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Preface 

Man-made polymers have been associated since the age of industrialization and 

have found applications in all aspects of human life. These materials found their useful-

ness in all leading industrial and no-industrial applications. The general belief was that 

polymers are insulating and have been utilized mainly for insulation purposes. However, 

since the demonstration of ion conducting properties of PEO polymer in 1973 by P.V. 

Wright, a new class of ion conducting materials has been explored. The low ionic con-

ductivity of solid polymer electrolytes limits their application at ambient temperature. 

Thus, considerable efforts have been devoted to improve their ionic conductivity. The 

polymer electrolytes field is fascinating, and although it is not completely understood, it 

still holds the key to the development of new energy sources. Therefore, the present the-

sis deals with the preparation, characterization and conductivity studies on the PEO based 

polymer nano-composite electrolyte systems with and without plasticizer.  The thesis has 

been divided into the following seven chapters. 

Chapter one gives general introduction of solid electrolytes including polymer 

electrolytes. A brief discussion of the material such as host polymer PEO, salt complexa-

tion, nano-fillers, and plasticizer is also been included in this chapter. Chapter two 

presents the theoretical background of various characterization studies done on prepared 

samples. It also presents a detailed discussion of various models of dc and ac conductivi-

ty which includes, free volume theory, Configurational Entropy model, Space charge 

model, Amorphous phase model, dynamic percolation theory. Chapter three deals with 

the experimental details of all studies used to pursue the present work. Chapter four dis-

cusses the results of various characterization studies carried out on all prepared samples. 

Chapter five contains the results of impedance spectroscopy i.e.; dc conductivity and ac 

conductivity of the all prepared polymer electrolyte samples. The conductivity plots of all 

the prepared samples are thermally activated and follow Arrhenius behavior. Effect of 

salt, nanofiller and plasticizer concentrations on conductivity in five different series is 

discussed in detail. In Chapter six, Dielectric and Modulus formalisms obtained from im-

pedance are studied to understand the relaxation mechanism. In Chapter seven, the con-



 

 

clusion from the characterization results, ac and dc conductivity, dielectric and modulus 

studies and their dependence on the temperature and composition of the present system 

have been summarized. The publications emerged out of the present work are also in-

cluded at the end of Chapter seven.  

 

 

 

 

Vadodara 

12
th
 Aug, 2013        Nirali H. Gondaliya 

 



Table of Contents 

______________________________________________________ 

 
Contents                                                                                              Page No. 

 

Chapter-1   Introduction                          1-36 

1.1 Introduction          2 

1.2 Solid state electrolyte         2 

1.2.1 Classification of Solid electrolyte     2  

1.2.2 Comparison between NIC and FIC     4 

1.3 Timeline of Solid State Electrolytes      4 

1.4 Anionic conductors        5 

1.4.1 Oxide ion conductors       6 

1.4.2 Fluoride ion conductors       6 

1.5 Cationic conductors  6  

1.5.1 Silver ion conductors       7 

1.5.2 Copper ion conductors       7 

1.5.3 Lithium ion conductors       7 

1.5.4 Sodium ion conductors       8 

1.6 Classification of Solid electrolytes      8 

1.6.1 Glasses         8 

1.6.2 Gels         9 

1.6.3 Polymers          9  

1.7 Solid polymer electrolytes (SPEs)      9 

1.7.1 Properties of host Polymer       9 

1.7.2 Complex Formation                  11  

1.7.3 Fillers                    14  

1.7.4 Plasticizer         17 

1.8 Different Polymer electrolytes       19 

1.8.1 Polymer-salt electrolytes /Solid Polymer electrolytes (SPE)  19 

1.8.2 Nano Composite Polymer Electrolytes (NCPE)    20 

1.8.3 Plasticized Polymer Electrolytes       22 

1.8.4 Plasticized Nano Composite Polymer Electrolytes (PNCPE)  23 

1.9 Application         24 

1.9.1 Battery applications       24 

1.9.2 Non-battery application       27 

1.9.3 Electrochromic Devices       28 

1.10 Present Investigation        28 

References          32 

 



Chapter- 2   Theoretical Details                  37-72 

2.1 Introduction         38 

2.2 Description of characterization techniques      38 

2.2.1 Fourier Transform Infrared Spectroscopy (FTIR)              38 

2.2.2 Differential Scanning Calorimetry (DSC)               39 

2.2.3 X- ray Diffraction (XRD)                 42 

2.2.4 Scanning Electron Microscope (SEM)                44 

2.2.5 Transport number measurement                47 

2.3 Complex Impedance Spectroscopy                 48 

2.3.1 Dielectric Analysis                  50 

2.3.2 Modulus Analysis                   57 

2.4 Theoretical models of Conductivity                 59 

2.5 Temperature dependence of conductivity      60 

2.5.1 Arrhenius Theory                  60 

2.5.2 Vogel–Tammann–Fulcher (VTF) theory               61 

2.6 Models for DC Conductivity       62 

2.6.1 Free Volume Theory                  62 

2.6.2 Configurational Entropy Model                 63 

2.6.3 Space charge models                  64 

2.6.4 Amorphous phase model                 65 

2.6.5 Dynamic Bond Percolation theory     65 

2.7 Frequency dependence of conductivity                 66 

2.7.1 Jonscher’s Power law                  67 

2.7.2 Jump relaxation model         67 

2.8 Various other models        68 

References                     69 

 

Chapter- 3   Experimental Techniques                73-84 

 

3.1 Introduction         74 

3.2 Material used in preparing polymer electrolytes               74 

3.3 Methods and sample preparation              75 

3.4 Characterization Technique       77 

 3.4.1 Fourier Transform Infrared Spectroscopy (FTIR)              78 

 3.4.2 Differential Scanning Calorimetry (DSC)               78 

 3.4.3 X-ray Diffraction (XRD)      79 

 3.4.4 Scanning Electron Microscopy (SEM)               80 

 3.4.5 Transport Number Measurements                81 

 3.4.6 Conductivity Measurement                 82 

References          84 

 



Chapter- 4   Characterization Studies                85-109 

 

4.1 Fourier Transform Infrared Spectroscopy (FTIR)               86 

4.2 Differential Scanning Calorimetry (DSC)                93 

4.3 X-ray Diffraction studies (XRD)   97 

4.4 Scanning Electron Microscopy (SEM)                102 

4.5 Transport Number                   105 

References                     108 

 

Chapter- 5   Conductivity Studies                           110-137 

 

5.1 Introduction         111 

5.2 Complex Impedance Analysis                             111 

5.3 DC Conductivity                   120 

5.4 AC Conductivity                   124 

References                                                                                                   135 

  

 

Chapter- 6   Modulus and Dielectric Analysis                         138-176 

 

6.1 Introduction         139  

6.2 Dielectric Analysis                   139          

6.3 Modulus Analysis                   152 

6.4 Scaling of Modulus                   170 

References                     175 

 

Chapter- 7   Conclusion                          177-180 

 

 

List of Publication                           181-185 

  

 

 



 

 

 

his chapter covers an outline of solid polymer electrolytes followed by its 

classification & development. Different types of Polymer electrolytes are 

discussed in later part of this chapter along with its complexation with 

salt, nanofiller and plasticizer. The concluding part of this chapter consists of various 

applications of these solid polymer electrolytes. 

  

1 CHAPTER   1 

2 INTRODUCTION 

T 
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1.1 Introduction  

The solids which possess very high conductivity have been identified since the 

end of the last century [1-5]. Later, in particular a variety of solids exhibiting appreciably 

high ionic conductivity at their operating temperature has been identified by various 

scientists [6] and named them as “SUPERIONIC MATERIALS”. They are otherwise 

called as Fast Ionic Conductors or Solid electrolytes. The arena of studying such mate-

rials is named as “SOLID STATE IONICS” by Prof. T. Takahshi after which, the field 

gained momentum and attracted many scientists from various sectors of physics Electro-

chemistry, Material Science, Metallurgy and Energy. The study of  the ionic conduction 

in various super ionic conductors in the forms of single crystals, amorphous materials, 

composites, polymeric solids and thin films are widely carried out by the characterization 

of their physio-chemical properties. 

After, the observation of ionic conduction in solid material by Michael Faraday 

about one and half century ago [7], Nernst added its flavor by the development of the sta-

bilized zirconia. This stabilized zirconia is one of the most widely used oxide- solid elec-

trolyte in oxygen sensors which served as a resistance in the heating type light source and 

was known as Nernst Glower. Since then, a remarkable observation was made Tubant et. 

al.[8]and Ketellar [9] that AgI and Ag2HgI4 material respectively shows that  there con-

ductivity increases remarkably when heated to a temperature well below their melting 

point. All this triggered the area of research with an optimum approach in developing sol-

id electrolyte material with operating temperature below its melting point electrolyte such 

as leakage, low energy density, limited operating temperature range etc. By the entry of 

this solid electrolyte material the disadvantages faced by liquids are over come.  

1.2 Solid state electrolyte  

Unlike conventional electrolyte material i.e. liquid electrolyte, solid state electro-

lytes are used. This Solid state materials exhibit high ionic conductivity at ambient tem-

perature and hence are termed as solid electrolytes.  

1.2.1 Classification of Solid electrolyte 

Solid electrolyte i.e., ionic conductors can be broadly classified into two: 
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i) Normal Ionic Conductors (NIC’s) 

ii) Fast Ionic Conductors (FIC’s) 

Normal Ionic Conductors (NICs) 

The more commonly known ionic solids like NaC1, KCl, etc. have a room tem-

perature conductivity of l0
-12

 to 10
-16

 S/cm. In these materials, thermally generated imper-

fections in the periodic arrangement of the lattice structure lead to the migration of the 

ions [10] as shown in Fig. 1.1. Beside this, other metal halides like silver and copper etc.  

have been found to exhibit low ionic conductivity [5]. Therefore, these materials are 

termed as normal ionic conductors (NICs). 

 

Fig. 1.1   Schematic diagram of normal ion conduction 

Fast Ionic Conductors (FICs) 

Solid materials that exhibit high ionic conductivity at ambient temperature are 

termed as Fast ionic conductors (FICs), usually of the order of those found in molten salts

 

Fig. 1.2   Schematic diagram of fast ion conduction [12] 
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 (10
-6

 to 10
-1 

S/cm) at ambient temperature [8]. Due to high ionic conductivity of this sol-

id material compared to liquid electrolytes, they were termed `solid electrolytes' [11]. In 

these solid electrolyte materials, the principal charge carriers are ions they can be both 

cation and/or anion. Fig. 1.2 depicts Schematic diagram of ion conduction in polymer 

electrolyte system. 

1.2.2 Comparison between NIC and FIC 

i) The FICs are characterized by high electrical conductivity ~10
-2

 S/cm at room 

temperature. The NICs have low electrical conductivity of the order of 10
-12

 S/cm. 

ii) Either cations or the anions are the only mobile charge carriers in FICs with a 

transport number 1.0, whereas in NICs both the ions (anion and cation) are mo-

bile. 

iii) The number of mobile charge carriers is approximately 10
22

 cm
-3

 (temperature             

independent) for FICs, whereas it is only 10
16

 cm
-3

 (temperature dependent) for                             

NICs. 

iv) The activation energy for ion migration in FICs is very low, whereas in NICs the 

activation energy for ion migration is high. 

v) In NICs, the conduction process is highly temperature dependent and is essential-

ly a thermally activated process.  

1.3 Timeline of Solid State Electrolytes 

In 1833, Faraday discovered the first silver ion conductor in silver sulfide, Ag2S 

[13, 14]. The oxygen ion conductivity at high temperature was found in yttria stabilized 

zirconia in 1899 by Nernst [15]. Tubant and Lorentz have reported the superionic phase 

in -AgI in 1913 [8]. This discovery stimulated a great interest in the ion conducting 

properties of solids. Later in 1932, Tubant reported high ionic conduction at high temper-

ature in Ag2Se [16.]. Until 1960, only stabilized zirconia and silver iodide (above 147 

O
C) were known to have very high ionic conductivities. In the year 1966, Ag3SI was 

found to exhibit high silver ion conductivity at room temperature [17]. In 1967, sodium 

-alumina was found to have a high sodium ion conductor [18]. Very high ionic conduc-

tivity, to the order of 0.3 S/cm at room temperature was obtained in Rb.Ag4I5 by Bradley 
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and Greene [19] and by Owens & Argue [20] independently. Since then, various kinds of 

cation and anion conductors exhibiting high ionic conductivity at ambient conditions and 

at high temperatures have been synthesized. Numerous cationic (Ag
+
, Cu

+
, Li

+
, Na

+
, K

+
 

etc.), anionic (O
2-

, F
-
)  and proton conductors have been reported. An excellent history of 

the development and a list of these materials are available in the text by Chandra [10]. 

Since then high ionic conductors have been found in glassy or amorphous and polymeric 

forms [10, 21-24]. High ionic transport is also obtained by dispersing insulating particles 

in ionic solids. Such materials are called dispersed solid electrolytes or composite solid 

electrolytes [25]. A wide variety of fast ion conducting materials is available today. De-

pending on the type of mobile ions, they are classified into two categories: (a) anionic 

and (b) cationic. 

1.4 Anionic conductors 

 

Fig. 1.3   Schematic diagram of Anion conduction. 

The high conductivity in anionic conductors is due to the presence of negative 

ions, which are the mobile carriers (Fig. 1.3). There are two types of anionic conducting 

species:  

i) Oxygen ion conductors (O
2-

) and  

ii) Halide ion conductors (e.g. F
-
).  

The ionic conductivity of these conductors is generally temperature dependent as 

well as depends on type impurities with which it is doped. As both these factor control 

the number of point defects and their mobility [26, 27]. Most of the O
2-

 ion conducting 

materials is used for the fuel cells and F- conducting compounds are used for the optical 

fibers [26-28].  



6 

 

1.4.1 Oxide ion conductors 

Generally, oxides conductors like CeO2 and ThO2 have fluorite structure between 

the room temperature and melting points. These oxides are distinctive in the way that 

they form solid solutions in an unusually wide composition range with alkaline earth 

oxides such as CaO and Y2O3. Enhancement in ionic conductivity of about two orders of 

magnitude is generally observed. Later, other compounds like yttria stabilized Thoria and 

calcia stabilized Zirconia with distorted fluorite structure have been found to have good 

oxygen ion conduction. In general, under this classification, a homogenous solid solution 

phase is easily formed when the cation size of a host (such as CeO2) and a guest (such as 

Gd3O3) are almost equal. These oxygen ion conductors are found to have a wide range of 

application in solid state ionic devices like sensors, partial pressure gauges and fuel cells. 

[29] 

1.4.2 Fluoride ion conductors 

According to Gellings et.al. [30] fluoride ion, generally  is thought to be more 

mobile in the solid state compared to oxide ion. However, the ionic radii of both these 

ions are almost same ~1.4 A
0
, but its mono-valence results in higher mobility. Also, Fluo-

rine ion being the smallest among the halogen series provides good anionic conduction, 

as in -PbF2 the first known fast ionic conductor which exhibits an ionic conductivity of 

10
-6

 S/Cm at ambient temperature. The solid solution of PbF2 with SnF2 i.e. PbSnF4, and 

CaF2 with rare earth fluoride such as LaF3 has exhibited conductivity of the order of 10
-3

 

Scm-1 at ambient temperature [31, 32]. The fluoride ion conductivity of PbF2 has also 

been enhanced by three orders of magnitude by the dispersion of submicron size particles 

of insulating oxides like Al2O3 and SiO2 [33]. F
-
 ion conduction has also been realized in 

glassy electrolytes [34] and nanometer size multilayer structures of BaF2/CaF2 by mole-

cular beam epitaxy on alumina substrates at 770 K in which Fluoride ion exhibits space 

charge layer conduction [35]. Fluoride ion conducting materials have also been intro-

duced as electrode materials for rechargeable lithium batteries due to the high electro ne-

gativity value of fluorine and high free energy of formation [36]. 

1.5 Cationic conductors 
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The conductivity in cationic conductors is due to the presence of positive ions, 

which are the mobile carriers in these materials. Cationic conducting fast ionic conduc-

tors are further classified on the basis of different mobile ions such as silver ion, copper 

ion, lithium ion and sodium ion. 

1.5.1 Silver ion conductors 

This category of ion conductors are widely studied and used since many decades 

due to their high ionic conductivity at ambient temperature. In few polycrystalline Com-

pounds such as RbAg4I5, Ag3SI and Ag6I4WO4 high ionic conducting is observed [37, 

38]. The unique example of superionic conductor is α-AgI which undergoes a phase tran-

sition at 147
0
C and exhibiting exceptionally high ionic conductivity due to structural dis-

order originating in its crystallographic nature. Fast silver ion conduction has also been 

reported on glassy [39] as well as polymer electrolyte systems [40]. However, solid elec-

trolytes with Ag
+
 as mobile ion have low decomposition potentials and low energy densi-

ties when used in solid state batteries. 

1.5.2 Copper ion conductors 

These classes of ion conductors is similar to that of silver ion conductors in size 

and co-ordination number but the number of copper ion conductors is very small. In 

1973, Takahashi et al. [41] and Sammells et al. [42] have independently prepared large 

number of copper compounds with large organic cations. Generally, most of the copper 

ion conducting materials are obtained by stabilizing the high conducting α -phase of CuI, 

at ambient temperatures similar to silver ion conductors. The replacement, of silver ion 

by copper ion is scientifically as well as practically beneficial due to its low cost com-

pared to silver. Copper ion conducting amorphous electrolytes, such as, CuI-Cu2O.MoO3 

and CuI-Cu2O-P2O5 have also been reported to have high conductivity of the order of 10
-2

 

S/cm at ambient temperatures [43, 44]. However, there is a possibility of electronic con-

ductivity in Cu
+
 based glasses since copper has two oxidation states. 

1.5.3 Lithium ion conductors 
A wide variety Lithium ion conducting solid electrolytes has been developed 

since past many years. Such rapid development of this class of electrolytes is due to its 

wide range of application in high energy density batteries due to their light weight, ease 
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of handling and high electrochemical potential [45, 46].  The small cationic size as well 

as high polarizing power of lithium ion makes this class of solid electrolyte as a best 

choice for various applications as compared to other ions.  Numerous lithium ion con-

ducting systems such as Li2O-LiX- MxOy (X = I, Br, Cl; MxOy = P2O5, B2O3) [47, 48], 

Li2S-GeS2  , Li–Na–β-alumina [49], LiAlSiO4 [50]  etc. and polymer electrolytes:  PEO- 

LiCF3SO3, PEO-LiBF6, PEO-LiClO4 ,etc have also been reported to possess high ionic 

conductivity enabling these electrolytes for their practical application in solid state ionic 

devices.  

1.5.4 Sodium ion conductors 

Sodium ion conductors or β -Alumina family of compounds having the general 

formula M2O.nX2O3, where M is a monovalent cation (M = Cu
+
, Ag

+
, Na

+
, K

+
), X is a 

trivalent cation (X = Al
3+

, Ga
3+

, Fe
3+

) and n can have values in the range of 5 to 11, are 

most important member of this family due to their two-dimensional ionic structure for 

which various kinds of solid electrolyte materials can be derived. Among these, sodium 

β-alumina exhibits an ionic conductivity of the order of 10
-2

 S/cm at ambient temperature 

and it is the well known sodium ion conductor [51]. A large number of sodium ion con-

ducting systems analogous to the lithium ion conducting counterparts e.g.; Na7M3(X2O7)4 

(M =Al; Ga; Cr; Fe, X D P; As) [52], Na2O-NaCl-Na2O-B2O3, PEO–NaI–SiO2, ranging 

from composites[53], polymer electrolytes[54] and glasses [55] have been investigated 

for device applications. 

1.6 Classification of Solid electrolytes 

1.6.1 Glasses 

Glasses are prepared by quenching a molten mixture of network or glass formers 

(SiO2, Al2O3 and B2O3 etc) and network modifers (Ag2O, Na2O and BaO etc). Addition 

of metallic salts (LiI, AgI, NaI and CuI etc) enhances the ionic conductivity. All glasses 

are characterized by their glass transition temperatures (𝑇𝑔). They can be used to stabilize 

a high temperature phase at room temperature, such as the conducting glass 82AgI-

13.5Ag2O -
 
4.5 B2O3, which shows conductivity of the order of 10

-2 
S/cm at room tem-

perature. 
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1.6.2 Gels 

Gel electrolytes are macroscopically solid but show liquid like behavior micro-

scopically, due to the presence of a large number of micropores filled with liquid. Aero-

gels are an interesting class of gels. They have very high porosity (~ 90%) and large sur-

face area per unit mass. The structure of aerogels can be modeled in terms of fractals and 

the extremely high specific surface area can lead to interesting properties. Gels in the 

form of thin films are usually prepared by the sol-gel technique and are increasingly re-

placing materials prepared by other popular methods of depositing films like vapor depo-

sition and electro-deposition. Many materials of the above discussed categories, especial-

ly polymers and glasses can be fabricated in the form of gels. 

1.6.3 Polymers  

Polymers are substances containing a large number of structural units joined by 

the same type of linkage. These substances often form into a chain-like structure. Poly-

mer electrolytes are obtained by complexation of such chain like structure polymer with 

certain salts. This is a comparatively new class of fast ion conductors and a lot of new 

work is still being done on in this field. There may be both solid and gel polymer electro-

lytes depending on the host polymer used. Detail discussion of this class of electrolytes is 

done in later part of this chapter.  

1.7 Solid polymer electrolytes (SPEs) 

The class of ionically conducting solid material based on host polymer with a va-

riety of guest salt species form Solid Polymer Electrolytes (SPEs). 

1.7.1 Properties of host Polymer  

To act as a successful polymer host, a polymer should generally have a minimum 

of three essential characteristics [56]:  

i) A polymer repeat unit should have a donor group (an atom with at least 

one lone pair of electron) to form coordinate bond with cations.  

ii) Low barriers to bond relation so that segmental motion of the polymer 

chain can take place readily.  
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iii) A suitable distance between coordinating centers because the formation 

of multiple intra-polymer ion bonds appears to be important.  

Numerous potential polymer hosts for solid polymer electrolyte have been tried. 

These include both polyethers as well as nonpolyether classes [57]. Fig. 1.4 represents 

 

Fig. 1.4   Some polymers used in solid polymer electrolytes  

few such polymers which can be used as hot for polymer electrolytes. Among the po-

lyethers besides PEO, propylene oxide (PPO), PEO-PPO, PEO-PPO-PEO etc. have been 

successfully tried for reasonable conductivities. But PEO proves to be ideal candidate 

among all available electrolyte materials. 

Poly (ethylene oxide) (PEO) polymer 

 

Fig. 1.5   crystal structure of poly (ethylene oxide) [23]. 

For an ideal electrolyte material the common donor groups must be oxygen atom 

as in case of polyethers (e.g. PEO, PEG and PPO), sulphur atoms for polysulphide or ni-
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trogen atom for polyimine (e.g. PEI). Considering, simple electrostatic law, the order of 

stability for coordination of alkali metals or alkali earth ions to sites with different hete-

roatom would be expected to follow the relative values of the negative charge on the lat-

ter: O > NR > NH > S, where R is n-C8H17 [58, 59]. Out of many macromolecules which 

satisfy the above mentioned criteria, none have shown any advantage over poly (ethylene 

oxide) PEO. The property to forms an extremely large range of metal salt complexes has 

made PEO the most widely studied host polymer till to date. Its commercial interest is 

high from the point of view of cost, as it is easy to prepare, it has both the liquid and the 

solid types, and it has high chain flexibility and easy solubility in a number of common 

organic solvents such as methanol and acetonitrile.  

Another point to be mentioned is that the polymer backbone also should be flexible to 

curl around the cation and the length of monomeric unit must be such that the donor 

groups are neither too far from, nor too near to each other. This can be observed from the 

fact that although PEO (-CH2-CH2-O-) coordinates a number of cations, -CH2-O and -

CH2-CH2-CH2-O- are not good host polymers. PEO is a semi-crystalline polymer consist-

ing of crystalline and amorphous regions which was confirmed from X-ray, DSC and IR 

studies. The -CH2-CH2-O- repeat unit of PEO makes its most stable configuration to 

adopt a helical conformation. The crystal structure of PEO has been determined by Taka-

hashi and Todokoro [60]. The ability of the PEO polymer chins to orient of on applica-

tion of stress high degree of flexibility. From the IR and Raman studies [61, 62], it was 

the confirmed that the rotation of chain for crystalline PEO have been obtained. A sche-

matic diagram of it is shown in Fig. 1.5. But, in the amorphous and molten state, the con-

formation of such rotation is more disordered.  

During the transient stages of crystallization, majority of the crystallisable poly-

mers form spherulites as the dominant morphological entity [63]. As their name suggests, 

these are spherically symmetric arrays of lamellar crystals immersed in the amorphous 

materials as seen from the schematics Fig. 1.6. The structures in polymer spherulites are 

in fact due to highly elongated chain-folded lamellae, radiating from a central point. 

1.7.2 Complex Formation 

Complexation is the process by which the parent polymer and the salt interact to 
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Fig. 1.6   Structure of a spherulites and helical chains stacked together in a well-ordered 
lattice of crystalline lamellae and amorphous inter-lamellar links [64]. 

form a polymer-salt complex [65] as shown in Fig. 1.7. Generally, the method adopted 

for the preparation of many polymer electrolytes till date is complexation only. Most of 

these complexes are prepared by solution cast method. In this method, a salt and a poly-

mer is dissolved in a common solvent such as methanol or acetonitrile. The solution is 

stirred for a few hours for complete dissolution of salt and polymer and a viscous solution 

is obtained. This viscous solution is then cast on a Teflon or polytertafluoroethylene sur-

face and kept in an inert atmosphere for slow evaporation of the solvent. Vacuum drying 

and heating processes are also used to make sure that all the remaining solvents are re-

moved from the solution.  

Consistency in the casting process is a very important requirement. The tempera-

ture at which the films undergo drying is also important as higher temperatures usually 

induce the formation of high-melting spherulites as the sample cools [56]. Moreover, 

crystal formations may be effected by the nature of the solvent, its rate of removal and 

the traces of the solvent left which may act as nucleation site or plasticizer [56]. 

Characteristics of salts favorable for complexation 

The characteristics for a salt to be suitable for polymer-salt complex formation are 

[56]: 
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i) Low lattice energy or high solvation energy,  

ii) Smaller cationic radii and bigger anionic size, 

iii) The charge density of the anion should be low to reduce the number of 

ion-pairs with cations. Among the most frequently used anions, the ionic 

conductivity for a given cation (e.g. Li
+
) increases in the sequence given 

below: 

𝐶𝐻3𝐶𝑂𝑂
−  < 𝐹− < 𝐶𝑙− < 𝐵𝑟− < 𝐼− < 𝑆𝐶𝑁− < 𝐶𝑙𝑂4

−  < 𝐵𝐹𝑂4
−  < 

𝐶𝐹3𝑆𝑂3
− < (𝐶𝐹3𝑆𝑂2

−)2𝑁
− 

The large `soft' anions towards the right such as 𝐶𝑙𝑂4
− or 𝐶𝐹3𝑆𝑂3

− which have low 

ion-dipole stabilization energies, but relatively large energies of solvation due to mutual 

polarizability, are therefore likely to be the most suitable choice for polymer electrolytes. 

But different kinds of salts have been used for forming the salt-polymer complexes. Most 

common are the monovalent cations: Li
+
, Na

+
, K

+
, Cs

+
 and NH4

+
. Some divalent cations: 

Mg
2+

, Zn
2+

, Ni
2+

, Co
2+

 and some trivalent cations like La
3+

, Nd
3+

 and Eu
3+

 have also been 

used [60] 

 

Fig. 1.7   A schematic diagram of interaction of parent polymer and salt. 

 AgCF3SO3 and LiCF3SO3 Salts  

Silver trifluromethane sulphonate (AgCF3SO3) and lithium trifluromethane sul-

phonate (LiCF3SO3) are constructed of silver (Ag
+
) and lithium (Li

+
) cation respectively 

and trifluromethane sulphonate (CF3SO3
-
) as anion. Structure of AgCF3SO3 is shown in 

Fig. 1.8. Both these salts i.e.; AgCF3SO3 and LiCF3SO3 posses almost all the characteris-

tics mentioned in the previous sub-section. The Li-salt has low ion-dipole stabilization 

energy and also large salvation energy. Due to small cationic size and high polarizing 
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power of Li
+
-ions as compared to other ions it is widely used as dopant salt. Many re-

search groups have pursued research on a viable solid-state inorganic Li
+
- ion conducting 

solid electrolyte since the 1970s for solid-state lithium batteries application. 

 Literature survey reflects that LiCF3SO3 as dopant salt is extensively studied do-

pant salt [66-70], but major drawback of lithium dopant salt is its toxic nature which mo-

tivated research workers to explore few other salts too.  In this race of searching an alter-

native of lithium salt Silver based salt have merged to be an appropriate choice [71, 72]. 

 

Fig. 1.8   Schematic structure of AgCF3SO3. 

1.7.3 Fillers 

Fillers are particles added to material to modify the structure of existing product 

or to make better properties of the mixture material. Nano fillers are those materials 

which have the structural features in between of those of atoms and the bulk materials 

while most micro-structured fillers have similar properties to the corresponding bulk ma-

terials. The properties of materials with nanometer dimensions are significantly different 

from those of atoms and bulks materials. This is mainly due to the nanometer size of the 

materials which render them:  

 large fraction of surface atoms;  

 high surface energy; 

 spatial confinement;  

 reduced imperfections, 

 chemically and electrically inert. 

The main purpose of dispersion of inorganic filler is to improve the mechanical 

stability in the polymer electrolyte system. Dispersion of inorganic fillers can also im-

prove the ionic conductivity in a polymer electrolyte. Besides improving the transport 
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properties, the addition of ceramic filler has been found to enhance the interfacial stabili-

ty of polymer electrolytes. Addition of nanofiller increases the free volume of the poly-

mer electrolyte as shown in Fig. 1.9. 

 

Fig. 1.9   A schematic diagram indicating increase in free volume on addition of nanofiller 
into the polymer electrolyte. 

Silicon dioxide (SiO2) 

Silicon dioxide, also known as silica (from the Latin silex), is a chemical com-

pound that is an oxide of silicon with the chemical formula SiO2. It has been known since 

ancient times. In the majority of silicates, the Si atom shows tetrahedral coordination, 

with 4 oxygen atoms surrounding a central Si atom. The most common example is seen 

in the quartz crystalline form of silica SiO2. In each of the most thermodynamically stable 

crystalline forms of silica, on average, all 4 of the vertices (or oxygen atoms) of the SiO4 

tetrahedra are shared with others, yielding the net chemical formula: SiO2. The two- di-

mensions amorphous structure of glassy silica (SiO2) is shown in Fig. 1.10. No long-

range order is present; however there is local ordering with respect to the tetrahedral ar-

rangement of oxygen (O) atoms around the silicon (Si) atoms. Note that a fourth oxygen 

atom is bonded to each silicon atom, either behind the plane of the screen or in front of it; 

these atoms are omitted for clarity. 

Aluminum Oxide (Al2O3) 

Fig. 1.11 shows a unite cell of Aluminum Oxide (Al2O3). Aluminum Oxide, 

Al2O3, commonly referred to as alumina, is the most cost effective and widely used ma-

terial in the family of material science. The raw materials from which this high perfor-

mance technical grade ceramic is made are readily available and reasonably priced, re-

http://en.wikipedia.org/wiki/Silex
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sulting in good value for the cost in fabricated alumina shapes. With an excellent combi-

nation of properties and an attractive price, it is no surprise that fine grain technical grade 

alumina has a very wide range of applications. Excellent size and shape capability, high 

strength and stiffness, available in purity ranges from 94%, an easily metallizable compo-

sition, to 99.5% for the most demanding high temperature applications. 

 

Fig. 1.10   Structure of SiO2. 

Aluminum oxide possesses strong ionic interatomic bonding giving rise to its de-

sirable material characteristics. It can exist in several crystalline phases which all revert 

to the most stable hexagonal alpha phase at elevated temperatures. The composition of 

the ceramic body can be changed to enhance particular desirable material characteristics. 

An example would be additions of chrome oxide or manganese oxide to improve hard-

ness and change color. Other additions can be made to improve the ease and consistency 

of metal films fired to the ceramic for subsequent brazed and soldered assembly. 

 These inorganic nano fillers (Al2O3 and SiO2) are hydrophilic compounds due to 

the presence of hydroxyl groups on the surface. These nano-filler are a superior candidate 

as inorganic inert filler because it provides large surface contact area with its branched 

primary structure. It thus enhances the volume fraction of amorphous proportion of po-

lymer systems and thereby increases the ionic conductivity. A part from that, the incorpo-

ration of nano-filler improves interfacial stability. Moreover, these nano-fillers have high 

ability to tailor the surface functionalities by forming the native surface and also by giv-

ing rise to flaw by reducing the fracture strength in the polymer chains.  
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Fig. 1.11   Al2O3 unit cell is shown superimposed on the repeated stacking of layers of close- 
     packed O

2-
 ions. The Al

3+
 ions full two-thirds of the small (octahedral) interstices be-
tween adjacent layers. 

Advantages of nano fillers 
 It enhances the mechanical properties such as modulus, tensile or 

tears strength etc. 

 It serves as abrasion resistance. 

 It increases the ionic conductivity 

 It enhances the volume fraction of amorphous proportion of poly-

mer systems. 

 It improves interfacial stability of the polymer systems. 

1.7.4 Plasticizer 

Plasticizers are low molecular weight material. Plasticizers work by embedding 

themselves between the chains of polymers, spacing them apart (increasing the "free vo-

lume"), and thus significantly low1ering the glass transition temperature for the plastic 

and making it softer. A wide variety of plasticizers are available few of them are depicted 

as follows: Polyethylene glycol (PEG), Ethylene carbonate (EC), propylene Carbonate 

(PC), diethyl formamide (DMF) [73] etc.  

Characteristics of plasticizer 

The main features of the plasticizer are [74-76]; 

 Specific nature of the plasticizer  

 Low viscosity  

 High dielectric constant,  
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 High salt solvating power 

 Polymer-plasticizer interaction,  

 Ion-plasticizer coordination 

 Increases mobility of ionic conduction 

 Reduction in crystalline nature. 

Poly (ethylene glycol) PEG Plasticizer 

Polyethylene glycols (PEGs) are prepared by polymerization of ethylene oxide 

and are commercially available over a wide range of molecular weights from 300 g/mol 

to 10,000,000 g/mol. PEG is also known as the low molecular weight waxy or soft solid 

PEO which has the end product of the polymerization of ethylene oxide (oxyalkylation)  

 

Fig. 1.12   Chemical structure of Polyethylene glycol (PEG). 

in the presence of Lewis acid or base catalysts. PEG is similar to PEO i.e., semicrystal-

line and water-soluble polymers that are commercially available in a wide range of mole-

cular weights depending on the number of monomers. While PEG and PEO with different 

molecular weights find use in different applications and have different physical properties 

(e.g., viscosity) due to chain length effects, their chemical properties are nearly identical. 

Polyethylene glycol is produced by the interaction of ethylene oxide with water, ethylene 

glycol, or ethylene glycol oligomers. The reaction is catalyzed by acidic or basic cata-

lysts. The chemical formula is H(OCH2CH2)n OH .  

The chains can adopt either a helical or extended structure depending upon the 

electrostatic interaction of the oxygen units with either ions or charged surfaces. Lower 

molecular weight (Mw<1000) PEGs are viscous and colorless liquids, while PEGs with 

the molecular weight of 800 to 2000 is pasty or flaky materials with a low melting range, 

while above a molecular weight of 3000, PEGs are available in solid form with the melt-

ing point to a upper limit of about 65
o
C. Fig. 1.12 depicts the Chemical structure of Po-

http://en.wikipedia.org/wiki/Viscosity
http://en.wikipedia.org/wiki/Ethylene_glycol
http://en.wikipedia.org/wiki/Ethylene_glycol
http://en.wikipedia.org/wiki/Ethylene_glycol
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lyethylene glycol (PEG). 

1.8 Different Polymer electrolytes 

Polymer electrolytes are generally classified into: 

 Polymer-salt electrolytes/ Solid Polymer electrolytes (SPE) 

 Nano Composite Polymer Electrolytes (NCPE) 

 Plasticized Composite Polymer Electrolytes 

 Plasticized Nano Composite Polymer Electrolytes (PNCPE) 

1.8.1 Polymer-salt electrolytes /Solid Polymer electrolytes (SPE) 

 

Fig. 1.13   Different mechanisms of cation motion inside polymer electrolyte: assisted by    
           polymer chain motion : a) intra-chain hopping ; b) inter-chain hopping [77]. 

Polymer electrolytes (PEs) or solid polymer electrolytes (SPEs) are basically 

made up of a polymer and a salt that can form a complex with the polymer. The main ad-

vantage of polymeric electrolytes is their favorable electrical, optical, and mechanical 

properties; ease of fabrication in thin-film form; and ability to form effective electrode– 

electrolyte contacts. To achieve a well-complexed polymer electrolyte system, the choice 

of polymer, as well as that of the metal salt, plays the key role. The choice of the polymer 

host depends mainly on the characteristics of (1) the presence of a sequential polar group 

with large sufficient electron donor power to form coordination with cations; (2) a low 

hindrance to bond rotations, thereby favoring easier segmental motion; and (3) a suitable 

distance between coordinating centers, to form multiple intra-polymer ion bonds. Hence, 

such characteristic polymers, like polyethylene oxide (PEO), polypropylene oxide, polye-

thylenimine, and polyethylene succinate, have been examined as host polymers [78-81]. 
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Fig. 1.14    A cartoon of thermally activated process 

Various alkali metal-ion-conducting polymer electrolytes were reported in the li-

terature. Few such PEO-based systems complexed with NaI [82], NaClO4 [83], NaSCN 

[84], and NaCF3SO3 [85] and lithium salts such as LiBF4, LiF6 and LiB(C6H5)4 [86], 

LiSCN [87], and LiCF3SO3 and LiClO4 [88] have been studied. As stated by most expe-

rimental work, cation mobility occurs in the amorphous phase and its diffusion occurs 

through a complex mechanism involving the PEO segmental mobility. For that, crystalli-

zation has to be avoided by modifying the polymer structure or by adding salts to inhibit 

regular packing. A schematic diagram is shown in Fig. 1.13 indicating inter-chain and 

intra-chain hopping mechanism as part of their conduction process. But, on increasing the 

salt content further cluster formation starts which hinders the conduction process. This 

leads to decrease in ionic conductivity. Ionic conductivity of Solid polymer electrolyte is 

also a thermally activated process, as on heating the polymer chain expands and become 

more flexible. Generally, in SPE conduction takes place in amorphous region, therefore 

on increasing in flexibility enhancement in conductivity is observed. A cartoon of such 

thermally activated process is shown in Fig. 1.14. The main limitation of these solid po-

lymer electrolytes is its low ionic conductivity at ambient temperature.   

1.8.2 Nano Composite Polymer Electrolytes 

Solid polymer electrolytes (SPEs) suffer from many technical limitations which 

includes low ionic conductivity, low transference number, poor mechanical stability and 
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poor electrolyte-electrode contact. These limitations are removed to a great extent by the 

introduction of nanofillers in the SPEs.  

 

Fig. 1.15   Schematic diagram of polymer electrolyte system (1) without nanofiller and (2) 
with nanofiller 

The composite formed by dispersing the fillers in the polymer electrolytes are 

known as “composite polymer electrolytes” (CPE’s) [89]. Addition of chemically inert 

and electrically insulating nano-filler such as SiO2, Al2O3, TiO2, ZnO, etc [90] to SPE’S 

enhances their conductivity by a few orders of magnitude [91-93]. Conductors thus 

formed are known as “Nano Composite Polymer Electrolytes (NCPE)”.  These NCPE’s 

offer’s some attractive advantages such as superior interfacial contacts, highly flexible, 

improve ionic transportation, high ionic conductivity and better thermodynamic stability. 

Fig. 1.15 depicts the polymer systems without (1) and with (2) nano-filler. Addition of 

nano-filler increases the free volume in the material by generating new conducting path-

ways. Ion prefers to travel through this pathway which results in enhancement of conduc-

tivity as shown in Fig. 1.16. 

Various research workers’ had different perspectives regarding the mechanism of 

nano-filler. Weston and Steele [92] were the first to report the improvement of mechani-

cal properties of (PEO) 8LiClO4 on doping with -alumina powder of 40 µm size. Since 

then there have been a lot of interest in CPE's and most of these studies have been carried 

out with high molecular weight PEO. It has been found that in addition to the mechanical 

properties, the doping of inorganic fillers lead to improvements in ionic conductivity, 

transference number and interfacial behavior with lithium metal electrodes. Croce et.al. 

[94] used Lewis-acid base type model to explain enhancement in conductivity. According 

to which nano-filler inhibits recrystallization of host chains and providing new conduct-
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ing path ways at the filler surface through Lewis- acid base interaction among different 

species in SPE.  

 

Fig. 1.16   Li ion prefers to conduct through new conducting pathways. 

Jow and Wagner [95] suggested that the enhancement might arise from formation 

of a space-charge layer along the interface between the two phases, thus giving rise to 

increased charge density and conductivity along the interface. Roman et al. [96] have 

used a three-component percolation type model to explain the increased conductivity. 

They included three regions; a conductive phase corresponding to the bulk electrolyte, a 

highly conductive phase at the interface and the insulating phase itself. They found two 

thresholds and their model can fit the observed behavior for LiI/Al2O3 nearly quantita-

tively with the percolation model. Wang and Dudney [97] have presented a calculation 

based on a representation of the composite material as an arrangement of cubic particles, 

with the center of each cube constituting the insulating phase, and the concentric cubic 

layers about this insulating cube representing areas of enhanced conductivity. Outside of 

these layers, the conductivity is uniform, fixed at the value of the pure electrolytes. To fit 

the experimental concentration dependence, they have considered the conductivity in the 

cubical sheath region that exhibits a relatively sharp maximum at a distance roughly 

600Ả from the cube center. They suggested that this behavior is a combined result of car-

rier concentration and mobility. 

1.8.3 Plasticized Polymer Electrolytes 

Another alternative method to enhance the ionic conductivity of SPEs is addition 

of Nonvolatile monomeric liquid or low molecular weight polymer additives [98-100]. 
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These additives are known as plasticizers. 

 

Fig. 1.17   A schematic diagram of plasticized polymer electrolytes. 

A schematic diagram of such plasticized polymer electrolytes is shown in Fig. 

1.17. Wide variety of plasticizers is used few of them are ethylene carbonate (EC), pro-

pylene Carbonate (PC), diethyl formamide (DMF) and very low molecular weight polye-

thylene glycol. Addition of plasticizers tends to decrease the ion association by increasing 

the relative permittivity of the system. It also lowers the glass transition temperature and 

the crystallinity of the semi-crystalline polymers. Moreover, plasticizers often provide an 

alternate conduction path such that the ion motions may be decoupled from the local mo-

tions of the polymers. 

The increase in concentration of plasticizer causes the transition from the glassy 

state to rubbery region at progressively lower temperature. Eventually, it results in a max-

imum segmental motion of ions [101]. However, upon addition of plasticizer, some limi-

tations are obtained such as low flash point, slow evaporation, and decreases in thermal 

and mechanical properties, electrical and electrochemical stabilities. 

1.8.4 Plasticized Nano Composite Polymer Electrolytes (PNCPE) 

There are many reports on ionic conductivity enhancement in SPEs by incorpora-

tion of plasticizers. Also, many studies have been focused on enhancement of ionic 

conductivity by addition of nano sized filler. However, very few reports are available in 

the Literature dealing “Combined effect” [102] of plasticizer and nanofiller on electric-

al and thermal properties of SPE’S. Hence, the recent trends are incorporating plasticiz-

er into nanocomposite polymer electrolytes (NCPE’s).  Such studies are particularly 
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important as the loss of mechanical strength of the electrolyte membranes due to plasti-

cization could be re-gained they the incorporation of the nano-filler and vice versa. 

Plasticization of nanocomposite polymer electrolytes helps in improving the ionic con-

ductivity of polymer electrolytes.  To increase amorphous nature of the system, low 

molecular weight plasticizers are added to the conventional PEO-Salt-nano-filler 

(NCPE) matrix [103-105]. The low viscosity of the plasticizer decreases glass transition 

𝑇𝑔  value and increases the amorphous content, whereas high dielectric constant of plas-

ticizer helps to get better ionic dissociation. The decrease in glass transition 𝑇𝑔  values 

results, in an increase in the local chain flexibility which is coupled to the ion mobility.  

Some possible explanations for the above observation are 

i) Decrease in the degree of crystallinity. 

ii) Increase in disorder. 

iii) Changes in the glass transition temperature. 

iv) Lewis acid-base interactions at the surface of the nano-filler. 

v) Decrease in ion-association and ion-polymer interaction. 

vi)  Increase in ion-mobility. 

vii)   Space-charge formation and improved conduction pathways. 

viii) Electrostatic interactions between the ionic species and the fillers. 

1.9 Application 

Solid state electrolytes have a wide spectrum of industrial applications such as 

Battery and Non-battery application. 

1.9.1 Battery applications 

In 1748 Benjamin Franklin first coined the term battery. A brief history of battery 

is mentioned in Fig. 1.18. A battery or cell is a device that produces electric energy from 

a chemical reaction. 

A cell/battery consists of a negative electrode, an electrolyte, which conducts 

ions; a separator; also an ion conductor and a positive electrode. Battery or cell is further 

classified into Conventional cells, Solid state battery and Fuel cells. 
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Fig. 1.18   A brief history of batteries 

Conventional cells 

The nickel –cadmium cells are the commercial batteries available for long since 

after the dry cells. These batteries have the mechanism almost similar to the zinc anode 

and manganese di-oxide cathode with KOH or NH4Cl+ZnCl2 dry cell with the proton and 

electron diffusion. The proton diffusion enables a reversible reaction at the nickel elec-

trode and hence the cells could be recharged. Similarly, lithium cells have been commer-

cialized from mid 1970, as a power sources for calculators, watches and semiconductors 

devices. These batteries could not recharge. They are divided into two major types of ca-

thode materials, graphite fluoride and MnO2 type. LiClO4 and LiBF4/ propylene carbo-

nate are often used. 

Among various solid electrolytes, stabilized zirconia and -alumina are widely 

used in sodium –sulfur batteries. The principle, of sodium-sulfur batteries was established 

in 1967 by Kummer and his co-workers [106]. These batteries generates as emf of about 

2.17V. Sodium-sulfur batteries are high density batteries compared with the conventional 

batteries. The theoretical energy density by weight is 790 Wh / kg is 4.7 times greater 

than the lead acid battery. They possess high operating temperature range and the actual 
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energy density is 200 to 300 Wh /kg. These features are favorable to use them as power 

sources for electric vehicle and power storage systems. 

 Solid state batteries with copper and silver as active materials have also been 

brought into the scientific picture but they exhibit only 0.067-0.69V, which is less than 

half the value of the manganese dry cells. Generally, the electrolytes used are RbI3 with 

(CH3)4NI9 as cathodes. A five layer battery composed of RbAg4I5 as the electrolytes ex-

hibits 3.3V. The energy density is not so high but the shelf life has been observed to be 

10years. A battery with RbCu16I7Cl13 (electrolyte), Cu-CuxTiS2(cathode) and CuxMo6S8-y 

(anode) has been reported.  

Solid State Batteries 

In the early stages, batteries used to have liquid electrolytes and many of these 

batteries had a lot of disadvantages. Liquid electrolyte batteries have a limited working 

temperature range and are less rugged. These batteries did not have design flexibility and 

usually have a much shorter shelf life compared to solid electrolyte batteries. Leakage 

was another problem related to liquid electrolyte batteries. With the advent of solid elec-

trolyte batteries, most of these limitations are overcome, not only as electrolyte materials, 

but solid electrodes are also used as electrode materials for battery applications.  Li
+
 

based batteries are the most widely used solid state batteries, because of the high energy 

density and high current capability. Due to the advantage of design flexibility, these bat-

teries are being used in quite a lot of electronic gadgets of varied sizes and shapes. 

Fuel Cells 

High temperature solid oxide fuel cells (SOFCs) have become of great interest as 

a potentially economical, environment friendly and energy efficient means of producing 

electricity [107, 108]. SOFCs are but only one type of fuel cell. Fuel cells are devices ca-

pable of giving continuous electrical voltage and current by electrochemically combining 

fuel and air across an ion conducting material. They work almost on the same principle as 

the batteries, but need to be supplied with fuel and air continuously. In SOFCs, the ion 

conduction takes place via vacancy mechanism. Ceramic materials like zirconia (ZrO2) 

[109] or ceria (CeO2) can be prepared with oxygen ion vacancies; sometimes this is 

achieved by doping. These materials start conducting through oxygen ion vacancies at 
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high temperatures, when air is used as one electrode. Some of the fuel cells like direct 

methanol fuel cells (DMFCs) use polymer electrolytes and work at a much lower temper-

ature compared to SOFCs. They are eco friendly, cost effective, light and compact, easy 

to fabricate and highly energy efficient devices which have considerable potential for 

small and large scale applications. 

1.9.2 Non-battery application 

Beside, battery application solid polymer electrolytes have been widely used in 

sensing devices. As sensors are key elements in the fast developing industrial field. In gen-

erally, sensors are devices, which convert physical or chemical quantities into electrical sig-

nals, which can be processed and counted. The sensors are employer to carries out a quantita-

tive analysis of a certain property of the substance depending upon the requirement. Few 

such sensors are discussed below: 

Sensors 

Most of the sensors are based on fast ionic conductors. They basically use these 

two principles: 1) the chemical potential difference across the electrolyte material (poten-

tiometric sensor) and 2) the charge passed through the electrolyte (amperometric sensor). 

Many of these sensors are used in gas and humidity sensing. When the electrolyte is kept 

at two different pressures (e.g. exposed to two different gases at different pressures, one 

as reference gas), a low e.m.f. is produced due to the flow of ions. Sensors based on FIC 

materials are classified into three major types. In type I sensors, the gas to be detected 

coupled directly with the mobile ions of the solid electrolytes through an electrochemical 

reaction: O2 + 4e
-
  2O

-
2. In type II sensors, the oxygenic gases like CO2 are converted 

into the immobile ions (CO3
2-

 of the solid electrolyte). In type II sensors, the cell is at-

tached with a porous layer of Na2SO4 or Na2CO3 (auxiliary phase) respectively to detect 

some of the gases like SO2 or CO2 with an electrochemical cell using NASICON [110]. 

The base electrolyte itself has nothing to do with the oxygenic gases. This type of sensors 

has an advantage that it does not need a reference gas for operation. 

Mostly all the sensing devices measures chemical or physical quantities. But for 

making the device to be handy, speedy-and easy, the quantity measured is made to be 

electrical signal. Determination of the concentration of ions (Chemical Sensing) is more 
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probable for making this a successful one. Sensors have been widely used throughout the 

word as hazard alarms for homes use to control units for automated production lines. Au-

tomated oxygen sensors based on zirconia are used in the combustion control and for 

preventing air-pollution. Chemical sensors are of four types namely: 

i) EMF type: transducing the difference of chemical potential into (yttria-stabilized 

zirconia (YSZ) and calcia stabilized zirconia (CSZ)  are widely used for this 

types of sensors) (used in nuclear power plants ) 

ii) Limiting current types: transducing the concentration of the species concerned 

into the limited current of an electrolyte cell (A system of air –H2 is used for this 

type) 

iii) Semiconductor types: utilizing the conductivity changes of semiconductor on ad-

sorption or partial reducing of semiconductors. 

iv) FET type: utilizing changes of source –drain current of a FET on absorption of 

chemical species onto its gate electrode. 

Sensors made of -alumina, LaSrCoO3, AgCl (+Ag2S), AgI (+Ag2S), CdS 

(+Ag2S) and LaF2 (+EuF2) have been used for various purpose like alcohol sensors, co 

sensors,  H2 sensors, humidity sensors, ion sensors, ion sensors, and chemical  species 

like SOx and NOx sensors. 

1.9.3 Electrochromic Devices 

Electrochromism can be defined as a color change induced in a material by an ap-

plied electric field or current [111]. Some ions in solid compounds can be reduced or oxi-

dized electrochemically with a consequent change in color. Electrochromism occurs due 

to one of the processes like the production of color centers due to trapping of the injected 

electrons, the transferring of charge from one type of impurity center to another by the 

electric field which causes the growing of an adsorption band associated with one type of 

impurity center at the expense of the other, the induction of a shift in absorption band 

(and hence color) due to a tunneling process or the electrochemical reduction and oxida-

tion of certain ions or molecules accompanied by a change in color. 

1.10 Present Investigation 

In the present research work, the main objective is to investigate the effect of var-
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ious PEO-based solid polymer electrolytes with silver and lithium dopant salt upon addi-

tion of nano–sized inorganic filler and/or plasticizer on electrical properties. The aspire of 

this work is also to study the temperature dependence of the solid composite polymer 

electrolytes and examine the mechanisms pertaining to transport of conducting ions of 

these solid composite polymer electrolytes Besides, it is aimed to study the dielectric be-

haviour of the solid composite polymer electrolytes and characterize these by morpholog-

ical, structural and thermal properties of these solid composite polymer electrolytes. The 

morphology of polymer electrolytes were scrutinized by scanning electron microscopy 

(SEM), whereas the structural behaviour of these solid composite polymer electrolytes 

are characterized by means of X–ray diffraction (XRD) and fourier transform infrared 

(FTIR). Thermal properties of polymer electrolytes are studied by differential scanning 

calorimetry (DSC) studies. 

A large number of lithium ion conductors have been developed by different work-

er worldwide because of the availability of insertion materials to realize high energy den-

sity solid state batteries. The present work is directed towards investigation of analogues 

or similar silver systems as well as lithium nano systems. Since, much work has already 

been reported on PEO-LiCF3SO3 polymer electrolytes [112], further study to modify the 

system with incorporation of nano-filler. From earlier investigations, it appears that, the 

improvements in conductivity of silver salt (AgI, AgNO3 etc) with additives was not that 

much successful.  In this context, investigation of some AgCF3SO3 based silver and 

LiCF3SO3 based lithium ion conducting systems has been undertaken to improve the ca-

tionic conductivity through different routes on (i) polymer-salt complexation 

PEO:AgCF3SO3, (ii) effect of nano-filler SiO2 on Polymer-salt complexation (PEO: 

AgCF3SO3), (iii) effect of plasticizer PEG on nano composite polymer electrolyte 

PEO:AgCF3SO3 :SiO2, as well as effect of (iv) nano particle Al2O3 on PEO: LiCF3SO3: 

PEG,  and (v) finally effect of plasticizer PEG on PEO:LiCF3SO3: Al2O3 composite po-

lymer electrolytes. In the present work, a PEO-based composite polymer electrolyte sys-

tem has been prepared and several experiment techniques such as XRD, DSC, FTIR, Im-

pedance spectroscopy and transference number measurement have been employed to cha-

racterize the polymer electrolyte system.   

Earlier attempts have been made to enhance the conductivity of pure PEO by add-
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ing various salt like LiBF4, LiPF6 and LiB(C6Hs)4, LiSCN, LiSO3CF3 and LiClO4 , 

NaSCN, NaI, NaC1O4, NaSCN, NaCF3SO3, NaPF6, NH4I, NH4ClO4,LiClO4, AgI, Ag-

NO3 [113-120]etc. In present case, AgCF3SO3 and LiCF3SO3 salts are used. But the low 

ionic conductivity of polymer salt complex limits their application at ambient tempera-

ture [121]. To further improve the ion conductivity nano-filler SiO2 is added to the PEO: 

AgCF3SO3 and Al2O3 to PEO: LiCF3SO3 solid polymer electrolyte system. The fillers 

affect the PEO dipole orientation by their ability to align dipole moments while the ther-

mal history determines the flexibility of the polymer chains for ion migration. It generally 

improves the transport properties, the resistance to crystallization, and the stability of the 

electrode/electrolyte interface. Another alternative approach is the addition of low mole-

cular weight plasticizers like PC, EC, PEG etc. to the nano composite polymer electrolyte 

system.  Plasticizers are small molecules that are chemically similar to polymer. They 

create gaps between the polymer chains for greater mobility and reduce the inter-chain 

interactions. It is the material not only enhances the deformability of a polymeric com-

pound but also reduces glass transition temperature value. It is observed that plasticiza-

tion is the conventional way to reduce the crystallinity and increases the amorphous 

phase content of the polymer electrolytes. Usually both crystalline and amorphous phase 

are present in polymer electrolytes but conductivity mainly occurs in amorphous phase. 

Hence, to further increase the amorphous phase of PEO: AgCF3SO3: SiO2 and PEO: 

LiCF3SO3: Al2O3 nano composite polymer electrolytes plasticizer PEG is also added, to 

study its effect on the conduction and its electrolyte properties. 

Thus, in present work, following different series of solid polymer electrolytes 

are investigated. 

i) PEO-AgCF3SO3 (x wt %) 

In this series, the amount of PEO is fixed and salt AgCF3SO3 is varied 

from 2 to 11 wt% of PEO to observe its effect in PEO system. 

ii)  PEO-[AgCF3SO3]7wt% –SiO2 (x wt %) ,with x = 5, 10, 15 and 20 wt% 

In the second series, the amount of PEO- AgCF3SO3 (7 wt %) is fixed 

and nano filler SiO2 is varied to observe the effect of nano filler on PEO-

AgCF3SO3 system. 
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iii) PEO-[AgCF3SO3]7wt% –[SiO2]20wt%-PEG (x wt %),  

with x = 5, 10, 15, 20 and 25 wt% 

In this series, the amount of plasticizer PEG is varied to observe the ef-

fect of plasticizer on PEO-AgCF3SO3-SiO2 system. 

iv) PEO-[LiCF3SO3] 5wt% –[PEG] 10wt%- Al2O3 (x wt %) 

with x = 1, 2,3,4 and5 wt% 

In the fourth series, the amount of nano filler Al2O3 is varied to observe 

the effect of nano filler on PEO-LiCF3SO3-PEG system 

v) PEO-[LiCF3SO3] 5wt% -[Al2O3] 1wt% –PEG (x wt %) 

with x = 5, 10, 15, 20, 25 and 30 wt% 

In the fifth series, the amount of plasticizer PEG is varied to observe the 

effect of plasticizer on PEO-LiCF3SO3- Al2O3 system. 
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n this chapter theoretical details of  various techniques used for characteri-

zation is discussed. Later part of chapter consists of discussion of different 

models used in understanding the conduction mechanism in polymer electrolytes.  

  

1 CHAPTER 2  

2 THEORETICAL DETAILS 

I 
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2.1 Introduction 

Scientific breakthroughs are often a result of the innovative invention, develop-

ment and implementation of new scientific instruments and techniques has been revealed 

from the past. The development of instrumentation and associated techniques are impor-

tant for scientific progress. Materials characterization is one of key components of mate-

rials science which investigates the relationship between the structure of materials at 

atomic or molecular scales and their macroscopic properties. Hence, it has become of ut-

most importance to have a basic idea of fundamental of instruments used for characteri-

zation. Fundamentals of few commonly used characterization techniques are discussed 

below.  

2.2 Description of characterization techniques  

In the field of polymers, various types of evaluative and analytical methods are 

available. These instruments include Fourier Transform Infrared (FTIR) spectrometer, 

Differential Scanning Calorimeter (DSC), X–ray Diffractometer (XRD), Scanning Elec-

tron Micrometer (SEM) and Impedance Spectrometer (IS). As the structural and thermal 

analyses are of great interest, investigation of solid polymer electrolytes were generally 

carried out by X–ray diffraction (XRD), scanning electron microscopy (SEM) and FTIR 

spectroscopy. Complex impedance spectroscopy is commonly employed to study the io-

nic conductivity, electrical as well as dielectric properties and modulus formalism of the 

solid electrolytes.  

2.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a prime and versatile analytical 

technique used to examine polymeric materials. The main fundamental of FTIR is to de-

termine structural information about a molecule. It facilitates the study such as polymer 

reactions, degradation, cross–linking etc. because the spectra can be scanned and record-

ed in a matter of seconds. It is a qualitative analysis to identify unknown material accom-

plished by the comparison. In addition, it allows the spectra to generate the hidden spec-

tra via digital subtraction. A very small size is sufficient to undergo the analysis for high-

ly localized sections of the sample by coupling the FTIR instrument with a microscope. 

FTIR is also used to study the all types of polymer composites. The incorporation of do-
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pant salt, nanofiller or plasticizer in to the host polymers is confirmed by absorption, 

shifting, broadening etc. of the characteristic peak. Additionally, if any interaction arises 

from chemical or physical interaction between them is also exhibited.  

 

Fig. 2.1   The optical diagram of a Fourier Transform Infrared Spectrometer. 

The main principle of FTIR is based on interferometry which is an optic study. It 

separates infrared beam of light serving as a light source radiation into two ray beam as 

shown in Fig. 2.1. Once the beam of infrared is passed through the sample, the molecules 

absorbed by the infrared radiation and then excited to a higher energy state. Thus, the 

energies associated with these vibrations are quantized; within a molecule and only spe-

cific Vibrational energy levels are allowed. The amount of energy absorbed at each wave-

length is recorded. The frequencies which have been absorbed by the sample are deter-

mined by detector and the signal is amplified.  Hence, IR spectrum is obtained. FTIR 

spectroscopy is not only applied in the crystalline region of complexation, but it is also 

used to study the complexation in amorphous phase [1]. 

2.2.2 Differential Scanning Calorimetry (DSC) 

E.S. Watson and M.J. O'Neill in 1962 developed a technique in order to carry out 

thermal analysis and to investigate physical and chemical properties of various materials. 

Since then, various techniques are employed for thermal analysis the specimen such as: 
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Thermo gravimetric analysis (TGA), Differential thermal analysis (DTA), Differential 

scanning calorimetry (DSC), Dynamic mechanical thermal analysis (DMTA) etc. Out of 

all these techniques Differential scanning calorimetry (DSC) is the most widely used 

technique [2, 3]. DSC is used to analyze the specimen like polymer, glasses, organic ma-

terials, inorganic materials etc. 

The schematic diagram is shown in the Fig. 2.2. As shown in figure, it consist of 

two pans i.e.; one reference pan which is either an empty pan or  filled with inert materi-

al, like anhydrous alumina and another pan in which the investigated sample is encapsu-

lated. An individual heater is provided to the both sample as well as reference and both of 

them are maintained at almost the equal temperature throughout the experiment. General-

ly, the temperature program for a DSC analysis is designed such that the sample holder 

temperature increases linearly as a function of time. The reference sample should have a 

well defined heat capacity over the range of temperatures to be scanned. In the cell, a me-

tallic disc (made of constantan alloy) is the primary means of heat transfer to and from 

the sample and the reference. The sample contained in a metal pan and the reference (an 

empty pan) pan is placed on raised platforms formed in the constantan disc. When the 

heat is supplied through the disc, the differential heat flowing to the sample and reference 

is been measured. The basic principle in this technique is that the specimen undergoes a 

physical transformation such as phase transitions; more or less heat will need to flow to it 

than the reference to maintain both at the same temperature. The amount of heat flowing 

through the specimen depends on whether the process is exothermic or endothermic. If a 

solid specimen melts to a liquid it will require more heat flowing through the specimen to 

increase its temperature at the same rate as the reference. This is due to the absorption of 

heat by the specimen as it undergoes the endothermic phase transition from solid to liq-

uid. In same manner when the specimen undergoes exothermic processes (such 

as crystallization) less heat is required to raise the specimen temperature. By observing 

the difference in heat flow between the specimen and reference, differential scan-

ning calorimeters are able to measure the amount of heat absorbed or released during 

such transitions. These exothermic or endothermic heat flows are graphically analyzed as 

a function of time or temperature as shown in Fig. 2.3. This curve can be used to calcu-

late enthalpies of transitions. This is done by integrating the peak corresponding to a giv-
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en transition. It can be shown that the enthalpy of transition can be expressed using the 

following equation: 

𝑇 =𝑞 𝐶𝑝/ 𝐾  ………….    (2.28) 

Where, 𝑇 is the difference in the temperature between the reference and the 

sample material, 𝑞 is the heating rate, 𝐶𝑝 is heat capacity (at constant pressure) and 𝐾 is 

the calibration for the particular instrument being used.  Fig 2.3 shows that a shift in the 

base line is resulted, from the change in the heat capacity of the sample. These curves are 

used to analyze the phase transitions, such as melting, glass transitions and crystalliza-

tion. These transitions involve energy changes or heat capacity changes that can be de-

tected by DSC technique with great sensitivity. 

Differential scanning calorimetry (DSC) technique is employed to measure a var-

ious characteristic properties of a sample such as glass transition temperature 𝑇𝑔 , crystal-

lization temperature (𝑇𝑐) and crystalline melting point (𝑇𝑚 ) [4, 5].  

 

Fig. 2.2   Schematic representation of the DSC unit 

The glass transitions temperature 𝑇𝑔  is an important parameter of a polymeric ma-

terial which is used as a measure for evaluating the flexibility of a polymer molecule and 

to investigate the type of response when the polymeric material would exhibit to mechan-

ical stress. At the glass transition temperature𝑇𝑔 , the phase transformation takes place 

wherein, solid converts to liquid (or melt) state. When the amorphous polymer is heated, 

kinetic energy of the molecule increases. As the polymer retains its rubbery properties, 

the mobility of molecules is still restricted even if there is a presence of short–range vi-
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brations and rotations. Polymer above 𝑇𝑔  will be soft and flexible and exhibits delayed 

elastic response. Hence they will arrange themselves continuously into a crystalline form. 

At this stage, heat is given out from the system and it is known as crystallization tempera-

ture (𝑇𝑐). At temperature above 𝑇𝑐  the polymer loses its elastometric behavior and it 

termed as crystalline melting temperature (𝑇𝑚 ).All this phases are shown in DSC curve. 

Hence DSC plays a vital role in determining the glass transition temperature (𝑇𝑔), crystal-

lization temperature (𝑇𝑐) and crystalline melting point (𝑇𝑚 ) of polymer materials. 

 

Fig. 2.3   A typical DSC plot obtained for polymer sample [6]. 

2.2.3 X- ray Diffraction (XRD) 

The presence of a known compound or phase in a specimen can be detected by 𝑋-

ray diffraction technique (XRD). The identification of compounds for qualitative analysis 

can be carried out using this technique. According to Smart and Moore [6], XRD data 

also provides a rough idea of the purity of sample. It is an identification of unknown crys-

talline materials, characterization of crystalline or amorphous materials. 𝑋–ray, in general 

is an electromagnetic radiation ranging from 10
-10

m of wavelength i.e ~1 Å and lies be-

tween -ray and the ultraviolet in the electromagnetic spectrum. Usually a tungsten fila-

ment is electrically heated and a beam of electrons are thus emitted. These electrons are 

accelerated by a high potential difference (20–50kV) and allowed to strike a metal target, 

copper (Cu). The incident electrons have sufficient energy to knock out (or ionize) elec-

trons from the innermost K shell (n =1) as shown in Fig 2.4 (a) and this in turn creates 

vacancies. An electron in an outer orbital (2p or 3p) immediately drops down to occupy 



43 

 

the vacant and the energy released appears as radiation, as shown in Fig. 2.4(b). 

 

Fig. 2.4  Generation of K and Kβ transitions. 

 

Fig. 2.5   Derivation of Bragg’s law. 

Bragg’s law is use to analysis 𝑋-ray diffraction technique. As X-ray are electro-

magnetic waves of shorter wavelength they are emitted when fast moving electrons i.e. 

cathode rays, strike a target a target of high atomic weight. Only 2% energy of cathode 

rays appears as 𝑋-rays, the remaining energy appears as heat. This method provide valu-

able information on many aspects of structural studies including crystal imperfection, 

such as grain boundaries and dislocation, preferred orientation in polycrystalline mate-

rials and the network of atoms in solids. 

Consider a plane lattice crystal with inter planar distance d. Suppose a beam of X-

rays of wavelength λ is incident on the crystal at an angle θ , the beam will be reflected in 

all possible atomic planes. The path difference between any two reflected waves is equal 

to the integral multiple of wavelength (Fig. 2.5). The ray P gets reflected from the surface 

while the ray Q has to undergo some path difference. The extra distance traveled by the 
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ray Q from the figure is (BC +CD). From the diagram either BC or CD is equal to d sin 

theta. So the path difference is 

𝑑 𝑠𝑖𝑛 𝜃  + 𝑑 𝑠𝑖𝑛 𝜃  = 𝑛 𝜆 

    2 𝑑 𝑠𝑖𝑛 𝜃  =  𝑛 𝜆 

 Here 𝑛 is the order = 1, 2, 3 ... 𝑛.  

This is Bragg’s law. When these 𝑋-ray of wavelength  is incident on atoms, each atoms 

acts as a source of secondary radiation. The crystal behaves as a series of parallel reflect-

ing planes. Hence, the 𝑋-rays are reflected according to ordinary laws of reflection. The 

reflected 𝑋-ray, due to their relative path differences, interfere either destructively or con-

structively. The beam of reflected 𝑋-rays will reinforce each other if the path difference 

between the two beams of 𝑋-ray from different parallel planes is equal to some integral 

multiple of wavelength of 𝑋-rays. This is the condition for constructive interference be-

tween two rays. Reflected 𝑋-rays produces the 𝑋-ray spectrum with maximum and mini-

mum intensity. When the reflected 𝑋-rays are in phase with each other (constructive in-

terference) maxima are obtained and when they are out of phase with each other (destruc-

tive interference) minima are obtained. 

2.2.4 Scanning Electron Microscope (SEM) 

The first Scanning Electron Microscope (SEM) was made in 1942; then later in 

1965’s it was first commercialized by Cambridge Scientific Instruments. Its late devel-

opment was due to the electronics involved in "scanning" the beam of electrons across 

the sample. In the characterization of solid–state materials, scanning electron microscopy 

(SEM) is widely used to investigate the structure, morphology and crystallite size, to ex-

amine the surface defects of crystal, and to determine the distribution of elements [7].  

Fig. 2.6 shows a basic construction of the Scanning Electron Microscope (SEM) 

instrument. It consist of electron optical system to produce electron beam, a specimen 

stage to place the sample, a secondary-electron detector (SED) to collect secondary elec-

trons a visual display unit (VDU) .  

The electron optical system consists of electron gun, a condenser lens and objec-

tive lenses to produce an electron beam, a scanning coil to scan the electron beam and a 
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visual display unit to visualize the image so formed.  

 

Fig. 2.6   Basic construction of SEM 

i) Electron gun: A schematic diagram of basic construction of SEM is shown in Fig. 

2.6. An electron beam is produced by heating the tungsten filament and then fo-

cused by magnetic beam with extraneous particles in the atmosphere. The elec-

trons thus emitted as a beam flows into the metal plate i.e. anode by maintaining it 

at positive potential. The electron beam passes through a hole made at the centre 

of the anode. The current of the electron beam can be adjusted by placing an elec-

trode between anode and cathode and maintaining at negative potential. The elec-

trons from this finely focused beam are scanned across the surface of a sample in 

a series of lines and frames called a raster. 

ii) Lens: (1) Magnetic lens- This type of  lens  are specially fabricate by passing a di-

rect current through the coil wound electric wire forming rotational- symmetric 

magnetic field. Thus, the lens action is produced on the electron beam. The main 

feature of this lens is that one can change the current passing through the coil and 

vary the strength of the lens. This is not achieved by an optical lens. (2) Condens-

er & Objective lens- Condenser lens is placed below the electron gun so that the 

diameter of the electron beam can be adjusted. Along with condenser lens an ob-

jective lens is also placed below the condenser lens, so as to produce a fine elec-
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tron beam. 

iii) Specimen stage: A specimen stage which moves smoothly in horizontally (x, y) as 

well as vertically (z) and supports the specimen i.e specimen should not fall on 

tilting or rotating the specimen stage. As shown in Fig. 2.7, the x and y move-

ments are used for the selection of the field view, while z movement is used to 

vary image resolution. Generally the specimen is observed at high magnification. 

iv) Secondary-electron detector (SED): Depending upon the energy of the emitted 

electron, secondary (less than 50eV) and backscattered electrons (greater than 

50eV) are separated [8]. Detectors of each type of electrons are placed in the mi-

croscope in proper positions to collect them. 

A florescent substance is coated on the tip of the SED and a voltage of 

about 10- 20kV is applied depending upon the material analyzed. The secondary 

electron from the specimen which is generated attracted towards this applied vol-

tage and generates light. The light thus, is then amplified and converted into the 

electron signal. By changing the voltage the number of secondary electron can be 

easily controlled.  

v) Visual display Unit (VDU):  The amplified output signals from the secondary 

electron detector strikes on the screen of VDU (CRT-Cathode ray tube, LCD- liq-

uid crystal display, LED etc) which forms the SEM images [8]. For backscattered 

electrons, the atomic number of the elements in the sample is used to determine 

the contrast in the produced image. The distribution of different chemical phases 

in the sample can also be known through these images. The resolution in the im-

age is not as good as for secondary electrons because of the emission of these 

electrons from a depth in the sample. The brightness of the image formed by 

backscattered electron increases with the atomic number of the elements. This 

means that regions of the sample consisting of light elements (low atomic num-

bers) appear dark on the screen and heavy elements appear bright. Hence, to de-

scribe the crystallographic structure of the specimen backscattered are used. The 

topography of the chemical composition of the specimen can be carried out by X-

rays in SEM which contributes in Energy Dispersive X-Ray Analysis (EDX or 

EDS) 
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vi) Magnification: On changing the width of the electron beam when the SEM image 

appears on VDU the magnification of the image will simultaneously change. As 

the size of the monitor remains unchanged, by varying the scan width the magni-

fication can be increased or decreased accordingly.  

 

Fig. 2.7   Schematic diagram of Specimen stage. 

The analysis of SEM is confined only for surface images but the resolution and crys-

tallographic information are limited as they refer to the surface only. Other limitation is 

that the specimen should be conducting, so non-conducting materials are carbon or gold-

palladium coated and the materials with atomic number smaller than the carbon are not 

detected with SEM. Thus for the purpose of detailed material characterization Scanning 

Electron Microscope (SEM) is used. 

2.2.5 Transport number measurement 

The transport number of a polymer system signifies the contribution of ionic con-

ductivity to the total conductivity. Therefore, it is one of the key factors to be considered 

while choosing the system as an electrolyte or to be used as a cathode material for battery 

and electrochromic application. The ionic transport number of various electrolyte mate-

rials has been measured using different techniques which include PEFG-NMR measure-

ments, tracer diffusion experiments, complex impedance measurements, limiting current 

measurements, Tubandt method, EMF measurements, potentiostatic polarization and 
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transient ionic current measurements. The data obtained are somewhat scattered [9]. 

Hence, it is one of the key factors to be considered while analyzing the system for 

electrolyte materials or to be used as a cathode material (in mixed conducting system) for 

battery application. Generally, the transport number measurement can be carried out 

through different methods namely, Tubandt’s method [9], Hebb-Wagner’s polarization 

method [10] and electrochemical (EMF) method [11, 12]. The electronic contribution to 

the total conductivity can be obtained from Wagner polarization technique, whereas the 

other techniques give about ionic nature of the conducting species. There are many me-

thods to ensure the transference number.  

2.3 Complex Impedance Spectroscopy 

According to J. R. Macdonald et. al. [13] complex impedance spectroscopy is a 

modern name for the small-signal ac measurement and analysis of electrical response da-

ta over an appreciable span of frequency. In last many years Impedance spectroscopy has 

been widely employed owing to the following factors: firstly, because of the development 

and availability of computer-based automatic measuring equipment; secondly, because of 

an increasing number of demonstrations of its usefulness in analyzing data for a wide va-

riety of materials; and finally, because of the development of powerful and time-saving 

methods of data presentation and analysis. Although IS measurements are simple in prin-

ciple, they are often complicated in practice. Impedance spectroscopy is generally, em-

ployed to characterize the electrical properties of materials. It is extensively used to for to 

see the dynamics of bound or mobile charge in the bulk or interfacial regions of any kind 

of solid or liquid material, glasses, polymeric materials, semiconducting materials, elec-

tronic as well as ionic and mixed electronic–ionic materials and even insulator too.  

Impedance spectroscopy is considered to be a basic and ideal tool to characterize 

the solid electrolyte material [14] where the frequency dependent impedance data give 

the information about the bulk conductivity and the overall transport process of the solid 

electrolytes. The applied AC voltage and the resulting current across a cell have the form 

𝑉 = 𝑉𝑀𝑎𝑥  𝑆𝑖𝑛 (𝑡)   ………….  (2.1) 

                                  𝐼 = 𝐼𝑀𝑎𝑥   𝑆𝑖𝑛 (𝑡 +  )   ………….  (2.2) 
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Where,  is the phase angle and 𝜔 = 2𝜋𝑓, f is the frequency of measurement. The 

phase angle  corresponds to the phase difference between the applied voltage and cur-

rent.  Thus, magnitude of impedance is given by  

  │𝑍│=𝑉𝑀𝑎𝑥  /𝐼𝑀𝑎𝑥 . 

The impedance is composed of a frequency independent resistive term  𝑅  and a 

capacitive term  1 𝑗𝜔𝐶  , where   𝑗 = −1.  The absolute value │𝑍│ and the phase angle  

are related to real and imaginary parts of the impedance (Z’ and Z”) as follows: 

𝑍’ =  │𝑍│𝐶𝑜𝑠              …………. (2.3) 

𝑍” =  │𝑍│ 𝑆𝑖𝑛               …………. (2.4) 

The projection of real and imaginary parts of impedance on 𝑥 and 𝑦 axis is known as 

complex impedance plane (Fig. 2.8) which is an implicit function of frequency. In ac, the 

resistance, 𝑅, is replaced by the impedance, 𝑍 and can be written as 

𝑍∗ = 𝑍’ −  𝑗𝑍”                ………….  (2.5) 

where, 𝑍’ is the real part and 𝑍” the imaginary part of  𝑍∗. 

 

Fig. 2.8   Impedance plot in complex plane 

The impedance 𝑍 (𝜔) has both magnitude │𝑍│ and phase angle  and can be ex-

pressed in both polar as well as Cartesian forms.  

In Polar form, Impedance 𝑍 (𝜔) may be written as 
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𝑍 ()  =  | 𝑍| 𝑒𝑥𝑝 (−𝑗),………….  (2.6) 

where, phase angle () is expressed as, 

 " = 𝑡𝑎𝑛−1 ( 
𝑍”

𝑍’
 ),  

magnitude | 𝑍|  =  [(𝑍′)2 +  (𝑍")2]1/2      
and  

 𝑒𝑥𝑝(− 𝑗)  = 𝐶𝑜𝑠 () –  𝑗 𝑆𝑖𝑛 (). 

In Cartesian form, 

𝑍() =  𝑍 [𝐶𝑜𝑠 () − 𝑗 𝑠𝑖𝑛 ()] = 𝑍’ −  𝑗𝑍” ……………. (2.7) 

The calculated data  are  displayed in the complex plane in the form of real and 

imaginary  component  as  an  implicit  function  of  frequency  and  is  called  the com-

plex   impedance plot. Fig. 2.9 shows complex impedance plots corresponding to the ba-

sis for the conductivity measurements in the electrochemical cells. Several other mea-

surements along with ionic conductivity [14] such as dielectric permittivity and modulus 

are carried out using the data obtain from IS.  

 

Fig. 2.9   Cole plot in the impedance plane, derivation of the phase angle, resistance (R),  
       reactance (Xc), impedance (Z) and the frequency of the applied current [15]. 

2.3.1 Dielectric Analysis 

The concept of electrical impedance was first introduced by Oliver Heaviside in 

the 1880's and was soon developed in terms of vector diagrams and complex representa-

tion by A. E. Kennelly and C. P. Steinmetz [14]. 
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Fig. 2.10    Polarization of dielectric material placed between parallel plate capacitor. 

Since past few decades, after the classic paper of Bauerle's [17] on the application 

of ac methods to stabilized zirconia, impedance spectroscopy has found a great thrust as a 

tool for investigating solid electrolytes, electrode materials and the interfacial regions be-

tween them [18]. 

The existence of atomic and molecular forces results to Dielectric polarization. 

Dielectric polarization is developed whenever charges in a material are somewhat dis-

placed with respect to one another. But, this displacement is observed only under the 

influence of an electric field. In a capacitor, the charges i.e. negative (-ve) and positive 

(+ve) charge within the dielectric are displaced towards positive electrode and negative 

electrode respectively as shown in Fig. 2.10. Restoring force acts on the charges which 

are confined in a dielectric and hence, either work is done on the system or by the system, 

resulting in the transfer of energy. During charging of a capacitor, the polarization effect 

opposes the applied electric field and draws charges onto the electrodes which leads to 

storing of energy. And during discharging process of a capacitor the energy stored during 

charging process is been released. Hence, the materials which possess easily polarizable 

charges will result in generating high degree of charges which can be stored in a capaci-

tor. The proportional increase in storage ability of a dielectric with respect to vacuum is 

defined as the dielectric constant of the material [19, 20]. The degree of polarization ‘P’ 

is related to the dielectric constant 𝐾 and the electric field strength 𝐸     as follows 

𝑃 = 𝜀𝑂(𝐾 − 1) 𝐸      …………..(2.8)  

Polarization is generally classified into various modes [10] such as: 
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i) Electronic polarization 

ii) Ionic polarization 

iii) Dipole Orientation polarization and  

iv) Space charge polarization. 

 

Fig. 2.11   Schematic representation of Electronic, Atomic or ionic, Dipolar and Space 
charge polarization mechanism in dielectric materials 

i) Electronic Polarization 

This effect is common in almost all the materials, as it involves distortion of the 

center of charge symmetry of the basic atom. A small dipole is created when the nucleus of 

an atom and the negative charge centre of the electrons shift on application of a field as 

shown in Fig. 2.11. This polarization effect is small, despite of the vast number of atoms 

within the material, because the moment arm of the dipoles is very short, perhaps only a 

small fraction of an Angstrom 1 Å.  
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ii) Ionic Polarization 

This effect is common in certain materials, which consists of crystal lattices 

occupied by cations and anions. Under the influence of an electric field, dipole mo-

ments are created by the shifting of these ions towards their respective (opposite) polar-

ity of the field. The displacement, of the dipoles can be relatively large in comparison 

to the electronic displacement, (although still much less than one Angstrom unit), and 

therefore can give rise to high dielectric constants in some ceramics (Fig. 2.11). 

iii) Dipole Orientation polarization  

Under the influence of applied electric field permanent  dipoles of the ma-

terial involves themself in the phenomenon of rotation.  Although, these permanent di-

poles generally exist in ceramic compounds, such as in SiO2, these compounds have  

no center of symmetry for positive and negative charges.  Therefo re,  dipole  orienta-

tion  is  not  found  to  occur,  as  the  dipole  is restricted from shifting by the  rigid  crys-

tal lattice, reorientation of the dipole is not allowed due to the distortion of the lattice. In 

polymeric materials such dipole orientation is observed more often due to their ability of 

atomic reorientation. It is important to note that this mechanism of permanent dipoles is 

not the same as that of induced dipoles of ionic polarization (Fig. 2.4). 

iv) Space Charge Polarization. 

This e f f e c t  is  c o mmo n  in  ma n y  crystal lattices such as polycrystalline 

ceramics. The space charge polarization generally, occurs due to the diffusion of ions 

along the direction of applied electric field, which results, in redistribution of charges in 

dielectric materials as shown in Fig. 2.4. 

Effect of Frequency on Polarization  

 In this frequency dependent mechanism the polarization effect is observed to 

vary with time along with variation in frequency of applied field. Therefore, it can be said 

that the effective contribution of polarization to the dielectric constant is frequency de-

pendent. In this mechanism the response of electronic displacement to the field reversals 

is rapid compared to that of ionic displacement. In ionic displacement, ions are larger and 

are less mobile because they shift within the crystal structure. Therefore in electronic dis-
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placement no lag of the polarization occurs up to 10
16

 Hz whereas the ionic displacement 

decreases at 10
13

 Hz. At this frequency, the ionic displacement begins to lag the field re-

versals, resulting in increasing the loss factor and much smaller contribution to the dielec-

tric constant. But, at higher frequency, the rotation of ionic molecules cannot respond to 

the field reversal   and hence results in loss factor. Dipole orientation and space charge 

polarization have slower frequency responses [19]. The resultant effect is illustrated in 

Fig. 2.12.  

 

Fig. 2.12   Polarization mechanisms.  

It can be seen from the figure that a point when the applied frequency equals the 

natural frequency of the material a peak is observed near  the limiting frequency for ionic 

and electronic polarization are due to the resonance. When dielectric constant of a capaci-

tor is measured, the variation of the polarization mechanism with frequency is reflected. 

As expected, capacitance value, i.e., dielectric constant, always decreases with increased 

frequency, for all ceramic materials,   although   with   varying   degrees   depending   

upon   which   type   of polarization mechanism is dominant in any particular dielectric 

type. The dielectric relaxation as well as conductivity relaxation can be explained and un-

derstood easily through ionic conduction studies in solids. All materials are liable to show 

increasing movements of ions at sufficiently higher temperature, either intrinsic to their 

lattice as in the case of ionic solids, or extrinsic due to impurity in purely covalent lattice 
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including many polymers [21, 22]. This is normally expected to lead to dc conduction, al-

though in many cases there is evidence of low frequency dispersion in data which on su-

perficial analysis may be considered to represent dc conduction [19, 23]. There are nu-

merous materials which conduction is due to motion of ions. 

Generally, ionic conduction relies on the random migration of ions stimulated by 

thermal energy as long as the applied electric field is small enough. Migration mechanism 

is created by the hopping of ions from its normal position on the lattice to an adjacent 

equivalent but empty site. Hence, to understand the properties of solids including poly-

mers,  information regarding the motion of the mobile ions is necessary.  This is ob-

tained by analyzing the dielectric spectra in the wide frequency range, for which relaxa-

tion of the ion motion and network motion contribute. Relaxation is a process which gen-

erally, occurs in dielectric materials having low electrical conductivity. Such processes 

are mainly observed in linear systems where a response and stimulus are proportional to 

one another in equilibrium [24, 25]. The details of formulations for measuring the dielec-

tric parameters are discussed below in brief. According to Maxwell equation the permit-

tivity of a medium is defined as:  𝐷       = 𝜀 𝐸     , where 𝐷    is the displacement vector and 𝐸     

is applied electric field. The displace vector is also equal to the surface charge per unit 

area. Consider a parallel plate capacitor of area 𝐴, separated by a distance ‘𝑡’ (in va-

cuum). If a potential ‘𝑉’ be applied to it and the charge carried by ‘𝑄’ then the electric 

field strength is 𝑉 𝑡  in 𝑉𝑜𝑙𝑡 𝑚   units. 

Hence, permittivity can be written as : 

 = 𝐷   𝐸          …………(2.9) 

Relative permittivity or dielectric constant is one of the most important parameter 

which is widely used, Relative permittivity, is defined as ’ = /o and using eq.2.9 we 

get, 

 = 
𝐷   

𝐸  
 = (

𝑄

𝐴
) (

𝑉

𝑡
) = ( 

𝐶𝑡

𝐴
)……….    (2.10) 

Therefore,  

          𝜀 ′  = ( 
𝐶𝑡

𝐴𝜀𝑂
)………   (2.11) 
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From eq. 2.11 the value of capacitance and dielectric constant and be determined. 

The relatively permittivity   is usually known as permittivity and is always greater than 

unity. Suppose a parallel plate is filled by a medium of permittivity ’ is given by 

𝜀 ′  = 𝐶 𝐶𝑂
  ………….    (2.12) 

Assume that a dielectric material is subjected to an alternative electric field as 

given below: 

𝐸   = 𝐸𝑂
      𝑐𝑜𝑠𝑡…………………   (2.13) 

The induced current in the dielectric does not change exactly at the same time i.e., 

the current and voltage are maximum and minimum at different times. The current is 

found to lead the potential in phase. In a similar way the electrical displacement is also 

not in same phase with applied electric field (𝐸  ). 

The expression for displacement vector 𝐷    is  

𝐷    = 𝐷𝑂 𝑐𝑜𝑠 (𝑡 – )…………   (2.14) 

= 𝐷𝑂 𝑐𝑜𝑠𝑡 𝑐𝑜𝑠 + 𝐷𝑂 𝑠𝑖𝑛𝑡 𝑠𝑖𝑛 

               =𝐷1 𝑐𝑜𝑠𝑡 + 𝐷1 𝑠𝑖𝑛 𝑡 ……………  (2.15) 

Where 𝐷1  =𝐷𝑂 𝑐𝑜𝑠 , 𝐷2 = 𝐷𝑂 𝑠𝑖𝑛  and  are phase angle. It is clear from the eq-

uation that 𝐷𝑂  is proportional to 𝐸𝑂  and the ratio 𝐷𝑜 𝐸𝑜   is generally Frequency depen-

dent. So dielectric permittivity (’) and dielectric loss (”) can be written as  

(𝜀 ′) = (𝐷𝑜 𝐸𝑜 ) 𝑐𝑜𝑠  …………   (2.16) 

(𝜀 ′′ ) = (𝐷𝑜 𝐸𝑜 ) 𝑠𝑖𝑛 ………      (2.17) 

The energy absorbed by the dielectric material can be measured using factor sin. 

It is well known that, in a capacitor the dielectric medium usually has a resistance (𝑅) and 

impedance (𝑍), which are related to the phase angle. It is considered that for ( 𝑅) to be 

very large than loss factor, it can be written as: 

𝑠𝑖𝑛    𝑡𝑎𝑛  = [( 
1

𝜔
 )𝑅𝐶] 

𝑡𝑎𝑛   is known as tangent loss. The complex permittivity is given by  
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𝜀∗ = 𝜀 ′  - 𝑗𝜀 ′′  …………     (2.18) 

Where 𝜀 ′  and 𝜀 ′′ are real and imaginary parts of complex permittivity can be 

measured using impedance data by the following Equation: 

𝜀∗ = (
1

𝑗𝜔 𝑍∗𝐶𝑂  
)……………  (2.19) 

Where Z* is complex impedance, 𝐶𝑜   = 𝜀𝑜 (𝐴 𝑡 ), where 𝐴  is the area of the sam-

ple, 𝑡 is the thickness of the sample and  𝜀𝑜  is permittivity of vacuum. 

2.3.2 Modulus Analysis  

Using the electrical modulus 𝑀∗ = 
1

𝜀∗ representation [25, 26], dispersion 57igni-

fy57 of the conductivity in the frequency domain is more conveniently interpreted in 

terms of conductivity relaxation time, . Complex electric modulus 𝑀∗ formalism is used 

very frequently when the relaxation 57ignify57 is presumed to be due to the motion of 

ions or electrons [27]. Although, originally conceived as a formalism to separate space-

charge effects from the bulk conductivity, the 𝑀∗ representation is now widely used to 

analyze ionic conductivities by associating a conductivity relaxation time () with the io-

nic process [27, 28]. The use of modulus formalism is presenting frequency dependent 

dielectric or conductivity data has the advantage of eliminating any spurious effect due to 

contacts or interfaces (Maxwell-Wagner effects ) [29, 30] 

The electric modulus according to Macedo et.al [25] is defined as the electric ana-

log of the dynamical mechanical modulus and was related to the complex permittivity ∗ 

() by  

𝑀∗ () = (
1

𝜀∗(𝜔)
) 

            = { 𝜀 ′(𝜔)- 𝑗𝜀 ′′ (𝜔)}| 𝜀∗ 𝜔 | 2             
...............(2.20) 

                                  = 𝑀′(𝜔) + 𝑗𝑀′′ (𝜔) 

                       = 𝑀∞  1 −  exp −𝑗𝜔𝑡 (
−𝑑∅ 𝑡 

𝑑𝑡
)

∞

0
 𝑑𝑡       ………(2.21) 

where, 𝑀′  and 𝑀′′  are the real and imaginary part of the complex modulus 𝑀∗ 
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and 𝑀∞  = 
1

𝜀∗
 is the  inverse of high frequency dielectric constant ∞  [26, 31]. The func-

tion (𝑡) gives the time evolution of the electric field within the materials and  =  2 

is the angular frequency. 

Analysis of electric relaxation in terms of complex permittivity 𝜀∗(𝜔) gives re-

laxation parameters, characteristics of the decay of the displacement vector 𝐷   , under the 

constraint of constant electric field, 𝐸   [32]. It has been suggested [26, 27, 31, 33-36] that 

for electrical relaxation in dielectric relaxation in dielectrics containing a substantial con-

centration of mobile charges, it is generally more fruitful to focus attention on the decay 

of electric field 𝐸   at constant 𝐷     (displacement vector). If surface charges of an opposite 

sign are instantaneously placed on opposite faces of an ionic conductor at time zero and 

then maintained at a constant value, an electric field will arise inside the material which 

with time will decay to zero due to migration of the mobile ions. The expression for the 

decay of electric field in time domain can be written as  

𝐸   (𝑡) =  𝐸  (0)  (𝑡)                         ……..  (2.22) 

Where 𝐸  (0) denotes the electric field at time 𝑡 =  0 and  (𝑡) is a macroscopic 

decay function of the general form 

(t) =  𝑔 𝜏𝜎   exp[−(t
𝜏𝜎  

 )𝛽 ] 𝑑𝜏𝜎  
∞

0
    ….…  (2.23) 

Thus,  

𝐸(𝑡)  =  𝐸(0)  𝑔 𝜏𝜎   exp[−(t
𝜏𝜎  

 )𝛽 ] 𝑑𝜏𝜎  
∞

0
…. (2.24) 

Where 𝜏𝜎an electric field or conductivity relaxation is time, and 𝑔(𝜏𝜎) is a nor-

malized density function for relaxation times. 

Thus, using Eqs. 2.21 and 2.23, it become 

𝑀∗()  = 𝑀∞  𝑔(𝜏𝜎  
∞

0
)  

𝑗𝜔 𝜏𝜎  

1+𝑗𝜔 𝜏𝜎  
 𝑑𝜏𝜎        ………..(2.25) 

In glassy material, the decay function  (𝑡) is found to exhibit non exponential 

(i.e. if there is a distribution of relaxation times and 𝑔(𝜏𝜎) is not a delta function) nature. 

The decay of the electric field due to the migration of mobile ions will then give rise to a 
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non zero frequency dispersion (𝑂- ∞ ) in the dielectric constant 𝜀 ′ . In time domain, a 

good description for the decay function is the so called stretched exponential introduced 

by Kohlrausch- Williams – Watts (KWW) [37-39] and is given as,  

 (𝑡) = 𝑒𝑥𝑝  – (
𝑡

𝜏𝜎
)𝛽  

      where 0 <  < 1 ……(2.26) 

Where 𝜏𝜎  and  are the parameter of stretched exponential function and are re-

spectively the conductivity relaxation time and the Kohlrausch exponent. The value  

varies from 1 (Debye process) to 0. The smaller is the value of   , the larger is the devia-

tion of relaxation with respect to a Debye type relaxation. The  parameter has been in-

terpreted either as representative of a distribution of relaxation times [32] or as 59igni-

fy59rristic of cooperative motions between charge carriers [37, 40]. Analysis of the im-

pedance data on the modulus formalism assumes importance, as it suppresses the elec-

trode effects occurring at low frequencies [41-43] and the modulus can also be used for 

studying conductivity relaxation times [44, 45]. The electric modulus data can be ob-

tained from the complex impedance data according to the relation  

𝑀∗ = 𝑀′  + 𝑗 𝑀′′  = 𝑗𝜔𝑍∗𝐶𝑜   ……………………….(2.27) 

Such that 𝐶𝑜   = 𝜀𝑜  (𝐴/𝑡) is the vacuum capacitance, 𝑍 ∗ is the complex imped-

ance, 𝜀𝑜   = 8.854 x 10
-14

 𝐹/𝑐𝑚 is the permittivity of free space, 𝐴 and 𝑡 are the cross sec-

tion and thickens of the sample respectively. In the present work impedance data were 

converted into electric modulus using the relationship 𝑀′  = 𝜔𝑍′𝐶𝑜   and M” = 𝑗𝜔𝑍′′ 𝐶𝑜    

respectively [46, 47] where 𝑍′  and 𝑍′′  are the real and imaginary part of the complex im-

pedance respectively. Many workers have discussed the advantage of adopting electrical 

modulus to analysis the dielectric response of materials [48-53]. 

2.4 Theoretical models of Conductivity 

Armand et. al. [54] was the first one to suggest the ion transport mechanism in 

polymer electrolytes. For a long time the proper mechanism of ion transport was not very 

clear. Primarily it was believed that the ion conduction take place in the crystalline phase 

[55, 56] inside the PEO helices. Later it was realized that the amorphous phase was the 

main contributor in ion conduction [56] and the crystalline phases are basically insula-
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tors. However, it is difficult to explain ion-transport in a macromolecular system. Some 

of the theories, proposed to explain the conduction mechanism in these systems are brief-

ly described below. 

2.5 Temperature dependence of conductivity 

In order to explain the ion transport phenomena in the polymer electrolytes num-

ber of empirical relationships have been developed. Generally, in polymer electrolytes, 

the crystalline phase exhibits Arrhenius conductivity, whereas the amorphous phase ex-

hibits the VTF conductivity [57]. Thus, polymer electrolytes may be considered as a two 

component system. At temperature below the melting point, the fraction of the crystalline 

phase is prevail. Hence, the overall conductivity behavior of polymer electrolytes is dom-

inated by Arrhenius behavior. When the temperature is increased, the fraction of the 

amorphous phase regions increases such that at a certain temperature, Tc; the fraction of 

the amorphous phase is large enough to create a continuous connection between the 

amorphous cubes. At this temperature the electrical conductivity changes from Arrhe-

nius-like to VTF-like behavior. This temperature Tc is called critical temperature or a 

percolation temperature. At temperatures above the melting point, all parts of polymer 

electrolytes are amorphous and the conductivity is absolutely VTF-like. Some of temper-

ature dependent ion- conducting theories are discussed below: 

2.5.1 Arrhenius Theory 

This theory gives a fundamental association which describes the liner relationship 

of ln σ with inverse of temperature. A Swedish chemist Svante Arrhenius developed this 

theory in 1889 [58]. Initially this theory was developed for liquid electrolytes but later on 

it is also used for the solid ones. In solids the ions hop from one vacant site to another by 

overcoming the energy barrier i.e., activation energy Ea that exists between these. Under 

the applied electric field E, the potential energies in the direction of the field and that op-

posite to it get altered. Then the ions start hopping along the direction of field giving rise 

to an ion current density j (assuming only one direction): 

j = (na
2
e

2
E)/kT = E      ……………….  (2.28) 

where k is the Boltzmann constant, n is the number of defects per unit volume 
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[59] (n   exp (-G/2kT) G is the Gibbs free energy for the creation of defects), a is the 

inter-ionic distance, e is the charge of the ion and  is the ionic conductivity and  is the 

jump frequency or the probability of a jump from one site to another, in the absence of 

any external electric field and is given by: 

 = 0 exp (-G/ kT)           ………………     (2.29) 

where 0 is the attempt frequency and G = H- TS, H and S are the enthalpy 

and entropy of diffusion respectively. G is the energy of migration and it is the differ-

ence between the free energy of the ion at the normal lattice point and that atop the bar-

rier.  

Therefore, we get, 

 = A/ T exp(-Ea/ kT)          ………………..        (2.30) 

Where, A = ba
2
e

2
k is the pre exponential factor (b is the constant of proportionali-

ty) and Ea = G + G/2 is the activation energy for migration and creation of defects. This 

equation is known as Arrhenius equation [60, 61] and it implies that ln (T) vs. 1/T fits a 

straight line (a linear relationship) and the slope gives the activation energy. 

2.5.2 Vogel–Tammann–Fulcher (VTF) theory 

The temperature dependence of the ionic conductivity measured from polymer 

electrolytes obeys non-Arrhenius behavior which is the characteristic of ionic motion be-

ing coupled with the host matrix. The temperature dependence of the conductivity exhi-

bits an apparent activation energy that increases as temperature decreases. This behavior 

is most commonly described by the empirical Vogel–Tammann–Fulcher (VTF) equation, 

which was first developed to describe the viscosity of supercooled liquids [62- 64]. 

According to Vogel-Tammann-Fulcher (VTF) [64], the migration of metal ion 

mostly depends on the segmental motion of polymer chain in the amorphous phase and 

the temperature dependent conductivity of polymer films which is given as: 

𝜎 = 𝐴𝑇−1/2 exp[−
𝐵

𝑘𝐵 (𝑇−𝑇0)
] …………. (2.31) 

where T0 is the reference temperature corresponding to an ideal glass transition tempera-
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ture at the thermodynamic equilibrium; A is a pre-exponential factor, which is deter-

mined by the transport coefficient and proportional to the number of carrier ions, B is a 

constant with the dimensions of energy and kB is Boltzmann constant.  

2.6 Models for DC Conductivity 

2.6.1 Free Volume Theory 

It is a macroscopic approach which explains the interdependence of ionic conduc-

tivity of polymer electrolytes with temperature and pressure. According to Cohen and 

Turnbull [65, 66] this theory is applied to supercooled liquids and glasses but later on it 

was applied to amorphous systems and glass transitions [67]. The basic assumption of the 

free volume theory is that the diffusion of ions is not an activated process but rather a re-

sult of redistribution of free volume within the material. The molecules are considered as 

hard spheres confined to their cages. Once a hole (free volume) is opened the molecule 

moves in it with a thermal velocity u. Using this, diffusion coefficient can be given by: 

𝐷 = 𝑔𝑎∗𝑢 exp  
–𝛾𝜈∗

𝛼𝜈𝑀  𝑇−𝑇0 
          ………(2.32) 

where  is a geometric factor, a
*
 is roughly molecular diameter,  

*
 is molecular 

volume, M is mean molecular volume of the species whose motions create free volume, 

α is the difference in thermal expansion coefficient between liquid and glass over the 

same range and T0 is the temperature at which the free volume disappears (close to the 

equilibrium glass transition temperature).The above equation is derived by explicitly on 

maximizing the number of ways of distributing the free volume, by not including all such 

distributions. It is the matter of accessibility which limits the validity of VTF in situations 

involving ionic transport in polymeric electrolytes. 

Using the Nernst – Einstein [68] equation σ = nq
2
D/kT where n and q are the 

number and the charge of the conducting species respectively, with the assumption that u 

~ T
1/2

 the equation can be transformed to: 

𝜎 = 𝜎0 exp  
−𝐵

𝑘(𝑇−𝑇0)
 ……………(2.33) 

The above mentioned equation is identical to the empirical VTF equation [63] 

which has been fitted to the thermal dependence of many polymer electrolytes exceeding-
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ly well. Even though this equation is widely used to fit a large number of experimental 

data, it is worth noticing that it has been derived by considering the motion of the poly-

mer host alone.  But, the free volume theory portrays very lucrative, and can be used to 

derive the VTF equation, some disadvantages are associated with it [69, 70].  

Firstly, it is a quasi-thermodynamic theory, and therefore not based on microscop-

ic description of the materials. This is a major drawback to its used as a vehicle to interp-

ret and predict variations in conductivity such as concentration, ion size, and ion charge 

or coordination environment. Secondly, no dynamics or kinetics is included in the simple 

free volume model; in particular, the free volume is assumed to move instantaneously 

with no constraints [71], and no effects of ion-ion correlation or ion-polymer complexa-

tion are included. Finally, there are some quite straight forward experimental results, such 

as a maximum in conductivity as the ion concentration is varied [72, 73] that cannot be 

explained using VTF conductivity curves always.  

Therefore, to describe the results in cases where the ionic motions are high or ion 

pair formation is large, such equation may not be useful. Also, it does not account for the 

variation due to change in the percentage of amorphous regions in a semi-crystalline po-

lymer. According to Bruce [74] free volume models can describe the conductivity beha-

vior up to some extent only, but the kinetic effects associated with macromolecules were 

neglected and hence a clear picture related to the model is not obtained. 

2.6.2 Configurational Entropy Model 

Like the free volume theory, the configurational entropy model too describes the 

motion of host polymer. The configurational entropy theory was originally developed by 

Gibbs and DiMarzio [75] who replaced the single parameter of free volume theory with 

two parameters. First parameter is counting the number of lattice sites and second one is 

the number of distorted bonds. This is another quasi-thermodynamic representation based 

on entropy rather than volume as the important parameter. A fascinating feature of this 

model is the existence of a second order phase transition at a temperature T2 where the 

configurational entropy vanishes. On cooling the number of configurations that the sys-

tem can have decrease and at a particular temperature, this tends to zero.  

According to the model proposed by Adam and Gibbs [76] two parameters ((i) the 
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number of lattice site and (ii) number of distorted bonds) are introduced into the free vo-

lume theory. The mass transportation mechanism in this model is assumed to be a group 

cooperative rearrangement of the chain. The probability W, of a mass- transporting rear-

rangement in the polymer electrolytes can be expressed as: 

𝑊 = 𝐴 exp(−∆𝜇𝑆𝑐
∗/𝑘𝑇𝑆𝑐) ……………….(2.34) 

where A is a coefficient, 𝑆𝑐
∗ is the minimum configuration entropy required for 

rearrangement, Sc is the configurational entropy at temperature T, and Δ is the free ener-

gy barrier per mole which impedes the rearrangement.  Bruce [74] mentioned that both 

VTF and WLF equation can be derived from the configurational entropy model. This 

theory has broadly been applied to the problems in glasses, polymers and molten salts 

[77] but it has not been applied extensively to polymer electrolytes.  

2.6.3 Space charge models 

This model discussed the physical approaches to explain conductivity enhance-

ments in some two-phase composite electrolyte systems and referred to as the space 

charge model. In case of liquid systems, a composite can be formed but only with high 

inorganic particle content [78]. In these circumstances, the conductivity is observed to 

enhance as compared to the pure solutions. This type of materials can be described as a 

viscous grain ensemble wetted by the liquid or ‘soggy sand’ – like system. Because of 

interfacial interactions, a synergetic effect is observed yielding one order of rise in mag-

nitude of the conductivity value. Some similarity in the properties between the ‘soggy 

sand’ systems and solid composite polymeric electrolytes can be observed. In both these 

cases, a covalent organic matrix produces a ground state for the charge carriers present in 

the form of undissociated salt particles (contact ion pairs). Thus, the conductivity effect 

would consist of absorption of one of the pair’s constituents, resulting in a break-up of 

the ion pair and generating a mobile counter ion. In all these cases, a percolation type of 

behavior is observed, which is typical for the enhancement of the interfacial conductivity. 

Additionally, the increment is higher for the acidic filler (SiO2) as compared to analogous 

system with the basic oxide (Al2O3). This suggests the existence of a mechanism related 

to anion absorption on the grain surfaces. This, in turn, leads to an increase of the number 

of the cations in the space charge layer surrounding the filler particle. The relative en-

hancement of the conductivity value is higher for low polar solvent such as (tetrahydrofu-
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ran THF, ɛ = 7.4) than with the high polar solvent (like methanol ɛ = 32.6). This observa-

tion confirms the absorption mechanism because the salt dissociation constant is 65igni-

fycantly lower for the less polar system. 

2.6.4 Amorphous phase model 

 

Fig. 2.1   (a) Schematic drawing of morphology of composite polyether non- conductive- 
     filler electrolytes: (1) Highly conductive interface layers coating the surfaces of  
    grains, (2) dispersed insulating grains, (3) polymer ionic conductor matrix; (b)  
    Formation of conducting pathways [79]. 

In a variety of composite polymer electrolytes, based on high molecular weight 

PEO matrix, a decrease in the degree of crystallinity has been identified (resulting an in-

crease in the ionic conductivity) as compared to undispersed PEO-salt complexes. On the 

basis of the results obtained, an ‘amorphous phase’ model was developed which is shown 

in Fig. 2.13. This explains the increase in the conductivity in composite polymer electro-

lytes [80]. 

In the crystalline PEO-salt complex systems, filler particles (e.g. α-Al2O3) act as 

nucleation centers and probably attached to PEO segments via acid Al surface centers. 

Since, there are a large number of these nucleation centers, crystallization process be-

comes faster due to higher nucleation rate and, in consequence, a bigger level of disorder, 

typically, like the liquid state, is frozen during solidification of the polymeric matrix as 

observed in the cooling process or solvent evaporation. 

2.6.5 Dynamic Bond Percolation theory 

Druger, Nitzan and Ratner proposed the dynamic bond percolation theory [81, 82] 

in 1983 which describes diffusion of small particles (ions, electrons) in a medium which 

in addition to being statistically disordered is also undergoing dynamic rearrangement 



66 

 

processes on a shorter time scale compared to the observation time. This model is natural 

extension of the static bond percolation model, which describes transport in systems in 

which hops between sites are either forbidden or allowed with specific fixed probabilities 

to systems in which the host structure is evolving. This model is the only microscopic 

model developed so far that takes into account the actual situation in the polymer electro-

lytes i.e. ionic motion combining the ionic transitional motion/hopping and dynamic 

segmental (chain) motion of the polymer host above the glass transition temperature 

(𝑇 ˃ 𝑇𝑔). Actually, DBP model, an extension of SBP model, deals with the hop-

ping/diffusion of small particles through a dynamically disordered medium. It is based on 

the idea that the lattice in polymer electrolytes is no longer static but undergoes rear-

rangements that re-assign the open and closed bonds. Physically, these rearrangements 

correspond to orientational motions of the host polymer lattice. In case of polymer elec-

trolytes, the motion of polymer segments (chains) is expected above glass transition tem-

perature (𝑇𝑔). So, for (𝑇 ˃ 𝑇𝑔), various stable sites with ion will move with respect to one 

another and thereby changing the complexation of open or close bonds. Such a dynamic 

motion of the polymeric host is then modeled by allowing the hopping probabilities to 

readjust or renew their values on a time scale corresponding to polymer motion. Details 

of dynamic bond percolation model along with its limitations are thoroughly reviewed in 

the literature. For application to polymer electrolytes, the sites are localization positions 

for mobile ions, while the bonds are pathways for motion between sites. 

2.7 Frequency dependence of conductivity 

In general, electrical characterization of the materials can be done by dc and ac 

measurement technique. Though the dc measurement technique is straight forward, it 

cannot be implemented for ionic or mixed electronic-ionic systems because on applica-

tion of dc field, the ionic material gets polarized. Due to which the ionic conductivity 

gradually ceases, giving only electronic conductivity. To overcome the above problem, ac 

technique is preferred over dc technique. Frequency dependent conductivity behavior of 

ionically conducting solid electrolytes has been the focus of a large number of studies 

[83, 84] although very limited understanding of this multi-faceted problem has been 

achieved so far. 
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2.7.1 Jonscher’s Power law 

There are large numbers of theories, to explain the dispersion behavior of solid 

polymer electrolytes, amongst which the universal model for ac transport seems to have 

been successful. The frequency dependence of conductivity is a sum of dc conductivity 

due to the movement of free charges and polarization conductivity due to the movement 

of bound charges. With decreasing frequency, the conductivity  (, T) decreases and 

approaches the direct current conductivity dc. The low conductivity value at low fre-

quencies is related to the accumulation of ions due to the slow periodic reversal of the 

electric field. In the high frequency region, the power law nature ()  n
   is observed 

and the conductivity sharply increases with frequency. This universal behavior in conduc-

tivity is given by Jonscher [85] which describes the dispersion behavior observed in ac 

conductivity. The variation of conductivity with frequency may be expressed to the well 

known power law of ac behavior which indicates a non-random process wherein the ion 

motion is correlated [86,87] and given by the following equation, 

 () = dc +An
                     …………………….(2.35) 

where  () is the conductivity at a particular frequency, dc is the dc conductivi-

ty at zero frequency, A is a constant and n is the frequency exponent lies in the range of 0 

< n < 1. The above expression is known as the power law of ac behavior. Because the 

power law of ac behavior is observed in wide range of materials, Jonscher called it “Uni-

versal Behavior” [85, 88-90]. The Eq. 6.37 is accepted universally for considering the 

sample conductivity, hopping charges, frequency dependence of conductivity etc. The 

frequency exponent n was calculated from the slope of the plot log (‟-dc) versus log , 

which is a straight line.  If exponent n values lie in the range 0.6-0.9 then it is said that 

the correlation motion is sub-diffusive and indicates a preference on the part of ions that 

has hopped away to return to the position/site from where it started. The exponent is a 

measure of degree of interaction with the environment. Jonscher [84] had shown that a 

non zero n in the dispersive region of conductivity is due to the energy stored in the short 

range collective motion of ions. A higher n implies that large energy is stored in such col-

lective motions.  

2.7.2 Jump relaxation model 
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In jump relaxation model, Funke [91] has proposed that the dc plateau and the 

power law region should be considered as a single entity. Both these regions together 

represent „successful‟ and „unsuccessful‟ hopping of the mobile ions. According to this 

model, at very low frequencies (0), an ion can jump from one site to its neighboring 

vacant site successfully contributing to dc conductivity. At high frequency, the probabili-

ty for the ion to go back again to its initial site increases due to the short time periods 

available. This high probability for the correlated forward backward hopping at high fre-

quencies together with the relaxation of the dynamic cage potential is responsible for the 

high frequency dispersion.  This theory is generally applicable in glassy electrolytes. 

2.8 Various other models 

Various other theories [92-93] have been proposed to understand the conduction 

mechanism in the amorphous materials. Two distinct models: quantum mechanical tunne-

ling (QMT) and correlated hopping over a barrier (CBH), or there combination are pro-

pose to explain the relaxation of dipoles. In order to predict the interdependence of tem-

perature and frequency the experimental data of the ac conductivity is needed to be ex-

amined precisely. According to the quantum mechanical tunneling (QMT) model [92-93], 

the exponent n is almost equal to 0.8 and increases slightly with increasing temperature 

or is temperature independent. In case of correlated barrier – hopping (CBH) model [94], 

the exponent n decreases with increasing temperature. Long [92] proposed that if the spa-

tial extent of the polaron radius is large when compared with the interatomic spacing, an 

appreciable overlap of the polaron distortion cloud occurs because of the long- range of 

dominant coulomb interaction, with a results of reduced polaron-hopping energy [95]. 

While according to overlapping large polaron tunneling (OLPT) model [94] exponent n 

decreases from unity with the rise in temperature and exhibits a minimum at a certain 

temperature and subsequently increases with further increment in temperature. 
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 description of method used for sample preparation and the experimental 

techniques like FTIR, DSC, XRD, SEM ,transport number & conductivity 

measurements used for characterization of solid polymer electrolytes are discussed in 

this chapter. 

  

1 3 CHAPTER 3 

2 EXPERIMENTAL TECHNIQUES 
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3.1 Introduction 

This chapter describes the preparation method and theories of characterization 

(experimental techniques). The experimental technique includes X-ray diffraction (XRD), 

Differential Scanning Calorimetry (DSC), Fourier transform infra red spectroscopy (FT-

IR), Scanning electron microscope (SEM) and Wagner’s polarization technique. 

3.2 Material used in preparing Polymer Electrolytes 

Present Solid polymer electrolytes are prepared using high purity chemicals, such 

as: 

1. Host Polymer :  

Polyethylene oxide (PEO)  

Structure : - (CH2 - CH2 – O-)-n, Molecular weight (M.W): 1 x 10
6
,  Glass 

transition temperature : -60° C, Melting point: 66 
0
C,  State: White Powder,  

Company: Sigma-Aldrich 

2. Dopant salt :   
(a) Silver trifluromethane sulphonate (AgCF3SO3)  

(b) Lithium trifluromethane sulphonate (LiCF3SO3)  

Company: Sigma-Aldrich 

3. Nanofillers : 
(a) Silicon dioxide (SiO2), Particle size= < 50nm101,96 g/mol,  

Company: Sigma-Aldrich chemical  

(b) Aluminum dioxide (Al2O3), Particle size= < 50nm101, 96 g/mol,  

 Company: Sigma-Aldrich chemical 

4. Plasticizer : 
 Poly (ethylene glycol) (PEG) 

Structure: [H(- O - CH2 - CH2- )n- OH] ….. H (OCH2CH2)nOH, 

Molecular weight (M.W): 4000, Glass transition temperature: -60° C, 

Melting point: 55° C, Company: Loba Media.  

5. Solvent  :  
Acetonitrile  

State: Polar aprotic solvent (liquid). Permittivity: high static permittivity of 36.6 

at 30 
0
C. Acetonitrile promotes the dissociation of alkali metal salt in the solution. It is 
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used for the synthesis of polymer electrolytes by solution cast technique.  

6. Storage  :  

  Desiccators 

In laboratory use, the most common desiccators are circular and made of heavy 

glass. The substance is put in the upper compartment (on the porcelain plate).The lower 

compartment of the desiccators contains lumps of freshly calcined quicklime or calcined 

calcium chloride to absorb water vapors. The round-glass rim of the desiccator lid must 

be thoroughly greased with a thin layer of petroleum jelly melted together with beeswax 

or paraffin wax. A common use for desiccators is to moisture-sensitive or hygroscopic 

samples. In order to open the desiccators without damage, remove the lid sideways hori-

zontally not to upwards. Cover the desiccators in the same way [1] therefore, prepared 

polymer electrolyte samples were stored in desiccators to prevent them any contamina-

tion from moisture. 

3.3 Methods and Sample preparation 

Commercially available analytical reagent (AR) grade materials have been used in 

all the preparation. Samples are prepared by solution cast technique [2-4]. In this tech-

nique, at first stage the protic solvent helps the salt to dissociate into ions (cations and 

anions), dissolves into solvent and thereafter it interact with polymer chains. As the sol-

vent is gradually evaporated, polymer/ions complexing is favored if there is a strong inte-

raction between polymers and ions. 

Using above mentioned chemicals, the following five series of polymer electro-

lytes are prepared. The starting materials were weighed in the desired proportion using 

micro analytical balance. The amount of material used to prepare sample is denoted in 

wt%.  

1. First series: Silver based Solid Polymer Electrolyte System : 

 PEO-AgCF3SO3  (PA-series)  

In the first series, the amount of Poly (ethylene oxide) PEO is fixed and salt 

AgCF3SO3 is varied i.e. PA- 2 (wt %), PA- 3.5 (wt %), PA-5 (wt %), PA-7(wt %) 

& PA-11(wt %) to observe the effect of salt on PEO system. The solution was 

prepared by dissolving fixed amount of Poly (ethylene oxide) PEO and different 

http://en.wikipedia.org/wiki/Glass
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concentration of Silver trifluromethane sulphonate (AgCF3SO3) in acetonitrile so-

lution. 

2. Second series: Silver based Solid nano Composite Polymer Electrolyte Sys-

tem:  

PEO-AgCF3SO3 –SiO2  (PAS- series) 

In the second series, the amount of PEO- AgCF3SO3 (7 wt %) is fixed and nano 

filler SiO2 is varied i.e. PAS-5 (wt %), PAS-10 (wt %), PAS-15 (wt %), PAS-20 

(wt %) & PAS-25 (wt %) to observe the effect of nano filler in PEO- AgCF3SO3 

system. In the second Series, the solution was prepared by dissolving weighed 

amount of Poly (ethylene oxide) PEO, 5 wt% of Silver trifluromethane sulphonate 

(AgCF3SO3) 5wt% and different concentration of nano-particle SiO2 in acetoni-

trile solution.   

3. Third series: Silver based Solid Plasticized nano Composite Polymer Electro-

lyte System :  

PEO-AgCF3SO3 –SiO2-PEG  (PASP- series) 

In the third series, the amount of PEO- AgCF3SO3 (7 wt %) –SiO2 (20 wt %) is 

fixed and plasticizer PEG is varied i.e. PASP-5(wt %), PASP-10(wt %), PASP-

15(wt %), PASP-20(wt %) & PASP-25 (wt %) to observe the effect of plasticizer 

on PEO-AgCF3SO3-SiO2 system. In the third Series the solution was prepared by 

dissolving weighed amount of Poly (ethylene oxide) PEO, 5wt% of Silver triflu-

romethane sulphonate (AgCF3SO3), 20wt% of nano-particle SiO2 and various 

proportion of Poly (ethylene glycol) PEG in acetonitrile solution. 

4. Fourth series : Lithium based Solid nano Composite Polymer Electrolyte 

System :  

PEO-LiCF3SO3 –PEG- Al2O3  (PLA-series) 

In the fourth series, the amount of PEO- LiCF3SO3 (5 wt %)-PEG (10 wt %) is 

fixed and nano filler Al2O3 is varied i.e. PLA-1 (wt %), PLA -2 (wt %), PLA -3 

(wt %), PLA-4 (wt %) & PLA-5 (wt %) to observe the effect of nano filler on 

PEO-LiCF3SO3-PEG system. In the fourth series the solution was prepared by 

dissolving weighted amount of Poly (ethylene oxide) PEO, 5wt% of Lithium trif-
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luromethane sulphonate (LiCF3SO3), 10wt% of Poly (ethylene glycol) PEG and 

various proportion of nanofiller Al2O3 in acetonitrile solution. 

5. Fifth series: Lithium based Solid plasticized nano composite polymer electro-

lyte system :  

PEO-LiCF3SO3 - Al2O3 –PEG (PLP-series) 

In the fifth series, the amount of PEO- LiCF3SO3 (5 wt %) –Al2O3 (1 wt %) is 

fixed and plasticizer PEG is varied i.e.PLP-5(wt %), PLP -10(wt %), PLP -15(wt 

%), PLP-20(wt %) & PLP -25 (wt %) to observe the effect of plasticizer on PEO-

LiCF3SO3- Al2O3 system. In the fifth series the solution was prepared by dissolv-

ing weighed amount of Poly (ethylene oxide) PEO, 5wt% of Lithium triflurome-

thane sulphonate (LiCF3SO3), 1wt% of nano-particle Al2O3 and various propor-

tion of Poly (ethylene glycol) PEG in acetonitrile solution 

The mixture, thus, formed was constantly allowed to stir for 48 hrs at ambient 

temperature. The homogenous and viscous solution thus obtained in each steps (series) 

was cast in PTFE plates. Solvent evaporation was carried out in closed apparatus for 24 

to 30 hrs at ambient temperature. Semi-transparent homogenous membranes having 

thickness ranging from 10-30 m and good mechanical strength were obtained. Any con-

tamination with the external environment was carefully avoided by performing the entire 

procedure in closed apparatus. The obtained solid homogenous films were cut into pieces 

of required dimension for studies like FTIR, DSC, XRD, SEM and transport number 

measurement, while for conductivity measurements samples were cut into pieces of about 

1mm diameter. 

3.4 Characterization Techniques   

The various characterization techniques employed to study the prepared polymer 

samples are mentioned below: 

 Fourier Transform Infrared Spectroscopy (FTIR) 

 Diffraction Scanning Calorimetry (DSC) 

 X-ray Diffraction (XRD) 

 Scanning Electron Microscopy (SEM) 

 Transport number measurements 

 Conductivity measurements 
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3.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Fig. 3.1   Image of FTIR instrument. 

FTIR is a powerful and useful characterization method for polymers, and mate-

rials in general [6]. This is an economic, short time characterization that allows to estab-

lish the chemical composition, microstructure, chemical interactions and even to follow 

variation of specific functional groups with time, during reactions. All this features makes 

the FTIR an essential characterization technique for analyzing polymeric material [7, 8].  

FTIR spectroscopy of the prepared polymer electrolyte samples was carried out 

using JASCO 4100 series in the wave number ranging from 400 to 4000 cm
–1

 as shown 

in Fig. 3.1. FTIR is an upgraded technique of conventional IR spectroscopy. In this tech-

nique the optical pathway is used to detect radiation coming from the sample and the ref-

erence source is designed to produce an interferogram, a plot of intensity versus time. 

This signal is converted into frequency domain, using Fourier transformation. The data 

thus obtained is plotted and analyzed. 

3.4.2 Diffraction Scanning Calorimetry (DSC) 

Thermal analyses of the prepared samples are carried out using NETZSCH 200 

F3. Before starting the measurements, the base line corrections have been made in order 

to compensate the difference in the signal, which may account for the possible non iden-

tical nature of pans or heating elements. Calibration of empty pan should provide flat 

baseline. Polymeric materials generally have an endothermic slope due to increasing heat 

capacity with increasing temperature. Normally curvature in the graph is not part of cali-
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bration procedure but causes errors in analyses. Hence, it can be eliminated if necessary 

with baseline subtraction.  

 

Fig. 3.2   Image of DSC apparatus. 

The baselines are obtained under the required experimental conditions for the sys-

tem under study. The investigation on polymer electrolytes has been aimed at determin-

ing the glass transition temperature (𝑇𝑔) of the polymer samples. For this, thin pieces of 

polymer film weighing about 2-3 mg were encapsulated in aluminum pans for DSC mea-

surements. The measurements were carried out from -100
0
C to 100

0
C at heating rates of 

10
o
C/min, under nitrogen atmosphere. In the case of polymer electrolytes, DSC mea-

surements have been carried out in order to determine the glass transition temperature 

(𝑇𝑔) and the crystallization melting temperature 𝑇𝑚  of the polymer samples. Fig. 3.2 

shows the picture of DSC apparatus employed for thermal analysis of the prepared poly-

mer electrolyte samples.  The result of the DSC experiment is a graphical representation 

with endothermic and exothermic peak corresponding to the glass transition temperature 

(𝑇𝑔) and crystallization temperature (𝑇𝑚 ).  

3.4.3 X-ray Diffraction (XRD) 

X-ray diffraction is a phase selective method and can be used favorably for inves-

tigating phase transition phenomena [5]. In the present investigation, for structural cha-

racterization of the prepared polymer samples room temperature X-ray diffraction pat-

terns of the prepared films have been recorded  using a Brucker NSZ, model D8, U.S.A, 
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X-ray diffract meter employing a Cu-K radiation. The measurements were recorded for 

2 values from 10
o
- 80

 o
 at a scanning rate of 2

 o
 per minute. Fig. 3.3 shows the diagram 

of the XRD instrument.  

 

Fig. 3.3 Image of XRD Instrument. 

3.4.5 Scanning Electron Microscopy (SEM) 

 

Fig. 3.4   Image of SEM instrument. 
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Scanning Electron Microscopy (SEM) technique is used to observe the surface 

morphology of prepared polymer sample. Characterization of the sample was carried out 

using JOEL JSM – 6380LV instrument at 15-20 kV. Fig. 3.4 shows the image of SEM 

instrument used during the surface analysis of the prepared polymer electrolyte samples. 

The piece of prepared samples was sticky to the surface made by adhering conductive 

carbon cement on a SEM sample holder. The images so formed are observed on the com-

puter attached to the SEM instrument.  

3.4.6 Transport number measurements  

 

Fig. 3.5   Experimental setup of Wagner technique. 

The ionic transport number is measured by means of Wagner’s Polarization tech-

nique. The schematic diagram of the experimental set up is shown in Fig. 3.5. The sample 

is polarized under dc bias of constant voltage. In this method, a constant voltage less than 

decomposition potential (i.e. less than 1) is applied across the sample, which is placed 

between a pair of blocking electrodes. The current flowing through the circuit is moni-

tored as function of time using a current source measuring unit. In order to confirm that 

the conduction mechanism of the prepared polymer electrolyte sample, the ionic transport 

number is measured. The sample is placed between a pair of silver electrodes [9]. An ap-

preciable amount of current, Io, is resulted in the output by the application of a dc voltage 

to the above configuration. After a long interval of time, i.e., around 48 hours, the cell is 

completely polarized and delivers steady currents, 𝐼𝑠  which shows no change is the steady 

current with time. Decrease in polarization current can be attributed to the migration of 
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ions due to applied field and is balanced by diffusion due to the concentration gradient. 

Thus, the resulting steady-state current is only due to electrons or holes. The ionic contri-

bution is evaluated through the equation [10]: 

𝑡𝑖  =𝐼 - 
𝐼𝑠

𝐼0
  

where, 𝑡𝑖  is the ionic transport number and is found to be nearly equal to unity for 

most of the materials investigated in the present study. 

3.5 Conductivity measurement 

          

Fig. 3.6 Z-view plot.                   Fig. 3.7 Sample holder for the conductivity                     
                                                                      measurements. 

 

Fig. 3.8   AC Conductivity measurement setup 
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In Solid state electrolytes, the conductivity measurements are of prime impor-

tance. Impedance spectroscopy is a powerful ac technique, which has received the wide 

spread acceptance today for the determination of true bulk conductivity of ionic/super 

ionic/mixed electronic-ionic systems [11-16]. In this method, the real and imaginary val-

ues of the sample impedance are recorded as a function of frequency of the applied vol-

tage. The impedance values are plotted on the complex impedance (Argand) diagram as 

shown in the screen shot (Fig 3.6) and the d.c. conductivity is calculated from the analy-

sis of these plots. For the impedance measurements, all the polymer samples were cut in-

to small pieces of about 1mm thickness to serve as electrolytes. The measurements were 

made with two probe method. The sample inside the sample holder (as shown in Fig. 3.7) 

is kept in contact with two polished, properly cleaned and spring loaded copper elec-

trodes of a cell and the cell was kept in a furnace controlled by mercury contact thermo-

meter and relay. Fig. 3.8 shows the conductivity measurement setup for impedance anal-

ysis. The impedance measurements were made using Solartron 1260 in the frequency 

range from 1 Hz to 32 MHz at different temperatures and the sample was heated at the 

interval of 5𝑜C. 
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n this chapter, the results of characterization studies viz., Fourier Transform 

Infrared Spectroscopy (FTIR), Differential scanning Calorimetry (DSC), X-

ray diffraction (XRD), Scanning Electron Micrographs(SEM) & transport 

number of all samples of solid polymer electrolytes are discussed.  

 

  

4 CHAPTER 4  

5 CHARACTERIZATION STUDIES 

I 



86 

 

4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is an exquisite tool for probing in-

to the structural and functional features of macromolecular system and aggregates [1-10]. 

FTIR brings greater versatility to polymer structural studies. It facilitates the study as the 

spectra can be scanned, recorded and transformed into a matter of seconds. Besides, it is a 

qualitative identification of unknown sample which can accomplish by the comparison.  

Additionally, the interaction which arises from chemical or physical interaction between 

the polymer, salt, nano-filler and or plasticizer can also be exhibited. 

 

 

 

 

 

 

 

 

 

 

 

Fig.  4.1    FTIR of Pure PEG. 

As mentioned in chapter 1, poly ethylene glycol (PEG) belongs to ether group 

with similar structure and property like PEO but PEG is low molecular weight material 

and hence it is widely used as plasticizer. For reference purpose the FTIR spectrum of 

Pure PEG is shown in Fig. 4.1. The characteristic groups present in plasticizer PEG are: 

C-O-C (ether) stretching vibration at 1050-1150 cm
-1

, C-O (alcohols) stretching vibration 

at 1000-1260 cm
-1

, C-H (alkanes) stretching vibration at 2850-2960 cm
-1

, C-H (alkanes) 

stretching vibration at1300-1450 cm
-1

 and O-H (hydroxyl) at 3200-3600 cm
-1

[11-13]. 

The FTIR spectra of pure polyethylene oxide PEO is shown in Fig. 4.2 which 
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shows the presence of alphatic C-H stretching mode can be observed at 2876 cm
−1

, CH2 

scissoring mode at 1466 cm
−1

, CH2 wagging mode at 1360 and 1341 cm
−1

, CH2 twisting 

mode at 1279 cm
−1

, 1240 cm
-1

 of C-O  stretching vibration, a band of C-O-C stretching at 

1,100 cm
−1

, CH2 rocking and C-O-C vibration mode at 960 cm
−1

, CH2 rocking at 841 

cm
−1

 while C-O-C bending at 528 cm
−1

. The semi-crystalline phase of PEO is confirmed 

by the presence of triplet peak of C-O-C stretching at 1100 cm
-1

 band [14, 15]. C-O-C 

stretching vibrations are observed at 1145, 1095 and 1059 cm
−1

 with maximum intensity 

at 1095 cm
−1 

[16, 17].    

 

 

 

 

 

 

 

 

 

 

Fig.  4.2    FTIR spectra of Pure PEO. 

At the initial stage the content of PEO is kept constant and amount of AgCF3SO3 

salt is varied. Some changes as shown in Fig. 4.3 in the intensity of peaks in the IR spec-

tra of these PEO: AgCF3SO3 (PA) series has been observed on addition of AgCF3SO3. 

The presences of two new peaks; one at  636 cm
−1

 which is assigned to the s (SO3) mode 

of free triflate ion and another at 1028 cm
−1 

corresponding to the SO3 symmetric mode 

[18] has been observed. Both these characteristic peaks become prominent on increasing 

AgCF3SO3 content.  If the cations of AgCF3SO3 become co-ordinated with the ether oxy-

gen of PEO, the spectral changes are expected to be in the C-O-C stretching band at 1057 

and 1093 cm
-1

. According to Huang et.al. and D.R. MacFarlane et. al.[19, 20] effect of 

ion paring is observed at 1200 cm
-1

 band due to anti-symmetric stretching mode of SO3. 

In present case the variation in this band is observed and intensity of peak at 1240 cm
-1

 is 
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observed to increase at PA-11. This implies that ion association must have started. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3    FTIR spectra of PA series.                                    

No change has been observed in the spectral range of 945 - 836 cm
-1

 for all sam-

ples of PA series; suggest that the symmetrical rocking mode of CH2 group has not been 

affected by complexation with AgCF3SO3. But, the CH2 twisting mode at 1279 cm
-1

 and 

the band at 2876 cm
-1

 of CH2 stretching are observed to vary with the salt variation.   

Thus, it can be concluded from the emergence of new peaks at 636 and 1028 cm
-1 

and change in the intensity of 1057 and 1093 cm
-1

 peaks of C-O-C that the complexation 

of salt in host polymer PEO has been taken place. Also, the enhancement in peaks inten-

sity at 1240 cm
-1

 for higher amount of salt AgCF3SO3 implies that ion association has 

occurred.   

Addition of nano-filler to solid polymer electrolytes, facilitate the increase of the 

free volume and consequently the amorphous phase of the system. The FTIR spectra of 

the series where various amount of nano-fillers SiO2 is added to PEO: AgCF3SO3 (5wt 

%) sample of PA series is shown in Fig. 4.4. According to Saikia and Kumar [21] addi-

tion of SiO2 increases the defects concentration along the SiO2 particles interface, this is 

mainly attributed to higher degree of amorphousity in the polymer system. 

The C-H stretching band at 2876 cm
-1

 is broadens whereas, the intensity of peaks 
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around 2300 cm
-1

 reduces and the width of the C-O-C stretching band observed around 

1000-1150cm
-1

 decreases. On addition of SiO2 nano-filler the well defined peak at 841 

and 960 cm
-1 

in PA system blends with other surrounding peaks. Further a new peak 

around 1736cm
-1

 has been observed at higher nano-filler composition. Also, a broadened 

peak at 3437 cm
-1

 which is characteristics of O-H stretching mode of surface hydroxyl 

group of SiO2 is observed only in PAS-25 [22].  
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Fig. 4.4   FTIR spectra of PAS series. 

As silica is a hydrophilic compound and prefers to form silanol (Si–OH) bonding 

on the surface of silicon atom of silica. Formation of hydrogen bonding between SiO2 

grains is favorable with the presence of Si–OH bond, leading to the formation of three– 

dimensional network when sufficient amount of SiO2 is embedded into the polymer salt 

matrix. Therefore, it imparts high viscosity of polymer electrolytes with addition of SiO2 

[23], resulting in increase in amorphous phase of the system. Hence, the broadening of 

the IR bands with the addition of SiO2 in polymer electrolyte increases, indicating the 

amorphous nature of the samples. 

Now, in above mentioned PAS system, plasticizer PEG is varied. The FTIR spec-

tra of so formed PASP i.e. PEO-AgCF3SO3-SiO2-PEG is shown in Fig. 4.5. As men-

tioned earlier that the FTIR spectra of PEO and PEG are similar, hence no new peak are 
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expected. But, the intensity of existing peaks are reduced or broadened on addition of 

plasticizer PEG to polymer nano composite electrolyte system (PAS). The intensity of the 

peaks in the entire range from 500-3000 cm
-1

 gradually decreases with the addition of 

PEG. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5   FTIR spectra of PASP for series         

A broadened aliphatic C-H stretching vibrational bond around 2700 to 3000 cm
-1

 

and Vibrational band of OH-stretching group at 3300 cm
-1

 are clearly seen, indicating 

increase of amorphous phase of system. The lowest intensity of peaks and broadening is 

found in a sample of PASP-20 which is concluded as the highest amorphous sample. 

Thus, it can be ascribed that with the addition of PEG, the increase in amorph-

ousity is the main feature of the IR spectra. The physical strength of the films reduces and 

such sample are decayed or broken into pieces with passage of time within few months 

due to the presence of sulphate group in the silver salt. 

Therefore, in the next system the silver salt is been replaced by LiCF3SO3 and na-

no-filler SiO2 by Al2O3. The FTIR spectra of so formed, system: PEO: LiCF3SO3: PEG: 

Al2O3 (PLPA) is shown in the Fig 4.6. The presences of characteristic peak of LiCF3SO3 

salt with the host polymer PEO can be confirmed by appearance of signature peak of  526  
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Fig. 4.6    FTIR spectra of PLA series  

cm
-1

 consistent with as (CF3) [ 24-26], s (SO3) mode of free triflate ion assigned to 636 

cm
−1

 and symmetric stretching mode SO3 at 1033 cm
−1

. Also, the unique weak absorption 

band at 757 cm
-1

 corresponding to ion triplet (Li
+
 - CF3SO3- Li

+
) [26] is observed in the 

filler free sample and slight kink at higher values of nano-filler i.e. 5wt% Al2O3 .While, 

the presences of new peaks at 1732 and 3615  cm
-1

 are also observed indicating complex-

ation of nano-filler Al2O3 with the plasticized polymer electrolyte. The peak at 1732 cm
-1

 

is observed to shift towards the higher wave number side, indicating the decrease in the 

band length of this Vibrational band. Wang et.al., [27] too observed the shifting of peaks 

at 1409 and 634 cm
-1

 on addition of Al2O3 to PAN-LiClO4 system, while Suthanthiraraj 

et.al. [28] has discussed the suppression of association of Ag+ and CF3SO3
-
 on addition 

of Al2O3 nano-filler to PVDF-AgCF3SO3 system. In our case the peak intensity of IR 

spectra for 1wt% of nano-filler Al2O3 to be minimum when compared with the sample 

without Al2O3. However, beyond 1 wt% of Al2O3, the IR peaks are observed to gradually 

increase. The overall intensity of the band ranging from 3000 and 4000 cm
-1 
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Fig. 4.7   FTIR spectra of PLP series 

also gradually increase after 1wt% of Al2O3 nano-filler content, which favors the en-

hancement of crystalline phase. Hence, the inclusion of Al2O3 increases the crystallinity 

in all the samples expect PLA-1. 

Now, to understand the effect of plasticizer PEG on the above polymer electrolyte 

system PLPA the amount of 1wt% Al2O3 is kept constant and the amount of plasticizer 

PEG has been varied. In the IR spectra of this series, beside the overall variation in inten-

sity of IR spectra, the increase in the peak intensity of peaks at 526 cm
-1

 of as (CF3) and 

s (SO3) mode of free triflate ion assigned to 636 cm
−1

 increases on addition of plasticizer 

PEG. Peak due to ion triplet (Li
+
 - CF3SO3- Li

+
) at 757 cm

-1
 starts developing after 

10wt% PEG, this increase in intensity indicates that the addition of plasticizer does not 

substantially dissociates ion. Hence, from above mentioned discussion it can be con-

cluded that the interaction between nanocomposite polymer system and plasticizer has 

taken place. 

Finally, it is worth noticing that the systems with plasticizer are observed to be 
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more crystalline than compared to that without it. However, with the addition of plast i-

cizer (PEG) in the nanocomposite system, the peaks that were shouldered due to incorpo-

ration of nano-filler reappeared; this indicated the degeneration of the amorphous phase 

in the system. This must be due to the short branching or side-chain group of PEG, which 

produced a regular helical coil, which favors crystallization. This crystallization results, 

in hindering the mobility as well as an increase in the rigidity and stiffness modulus (sup-

ported by DSC values). 

4.2 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) technique is used to measure the tem-

perature and heat flow associated with the transition in the prepared sample as a function 

of time and temperature. The DSC measurement is used to determine the glass transition 

(𝑇𝑔) in order to establish an upper limit of temperature to perform the conductivity mea-

surements and to avoid any structural relaxation. Whereas, the melting temperature (𝑇𝑚 ) 

represents the phase transformation of the system, beyond which the system becomes 

more amorphous due to melting. Kumar et.al. [29] has suggested that backbone flexibili-

ty is the controlling factor in determining the 𝑇𝑔  of a material.  

As mentioned in chapter 1, cationic mobility occurs in the amorphous phase and 

its diffusion occurs through a complex mechanism involving the PEO segmental mobili-

ty. But pure PEO is crystalline in nature with low flexibility and cationic mobility. There-

fore the need arise to increase the flexibility a PEO-matrix by addition of alkali salt of it. 

Addition of salt modifies the polymer PEO structure by inhibiting regular packing. Be-

side this, the dissociation of salt also plays a vital role in increase in flexibility of the po-

lymer-salt system. 

The glass transition temperature 𝑇𝑔  and melting temperature 𝑇𝑚  values for PA se-

ries where salt AgCF3SO3 is varied is shown in Fig 4.8 (a) and (b). Addition of 

AgCF3SO3 to PEO decreases the 𝑇𝑔  values of as compared to pure PEO. On increasing 

the salt (AgCF3SO3) composition the 𝑇𝑔  value gradually decreases up to 7wt% of 

AgCF3SO3. This shows that incorporation of salt AgCF3SO3 has increase the flexibility. 

But after 7wt% AgCF3SO3, increase in 𝑇𝑔  indicates reduction in flexibility of PEO-chain 

in the system. The association of ions gradually results into the increase in glass transi-
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tion temperature 𝑇𝑔 .   
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Fig. 4.8   DSC plots of PA-series 
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Fig.  4.9   DSC plots of PAS series     

Lizhen et. al. [30] mentioned in his work that addition of nano-filler SiO2 to PEO-

LiClO4 the glass transition temperature decreases and as 𝑇𝑔  lowers, the amorphous phase 

becomes more flexible and the ionic conductivity should be enhanced. To examine the 
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effect of nano-filler SiO2 in the above system PEO: AgCF3SO3 nano-filler SiO2 has been 

added. The 𝑇𝑔  value on addition of nano-filler SiO2 has greatly affected the polymer-salt 

matrix (Fig. 4.9). The glass transition 𝑇𝑔  has been reduced by about 9
o
C for all the sample 

show the 𝑇𝑔  in the range of -50 to –51
o
C to -58 

o 
C in PAS system. This major change in 

the 𝑇𝑔  value suggests the increase in the formation of an amorphous phase [31-33] on ad-

dition of nano-filler SiO2.  𝑇𝑚  value of highest conducting sample i.e. PAS-20 is observed 

to lowest (Fig. 4.9). Generally, plasticization increases viscosity by interrupting polymer 

–polymer interaction and results in lowering of 𝑇𝑔  values [34-37]. Plasticization of above  
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Fig. 4.10   DSC plots of PASP series 

mentioned nano composite polymer electrolyte system (PAS). Instead of further decreas-

ing the glass transition temperature, it is observed to increase by about 6
o
C. On analyzing 

the glass transition value within the (PASP) system only, a continuous decrease in 𝑇𝑔  

value is observed as seen from Fig. 4.10, while the 𝑇𝑚  values linearly increases up to 

20wt% of PEG and there after decreases. This decrease at 25wt% of PEG must be due to 

dilution effect at higher concentration of PEG. 

In next series PLA both the glass transition temperature (𝑇𝑔) and melting tempera-

ture (𝑇𝑚 ) decreases as compared to the samples without nano filler Al2O3 on addition of 
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nano-filler Al2O3 as shown in Fig 4.11. Both this value obtains minimum value of -61.99
 o 

C and 66.98
 o 

C respectively for 1wt% of Al2O3. It is reasonable to assume that nano 

sized Al2O3 filler contributes to enhances the flexibility of the polymer chain. But, 1 wt% 

of Al2O3, with the further incorporation of nano-filler led to an increase in both 𝑇𝑔   and 

𝑇𝑚  values. 
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Fig. 4.11   DSC plots of PEO: LiCF3SO3: PEG: Al2O3 series 

The increase in 𝑇𝑔  value reveals an increase in the rigidity of the polymer system 

and also reduction in amorphous phase which is evident from (XRD) of XRD data. Rah-

man et. al. [38] and others [39] observed that the 𝑇𝑔value is not influenced by the addi-

tion of nano-filler to polymer electrolytes.  Whereas, in the PLP series to the glass transi-

tion temperature 𝑇𝑔  and melting temperature 𝑇𝑚  decrease (Fig. 4.12) and attain a mini-

mum at PLP-10 and thereafter increase. After PLP-10 further addition of PEG attributed 

to the dilution effect which increases the cohesive energy of the polymer matrix and 

hinders the flexibility which results in increasing of 𝑇𝑔  values and shifting of 𝑇𝑚  values 

towards higher temperature side. 

On analyzing all this five series it could be said that the 𝑇𝑔  values of low molecu-

lar weight plasticizer PEG are observed to be higher than the systems with nano-filler in-

dicates more flexibility. As the flexibility of polymer system mirrors the glass transition 

temperature it plays an important role in studying the structural changes of the polymer 
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electrolytes with heat treatment.  
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Fig. 4.12   DSC plots of PLP series 

4.3 X-Ray Diffraction Studies 
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                                                Fig. 4.13    X-ray diffraction patterns of: pure PEO. 

The structure of the materials is, generally determined by XRD analysis. X-ray 

diffraction analysis helps in determining the amorphous / crystalline nature of the pre-

pared samples. The X-ray spectra were measured in the range from 10
o
 to 80

o
 range for 

all the polymer samples. Fig. 4.13 shows the characteristic X-ray diffraction spectra of 

the pure PEO [40, 41] which reveals the characteristic peaks at 19
o
 and 23

o
. Fig. 4.14 

shows the X-ray diffraction patterns of PA series. Few differences in diffraction patterns 

are identified between the complexed and pure PEO films. A decrease in the intensity of 
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diffractions peaks with increasing salt concentration is observed to decrease up to PA-7 

and then increases. Presence of peak corresponding to the pure PEO shows the simulta-

neous presence of both crystalline complexed and uncomplexed PEO. 
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Fig. 4.14   X-ray diffraction patterns of PEO: AgCF3SO3 series. 

But, no sharp peak is observed for higher concentration of AgCF3SO3 indicating 

the dominant presence of amorphous phase [42]. Hodge et.al. [43] Established a correla-

tion between the intensity of the peak and the degree of crystallinity. They observed that 

the intensity of XRD pattern decrease as the amorphous nature increase with the addition 

of salt. 

Further, in the second step i.e. PAS series the XRD patterns at ambient tempera-

ture of all entire polymer samples in which the content of nano-filler SiO2 is varied is 

shown in Fig. 4.11. The diffraction patterns are observed to shift towards lower angle 

side with small broadening with decreased intensity, expect x= 25 wt% of SiO2. The in-

tensity of x= 20wt% of SiO2 is found to be lowest. This decrease in the intensity of peaks 

suggests the increase in the amorphous phase of the samples and indicates that addition of 

nano-filler SiO2 has disturbed the crystalline region. Hence, these amorphous nature leads 

to higher ionic conductivity which is generally observed in amorphous polymer electro-
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lytes with flexible backbone. 

20 40 60 80

 

PAS-5

in
te

n
si

ty
 (

a.
u

)

 

2

PAS-25

 

PAS-10

 

 
PAS-15

 

 

PAS-20

 

 

 

 

 

Fig. 4.15   X-ray diffraction patterns of PAS series 

In the PASP series (Fig. 4.16) where, PEO, AgCF3SO3, SiO2 are kept constant 

and plasticizer PEG is varied. A slight shift from 19.20 
o
 to 18.95

 o
 for 5wt% and 10wt% 

sample of PEG is being observed, which indicates that addition of PEG plasticizer have 

disturb the polymer-salt matrix.  The characteristic peak of PEO is observed to decrease 

with increasing plasticizer PEG content up till 20wt%. This indicates the reduction of 

crystalline phase, but at 25% PEG peak intensity instead of further decreasing, it increas-

es. The polymer electrolyte system must have under-gone significant structural reorgani-

zation when plasticizer PEG is added and an increase in the amorphous phase is observed 

to be dominant. This suggest that sample with 20wt% PEG is more amorphous compared 

to other samples; also it is the highest conducting sample. It is also observed that the peak 

intensity of these series is more compared to the second series indicating that these sam-

ples are less amorphous than the PAS series. 

In the next system i.e. PLPA series as shown in Fig. 4.16, the peak intensity of fil-

ler free sample (0wt% of Al2O3) is observed reduce considerably on addition of 1wt%  
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Fig. 4.16   X-ray diffraction patterns of PASP series. 

nano-filler Al2O3. But on further increasing the nano-filler Al2O3 content (i.e. 2, 3, 4, & 5 

wt %) the peak intensity continuously increases. These increases in peak intensity indi-

cate an enhancement in crystalline phase of the polymer systems. At higher concentration 

of Al2O3, the amorphousity decreases because of desegregation or due to formation of 

cluster.  Suthanthiraraj et. al. [45] mentioned that the addition of Al2O3 into the polymer–

salt complex clearly showed that the intensity of the diffraction peaks of complexed po-

lymer electrolyte system was significantly less than that of the pure PVDF indicating an 

effective decrease in the crystallinity. 

For the PLAP series (PEO: LiCF3SO3: Al2O3: PEG) as shown in Fig. 4.17, the sample 

show a decrease in the characteristic peaks of PEO peaks after the addition of PEG to 

system were nano-filler Al2O3 is varied. This decrease is observed up to indicates that the 

polymer complexation has taken place between PEO, LiCF3SO3, Al2O3 and PEG and also 

promotes amorphous region to the polymer structure. 

From the above observation, it is clear that these polymer samples are amorphous  
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Fig.  4.17   X-ray diffraction patterns of PLA series
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Fig. 4.18   X-ray diffraction patterns of PLP series 

in nature as confirmed by their XRD spectrum which reveals the reduction in intensity of 



102 

 

peak compared to that of pure PEO. On comparing the systems with and without plasti-

cizer PEG it is observed that systems with nano-filler are more amorphous compared to 

that with the plasticizer. 

4.4 Scanning electron micrographs (SEM) 

 

 

Fig.   4.19   SEM images of (a) PA-2, (b) PA-5, (c) PA-7 and (d) PA-11 samples of PA series 

Scanning electron micrographs (SEM) is often used to study the compatibility be-

tween various components of the polymer electrolytes through the detection of phase se-

paration and interface [46].The compatibility between the polymer matrix and the inor-

ganic dopant has great influence on the properties such as, mechanical, thermal ionic 

conductivity of the polymer electrolytes 

Fig. 4.20 shows the SEM micrographs of 2, 5, 7 & 11 wt% of AgCF3SO3 for PA 

series. On addition of AgCF3SO3 salt to pure PEO host matrix the amorphous phase in-

creases which can be said from the decrease in the size of spherulites up to 7wt% of  

AgCF3SO3 salt and thereafter at 11wt% of AgCF3SO3 it becomes prominent. The SEM 

micrographs of the system for10, 15, 20 & 25 wt% of SiO2 for PAS series is shown in 

Fig. 4.21. The features of surface smoothening are observed for 10, 15 and 20 wt% of 

SiO2 but, for 25wt% of SiO2 white crystalline patches have developed. All this provides 

the evidence of change in the microstructure of the samples. Pandey et.al. [47] mentioned 
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that the partial crystalline structure observed in pure PEO, loses its original character on 

addition of ceramic filler SiO2 and disturbs the crystalline nature of the system and at 

higher SiO2, dispersion in PEO becomes homogenous followed by the cluster formation.  

 

Fig. 4.20   SEM images of (a) PAS- 10, (b) PAS-15, (c) PAS- 20 and (d) PAS 25 samples for PAS series. 

 

 

     Fig. 4.21    SEM images of (a) PASP-5, (b) PASP-15, (c) PASP-20 and (d) PASP-25 samples of PASP series.   

Addition of plasticizer PEG to nanocomposite polymer system changes the Mor-

phology of the prepared samples of the PASP series changes substantially. The overall 

smoothness of all the samples has been observed in Fig. 4.22 shows considerable de 
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crease in smoothness compared to that of PAS series. The morphology of the sample with 

20wt% of PEG is observed to be more amorphous and smoother.  

 

Fig. 4.22   SEM images of (a) PLA-1, (b) PLA-2, (c) PLA-4 and (d) PLA-5 samples of PLA series. 

 

Fig. 4.23    SEM images of (a) PLP-5, (b) PLP-15, (c) PLP-20 and (d) PLP-25 samples of PLP  series 

Fig. 4.23 shows the SEM images of PLA series. It is observed that PLA-1 sample 

shows partial formation of spherulites but, on increasing the filler content further it va-

nishes and white crystalline patches at PLA-5 is observed to develop along with the fea-
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ture of surface smoothening. The XRD measurements also suggest the increase in crystal-

linity hence, are in good agreement with SEM results. 

SEM micrographs of PEO: LiCF3SO3: Al2O3 systems, with variation amounts of 

PEG are shown in Fig. 4.24. Addition of plasticizer PEG to nanocomposite polymer sys-

tem shows the roughness in the films. The addition of plasticizer increases the brittleness 

in the films which is seen as the increased roughness in SEM micrographs and diorites 

the mechanical strength of the film. 

On summarizing above systems, it can be concluded that the systems with plasti-

cizer PEG irrespective of the addition of type of salt and nano-filler, the surface of the 

film become rough on plasticization, while nano-filler enhances the amorphous structure. 

4.5 Transport number 
The transport measurements are inadequate if performed without the information 

on the possible type of charge carriers. In solid, the electric charge can be transported by 

the net macroscopic motion of either electronic or ionic species. It is important that the 

charge transport in solid polymer electrolyte material be predominantly have ionic mo-

tion. Minority electric conduction is generally considered to be deleterious. Method in-

troduced by Wagner [48] which can be especially useful for the evaluation of low levels 

of electronics conductivity in materials that are primarily ionic conductors. 

The transport number of the prepared polymer samples is measured by Wagner’s 

polarization technique. The transference numbers, both ionic (𝑡𝑖𝑜𝑛 ) and electronic (𝑡𝑒𝑙𝑒 ) 

of various polymer systems complexed with salt, nano filler and plasticizer are evaluated 

using the Wagner’s polarization technique. In this technique, the dc current was moni-

tored as a function of time on application of fixed dc voltage 500 mV across the Ag (+) / 

electrolyte /Ag (+) cell.  

In Wagner’s polarization technique, the initial current is the total current (𝑖𝑇), 

which is due to the ions (𝑖𝑖𝑜𝑛 ) and the electrons (𝑖𝑒𝑙𝑒 ). As polarization builds up the iion is 

blocked and the final current is only the electronic current.  

𝑖𝑇   =  𝑖𝑖𝑜𝑛  +  𝑖𝑒𝑙𝑒  
Therefore,  

𝑡𝑖𝑜𝑛  =  
𝜎𝑖𝑜𝑛
𝜎𝑇
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 and also 

𝑡𝑖𝑜𝑛  =  
𝑖𝑖𝑜𝑛
𝑖𝑇

 

   = 
(𝑖𝑇  −  𝑖𝑒𝑙𝑒 )

𝑖𝑇
 

and        𝑡𝑒𝑙𝑒  =   
𝜎𝑒𝑙𝑒

𝜎𝑇
 

      

= 
𝑖𝑒𝑙𝑒

𝑖𝑇
 

On observing the Fig. 4.25(a) and (b), it is can be said that with the increase in the con-

centration of salt AgCF3SO3, the ionic transference number increases and attains the 

maximum value at PA-7 of 0.81. But, at PA-11, the reduction in 𝑡𝑖𝑜𝑛  value results due to 

ion re-association. Other workers reported the ionic transference number in the range of 

0.7-0.9 [49, 50] for PEO-based systems. However, ionic transport number increases and 

reaches a maximum of 0.9 for PAS-20 polymer electrolyte film where nano-filler SiO2 is 

added to the PA system. Y.K Mahipal [51] argued the increase in transport number with 

the addition of nano-filler SiO2 to PEO-NaNO3 polymer electrolyte. The observed varia-

tion in ionic transference numbers are in agreement with conductivity behavior of PAS-

system (chapter 5). 

Generally, addition of plasticizer to the nanocomposite electrolyte results into fur-

ther improvement of transport property of the polymer electrolyte system due to the cha-

racteristic property of plasticizer i.e. dissociating more ions into the system. But, on ex-

amining the data presented in the Fig. 4.26 for PASP- series its can be seen that the nu-

merical value of this series is much lower than that of PAS series. This adverse effect is 

the result of almost similar dielectric value of PEO and PEG due to which the addition of 

plasticizer PEG may not able to dissociate more salt into the system. Hence, a bit de-

crease in the ionic transport value is observed as compared to PAS system. 

Being smaller in size, lithium ions possess larger mobility as compared to silver 

ions which make Li-ion conducting salts more appropriate and suitable for battery fabri-

cation. Hence as expected, replacement of silver salt with lithium ion-conducting salt, the 

ionic transport number show a sudden rise in its transport property.  

The ionic transference number of highest conducting samples of both PLA and 

PLP systems reaches unity as shown in Fig. 4.26 (a) and (b). Therefore, it can be said io-
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nic conductivity results in high ~ unity transference number [52]. 

PA-2 PA-3.5 PA-5 PA-7 PA-11

0.75

0.80

 tion

log 

PA- series

t i
o

n

(a)
-8.0

-7.5

-7.0

 lo
g

 
 (

S
/
cm

)

 

PAS-5 PAS-10 PAS-15 PAS-20 PAS-25

0.85

0.90

t i
o

n

PAS- series

-7.5

-7.0

-6.5

(b)  lo
g

 
 (

S
/c

m
)

 tion

log 

 

Fig. 4.24    Variation of ionic transport number in (a) PA-series and (b) PAS- series
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Fig. 4.25   Variation of ionic transport number in PASP- series.
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Fig. 4.26    Variation of ionic transport number in (a) PLA-series and (b) PLP- series 

Generally, for battery application the value of ionic transference number of poly-

meric material should practically be greater than 0.9. Hence, it can be concluded from 

above results that Li-ion conducting polymer electrolytes with can serve as better electro-

lyte material. 
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his chapter deals with the conductivity results of prepared solid polymer 

samples. The details of temperature and composition dependence of conduc-

tivity along with its conduction mechanism are discussed in later part of this chap-

ter. 

 

  

1 CHAPTER 5   

2 CONDUCTIVITY STUDIES  

T 
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5.1 Introduction 

A conductivity study is one of the important studies that is carried out on solid 

materials in order to characterize the bulk resistance; grain boundary resistance, polariza-

tion etc. of the prepared samples. Conductivity measurement can be carried out using var-

ious techniques. The technique used in the present study is the complex impedance spec-

troscopy which provides the information on electrical properties of materials and their 

interface with electronically conducting electrodes. It may be used to investigate the dy-

namics of bound or mobile charge in the bulk or interfacial regions of any kind of solid or 

liquid material such as ionic, semiconducting, and mixed electronic-ionic as well as insu-

lators (dielectrics) too. Complex impedance spectroscopy is used to measure dc as well as 

ac conductivity, these measurements are  based on the studies made on the measurement  

of  cell  impedance/admittance  over  a  range  of  temperatures  and frequencies  and  

analyzing  them  in  complex  impedance  plane  [1, 2]. This  is particularly characterized 

by the measurement and analysis of Z
*
 (impedance) or Y

*
 (admittance)  and  plotting  of  

these  functions  in  the  complex  plane,  known  as Nyquist diagrams. 

Sluyter  et.  al. in 1960 [3]  used  complex  impedance spectroscopy  technique  to   

study  the   polarization   phenomenon   of  aqueous electrochemical cells. Since then, it 

has been considered to be one of the most powerful  tool  to  analyze  electrochemical  

processes  in  the  field  of  aqueous electrochemistry  [4-7]. Bauerle  [1] was the first to 

use this technique to study the basic polarization process in the cell of yttria stabilized 

zirconia (YSZ). Thereafter, complex impedance spectroscopy had been in use for charac-

terizing a wide range of electrolyte and electrode materials, which include polymers, 

oxides, glasses, polycrystalline and composites. 

5.2 Complex Impedance Analysis  

Complex impedance spectroscopy is the most elegant and powerful technique for elec-

trical characterization of solids, in general and electrochemical devices including elec-

trodes as well as electrolytes in particular. This technique is often used to obtain bulk 

conductivity of the material. Complex impedance spectroscopy had attracted attention 

due to its one of the important feature of dispersion of semicircle. Jonscher et.al. [8] have                                       
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Fig.  5.1    Impedance plots of PA series (a) PA -2, (b) PA -3.5, (c) PA -5, (d) PA -7 and (e) PAS -11at different temperatures. 

considered the semicircle depression as an essential property of dielectric and ionic con-

ductors where they have viewed this phenomenon as an inherent property of elementary 

jump of an ion due to local energy stored [9] . 

To determine the electrical conductivity and the ac behavior of the prepared polymer 

electrolyte system complex impedance measurements were carried out over a range of 

temperature and frequencies. 

At first stage to see the effect of variation of silver salt concentration in PEO polymer, the 

impedance spectra of PEO-AgCF3SO3 (PA-series) system at different temperature are 



113 

 

    

0 3x10
4

5x10
4

0

-3x10
4

-5x10
4

Z'() 

Z
"(

)

 

 

CPE
1

CPE
2

R
s

R
1

R
2

 Fitted

 Original

0 1x10
5

2x10
5

0

-1x10
5

-2x10
5

Z
"(

)

Z'() 

 

 

 PA-2

 PA-3.5

 PA-5

 PA-7

 PA-11

 

Fig.5.2    Equivalent-circuit fitting for PA-11at 313K                             Fig.5.3    Impedance plot of PA series at 313K. 

recorded. Figs. 5.1 (a)-(e) show impedance plot of PEO: AgCF3SO3 samples at different 

temperatures for PA-series. The complex impedance plots show depressed semicircle at 

the high frequency arises from the bulk relaxation [10, 11]. The intercept of axis shifts 

towards origin i.e. the bulk resistance of the sample decreases with increase of tempera-

ture in all the samples. The size of the depressed semicircle decreases with the increase of 

temperature as expected in solid electrolytes and the real axis intercept of the plot shifts 

towards the origin. The high frequency semicircle in the impedance plot is a characteris-

tic of the parallel combination of a capacitor and a resistor, respectively which are the 

bulk capacitance and the bulk resistance of the material [12]. The equivalent-circuit fitted 

curve is obtained from Z-view2 program. The intercept of the fitted semicircle the real 

axis (Z’ axis) is used to obtain the bulk resistance (Rb) of the electrolyte.  

Fig. 5.2 shows the fitted curve for PA-11polymer film and its inset shows its 

equivalent-fitted circuit. The fitted plots represent a series combination of two parallel 

lumped RC circuits. The first semi circle arises due to the bulk resistance of the sample 

while the other semicircle (R2 C2 couple) arises due to polarization of mobile Ag
+
- ions at 

the electrode-electrolyte interface [12].  An equivalent circuit is generally used to analyze 

impedance spectroscopy because it is simpler and can provide the complete picture of the 

prepared polymer electrolyte systems.       

The impedance plot for PA-11, shown in Fig. 5.1 (e), can be divided into two well 

defined regions: a slanted spike at low frequency and a semicircle portion which reveals 

the characteristic of a parallel combination of bulk resistance and bulk capacitance of the 

polymer matrix at high frequency [13]. However, the spike is slanted at an angle less than  
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Fig. 5.4   Impedance plot of PAS series (a) PAS -5, (b) PAS -10, (c) PAS -15, (d) PAS -20 and (e) PAS -25 at different temperatures. 

90
0
.This phenomenon indicates the non- Debye nature. In addition, the angle and the 

amount of inclination is attributed to the distribution of conductivity relaxation time 

which defined as the time required to build up charges at the electrode and electrolyte 

interface before the electric field changes the direction[14].  

Impedance plot for all samples of PA series at 313K is shown in Fig.5.3. It is 

clear from the figure that the resistance of the samples decreases with the increasing salt 

content up to 7wt% (PA-7) and thereafter its value increases at 11wt% of AgCF3SO3. The 

decrease in the resistance value indicates that ion dissociation has taken place but after 

7wt% of AgCF3SO3 salt, more ions are produced that might cause the blocking of con-
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ducting pathways and increases the resistance values. 

 

 
 
 
 
 
 
 
 
 
 

    Fig.5.5   Equivalent-circuit fitting for PAS-15 at 313K.                 Fig. 5.6  Impedance plot of PAS series at 313K.    

      

To further enhance the properties of polymer salt system, dispersion of nano-filler 

in polymer film with lowest resistance value is done. For this, the nano-filler concentra-

tion ranging from 5 to 25 wt% in steps of 5 is added in PA-7 polymer sample to obtain 

PAS-series. The impedance spectra of different samples of PAS series at different tem-

peratures are presented in Figs. 5.4 (a) to (e) and Fig. 5.5 depicts the equivalent-circuit 

fitted graph for PAS-15 sample. In PAS system, bulk resistance values decrease with in-

crease in temperature. At the same time, the frequency of the maximum of the semicircle 

for the interface shifts towards a higher frequency as the temperature increases.  

Fig.5.6 shows impedance plot of PAS series PEO: AgCF3SO3: SiO2 at 313K. As 

seen from the Figure the resistance of the samples decreases continuously with increasing 

nano-filler SiO2 content expect for PAS-25 polymer film where the resistance increases. 

Addition of nano-filler in polymer salt complex must have increases the matrix amorph-

ousity and providing new conducting pathways resulting into decrease in resistance up to 

20 wt% of SiO2. 

Next to PAS system, plasticization of highest conducting nano-composite (PAS-

20 sample) as PASP series (PEO-AgCF3SO3-SiO2-PEG) where, plasticizer (PEG) is va-

ried in the 5, 10, 15, 20 & 25 wt% has been made. The complex impedance measure-

ments of the samples of PASP series over a range of temperature and frequency are car-

ried out. A reduction in bulk resistance values with the increase in temperature is the 

main feature in this system too. Figs. 5.7 (a) to (e) show the impedance plot of all the 

samples of PASP series at 303K.  Fig. 5.8 depicts equivalent –circuit (inset of figure) fit-

ted impedance curve for PASP-20 polymer film. The impedance curves show depressed 

0.0 3.0x10
5

6.0x10
5

0.0

-3.0x10
5

-6.0x10
5

 

 Z'() 

Z
"(


)

 

 

 PAS-5

 PAS-10

 PAS-15

 PAS-20

 PAS-25

0 2x10
5

3x10
5

0

-2x10
5

-3x10
5

Z'()

Z
"(


)

CPE
1

CPE
2

R
s

R
1

R
2

 

 

 Fitted

 Original



116 

 

semicircular arc. The lowest bulk resistance value in PASP-20 polymer electrolyte is ob-

served. Beyond that concentration the observed increase in bulk resistance is due to dilu-

tion effect of plasticizer [15].                  
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Fig. 5.7   Impedance plots of PASP series (a) PASP -5, (b) PASP -10, (c) PASP -15, (d) PASP -20 and (e) PASP -25 at dif-
ferent temperatures. 

After studying the silver ion conducting polymer electrolytes, the effect of Al2O3 

nano-filler (different than SiO2) in lithium ion conducting plasticized PEO-based system 

is also studied. For this, PLA series i.e., PEO-LiCF3SO3-PEG- Al2O3 system, in which 
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       Fig. 5.8   Equivalent-circuit fitting for  PASP-20 at 313K.                       Fig. 5.9    Impedance plot of PASP series at 318K. 
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Fig. 5.10    Impedance plots of PLA series (a) PLA-1, (b) PLA-2, (c) PLA-3, (d) PLA-4 and (e) PLA-5 at different temperatures. 
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Fig. 5.11    Equivalent-circuit fitting      Fig.5.12    Impedance plot of PLA    
                  for PLA-4 at 313K.                                                     series at 313K. 
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Fig.5.13   Impedance plots of PLP  series at 313 K. Fig.5.14  Equivalent-circuit fitting   for PLP-15 at 313K.        

the metal salt (AgCF3SO3) and nano-filler (SiO2) have been replaced with lithium salt 

(LiCF3SO3) and nano-filler (Al2O3), respectively in this series the content of nano-filler 

has been varied. Complex impedance plots of PLA-1, PLA- 2, PLA-3, PLA-4 and PLA-5 

polymer nano-composites at different temperatures are shown in Figs. 5.10 (a)-(e). The 

figures show a semi-circle in the high frequency range, which is related to conduction 

process in the bulk of the complex. This plot shows a depressed semicircular arc followed 

by an inclined spur at low frequencies. With the increase in temperature, the bulk resis-

tance of the sample decrease and the conductivity thus shows a gradual enhancement. 

Fig. 5.11 depict equivalent- circuit (inset of Fig.) fitted impedance curve PLA-4 polymer 

film. Fig. 5.12 shows impedance spectra of all the samples of PLA series. All impedance 

plots reveals only one arc and a spike in the investigated temperature range.  The pres-

ence of inclined spur is a signature of divergence from the ideal behavior [16]. As seen 
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from Fig. 5.12, after 1wt% of Al2O3 the resistance of the samples increases with the in-

creasing Al2O3 content. 
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Fig.5.15   Impedance plots of PLP series (a) PLP-5, (b) PLP-10, (c) PLP-15, (d) PLP-20 and (e) PLP-25 at different temperatures. 

After achieving maximum conductivity in PLA series at 1wt% of nano-filler (discussed 

in next section), the complex impedance spectrum pattern of the plasticized nano compo-

site polymer electrolyte system i.e., PLP series: PEO-LiCF3SO3-Al2O3-PEG for different 

PEG concentrations at 313K  are plotted and shown in Fig. 5.13. Figure shows a decrease 

in the value resistance with increase in PEG content in this series i.e., PLP-10 sample 

shows lowest bulk resistance and further increase in PEG concentration leads a rise in 
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bulk resistance value. This decrease can be explained on the basis that plasticizer must 

have interrupted polymer-polymer interaction by occupying inter and intra chain, which 

results in a decrease in the polymer-polymer interaction and thereby decrease in the bulk 

resistance.  Fig. 5.14 depicts the equivalent circuit fitting for PLP-15 polymer film at 

313K. Complex impedance spectrum pattern of the all samples of PLP series are plotted 

and are shown in Figs.5.15 {(a) to (e)} at different temperatures. The impedance spec-

trum comprises of high-frequency semicircular arc followed by a steeply rising spike in 

the low frequency region. Similar to other workers [17, 18] as well as in other investi-

gated systems here, in this series too, the bulk resistance decreases with increase in tem-

perature.  

5.3 DC Conductivity 

The conductivity is the most important investigated parameter of electrolyte sys-

tems. It depends on the level of doping on concentration of the cations. The ion transport 

in these polymer electrolytes is based on the hopping mechanism between coordinating 

sites, local structural relaxation and segmental motions of the polymer chains [18, 19]. 

The resistance determined from the real axis intercept of the z’ on the x axis is used to 

evaluate the conductivity from the following equation; 

𝜎 =  
𝑡

𝐴 
 ∗ (

1

𝑅
) ………….(5.1) 

where 𝑡 is the sample thickness and 𝐴 is the area of the sample and 𝑅 is the resistance.  

Logarithmic conductivity as a function of inverse temperature at different content of 

salt (AgCF3SO3) i.e., PA-system is plotted in Fig. 5.16(a). Interestingly, even though there is 

a slight curvature in some of the plots, all the polymer electrolytes showed an enhancement 

of the ionic conductivity when the temperature is increased. The log of conductivity vs. 

temperature relationship indicates that the conduction mechanism in samples is thermally 

assisted. Above the glass transition temperature, the amorphous region progressively increas-

es with increase in temperature and the polymer chain acquires faster internal modes in 

which bond rotations produce segmental mobility. This, in turn favors the hopping of inter 

and/or intra chain ion movements and the conductivity of the polymer electrolytes increases. 

The rise in conductivity with the temperature suggests the free volume due to easy expansion 

of polymer [20, 21]. This increase in ionic conductivity in the present PEO- AgCF3SO3 based 
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electrolyte is temperature assisted process [22, 23].  
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Fig.5.146   Variation of dc conductivity as a function of (a) temperature for PA system and (b) AgCF3SO3 salt at 313K. 

The log conductivity versus different content of AgCF3SO3 at 313 K temperature for 

PA-series is plotted and shown in Fig.5.16 (b) which depicts a significant increase in ionic 

conductivity with addition of AgCF3SO3 salt. The highest conducting sample is PEO-7wt% 

AgCF3SO3 and its conductivity at room temperature is 7.2x 10
-7

 S-cm
-1

. A three order 

increase in magnitude of conductivity compared to pure PEO (of the order of 10
-10

 Scm
-1

 at 

ambient temperature [24]) is observed. In addition to this, the conductivity value of the 

sample increases with the salt concentration and reaches an optimum value at 7 wt % of 

AgCF3SO3 in the present case and then decreases. This variation could be explained in terms 

of the number of free charge carriers or mobile ions. Therefore, in the region-I, the increasing 

trend of conductivity is due to larger number of ions of AgCF3SO3 salt whereas in region II, 

it may be due to ion re-association process [18, 19]. In FTIR spectra for sample 11wt% 

AgCF3SO3 (Fig.4.3), attributed the presence of peak at 1240 cm
-1

 to ion pairs which  also 

supports the decrease in conductivity due to ion re-association process at higher concentra-

tion of salt. Similar behavior of conductivity with salt concentration has been reported by 

many workers [25-33].  

Variation of logarithmic conductivity with inverse temperature with different amount 

of nano-filler SiO2 in PA-system is shown in Fig. 5.17 (a). The observed increase in conduc-

tivity is attributed to increase of the fraction of free volume in the polymer electrolytes due to 

increase in temperature. Fig. 5.17 (b) shows the variation of conductivity with SiO2 concen-

trations for PAS series at 313 K. The conductivity increases with nano-filler SiO2 concentra-

tion up to 20 wt %.  Wieczorek et.al. [34] and Croce et.al. [35] suggested that addition of 
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nano-filler in polymer system, results an interaction of cations with Lewis acid base type 

oxygen and OH surface group on alumina grains. It also provides additional sites creating 

favorable high conducting pathways in the vicinity of grains for the migration of ions [35-

41]. However, the conductivity does not continue to rise indefinitely with increasing concen-

tration of SiO2. It falls after an optimum concentration of SiO2 leading to aggregate of SiO2 

particle in the systems which impede the ionic movement by acting as insulators [19, 41]. A 

clear signature of this observation is seen in FTIR spectra (Fig. 4.4) in chapter 4 for PAS-25.  

Liu et.al. [42] also observed fall in conductivity at higher concentrations of nano-filler SiO2.   

 

3.0 3.1 3.2 3.3 3.4

-8

-7

-6

(a)

(1000/T) (K
-1
)

lo
g

 
 (

S
/
c
m

)

 PAS-5

 PAS-10

 PAS-15

 PAS-20

 PAS-25

 

 

 

5 10 15 20 25

-7.5

-7.0

-6.5 (b)

lo
g

 
 (

S
/c

m
)

 

 

filler concentration SiO2(wt%)  

Fig. 5.157   Variation of dc conductivity as a function of (a) temperature for PAS system  and (b) nano-filler SiO2 at 303K. 

The variation of temperature dependent conductivity for the plasticized PASP system 

i.e.; PEO: AgCF3SO3 (7wt%): SiO2(20wt%): PEG is shown in Fig. 5.18(a). It is worth 

noticing that conductivity of PASP-25 shows initially the lowest value of conductivity but 

with the rise in temperature, conductivity values do not remain low and rise further with 

increase in temperature. It is clear from the plot [Fig. 5.18 (b)] of logarithmic conductivity 

versus different content of PEG at 318 K (PASP series) that the conductivity increases with 

up to PASP-20 (20 wt% of PEG) because the presence of plasticizer decreases the viscosity 

between the chains. The existence of such less viscous separate ionic pathways increase the 

migration of free Ag
+
- ions through the plasticizer.  

The Ag
+
-ions may have preferred to conduct through these less viscous new paths, 

which, consequently, enhance the mobility of the ions. As discussed in chapter 4 [40, 43, 44], 

the addition of plasticizer influences inter-chain and intra-chain separation between the 

plasticizer and polymer. However, a dilution effect predominated with further addition of the 
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plasticizer to the system, and consequently, the conductivity drops at PASP-25 of PEG. This 

may have been due to the formation of linkages between the plasticizer itself; this causes re-

crystallization supported by XRD (Chapter 4). It is worth mentioning here that the overall 

conductivity values of the polymer nano-composite samples with PEG plasticizer (PASP-

system) are lowest compared to samples without PEG (PAS-system). 
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Fig.5.168   Variation of dc conductivity as a function of (a) temperature for PASP system  and (b) plasticizer PEG at 318 K.
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Fig.5.19  Variation of dc conductivity as a function of (a) temperature for PLA system  and (b) nano-filler Al2O3 at 313K. 

Lithium triflate is generally used in lithium ion batteries as a salt of the electrolyte. In 

PLA system, temperature dependence of dc conductivity is shown in Fig. 5.19 (a). The 

variation of conductivity with temperature follows near Arrhenius behaviour. The relation-

ship between conductivity and Al2O3 concentration at room temperature is shown in Fig. 

5.19(b). The conductivity increases for only PLA-1 and then drops continuously. The opti-

mum conductivity for 1wt% of Al2O3 is observed to be 1.1 x 10
-6 

S/cm at room temperature.  

The introduction of nano-filler makes the system more amorphous and promotes ionic as 

well as segmental mobility [45, 46]. The increase in ionic conductivity is attributed to a 
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reduction of crystallinity or increase in amorphousity of composite polymer electrolyte. In 

this case, amorphous phase arises from random distribution of Al2O3 nano-filler. A polymer 

chain in amorphous is more flexible, which results in an increase in segmental motion of the 

polymer [47]. Above 1wt% of Al2O3, the nano-filler tend to retard the ion motion by gradual 

cluster formation. XRD data and SEM micrographs showed Al2O3 the crystallites after 1 

wt%.  Dissanayake et.al. [36] reported that at higher filler concentrations, the grains get close 

to each other and block the pathways to reduce the conductivity.  

Fig. 5.20 (a) shows the variation of ionic conductivity with temperature for PLAP se-

ries PEO: LiCF3SO3: Al2O3: PEG polymer electrolytes. The temperature-conductivity plots 

(Fig. 5.20(a)) depict Arrhenius behavior i.e.; conductivity increases linearly with tempera-

ture. Variation of conductivity with different amount of plasticizer PEG is shown in Fig. 

5.20(b). Enhancement in conductivity is observed up to 10wt% of PEG and thereafter it tends 

to reduce. Generally, PEG increases the  inter and intra-chain free volume of the system [48-

50], but the addition of large amount of PEG plasticizer leads to the dilution effect which 

increases the cohesive energy of the polymer matrix and hinders the ionic mobility. Similar 

to silver based systems (PAS and PASP systems) in lithium based systems (PAL and PLA 

systems) too, the overall conductivity decreases for all samples with the addition of PEG 

compared to above discussed PLA system. 
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Fig.5.20   Variation of dc conductivity as a function of (a) temperature for PLP system  and (b) Plasticizer PEG at 313K. 

5.4 AC Conductivity 

 In order to get a complete picture of transport properties of the polymer com-

posites, a proper understanding of AC conductivity is required. AC conductivity is a 
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complex quantity it can be expressed as, 

𝜎∗ = 𝜎 ′ + 𝑗𝜎 ′′                            (5.2) 

    =
𝑡

𝐴 
 

1

𝑅
+ 𝑗𝜔𝐶       

where, t and A are the thickness and area of the sample, respectively. Thus, the impedance 

data has direct relevance to extract real and imaginary parts of conductivity [5].  

1 2 3 4 5 6

-8

-7

-6

lo
g

 
 (

S
/c

m
)  

 log f (Hz)

 

 

 303K

 308K

 313K

 318K

 323K

 328K

(a)

1 2 3 4 5 6
-9

-8

-7

-6

-5

lo
g

 
 (

S
/c

m
)

 

 

 303K

 308K

 313K

 318K

 323K

 238K

log f (Hz)

(b)

 

1 2 3 4 5 6

-8

-7

-6

lo
g

 
 (

S
/c

m
)  

 

303K

308K

313K

318K

323K

328K

log f (Hz)

(c)

    

1 2 3 4 5 6
-7.5

-7.0

-6.5

-6.0

-5.5

lo
g

 
 (

S
/c

m
)

 

 

303K

 308K

 313K

 318K

 323K

 328K

log f (Hz)

(d)

 

0 1 2 3 4 5 6

-8

-7

-6

lo
g

 
 (

S
/c

m
)

 303K

 308K

 313K

 318K

 323K

 328K

 
log f (Hz)

 

 

(e)

 

Fig.5.21   Ac conductivity spectra for (a) PA-2, (b) PA-3.5, (c) PA-5, (d) PA-7 and (e) PA-11 polymer films at different  temperatures. 

Analysis of AC conductivity is generally divided into three regions a low, mid and  
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Fig.5.22   Ac conductivity spectra for PA-series at 313K. 
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Fig.5.23   Ac conductivity spectra for (a) PAS-20 and (b) PAS-25 polymer films at different temperatures. 

high frequency region [51]. At first, the frequency dependent conductivity spectra for 

various samples of polymer salt system (PA-system) PA-2, PA-3.5, PA-5, PA-7 and PA-

11 at different temperatures are analyzed and shown in Figs. 5.21 (a)-(e). With the in-

crease in frequency, conductivity is observed to increase. At low frequencies, conductivi-

ty values are low due to electrode polarization effects at the electrode-electrolyte inter-

face [51-53]. More and more charge accumulation starts occurring at electrode and elec-

trolyte interface when frequency is low. With the increase in frequency, mobility of 

charge carriers increases, Ag
+
- ions is high near to relaxation time and hence conductivity 

increases with frequency. At higher frequencies, the observed rise in conductivity as-

cribes the frequency-dependence of ionic motion in accordance with Jonsher’s universal 

power law [54] behavior which attributes the couple of forward and backward ion dis-

placements occurring simultaneously. The conductivity is found to be increasing with the 

increase in temperature. As the temperature increases, the frequency at which the disper-
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sion becomes prominent shifts towards higher frequency region [18, 55]. Similar beha-

vior is also reported for other fast ionic conductors [13, 18, 51, 54]. 

Fig. 5.22 shows the ac conductivity versus frequency plot for all samples of PA 

series at 313K. It is clear that the ac conductivity ac () for all the samples exhibit the 

same characteristics of the curve with different conductivity values depending on the salt 

composition. Ac conductivity shows highest values for PA-7 polymer electrolyte film 

i.e.; the film with lowest crystallinity, least bulk resistance and highest dc conductivity. 

The effect of addition of nano-filler in polymer salt matrix with optimized con-

ductivity in PA-system is studied to see the effect of nano-filler on ac conductivity. The 

ac conductivity plots for the PAS-20 and PAS-25 polymer nano-composites are shown in 

Figs. 5.23 (a) to (b) at different temperatures. Ac conductivity spectra shows plateau at 

low frequencies. With the rise in temperature, ac conductivity increases and the disper-

sion frequency systematically shifts towards high frequency side. At the mid frequency 

region, the conductivity increases continuously because at that frequency, the charge car-

rier gets excitation energy from the electrical signal. Due to this excitation energy, the 

mobility of the charge carrier increases which in turn, decreases the relaxation time and 

thus, the conductivity increases. 
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Fig. 5.24   Ac conductivity spectra of all the samples of PAS system at 313K. 

The conductivity spectrum for different compositions of PAS system at 313K is shown in 

the Fig.5.24. Polymer film of PAS-20 is the highest conducting sample in this series. The 

ac conductivity plots of various samples of PASP-system at different temperatures are  
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Fig.5.25   Ac conductivity spectra for (a) PASP-5, (b) PASP-10,(c) PA-15, (d) PASP-20 and (e) PASP-25 polymer  films at different 
temperatures. 

shown in the Figs. 5.25 (a) to (e). The ac conductivity behavior of all the other polymer 

samples is qualitatively similar. As the temperature rises from 303 to 328 K, the value of 

the electrical conductivity is enhances; a case of a typical ionic conductor [56]. The fre-

quency-independent behavior of conductivity in the low frequency region corresponds to 
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the electrode-electrolyte interfacial polarization. In high frequency region, the ac conduc-

tivity spectra are not well separated and also do not show significant rise as in low fre-

quency region. The occurrence of this type of behavior indicates the electrochemical cha-

racteristics of PEO-AgCF3SO3-SiO2-PEG electrolyte system. Suthanthiraraj et.al. [30] 

suggested that this behavior owing to the occurrence of ionic conduction arising due to 

Ag
+ 

ionic interaction and complexation phenomenon. The conductivity spectra for differ-

ent compositions of PASP system at 313K temperature is shown in Fig. 5.26 which indi-

cates that the conductivity increases and attains a maximum value at PEG- 20wt%. 

The effect of nano-filler in Li-ion conducting system is shown in Figs.5.27 (a) to 

(e) which depicts the ac conductivity plot of various compositions of PLA-series at dif-

ferent temperatures.  The frequency dispersion is present in all the samples at different 

temperatures. All the samples exhibit the same characteristic curves with different con-

ductivity values depending on the amount of nano particle Al2O3. The conductivity spec-

tra for all the samples of PLA-series are shown in Fig.5.28(a) which clearly shows that 

the conductivity increases with increasing nano particle filler content and a maximum 

conductivity is obtained for the system with Al2O3-1wt% sample and there after the con-

ductivity continuously decreases with further addition of nano particles. 
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Fig.5.26   Ac conductivity spectra of all the samples for PASP system at 313K. 

The conductivity spectra for all the samples of Li system plasticized with PEG are 

shown in Fig. 5.28 (b) which clearly show the conductivity increases up to 10wt% of 

PEG plasticizer content. The ac conductivity plots of the PLP-system with different PEG 

concentrations PLP-5, PLP-10, PLP-15 and PLP-20 at different temperatures are shown 

in the Fig. 5.29 (a) to (d). Here with the increase in temperature, the conductivity rises 
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and high frequency dispersion shifts to higher frequency region. 
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Fig.5.27    Ac conductivity spectra for (a) PLA-1 and (b) PLA-2 polymer films at different temperatures. 
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Fig.5.27    Ac conductivity spectra for (c) PLA-3, (d) PLA-4 and (e) PLA-5 polymer films at different temperatures 

Frequency dependence of conductivity is a sum of dc conductivity due to the movement of 

free charges and polarization conductivity due to the movement of bound charges. With 

decreasing frequency, the conductivity,   decreases and approaches the direct current 

conductivity dc. The low conductivity value at low frequencies is related to the accumula-

tion of ions due to the slow periodic reversal of the electric field.  
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Fig.5.28  Ac conductivity spectra of all the samples for (a) PLA and (b) PLP systems at 313K.
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Fig.5.29   Ac conductivity spectra for (a) PLP-5, (b) PLP-10, (c) PLP-15, and (d) PLP-20 polymer films at different temperatures. 

In all prepared systems, the power law nature  ()  
n
 is observed in the high fre-

quency region and the conductivity sharply increases with frequency. The variation of 

conductivity with frequency may be expressed to the well known power law of ac behavior 

[54, 57-61]which indicates a non-random process, where in the ion motion is correlated  

given by the following equation, 

   =   𝑑𝑐   +  𝐴𝜔𝑛   ……………..(5.4) 
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Fig.5.30Variation of  frequency exponent n with temperature for (a)PA-7,(b) PAS-15,(c) PASP-10, (d) PLA-1 and (e) PLP-5 samples. 

where  ()  is the conductivity at a particular frequency, dc is the dc conductivity at ze-

ro frequency, A is a constant and n is the frequency exponent lies in the range of 0 

<  𝑛 <  1. The above expression is known as the power law of ac behavior. Because the 

power law of ac behavior is observed in wide range of materials, Jonscher called it “Uni-

versal Behavior” [59, 60, 62]. The above mentioned eq. 5. 4 is accepted universally for 

considering the sample conductivity, frequency dependent conductivity etc. 

The frequency exponent 𝑛 was calculated from the slope of the plot log (σ’− σdc) 

vs. log ω, which is a straight line. Jonscher [59] had shown that a non -zero 𝑛 in the dis-

persive region of conductivity is due to the energy stored in the short range collective 

motions. The magnitude of 𝑛 appears to be associated with high degree of modification. 
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Various different theories as mentioned in Chapter 2 have been proposed to understand 

the conduction mechanism in the amorphous materials. 

For PS-system, the calculated values of the frequency exponent n are tabulated in 

Table 5.1. Its values lie in the range 0.5 to 0.9, i.e., less than 1 and are observed to de-

crease with temperature for all AgCF3SO3 concentration. The exponent is a measure of 

degree of interaction with the polymer environment [63]. It is observed from Fig. 5.30(a) 

that exponent 𝑛 which decreases with increasing temperature, exhibits a minimum at a 

certain temperature after which it begins to increase. The reason is assigned to breaking 

of internal correlation between the sites and relaxing ions and relaxing species become 

independent of each other which results in tunneling process rather than hopping. This 

over-lapping large polaron tunneling (OLPT) model is found to be best suitable to ex-

plain the conduction process in the present system of samples and is well reported by 

many workers [64-67]. 

Fig. 5.30(b) shows the variation of power law exponent for the PAS-system for 

15wt% SiO2. Here the value of frequency exponent 𝑛 initially decreases with increase in 

temperature up to 313K and then it shows a sudden rise at 318K and decreases with fur-

ther increase in temperature. For PASP-10 polymer film (Fig. 5.30(c)) system, frequency 

exponent 𝑛 value slightly increases at 308K and then shows no variation up to 323K and 

drops at 328K. The variation of 𝑛 with temperature suggests that the samples follow 

OLPT model. 

The values of 𝑛 decreases initially and reaches minimum at 313K for PLA system 

with increase in temperature and finally drops sharply at 328K as revealed from Fig.5.30 

(d). Finally, the PLP system also seems to follow the OLPT model where the variation of 

the values of exponent 𝑛 in Fig. 5.30 (e) shows the similar trend. The value of frequency 

independent dc conductivity (dc), frequency exponent 𝑛 and constant 𝐴 for all the sam-

ples of five different series are given in Tables 5.1 (a) to (e). The values of 𝑛 are clearly 

independent of composition. Amongst the different mechanisms, OLPT model is the best 

suitable for the present polymer electrolyte systems. 
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Table 5.1  Values of the dc conductivity, frequency dependent 
        conductivity parameters A and n at 318K. 

(a) PA system 

Sample name dc (
-1

cm
-1

) A(-1
cm

-1 
 rad

-n
) 𝒏 

PA-2 4.40 x 10-8 2.04 x 10 -11          0.75 

               PA-3.5 4.00 x 10-8 4.45 x 10 -12          0.88 

PA-5 7.84 x 10-8 2.86 x 10 -12          0.89 

PA-7 3.54 x 10
-7

 1.17 x 10 -11          0.87 

PA-11 6.27 x 10-8 1.50 x 10 -12          0.79 

(b) PAS system 

      Sample name dc (
-1

cm
-1

)          A(-1
cm

-1 
 rad

-n
) 𝒏 

PAS-5 1.42 x 10-8 8.02 x 10-13         0.89 

PAS-10 3.05 x 10
-8

 7.44 x 10
-13

        0.90 

PAS-15 2.73 x 10-7 6.90 x 10-13        0.92 

 PAS-20 2.33 x 10
-7

 2.23 x 10-10        0.58 

PAS-25 1.19 x 10-8 8.64 x 10-13        0.88 

(c) PASP  system 

Sample name dc (
-1

cm
-1

) A(-1
cm

-1 
 rad

-n
) 𝒏 

PASP-5 1.97 x 10-8 1.74 x 10-13          0.95 

PASP-10 2.70 x 10-8 6.02 x 10-14         0.97 

PASP-15 5.08 x 10-8 1.01x 10-13         0.90 

PASP-20 8.63 x 10
-8

 1.73 x 10-12         0.68 

PASP-25 3.33 x 10-8 2.39 x 10-13         0.94 

(d) PLA system 

Sample name dc (
-1

cm
-1

) A(-1
cm

-1 
 rad

-n
) 𝒏 

PLA -1 1.17 x  10
-6
 6.43 x 10-10            0.77 

PLA-2 2.87 x  10-7 7.47 x 10-14            0.95 

PLA-3 3.25 x  10-7 1.50 x 10 -13            0.94 

PLA -4 9.49 x  10-8 1.06 x  10-13            0.91 

PLA -5 8.66 x 10-8 1.79 x 10  -13            0.98 

(d) PLP System 

Sample name dc (
-1

cm
-1

) A(-1
cm

-1 
 rad

-n
) 𝒏 

PLP-5 1.04 x  10-7 2.18 x 10-13            0.96 

PLP-10 1.17 x  10
-6

 6.43 x 10-10            0.77 

PLP-15 5.90 x  10-8 4.30 x 10-7            0.10 

PLP-20 3.31 x  10-8 1.42 x 10-8            0.17 

PLP-25 1.48 x  10-8 4.89 x 10-8            0.23 
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nalysis of frequency dependent electric modulus & dielectric properties, 

including relaxation time and dielectric constant, as well as dielectric loss 

factors respectively of solid polymer electrolytes are discussed in this 

chapter.  

 

 

 

 

  

1 CHAPTER 6 

2 MODULS AND DIELECTRIC ANALYSIS 

A 
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6.1 Introduction 

The term dielectric is broader than the term insulating material. Here the 

dielectric material term means the substance whose basic electrical property is 

the ability to be polarized and in which electrostatic field can exist. For most of 

the applications of dielectric materials, the vital properties are the dielectric constant 

𝜀’ and the dielectric loss factor, (i.e., 𝑡𝑎𝑛 𝛿) [1]. 

Dielectric polarization results due to the existence of atomic and molecular 

forces. It appears whenever charges in a material are somewhat displaced with re-

spect to one another under the influence of an electric field. In a capacitor, the nega-

tive charges (-ve) within the dielectric are displaced towards the positive electrode 

(+ve), while the positive charges shift in the opposite direction. As charges are con-

fined in an insulator, restoring forces are activated which either do work, or cause 

work to be done on the system in short,  energy is transferred. During charging a 

capacitor, the polarization effect opposing the applied field draws charges onto the 

electrodes, storing energy and o n discharge, this energy is been released. A result 

of wh ich the   interaction  in  certain  materials,  which  possess  easily  polariza-

ble charges, will greatly influence the degree of charge which  can be stored in a 

capacitor. The proportional increase in storage ability of a dielectric with respect to 

vacuum is defined as the dielectric constant of the material [1, 2].  

6.2 Dielectric Analysis 

 In general, dielectric analysis of the material provides the measure of elec-

trical characterization of polymer material where the real part of dielectric permittivity 

() is proportional to the capacitance and measures the alignment of dipoles and imagi-

nary part of dielectric permittivity (”) is proportional to the conductance and represents 

the energy required to align dipoles and move ions.  

Therefore, in order to understand the effect of variation of silver salt concentra-

tion on the dielectric properties in PEO-AgCF3SO3 polymer electrolytes (PS-system), the 

frequency dependence real () and imaginary () part of permittivity at different tem-

perature are plotted and shown in Fig. 6.1 and 6.2 respectively. The plot of real part of 
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permittivity () shows dispersion at low frequency region with a gradually decrease in 

mid-frequency region and finally attain a constant value at high frequency. The increase 

in ’ values at lower frequencies results mainly due to the contribution of the electrode 

 

0 1 2 3 4 5 6

0

1500

3000

'

 303K

 308K

 313K

 318K

 323K

 328K

  

 

log f (Hz)

(a)

0 1 2 3 4 5 6

0

1500

3000

(b)  303K

 308K

 313K

 318K

 323K

 328K

 

 

'

log f (Hz)       

0 1 2 3 4 5 6

0

8000

16000

(c)  303K

 308K

 313K

 318K

 323K

 328K

 

 

'

log f (Hz)

0 1 2 3 4 5 6

0

5000

10000

(d)  303K

 308K

 313K

 318K

 323K

 328K

 

 


'

log f (Hz)  

0 1 2 3 4 5 6

0

2000

4000

(e)  303K

 308K

 313K

 318K

 323K

 328K

 

 '

log f (Hz)  

Fig. 6.1   The real part of dielectric permittivity, ’ plots for (a) PA-2,(b) PA-3.5, (c) PA-5, (d) PA-7 and (e) PA-11 of PA series  at 
various temperatures. 
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Fig. 6.2   The imaginary part of dielectric permittivity, ’’ plot  for (a) PA-2,(b) PA-3.5, (c)    PA-5, (d) PA-7 and (e) PA-11 of PA 
series at various temperatures. 

polarization and Maxwell-Wagner interfacial polarization [3-5]. The electrode polariza-

tion phenomena occur due to formation of electric double layer capacitances by buildup 

of free charges at the interface between the electrolyte and the electrode [6]. This buildup 

of electrical polarization and drop of the electric field in the bulk are reflected by the in-

crease in the complex dielectric function at low frequencies. 

 In the Maxwell-Wagner phenomena, the free charges build up during the electro-

migration at the interfacing boundaries of different dielectric constants in the dielectric 
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material, which results in the formation of nano-capacitors in the dielectric material [7]. 
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Fig.6. 3   The plot of (a) real part’ and (b) imaginary part ”  of dielectric permittivity with different amount of AgCF3SO3 for PA   
              System at 313K. 

At sufficiently high frequencies, the free charges do not follow the fast changes 

developed in the ac field and thus only molecular polarization occurs at these frequencies 

[8-13]. In other words, dielectric constant decreases sharply with increase in frequency 

and becomes constant at high frequencies [8]. Both ’ and ”  rise sharply at low frequen-

cies with temperature and this rise shifts towards high frequency side and saturates [9] for 

all the samples of the PA-series.  Figs. 6.3 (a) and (b) represent plots of real (’) and im-

aginary (”) part of dielectric constant as a function of log frequency for different amount 

of AgCF3SO3 containing PEO polymer electrolytes. 

At higher frequencies i.e.; in the range of 10
4
 to 10

6
 Hz, the measured dielectric 

constant is almost independent of the composition. The dielectric constant of the polymer 

film with 7wt% of AgCF3SO3 is observed to be highest and this sample shows maximum 

dispersion frequency. It is observed from figure that at low frequencies, the real (’) and 

imaginary (”) parts of permittivity remain almost constant for PA-2wt% and PA-

3.5wt%, whereas for PA-5wt% and PA-7wt% it increases and finally for PA-11wt% its 

value decreases. Figs. 6.7 (a) to (e) depict the frequency dependent dielectric constant 

plots for different concentrations of nano-filler SiO2 in polymer salt system (PAS-

system).  According to Agrawal et.al., [14] the decrease of  and with increasing fre-

quency may be attributed to electrical relaxation or inability of dipoles to rotate rapidly 

leading to a lag between frequency of oscillating dipoles and that of applied field. They 

added that, as the frequency increases, the ionic and orientational source of polarizability 

decreases and finally disappear due to inertia of mobile ions to result in a nearly constant 



143 

 

0 1 2 3 4 5 6

0

400

800

 

 

 303K

 308K

 313K

 318K

 323K

 328K

'

log f (Hz)

(a)

    

0 1 2 3 4 5 6

0

150

300

(b)  303K

 308K

 313K

 318K

 323K

 328K

 '  

 

log f (Hz)  

0 1 2 3 4 5 6

0

300

600 (c)  303K

 308K

 313K

 318K

 323K

 328K

 log f(Hz)

 

 

'

   

0 1 2 3 4 5 6

0

150

300
(d)  303K

 308K

 313K

 318K

 323K

 328K

 

 '

log f (Hz)  

0 1 2 3 4 5 6

0

300

600
(e)  303K

 308K

 313K

 318K

 323K

 328K

 log f (Hz)

 

 

'

 

Fig.6.4   The plots of  frequency dependent ’ for (a) PAS-5, (b) PAS-10, (c) PAS-15, (d) PAS-20 and (e) PAS-25 of PAS series at  
                  various temperatures. 

value of dielectric permittivity. Figs. 6.6(a) and (b) shows the variation of dielectric per-

mittivity i.e.;    and  with frequency for different SiO2 concentration in PAS system at 

313K. Non – uniform variation in the dielectric permittivity values with addition of SiO2 

are the main feature of the present system. Both ’ and ’’ values remain nearly same for 

PAS-5, PAS-10 and PAS-15 % of SiO2 dispersed in PEO- AgCF3SO3 composite electro-

lyte and an increase in the values is observed only at higher concentration of SiO2 i.e.; 

PAS-20wt%. This type of behavior indicates that the filler provides almost constant crys-
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talline domain channels initially and then it starts segregating due to non complexation in 

polymer matrix. The alignment of these extra domains enhances the dielectric value of 

the materials. Agrawal et.al.,[14]  discussed that dispersion at lower frequencies seems to 

be higher in case of composite electrolyte (PEO–SiO:NH4SCN) compared to SPEs.  
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Fig.6.5   The plots of  frequency dependent ’’ for (a) PAS-5, (b) PAS-10, (c) PAS-15, (d) PAS-20 and (e) PAS-25 of PAS series at   
               various temperatures. 

The effect of plasticizer PEG in polymer nano-composites PASP-system in terms 

of dielectric permittivity is studied.  The frequency dependent  and  variation of all 

the samples of PASP-system at different temperatures are shown in Figs. 6.7 and 6.8, res- 
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Fig. 6.6   The plot of (a) real part ’ and (b) imaginary part ’’ of dielectric of various amount of SiO2  for PAS System at 313K 
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Fig. 6.7(a)-(d)    The plots of  real part of dielectric permittivity, ’ for (a) PASP-5, (b)  PASP-10,(c) PASP-15 and (d) PASP-20 of   
                          PASP series at various temperatures. 

pectively. A strong frequency dispersion of permittivity is observed in the low frequency 

region followed by a nearly frequency independent behavior. In the dielectric plots of 

PASP system shown in Fig. 6.9, the frequency of dispersion  are not wide and well sepa-

rated as observed for PAS system and are very close to each other. In this system, the as  
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Fig. 6.7(e)    The plot of  ’ for  PASP-25 at various temperatures. 
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Fig.6.8 (a)-(d)   The plots of ’’ variation as a function of frequency for (a) PASP-5, (b)PASP-10, (c) PASP-15 and (d) PASP-20 of          
                         PASP series at various temperatures. 

sociation of PEG with polyethylene oxide (PEO) results in the reduction in system flex-

ibility. S.K. Tripathi and co-researchers [15] mentioned that on addition of nanofiller 

Al2O3 to plasticized polymer electrolyte the dielectric constant and dielectric loss showed 

dispersion mainly near lower frequency region. R.H.Y Subban et. al. [16] mentioned that 

the variation in ’ and ” with angular frequency could be attributed to the formation of a 
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space charge region at the electrode and electrolyte interface, which is known as the non- 
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Fig.6.8 (e)   Plot of ’’ variation as a function of frequency for PASP-25 at various temperatures. 

Debye type behaviour. The compositional variations of real and imaginary parts of di-

electric permittivity are shown in Figs. 6.9 (a) and (b), respectively. The highest conduct-

ing film depicts the highest dielectric constant value as well as highest losses too. 
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Fig. 6.9   The plots of (a) real part ’ and (b) imaginary part ’ of dielectric permittivity for for PASP System at 313K 

In Li-ion conducting series (PLA system), the variation in ’ and ” as a function 

of frequency for different polymer films at different temperatures are depicted in Figs. 

6.10 (a) to (e) and Figs. 6.11 (a) to (e) respectively. According to Saroj et.al., [17], the 

rise in ’ and ” values with the increase in temperature are due to progressively dissolu-

tion of crystalline phase into amorphous phase. Dielectric permittivity plots of various 

concentrations of Al2O3 in PLA-series are shown in Figs. 6.12 (a) and (b) at 313 K. A 

sharp rise is observed for 1wt% of Al2O3 but, beyond this concentration of Al2O3, it de-

creases and becomes constant. A gradually increase in Al2O3 content must have prompted 

the cluster formation which in fact hinders the conducting channels resulting in gradually 
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decreases in ’ and ”  values.  
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                     Fig.6.10(a)-(d)   Plot of ’ for (a) PLA-1, (b) PLA -2, (c) PLA-3 and (d) PLA -4 of PLA series at various temperatures. 
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Fig.6.10 (e)   Frequency dependent ’ variation for PLA-5 of PLA series at various temperatures. 

With different PEG concentrations in lithium ion conducting nano-composite sys-

tem i.e., PLP series, are shown in Figs. 6.13 and 6.14 at different temperatures. It is ob-

served that on increasing the temperature, dielectric permittivity values increase which 

can also be attributed to the enhanced flexibility as well as segmental mobility of polymer 

chains resulting from rise in free volume due to addition of plasticizer. S. Ranjendran and 

coworkers [18] reported that in PMMA–LiClO4–DMP polymer electrolytes, the rise of    
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Fig. 6.81   Frequency dependent ’’ variation for (a) PLA-1 and  (b) PLA -2 at various temperatures. 
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Fig. 6.11  Frequency dependent ’’ variation for  (c) PLA-3, (d) PLA -4 and (e)  PLA-5 of PLA series at various temperatures. 

and  towards low frequency with increase in temperature are also due to electrode pola-

rization effects. The decrease of  and  with frequency is attributed to the electrical 

relaxation process, but at the same time the material electrode polarization cannot be ig-

nored as the samples are ionic conductors. 

The material electrode interface polarization of the composites masks the other re-
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laxation process at low frequencies. There is a significant effect of plasticizer on the val-

ue of  and  with strong low frequency dispersion. The plasticizer results in more loca-

lization of charge carriers along with mobile ions causing higher ionic conductivity. This 

may be the reason for higher  and  strong low frequency dispersion [17, 18]. 
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Fig. 6.12   The plot of (a) real part ' and (b) imaginary part ’’ of dielectric permittivity for PLA System at 313K. 
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Fig. 6.13   Plot of ’ for (a) PLP-5,(b) PLP -10, (c) PLP-15, and (d) PLP -20 of PLP series at various temperatures. 

It is observed that on increasing the temperature, dispersion frequency shifts to-

wards higher frequency side in all the samples indicating that (i.e. above 𝑇𝑔) the polymer 
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chain becomes more flexible and increases charge carrier density with the increase in 

temperature. At high frequency, the data at different temperatures merges, revealing that 

dielectric constant  and dielectric permittivity ” are independent of temperature. 
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Fig. 6.14 ’’ variation as a function of frequency for (a) PLP-5 and (b) PLP -10 of PLP series at various temperatures. 
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Fig. 6.14 ’’ variation as a function of frequency for (c) PLP-15 and (d) PLP -20 of PLP series at various temperatures. 
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Fig.6.15    The plot of (a) real part ’ and (b) imaginary part ’’ of dielectric permittivity for PLP System at 313K 

Figs.6.15 (a) and (b) show variation of dielectric permittivity i.e.; 𝜀’ and 𝜀′’ of PLP 

system at 303K.  In this system, the dielectric constant increases with the increase in the 

PEG content up to 10wt% thereafter it reduces. 



152 

 

6.3 Modulus Analysis 
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Fig. 6.16   A plot of real part M’ of Modulus for PA series for different amount AgCF3SO3 at 313K. 
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   Fig.6.17   The real part M’ of Modulus plots for (a) PA-2,(b) PA –3.5 and (c) PA-5 of PA series at various temperatures. 

The dispersion behaviour of the conductivity in the frequency domain is more con-

veniently interpreted in terms of conductivity relaxation time , using the electrical mod-

ulus 𝑀∗ = 1/* representation [19]. 

 Complex electric modulus 𝑀∗ formalism is used frequently when the relaxation beha-

viour is supposed to be due to the motion of ions or electrons [19-21]. Although, initially 

modulus analysis employ to separate space-charge effects from the bulk conductivity, but 
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now the 𝑀∗ representation is widely used to analyze ionic conductivities by associating a 

conductivity relaxation time () with the ionic process [22]. The use of modulus formal-

ism is presenting frequency dependent dielectric or conductivity data has the advantage 

of eliminating any spurious effect due to contacts or interfaces (Maxwell- Wagner effects 

) [20]. The dielectric modulus parameter also represents the bulk dielectric behaviour of 

the polymer electrolytes because of the elimination of polarization effect [21]. 
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Fig.6.17 (d) & (e)   M’ plot  for (d) PA -7 and (e) PA-11 of PA series at various temperatures. 
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Fig.6.18   A plot of real part M’ of Modulus for PAS series for different amount SiO2 at 313K. 

Figure 6.16 shows the real part of the modulus spectrum of PA system for various 

composition of salt AgCF3SO3 at 313K. The value of 𝑀′  at different concentration of 

AgCF3SO3 approaches to zero, at low frequencies, which indicates that the electrode po-

larization make negligible contribution to 𝑀∗ and lack of restoring force flow of charges 

under the influence of steady electric field [20]. At higher frequencies,  𝑀’ attains a max 
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Fig. 6.19    M’  plots for (a) PAS-5, (b)  PAS-10, (c) PAS-15, (d) PAS- 20 and (e) PAS-25 of PAS series at various temperatures. 

imum value. The dispersion is observed in the range from 10
3
 to 10

4
 Hz.  

While looking into the spectra (Figs. 6.17( a) to( e)) of all the samples of this se-

ries at various temperatures, it is observed that the dispersion spreads over wide range of  

frequencies. And the maximum value of 𝑀’ decreases with increase in temperature. This 

decrease in peak value indicates increase in the mobility of the polymer segment and ions 

with the temperature because the orientation of the charge carriers and molecular dipoles 

is easier at high temperature. 
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When, the nano-filler SiO2, which generally increases the amorphous level in the 

electrolytes [23], is added in PA system, the real part of modulus (Fig. 6.18) shows the 

large change in dispersion frequency i.e., 10
3
 to 10

5
 Hz and a shifting of dispersion to-

wards higher frequency side with nano-filler except for 25 wt% of SiO2. The real part of 

modulus (𝑀’) of all the samples at different temperatures (Fig. 6.19) shows the shift of 

dispersion towards high frequency side as in the case of PA system. The peak values of 

𝑀’ are increased with the addition of nano-filler in PAS system which indicates the in-

crease in conductivity of the samples. 
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Fig. 6.20   A plot of real part M’ of Modulus for PASP series for different amount PEG at 313K. 

Generally, with the intension to increase the flexibility of polymer matrix low mo-

lecular weight plasticizer is added to nano-composite polymer electrolyte. As plasticizer 

can interrupt polymer-polymer interactions by occupying inter and intra-chain free vo-

lume [24]. This decrease in polymer-polymer interaction affects the flexibility of the po-

lymer matrix.  The plot of real part of modulus 𝑀’ for the next system, where the amount 

of plasticizer PEG  is varied and  the amount of salt  (AgCF3SO3)  and nano-filler (SiO2) 

are kept constant is shown in Fig. 6.20 for various PEG contents at 313K. It is observed 

that on increasing the PEG amount, the dispersion is confined to particular frequency (10
4
 

Hz). PEG instead of increasing inter- and intra chain separation, it forms long chains due 

to the similar structural nature of PEO and PEG. This reduces the flexibility and level of 

amorphous nature of the system. In addition to this, Fig. 6.20 indicates the shifts of dis-

persion towards higher frequency side on increasing the plasticizer content except for 

25wt%. Temperature dependence of M’ variation plots for different compositions of 

PASP-system are depicted in Fig. 6.21 (a) to (e). With the increase in temperature, the 
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dispersion frequency shifts towards high frequency side. 

The real (𝑀’) part of all samples of PLA series in which salt AgCF3SO3 is been 

replaced by LiCF3SO3 and nano-filler SiO2 by Al2O3 are shown in Fig. 6.22. It is obvious 

that at lower frequencies, 𝑀’ values are very small and tend to zero, indicating the 
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Fig. 6.21 The M’ plots for(a) PASP-5,(b) PASP-10,(c)PASP-15,(d)PASP-20 &(e) PASP-25 of PASP series at different temperatures. 

suppression of electrode polarization [25]. The nature of the graph does not alter for 

LiCF3SO3 salt and nano-filler Al2O3. The temperature dependence of real part of modulus 

(Fig. 6.23) at high frequency is observed, suggesting singularity of relaxation mechanism. 

The sample with 3wt% of Al2O3 shows dispersion along with shifting with increasing 
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temperature.  

The real 𝑀’ part of modulus for different amount of plasticizer PEG as a function 

of frequency at 313K is shown in Fig. 6.23 for PLP series. A wide range of dispersion  
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                  Fig. 6.22   M’ plot for PLA series at 313K.                                 Fig. 6.23  M’ plot for PLP series at 313K. 
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Fig. 6.24  M’ plots for (a) PLA-1, (b) PLA-2, (c) PLA-3, and (d) PLA -4 of PLA series at various temperatures. 

i.e., from 10
2
 to 10

5
 Hz along with the shifting towards higher frequency side is observed. 

The real part of modulus (𝑀’) at different temperatures are shown in Figs. 6.24(a) to (e),  
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Fig. 6.24 (e)   M’ plot for PLA-5 of PLA series at various temperatures. 

in which the spectrum shifts towards lower frequency side except for 10wt% PEG. All 

the plots are observed to show ‘S' shaped characteristic feature which is an indication of 

ionic conductors [26].       
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Fig. 6.25 (a)-(c)   The M’ spectra for (a) PLP-5, (b) PLP-10 and (c) PLP-15 of PLP series at various temperatures. 
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Fig. 6.25 (d) & (e)   The M’ spectra for (d) PLP -20 and (e) PLP-25 of PLP series at various temperatures. 
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Fig. 6.26   M” spectra for (a) PA-2, (b) PA -3.5, (c) PA-5 and (d) PA -7 of PA series at various temperatures. 

Now, the variation of the imaginary part of the modulus (𝑀”) with frequency at different 

temperatures for all the samples for PA series is shown in Fig. 6.26 (a) to (e). Similar to 

M’ spectra, the M” plots also show a long tail at low frequencies. It is also seen that 𝑀" 

spectra have an asymmetry of the peak approximately centered in the dispersion region of 

𝑀". The observed long tail behavior at low frequencies is the result of the large capacit-

ance associated with the electrodes [27, 28]. In the low frequency region which the ions 

can move over long distance i.e., ions can perform successful hopping from one site to 
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the neighboring site. On the other hand, the high frequency wing of the 𝑀" peak suggests 

that the ions are spatially confined to their potential wells and can make only localized 

motion within the wells [29]. It is clear from above figure that the shape of the spectrum 

remains constant but the frequency of the modulus maximum 𝑀𝑚𝑎𝑥
"  shifts to higher fre-

quency side with increase in temperature. It may also be noted that the magnitude of 𝑀" 

peak with temperature is found to be constant. The constancy of the height of the mod-

ulus plot suggests the invariance of the dielectric constant and distribution of relaxation 

times with temperature [30, 31]. The imaginary part 𝑀" of modulus spectra for various 

amount of AgCF3SO3 at 313 K are shown in Fig. 6.27. It is observed that with increasing 

the amount of AgCF3SO3, the 𝑀𝑚𝑎𝑥
"  peak shifts towards higher frequency side i.e., relax-

ation time decreases till 7wt%. It means, the increasing amount of salt content 
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Fig. 6.26 (e)  M” spectra for PA-11 of PA series at various temperatures.         Fig. 6.27   M” plot for PA series at 313K. 

supplies the larger number of charge carriers but after 7 wt%, the process of ion associa-

tion must have started and the system turning into less flexible resulting into the shifting 

of  𝑀𝑚𝑎𝑥
"  peak towards the lower frequency side.  

The variation of the imaginary part of modulus, 𝑀” with frequency at different 

temperatures for all sample of PAS system in which the amount of nanofiller SiO2 is va-

ried is shown in Fig. 6.28. The shape of the spectrum remains same as that observed in 

PA series but, in the present case not only the peak of 𝑀𝑚𝑎𝑥
"  shifts towards the higher fre-

quency side, but an increment in the peak height is also observed along with rise in tem-

perature. The inconstancy of the height of modulus plot is an indication the variance of 

dielectric constant.  

The Fig. 6.29 shows the 𝑀𝑚𝑎𝑥
"  Peak shift towards higher frequency side with in-
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creasing the amount of SiO2 till 20wt%. The presence of SiO2 makes the system more 

amorphous and increases the intra chain distances. However, the flexibility reduces due 

to the cluster formation after optimum value, resulting into the shifting of 𝑀𝑚𝑎𝑥
"  peak to-

wards lower frequency side. 

1 2 3 4 5 6

0.00

0.05

0.10

0.15

(a) 303K

 308K

 313K

 318K

 323K

 328K

 

 

M
"

log f (Hz)
1 2 3 4 5 6

0.0

0.1

0.2

0.3
(b)

 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)

                               

1 2 3 4 5 6
0.0

0.1

0.2

(C) 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)
1 2 3 4 5 6

0.0

0.1

(d)
 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)                                   

1 2 3 4 5 6
0.0

0.1

(e) 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)  

Fig. 6.28  M” spectra (a) PAS-5, (b) PAS -10, (c) PAS-15, (d) PAS -20 and (e) PAS-25 of PAS series at different temperatures. 

In the polymer nano-composite composition with highest ionic conductivity 

(Chapter 5), the plasticizer PEG is added. Generally, plasticization of polymer nano com-

posites improves the ionic conductivity and the amorphous content of polymer electro  
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Fig. 6.29  M” spectra for PAS series at 313K.                                      Fig. 6.30  M” spectra for PASP series at 313K. 

lytes [32]. Figs. 6.30 (a) to (e) show the plot of imaginary part of the modulus (𝑀") with 

frequency for all samples of PASP series at different temperatures. Beside, the shifting of 

peak values towards higher frequency side, the magnitude of the peak levels off on addi-

tion of plasticizer PEG. However, no appreciable shifting is observed on increasing the 

amount of PEG in the values of imaginary part of modulus in Fig. 6.31. But, for sample 

with 20wt% PEG, the peak intensity has shifted slightly towards higher frequency side, 

which is in accordance with conductivity variation.  

The frequency dependent 𝑀" plots at different temperatures for all the samples of 

PLA series, wherein the silver salt is replaced by lithium salt and nano-filler SiO2 is re-

placed by Al2O3, are shown in Figs.6.32 (a) to (e). Similar to silver and other solid elec-

trolytes [25, 27, 28], the spectra of M” shifts towards high frequency side with the rise in 

temperature. M” spectra for various concentrations of Al2O3 in PLA systems at 313 K are 

shown in Fig. 6.33. With increasing the amount of Al2O3 the 𝑀𝑚𝑎𝑥
"  peak shifts towards 

lower frequency side after 1wt%. This observation clearly indicates that larger amount of 

the nanofiller Al2O3 does not support conduction mechanism because the system be-

comes more crystalline confirmed from XRD results.  

The frequency dependent plot of imaginary part of modulus, 𝑀" for various 

amounts of PEG in PLP series (Fig. 6.34) indicates the shift of peak of 𝑀𝑚𝑎𝑥
"  towards 

higher frequency side up to 10wt% PEG thereafter in opposite side. The temperature de-

pendent 𝑀" spectrum of different samples of PLP series are shown in Figs.6.35 (a) to (e). 

The peaks of 𝑀" are related with the translational ion dynamics and mirrors the  
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Fig. 6.31   M” spectra for (a) PASP-5,(b)PASP-10,(c)PASP-15,(d)PASP-20 & (e) PASP-25 of PASP series at various temperatures. 

conductivity relaxation of the mobile ions. It is worth noticing that the relaxation peak is 

owing to ‘fast segmental motion’ which is responsible for reducing the relaxation time-

consequently the transport properties.  It is clear from all above figures that the frequency 

of the modulus maximum 𝑀𝑚𝑎𝑥
"  shifts to higher frequency side with increase in tempera-
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ture. The magnitude of 𝑀"  peak with temperature is found to be constant for samples 

with plasticizer. 
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Fig. 6.32   M’’ spectra  for (a) PLA-1, (b) PLA -2,(c) PLA-3,(d) PLA -4 and (e) PLA-5 of PLA series at different temperatures. 

The peak frequency (𝑓𝑚𝑎𝑥 ) of the modulus peak (𝑀𝑚𝑎𝑥
" ) is assumed to represent a 

characteristic frequency of the conductivity relaxation [30]. Various parameters can be 

determined from its data. The obtained modulus plots are non-symmetric and are in 

agreement with the non- exponential behaviour of the electrical function [33] which is  
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                          Fig. 6.33   M’’ plot for PLA series at 313K..                                    Fig. 6.34   M’’ spectra for PLP series at 313K. 
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Fig.6.35( a)&(b)   M’’ spectra for (a) PLP-5, (b) PLP -10 of PLA series at different temperatures. 

well described by the Kohlrausch –William Watts (KWW) exponential function. This 

stretched exponential function was first introduced by R. Kohlrausch [34] in 1854 to de-

scribe the discharge of a capacitor. This exponent is often used as a phenomenological 

description of relaxation in disordered systems. But, in 1970, G. Williams and D.C. Watts 

used the Fourier transform of the stretched exponential to describe dielectric spectra of 

polymers; in this context, the stretched exponential or its Fourier transform are also called 

the Kohlrausch-Williams-Watts (KWW) function. [35]. Generally, the value of stretched 

exponent 𝛽 lies between 0 and 1 has great significance, but compressed exponential func-

tion of value greater than 1 i.e.  𝛽>1 has less practical importance, with the notable ex-

ception of 𝛽=2, which gives the normal distribution.  

In present case, the value of stretched exponent  𝛽   can be evaluated by knowing 

the full width at half height (FWHH) of the 𝑀" plot, where 𝛽 = (1.14/ FWHH) value. The 

value of 𝛽, at ambient temperature for other samples are given in table 6.1, which gener-
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ally lies between 0 and 1. Considering 𝛽 parameter smaller than 1, some authors [39-41] 

have suggested that it can be correlated to a distribution of relaxation times in the mate-

rials. In the PA series, the width at half height of the modulus spectrum for the sample 

with 7 wt% of AgCF3SO3 at different temperature is close to 2.2 decades and the  re-

sults in the value of 0.50.  

1 2 3 4 5 6

0.000

0.025

0.050

(c) 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)

1 2 3 4 5 6
0.00

0.05

0.10

0.15
(d)

 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)

                   

1 2 3 4 5 6

0.0

0.1

0.2

 303K

 308K

 313K

 318K

 323K

 328K

 

 M
"

log f (Hz)

(e)

 

Fig. 6.35 (c)-(e)  M’’ spectra for (c) PLP-15, (d)PLP -20 and (e) PLP-25 of PLA series at different temperatures. 

In the present investigated systems, the values of 𝛽 seems to level off in the range 

0.56 -0.67, which is found to be insensitive to the variation of temperature and composi-

tion. At low temperature, the relaxation occurs via isolated non interacting dipoles, be-

coming more and more Debye like and 𝛽 values tend towards unity [42] and also there is 

a general tendency of 𝛽 to decrease with temperature. 

In the PAS series, the width at half height of the modulus spectrum at different 

temperatures is 2.05 decades and the 𝛽 results in the value of 0.67 for 20wt% of SiO2 and 

the values of  𝛽  ranges from 0.47 to 0.67 for different amount of SiO2. While the width 
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at half height of the imaginary part of modulus is close to 1.5 decades in the PASP series, 

where the amount of PEG has been varied, and the 𝛽 value of sample 5wt% of PEG is 

observed to be 0.76 and the value for different amount of PEG are confined between 0.6-

0.7.  

Table 6.1 KWW exponential function β from modulus plot of all five series  

PA - SERIES PAS  - SERIES PASP -  SERIES PLA -   SERIES PLP -  SERIES 

Sample  Sample  Sample  Sample  Sample  

PA-2 0.60 PAS-5 0.60 PASP-5 0.76 PLA-1 0.91 PLP-5 0.81 

PA-3.5 0.67 PAS-10 0.54 PASP-10 0.67 PLA-2 0.76 PLP-10 0. 91 

PA-5 0.67 PAS-15 0.47 PASP-15 0.65 PLA-3 0.63 PLP-15 0.87 

PA-7 0.6 PAS-20 0.67 PASP-20 0.76 PLA-4 0.54 PLP-20 0.84 

PA-11 0.63 PAS-25 0.47 PASP-25 0.76 PLA-5 0.95 PLP-25 0.76 

 

In a series with Lithium triflate i.e., PLA series, the modulus spectrum at different 

temperatures provides 𝛽 values in the range of 0.5 to 0.9. On the other hand, with the ad-

dition of plasticizer PEG in PLP series, such a large distribution is not observed and the 

width at half height is close to 1.5 decades and the 𝛽 value of the sample 25wt% of PEG 

is found to be 0.76. 

The efforts carried out by ionic charge carriers within the polymer materials to 

follow the change in the direction of applied field results in the occurrence of relaxation 

time [30]. Relaxation time 𝜏 is obtained from the frequency corresponding to 𝑀𝑚𝑎𝑥
"  value 

and from the condition 𝜏 = 1/2𝑓𝑚𝑎𝑥 , where 𝜏  is the estimated relaxation time for the 

ionic charge carrier [42].  The shift of 𝑀𝑚𝑎𝑥
"  towards high frequency with increasing 

temperature indicates that relaxation time decreases with temperature. The variation of 

relaxation time with temperature for sample PA-5 is presented in Fig. 6.36 (a) and it re-

veals that the temperature dependence of relaxation time appears to obey Arrhenius law 

[43-44].The activation energy calculated from the slope of the Arrhenius plot is 1.02 eV. 

The  variation of relaxation time  𝑙𝑜𝑔 𝜏  as a function of composition (AgCF3SO3) salt at 

313 K for PA series given in Fig. 6.36(b), reveals that with the increase in conductivity,  

the relaxation time decreases and vice versa. The relaxation time for sample 10wt% nano-  
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Fig. 6.36   Variation of relaxation time,  (a) with temperature for PA-5 sample and (b) for different amount of AgCF3SO3 in PA-   
                  system at 313K. 
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Fig. 6.37   Variation of relaxation time,   (a) with temperature PAS-20 sample and (b) for different  amount of SiO2 PAS system at 
313K 
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Fig. 6.38   Variation of relaxation time,   (a) with temperature PASP-20 and (b) for different amount of PEG system at 313K. 

filler SiO2 in a PAS series shows [Fig. 6.37(a)] a thermally activated process and the ac-

tivation energy obtained from the slope is observed to be 0.73 eV. It is clear that on addi-

tion of nano- filler, new conducting pathways are formed and the activation energy is de-

creased. The variation of relaxation time as a function of nano-filler SiO2 at 313 K for 

PAS series in Fig. 6.37(b) shows the non-uniform behavior because of the generation of 

uneven conducting channels by nano-filler due to random dispersion.   

On plasticization (PASP series), the relaxation time decreases with the tempera-
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ture indicating again a thermally assisted process as shown in Fig. 6.38 (a). The activa-

tion energy obtained from the slope is 0.93 eV, which is higher than that of the sample in 

PAS series. With the addition of PEG, viscosity of polymer system changes and instead 

of decreasing, the overall effect is the increase in activation energy. The variation of re-

laxation time as a function of plasticizer is similar as observed for conductivity in Fig. 

6.38 (b).  
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Fig. 6.39   Variation of relaxation time,   (a) with temperature PLA-1 sample and (b) for different  amount of Al2O3 PLA   
 system at 313K. 
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Fig. 6.40     Variation of relaxation time,   (a) with temperature PLP-15 sample and (b) for  different amount of PEG for  PLP sys-
tem at 313K. 

In Lithium salt polymer electrolyte with 1wt% of Al2O3, relaxation time decreases 

with increase in temperature shown in Fig. 6.39(a).  The activation energy in PAL system 

is found to be  very low i.e., 0.12 eV whereas in silver based system (PAS), it is 0.73 eV 

ascribing that the conduction of lithium ions is faster than that of silver ion because of the 

smaller size of lithium ions. However, the variation of relaxation time with Al2O3 in PLA 

series [Fig. 6.39 (b)] is not similar to the variation of conductivity. The activation energy 

increases from 0.12 eV to 0.5 eV. In PAS and PLA series, the logarithm relaxation time 

and conductivity do not vary accordingly with composition. Due to the Lewis-acid base 

interaction between the filler surface and the CF3SO3
— 

anion, the nano filler (Al2O3) acts 
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as anionic acceptors and the surface area of filler grows which is responsible for increase 

in free volume. The drift of the motion of cations may be random in nature resulting in 

different relaxation times at different concentration of nano-fillers. For PA, PASP and 

PLP systems, the variation in relaxation time is observed to be in accordance with the 

variation in conductivity with the composition.  

6.4 Scaling of Modulus 

Universality of conductivity and dielectric relaxation processes in an ion conduct 

ing material can be established using scaling of respective spectra to show whether the 

processes are independent of charge concentration and/or are thermally activated. Ac-

cording to Sidebottom [45], for any dynamic process, by scaling, one may separate the 

thermodynamics from the inherent physics involved in the dynamical process which is
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Fig. 6.41   Plot of M”/M”max Vs. log(f /fmax) (a) with temperature PA-5 sample and  (b) for different amount of  AgCF3SO3 in PA sys-
tem  at 313K. 
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Fig. 6.42   Plot of M”/M”max Vs. log(f /fmax) (a) with temperature PAS-15 sample and  (b) for different amount of  SiO2 in PAS system  

at 313K. 
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completely described by a single scaling function. To collapse all different data sets to 

one common curve is an indication that the process can be separated into a common 

physical mechanism modified only by thermodynamic scales [46].  

The scaling in ac conductivity was proposed by Isard [47] for ion conducting 

glasses. In 1996, Sidebottom et al. [46] observed the conductivity master curve for alkali 

oxide glasses, polymers and doped crystals and concluded that the ion dynamic processes 

are independent of temperature.  

In 1997, Roling et al. [48, 49] analyzed the scaling properties of the conductivity 

spectra of sodium borate glasses containing different amounts of sodium oxide. Subse-

quently, Ghosh and his coworker [50] argued that the scaling formalism of Roling et. al. 

was unable to merge all of the conductivity isotherms into a single master curve for li-

thium tellurite glasses, even in the higher composition range. In present case Ghosh’s  

scaling law [50] is used to scale modulus spectra in which Y-axis (imaginary part of 

modulus) is scaled by the peak value of 𝑀" and X-axis (frequency axis ) is scaled by the 

frequency corresponding to 𝑀𝑚𝑎𝑥
"  value.   

To have further look into the relaxation mechanism of polymer electrolyte sys-

tems, the imaginary part of dielectric modulus (𝑀" 𝑀𝑚𝑎𝑥
" ) is plotted as a function of fre-

quency log (𝑓 𝑓𝑚𝑎𝑥 ) for 5wt% AgCF3SO3 for PA series given in Fig. 6.41(a). The supe-

rimposability of all the data points at all temperatures has been observed except a small  
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Fig. 6.43   Plot of M”/M”max Vs. log(f /fmax) (a) with temperature for PASP-15 sample and  (b) for different  amount of  PEG in PASP    
               system  at 313K. 

portion at higher frequencies which results in a time-temperature superposition (TTSP) 

principle. The non- merging of compositional plot on a single master curve for different 
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compositions of PA series at 303K shown in Fig. 6.41 (b) indicates that the microscopic 

dynamic process occurring at different compositions do not follow the similar relaxation 

mechanism. Further modification of PA system by incorporating nano-filler SiO2 to form 

PAS system, the data points in the modulus plots neither coalesce for different tempera-

tures  Fig. 6.42(a)  nor for different compositions of SiO2 [Fig. 6.42(a)]. 
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Fig. 6.44  Plot of M”/M”max Vs. log (f /fmax) (a) with temperature for PLA-2 sample and  (b) for different amount of  Al2O3  
 PLA system  at 313K. 
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Fig. 6.45   Plot of M”/M”max Vs. log(f /fmax) (a) with temperature for PLP-5 sample and  (b) for different amount of  PEG in PLP 

system  at 313K. 

However, the data points for the imaginary part of dielectric modulus (𝑀" 𝑀𝑚𝑎𝑥
" ) 

for 15 wt% PEG in PASP system coalesced at different temperatures [Fig. 6.43(a)] but 

the plots do not scale with composition (PEG) at all [Fig. 6.43(b)]. In the Lithium based 

polymer electrolyte (PLA) system, the modulus plots at different temperatures coalesce, 

while for different amounts of nano-filler (Al2O3) at 313 K  do not coalesce as shown in 

Fig. 6.44 (a) & 6.44 (b). The addition of plasticizer (PEG) into the nano-composite sys-

tems i.e., PLP series shown in Fig. 6.45(a), the dielectric modulus (𝑀" 𝑀𝑚𝑎𝑥
" ) coalesce at 
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all temperatures but not for different PEG concentrations [Fig. 6.45(b)].    
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Fig. 6.46   Plot of Z” and M” vs log f at 318K for  (a) PA- 7, (b) PAS-5, (c) PASP-10,  (d) PLA-3 and PLP-10 samples.                                     

The plotting of data in terms of impedance, electric modulus and dielectric per-

mittivity simultaneously is extremely advantageous for distinguishing the different relax-

ation processes occurring inside the materials. For an ideal circuit, the impedance and 

modulus spectroscopic plots i.e., 𝑍",  𝑀"vs log𝑓 plots are completely super imposable 

and is given by eqn. (as below): 
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𝑍” = 𝑅[𝜔𝑅𝐶)/(1 + 𝜔𝑅𝐶)2] and 𝑀” = (𝐶0/𝐶) [𝜔𝑅𝐶)/(1 + 𝜔𝑅𝐶)2]  Therefore, compar-

ison of 𝑍” and 𝑀” data is very useful and the Debye like peak shapes in the spectroscopic 

plots is thus given by the term, [(𝜔𝑅𝐶)/(1 + 𝜔𝑅𝐶)2] in the imaginary parts of both 𝑍” 

and 𝑀”. It can be seen that the 𝑍” peak is scaled by 𝑅 where as the 𝑀” peaks are scaled by 

(𝐶0/𝐶). But in the case of practical solid electrolytes, they need to be represented by a 

series array of RC elements in order to account for various layers within the materials 

[28]. As a result, there is usually a distribution of relaxation times, in which case the 

maxima in the impedance and modulus spectra no longer coincide. To understand the 

non-Debye behaviour of the prepared systems, impedance and modulus spectrum have 

been plotted. Figs. 6.46 (a) to (c) show plots of 𝑍” and 𝑀” vs 𝑙𝑜𝑔 𝑓 for 7wt% of 

AgCF3SO3, 5 wt% of SiO2 and 10 wt% of PEG for PA, PAS and PASP series respective-

ly. It can be seen from these figures that 𝑍𝑚𝑎𝑥
" and 𝑀𝑚𝑎𝑥

"  do not coincide at the same fre-

quency and a broadened modulus spectra is obtained which is an indication of the broad 

distribution of relaxation times. It also reveals that the 𝑍” spectra are broadened on the 

lower frequency side of the peak maximum and 𝑀" spectra are broadened on the high 

frequency side. The large rise in 𝑍" occurring at low frequencies is caused mainly due to 

the electrode polarization [51]. Figs.6.46 (d) and 6.46(e) show plot of 𝑍” and 𝑀” vs 𝑙𝑜𝑔 𝑓 

at 313K of 2wt% of Al2O3 for PLA series and 25wt% of PEG in PLP series. Here also, 

the peaks of 𝑍𝑚𝑎𝑥
"  and 𝑀𝑚𝑎𝑥

"    do not coincide at the same frequency and the broadening 

is not as large as for silver salt system indicating narrow distribution of relaxation time in 

lithium system. 
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his chapter summarizes all the experimental results observed in the present 

investigation of polymer nano-composite electrolytes.  

  

1 CHAPTER 7  

2 CONCLUSION  

T 



178 

 

In the present investigation, a systematic study on PEO-based polymer electro-

lytes has been done. For this, in order to find the optimized PEO-silver salt concentration, 

the AgCF3SO3 amount has been varied in PEO polymer. Thereafter, the amount of nano-

filler SiO2 is varied to examine the transport mechanism of this nano-composite polymer 

electrolyte. Finally, it was plasticized with PEG to further enhance the transport mechan-

ism to PEO-AgCF3SO3-SiO2 polymer electrolyte system. To augment further the silver 

electrolyte, silver salt as well as nano-filler SiO2 have been replaced by lithium salt 

LiCF3SO3 and Al2O3 respectively. Characterization of all the samples is performed using 

FTIR, XRD, DSC, SEM and transport measurements. Effect of nanofiller without/with 

plasticization on conduction and relaxation mechanism in PEO based polymer electro-

lytes has been studied. 

The change in molecular vibrational spectra due to the interaction of host polymer 

with salt, nanofiller and plasticizer in the system has been analyzed by FTIR. The charac-

teristic vibrational peaks of PEO at 841, 940, 1057 and 1093 cm
-1

 and a broad band in the 

wave number range 2700-3000 cm
-1

 are present in all the prepared samples. In addition to 

this, the presences of the new peaks at 636 and 1028 cm
-1 

confirms the complexation of 

AgCF3SO3 and host polymer PEO. Addition of nano-filler SiO2 reduces the overall inten-

sity of the system, along with the broadening of C-H stretching band and appearance of 

new peak around 1736cm
-1

 at higher SiO2 content. Plasticization reduces the amorphousi-

ty as compared to nano-system. In the Li
+
-ion conducting system (PLA-system), 

LiCF3SO3 and plasticizer PEG make a good complexation with PEO which is is con-

firmed by the appearance of IR peaks of as (CF3), s (SO3) and SO3 at 526, 636 and 1033 

cm
−1

 respectively. Plasticization of polymer nano-composites also indicates an overall 

increase in intensity of IR spectra as compared to without plasticizer.  

DSC studies provide valuable information about the variation in glass transition 

temperature 𝑇𝑔  and melting temperature 𝑇𝑚  of the prepared polymer electrolytes. In the 

silver salt systems highest conducting samples show lowest  𝑇𝑔  value and lowest 𝑇𝑚  val-

ue in their respective series. While plasticization of polymer electrolytes made the system 

stiffer. Similarly, in Lithium salt systems i.e., PLA and PLP series, the 𝑇𝑔  values are ob-

served to be lower than the systems with plasticizer PEG indicating reduction in flexibili-
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ty due to addition of plasticizer in .  

XRD results show a significant reduction in the intensity of sharp peak of PEO 

even at higher concentration of salt which indicates the dominance of amorphous phase. 

But by the addition of nanofiller SiO2, the diffraction pattern are observed to shift to-

wards lower angle side with small broadening with decreased intensity, expect x= 25 

wt% of SiO2. An increase in peak intensity is observed on plasticization with PEG com-

pared to that of the PAS series.  The addition of nanofiller disturbs the crystalline regions 

and lead to an increase in the amorphous phase of the system. Whereas, upon plasticiza-

tion, a significant structural reorganization takes place, leading to an increase in peak in-

tensity as compared to that of the system with nanofiller. 

SEM micrographs show the formation of spherulites and reduction in the size of 

spherulites on addition of salt AgCF3SO3 upto 7wt% (PA-7) is observed. Addition of na-

nofiller in both the system i.e. PAS and PLA improves the uniformity, smoothness and 

homogeneity of the surface. But on plasticization (PASP and PLP series), surface rough-

ness is the main feature.  

The ionic transference number (𝑡𝑖)  of polymer films confirms the conduction me-

chanism principally due to the transport of ions and the highest conducting sample in 

their respective represent the highest transference number (in the range of 0.8-0.9 in dif-

ferent systems).  

In PEO polymer electrolytes, the addition of PEG plasticizer does not significant-

ly improve the electrical properties in silver ion as well as in lithium conducting systems. 

Temperature dependence of dc conductivity follows Arrhenius theory. All the 

samples with the highest transport number show the highest ionic conductivity. These 

samples show a power law variation at high frequencies. Dispersion in ac conductivity 

spectra obeys Jonscher’s power law and the frequency exponent n are found to be smaller  

than 1. 

The real part of dielectric permittivity,’ decreases with the increase in frequency 

and saturates at higher frequencies whereas the dielectric loss, ’’ also varies inversely 

with frequency. The frequency and temperature dependent dielectric studies confirm the 

ion migration and polarization effects.  
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The modulus plots confirm the non-Debye behavior and suggest the distribution 

of relaxation time in the conduction process. Non exponential decay function from mod-

ulus spectra provides β values are close to 0.5-0.9 and independent of temperature and 

composition.  

The variation of relaxation time  with composition is in consonance with the var-

iation in conductivity for PA, PASP and PLP systems, whereas for PAS and PLA systems 

it is not. Conduction mechanism of the system is mainly affected by the addition of nano-

filler not plasticizer PEG. 

Coalescing of the data points in the scaling of modulus spectra of PA, PASP, PLA 

and PLP systems at different temperatures substantiate the fact that relaxation process is 

temperature independent, while the modulus spectra at different compositions do not 

merge on master curve which indicates that the relaxation mechanism is composition de-

pendent. 

In summary, PEO-based systems make a good polymer composite. All prepared 

polymer composites show a rise in conductivity on addition of salt, nanofiller and plast i-

cizer. Addition of nanofiller to PA electrolyte system (polymer-salt system) enhances the 

electrical properties. But the plasticization of PAS system increases the crystalline phase 

of the system due to similar structure of PEO and PEG. However, lithium ion conducting 

systems (PLA and PLP) showed higher rise in conductivity as compared to silver ion 

conducting systems. Hence, lithium ion conducting systems can be used as a good elec-

trolyte.  

 

------ THE END----- 
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