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Abstract 

The path breaking studies of Wright and Armand on ionically conducting polymers, called 

"polymer electrolytes" in the late 1970s have opened an innovative area of materials research 

with potential applications in the power industry. The main applications of these polymer 

electrolytes were in rechargeable lithium batteries as an alternative to liquid solution 

electrolytes. The advantages such as no leakage of electrolyte, higher energy density, flexible 

geometry and improved safety hazards have drawn the attention of many researchers on the 

development of lithium polymer batteries and other electrochemical devices such as 

supercapacitors, electrochromic windows, and sensors. In the present work emphasis has 

been placed on composite gel polymer electrolytes because of the higher ionic conductivity 

and better electrochemical, interfacial and thermal stability. 

The present thesis is a description of a number of experiments in the active research 

field of nanocomposites gel polymer electrolytes with polyaniline (PAni) nanofibers and 

montmorillonite (MMT) as fillers. The nanocomposites electrolytes have been characterized 

by X-ray diffraction (XRD) , Transmission electron microscopy (TEM), Scanning electron 

microscopy (SEM), Fourier transform infrared spectroscopy (FTIR). The ionic conductivity 

of the nanocomposites polymer electrolyte films was determined by ac impedance 

measurements using a Hioki 3532-50 LCR HiTester in the frequency range from 42 Hz to 

5MHz. The temperature dependence of ionic conductivity was also measured by heating the 

samples from room temperature to higher temperature. The interfacial stability of 

nanocomposites polymer electrolytes was studied by fabricating Li/polymer electrolyte/Li 

cells at room temperature and was monitored for 15-20 days. The anodic decomposition 

voltage was determined by linear sweep voltammetry using electrochemical workstation. SHI 

irradiation of the nanocomposites with 90 MeV oxygen ions (07
) with fluence 5x 1010, 

l x lO l t, 5xlO11 and lx10 12 and 5x10 12 ions/cm2
, has been carried out to study the ion 

irradiation effects on the nanocomposites. 



The thesis contains eight chapters, each of which again has several sub-sections. 

Chapter I reviews the literature of different types of polymer electrolytes viz. solid polymer 

electrolytes (SPEs), gel polymer electrolytes (GPEs) and composite polymer electrolytes 

(CPEs). A brief description of ion transport models has also been included in this chapter. In 

the end, statement of the problem and objectives of the present work have been spelt out. 

Chapter II focuses on the theoretical aspects of complex impedance spectroscopy 

and ion transport kinetics in solid, gel and composite polymer electrolytes. 

Chapter III describes the properties of materials used in the present work viz. 

polymer, plasticizer, MMT and synthesis of PAni nanofibers by interfacial polymerization 

method. Synthesis techniques for the preparation of nanocomposites gel polymer electrolytes 

have been elaborately explained in this chapter. Principles of various characterizations tools 

and instruments such as ionic conductivity measurement set up, XRD, SEM, TEM, FTfR 

employed to characterize the nanocomposites polymer electrolytes in the present work have 

been briefly explained. 

In Chapter IV complex impedance spectroscopy, XRD, SEM and FTIR of PMMA­

(PC+DEC)-LiCI04 and P(VdF-HFP) -(PC+DEC)-LiCI04 based nanocomposites gel 

electrolytes dispersed with dedoped PAni nanofibers have been analyzed to gain an insight 

into the different characteristic properties such as ionic conductivity, crystallinity, surface 

morphology and interactions among the various constituents of polymer electrolytes. The 

electrochemical and interfacial properties have also been studied. 

Chapter V emphasizes on the two blend based polymer electrolyte systems viz. 

PEO/P(VdF-HFP)-(pC+DEC)-LiCI04 synthesized by phase inversion technique and 

PEO/P(VdF-HFP)-LiCl04-dedoped PAni nanofibers synthesized by solution casting 

technique. In the first system the ionic conductivity has been correlated with the variation of 

pore size, porosity and electrolyte uptake. In the second system the effect ofPAni nanofibers 

on the ionic transport and electrochemical properties of PEO/P(VdF-HFP) blend complexed 

with LiCI04 has been discussed. 

Chapter VI deals with the electrical and electrochemical properties of solution 

intercalated nanocomposites based on PMMA-MMT and PVdF-MMT. Both the 

nanocomposites exhibit mixed intercalated and exfoliated nanostructures as observed in 

TEM. Properties such as ionic conductivity, surface morphology, electrochemical and 
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interfacial stability and interaction among different groups in the polymer electrolytes have 

been analyzed to throw new light on the ionic conduction mechanism in these types of 

nanocomposite polymer electrolytes. 

Chapter VII highlights the effect of 90 MeV 0 7
+ ion irradiation on P(VdF-HFP)­

(PC+DEC)-LiCI04-dedoped PAni nanofibers and PEO-MMT based single ion conductor. 

Ion irradiation leads to the enhancement of ionic conductivity up to 1011 ions/cm2
• Above 

that fluence a decreasing trend of ionic conductivity is observed. This has been explained on 

the basis of chain scission and cross-linking of polymer chains at different ion fluences. On 

the other hand SHI irradiation on PEO-MMT nanocomposites results in the increase of 

polymer intercalation inside the galleries of MMT. Ion beam modification of polymer 

electrolytes is a new research area and in this chapter effort has been made to understand the 

conduction mechanism of swift heavy ion irradiated nanocomposite polymer electrolytes. 

Chapter VIn outlines the summary of the major conclusions drawn from the work 

contained in the present thesis. At the end of this chapter, the future scope of the related field 

is briefly mentioned. 
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CHAPTER] 

Introduction 

This chapter describes the definitions of various types of polymer electrolytes viz. solid 
polymer electrolytes (SPEs), gel polymer electrolytes (GPEs) and composite polymer electrolytes 
(CPEs and their historical developments. A brief description of ion conduction mechanisms 
and models is also included in this chapter. Different aspects of swift heavy ion (SHI) 
irradiation and energy loss processes due the passage of energetic ions through matters are 
also discussed here. At the end definition of the problem and scope of the present work is 
spelt out. 

Since the discovery of ionic conduction in nonmetallic solids Ag2S and PbF2 by Faraday in 

1930 [1], lot of efforts have been devoted by the researchers worldwide to develop newer ion 

conducting materials for electrochemical devices such as high energy density batteries, 

supercapacitors, electrochromic windows, sensors etc. Till now several of ion conducting 

materials like ionic salts, glasses, ceramics etc. have been tried for electrochemical device 

applications. But in the world leading towards miniaturization, the polymeric ionic 

conductors called 'polymer electrolytes' are receiving major attention [2-4]. The main reason 

for using polymeric electrolytes over other liquid and solid electrolytes lies in the free 

standing consistency, which allows easy handling and cell design, modularity and reliability 

combined with flexibility and conformability to the electrodes. Ionically conducting phases, 

free from low molecular weight solvents, based on the dissolution of salts in suitable ion­

coordinating polymers are key components in new types of batteries for portable electronic 

devices and electric cars. Batteries for such applications require polymer electrolytes meeting 

the following requirements 

(i) A high ionic conductivity, 

(ii) High cationic transport number and 

(iii) Improved chemical, thermal and electrochemical stability. 

The need for high ionic conductivity arises from the fact that at what rate or how fast 

energy from a battery can be drained, which mainly depends on the extent of ionic mobility, 

hence ionic conductivity of the electrolyte. Requirement of high cationic transport number 

rather than anionic is also important in view of the battery performance because 
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concentration gradients caused by the mobility of both cations and anions in the electrolyte 

arise during discharging, which may result in premature battery failure. For battery 

applications, along with high ionic conductivity the electrolyte material must be 

dimensionally stable since the polymer electrolyte will also function as separator in the 

battery, which will provide electrical insulation between the cathode and the anode. This 

implies that it must be possible to process polymer electrolyte into free-standing film with 

adequate mechanical strength. Since the electrolyte membrane is inserted between the 

cathode and the anode, in order to avoid undesired chemical reactions proceeding at the 

electrode/electrolyte interfaces, the polymer electrolytes should possess a high chemical 

stability. In addition, polymer electrolytes must have an electrochemical stability domain 

ranging from 0 V to as high as 4-5 V [5]. 

The first ion conducting polymer: poly(ethylene oxide) (PEO) complexedldissolved 

with alkali metal salt, was discovered by P.V. Wright et al. [6] in 1973. The initial realization 

that these materials could be used as electrolytes in battery applications was, however, 

proposed by Armand [7, 8]. After that, a large number of polymer electrolyte materials 

involving different kinds of transporting ions, namely, W, Li+, Na+, K+, Ag+, Mg2+ etc., have 

been reported since then. Various theoretical approaches have been adopted to understand the 

ion transport mechanism in the polymer electrolyte materials as well as the physical/ 

chemical processes occurring at the polymer electrolyte/electrode interfaces [9-14]. A 

number of books/monographs/research papers have been published, which deal with 

materials designing aspects as well as a variety of techniques usually employed during 

material/ structure/thermal/ion transport characterization studies in the polymer electrolyte 

systems [9-12]. 

1.1 Types of Polymer Electrolytes and Their Historical Developments 

The development of polymer electrolytes has gone through three stages: 'dry solid polymer 

electrolytes', 'gel polymer electrolytes' and 'composite polymer electrolytes'. The 'dry 

systems' use the polymer host as the solid solvent along with lithium salts and do not include 

any organic liquids. The very first example of "dry solid" polymer electrolyte is the 

poly(ethylene oxide) (PEO) based systems that showed very low conductivities on the order 

of 10-8 Scm-I at ambient temperature [6, 8]. The second category of polymer electrolyte is 
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called "gel polymer electrolyte" or "plasticized polymer electrolyte" which is neither liquid 

nor solid or conversely both liquid and solid [5]. Gels possess cohesive properties of solids 

and the diffusive property of liquids, which makes the gel finding various important 

applications including polymer electrolytes. On the other hand 'composite polymer 

electrolytes' include high surface area inorganic solids in proportion with a 'dry solid 

polymer' or 'polymer gel' system. Generally, high surface area particulate fillers such as 

Zr02, Ti02, Ah03 and hydrophobic fumed silica were incorporated in to the polymer 

matrices and are called "composite polymer electrolytes" [15, 16]. The advantages of 

composite polymer electrolytes lay in the fact that addition of inorganic filler particles in to 

the polymer matrix not only increases the ionic conductivity but also improves the 

mechanical as well as electrode-electrolyte interface stability [17]. A detailed discussion on 

the above three types of polymer electrolytes and their materials designing is given below. 

1.1.1 Solid Polymer Electrolytes (SPEs) 

As already pointed out, after the discovery of the first SPE material: a poly(ethylene oxide) 

(PEO): alkali metal salt complex, in 1973, followed by an experimental demonstration of the 

first all-solid-state battery based on the PEO: Lt -ion polymer electrolyte in 1979, the activity 

in this area was enhanced tremendously. The majority of good dry solid polymeric 

electrolytes reported so far are based on high molecular weight polymers, namely, 

poly(ethylene oxide) (PEO) and/or poly (propylene oxide) (PPO) complexed/dissolved with 

different Li+-ion salts. The reason for the preference of PEOIPPO as the polymer host has 

been mainly due to the fact that they usually form stable dry complexes exhibiting a 

relatively higher ionic conductivity than other solvating polymers. The sequential 

oxyethylene group: -CH2-CH2-O-, and the polar groups: -0-, -H-, -C-H-, in the polymer 

chains have the ability to dissolve/complex the ionic salts. At Sheffields, in late 1970's, 

Wright and his coworkers [18, 19] embarked upon an investigation of morphology of 

polymer complexes and its relation with ionic conductivity. They found that fully saturated 

crystalline region of PEO complexes gave poor conductivity and amorphous region gave 

higher conductivity. At about the same time Kills, Le Nest and Cheradame [20] had 

independently reached similar conclusions regarding the amorphous PEO by preparing with 

urethane based PEO networks. 

3 
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With the confirmation that ionic conductivity in polymer electrolytes is a property of 

amorphous elastomeric phases [21], number of strategies was employed to suppress the 

crystallinity of poly( ethoxy) systems in 1980. The branched or comb polyphosphazenes 
I 

developed by Shriver, Allcock and coworkers at Pennsylvania [22] and Ward's group at 

Leeds [23] and methoxy copolymer developed by Booth's group at Manchester [24] were 

among the most successful of these. At about the same time various theories and mechanisms 

of ion transport in these materials were also developed, which include the dynamic 

percolation model [25]. Angell at Arizona State University [26] and Torrel at Chalmers [27] 

discussed the relation between conductivity and relaxation times. The correlation between 

ionic conductivity, glass transition temperature and the mechanical relaxation was 

investigated by Cheradame [28] and Watanabe [29]. 

After the realization that ionic conductivity in dry polymer electrolytes could be 

increased by (i) suppressing the crystalline part of the host polymer to enhance polymer chain 

mobility hence the fast cation movement and (ii) increasing the number of charge carriers, 

much research efforts have been directed to find the optimal combination of host polymer 

and dopant salt for faster ionic transport. To suppress the crystallization of polymer to 

enhance polymer chain mobility various efforts have been made, which include cross­

linking, co-polymerization, comb formation (side chain and dendritic polymers), polymer 

alloy (including interpenetrating network) and inorganic filler blend [30]. Killis et al. [31] in 

combination with cross-linking and co-polymerization were able to achieve ionic 

conductivity of about 5 x 10-5 Scm-] at 25°C by corss-linking co-polymers of EO and PO. In 

the comb formation, Hall et al. [32] added PEO side chain to polysyloxane chains and 

obtained an ionic conductivity value of 2 x 10-4 Scm-] at 25°C. Watanabe et al. [33] 

extended this method by synthesizing a dendritic polymer by attaching PEO chains to 

glycidyl ether acid chains. 

Increase of charge carriers can be realized by use of highly dissociable salts or by 

increasing salt concentration etc. Nature of salt, i.e. size of cation and anion, salt's lattice 

energy, organic/inorganic salt etc., plays very important role in polymer electrolyte's 

behavior determination. It has been found that larger anion results in amorphous matrix and 

provides path for cation movement, hence a large ionic conductivity. Vallee et al. [34] 

obtained ionic conductivity value of 4 x 10-5 Scm-] at 25°C by dissolving lithium 
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trifluorosulfonyl imide in PE~, which is over two-order magnitude higher than that of NaI­

PEO system. Benrabah et al. [35] obtained conductivity value of 6 x 10-7 Scm-I at 25°C with 

sulfonate system and Fujinami et al. [36] achieved conductivity value of 2 x 10.5 Scm-Iat 25 

°c with siloxy aluminate system. A new type of 'polymer-in-salt' material was proposed by 

Angell et al. [37], where lithium salts are mixed with small proportions of polymer PPO and 

PEO and found ionic conductivity value in the order of 10-3 Scm-I. 

1.1.2 Gel Polymer Electrolytes (GPEs) 

Gel electrolytes are currently of another great interest, particularly with regard to achieving 

higher ionic conductivities. Gel polymer electrolytes are formed by incorporation of 

substantial amount of plasticizers such as ethylene carbonate (EC), propylene carbonate 

(PC), diethyl carbonate (DEC) etc. to the polymer matrix. The ion conduction in these 

electrolytes takes place through the liquid electrolytes where the host polymer mostly 

provides the structural support. In case of SPEs incorporation of plasticizer results in greater 

ion dissociation, which allows greater number of charge carriers for ion transport in addition 

to reducing the crystalline content and increasing the polymer segmental mobility [5]. 

The increase of ionic conductivity due to the addition of low molecular weight 

plasticizer in SPEs was first observed by Ito et al. [38]. They were able to increase the ionic 

conductivity of PEO-LiCF 3S03 plasticized with PEG up to 10-3 Scm-I at 25°C. The increase 

of ionic conductivity at room temperature was attributed to the increase in amorphous region 

ofPEO. On the contrary, the increase in ionic conductivity is adversely accompanied by poor 

interfacial properties due to the presence of hydroxyl end-groups [38]. In order to avoid this 

problem few researchers have eliminated hydroxyl end groups of PEG by methoxy one [39]. 

Nagasubramaniam and Stefano [40] used crown ether as plasticizer and were able to obtain 

ionic conductivity value of 7 x 10-4 Scm-I for the PEO-LiBF4 system. Shodai et al. [41] 

studied the thermal stability of PEO-LiCF3S03 plasticized with ethylene carbonate CEC) and 

propylene (PC) in air as well as argon atmosphere. They found that oxygen in the air lowers 

the decomposition temperature of PEO and accelerates its decomposition rate. Benedict et al. 

[42] explored the possibility of using dibutyl phthalate CDBP) as plasticizer in PEO-LiAsF6 

complexes. The activation energy of the system was considerably reduced upon the addition 

of 0.09 mol of DBP in the system. A series of plasticized polymer electrolytes were 
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synthesized based on polyethylene oxide (PEO), LiN(CF3S02h (LITFSI) as the salt and 

tetraethylene glycol dimethyl ether(tetraglyme) and (EC + PC) as plasticizers. The showed 

that the complex ofPDMAEMAIPEOlLiTFSIItetraglyme exhibits conductivity value of 4.74 

x 10-4 Scm-1 at 25°C, which is higher than the PDMAEMAIPEOlLiTFSIIEC + PC system. 

Kovac et al. [43] carried out microstructural and electrochemical characterization of 

(pEO)nLiAI(S03CI)4 (n =2-12) polymer electrolytes containing a mixture of plasticizers, i.e. 

propylene carbonate (PC) and I, 2-dimethoxyethane (DME). Using X-ray powder 

diffractometer analysis, size exclusion chromatography, Raman and FTIR spectroscopy, it 

was shown that a substantial amount of PC and DME plasticizers remain incorporated in 

final dry polymer electrolyte and reduces the crystallinity of PEO by more than 50%. The 

PEOIPCIDME polymer electrolyte exhibited better ionic conductivity at lower temperatures 

(20-60 DC), while at higher temperatures (T > 60°C) the polymer without plasticizer showed 

better conductivity. With respect to salt concentration the conductivity exhibited a maximum 

value at n = 3. Itoh et al. [44] prepared two kinds of PEO based comblike polymer 

electrolytes with poly-4 of 3,5-bis[poly(ethylene glycol) methyl ether (350, n = 7.2)] styrene 

and poly-4ITCNQ of 7,7,8,8-tetracyanoquinodimethane (TCNQ) as plasticizer and 

LiN(CF3S02)2 as salt and investigated their ionic conductivity, electrochemical, thermal, and 

mechanical properties. They showed that the polymer electrolytes containing an alternating 

copolymer poly-4ITCNQ exhibited higher ionic conductivity, better thermal and mechanical 

stabilities than that of containing a homopolymer poly-4, due to the presence of an aromatic 

ring and a polar cyano group of the TCNQ unit. Hariharan and Bhide [45] successfully 

synthesized PEO-NaP03 plasticized with PEG400 by solution casting technique. A 

combination of X-ray diffraction (XRD), optical microscopy and differential scanning 

calorimetry (DSC) studies indicated enhancement in the amorphous phase of polymer due to 

the addition of plasticizer. An enhancement in the cationic transport number was observed 

from a value of 0.23 for the host polymer electrolyte to the values in the range 0.39-D.42 for 

the plasticized electrolytes with different concentration of PEG4oo. A gel electrolyte 

consisting of poly(ethylene oxide) crosslinked with poly(propylene oxide) as a host, 

propylene carbonate (PC) as a plasticizer, and LiCI04 as an electrolytic salt was synthesized 

by Tien et al. [46] for double layer capacitors. Diglycidyl ether of bisphenol-A was blended 

with the polymer precursors to enhance the mechanical properties and increase the internal 
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free volume. This gel electrolyte showed an ionic conductivity as high as 2 x 10-3 S cm-! at 

25°C and was electrochemically stable over a wide potential range of - 5V. PVB/LiCI04 

polymer electrolyte films with PEG200, PEG400 and PEG600 as plasticizers were prepared by 

solution-casting method by Li et al. [47]. The bulk conductivity of the electrolyte films 

increased from 10-10 to 10-6 Scm-! with the addition of plasticizers. PEG400 exhibited 

plasticizing function superior to PEG200 and PEG600, and the conductivity of the SPEs could 

reach 10-6 Scm-! at room temperature by controlling the ratio of [O]:[Lil = 8 and adding 30 

wt.% PEG400 with PVB. 

Among the gel polymer electrolytes reported till date, poly(acrylonitrile) (PAN)­

based gel electrolytes have been extensively studied. In 1981 Watanabe et al. [48, 49] 

reported the use of plasticizer EC and PC in PAN-LiCI04 complex. By increasing the 

piasticizer/LiCI04 ratio they were able to increase the ionic conductivity up to 10-4 to 10-5 

Scm-! at 25°C. Since the conductivity did not correlate well with PAN content they 

concluded that PAN host did not play any role in the ion transport mechanism but acted as a 

matrix for structural stability. Later Abraham and Alamgir [50, 51] found conductivity value 

of 1.7 x 10-3 Scm-! at 20°C and 1.1 x 10-5 Scm-! at -10 °C for PAN based electrolytes 

comprising 38 m/o EC, 33 m/o PC with 8 m/o LiCI04 and 21 m/o of PAN. Peraninage et al. 

[52] reported that low temperature ionic conductivity of PAN based electrolytes could be 

greatly enhanced using ternary solvent mixtures consisting of EC, PC and 3-methyl-2-

oxazolodinon (MEOX). The electrochemical stability of PAN based electrolytes using 

LiN(CF3S02)2, LiAsF6, LiCF3S03 and LiPF6 salts and plasticizer EC and PC was studied by 

Choe et al. [53]. They observed oxidation stability window more than 5 V vs LtlLi as 

revealed by cyclic voltammetry studies. A comparative infrared spectroscopic study for 

PAN-PC-lithium triflate system was reported by Starkey and Frech [54]. They observed that 

lithium triflate was highly associated and the lithium ion interaction was stronger with PC 

than with PAN. According to Appetecchi et al. [55] a fully amorphous gel of PAN-LiCI04 

(1 :02) in EC exhibits ion transference numbers more than 0.5 because of the absence of 

oxygen atoms in the PAN matrix. The transference number enhances to 0.7 by using salts 

like LiTFSI and LiTFSM. A typical polymer electrolyte comprising of PAN (12%), EC 

(40%), PC (40%) and LiCI04 (8%) was prepared by Sun and lin [56]. The conductivity of 

the polymer electrolyte was found as high as 2 x 10-3 Scm-! at room temperature. A PAN 
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based gel electrolyte was prepared by incorporating a mixture of Pr4N+r, iodine, EC and PC 

in PAN by Dissanayake et al. [57]. They found a maximum ionic conductivity of2.95 x 10-3 

Scm-I at room temperature for the sample with composition PAN (13%): EC (31%): PC 

(45%): Pr4Wr (7%): h (4%) (by weight). The same group by analyzing the DSC results on 

PAN/ECIPClLiTFSI system showed that ECIPC existed in two different environments within 

the gel network: free ECIPC molecules and ECIPC molecules subjected to pairing 

interactions by the CN group in PAN. The highest conductivity of the gel electrolyte is 

obtained for the composition, PAN(15.4%)/EC(41.0%)IPC(41.0%)lLiTFSI(2.6%) (by 

weight) [58]. Carol et al. [59] used electrospinning technique to prepare fibrous membrane of 

PAN having a high molecular weight of 4 x 105
. The membrane with good mechanical 

strength and porosity exhibited high uptake when activated with the liquid electrolyte of I M 

LiPF6 in a mixture of organic solvents and the gel polymer electrolyte showed ionic 

conductivity of 1.7 x 10-5 Scm-I at 20°C. The gelled membrane also exhibited stable charge­

discharge characteristics when evaluated as a separator in Li-ion cells. Despite the several 

advantages of PAN-based electrolytes, like high ionic conductivity of the order of 10-3 Scm-I 

at 20°C, good electrochemical stability of 4.5 V and a lithium-transference number around 

0.6, its poor compatibility with lithium metal anode offsets from practical applications. Other 

studies clearly reveal that the lithium electrode undergoes serious passivation when in contact 

with PAN-based electrodes and affects cyclability and eventually leads to safety hazards [5]. 

In 1985, Iijima and Toyoguchi [60] found that poly(methyl methacrylate) (PMMA) 

could be used as gelating agent. After that the material has attracted a lot of interest as gel 

polymer electrolytes. The research performed by Bohnke's group [61, 62] showed that atactic 

PMMA formed ionically conductive gels with LiCI04 in propylene carbonate (PC), or 

mixtures of PC and ethylene carbonate (EC). The addition of PMMA in various proportions 

to LiCI04-PC electrolyte considerably increased the viscosity to reach a solid rubber-like 

material. On the other hand, the conductivities at room temperature of these gels decreased 

very slightly and remained very close to that of the liquid electrolyte. At about 20 wt. % 

polymer concentrations, these gels possessed room temperature conductivities on the order of 

10-3 Scm-I. This high ion mobility could be explained by the existence of a continuous 

conduction path available through the solvent. Different characterization techniques showed 

that PMMA just acted as a matrix and no lithium solvation with PMMA was found. 
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Stallworth et al. [63] synthesized gel electrolytes based on PMMA with various lithium salts 

(LiCl04, LiAsF6, LiN(CF3S02h) using plasticizers PC and EC and characterized them by 

DSC and NMR. They concluded that the gel electrolytes exhibited single glass transition 

temperature and by dramatic changes in NMR line width, which occured in the vicinity of 

glass transition. Vondrak et al. [64] prepared PMMA gel electrolytes with propylene 

carbonate as plasticizer and complexed with salts of various perchlorates of different cation 

sizes including lithium. The gel electrolyte, which possesses lithium as cation exhibited 

maximum conductivity and was attributed to smaller ionic radii. Though PMMA based gel 

electrolytes exhibit high ionic conductivity, they show poor mechanical property at high 

plasticizer content [17]. Rajendran et al. [65,66] reported the improvement in the mechanical 

property of PMMA by blending with poly(vinyl alcohol) (PVA). However, a decrease in 

ionic conductivity was observed at higher PYA content due to increased viscosity. The 

increase in viscosity at higher PV A content was ascribed to the polymer-solution interaction, 

which decreased the ionic mobility resulting in decreased ionic conductivity [66]. Kim and 

Oh [67] modified (pMMA)-based polymer gel electrolytes with interpenetrating networks of 

poly(ethylene glycol dimethacrylate) (pEGDMA) polymers with different numbers of 

repeating ethylene oxide units. The addition of PEGDMA resulted in the increase of the 

dimensional stability of PMMA-based gel electrolytes, which is due to a cross-linking effect 

exerted by the network former. Ionic conductivity can also be enhanced with PEGDMA 

modification owing to the high donor number and high chain flexibility of the ethylene oxide 

units. Hashmi et al. [68] carried out a study on gel polymer electrolytes comprising poly 

methyl methacrylate (PMMA)-ethylene carbonate (EC}-propylene carbonate (pC}-salts, 

LiCl04, NaCl04 and (C2Hs)4NCl04 (TEACl04) with a view to using them as electrolytes in 

electrical double layer capacitors (EDLCs) based on activated charcoal powder electrodes. 

The optimum composition of gel electrolytes, PMMA (20 wt%}-EC:PC (l : 1 v/v}-l M salt 

exhibited high ionic conductivity of the order of - 10-3 Scm-1 at room temperature with good 

mechanical/dimensional stability suitable for their application in EDLCs. The ionic 

conductivity and transport behavior of gel polymer electrolytes containing PMMA, EC, PC 

and LiBF4 were studied by Osman et al. [69]. The highest room temperature conductivity of 

2.24 x 10-3 Scm-1 was obtained for the sample containing 20 wt. % of LiBF4. The increase in 

the conductivity with increasing salt concentration was attributed to the increase in the 

9 



Madhuryya Deka Ph.D. Thesis, Tezpur University 

number and mobility of the charge carriers. The decrease in the conductivity at still higher 

concentration was due to the saturation of the salt resulting in the reduced number of charged 

carrIers. 

Gel polymer electrolyte based on poly(vinylidene fluoride) (PVdF) host has been 

investigated since the early 1980s as another potential system [70]. PVdF based polymer 

electrolytes are highly anodically stable due to the presence of strong electron-withdrawing 

functional group (-C-F) and the polymer itself has a dielectric constant of 8.4, which helps 

in greater dissolution of lithium salts and subsequently supports high concentration of charge 

carriers. Tsuchida and his coworkers [71, 72] in 1983 showed that the physically cross-linked 

gelled PVdF had a conductivity of 1 x 10-3 Scm-! at 25°C. Choe et al. [73] reported PVdF­

based electrolytes plasticized with a solution of LiN(CF3S02)2 in PC that offered 

conductivity of 1.74 x 10-3 Scm-! at 30°C and oxidation potential limits between 3.9 and 4.3 

V vs U+lLi. Jiang et al. [74] synthesized a novel PVdF-based gel polymer electrolyte using 

(EC+PC) plasticizer and lithium salts (LiCF3S03, LiPF6 or LiN(S02CF3)2) by thennal 

extrusion method. They reported that the viscosity of the medium and concentration of the 

charge carriers, which are directly related to the weight ratio ofPVdF-EC-PC and the kind of 

lithium salt studied, mainly influenced the conductivity of the electrolyte. They also observed 

that the PVdF-based electrolytes offered excellent electrochemical properties; but this 

fluorinated polymer was not stable towards lithium leading to poor interfacial properties 

between lithium and fluorine. Shiao et al. [75] reported that addition of PVdF as host matrix 

into the ternary and quaternary solvent reduced the ionic conductivity significantly. The 

electrochemical and dielectric properties of PVdF polymer hosts have also been reported 

[76]. Choi et al. [77] prepared porous PVdF fiber-based membranes with a three-dimensional 

network structure, high porosity, large electrolyte solution uptake and adequate mechanical 

properties by an electrospinning technique using various mixed-solvent compositions with 

poly(vinylidene fluoride) (PVdF) for use as the matrix in polymer electrolytes with excellent 

electrochemical properties and adequate mechanical properties. Electrospun PVdF fiber 

based polymer electrolytes were prepared by immersion of the electrospun membrane in 

electrolyte solutions. FT -Raman spectroscopic data showed that the lithium ions 

predominately associated with the EC molecules indicating that U+ - solvated EC is a major 

mobile ionic species in these polymer electrolytes. In addition, the PVdF chain showed good 
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interaction with all but one of the linear alkyl carbonate molecules studied, namely diethyl 

carbonate. This interaction influenced the swelling of PVdF to form a gel phase and is 

responsible for enhancement of the electrochemical properties. Rajendran and Sivkumar [78] 

investigated the physical and thermal properties of blend based PVdF-PVC gel polymer 

electrolytes. The highest ionic conductivity was found to be 3.86 x 10-3 Scm-! at room 

temperature in PVdF (20}-PVC (5}-(60:40) weight ratio of ECIPC (67}-LiCI04 (8) complex. 

Recently, the poly(vinylidene fluoride-hexa fluoropropylene) (PVdF-HFP) (88:12) 

has drawn the attention of many researchers. This copolymer comprising an amorphous 

phase of HFP, which helps in entrapping large amount of liquid electrolytes, and the PVdF 

crystalline phase acts as a mechanical support for the polymer matrix. Capiglia et al. [79] 

reported a gel polymer electrolyte system comprising of P(VdF-HFP) and a solution of 

ethylene carbonate (EC), diethyl carbonate (DEC) and LiN(CF3S02)2 as salt. They were able 

to increase the ionic conductivity up to 10-2 Scm-! when the weight ratio ofP(VdF-HFP) and 

(ECIDECI LiN(CF 3S02)2 was reduced to 20:80. Stephan et al. [80] synthesized a series of 

P(VdF-HFP)-based gel polymer electrolytes using EC and PC plasticizer and lithium slat 

LiCF3S03, LiBF4 and LiC104. They observed that the sample containing LiBF4 as salt 

exhibited the maximum ionic conductivity, which was attributed to the low lattice energy of 

the salt. On the other hand the same sample exhibited poor compatibility with lithium metal 

anode due to the formation of LiF in the layer. A systematic study was made by Saiki a and 

Kumar [81] on PVdF and P(VdF-HFP)-based gel electrolytes using PC+DEC as plasticizer 

and LiCI04 as saIt separately. The found that P(VdF-HFP)-based gel electrolytes exhibited 

higher ionic conductivity than PVdF-based gel electrolytes. They concluded that the higher 

conductivity in case of P(VdF-HFP) than PVdF is a result of higher amorphicity as there are 

two randomly mixed monomers providing the mobile Li+ ion more free volume for transport. 

Ren et al. [82] successfully prepared semi-interpenetrating polymer networks ofP(VdF-HFP) 

based electrolytes with crosslinked diepoxy polyethylene glycol (DIEPEG). The results 

showed that the blend polymer electrolyte with P(VdF-HFP)IPEI+DIEPEG (60:40 w/w) had 

an ionic conductivity of2.3 mScm-! at room temperature in the presence of 1 M LiPF6 in EC 

and DMC (1: 1 w/w). All the blend electrolytes were electrochemically stable up to 4.8 V 

versus LilLt. Nonfammable polymeric gel electrolyte has been prepared by Lalia et al. [83] 

by immobilizing 1M LiBFJEC (ethylene carbonate) + DEC (diethyl carbonate) + TEP 
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(triethylphosphate) (55:25:20, v/v/v) solution in poly(vinylidene fluoride-co-hexafluoro 

propylene) (pVdF-HFP) where TEP acts as a fire-retardant solvent in the gel electrolyte. 

Electrochemical tests on the nonflammable polymeric gel electrolyte based on 1M LiBFJEC 

+ DEC + TEP (55:25:20) indicated the better performance of electrolyte for both cathode 

(LiMn204) and anode (graphite) materials as compared to other gel electrolytes containing 

TMP (trymethyl phosphate) as fire-retardant solvent. Good rate capability of the gel 

electrolyte with the positive electrode was observed. 

It is worth mentioning here that the polymer electrolyte films are usually synthesized 

by adding low-molecular-weight plasticizers like ethylene carbonate, propylene carbonate, 

dimethyl carbonate, diethyl carbonate, etc. into the host polymer matrix along with the Li 

salts. This synthesis route results in tacky and mechanically weak films. As a result the gain 

in ionic conductivity is offset by a loss of mechanical strength and also leads to poor 

compatibility with the lithium electrodes, which results in serious problems in terms of 

battery cyclability and eventually safety [17]. In order to retain the mechanical properties of 

polymer gel electrolytes, the gel films have to be hardened either by chemical or physical 

curing (high energy radiation), which result in high processing costs. Besides, the main 

disadvantage of the above process lies in the fact that it has to be carried out in completely 

moisture free environment because the moisture sensitive lithium salt is present at the initial 

stage. On the other hand, Bellcore group [84] proposed a different technique to synthesize 

GPEs wherein polymer membrane is soaked in electrolyte solution. This system can be more 

specifically described as a heterogeneous phase separated polymer electrolyte membrane. 

Advantages of this process lie in the fact that the critical moisture control in this process is 

required only at the time of assembling the cell and mechanical strength is retained as 

compared to that of solvent cast membranes. The same group successfully launched a reliable 

and practical rechargeable Li-ion battery using P(VdF-HFP) [85]. Very recently several 

reports are available on the development of polymer membranes using phase inversion 

technique [86, 87, 88, 89, 90]. Unfortunately the polymer electrolyte membranes prepared by 

this technique exhibit poor rate-capability [17]. 
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1.1.3 Composite Polymer Electrolytes (CPEs) 
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Composite polymer electrolytes (CPEs) are prepared simply by dispersing a small fraction of 

micronisize/ inorganic (ceramic)/organic filler particles into the conventional SPE or GPE 

host [91]. Recent study reveals that in addition to the improvement in the ionic conductivity, 

mechanical strength and interfacial properties are also enhanced in the composites. The idea 

of using inert fillers to increase the mechanical properties of polymer electrolytes in their 

conductive amorphous phase was initially demonstrated by Weston and Steele [92] by 

showing that the addition of a-Ab03 to PEO-LiCI04 complexes produced a significant 

improvement in the mechanical stability of the material at temperatures in excess of 100°C. 

The characteristics of these composite ceramic polymer materials were further explored by 

Liquan [93]. He reported that the addition of fine powder a-A b03 to PEO-NaSCN complex 

not only improved the mechanical properties of the amorphous phase of the polymer 

electrolyte but also increased its conductivity. He suggested that the extent of the latter 

phenomenon depends critically on the filler particle size. Improvements of the conductivity 

in the Al 20 3 (and Si02)-(PEO)-NaI composite system were also found by Wieczorek [94]. 

Later Scrosati and co-workers [95, 96] showed that that the dispersion of y-LiAI02 ceramic 

powders having grain size diameter of the order of 1 ,urn to the (PEO)-LiCI04 complex led to 

the formation of homogeneous composite membranes with a largely improved mechanical 

stability at temperatures above the crystalline-to-amorphous transition (i.e., around 60°C) 

while still maintaining a conductivity comparable to or higher (depending on composition) 

than that of the pure (PEO)-LiCI04 electrolyte complex. In particular, the composite 

electrolytes containing 10 wt. % 'Y-LiA102 showed a maximum ionic conductivity [95] 

beyond which the dilution effect became predominant and the conductivity decreased. As a 

possible explanation for the observed enhancement in ionic conductivity due to the addition 

of micron size ceramic fillers, they stated that ceramic filler, when highly dispersed in the 

polymer matrix, might affect the crystallization rate by preventing the agglomeration of the 

polymer chains. Fast ionic transport in PEO-based polymer electrolytes is an inherent 

property of the amorphous phase [10] and thus the addition of a component, which prevents 

polymer recrystallization, is expected to reasonably produce a positive effect on the overall 

conductivity. It has also been demonstrated by Scrosati and co-workers [97] that the addition 

of y-LiAI02 into PEO based electrolyte improves electrochemical property of the electrolyte 
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and have an exceptionally high lithium metal electrode interfacial stability, which allows 

obtaining a cycling efficiency approaching 99%. People also studied composite polymer 

electrolytes for other systems like NaCI04 [98], PEO-NaHtI-Ah03 [99], LiCI04 in pyridene 

matrix [100], and NHtSCN [101]. 

Despite a common agreement on the decrease of polyether crystallinity and changes 

in the polyether flexibility and hence ionic conductivity caused by the addition of organic or 

inorganic fillers, little was known about the mechanisms responsible for these changes. 

Wieczorek et al. [102, 103] proposed a new theory based on Lewis acid-base interaction to 

analyze the structure and the ionic conductivity of a number of CPEs complexed with alkali 

metal salts. They incorporated filler particles of three different characters, namely, Lewis 

acid centres (AICb), Lewis base centres poly(N,N dimethylacrylamide) and amphoteric 

Lewis acid-base (a-Ah03) in the PEO- LiCI04 system. Since PEO has a Lewis base and Li+ 

cation has a Lewis acid character, the phenomena occurring in the composite electrolyte 

could be explained in terms of equilibrium between various Lewis acid-base reactions. 

Lewis acid-base interactions eventually result in the reduction of ion coupling (resulting in 

increased salt dissociation) and the formation of lithium ion conducting pathways at the filler 

surface leading to an increase in ionic conductivity and cation transport number. Croce et al. 

[104, 105] reported significant enhancements in room temperature ionic conductivity and 

mechanical property of PEO-LiCI04 incorporated with inert sub-micrometre Si02 and Ti02 

particles. According to them the filler particles behave like solid plasticizer, which kinetically 

inhibit the crystallization of PEO chains and, hence, supplement the increase in amorphicity 

in PEO when annealed at 70°C. This, in tum, lowers the temperature of stabilization of the 

amorphous phase in the CPEs and, hence, increases the practical applicable range of 

conductivity of the electrolytes. Enhancement in the room temperature conductivity and 

electrochemical properties have also been reported for the other polymer electrolyte systems 

based on PEO: lithium salts (LiCI04, LiBF4, LiPF6, LiCF3S03) dispersed with sub­

micrometre size particles of ferroelectric materials, namely, BaTi03, PbTi03, LiNB03 [106, 

107]. Liu et al. [108] prepared an amorphous PEO-Si02 composite by in-situ reactions using 

LiBF 4 salt and were able to increase the lithium transference number up to 0.56. Panero et al. 

[109] found that addition of up to 30 wt. % y-LiAI02 into PEG complexed with lithium salt 

could significantly enhance the mechanical properties while conductivity remained almost 
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same with filler free electrolyte. On the other hand along with the mechanical strength, ionic 

conductivity was also found to increase in a Si02 added systems of PEG-MME and PEG­

DME complexed with LiCI04 [110]. 

The room temperature ionic conductivity of PEO-LiCI04 increased by more than two 

times when a functionalized Si02 possessing two surface silanol (Si-OH) groups and an octyl 

(Si-CsH\7) group was used as filler after thermal treatment. Interestingly, thermal-induced 

segregation of silica particles was not observed and this could be responsible for the 

enhancement of conductivity [111]. In another paper, the addition of commercially available 

mesoporous SBA-15 as fillers into a PEO-LiCI04-based SPE improved the mechanical, 

electrochemical, and physicochemical properties of the electrolyte [112]. 

1.1.4 Nanocomposite Polymer Electrolytes (NCPEs) 

It has been observed, in general, that the particle size and the physical nature of the 

dispersoids playa significant role. Generally, smaller the particle size, larger the conductivity 

enhancement. In part, because of this idea nanocomposite polymer electrolytes (NCPEs) 

wherein nano-sized inert solid particles are added to the polymer electrolytes are currently 

the focus of many experimental and theoretical studies [113]. Depending upon the nature of 

association, two kinds of nanocomposite electrolytes can be found 

(i) Inorganic-in-organic, where inorganic nanoparticles are embedded in polymer 

matrix and 

(ii) Organic-in-inorganic, where organic polymers are confined In inorganic 

templates such as layered silicates. 

1.1.4.1 Inorgani- in-Organic Nanocomposite Electrolytes 

In 1994 Kumar and Scanlon [114] reviewed the state of the art of CPE based on ionic 

conductivity, transport number and electrode-electrolyte interfacial reactions. They also 

substantiated that the ceramic fillers such as nitrides (AIN, BN) have better interfacial 

properties than Si02 or Ah03 because the passivation of lithium metal will result in the 

formation of LiJN that facilitates for high ionic conductivity. They also proved that nano­

sized ceramic fillers had better compatibility with lithium metal than micron sized fillers. 

Kumar and Coworker [115, 116] also carried out similar DSC studies on the PEO: LiBF4 
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dispersed with nano-sized ceramic filler particles of materials with a high dielectric constant, 

namely, Ti02, zr02, and identified that interactions between polymer chain and high 

dielectric constant inorganic fillers were influenced by the size and mass of the particles, 

which led to a better enhancement in the ionic conductivity. The nature of the interaction was 

believed to be dipole-dipole type driven by a dielectric constant gradient. Enhancement of 

ionic conductivity as well as ionic mobility was observed by Morita et al. [117] in a NCPE 

system containing PEO-grafted-(polymethacrylate) complexed with lithium salt when 

LiN20 3 was added as inorganic filler. Bloise and co-workers [118, 119] probed the NMR 

properties of both nuclei IH and 7Li and studied the effects of ceramics and carbon black 

filler particles on the mobility of PEO chains. Results suggested that the Li-F interaction was 

found to be weaker in the composite electrolytes prepared with a-Ah03 as compared to other 

electrolytes prepared with y-Ah03. Similar observation was made by Chung et al. [120] 

using NMR characterization observed that the enhancement in ionic conductivity due to the 

addition of nano-sized Ti02/ Ah03 in PEO-LiCI04 system was not due to the corresponding 

increase in the segmental motion of polymer chains but mainly due to the weakening of 

polymer--cation association induced by the nanoparticles. Using a PEO-LiBF4-sulfated-Zr02 

electrolyte system, Croce et al. [121, 122] achieved a surprisingly high Lt transference 

number of 0.8, which was about two times higher than that obtained with ceramic-free 

electrolyte. Dey et al. [123] demonstrated that addition of Ce02 nanoparticles to PEO: 

~CI04 could significantly improve the thermal and ionic conductivity of PEO: ~CI04 

complex. A maximum conductivity value of 3.6 x 10-4 Scm-I was obtained for 25 wt. % of 

Ce02 content. Fullerton and Maranas [124] studied the thermal properties, ionic conductivity, 

extent of aggregation and polymer mobility of nanoparticle-filled solid polymer electrolytes 

containing PEO, LiCI04 and nanoparticles of Ah03 keeping OlLi ratio from 14:1 to 8:1 and 

Ah03 nanoparticle concentration ranging from 5 wt.% to 25 wt.%. They demonstrated that 

nanoparticle filled polymer electrolyte exhibited better conductivity only at the eutectic 

composition of 10: 1. Hot press technique was employed to synthesize PEO-KN03-Si02 

nanocomposite solid polymer electrolytes by Agarwal and Mahipal [125]. Fractional 

dispersal of nano-Si02 into the SPE host: (70 PEO: 30 KN03) enhanced the room 

temperature conductivity by more than three fold. XRD, DSC and FTIR studies confirmed 

the complexation of the salt in the polymer. The maximum cartionic transport number was 
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found to be 0.36 as measured by combined ac/dc technique. Using the same synthesis 

technique Stephan et al. [126] prepared a nanocomposites polymer electrolyte based on PE~, 

LiCI04 and nanochitin as filler. The ionic conductivity of the composite polymer electrolytes 

was enhanced by one order upon addition of nanochitin. The lithium transference number 

was also increased from 0.24 to 0.51 upon chitin addition. Chen-Yang and co-workers [127] 

prepared a series of NCPEs based on high molecular weight PE~, LiCI04 and home made 

silica aerogel powder (SAP), which had higher surface area and pore volume than that of the 

conventional silica particle. The ionic conductivity of the CPE was significantly improved by 

the addition of the as-prepared SAP. The maximum ambient ionic conductivity obtained 

from the CPE with EOlLi = 6 and 2 wt. % of SAP was about threefold higher than that of the 

corresponding polymer electrolyte without SAP. In addition, the lithium ion transference 

number (/+) of the CPE with EOlLi = 6 and 2 wt.% of SAP at 70°C was found to be 0.67, 

which was also three times higher than that of the filler free SPE. Surface modified 

polyphosphazene nanotubes (PZS) was used as filler in PEO-LiCI04 solid polymer 

electrolytes by Zhang et al. [128]. They demonstrated that PZS nanotubes acted as better 

fillers to polymer electrolytes for its inorganic-organic hybrid structure as compared to those 

traditional ceramic fillers such as SiOz. Maximum ionic conductivity values of 4.95 X 10-5 

Scm-I at ambient temperature and 1.64 X lO-3 Scm-I at 80°C with 10 wt % content of surface 

modified PZS nanotubes were obtained and the lithium ion transference number was 0.41. 

Molecular sieves, microporous materials with high BET surface areas and two­

dimensional intersection channels, especially aluminosilicate molecular sieves (zeolites), 

have been used as fillers for CPEs [129-131]. Compared to the traditional nanofillers, certain 

types of molecular sieves were shown to possess much stronger Lewis acid centers in their 

frameworks and inside the channels, which might contribute to the prevention of the 

crystallization tendency of the polymer host more effectively, thus resulting in a higher 

degree of conductivity and Li+ transference number enhancement. The addition of a 

molecular sieves was found to decrease the crystallinity of PEa as well as increase the 

amount of PEa spherulites resulting in a significantly enhanced ionic conductivity and 

electrochemical stability up to 4.5 V. Xi et al. [132]. by adding mesoporous silica fillers into 

PEO complexed with LiCI04 were able to significantly improve the conductivity, Lt 

transference number and electrochemical stability of the NCPEs. Kim and Park [133] 
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prepared a senes of NCPEs based on PE~, LiCI04 and mesoporous silicate mobile 

crystalline material-41 (MCM-41) by varying the concentration of MCM-4l. Their results 

revealed that maximum ionic conductivity of 2 x 10-4 Scm-I could be achieved for 8 wt. % 

MCM-4l. The lithium transference number was also enhanced up to 0.5 at the same 

concentration of MCM-41. 

1.1.4.2 Organic- in-Inorganic Nanocomposite Electrolytes 

Another effective way of producing nanocomposite polymer electrolytes is through the 

fabrication of polymer layered silicate nanocomposites. Polymer nanocomposite films 

formed via the intercalation of polymers in the nanometric channels of inorganic clay (e.g., 

montmorillonite, hectorite, seponite etc.) have drawn considerable attention in recent years. 

They are known as "intercalation nanocomposites". Nanocomposites based on polymer/clay 

systems are also important in view of developing new materials with structural and 

functional advantages over the conventionally reinforced polymers [134]. Among the widely 

studied layered silicates or clays montmorillonite (MMT) is a favored choice, the stricture of 

which is shown in figure 1. Montmorillonite (MMT) clays contain stacked silicate sheets 

measuring ~ loA in thickness and ~ 2800 A in length. The layer thickness is around 1 nm, 

and the lateral dimensions of these layers can vary from 100 nm to several microns. Stacking 

of the layers leads to a regular van der Waals gap between the layers called interlayer or 

gallery. The isomorphic substitution within the layers (i.e. A1 3+ in the aluminate sheet with 

Mg2l generates negatively charged layers, which are then balanced by alkali and alkaline 

earth cations (Na+, K+, Ca2l to maintain charge neutrality [135]. These cations are arranged 

in between the parallel-superimposed layers. One particular characteristic of these silicate 

layers is a moderate surface charge known as cation exchange capacity (CEC), generally 

expressed as mEq/l00 g. This charge is not locally constant; it varies from layer to layer, and 

must be considered as an average value over the whole crystal [136]. Nevertheless organo­

modification of the clay is an essential prerequisite to make it organophilic in order to 

achieve the desirable features in the material system [136]. Depending on the strength of 

interfacial interactions between the polymer matrix and layered silicate, two different types 

of polymer-layered silicate nanocomposites are thermodynamically achievable (Figure 1.2): 

18 



Chapter I: Introduction 

(i) Intercalated Nanocomposites: In intercalated nanocomposites, the insertion of a 

polymer matrix into the layered silicate structure occurs in a crystallographically 

regular fashion, regardless of the clay to polymer ratio resulting into a well 

ordered multiplayer with repeat distance of a few nanometers. 

(ii) Exfoliated Nanocomposites: These nanocomposites are formed when the silicate 

monolayers are individually dispersed in polymer matrix, the average distance 

between the segregated layers being dependent on clay loading. The separation 

between the exfoliated nanolayers may be uniform (regular) or variable 

(disordered) and the stacks of the original clay structure are lost. 

EXCHANGEABLE CATIONS 
nH20 

Figure 1.1: Structure ofNa-MMT. 

Aranda and Hitzky [137] first attempted nanocomposite formation by direct 

intercalation of an insulating polymer, polyethylene oxide (PEO), into montmorillonite 

(MMT) clay. They succeeded in intercalation without any significant achievement of the 

desirable properties (e.g., conductivity) of the nanocomposite for applications in devices 

under ambient conditions. Subsequently, Giannelis and co-workers [138-142] explored the 

possibility of intercalation on the basis of thermodynamical free energy considerations and 

simulation studies to investigate the conformational and structural arrangement of polymer 
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chains between successive clay layers. They observed that the intercalation of a cation­

coordinated polymer chain via an ion-exchange reaction is easier than intercalating pure 

PE~. Fan et al. [143] studied the composite formation with combination of organo-modified 

Li-MMTlNa-MMT and PEO I6LiCI04. They reported 30 times enhancement in conductivity 

at room temperature for the composite polymer film (3.5 x 10-{) Scm-I) in comparison to that 

of the pure PEOl6LiCI04 (1.2 x I 0-7 Scm-I). 

Layered silicate 

(a) 

Phase separated 
(microcomposite) 

/ 

Intercalated 
(nanocomposite) 

Figure 1.2: Schematic illustration of different polymer-clay composites. 

A salt free single ion conducting material based on an amorphous polymer 

poly[(oxyethylene)8 methacrylate], POEM, and lithium montmorillonite clay were 

synthesized by Mary Kurian et al. [144]. At low clay content silicate layers were 

homogeneously distributed in the poly [(oxyethylene)s methacrylate] POEM matrix in 

comparison to higher clay content as revealed by TEM. They reported that at low clay 

contents, silicate incorporation enhanced the mechanical properties of POEM, while 

impedance spectroscopy showed an improvement in electrical properties. With clay content 

~15 wt. %, mechanical properties are further improved but the formation of an apparent 

superJattice structure correlates with a loss in the electrical properties of the nanocomposite. 

A nanocomposite electrolyte comprising a polymer-salt complex (PE02s-NaCl04) and an 

organically modified sodium montmorillonite (Na-MMT) was prepared using tape casting 

technique by varying clay loading (145]. A change in the surface morphology and 
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topography with different clay concentration was observed by AFM, which was found 

consistent with the changes in the electrical properties with clay concentration. The observed 

electrical conductivity was higher at 5 wt. % clay loading at room temperature with a 

maximum value ~ 2.20x 10-7 Scm -I at 40°C. Zhang et al. [146] investigated the FT -IR and 

X-ray diffraction measurements of PEO/Na-MMT and PEO/NaSCN/Na-MMT at room 

temperature. Based on experimental results they showed that MMT surface possessed Lewis 

acid centers, and the interactions of MMT with PEO and PEO-NaSCN could occur several 

ways, including PEO intercalation, the solvation of PEO toward the interlayer cations, the 

grain boundary effect, Lewis acid-base interactions, and the epitaxial effect. The Lewis acid­

base interactions between PEO and Na-MMT were the main interactions in the electrolytes 

with high Na-MMT content. The grain boundary effect and the intercalation of PEO in MMT 

galleries became the dominant interactions in the electrolytes in which Na-MMT content was 

less than 5 wt. %. 

Recently O.K. Pradhan et al. [147] investigated the structural, thermal and electrical 

behavior of polymer-clay nanocomposite electrolytes consisting of polymer (polyethylene 

oxide (PEO)) and NaI as salt with different concentrations of organically modified Na+ 

montmorillonite (DMMT) filler. They found maximum ionic conductivity to be 1.8 x 10-8 

Scm-I at room temperature for 5 wt. % OMMT concentration. The same group [148] reported 

that addition of OMMT into PEO complexed with LiCI04 show substantial enhancement in 

ambient temperature conductivity, reasonable improvements in stability properties 

(thermal/voltage), drastic increase in cation transport, and excellent correlation of electrical 

properties with the composite nanostructure. Kitajima and Tominaga [149] prepared Poly­

[ethylene oxide-co-2-(2-methoxyethoxy)ethyl glycidyl ether], P(EOIEM)/laponite 

nanocomposites as novel SPE using supercritical processing technique. They showed that 

supercritically treated CO2 sample exhibited approximately 25 times higher conductivity 

value than that of ntreated P(EOIEM)/laponite nanocomposites. This was explained on the 

basis of dissociation effect of CO2 molecules on the local structure, where P(EOIEM)-cation 

interactions occur in the dispersed saponites. Moreno et al. [150] prepared NCPEs based on 

two different poly(ethylene oxide), having molecular weight 600,000 and 4,000,000 and 

lithiated bentonite as filler. Comparative analysis of ionic conductivity and mechanical 

properties of the films showed that the conductivity increased with the inclusion of fillers, 
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especially for the polymer with low molecular weight. Shukla and Thakur [151] studied the 

electrical and electrochemical properties of nanocomposite flms based on PMMA-LiCI04 

using DMMT as filler. An increase in the fraction of free anion with addition of clay was 

evident from FTIR. Substantial electrical conductivity enhancement by 4 orders of magnitude 

at 30°C and by 6 orders of magnitude at 100°C occured on clay addition when compared 

with room temperature conductivity of the DMMT free film. The highest achieved 

conductivity value was 2.3xl0-5 Scm-I at room temperature for 2 wt. % DMMT. An 

improvement in the voltage stability up to - 4 V has also been noticed on addition of clay 

(DMMT). 

1.2 From Nanocomposite to Nanocomposite Gel Polymer Electrolytes 

From the above discussion it is clear that OPEs exhibits high ambient temperature ionic 

conductivity while losing their mechanical property at high plasticizer content. In addition, 

interfacial stability of OPEs with lithium metal electrode is very poor, which results in short 

circuiting of the cell and eventually leads to premature battery failure. [n contrast CPEs or 

NCPEs exhibit very good interfacial stability with lithium electrode along with enhanced 

mechanical strength. However their ionic conductivity value is far from practical 

applications. Nanocomposite gel polymer electrolytes, on the other hand combine the high 

ambient conductivity of conventional gel electrolytes with the excellent stability toward the 

metal electrode and the good mechanical properties ofnanocomposite electrolytes [152]. 

In 2003 Nan et al. [113] reported a new PEO-LiCl04 based composite polymer 

electrolyte containing active nanocomposite particles with ECIPC embedded in mesoporous 

Si02. A large conductivity value over 10-3 Scm-I at ambient temperature and 10-2 Scm-I at 50 

°c was achieved by the introduction of ECIPC-Si02 in PEO-LiCI04 complex without 

deterioration of mechanical property. The enhancement in conductivity was mainly attributed 

to the conducting ECIPC nanochannels in the active nanocomposite particles. Pradhan et al. 

[153] investigated the effect of PE0200 plasticizer on the change in the electrical and the 

stability properties of PEO-NaCI04 dispersed with Si02 ceramic fillers. A substantial 

enhancement in the electrical conductivity by two orders of magnitude at room temperature 

was noticed when compared with that for composite polymer electrolyte films without any 
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plasticizer. A similar kind of study was carried out by Kuila et al. [154] where they used 

LiMn03 as nanofiller. A substantial enhancement in the electrical conductivity (about two 

orders of magnitude at room temperature) had been found on plasticization. A maximum 

electrical conductivity of 2.6 X 10.4 Scm-I at 300K was observed for 30 wt.% of PEG as 

plasticizer compared to that for the pure PEO-NaCl04 system of 1.05 X 10-6 Scm-I. This was 

explained on the basis of enhancement of the amorphous phase with concomitant reduction 

in the energy barrier leading to the maximum segmental motion of lithium ions. 

Nanocomposites gel polymer electrolytes based on PEO-LiCF3S03-EC-Ah03 complexes 

were synthesized successfully by 10han et al. [155]. At room em perature, the highest 

conductivity was obtained for the composition PEO-LiCF3S03-EC-I5% Ah03 with a value 

of 5.07 x 10-4 Scm-I. 

Nanocomposite gel polymer electrolytes based on PMMA, PC as plascticizer, LiCl04 

and NaCl04 as salt with varying weight ratio of Ah03 were prepared by Kreja et al. [156]. 

The ionic conductivity of polymer-based electrolytes was enhanced almost by one half orders 

of magnitude at room temperature due to the addition of nanosized Ah03 while the 

conductivity of liquid electrolytes was decreased by the addition of alumina in the blend. A 

slight enhancement of mechanical properties was also observed. Kumar and Hashmi [157] 

carried out a study on the effect of Si02 nanoparticles on PMMA-(EC+PC)-NaCl04 based 

gel electrolytes. A maximum ionic conductivity of3.4 x 10-3 Scm-I was found for 4 wt. % of 

Si02 content. Based on FTIR studies they showed that addition of Si02 nanoparticles (4-5 

wt. %) led to the dissociation of undissociated salt/ion aggregates into free ions (anions) in 

the gel polymer matrix, which eventually resulted in higher ionic conic conductivity. A slight 

enhancement in the sodium ion transport number was also observed due to the dispersion of 

Si02 nanoparticles in the gel system. There are also recent reports on the enhancement of 

ionic conductivity and electrochemical property of PMMA and PAN based nanocomposite 

gel electrolytes due to the addition ofnano Ah03 [158, 159]. 

Wu et al. [160] carried out a comparative study with metal oxides and mesoporous 

zeolites as fillers, which were dispersed in the porous polymer matrix of P(VdF-HFP)-based 

electrolyte comprising EC:PC (1: 1 v/v) mixture as the liquid plasticizer. The addition of 

these solid fillers into the filler-free electrolytes increased the ionic conductivity from 1.2 x 

10-3 Scm-I to 2.1 x 10-3 Scm-I, possibly because of the increased porosity and liquid 
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electrolyte uptake. More advantageously, these electrolyte systems showed the 

electrochemical stability up to 5.5 V (versus lilLi"). Nano SiOrP(VDF-HFP) composite 

porous membranes were prepared as the matrix of porous polymer electrolytes through in­

situ composite method based on hydrolysis of tetraethoxysilane and phase inversion. It is 

found that in-situ prepared nano silica, homogeneously dispersed in the polymeric matrix, 

enhanced conductivity and electrochemical stability of porous polymer electrolytes, and 

improved the stability of the electrolytes against lithium metal electrodes [161]. 

Nanocomposite gel polymer electrolyte (CPE) membranes, comprising P(VdF-HFP), 

aluminum oxyhydroxide (AlO[OH]n) of two different sizes 7 J.l.m114 nm and LiN(C2FsS02)2 

as the lithium salt were prepared using a solution casting technique. The incorporation of 

nanofillers greatly enhanced the ionic conductivity and the compatibility of the composite 

polymer electrolyte [162]. Nanocomposite gel polymer electrolyte (NCPE) membranes of 

P(VdF-HFP) matrix with ethylene carbonate and diethyl carbonate mixtures as plasticizing 

agents, Si02 nanoparticles as filler and complexed with LiPF3(CF3CF2)3 were prepared by 

solvent casting technique. The membranes containing 2.5 wt. % of Si02 exhibited enhanced 

conductivity of 1.1 mS cm-I at ambient temperature [163]. Kumar et al. [164] analyzed the 

comparison between the performances and morphologies of the PMMA based 

nanocomposite gel polymer electrolyte membrane with nanosized MgO particles. They 

achieved good interfacial stability at the electrode/electrolyte interface and ionic conductivity 

of 8.14 x 10-3 Scm-I as a result of ion-covalent or Lewis acid-base bonds to the ions and 

ether oxygen based groups. There are also recent reports on the enhancement of ionic 

conductivity due to the addition ofMgO nanoparticles to P(VdF-HFP) based gel electrolytes 

[165, 166]. Gentili et al. [167] demonstrated that dispersion of surface functionalized fumed 

nano-silica and alumina to PVdF-carbonate solvent-lithium salt systems enhanced the 

mechanical stability and, particularly the lithium interfacial properties. Nanowires of Si02 

were successfully used as filler to enhance the ionic conductivity and voltage stability factor 

of P(VdF-HFP) based gel electrolytes [168]. Li et al. [169] prepared microporous 

nanocomposites electrolytes based on P(VdF-HFP) by in-situ hydrolysis of Ti(OC4H9)4 using 

a non-solvent-induced phase separation technique. Compared with the pure polymer 

membranes, the nanocomposite membranes could uptake larger non-aqueous electrolyt~ up 

to 125%. The nanocomposite films exhibited flexile structure with an elongation ratio of 
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74.4%. The ionic conductivity of the resulting nanocomposite film was 0.98 x 10-3 Scm-I at 

20°C. Raghavan et al. [170] prepared a series of porous nanocomposite gel polymer 

electrolytes of P(VdF-HFP) comprising nanoparticles of BaTi03, Ah03 or Si02 by 

electrospinning technique. The inclusion of fillers created amorphous regions by the way of 

the interactions between the filler surfaces and the polymer chains, which resulted in the 

reduced crystallinity of the polymer. Among the fillers, BaTi03 had been observed to exhibit 

the highest electrolyte uptake, ionic conductivity, electrochemical stability and compatibility 

with lithium metal. Nanocomposite gel polymer electrolytes based on the blend of PVdF­

HFPIPV Ac with plasticizer ethylene carbonate and salt LiCI04 was prepared for various 

concentrations of BaTi03 by Rajendran et al. [171]. The maximum ionic conductivity was 

found to be 2.56 x 10-3 Scm-I at 8 wt. % of BaTi03 content at room temperature. The same 

composition was thermally stable up to 385°C. 

Nanocomposite gel polymer electrolytes based on intercalation of an ion conducting 

polymer into the nanometric channels of layered silicates followed by addition of low 

molecular weight plasticizers have attracted great attention in recent years. Hwang et al. 

[172] synthesized PAN-based nanocomposite gel polym·er electrolyte using MMT clay 

modified by quaternary alkylammonium salts, PCIEC co-solvent and salt LiCl04. The 

PAN/clay nanocomposite electrolyte showed a maximum ionic conductivity of 1.4 x 10-2 

Scm-I and exhibited superior film formation ability, plasticizer absorption and dimensional 

stabilities in addition to enhanced electrochemical stability as revealed by cyclic voltammetry 

study. In a similar study, Meneghetti et al. [173] showed that addition of MMT clay in 

PMMA resulted in the formation of partially intercalated and partially exfoliated 

morphology. The ionic conductivity was enhanced to 8 x 10-4 Scm-I for 1.5 wt. % clay 

loading. The PMMA nanocomposite gel electrolyte showed a stable lithium interfacial 

resistance over a 3-week storage time. Recently, Kim et al. [174] reported composite 

formation of a plasticized polymer electrolyte (pEOI6LiCI04 + 50 wt. % EC) with 

organically modified Na-MMT. They observed an optimum value of room temperature 

conductivity of 10-5 Scm -I for the plasticized electrolyte and 10-4 Scm -I for the composite 

(10 wt. % modified MMT). Wang and Dong [175] were able to synthesize exfoliated 

nanocomposites using P(VdF-HFP) polymer and MMT clay. After gelling with liquid 

electrolyte solution (1 M LiPF6 in EC: DMC), the obtained GPEs exhibited high ionic 
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conductivity (1-2.5 mScm -I) with high cationic transfer number at room temperature, which 

was attributed to the distinctive characteristic of the well-dispersed silicate layers. The effect 

of 12-aminododecanoic acid [NH2(CH2)IICOOH] modified MMT clay (ALA-MMT) 

addition on electrochemical property of PANILiCI04 polymer electrolytes was recently 

studied by Chen-Yang et al. [176]. They reported that with the addition of ALA-MMT, the 

interaction of Li+ and C=N was reduced and the Li+ cations were less constrained in the 

polymer matrix and moved more freely in the polymer electrolytes. Besides, the ALA-MMT 

clay allowed the lithium salt to dissolve in the PAN matrix, resulting in the increase of the 

concentration of the solvated Li+ leading to the increased ionic conductivity and lithium 

transference number. 

1.3 Ion Transport in Polymers: Mechanisms and Models 

For solvent free polymer electrolytes, such as heteropolymers PE~, salts dissolve because of 

the lone pair of electrons on the polymer chain oxygen atoms coordinate with the cations. 

The cation transport process in polymer electrolytes can be envisaged as a 'roll-on' 

mechanism in which a cation is initially coordinated to several oxygen atoms [177]. The 

linkage to one or more of the polymer segments that lie behind the direction of motion of the 

cation break and new linkages are formed in the forward direction. The cation motion is 

clearly facilitated by the flexing of the polymer chain segments, which allow old linkage to 

be broken and new attachment to be made. For high molecular weight polymer hosts chain 

diffusion is small and makes little contribution to mechanism for ion transport. Low barriers 

to bond rotation allow segmental motion of the polymer chain, thus providing a mechanism 

for ion transport as conductivity is largely determined by local mobility of polymer segments. 

Figure 1.3 shows the schematic representation of cation hipping of polymer electrolyte in 

different ways. 

For gel polymer electrolytes, polymer is an important constituent along with salt and 

solvent. The salt provides ions for conduction and the solvent helps dissolution of salt and 

also provides the medium for ion conduction. The conductivity of gel polymer electrolytes 

can be explained by 'Breathing polymeric chain model' proposed by Chandra et al. [178]. 

According to this model polymer gel electrolytes generally consist of free ions, ion 

aggregates and polymer chain dispersed in the gel matrix. The breathing of polymer by 
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folding/unfolding up of its chains results in density/pressure fluctuations at microscopic 

level, which assist the motion of ions along with the dissociation of ion aggregates leading to 

increase of ionic conductivity. The polymer chains act on ion pairs to effect to dissociation 

and the dissociated ions in the solvent are further solvated by the polymer chains, which 

results in a change in carrier concentration and mobility. 

Intrachain hopping 

Interchain hopping 

(a) 

Intrachain hopping via ion cluster 

Intercluster hopping 

(b) 
Figure 1.3: Cation motion in polymer electrolytes. 
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1.3.1 Arrhenius Model 

Polymer gel electrolyte is a semi-solid hybrid system wherein ionic conduction essentially 

occurs through the liquid organic phase trapped in constantly flexing polymeric molecular 

chains above the glass transition temperature of polymer. Therefore, for polymer gel 

electrolyte systems the Arrhenius for the conductivity 

(Y = (Yo = exp(- Eo) 
kT 

(1.1) 

where ao is the pre-exponential facto, Ea is the activation energy and k is the Boltzmann's 

constant, often provide a good representation of the conductivity-temperature relationship. 

Linear graph of log a vs liT is often called as Arrhenius plot, as for an Arrhenius process the 

logarithm of the relevant performance parameter depends linearly on the reciprocal of 

temperature. The slop of the curve gives the activation energy of the process. [n fact, 

diffusion is the relevant activated transport process rather than conductivity and the 

appropriate performance parameter is the diffusion coefficient. The Nemst-Einstine equation 

provides the link between diffusion and conductivity, but it reveals that D is proportional to 

(aT) rather than a, and it would be more appropriate to plot 10g(aT) instead of log a. For 

polymer gel electrolytes the temperature range covered is often short and the variation in liT 

is substantially greater than the change in log T so that latter can be considered as 

approximately constant and (aT) can be replaced by log a [179]. 

1.3.2 Vogel-Tamman-Fulcher (VTF) Model 

For solid electrolytes, which involve ion hopping between fixed sites, graph of log(a) versus 

liT are straight lines, but for the polymer electrolytes the log (a) versus liT plots are often 

curved. Such behavior would be for materials such as polymer electrolytes in which 

conduction occurs in the amorphous region and the conduction process is better describe by 

the Vogel-Tam man-Fulcher (VTF) equation [180-182]. 

Or, 

(Y=AT~exp[ -E~ ] 
k(T - To) 

(Y = (Yo exp[ - B ] 
k(T - To) 

(1.2) 
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where B is a contant, whose dimensions are that of energy, but which is not simply 

interpreted as an activation term. In configurational entropy terms, To is the temperature at 

which the probability of configurational transition tends to zero, and it is generally regarded 

as having a value between 20 to 50 K below glass transition temperature (T g). The value of 

conductivity becoming vanishingly small as To approaches to T. 

If the conductivity versus temperature dependence curve is linear in large temperature 

range then it is said to be Arrhenius. VTF (curved) behavior can be modeled as Arrhenius 

(linear) behavior of dividing the entire temperature range into smaller temperature regions. 

The interconnection between Arrhenius and VTF behavior of u (1) are widely reported and 

discussed in literature [183]. This behavior is rationalized by arguing that since VTF 

dependence is governed by energy interval k(T- To) and the Arrhenius dependence by the 

energy kT (where k is Boltzmann constant), for T» To i.e. when To is quite smaller than T, 

the curvature of conductivity versus temperature plot becomes small and VTF equation 

approaches Arrhenius equation [184]. 

1.3.3 William-Landel-Ferry (WLF) model 

In an amorphous polymer above its glass transition temperature, a single empirical function 

can describe the temperature dependence of all mechanical and electrical relaxation 

processes. The temperature dependence at a number of relaxation and transport processes can 

be describe by William-Landel-Ferry (WLF) equation [185]. 

I [ 
1](T) ] _ I _ C] (T - Ts) og -- - og aT - - -----'----=---
1]( Ts ) C 2 + T - Ts 

(1.3) 

where aT is the mechanical shift factor (express the fluidity or inverse relaxation time or 

relaxation rate), " is the viscosity, Ts is reference temperature (usually Ts = Tg+ 50 K) and C1 

and C2 are constants. 

1.3.4 Dynamic Bond Percolation (DBP) Model 

Kohlrausch summation and Nernst-Einstine relation do not fit well in polymer ionics and the 

deviation become more significant as the salt concentration increases. In the former case ions 

move by a local liquid like process rather than by hopping from site to site in an ordered 
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polymer host. To describe conduction mechanism in polymers adequately, it is important to 

model it microscopically. Dynamic bond percolation (DBP) theory [186] is a microscopic 

model for diffusion in dynamical disordered systems. The model assumed that mobile ions 

move from site to site within the polymer host and the sites lie on a regular lattice. 

Assuming simple first-order hopping chemical kinetics for the ion motion, the 

probability of finding an ion at site j can be written as 

dp, = 'L(P,WjI - P,W,) 
dT , 

where w:i. is hopping rate from site j to site i. 

(1.4) 

The difference between dynamic disordered hopping and ordinary hopping is that the 

hopping rates w.J are themselves time dependent, and evolve on the time scale of relaxation 

of the polymer host. The model of equation (1.4) becomes specific to a percolation situation 

when it is assumed that Wij have only two values: each Wij can be either 0 (probability of I­

f) or a constant value w (probability f). The assignment of any given bond between cells i and 

j as available (value w) or unavailable (value 0) itself evolve in time. The simplest 

assumption is that the value of the bonds as available or unavailable is reassigned randomly 

after a renewal time 'reno This model is then characterized by the two-time scales 'ren and the 

hopping time, l/w. The renewal time is detennined by the local microviscosity of the solvent. 

The rate of renewal is the inverse local relaxation time that detennines bond breakage near 

the mobile ions. 

1.3.5 Free Volume Model 

Cohen and Turnbull [187] first proposed the "free volume theory" of transport phenomena in 

glass fonning materials. They derive the equation for diffusion coefficient, D, 

D ~ ga'uexp[ _ r~'] (1.5) 

where g is the geometrical factor, a* is approximately equal to the molecular diameter, u is 

the average speed of the molecules, y is numerical factor introduced to correct for overlap of 

free volume and V* is the critical volume just large enough to penn it another molecules to 

jump in after the displacement. Cohen and Turnbull define the free volume as [187] 

Vr = V-Vo (1.6) 
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where V is the average volume per molecule in the liquid and Vo is the Van der Walls volume 

of the molecule. 

Using the Nernst- Einstien equation 

q 2nD 
a=--

kT 

It follows that 

2 * ( * J q nga u -rV 
a= exp --

kT VI 

(1.7) 

(1.8) 

In this equation, nand q are the concentration and charge of the charge carriers 

respectively; k is the Boltzmann's constant. 

Free volume theory in this form has been applied to polymer electrolytes by several 

workers [188, 189]. This theory predicts that at a constant free volume, the conductivity 

should decrease weakly with increasing temperature because kinetic theory requires that u 

vary as TI/2. Since the remaining terms in equation (1.8) are approximately temperature 

independent, equation (1.8) can be rewritten as 

c (-rv*J a = "172 exp --
T VI 

(1.9) 

where C includes the charge carrier concentration. But the experimental data show that the 

electrical conductivity at constant specific volume increases strongly with temperature. The 

conclusion that equation (1.9) is not supported by the data is based on the assumption that the 

free volume proportional to the macroscopic volume. 

Cohen and Turnbull made the assumption that 

(1.10) 

where a is the thermal expansion coefficient. A slightly different approximation often made 

is that the thermal expansion of free volume is the difference in thermal expansion coefficient 

of bulk material above and below Tg [189]. However, when the microscopic volume is held 

constant, the ionic conductivity increases strongly with temperature. Consequently, if the free 

volume varies as microscopic volume, as follows from the definition given in equation (1.6), 

free volume theory is not capable of representing the constant volume electrical conductivity 
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for a typical polymer electrolyte. The disagreement between theory and experiment is not 

surprising since the theory was originally developed for simple Van der Walls liquid and 

metallic liquids [187]. Inability of free volume theory to account for the phenomena 

governed by segmental motions has been wisely pointed out in literature [190,191]. 

One of the first attempts to modify the free volume theory to account for the 

temperature variation of physical phenomena was made by Macedo and Litovitz [192]. They 

employed the reaction rate theory of Eyring [193] to arrive at the following equation for the 

shear viscosity 

= (RT)1I2 (2mkTY'2 ex [rv' +~] 
17 E V 2/3 P V kT 

v I 

(1.11) 

where r is gas constant, Ev is the height of potential barrier between equilibrium positions, V 

is a quantity roughly equal to the volume of a molecule and m is the molecular mass. Next, 

the Stokes-Einstien equation 

kT 
17 = 67rDd 

(1.12) 

where d is the molecular radius, is used. It is known that Stokes-Einstien equation breaks 

down for fragile glasses near Tg [194]. The Nernst-Einstien equation is used to obtain the 

following equation for the conductivity 

q n v r v 2 V2I3 (E )1/2 [ v' E] 
a = 67rd(2mkT)1/2 kT exp - VI - kT (1.13) 

At constant volume, equation (1.3) can be written as 

a = B exp[- ~]exp[- rv·] 
T kT VI 

(1.14) 

Because the temperature dependence in the first exponential term, this equation can account 

for a strong increase of the conductivity at constant volume and was used by Macedo and 

Litovitz to successfully reproduce the pressure and temperature dependence of the shear 

viscosity of several liquids [192]. These include several materials exhibiting VTF or WLF 

behavior. Equation (1.14) can account for VTF or WLF behavior because both types of 

behavior are represented by the free volume factor. 
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1.4 Swift Heavy Ion Irradiation of Polymer Electrolytes 

Ion beams have become an integral part of various surface processing schemes and 10 

modification of surface layers of solids [195]. Recently there has been enormous growth of 

interest in high energy ion irradiation polymers and other insulating materials [196-201] 

Swift heavy ion (SHI) irradiation can modify the molecular structure in polymers in a 

controlled way leading to changes in their chemical, electronic, electrical, tribological and 

optical properties [202,203]. SHI (energy> 1 MeV/u) irradiation deposits the energy in the 

material in the near surface region mainly due to the electronic excitation [204]. Ion 

irradiation of polymers can induce irreversible changes in their macroscopic properties. 

Electronic excitation, ionization, chain scission and cross-links as well as mass losses are the 

events that give rise to the observed macroscopic changes. The impinging ions do not get 

implanted in the material due to their large range typically a few tens of j.ml. Ionization trail 

produced by SHI causes bond cleavages producing free radicals, which are responsible for 

most of the chemical transformations in polymers: chain scission, cross linking, and double 

and triple bond formation. The structural modifications in polymers depend on electron 

energy loss Se and ion fluence. At low fluence, small value of Se produces decrease in free 

volume i.e. densification occurs. Beyond a threshold Se value SHI produces zone of reduced 

density along its trajectory (ion track). 

An important parameter, which characterizes ion-to-target energy transfer, is the 

energy loss dE/dx (eV/A), defined as the energy deposition per unit length along ion track. 

The value of dE/dx changes with ion energy. When an energetic ion penetrates into a 

polymer material, it loses energy during their passage through the material, which is either 

spent in displacing atoms (of the sample) by elastic collisions (referred to as nuclear 

stopping) or exciting the atoms by inelastic collisions (referred to as electronic stopping). 

1.4.1 Nuclear Energy Loss 

Nuclear energy loss Sn arises from collisions between the energetic particle and the target 

nuclei, which cause atomic displacement and phonons [205]. Displacement takes place when 

the colliding particle imparts energy greater than certain displacement threshil energy, Ed, to 

target atom. Ed is the energy that recoil requires to overcome the binding forces and to move 

more than one atomic spacing away from its original site. At low energies (= 1 keV/nucleon) 
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the incident ion primarily undergoes nuclear energy loss (8n) [206). Nuclear energy loss is 

derived with cosideration of momentum transfer from ion to target atom and inner atomic 

potential between two atoms. Thus Sn varies with ion velocity as well as the charges of two 

colliding atoms. Nuclear energy loss becomes important when an ion slows down to 

approximately the Bohr velocity. Therefore nuclear energy loss occurs near the end of the ion 

track for high-energy ions. 

1.4.2 Electronic Energy Loss 

Electronic energy loss Se arises from electromagnetic interaction between the positively 

charged ion and the target electrons. One mechanism is called glancing collision (inelastic 

scattering, distant resonant collisions with small momentum transfer) and the other one is 

called knock-on collision (elastic scattering, close collisions with large momentum transfer). 

Both the collisions transfer energy in two ways: electronic excitation and ionization. All 

excited electrons loss energy as they thermalize. Glancing collisions are quite frequent but 

each collision involves a small energy loss « 100 eV). On the other hand, knock on 

collisions are very infrequent but each collision imparts a large energy to the target electrons 

(> 100 e V). Theoritical and experimental evidence suggested that approximately one half of 

electronic energy loss is due to glancing collisions and other half is due to knock-on 

collisions [205]. At high energies (100 keY/nucleon) the incident ion undergoes electronic 

energy loss (dE/dx)e, and if the films are sufficiently thin compared to stopping range of the 

ion, the electronic energy loss is reasonably uniform throughout the film thickness. 

The passage of the ion through an insulator produces a positively charged cylinder, 

which explodes radially due to Coulomb force, causing coherent radial atomic movements 

until the ions are screened by the conduction of electrons. Due to the resulting cylindrical 

shock wave, which is known as Coulomb explosion [207], columnar defects are formed. The 

other competing process, which can lead to the formation of the columns, is thermal spike 

[207]. According to this model, during the passage of SHI kinetic energy of the ejected 

electrons is transmitted to the lattice by electron-phonon interaction, resulting in the increase 

of local lattice temperature above the melting point of the material. A rapid quenching 

follows the temperature increase, which results in an amorphous columnar structure when the 

melt solidifies. 
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1.5 Scope of the Thesis and Statement of Thesis Problem 

Tremendous research efforts have been made worldwide in the last four decades to develop 

new ion conducting membranes with improved electrical, electrochemical and mechanical 

properties. The most widely studied poly(ethylene oxide) (PEO) based solid polymer 

electrolytes (SPEs) complexed with lithium salts have not yet been used for practical 

applications because they possess very low ionic conductivity (10-7 to 10-8 Scm-I) at ambient 

temperature [8], despite a high solvating power for lithium salts and compatibility with 

lithium electrode [207]. Addition of nanofillers leads to enhancement of ionic conductivity as 

well as mechanical property in SPEs. However the conductivity value still falls far away to 

be used in practical applications. Plasticized or gel polymer electrolytes (GPEs) have high 

ambient temperature ionic conductivity by immobilizing a large amount of liquid electrolyte 

in the polymer host [4, 5]. The conductivity and mechanical stability of GPEs are mutually 

exclusive i.e. the ionic conductivity in GPEs increases at the expense of mechanical strength 

and vice versa [17]. Moreover, leakage of organic liquid solvents from the polymer 

electrolyte is yet another problem for GPEs when used in a device over a long period of time. 

This leakage leads to a decrease in ionic conductivity with damage to the lithium electrode 

and other components. Nanocomposite gel polymer electrolytes, on the other hand combine 

the high ambient conductivity of conventional gel electrolytes with the excellent stability 

toward the metal electrode and the good mechanical properties of nanocomposite electrolytes 

[152]. Nanocomposite gel polymer electrolytes can be obtained either from a nanocomposite 

polymer electrolyte by incorporating a conventional liquid electrolyte into a porous structure 

of a nanocomposite polymer or from a GPE containing dispersed nanoparticles. However due 

to the absence of exact structure-property correlations in nanocomposites gel polymer 

electrolytes, a complete understanding of the ion conduction phenomenon is still lacking. In 

the present work, an attempt has been made to gain an insight into the ion conduction 

mechanism (ion-polymer, ion-ion and polymer-filler interfacial interaction) in the polymer 

electrolytes and develop new nanocomposites gel polymer electrolytes with: (i) high ionic 

conductivity (ii) good thermal, electrochemical and interfacial stability (iii) mechanically 

strong and flexible (iv) ease of processing and (v) high affinity with organic liquid 

electrolytes. 
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To achieve the aforesaid objectives, In the present work the following polymer 

electrolytes systems have been investigated: 

(i) PMMA-(PC+DEC)-LiCI04-dedoped (insulating) polyaniline nanofibers. 

(ii) P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped (insulating) polyaniline nanofibers. 

(iii) PEOIP(V dF -HFP)-(PC+DEC)-LiCI04. 

(iv) PEOIP(VdF-HFP)- LiCI04-dedoped (insulating) polyaniline nanofibers. 

(v) PMMA-(pC+DEC)-LiCI04-modified montmorillonite (MMT). 

(vi) PVdF-(PC+DEC)-LiCI04-modified montmorillonite (MMT). 

(vii) PEO- modified montmorillonite (MMT) single ion conductor. 

Ionic conductivity of the polymer electrolytes was measured by complex impedance 

spectroscopy. Wagner polarization technique was employed to measure the total ionic 

transport number of the polymer electrolytes. Structural characterization was done by X-ray 

diffraction analysis. FTIR was carried out to investigate the different bond interactions 

among polymer-ion-filler so as to understand dynamics of ion conduction processes in the 

polymer electrolytes. Scanning electron microscopy studies were carried out to investigate 

the microstructure and surface morphology (SEM) of polymer electrolytes. Tunneling 

electron microscopy studies (TEM) were carried out to observe the size, shape and 

distribution of the nanofillers used in the present work. 

Swift heavy ion irradiation (SHI) on polymers plays an important role in modifying 

chemical structure and physical properties of polymers. Intensive research efforts are going 

on in the field to study the irradiation effects on polymers. With a view to increase the ionic 

conductivity, P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped (insulating) polyaniline nanofibers 

and PEO- modified montmorillonite (MMT) electrolyte systems were irradiated with 90 

MeV 0 7
+ ion beams of several different fluences. Results show that in case of P(VdF-HFP)­

(pC+DEC)-LiCI04-dedoped (insulating) polyaniline nanofibers polymer electrolytes 

irradiation with swift heavy ion increases the ionic conductivity ofthe composite gel polymer 

electrolyte films at lower fluences (:::; 1011 ions/cm2
) and decrease at higher fluences (~ 1011 

ions/cm2
) as compared to that of the unirradiated film. At lower fluence scissioning of 

polymer chain takes place, which leads to faster ionic transport through the polymer matrix 

assisted by larger segmental motion of the polymer backbone. However at higher fluence a 

combined effect of phase separation and cross-linking of polymer chains seems to dominate 
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resulting in decrease in ionic conductivity. Swift heavy ion irradiation on PEO-MMT 

nanocomposites results in intercalation of PEO chains at lower fluence and exfoliation above 

a critical fluence. This has been explained on the basis of shifting and disappearance of (001) 

diffraction peak of MMT in XRD patterns. Strain calculations reveal that the compressive 

strain increases with the increase of ion fluence, which ultimately leads to the exfoliation of 

MMT layers. About 1.5 orders of magnitude enhancement in ionic conductivity has been 

observed for the sample irradiated with the fluence of 5 x 1012 ions/cm2 as compared to that 

of the unirradiated sample. FTIR and XRD analyses have been carried out to investigate the 

interactions and change of structure after SHI irradiation in these two systems. 
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Theoretical Aspects 

The present thesis deals with the ionic transport phenomena in gel, composite and layered 
silicate nanocomposites polymer electrolytes. This chapter describes the theoretical aspects 
of complex impedance spectroscopy, models and mechanisms that explain the ion transport 
kinetics in solvent-free, gel, composite and polymer/layered silicate nanocomposite 
electrolytes. Salient points of dielectric spectroscopy and its different formalisms have also 
been discussed in this chapter. 

2.1 Electrical Conductivity and Impedance Spectroscopy 

Generally, the expression for conductivity 'd is given as 

(2.1) 

where G (lIResistance) is the conductance of the sample, R is the resistance, I is the sample's 

thickness or separation between electrodes and A is the area of the electrode. 

Measuring the ionic conductivity of materials is not as straightforward as is the case 

for electronic conductors. In the case of electronic conductors, conductivity can be measured 

directly by applying a d.c. potential by using either two-probe or four-probe methods. In the 

case of ionic conductors, the d.c. potential cannot be applied as it leads to the occurrence of 

fast interfacial polarization, which results in the continuous increase in resistance as a 

function of time. In order to avoid these problems, two different methods have been adopted 

for the measurement of ionic conductivity of solids: d.c. method and a.c. method. 

2.1.1 Direct Current Method (D.c. Method) 

In this method, a constant d.c. potential or current is applied across a cell comprising of 

electrolyte sandwiched between two reversible electrodes, and the resulting current or 

potential are monitored. By putting R = (Vll) in the equation 2.1, the conductivity can be 

written as 

I I 
0"=-.-

V A 
(2.2) 
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where V is the voltage and I is the current. 

Two types of d.c. conductivity techniques can be used to measure the ionic 

conductivity: 

(i) Two probe, and 

(ii) Four probe methods. 

In the two probe method, a known d.c. potential is applied across the cell, (in which 

electrolyte material is sandwiched between the two reversible electrodes) and a resulting 

current is measured to determine the d.c. resistance. Whereas, in the four probe method, a 

known d.c. current is applied between two outer electrodes and the potential is measured 

between two inner electrodes. Conductivity can be calculated by measuring the area of the 

two inner electrodes and the distance between them. The experimental set-up for the four­

probe method is given in figure 2.1. 

Electrode 3 Electrode 4 
/ 

I 

Electrodel Electrode 2 

Figure 2.1: Experimental set-up for four probes method. 

Though the d.c. technique for the measurement of ionic conductivity appears quite 

simple, it possesses many practical difficulties, e.g. it is very difficult to get reversible 

electrodes for both the cations and anions, there is also a contribution of electrode-electrolyte 

interfacial resistances to the overall conductivity, presence of grain boundary conduction, 

formation of a double layer due to concentration polarization etc. Further, the interpretation 

of the electrical conductivity data is also very difficult due to the presence of more than one 

phase in the polymeric materials. Combination of all the above difficulties led the researchers 

to switch over to a.c. methods rather than the d.c. methods. 
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2.1.2 Alternating Current Method (A.C. Method) 

The a.c. methods are used for the determination of electrical conductivity to minimize the 

various polarization effects. The technique is called "Impedance Spectroscopy" according to 

which a sinusoidal voltage is applied to a cell, comprising of an electrolyte sandwiched 

between two blocking or non-blocking electrodes, and the resulting cell current passing 

through the cell as a result of this perturbation is determined. The resulting current is related 

with the applied sinusoidal voltage by two different parameters, which are 

(i) The ratio of the current and voltage maxima, Vmax/lmax (analogous to resistance 

in d.c. measurements), and 

(ii) The phase difference' f! between the voltage and the current. 

The combination of these two parameters represents the impedance 'Z' of the cell. 

Both the magnitude of impedance (IZI = VmaxlImax) and the phase angle' B' are the functions 

of applied frequency. The impedance of a cell is measured as a function of applied 

frequencies, over a wide range of frequencies, typically, 1 mHz - 1 MHz [208]. The 

Impedance Spectroscopy enables us to evaluate and separates the contribution of different 

electrical parameters in different frequency regions such as bulk phenomena, i.e. the 

migration of ions through the bulk and across the grain boundaries within the electrolyte, 

interfacial phenomena due to electrode reactions at the electrode/electrolyte interfaces [209, 

210] etc. This study was also applied successfully for the study of dielectric properties of the 

materials by Cole and Cole [211]. Bauerly [212] was the first to propose a generalized 

complex impedance/admittance plot method to extract the true bulk conductivity from the 

a.c. conductivity measurement. The subsequent developments in this field have been 

reviewed extensively in the literature [213-220]. 

Impedance of a cell is a vector quantity and this vector may be represented by its x and 

y components: IZI cosO and IZI sinO. Z* represents complex impedance. Z' and Z' are the real 

and imaginary components of the complex impedance Z*. It can be displayed in a complex 

plane in several different forms: 

Complex impedance Z*( w) = Z' - j Z' = Rs - j / wCs 

Complex admittance Y (w) = Y' + j Y" = 1 / Rp + j W Cp = G (w) + j B (w) 

Complex modulus M(w) = 1 / &(w) = M + j M' = j wCo Z(w) 

Complex permittivity (Dielectric constant), & (w) = &' - j&" 
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Loss Tangent tan 8 = £!' / t! = M' / M' = -Z' / Z" = Y' / Y" 

Complex resistivity p (m) = p' + j p' = Z x (Co /~) 

Complex conductivity u(m) = a' - j 0" = Yx (~/ Co) 

(2.7) 

(2.8) 

(2.9) 

where j = ...J -1, Co is vacuum capacitance of the cell, G is the conductance and B is 

susceptance (subscripts sand p are for series and parallel combinations of the circuit 

elements, respectively). 

Out of these parameters, the impedance and admittance plane representations provide 

useful information when various processes within the cell have different relaxation times as 

in the case with the solid electrolyte cells. In this regard, Randles [221] was the first to 

successfully show that the electrical processes occurring within the cell could be represented 

by an electrical equivalent circuit comprising of resistors, capacitors, inductors and their 

series and parallel combinations. This equivalent circuit shows almost the same 

phenomenological processes within the cell. Practically the equivalent circuit consists of 

resistors and capacitors in terms of which the charge migration and polarization occurring 

within the cell can be represented. A general practice is to represent one charge polarization 

or migration process by one parallel RC combination. Hence, a model of equivalent circuit 

for a general solid electrolyte consists of three parallel RC circuits connected in series. Each 

of the parallel combinations represents contributions due to the bulk properties of the 

material, electrode-electrolyte interfacial processes and grain boundary conduction in 

different frequency ranges respectively as shown in figure 2.2. 

The simplest possible circuit in an electrochemical cell consists of an overall 

resistance (R) due to electrolyte, electrodes and lead wires in series with a parallel circuit 

comprising charge transfer resistance (Ret) at the electrode/electrolyte interface and Warburg 

impedance (W) representing diffusion polarization in parallel with the double layer 

capacitance as shown in figure 2.3 

..-_II-C_I:;_---, 

Bulk Property 

..--1 Cgb 

Crain Boundary 

RgJI 

.--_II-C_
e 
-----, 

El.ectrod.e-ele drolyte 
interface 

Figure 2.2: Equivalent circuit model of a typical electrolyte. 
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Wamurg 
Element 

R 

Figure 2.3: Equivalent circuit representation of an electrochemical cell. 

The impedance plots of some simple electrical circuits are shown in figures 2.4 (a-f). 
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(e) -c=1 
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Figure 2.4: Impedance plots of some simple RC circuits. 

Let us consider a cell comprising of a polymeric gel electrolyte sandwiched between 

two identical electrodes under a small input signal perturbation. The electrical behavior of 

such a cell is controlled by the bulk electrolyte resistance, the charge transfer (double layer) 

capacitance at the electrode-electrolyte interface and the geometrical capacitance, which can 

be represented in the form of an equivalent circuit. The geometrical capacitance would arise 

due to an analogous capacitor comprising of two electrodes separated by a dielectric medium. 

Depending on the types of electrodes used (i.e. either blocking or non-blocking electrodes) 

and types of electrolytes having single mobile ion species (in conventional solid electrolytes) 

or double mobile ion species (both cations and anions as observed in the liquid or polymer 

_ electrolytes), the behavior of the cells, their impedance patterns and hence their equivalent 

circuits are distinctly different, which are described briefly as follows: 

2.1.2.1 Blocking Electrodes 

Figures 2.5 (a & b) show the cell with blocking electrodes and single ion conducting 

electrolyte, its ideal impedance pattern and the equivalent circuit representing its a.c. 

response. The bulk polarization and ion migration in the electrolytes are reflected as a 

semicircle in the impedance plot, generally observed in the middlelhigh frequency range. 

This semicircular spur indicates that the representative components Rb (bulk resistance) and 

Cg (geometrical capacitance) are connected in parallel combination. The double layer 

capacitance Ce, built up due to the charge accumulation at electrode-electrolyte interfaces, 

appears as a spike rising at right angle parallel to imaginary axis in the low frequency region 
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of impedance plot as shown in the figure 2.5 (b) and connected in series with parallel 

combination of Rb and Cg as shown in inset in the figure 2.5 (b). 

(a) 

SS SS 

~-DeC1ro----.iiolyre ~ 
S S = Blocking Dec1rode 

Sample Cell 

(b) 

1 

z· 
Figure 2.5: Schematic representation of (a) an electrochemical celI with blocking electrodes, 
(b) impedance plot. The equivalent circuit is shown in inset. 

It is generally observed that the middlelhigh frequency response gives information 

about the properties of the electrolyte, whereas the low frequency response carries 

information about the electrode-electrolyte interfaces. Overall, the magnitude of all the 

fundamental electrical properties of the cell may be obtained from the complete impedance 

data. Particularly, the bulk resistance Rb, of the electrolyte can easily be evaluated by 

sandwiching the electrolyte between two blocking electrodes. 

Generally, the equivalent circuit and the impedance plot, as shown in the figure 2.5 

(b), are equally applicable to the liquid/polymer electrolytes having more than one mobile 

ionic species, sandwiched between the two blocking electrodes. 

2.1.2.2 Non-Blocking Electrodes (Reversible Electrodes) 

In the case of non-blocking electrodes or reversible electrodes, there is a finite reversible 

electrode reaction at the electrode-electrolyte interfaces, which allow the dissolution of 

mobile ionic species in the electrodes. Figures 2.6 (a & b) show the impedance plots of the 

cell consisting of (a) single ion conducting electrolyte, and (b) both the cation and anion 

conducting electrolyte (e.g. liquid / polymeric gel electrolyte). The equivalent circuits are 

shown in their corresponding insets. 

In the case of single ion conducting electrolyte, the high frequency semicircle in the 

impedance plot is observed due to the parallel combination of Rb and Cg (representing bulk 
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properties of the electrolyte) similar to the pattern observed in case of the cell with blocking 

electrodes. In addition to this another semicircle is observed in the middle frequency region, 

which is the representation of a.c. response of the electrode/electrolyte interface. This is 

represented by a parallel combination of a finite charge-transfer resistance Re and charging­

discharging double layer capacitance Ceo 

Z" 
Cg Ce Z" Cg Ce 

6lnwrRctCe= 1 

Z' Z' 
(a) (b) 

Figure 2.6: Schematic representation of impedance plots for the cells with non-blocking 
electrodes consisting of (a) single ion conducting electrolyte, and (b) both the cation and 
anion conducting electrolyte (e.g. liquid/polymer gel electrolyte). The equivalent circuits are 
shown in their corresponding insets. 

On the other hand, in the case of a cell with non-blocking electrodes and electrolyte 

having two mobile ions (cation and anion), their appears three semicircles corresponding to 

the bulk (high frequency), electrode-electrolyte interfaces (middle frequency), and diffusion 

impedance due to the concentration gradient of anions developed at sufficiently low 

frequency, as shown in the above figure 2.6 (b). The low frequency semicircle is skewed and 

is inclined at an angle of 45° to the real axis. However, all the three features may not be 

observed in all the cases [210]. 

In actual practice, it is observed that there is a significant flattening of the ideal semi­

circular pattern and tilting of the spike in the impedance spectrum contrary to the ideal 

spectrum obtained from the equivalent circuit model based on the processes within the 

polymer electrolyte cell as shown in figures 2.7 (a & b). The effect may be related to the 

presence of crystalline non-conducting regions interlocked with the conducting amorphous 

materials within the spherulites of a polymer electrolyte system. 
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Figure 2.7: (a) Equivalent circuit and impedance spectrum (bold line = spectrum for ideal 
equivalent circuit. Dotted line = Experimental impedance spectrum for gel electrolytes), (b) 
Depression of semicircle and tilting of spike caused by replacing capacitors by constant phase 
elements. 

The cell behaves as a "leaky capacitor" resulting in the semicircle flattening and spike 

tilting as shown in the figure 2.7 (a). The effect has also been attributed to a variety of 

physical phenomena such as the multiple or coupled reaction sequences, roughening of the 

electrode and frequency dependent ohmic resistances caused by a non-uniform charging of 

the double layer [222]. In order to account for such effects, a generalized impedance element 

known as the "constant phase angle element (CPE)" is introduced into the equivalent circuit 

model, which is shown in the figure 2.7 (b) as inset. 

The impedance of the constant phase angle element is given by 

(2.10) 

When p = 0, Z is frequency independent and' k' represents the resistance R. When p = 1, Z = k 

/ jOJ = -j / OJk- ' , in such a case Z is now frequency dependent and k- I represents the 

capacitance. For 0 ~ p ~ 1, the 'CPE' acts, in a way, intermediate between a resistor and a 

capacitor, which is the case for polymeric materials. 

2.2 Dielectric Relaxation in Amorphous Materials 

Dielectric relaxation in solids is one of the most intensely researched topics in physics, yet 

there is no satisfactory theoretical understanding of the relaxation phenomena. Relaxation 

consists of the recovery of strain on removal of stress and it implies therefore time 
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dependence, typically under sudden removal or sudden application of a steady stress. This is 

the basis of the time-domain (TO) measurements [223]. An equivalent and often preferable 

method is to subject the material to a harmonically varying stress of an angular frequency 

()) and this forms the basis of frequency-domain (FD) measurements [224, 225]. Materials are 

polarized in ac fields by various polarization mechanisms and their permittivity, as a measure 

of the polarization, shows frequency dependence, namely dielectric relaxation or dielectric 

dispersion. Dielectric spectroscopy is a technique that measures permittivity and conductivity 

as a function of frequency in a non-invasive way and can provide insights into the structures 

and electrical properties of materials at molecular and macroscopic levels. 

According to Maxwell's equations, 6· is time (or frequency) dependent if a time 

dependent process takes place within the sample. Resonance phenomena are due to atomic or 

molecular vibrations and can be analyzed by optical spectroscopy. Relaxation phenomena, on 

the other hand, are related to molecular fluctuations of dipoles due to molecules or part of 

them in a potential landscape. Moreover, drift motion of mobile charge carriers viz., 

electrons, ions or charged defects also contribute to the dielectric response. Complex 

dielectric permittivity 6· is defined as 

6·(W) = 6'(W) - j6"(W) (2.11 ) 

where 6'(m) and 6"(m) are, respectively, the real and imaginary parts of complex 

permittivity 6· . The real part 6'(m) and the imaginary part 6"({)}) of complex permittivity 

though not always, show dielectric relaxation (or dielectric dispersion) in which 6'({)}) 

decreases and 6"(W) increases with increasing frequency. Single dielectric relaxation is 

characterized by a set of parameters (called relaxation parameters): 6( and 6 h are the low­

and the high-frequency limits of relative permittivity, respectively, /J..6 = 6 1 - 6 h the 

relaxation intensity (or the relaxation magnitude), 10 the characteristic frequency and 

-r(= 1/27ifo) the relaxation time. The complex plane plot (or the Cole-Cole plot) is also used 

for analysis of dielectric relaxation. In the complex plane plot the imaginary part of the 

complex permittivity or the loss factor 6"({)}) is plotted against the real part of the complex 

permittivity or the relative permittivity 6'({)}) , tracing a semicircle if the dielectric relaxation 
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has a single relaxation time, viz., the Oebye type relaxation. The complex plane plots, 

however, often deviate from a semicircle, which indicates a distribution of relaxation times. 

2.2.1 Formalism of Dielectric Data 

Dielectric information may be formulated in a number of equivalent ways and it is important 

to use the most appropriate form of presentation to match the particular requirement [226]. 

The following important dielectric functions may be defined. 

(a) Permitivity formalism 

The complex perm ittivity c' (OJ) and susceptibi I ity %' (OJ) , 

%'(OJ) == [e'(OJ)-c,J/ Co = %'(OJ)-i%"(OJ) (2.12) 

where Co = 8.854 X 10-12 Fm- I is the permittivity of free space, Coo is a suitable high­

frequency permittivity and the physical emphasis is on parallel processes contributing to the 

real and imaginary components of the polarization. 

(b) Modulas formalism 

The electric modulus, which is the reciprocal of c' (OJ) , 

M'(OJ) = M'(OJ) + iM"(OJ) == _1_ == c'(OJ) + ic"(OJ) 
c' (OJ) [e'(OJ)f + [e"(OJ)f 

which emphasizes series processes that may be acting in the material. 

(c) Capacitance formalism 

The complex capacitance 

C' (OJ) = (A / d)c' (OJ) 

(2.13) 

(2.14) 

which relates to a sample of planar geometry of area A and thickness d, or some other 

appropriate geometrical factor for other geometries. Susceptance is the quantity 

corresponding to susceptibility 

x' (OJ) = c' (OJ) - Coo (2.15) 

Their use is recommended wherever the geometry of the sample is not well defined. 

They both emphasize parallel processes acting in the sample. 

(d) Admittance formalism 

The admittance of the sample representing the equivalent parallel conductance G(OJ)and 

capacitance C( OJ) 
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Y'(m) = IIV = imC'(m) == G(m) + imC(m) (2.16) 

The frequency dependence of these elements arises from the fact that they represent 

an equivalent circuit of a system that is not necessarily a parallel combination of frequency­

independent elements. 

(e) Impedance formalism 

The impedance of the sample, which is the reciprocal of admittance 

Z' (m) = VI 1= 1/Y' (m) (2.17) 

which emphasizes series processes. 

These different formalisms are often used to study different relaxation processes 

occurring in solids. Electrical relaxation phenomena are usually analysed in terms of the 

dielectric permittivity by the relaxation of the electric displacement vector, D, under the 

constraint of constant electric field, E. However, in dielectrics containing mobile charges, it 

seems convenient to concentrate on the relaxation of the electric field, E, under the constraint 

of a constant displacement vector, D, which leads to the inverse dielectric permittivity and 

the definition of electric modulus. An advantage of using the electric modulus to interpret 

bulk relaxation properties is that variations in the large values of permittivity and 

conductivity at low frequencies are minimized. In this way the familiar difficulties of 

electrode nature and contact, space charge injection phenomena and absorbed impurity 

conduction effects, which appear to obscure relaxation in the permittivity presentation, can 

be resolved or even ignored. 

There are several ways of presenting the data and the most common ones are as 

follows. 

(1) Plots of the real and imaginary components either in logarithmic or in linear 

coordinates against frequency, usually on a logarithmic presentation in view of the 

very large range of frequencies involved. The log-log form is particularly useful in 

representing dielectric functions, which are often power-law functions of frequency: 

X· (m) ex: (im)n-I where 0 < n < 1 (2.18) 

in the frequency region above any loss peaks, which is referred to as the 'universal' 

law. 

(2) Polar plots ,of the imaginary component against the real component, typically on a 

linear presentation, but the logarithmic presentation introduced by the Chelsea 
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research Group [227] can be very useful. The usefulness of polar plots is limited 

mainly to characterization by shape as Debye, Cole-Cole, Cole-Davidson etc. and 

also as a means of finding series combinations of elements in Z plots. 

2.3 Kinetics of Ion Transport in Solid Polymer Electrolytes 

The conductivity of any material can be expressed by the relation 

(]' = Ln;q;Jl; (2.19) 

where nj is the concentrations of charge carriers of type i, q is the charge and Jl the mobility. 

The polymer electrolytes contain no significant conjugation within the polymer backbone, 

and the salts on which they are based have negligible electronic conductivities, hence 

electrons and holes do not contribute to the summation in equation (2.19). Both cations and 

anions contribute to the conductivity. This represents a complication in the simple 

interpretation of the temperature dependence of conductivity. 

For transport in amorphous systems, the temperature dependence of a number of 

relaxation and transport processes in the vicin ity of the glass transition. temperature can be 

described by the Williams-Landel-Ferry (WLF) equation [185] given by 

log 1J(T) = 10ga
T 

= - C, (T - Ts) 
1J(Ts ) C2 +(T-Ts) 

(2.20) 

where T, is an arbitrary reference temperature, usually Ts = Tg + 50 K, aT is called the 

mechanical shift factor, and C] and C2 are universal constants. Often the WLF equation is 

coupled with the empirical observation known as Walden's rule [228] 

D1J = Constlr; 

Stokes-Einstein relationship can be written as 

D = kT16Jl7]rj 

where D is the diffusion coefficient and rj is the radius. 

The Nernst-Einstein relationship can be written as 

(]'= DNllkT 

(2.21) 

(2.22) 

(2.23) 

where N is the number of charge carriers and q is the charge. Putting the value of D of 

equation (2.22) in equation (2.23) one can get 
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log u(T) = C1 (T - Ts) 
u(Ts) C2 +(T-Ts) 

Ph.D. Thesis, Tezpur University 

(2.24) 

Equation (2.24) holds reasonably well for a number of polymer electrolyte systems and a 

decrease in the Tg leads to an increase in conductivity. 

The WLF relation was an extension of the Vogel-Tamman-Fulcher (VTF) empirical 

equation [180-182] that was originally formulated to describe the properties of super cooled 

liquids and, given in its original form, is 

[ 
-B ] -I - Aex 

17 - P k(T - To) 
(2.25) 

where A is a pre factor proportional to TII2, which is determined by the transport coefficient 

(in this case 17- 1
) at a given reference temperature. B is a constant, whose dimensions are in 

fact energy, but which is not simply interpreted as an activation term and k is Boltzmann's 

constant. Equation (2.25) holds for many transport properties and, by making the assumption 

of a fully dissociated electrolyte, it can be related to the diffusion coefficient through the 

Stokes-Einstein equation giving the form to which the conductivity, u, in polymer 

electrolytes is often fitted, 

u = u 0 exp[ - B ] 
k(T - To) 

(2.26) 

This form of the equation suggests that thermal motion above To contributes to relaxation and 

transport processes and low Tg gives faster motion and faster relaxation. 

Writing equation (2.26) in the form 

log u(T) = _ B [ 1 _ 1 ] 
u(Ts) k T-To Ts -To 

(2.27) 

Comparing equations (2.24) and (2.27) 

C1 (T - Ts) B [Ill 
C

2 
+ (T - Ts) = - k T - To - Ts - To 

(2.28) 

Identifying C2 = Ts-To (2.29) 
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C _ B 
)-

k(Ts - To) 
(2.30) 

Or, B = KC1C2 (2.31 ) 

In an attempt to understand how the conductivity mechanism works, quasl­

thermodynamic theories [229-233], originally developed to deal with molten salts and neat 

polymers, have been applied with some success to consideration of transport properties in 

polymer electrolytes. These theories are based on considerations involving the critical role of 

the glass transition temperature Tg and of the so-called "equilibrium" glass transition 

temperature To. Above Tg, the polymeric material becomes macroscopically rubbery rather 

than glassy [229-233]. The concept of equilibrium glass transition temperature To is based on 

the kinetic feature of Tg depending on the rate of cooling, one can observe different glass 

transition temperatures, and To is idealized as the temperature at which all "free volume" 

vanishes or at which all polymer segment motion disappears or at which the excess 

configurational entropy of the material vanishes. The theoretical scheme, which treats To in 

terms of volume, is called the free volume theory [187, 229]. 

The free volume model is the simplest way to understand the polymer segmental 

mobility. It states that as temperature increases, the expansivity of the material produces local 

empty space, free volume, into which ionic carriers, solvated molecules, or polymer 

segments themselves can move. The overall mobility of the material is determined by the 

amount of volume present in the material. One can obtain, for diffusivity D, the form 

-v· 
D = BRT exp(-) 

VI 

where B and V are constant, R is gas constant and Vf is the free volume 

(2.32) 

When the volume is expanded in terms of the volume at glass transition temperature 

plus a linear term, the free volume yields the form [31, 234, 235] 

(2.33) 

where the constant a and cz' are both inversely related to the free volume thermal expansion 

factor. 

Rewriting equation (2.33) as 
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D = D T exp( - a 1 
o C2 + T - (T

g 
- C/) 

(2.34) 

where C2= C/-C'. If c' = 0, the free volume argument yields the WLF relation of equation 

(2.20). 

Motion of ions in polymer electrolytes is strongly dependent on segmental motion of 

the polymer host. Based on this and assuming a weak dependence of the conductivity on 

interionic interactions, Druger, Nitzan and Ratner proposed a microscopic model based on 

dynamic bond percolation (DBP) theory [25, 235]. For conductivity in polymer electrolytes, 

cation and anion motions are considered to be fundamentally different. The former is 

visualized as the making and breaking of coordinate bonds with motion between coordinating 

sites, while anion motion is regarded as a hopping between an occupied site and a void, 

which is large enough to contain the ion. Conductivity is visualized as being due to a 

combination of cooperative motion with the occasional independent ion movement; the time 

scale for the latter is much shorter than for polymer relaxation. 

The rate of jumping (i.e. of ion motion) between any two sites is represented in terms 

of simple first order chemical kinetics, using the master equation 

d~ = "2)pjWjI - ~w,j) 
dT j 

(2.35) 

PI is the probability of finding a mobile ion at site i, w.J is the probability per unit time that an 

ion wiII hop from site j to site i and is equal to zero except between neighboring sites. It is 

then assumed that w.J may take two values, 

w.J = 0 (probability 1-.1) 

w.J = w (probability j) (2.36) 

with w.J equal to zero, if all sites are already filled. Jumps are available with a relative 

probability f (0 ~ f ~ 1). Because of polymer motion, the configuration is continually 

changing and sites move with respect to each other. Therefore hopping probabilities readjust 

or renew their values on a time scale "fen, which is determined by the r motion of the 

polymer. The w.J values are thus fixed by the parameters w, f and "reno A number of results 

can be obtained from this model: 
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(i) For an observation time » 'l"ren, with/> 0, ionic motion is always diffusive i.e. the mean 

squared displacement is always proportional to time. 

(ii) The diffusion coefficient is, in general, proportional to (A.), the average rate of renewal. 

This corresponds well both to the wealth of experimental data indicating that the ionic 

motion is modulated by the segmental motions of the polymer host and to the 

expectation, that structural reorganization and conductivity arise from the same 

underlying motion mechanism. 

(iii) It is possible to show in great generality that 

Do (OJ + iA) = D(OJ) (2.37) 

That is, the diffusion coefficient at frequency w in the renewing (dynamic) percolation 

problem may be found from the diffusion coefficient in the static (non renewing) 

percolation problem, analytically continued to frequency OJ + iA. 

(iv)The factor f, giving the number of available jumps, will be substantially different for 

cationic (strongly solvated) and anionic (weakly solvated) motions. 

This model does have the attractive feature of including the effects of segment motion 

on ionic conduction; it does not directly include interionic interaction. Thus while it is the 

best microscopic model currently available for understanding ionic conduction in polymer 

electrolytes, it is inadequate in several ways (no inertial dynamics, no interionic interaction). 

2.4 Kinetics of Ion Transport in Gel Polymer Electrolytes 

The gel polymer electrolytes are prepared by immobilizing a nonaqueous electrolyte solution 

within an inactive structural polymer matrix or by increasing the viscosity of liquid 

electrolyte by adding a soluble polymer. They are basically salt-solvent-polymer hybrid 

systems in which first a salt solution is prepared and then it is immobilized with the help of 

suitable polymer matrix. The salt generally provides free/mobile ions, which take part in the 

conduction process, and the solvent helps in solvating the salt and also acts as a conducting 

medium whereas the polymer provides mechanical stability by increasing the viscosity of the 

electrolyte. 

Writing the conductivity relation in terms of concentration, charge and mobility [236] 

(J" = Ln,q,Jl, (2.38) 
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where nj is the concentrations of charge carriers of type i, q is the charge and Jl the mobility. 

The ionic conductivity here is also a function of temperature and pressure, and this equation 

is suitable for homogenous polymer electrolytes [236]. With the assumption that the 

dissolved salt completely dissociates into cations and anions in the electrolyte system, the 

determination of ion conductivity depends only on the evaluation of ion mobility. 

The ionic mobility fl can be calculated· by the Stokes-Einstein equation 

(2.39) 

Here q is the electronic charge on each charge carrier,7] is the solution viscosity, rs is the 

effective hydrodynamic (Stokes) radius. Ionic diffusion coefficient D is assumed to relate to 

the Stokes-Einstein (Equation 2.39) and can also be used to evaluate the ionic mobility. This 

is Nemst-Einstein relationship between the ionic diffusion coefficient and the ionic mobility 

[86] 

qD 
Jl = kT 

(2.40) 

where k is the Boltzmann constant. Ionic conductivity from Nemst-Einstein equation is then 

described as following [237] 

Nq2 
U diff = kT (D+ + D_) (2.41 ) 

where N is the number of charge carriers per cm3 on the assumption of complete dissociation, 

and D+ and D- are the diffusion coefficient of the cation and anion, respectively. The ionic 

transfer (transport) number is an important parameter in describing the mechanism of ion 

conduction in polymer electrolyte as well as its application. It represents the fraction of the 

total current carried by the mobile ions. The ionic transfer number of cation, t+, can be 

estimated by the equation as follows 

(2.42) 

where f.1+ (JL) and q+ (q-) are ionic mobility and electronic charge on the cation (anion), 

respectively. 
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2.5 Kinetics of Ion Transport in Composite Polymer Electrolytes 

Effectitive Medium Approach 

It has been recognized that In composite polymer electrolytes enhancement of ionic 

conductivity is connected with the existence of a highly conductive layer at the polymer filler 

interface [98, 238]. Therefore, in composite systems there are three components with 

different electrical properties. These are (Figure 2.8) 

(i) Highly conductive interface layers coating the surfaces of grains. 

(ii) Dispersed insulating grains. 

(iii) Matrix polymer ionic conductors. 

The dispersed grain may be considered as covered with the thin layer as a unit and 

call it a composite grain (Figure 2.8). According to the Maxwell-Garnett rule [239] the 

equivalent conductivity O"c of the composite unit can be expressed as 

20") +0"2 +2Y(0"2 -0")) 
0" c = 0") --'-----='----"------'-

20") + 0" 2 - Y ( 0" 2 - 0") ) 
(2.43) 

where 0"] and 0"2 being, respectively, the conductivity of the interface layer and that of the 

dispersed grain. Y is a volume fraction of a dispersed phase in a composite unit for spherical 

geometry calculated as 

(2.44) 

where t is the thickness of interlayer and R is the radius of dispersed grain 

According to the assumption above, the composite electrolyte can be treated as a 

quasi two-phase mixture consisting of an ionically conductive pristine polymer matrix with 

dispersed composite units. Such a quasi two-phase mixture can simply be described by the 

Brugeman equation [240] or the simple effective medium equation introduced by Landauer 

[241]. These simple approaches ignore local field effects and are suitable only for the 

description of quasi two-phase mixtures for volume fractions of composite units lower than 

0.1. In our system as the volume fraction of composite units increases, the composite grains 

join each other and form complicated clusters for which local field effects have to be 

considered. Therefore, the simple Landauer approach was improved according to the method 

proposed by Nan [242, 243] and Nakamura [244]. Two limiting situations are considered 
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(i) The matrix phase is the polymeric electrolyte and isolated composite units are 

scattered throughout. 

(ii) The matrix phase consists of overlapping or touching composite units with a small 

amount of dispersed polymeric electrolyte in the interstices. 

Figure 2.8: Schematic drawing of morphology of composite polymer­
nonconductive filler electrolytes. Numbers are attributed to (1) highly 
conductive interface layers coating the surfaces of grains, (2) dispersed 
insulating grains, (3) matrix polymer ionic conductor [238]. 

Only for these two boundary situations used for calculations of the corrected value of 

the o"c and 0"3, the local field effect is a geometrical effect and has no relation to the 

conductivity of the two phases. "The matrix phase" screens in these two cases the effect of 

the "dispersed phase" in the limiting composite unit [243]. Thus, the conductivity limits of 

the two limiting cases mentioned above can be calculated according to a simplified form of 

Nakamura's equations [244]. 

a O"c(d -1)Vc 20"cVc 
0" = = ----=----=--

c (d - VJ (3 - VJ 
(2.45a) 

a 0"3[(d - J) - (d -I)VJ 
0"=---'--------

3 (d -1 + Vc ) 
(2.45b) 

where Vc = V21Y is the volume fraction of composite units, V2 is the volume fraction of the 

dispersed grains, 0"3 is the conductivity of the matrix polymeric electrolyte, and d is the 

dimensionality of the system (d =3 for spherical grains). After introducing the improved 

conductivity parameters in the EMT equation one obtains two equivalent equations allowing 

finding O"m (the conductivity of the composite polymeric electrolyte). 
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V2IY(a: -am) + (1-V2IY)(a; -am) =0 

[am + Pc (a: -am)] [am + pc(a; -am)] 

(2.46) 

(2.47) 

where pc is the continuous percolation threshold for the composite grams. Since the 

composite grains are allowed to overlap in the region of interface layer, Pc can be taken to be 

0.28 for this random mixture on the basis of general percolation theory [242, 245]. The 

highest enhancement of ionic conductivity is reached for the volume fraction of the dispersed 

-grains equal to 

V; ~(I+ ~r (2.48) 

For concentrations of grains exceeding V2· the quasi two-phase system consists of a 

mixture of composite grains and dispersed bare insulating grains. For such a situation, 

equation (2.47) can be rewritten in the following form 

(1 - V2 )( a: - am) + (V2 - V2• )( a; - am) = 0 

[am + Pc (a: -am)] [am + Pc (a; -am)] 
(2.49) 

where a c
a and a2a (the modified conductivity parameters for second limiting case) are 

calculated according to the method proposed by Nan [242] and Nakamura [244] 

a 2ac (1- V2 + V2·) 

a c = [2(1 + V
2 

) - V
2
• ] 

a 2a 2 (V2 - V2• ) a 2 = • 
(3- V2 + V2 ) 

(2.50) 

(2.51) 

Equations (2.50) and (2.51) also consider local field effects. Here Pc is the percolation 

threshold ofthe dispersed bare insulating grains that are not allowed to overlap. Therefore Pc 

in equation (2.49) is different from pc in equation (2.47) and was taken as the percolation 

threshold equal to 0.15 [238] for a general random mixture. Equations (2.47) and (2.49) are 

used to calculate the conductivity am of composite polymer electrolytes. Three characteristic 

volume fractions of the dispersed grains can be observed 
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V/ = Pc/(l + f1R)3 is the critical volume fraction at which composite grains join to 

form a composite cluster and thus a continuous percolation threshold is reached. 

vl = 1/(1 + f1R)3 is the volume fraction of the filler at which the continuous 

composite grain cluster fill the total electrolyte volume at which point the conductivity of a 

composite electrolyte reaches the maximum. 

V/" = 1 - Pc + PcV2 is the volume fraction of the filler at which transition from 

conductor to insulator occurs. 

The applicability of the model presented above has been tested by Wieczorek and co­

workers [98, 238, 246-249] for PEO based composite polymer electrolytes dispersed with 

inorganic and organic fillers. They showed that fiR ratio decreases for concentrations of filler 

higher than V2" e.g. the concentration for which the maximum of the conductivity is reached. 

Moreover, the conductivity of an interface amorphous layer also depends on the fraction of 

the additive. They predicted the decrease in conductivity by a model, which considered the 

effect of a decrease in the surface layer conductivity with an increase in grain concentration. 

Since the structure of the interface layer is highly amorphous the temperature dependence of 

conductivity was assumed to follow VTF relation 

(J" = AT-I12 exp[ - B 1 
k(T - To) 

(2.52) 

Here, B is pseudo-activation energy for conduction, A is a pre-exponential factor and To is a 

quasi equilibrium glass transition temperature usually 30-50 K lower than Tg• It is also 

assumed that the pseudo-activation energy B and the pre-exponential factor A are 

independent of the concentration of fillers. Therefore, the interface layer conductivity is only 

dependent on Tg and decreases with an increase in Tg. Values of Tg taken from DSC 

experiments were used for the calculation of (J"\ for electrolytes with various concentrations 

of the filler. To generalize the model, the variation of Tg as a function of grain size and 

volume fraction of filler should be considered. The effect of the dissolved salt on Tg should 

also be taken into account. It was found [250, 251] that for several composite systems Tg 

could be approximated by the following equation 

(2.53) 
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where V2 and S2 are respectively volume fraction and surface area of the dispersed phase, Cs 

is the molar concentration of the dopant salt added, and Ko, K(, and K2 are adjustable 

constants. It has been found that for a system with different concentrations of filler additive 

and a fixed concentration of dopant salt, the best fit to the experimental data can be obtained 

when Tg is approximated by the relation 

Tg = Ko + K( V2 + K2Vl (2.54) 

In this equation, the effect of salt is included in Ko, which is identical to the Tg for 

pristine polymer electrolyte. K( describes the influence of filler added on Tg of the composite 

system and K2 is connected with polymer-filler-salt interaction. 

2.6 Kinetics of Intercalation and Ion Transport in Polymer/Clay 

Nanocomposite Electrolytes 

Polymer--c1ay nanocomposites comprise polymer chains intercalated into the inter layer 

galleries stacked in a regular arrangement. In recent years it has been shown that the ground 

state of polymer-day nanocomposites corresponds to phase-separated, intercalated or 

exfoliated state depending on the external conditions. The mechanism of structural transitions 

between these states is a subject of great scientific and practical importance [252]. 

To study the kinetics of polymer intercalation in layered silicates Ginzburg et al. 

[253] proposed a simple model according to which the intercalation process is driven by the 

motion of localized excitations ("kinks"), which open up the tip between the clay sheets. A 

system of two adjacent clay platelets was considered as shown in figure 2.9. In the absence of 

polymer, they are in the aggregated (Ag.) state, and the distance between them is zero. When 

mixed with a polymer, the platelets can separate and form a narrow "gallery" of width U = 

Uo, which is filled by polymer chains. It is possible to calculate the potential energy per unit 

area V(U) (Figure 2.10); such a potential takes into account the enthalpic and entropic terms 

in the free energy of the confined polymers as well as Van der Waals and electrostatic 

interaction between the clay platelets [254-257]. In the model they have restricted themselves 

by considering this potential having a double-well shape, i.e. V(U) has a minimum at some 

point Uo > 0 in addition to the minimum at Uo = O. Then, the transition between the 

aggregated (Ag.) state (U= 0) and the intercalated (Tnt.) state (U= Uo) can be described as a 

"switching" process in a bistable potential. Assuming the potential to be symmetric, the 
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equations of motion for the plate separation U can be derived in one-dimensional case [U = 

U (x, t)] in the following form [258] 

au +El a4u _T a2u + av = 0 
77 aT ax4 ax2 au (2.55) 

where E is the Young's modulus of the clay, I = cf 112 (d being the thickness of a clay sheet) 

is the moment of inertia of a unit length of a clay sheet, 77 is the "friction coefficient" 

(proportional to the bulk viscosity of the polymer), and T is the effective external force. On 

an average, one can estimate the magnitude of T as T = 2 rd, where r is the effective shear 

stress. Positive values of T correspond to the elongation while negative values describe 

compression. Inertial forces have been neglected, which are small in comparison with the 

viscous forces however, adding them would not qualitatively change the results. 

T 

Figure 2.9: Sketch of the polymer--clay system. Here, Ag. denotes the agglomerated 
(immiscible) state, and Int. denotes the intercalated state; Uo is the plate separation 
in this state. T is the external longitudinal force applied to the upper plate [253]. 
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Figure 2.10: Sketch of the plate-plate interaction potential V(U) [252]. 
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To obtain an exact analytical solution of equation (2.55), a piecewise parabolic form 

for the potential V(U) can be adapted [253]: 

A(~_I)' U> 3Uo/4 
2 U ' 0 

V(U) = LA(~-~r 
16 2 Uo 2 ' 

Uo/4 ~ U~ 3Uo/4 (2.56) 

~(~J U < Uo/4 

After introducing dimensionless variables u = UIUo , X = X (A/ EIU~ Y'4, r = tA/U~ 17, 

equation (2.55) can be written as 

a4u a2u au 
--K-+-+ feu) = 0 ax4 ax2 ar 

where feu) = u, if 0 < u <-.!.., 
4 

(u-1), if2 < u < I. 
4 

The rescaled tension 

(2.57) 

(2.58) 

(2.59) 

Let us consider solutions in the form u = u(<D, with e; = X-Vr; corresponding to a kink 

moving from left to right with velocity V. In this case, equation (2.57) becomes an ordinary 

differential equation 

d 4 u d 2u du 
--K--V-+ f(u)=O 
de; 4 de; 2 de; 

(2.60) 

with boundary condition u(<D ~ 0 for e;~ -oc: u(<D ~ I for ; ~ +oc. Moreover, all 

derivatives ofu(<D must vanish at ±oc. 

Considering static solutions (V = 0), it can be shown that the solution satisfying 

equation (2.58) and all boundary conditions has the form 
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c) exp(A,~) + C2 exp(~~), u < 114 

-.!. + D) sin(~~) + D2 sinh(A4~)' Y.! ~u ~ 3/4 
(2.61) u= 2 

1 - C) exp( - A,~) 

- C2 exp( -~~), u< 3/4 

where CI, C2, DI and D2 are determined based on the requirement that u«() and its first, 

second, and third derivatives are continuous functions everywhere. The exponents AI and A2 

are the positive roots of the following equation 

(2.62) 

while A3 and A.t are the absolute values of one imaginary and one real root of the following 

equation 

(2.63) 

Equation (2.62) has real roots if and only if K 2: 2, while equation (2.63) always has 

both real and imaginary roots. Thus, for existence of the kink solutions the elongational force 

T should be larger than some threshold value T = 2(AEI)I/2/UO (equation 2.59). This is in a 

qualitative agreement with numerous experiments suggesting that strong shear flow is almost 

always necessary to exfoliate or intercalate clay sheets in the polymer. 

For K > 2 an analytical solution can be easily constructed. Ginzburg et al. [253] 

plotted the kink profile for several values of K. They observed that as K becomes larger the 

kinks become broader. Quantitatively they showed that such a kink could easily emerge and 

propagate in clay. Thus intercalation process in polymer/clay nanocomposites could be 

carried by the soliton like excitations-kinks. These kinks result from the balance between 

the bending elasticity of the clay sheets, the polymer-induced interaction between the sheets 

and the external elongational force. 

To discuss the cation transport in polymer/clay nanocomposites Moon et al. [259] 

developed a simplified one-dimensional model for the transport of lithium ions in the c1ay­

polymer membrane. Figure 2.11 shows the idealized structure of the nanocomposites films, 

which consists of intercalated poly(ethylene oxide) (PEO) in the synthetic layered hectorite 

(SLH). A schematic representation of a typical Li-ion battery cell is shown in figure 2.12. 

To simplify the model, they have made certain assumptions: 

(i) Only lithium ions transported through the film. 
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(i i) The electroneutrality of the active lithium ions is maintained by coordination of 

one to six oxygen ' s in the PEO chain present in the film [260] . 

(ii i) The total lithium concentration in the membrane, Co, is a constant parameter. 

(iv) The transport of Li+ ions through the film is described by concentration so lution 

theory [261] . 

(v) The diffusion coefficient and the transference number of the Li+ are concentration 

independent. 

(vi) Only cations are electroactive at the electrolyte-electrode interfaces . 

• • • 
• • • 

Figure 2.11: Idealized clay-polymer membrane structure of intercalated PEO in the synthetic 
lithium hectorite (SHL). Circle dots are represented by the lithium ions, and the PEO chain is 
shown between the Li ions [259] . 
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Figure 2.12: One-dimensional model of lithium clay-polymer membrane battery cell. 
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The flux of lithium ions, N+, within the polymer-clay membrane is given by 

N = _D ac + i2/+ 
+ ax v+F 

(2.64) 

where C is the concentration of lithium ions, D is the diffusion coefficient, i2 is the current 

density in the clay-polymer membrane and is equal to the applied current density, 1+ is the 

lithium transference number. F is faraday's constant. A material balance on the lithium ions 

in the clay-polymer membrane is then given by 

a 2 • 

-.!2 = D a ~ and the boundary condition N+ = lapp atx = 0 
fu & F 

(2.65) 

At the Li electrode (x = 0), the flux of lithium ions is equal to the dissolution rate of Li, 

which yields the boundary condition 

Daci _ iapp 

- ax x=o-7 (2.66) 

The variation in potential in the membrane is calculated from [262], 

V0
2 

= _~_ RT(\ +1+) (2.67) 
(j v+F 

where V02 and (j are the potential and the lithium conductivity in the clay-polymer 

membrane, respectively. The flux and the concentration of the lithium ion and the potential in 

the membrane are taken to be continuous from x = 0 to x = LM • 

There are various reports in literature describing cation dynamics in polymer-clay 

nanocomposites. An initial simulation study of the dynamics of Li+ in a ·'PEO­

montmorillonite system was carried out by Yang and Zax [263], who used spectral 

simulation methods to elucidate the line shape of the 7Li NMR spectra. The study concluded 

that the main limitation on diffusion in the polymer-clay system was the inefficient 

coordination of the cations to the PEO backbone oxygen atoms, which resulted in the Li+ 

moving along the clay sheets in short jumps, or "hops". Giannelis and co-workers [264, 

265] performed Monte Carlo (MC) and molecular dynamics (MD) simulations to examine 

the Li+ dynamics of PEO intercalated between layers of montmorillonite, under varying 

hydration and layer charge conditions. They showed that the polymer chains form a bilayer 

structure, but are relatively disordered in the plane parallel to the interlayer surface. The 

authors also observed that in the absence of water, the cations bind to the interlayer surface. 

When water is present two types of cation environment are noticeable, those bound to the 
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interlayer surface and those hydrated by water in the interlayer region. In both cases, 

coordination of cations by PEO was minimal. To study the Li+ dynamics, Kuppa and Manias 

[266] performed MD simulation of both bulk polymer and intercalated polymer into the 

galleries of montmorillonite. As in the previous studies, the authors showed that the lithium 

cations motion in the nanocomposites was independent of temperature and followed a 

hopping mechanism, whereby they go from one ditrigonal cavity to another. This is in 

contrast to what was observed in simulations of lithium cations in bulk PEO, reported in the 

same paper, which showed a hopping motion at low temperatures and random Brownian-like 

diffusion at higher temperatures. In the simulations the authors found that the Li+ dynamics 

was driven by competitive adsorption of the U+ between the PEO chains and the clay 

surface, with correlation between the Li+ dynamics and the PEO segment dynamics. This 

study was backed by further experimental studies of 7Li and 23Na NMR by Reinholdt et al. 

[267], which confirmed that the dynamics ofLi+ described a hopping type motion. 
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CHAPTER III 

Experimental Details 

This chapter primarily deals with the methods and materials used for synthesizing different 
types of polymer electrolyte membranes. Synthesis techniques for the preparation of polymer 
electrolytes have been discussed in detail. This is followed by the discussion of the principles 
and specifications of different analytical techniques employed for the physico-chemical 
characterization of the synthesized materials. Various parameters related to Swift /l.eavy Ion 
(SHI) irradiation are mentioned in this chapter. 

3.1 Parent Materials 
Poly(ethylene oxide) PEO (Mw =600000), Poly(vynyledene fluoride) (Mw = 275000) PVdF, 

Poly(vynyledene fluoride-co-hexafluoropropylene) P(VdF-HFP) (Mw = 400000) polymers 

were procured from Aldrich Chemical Inc. (USA). Poly(methyl methacrylate PMMA) (Mw = 

15000) polymer was obtained from Himedia (India). The lithium salt, lithium perchlorate 

(LiCI04) was obtained from Aldrich Chemical Inc. (USA). Organic solvents propylene 

carbonate (PC) and diethyl carbonate (DEC) were procured from E-Merck (Germany). 

Aniline monomer for synthesis of polyaniline nanofibers was obtained from E-Merck 

(Germany). Montmorillonite (MMT) nanoclay was purchased from Aldrich Chemical Inc. 

(USA). 
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Figure 3.1: Chemical structure of different polymers used in the present work 
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Figures 3.1 and 3.2 show the structure of different polymers and plasticizers, respectively 

used to synthesize polymer electrolytes. Tables 3.1 and 3.2 show the basic physical 

properties of polymers and plasticizers. 

o 

H ~Jlo/'-..CH 
3 3 

Propylene carbonate (PC) Diethyl carbonate (DEC) 

Figure 3.2: Chemical structure of plasticizers used in the present work 

Table 3.1: Some physical properties of polymers used to synthesize polymer electrolytes. 

Polymer Glass Melting Tensile Dielectric Density 
transition point strength constant at (gm/cm) 

temperature 
(C) 

(N/mm2
) 

1 MHz Tg (oC) 

PEO -73 65 16-13 3.3 1.15-1.25 

PMMA 105 160 2.9-2.3 2.9 1.19 

PVdF -40 - (-30) 170 30-50 8.5 1.77 

P(VdF-HFP) -100 - (-90) 140 28-41 7.5 1.78 

Table 3.2: Some physical properties of organic plasticizers used to synthesize polymer electrolytes. 

Plasticizers Mol. Melting Boiling Viscosity Density Dielectric 
weight point (oC) point (C) 11 at 25°C 

(gm/cm) 
constant 

(mPa.s) 

PC 102.09 -48.8 242 2.53 1.2047 64.6 

DEC 118.l3 -43.0 126 0.748 0.9752 2.82 
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3.2 Sample Preparation 

Dedoped polyaniline (PAni) nanofibeis were synthesized by the interfacial polymerization 

technique [268]. The interfacial polymerization reaction was carried out in 30 ml glass vials. 

1M amount of aniline was dissolved in 10ml of organic solvent carbon tetrachloride (CCI4). 

Ammonium peroxydisulfate {(Nt4)2S20S} (0.25M) was dissolved in 10ml of double distilled 

water and dopant acid (HCI). The polyaniline nanofibers were dedoped with 1M NaOH. The 

electronic conductivity of P Ani nanofibers was measured with Keithley 2400 LV source 

meter. The electronic conductivity of doped nanofibers is of the order of 10-4 Scm-I, whereas 

after dedoping with NaOH solution the electronic conductivity was found to be of the order 

of 10-11 Scm-I. This confirms the insulating nature of dedoped polyaniline nanofibers. 

In polyaniline nanofiber reinforced polymer electrolytes solution casting technique 

was used, which consists ofthe foHowing steps: 

(i) All the polymers and the salt were vacuum dried for 24 hours prior to use 

(ii) PEO polymer as required was dissolved in acetonotrile. 

(iii) PVdF polymer was dissolved in dimethyl sulfoxide (DMSO). 

(iv) PMMA and P(VdF-HFP) polymers were dissolved in acetone or tetrahydrofuran. 

(v) Salt LiCI04 was dissolved in propylene carbonate (PC) and! or diethyl carbonate 

(DEC). PC has high dielectric constant (c-= 64.6) but has high viscosity (7] = 2.53), 

whereas DEC has low dielectric constant (&= 2.82) but has low viscosity (7] = 0.748). 

Combination of PC and DEC (1: 1 by volume) solvent was used as optimization for 

high dielectric constant (& = 33.71) and low viscosity (7] = l.639) to achieve high 

ionic conductivity. 

(vi) Both polymers and salt solution were mixed together in a beaker and magnetically 

stirred during continous heating for 7 -8 hours at 50°C. 

(vii) Polyaniline (P Ani) nanofibers as filler were added to the above polymer-salt solution 

as required and continuously heated and stirred at 50°C for another 7-8 hours to 

make the solution homogenous and viscous. 

69 



Madhuryya Deka Ph.D. Thesis, Tezpur University 

(viii) Above viscous solution was finally cast on glass plates / patri dishes and allowed to 

dry under vacuum. 

Polymer + Solvent 

(Acetonitrile! Acet 
oneffHFfDMSO) 

Polymer Solution 

Mixing of 
polymer and Salt 

Solution 

L 

Salt + Solvent 
(propylene 

carbonatelDiethyl 
carbonate) 

Salt Solution J 

Filler (pAni nanofibers) 
& Polymer-Salt Solution 

--Stirring and Heating at SO·C-+ 
.-------------~---. 

Homogeneous 
Viscous Solution 

without Filler 

Homogeneous 
Viscous Solution 

with Filler 

Casting on Glass Plate! 
Patri Dish 

Polymer Electrolyte 
Film 

Figure 3.3: Block diagram of solution casting technique for sample preparation. 

70 



Chapter III: Experimental DetJliJs 

In case of layered silicate (MMT) based nanocomposite electrolytes, solution 
intercalation technique was used, which consists of the following steps: 

(i) All the polymers, montmorillonite (MMT) clay and the salt were vacuum dried for 24 

hours prior to use. 

(ii) PEO polymer as required was dissolved in acetonotrile. 

(iii) PVdF polymer was dissolved in dimethyl sulfoxide (DMSO). 

(iv) PMMA and P(VdF-HFP) polymers were dissolved in acetone or tetrahydrofuran. 

(v) MMT was dispersed in THF. 

(vi) Both polymers and MMT were mixed together in a beaker and magnetically stirred 

during continuous heating for 7-8 hours at 50°C and then shear is supplied via 

sonication for half an hour. 

(vii) The viscous solution thus obtained was cast onto glass plates/patri dishes. 

(vi) The films thus obtained were dipped into a solution containing 1 M LiCI04 in 1: 1 

(v/v) of PC and DEC. 

Polymer + Solvent Organically modified 

(Acetonitrile/Acetone MMT + Solvent 
ITHFIDMSO) (THF) 

~ ~ 
Polymer Solution I MMT Solution 

L.j Mixing of polymer and MMT Solution ~ 

.~ 

~ Cast onto Glass PlateslPatri Dishes I • 
I Dipped into a Solution Containing 1M LiCI04 in 1:1 (VIV) of PC and DEC I 

Figure 3.4: Block diagram of solution intercalation technique of sample preparation. 
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Figures 3.3 and 3.4 show the block diagrams of solution casting and solution 

intercalation techniques, respectively to synthesize nanocomposites polymer electrolyte 

films. These procedures provided mechanically stable, free standing and flexible films of 

thickness in the range of 30 f.!m -1 mm. 

3.3 Furnace and Temperature Controller 

An indigenously built electrical resistive heating furnace comprising of an insulated heating 

element (Kanthal) uniformly wound on an alumina tube has been used. The resistance of the 

heating element was 30 Q. High temperature cement was applied over the windings to fix 

them in place. This tube was kept in cylindrical stainless steel container with one end closed, 

and the space between the tube and the wall of the container was filled with glass wool and 

plaster of pairs to make it perfectly insulating to prevent heat loss. Fixing circular asbestos 

followed by a wooden plate covered top end. 

A PID temperature controller (Nutronics, Model pp-3040) and a chromel-alumel 

thermocouple were used to control and measure the furnace temperature, respectively. The 

temperature was controlled to within ± 1°C. 

3.4 Sample Holder 

Figure 3.5 shows the photograph of the sample holder made up of stainless steel/copper and 

polymer (PVC) block. A stainless steel (SS) / Cu rod fixed with stainless steel / Cu base plate 

was passed through the center hole of the PVC block and fixed with a nut. Four stainless 

steel/copper rods were fixed on the four comers of the PVC block such that it touches the 

base plate. Spring arrangement was attached with lower part of each of the four rods to apply 

uniform pressure due to spring action to ensure a firm contact between the electrodes and the 

sample. In this sample holder conductivity measurement on four samples can be done 

simultaneously. These four rods and the base plate serve as blocking electrodes in measuring 

the ionic conductivity. The diameter of the bottom disc is ~ 1 cm. The sample is placed 

between the rod and base plate as shown in the figure 3.5. 
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Figure 3.5: Sample holder used in the present work. 

3.5 Conductivity Measurements 

Figure 3.6 shows the set-up for conductivity measurement employed In th is work. Hioki 

3532-50 LCR HiTester has been employed for the complex impedance (modulus Z and phase 

angle fJ) measurements. The instrument is interfaced with a computer to collect the data. It 

has a built-in frequency synthesizer and has a frequency range 42 Hz to 5 MHz. The 

impedance measurements were carried out at a temperature interval 5 °c from room 

temperature to 150 °C. Sufficient time was allowed at each temperature for thermal 

equilibrium and reproducibility of data. The ionic conductivity was subsequently obtained 

from the relation 

(3 .1 ) 
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where L is the thickness and A is the cross-sectional area of the polymer electrolyte sample 

disc. Rb is the bulk resistance obtained from the complex impedance plot. 

Figure 3.6: Conductivity measurement set-up. 

3.6 Transport Number Measurements 

Total ionic transference number of the nanocomposites gel polymer electrolytes was 

measured by Wagner's polarization technique [269] , which is used to determine the ionic 

contribution to the total charge transport by measuring the residual electronic current passing 

through the electrolytes. The Wagner polarization cell Ag/nanocomposites polymer 

electrolyte/ Ag was prepared to measure the transport number. A fi xed small dc potential (300 

m V) was appl ied across the blocking electrodes and the current passing through the cell was 

measured as a function of time for 6 hours to allow the samples to become fu lly polarized. 

Initial total current (h) , which is the sum of ionic (Ii) and electronic (Ie) currents (h = Ii + Ie) 

and final current after polarization, which is only the electronic current Ie were measured. 

The transference numbers (lion and lele) have been calculated using the relations 

(3.2) 
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telc = Ie / IT (3.3) 

3.7 X-ray Diffraction 

X-ray scattering and spectroscopy methods can provide a wealth of information concerning 

the physical and electronic structure of crystalline and non-crystalline materials in a variety 

of external conditions and environments. X-ray diffraction is one of the most widely used 

probes for crystal structure determination. This technique is based on the scattering of X-rays 

by crystals governed by the Bragg's law. Powder X-ray diffraction is used to determine the 

atomic structure of crystalline, semi-crystalline and amorphous materials without the need for 

large (~100 }lm) single crystals. X-ray diffraction patterns give information about crystal 

structure parameters like crystallite size (domain length in case of semi-crystalline polymers), 

d-spacing, diffraction planes, structure, phase and lattice constants. In addition to the crystal 

structure, XRD is applied for various other purposes such as chemical analysis, stress, strain, 

particle size measurements, phase equilibrium, determination of orientation for single 

crystals or the ensemble of orientations in a polycrystalline or polymeric aggregate, order­

disorder transformation etc. The intensities and angles of the diffracted X-ray beams are 

related to the atomic arrangement of the crystal. In case of polymeric materials, XRD is used 

to determine the proportions of the crystalline and amorphous phases in terms of the degree 

of crystallinity. X-ray diffraction is also used to determine the domain length in case of 

polymers. Polymers are semicrystalline materials. Their crystallinity is attributed to chain 

folding or to the formation of single or double helices, for at least part of their chain length 

[270]. This local range of order in polymer chains is referred to as the domain length (L) and 

can be in the range of angstroms (.A.). The X-ray diffraction patterns for the polymer 

electrolyte films reported in the present work have been recorded using a Rigaku Miniflex 

diffractometer with eu Ka radiation (1= 1.5406 A) shown in figure 3.7. The angular range 

spread over the region between 100 and 700 in 2(}, in steps of 0.050. The X-ray diffraction 

patterns have been used to determine the degree of crystallinity, d-spacings, domain length 

(L) and strain (&). The methodology adopted for the quantitative estimation of these structural 

details of the electrolyte films specifically the degree of crystallinity, d-spacings, domain 

length (L) and strain (&) are discussed in the next two subsections (Sections 3.7.1 and 3.7.2). 
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Figure 3.7: Rigaku Minitlex X-ray diffractometer installed at the Department of Physics, 
Tezpur University . 

3.7.1 Degree of Crystallinity 

Domain length (L) is a measure of the local range of order (ordering in a single polymer 

chain) of a polymer whereas the overall ordering in the polymer samples are generally 

described in terms of the degree of crystallinity. The degree of crystallinity gives quite a 

good estimation of the amount of crystalline phase present in a polymer sample. A typical X­

ray diffractogram for a polymeric material consist of a broad amorphous hump superimposed 

with some sharp peaks as shown in the figure 3.8 (a) . The total area under the diffractogram 

is the sum of the crystalline peaks and broad amorphous hump. 

If a typical X-ray diffractogram has two crystalline peaks with areas AI and A2 

superimposed on a broad amorphous hump with an area A3 as shown in fi gure 3.8 (b), then 

the degree of crystallinity (10 of the polymer will be 

(3.4) 

where ac and aA are proportionality constant for the crystalline and amorphous phases, 

respectively. Assuming ac = aA for reasonable accuracy in polymers, the equation (3 .4) for 

the degree (percentage) of crystallinity may be written as 
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AI + A2 A 
K = X 100% = -x 100% 

AI + A2 + A3 Ao 
(3.5) 

where A is the sum of the areas of all the crystalline peaks in the diffractogram and Ao is the 

total area under the diffractogram. In the present work, the area has been calculated by 

dividing the X-ray diffractogram into minute square grids (0.5 x 0.5 mm2
) and counting the 

number of grids. The degree of crystallinity of a polymer is affected by the secondary 

valence bonds that can be formed, the structure of the polymer chain (range of order), the 

physical treatment and the molecular weight of the polymer. 
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Figure 3.8: (a) Typical X-ray diffractogram of a semi-crystalline polymer and (b) XRD patterns 
showing the superposition of crystalline peaks and an amorphous hump. 

3.7.2 Calculation of d-spacing, Domain length (L) and Strain (E) 

The d-spacings have been deduced from the angular position 20 of the observed peaks in the 

X-ray diffraction patterns of the polymer electrolytes, according to the Bragg' s formula 
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A. = 2dsinO (3.6) 

Line broadening in the X-ray diffraction patterns may be attributed to two major 

factors: the size and strain components. The former depends on the size of coherent domains 

(or incoherently diffracting domains), which is not limited to the grains but may include 

effects of stacking and twin faults and sub-grain structures (small-angle boundaries, for 

instance); and the latter is caused by any lattice imperfection (dislocations and different point 

defects) [271]. The theory is quite general and has been successfully applied to all forms of 

materials, including oxides and polymers [272]. 

In the present work, the domain length (L) and strain (&) of polymer electrolytes have 

been calculated using a single line approximation technique employing Voigt function [273]. 

The measures of dispersion used in earlier studies of crystal imperfections by means of 

diffraction broadening have been the width of the line profile at half the maximum intensity 

(FWHM, 2w) and the integral breadth (/3). However, uncertainties arising from the correction 

of the instrumental broadened in the profile have led to the introduction of the Fourier and 

variance methods [274]. These methods allow a detailed and accurate analysis of 

imperfections to be undertaken, but are solely dependent on the quality of the data, necessary 

expertise and computing facilities that are available to analyze the data. 

A limitation in the use of the FWHM or integral breadth is the need to ascribe an 

analytical function to the line profiles. Earlier workers have assumed that they are Cauchy 

(Lorentzian) or Gaussian in form, but it has been demonstrated later on [275] that a closer 

approximation is given by the convolution of these curves, namely the Voigt function. The 

Voigt function has been adopted by many groups for an analysis of diffraction broadening 

based on the integral breadth of a single line and the approach has alsoa-been used to obtain 

the domain size and strain in deformed tungsten [273 and refs. therein). Langford has 

introduced an explicit equation for the Voigt function in 1978 [276], which shows that the 

breadths of the Cauchy and Gaussian components can easily be found from the ratio of the 

FWHM of the broadened profile to its integral breadth (2w/ /3). Later on Keijser et al. [273] 

reported that graphical methods or interpolation from tables can be avoided by using 

empirical formulae and thus the required calculations can be simplified greatly. While it is 

always desirable to use data from several reflections whenever practicable, the method can be 

used in single-line analysis. 
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The measured line profile h is the convolution of the standard profile g with the 

structurally broadened profile f Assuming, h,J and g to be Voigt functions [276], we get, 

(3.7) 

where subscripts C and G denote the Cauchy and Gaussian components of the respective 

Voigt profiles. From equation (3.7) it follows that the integral breadths of/c andfc are given 

by 

(3.8) 

The constituent Cauchy and Gaussian components can be obtained from the ratio 

2w/d for the hand g profiles. However, to avoid graphical methods or interpolation from 

tables, an empirical formula has been given as [273] 

/3c = (Go + Glrp + G2rp2)/3 

and 

(3.9) 

(3.10) 

where rp = 2w/ f3, Go = 2.0207, G I = -0.4803, G2 = -1.7756, bo = 0.6420, bl2 = 1.4187, 

bl = -2.2043 and b2 = 1.8706. 

The maximum error introduced by equations (3.9) and (3.10) is about 1 %, and in the 

majority of cases the error is much less than this. In order to separate size and strain effects, it 

has been assumed that the size and strain profiles have a Voigtian profile. If two or more 

reflections are available, size and strain effects can be determined from the variation of /3! 

and /3c! with hkl [276]. However in single line analysis it is assumed that the Cauchy 

component ofthe!profile is solely due to crystallite size (domain length in case of polymers) 

and that the Gaussian contribution arises from strain [277]. In a single-line analysis the 

apparent crystallite or domain length (L) is given by [273] 

L= A, 
/3/ cosO 

and the strain (6) is given as 

6= /3/ 
4tanO 

(3.11) 

(3.12) 
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where f3 is measured on 28 scale and, A is the wavelength of the radiation used and 8 is the 

angular position of the line. 

3.8 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful analytical tool for 

characterizing and identifying organic molecules, chemical bonds (functional groups) and the 

molecular structure of organic compounds. Figure 3.9 describes the layout of a simple FTIR 

spectrometer. The key modules of a FTIR spectrometer are the source, the Michelson 

interferometer and the detector. To use the FTIR instrument, the IR radiation from a 

continuous source is directed onto the sample of interest and the intensity is measured using 

an infrared detector. The Michelson interferometer provides the means for the spectrometer 

to measure all optical frequencies simultaneously. The interferometer modulates the intensity 

of the individual frequencies of radiation before the detector picks up the signal. 

Part of the infrared radiation is absorbed by the sample and the rest is transmitted. 

The wavelength of infrared radiation absorbed is characteristic of stretchinglbending 

vibrational modes of a chemical bond. The most useful range for identification of the 

compounds is the near and mid-infrared region as most of the molecular vibrations lie in 

these frequency regions. The resulting spectrum represents the molecular absorption and 

transmission, creating a molecular fingerprint of the sample with absorption peaks, which 

correspond to the frequencies of vibrations between the bonds of the atoms making up the 

material. Because each material is a unique combination of atoms, no two compounds 

produce exactly similar infrared spectra. Therefore, infrared spectroscopy can result in a 

positive identification (qualitative analysis) of different kind of materials. A single 

vibrational energy change is accompanied by a number of rotational energy changes, 

consequently vibrational spectra appear as bands rather than as discrete lines. 
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Samp.e Compllrtment ~ _____ --' 

Figure 3.9: layout of a typical FTiR spectrometer. 

Band positions are presented as wave numbers (in cm-I
). Band intensities are 

expressed either as transm ittance 'T, the ratio of the radiant power transm itted by the sample 

or the absorbance 'A', logarithm to the base 10 of the reciprocal of the transmittance, A = 

10glO(1I1). Determination of frequencies , at which the sample absorbs IR radiation, allows 

the identification of the sample' s chemical make-up, since functional groups are known to 

absorb radiation at specific frequencies. In addition, the size of the peaks in the spectrum is a 

direct indication of the amount of material present. With modem software algorithms, 

infrared is an excellent tool for quantitative analysis. 

The FTIR spectroscopy study of the various polymer electrolytes and their 

nanocomposites have been conducted for understanding the bond structure and different 

interactions taking place among the various constituents of polymer electrolytes. The FTiR 

spectra have been recorded using a Perkin Elmer spectrum 100 spectrophotometer and 

Nicolet Impact 410 spectroscopy installed at Tezpur University, Assam, India. 
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3.9 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is the premier tool for understanding the internal 

microstructure of materials at the nanometer level. Electrons have an important advantage 

over X-rays in that they can be focused using electromagnetic lenses. One can obtain real­

space images of materials with resolutions on the order of a few tenths to a few nanometers, 

depending on the imaging conditions, and simultaneously obtain diffraction information from 

specific regions in the images (e.g. small precipitates) as small as 1 nm [278]. 

Transmission electron microscope (TEM) uses a high voltage electron beam to create 

an image. The electrons are emitted by an electron gun, commonly fitted with a tungsten 

filament cathode as the electron source. The electron beam is accelerated by an anode 

typically at + 100 keY (40 to 400 keY) with respect to the cathode, focused by electrostatic 

and electromagnetic lenses, and transmitted through the specimen that is in part transparent 

to electrons and in part scatters them out of the beam. When it emerges from the specimen, 

the electron beam carries information about the structure of the specimen that is magnified by 

the objective lens system of the microscope. The spatial variation in this information (the 

"image") is viewed by projecting the magnified electron image onto a fluorescent viewing 

screen coated with a phosphor or scintillator material such as zinc sulfide. The image can be 

photographically recorded by exposing a photographic plate directly to the electron beam, or 

a high-resolution phosphor may be coupled by means of a lens optical system or a fiber optic 

light-guide to the sensor of a CCD (charge-coupled device) camera. The image detected by 

the CCD may be displayed on a monitor or computer. Resolution of the TEM is limited 

primarily by spherical aberration, but a new generation of aberration correctors has been able 

to partially overcome spherical aberration to increase resolution. Hardware correction of 

spherical aberration has allowed the production of images with reiJlution below 0.5 A (50 

pm) at magnifications above 50 millions [279]. The TEM studies have been carried out using 

lEOL JEM 100 CX II transmission electron microscope installed at the Sophisticated 

Analytical Instrumentation Facility (SAIF), North-Eastern Hill University (NEHU), Shillong, 

Meghalaya, India shown in figure 3.10. The micrographs have been taken at 100 kV 

accelerating voltage at different magnifications according to need. 
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Figure 3.10: (a) Transmission electron microscope (JEOL JEM 100 CXI\) at SAIF, NEHU , Shillong 
and (b) Scanning electron microscope (JEOL JSM 6390 LV) installed at Tezpur University used for 
acquiring electron micrographs in the present work. 

3.10 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is one of the most widely used instruments in 

materials research laboratories and is common in various forms in fabrication plants. The 

SEM study has been carried out using a JEOL JSM 6390 LV model scanning electron 

microscopy [shown in figure 3.10 (b)] installed at Central Instrumentation Facility (CIF), 

Tezpur University, Assam, India to examine the surface morphology and porosity. The 

micrographs have been taken at an accelerating voltage varying between 5- 15 kV and 

magnification is fi xed according to need from 2000X to 10000X. 

Scanning electron microscopy is central to microstructural analysis and therefore 

important to any investigation relating to the processing, properties, and behaviour of 

materials that involve their microstructure. The SEM provides information relating to 

topographical features, morphology, phase distribution , compositional differences, crystal 

structure, crystal orientation, and the presence and location of electrical defects [280]. The 

SEM electron beam is a focused probe of electrons accelerated to moderate ly high energy 

and positioned onto the sample by electromagnetic fields . The SEM optical column is 
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utilized to ensure that the incoming electrons are of similar energy and trajectory. These 

beam electrons interact with atoms in the specimen by a variety of mechanisms when they 

impinge on a point on the surface of the specimen. For inelastic interactions, energy is 

transferred to the sample from the beam, while elastic interactions are defined by a change in 

trajectory of the beam electrons without loss of energy. Since electrons normally undergo 

multiple interactions, the inelastic and elastic interactions result in the beam electrons 

spreading out into the material (changing trajectory from the original focused probe) and 

losing energy. This simultaneous energy loss and change in trajectory produces an interaction 

volume within the bulk. The signals resulting from these interactions (e.g. electrons and 

photons) will each have different depths within the sample from which they can escape due 

to their unique physical properties and energies. 

Lenses in the SEM are not a part of the image formation system but are used to 

demagnify and focus the electron beam onto the sample surface. This gives rise to two of the 

major benefits of the SEM: range of magnification and depth of field in the image. Depth of 

field is that property of SEM images where surfaces at different distances from the lens 

appear in focus, and thus provide three-dimensional information about the image [280]. 

The interaction of high energy electrons with the sample results i'n the generation of 

Backscattered electrons (BSEs) and Secondary Electrons (SEs). BSEs are electrons from the 

incident probe that undergo elastic interactions with the sample, change trajectory, and 

escape the sample. These make up the majority of electrons emitted from the specimen at 

high beam voltage and their average energy is much higher than that of the SEs. The 

intensity of the BSE signal is a function of the average atomic number (Z) of the specimen, 
... , ,~. 

with heavier elements (higher Z samples) producing more BSEs. The BSE intensity and 

trajectory are also dependent upon the angle of incidence between the beam and the specimen 

surface. The topography or physical features of the surface are then imaged by using these 

properties of the BSE signal to generate BSE topographic images. Secondary electrons (SEs) 

of low energy (typically 2 to 5 e V), on the other hand, are due to inelastic interactions and are 

influenced more by surface properties than by atomic number. The SE is emitted from an 

outer shell of a specimen atom upon impact of the incident electron beam. The depth from 

which SEs escape the specimen is generally between 5 and 50 nm due to their low energy. 

Secondary electrons are generated by both the beam entering the specimen and BSEs as they 

84 



Chapter III: Experimental Details 

escape the specimen; however, SE generation is concentrated around the initial probe 

diameter. Secondary electron intensity is a function of the surface orientation with respect to 

the beam and the SE detector and hence produces an image of the specimen morphology 

[280]. 

3.11 Swift Heavy Ion (SID) Irradiation 

Swift heavy ion (SHI) irradiation experiments have been carried out in the Material Science 

(MS) beam line at Inter University Accelerator Centre (IUAC), New Delhi under ultrahigh 

vacuum ~ 10-6 Torr. The swift heavy ions having high energies (> 1 MeV/u) are provided by 

the 15 UD Pelletron accelerator at IUAC [281]. 

The schematic view of the 15 UD Pelletron at IUAC and its different parts are shown 

in figure 3.11. It is basically a tandem electrostatic Van de Graff type accelerator, in vertical 

configuration, which can go up to a maximum terminal voltage of 16 MV and capable of 

accelerating any ion from proton to uranium up to an energy of around 200 MeV depending 

upon the suitable negative ion source and the charge state. The pelletron accelerator consists 

mainly of two parts: (a) ion source and (b) the accelerating column with many auxiliary parts 

in between. In the top portion of the tank there are three different ion sources, viz., R.F. 

source (ALPHA TROSS), Source of Negative Ions by Cesium Sputtering (SNICS) and direct 

extraction negative ion source (Duoplasmatron), which can produce different negative ions to 

be injected in pelletron tank. These three ion sources working on three different principles 

can produce almost every type of negative ions. Duoplasmatron works on the principle of gas 

discharge, SNICS uses surface ionization and R.F. source utilizes high frequency gas 

discharge. 

The negative ions emerging from the ion source are first accelerated to 250 keV by 

the high voltage deck p<?tential and different optical elements focus and inject the same into 

the vertical accelerating tube. The injector magnet does mass selection by bending the ions 

by 90° and then injects them into the accelerating tube. The singly ionized negative ions then 

follow a vertical downward path and get accelerated through the accelerating tube path. It 

consists of a vertical insulating cylindrical tank of height 26.5 m and diameter 5.5 m, filled 

with SF6 (Sulphur hexafluoride) at high pressure (> 200 psi) as an insulating gas. In the top 

portion ofthe tank there is an ion source system consisting of a high negative potential deck, 
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SNICS, vacuum system, power supplies and controls of the ion source required to produce 

and inject the negative ions into accelerating tank. The ion source system is followed by the 

high voltage accelerating terminal of height 3.18 m and diameter 1.52 m inside the tank. The 

terminal is connected to the tank vertically through ceramic titanium tubes called accelerating 

tubes. A potential gradient is maintained through these tubes from high voltage to ground, 

from top of the tank to the terminal as well as from the terminal to the bottom of the tank. 

The insulating column which supports the high potential terminal consists of thirty 1 MV 

modules, 15 on either side of the terminal. The upper portion of the column is referred to as 

low energy section and the portion below the terminal as the high energy section. The shorted 

section with no potential gradient, commonly known as the Dead Section, is provided each in 

the low and high energy sections for equipment housing. Both are provided with an electron 

trap and a sputter ion pump. 
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Figure 3.11: Schematic diagram showing the principle of acceleration of ions in a Pelletron 
(Courtesy: http:/ www.iuac.res.inlinfrastructure/accelerators/pelletronlindex.htm) 
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The beam energy gained by the ion in the accelerating tube at the end of the tube is 

determined by, 

Ebeam = (q + l)Vr (3 .13) 

where VT is the terminal voltage, q is the number of positive charges on the ion after 

stripping. These high energy ions were analyzed to the required energy with the help of 90° 

bending magnet known as analyzer magnet and directed to the desired experimental area 

with the help of switching magnet, which can deflect the beam into anyone of the seven 

beam lines in the beam hall for the experiments. 

Figures 3.12 (a, b) shows the Materials Science (MS) beam line and the samples 

loaded on a ladder. For ion irradiation, the samples of area I cm x I cm are mounted on a 

sample holder (ladder) made up of copper. The ladder in the Material Science (MS) chamber 

is rectangular and 24 samples can be loaded with six samples on each side at a time. After 

sample loading the ladder is inserted in the MS vacuum chamber. Vacuum inside the 

irradiation chamber is maintained with the help of a rotary and turbo-molecular pump at ~ 10' 

6 torr during irradiation. All the samples in the present work have been irradiated at normal 

beam incidence. 

Figure 3.12: Photographs of (a) the high vacuum irradiation chamber in the Material s Science (MS) 
beam line at lUAC and (b) sample loaded in the ladder used for irradiatingthe samples. 
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3.11.1 Parameters Related to Ion Irradiation 

Fluence (tf) 

It is defined as the total number of irradiating ions incident per square centimeter 
(ions/cm2

) of sample. It varies from sample to sample depending upon its size and material. 

Fluences are calculated using the following formula 

Fluence = [Time (t) x beam Current x pnA] / Charge State (3.14) 

Beam currents for ion irradiation experiments are usually taken in the range from 2-5 

nA. 

Counts 

1 pnA (particle nano-ampere) = 10-19 CouVsec / 1.6 x 10-19 Coul 

= 6.25 x 109 particles / sec (3.15) 

During ion irradiation process, fluences are recorded by using a counter. Following 

relation relates the counts and the tluences 

Counts = ¢qe/S (3.16) 

Where fjJ is the tluence 

q is the charge state of ion beam, 

e is the electronic charge (1.6 x 10-19 Coulomb) 

S is the scale of counter 

Beam energy 

The energy of the accelerated ion beam depends on charge sta'rn~( q) of the ion and the 

terminal potential VT 

(3.17) 

For the 15 UD Pelletron at Inter University Accelerator Center (IUAC), New Delhi, 

the terminal potential (VT) is in the range of 10 MeV to 15 MeV and Injector potential (V;nJ) 

is in the range 250 to 350 keV. The projected range of90 MeV 0 7
+ ions that has been used to 

irradiate polymer electrolyte films in the present work is 100 )lm as calculated from SRIM-

98 code (Stopping and Range of ions in matter). The thickness of polymer electrolyte 
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samples (30-90 Ilm) was kept less than the range calculated by SRIM programme so that all 

the incident ions cross the sample. 
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CHAPTER IV 

[PMMAI P(VdF-HFP)] based Nanocomposite Gel Polymer 
Electrolytes Dispersed with Dedoped (Insulating) PAni 

Nanofibers 

The aim of the present chapter is to investigate whether the dispersion of dedoped 
(insulating) polyaniline (P Ani) nanofibers affect the ion transport properties of P MMA 
P(VdF-HFP) based composite polymer electrolytes. By analysis of SEM, XRD, impedance 
spectroscopy and FTIR results it has been demonstrated that the incorporation of dedoped 
PAni nanofibers up to a moderate concentration to PMMAlP(VdF-HFP)-(PC+DEC)­
LiCI04 gel polymer electrolyte system significantly enhance the ionic conductivity and 
interfacial stability of the electrolyte system. At higher concentration dedoped nanofibers 
appear to get phase separated and form insulating clusters, which impede ionic transport. 
The pores in the polymer matrix are greatly widened by the nanofibers due to their high 
aspect ratio (>50) and the ions get extra free volume for movement. 

Nanocomposite gel polymer electrolytes can be formed by polymer, plasticizer, salt and 

dispersed inorganic or organic nano-sized particles have been the subject of great deal of 

research in the last few years because of their potential importance in the development of 

solid state batteries as discussed in chapter I. 

In this chapter an attempt has been made to study the electrical and electrochemical 

properties of P(VdF-HFP)-(PC+DEC)-LiCI04 and PMMA-(PC+DEC)-LiCI04 based gel 

electrolytes dispersed with dedoped (insulating) polyaniline (P Ani) nanofibers. Ionic 

conductivity of the nanocomposite gel polymer electrolytes have been measured by complex 

impedance analysis described in Chapter II. The nature of conductivity of the nanocomposite 

gel polymer electrolytes was determined by transference number measurements using 

Wagner polarization technique with polymer electrolyte films sandwiched between graphite 

blocking electrodes. The transference number was found to be ~ 0.98 indicating that 

conductivity was essentially ionic in nature. X-ray diffraction patterns of the prepared films 

were obtained by Rigaku mini flex diffractometer at room temperature. Surface morphology 

of the composite electrolytes was studied by using scanning electron microscope (SEM) 

(JEOL 6390 LV). The size of PAni nanofibers was determined by TEM (JEOL-TEM-l 00 

CXII). The interfacial stability of nanocomposite polymer electrolytes was studied by 
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fabricating stainless steel/polymer electrolyte/stainless steel cells at room temperature and 

was monitored for 18-20 days. The anodic decomposition voltage was determined by linear 

sweep voltammetry using electrochemical workstation. FTIR was conducted using Perkin 

Elmer spectrum 100 spectrophotometer using KBr pellets. 

4.1 TEM Studies 

Figure 4.1 shows the TEM micrograph of PAni nanofibers. From the figure it is observed 

that nanofibers are composed of randomly packed polymer chains. As the PAni nanofibers 

are synthesized by interfacial polymerization, no overgrowths of polyaniline on the nanofiber 

scaffolds take place and nanofibrillar morphological units are formed. The diameter and 

length of the nanofibers are in the range of 20 to 30 nm and more than 1,000 nm, 

respectively. 

200 nm 

Figure 4.1: TEM image of de doped PAni nanofibers. 

4.2 Ionic Conductivity Measurements 

Ionic conductivity of as-prepared nanocomposite gel polymer electrolytes was obtained from 

the complex impedance measurements as described in Chapter II. Figures 4 .2 (a & b) show 

the impedance plot ofPMMA-(PC + DEC)-LiCI04 -x% dedoped PAni nanofibers (x = 2, 4, 

6 and 8) and P(VdF-HFP)-(PC + DEC)-LiCI04 - x% dedoped PAni nanofibers (x = 2, 4, 6, 8 

and 10) composite polymer electrolytes at room temperature, respectively. The impedance 

spectra comprise a distorted semicircular arc in the high frequency region followed by a 
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spike in the lower frequency region. The high frequency semicircle is due to the bulk 

properties and the low frequency spike is due to the electrolyte and electrode interfacial 

properties. The bulk electrical resistance value (Rb) is calculated from the intercept at high 

frequency side on the Z axis. The ionic conductivity is calculated from the relation (J = 

II Rbr27r; where I and r are thickness of polymer electrolyte membrane and radius of the 

sample membrane discs and Rb is the bulk resistance obtained from complex impedance 

measurements. 
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Figure 4.2: Complex impedance spectra of (a) PMMA-(PC+DEC)-LiCI04-x% dedoped 
nanofibers (x = 2, 4, 6 and 8 ) and (b) P(VdF-HFP)-(PC+DEC)-LiCI04-x% dedoped 
nanofibers (x = 2, 4, 6, 8 and 10 ). Insets show the Nyquist plots for x=O. 

PAni 
PAni 

It is observed that the (Jionic increases with increase in concentration of nanofibers in 

both the cases. Maximum conductivity was found to be 2.1 x 10-3 Scm· 1 for PMMA-{pC + 

DEC}-LiCI04 -x% dedoped PAni nanofibers at x = 4 wt. % while P(VdF-HFP}-(pC + 

DEC}-LiCI04 -x% dedoped PAni nanofibers exhibits the highest conductivity of 6.3 xl 0.3 

Scm-I for x = 6 wt. % at room temperature. These conductivity values are over one order 

higher as compared to that for polymer electrolyte without nanofibers in both the cases. 

However, as the filler (dedoped nanofibers) concentration increases beyond that, the ionic 

conductivity decreases. The variation of ionic conductivity as a function of nanofibers is 

shown in figures 4.3 (a & b). 
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Figure 4.3: Variation of ionic conductivity with nanofiber concentration (a) PMMA-(PC+DEC)­
LiCI04-x% dedoped PAni nanofibers (x = 0, 2, 4, 6 and 8) and (b) P(VdF-HFP)-(PC+DEC)­
LiCI04-x% dedoped P Ani nanofibers (x = 0, 2, 4, 6, 8 and 10). 

The enhancement up to a certain wt. % of nanofiber concentration seems to be 

correlated with the fact that the dispersion of dedoped P Ani nanofibers to the polymer matrix 

prevents chain reorganization due to the high aspect ratio of nanofibers resulting in reduction 

in polymer crystallinity, which gives rise to an increase in ionic conductivity. The reduction 

in crystallinity upon addition ofPAni nanofibers up to 4 wt. % and 6 wt. % in case ofPMMA 

and P(VdF-HFP), respectively is consistent with XRD results, which will be discussed in the 

next section. For gel polymer electrolyte systems porosity is one of the main factors that 

govern the ionic transport properties by the movement of ions through the liquid environment 

in the porous structure of the polymer. It is known that plasticized polymer electrolytes show 

highly porous structure created by plasticized rich phase [163]. When dedoped PAni 

nanofiber is incorporated in the porous membrane, the movement of Li+ ion through the 

pores is facilitated by the filler due to formation of conduction path at the polymer-filler 

interface resulting in higher conductivity. The filler-polymer interface is a site of high defect 

concentration providi~g channels for faster ionic transport. The structure and chemistry of 

filler-polymer interface may have even more important role than the formation of amorphous 

phase in the electrolyte [114]. 

On the other hand, the decrease in ionic conductivity for nanofibers at higher fraction 

of nanofibers can be attributed to the blocking effect on the transport of charge carriers due to 
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the phase separation of nanofibers. The phase separation phenomenon will be discussed with 

the help of XRD results in the next section. 
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Figure 4.4: logO' vs. temperature inverse curves of (a) PMMA-(PC+DEC)-LiCl04-x% 
dedoped PAni nanofibers (x = 0, 2, 4, 6 and 8) and (b) P(VdF-HFP)-(PC+DEC)-LiCI04-X% 
dedoped P Ani nanofibers (x = 0, 2, 4, 6, 8 and 10). 

Figures 4.4 (a & b) show the conductivity versus temperature inverse plots of 

polymer electrolyte films in the temperature range from 25°C to 80 °C. The figures show 

that the ionic conduction in nanocomposite polymer electrolytes obeys the Arrhenius relation 

[282] 

u = Uo exp (-Ea IkT) (4.1) 

where u, Uo, Ea, k and T are the ionic conductivity, pre exponential factor, activation energy, 

Boltzmann constant and absolute temperature, respectively. As expected the increase in 

temperature leads to increase in ionic conductivity because as the temperature increases the 

polymer chains flex at increased rate to produce larger free volume, which leads to enhanced 

polymer segmental and ionic mobilities. The enhancement of ionic conductivity by the 

dedoped PAni nanofibers can be explained by the fact that the nanofibers inhibit the 

recrystallization kinetics, helping to retain the amorphous phase down to relatively low 

temperatures. 
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4.3 X-Ray Diffraction (XRD) Analysis 

X-ray diffraction patterns of pure PMMA, pure P(VdF-HFP) and pure dedoped PAni 

nanofibers are presented in figure 4.5. Figure 4.6(i) shows the XRD patterns of PMMA­

(pC+DEC)-LiCI04-.t>1o dedoped PAni nanofibers (x = 2, 4, 6 and 8) while figure 4.6(ii) 

shows the XRD patterns of pure P(VdF-HFP) and P(VdF-HFP) -(pC+DEC)-LiCI04-x% 

dedoped P Ani nanofibers (x = 2, 4, 6, 8 and 10). Two characteristics peaks are observed at 

(100) 

(e) 

(b) 

(a) 

10 20 30 40 50 60 70 
29 (degree) 

Figure 4.5: XRD patterns of (a) pure PMMA, (b) pure 
P(VdF-HFP) and (b) pure dedoped PAni nanofibers. 

28=19.5° and 23° for pure dedoped P Ani nanofibers. However, there is hardly any peak 

bserved in case of pure PMMA. In case of pure P(VdF-HFP) the peaks at 28=20° and 38° 

correspond to (020) and (202) crystalline peaks of P(VdF) [283]. This is a confirmation of 

partial crystallization of the PVdF units in the copolymer to give an overall semi-crystalline 

morphology for P(VdF-HFP). Addition of dedoped PAni nanofibers in polymer electrolytes 

increases the amorphicity of the composites up to x = 4 wt. % for PMMA and x = 6 wt. % for 

P(VdF-HFP) based electrolytes. This is due to fact that addition of nanofibers prevents 

polymer chain reorganization causing significant disorder in the polymer chains, which 

promotes the interaction between them [164]. 
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Figure 4.6: XRD patterns of (i) PMMA-(PC+DEC)-LiCI04-x% dedoped PAni nanofibers: (a) 
x=2, (b) x=4, (c) x=6 and (d) x=8 and (ii) P(VdF-HFP)-(PC+DEC)-LiCI04-x% dedoped PAni 
nanofibers: ( a) x=2. (b) x=4. ( c) x=6. (d) x=8 and (e) x= 1 O. 

However, beyond 4 wt. % of nanofibers for PMMA and 6 wt. % for P(VdF-HFP) 

concentration the peaks due to PAni nanofibers reappear and the crystallinity of the 

composite increases. This reveals that beyond the critical concentration, nanofibers get phase 

separated from polymer electrolyte phase and start forming insulating clusters, which impede 

the ion motion resulting in decrease in ionic conductivity. 

4.4 Morphological Studies 

Scanning electron micrographs of pure PMMA, PMMA-(PC + DEC}--LiCI04 -x<'10 dedoped 

PAni nanofibers (x = 4 and 8), pure P(VdF-HFP) and P(VdF-HFP)-{pC + DEC}--LiCI04 -x% 

de doped PAni nanofibers (x = 4 and 8) composite gel polymer electrolytes are shown in 

figures 4.7 (a-f). It is observed that pure PMMA and pure P(VdF-HFP) show highly porous 

structure with uniform pore distribution. With the addition of plasticizer and filler (P Ani 

nanofibers) up to 4 wt. % in PMMA and 6 wt. % in P(VdF-HFP) based electrolytes, pore 

distribution on the surface of the polymer electrolytes becomes denser with larger pore size 

[Figures 4.7(b & e)] while porous structure is almost vanished at 8 wt. % of nanofibers 

content for PMMA and 10 wt. % of nanofibers content for P(VdF-HFP). In composite gel 

polymer electrolytes the porous structure gives conducting pathways for Lt ions movement 
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[163]. The high aspect ratio of nanofibers remarkably increases the pore density and widens 

the porous structure of the polymer electrolytes. 

Figure 4.7: SEM image of (a) pure PMMA, PMMA-(PC+DEC)-LiCI04-x% dedoped PAni 
nanofibers: (b) .x=4, (c) x==8, (d) pure P(YdF-HFP) , P(YdF-HFP) -(PC+DEC)-LiCI04-x% 
dedoped PAni nanofibers: (e) x=6 and (f) x== I o. 
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The above phenomenon is possibly due to the fact that the dedoped nanofibers try to 

occupy the pores in the gel polymer electrolyte and in the process pore distribution becomes 

denser. Highly porous structure leads to better connectivity of the liquid electrolyte through 

the pores accounting for· the increase in ionic conductivity. Highly porous surface 

morphology of the polymer electrolytes is effectively formed on account of the interaction of 

dispersed PAni nanofibers with polymer component as well as the affinity with solvent 

molecules [284]. However, beyond the critical concentration of filler content the nanofibers 

get phase separated from the PMMA matrix and form insulating clusters, which leads to the 

decrease of pore size. 

4.5 FTIR Analysis 

FTIR has been used to study the chain structure of polymers and has led the way in 

interpreting the reaction of multifunctional monomers including rearrangements and 

isomerizations. The wavelength and frequency of the peak represents the electronic structure 

of an atom in a compound. Therefore, the interactions among the atoms or ions in the 

electrolyte system will induce changes in the electronic and vibrational levels of the atoms, 

resulting in the influence of the spectrum [285]. The FTIR spectra of pure PMMA and 

PMMA-(pC+DEC)-LiCI04 at different fraction of nanofiber concentration are shown in 

figure 4.8. Since the carbonyl group (C=O) is a strong electron donor within the PMMA­

based polymer electrolyte, the Lt-ions tends to form a complex with the oxygen atom of the 

carbonyl group [286]. For pure PMMA the peak at 1730 cm-1 is due to the free C=O group of 

the PMMA. With the addition of nanofibers the peak intensity decreases up to 4 wt. % of 

nanofibers content and then again increases with further increase of nanofibers. The decrease 

of this peak intensity can be ascribed to the strong interaction between c=o group of 

polymer and Li+ cation [287]. The peak at 1242 cm -1 is assigned to symmetric vibrations of 

C-O-C bond. Here also a decrease of peak intensity is observed with addition of nanofibers 

due to the interaction between Li+ ion and oxygen atom of C-O-C bond in the polymer chain, 

the peak at 780 cm-1 and 650 cm-1 are assigned to CH2 rocking mode and Li+, CI04- ion pair, 

respectively. 
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Figure 4.8: FTIR spectra of (a) pure PMMA and PMMA­
(PC+DEC)-LiCI04-x% dedoped PAni nanofibers: (b) x=2, (c) 
x=4, (d) x=6 and (e) x= 8. 

The intensity of the ion pair decreases gradually with increasing the nanofibers 

content and it indicates the higher dissociability of the lithium salt. After incorporation of 

LiCI04 peak at 3590 cm-! due to C-H stretching of pure PMMA gets shifted to 3600 cm-!. 

As the concentration of nanofibers increases this peak is shifted to the higher frequency of 

3670 cm-! indicating a strong interaction between various constituents of polymer 

electrolytes. 

Figure 4.9 shows the FTIR spectra of P(VdF-HFP) and P(VdF-HFP)-(PC+DEC)­

LiCI04-x% dedoped P Ani nanofibers at different fraction of nanofiber concentration. 

Frequency 1790 cm-! is assigned -CF=CF2, -C-O-CO-O-C- group. Frequencies 1486 cm-! 

and 1394 cm-! are assigned to -CH3 asymmetric bending and C-O stretching vibration of 

plasticizer propylene carbonate and diethyl carbonate. Frequencies 1286-1066 cm-! are 

assigned to -C-F- and -CF2- stretching vibration. Frequency 881 cm-! is assigned to 

vinylidene group of polymer. The vibrational peaks ofPVdF are shifted to (1786,1391,882, 
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837 cm- I
) in the polymer electrolyte. The C-H symmetric and asymmetric bending 

frequencies are observed around 3000 cm- I in pure P(VdF-HFP). However, after 

incorporating dedoped P Ani nanofibers the corresponding bands in the electrolyte systems 

show a large shift (3021 cm- I
) in higher frequency region, which is a characteristic of highly 

disordered conformation [288]. This is in good agreement with the XRD results. 
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Figure 4.9: FTIR spectra of (a) pure P(VdF-HFP) and 
P(V dF-HFP)-(PC+DEC)-LiCI04-x% dedoped PAni 
nanofibers: (b) x=2, (c) x=4, (d) x=6, (e) x= 8 and (f) x=1O. 

4.6 Electrochemical Analysis 

Linear sweep voltarnmetry (LSV) measurements conducted usmg the LilCPEILi cell 

configuration for determination of the electrochemical stability window of the electrolyte 

systems are presented in figures 4.10 (a & b). The measurements were carried out from 2 to 6 

V at a scan rate of O.lmVs-l. The onset of the current identifies the anodic decomposition 

voltage of the electrolytes. It is observed that for PMMA based electrolyte system (Figure 

4.IOa) the decomposition voltage increases with increase in nanofiber loading and 

commences at about 4.6 V for 4 wt. % nanofiber content, as compared with 4.3 V for the 

nanofiber-free electrolyte. Similarly for P(VdF-HFP) based electrolyte system (Figure 4.10b) 

100 



Madhuryya Deka Ph.D. Thesis, Tezpur University 

the decomposition voltage commences at about 4.7 V for a 6 wt. % nanofiber content, as 

compared with 4.5 V. Thus there is an improvement in the voltage stability factor in the 

electrolyte films containing nanofibers. It is well known that the anodic stability window is 

limited by irreversible oxidation of the salt anion [289]. The Lewis acid sites on the anionic 

surface of nanofibers can interact with CI04- (Lewis base), thereby enhancing the 

electrochemical potential window by retarding decomposition of the lithium salt anion. This 

working voltage range (i.e., electrochemical potential window) appears to be sufficient for 

application of the nanocomposite gel polymer electrolyte films as a solid-state 

separator/electrolyte in Li-ion batteries. 

Compatibility of nanocomposites polymer electrolyte with electrode materials is an 

important factor for polymer battery applications. In order to improve the interfacial stability 

of polymer electrolytes before and after incorporating dedoped PAni nanofibers, the ionic 

conductivity was measured by fabricating stainless steel/polymer electrolyte 

membrane/stainless steel cells at room temperature and monitored for 18-20 days. Polymer 

electrolytes without nanofibers and containing 4 wt. % and 6 wt. % of dedoped PAni 

nanofibers for PMMA based nanocomposites electrolytes and P(VdF-HFP) based 

nanocomposites electrolytes have been selected to observe the effect of nanofiber on 

interfacial stability and the results are shown in figures 4.11 (a & b). 
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Figure 4.10: Linear sweep voItammetry (LSV) of (a) PMMA-(PC+DEC)-LiCI04-x% dedoped 
PAni nanofibers (x = 0, 2 and 4) and (b) P(VdF-HFP)-(PC+DEC)-LiCI04-x% dedoped PAni 
nanofibers (x = 0, 2, 4 and 6). 
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Figure 4.12: Schematic representation of electrode/polymer 
electrolyte interfacial passivation (a) wi thout and (b) with dedoped 
PAni nanofi bers. 
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It reveals that ionic conductivity of both the electrolytes decreased with time but 

decrease of ionic conductivity in the polymer electrolyte without nanofibers is much larger as 

compared to that of polymer electrolytes containing nanofibers. This result confirms that the 

interfacial stability of the polymer electrolyte containing nanofibers is better than that of 

without nanofibers. This can be attributed to the fact that when nanofibers are added 

passivation of polymer electrolyte due to reaction with electrode material decreases. High 

aspect ratio (> 50) nanofibers get accumulated on the surface of the electrode and effectively 

impede the electrode electrolyte reaction [290]. Figure 4.12 schematically depicts that when 

de doped (insulating) nanofibers are incorporated in the polymer electrolyte the electrolyte 

does not make direct contact with the electrode, which increases the interfacial stability. 

4.7 Summary 

Dedoped PAni nanofibers have been dispersed in PMMA and P(VdF-HFP)-based gel 

electrolytes to modify the electrical and electrochemical properties. The addition of dedoped 

PAni nanofibers on PMMA-(pC+DEC)-LiCI04 system significantly enhances the ionic 

conductivity up to 4 wt. % and 6 wt. % ofnanofibers fraction for PMMA and P(VdF-HFP), 

respectively as revealed by ac impedance analysis. XRD analysis reveals that amorphicity 

increases upon addition of nanofibers, which could be attributed to the reduction in chain 

reorganization of polymer by nanofibers. Higher amorphicity provides higher flexibility to 

the polymer chains and mobile ions achieve greater free volume giving rise to higher ionic 

conductivity. However, at higher filler content [> 4 wt. % for PMMA and> 6 wt. % for 

P(VdF-HFP)] conductivity decreases because the dedoped nanofibers get phase separated out 

and start forming insulating clusters that encumber ion movement. SEM results show that 

nanofibers remarkably increase the pore density and widens the porous structure of the 

polymer electrolytes. This has been attributed to the fact that the dedoped nanofibers try to 

occupy the pores in the gel polymer electrolyte and in the process pore distribution becomes 

denser. Highly porous structure leads to better connectivity of the liquid electrolyte through 

the pores accounting for the increase in ionic conductivity. The interfacial stability and 

electrochemical potential window of the nanofibers dispersed polymer gel electrolyte 

membranes are observed to be higher than that of gel polymer electrolytes without 

nanofibers. FTlR spectra reveal various interactions, which take place among different 
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constituents of polymer electrolytes. The enhanced properties like higher ionic conductivity 

at ambient temperature and improved interfacial stability make PMMA-{pC + DEC}-LiCI04 

-4% dedoped PAni nanofibers and P(VdF-HFP}-(pC + DEC}-LiCI04 -6 wt. % particularly 

attractive for technological applications in rechargeable lithium batteries. 
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CHAPTER V 

PEOIP(VdF-HFP) Blend based Microporous Gel and 
Nanocomposite Polymer Electrolytes 

This chapter mainly describes the ionic transport properties of PEOIP(VdF-HFP) blend 
based polymer electrolyte systems. The chapter consists of two parts. First part deals with 
the microporous polymer electrolyte (MPE) comprising blends of PEO and P(VdF-HFP) 
prepared by phase inversion technique. Addition of P EO improved the pore configuration, 
such as pore size, pore connectivity and porosity of P(VdF-HFP) based membranes. The 
liquid electrolyte uptake was found to increase with increase in porosity and pore size. The 
highest porosity of about 65% and ionic conductivity of about 6.85 x 10-4 Scm -/ was obtained 
when the weight ratio of P EO was 40 wt. %. In the second part effect of dedoped polyaniline 
(PAni) nanojibers on the ionic transport and electrochemical properties of PEOIP(VdF­
HFP) based electrolytes have been discussed. The ionic conductivity of PEO-P(VdF-HFP)­
LiCl04 electrolyte system increases with increase in the fraction of dedoped P Ani nanojibers 
up to a critical fraction. Beyond the critical concentration the P Ani nanojibers get phase 
separated out as discussed in the previous chapter. 

Polymer blends often exhibit properties that are superior compared to the properties of the 

individual components [291-293]. Main advantages of blend systems are simplicity of 

preparation and ease of control of physical properties by compositional change [293, 294]. 

The miscibility of polymer blend is an important factor for obtaining the desired properties. 

There are several specific factors contributing to the miscibility of polymer blends, such as 

polarity, specific group attraction, molecular weight, blend ratio and crystallinity of the 

components [295]. Choi et al. [296] developed a model based on modified perturbed hard 

sphere chain theory and melting point depression theory to describe the phase behaviors of 

the blend-based polymer electrolyte composed of polyethylene oxide, polypropylene and 

salts. Unfortunately, these models only described the phase diagram between the polymer 

and salt, and did not give any suggestion on the miscibility of polymers in polymer blend in 

the presence of salts (such as the miscibility of PEO and PPO). For polymer blend based 

electrolytes, the addition of salt into polymer blend can influence the miscibility of the 

polymer blend via forming multi polymer/cation coordination. However, there are no 

thermodynamic models to describe miscibility for polymer blend electrolytes with salts. 
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Experimentaly, the techniques used in the study of the miscibility and morphology of 

polymer blends include optical microscopy, DSC, FTIR, SAXS, SEM, TEM and AFM. 

Among them, optical microscopy, SEM, TEM and AFM can directly provide the observation 

of the phase morphology of the immiscible or miscible blends. They are selectively used 

depending on the phase separation scales. In DSC, the Tg shift, melt temperature depression 

and heat of fusion of the blends can indicate the interaction between polymer pairs. If they 

are completely miscible, only one Tg can be found which is between the Tg of the each parent 

component. 

The conception of blended polymers for the use of lithium-ion cell electrolyte was 

demonstrated by Rhoo et al. [297] with a poly(vinyl chloride) (PVC)/poly(methyl 

methacrylate) (PMMA). Furthermore, Kim et al. [298] examined the electrochemical 

characteristics of a Li-ion polymer cell, which used a PVC/PMMA polymer electrolyte. PVC 

is able to provide a rather rigid framework in the polymer electrolyte films because of its 

poor solubility in the liquid electrolyte. Recently, some of the polymer blend electrolytes 

such as (PVC-PV dF) [299] and (PV A-PAN) [300] etc. has been studied by adopting solvent 

casting technique. These polymer electrolytes satisfy most of the properties required for 

battery applications. 

In recent years microporous polymer films have been found to have high ionic 

conductivity [30]-304]. The pores are believed to trap liquid electrolyte [30]]. Methods to 

produce microporous morphology include use of solvent/non-solvent mixtures [30]] or 

highly volatile plasticizers [303]. Huang et al. proposed a new polymer electrolyte based on 

PVDF-HFP/PS (PS: polystyrene) blends [305]. When cast from a solvent/nonsolvent 

(BuOH) mixture, micron size pores are created from a phase separation process. This is a 

novel way to prepare polymer films with different porosity. 

In this chapter we have investigated the ionic transport properties of two systems viz. 

PEO-P(VdF-HFP)-(PC+DEC)-LiCI04 synthesized by phase inversion technique with 

varying PEO content and PEO-P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni nanofibers 

synthesized by solution casting technique with varying nanofibers content. In the first system 

samples were prepared by dissolving P(VdF-HFP) and PEO in a mixture of acetone (solvent) 

and ethanol (non-solvent) (v/v = 8/2). After stirring for 4-5 hours at 40°C, the resulting 

homogeneous mixture was cast onto ultrasonically cleaned glass plate and allowed to dry at 
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room temperature for 5-6 hours. In the drying process, solvent (acetone) and non-solvent 

(ethanol) evaporated and the empty locations of ethanol form micro-pores. Finally opaque 

freestanding membranes were obtained. The concentration of PEO was varied from 10 to 60 

wt. % and the membranes used in the study were denoted as P(VdF-HFP)-x% PEO (x = 10, 

20, 30, 40, 50, 60). 

The liquid electrolyte used in this study was 1 M LiCI04 in I: 1 (v/v) mixture of 

propylene carbonate (PC) and diethyl carbonate (DEC). Weight uptake of P(VdF-HFP)-x % 

PEO blend microporous membranes were measured as a function of soaking time in liquid 

electrolyte to activate porous polymer membranes for 6 h and calculated as follows [306] 

Weight uptake (%) = (Wt - Wo)/Wo x 100 (5.1) 

where Wi and Wo are the weight of the wet and dry polymer membranes, respectively 

Porosity of P(VdF-HFP)-x% PEO membranes was measured by immersing the 

membrane into I-butanol for 2 h and calculated using the following equation [307] 

Porosity (%) = (Wt - Wo)/pV x 100 (5.2) 

where Wi and Wo are the weight of the wet and dry polymer membranes, respectively. V is 

the apparent volume of the membrane. p is the density of I-butanol. 

In the second system the samples were prepared by solution casting method by 

varying the ratio ofnanofibers as discussed in chapter III. The surface morphology ofP(VdF­

HFP)-x% PEO blend microporous membranes and PEO-P(VdF-HFP)-(PC+DEC)-LiCI04-

dedoped PAni nanofibers electrolytes were studied by scanning electron microscopy (SEM) 

using Jeol model JSM 6390 LV. The ionic conductivity of the microporous polymer 

electrolytes were determined from the complex impedance plots obtained by using a Hioki 

3532-50 LCR Hitester in the frequency range 42 Hz to 5MHz. X-ray diffractograms were 

studied by Rigaku miniflex diffractometer. FTIR studies have been conducted to investigate 

the structural and complexation in the microporous polymer electrolytes. 

5.1 PEO-P(VdF-HFP) based Microporous Electrolytes 

5.1.1 Morphology, Porosity and Electrolyte Uptake of the Microporous Membranes 

The microporous membranes prepared in this work were composed of two materials: 

mechanically strong P(VdF-HFP) [308] and flexible PE~. Figures 5.1 (a-t) show the surface 

morphology ofP(VdF-HFP)-x % PEO porous membranes. It is observed that pore size of the 
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membranes increases with increase in PEO concentration up to 40 wt. % (Figure 5.1 a-d) and 

then decreases with further increase in PEO content (Figure 5.1 e-f). 

Figure 5.1: Surface SEM micrographs of P(VdF-HFP)-x% PEO porous membranes: (a) x = ] 0, 
(b) x =20, (c) x =30, (d) x =40, (e) x =50 and (f) x =60. 
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The increase in pore size up to 40 wt. % of PEO content is possibly due to easier 

evaporation of non-solvent (ethanol) from flexible PEO than from rigid P(VdF-HFP) [309]. 

Figure 5.1 reveals the decrease in pore size of as prepared membranes at 50 and 60 wt. % of 

PE~. Decrease in pore size beyond 40 wt. % of PEO could be attributed to conglomeration 

of PEO near the pores [310]. This conglomeration occurs due to the inversion effect of host 

matrix from a P(VdF-HFP) rich phase to a PEO-rich phase, which results in decrease in pore 

size and porosity at PEO concentration greater than 40 wt. %. 
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Figure 5.2: Porosity of P(VdF-HFP)-x% 
PEO microporous membranes as a function 
of PEO weight ratio. 
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Figure 5.3: Liquid electrolyte uptake of 
P(VdF-HFP)-x% PEO microporous 
membranes as a function of PEO weight 
ratio. 

Figure 5.2 displays the variation of porosity of P(VdF-HFP)-x% PEO microporous 

membranes with gradual increase of PEO concentration. It is seen that porosity first increases 

as a function of PEO concentration and reaches maximum (65.2%) when the weight ratio of 

PEO is 40%, subsequently decreases at higher weight ratio ofPEO. This variation in porosity 

is consistent with the change of pore configuration as observed in SEM images (Figure 5.1). 

The liquid electrolyte uptake plots ofP(VdF-HFP)-x% PEO microporous membranes 

are shown in figure 5.3. The figure shows that the liquid electrolyte uptake ofP(VdF-HFP)­

x% PEO microporous membranes are greatly influenced by PEO concentration and is 

consistent with the variation of porosity of the membranes. As PEO content increases 

resulting in greater porosity, the liquid electrolyte uptake also increases, suggesting that 
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P(VdF-HFP)-x% PEO microporous membranes can store more liquid electrolytes when its 

porosity increases. Beyond 40 wt. % of PEO content both porosity and liquid electrolyte 

uptake decreases, which is attributed to conglomeration of PEO near the pores as mentioned 

earlier. 

5.1.2 Ionic Conductivity Measurements 

Figure 5.4 shows the room temperature complex impedance spectra ofP(VdF-HFP)-x% PEO 

microporous polymer electrolytes at different concentrations of PE~. The ionic conductivity 

of P(VdF-HFP)-x% PEO microporous polymer electrolytes is calculated from (J = IIRbl"2;r, 

where I and r are thickness and radius of the sample membrane discs and Rb is the bulk 

resistance obtained from complex impedance plots. It is accepted that Rb could be obtained 

from the intercept on the real axis at the high frequency end of the Nyquist plot of complex 

impedance. 
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Figure 5.4: Room temperature impedance plots ofP(VdF-HFP)-x 
% PEO microporous membranes: (a) x =10, (b) x=20, (c) x =30, 
(d) x =40, (e) x =50 and (f) x =60. 
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The variation of room temperature ionic conductivity with different weight ratio of 

PEO is shown in figure 5.5. From the plot it is seen that room temperature ionic conductivity 

of the microporous polymer electrolytes follow the same trend as that of porosity and liquid 

electrolyte uptake as a function PEO content. It is worth mentioning that with increase in 

PEO content the ionic conductivity increases and becomes maximum (6.85 x 10-4 Scm-I) at 

40 wt. % ofPEO and decreases at higher PEO content (> 40 wt. %). This result confirms that 

uptake is dependant on pore size as well as on porosity because liquid electrolyte can more 

easily penetrate into the membrane with larger pores resulting in higher ionic conductivity 

[311, 312]. The enhancement in ionic conductivity upon addition of PEO up to 40 wt. % 

could also be due to improved pore connectivity, which is very important for charge carrier 

transport in microporous polymer electrolyte [313]. 

The decreased ionic conductivity at higher PEO content (> 40 wt. %) can be 

explained by the conglomeration effect as mentioned earlier. The conglomeration of PEO 

near the pores reduces the pore size and porosity, which resists further uptake of liquid 

electrolyte in P(VdF-HFP)-x% PEO microporous membranes resulting in lower ionic 

conductivity. Moreover at higher PEO content the phase separation between PEO and 

P(VdF-HFP) happens leading to the decrease in ionic conductivity. The phase separation 

effect is confirmed by XRD results. 

Figure 5.6 shows the conductivity versus temperature inverse plots of P(VdF-HFP)­

x% PEO microporous polymer electrolytes. The curvature shown in this plot indi,cate that the 

ionic conduction obeys the VTF (Vogel-Tamman-Fulcher) relation [180] given by 

rI = rIo exp [(-Bilk (I'-To)) (5.3) 

where B is a constant, whose dimensions are that of energy, To is the temperature at which 

the probability of configurational transition tends to zero. The above equation describes the 

transport properties in a viscous matrix. The conductivity enhancement behavior with 

temperature can be understood by free volume model [81]. As the temperature increases, the 

polymer chains flex and expand at increasing rate and produce free volume leading to an 

increase in ion and segmental mobility, which facilitates ion transport [81]. 
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Figure 5.5: Ionic conductivity of P(VdF­
HFP)-x% PEO microporous membranes as a 
function of PEO weight ratio. 
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Figure 5.6: Temperature dependence of 
ionic conductivity of P(VdF-HFP)-x% PEO 
microporous polymer electrolytes: (a) x =10, 
(b) x =20, (c) x =30, (d) x =40, (e) x =50 and 
(f) x =60. 

X-ray diffraction patterns of pure PEO and P(VdF-HFP) are presented in figure 5.7(a-b). In 

figure 5.7b the peaks at 28=20° and 38° correspond to (020) and (202) crystalline peaks of 

P(VdF-HFP). This confirms the partial crystallization of PVdF units in the copolymer and 

gives a semi crystalline structure of P(V dF -HFP) [81]. PEO shows characteristic peaks at 

29=19.5° and 23° corresponding to the (hkl) values of (120) and (112), respectively [148] 

(Figure 5.7a). Figure 5.8 shows the XRD patterns of P(VdF-HFP)-x% PEO microporous 

membranes with different weight ratio of PEO. It is observed that when P(VdF-HFP) is 

blended with PEO, no additional peak appears up to 40 wt. % of PEO; only the intensity of 

crystalline peaks decreases suggesting that the amorphicity increases [314]. In addition, at 50 

and 60 wt. % of PEO concentration additional peak appears at 28=23°, which can be assigned 

to characteristic peak of PEO {Figure 5.8(e, f)}, which indicates that above 40 wt. %, PEO 

get phase separated from the polymer electrolyte phase. The degree of crystallinity of the 

microporous membranes was determined by using a method described in chapter III. 
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Figure 5.7: XRD patterns of (a) PEO and (b) 
P(VdF-HFP). 
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Figure 5.8: XRD patterns of P(VdF-HFP)-x 
% PEO microporolls membranes: (a) x =10, 
(b) x =20, (c) x =30, (d) x =40, (e) x =50 and 
(f)x =60. 

It is observed that degree of crystallinity decreases with increasing PEO content and 

becomes a minimum (15.2%) when the weight ratio of PEO is 40%. The broadening of the 

peaks confirms this result (Figure 5.8). This reduction in crystallinity upon addition of PEO 

could be attributed to the increase in porosity and liquid electrolyte uptake of the 

microporous membranes. The ionic conductivity increases with decrease in crystallinity due 

to the fact that ionic conduction essentially occurs through the amorphous phase in the 

polymer electrolytes [315]. 

5.1.4 FTIR Analysis 

FTIR is a powerful tool to study the local structural changes. The infrared spectrum is 

sensitive to both situations where complexations occur in crystalline or amorphous phase. 

The FTIR spectra as shown in figure 5.9 are evidence for interactions between the polymer 

and salt. Comparing with the pure PEO FTIR spectra, stretching and bending modes of 

(CH2)a are at 1470 cm- I and 1353 cm- I respectively get shifted to1455 cm- I
, 1351 cm- I in 30 

wt. % of PEO concentration (Figure 5.9d) and 1454 cm- I
, 1351 cm- I in 50 wt. % of PEO 

concentration (Figure 5.ge). The peak at 1104 cm- I is assigned to v (C-O-C) of PEO 
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molecule, which also get shifted to 1113 cm -I and 1080 cm -I for 30 wt. % and 50 wt. % of 

PEO concentration in P(VdF-HFP)-x % PEO microporous polymer electrolytes. The 

frequency 3000 cm-I is assigned to C-H stretching vibration ofPVdF. 

(a) 

4000 3500 3000 2500 2000 1500" 1000' 500 

WaveulUnber (Cln-1 ) 

Figure 5.9: FTIR spectra of (a) LiCI04, (b) Pure PEO, (c) Pure 
P(VdF-HFP), (d) P(VdF-HFP)-30 wt. % PEO and (e) P(VdF-HFP)-
50 wt. % PEO. 

The frequency 1790 cm-I is assigned to -CF=CF2, -C-O-CO-O-C- group [81]. 

Frequency 881 cm- I is assigned to vyniledene group of PVdF. All these peaks are shifted in 

the polymer electrolyte to 3020 cm-I, 1765 cm-I and 882 cm-I in 30 wt. % ofPEO and that to 

3021 cm-I, 1777 cm-\ 880 cm- I in 50 wt. % ofPEO. The peak at 626 cm- l is due to the salt 

LiCI04 and because of polymer-salt interaction it gets shifted to 625 cm-I and to 626 cm-I in 

30 wt. % and 50 wt. % of PEO respectively. The increase or decrease manner of sh ifting of 

frequency from pure PEO and pure P(VdF-HFP) shows the interaction of the two polymers 

and salt in P(VdF-HFP) based microporous polymer electrolytes. 
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5.2 PEO-P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni Nanofibers 

Composite Polymer Electrolytes 

5.2.1 XRD Analysis 

J,(-ray diffraction patterns of pure PE~, P(VdF-HFP) and dedoped PAni nanofibers are 

presented in figure 5.10. High intensity peaks at 28=20° and 28=23° are observed in the 

XRD pattern of dedoped PAni nanofibers (Figure 5.l0c). The peaks at 28=20° and 38° 

correspond to (020) and (202) crystalline peaks of P(VdF-HFP). This confirms the partial 

crystallization of PV dF units in the copolymer and semi crystalline structure of P(V dF -HFP) 

[81). PEO shows characteristic peaks at 28=19.5° and 28 = 23° corresponding to the (hkl) 

values of (120) and (112), respectively [148] (Figure 5.10a). Figure 5.11 shows the XRD 

patterns of PEO-P(VdF-HFP)-LiCI04-x% dedoped PAni nanofibers composite polymer 

electrolytes. 
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Figure 5.10: XRD patterns of (a) PEO, (b) 
P(VdF-HFP) and (c) dedoped PAni 
nanofibers. 
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Figure 5.11: XRD patterns of PEO-P(VdF­
HFP)-LiCI04-x% dedoped PAni nanofibers: (a) 
x = 0, (b) x = 2, ( c) x = 4, (d) x = 6, (e) x = 8 and 
(f)x=IO. 

It is observed that when P(VdF-HFP) is blended with PE~, no additional peak 

appears; only the intensity of crystalline peaks slightly decreases and broadens as compared 

to pure PEO suggesting that the amorphi city increases [314]. When dedoped P Ani nanofibers 

are incorporated in the PEO-P(VdF-HFP)-LiCI04 the crystalline peak further broadens while 

the intensity of the small peak at 28=38° decreases significantly as shown in figure 5.1 1 (b-f). 
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The degree of crystallinity is detennined by the method described in Chapter III. Calculated 

values of degree of crystallinity with increasing fraction of dedoped PAni nanofibers are 

given in table 5.1. 

Table 5.1: Degree of crystallinity of PEO-P(VdF-HFP)-LiCI04-x% dedoped PAni nanofibers 
polymer electrolytes at different concentration ofPAni nanofibers. 

Fraction of dedoped PAni Degree of crystallinity 

nanofibers (wt. %) (%) 

0 34.5 

2 30.1 

4 25.4 

6 19.3 

8 21.7 

10 27.3 

It is observed that the degree of crystallinity decreases with increasing nanofibers 

content and reaches a minimum at 6 wt. % nanofibers fraction. This reduction in crystallinity 

upon addition of nanofibers is attributed to the suppression of the reorganization of polymer 

chains by the nanofibers [164]. However, at higher fraction of nanofibers (>6 wt. %), the 

degree of crystallinity increases with increasing nanofibers content indicating that crystalline 

phase starts increasing above 6 wt. % ofnanofibers fraction due to reorganization of polymer 

chains in PEO-P(VdF-HFP)-LiCl04 electrolyte system. At 8 wt. % and 10 wt. % of 

nanofibers fraction an additional peak appears at 28=23°, which can be assigned to dedoped 

PAni nanofibers suggesting that above 6 wt. %, PAni nanofibers get phase separated from the 

PEO-P(VdF-HFP)-LiCl04 polymer electrolyte phase. 

5.2.2 Ionic Conductivity Measurements 

The complex impedance plots for PEO-P(VdF-HFP)-LiCI04 polymer electrolyte membranes 

with different weight fraction of PAni nanofibers are presented in figure 5.12(a-f). All plots 

comprise a semicircular arc in the high frequency region and an oblique line in the low 

frequency region. The ionic conductivity is calculated from the relation (J = IIRb?7r; where I 
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and r are thickness and radius of the sample membrane discs and Rb is the bulk resistance 

obtained from complex impedance measurements. The variation of ionic conductivity with 

increasing fraction of nanofibers is shown in figure 5.13. It is observed that the O"lonlc 

increases with the increase of weight fraction of nanofibers. Maximum conductivity was 

found to be 3.1 x 10-4 Scm-I at room temperature for 6 wt. % dedoped PAni nanofiber fillers, 

which is over seven times higher as compared to that (4.5x 1 0-5 Scm-I) for polymer electrolyte 

without nanofibers. However, as the filler (dedoped nanofibers) fraction increases beyond 6 

wt. %, the ionic conductivity decreases. 

The enhancement up to 6 wt. % of nanofibers content seems to be correlated with the 

fact that the dispersion of dedoped PAni nanofibers to PEO-P(VdF-HFP) prevents polymer 

chain reorganization due to the high aspect ratio (>50) of nanofibers, resulting in reduction in 

polymer crystallinity, which gives rise to an increase in ionic conductivity. The increase in 

ionic conductivity may also result from Lewis acid-base interaction [65, 120, 316]. In the 

present composite polymer electrolytes, the oxygen atom in PEO has two lone pair of 

electrons and nitrogen atom in PAni nanofibers has one lone pair of electrons, which act as 

strong Lewis base centers and Li+ cations as strong Lewis acid giving rise to numerous acid­

base complexes in the composite polymer electrolyte. Accordingly three types of Lewis acid­

base complexes can be formed [103]. 

First type of complexes involve PEO-Li+-PEO interaction, which leads to the 

transient cross-linking of PEO chains via Li+ cations resulting in the reduction of ionic 

conductivity. Second type of interaction is due to mixed PEO-Li+-PAni nanofibers 

complexes, which involves Lewis base oxygen from PEO chain and Lewis base nitrogen 

from PAni. The third type of interaction involves only the Lewis base nitrogen from PAni 

and Li+ cations. The formation of second and third type of complexes leads to lowering of 

concentration of first type of complexes and hence density of transient cross-linking is 

reduced. [103]. This allows mobile ions to move more freely either on the surface of the 

nanofibers or through a low-density polymer phase at the interface, which results in enhanced 

ionic conductivity. The reduction in crystallinity upon addition of PAni nanofibers up to 6 

wt. % is consistent with XRD results. Enhancement in ionic conductivity can also be 

attributed to the creation of polymer-filler interface. The filler-polymer interface is a site of 

high defect concentration providing channels for faster ionic transport and the structure and 
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chemistry of filler-polymer interface may have even more important role than the formation 

of amorphous phase in the electrolyte [114]. 
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Figure 5.12: Complex impedance spectra 
of PEO-P(VdF-HFP)-LiCI04-x% de doped 
PAni nanofibers: (a) x = 0, (b) x = 2, (c) x = 
4,(d)x=6,(e)x=8and(f)x= 10. 
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Figure 5.13: Variation of ionic 
conductivity with different weight fraction 
of dedoped PAni nanofibers. 

On the other hand, the decrease in ionic conductivity for fraction of nanofibers higher 

than 6 wt. % can be attributed to the blocking effect on the transport of charge carriers 

resulting from the phase separation of nanofibers [133]. Besides, above 6 wt. % a depressed 

semicircle is seen in the impedance spectra, which is characteristic of a system where more 

than one conduction processes are present simultaneously [144]. SEM micrographs show 

that, at higher wt. fraction of nanofibers (6 wt. %), a two-phase microstructure is observed. 

This could be attributed to the fact that at higher fraction of nanofibers, uniform dispersion of 

nanofibers in PEO-P(VdF-HFP) matrix is difficult to achieve due to formation of phase­

separated morphologies. This is expected to affect the conductivity of the system, since a 

large number of Lt cations are trapped in the phase separated nanofibers. Thus the decrease 

of ionic conductivity above 6 wt. % nanofibers content can be attributed to the effect of 

phase separation, which is consistent with the XRD and SEM results. 
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Figure 5.14: loga vs. temperature inverse curve PEO-P(VdF­
HFP)-LiCI04-x% de doped PAni nanofibers: (a) x = 0, (b) x = 2, 
(c) x = 4, (d) x = 6, (e) x = 8 and (t) x = 10. 

Figure 5.14 shows the conductivity versus temperature inverse plots of polymer 

electrolyte films in the temperature range from 25 °e to 80 °e. The figure shows that the 

ionic conduction in nanocomposite polymer electrolytes obeys the Arrhenius relation with 

two degree of slopes 

U = Uo exp (-Ea/kT) (5.4) 

where U, Uo, E", k and T are the ionic conductivity, the pre exponential factor, the activation 

energy, the Boltzmann constant and the absolute temperature respectively. All the samples 

show a break: point at around 60 °e, near the melting temperature of PEO, reflecting the well­

known transition from PEO crystalline to amorphous phase. As expected the increase in 

temperature leads to increase in ionic conductivity because as the temperature increases the 

polymer chains flex at increased rate to produce larger free volume, which leads to enhanced 

polymer segmental and ionic mobilities. The enhancement of ionic conductivity by the 

dedoped P Ani nanofibers can be explained by the fact that the nanofibers inhibit the 
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recrystallization kinetics, helping to retain the amorphous phase down to relatively low 

temperatures. 

5.2.3 Morphological Studies 

Figure 5.15: SEM micrographs of PEO-P(VdF-HFP)-LiCI04-x% dedoped PAni 
nanofibers: (a) x = 0, (b) x = 2, (c) x = 4, (d)x = 6, (e) x = 8 and (f) x = 10. 
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The SEM micrographs for PEO-P(VdF-HFP)-LiCl04-x% dedoped PAni nanofibers 

membranes are presented in figure 5.15(a-t). In general three-four phases are known to 

coexist in the PEO based polymer electrolytes viz. crystalline PEO phase, crystalline PEO-Li 

salt complex phase and amorphous PEO phase. It is observed that below 6 wt. % nanofibers 

content in PEO-P(VdF-HFP) matrix (Figure 5.15a-c), the surface morphology is granular 

and smooth, which could be attributed to the reduction of PEO crystallinity due to 

complexation with lithium salt and PAni nanofibers. 

At 6 wt. %, rough morphology and sharp inte,rfaces are observed (Figure 5.15d) 

which may facilitate lithium ion conduction along the interface [317]. Figure 5.15e shows 

that at 8 wt. % of nanofibers content a two-phase microstructure is observed due to phase 

segregation of nanofibers. Phase separation becomes more prominent at 10 wt. % of 

nanofibers as shown in figure 5.15f. The nanofibers get phase separated from the PEO­

P(VdF-HFP) polymer matrix and form domain like regions, which may act as physical 

barriers to the effective motion of the ions leading to decrease in ionic conductivity. 

5.2.4 FTIR Analysis 

FTIR spectra of LiCl04, dedoped PAni nanofibers, P(VdF-HFP), PEO and polymer 

complexes are shown in figure 5.16. The symmetric and asymmetric C-H stretching 

vibrations of pure P(V dF -HFP) are observed at 3000 cm -I. Frequencies 1286-1066 cm -I are 

assigned to -C-F- and -CF2- stretching vibration of P(VdF-HFP). Frequency 881 cm-I is 

assigned to vinylidene group of polymer. Stretching and bending modes of (CH2)a for pure 

PEO are observed at 1470 cm-Iand 1353 cm· 1 respectively. The peak at 1104 cm·1 is assigned 

to v (C-O-C) ofPEO molecule [318]. Frequency 1120 cm- I is assigned to the in-plane C-H 

bending of PAni nanofibers [319]. The ammonium ion displays broad absorption in the 

frequency region 3350-3050 cm- I because of N-H stretching vibration. The N-H bending 

vibration of secondary aromatic amine of PAni nanofibers occurs at 1507 cm- I
. The 

frequency 1650 cm- I of PAni nanofibers is assigned to C=C of aromatic ring. The assigned 

peaks of dedoped PAni nanofibers get shifted towards lower frequency after incorporation 

into the polymer electrolyte system signifying their effect on the electrolyte system. The peak 

for in-plane C-H bending ofPAni nanofibers ~t 1120 cm-I is shifted to 1170 cm- I for 2 wt. % 

and to 1185 cm- I for 6 wt. % of dedoped nanofibers. The peak at 1507 cm- I due to N-H 
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bending vibration of secondary aromatic amine of PAni nanofibers gets shifted in case of 

composite polymer electrolytes to 1550 cm-! (for 2 wt. %) and 1580 cm-! (for 6 wt. %). The 

peaks at 1690 cm-! (for 2 wt. %) and 1730 cm-! (for 6 wt. %) are evidence of shifting ofC=C 

of aromatic ring peak (1650 cm-!) of pure dedoped PAni nanofibers. 
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Figure 5.16: FTIR spectra of (a) LiCI04, (b) dedoped PAni 
nanofibers: (c) P(VdF-HFP), (d) PEO and PEO-P(VdF-HFP)­
LiCI04-x% dedoped PAni nanofibers (e) x=2, (f) x=6 and (g) x=8. 

However FTIR spectra of PEO-P(VdF-HFP) polymer electrolyte containing 8 wt. % 

of dedoped nanofibers show all the peaks of the dedoped nanofibers at their original assigned 

positions. This result strongly corroborates the occurrence of phase separation at higher 

fraction ofnanofibers (> 6 wt. %) and is consistent with XRD and SEM results. 

5.2.5 Electrochemical Analysis 

Figure 5.17 displays the current-voltage response obtained for PEO-LiCl04, PEO-P(VdF­

HFP)-LiCl04 and PEO-P(VdF-HFP)-LiCl04-6 wt. % dedoped PAni nanofibers composite. 
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The ongoing of the current identifies the anodic decomposition voltage of the electrolytes. It 

is observed that PEO-LiCI04 shows decomposition voltage at 4.3 V whereas after blending 

with P(VdF-HFP), the decomposition voltage is slightly increased (4.4 V). However after 

incorporation of dedoped PAni nanofibers (6 wt. % in this case) in the blend system the value 

of decomposition voltage increases significantly and sets at about 4.8 V. Thus there is a clear 

improvement in the voltage stability factor in the electrolyte films containing dedoped P Ani 

nanofbers. This value of working voltage range (i.e., electrochemical potential window) 

appears to be high enough to use the nanocomposite polymer electrolyte films as a solid-state 

separator/electrolyte in Li-batteries. 
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Figure 5.17: Linear sweep voltammetry 
plots of (a) PEO-LiCl04, (b) PEO-P(VdF­
HFP)-LiCl04 and (c) PEO-P(VdF-HFP)­
LiCl04-6 wt. % dedoped PAni nanofibers. 
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Figure 5.18: Interfacial stability of (a) 
PEO-LiCI04, (b) PEO-P(VdF-HFP)­
LiCl04 and (c) PEO-P(VdF-HFP)-LiCI04-

6 wt. % dedoped PAni nanofibers. 

Compatibility of nanocomposite polymer electrolyte with electrode materials is an 

important factor for polymer battery applications. In order to examine the interfacial stability 

of polymer electrolytes before and after incorporating dedoped P Ani nanofibers, the ionic 

conductivity was measured by fabricating stainless steel/polymer electrolyte 

membrane/stainless steel cells at room temperature and monitored for 15 days. Three systems 

viz. PEO-LiCI04, PEO-P(VdF-HFP)-LiCI04 and PEO-P(VdF-HFP)-LiCI04-6 wt. % 

dedoped P Ani nanofibers have been selected for the compatibility study and the results are 

123 



Madhuryya Deka Ph.D. Thesis, Tezpur University 

shown in figure 5.18. It reveals that ionic conductivity of all the electrolyte systems decreases 

with time but decrease of ionic conductivity in PEO-LiCl04 electrolyte is much larger than 

the other two systems. It is well known that PEO-LiCI04 exhibits highly crystalline structure 

at room temperature. The existence of crystallites in PEO-LiCI04 affects the charge transfer 

reaction, because the interface between the electrode and crystalline polymer function as a 

barrier for electrochemical reaction [320], which gives rise to increase in interfacial 

resistance. When PEO is blended with P(VdF-HFP) the crystallinity of the system is greatly 

reduced, as confirmed by XRD results, resulting in higher interfacial stability than PEO­

LiC104• On the other hand PEO-P(VdF-HFP)-LiCI04-6 wt. % dedoped PAni nanofibers 

membrane shows highest interfacial stability (Figure 5.18c). The highest interfacial stability 

of nanofibers dispersed polymer electrolyte seems to be associated with the fact that, the high 

aspect ratio (> 50) nanofibers form a barrier layer at the electrode, which effectively impedes 

the electrode-electrolyte reaction [314]. This in tum reduces the passivation layer on the 

electrode leading to better interfacial stability between electrode and electrolyte. 

5.3 Summary 

In the first part of this chapter we have discussed micrporous polymer electrolytes (MPEs) 

based on P(VdF-HFP)-PEO blend prepared by a phase inversion method where}n PEO has 

been added to effectively control the pore size and porosity, which are strongly correlated 

with electrolyte uptake and ionic conductivity of the MPEs. The liquid electrolyte uptake and 

room temperature ionic conductivity are greatly enhanced upon addition of PEO and become 

a maximum at 40 wt. % PE~. SEM micrographs display the increase in pore size with 

increase in PEO content. The increased pore size results in an increase in ionic conductivity 

and decrease in degree of crystallinity as confirmed by ac impedance analysis and XRD 

pattern respectively. Beyond 40 wt. % of PE~, conglomeration takes place, which decreases 

the pore size as observed in SEM results. The conglomeration effect predominates at higher 

concentration of PEO and as a result ionic conductivity, porosity and liquid electrolyte 

uptake exhibit a descending trend. 

In the second part, blend based polymer electrolyte nanocomposite membranes based 

on PEO-P(VdF-HFP)-LiCI04-dedoped polyaniline (pAni) nanofibers have been investigated. 

The ac impedance analysis shows that the ionic conductivity of the polymer electrolyte 
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membranes increases when dedoped PAni nanofibers are added as filler up to a fraction of 6 

wt. %. XRD results show a gradual decrease in degree of crystallinity with increase in 

dedoped PAni nanofibers up to 6 wt. %. At higher fraction (> 6 wt. %), the PAni nanofibers 

get phase separated from the polymer matrix as revealed by the occurrence of PAni peaks in 

the XRD patterns. SEM studies reveal two-phase morphology above 6 wt. % nanofibers 

indicating the phase separation of PAni nanofibers. FTIR spectra also confirm the phase 

separation at nanofibers fraction greater than 6 wt. % showing peaks for dedoped P Ani 

nanofibers at their assigned positions. The three moieties PE~, P(VdF-HFP) and dedoped 

PAni nanofibers no longer remain a miscible uniform phase and nanofibers get phase 

separated from the polymer matrix giving the domain like structures. These domains may 

create barrier in the conduction path leading to the decrease in ionic conductivity. The 

interfacial stability of the nanofibers dispersed composite polymer electrolytes is observed to 

be better than that of PEO-P(VdF-HFP)-LiCI04 and PEO-LiCI04. Incorporation of dedoped 

(insulating) nanofibers up to a critical fraction increases the ionic conductivity of the polymer 

electrolyte system. 
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CHAPTER VI 

[PMMAI P(VdF-HFP)J-MMT based Nanocomposite Gel 
Polymer Electrolytes 

In this chapter, effect of organically modified montmorillonite (MMT) clays on P MMA and 
PVdF based electrolytes has been investigated. The nanocomposites have been prepared by 
solution intercalation technique with varying clay loading from 0 to 5 wt. %. The formation 
of partially exfoliated nanocomposites has been confirmed by XRD and TEM analyses. The 
obtained nanocomposites were soaked with 1M LiCl04 in 1:1 (v/v) solution of propylene 
carbonate (PC) and diethyl carbonate (DEC) to get the required gel electrolytes. Surface 
morphology and structural conformation of the nanocomposite electrolytes have been 
examined by SEM and FTIR analyses, respectively. It has been observed that the ionic 
conductivity of the nanocomposite gel polymer electrolytes increases with the increase in 
clay loading as revealed by ac impedance spectroscopy. Improvement of electrochemical and 
interfacial stabilities has also been observed in the gel electrolytes containing MMT fillers. 

Organic-inorganic hybrids based on the intercalation of a polymer into layered inorganic 

matrices have received much attention, among others because of its potential as electrolyte or 

electrode materials in electrochemical devices [321]. Resulting materials exhibit only the 

electrical properties of the guest polymer, but also the mechanical strength, thermal stability, 

and electronic properties of the inorganic host. It is believed that the dispersion of inorganic 

nano-sized components, more specifically mineral clays, provides an interesting approach to 

improve the polymer electrolyte characteristics. Intercalated or exfoliated structures based on 

the conductive polymer and various layered silicates are expected to improve the mechanical 

properties on account of the large interfacial area, as well as the high aspect ratio of the clay 

[322]. 

Layered clay mineral, particularly montmorillonite (MMT), is one of the most 

interesting layered hosts owing to its unique layered structure, cation exchangeability and 

expandability [323]. MMT belongs to the general family of 2:1 phyllosilicates. Its crystal 

structure consists of layers formed by sandwiching an aluminium octahedron sheet between 

two silicon tetrahedron sheets. Stacking of the layers leads to a van der Waals gap between 

the layers. Substitution of aluminium (A13l for magnesium (Mg2l in the octahedron sheet 

gives each three-sheet layer an overall negative charge (in the range 0.2-0.6 per formula 
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unit), which is normally counterbalanced by exchangeable metal cations residing in the 

interlayer space. The interlayer cations hold the individual negatively charged silicate layers 

together through electrostatic forces. Due to the weak interaction between layers, organic 

monomers can be intercalated into these interlayer galleries and interact with the interlayer 

cations. 

Recently many related works have reported the use of polymer/clay nanocomposites 

In solid-state electrolytes, where the intercalated or exfoliated state of MMT plays an 

important role in ion conduction in these electrolytes [324, 325]. Additionally, the dispersion 

of mineral clay was found to enhance the thermal stability, mechanical strength, molecular 

barrier and flame-retardant properties of polymers [326-329]. 

In this. chapter we have studied the electrical and electrochemical properties of 

PMMA-(pC+DEC)-LiCl04- MMT and PVdF-(PC+DEC)-LiCl04- MMT nanocomposites gel 

electrolytes. The synthesis technique for the preparation of the samples has been explained in 

Chapter III. Different amounts of modified MMT (1, 2.5, 4 and 5 wt. %) were dispersed in 5 

ml of THF by ultrasonication. The dispersed MMT solution was then mixed with polymer 

solution (15% solid content (w/v) in THF for PMMA and in DMSO for PVdF) by 

mechanical stirring at 50°C followed by ultrasonication for half an hour. The nanocomposite 

films were obtained by solution casting method and dried under vacuum at room 

temperature. The dried films were denoted as PMMA 1, PMMA2.5 and PMMA5 and PV dF 1 , 

PVdF2.5 and PVdF4 corresponding to nanoclay loading of 1, 2.5 and 5 wt. % respectively 

for PMMA and 1,2.5 and 4 wt. %, respectively for PVdF . 

The nanocomposite gel polymer electrolytes were prepared by immersing the films 

into a liquid electrolyte solution containing 1M LiCl04 in PC:DEC = 1: 1 (v/v), for a period 

of 20 h. The films swell quickly, and the percentage of electrolyte uptake was calculated by 

the relation 

Uptake(%)=(Wi- Wo)/Wo x 100 (6.1) 

where Wi and Wo are the weight of the wet and dry films, respectively. The nanocomposite 

gel polymer electrolytes used in this study were denoted as gel PMMA, gel PMMA 1, gel 

PMMA2.5 and gel PMMA5; figure in the end corresponding to the % ofMMT. Similarly in 

case of PVdF the electrolytes were denoted as gel PVdF, gel PVdF1, gel PVdF2.5 and gel 

PVdF4. 
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Ionic conductivity of the nanocomposites gel polymer electrolytes have been 

measured by complex impedance analysis described in Chapter II. X-ray diffraction patterns 

of the prepared films were obtained by Rigaku miniflex diffractometer at room temperature. 

The distribution of the clay layers was studied using TEM. The ionic conductivity of the 

nanocomposite polymer electrolyte films was determined by ac impedance measurements 

using Hioki 3532-50 LCR HiTester in the frequency range from 42 Hz to 5 MHz. The 

temperature dependence of ionic conductivity was also measured by heating the samples 

from room temperature (25°C) to higher temperature. The nature of conductivity of the 

nanocomposites gel polymer electrolytes was determined by transference number 

measurements using Wagner polarization technique with polymer electrolyte films between 

graphite blocking electrodes. The transference number was found to be ;:::; 0.98 indicating that 

conductivity was essentially ionic in nature. The interfacial stability of nanocomposite 

polymer electrolytes was studied by fabricating stainless steel/polymer electrolyte/stainless 

steel cells at room temperature and monitoring the ionic conductivity for 18 days. The anodic 

decomposition voltage was determined by linear sweep voltammetry by using 

electrochemical workstation. FTIR was conducted using Nicolet Impact 410 (Madison, USA) 

spectroscopy using KBr pellets. 

6.1 TEM Studies 

Figure 6.1: TEM image of (a) PMMAI, (b) PYdFI and (c) PYdF4. 

The partial exfoliated structure of the clay layers in the nanometer range can be observed 

from the TEM image as shown in figures 6. 1 (a-c). The distribution pattern of the clay layers 

inside the matrix (PMMA 1, PYdFl and PYdF4) is seen in the figure. It is observed that for 

PMMA I and PY dF I (Figures 6.1 a & b) most of the clay layers are well di spersed and are 
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found to be disordered in a random fashion in the polymer matrix. This indicates that the 

extent of exfoliation is more than that of intercalation in case of PMMA 1 and PY dF 1. On the 

other hand, micrograph ofPYdF4 (Figure 6.1c) exhibits mostly intercalated morphology with 

well diffused clay layers in the polymer chains. 

6.2 XRD Analysis 

XRD patterns shown in figures 6.2 (i & ii) reveal that the MMT exhibits (00l) diffraction 

peak at 28 = 4.4° corresponding to the interlayer spacing of 20 A. Upon addition of MMT 

into the polymers (PMMA and PYdF), shifting of peaks towards lower 28 value is observed. 

This shifting of peak is a result of the insertion of polymer chains into the nanometric 

channels of layered MMT. However at low clay content (1 wt. %), the intercalation of the 

polymer leads to the disordering of the layered clay structure leading to a decrease in the 

XRD scattering intensity as shown in figures 6.2 (i & ii). The peak positions and the 

corresponding interlayer spacing are tabulated in table 6.1. The nanocomposite containing 1 

wt. % clay content demonstrates both the exfoliation and intercalation properties. With the 

further addition of clay, the intensity of the dool peak increased, indicating intercalation of the 

polymer in the layers without disruption ofthe ordered structure [330]. However the intensity 

of the (00l) diffraction peaks for 2.5 and 4 wt. % clay loading is low as compared to that of 

pure MMT suggesting that some clay layers still exist in the form of exfoliated 
I' L 
"'~ nanostructures. 

As polymer intercalates into the galleries of MMT, a significant compressive strain is 

expected in MMT layers. This strain has been calculated quantitatively for (001) reflection of 

MMT and the values are presented in table 6.1. The single-line approximation method [275] 

has been employed to compare this contribution. This procedure involves the extraction and 

analysis of Gaussian (J3G) and Lorentzian (J3d component of integral breadth of a single 

Bragg peak corrected for instrumental broadening as discussed in chapter III. It is observed 

from table 1 that the value of microstrain e = 0.155 for pure MMT is increased to 0.231 and 

0.295 for PMMA2.5 and PMMA5 respectively for PMMA-c1ay based system while PYdF­

clay based system exhibits microstrain value of 0.242 and 0.275 for PYdF2.5 and PYdF4, 

respectively. 
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Figure 6.2: XRD patterns in the range 20= 2-10° of (i) :(a) pure MMT, (b) pure PMMA, (c) 
PMMA1, (d) PMMA2.S and (e) PMMAS and (ii): (a) pure MMT, (b) pure PVdF, (c) PVdF2.S 
and (d) PVdF4. 

Table 6.1: d-spacing and microstrain (E) value of different samples calculated from (001) 
reflection of MMT. 

Sample d-spacing (nm) E 

PureMMT 2 0.155 

PMMAI -

PMMA2.5 3.85 0.231 

PMMA5 3.94 0.295 

PVdFl 3.46 0.213 

PVdF2.5 3.65 0.242 

PVdF4 3.75 0.275 

Pure PVdF exhibits the characteristics peaks at 2() values 17.8°, 18.6° and 20° 

corresponding to (100), (110) and (020) reflections, respectively as shown in figure 6.3. 

These three peaks are attributed to a phase ofPVdF [331]. With the addition ofc\ay in PVdF 

the peaks at 17.8° and 20° due to a phase diminish while the intensity of the peak at 18.6° 

decreases significantly. On the other hand one new peak at 20.6° is observed in the 

composites, which could be attributed to the unresolved (110) and (200) reflections of f3 
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phase of PV dF [331]. Thus the addition of MMT clays in PV dF leads to the formation of fJ 
phase. The a and fJ-phases of PVDF have the TGTG' and TT molecular conformations, 

respectively, as shown in figures 6.4 (a & b). The TGTG' conformation of the a phase is 

known to be the most common and thermodynamically stable phase than TTTT conformation 

of the fJ phase ofPVdF. The fJ-phase can be induced by several techniques, the most common 

being the mechanical stretching of the a-phase films at a suitable temperature [332]. 
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Figure 6.3: XRD patterns (a) pure organophilic MMT, (b) pure PVdF, (c) PVdF1, 
(d) PVdF2.S and (e) PVdF4. Inset shows reflection of (001) in the range 2() = 2-
tOo. 

In the present case the a to fJ phase formation of PVdF upon inclusion of MMT can 

be explained on the basis of stretching of PVdF chains during intercalation into the galleries 

of MMT. Thermodynamically a decrease in the Gibbs free energy (.1G) is required for the 

overall intercalation process. The driving force for direct polymer intercalation from solution 

is the entropy gained by desorption of solvent molecules, which compensates for the entropy 

decrease of confined, intercalated chains [333]. On the other hand, the conformational energy 

131 



Chapter VI: {PMMAI P(VdF-HFPJI-MMT based Nanocomposite Gel Polymer Electrolytes 

cost of stretching the chains resulting in the formation of f3 phase, in addition to the 

topographical constrains and the adsorption on the surfaces are expected to impose severe 

limitations on diffusion of chains diffusing in a pseudo-two dimensional slit. The a phase 

peaks (021) (2() = 26.4°) and (002) (2() = 38.5°) obviously decrease in intensity suggesting 

that MMT clays disturb the ordered structure perpendicular to the planes (021) and (002). 

(a) (b) 

Figure 6.4: Molecular confonnation of PVdF (a) TGTG' and (b) TT 
where the white cyanine balls denote the hydrogen and fluoride atoms 
and the gray balls represent carbon atoms [331]. 

6.3 Swelling Behavior of Nanocomposites 

The major difference between gel polymer electrolytes and solid polymer electrolytes lies in 

the presence plasticizer in the polymer system [4]. The dynamic swelling behavior of 

PMMA, PMMA-clay, PVdF and PVdF-clay nanocomposite films in 1M LiCI04 containing 

1: I (v/v) ratio of plasticizers PC and DEC at room temperature is shown in figures 6.5 (a & 

b). PC has high dielectric constant (£= 64.6) but has high viscosity (17 = 2.53), whereas DEC 

has low dielectric constant (£ = 2.82) and low viscosity (17 = 0.748). Combination of PC and 

DEC (1:1 v/v) solvents was used as optimization for high dielectric constant (£ = 33.71) and 

low viscosity (17 = 1.639) to achieve high ionic conductivity. It can be observed from figure 

that the % of swelling or solvent uptake as calculated using equation 6.1 for both PMMA and 

PMMA-clay nanocomposites increases with the increase of soaking period up to 11 h, but the 

increase of % of swelling for nanocomposites is more as compared to that of PMMA at the 

same time scale. Same kind of swelling behavior is observed for PVdF and PVdF-clay 

nanocomposites. But the saturation of swelling decreases 6 h in case of PVdF-based 

nanocomposites while the % of swelling is more as compared to that of PMMA-based 
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nanocomposites. This may be attributed to the fact that PVdF exhibits larger pore size and 

better pore connectivity than PMMA, which leads to faster impregnation of liquid 

electrolytes into the pores resulting in the decreased saturation time and increased swelling 

ratio. On the other hand increase of % of swelling in the nanocomposites as compared to the 

pure one implies that the presence of MMT clays in the polymer matrix can enhance 

electrolyte absorption, due to the high active surface and high affinity of the oxides present in 

the organoclays towards PCIDEC molecules (solvent of the electrolyte). Moreover the high 

aspect ratio of nanoclays can enhance retaining of electrolyte solution in the composite films. 
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Figure 6.5: Swelling behavior of (a) 
nanocomposites at different clay loading. 

PMMA-c1ay nanocomposites 

6.4 Ionic Conductivity Measurements 

(b) 

6 8 10 

and (b) PVdF-c1ay 

As described in the previous section, electrolyte uptake of both PMMA and PVdF increased 

after addition of MMT into it. We may expect that ionic conductivity of PMMAIMMT will 

be higher than pure PMMA. The typical Nyquist plots ofPMMA, PMMAlMMT, PVdF and 

PVdF-MMT nanocomposite gel polymer electrolyte films at room temperature are shown in 

figures 6.6 (a & b). All plots comprise a semicircular arc in the high frequency region and an 

oblique line in the low frequency region. The high frequency semicircle can be ascribed to 

the bulk of polymer electrolytes, whereas the low frequency spike is due to the capacitance of 

electric double layer formed at the electrode/electrolyte interface. The impedance spectra can 

133 



Chapter VI: IPMMAI P(VdF-HFP)f-MMT based Nanocomposite Gel Polymer Electrolytes 

be modeled as an equivalent circuit having a parallel combination of a capacitor and a 

resistor in series or parallel with a constant phase element (ePE). The impedance of ePE is 

given by 

ZCPE=k(jwrp whereO<p< I (6.2) 

Whenp=O, Z is frequency independent and k isjust the resistance and whenp=l, Z= k/jw =­

j/w(k), the constant k- I now corresponding to the capacitance. When p is between 0 and 1, the 

ePE acts in a way intermediate between a resistor and capacitor. The use of series ePE terms 

tilts the spike and parallel ePE terms depress the semicircle . 
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Figure 6.6: Nyquist plots of (a) gel PMMA and PMMNMMT nanocomposite gel polymer 
electrolytes at different clay loading and (b) PVdF and PVdFIMMT nanocomposite gel polymer 
electrolytes at different clay loading. 

The bulk resistance (Rb) is determined from the intercept of the slanted line with the 

real-axis value that the arc reaches its minimum. Then the conductivity (j can be obtained 

from (j = II Rty4, where I is the thickness of the polymer electrolyte film and A its area. It is 

observed from the figure that ionic conductivity increases (i.e. bulk resistance decreases) 

with increase of clay loading and attains a maximum value of 1.3 x 10-3 Scm- I at 5 wt. % 

clay content. This value of ionic conductivity at room temperature is better than that reported· 

in literature for PMMA/clay systems [173,286], where conductivity values were found to be 

of the order of 10-4 Scm-I. The nanocomposite electrolytes, as explained in literature, were 

synthesized via polymerization of MMA monomer along with clay and plasticizer. However 

in the present work samples have been synthesized using solution intercalation method 
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followed by the liquid electrolyte uptake, which is more viable for mass scale production. 

The ionic conductivity in these systems primarily depends on the liquid electrolyte uptake 

amount. In case of PVdF/clay nanocomposites electrolyte maximumum ionic conductivity 

value was found to be 2.3x 10-3 Scm-I for 4 wt. % clay loading. It is worth mentioning that 

film formation ability of polymer-clay nanocomposites depends on the amount of clay 

loading in the polymer. In our case we have seen that abo've 5 wt. % of clay loading the 

PMMA-clay nanocomposite films become brittle and it is difficult for brittle films to be used 

in battery fabrication. For PVdF-clay nanocomposites, free standing films can be achieved 

only at 4 wt. % clay loading. Thus the ratio of organophilic MMT to PMMA and PVdF 

should be controlled up to 5 wt. % and 4 wt. % respectively. 

The highest ionic conductivity for gel PMMA5 and gel PVdF4 is attributed to the 

highest electrolyte uptake as conductivity is related to the number of charge carriers, n" and 

their mobility, PI> according to the following equation [334] 

(6.3) 

where q, is the charge of each charge carrier. Higher uptake of liquid electrolytes by the 

nanocomposite films results in increase in the number of charge carriers at the same volume 

leading to higher ionic conductivity. The high aspect ratio of MMT fillers causes steric 

hindrance preventing polymer chains from crystallization, which favors fast ionic transport 

[335]. Another factor that may contribute to increase in ionic conductivity with clay loading 

is the increase in dielectric constant of the nanocomposite gel polymer electrolytes. It is well 

reported that the enhancement of ionic conductivity in PEO-based polymer electrolytes by 

the addition of nanoscale inorganic oxides is not due to the corresponding increase in 

polymer segmental motion, but more like a weakening of polymer-cation association induced 

by the nanopartic1es [120]. The same effect can be applied to our systems. If the filler-salt 

interaction is the major factor in determining the ionic conductivity of the composite 

electrolytes, we may expect that the conductivity be related to the dielectric constant of the 

oxide filler at the same electrolyte uptake. Clay (MMT) is a natural mineral with high 

dielectric constatnt [286]. Presence of the high dielectric constant electronegative silicate 

layers in the nanocomposite could increase the dissolution of the electrolyte salt (LiCl04), 

thereby increasing the ion conduction through the solvent domain surrounding the polymer 

matrix. The cationic charges on the surface of MMT act as Lewis acid centers and compete 
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with Lt cations (strong Lewis acid) to form complexes with the polymer host. This in tum 

may result in: (a) structural modifications and the promotion of Li+-conducting pathways at 

the surface of filler, and (b) the lowering ionic coupling, which promotes the salt 

dissociation . These two effects combine to increase the free ions and account for the 

observed enhancement in the ionic conductivity. The evidence of salt dissociation due to the 

presence of clay in the nanocomposite gel polymer electrolytes is further confirmed by FTIR 

analysis in the next section. 

As discussed in section 6.2 the clay addition in a-PVdF results in the formation of fJ­

PYdF due to which all the fluorine atoms are oriented on the same side of the chain and with 

the hydrogen atoms on the opposite side. This change in conformation will force all the H 

atoms to be oriented upwards inside the gallery because of their interaction with negatively 

charged clay platelets as schematically shown in figure 6.7. Negatively charged F-ions atoms 

will be oriented downwards and lithium ion mobility is expected to be higher along the 

interface lining the F atoms, which results in increase in the ionic conductivity in case of 

PVdF-clay based systems. 

• 
• Oxygen 

• Silicon 
Hydrogen 

• Aluminium 

Figure 6.7: Lithium ion (red balls) motion inside the gallery ofMMT in fJ phase ofPYdF. 

Figures 6.8 (a & b) show the temperature dependant ionic conductivity for both 

PMMA and PYdF based nanocomposite gel polymer electrolytes revealing that ionic 
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conductivity increases with the increase of clay concentration. Both the curves follow a linear 

trend i.e. Arrhenius behavior governed by the equation [282] 

u = Uo exp (-Ea IkT) (6.6) 

where cr, Uo, E(b k and T are the ionic conductivity, pre exponential factor, activation energy, 

Boltzmann constant and absolute temperature, respectively. It has been reported that ionic 

transport in gel polymer electrolytes obeys the VTF (Vogel-Tamman-Fulcher) relation {u = 

B exp (-Ea Ik(I'-To) , where B is a constant and To being the idealized glass transition 

temperature typically 20-50 K below the glass transition temperature of the polymer}, which 

describes the transport properties in a viscous polymer matrix [81, 317]. However in case of 

gel polymer electrolytes after addition of liquid plasticizer the glass transition temperature 

(T J drops abruptly. In that case To will be far below the temperature regions of 

measurements from room temperature to higher temperature. As expected the increase in 

temperature leads to increase in ionic conductivity due to increases in the polymer chain 

flexibility producing more free volume resulting enhanced polymer segmental mobility. 
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Figure 6.8: Temperature dependence of ionic conductivity of (a) gel PMMA and PMMNMMT 
nanocomposite gel polymer electrolytes at different clay loading and (b) gel PY dF and 
PYdFfMMT nanocomposite gel polymer electrolytes at different clay loading. 

An interesting effect occurs at higher temperature range where at about 115°C an 

abrupt drop in conductivity of clay free PMMA-based electrolyte is observed. The same 

effect occurs at 70°C for clay free PVdF-based system. This observation seems to be 

correlated with the fact that at temperature 115°C and 70°C the films of gel PMMA and gel 
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PV dF soften and the consistency of the fi Ims are lost. On the other hand the conductivity of 

clay loaded electrolyte systems goes on increasing up to 135°C and 90°C for PMMA and 

PVdF based electrolytes, respectively. This is attributed due to the fact that MMT fillers limit 

the fluidity of the polymer and thereby increases the mechanical strength of the polymer 

electrolytes making them suitable materials for high temperature operation [167]. 

6.5 FTIR Analysis 

Vibrational spectroscopy has been identified as a powerful tool to study the interactions 

among the various constituents in polymer electrolytes. FTIR spectra of pure PMMA, pure 

PVdF, gel PMMA and gel PVdF with different clay loading is shown in figures 6.9 (i & ii). 

For pure PMMA [Figure 6.9(i)a], the C=O symmetric stretch gives a sharp peak at 1725 cm­

I. The peaks at 1242 cm- I and 1188 cm- I are assigned to symmetric and asymmetric 

stretching vibrations of C-O-C bond respectively. Absorption of u(C-O) of OCH3 group and 

symmetrical stretch of C-O bond of PMMA appear at 1145 cm- I and 985 cm- I respectively 

[285]. The clay free gel PMMA exhibits a weak peak at 1700 cm- I [Figure 6.9(i)b], which 

corresponds to the interaction between lithium cation and C=O group [286]. As clay content 

increases the peak at 1700 cm- I gets intensified and shifts towards lower frequency. This 

indicates that the presence of MMT clays can enhance the interaction between lithium cation 

and carbonyl group ofPMMA. Frequencies 1750 cm- I and 1644 cm- I are assigned to >C=O 

stretching vibration of plasticizer (pC+DEC) and >C=C< bonding respectively. 

A careful analysis of FTIR spectrum of pure PVdF [Figure 6.9(ii)a] suggests that a 

typical vibrational band observed at 1404 cm -I corresponds to the deformed vibration of CH2 

group [336]. The peak appearing at 1233 is assigned to -C-F- stretching mode, whereas the 

peaks at 1176 and 1072 cm- I are due to the -C-F2- stretching modes. The frequency 881 cm­

I corresponds to the vinylidene group of the PVdF [81]. Characteristic bands of the 

crystalline a-phase are observed at 763 and 615 cm- I
. The absorption band at 763 cm- I is 

assigned to a rocking vibration. The band at 615 cm- I is assigned to a mixed mode of CF 

bending and CCC skeletal vibration. The characteristics peaks of P-PVdF are observed at 834 

and 510 cm- I
. The band at 840 cm- I is ascribed to a mixed mode ofCH2 rocking and CF2 

asymmetric stretching vibration. The absorption band at 512 cm- I is assigned to bending 

mode ofCF2 [337]. 
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In both the cases, the u(CI04-) internal mode of LiCI04 shows one peak at about 624 

cm- I
, which is assigned to the free anion, which does not interact with lithium cation. The 

u(CI04-) internal mode of LiCI04 shows one peak at about 624 cm- I
, which can be assigned 

to the free anion that does not interact with lithium cation, whereas the peak at 635 cm- I is 

due to the contact ion pair formation. The peak observed at 635 cm- I is gradually reduced to a 

shoulder with the addition ofMMT as shown in figure 9. This phenomenon may be attributed 

to the fact that MMT clay particles suppress the association of Lt and CI04- ions and 

increase the concentration of free ions leading to an increase in the ionic conductivity. 
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Figure 6.9: FTIR spectra of (i) (a) pure PMMA, (b) gel PMMA, (c) gel PMMAl, (d) gel 
PMMA2.s and (e) gel PM MAS and (ii) (a) pure PVdF, (b) gel PVdF, (c) gel PVdFl, (d) gel 
PVdF2.s and (e) gel PVdF4. 

6.6 Morphological Studies 

Scanning electron micrographs for pure PMMA gel PMMA5, pure PVdF and gel PVdF4 are 

shown in figures 6.10 (a-d). Pure PMMA exhibits porous structure with uniform pore 

distribution (Figure 6.IOa). Spherical granular morphology with large pores is observed in 

gel PV dF (Figure 6.1 Oc). The pores in the microstructure are due to solvent removal. On the 

addition of clay to PMMA and PVdF matrix, the pore size is reduced and the surface 

becomes smoother as the concentration of MMT clay is increased to 5 wt. % for PMMA and 

4 wt. % for PVdF. The results indicate that clay-loaded gel PMMA and gel PVdF electrolyte 
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systems have a higher solvent retention ability than clay-free electrolytes. In other words, the 

surface morphology of a nanocomposite polymer electrolyte without pores or any phase 

separation is indicative of a high affinity of the PVdF polymer for liquid electrolyte. The 

SEM results are consistent with the view that the higher conductivity of clay-loaded gel 

polymer electrolytes arises from increased soLvent retention. 

Figure 6.10: SEM images of (a) pure PMMA, (b) gel PMMA5, (c) pure PYdF and (d) gel PYdF4. 

6.7. Electrochemical Analysis 

The linear sweep voltammetry (LSV) measurements conducted using the Li/CPE/Li cell 

configurations for determination of the electrochemical stability window of the electrolyte 

systems are presented in figures 6.11 (a & b). The measurements were carried out in the 

potential range from 2V to 6V with a scan rate 0.1 m V S-I. The onset of the current identifies 

the anodic decomposition voltage of the electrolytes. It is found that the anodic limit of 
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PMMA-based nanocomposite gel polymer electrolytes increases with the increase of clay 

loading (Figure 6.11a) and sets at about 4.9 V for 5 wt. % clay content, which is reasonably 

higher than that of clay free gel polymer electrolyte (about 4.5 V). In case of PVdF-based 

electrolytes similar kind of trend is observed, where the electrochemical potential window is 

found to be 4.6 V for 4 wt. % clay content (Figure 6.11 b) as compared to at 4.3 V for the clay 

free electrolyte. Thus there is a clear improvement in the voltage stability factor in the 

electrolyte films containing clay. It has been well known that anodic stability window is 

limited by an irreversible oxidation of the salt anion [289]. The Lewis acid sites on the 

anionic surface of MMT can interact with CI04 - (Lewis base), thereby enhancing the 

electrochemical potential window by retarding the decomposition of lithium salt anion. These 

values of working voltage range (i.e., electrochemical potential window) appear to be high 

enough for application of the nanocomposite gel polymer electrolyte films as a solid-state 

separator/electrolyte in Li-ion batteries. 
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Figure 6.11: Linear sweep voltammetry plots of (a) gel PMMA and PMMNMMT 
nanocomposite gel polymer electrolytes at different clay loading (b) gel PVdF and PVdF/MMT 
nanocomposite gel polymer electrolytes at different clay loading. 

The compatibility of polymer electrolyte membranes with lithium metal is still an 

unsolved problem for their application in high power Li-ion batteries. The reactivity of the 

anode electrode with polymer electrolyte can lead to an uncontrolled passivation process and 

results in the formation of a thick and non-uniform surface layer [306]. These can in tum 

cause an uneven lithium deposition during the charging process eventually leading to 
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dendritic growth and short-circuiting of the cell [5]. Therefore, interfacial stability of 

polymer electrolytes in contact with electrode materials is an important factor for providing 

suitable performance in rechargeable lithium batteries. 
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Figure 6.12: Interfacial stability of (a) gel PMMA and PMMAlMMT nanocomposite gel 
polymer electrolyte with 5 wt. % clay loading and (b) gel PMMA and PMMAlMMT 
nanocomposite gel polymer electrolyte with 5 wt. % clay loading. 

In order to examine the interfacial stability of both PMMA-based PVdF-based gel 

polymer electrolytes before and after addition of organoclay, the ionic conductivity was 

measured by fabricating stainless steel/polymer electrolyte Istainless cells at room 

temperature and monitored for 18 days. Polymer electrolytes without clay and containing 5 

wt. % MMT for PMMA-based electrolytes and 4 wt. % clay for PVdF-based electrolytes 

have been selected to observe the effect of clay on interfacial stability and the results are 

shown in figures 6.12 (a & b). The figures reveal that ionic conductivity of both the 

electrolytes decreased with time but decrease of ionic conductivity in the clay free polymer 

electrolytes are much larger as compared to that in the polymer electrolytes containing MMT 

clay. This confirms that the interfacial stability of the polymer electrolyte containing clay is 

better than that of the clay free electrolyte systems. To the best of our knowledge, the 

interfacial stability of polymer/clay nanocomposite electrolytes is not yet reported in 

literature. However the improvement of interfacial stability in nanocomposite polymer 

electrolytes due to the addition of nano-sized ceramic fillers and fibers is widely reported 

[167, 306, 338, 339], according to which the high surface area of nano-sized ceramic fillers 
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form a barrier layer at the electrode, which effectively impedes the electrode-electrolyte 

reaction. This in turn reduces the passivation layer on the electrode leading to better 

interfacial stability between electrode and electrolyte. MMT clay is a natural mineral with 

high aspect ratio. Presence of clay in the polymer matrix prevents the electrode material to 

come in direct contact with the electrolyte protecting it from passivation. 

6.8 Summary 

In this work, organically modified MMT clays have been employed to modify the electrical 

and electrochemical properties of PMMA and PVdF based gel electrolytes. The insertion of 

polymer chains into the galleries of MMT showed enhancement in the d-spacing as revealed 

by XRD and TEM results. Intercalation of PV dF into the galleries of MMT also results in the 

formation of p phase of PVdF. From ac impedance spectroscopy it has been shown that the 

ionic conductivity of the nanocomposite gel polymer electrolytes increases with increase in 

clay loading and exhibits a maximum value of 1.3 x to-3 Scm- l for PMMA-based 

nanocomposite electrolytes whereas a little higher value of 2.3 x 10-3 Scm- l has been found 

in case of PVdF-based electrolytes at room temperature. This has been attributed to the 

higher uptake of liquid electrolytes by the nanocomposites. The SEM results are consistent 

with the fact that the higher conductivity of clay-loaded gel polymer electrolytes arises from 

increased solvent retention. The presence of high dielectric constant clay layers can dissolve 

more lithium salt (LiCl04) by disturbing the charge environment of the electrolyte systems. 

The cationic charges on the surface of MMT act as Lewis acid centers and compete with Li+ 

cations (strong Lewis acid) to form complexes with the polymer host. This in turn may result 

in: (a) structural modifications and the promotion of Li+-conducting pathways at the surface 

of filler, and (b) the lowering ionic coupling, which promotes the salt dissociation. These two 

effects combine to increase the free ions and account for the observed enhancement in the 

ionic conductivity. Addition of MMT clays in polymers not only reduces the interfacial 

resistance with SS electrode but also provides better electrochemical stability window. 
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CHAPTER VII 

Swift Heavy Ion Irradiation Effects on Nanofiber 
Reinforced and Layered Silicate Nanocomposite Electrolytes 

In this chapter the effete of Swift Heavy Ion (SHI) irradiation on P(VdF-HFP) based 
nanocomposite gel polymer electrolytes dispersed with dedoped polyaniline (P Ani) 
nanofibers and PEO-MMF based single ion conductor have been discussed. In case of 
P(VdF-HFP) based nanocomposite gel polymer electrolytes irradiation by 90 MeV 07+ions 
results in increase of ionic conductivity by a large number up to a certain jluence (5 101/ 
ions/cm2

) because of the chain scission effect. However at higher jluence (c 10" ions/cm2
) 

cross-linking of polymer chains predominates leading to decrease of ionic conductivity. On 
the other hand SHI irradiation on PEO-MMF nanocomposite results in the greater 
intercalation at lower jluence and ultimately exfoliation at the highest jluence used. With the 
increase of intercalation of P EO chains inside the galleries of MMT results in the increase of 
interaction between Na + cation and oxygen heteroatom leading to the increase in ionic 
conductivity in the composite. 

High energy ion irradiation of polymers leads to remarkable changes in their physical and 

chemical properties [340-346]. Permanent modifications in the molecular weight distribution 

and solubility [345, 346], electrical [347, 348], optical [349, 350] and mechanical properties 

[351, 352] of polymers and other materials have been detected after ion irradiation. When an 

energetic ion penetrates into a polymer material, it loses energy during their passage through 

the material, which is either spent in displacing atoms/molecules of the sample by elastic 

collisions referred to as nuclear stopping or exciting the atoms by inelastic collisions referred 

to as electronic stopping. Nuclear stopping arises from collisions between the energetic ions 

and target nuclei that cause atomic displacement and chain scission. Electronic stopping is 

determined mainly by the charge state and velocity of the ion [205]. Energy transfer by 

nuclear stopping process becomes important when an ion slows down approximately to Bohr 

velocity. Therefore for high energy ions, the maximum energy loss occurs near the end of the 

ion track. Nuclear collisions create recoil atoms due to momentum transfer from ion to target 

atom. The recoiled atoms are thermalized by dissipating energy through phonons and 

collecting excitons of target atoms (plasmons). For most ion energy ranges of interest, 

nuclear stopping by ions of low atomic number atoms of hydrogen and helium is negligible 
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because the Rutherford scattering cross section and momentum transfer by law mass atom is 

small [205]. Nuclear stopping, however, becomes important for ion species with large 

number of nucleons. Polymers have fairly large free volume, often larger than 20% and the 

atomic density in such loose system is relatively small as compared to dense lattice structure 

such as metal. Therefore, in polymers, most of the nuclear displacements occur fairly 

independentl y. 

The electronic energy loss takes place in two ways: electronic excitation and 

ionizations of the target atoms. When the electronic transfer is high, a considerable volume 

around the ion projectile is influenced because of the columbic field produced by glancing 

collisions and ionization by knock-on collisions [205]. This leads to production of active 

chemical species i.e. cations, anions, radicals, and electrons along the polymer chains. 

Columbic interactions among these active species cause violent bond stretching and 

segmental motion in the polymeric chain. Electronic stopping causes more cross-linking due 

to collective excitations of target atoms, which produce a large excited volume thereby 

resulting in coercive interactions among the ions and radical pairs produced within the 

volume. 

In this chapter studies on two systems viz. P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped 

PAni nanofibers and PEO-MMT single ion conductor irradiated with 90 MeV 0 7+ swift 

heavy ion have been presented. Ion irradiation on the samples has been performed at 15 UD 

Pelletron accelerator available at Inter University Accelerator Center, New Delhi, India using 

materials science (MS) beam line facility. The ion fluence was chosen to be 5 x 1010
, 1011 ,5 

x 1011 and 1012 ions/cm2 for P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni nanofibers and 

5 x 1010
, 1011, 5 X 1011, 1012 and 5 x 1012 ions/cm2 for PEO-MMT samples. The samples 

were loaded on four sided ladder (six samples on each side), which could be rotated and 

moved up and down to bring a particular sample in front of the ion beam for irradiation. 

Different samples were exposed to the ion beam for d~fferent time intervals as per the desired 

fluence. The ion current has been kept low (0.3-0.5 pna) to avoid sample burning. X-ray 

diffractograms were recorded by Rigaku miniflex X-ray diffractometer. Surface morphology 

of the composite electrolytes was studied by using Scanning Electron Microscope (Jeol 

model JSM 6390 LV). FTIR studies were carried out using Nicolet Impact 410 

spectrophotometer. The ionic conductivity and dielectric measurement of the films was 
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detennined from Hioki 3532-50 LCR HiTester in the frequency range of 42 Hz to 5 MHz 

keeping the electrolyte films between two stainless steel blocking electrodes. The nature of 

conductivity of the nanocomposites was detennined by transference number measurements 

using Wagner polarization technique with polymer electrolyte films between graphite 

blocking electrodes. DSC measurements were carried out using Simadzu DSC-60. A heating 

rate of 10°C/min was used at all samples. The transference number was found to be 0.99 for 

P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni nanofibers and 0.97 for PEO-MMT single 

ion conductor indicating that conductivity was essentially ionic in nature. In both the cases 

the best sample viz. P(VdF-HFP)-(PC+DEC)-LiCI04- 6 wt. % dedoped PAni nanofibers and 

PEO-20 wt. % MMT has been selected to study the irradiation effects. 

7.1 0 7
+ Ion Irradiated P(VdF-HFP)-(PC+DEC)-LiCI04-6 wt. % dedoped 

PAni Nanofibers System 

7.1.1 Ionic Conductivity Measurements 

Figure 7.1 shows the typical Nyquist plots of irradiated and unirradiated nanocomposite gel 

polymer electrolyte films at room temperature. All plots comprise a semicircular arc in the 

high frequency region and an oblique line in the low frequency region. The high frequency 

semicircle can be ascribed to the bulk of polymer electrolytes, whereas the low frequency 

spike is due to the capacitance of electric double layer fonned at the electrode/electrolyte 

interface. The bulk resistance (Rb) is detennined from the intercept of the slanted line with 

the real-axis value that the arc reaches its minimum. Then the conductivity (j can be obtained 

from (J = // RIA, where / is the thickness and A is the area of polymer electrolyte film. 

It is observed that the ionic conductivity of the nanocomposite gel polymer 

electrolytes increases with increase in fluence and attains a maximum value of 1.2 x 10.2 S 

cm- I when the fluence is lOll ions/cm2
. Above that fluence a decreasing trend of ionic 

conductivity is observed as compared to that of the pristine one. The variati~n of ionic 

conductivity with different fluence is presented in figure 7.2. The increase in ionic 

conductivity at lower fluence could be attributed to the fact that SHI irradiation applied to the 

polymer matrix can force the large coil size of the polymer chains to change into smaller size 

due to chain scission effect [353]. This in turn induces larger segmental motion of the 

polymer backbone resulting in increase in ionic conductivity. However at higher fluence-a 
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combined effect of phase separation and cross-linking of polymer chains seems to take place, 

which results in decrease in ionic conductivity. Phase separation occurs when P Ani 

nanofibers-rich region in the electrolyte becomes more PAni nanofibers-rich and P(VdF­

HFP)-rich phase becomes more P(VdF-HFP)-rich. This requires the mobility of the atoms or 

molecules in the electrolyte. The activation of the mobility is provided by the ion impact of 

SHI at higher fluence. 
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Figure 7.1: Nyquist plots of P(VdF-HFP)­
(PC+DEC)-LiCI04-6 wt. % dedoped PAni 
nanofibers irradiated with fluence (a) 0, (b) 
5 x 1010

, (c) lOll, (d) 5 x 1011 and (e) 1012 
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Figure 7.2: Variation of ionic 
conductivity of P(VdF-HFP)-(PC+DEC)­
LiCI04-6 wt. % dedoped PAni nanofibers 
with different fluence. 

After phase separation, it becomes easier for the polymer to contract that increases its 

density, which in tum results in chain folding and cross-linking of polymers, causing the 

formation of new crystalline regions [354] leading to decrease in ionic conductivity. It is 

worth mentioning that during irradiation, the energy deposited in the polymer causes chain 

scission or produce radicals, which subsequently decay or cross-link with neighboring 

radicals i.e. both chain scission and cross-linking occur during irradiation. At low fluence, 

chain scission predominates because of wide separation of radicals, which do not result in 

cross-linking. However, as fluence increases radical concentration increases resulting in 

formation of closely spaced radicals along the ion track. As a result coercive interaction 

among the radical pairs increases, which eventually allow the adjacent polymer chains to 

cross-link [355, 356]. 
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The temperature dependant ionic conductivity of the unirradiated and irradiated 

nanocomposite gel electrolytes with different fluence in the temperature range from 25°C to 

70 °c is shown in figure 7.3. It is observed that the curves follow almost linear i.e. Arrhenius 

behavior governed by the equation [282] 

u = Uo exp (-Ea /kD (7.1) 

where u, Uo, Ea, k and T are the ionic conductivity, the pre exponential factor, the activation 

energy, the Boltzmann constant and the absolute temperature respectively. It has been 

reported that ionic transport in gel polymer electrolytes obeys the VTF (Vogel-Tamman­

Fulcher) relation {u = B exp (-Ea /k(T-To)}, B is a constant and To being the idealized glass 

transition temperature of the polymer, which is 20-50 K below the glass transition 

temperature of the polymer}, which describes the transport properties in a viscous polymer 

matrix [81, 317]. Since glass transition temperature ofP(VdF-HFP) is -100°C, To will be far 

below the temperature regions of measurements from room temperature (25 0c) to 70°C. 
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Therefore, VTF behavior can be modeled as Arrhenius behavior as shown in figure 7.3. As 

expected the increase in temperature leads to increase in ionic conductivity because as the 

temperature increases the polymer chains flex at increased rate to produce more free volume, 

which leads to enhanced polymer segmental mobility. 

It is well known that porosity plays an important role in determining the ionic 

conductivity in gel polymer electrolytes. More is the porous structure of the polymer more is 

the entrapment of liquid electrolytes in the pores and eventually higher is the ionic 

conductivity. The change in porosity in the present nanocomposite gel polymer electrolytes 

upon SHI irradiation at different fluence have been determined by measuring the volume 

occupation (Vp) of the polymer electrolytes [357] given by 

Vp = O"app / O"poly (7.2) 

where O"app is the apparent density ofthe polymer electrolyte and O"poly is the calculated density 

of the polymer electrolyte from the volume fraction and density of individual components in 

the electrolyte. The volume occupation Vp of un irradiated and 0 7
+ ion irradiated P(VdF-HFP) 

based nanocomposite gel polymer electrolyte is given in table 7.1. It shows that porosity 

increases (i.e. Vp decreases) as a function of ion fluence up to 1011 ions/cm2
, which results in 

more entrapment of liquid electrolytes in the pores giving rise to increase in ionic 

conductivity. At higher fluence (>10 11 ions/cm2
) porosity decreases probably due to 

crystallization of polymer [358] exuding the liquid electrolyte out of the pores resulting in the 

decrease in the conductivity. 

Table 7.1: Volume occupation (Vp) ofP(VdF-HFP)-(PC+DEC)-LiCl04-6 wt. % dedoped PAni 
nanofibers composite gel polymer electrolytes with different tluence. 

Fluence (ions/cm2
) Vp Degree of crystallinity 

(%) 

5 x 1010 0.46 9.3 

lOll 0.38 8.2 

5 x 10" 0.67 18.6 

lOlL 0.71 19.7 
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7.1.2 XRD Analysis 

XRD patterns of unirradiated and 90 MeV 0 7
+ ions irradiated P(VdF-HFP)-(PC+DEC)­

LiC104- de doped PAni nanofibers composite gel polymer electrolytes are shown in figure 

7.4. Literature reveals that the three peaks observed at 28=18.5°,20° and 38° for pure P(VdF­

HFP) correspond to (100), (020) and '(?Q~J reflections of P(VdF-HFP) [256]. In the present 

case, the unirradiated nanocomposite gel polymer electrolyte (Figure 7.4a) exhibits a 

prominent peak only at 28=20° and other peaks are decreased in intensity implying that 

crystallinity decreases. Normally, for pure PVdF, an increase in crystallinity is observed at 

lower irradiation fluence «1011 ions/cm2
), whereas crystallinity decreases at higher fluence 

[359]. However, in P(VdF-HFP) the presence of HFP units helps in reducing the crystallinity 

of the polymer. Moreover, the addition of high aspect ratio (> 50) dedoped PAni nanofibers 

prevent polymer chain reorganization resulting in decreased crystallinity compared to pure 

P(VdF-HFP) [339]. As the fluence increases, the (020) peak at 28=20° gets broadened up to a 

fluence of 1011 ions/cm2 indicating that degree of crystallinity is decreased. The degree of 

crystallinity is determined by a method described in Chapter III and the values of degree of 

crystallinity at different fluence are given in table 7.l. As observed from the figure 7.4, the 

(020) reflection of P(VdF-HFP) changes significantly upon ion irradiation. This change has 

been analysed quantitatively using single-line approximation method employing double 

Voigt function [273] and the d-spacing, crystallite size (Ie) and strain (c:) have been calculated 

at different irradiation fluence, which are presented in table 7.2. This procedure involves the 

extraction and analysis of Gaussian (fJG) and Lorentzian (fA) component of integral breadth 

of a single Bragg peak corrected for instrumental broadening. It is observed from the 

crystallite size and microstrain analysis of the irradiated polymer electrolyte films that the 

crystallite size and microstrain decrease with the increasing ion irradiation fluence up to 1011 

ions/cm2 and increase at higher fluence (> 1011 ions/cm2
). It appears from the size-strain 

analysis of the irradiated polymer electrolyte films that the crystallite size decreases with the 

increasing ion fluence up to 1011 ions/cm2 and then it increases with significant change in 

microstrain. Thus there is a strong correlation between ionic conductivity and crystallite size. 

The decrease of crystallite size upon low fluence (:::; 1011 ions/cm2
) ion irradiation suggests an 

enhancement in the degree of disorder in the electrolyte films resulting from chain scission 

effect. With the increase of disorder, we can expect that generation of polymer-filler 
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(nanofibers) interfaces will be more. Since interfaces are the sites of high defect 

concentration, they can provide channels or paths for faster ionic transport [114]. 
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Figure 7.4: XRD patterns of P(VdF-HFP)-(PC+DEC)-LiCl04-6 wt. 
% dedoped PAni nanofibers irradiated with fluence (a) 0, (b) 5 x 
1010

, (c) lOll, (d) 5 x lOll and (e) 1012 ions/cm2
• 

Table 7.2: Comparison of the values of d-spacing, crystallite size (Ie) and strain (8) for (020) 
reflection ofP(VdF-HFP) with ionic conductivity (0) at different fluence. 

Fluence d-spacing (A) Ie (nm) lJ a-(mS/cm) 

(ions/cm2
) 

0 4.37 8.19 0.00378 6.3 

5 X 1010 4.41 6.28 0.01948 8.5 

lOll 4.17 6.33 0.01402 12.0 

5 X 1011 4.18 9.22 0.00325 2.4 

lOlL 4.2 10.96 0.004l3 1.8 

An interesting effect occurs above 1011 ions/cm2 where an additional peak appears at 

28=23°, which can be assigned to dedoped PAni nanofibers as discussed in Chapter IV 
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indicating the phase separation PAni nanofibers at higher fluence. Therefore, one can say 

that there are changes in PAni matrix also, whose crystalline phase started forming at higher 

fluence. The !,702):diffraction peak ofPVdF again starts appearing at higher fluence (> lOll 

ions/cm2
) denoting recrystallization of polymer due to ion irradiation. Here recrystallization 

in the sense that SHI irradiation induces contraction in the polymer that increases its density 

resulting in chain folding and cross-linking of polymer chains, which leads to the formation 

of new crystalline regions. The sudden decrease of the value of microstrain at higher fluence 

could be attributed to the effect of phase separation. After phase separation the interfacial 

area between filler and polymer is greatly reduced causing the value of microstrain to 

decrease significantly at higher fluence. 

7.1.3 Dielectric Loss Spectra and DSC Analysis 

The evidence of phase separation is further provided by the dielectric loss spectra. 

Dissipation of energy due to an alternating electric field is termed as dielectric loss and is 

generally consists of contributions from ionic transport and polarization of dipole [360]. 

Figure 7.5 presents dielectric loss as a function of frequency for unirradiated and irradiated 

P(VdF-HFP)-(PC+DEC)-LiCI04-6 wt. % dedoped PAni nanofibers composite gel polymer 

electrolytes. It is observed from the figures that for unirradiated (Figure 7.5a) and irradiated 

samples at lower fluence « 1 011 ions/cm2
) (Figure 7 .5b-c) the dielectric loss decreases with 

increasing frequency and becomes constant after a certain frequency. However, for samples 

irradiated with higher fluence (>10 11 ions/cm\ a sudden rise of dielectric loss is observed 

giving rise to a polarization peak. The polarization peak appears when the stress given by the 

electric field cannot be dissipated by ionic transport. This can be attributed to the phase 

separation of PAni nanofibers from P(VdF-HFP matrix at higher irradiation fluence (> lOll 

ions/cm\ 

After phase separation, two phases exist in the electrolyte, one is PAn i-rich phase and 

other is plasticizer-rich P(VdF-HFP) phase. It is difficult for the ions at the interface along 

the PAn i-rich phase to conduct giving rise to decreased ionic conductivity and increased 

dielectric loss. The appearance of polarization. peaks at higher irradiation fluence (>10 11 

ions/cm2
) is a strong evidence of accumulation of ions at the interface between PAni-rich 

phase and plasticizer-rich phase. On the other hand polarization peak is not observed in the 
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samples irradiated with lower fluence « 1011 ions/cm2
) suggesting that homogenous mixture 

is retained at lower fluence. 
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Figure 7.5: Dielectric loss spectra of P(VdF­
HFP)-(PC+DEC)-LiCI04-6 wt. % dedoped 
PAni nanofibers irradiated with fluence (a) 0, 
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Figure 7.6: DSC thermograms of (a) pure 
P(VdF-HFP), (b) pure dedoped PAni 
nanofibers and P(VdF-HFP)-(PC+DEC)­
LiCI04-6 wt % PAni nanofibers irradiated 
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DSC thermograms, shown in figure 7.6, reveal that the melting temperature of 

P(VdF-HFP) appearing at 148°C (Figure 7.6a) is reduced and broadened upon low 

irradiation fluence of lOll ions/cm2 (Figure 7.6d) suggesting that the degree of crystallinity is 

reduced. However, at the fluence of 1012 ions/cm2 (Figure 7.6f), peak around 250°C, which 

is due to the melting peak of PAni nanofibers (Figure 7 .6e) reappears, which is indicative of 

occurrence of phase separation. 

7.1.4 FTIR Analysis 

FTIR spectra of unirradiated and 0 7
+ irradiated P(VdF-HFP)-(PC+DEC)-LiCI04- dedoped 

PAni nanofibers composite gel polymer electrolytes are shown in figure 7.7. In figure 7.7a 

the C-N stretching vibration of secondary amine in PAni nanofiber arises at 1289cm- l
. The 

ammonium ion displays broad absorption in the frequency region 3350-3050cm -I because of 

N-H stretching vibration. The N-H bending vibration of secondary aromatic amine of PAni 
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nanofiber occurs at 1507cm -I. The frequency 1650 cm -I of PAni nanofiber is assigned to 

C=C of aromatic ring. 

The symmetric and asymmetric stretching vibrations of crystalline CH2 of P(VdF­

HFP) (Figure 7.7b) are observed at frequencies 3025 cm- I and 2985 cm- I
. This CH2 doublet 

governs the overall destruction ofP(VdF-HFP). The peaks at 881, 796, and 614 cm- I are due 

to bending vibration of CH2 group. All these peaks are shifted to 3017, 2976, 879, 788, 609 

cm- I in the nanocomposite gel polymer electrolyte (Figure 7.7c), which is indicative of 

polymer-salt-filler interaction [339]. It is observed from the figure that the transmission 

intensities of CH2 crystalline bands decrease upon low fluence irradiation (5 x 1010 ions/cm2) 

indicating the breaking of C-H bond, which results in enhanced amorphization of the 

material. The amorphization of the polymer at low fluence is further evidenced by 

simultaneous decrease in transmission intensities of other bending vibration of CH2 group. At 

low fluence, irradiation induces defects in the crystalline zones, which are evident by a 

decrease of the FTIR absorption. However, at high fluence (1012 ions/cm2) the above­

mentioned transmission peaks increases suggesting recrystallization of the material. The 

sharp increase in transmission intensities could be due to the formation of new crystalline 

zones, thickening of the new crystalline zones, or even growing of new lamellar stacks as a 

result of realignment of the molecular configuration upon high fluence ion impact. Polar 

group of P(VdF-HFP) plays an important role in crystallizability of the polymer. The 

presence of polar groups in the polymer leads to the formation of hydrogen bonds, increasing 

the inter chain forces of attraction [361]. 

The recrystallization of P(VdF-HFP) upon high ion fluence occurs during secondary 

electron-phonon coupling, while transferring huge amount energy into the lattice [361]. As a 

result the molecular dipoles forming the hydrogen bond network become realigned upon 

irradiation into a highly ordered state of chain cross linked molecules in the crystalline 

regions facilitating a tighter packing and bonding of the chain elements with each other and 

creating volume elements as crystallites. This is evident in the decrease in transmission 

intensity of CF2 bending at 532 cm- I
, which corresponds to the polar group of P(VdF-HFP). 

Two new peaks are observed at frequencies 1289 and 1650 cm- I (Figure 7.7e) for the sample 

irradiated with higher fluence, which are due to C-N stretching vibration of secondary amine 

and C=C of aromatic ring of PAni nanofibers showing phase separation at higher fluence. 
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Figure 7.7: FTIR spectra of (a) pure PAm nanofibers, (b) pure 
P(VdF-HFP) and P(VdF-HFP)-(PC+DEC)-LICI04-6 wt. % 
dedoped PAm nanofibers irradiated with fluence (c) 0, (d) 1011 
and (e) 1012 lons/cm2 

In figure 7.7, the -CF=CF2 group is located at around 1790 cm- I
• Frequency 1636 cm­

I is assigned to >C=O stretching vibration of PC and DEC. Frequencies 1483 and 1400 cm- I 

are assigned to -CH3 asymmetric bending and C-O stretching vibrations of the plasticizer, 

propylene carbonate, and diethyl carbonate. Frequencies 1290-1060 cm -I are assigned to -

C-F- and -CF2- stretching vibrations. Frequency 881 cm-I is assigned to the vinylidene 

group of the polymer. 

7.1.5 Morphological Studies 

Scanning electron micrographs of pristine P(VdF-HFP), unirradiated and 0 7
+ irradiated 

P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni nanofibers composite gel polymer 

electrolytes are shown in figures 7.8 (a-d). It is observed that the pure P(VdF-HFP) shows 

porous structure with uniform pore distribution. Addition of high aspect ratio fillers (dedoped 

PAni nanofibers) (Figure 7.8b) resulted in improved morphology, since the fillers occupied 

the pores along with the plasticizers. Highly porous surface morphology of the polymer 
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electrolytes (unirradiated) as compared to that of pure P(VdF-HFP) is due to the interaction 

of dispersed dedoped (insulating) nanofibers with polymer component as well as the affinity 

with solvent molecules. 

Figure 7.8: SEM micrographs of (a) pure P(VdF-HFP) and P(VdF-HFP)-(PC+DEC)-LiCI04-6 
wt. % dedoped PAni nanofibers irradiated with fluence (b) 0, (c) lOll and (d) 10 12 ions/cm2

• 

Upon irradiation with lower tluence (lOll ions/cm2
) (Figure 7.8c) the porous structure 

becomes much denser with well dispersed pores, which leads to better connectivity of the 

liquid electrolyte through the pores accounting for the increase in ionic conductivity. On the 

other hand, at higher tluence (10 12 ions/cm2
) irradiation the porous structure is di srupted 

possibly due to recrystallization of the polymer. The two-phase microstructure in the SEM 

image retlects the phase separation phenomenon at higher fluence. 
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7.207
+100 Irradiated PEO-20 wt. % MMT System 

PEO- 20 wt % MMT sample has been synthesized by solution intercalation method without 

adding any salt and irradiated with 90 MeV 0 7+ to exfoliate the MMT layers so as to 

mobilize the non-structural Na+ cations present inside the galleries of MMT. This strategy 

has been utilized in several studies reported in the literature that reveal that a reasonable 

value of single ion (cationic) conductivity can be achieved through the formation of salt free 

polymer/clay nanocomposites [137, 362-365]. Absence of salt ensures that there is no 

concentration polarization due to absence of anions in these polymer electrolytes, even 

though at the cost of low ionic conductivity. In the present case though the MMT clay used 

is organically modified, there exits some Na + cations inside the galleries, as cation exchange 

capacity is not 100%. Intercalation of PEO inside the galleries leads to polymer-Na + 

interaction resulting in movement ofNa+ ions responsible for single cationic conductivity in 

this kind of nanocomposites. For irradiation purpose the weight ratio of MMT was fixed at 

20 wt. %, since at this loading of MMT in PEO, highest ionic conductivity was obtained by 

us as compared to that for the other compositions. 

7.2.1 XRD Analysis 

Figure 7.9 shows the X-ray diffraction pattern of pure MMT, pure PEO and PEO-20 wt. % 

MMT nanocomposite at different fluence. Pure MMT exhibits its (001) diffraction peak at 20 

= 4.4° corresponding to the interlayer spacing of 2 nm. PEO exhibits its characteristics peaks 

at 20 = 19.2, 22.9, 23.4 and 27° corresponding to the (hkl) values of (120), (112), (032) and 

(040), respectively. Upon nanocomposite formation the (001) peak shifts towards lower 

angle side with interlayer spacing of 2.23 nm (Figure 7.9c), which suggests successful 

intercalation of PEO chains into the nanometric galleries of MMT. With the increase of 

irradiation fluence (Figure 7.9d-g) it is observed that the (001) peak further shifts towards 

lower angle side higher gallery spacing of MMT and larger intercalation of PEO. The d­

spacing profile of MMT with different fluence has been tabulated in table 7.3. During 

irradiation each ion creates a cylindrical molten zone of a few nanometers, transiently along 

its path. At this time the temperature of the sample is quite high and the low viscous polymer 

gets sufficient time to diffuse into the gallery of MMT to cause higher intercalation [366]. It 

has to be mentioned here that the higher the fluence, the higher is the time of SHI exposure. 
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So, the polymer gets more time to diffuse-in inside the gallery at higher fluence [366). 

Nonetheless, intercalation of the polymer gradually increases with the fluence. 

-=i 
~ -
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5 10 15 20 25 30 35 40 
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Figure 7.9: XRD patterns of (a) pure MMT, (b) pure PEO 
and PEO-20 wt. % MMT composite irradiated with 
fluence (c) 0, (d) 5 x 1010 (e) lOll, (f) 5 X lOll, (g) 1012 

and (f) 5 x 1012 ions/cm2
. 

On the other hand, at the highest fluence (5 x I 012 ions cm-2
) the (00l) diffraction peak 

is almost diminished indicating exfoliation of MMT layers in the nanocomposites. As 

polymer intercalates into the galleries of MMT, a significant compressive strain is expected 

in MMT layers. This strain arises due to the dislocation of crystal layers of MMT from their 

regular crystal lattice upon polymer insertion. In physical terms, the dislocation of the layers 

results in the increase of d-spacing and develops strain in the layers, which ultimately causes 

exfoliation of MMT layers. The intensity of the characteristics peaks due to pure PEO 

decreases with increase of ion fluence with no changes in their positions. The high-energy 

SHI irradiation initially melts the pure PEO matrix and then degrades/ cross-links most of the 

polymer chains. The degraded and! or cross-linked PEO molecules cannot crystallize further 

and, hence, exhibit lower intense peaks in XRD patterns. 
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Table 7.3: d-spacing profile andmicrostrain (E) ofPEO-20% MMT nanocompqsites at different 
irradiation fluence 

Irradiation fluence 
(ions/cm2

) 

d-spacing (nm) £ 

PureMMT 2 0.155 

Pristine PEO-MMT 2.23 0.164 

5 x 1010 2.45 0.175 

1 x lOll 2.79 0.189 

5 x lOll 2.93 0.197 

1 x 1012 3.24 0.208 

5 x 1012 ----- -----

As polymer intercalates into the galleries of MMT, a significant compressive strain is 

expected in MMT layers. This strain arises due to the dislocation of crystal layers of MMT 

from their regular crystal lattice upon polymer insertion. In physical terms, the dislocation of 

the layers results in the increase of d-spacing and develops strain in the layers. The 

microstrains calculated for (00l) reflections for pure MMT and PEO-MMT composites at 

different ion fluence are presented in table 7.3. It is observed that the value of micros train £= 

0.155 for pure MMT increases significantly with SHI irradiation as shown in table 7.3, which 

means that as more PEO is intercalated into the galleries of MMT with increase of irradiation 

fluence, the compressive strain increases. The increased strain causes part of the MMT layers 

to exfoliate resulting in decreased X-ray peak intensity. 

7.2.2 Ionic Conductivity Measurements 

The complex impedance plots for pristine and irradiated PEO-MMT nanocomposite 
I 

membranes are presented in figure 7.10. All plots comprise a semicircular arc in the high 

frequency region and an oblique line in the low frequency region, which has been discussed 

earlier. It is observed from the figure that the ionic conductivity increases (bulk resistance 

decreases) with .the increase of ion fluence and attains a maximum value of 5 x lO..(j Scm-I at 

room temperature for the highest fluence (5 x 1012 ions/cm\ which is over 1.5 order higher 
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as compared to that (9.27xlO-8 Scm-I) for the pristine PEO-MMT nanocomposite. The 

variations of ionic conductivity with different fluence are shown in figure 7.11. 
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Figure 7.10: Impedance spectra of PEO-
20 wt. % MMT nanocomposites 
irradiated at different fluence. 

Fluence (ions/em') 

Figure 7.11: Variation of ionic 
conductivity as a function of ion fluence. 

The enhancement of ionic conductivity with increasing fluence can be correlated with 

the fact that with the increase of fluence more polymer chains can enter into the galleries of 

MMT as revealed by XRD, which leads to greater interaction between heteroatom of PEO 

and Na+ cation residing inside the gallery resulting in higher ionic conductivity. Many related 

works reveal that intercalated or exfoliated state of MMT plays a distinct role in ion 

conduction and a complete exfoliated structure could yield the highest ionic conductivity 

[324, 325]. In the present case as exfoliation proceeds with increasing ion fluence more 

cations could be mobile and available for conduction through interaction with PEO chains. 

Conductivity values between 10-4 and 10-5 Scm-I have been reported for PEO/clay [137] 

nanocomposites (70-75 wt. % clay, 250°C). PEOINH4+ smectic [362] composites with 

similarly high inorganic contents exhibited a conductivity value ~ 10-7 Scm-I in the 

temperature range 125-280 °C, while other clay/polymer systems [363] exhibited 

conductivities in the range of 10-8 to 10-10 Scm-I (10 wt.% clay, 85-110 °C). Others report 

conductivities of 1.6x 10-6 Scm-I (60 wt. % clay, 30°C) [364] and 10-5 Scm-I (75 wt. % clay, 

RT) [365] for PEO/clay nanocomposites. In these systems conductivity values of higher 

order (~1O-5 Scm-I) could be achieved only at higher clay content (> 70 wt. %) and loading of 
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higher clay decreased the flexibility of the films. On the other hand lower clay loading 

resulted in lower values of ionic conductivity. In the present case under investigation we 

have been able to raise the ionic conductivity up to 10-5 Scm-! at 25 wt. % of clay loading 

while flexibility of the films are retained at this concentration. Therefore SHI irradiation 

seems to be an important tool for enhancing electrical properties in these kinds of 

nanocomposites. 

Figure 7.12 shows the temperature dependent ionic conductivity, which follows a 

linear trend i.e. Arrhenius behavior. The conductivity enhancement behavior with 

temperature can be understood by free volume model. As the temperature increases, the 

polymer chains flex and expand at increasing rate and produce free volume leading to an 

increase in ion and segmental mobility, which facilitates ion transport 
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Figure 7.12: Temperature dependent ionic conductivity 
ofPEO-20 wt. % MMT at different tluence. 

7.2.3 Morphological Studies 

Figures 7.13 (a-d) show the scanning electron microscope (SEM) image of pristine and 

irradiated PEO-MMT nanocomposites at different fluence. Unirradiated PEO-MMT 
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nanocomposites exhibit well-dispersed clay layers with mostly intercalated morphology 

(Figure 7.13a) . With the increase of ion tluence the morphology of PEO-MMT 

nanocomposite changes and layer spacing of MMT are observed to be higher than that of the 

pristine one. At the highest tluence (5 x 1012 ions cm-2
) MMT layers exhibit almost exfoliated 

structure. Thus SEM results agree well with XRD results. 

Figure 7.13: SEM image of PEO-20 wt. % MMT nanocomposites irradiated with fluence (a) 0, 
(b) 5 x 1010, (c) 5 X lOll and (d) 5 x 1012 ions/cm2. 

7.2.4 Complex Dielectric Function 

Figures 7. 14 (a & b) show the variation of real and imaginary part ofpermitivity (t:' and r!') 

for pristine and irradiated nanocomposites as a function of frequency . It is observed that t:' 

and r! ' exhibit higher values for the samples irradiated with higher tluence. The t: ' va lues of 
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the nanocomposite films are found to be lower than that of the irradiated films and show 

enhancement with increase of ion fluence. 
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Figure 7.14: Real (a) and imaginary (b) part of complex permitivity of PEO- 20 wt. 
% MMT at different irradiation fluence. 

These observations reveal that the intercalated and exfoliated MMT clay structures in 

PEO change dramatically with the increase of ion fluence in PEO-MMT films. The increase 

in the complex dielectric function values with increase in ion fluence is associated with the 

generation of dipolar and free charges in the nanocomposites due to intercalation and 

exfoliation of MMT layers [147, 367]. Further, the significant increase in t:' and ~' values of 

these materials with increase of irradiation fluence may also be related to the formation of a 

percolation structure of the nanoparticles, which is confirmed by dielectric investigation on 

nanocomposites [368]. On the other hand monotonous increase of E' with increasing ion 

fluence suggests enhancement in the number of free Na+ cations and their mobility in the 

increased clay galleries. At high frequencies, the periodic reversal of the electric field occurs 

so fast that there is no excess ion diffusion in the direction of the field. The polarization due 

to the charge accumulation decreased, leading to the observed decrease in the value of real 

and imaginary part of dielectric constant. 

Figure 7.15 shows the variation of tangent loss with frequency of PEO-MMT films 

for different fluence at room temperatures. The peak appearing at loss spectra corresponds to 

electrode polarization (EP) relaxation frequency (fEP) , which is used to separate the bulk 

material and EP phenomena. Appearance of peaks in the spectra suggests the presence of 

relaxing dipoles in all the samples. As regards the EP phenomenon, long-range drift of free 
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charges builds up at the interface between the electrolyte and electrode surfaces forming the 

electric double layer (EDL), which needs a larger space between clay galleries for 

intercalation [369]. It is observed that with the increase of ion fluence in the nanocomposite 

'tEP values decreases suggesting that the intercalated and exfoliated clay platelets speed up the 

long-range drift of the ions in the organic-inorganic nanocomposites resulting in faster 

dynamics of the EDL ions with the variation in the applied alternating electric field. 

12 

10 

8 

6 
<0 
c: 
III ... 

4 

2 

0 

--*- pristine 
-0-5e10 
-0-1e11 
~5e11 

-o-1e12 
--<l- 5e12 

10
2 

10
3 

10
4 

10
5 

10
6 

Frequency (Hz) 

Figure 7.15: Tangent loss as a function of frequency for 
PEO-20 wt. % MMT at different irradiation fluence. 

7.2.5 Electric Modulas Studies 

The study of dielectric relaxation mechanism in the framework of complex modulus 

formalism is a growing interest. The main advantage of this formalism lies in the fact the 

effects of the contribution of the electrode and any interfacial polarization, observed in the 

conductivity spectra, get suppressed in this modulus representation. The M* representation is 

widely used to analyze ionic conductivities by associating a conductivity relaxation time with 

the ionic process [370]. In the M* representation, a relaxation peak is observed for the 

conductivity process in the frequency spectra of the imaginary component of M*. 
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Figures 7.16 (a & b) show the complex electric modulus spectra of PEO-MMT 

nanocomposites irradiated with different fluence. The M spectra of the pure and irradiated 

PEO-MMT shows a large dispersion in the ionic conduction region. On the other hand a 

relaxation peak is observed for the conductivity processes, whereas no peak is observed in 

the dielectric spectra suggesting that ionic motion and polymer segmental motion are 

strongly coupled manifesting as a single peak in the M' spectra with no corresponding 

feature in dielectric spectra [369]. From M' curve the conductivity relaxation time can be 

calculated using the relation Lcr = 1/2;ifcr, where fcr is frequency associated to the peak 

appearing in M' plot. It is observed that the peak shifts towards higher frequency with the 

increase of ion fluence thereby decreasing the conductivity relaxation time. It can be 

explained on the basis ofintercalationlexfoliation ofMMT layers with irradiation fluence. 
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Figure 7.16: Real (a) and imaginary (b) part of electrical modulas of PEO-20 wt. % MMT 
irradiated with different ion fluence. 

As exfoliation proceeds with irradiation, nano-size silicate flakes present an ever­

expanding polymer/clay interface area that increases the internal capacitance of the 

composite where conducting ions can accumulate. Silicate flakes act as nanocapacitors in the 

melt polymer. In general, the MW relaxation time can be viewed as an electrical RC time 

constant where R is the resistance of the polymer matrix and C is the capacitance of the 

silicate particle. The decrease of Lcr value with increase of ion fluence in PEO-MMT 
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nanocomposites suggest that the dynamics of the films increases, which may be due to the 

extent of clay exfoliation in dynamic equilibrium [371]. 

7.2.6 FTIR Analysis 

The FTIR spectra of pure MMT, pure PEa and PEO-MMT nanocomposites with 

different irradiation fluence are shown in figure 7.17. It is well known that free water 

molecules exist in the gallery of clay platelets and OH groups are present on the surface of 

clay [372]. Two different absorption bands at 2910 and 2852 cm- I are ascribed to O-H 

groups of MMT. The appearance of absorption bands (Figure 7.17a) at 1040 cm- I is 

attributed to Si-O bending modes. In FTIR spectrum of pure PEO (Figure 7 .l7b) the bands at 

2918 cm- I and 2884 cm- I correspond to asymmetric and symmetric CH2 stretching vibration, 

respectively. These two bands show lower intensity in ion irradiated PEO-MMT 

nanocomposites. The peaks appearing at 1470 cm- I and 1353 cm- I in pure PEO correspond to 

asymmetric CH2 bending and symmetric CH2 wagging vibration, respectively. It is well 

known that the frequency, width, and intensity of these CH2 vibrations are sensitive to the 

intermolecular interactions and the conformational changes of the polymer backbone [373]. 

With the increase of irradiation fluence, the intensity of these two peaks decreases sharply, 

which could be attributed to the ion dipole interactions between the ether-oxygen of PEO and 

the interlayer cations of MMT [373]. This is further confirmed by the shifting ofthe band at 

1638 cm- I of pure PEO towards lower frequency. The two bands at 1295 cm- I and 1252 cm- I 

corresponding to twisting vibration t(CH2)a and stretching vibration v(C-O-C)a, respectively 

decrease in intensity at lower fluence while these two peaks are completely absent in the 

sample irradiated with the highest fluence used. The bending of (C-O-C) of pure PEO is 

observed at 1104 cm- I
. With the increase of irradiation fluence a broad distorted band 

centered at 1085 cm- I is observed indicating that significant interactions take place between 

oxygen and interlayer cations in MMT [374]. This suggests enhanced intercalation ofPEO in 

MMT galleries with the increase in irradiation fluence leading to exfoliation at higher 

fluence. These results are in conformity with XRD results. 
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Figure 7.17: FTIR spectra of (a) pure MMT, (b) pure 
PEO and PEO-20 wt.% MMT films irradiated with 
fluence (c) 0, (d) 1 x 1011 and (e) 5 x 1012 ions/cm2. 

90 MeV 0 7+ ion irradiation effects on P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni 

nanofibers composite gel polymer electrolytes and PEO-MMT single ion conductor have 

been investigated. In case of P(VdF-HFP)-(PC+DEC)-LiCI04-dedoped PAni nanofibers 

composite gel polymer electrolytes ac impedance analysis shows that the ionic conductivity 

of the nanocomposite gel polymer electrolytes increases with increasing ion fluence up to 

1011 ions/cm2. This has been attributed to the chain scissioning of polymer, which leads to 

faster ionic transport through the polymer matrix due to increased amorphicity assisted by 

larger segmental motion of the polymer backbone. At higher fluence (> 10 11 ions/cm2
) PAni 

nanofibers get phase separated out from the polymer electrolytes as revealed by XRD, DSC 

and dielectric lose spectra studies, leading to decrease in ionic conductivity .. SEM results 

show increase in porosity with uniformly dispersed pores, resulting in better connectivity of 

the liquid electrolytes through the polymer giving rise to higher ionic conductivity. 
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On the other hand swift heavy ion irradiation on PEO-MMT nanocomposites results 

in intercalation ofPEO chains at lower fluence and exfoliation above a critical fluence. This 

has been explained on the basis of shifting and disappearance of (001) diffraction peak of 

MMT in XRD patterns. Strain calculation reveals that the compressive strain increases with 

the increase of ion fluence, which ultimately leads to the exfoliation of MMT layers. About 

1.5 orders of magnitude enhancement in ionic conductivity has been observed for the sample 

irradiated with the fluence of 5 x 1012 ions/cm2 as compared to that of the unirradiated 

sample as observed from ac impedance spectroscopy. Ionic conductivity enhancement has 

been attributed to the higher intercalation of PEO chains, which results in the increased 

interaction between Na+ cation and oxygen atom in ·PEO. At low frequency, the variation of 

dielectric constant with frequency shows the presence of material-electrode interface 

polarization processes. The loss tangent peaks appearing at a characteristic frequency suggest 

the presence of relaxing dipoles in PEO-MMT nanocomposites. FTIR analysis confirmed 

that a strong interaction takes place between the ether oxygen of PEO and interlayer Na + 

cation ofMMT. 
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CHAPTER VIII 

Conclusions and Future Prospects 

This chapter outlines the main conclusions drawn from the present study, which deals with 
the synthesis and characterization of nanojibers reinforced and layered silicate 
nanocomposites gel polymer electrolytes with fo ur polymers, viz. poly(ethylene oxide) (PEO), 
poly(methyl methacrylate) (PMMA), poly(vyniledene fluoride) (PVdF) and p0!J:.(vyniledene 
fluoride-co-hex.afluoropropylene) [P(VdF-HFP)]. The effects of 90 MeV 0 + ion beam 
irradiation on both types of nanocomposites electrolytes have also been investigated The 
chapter also presents the future prospects of research in this area. 

8.1 Conclusions 

The present thesis puts forth the various aspects involved in developing high ion conducting 

nanocomposites gel polymer electrolytes. The main conclusions drawn from different 

polymer electrolyte systems investigated in the present work are given below: 

[PMMAI P(VdF-HFP)] based Nanocomposites Gel Polymer Electrolytes Dispersed with 
Dedoped (Insulating) PAni Nanofibers 

(1) Dedoped polyaniline (PAni) nanofibers can be affectively used as filler to increase 

the ionic cond~ctivity of gel polymer electrolytes. Maximum room temperature ionic 

conductivity for PMMA-{pC + DEC}-LiCIOc4 wt. % dedoped PAni nanofibers and 

P(VdF-HFP}-(PC + DEC}-LiCIOc6 wt. % dedoped PAni nanofiber is found to be 

2.1 x 10-3 Scm-! and 6.31 x 1 0-3 Scm-I, respectively. Addition of high aspect ratio (> 

50) PAni nanofibers results in the reduction of polymer crystallinity due to the 

prevention of chain reorganization leading to higher ionic conductivity. However, at 

higher filler content [> 4 wt. % for PMMA and 6 wt. % for P(VdF-HFP») a 

decreasing trend of ionic conductivity is observed due to the phase separation of PAni 

nanofibers, which form insulating clusters that encumber ion movement. 

(2) SEM results show that PAni nanofibers remarkably increase the pore density and 

widens the porous structure of the polymer electrolytes. This has been attributed to 

the fact that the dedoped nanofibers try to occupy the pores in the gel polymer 

electrolyte and in the process pore distribution becomes denser. Highly porous 
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structure leads to better connectivity of the liquid electrolyte through the pores 

accounting for the increase in ionic conductivity. 

(3) The interfacial stability and electrochemical potential window of the nanofibers 

dispersed polymer gel electrolyte membranes are observed to be higher than that of 

gel polymer electrolytes without nanofibers. The increase of interfacial stability due 

to the addition of PAni nanofibers is attributed to the fact that when nanofibers is 

added passivation of polymer electrolyte due to reaction with electrode material 

decreases. High aspect ratio (>50) nanofibers get accumulated on the surface of the 

electrode and effectively impede the electrode-electrolyte reaction. 

PEOIP(VdF-HFP) Blend based Microporous Gel and Nanocomposite Polymer 
Electrolytes 

(4) The blend based microporous membranes based on PEO-P(VdF-HFP) prepared by 

phased inversion technique show that the addition of PEO improved the pore 

configuration, such as pore size, pore connectivity and porosity of P(VdF-HFP) 

based membranes. The room temperature ionic conductivity was significantly 

enhanced. The highest porosity of about 65 % and ionic conductivity of about 7 x 10-

4 Scm-I is obtained when the weight ratio of PEO was 40 wt. %. The liquid 

electrolyte uptake was found to increase with increase in porosity and pore size. 

However at higher weight ratio of PEO (> 40%) porosity, pore size and ionic 

conductivity were decreased. This descending trend with further increase of PEO 

weight ratio was attributed to conglomeration effect of PEO at the pores. Beyond 40 

wt. % of PEO conglomeration takes place, which decreases the pore size as observed 

in SEM results. The conglomeration effect predominates at higher concentration of 

PEO and as a result ionic conductivity, porosity and liquid electrolyte uptake follow a 

descending trend. 

(5) Addition of dedoped PAni nanofibers in PEO-P(VdF-HFP)-LiCI04 blend system 

results in significant enhancement of ionic conductivity up to 6 wt. % of PAni 

fraction as revealed by ac impedance analysis. Lewis acid-base interaction plays a 

dominant role in this case. The oxygen atom in PEO has two lone pair of electrons 

and nitrogen atom in PAni nanofibers has one lone pair of electrons, which act as 
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strong Lewis base centers and Li+ cations as strong Lewis acid giving rise to three 

types of Lewis acid-base complexes in the composite polymer electrolyte. First type 

of complexes involve PEO-Li+-PEO interaction, which leads to the transient cross­

linking of PEO chains via Li+ cations resulting in the reduction of ionic conductivity. 

Second type of interaction is due to mixed PEO-Li+ -P Ani nanofibers complexes, 

which involves Lewis base oxygen from PEO chain and Lewis base nitrogen from 

polyaniline. The third type of interaction involves only the Lewis base nitrogen from 

polyaniline and Li+ cations. The formation of second and third type of complexes 

leads to lowering of concentration of first type of complexes and hence density of 

transient cross-linking is reduced. This allows mobile ions to move more freely either 

on the surface of the nanofibers or through a low-density polymer phase at the 

interface, which results in enhanced ionic conductivity. In addition reduction of 

crystallinity due to the dispersion of PAni nanofibers and creation of polymer filler 

interface also results in the enhancement of ionic conductivity in PEO-P(VdF-HFP)­

LiCI04 system. 

(6) SEM studies reveal two-phase morphology above 6 wt. % nanofibers indicating the 

phase separation of polyaniline nanofibers. FTIR spectra also confirm the phase 

separation at nanofibers fraction greater than 6 wt. % showing peaks for dedoped 

PAni nanofibers at their assigned positions. The interfacial stability of the nanofibers 

dispersed composite polymer electrolytes is observed to be better than that of PEO­

P(VdF-HFP)-LiCl04 and PEO-LiCI04. 

IPMMAI P(VdF-HFP)] / MMT based Nanocomposite Gel Polymer Electrolytes 

(7) Organically modified MMT clays have been employed to modify the electrical and 

electrochemical properties of PMMA and PVdF based gel electrolytes. The insertion 

of polymer chains into the galleries of MMT showed enhancement in the d-spacing as 

revealed by XRD and TEM results. Intercalation of PVdF into the galleries of MMT 

also results in the formation of fJ phase of PV dF. a to fJ phase formation of PV dF 

upon inclusion of MMT can be explained on the basis of stretching of PVdF chains 

during intercalation into the galleries of MMT. Thermodynamically a decrease in the 
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Gibbs free energy (~G) is required for the overall intercalation process. The driving 

force for direct polymer intercalation from solution is the entropy gained by 

desorption of solvent molecules, which compensates for the entropy decrease of 

confined, intercalated chains. On the other hand, the conformational energy cost of 

stretching the chains resulting in the formation of fJ phase in addition to the 

topographical constrains and the adsorption on the surfaces are expected to impose 

severe limitations on diffusion of chains diffusing in a pseudo-two dimensional slit. 

From ac impedance spectroscopy it has been shown that the ionic conductivity of the 

nanocomposite gel polymer electrolytes increases with increase in clay loading and 

exhibits a maximum value of 1.3 x 10-3 Scm-1 for PMMA-based nanocomposite 

electrolytes, whereas a slightly higher value of 2.3 x 10-3 Scm-1 has been found in 

case of PV dF -based electrolytes at room temperature. This has been attributed mainly 

to the higher liquid electrolyte uptake by the nanocomposite films. Higher uptake of 

liquid electrolytes by the nanocomposite films results in increase in the number of 

charge carriers at the same volume leading to higher ionic conductivity. In case of 

PVdF based systems the formation of fJ-PVdF due to which all the fluorine atoms are 

oriented on the same side of the chain and with the hydrogen atoms on the opposite 

side. This change in conformation will force all the H atoms to be oriented upwards 

inside the gallery because of their interaction with negatively charged clay platelets. 

Negatively charged F-ions will be oriented downwards and lithium ion mobility is 

expected to be higher along the interface lining the F atoms, which results in increase 

in the ionic conductivity in this case. 

(8) The cationic charges on the surface of MMT act as Lewis acid centers and compete 

with Li+ cations (strong Lewis acid) to form complexes with the polymer host. This in 

turn may result in: (a) structural modifications and promotion of Li+-conducting 

pathways at the surface of filler, and (b) the lowering ionic coupling, which promotes 

the salt dissociation as revealed by FTIR. Addition of MMT clays in polymers not 

only reduces the interfacial resistance with electrode material but also provides larger 

electrochemical stability window. 
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Swift Heavy Ion Irradiation Effects on Nanofiber Reinforced and Layered Silicate 
Nanocomposite Electrolytes 

(9) Swift heavy ion 0 7+ irradiation effects on the ionic conduction in P(VdF-HFP)­

(pC+DEC)-LiCI04-6 wt. % dedoped PAni nanofibers and PEO-MMT single Na+ ion 

conductor have been studied extensively in the present work. In case ofP(VdF-HFP)­

(pC+DEC)-LiCI04-dedoped PAni nanofibers composite gel polymer electrolytes ac 

impedance analysis shows that the ionic conductivity of the nanocomposite gel 

polymer electrolytes increases with increasing ion fluence up to 1011 ions/cm2
• This 

has been attributed to the chain scissioning of polymer, which leads to faster ionic 

transport through the polymer matrix due to increased amorphicity assisted by larger 

segmental motion of the polymer backbone. As fluence increases radical 

concentration increases resulting in the formation of closely spaced radicals along the 

ion track. As a result coercive interaction among the radical pairs increases, which 

eventually allow the adjacent polymer chains to cross-link leading to decrease in ionic 

conductivity. XRD results show that above lOll ions/cm2
, the PAni nanofibers peak at 

28=23° reappears indicating the phase separation PAni nanofibers at higher fluence (> 

1011 ions/cm2
). The phase separation phenomenon at higher fluence has been further 

confirmed by DSC and dielectric lose spectra studies. 

(10) SEM results show that upon irradiation with lower fluence (1011 ions/cm2
) the porous 

structure becomes much denser with well dispersed pores, which leads to better 

connectivity of the liquid electrolyte through the pores accounting for the increase in 

ionic conductivity. On the other hand, at higher fluence (> 1011 ions/cm2
) irradiation 

the porous structure is disrupted possibly due to recrystallization of the polymer 

chains. Study of volume occupation (Vp) reveals that porosity increases (i.e. Vp 

decreases) as a function of ion fluence up to 1011 ions/cm2
, which results in 

entrapment of more liquid electrolyte in the pores giving rise to increase in ionic 

conductivity. At higher fluence (> lOll ions/cm2
) porosity decreases probably due to 

recrystallization of polymer exuding the liquid electrolyte out of the pores resulting in 

the decrease in the conductivity. 

(11) Swift heavy ion irradiation on PEO-20 wt. % MMT nanocomposites results in 

intercalation of PEO chains at lower tluence and exfoliation above a critical tluence. 
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This has been explained on the basis of shifting and disappearance of (001) 

diffraction peak of MMT in XRD patterns. Strain calculation reveals that the 

compressive strain increases with the increase of ion fluence, which ultimately leads 

to the exfoliation of MMT layers. Maximum conductivity was found to be 5 x 10-6 

Scm-I at room temperature for ,the highest fluence, which is significantly higher as 

compared to that for the pristine polymer electrolyte (9.27x 1 0-8 Scm-I). With the 

increase of intercalation of PEO chains inside the galleries of MMT results in the 

increase of interaction between Na + cation and oxygen heteroatom leading to the 

increase in ionic conductivity in the composites. Surface morphology and interactions 

among the various constituents in the nanocomposites at different fluence have been 

examined by SEM and FTIR, respectively. At low frequency, the variation of 

dielectric constant with frequency shows the presence of material-electrode interface 

polarization processes. The loss tangent peaks appearing at a characteristic frequency 

suggest the presence of relaxing dipoles in PEO-MMT nanocomposites. FTIR 

analysis depicts a strong interaction between the ether oxygen of PEO and interlayer 

Na+ cation ofMMT. 

8.2 Future Prospects 

There is an enormous scope of further development of high ion conducting polymer 

electrolyte materials and fabrication of electrochemical devices such as high energy 

density lithium ion batteries, supercapacitors, sensors etc. using them. In lithium ion 

batteries undesired reactions between the battery components and the liquid organic 

electrolyte coupled with unpredictable events such as short circuits or local overheating 

lead to an exothermic reaction of the electrolyte with the electrode materials, producing a 

rapid increase of the battery temperature, eventually leading to fire or explosion. Keeping 

this prospect in view ionic-liquid based lithium-ion-conducting polymer electrolytes may 

greatly reduce the risk of thermal runaway since ionic liquids are practically non­

flammable. This provides the lithium battery with the level of safety that is required for 

their large-scale application. Extensive work for testing of ionic liquids as new electrolyte 

media for the future is in progress worldwide. In polymer electrolytes both cations and 

anions contribute to the overall conductivity, where not only lithium ions but also their 
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counter ions migrate during the charging and discharging processes of a battery. This 

causes concentration polarization caused by accumulation of anions on the anode leading 

to the premature battery failure. Intensive research on single cationic polymer electrolytes 

is going on, but researchers are far away from the achieving goal. Research in this field 

has tremendous potential. Swift heavy ion irradiation on nanocomposites polymer 

electrolytes has great prospects for enhancing their properties and is a potential research 

field both from theoretical and applied points of views. 
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