

electrolyte irradiated at 4.5 Gray (e) polymer electrolyte 

irradiated at 6 Gray with 10 wt% filler TiO2 in the range 

500 cm
-1

-1500 cm
-1

 

3.3 SEM ANALYSIS 

 In order to observe the presence of voids, the homogeneity of the 

composite, dispersion level of the whiskers within the continuous matrix, 

presence of aggregates, sedimentation and possible orientation of whiskers, 

scanning electron microscopy (SEM) analysis is generally employed (Visakh 

& Sabu Thomas 2010). SEM is often used to study the compatibility between 

the various components of the composite electrolytes through the detection of 

phase separations and interfaces. The compatibility between the polymer 

matrix and the inorganic fillers has great influence on the mechanical, 
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thermal, ionic conductivity and interfacial properties. In the present study, the 

effects of irradiation on the surface morphology of polymer electrolyte films 

are thoroughly investigated by SEM analyses. Figure 3.12 shows the SEM 

images of the polymer electrolyte before and after irradiation. 

 

Figure 3.12 SEM images of polymer electrolytes before and after x-ray 

irradiation (a) polymer electrolyte without filler before 

irradiation (b) polymer electrolyte without filler irradiated 

at 6 Gray (c) polymer electrolyte with 5 wt% filler TiO2 

before irradiation (d) polymer electrolyte with 5 wt% filler 

TiO2 irradiated at 6 Gray (e) polymer electrolyte with        

10 wt% filler TiO2 before irradiation (e) polymer electrolyte 

with 10 wt% filler TiO2 irradiated at 6 Gray 
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3.3.1 Polymer Electrolyte without TiO2 Filler Particles 

 The image before irradiation shows a rough morphology. A little of 

the lithium salt is found to be non-uniformly distributed over the polymer 

matrix and found to agglomerate on the polymer surface without being 

dissolved into it. A significant improvement was achieved by irradiation. The 

surface was found smooth and the added particles are found to be completely 

dissolved into the polymer matrix. The energy of irradiation was utilized for 

the dissolution of the undissolved particles, if any present. The change from 

rough to smooth surface morphology shows the good compatibility between 

polymer and salt interface. The smooth surface morphology is also closely 

related to the reduction of PEO crystallinity via the interaction between PEO 

segments and added particles (Peter P Chu et al. 2003).The added particles 

(LiTf) makes covalent bond with ether oxygen and helps in the formation of 

crosslinks. Good compatibility among the precursors helps the polymer 

matrix by improving the thermal stability and can also improve the 

mechanical properties.  

3.3.2 Polymer Electrolyte with 5 wt% TiO2 Filler Particles 

 Before irradiation the polymer electrolyte invariably shows a rough 

morphology throughout whether it is filler free or loaded with filler. The 

polymer electrolyte showed a non-uniform distribution of nanofiller as well as 

the miscibility of nanofiller in the polymer matrix is poor. After irradiation we 

can see the dissolution of filler particles has improved. The distribution of 

filler particles over the area analysed was uniform. The smooth surface 

morphology is attributed to reduction in crystalline nature of PEO due to 

cross-linking with cations of both lithium ion and TiO2. This crosslinking 

leads to formation of rigid polymer-filler network. The smooth morphology 

may also due to the fact that the TiO2 particles are identically distributed 

throughout the matrix of the polymer and attributed to the formation of rigid 
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polymer-filler network. Further, the solvating property of polymer might have 

been enhanced by the interacting electromagnetic radiation during irradiation 

and hence the polymer effectively acts as co-solvent for salt and filler and 

form rigid filler-polymer network. The effect of irradiation is found to sustain 

without any reversion even after the removal of radiation.  

3.3.3 Polymer Electrolyte with 10 wt% TiO2 Filler Particles 

 When the concentration of TiO2 filler particles is increased from     

5 wt% to 10 wt% we can see the agglomeration of filler particles. The 

undissolved particles are distributed on the surface of the polymer electrolyte. 

Agglomeration of filler particles at higher concentration of fillers was noticed. 

In addition to this, the surface shows a rough morphology. After irradiation 

the surface becomes smoother and appears similar to other systems ie., 

without filler and with 5 wt% filler. With irradiation the dissolution of filler 

increases and most of the undissolved particles dissolves with irradiation. The 

smooth surface morphology is attributed to reduction in crystalline nature of 

PEO due to cross-linking with cations of both lithium ion and TiO2. This 

crosslinking leads to formation of rigid polymer-filler network. However 

some particles remain undissolved even after irradiated with x-rays.  

3.4 IONIC CONDUCTIVITY STUDIES 

 Ions present in solids may not be trapped in their lattice sites. Some 

of the ions are able to escape and move into adjacent sites when an external 

energy is given. This ion transport under the influence of external energy is 

called the ionic conductivity. Transport of one or more types of ions across 

the material is necessary for ionic conductivity process. The ionic 

conductivity in the solid state are influenced by  

(i) The concentration of charge carrier, 

(ii) Temperature of the material, 
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(iii) Availability of the vacant accessible sites which is controlled 

by the density of the defects, and 

(iv) The ease with which an ion can jump to another site which is 

controlled by the activation energy.  

 The temperature dependence of the mobility of the ions (µ) and 

hence the ionic conductivity (ζ) was given by Arrhenius Equation (3.1) 

 ζ = A exp (-Ea/KBT)              (3.1) 

Where, 

 A is the pre exponential factor  

 Ea is the activation energy 

 KB is the Boltzmann constant 

 T is the absolute temperature of the electrolyte. 

 From the above formula it is clear that the ionic conductivity of 

solid materials is found to increase with the temperature. The ionic 

conductivity of polymer electrolytes (Armand et al. 1979) is due to transport 

of cations and anions in a polymer matrix. The ionic conductivity is promoted 

by the segmental motion of the polymer host and is localized to amorphous 

phase (Berthier et al. 198). The temperature dependence of ionic conductivity 

is described by the Vogel-Tammann-Fulchur relation (Vogel et al. 1921, 

Tamman et al. 1926, Fulcher 1925) as  

 
1/ 2

g

B

T TA
e

T


 
 
   

  
 

             (3.2) 

where A and B are constants. T and Tg represents absolute and glass 

transition temperature of the material. The constant A in VTF equation is 

related to number of charge carriers and B is related to activation energy of 
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ion transport associated with configurational entropy of the polymer 

(Sukeshini et al. 1996, Ramesh et al. 2000). The ease with which an ion can 

jump to another site is controlled by the activation energy. This activation 

energy is of very much important because the dependence is exponential. This 

activation energy is found out from the slope of the lne(ζT) versus T
-1

 graph. 

It is the minimum energy needed for the chemical system to start a chemical 

reaction. It indicates the sensitivity of the reaction rate to reaction. 

3.4.1 Irradiation Effect on Ionic Conductivity of Polymer Electrolyte 

without Filler 

 The Arrhenius and non-Arrhenius behavior of polymer electrolyte 

without filler for x-ray irradiation is studied by drawing the plot of log ζ 

versus 1000/T, as shown in Figure 3.13. The polymer electrolyte is subjected 

to x-ray irradiation of different dosages viz., 1.5, 3, 4.5 and 6 gray represented 

as dose 1, dose 2, dose 3 and dose 4 respectively. The unirradiated polymer 

electrolyte is denoted as dose 0. Figure 3.13 shows the ionic conductivity of 

the specimen before and after x-ray irradiation. 

 

Figure 3.13 Ionic conductivity versus temperature for the X-ray 

irradiated polymer electrolyte without filler 
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 The ionic conductivity of the polymer electrolyte increases 

monotonically as the temperature rises and reaches a high value of 

approximately 7.4 ×10
-4

 at 338 K. It is also seen that there exist a temperature 

Tc below which it has a curvature and above which it is linear. The curvature 

portion fits the empirical VTF relation. Above Tc the plot fits the Arrhenius 

equation. The crossover at Tc has been reported in literature (Ratner et al. 

1989). From the figure it is clear that the ionic conductivity increases with an 

increase in temperature. This is due to the free volume model. As the 

temperature increases the polymers expands easily and produce free volume. 

The ions or the solvated molecules or the polymer segments move into the 

free volume. This enhances ion and polymer segmental mobility and hence 

the ionic conductivity before irradiation of the bottom curve (Ratner et al. 

1988). 

 Apart from that, all the curves exhibit Arrhenius behavior between 

the ranges and overall non- Arrhenius behavior, this behavior is governed by 

the energy interval k(T-T0) for the VTF dependence and is governed by the 

energy kT for Arrhenius dependence for T > T0 , T0 is the ideal glass 

transition temperature. 

 The value of ionic conductivity increases with x-ray irradiation as 

the dose is increased from 0 to 1.5 Gray, whereas it was found to be 

decreasing for 3 Gray dose irradiation. The increase in the ionic conductivity 

is due to the increase in the irradiation induced charge carriers. This increase 

in number of charge carriers is due to creation of free radicals by chain 

scission during irradiation (coffey et al. 2002). As the intensity of irradiation 

increases from 1.5 to 3 Gray it is found that the ionic conductivity is 

decreasing. The decrease in conductivity in this second stage of irradiation is 

due to crosslinking formed through the reaction of the products of the bond 

scission created in the lower irradiation doses (Croonenborghs et al. 2007). As 
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the intensity increases further from 3 to 6 Gray , the polymer degrades and 

hence once again the ionic conductivity increases mainly due to the segmental 

motion of the polymer chain. Polymer degradation for x-ray doses greater 

than 4 Gray was early reported by many researchers. The present study also 

confirmed the earlier findings. 

3.4.2 Irradiation Effect on Ionic Conductivity of Polymer Electrolyte 

with 5 wt%TiO2 Filler 

 The ionic conductivity in polymer electrolyte is assumed to occur 

by Lewis acid base interaction between salt and polymer (Croce et al. 1998, 

Krawiec et al. 1995, Christie et al. 2005). It is noticed that ionic conductivity 

increased with the addition of 5 wt% filler TiO2. The increase in ionic 

conductivity is due to the availability of conducting ions in the polymer 

matrix. These results are in accordance with earlier reports in which Al2O3 

was used as filler in PEO based electrolyte (Wieczoreck et al. 1996). Figure: 

3.14 shows the ionic conductivity for the x-ray irradiated polymer electrolyte 

with 5 wt% filler loading for different temperatures. 

 

Figure 3.14 Ionic conductivity versus temperature for the X-ray 

irradiated polymer electrolyte with 5 wt% TiO2 filler 

 

2.95 3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35

-7.0

-6.5

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

5%TiO
2
X

Lo
g


(S

/c
m

)

1000/T(K
-1

)

 DOSE0

 DOSE1

 DOSE2

 DOSE3

 DOSE4



64 

 

 

 The Lewis acid base reactions between filler surface and the PEO 

segments may induce structural modifications in the polymer matrix 

(Wieczoreck et al. 1989). Also the nanofiller TiO2 can act as cross linking 

centers for the PEO segments, which lower the polymer chain reorganizing 

tendency and promoting an overall stiffness to the structure. However, the 

resulting structure provides Li
+ 

ion conducting pathways at the filler surface 

and enhances ionic transport. The conductivity increase observed is only in 

magnitude with same order as that of polymer electrolyte without filler. The 

value has increased from 1.153×10
-5

 S/cm to 2.31×10
-5

 S/cm. With x-ray 

irradiation of 4.5 Gray and above the conductivity was found to increase 

significantly for higher temperatures. The value obtained was 1.8984×10
-3

 

S/cm, which shows two orders of increase in magnitude. Initially the addition 

of lithium salt in the polymer matrix leads to the formation of PEO-Li
+
 

complex due to Lewis acid –base type of interactions which was reported 

earlier (Wieczoreck et al. 1989). After the incorporation of TiO2 in polymer 

matrix, it forms rigid polymer-filler network and enhances the available 

number of lithium ions thereby increase the ionic conductivity. This is 

because of the fact that the viscosity of polymer matrix increases by the way 

of inter-chain self-cross linking and results in decrease the polymer segmental 

motion and enhanced ion movement through ether oxygen of PEO. The 

increase in ionic conductivity with irradiation to doses greater than 4 Gray is 

due to the fact that, irradiation degrades the polymer matrix and hence creates 

free volume at the chain ends, which assist ionic conduction through it 

(Wieczoreck et al. 1996). The resulting conductivity is mainly due to overall 

mobility of ions and polymer which is determined by the free volume and this 

leads to the increase in ionic conductivity and segmental mobility. This assists 

the ion transport and compensates the retarding effect of the ionic clouds 

(Croce et al. 1998, Krawiec et al. 1995, Christie et al. 2005).  
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3.4.3 Irradiation Effect on Ionic Conductivity of Polymer Electrolyte 

with 10 wt% TiO2 Filler 

 With the increase in filler content from 5 wt% to 10 wt%, the room 

temperature conductivity before irradiation remains unaltered. With increase 

in temperature and irradiation the conductivity of the polymer electrolytes 

were found to increase. Figure 3.15 shows the ionic conductivity  

versus temperature for the x-ray irradiated polymer electrolyte with 10 wt% 

TiO2 filler. 

 

Figure 3.15 Ionic conductivity versus temperature for the X-ray 

irradiated polymer electrolyte with filler 10 wt% 

3.5 DIELECTRIC ANALYSIS 

3.5.1 Dielectric Study of Polymer Electrolytes 

 Study of the dielectric process of a material is an important tool for 

valuable information about conduction process. The dielectric property 
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indicates the amount of charge that can be stored by a material and it can be 

used as an indicator to prove that, the increase in ionic conductivity is due to 

increase in charge carriers. A wide frequency range dielectric relaxation 

spectroscopy is an essential tool to study the relaxation of dipoles in polymer 

electrolytes.  

 The complex permittivity (ε*) or dielectric constant of a system is 

evaluated by means of following expression (Equation (3.3)), 

                         (3.3) 

where ε' is the real part of dielectric constant and ε" is the imaginary part of 

dielectric constant of the material 

ie.,    
  

   
                (3.4) 

     
  

   
                (3.5)  

where ζ' is the real part of conductivity (in S/cm), C is the parallel 

capacitance (in F), d (in cm) and A (in cm
2
) are thickness and area of the 

polymer electrolyte in contact with the electrode respectively. ω is the angular 

frequency and εo is the permittivity of free space (8.856×10
-14

 F/cm). 

 The dielectric permittivity calculated for the polymer electrolyte 

without filler for different frequency and temperature are plotted in a graph 

and are shown in Figure 3.16. 
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Figure 3.16 Dielectric permittivity of polymer electrolytes without filler 

 First we discuss the effect of temperature on dielectric properties of 

the polymer electrolytes. 

 At low frequency, the real and imaginary parts of dielectric 

permitivity are found to be very high for all temperatures. As the temperature 

increases, it is found to decrease a little followed by a sharp increase in the 

temperature range 323K-333K, which may be due to retardation of polymer to 

become more amorphous from semi-crystalline phase. The polymer PEO 

exists in semi crystalline form at room temperature. Hence it has a mixture of 

amorphous and crystalline phases. The amorphous regions are the area in 

which chains are irregular and entangled, whereas, in crystalline region the 

chains are regularly arranged. Hence in crystalline region the chains move 

with greater difficulty than through amorphous region. As temperature is 

increased the crystalline phase of polymer dissolves progressively into 

amorphous phase. This influences the polymer dynamics and thus the 

dielectric behavior. In addition to the flexibility introduced in the polymer 

back bone the motion of the charge carriers becomes easier. This increases the 

value of dielectric loss even at higher temperatures. 
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 Moreover, the increase in the dielectric constant at lower 

frequencies is more prominent. The increase in ε‘ with temperature is due to 

greater freedom of movement of dipole molecular chain of the polymer at 

high temperature. At low temperature, as the dipoles are rigidly fixed in the 

dielectric, the field cannot change the condition of dipoles. As the temperature 

increases, the dipoles comparatively become free and they respond to the 

applied electric field. Thus polarization is increased and hence the dielectric 

constant is also increased with the increase of temperature.  

 The dielectric loss factor ε‘‘ increases with temperature, 

particularly at low frequencies at which the dielectric loss due to chain motion 

is more effective due to the glass transition temperature of the polymer. At 

high frequencies, however, ε‘‘ is low and remains more or less constant with 

increasing temperature because the orientation polarization due to chain 

motion of polymer cannot keep phase with rapidly oscillating electric field. 

 As far as the effect of frequency on the dielectric properties of 

polymer electrolyte is concerned, it is evident from figures 1a and 1b, the 

dielectric constant (ε') and dielectric loss (ε") are found to be very high at all 

temperatures and at low frequencies. It is also observed that these parameters 

are found to be decreasing exponentially at increasing frequencies. The fall is 

rapid at lower frequencies and saturation appears at higher frequency range. 

Generally, the polarization of a dielectric is contributed by ionic, electronic 

and dipole polarization. The electronic polarization occurs during a very short 

interval of time and it occurs at a higher rate of the order of 10
-10

seconds. 

Ionic polarization occurs in a greater time interval of about 10
-3

-10
-2

 seconds 

and dipole polarization requires further longer time. In case of polymer 

electrolytes the dielectric constant begins to drop after a certain frequency. 

The inability of the dipole molecules to orient themselves in the direction of 

electric field at a higher frequency may be the reason for this drop in 
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dielectric constant value. Therefore, the rise at lower frequency may be due to 

polarization effect on the electrode surface. At low frequency the ions get 

sufficient time to diffuse in the direction of the applied electric field. 

Therefore, the polarization becomes high (Baskaran et al. 2004). As 

frequency increases the ions do not get sufficient time to accumulate at the 

electrode due to the fast reversal of the electric field. Hence the polarization 

get decreased which decreases the dielectric constant of the system. This may 

be due to the reason that, space charge region builds up at the electrode and 

electrolyte interface (Armstrong et al. 1974, Armstrong et al. 1973). At low 

frequency region, the permanent dipoles align themselves along the direction 

of the applied field and contribute to the total polarization of the dielectric 

material. Moreover, higher the frequency the variation of field is too rapid for 

the dipoles to align themselves in the direction of field. ie., the dipoles can no 

longer follow the field direction and hence to the ε' become negligible. 

Therefore, the dielectric constant decreases with increase of frequency. 

Moreover it is evident from these figures that ε' decreases with increasing 

frequency at fixed temperature. It is evident from these figures that the 

decrease in ε' is very prominent at both low frequencies and at high 

temperature. The decrease of ε' with increasing frequency is the expected 

behavior in most dielectric materials. This is due to dielectric relaxation 

which is the cause of anomalous dispersion. From the structural point of view, 

the dielectric relaxation involves the orientation polarization which in turn 

depends upon the molecular arrangement of dielectric to be material. So, at 

higher frequencies, the rotational motion of the polar molecules of dielectric 

is not sufficiently rapid for the attainment of equilibrium with the field, hence 

dielectric constant seems to be decreasing with increasing frequency. 

 The dielectric studies carried out on the x-ray irradiated are 

presented in Figure 3.17 and 3.18.  
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Figure 3.17 ε’ of polymer electrolyte with different doses of X-ray 

irradiation 

 The dielectric behavior of the polymer electrolyte with x-ray 

irradiation is in line with the ionic conductivity results. The value of ε' and ε″ 

are found to increase as conductivity increases for the x-ray dosage 1.5 Gray. 

For an irradiation with 1.5 Gray the irradiated polymer electrolyte films 

liberate some of their free charges to take part in conduction due to 

bombardment of high energy electromagnetic radiation. Further increasing the 

irradiation dose allows the charge carriers to form crosslinking structures in 

polymer chain. The significance of cross-linking is to slow down the dipole 

orientation and bring complexity or imperfection, such as distortion in chain 
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symmetry, and adversely affect the delocalized system. Further increasing the 

dosage may degrade the polymer network and hence there will be freeing of 

dipoles happen. These dipoles become comparatively free, and they respond 

to the applied electric field due to a change in the induced energy at the dipole 

site and consequently enhance the dipole motion. At high temperatures and 

high frequencies, the dielectric constant and AC conductivity seem to increase 

with increasing irradiation doses, perhaps due to the freeing of dipoles. These 

results are consistent with the reported results (Abdel-Hamid 2005 and 

(Pawde & Parab 2011). Figure 3.17 and 3.18 shows the change in ε' and ε″ 

with x-ray irradiation. 

 

Figure 3.18 ε" of polymer electrolyte with different doses of X-ray 

irradiation 
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 The variation of ε' and ε‘‘ with frequency at different temperatures 

for 5 wt% and 10 wt% filler, namely TiO2 filler incorporated polymer 

electrolyte is presented in figure 3.19. The low frequency dispersion region is 

attributed to the contribution of charge accumulation at the electrode–

electrolyte interface (Howell et al. 1974). At higher frequency, due to high 

periodic reversal of the field at the interface, the contribution of charge 

carriers (ions) toward the dielectric constant decreases with increasing 

frequency. The higher values of ε' for the systems are due to the enhanced 

charge carrier density at the space charge accumulation region that resulted in 

an increase in the equivalent capacitance. Since the periodic reversal of 

electric field occurs so fast at higher frequencies, there is no excess ion 

diffusion in the direction of the applied field. The polarization due to the 

charge accumulation at the electrodes decreases, leading to the decrease in the 

value of ε'. 

 

Figure 3.19 ε’and ε" of polymer electrolyte with 5 wt% and 10 wt% of 

fillers 
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 The irradiation effect on the dielectric properties of filler 

incorporated polymer electrolyte is studied and is shown in Figures 3.20 to 

3.23. Though the value of dielectric parameters decrease for the first 

irradiation dosage of 1.5 Gray it was found to increase with increasing 

dosages. This may be due to the fact that the added filler particles dissolute 

into the polymer matrix and form crosslinks which slows down the dipole 

orientation and hence decreases the values of dielectric constants. The 

increase in the dielectric constant with irradiation is attributed to the fact that 

irradiation creates voids in the polymer matrix and trap some charges through 

chain scission. These charges contribute for the increased dielectric values by 

responding to the electric fields.  

 Hence it can be concluded that, irradiation can increase the charge 

storing capacity of a polymer (Raghu et al. 2014). For the polymer electrolyte 

with 10 wt% of filler content also the same trend was observed. Irradiation 

dose of 1.5 Gray helps in crosslinking and keeps the charges bound. These 

bound charges cannot orient themselves in the direction of applied field. 

When the dosage was increased these charges were liberated due to chain 

scission and hence they contribute to the dielectric values. 
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Figure 3.20 ε’ of polymer electrolyte with 5 wt% TiO2 filler with 

different dosages of X-ray irradiation 

  



75 

 

 

 

 

 

Figure 3.21 ε" of polymer electrolyte with 5 wt% TiO2 filler with 

different dosages of X-ray irradiation 
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Figure 3.22 ε’ of polymer electrolyte with 10 wt% TiO2 filler with 

different dosages of X-ray irradiation 
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Figure 3.23 ε" of polymer electrolyte with 10 wt% TiO2 filler with 

different dosages of X-ray irradiation 

3.5.2 Dielectric Loss Tangent Studies 

 The loss tangent is a parameter of a dielectric material that 

quantifies the inherent dissipation of the applied electric field. The dissipation 

(loss) factor tanδ is given by the equation, 

      
   

  
               (3.4) 

 Figure 3.24 represents loss tangent spectra of the polymer 

electrolytes for different temperatures for various frequencies. It is found that 

the tan δ slowly increases and reaches a maximum value at particular 

frequency and thereafter decreases. The maximum value of tan δ is increasing 
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with temperature and it shows a shift to the lower frequency side at 323K and 

a shift to the higher frequency side at 333K.  

 

Figure 3.24 Tan δ versus frequency of polymer electrolyte without filler 

before irradiation 

 Figure 3.25 shows the variation of loss tangent with frequency at 

different concentration of TiO2 for different temperatures.  

 

    (a)           (b) 

Figure 3.25 Effect of filler on loss factor (a) polymer electrolyte with 5 

wt% TiO2 filler (b) polymer electrolyte with 10 % TiO2 filler 
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 The loss spectra consist of peak at a characteristic frequency for all 

temperatures, which suggests the presence of relaxing dipoles in the polymer 

electrolytes. It is observed that the peak frequency is shifting towards the 

higher frequency side with higher concentration of filler and also for higher 

temperature. As the peak shifts towards higher frequency side, the relaxation 

time is reduced. The relatively fast segmental motion coupled with mobile 

ions enhances the transport properties on addition of filler. The change in 

dielectric relaxation strength (i.e., ε∞ - εs = Δε where ε∞ and εs are the limiting 

dielectric constants at infinitely high and low frequencies respectively) 

depends on filler concentration. So the frequency dependent dielectric 

constant and loss tangent suggest that the strength and frequency of relaxation 

depend on the characteristic property of dipolar relaxation. 

 The effect of x-ray irradiation on polymer electrolyte with and 

without filler was studied and their dielectric loss tangent values are depicted 

in Figures 3.26 to 3.28 for different frequencies and temperatures. The spectra 

invariably show relaxation peaks for all the polymer electrolytes with 

irradiation. This suggests the presence of relaxing dipoles in all the polymer 

electrolytes. With irradiation the relaxation peak is found to shift towards 

higher frequency side. The strength of the relaxation peak increases 

enormously for all the polymer electrolytes when the temperature of the 

polymer electrolyte was 60
o
C. This may be due to the fact that PEO starts 

melting at this temperature and hence more free charges are available for 

conduction.  
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Figure 3.26 Loss factor of polymer electrolyte with X-ray irradiation 
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Figure 3.27 Loss factor of 5 wt% filler incorporated polymer electrolyte 

with X-ray irradiation 
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Figure 3.28 Loss factor of 10 wt% filler incorporated polymer 

electrolyte with X-ray irradiation 

3.5.3 The Modulus Spectra Studies 

 The modulus spectra mainly reflect the bulk properties of the 

polymer electrolyte. The complex modulus is given by the inverse of complex 

dielectric permittivity. 

 M*= 
 

  
 =M′ +jM″             (3.5) 

 The main advantage of M* formalism is that the electrode effect 

can be suppressed. M* representation is widely used to analyse the ionic 

conductivities by associating a conductivity relaxation time with the ionic 
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process. It is also used to distinguish dielectric relaxation from ionic 

conductivity.  

 

Figure 3.29 Modulus spectra of polymer electrolyte without filler 

 

Figure 3.30 Modulus spectra of polymer electrolyte with 5 wt% and 10 

wt% TiO2 fillers 
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 From Figures 3.30, it is understood that the real part of M is almost 

zero for lower frequencies at all temperatures. It is also found that the value 

begins to increase with frequencies. Moreover, it is also observed that for both 

real and imaginary part are found to show a dip at 333K. The almost zero 

value in M′ shows the removal of electrode polarization effect. The 

comparatively long tail observed for irradiated polymer electrolyte shows the 

large capacitance associated with the electrodes (Ramesh & Arof 2001). 

 It is evident that the electrode polarisation effect is almost reduced 

and hence a very low value, nearly zero, is obtained in the modulus spectra 

for very low frequency. At low frequency M″ exhibit a low value, which 

might be due to the large value of capacitance associated with the electrode 

polarization effect as a result of accumulation of a large amount of charge 

carriers at the electrode/polymer interface. M″ represents the loss value 

similar to ε″ in dielectric spectra. Peak in M″ confirms that there is long range 

conduction due to the presence of free mobile ions.  

 The effect of x-ray irradiation on the polymer electrolyte with and 

without filler was studied and their electric modulus was depicted in  

Figures 3.31 to 3.36 for different frequencies and temperatures. From the 

figures it is observed that except for the polymer electrolyte with 5wt% filler 

loaded, a comparatively long tail for irradiated polymer electrolyte shows the 

large capacitance associated with the electrodes. The almost zero value in M′ 

shows the removal of electrode polarization effect. For the polymer 

electrolyte with 5 wt% filler the non-zero value of M′ shows the presence of 

electrode polarization effect and hence the electrode is associated with a 

lesser value of capacitance. 
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Figure 3.31 M′ for polymer electrolyte without filler for different doses 

of X-ray irradiation 
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Figure 3.32 M″ for polymer electrolyte without filler for different doses 

of X-ray irradiation 
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Figure 3.33 M′ for polymer electrolyte with 5 wt% filler for different 

doses of X-ray irradiation 

  



88 

 

 

 

 

 

Figure 3.34 M″ for polymer electrolyte with 5 wt% filler for different 

doses of X-ray irradiation 
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Figure 3.35 M′ for polymer electrolyte with 10 wt% filler for different 

doses of X-ray irradiation 
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Figure 3.36 M″ for polymer electrolyte with 10 wt% filler for different 

doses of X-ray irradiation 

3.6 DSC ANALYSIS  

 DSC analysis was performed in order to observe the change in 

melting temperature (Tm) of polymer electrolytes after irradiation. The 

percentage of crystallinity (α) can also be determined from DSC curves. The 

percentage of crystallinity (α) was determined from the DSC curves using the 

relation (Equation (3.6)),  

 α = (ΔHf/ΔHf100%) ×100             (3.6) 
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 The value of ΔHf100% for pure PEO = 213.7 J/g (Capiglia et al. 

2003, Baskaran et al. 2006, Junichi Kadokawa et al. 2011). The value of ΔHf 

was obtained from the DSC curves. 

3.6.1 DSC Analysis on Polymer Electrolyte without Filler TiO2 

 Figure 3.37 (a-c) shows the DSC thermograms of irradiated 

polymer electrolytes without filler. The melting temperature of polymer PEO 

is altered by the incorporation of salt LiCF3SO3 and a sharp endothermic peak 

is observed at 82.5 °C which is the melting temperature of polymer PEO and 

salt complex. Irradiation of polymer matrix by x-ray irradiation was found to 

decrease the melting temperature of PEO as shown in figure 3.37 (b&c). It 

was also observed that there is a decrease in the heat of fusion (ΔHf) for the 

polymer electrolyte with irradiation.  

 

Figure 3.37 The DSC thermograms of (a) polymer electrolyte before 

irradiation and (b&c) polymer electrolyte irradiated at 1.5 

and 6 Gray respectively 
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 The percentage of crystallinity was found to be minimum for the 

polymer electrolyte irradiated with a dose of 6 Gray. The reduction of melting 

temperature (Tm) in irradiated polymer electrolyte might be due to the 

enhancement of polymer segmental motion as well as increase in amorphous 

nature induced by x-ray irradiation of polymer electrolyte. X-ray irradiation 

can induce degradation in polymer when the dose is above 2 Gray. This 

degradation can cause polymer chains to break and hence reduce the melting 

temperature and also reduce the crystallinity of PEO which is a semi-

crystalline polymer by nature. The reduction in crystallinity with 

comparatively smaller dose (1.5 Gray) may be due to chain scission caused by 

irradiation. Table 3.2 gives the melting temperature and percentage of 

crystallinity of polymer electrolyte without filler before and after x-ray 

irradiation. 

Table 3.2 Tm and crystallinity of polymer electrolyte before and after 

irradiation  

Polymer electrolyte 
Crystallinity (α) 

(%) 

Melting 

temperature (Tm) (
o
C) 

polymer electrolyte  

dose 0 
76.97 82.5 

SPE dose 1.5 Gray 72.29 72 

polymer electrolyte dose 6 

Gray 
56.34 76.5 

 

3.6.2 DSC Analysis on Polymer Electrolyte with Filler TiO2 

 The DSC thermogram of 5 wt% TiO2 filler incorporated polymer 

electrolytes before and after x-ray irradiation was shown in Figure 3.38 (a-c). 

The endothermic peak shows a change upon the addition of 5 wt % of TiO2. 

The Tm value decreased to 71.68 from 82.5
o
C. The reduction of Tm suggests 
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that the interaction between the polymer host backbone and TiO2 affected the 

main chain dynamics of the polymer and enhances the polymer segmental 

chain motion thereby enhancing the conductivity. A similar behavior was also 

observed in the PEO polymer electrolyte containing SiO2 fillers (Appeteechi 

et al. 2001, Liao et al. 2008). Similar behavior was exhibited for other 

polymer electrolytes reported earlier (Xing-Long et al. 2011). The presence of 

TiO2 favors the entropy configuration of the polymer to provide more free 

volume, in which the ions move easily in the bulk through the amorphous 

phase (Agnihotry et al. 1999) . The increase in amorphous phase of polymer 

electrolytes may facilitates fast Li-ion motion in the polymer network as a 

result of large free volume at higher temperature (Yahya & Arof 2002). Since 

lithium-ion conduction occurs in the amorphous phase, low crystallinity is 

needed for ion conduction at low temperatures. 

 

Figure 3.38 The DSC thermogram of (a) polymer electrolyte with 5 wt% 

filler before irradiation and (b&c) after irradiated at 1.5 

and 6 Gray respectively 
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 X-ray irradiated polymer electrolytes also show a change in melting 

point of the polymer electrolyte with irradiation. The melting point increases 

with irradiation. This observation shows that, with the addition of filler the 

amorphocity of the polymer electrolyte increased and with irradiation 

crosslinking was caused. Due to this crosslinking the amorphocity developed 

in the polymer matrix became more stable thermally. Increasing cross linking 

increases the melting temperature of the polymer electrolyte. Table 3.3 gives 

the melting temperature and percentage of crystallinity of polymer electrolyte 

with 5 wt% filler before and after x-ray irradiation. 

Table 3.3 Tm and crystallinity of polymer electrolyte with 5 wt% filler 

before and after irradiation  

Polymer electrolyte 
Crystallinity (α) 

(%) 

Melting 

temperature (Tm) (
o
C) 

polymer electrolyte  

dose 0 
67 71.68 

polymer electrolyte  

dose 1.5 Gray 
67.29 81.02 

polymer electrolyte  

dose 6 Gray 
61.86 82.09 

 

 Similar observations are noted for the polymer electrolyte loaded 

with 10 wt% of TiO2 filler. The results obtained are presented in Figure 3.39 

(a-c). Table 3.4 gives the melting temperature and percentage of crystallinity 

of polymer electrolyte with 10 wt% filler before and after irradiation. 
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Figure 3.39 The DSC thermogram of (a) polymer electrolyte with 10 

wt% filler before irradiation and (b&c) after irradiated at 

1.5 and 6 Gray respectively 

Table 3.4 Tm and crystallinity of polymer electrolyte with 10 wt% filler 

before and after irradiation  

Polymer electrolyte 
Crystallinity (α) 

(%) 

Melting 

temperature (Tm) (
o
C) 

polymer electrolyte 

dose 0 
63.4 70.7 

polymer electrolyte 

dose 1.5 Gray 
62.9 77.3 

polymer electrolyte 

dose 6 Gray 
61.86 82.8 
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3.7 MECHANICAL STUDIES 

 Mechanical properties were studied on polymer electrolytes before 

and after irradiation. The tensile strength, Young‘s modulus, toughness and 

elongation were calculated for all the polymer electrolytes before and after 

irradiation.  

3.7.1 The Polymer Electrolyte without Filler TiO2 

 

Figure 3.40 Change in mechanical properties with different doses of  

X-ray irradiation of the polymer electrolyte without filler 
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 From Figure 3.40 it is noted that there is an initial increase in the 

value of tensile strength of the polymer electrolyte upon irradiation. This may 

be due to the fact that the energy of irradiation is utilized for complete 

dissolution of any undissolved salt, and so the cross linking developed by 

lithium ion and ether oxygen increases and hence the tensile strength also 

increases (Chu et al. 2003). SEM result reveals the same fact of complete 

dissolution after irradiation and a change in surface morphology from rough 

to smooth. However a decrease in tensile strength for the irradiation at 4.5 

Gray may be due to formation of free radicals at the chain ends accompanied 

by chain scission. Chain scission usually lowers the molecular weight of 

polymer and hence the mechanical strength of polymer decreases. Once again 

for a dosage of 6 Gray the tensile strength increases due to the fact that the 

developed free radicals of chain scission cross link to form rigid polymer 

network. Elongation values also show a similar variation. Irradiated polymers 

are more amorphous and hence elongate much before breaking and the 

polymers with more free ends are more prone to breaking without much 

elongation. The Young‘s modulus value shows more than 1.5 times increase 

with irradiation to 3 Gray. This suggests that the strain developed in the 

polymer electrolyte for the stress applied is less after irradiation to 3 Gray. 

This may be due to the crosslinking of polymer chain to form a rigid polymer 

network.  

 Regarding the toughness of the polymer electrolyte there was mere 

change in the value after once it was increased with first irradiation dosage. 

Toughness is related with the materials in the polymer electrolyte and once a 

complete dissolution and crosslinking was obtained its value get increased 

and after there was no great change in the value. Figure 3.40 shows the 

change in mechanical properties with irradiation of the polymer electrolyte 

without filler. 
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3.7.2 Polymer Electrolyte with Filler TiO2 

 The tensile strength of the polymer electrolyte with 5wt% filler has 

increased from 2.3MPa to 3.54MPa compared to polymer electrolyte without 

filler. This increase can be argued as due to the crosslinking property of 

ceramic fillers when they are incorporated to polymers having ether oxygen to 

form a rigid polymer network. Ti
+
 anion can form covalent bond with ether 

oxygen and form more crosslinks both parallel with and replacing Li
+
 anions.  

 When these electrolytes are subjected to irradiation the supplied 

electromagnetic radiation would first help for the complete dissolution and 

uniform distribution of undissolved filler particles as seen from the results 

obtained for SEM analysis. Uniform distribution and complete dissolution 

avoids phase separation between polymer and filler particles. Hence for the 

first irradiation dosage of 1.5 Gray dissolution of phases happen and thus the 

polymer matrix gets improved both thermally and mechanically. On further 

irradiation to 3 Gray further crosslinking occurs and once again the strength 

of the polymer matrix gets improved. This can be noticed from the tensile 

strength value at 3 Gray 4.76 Mpa which get increased from 3.54 MPa. Once 

again when irradiated to 4.5 Gray the tensile strength value shows a decrease. 

As discussed in the previous section, this is due to chain scission and chain 

crosslinking by irradiation of polymer electrolyte. Further increasing the 

irradiation dosage may degrade the polymer matrix and decrease the 

mechanical strength as noticed in Figure 3.41.  

 PEO is a semi crystalline polymer with both amorphous and 

crystalline phases. With the addition of ceramic filler particles the amorphous 

phase of the polymer gets increased. Amorphous polymers have greater 

viscosity and hence they elongate greater before breaking. Elongation values 

increases with the addition of filler particles and with irradiation once again it 

shows an increase. 
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Figure 3.41 Mechanical properties of polymer electrolyte with 5 wt% 

filler for different X-ray irradiation 

 Further irradiation (3 Gray) causes chain scission and reduces the 

elongation length. Once again irradiating to 4.5 Gray crosslinking dominates 

and amorphocity increases, which in turn increases the elongation value. 

Further irradiation to 6 Gray degrades the polymer network and gives poor 

elongation values. The Young‘s modulus value shows an increase compared 

to polymer electrolyte without filler. After irradiation to 1.5 Gray the value 

increases about 2.5 times. Again there is a fall in Young‘s modulus value with 

irradiation of 3 Gray. Once again there is an increase of about 3 times that of 

non-irradiated polymer electrolyte. This suggests that the strain developed in 

the polymer electrolyte for the stress applied is less after irradiation to 1& 4.5 

Gray. This may be due to the reason that there is a decrease in phase 

separation after irradiation of 1.5 Gray and crosslinking of polymer chain to 
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form a rigid polymer network after irradiation to 4.5 Gray increases the 

strength of polymer electrolyte. Regarding the toughness of the polymer 

electrolyte there was mere change in the value after once it was increased 

with first irradiation dosage. Figure 3.41 shows the change in mechanical 

properties with irradiation of the polymer electrolyte with 5 wt% filler. 

 Similar observations are observed for 10wt% of TiO2 filler loaded 

polymer electrolyte. The results are given in Figure 3.42. 

 

Figure 3.42 Mechanical properties of polymer electrolyte with 10 wt% 

filler for different X-ray irradiation 
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CHAPTER 4 

EFFECT OF ELECTRON BEAM IRRADIATION ON SOLID 

POLYMER ELECTROLYTES DISPERSED WITH 

NANOFILLER 

   

4.1 X-RAY DIFFRACTION (XRD) STUDIES 

 Solid polymer electrolytes subjected to electron beam irradiation of 

different doses as mentioned in chapter 2 were analysed using powder x-ray 

diffraction analysis. The results obtained are discussed herein. 

4.1.1  Polymer Electrolyte without TiO2 Filler 

 Figure 4.1 shows the XRD pattern obtained for the polymer 

electrolyte irradiated with electron beam. The two main peaks of PEO were 

invariably seen in all the polymer electrolytes. This indicates that electron 

beam irradiation have not made any structural changes in polymer. XRD 

pattern shows the presence of both crystalline peaks and amorphous humps. 

The semi crystalline nature of PEO was also not affected. As discussed in 

chapter 3 the fundamental peaks of lithium triflate are absent in all the 

diffractograms. As reported earlier, the absence of peaks shows complete 

dissolution of salt into the polymer matrix (Angulakshmi et al. 2012,  Yogesh 

Kumar et al. 2011). Irradiation using electron beam has not affected the 

dissolution of lithium salt in the polymer matrix.  



102 

 

 

 

Figure 4.1 The XRD patterns of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10,000 Gray 

 The peak intensity and width were found to vary with irradiation. 

The conductivity of PEO based polymer electrolyte depends on the 

amorphocity of the polymer used. Addition of lithium salt increases the 

amorphocity of polymer electrolyte due to its plasticizing effect. In addition to 

that irradiation using electron beam further make changes in the amorphocity 

of the polymer electrolyte. Irradiation with electron beam first enhances the 

cross linking and hence form a rigid structure which is somewhat crystalline. 

Further increase in irradiation dosage increases its amorphocity which can be 

interpreted as chain scission happened in the polymer matrix. The multiple 
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sharp peaks appearing for the polymer electrolyte before irradiation broadens 

for an irradiation dosage of 1000 Gray. For an irradiation to 10000 Gray the 

peak intensity further gets reduced. This decrease may be due to the 

degradation of polymer. The broadening of peak in the diffractogram is the 

clear evidence for polymer segmental motion enhancement (amorphous 

nature) which was responsible for ionic conductivity.  

4.1.2 Polymer Electrolyte with TiO2 Filler 

 Figure 4.2 and 4.3 shows the XRD pattern of polymer electrolyte 

dispersed with 5 and10 wt% of TiO2 before and after electron beam 

irradiation with different dosages. As discussed earlier the characteristic peaks 

of LiTf were absent in the XRD pattern. The peak at 2θ =23.7
o
 broadens with 

the addition of filler. The diffraction peaks corresponding to TiO2 are also 

observed in the diffractograms. The anatase form of TiO2 shows peak at  

2θ =26° and 36° and these correspond to (101) and (004) planes of TiO2 (Jeon 

et al. 2006). The peaks are found to have a low intensity which shows that 

TiO2 have dissolved into the polymer matrix. With irradiation the intensity 

decreases further showing that electron beam irradiation help in enhanced 

dissolution of filler particles.  

 As discussed in chapter 3 (section 3.1.2), there is an optimized 

amount for the addition of filler particles for complete dissolution into 

polymer matrix. When the amount exceeds, it results in agglomeration of 

filler particles and hence a phase separation can be formed. The crystalline 

peak at 2θ =26° corresponds to the phase segregated and agglomerated filler 

particles. With increase in filler content the intensity of the crystalline peak of 

TiO2 2θ =26°corresponding to (101) plane was found to increase. With an 

increase in the irradiation dose the intensity of this peak is found to decrease 
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showing that irradiation dissolute some more undissolved filler particles. But 

when the irradiation dose is high (10,000 Gray) the polymer degrades and the 

peak at 2θ=26° corresponding to TiO2 intensity increases. This shows that 

when polymer degrades the phase separation between polymer and TiO2 is 

well pronounced.  

 

Figure 4.2 The XRD patterns of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10,000 Gray 
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Figure 4.3 The XRD patterns of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray (c) 

polymer electrolyte irradiated 100 at Gray (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10,000 Gray 

4.2 FT-IR AND FT-RAMAN ANALYSIS 

4.2.1 FT-IR Analysis of Polymer Electrolyte without Filler TiO2 

 The vibrational modes of PEO were discussed in chapter 3 

(section 3.2). Figure 4.4 shows the FT-IR spectra for polymer electrolyte 

without filler irradiated with electron beam.  
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Figure 4.4 The FT-IR spectra of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10000 Gray without filler TiO2 

 The vibrational modes corresponding to PEO and LiTf are obtained 

in the FTIR spectra. Figure 4.5 shows the effect of electron beam irradiation 

on the triplet peak of C-O-C stretching. The triplet peak of C-O-C stretching 

around 1095 cm
-1

 shows the semi crystalline phase of PEO. The peak at   

1095 cm
-1

 becomes broader for irradiation doses 100Gray and above. 

Broadening of the peak suggests that crystallinity exhibited by PEO gets 

reduced. Also the C-O-C band at 1095 cm
-1

 is strongly affected by 

complexation. The complexation that occur at C-O-C were through dative 

bond formation between the Li
+
 from the salt and the lone pairs of the oxygen 
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atom from the polymer host (Bishop et al. 1996). In addition to this the peak 

around 1095 cm
-1

 corresponds to the SO3 symmetric stretching. The presence 

of free ions, ion pairs and ion triplets or higher order aggregates can be 

studied from this band. Free ions give peak at 1035 cm
-1

. In the spectrum it is 

noticed that with irradiation dosage of 100 Gray and above, the peak 

corresponding to free ions are well pronounced than for unirradiated polymer 

electrolyte. This confirms that irradiation helps dissociation of lithium salt 

and liberation of free ions, which could take part in conduction. 

 

Figure 4.5 The effect of electron beam irradiation on the triplet peak of 

C-O-C stretching 

4.2.2 FT-IR Analysis of Polymer Electrolyte with Filler TiO2 

 For the polymer electrolyte with 5 wt% TiO2, the peaks of Ti–O–Ti 

and Ti–O are observed at 677 cm
-1

 and 563 cm
-1

. With electron beam 
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irradiation the peak at 563 cm
-1

 gets shifted to 574 cm
-1

 up to 1000 Gray. Shift 

in position indicates the increased dissolution of the filler particles into the 

polymer matrix. The Ti
+
 ions are expected to replace Li

+
 ions and thus liberate 

the Li
+
 ions, which are bonded with the ether oxygen. For 10000 Gray the 

peak shift is not noticed. This is because at 10000 Gray the polymer degrades 

and hence the Ti
+
 ions in bond with ether oxygen of polymer get detached 

from PEO. Figure 4.6 and 4.8 illustrates the FT-IR spectra of the polymer 

electrolyte with 5 wt% and 10 wt% TiO2 filler particles for before and after 

electron beam irradiation.  

 

Figure 4.6 The FT-IR spectra of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10000 Gray with 5 wt% of filler TiO2 
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 Figure 4.7, 4.9 shows the shift in the peaks of TiO2 with electron 

beam irradiation. For the polymer electrolyte with 10 wt% TiO2 the peaks of 

Ti–O–Ti and Ti–O are observed at 673 cm
-1

 and 561 cm
-1

. With electron 

beam irradiation the peaks gets shifted to higher wavenumber in the same 

manner observed in the polymer electrolytes with 5 wt% filler particles. For 

higher dose of irradiation (10000 Gray) degradation of polymer happens and 

hence the peak of TiO2 shifts towards lower wavenumber as in the case of 

pure TiO2. The peak observed in the wavenumber region 673 cm
-1

 and       

561 cm
-1

 due to stretching of Ti–O–Ti and Ti–O, are shifted to higher 

wavenumbers when irradiation takes place. 

 

Figure 4.7 The shift in the peaks of TiO2 with electron beam 

irradiation for polymer electrolyte with 5 wt% filler 



110 

 

 

 

Figure 4.8 The FT-IR spectra of (a) polymer electrolyte before 
irradiation (b) polymer electrolyte irradiated at 10 Gray  
(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 
electrolyte irradiated at 1000 Gray (e) polymer electrolyte 
irradiated at 10000 Gray with 10 wt% of filler TiO2 

 

Figure 4.9 The shift in the peaks of TiO2 with electron beam 
irradiation for polymer electrolyte with 10 wt% filler. (a) 
polymer electrolyte before irradiation (b) polymer 
electrolyte irradiated at 10 Gray (c) polymer electrolyte 
irradiated at 100 Gray, (d) polymer electrolyte irradiated at 
1000 Gray (e) polymer electrolyte irradiated at 10000 Gray 
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4.2.3 FT-Raman Analysis of Polymer Electrolyte with Filler TiO2 

 Raman analysis is an important tool for analyzing functional group 

present in the polymer electrolytes. Presence of free ions, ion pairs and ion 

triplets can be understood by analyzing Raman bands. Moreover, for a system 

with polymer matrix PEO the complexation of salt with polymer can be 

understood by analyzing the ether oxygen region of PEO. Raman spectrum of 

polymer electrolyte before and after electron beam irradiation was shown in 

figure 4.10. The band appearing at 848 cm
-1

 and 861 cm
-1

 corresponding to 

(Li-O) mode shows the complexation of lithium ion with the ether oxygen (C-

O-C) of polymer matrix (Sadner et al. 1996, Hirankumar et al. 2007). The 

symmetric stretching band of SO3 and symmetric deformation band of CF3 at 

1030 cm
-1

 and 760 cm
-1

 respectively are of great importance as they give 

information about the presence of free ion, ion-pairs and aggregates (Alloin et 

al. 2009). The spectrum around 1030 cm
-1

 (Figure 4.11) shows the changes 

induced by irradiation on the number of free ions, ion pairs and higher order 

aggregates. It was noticed that for an irradiation to 100 Gray the intensity of 

the peak at 1035 cm
-1

 was increased due to higher number of free ions. The 

sample irradiated at 100 Gray shows higher value of conduction at room 

temperature compared to other dose of irradiation. This confirms that more 

number of free ions are present, compared to other dose of irradiated polymer 

electrolyte. The band at 760 cm
-1 

also follows the same trend confirming the 

change in the number of free ions with irradiation. 
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Figure 4.10 The FT-Raman bands of (a) polymer electrolyte before 
irradiation (b) polymer electrolyte irradiated at 10 Gray  
(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 
electrolyte irradiated at 1000 Gray (e) polymer electrolyte 
irradiated at 10000 Gray without filler TiO2 in the range  
500 cm

-1 
- 1500 cm

-1
 

 

Figure 4.11 The FT-Raman bands of (a) polymer electrolyte before 
irradiation (b) polymer electrolyte irradiated at 10 Gray  
(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 
electrolyte irradiated at 1000 Gray (e) polymer electrolyte 
irradiated at 10000 Gray without filler TiO2 in the range 
1020 cm

-1 
- 1060 cm

-1
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4.2.4 FT-Raman Analysis of Polymer Electrolyte with Filler TiO2 

 Two major peaks were observed in the wavenumber region         

516 cm
-1

 and 639 cm
-1 

for filler added polymer electrolyte. This represents the 

anatase structure of TiO2. Figure 4.12 represents the Raman spectrum for the 

polymer electrolyte with 5 wt% filler particles before and after electron beam 

irradiation. 

 

Figure 4.12 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10000 Gray with 5 wt% filler TiO2 in the range 

500 cm
-1 

- 1500 cm
-1

 

 The bands at 519 cm
-1

 and 629 cm
-1

 confirms the complexation of 

filler TiO2 into the polymer matrix. The C-O-C band in the region 1095 cm
-1

 

is shifted to right side. It is due to the replacement of Li
+
 ions by Ti

+
 ions. 

Addition of filler helps in the liberation of lithium ions from the bond with 
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ether oxygen. Moreover, it helps for the complete dissolution of lithium salt 

and the filler particles. The peak around 1035 cm
-1

corresponding to anion SO3 

shows changes with irradiation (Figure 4.13). The intensity of free ion peak 

(1035 cm
-1

) and higher order aggregates (1044 cm
-1

) changes with irradiation. 

For 10 Gray irradiation, the intensity of aggregates was higher than for free 

ions. For 100 Gray and for 1000 Gray irradiation doses the intensity of free 

ion peak increases and it more or less equals the peak of higher order 

aggregates. This shows an increase in number of free ions with irradiation. 

For 10000 Gray of irradiation the intensity gets reduced due to poor 

dissolution of salt. Degradation of polymer resulted in poor dissociation of 

salt and hence the number of free ions gets decreased. 

 

Figure 4.13 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10000 Gray with 5 wt% filler TiO2 in the range 

1020 cm
-1 

- 1060 cm
-1
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 Figure 4.14 represents the Raman spectrum of the polymer 

electrolyte with 10 wt% filler particles before and after electron beam 

irradiation. The bands at 514 cm
-1

 and 639 cm
-1

 confirms the complexation of 

filler TiO2 into the polymer matrix. Irradiation helps in the complete 

dissolution of both lithium salt and the filler particles. Right shift noted in the 

peaks of TiO2 confirms the dissociation and dissolution of filler particles with 

irradiation. 

 

Figure 4.14 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10000 Gray with 10 wt% filler TiO2 in the 

range 500 cm
-1 

- 1500 cm
-1

 

 The peak around 1035 cm
-1

corresponding to anion SO3 show 

changes with irradiation (Figure 4.15).  For 10 Gray irradiation, the intensity 

of aggregates is higher than for free ions. For 100 Gray and for 1000 Gray 

irradiation doses the peak at 1044 cm
-1

 shows a left shit and also the peak 

becomes broader. This shows an increase in number of free ions with 
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irradiation and also conductivity was fovoured by higher order aggregates ie., 

ion triplets also. For 10000 Gray once again the intensity gets reduced. 

Degradation of polymer resulted in poor dissociation of salt and hence the 

number of free ions gets decreased. The C-O-C band shifts to right side 

showing the replacement of lithium ions with titanium ions. Addition of filler 

helps in the replacement of Li
+
 ions by Ti

+
 ions from the ether oxygen bond 

(Ferry et al. 2000, Shin et al. 2005). 

 

 

Figure 4.15 The FT-Raman bands of (a) polymer electrolyte before 

irradiation (b) polymer electrolyte irradiated at 10 Gray  

(c) polymer electrolyte irradiated at 100 Gray, (d) polymer 

electrolyte irradiated at 1000 Gray (e) polymer electrolyte 

irradiated at 10000 Gray with 10 wt% filler TiO2 in the 

range 1020 cm
-1 

- 1060 cm
-1
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4.3 SEM ANALYSIS 

 In order to observe the filler and irradiation induced changes in the 

surface morphology of the polymer electrolyte, SEM analysis were carried 

out for the polymer electrolytes subjected to low and high (10 Gray and 

10000 Gray) irradiation dosages. Figure 3.16 shows the SEM images of the 

polymer electrolyte with and without 5 and 10 wt% of TiO2 filler for lower 

and higher doses of electron beam irradiation. 

 

Figure 4.16 SEM images of polymer electrolytes for lower and higher 

doses of electron beam irradiation 
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4.3.1 SEM Analysis of Polymer Electrolyte without TiO2 Filler 

Particles 

 The image before irradiation is shown in chapter 3(SEM analysis). 

It clearly indicates that some of the lithium salts are non-uniformly dispersed 

on the polymer matrix. In some places the lithium salts are agglomerated on 

the polymer surface. A significant improvement was achieved by irradiation. 

Effect of irradiation to a dose of 10 Gray shows similar results as for changes 

induced by x-ray irradiation. The surface becomes smooth and the added 

lithium salts are uniformly dispersed into the polymer matrix. Good 

compatibility was obtained due to irradiation. Moreover, it improves the 

mechanical and thermal stability of the polymer matrix. SEM image shows 

that irradiation at 10000 Gray degrades the polymer completely. Mechanical 

studies also sustain the observed results. 

4.3.2 SEM Analysis of Polymer Electrolyte with TiO2 Filler Particles 

 All the prepared polymer electrolytes show a rough surface before 

irradiation. (please refer to SEM analysis in chapter 3). After irradiation, the 

rough nature of the polymer surface was changed to smoother. The smooth 

surface of the polymer clearly indicates that the TiO2 particles are uniformly 

dispersed in the polymer matrix. It leads to rigid polymer-filler network. 

Smooth surface of the electron beam irradiated polymer electrolyte may be 

due to the solvating property of the polymer, it was enhanced during 

irradiation. The effect of irradiation is found to sustain even after the removal 

of radiation without reversion. At the higher dose of irradiation the strength of 

the polymer electrolyte was affected. Increasing the irradiation dose to 10000 

Gray the polymer membrane was degraded.  

 As seen in chapter 3 (section 3.3.3), when the concentration of TiO2 

filler particles is increased from 5 wt% to 10 wt % we can see the 
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agglomeration of filler particles in the surface of the polymer electrolyte. The 

rough nature of the polymer surface become smoother when irradiated with 

electron beam as in the case of x-ray irradiation. Increasing the irradiation 

dosage the dissolution of filler particles increases and most of the undissolved 

particles are dissolved. For higher dose of irradiation polymer membrane was 

degraded for both with and without filler particles. 

4.4 IONIC CONDUCTIVITY STUDIES 

 Ionic conductivity exhibited by electron beam irradiated polymer 

electrolytes with temperature were studied and reported herein. 

4.4.1 Electron Beam Irradiation Effect on Ionic Conductivity of 

Polymer Electrolyte without Filler 

 The Arrhenius and non-Arrhenius behavior of polymer electrolyte 

without filler for electron beam irradiated polymer electrolytes was studied by 

drawing the plot of log ζ versus 1000/T as shown in figure 4.17. The polymer 

electrolyte was subjected to electron beam irradiation of different dosages 

viz., 10, 100, 1000 and 10,000 Gray represented as dose 1, dose 2, dose 3 and 

dose 4 respectively. The unirradiated polymer electrolyte is denoted as dose 0.  

 From the observation it was found that as temperature increases the 

conductivity of all the polymer electrolytes increases. This is due to the free 

volume model (Miyamoto et al. 1973). As the temperature increases the 

polymer expands easily and produces free volume. The ions or the solvated 

molecules or the polymer segments move into the free volume. This enhances 

ion and polymer segmental mobility and hence the ionic conductivity before 

irradiation of the bottom curves (Ratner et al. 1988). Figure 4.17 shows the 

ionic conductivity of the specimen before and after electron beam irradiation.  
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Figure 4.17  Ionic conductivity versus temperature for the Electron 

beam irradiated polymer electrolyte PEO and LiTf 

 Both Arrhenius behavior and non- Arrhenius behavior are noted 

from the plot. The value of ionic conductivity first decreases for electron 

beam irradiation dose upto 10 Gray. At higher dosages the response is not 

uniform. The decrease in the conductivity is due to chain crosslinking by 

irradiation. The lithium ions involved in crosslinking by forming covalent 

bond with the ether oxygen of the polymer. Thus the number of free charge 

carriers decrease and hence the ionic conductivity decreases. The increase in 

ionic conductivity at a irradiation dose of 100 Gray may be due to chain 

scission and hence the lithium ions attached to polymer chain of low 

molecular weight take part in conduction and increases the conductivity 

values. At higher dosages it is expected, as in the case of x-ray irradiation, 

crosslinking follow by polymer degradation makes the ionic conductivity to 

decrease.  
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4.4.2 Effect of Electron Beam Irradiation on Ionic Conductivity of 

Polymer Electrolyte with Filler TiO2 

 It is noticed that ionic conductivity increased with the addition of 5 

wt% filler TiO2. The increase in ionic conductivity is due to the availability of 

conducting ions in the polymer matrix. These results are in accordance with 

earlier reports in which Al2O3 was used as filler in PEO based electrolyte 

(Wieczoreck et al. 1996). The Lewis acid base reactions between filler surface 

and the PEO segments may induce structural modifications in the polymer 

matrix (Wieczoreck et al. 1989). Also the nanofiller TiO2 can act as cross 

linking centers for the PEO segments, which lower the polymer chain 

reorganizing tendency and promoting an overall stiffness to the structure. 

However, the resulting structure provides Li
+ 

ion conducting pathways at the 

filler surface and enhances ionic transport.  

 At higher irradiation dosages, 1000 and 10,000 Gray, an increase in 

ionic conductivity is observed. This may be due to the degradation of polymer 

at higher irradiation dosage and also it creates free volume at the chain ends, 

which assist ionic conduction through it (Wieczoreck et al. 1996). This assists 

the ion transport and compensates the retarding effect of the ionic clouds 

(Croce et al. 1998, Krawiec et al. 1995, Christie et al. 2005). For electron 

beam irradiation, highest conductivity obtained was 10
-2.8

 S/cm for the 

polymer electrolyte irradiated at 10000 Gray. Figure 4.18 shows the ionic 

conductivity versus temperature for the electron beam irradiated polymer 

electrolyte with filler 5 wt%. 

 With increase in filler content from 5 wt% to 10 wt% the room 

temperature conductivity before irradiation remains unaltered. With increase 

in temperature and irradiation the conductivity of the polymer electrolytes 

were found to increase. The response is similar to the electrolytes loaded with 

5 wt % filler. Figure 4.19 shows the ionic conductivity versus temperature for 

the electron beam irradiated polymer electrolyte with filler 10 wt%. 
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Figure 4.18 Ionic conductivity versus temperature for the electron beam 

irradiated polymer electrolyte with 5 wt% filler TiO2 

 

Figure 4.19 Ionic conductivity versus temperature for the electron beam 

irradiated polymer electrolyte with 10 wt% filler TiO2 
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4.5 DIELECTRIC ANALYSIS 

4.5.1 Dielectric Study of Polymer Electrolytes 

 The change in the charge storing capacity of polymer electrolyte 

with electron beam irradiation was studied to understand the change in 

conductivity with change in number of charge carriers.  

4.5.1.1 Effect of electron beam irradiation on the polymer electrolytes 

without filler 

 The ε' and ε″ plots for electron beam irradiated polymer electrolytes 

are presented in figures 4.20 and 4.21 respectively. The value of ε' and ε″  

are found to decrease as irradiation increases upto 100 Gray. With  

further irradiation there is an increase in the value of dielectric constants. 

Electron beam irradiation allows the charge carriers to form crosslinking 

structures in polymer chain (Radwana et al. 2008). The significance of cross-

linking is to slow down the dipole orientation and bring complexity or 

imperfection, such as distortion in chain symmetry, and adversely affect the 

delocalized system.  

 Cross linking is favored for irradiation dose up to 100 Gray. Further 

increasing the dosage ie., to 1KGray and 10 KGray may degrade the polymer 

network as reported earlier (Gaffer et al. 2001) and hence there will be freeing 

of dipoles happen. These dipoles become comparatively free, and they 

respond to the applied electric field due to a change in the induced energy at 

the dipole site and consequently enhance the dipole motion. Thus, 

polarization and dielectric constant increased (Frohlick 1956). At high 

temperatures and high frequencies, the dielectric constant and AC 
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conductivity seem to increase with increasing irradiation doses, perhaps due 

to the freeing of dipoles. These results are consistent with the reported results 

(Abdel-Hamid 2005 and (Pawde and Parab 2011). 

 

Figure 4.20  ε’ of polymer electrolyte with electron beam irradiation 
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Figure 4.21 ε" of polymer electrolyte with electron beam irradiation 

4.5.1.2 Effect of electron beam irradiation on the dielectric property of 

TiO2 incorporated polymer electrolytes  

 The effect of electron beam irradiation on the dielectric properties 

of filler incorporated polymer electrolyte was studied and is shown in  

Figures 4.22 - 4.25. The response of dielectric parameters of polymer 

electrolytes irradiated with electron beam was similar to that of x-ray 

irradiated electrolytes. As discussed in chapter 3, section crosslinking due to 

irradiation plays a major role in determining the dielectric properties of the 

polymer electrolytes. Irradiation for lower dosage values helps in crosslinking 

and keeps the charges bound. These bound charges cannot orient themselves 
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in the direction of applied field. When the dosage was increased these charges 

were liberated due to chain scission and hence they contribute to the dielectric 

values. 

 

Figure 4.22 ε’ of polymer electrolyte with 5 wt% filler subjected to 

electron beam irradiation 

  



127 

 

 

 

 

 

Figure 4.23 ε" of polymer electrolyte with 5 wt% filler subjected to 

Electron beam irradiation 
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Figure 4.24 ε’ of polymer electrolyte with 10 wt% filler subjected to 

electron beam irradiation 
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Figure 4.25 ε" of polymer electrolyte with 10 wt% filler subjected to 

electron beam irradiation 

4.5.2 Effect of Electron Beam Irradiation on Dielectric Loss of 

Polymer Electrolytes 

 The effect of electron beam irradiation the polymer electrolyte with 

and without 5 wt% and 10 wt% filler was studied and their dielectric loss 

values are depicted in Figures 4.26 - 4.28 for different frequencies and 

temperatures. Relaxation peaks are found for all the polymer electrolytes. The 

relaxation peak was found to shift with electron beam dosage and also 
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temperature. The overall response of the polymer electrolytes was similar to 

that of x-ray irradiated electrolytes. 

 

Figure 4.26 Loss factor of polymer electrolyte with electron beam 

irradiation 
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Figure 4.27 Loss factor of 5 wt% filler incorporated polymer electrolyte 

with electron beam irradiation 
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Figure 4.28 Loss factor of 10 wt% filler incorporated polymer 

electrolyte with electron beam irradiation 

4.5.3 The Modulus Spectral Studies 

 Figures 4.29 to 4.34 show the variation of electric modulus of the 

polymer electrolytes irradiated with electron beam. From figures it is 

observed that a comparatively long tail for irradiated polymer electrolyte 

shows the large capacitance associated with the electrodes. The almost zero 

value in M′ shows the removal of electrode polarization effect. For the 

polymer electrolyte with 5 wt% filler the non-zero value of M′ shows the 
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presence of electrode polarization effect and hence the electrode is associated 

with a lesser value of capacitance. 

 

Figure 4.29 M′ for polymer electrolyte without filler for electron beam 

irradiation 
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Figure 4.30 M″ for polymer electrolyte without filler for electron beam 

irradiation 
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Figure 4.31 M′ for polymer electrolyte with 5 wt% filler for electron 

beam irradiation 
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Figure 4.32 M″ for polymer electrolyte with 10 wt% filler for electron 

beam irradiation 
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Figure 4.33 M′ for polymer electrolyte with 10 wt% filler for electron 

beam irradiation 
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Figure 4.34 M″ for polymer electrolyte with 5 wt% filler for electron 

beam irradiation 

4.6 DSC ANALYSIS  

4.6.1 DSC Analysis on the Polymer Electrolytes without Filler 

Irradiated with Electron Beam 

 Figure 4.35 shows the DSC thermograms of the polymer electrolyte 

before and after irradiation. 
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Figure 4.35 The DSC thermogram of (a) polymer electrolyte before 

irradiation and (b&c) polymer electrolyte irradiated at 100 

and at 10,000 Gray respectively 

 The percentage of crystallinity was found to be maximum for the 

polymer electrolyte irradiated at 10 Gray and minimum for the polymer 

electrolyte irradiated at 10,000 Gray. On irradiation at 10 Gray the polymer 

electrolyte undergoes crosslinking and this increases the melting temperature 

(Tm) of the polymer electrolyte. Cross linking develops a rigid structure in the 

polymer and hence the crystallinity of the polymer electrolyte gets increased. 

The increase in the value of heat of fusion of the irradiated (10 Gray) polymer 

electrolyte shows that due to radiation induced crosslinking the polymer 

electrolyte has become more crystalline. Electron beam irradiation can induce 
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degradation in polymer when the dose is higher. This degradation can cause 

polymer chains to break and hence reducer the melting temperature and also 

reduce the crystallinity of PEO which is a semi-crystalline polymer by nature. 

Table 4.1 gives the Tm and crystallinity of polymer electrolyte without filler 

before and after electron beam irradiation. 

Table 4.1 Tm and crystallinity of polymer electrolyte before and after 

irradiation  

Polymer electrolyte 
Crystallinity (α) 

(%) 

Melting 

temperature (Tm) (
o
C) 

polymer electrolyte  

dose 0 
76.97 82.5 

polymer electrolyte  

dose 10Gray 
80.6 88 

polymer electrolyte  

dose 100Gray 
70.03 81.72 

 

4.6.2 DSC Analysis on Electron Beam Irradiated Polymer 

Electrolytes Dispersed with TiO2 Filler 

 The DSC thermogram of 5 and 10 wt% TiO2 filler incorporated 

polymer electrolytes before and after electron beam irradiation was shown in 

Figure 4.36 and 4.37.  
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Figure 4.36 The DSC thermogram of (a) polymer electrolyte with 5 wt% 

filler before irradiation and (b&c) after irradiated at 100 

and 10,000 Gray respectively 

 Electron beam irradiated polymer electrolytes show a change in 

melting point of the polymer electrolyte with irradiation. For lower dose of 

irradiation ie., 100 Gray the melting point increases and for higher dose of 

irradiation (10,000Gray) the melting point decreases. This observation shows 

that first with the addition of filler the amorphocity of the polymer electrolyte 

increases and with irradiation crosslinking was caused. Due to this 

crosslinking the amorphocity developed in the polymer matrix became more 

stable thermally. Increasing cross linking increases the melting temperature of 

the polymer electrolyte (Zhang et al. 2000). In addition to this the crystallinity 

also increases for lower irradiation dose. Table 4.2 and 4.3 gives the melting 
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temperature and percentage of crystallinity of polymer electrolyte loaded with 

5 wt% and 10 wt% of TiO2 filler before and after irradiation. 

Table 4.2 Tm and crystallinity of polymer electrolyte with 5 wt% filler 

before and after irradiation  

Polymer electrolyte 
Crystallinity (α) 

(%) 

Melting 

temperature (Tm) (
o
C) 

polymer electrolyte  

dose 0 
67 71.68 

polymer electrolyte dose 

1.5Gray 
70.7 86.7 

polymer electrolyte dose 

6Gray 
65.68 76.72 

 

 

Figure 4.37 The DSC thermogram of (a) polymer electrolyte with 10 

wt% filler before irradiation and (b&c) after irradiated at 

100 and 10,000 Gray respectively 
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Table 4.3 Tm and crystallinity of polymer electrolyte with 10 wt% filler 

before and after irradiation  

Polymer electrolyte 
Crystallinity (α) 

(%) 

Melting 

temperature (Tm) (
o
C) 

polymer electrolyte 

dose 0 
63.4 70.7 

polymer electrolyte 

dose 1.5Gray 
67 76.72 

polymer electrolyte 

dose 6Gray 
61.86 71.68 

 

4.7 MECHANICAL STUDIES ON ELECTRON BEAM 

IRRADIATED POLYMER ELECTROLYTES 

 Figure 4.38 shows the change in mechanical properties with 

electron beam irradiation of polymer electrolyte without filler. 

 

Figure 4.38 Mechanical properties of electron beam irradiated polymer 

electrolyte without filler 
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 The tensile strength of the polymer electrolyte was found to 

increase with irradiation upto 100 Gray and then the tensile strength start 

decreasing. Initial increase in tensile strength is due to the fact that energy of 

irradiation is utilized to form crosslinking between polymer chains. The cross 

linking developed by lithium ion and ether oxygen increases and hence the 

tensile strength also increases (Chu et al. 2003). Crosslinking has a close 

relation to the tensile strength and Oka et al. (2003), mentioned that the 

formation of 3D networks can lead to an increase in tensile strength. After we 

can see a decrease in tensile strength and this may be due to formation of free 

radicals at the chain ends accompanied by chain scission (Basha et al. 1996, 

Barlow et al. 1977, Mateev 1994).  

 Chain scission usually lowers the molecular weight of polymer and 

hence the mechanical strength of polymer decreases (Licciardello et al. 1996, 

Fink et al. 1994). When irradiated to 10000 Gray the tensile strength 

decreases due to polymer degradation. This behavior is studied for other 

mechanical parameters. It is possible that the ultimate chain stretch of the 

PEO polymer electrolytes reached a saturation level with an increase in the 

crosslink density. As crosslinking occurs the elongation of the polymer 

electrolyte decreases. The Young‘s modulus value also shows a similar 

variation as that of tensile strength. The strain developed in the polymer 

electrolyte for the stress applied is less after irradiation to 100 Gray. 

 In the case of TiO2 loaded polymer electrolytes, dissolution of 

phases happen at an irradiation dosage of 10 Gray and thus the polymer 

matrix gets improved both thermally and mechanically. As irradiation dosage 

is increased to 100 Gray crosslinking occurs and once again the strength of  
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the polymer matrix gets improved. This can be noticed from the increase in 

tensile strength value. Further increase in irradiation dosage makes the 

polymer to undergo both chain scission and chain crosslinking and thereby 

reducing the tensile strength. Finally at an irradiation dosage of 10000 Gray, 

the polymer is degraded and hence the tensile strength is decreased. Similar 

behavior is exhibited by other mechanical parameters studied in the present 

work for electron beam irradiated polymer electrolytes. The results obtained 

in the present study are shown in Figures 4.39 - 4.40. 

 

Figure 4.39 Mechanical properties of electron beam irradiated polymer 

electrolyte with 5 wt% filler 
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Figure 4.40 Mechanical properties of electron beam irradiated polymer 

electrolyte with 10 wt% filler 

 As discussed in chapter 3 (section 3.7.2), the mechanical properties 

are affected (decreased) by the increase in filler content. But once this 

polymer electrolyte is irradiated an increase in tensile strength is observed 

until the polymer is degraded by an irradiation of dosage 10,000Gray. This 

can be argumented as increase in the dissolution of filler particles with a 

reduction in phase separation and hence resulting in an increase in the 

strength of polymer electrolyte. Moreover irradiation has increased the 

crosslinking and hence polymer electrolyte gets a more rigid polymer 

network. A sudden drop in elongation length is noticed when compared with 

polymer electrolyte with 5 wt% of filler particles. As discussed above the 

phase separation in the polymer matrix has reduced the viscosity and hence 
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polymer behaves more crystalline. This may be the reason of reduced 

elongation length. After irradiation as dose increases the elongation length 

goes on decreasing. This can be interpreted as crosslinking of polymer matrix 

has reduced the elongation property. The polymer electrolyte suffers with a 

poor Young‘s modulus value with the addition of 10 wt% of filler particles. 

But after irradiation, the polymer matrix undergoes phase dissolution 

followed by crosslinking to give high values of Young‘s modulus until the 

polymer degrades. However the toughness of the material is higher than other 

polymer electrolytes ie., polymer electrolyte without filler particles and 

polymer electrolyte with 5 wt% of filler particles. The addition of ceramic 

filler increases the toughness of the polymer electrolyte. However degradation 

decreases the toughness value a great. Figure 4.40 shows the change in 

mechanical properties with electron beam irradiation of polymer electrolyte 

with 10 wt% filler. 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

 

 In the present study, an attempt has been made to improve the ionic 

conductivity of the polymer electrolytes by irradiating them with both 

electron beam and x-rays. The polymer taken for study was poly ethylene 

oxide (PEO), one of the most suited polymer host for electrolyte. The 

polymeric chain of PEO is capable of wrapping around lithium cations, 

creating coordination bonds and promoting dissolution and ionization of a 

lithium salt. PEO-based polymer electrolyte has good mechanical properties 

to act as an electrolyte in a cell. However, the electrical conductivity, 

electrochemical and transport properties are inferior and needs improvement. 

PEO usually has low conductivity at room temperature. The conductivity of 

PEO can be improved by the addition of lithium salt, nanofillers into the 

polymer matrix and by incorporation of fillers. Also, irradiation of polymers 

causes structural and chemical changes that lead to change in chemical and 

physical properties. Ionizing radiation may induce several changes in the 

structure of a polymer, crosslinking, chain scission and changes in 

crystallinity. This study focuses on the effect of irradiation on the properties 

of polymer electrolytes. In this present study we have taken PEO as polymer 

host, LiCF3SO3 as the lithium salt. TiO2 was taken as filler. We have used x-

ray and electron beam of different dosages to irradiate the polymer 

electrolyte. The x-ray irradiation dosages given on the polymer electrolytes 

were 1.5, 3, 4.5 and 6 Gray. Electron beam dosages were 10, 100, 1000 and 

10000 Gray. 
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 Analysis of x-ray diffraction data shows that, x-ray irradiation 

improved amorphocity was of the polymer upto an irradiation dosage of 4.5 

Gray. Electron beam irradiation also makes changes in the amorphocity of the 

polymer electrolyte. However for an irradiation at 10000 Gray the polymer 

gets degraded.  

 For x-ray and electron beam irradiation, FT-IR spectra show 

changes in the C-O-C bond at 1095cm
-1

. The Li-O bond gives vibrational 

peak at 865cm
-1

 and it gets shifted with irradiation. Reduction in the intensity 

of peaks of TiO2 at 560cm
-1

 and 680cm
-1

 with irradiation shows that 

irradiation improves dissolution of both salt and filler particles into the 

polymer matrix. 

 In Raman spectra irradiation induced changes was reflected in the 

free ion peak of lithium triflate anion at band position 760cm
-1

 and 1030cm
-1

. 

These bands shift to lower wave number for polymer electrolytes with high 

conductivity and this substantiates the role of free ions in increased ionic 

conductivity. The peaks of TiO2, PEO and LiTf are present after both x-ray 

and electron beam irradiation. This confirms that no structural change was 

introduced due to irradiation. 

 SEM images show a smooth surface and uniform distribution of 

added particles for irradiated polymer electrolytes to that of non-irradiated 

polymer electrolytes. For higher dosage of electron beam irradiation (10000 

Gray) the polymer surface was found to be degraded.  

 For x-ray irradiated polymer electrolyte the highest conductivity 

(about 10
-3

 S/cm) was obtained for 5 wt% TiO2 filler incorporated polymer 

electrolyte irradiated at 4.5 Gray. For electron beam irradiated sample the 

highest conductivity was obtained for samples irradiated at 10000 Gray. 

Polymer segmental motion contribute for conduction in degraded polymer 

electrolyte. 
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 Dielectric studies show that there was an increase in the value of 

both dielectric constant ε' and dielectric loss ε'‘ with increase in temperature. 

This is because as temperature increases, flexibility of polymer backbone gets 

increased and also the motion of charge carriers becomes easier. With 

increasing frequency these values decrease exponentially. The values of ε' and 

ε″ are found to vary with irradiation and it follows the same trend as ionic 

conductivity. For all the polymer electrolytes, at low frequency almost zero 

value in M′ is noted irrespective of frequency. This shows the removal of 

electrode polarization effect. The comparatively long tail observed for 

irradiated polymer electrolyte shows the large capacitance associated with the 

electrodes. The only difference noted is for the polymer electrolyte with 5 

wt% filler. The non-zero value of M′ shows the presence of electrode 

polarization effect and hence the electrode is associated with a lesser value of 

capacitance. 

 DSC analysis shows that the melting temperature of polymer PEO 

is altered by the incorporation of salt LiCF3SO3. Irradiation of polymer matrix 

by x-ray irradiation was found to decrease the melting temperature of polymer 

salt complex. For electron beam irradiation the degree of crystallinity was 

found to increase for a dose of 10 Gray and thereafter it decreases.  

 Tensile strength of the irradiated polymer electrolytes varies based 

on whether chain scission or chain cross-linking dominates. Tensile strength 

increases when chain cross-linking dominates. Variation in toughness is not 

so significant on irradiated electrolytes. It was observed that the mechanical 

properties are not favored by the addition of 10 wt% filler particles. This was 

due to the agglomeration of filler particles and phase segregation usually 

found in the polymer matrix when the percentage of filler particles exceeds an 

optimum value. The mechanical properties of the polymer electrolytes were 

found to improve on irradiation upto an optimal dosage. 
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