
 
 

CHARACTERIZATION OF LITHIUM ION 

CONDUCTING POLYMER ELECTROLYTES AND 

ITS APPLICATION IN ENERGY STORAGE 

DEVICES 

 

 

 

A THESIS 

 

 

Submitted by 

 

ABARNA S 

 

 

in partial fulfillment of the requirements for the degree of 

 

DOCTOR OF PHILOSOPHY 

 

 

 
FACULTY OF SCIENCE AND HUMANITIES 

ANNA UNIVERSITY 

CHENNAI 600 025 

 

SEPTEMBER 2018 

 

 



ii 

 

 

 



iii 

 

 

 

  



iv 

 

 

 

ANNA UNIVERSITY 

 CHENNAI 600 025 

 
CERTIFICATE 

 
 The research work embodied in the present Thesis entitled 

―CHARACTERIZATION OF LITHIUM ION CONDUCTING POLYMER 

ELECTROLYTES AND ITS APPLICATIONS IN ENERGY STORAGE 

DEVICES‖ has been carried out in the Department of Physics, PSN College of 

Engineering and Technology, Tirunelveli. The work reported herein is original 

and does not form part of any other thesis or dissertation on the basis of which a 

degree or award was conferred on an earlier occasion or to any other scholar. 

 I understand the University‘s policy on plagiarism and declare that the 

thesis and publications are my own work, except where specifically 

acknowledged and has not been copied from other sources or been previously 

submitted for award or assessment. 

 

ABARNA S  

RESEARCH SCHOLAR  

 

Dr. C. AMBIKA Dr. G. HIRANKUMAR 

JOINT SUPERVISOR SUPERVISOR 

Assistant Professor Assistant Professor  

Department of Physics, Department of Physics,  

PSN College of Engineering and Technology, RKMV College,  

Tirunelveli- 627152 Chennai- 600004 

 



v 

 

 

 

ABSTRACT 

 

 Recently, Energy storage system is received extensive attention due 

to the increasing energy demand and environmental crisis. An energy storage 

device is an apparatus used for storing energy and releasing it when required. 

Since flexible-structured electrical energy storage device are safer than the 

conventional one, this research work is based on the preparation of Lithium ion 

conducting polymer electrolytes and to identify its suitability in battery and 

super capacitor applications.  

  

 In the present work, Lithium ion conducting polymer electrolytes are 

prepared using Poly (vinyl alcohol) (PVA) as host polymer and Lithium per 

chlorate (LiClO4) as ionic salt. Various compositions (100:0, 95:05, 90:10 85:15 

and 80:20) of PVA:LiClO4 electrolytes are prepared using solvent casting 

technique. All the prepared films are subjected to AC impedance spectroscopy to 

know their electrical properties. Based on the study it is found that the film 

having composition of 80:20 shows the maximum ambient conductivity of 5.64 

× 10
-5

 S cm
-1

. The complex formation between PVA and LiClO4 is analyzed 

using Fourier Transform Infrared spectroscopy (FTIR).  

 

 Since high ambient ionic conductivity is an essential property of any 

electrolyte, two plasticizers such as sulfolane (Tetra Methyl Sulfone) and triton 

(Poly ethylene glycol p-tert octyl phenyl ether) are chosen to plasticize PVA-

LiClO4 matrix and thus to improve the conductivity. Two series such as PVA-

LiClO4-Sulfolane and PVA-LiClO4-Triton electrolytes are prepared by varying 

sulfolane and triton concentration. The prepared films are subjected to ac 

impedance, XRD (X-Ray Diffraction), FTIR, ion transference number and 

Linear sweep voltammetry studies. Using ac impedance study it is identified that 

10mol% Sulfolane added PVA-LiClO4 (S10) electrolytes shows the maximum 

conductivity of 1.14 ×10
-2

 S cm
-1

. In case of triton plasticized PVA-LiClO4 
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series, 1 mol% Triton added PVA-LiClO4 (T1) electrolyte shows the maximum 

conductivity 1.92 × 10
-3

 S cm
-1

.  

  

 The amorphous nature of films is viewed through XRD studies. 

Interaction among PVA-LiClO4-sulfolane/triton is analyzed through FTIR. Ion 

transference number study reveals that all the prepared electrolytes having ions 

as majority carriers. Cation transference number study reveals that S10 and T1 

electrolyte posses tLi
+
 ion transference number of 0.76 and 0.29 respectively. The 

electrochemical stability of polymer electrolytes is determined using Linear 

sweep voltammetry studies. According to that S10 electrolyte shows the 

electrochemical stability voltage of 5.45 V Vs Li/Li
+
 and T1 electrolyte shows 

the stability voltage of 2.68 V vs Li/Li
+
 for the cut off current density of 

1μA/cm
2
. Thermal stability of polymer electrolytes are analyzed through TG-

DTA (Thermo Gravimetric and Differential Thermal Analysis). Glass transition 

temperature of is determined using DSC (Differential Scanning Calorimetry) 

study.  

 

 Lithium ion battery is fabricated using LiCoO2/LiCoPO4 as cathode 

materials and S10 as electrolyte and Lithium metal as anode. The cells are 

subjected to open circuit voltage (OCV), Electrochemical impedance (EIS) and 

Cyclic voltammetry (CV) studies. The cells show 3 V as open circuit voltage. 

EIS study confirms all the cell components having low resistance. Reversible 

nature of cell is confirmed through CV study.  

 

 Lithium rich Nickel magnesium cobalt oxide (Li1.2Ni0.6-xMgxCoO2 

where x=0, 0.03 and 0.3) electrode materials are prepared using solid state 

reaction method by varying nickel and magnesium concentrations. The electrode 

materials are characterized using XRD, SEM, ac impedance, CV studies. Using 

those electrode materials and S10 and T1 electrolyte super capacitor are 

fabricated. The fabricated super capacitors are subjected to EIS, CV and Charge-

discharge studies. The maximum capacitance of 5.5 F/g is achieved for 

Li1.2Ni0.6Co0.3O2/S10/ Li1.2Ni0.6Co0.3O2 capacitor. In the series of T1 based super 
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capacitors the configuration Li1+2Ni0.6Co0.3O2/T1/ Li1+2Ni0.6Co0.3O2 shows the 

highest capacity of 4.8 F/g.  

 

 Further, super capacitors are fabricated using Graphite as electrodes 

and optimized films S10 and T1 as electrolytes. The highest capacity of 12.1 F/g 

is obtained for G/S10/G configuration where as 8.4 F/g is obtained for G/T1/G 

configuration for the discharge current of 0.5 mA. While increasing the 

discharge current the capacity values are reduced which is correlated to 

‗Electrolyte Starvation Effect‘. All the research descriptions are presented in 

thesis. 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 INTRODUCTION  

 Energy storage system is being received extensive attention due to the 

increasing energy demand and environmental crisis (Weina et al. 2016). An 

energy storage device is an apparatus used for storing energy and releasing it 

when required. Electrical energy storage system is classified into many systems 

based on the mechanism which is involved to store energy. They are mechanical, 

thermal, electrochemical, electrical and chemical energy storage systems (Xing 

et al. 2014). Batteries and super capacitors fall under the category of 

electrochemical energy storage system. In Electric Double Layer Capacitors 

(EDLCs), charges are electrically stored and no chemical processes are involved 

where as in Pseudo capacitors electrochemical process are involved in its energy 

storage mechanism.  

 

 Electrochemical devices require electrodes and electrolytes. The 

present research work is mainly based on the preparation of Lithium ion 

conducting polymer electrolytes and to identify its suitability in battery and 

super capacitor applications.  

 

1.2  ELECTROCHEMICAL CELL COMPONENTS AND

 WORKING  

 

Each electrochemical cells consists the components of  

1. Anode/ Electrode 1 

2. Electrolyte  

3. Separator  
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4. Cathode/ Electrode 2 

5. Current collector  

 

 If liquid electrolyte is used, an ion permeable and electrically 

insulating separator film is sandwiched between two electrodes as separator. If 

solid electrolyte is used, electrolyte itself serves as a separator role. For battery 

fabrication, Lithium metal/Graphite is used as anode and Li intercalated metal 

oxide is used as cathode. If Lithium metal is used as anode the battery is said to 

be ‗Lithium metal battery where as Graphite/Lithium intercalated compound is 

used as anode it is said to be ‗Lithium ion battery‘. Figure 1.1 shows the 

schematic representation of lithium ion battery and lithium metal battery. Copper 

foil is used as current collector for anode where as Aluminum foil is used as 

current collector for cathode.  

 

 

     (Source: Xu et al. (2014)  (Source: Wu et al. (2014)) 

Figure 1.1  Schematic representation of (a) Lithium ion battery (b) Lithium 

metal battery (insert is dendrite formation)  

 

 In the charging process of battery, Li
+
 moves through the electrolyte 

from positive electrode (cathode) to negative electrode (anode) and attach to the 



 

3 

 
 

graphite/lithium metal, while electrons flow from cathode to anode through the 

external circuit. During discharge, this process is reversed, that is Li
+
 ions come 

back to positive electrode from graphite/lithium metal and electrons flow from 

anode to external load (figure 1.1 a) (Sun et al. 2014). Lithium metal batteries 

are not safer one. During cycling, the dendrite formation (figure 1.1 b) on 

lithium metal changes its morphology. When dendrite growth pierces the 

separator, it results an internal short, thermal runaway and explosion ensue. 

 

 

(Source: Xin & Wei (2013)) 

Figure 1.2 Schematic representation of function of super capacitor  

 

 For capacitor fabrication, Activated carbon/ Graphite/ Metal oxides 

are used as electrode materials. Based on the configuration of electrode 

materials, super capacitor is classified into two categories such as symmetric 

(similar capacitive electrodes on both sides) and asymmetric (different 

capacitive electrodes on both sides).  

 

  While charging the super capacitor, electrolyte ions are polarized and 

cations are moved towards negative electrode and anions are moved towards 

positive electrode. Thus Electric Double Layer (EDL) is formed. During 
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discharge process, the formed EDL is released which results the parallel electron 

movement in the external wire. Schematic representation o©f charging and 

discharging state of super capacitor is shown in figure 1.2.  

 

1.3  ELECTROLYTE 

 Electrolyte is a conducting medium which provide ionic conduction 

path between electrodes. Simply, a salt dissolved in a solvent which containing 

free ions is said to be an electrolyte. For the application of electrochemical 

devices, electrolyte should possess the following properties (Schalkwijk & 

Scrosati 2002).  

1. Should be a good ionic conductor and electronic insulator then only 

ion transport can be facile and self discharge can be kept as 

minimum.  

2. Should have a wide electrochemical stability so that it can be 

compatible with high voltage electrodes.  

3. Should have high cation transport to avoid concentration polarization 

in batteries.  

4. Be available at low cost in order to fill the large market. 

5. Should possess benign chemical composition to be environmentally 

friendly.  

 In addition to that if electrolyte is solid then it should have good 

mechanical strength to assure easy battery/capacitor fabrication. Types of 

electrolytes are discussed in subsequent section.  

 

1.4  TYPES OF ELECTROLYTES  

Based on the phase available in electrolyte, it is classified as,  

1. Liquid electrolytes  

2. Solid electrolytes  

 

 



 

5 

 
 

1.4.1  Liquid Electrolytes  

 Generally, Liquid electrolytes are based on solutions of one or more 

salts in mixture of two or more solvents. Example : Electrolytes based on solvent 

mixtures of Ethylene Carbonate (EC) with DiMethyl Carbonate (DMC) and/or 

DiEthyl Carbonate (DEC) are commonly used for lithium ion batteries in 

combination with "4 V" cathodes or because of the high oxidation potential of 

the solvents (Schalkwijk & Scrosati 2002). Single solvent formulation is very 

rare this is because solvent be met contradictory requirements of high fluidity 

with high dielectric constant. Therefore solvents of very different natures are 

often mixed together to perform various functions simultaneously. A mixture 

salts are usually not used because of the choice of anion is limited (Xu 2004).  

 

Solvent requirements in liquid electrolytes  

1. Should have high dielectric constant to dissolve salt  

2. Should possess low viscosity to facile the ion transport 

3. Should be inert to all other cell components  

4. Should have low melting point (Tm) and high boiling point (Tb)  

5. Should be safe (have high flash point Tf), non toxic and economical  

 

Examples  

1. 1 M LiPF6 PC: DMC 1:1,  

2. 1 M LiPF6 EC : EMC : DMC 1:1:1  

3. 1 M LiPF6 EC: DEC 1:1  

 

Advantages  

 Liquid electrolytes are having high ionic conductivity in the order of 

10
-1

-10
-3

 S cm
-1

 at ambient temperature.  

 Liquid electrolytes are showing very low interfacial resistance with 

electrodes  
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Disadvantages 

 One of the most undesirable problems in batteries for domestic use 

has been the leakage of electrolyte solutions. The sources of this trouble are 

mainly abuses like the reverse connection between more than one cell, and 

caustic alkaline or strong acidic electrolyte solutions could cause chemical burns 

or worse. In the case of LIBs, they contain flammable constituents including 

organic electrolyte solutions and lithiated carbon, and the electrolyte leakage 

might lead to an accidental fire in the worst possible case. It can be summarized 

as follow as,  

 Causes safety issues because of the volatile nature  

 Packaging difficulties arises which is directly affect the size of 

instrument or device. 

 Limited temperature range of operation 

 Corrosion of electrodes  

 

1.4.2  Solid Electrolytes  

 Commonly, solid electrolytes are having advantages such as natural 

seal, resistance to shock and vibration, resistance to pressure and temperature 

variation over the liquid part. They fulfill the disadvantages of liquid 

electrolytes. Generally, solid electrolytes are the materials which conduct 

electricity by the moment of ions with the negligible electronic transport (Bruce 

1995). 

 

1.5  TYPES OF SOLID ELECTROLYTES 

 Solid electrolytes are classified based on the structure or ingredient 

which it possesses. Included in this group are (Bruce 1995)  

1. Crystalline electrolytes  

2. Amorphous or glassy electrolytes  

3. Ionically conducting polymers (Polymer electrolytes)  
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1.5.1  Crystalline Electrolytes  

 Some ionic solids which are having specific structural features are 

capable of exhibiting ionic conductivity comparable to liquid electrolytes. For 

example RbAg4I5 possess conductivity of 0.27 mS/cm at 25
о
 C. This 

conductivity is comparable to many liquid electrolytes. These materials provide 

a rigid frame work with channels for the moment of ionic species. Ion transport 

involves hopping from site to site along these channels. The crystal structures 

such as NaCl, AgCl, Li4SiO4, Na β alumina, K- β alumina, Ag β alumina, LaF3, 

PbF2, Li10GeP2S12 and Li3.25Ge0.25P0.75S4 are belonging to the category of 

crystalline electrolytes. These crystalline electrolytes are utilized in solid oxide 

fuel cell and oxygen gas sensor applications. 

 

1.5.2  Glass Electrolytes  

 Fast ionic conducting glasses posses several advantages as compared 

to crystalline electrolytes such as high isotropic ionic conduction, ease of 

synthesis in wide variety of shapes including thin films, higher 

structural/chemical/mechanical stability etc. The first super ionic solid in glassy 

phase is synthesized by kunze in 1973 (Kunze & Gool 1973). He found that Ag
+
 

ion conduction in AgI:Ag2SeO4 system which exhibiting very high room 

temperature conductivity of ~ 10
-2

 S cm
-1

. Further, it is found that glasses have 

the capability of transporting ions such as Li
+
, Cs

+
, Rb

+
, F

-
, Na

+
 and K

+
. 

 

 Generally, glassy solid electrolytes were synthesized by rapidly 

quenching the melts of host salts mixed with a glass modifier and glass former in 

appropriate molar ratio. Rapid cooling of melt invariably results in a solid with 

highly disordered glass amorphous structure (Angesh et al. 2013) and thus 

higher conductivity. Examples: 30Li2S.26B2S3.44LiI, 50Li2S.17P2S2.33LiBH4 

and 63Li2S.36SiS2.Li3PO4.  
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1.5.3  Polymer Electrolytes  

 Polymer electrolyte is an ion conducting membrane with moderate 

high conductivity (~10
-4

 S cm
-1

) at room temperature (Agrawal & Pandey 2008). 

Though crystalline and glassy electrolytes show higher ambient conductivities 

than polymer electrolytes, it is of interest to develop polymer electrolytes. This 

is because of the reason that polymer electrolytes show tremendous 

technological potential to develop wide variety of ultra thin/flexible all solid-

state electrochemical devices. Hence the present development trend in 

electrochemical devices is focused on the replacement of the common liquid 

with a polymer electrolyte membrane to finally achieve the fabrication of device 

having a full plastic structure. Such plastic devices are expected to be less 

expensive. 

  

  In addition, polymer electrolytes are more compliant than 

conventional glass-ceramics electrolytes which enable to construct all-solid-state 

rechargeable batteries. In batteries, polymer electrolyte conforms to the volume 

changes of both electrodes during charge-discharge cycling. The structure and 

charge transport mechanism of polymer electrolytes is greatly differ from 

inorganic solid electrolytes. That is, ion transport in polymers relies on the 

dynamics of rigid framework in contrast to hopping within a rigid framework.  

Main drawbacks of this type of electrolytes are  

1. Low ambient conductivity  

2. High interfacial resistance with electrodes.  

Hence both the drawbacks should be eliminated or to be rectified. 

 

1.6  TYPES OF POLYMER ELECTROLYTES  

 In order to improve the ionic conductivity of the polymer electrolytes, 

many approaches have been adopted such as blending of two polymers 

(Rajendran & Mahendran 2001 and Lizhen Fan et al. 2002), plasticizing 
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(Imperiyka et al. 2014 and Benedict et al. 1998) the polymer matrix using any 

liquid additive, incorporation of nano sized fillers (Pradhan et al. 2007; Teoh et 

al. 2012; Tang et al. 2008 and Rathod et al. 2014) into polymer matrix etc. Based 

on the interior ingredient of polymer electrolytes are classified as (Noto et al. 

2011), 

1. Solid Polymer Electrolytes (SPEs)  

2.  Gel Polymer Electrolytes (GPEs) 

3. Plasticized Polymer Electrolytes (PPEs)  

4. Nano Composite Polymer Electrolytes (NCPEs) 

5. Ionic conducting Poly electrolytes (IC-P) 

 

1.6.1  Solid Polymer Electrolytes (SPEs)  

 Solid Polymer electrolytes consist of macromolecular systems 

capable of dissolving suitable salts. The salt component provides the ionic 

conductivity to the material. They consist single phase and they do not have any 

solvent. Since liquid part is not involved in its matrix, they exhibit good 

mechanical and thermal stability than other types of polymer electrolytes. But 

they possess low ambient conductivity (in the order of 10
-6

-10
-5

 S cm
-1

). In order 

to fulfill the requirement of high ambient conducting polymer electrolytes, other 

types of polymer electrolytes such as Gel Polymer Electrolyte (GPE), Plasticized 

Polymer Electrolyte (PPE) and Nanocomposite Polymer Electrolyte (NCPE) are 

developed. They are discussed below.  

 

 

Figure 1.3 Image of solid polymer electrolyte 
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1.6.2  Gel Polymer Electrolytes (GPEs) 

 Gel polymer electrolytes are obtained in two steps. First, a salt is 

dissolved into a polar solvent or ionic liquid to produce an ion-conducting 

solution and then, an inert polymeric material is added to the solution until 

obtained an acceptable mechanical stability. Generally they are biphasic 

systems. They possess cohesive properties of solids and diffusive properties of 

liquids simultaneously. Though their mechanical and thermal stability are lesser 

than typical SPEs, they deliver better electrochemical performance than SPEs 

(Cavus & Durgun 2016). The drawback of this type of polymer electrolyte is, 

long time usage of this GPEs lead to leakage and safety issue problem similar to 

liquid electrolytes.  

 

1.6.3  Plasticized Polymer Electrolytes (PPEs)  

 Plasticized polymer electrolytes are quite similar to GPEs but the 

difference is they are obtained by adding small amounts of a solvent into 

polymer-salt matrix instead of supplying considerable amount of solvent. The 

solvents which are chosen for plasticizing the polymer matrix are characterized 

by a high dielectric constant. In the current research ionic liquids are also used as 

plasticizer or additive. Though addition of a plasticizer does not supply ions to 

the electrolyte system, it helps to dissociate more of salt ions. The plasticizers 

can increase the amorphous domain of polymer by the way of decreasing its 

crystallinity, increase the flexibility of polymer chains and so improves ionic 

mobility. (Kadir et al. 2010). They are also showing quite less thermal stability 

than SPEs (Saroj & Singh 2012).  
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Figure 1.4 Image of plasticized polymer electrolyte 

 

1.6.4  Nano Composite Polymer Electrolytes (NCPEs) 

 In order to improve the ambient ionic conductivity without sacrificing 

the thermal and mechanical stability of SPEs, NCPEs are introduced. In Nano 

composite polymer electrolytes, inorganic species such as metal oxide 

nanopowders are introduced into ―classical‖ solid polymer electrolytes instead of 

adding any liquid additive into polymer-salt matrix. It results a multiphasic 

hybrid system.  

 

Figure 1.5 Image of nanocomposite polymer electrolytes 

 

 It is reported that incorporation of filler improves the conductivity 

and interfacial properties of polymer electrolytes by the way of increasing 

amorphous nature of polymer electrolyte (Stephan & Nahm 2006). Generally, 

the conductivity enhancement in NCPEs is explained in terms of disruption of 
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crystalline phases and interaction of surface –OH groups in nano fillers with 

anion (Liews acid-base interaction). The improvement in mechanical strength is 

correlated to the fact that nano fillers act as a supporting matrix for conducting 

polymer membrane and thus makes it mechanically strong (Thakur & Hashmi 

2010).  

 

1.6.5  Ionically Conducting Poly Electrolytes (IC-P) 

 In polymer electrolytes (SPE, PPE and GPEs), both anions and 

cations are mobile. By contrast, this type of materials has either positively 

charge or negatively charged ions covalently attached to polymer backbone. 

Thus the only unattached counter ion can mobile and causes conductivity. 

Examples: Lithium poly(2-sulphoethyl methacrylate), Sodium poly(phosphazane 

sulphonates), Poly(diallyl dimethyl ammonium chloride) and Sodium poly 

(styrene sulphonate). They are highly rigid materials and these lack significant 

ion mobility and conductivity. The introduction of a plasticizer such as short-

chain poly(ethylene glycol) converts the rigid, poorly conducting poly 

electrolyte to a more compliant material with significant conductivity (Hardy & 

Shriver 1985). 

 

1.7 POLYMER ELECTROLYTES IN ELECTROCHEMICAL 

 DEVICE APPLICATIONS  

 

 For the past two decades, due to the promising properties of polymer 

electrolyte membranes, it is utilized in electrochemical devices such as batteries, 

especially in secondary batteries (all-solid-state rechargeable lithium batteries, 

lithium ion batteries), super capacitors, fuel cells, sensors, actuators, 

electrochromic displays, dye-sensitized solar cells applications (Noto et al. 

2011).  
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1.7.1  Batteries 

   In recent years, the need for portable power has been accelerated due 

to the miniaturation of electronic appliances wherein some cases, the battery 

system is as much as half the weight and volume of the powered device. A 

battery is made up of one or more interconnected cells. Each cell of battery 

stores electrical energy as chemical energy in two electrodes a reductant (anode) 

and oxidant (cathode) separated by an electrolyte that transfers ionic component 

of the chemical reaction inside the cell and forces the electronic component 

outside the battery (Goodenough & Park 2012). 

 

 Batteries are classified into two main types such as (1) Primary 

batteries (2) Secondary batteries based on the rechargeable nature.  

 

 Non rechargeable cells (batteries) that can only convert chemical 

energy into electrical energy are called primary cells or batteries. The chemical 

energy stored in the cell can be used only once to generate electricity in other 

words once the cell is fully discharged it cannot be of further use. The following 

cells are included in this group (Aifantis et al. 2010). Voltaic cell, Daniel cell, 

Grove cell, Gravity cell, Zinc-Carbon dry cell, Leclanche cell, Alkaline battery, 

Zinc-air battery, Lithium manganese cell and Oxyride battery are some examples 

for primary batteries.  

 

 Secondary batteries are rechargeable batteries, that is, reverse redox 

reaction can occur when the current is applied at potential higher than the cell 

potential and so the battery can be used reversibly. Those that can be electrically 

driven in the opposite direction to form chemical products are said to be 

rechargeable, or secondary cells or batteries. Some examples (Aifantis et al. 

2010) are, Lead acid cell, Nickel-cadmium cell, Nickel-iron cell Alkaline 

Manganese secondary cell, Lithium-titanium disulfide cell, Lithium 
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molebdenum disulfide cell, Nickel-metal hydroxide cell and Lithium ion 

batteries  

 

 Among all types of batteries, lithium ion batteries are credited for 

revolutionizing communications and transportation, enabling the rise of super-

slim smart phones and electrical cars with practical range. These innovations are 

possible because the two unique properties of lithium metal. They are (Xu 2004)  

1. It is the most electronegative metal (~ -3.0 V vs SHE) which gives the 

possibility of high cell voltage when matched with suitable cathode 

materials.  

2. It is the lightest metal (0.534 g cm
-3

) which makes the cell to deliver 

high specific capacity (3860 mAhg
-1

)  

 

 The role of polymer electrolyte in a secondary battery is to allow the 

migration of alkali or alkali-earth metal ions from the anode to cathode during 

discharge of device and reverse process when battery is recharged. For the 

battery applications, polymer electrolytes must possess the properties of high 

ionic conductivity, nearly unitary transference number and wide electrochemical 

stability window to deliver better battery performance. Therefore, much effort 

has been made to enhance those essential properties of polymer electrolytes. The 

objectives of the present work include the preparation of lithium ion conducting 

polymer electrolytes with high cationic conductivity and wide electrochemical 

stability and thus find its application it in battery fabrication.  

 

1.7.2 Super Capacitors 

 Super capacitors are electrochemical devices, able to store charge 

electrostatically by exploiting the reversible adsorption of ions carried by the 

electrolyte onto electrode materials which are characterized by a high 

electrochemical stability and a wide specific surface area (SSA).  
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Super capacitors contain an electrolyte solution rather than more common 

arrangement of solid dielectric between two solid electrodes in normal 

capacitors. (Chen et al. 2009). Based on charge-storage mechanism, super 

capacitors are divided into two types such as  

1. Electrical Double Layer capacitors (EDLCs) 

2. Pseudo capacitors  

 

 EDLCs store charge electro statically at the electrode-electrolyte 

interface as charge separation where as pseudo capacitors store energy by charge 

transfer between electrode and electrolyte via faradic reactions (Gao & Lian 

2014) PEs, PPEs and GPE are suitable for this application. The objective of 

present work also includes the preparation of polymer electrolytes with high 

ionic conductivity and to find its suitability in super capacitor applications.  

 

1.7.3 Fuel Cells  

 Fuel cells represent a clean alternative to current technologies for 

utilizing hydrocarbon fuel resources. Polymer electrolyte membrane fuel cells 

(PEMFC) are best suited for applications where a quick start up is required as in 

automobiles. The prime requirement of fuel cell membranes are high proton 

conductivity, low methanol/water permeability, good mechanical and thermal 

stability and moderate price. Polymer electrolytes used in the fuel cell are 

capable of carrying H
+
 ions produced by fuel oxidation at the anode to cathode. 

Polymer electrolyte membranes and operating parameters (temperature, 

pressure, relative humidity of gas sensors) together decide the performance of 

PEMFCs (Smitha et al. 2005). The current state of the art membranes for fuel 

cells are perfluorinated ionomers such as Nafion, and Aquivion which are 

designed to operate temperatures lower than approximately 120
o
 C. Schematic 

representation of fuel cell is given in 1.6 (a)  
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1.7.4  Electrochromic Displays (ECDs) 

 Electrochromic displays (ECDs) are multilayer systems where at least 

one component undergoes a color change upon the application of an electric 

field. In general, the active component is transparent (bleached) in its 

unperturbed state and undergoes a reversible color change upon oxidation or 

reduction with the application of electric field. To counterbalance the electrical 

charge, either positive or negative ions must be introduced into the active 

component. These ions originate from the ―ion storage layer‖ of the device and 

migrate through the electrolyte.  

 

 Polymer electrolytes are partially attractive systems for application in 

ECDs because they may be processed easily into low thickness films that have 

small ohmic losses. GPE and PPE are suitable for this application. Polymer 

electrolytes for ECDs should be characterized by an ionic conductivity of 10
-4

 S 

cm
-1

 or higher at room temperature and should be able to undergo more than 

upto 10
6
 cycles or upto 10

7
 write-erase cycles for displays. Schematic 

representation of ECDs is shown in figure 1.6 (b). 

 

 

(a) 

(source: US department of energy) 
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(b) 

(Source: Evan et al. (2014)) 

 

 

(c) 

(Source: Agnes et al. (2015)) 

Figure 1.6 Schematic representation of (a) Fuel cell  (b) ECD (c) DSSC  

 

1.7.5 Dye sensitized Solar Cells (DSSCs) 

 The ―standard‖ electrolyte for application in DSSCs is a liquid (e.g. 

acetonitrile) able to dissolve the I
-
/I3

-
 redox couple necessary to regenerate the 

ground state of the dye after photoexcitation. However, this configuration suffers 
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from severe shortcomings in durability as liquid electrolyte leak easily from the 

DSSC which leads to collapse in the performance. Polymer electrolytes 

including solid, gel, hybrid polymer electrolytes, may be used in the assembly of 

DSSCs. Solid polymer electrolytes are characterized by a relatively low 

conductivity at room temperature (10
-4

- 10
-5

 S cm
-1

), and hence they can be 

processed as thin films to bring the conductance of the electrolyte layer to an 

acceptable level. The schematic representation of DSSCs is shown in figure 1.6 

(c).  

 

1.8  OBJECTIVES  

 Whatever may the electrochemical application, electrolyte is an 

essential element. As told earlier, recently, the research is accelerated towards 

the fabrication and marketing of safe & compact electrochemical devices with 

higher efficiency and cycling performances. Hence the present work is directed 

towards with the objectives of  

 Preparing high ionic conducting solid polymer electrolytes (SPEs) 

based on poly(vinyl alcohol) (PVA) as polymer host and LiClO4 as 

ionic salt.  

 Preparing plasticized polymer electrolytes (PPEs) using various 

plasticizers such as sulfolane (Tetra methyl sulfone) and Triton (Poly 

ethylene glycol p-tert octyl phenyl ether) in order to improve the 

electrical, electrochemical and cation transport properties of SPEs.  

  Studying the effect of plasticizers on amorphous nature, complex 

formation and thermal stability of SPE and to correlate the properties 

with the improved electrical and electrochemical properties of PPEs.  

 Devising all solid state lithium ion battery and super capacitor using 

optimized PPEs and to study its electrochemical performances 

(Electrochemical impedance, cyclic voltammetry and charge-

discharge characteristics).  
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CHAPTER 2 

LITERATURE SURVEY 

 

 

2.1  INTRODUCTION 

 The study of polymer electrolytes were instigated by Fentan et al. 

(1973) but their technological significance was came to light after the research 

undertaken by Armand et al (Armand et al. 1978 & Armand et al. 1979). They 

claimed that the crystalline complexes formed from alkali metal salts and 

poly(ethylene oxide) were capable of demonstrating significant ionic 

conductivity. After that, PEO based polymer electrolytes were thoroughly 

studied by many researchers. Recently, researchers have been working with 

variety of polymers other than PEO to develop solid polymer electrolytes.  

 

 This chapter surveys the research works progress in PVA based solid, 

blend, plasticized and composite polymer electrolytes, LiClO4 based solid, 

blend, plasticized and composite polymer electrolytes. It also surveys tetra 

methyl sulfone (sulfolane) based literature works and Poly ethylene glycol –p-

tert octyl phenyl ether (triton) based literature works.  

 

2.2  SELECTION OF POLYMER  

Essential properties of polymer are as given below:  

 It should have large number of polar groups (e.g. O, N or S) in the 

chain for coordination of cations.  

 The polymer chain should be flexible i.e. the value of Tg should be 

low for effective solvation.  

 The polymer should have amorphous phase which lowers the barrier 

for ionic movement and yields high ionic conductivity.  
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 The lattice energy of the salt and cohesive energy of polymer should 

be low to facilitate the dissociation of salt (Ratner 1988). 

 

 In the present work, PVA is chosen as host polymer for the 

preparation of lithium ion conducting polymer electrolytes. Since polymer 

electrolytes also serve as separator role in batteries and capacitors, it should have 

high thermal and mechanical stability. PVA possess high thermal stability, 

excellent film forming ability and high mechanical stability (Hirankumar et 

 al. 2005). It has additional advantages of high tensile strength, high flexibility, 

biodegradable nature, non toxic properties and cheap in cost.  

 

2.3  SELECTION OF IONIC SALT  

 In polymer electrolytes and polyelectrolytes, coulomb interactions are 

important because they can lead to segregation of charged species either as ion 

pairs or as highly charged multiples and thus impede conductivity. Either lattice 

energy of the salt or the inter coulombic interaction is too large, no complex will 

form, no ions will become free and relatively low conductivity will only be 

observed.  

 

 If on the other hand the solvation energy is strong enough, formation 

of contact ion pairs will be energetically unfavorable compared to solvent-

separated ion pairs, leading to quasi free ions and substantial ionic conduction.  

   

 Solvation energy clearly must be larger than the ion pairing 

stabilization as indexed by the lattice energy of the parent salt. If the stabilization 

energy to separate the contact ion pair is very large, the material will remain a 

homogenous conductive substance over broad temperature ranges.Hence salt 

selection is an important parameter in the preparation of polymer electrolytes.  

 

 Lithium batteries are more attracted than other batteries because of its 

high operating voltage and high capacity parameters. To fabricate safe lithium or 
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lithium ion batteries, it is essential to prepare and optimize Li ion conducting 

polymer electrolytes. Among all the Li salts, LiClO4 is more moisture resistant 

and thus it gives relaxation from the use of glove box for the preparation of 

electrolyte. 

 

 Lithium perchlorate (LiClO4) which is an ionic salt shows good 

stability towards ambient moisture and is less hygroscopic nature. Moreover, it 

has larger anion which promote the Li ion dissociation and result more charge 

carriers for transportation (Chiam–Wen Liew et al. 2013). The detailed literature 

survey of LiClO4 based Solid Polymer Electrolytes and Plasticized Polymer 

Electrolytes is helpful to identify the ionic salt.  

 

2.4 SELECTION OF PLASTICIZERS/LIQUID ADDITIVES 

 Simple polymer-salt matrix exhibits low conductivity in ambient 

conditions. The ionic conductivity of polymer electrolytes is by far lower than 

that of liquid phase electrolytes. As told in earlier chapters, many approaches 

have been adopted to enhance the conductivity of polymer-salt matrix. One of 

such approach is doping or addition of some small amount liquid into polymer 

matrix to plasticize the polymer chain as well as to enhance the salt dissociation 

rate. Hence Gelled / Plasticized polymer electrolytes, which are composed of 

polymer matrices and solvents or plasticizers, have been developed in place of 

genuine polymer electrolytes to improve ionic conductivity. At the same time the 

additive which is used to enhance the conductivity, should not affect or reduce 

the electrochemical stability of polymer.  

 

 Generally, Sulfone group solvents play an efficient role for the 

enhancement of electrochemical stability in liquid electrolytes (Xu & Angell 

2002). Hence sulfolane is chosen as additive or plasticizer.  
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 Another liquid additive or liquid short chain polymer Triton 

(Polyethylene Glycohol p-tert octyl phenyl ether) is chosen based on our earlier 

works reports (Abarna &Hirankumar 2014)  

 

2.5  PVA BASED SOLID POLYMER ELECTROLYTES 

 PVA based electrolytes are extensively studied system for last two 

decades. The system really refers solvent-free PVA/salt complexes. Many 

research investigations have been dedicated to develop proton conducting 

(Hirankumar et al. 2005; Hirankumar et al. 2004; Hema et al. 2007; Hema et  

al. 2009; Rajeshwari et al. 2013 and Hashim & Baharuddin 2014), Mg
2+

 

conducting (Polu & Kumar 2013), Cu
2+

 conducting (Ramya et al. 2005) and Li
+
 

ion conducting (Rathod 2014 & Rajeswari et al. 2012, Varshetty et al. 2010 and 

Chatterjee et al. 2015) and Ag
2+

 (Hirankumar et al. 2006) ion conducting 

electrolytes using PVA as polymer host. The electrolytes exhibit conductivity in 

the range 10
-7

 to 10
-3

 S cm
-1

 at ambient temperature. Composition of electrolyte 

film and their corresponding dc conductivity values are listed in table 2.1.  

 

Table 2.1 Electrolyte composition and obtained dc conductivity values for 

various ion conducting PVA based solid polymer electrolytes  

 

S. No 
Electrolyte 

composition 

dc conductivity 

at RT (s cm
-1

) 
References 

1. 
PVA – 

CH3COONH4 
5.62 × 10

-6 
Hirankumar et al. (2004) 

2. 
PVA – 

CH3COONH4 
1.10 × 10

-6
 Hirankumar et al. (2004) 

3. PVA – Cu(NO3)2 1.60 × 10
-5

 Ramya et al. (2005) 

4. PVA – AgNO3 7.56 × 10
-7

 Hirankumar et al. (2006) 

5. PVA – NH4Br 5.70 × 10
-4

 Hema et al. (2007) 

6. PVA – NH4I 2.50 × 10
-3

 Hema et al. (2009) 
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Table 2.1 Continued 

7. PVA –LiAsF6 –TiO2 5.10× 10
-4

 Varishetty et al. (2010) 

8. PVA-PAN – LiClO4 8.64 × 10
-6

 Rajeswari et al. (2012) 

9. PVA – Mg(NO3)2 7.32 × 10
-7

 Polu & Kumar (2013) 

10. 
PVA-PVP – 

CH3COONH4 
8.12 × 10

-5
 Rajeswari et al. (2013) 

11. PVA – H3PO4 2.56 × 10
-3

 Hashim et al. (2014) 

12. 
PVA-Chitosan – 

LiClO4 
3.00 × 10

-6
 Rathod et al. (2014) 

13. PVA-PS – LiBr 5.00 × 10
-3

 Chatterjee et al. (2015) 

 

 Hema et al. 2009 have prepared proton conducting solid polymer 

electrolyte using ammonium iodide (NH4I) as ionic salt and Dimethyl Sulfoxide 

(DMSO) as solvent. As given table 2.1, they obtained maximum conductivity in 

the order of 10
-3

 S cm
-1

. They clearly explained the correlation between 

crystallinity and dc conductivity of electrolyte films. They have calculated 

crystallinity from DSC studies. According to that, the film which contains low 

crystallinity shows maximum conductivity. This may be due to the reason that 

increase of amorphous nature reduces the energy barrier of ions and there by 

facilitates the fast ion transport.  

 

 PVA is a semi crystalline polymer. In order to prepare high 

conducting polymer electrolyte using PVA as host polymer, it is essential to 

reduce its semi-crystalline phase into amorphous using appropriate salts or 

plasticizers or fillers or blending polymer host.  

  

 Rathod et al. (2014) achieving a higher ambient conductivity of the 

order of 10
-6

 by incorporating different concentrations of LiClO4 into PVA- 

Chitosan matrix. The complexation between salt and polymer host is confirmed 
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by FT Raman and UV-Vis studies. The dielectric properties of the composites 

follow non-Debye behavior. 

 

 Blending the poly host is another way to improve electrical, thermal, 

mechanical and electrochemical properties of polymer electrolyte. One of such 

work is done by Chatterjee et al. (2015). They have prepared PVA-Potato starch-

LiBr blend polymer electrolytes. They achieved highest ambient conductivity of 

5 × 10
-3

 S cm
-1

 for the addition of 20% of LiBr into blend matrix. Enhancement 

in the conductivity for the addition of salt is correlated to the enhancement of 

amorphous nature of polymer electrolyte. It is confirmed through XRD studies.  

 

 The most striking advancements in the ionic conductivity of polymer 

electrolytes have been attained through the incorporation of substantial amounts 

of plasticizers. In addition to reducing the crystalline content and increasing the 

polymer segmental mobility, plasticizers can result in greater ion dissociation 

which allows greater number of charge – carrier for ion transport. Thus 

plasticized/gelled polymer electrolytes are of greater interest. Many research 

groups have been working in the field of plasticized polymer electrolytes. They 

obtained ambient conductivity values in the range of 10
-5

 – 10
-3

 S cm
-1

 which is 

listed in table 2.2.  

  

 Kadir et al. (2010) plasticize PVA- Chitosan blend matrix using 

Ethylene carbonate. The conductivity increases and approaching 10
-3 

S cm
-1

 for 

the addition of 70 wt% of EC. The conductivity enhancement is correlated to the 

dual role of EC. That is, EC enhances both carrier concentration (n) and mobility 

(μ). The calculated values of n are 6.57 × 10
19

 cm
-3

 and 2.20 × 10
21

 cm
-3 

for bare 

and 70 wt% EC incorporated electrolytes respectively. The obtained mobility 

values are 1.97 × 10
-6

 and 4.54 × 10
-6

 cm
2
V

-1
S

-1
 for plasticizer free and 

plasticizer added electrolytes respectively. Thus the conductivity enhancement is 

primarily due to carrier concentration enhancement and secondarily due to 
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carrier mobility enhancement. They observed that EC free electrolyte matrix has 

some regular arrangement and crystalline nature using SEM and XRD tools. 

After the addition of EC, the observed regular arrangement and crystalline phase 

completely changed into amorphous. 

 

Table 2.2   Electrolyte composition and obtained dc conductivity values for 

various ion conducting PVA based plasticized polymer 

electrolytes  
 

S.No 
Electrolyte 

composition 

dc conductivity 

at RT (s cm
-1

) 
References 

1. 
PVA-Chitosan – 

NH4NO3 – EC 
1.60 × 10

-3 
Kadir et al. (2010) 

2. 
PVA – KI – NMP-

GBL 
8.41 × 10

-3
 Cavus & Durgun et al. (2016) 

3. 
PVA-PMMA – 

LiBF4 – EC 
1.28 × 10

-6
 Rajendan et al. (2004) 

4. 
PVA-PVP – KClO3 

– DMF 
7.4 × 10

-7
 Subba Reddy et al. (2002) 

5. 
PVA-PVP – KOH 

– PC-EC 
1.5 × 10

-4
 Hatta et al. (2009) 

6. 
PVA – KOH – 

Al2O3-PC 
~ 10

-4
 Mohamad & Arof  (2006) 

7. 
PVA – LiClO4 – 

[EMIM] [EtSO4] 
1.9 × 10

-6
 Saroj and Singh (2012) 

8. 
PVA – NH4SCN – 

DMSO 
2.58 × 10

-3
 Agarwal & Awadhia (2012) 

9. 
PVA-PMMA – 

LiClO4 – DMP 
6.0 × 10

-4
 

Rajendran & Mahendran 

(2001) 

10. 
PVA – LiClO4 – 

DMP 
1.49 × 10

-3
 Rajendran et al. (2004) 
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 In some investigations, plasticizer addition does not improve the 

conductivity in significant manner but it efficiently enhances the electrochemical 

properties. Subba Reddy et al (Subba Reddy et al. 2002) used DMF to plasticize 

PVA-PVP-KClO3 matrix. They have reported that conductivity value of bare 

electrolyte is 4.6 × 10
-7

 S cm
-1

 and DMF incorporated electrolyte having 

conductivity of 7.4 × 10
-7

 S cm
-1

. Hence it is known that the conductivity value 

is maintained the same order even after the addition of DMF. They have found 

that DMF added PVA-PVP-KClO3 blend polymer electrolyte system shows an 

increased discharge time with respect to plasticizer free polymer electrolyte. 

DMF into PVA-PVP-KClO3 matrix enhances life time of cell for about 30 hrs 

and it proves that plasticizer addition can enhances the electrochemical 

performance.  

 

 In some investigations, various types of electrolytes are used and 

electrical electrochemical characterizations are carried out. Based on the results 

obtained, authors suggest a better plasticizer. One of such investigation is done 

by Hatta et al (2009). they plasticized PVA-PVP-KOH matrix using EC and PC. 

They have found that amorphous nature of bare sample get enhanced while 

adding EC and PC.  

 

 Electrochemical performances of the fabricated cells which comprise 

different plasticizers are analyzed through discharge characteristic studies. 

Discharge capacities of two solid alkaline cells are noted between 1.6V and 0.8V 

at 1mA current drain. It can be observed that the discharge capacity of the cell 

which contains PC plasticized electrolyte deliver better capacity (145 mAhg
−1

) 

than the cell which contains EC plasticized electrolyte which delivers capacity of 

125mAh g
−1

.  

 

 Recently, PVA based blend and composite electrolytes have large 

number of applications. Some of them are listed table 2.3.  
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Table 2.3   PVA based electrolytes and their ambient conductivity and 

applications  
 

S.No 
Electrolyte 

composition 

Ambient 

conductivit

y (S cm
-1

) 

Applications Reference 

1. 

PVA-PVP- L-

Asparagine doped 

NH4Br 

2.34 × 10
-4 

Proton battery 
Parameswaran et 

al. (2017) 

2. 
PVA-Mg(Tf)2-

EMITf 
2.1 × 10

-4
 Mg ion battery 

Wang et al. 

(2017) 

3. 
PVA-PVDF-

LiCF3SO3-SiO2 
9.4 × 10

-4
 

Characterization 

only 

Hema & Tamil 

selvi (2017) 

4. 
PVA-PVDF-

LiCF3SO3 
2.7× 10

-3
 

Characterization 

only 

Tamil selvi & 

Hema (2017) 

5. 
SPVA - C-

SPAEKS 
9.4 × 10

-2
 DMFC Xu et al. (2015) 

6. 
PVA-PAN-

Mg(ClO4)3 
2.96 × 10

-4
 Mg ion battery 

Manjula devi et 

al. (2017) 

7. PVASA-GA 9.1 × 10
-2

 DMFC 
Jen    et al. 

(2014) 

8. 
CN-PVA – PAN – 

LiClO4-PC 
1.46 × 10

-2
 

Characterization 

only 

Tsustsumi et al. 

(2006) 

9. PVA- APDSPS 4.6 × 10
-2

 
Poly electrolyte/ 

DMFC 

Tripathi et al. 

(2008) 

10. 
PVA-PAAS-

KOH.H2O 
0.1 Super capacitor Sun et al. (2009) 

11. PVA-LiBr-H2SO4 1.5 × 10
-3

 
Solid acid 

PEs/Mg battery 
Sheha (2009) 

12. 
PVA-PAMPS-

PEGBCME 
0.1 DMFC Qiao et al. (2007) 
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Table 2.3 Continued 

13. 
PVA-PVDF-

NH4SCN 
1.09 × 10

-3
 

Characterization 

only 

Muthuvinayakam 

& Gopinathan 

(2017) 

14. 
PVA-PVDF-

MMT-LiTFSI 
4.31 × 10

-4
 

Lithium ion 

battery 
Ma et al. (2015) 

15. 

PVA-

CH3COONH4- 

BmImBr 

9.29 × 10
-3

 
Characterization 

only 

Liew et al. 

(2015) 

16. 

PVA-

CH3COONH4- 

BmImCl 

5.74 × 10
-3

 PEMFC 
Liew et al. 

(2013) 

17. 
PVA-P(MA-co-

AHPS)-Al2O3 

1.08 × 10
-3

 
Lithium ion 

battery 

Huang et al. 

(2014) 

18. 
PVA-PVDF-

LiCF3SO3-SiO2 
3.7 × 10

-3
 

Characterization 

only 

Hema & Tamil 

selvi (2016) 

19. PVA-PAMPS-ZIF 
0.134 at 60

о
 

C 

Characterization 

only 

Erkartal et al. 

(2016) 

20. 
PVA-PAMPS-

1,2,4 trizole 
2 × 10

-3
 

Characterization 

only 

Erkartal et al. 

(2010) 

21. 
PVA- LiCF3SO3-

NMP 
2 × 10

-3
 Super capacitor 

Chatterjee et al. 

(2010) 

22. PVA-SSA 
1.7 × 10

-4
 at 

40
 о
 C

 
DMFC 

Mehtap et al. 

(2017) 

23. PVA-CH3COOK 4.57 × 10
-6

 
Potassium 

battery 

Basha et al. 

(2016) 

 

 Qiao et al. (2007) have prepared a novel, low-cost proton-conducting 

semi-IPN has been successfully prepared from PVA/PAMPS blends by 

incorporating poly(ethylene glycol)bis(carboxymethyl)ether (PEGBCME) as a 



 

29 

 
 

novel plasticizer. Although, the polymer is based on a relatively low content of 

PAMPS as a component of ion conducting sites, the resulting semi-IPN 

exhibited high proton conductivity (0.1 S cm
−1

) at 25 °C, which afforded a 

higher power density of 51 mW cm
−2

 at 80 °C. A striking feature is that a long-

term initial performance is achieved with a 130 h of stable fuel cell operation in 

DMFC mode due to effectively suppressed methanol crossover. This is a new 

record for a fully hydrocarbon membrane in DMFC, seeing that the PVA–

PAMPS proton-conducting semi-IPNs are made simply of aliphatic skeletons 

 

 Sun et al. (2009) have prepared Polyvinyl alcohol (PVA)-sodium 

polyacrylate (PAAS)-KOH-H2O alkaline polymer electrolyte film with high 

ionic conductivity using solution-casting method. Polymer Ni(OH)2/activated 

carbon (AC) hybrid super capacitors with different electrode active material 

mass ratios (positive to negative) were fabricated using this alkaline polymer 

electrolyte, nickel hydroxide positive electrodes, and AC negative electrodes. 

Galvanostatic charge/discharge and electrochemical impedance spectroscopy 

(EIS) methods were used to study the electrochemical performance of the 

capacitors, such as charge/discharge specific capacitance, rate charge/discharge 

ability, and charge/discharge cyclic stability. Experimental results showed that 

with the decreasing of active material mass ratio m(Ni(OH)2)/m(AC), the 

charge/discharge specific capacitance increases, but the rate charge/discharge 

ability and the charge/discharge cyclic stability decrease. 

 

 Ma et al. (2015) have prepared a kind of composite solid polymer 

electrolyte (CSPE) based on montmorillonite (MMT) nano-clay fillers, lithium-

bis (tri fluoro methanel sulfonyl) (LiTFSI), poly vinylidenedifluoride (PVDF) 

and poly vinyl alcohol (PVA) copolymer by the casting method. Effect of the 

montmorillonite on ionic conductivity and electrochemical properties of the 

polymer electrolyte was demonstrated. The result CSPE obtained a higher ionic 

conductivity up to 4.31 × 10
−4

 S cm
−1

 at room temperature when 4.0 wt% MMT 
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was contained, and the maximum lithium ions transference number of 0.40 was 

achieved. Electrochemical performance of the polymer solid electrolyte was 

evaluated in Li/polymer electrolyte/LiFePO4 coin cell. Good performance with 

low capacity fading on charge–discharge cycling was achieved, indicating the 

potential application of the as-prepared CSPE in lithium ion batteries. 

  

 PVA is a polymer having good transparency, good thermal and 

mechanical stability and shows biodegradable nature. Hence, other than that of 

polymer electrolyte, PVA is utilized in various fields. Some of them are given in 

table 2.4.  

 

Table 2.4 PVA composites in other applications 

S.No Composition Branch/Application Reference 

1. PVA/ZnO Thin film Liau et al. (2017) 

2. PVA/Starch Packaging materials Tian et al. (2017) 

3. 
PVA/Starch/MM

T 

Packaging & 

Biodegradable plastics 
Tian et al. (2017) 

4. PVA-Sorbitol 
Mechanical & Thermal 

characterization 
Moshin et al. (2011) 

5. PVA/PVDF/TiO2 
Desalination of organic 

dyes 
Li et al. (2014) 

6. PVA-TFA Characterization only Guzman et al. (2015) 

7. PVA/GF 
Electrode for super 

capacitor 
Bello et al. (2015) 

8. PVA/Chitosan Biomedical application 
Costa-Junior et al. 

(2009) 

9. 
PVA/Sodium 

montmorillonite 

Photochemical 

application 
Gaume et al. (2012) 
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Table 2.4 Continued 

10. 
PVA/Chitosan/K

NO3 

Food packaging 

application 

Jahan et al. (2016) 

 

11. 
PVA/sodium 

alginate (SA) 

Wound dressing 

application 
Kim et al. (2008) 

12. PVA/Gelatin 
Wound dressing 

application 
Hago & Li (2013) 

13. 
PVA/CMC/Clove 

oil 

packaging of ground 

chicken meat 

Muppalla et al. 

(2014) 

14. CGP/PVA fungal growth inhibition Silva et al. (2012) 

15. PVA/BC 
artificial cornea 

biomaterial 
Wang et al. (2010) 

 

 Ma et al. (2009) have prepared Poly(vinyl alcohol) (PVA) hydrogel 

material for articular cartilage replacement by repeated freezing and thawing 

method. Such hydrogel had similar internal three-dimensional structure and 

water content (approximately 75%) as nature articular cartilage. The blend 

hydrogel with 1 wt.% PVP had the best mechanical properties and the friction 

system consisting of such blend hydrogel and stainless steel ball exhibited a 

mixed lubrication regime especially under bovine serum lubrication.  

 Sakakibara et al (2005) have prepared single-wall carbon nanotube 

(SWNT)/ poly(vinylalcohol) (PVA) nanocomposite freestanding films and 

examined their application in devices in which the saturable absorption of 

SWNTs at near-infrared optical telecommunication wavelengths can be utilized. 

Wang et al (2009) prepared poly (phenylene vinylene (PPV)/PVA)/ZnO 

Composites and use them in hybrid solar cell application. Yang et al (2009) have 

prepared PVA/PVC composites and used them as secondary Zn electrodes. 

 

  



 

32 

 
 

2.6  LiClO4  BASED SOLID POLYMER ELECTROLYTES  

 Many polymer electrolytes which contain LiClO4 as ionic salt such as 

polymer-LiClO4 complexes (Teoh et al. 2014; Amir et al. 2011 & Susan 2009 

and Jorge Rodríguez 2013), polymer blend-LiClO4 complexes (Kesavan et  

al. 2014 & Baskaran et al. 2006) and polymer-LiClO4-nano filler composites 

(Capiglia et al. 1999; Scrosati 2000; Sun et al. 1999 and Ji et al. 2003 & Ahmad 

et al. 2008) are recently reported. The electrolyte composition and ambient 

temperature conductivity values are listed in table 2.5.  

 

Table 2.5  Electrolyte composition and obtained dc conductivity values for 

LiClO4 incorporated solid polymer electrolytes 
 

S.No 
Electrolyte 

composition 

dc conductivity 

at RT (s cm
-1

) 
Applications References 

1. TPU-LiClO4 8.89 × 10
-5

 
Lithium ion 

battery 
Yu et al. (2017) 

2. 
PEO-PMMA- 

LiClO4 
~10

-5
 

Characterization 

only 

 Choudhary & 

Sengwa  (2017) 

3. 
PVC-PMMA- 

LiClO4 
7.17 × 10

-3
 

Characterization 

only 

Pradeepa et al. 

(2015) 

4. 
PEO-PVP- 

LiClO4 
2.3 × 10

-6
 

Characterization 

only 

Kesavan et al. 

(2014) 

5. 
Gelatin- 

LiClO4 
1.04 × 10

-4
 

Smart window 

application 

Ramadan et al. 

(2014) 

6. 
PEMA– 

LiClO4 
2.34 × 10

-6
 

Characterization 

only 
Amir et al. (2011) 

7. PEO– LiClO4 ~10
-6 

Characterization 

only 

Susan & Marans 

(2009) 

8. PVP – LiClO4 ~5 × 10
-5

 
Characterization 

only 

Rodriguez et al. 

(2013) 
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Table 2.5 Continued 

9. 
PVAc/PMMA 

– LiClO4 
1.76 × 10

-3
 

Characterization 

only 

Baskaran et al. 

(2006) 

10. 

PEO-PVDF-

HFP-LiClO4-

TiO2 

2.27 × 10
-4

 
Characterization 

only 

 

Jayanthi & 

Sundaresan (2014) 

 

11. 

PEO-PVDF-

HFP-LiClO4-

SrTiO3 

4.82 × 10
-5

 
Characterization 

only 

Jayanthi & 

Sundaresan (2016) 

12. 
PVC – LiClO4 

– ZnO 
3.7× 10

-7
 

Characterization 

only 
Ahmad et al. (2008) 

     

 

 Biodegradable polymer electrolytes have reported (Toe et al. 2014) using 

corn starch as polymer host and LiClO4 as ionic salt. The authors have achieved 

a maximum conductivity of 1.55 × 10
-6

 S cm
-1

 at ambient temperature. It has 

been reported from their study that grain morphology and micro structure of corn 

starch are greatly influenced by LiClO4 addition. Grains which present in 

cornstarch becomes small for the addition of LiClO4. They have analyzed 

conduction mechanism via dielectric relaxation, conductance spectra and 

dielectric modulus tools. The notable result is thermal stability of corn starch 

film become increases for the addition of LiClO4 into cornstarch matrix. 

Watanabe et al. (1985) have prepared PPO-LiClO4 polymer electrolytes. They 

achieved  ionic conductivity of the order 10
-5

 S/cm at 70
о
 C. Kim et al. (1996) 

prepared PEO-PES- LiClO4 based Li ion conducting polymer electrolytes. They 

obtained the maximum ambient conductivity of 3 × 10
-5

 S/cm. Yang   et al. 

(1997) prepared poly (bis (pentylamino) phosphazene) (PPAP)- LiClO4 polymer 

electrolytes and characterized through FTIR, 
31

P-NMR,
13

C-NMR and ac 

impedance spectroscopical studies. They obtained the maximum ambient 
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conductivity of 8.1 × 10
-3

 S/cm. Ji et al. (2003) prepared PEO-LiClO4-SiO2 

electrolytes and characterized through FTIR, DSC and ac impedance studies. 

They reported the maximum conductivity as 2.3 × 10
-5

 at room temperature. 

Weston & Steele et al. (1982) prepared PEO-LiClO4-α alumina based composite 

polymer electrolyte and obtained the maximum ionic conductivity of 5.2 × 10
-4

 

S/cm and tLi
+
 number of 0.3 at ambient temperature.  

 

 Amir et al. (2011) have studied PEMA-LiClO4 complexes with 

varying the LiClO4 concentration. They have found that LiClO4 addition 

destructs the crystalline phase present in PEMA and it is confirmed by obtained 

scherrer length values. Amorphicity and scherrer length are inversely related 

parameters. Hence, the amorphicity of the electrolyte films increases with 

increasing salt concentration upto 20 wt % of LiClO4. The same sample exhibit 

high conductivity (2.34 × 10
-6

 S cm
-1

) than other films.  

 

 Baskaran et al. (2006) studied the blend polymer electrolyte system 

containing PVAc/PMMA blend and LiClO4. They have achieved maximum 

conductivity of 1.76 × 10
-3

 S cm
-1

 at 303 K. They have explained the 

conductivity enhancement in terms of increase of amorphous phase and the 

reduction of Tg, which reduces the energy barrier to segmental motion of 

polymer. 

 

 Since simple polymer-LiClO4 complexes show moderate conductivity 

values, various types of nanofiller incorporated polymer-LiClO4 complexes are 

developed by many researchers (Ji et al. 2003; Ahmad et al. 2008; Weston & 

Steele 1982 and Jeyanthi & Sundaresan 2014). Some of such works and the 

obtained conductivity values are listed in table 2.5. Another way to enhance the 

electrical and electrochemical properties of polymer-salt complexes is adding 

plasticizer within the polymer salt matrix. The conductivity values of plasticized 

polymer electrolytes which contain LiClO4 as ionic salt are listed in table 2.6.  
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Table 2.6  Electrolyte composition and dc conductivity values for plasticized 

polymer electrolytes which contains LiClO4 as ionic salt 

 

S.No 
Electrolyte 

composition 

dc conductivity 

at RT (s cm
-1

) 
Application References 

1. 
PEO-PVP- LiClO4-

EC 
2.72× 10

-4
 

Characterization 

only 

Kesavan et al. 

(2014) 

2. 
PEO- PVDF-HFP- 

LiClO4-PC 
2.39 × 10

-3
 

Characterization 

only 

Pradeepa et al. 

(2015) 

3. 
PMMA – LiClO4 – 

DMP-CeO2 
5.36 × 10

-5 
Characterization 

only 

Rajendran et al. 

(2002) 

4. 
PMMA – LiClO4 – 

PC-SiO2 
~10

-3
 

Characterization 

only 

Kuo et al. 

(2013) 

5. 

PVDFcoHFP-

PMMA – LiClO4 – 

PC 

~ 10
-3

 
Characterization 

only 

Usha Rani et al. 

(2013) 

6. 
PVP – LiClO4 – 

PC-BaTiO3 
1.2× 10

-3
 

Characterization 

only 

Kesavan et al. 

(2015) 

7. 
PPC- LiClO4-

BMIMBF4 

1.5 × 10
-3

 
Electrochromic 

application 

Zhou et al. 

(2013) 

8. PEO-LiClO4-d2000 1.5 × 10
-5

 
Characterization 

only 

Chen et al. 

(2002) 

9. 
PVDF-PVC- 

LiClO4-EC-PC 
4.68 × 10

-3
 

Characterization 

only 

Rajendran & 

Sivakumar 

(2007) 

10. 
PVC-PAN-LiClO4-

EC-TiO2 
4.46 × 10

-3
 

Characterization 

only 

Rajendran et al. 

(2008) 

11. 

P(VDF-HFP)-

PVDF-LiClO4-PC-

DEC 

7.5 × 10
-3

 
Characterization 

only 

Saikia & Kumar 

(2004) 
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 Choi et al. (2001) have prepared plasticized blend polymer electrolyte 

with PVDF-HFP and PVAc as blend polymers and liquid electrolyte solution of 

EC/PC/1M LiClO4 which is commercially available. Prepared electrolyte films 

were characterized by DSC, 
7
Li NMR and temperature dependent conductivity 

studies. they have found that mobility of charge carriers decreases with 

increasing PVAc content through NMR. The authors have also determined that 

the interfacial properties of PVAc blended electrolyte is improved.  

Tsutsmi et al. (1998) prepared PAN- LiClO4-ED4CN-PC based 

plasticized polymer electrolytes. They obtained the highest conductivity of 1.05 

× 10
-2

 S/cm at 60°C. They observed that The addition of ED4CN to the PAN-

based electrolyte decreased its Tg and increased its conductivity. The dissolution 

of LiClO4 was induced by its interaction with ED4CN, thereby increasing the 

number of carriers in the polymer electrolyte and its conductivity. 

Sudhakar & Selvakumar (2012) prepared Chitosan- Starch-Glyscerol- 

LiClO4 based polymer electrolytes using solution casting technique. The 

maximum ambient conductivity was achieved as 3.7 × 10
-4

 S/cm. The activation 

energy of all samples was evaluated using the Arrhenius plot and it was found to 

be 0.52–0.75 eV. The DSC thermogram peaks for CS-starch blends decreases 

with increase in the LiClO4 content. Supercapacitor is fabricated using suitable 

blend electrolyte and the maximum specific capacity of 133 Fg
−1

 was obtained.  

 Choe et al. (1995) have prepared plasticized polymer electrolytes by 

mixing Poly Vinyl Sulfone (PVS) and Poly vinylidene fluoride (PVDF) with 

high conductive solutions of LiClO4, LiN(CF3SO2)2 and LiAsF6 which are 

dissolved in PC, EC and sulfolane mixtures. They have found that PVS based 

electrolytes have shown conductivity in the order of 10
-4

 S cm
-1

 and PVDF based 

electrolytes have shown conductivity in the order of 10
-3

 S cm
-1

 at 30
о
 C. In the 

case of electrochemical stability, PVS based electrolytes have shown better 
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stability (4.5 – 4.8 V Vs Li/Li
+
) than PVDF based electrolytes (3.9 to 4.3 V vs 

Li/Li
+
).  

  

 Wang et al. (1996) prepared PAN-LiClO4-EC based Lithium ion 

conducting polymer electrolytes. The films are mainly characterized through 

FTIR spectroscopy to know the interaction among PAN, LiClO4 and EC. It was 

found that, with the increase of the LiCIO4 content in the solution, both the 

vibrational frequencies and the relative intensities of the bands related to the ring 

structure and to the C=O group of EC molecule are changed. The data have 

shown that there was a rather strong interaction between the Li
+ 

ion and the EC 

molecule. The interactions between the Li
+
 ions and the EC molecules mainly 

occur on the C=O group of the molecules.  

 

 Some researchers analyze the combined effect of filler and plasticizer 

on the structural, electrical and electrochemical properties of polymer 

electrolytes.  

 

 According to Kim et al. (1996) the lithium transport number of 

PEO(40)/PES(60)/LiClO4 electrolyte at [LiClO4]/[EO] = 0.10 was determined to 

be about 0.37 at 40°C. 

 

 A carbon–carbon supercapacitor was fabricated using suitable blend 

electrolyte ratio of Chitosan-Starch-Glyscerol-LiClO4 (Sudhakar & Selvakumar 

2009) and the capacity was measured as 133 Fg
-1

. Its electrochemical 

characteristics were also discussed at various temperatures and current density.  

 

2.7  SULFOLANE & TRITON BASED WORKS 

 Based on the above literature survey, it is understood that the 

selection of plasticizer is an important task. The basic qualifications for the 
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selection of plasticizers are high dielectric constant and low molecular weight 

solvents. Commonly, organic solvents such as Ethylene carbonate (EC), 

Propylene carbonate (PC), Dimethyl carbonate (DMC) and ethyl methyl 

carbonate (EMC) satisfy those qualifications and thus are used in lithium 

batteries.  

 

 In the aspect of fabrication of safe (All Solid State) electrochemical 

devices, polymer electrolytes are developed. In order to improve the 

conductivity of polymer electrolytes, those organic solvents are used as 

plasticizers. Drawbacks of carbonate solvents are highly flammable and show 

low electrochemical stability (about 3.4- 4.0 V vs Li/Li
+
). Even though polymer 

electrolytes generally show a wide electrochemical stability window unlike 

liquid electrolytes, the incorporation of liquid which is added to enhance the 

ionic conductivity may affect or causes the narrow electrochemical stability. 

Hence, new plasticizer with high flash point and wide electrochemical stability is 

desired.  

 

 Researchers (Matsuda et al. 1985; Morita et al. 1987 and Xu & 

Angell 1998) have been working with new sulfone group of solvents. They 

found that the solvent possess wide electrochemical stability of greater than 5 V 

vs Li/Li
+
 and having high dielectric constant of 60 at 20

о
 C (Xu et al. 2002). 

Hence, sulfone group of solvents are used in high voltage lithium ion battery 

applications (Xu & Angell 2002, Abouimrane et al. 2011 and Xiaoguang  

& Angell 2009).  

 

 Very few number of works is only available in polymer electrolytes 

with sulfolane addition. Poly(Acrilonitrile)-LiPF6-SiO2-Sulfolane based gel 

electrolyte has already been prepared and studied (Beata Kurc 2014). The works 

are listed in table 2.7 
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Table 2.7  Electrolyte composition and properties of sulfolane based 

electrolytes  

 

S.No 
Electrolyte 

composition 
Properties/Application Reference 

1. 

0.7 mol L
-1

 LiBOB-

SL-DEC 1vol%:1 

vol% 

Sulfolane slow down the 

dissolution and erosion of 

Mn ions and decrease the 

interface resistance. 

Improved capacity retention, 

operating voltage and rate 

performance 

Li et al. (2016) 

2. 

1 M LiPF6/SL 

1 M LiBF4/SL 

1 M LiClO4/SL 

Anodic stability is decreased 

in the order of LiPF6/SL> 

LiBF4/SL > LiClO4/SL 

1 M LiPF6/SL show 5.0 V vs 

Li/Li
+
 

Xing et al. (2014) 

3. 

1 M LiPF6 

SL/EMC+ VC+ X  

(X= PES, MMDS, 

ES, TAP, DTD) 

The electrolyte 1 M LiPF6 

SL/EMC+ VC+ TAP shows 

better electrochemical 

performance 

Xia & Dahn 

(2016) 

4. 

1 M LiPF6/SL 

1 M LiBF4/SL 

1 M LiClO4/SL 

1 M LiCF3SO3/SL 

Physicochemical and 

electrochemical properties 

are considerably affect by the 

nature of anion 

Kolosnitsyn et al. 

(2006) 

5. 

1 M LiPF6 

EC/DMC 

1 M LiPF6 SL/PC 

1 M LiPF6 SL/EC 

1 M LiPF6 SL/DMF 

Among all, the solvent 

mixture SL/PC shows very 

good results 

Maca et al. 

(2015) 



 

40 

 
 

Table 2.7 Continued 

6. 

1 M LiTFSI /EVS 

1 M LiTFSI /EMS 

1 M LiTFSI /SL 

1 M LiTFSI /BS 

1 M LiTFSI /FS 

Among them SL and EMS 

exhibited the highest 

conductivity and wide 

electrochemical stability 

Abouimrane et al. 

(2009) 

7. 

LiPF6 /SL-DME 

LiBF4/ SL-DME 

LiClO4/SL-DME 

LiBF4/SL-THF 

LiClO4/SL-THF 

LiPF6 /SL-DME shows 

maximum efficiency of 94% 

in lithium battery 

Morita et al. 

(1987) 

8. 
PAN-LiPF6-SL-

SiO2 

Shows highest conductivity 

of 4.9 × 10
-2

 S cm
-1

 for 5 wt 

% SiO2. Deliver high specific 

capacity of 350 mAhg
-1

 with 

graphite and lithium 

electrodes 

Kurc (2014) 

9. 
PAN-LiPF6-SL- 

SiO2-TiO2 

Shows highest conductivity 

of 9.8 × 10
-2

 S cm
-1

. Deliver 

higher specific capacity of 

345 mAhg
-1

 with graphite 

and lithium electrodes 

Kurc (2014) 

10. 

1 M LiPF6-X (X= 

EMS, SL, TriMS, 

MTS, EiPS and 

FPMS) 

It is found that anodic 

stability is independent of 

sulfone structure. i.e no 

oxidative decomposition is 

observed before 5.5 V. 

Xu & Angell 

(2002) 

* SL- Sulfolane 
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 While concerning the above literature reports, it is known that 

sulfolane is a promising solvent to dissolve lithium salts and shows wide 

electrochemical stability window and thus assures the fabrication of high voltage 

battery.  

 

 In the present work, it is attempted to use the promising solvent 

sulfolane as one of the plasticizers to plasticize the PVA-LiClO4 matrix. Since 

LiClO4 is readily soluble in sulfolane, it is expected that sulfolane promotes 

dissociation of LiClO4 into Li
+
 and ClO4

-
 and thus will enhance the charge 

carrier concentration.  

 

 Poly (ethylene glycol) (PEG) with different molecular weights is 

widely used as plasticizers due to their appreciable properties such as low cost, 

less toxicity and low viscosity (Bella et al. 2016). Poly (ethylene glycol – p-

tertoctyl phenyl ether) is one of the PEG group of solvents, commercially called 

as Triton X-100. It is a water soluble liquid and non ionic surfactant. It is an 

octyl phenol ethoxylate consisting of 9 to 10 mole of ethylene oxide and is 

supplied as a 100 percent active product. Because of its good surface activity, it 

can be used as surface modifier in the preparation of quantum dots (Yang et  

al. 2012) and nano particles (Al-Omai et al. 2014). The utilization of triton in 

electrolyte system has been addressed in very few literatures (Swiergiel et  

al. 2015 and Jung et al. 2009).  

 

 Jung et al. (2009) have reported the performance of a Ru(II) dye-

sensitized nanocrystalline TiO2 solar cell (DSSC) with both Triton X- 100 and 

water as additives in 3-methoxypropionitrile solutions. In the presence of these 

additives, the open-circuit voltage (Voc), fill factor and stability of the cell 

increased, while the short circuit photocurrent density decreased compared to 

those found in their absence. Based on these changes, the DSSC yielded a higher 

solar-to-electricity conversion efficiency of 5.9%, compared to 5.3% for the cells 
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fabricated without the additives. Furthermore, the addition of Triton X-100 to 

the water-added electrolyte was found to render the Ag metal corrosion resistant. 

Some of triton based works are listed in table 2.8. 

 

Table 2.8 Role, function/purpose of triton X-100 

S.No 

Role of 

Triton X-

100 

Function/Purpose of Triton X-

100 
Reference 

1. Surfactant 
To produce larger ZnSe QDs with 

high crystallinity 
Yang et al. (2012) 

2. Surfactant 

To produce spherical TiO2 

particles which shows improved 

efficiency in DSSC application 

Omair et al. (2014) 

3. Adsorbate For La-B-TiO2 catalyst Liu et al. (2011) 

4. 
Organic 

modifier 

To synthesize Hydroxyapatite 

(HA) particles. Triton reduces 

size of the particle and increase 

the BET surface area 

Iyyapan & Wilson 

(2013) 

5. Surfactant 

For the formation of perlyene 

nano particles by laser ablation of 

perelyene crystals in aqueous 

solution 

Kimura et al. (2008) 

6. Surfactant 

To produce Cu(OH)2/CuO hybrid 

nanomaterial. The 

electrochemical performance of 

the material is examined using 

cyclic voltammetry. It delivers 

443 Fg
-1

 capacity while fabricate 

the supercapacitor. 

Shinde et al. (2017) 



 

43 

 
 

Table 2.8 Continued 

7. Surfactant 

To prepare nanocomposite gel 

electrolyte (PC-Glacial acid-

TMOS-MPII-NMBI) 

Stathatos et al. 

(2003) 

8. 

Structure 

directing 

agent 

To prepare BiVO4 photocatalyst 

where triton play a control cuboid 

like shape morphology of BiVO4 

Suwanchawalit et al. 

(2016) 

9. Additive 

To prepare 3-methoxy propio 

nitrile electrolyte. Additive added 

electrolyte deliver improved 

efficiency in DSSC 

Jung et al. (2009) 

10. 
Capping 

agent 

To synthesis ZnS nano particle. 

Triton capped ZnS nano particle 

show very good photo catalytic 

activity of 97.79% in 120 min. 

Dumbrava et al. 

(2017) 

11. Surfactant 

To prepare CdS thin film. The 

material shows better photo 

electrochemical (PEC) 

performance with maximum short 

circuit density 1.71 mA/cm
2
 for 

solar cell 

Vanalakar et al. 

(2014) 

12. Mediator 
To prepare Indium II oxide nano 

powders 

Selvakumar et al. 

(2014) 

13. Surfactant 

To prepare PEDOT:PSS electrode 

material for super capacitor 

application 

Tevi et al. (2014) 

 

 From table 2.8, it is noticed that triton mainly used for surface 

modification in the preparation of Nanoparticles. Based on our preliminary work 
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(Abarna & Hirankumar 2014), it is found that LiClO4 is well dissolved in Triton. 

Hence it is believed that triton also promotes the dissociation of LiClO4 into Li
+
 

and ClO4
-
 and leads to enhancement of charge carrier concentration. 

 

 As summary, by surveying the literature reports, the two liquid 

additives/plasticizers such as sulfolane and triton have very peculiar and 

admirable properties. The present work explores the possibility of those liquids 

as plasticizer for PVA-LiClO4 matrix.  
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CHAPTER 3 

POLYMER ELECTROLYTES – PREPARATION AND 

CHARACTERIZATION TECHNIQUES 

 

 

3.1  INTRODUCTION 

 This chapter explains materials and methods which are used to 

prepare electrolytes. It provides structure and properties of the materials used. 

The chapter also provides the detailed description about characterization 

techniques.  

 

The system of prepared Li ion conducting electrolyte are given below. 

 System I – PVA-LiClO4 (100:0, 95:05, 90:10, 85:15 and 80:20 mol%)  

 System II – (80-x) PVA - 20LiClO4 – x Sulfolane (x= 5,10,15 and 20 

mol%)  

 System III – (80-x) PVA - 20LiClO4 – x Triton (x= 1,2,3,4 and 5 

mol%) 

 

 The polymer electrolyte compositions and sample designation of 

System I is listed in table 3.1. 

 

Table 3.1 Composition and sample designation of PVA-LiClO4 electrolytes  

S.No 
Composition (mol%) 

Sample Designation 
PVA LiClO4 

      1. 100 0 100:0 

      2. 95 05 95:05 

      3. 90 10 90:10 

      4. 85 15 85:15 

      5. 80 20 80:20 
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 The composition 75mol%PVA : 25mol%LiClO4 has not able to form 

film. 

 

 Similarly the composition and sample designation of sulfolane 

plasticized PVA-LiClO4 electrolytes (System-II) are given in Table 3.2. 

  

Table 3.2 Sample composition and Sample designation of PVA-LiClO4-

sulfolne electrolytes  

 

S.No 
Composition (mol %) Sample 

Designation PVA LiClO4 Sulfolane 

1.  80.0 20 0 S0 

2. 75.3 20 04.7 S05 

3. 69.9 20 10.1 S10 

4. 64.0 20 16.0 S15 

5. 59.3 20 20.7 S20 

 

 The composition 54.2mol%PVA – 20mol%LiClO4-25.8% has not 

able to form film. The prepared compositions, sample designation of Triton 

plasticized PVA-LiClO4 electrolytes (System III) is given in table 3.3 

 

Table 3.3 Sample composition and sample designation of PVA-LiClO4-

triton electrolytes  

 

S.No 
Composition (mol %) Sample 

Designation PVA LiClO4 Triton 

1. 80.0 20 0 T0 

2. 78.9 20 1.1 T1 

3. 78.0 20 2.0 T2 

4. 76.9 20 3.1 T3 

5. 76.0 20 4.0 T4 

6. 75.0 20 5.0 T5 
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 The prepared polymer electrolyte membranes are characterized to 

understand their electrical, structural, vibrational, ion transport, electrochemical 

stability and thermal properties and also to know their suitability towards the 

application in batteries and super capacitors as solid electrolytes.  

 

 The characterization techniques which are used to study the prepared 

electrolytes are  

1. AC impedance spectroscopy 

2. Fourier Transform Infrared Spectroscopy (FTIR)  

3. X-ray Diffraction (XRD) 

4. Transference number analysis  

5. Linear Sweep Voltammetry 

6. Differential Scanning Calorimetry (DSC) 

7. Thermo gravimetric and Differential thermal analysis (TG-DTA) 

8. Electrochemical impedance spectroscopy (EIS) Electrochemical 

studies 

9. Cyclic voltammetry (CV) 

10. Charge-discharge characteristics 

 

3.2  MATERIALS USED AND THEIR PROPERTIES  

3.2.1  Poly vinyl alcohol (abbreviated as PVA)  

Table 3.4 Properties of PVA 

Molecular formula (C2H4O)n 

Molecular weight of 

monomer 
44.0525 g/mol 

Average Molecular weight 85,000- 1,24,000 

Company S-dfine 

Purity 99% 

Degree of hydrolysation 86-89% 

Density 1.19 g/cm
3
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Structure  

 

Figure 3.1 Structure of PVA 

 

 Since PVA, used in the present work, is having a degree of 

hydrolisation of about 88%, it contains remaining 12% as acetate group.  

 

3.2.2  Lithium Perchlorate (abbreviated as LiClO4)  

Table 3.5 Properties of LiClO4 

Molecular formula LiClO4 

Molecular weight 106.4 g/mol 

Company Himedia 

Purity 99% 

Appearance White crystals 

Density 2.43 g/cm
3
 

 

Structure  

 

Figure 3.2 Structure of LiClO4 
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3.2.3  Sulfolane (Tetra Methyl Sulfone) 

Table 3.6 Properties of sulfolane 

Molecular formula C4H8O2 

Molecular weight 120.17 g/mol 

Company Sigma Aldrich 

Purity 99% 

Appearance Liquid 

Color Light yellow 

Density 1.26 g/cm
3
 

Boiling point 285
o
 C 

 

Structure 

 

Figure 3.3 Structure of sulfolane 
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3.2.4  Triton (Poly ethylene glycol-p-tert-octyl phenyl ether)  

Table 3.7 Properties of triton 

Molecular formula C34H62O11 

Molecular weight 646.85 g/mol 

Company Himedia 

Purtiy 98% 

Appearance Viscous liquid 

Color Pale yellow 

Density 1.07 g/cm
3
 

 

Structure  

 

Figure 3.4 Structure of triton 

 

3.2.5  Di methyl Formamide (abbreviated as DMF) 

Table 3.8 Properties of DMF 

Molecular formula C3H7NO 

Molecular weight 73.10 g/mol 

Company Himedia 

Purity 99.5% 

Boiling temperature 152-154 °C 

Melting temperature -60.5 °C 

Density 0.948 g/ml
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Structure  

 

Figure 3.5 Structure of DMF 

 

3.3  PREPARATION  

 PVA-LiClO4, Solid Polymer Electrolytes, PVA-LiClO4-Sulfolane and 

PVA-LiClO4-Triton, Plasticized Polymer Electrolytes are prepared using 

solution casting technique method.  

 

 The calculated amount of PVA was dissolved in DMF by stirring 

continuously at 75°C for several hours until it dissolves thoroughly. 

Simultaneously, appropriate amount of LiClO4 was dissolved in DMF separately 

by stirring 1 hour at room temperature. Then two solutions were mixed together 

and stirred at 40°C for 5 hrs. After getting homogeneous solution, solution was 

casted.  

  

 For the case of sulfolane or triton added electrolytes, required amount 

of sulfolane or triton was added to PVA-LiClO4 mixture. Temperature was 

maintained at 40 °C and was allowed to stir for overnight. Then solution was 

cast in perti dishes and allowed them to evaporate the solvent at room 

temperature. Films were further dried at 50 °C for 12 hours and were kept in 

vacuum oven for overnight to remove the residual solvent if any. The resultant 

films were stored in an argon filled glow box with moisture content < 1 ppm. 

Experimental procedures are given in figure 3.6. 
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Figure 3.6 Experimental procedures for the preparation of PVA-LiClO4-

sulfolane/triton electrolytes 
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Figure 3.7 Photographs of prepared polymer electrolyte films 

 

 From figure 3.7, it is visualized that the prepared PVA-LiClO4 and 

PVA-LiClO4-Sulfolane/Triton electrolytes have good transparency and have 

good flexibility.  

 

3.4  CHARACTERIZATION TECHNIQUES  

3.4.1  AC Impedance Spectroscopy  

3.4.1.1  Introduction  

  AC impedance spectroscopic method is used to characterize the 

electrical properties of materials and their interfaces with electrically conducting 

electrodes. It is also utilized to study the dynamics of the mobile charges in the 

bulk of ionic, electronic and dielectric materials. This consists of applying an 

electrical pulse across the electrode and studying the response.  

Unlike dc technique, the ac impedance technique use small pulse in the range of 

5-10 mv peak to peak. This cause only minimal perturbation of the 

electrochemical test system there by the error in the measurement is reduced in 

the frequency domain since each of these has characteristic relaxation time, 

determined by the capacitance values. The technique is called complex ac 

impedance spectroscopy otherwise called complex plane analysis. 

 



 

54 

 
 

 Complex ac impedance analysis is a mathematical technique which 

helps in the determination of the individual components(R, C, and L) and 

involves the plotting of graph. This method provides data on both electrode 

capacitance and charge transfer kinetics.  

 

 The objective of the ac impedance experiments is to determine the 

values of the various elements in the equivalent circuit. This is done by studying 

the response to an ac excitation over wide range of frequencies. 

 

 Conductivity experiments are often carried out using complex 

impedance, or admittance technique, which permits bulk conduction to be 

distinguished from the grain boundary or surface contributions. Generally, the 

conductivity of a material is measured at various frequencies. It is well known 

that several physical process such as the migration of the mobile ion through the 

bulk of the electrolyte, charge transfer across the interfacial zone and conduction 

via grain boundaries occur with the passage of electric current through a solid 

electrolyte. The individual components could easily be resolved. 

 

 Ac impedance spectroscopy technique may be used to investigate the 

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

of solid or liquid materials (Ross. Mac Donald 1987). The general approach to 

the electrochemical measurements is to apply an electrical stimulus (a known 

voltage or current) to the electrode – electrolyte assembly and the resultant 

signal has been observed. By applying ac voltage to the electrode – electrolyte 

assembly, the phase shift, real and imaginary parts (Z‘ and Z‖) of impedance 

have been measured for a wide range of temperatures. The impedance (Z) or 

admittance(Y) is complex quantities can be written as 

 

  Z
*
 = Z‘ (ω) – j Z‖ (ω)  (3.1) 

 

   Y
*
 = G (ω) + j B (ω)  (3.2) 
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where, Z‘/G (ω) and Z‖/ B (ω) are the real and imaginary part of impedance 

/admittance which, when plotted in a complex plane give the frequency 

dispersion curves. These frequency dispersion curves give information about the 

electrode-electrolyte interface, bulk resistance and grain boundary (Baurele 

1969). The other frequency dependent parameters like dielectric permittivity (ε) 

and electric modulus (M) are also complex in nature which can be represented 

by  

 

 E (ω) = [j ωCoZ (ω)]
-1

  (3.3) 

 

 M (ω) = E (ω)
-1

  (3.4) 

 

where,  

ω= angular frequency  

Co= Vacuum capacitance of the measuring sample  

 

  Co= Eo (A/d)  (3.5) 

 

where, 

Eo is the permittivity of free space (8.854 x 10
-12

 F/m) 

 

3.4.1.2  Conductance spectra 

 The electrical response of the material in the A.C frequency can be 

separated into three regions. At high frequencies electrical relaxations are 

associated with short range ion migration or hops between crystallographically 

defined sites. At intermediate frequencies, relaxations are associated with long 

range ion migration / conduction within the bulk of the electrolyte. The time 

dependence of these relaxations is affected by the presence of grain boundaries, 

point defects and dopants within the material. At still lower frequencies, 

electrical relaxations may be attributed to space charge buildup, charge transfer 
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and / or diffusion controlled reactions at the electrolyte surface (Almond & 

West1987). 

  

 The conductivity of ionic conductor is determined by both 

concentration of the mobile ions and the rate at which they are able to hop from 

one site to another site in the material (Ramesh & Arof 2001). The ac 

conductivity σ (ω) is found to vary with frequency as, 

 

 σ(ω) = σ(0) + A(ω)
α 

 (3.6)
 
 

  

where, σ (0) is the dc conductivity, A is the temperature dependent parameter 

and α is found to vary between 0 and 1. Jonscher has suggested that this power 

law is a universal property of materials that is related to the dynamics of hopping 

conduction (Jonscher 1977).  

 

 3.4.1.3  Nyquist or cole-cole plot 

 The Nyquist plot or the complex plane plot is one of the popular 

formats for evaluating electrochemical impedance data. Here we are plotting the 

imaginary impedance component Z
״
 against the real impedance component Z

׳
 at 

each frequency. Fig 3.8 illustrates the Nyquist plot of polymer electrolyte film 

which having blocking electrodes on both sides. The corresponding equivalent 

circuit is given in figure 3.9.  
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Figure 3.8 Nyquist plot of SS/PE/SS (Liew et al. 2012) 

 

 At higher frequencies, the impedance spectrum contains semi circle 

which is due to bulk properties of electrolyte. At lower frequencies, impedance 

spectrum consists slanted line region which is due polarization of ions at the 

electrode-electrolyte interface. The frequency reaches its high limit at the 

leftmost end of the semicircle, where the semicircle touches the X-axis. The 

frequency reaches its low limit at the right most of the slanted line. The 

frequency corresponding to the top of the semicircle is given by Ymax= 1/τ, 

where τ is relaxation time.  

 

 

Figure 3.9 Equivalent circuit of impedance spectrum of SS/PE/SS 
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 The equivalent circuit consists of parallel combination of resistance 

(RP) and capacitance (CP) plus one double layer capacitace (CD). Where, RP and 

CP combination is corresponded to semi circle region of Nyquist plot and CD is 

corresponded to slanted line region. Bulk resistance (Rb) value is estimated by 

extrapolating the semicircle or slanted line to the real z-axis based on the 

assumption of the equivalent circuit.  

 

 The ionic conductivity σ of the polymer electrolytes can be calculated 

using the equation, 

 

             
AR

t

b



 (3.7) 

 

where, 

Rb - bulk resistance of the polymer electrolyte 

t - thickness of the polymer film  

A - area of the polymer film.  

 

 In the present study, electrical (ac impedance spectroscopy) 

measurements were carried out on the polymer electrolytes in the frequency 

range (7 MHz – 1Hz) with the amplitude voltage of 10 mV by sandwiching them 

between stainless steel blocking electrodes using Biologic SP300 

Electrochemical Workstation interfaced with a computer. It is shown in figure 

3.10. 
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Figure 3.10 PC interfaced electrochemical workstation biologic SP300 

 

3.4.2  Fourier Transform Infrared Spectroscopy 

3.4.2.1  Introduction   

 Fourier Transform Infrared (FTIR) spectroscopy which was first 

developed by astronomers in the early 1950s to study the infrared spectra of 

distant stars has now been developed into a very powerful technique for the 

detection of very weak signals from the environmental noise. It is a simple 

technique to resolve a complex wave into its frequency components. 

 

 A molecule is a collection of atoms. The atoms in a molecule execute 

different types of vibrational motion. The energy of most of these molecular 

vibrations is quantized and corresponds to that of the infrared region of the 

electromagnetic spectrum. When infrared radiation of the same frequency is 

allowed to fall on the molecule, the system absorbs energy, causing the 

excitation of molecule to higher vibrational levels. Once the vibrational 

frequencies are obtained, valuable information regarding molecular structure, 

symmetry, bond strength, inter and intra molecular interactions etc., can be 

derived (Aruldhas 2007). 
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 The molecules absorbing a quantum of energy give rise to bands, 

characteristic of the molecule from about 200-400 cm
-1

. Functional groups have 

characteristic vibrational frequencies. The fact that many functional groups can 

be identified by their characteristic vibrational frequencies makes the infrared 

spectra, one of the most reliable methods for understanding the structure of 

molecules. With the recent improvement in instrumentation, the IR region of the 

electromagnetic spectrum is considered to cover the range from 50-12500 cm
-1 

approximately.  

 

It is subdivided into three regions, they are,  

 Near IR 12500-4000 cm
-1

 

 Middle IR 4000-400 cm
-1

 

 Far IR 400-50 cm
-1

 

 

 The middle IR region most commonly employed for standard 

laboratory investigations as it covers most of the vibrational transitions.  

 

 The far IR region is also equally important when we deal with solid 

samples. Studies below 400 cm
-1 

require special instruments.  

 

3.4.2.2  Interferometer arrangement  

 The basic components of a Fourier transform spectrometer are shown 

in figure.3.11 the source is the usual glower operated at very high temperatures. 

The Michelson interferometer consists of a source S, a beam splitter B and two 

plane mirrors M1 and M2. Mirror M1 is fixed and M2 is capable of to and fro 

movements.  
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Figure 3.11 Michelson interferometer arrangement 

 

 The beam splitter allows 50% of the radiation to M1 and other 50% to 

mirror M2. Two beams reflected back to B, where they recombine with 50% 

going to source and the other 50% going to sample. For monochromatic source, 

if the path lengths B M1 B and B M2 B differ by integral number including zero 

of wavelength, one gets constructive interference of the two beams at B. 

Destructive interference results when the difference in path lengths is half odd 

integral number of wavelength. Thus, if mirror M2 is moved towards or away 

from B, the sample and detector will see an alternation in intensity.  

   

 The recombined beam if directed through a sample, the sample 

absorption will show up as gaps in the frequency distribution which on 

transformation gives a normal absorption spectrum. In the experiment, the 

detector signal is collected into a multichannel computer while mirror M2 is 

moved. The computer then carries out the Fourier transform of the stored data 

and plots it on a paper.  
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3.4.2.3  Advantages  

FTIR techniques have made impact with regard to  

 Rapid scanning  

 High sensitivity  

 High resolution 

  

3.4.2.4  Applications  

FTIR is used in,  

 Identification of molecular constituents.  

 Elucidation of molecular structure.  

 Characterization of the Transition Phases of Ceramics.  

 

 In the present study FTIR analysis was carried out by JASCO FTIR – 

4100 spectrometer equipped with an ATR (Attenuated Total Reflection) internal 

reflection system. The spectra of prepared polymer electrolytes were obtained 

with resolution of 4 cm
-1

 in the wave number regime between 4000 and 550 cm
1
. 

The photograph of JASCO FTIR-4100 spectrometer is given in figure 3.12.  

 

 

Figure 3.12 Photograph of JASCO FTIR – 4100 spectrometer 
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3.4.3  X-ray Diffraction  

3.4.3.1  Introduction  

 The German physicist, M.von Laue (1879-1960), in 1913, suggested 

the possibility of diffraction of x-rays by crystals. The reason for this suggestion 

was that the wavelength of x-ray was about the same order as inter atomic 

distances in a crystal. Laue was awarded Nobel Prize in physics for his discovery 

of diffraction of x-rays by crystals in 1914. In fact, W.H. Bragg succeeded in 

diffracting x-rays from sodium chloride crystal. This observation has proved to 

be highly useful in determining structures and dimensions of crystals as well as 

in the study of a number of properties of x-ray themselves. The British physicists 

W.H. Bragg (1862-1942) and his son W.L. Bragg (1890-1971) shared Nobel 

Prize for the analysis of crystal structure with x-rays (Puri et al. 2008) in 1915.  

 

3.4.3.2  Measurement  

 Are you sure that is it cylinder. A narrow beam of x-rays is allowed to 

fall on the sample. The diffracted x-rays strike a strip of photographic film 

arranged in the form of circular arc. As a result of this we get lighted areas in the 

forms of arcs of lines at different distances from the incident. These distances 

can be converted into scattering angles to be used in Bragg equation for different 

planes of the crystals.  

 

3.4.3.3  Advantages  

 Powerful and rapid technique (< 20 min) for identification of 

unknown minerals.  

 In most case, it provides an unambiguous mineral determination.  

 Minimal sample preparation is required.  

 XRD units are widely available.  

 Data interpretation is relatively straight forward.  
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3.4.3.4  Applications  

Its applications
 
include,  

 Characterization of crystalline materials.  

 Identification of fine-grained metal such as clays and mixed layer 

clays that are difficult to determine optically. 

 Determination of unit cell dimensions.  

 Measuring superlattices in multilayered epitaxial structures.  

 Characterize thin and thick film samples.  

 Determining dislocation density, quality, thickness, roughness of the 

film.  

 

 Here XRD measurements were recorded using X‘Pert-Pro PAnalytic 

Diffractometer X-ray diffracto meter (with Cu K-α radiation) at 2θ with a step 

size of 0.050 
o
 in the range of 10

o 
to 80

o
 at ambient temperature. The photograph 

of the spectrometer is shown in figure 3.13.  

 

 

Figure 3.13 Photograph of X’Pert-pro panalytic spectrometer 

 

 



 

65 

 
 

3.4.4  Transference Number Studies  

3.4.4.1  Ion transference number study  

 The contribution of ions for the conductivity of an electrolyte can be 

determined from the transference number measurement. 

Chronoamperometry/Polarization technique is employed to evaluate the 

transference number. Stainless is kept as blocking electrodes on both the sides of 

polymer film. The dc potential of 1 V is applied and current variation is 

monitored for 1 hour.  

 

Transference number is calculated using the equations (3.8) and (3.9).  

 

          (3.8)  

 

 

  

             

I

S

electron I

I
t 

 (3.9) 

 

where, II is the initial current and IS is the steady state current (Liew and Ramesh 

2013). The steady state is achieved when the mobile ions are balanced by the 

diffusion process, which is due to the ion concentration gradient. The 

conventional ion transference number curve is given in figure 3.14.  

 

 

 

           -1  

I

S

ion I

I
t 
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Figure 3.14 Conventional ion transference number plot 

 

3.4.4.2  Cation transference number study  

 According to the procedure given in the literature (James evans et al. 

1987), Li
+
 transference number was calculated by taking dc potentiostatic 

measurements combine with ac impedance spectroscopy for the configuration of 

Li/PE/Li. Initial (Ii) and steady state (IS) currents were determined on an 

application of 20 mV across the sample. AC impedance spectroscopy (frequency 

range 7 MHz- 1 Hz) was used to determine the resistance of passivation layer 

which is formed at the electrode-electrolyte interface before (Ri) and after (RS) 

the potentiostatic measurements. Li
+
 transference number of the electrolyte 

samples was calculated by using the equation,  

 

 
                 

)( 

)( 
  

SSi

iiS

Li RIVI

RIVI
t








 (3.10) 

 
 In the present work, ion transference number and cation transference 

number studies are carried out using Biologic SP300 Electrochemical 

Workstation interfaced with a computer. It is already shown in figure 3.10.  
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3.4.5  Linear Sweep Voltammetry  

 Electrochemical stability is one of the important properties of 

electrolytes. It decides the voltage of battery. In order to determine the 

electrochemical stability window of the electrolyte with respect to lithium 

electrode, Linear Sweep Voltammetry (LSV) was carried out for SS/PE/Li cell, 

between the voltage range of 3- 6 V with the scan rate of 1 mV/s using the same 

Biologic SP300 Electrochemcial workstation. The conventional linear sweep 

voltammogram for electrolytes is given in figure 3.15.  

 

 

Figure 3.15 Conventional linear sweep voltammogram of electrolyte 

 

3.4.6  Differential Scanning Calorimetry (DSC) 

3.4.6.1 Introduction 

 Differential Scanning Calorimetry (DSC) is the most often used 

thermal analysis method, primarily because of its speed, simplicity, and 

availability. In DSC, a sample and a reference are placed in holders in the 

instrument. Heaters either ramp the temperature at a specified rate (e.g., 
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5°C/min) or hold the DSC at a given temperature. The instrument measures the 

difference in the heat flow between the sample and the reference. 

 

3.4.6.2  Instrumentation 

There are three different types of DSC instruments 

 Power-compensated DSC 

 Heat-flux DSC 

 Modulated DSC 

 

 In power-compensated DSC, the temperatures of the sample and 

reference are kept equal to each other while both temperatures are increased or 

decreased linearly. The power needed to maintain the sample temperature equal 

to the reference temperature is measured.  

 

 In heat-flux DSC, the difference in heat flow into the sample and 

reference is measured while the sample temperature is changed at a constant 

rate. 

 

 Modulated DSC (MDSC) uses the same heating and cell arrangement 

as the heat-flux DSC method. In MDSC, a sinusoidal function is superimposed 

on the overall temperature program to produce a micro heating and cooling cycle 

as the overall temperature is steadily increased or decreased. Using Fourier 

transform methods, the overall signal is mathematically deconvoluted into two 

parts, a reversing heat flow signal and a nonreversing heat flow signal.  

 

 In the present work, polymer films are characterized with heat-flux 

DSC. The instrument model DSC 4000 Perkin Elmer is used for the 

measurement. Hence heat-flux DSC is dealt in detail.  

 

 

 



 

69 

 
 

Heat-Flux DSC Instrumentation 

 Schematic representation of Heat flux DCS is given in figure 3.8. 

Both sample and reference are heated by a single heating unit. Heat flows into 

both the sample and reference material via an electrically heated constantan 

(Constantan is an alloy of 60% copper and 40% nickel) thermoelectric disk. \ 

 

 

Figure 3.16 Schematic diagram of heat-flux DSC 

 

 Small aluminum sample and reference pans sit on raised platforms on 

the constantan disk. Heat is transferred through the disks and up into the material 

via the two pans. The differential heat flow to the sample and reference is 

monitored by Chromel-constantan area thermocouples formed by the junction 

between the constantan platform and Chromel disks attached to the underside of 

the platforms. The differential heat flow into the two pans is directly 

proportional to the difference in the outputs of the two thermocouple junctions. 

The sample temperature is estimated by the Chromel-alumel (Chromel is a 

trademark for a series of alloys containing chromium, nickel. and at limes, iron. 

Alumel is an alloy of nickel with 2% aluminum, 2% manganese and 1% silicon) 

junction under the sample disk. 
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The total heat flow is  

 

 
𝑑𝐻

𝑑𝑡
= 𝐶𝑝

𝑑𝑇

𝑑𝑡
+ 𝑓(𝑇, 𝑡) (3.11)  

 

H-- enthalpy  

Cp—specific heat capacity  

f(T, t)-- kinetic response of the sample  

 

 An increase in heat flow signifies an exothermic process, and a 

decrease indicates an endothermic process. 

 

 

Figure 3.17 Typical DSC scan for a polymeric material 

 

Data Analysis 

 With modern DSC instruments, software is available to aid the user in 

determining melting points, glass transition temperatures, and heat capacity 

values. The temperatures of step transitions and kinetic events are usually 

determined as onset temperatures. The onset temperature is defined as the 

temperature at which a line tangent to the baseline intersects another line tangent 

to the slope of the transition. 
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 In some cases temperatures of transitions such as the glass transition, 

are taken as the midpoint of the transition rather than the onset. The step in a 

transition, such as the glass transition, is related to the change in heat capacity as 

the material goes through the transition from one state to another.  

 

 The change in heat capacity is usually determined as the difference 

between the heat capacity at the onset and at the end of the transition. The 

enthalpy of melting or crystallization is determined by finding the area of the 

representative endotherm or exotherm through integration. 

 

 

Figure 3.18  Determination of onset temperature for transition and an 

exothermic event (crystallization) 

 

Applications 

To determine the 

 Glass Transition Temperature 

 Melting and boiling points 

 Crystallization time and temperature 

 Percentage of Crystallinity 

 Heats of fusion and reactions 
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 Specific heat capacity 

 Oxidative/thermal stability 

 Reaction kinetics 

 Purity 

 

3.4.7  Differential Thermal Analysis (DTA) / Thermogravimetric 

 Analysis (TGA) 

 

  Thermal analysis is the analysis of a change in a property of a sample, 

which is related to an imposed change in the temperature. The sample is usually 

in the solid state and the changes that occur on heating include melting, phase 

transition, sublimation, and decomposition. The analysis of the change in the 

mass of a sample on heating is known as Thermogravimetric analysis (TGA). 

TGA measures mass changes in a material as a function of temperature (or time) 

under a controlled atmosphere. Its principal uses include measurement of a 

material's thermal stability and composition. TG is most useful for dehydration, 

decomposition, desorption, and oxidation processes.  

 

 The most widely used thermal method of analysis is Differential 

thermal analysis (DTA). In DTA, the temperature of a sample is compared with 

that of an inert reference material during a programmed change of temperature. 

The temperature should be the same until thermal event occurs, such as melting, 

decomposition or change in the crystal structure. In an endothermic event takes 

place within the sample, the temperature of the sample will lag behind that of the 

reference and a minimum will be observed on the curve. 
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Figure 3.19 TG & DTA curves 

 

 On the contrary, if an exothermal event takes place, then the 

temperature of the sample will exceed that of the reference and a maximum will 

be observed on the curve. The area under the endotherm or exotherm is related 

to the enthalpy of the thermal event, ΔH. For many problems, it is advantageous 

to use both DTA and TG, because the DTA events can then be classified into 

those which do or do not involve mass change. A good example is shown in 

figure 3.19.  

 

TG-DTA modes can be used to determine the following:-  

 Melting points  

 Glass transition temperatures  

 Crystallinity  

 Moisture/ volatile content  

 Thermal and oxidative stability  

 Purity  

 Transformation temperature  
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 In the present work, DSC and TG-DTA studies are carried using DSC 

4000 Perkin Elmer instrument in the temperature range of 39
о
 C- 983

 о
 C at the 

scan rate of 10
 о
C/min. The photograph of the instrument is given in figure 3.20.  

 

 

Figure 3.20 Photograph of DSC instrument 

 

3.4.8  Electrochemical Studies (EIS, CV, GCPL) 

 For the electrochemical characterization, LiCoO2, LiCoPO4, 

Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2, Li1.2Ni0.3Mg0.3Co0.3O2 and Graphite 

electrode sheets were fabricated using conventional slurry coating method. The 

ratio followed to make slurry is 80:10:10 (active material: acetylene black: Poly 

vinyldine fluoride) N- Methyl Pyrrolidione was used as solvent. Resultant 

electrode sheets were heated to 120
ο
C for 12 hours and stored inside the Ar filled 

glow box with moisture content < 5 ppm. To analyze the electrochemical 

performance of prepared electrode and electrolyte materials, cells are fabricated 

inside the glove box with the configuration of CC/Cathode material /PE/ Li 

metal/CC. Super capacitors are fabricated with the configuration of 

CC/Electrode 1 /PE/ Electrode 2/CC. Cell assembling procedure is given figure 

3.21. 
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Figure 3.21  Schematic representation of coin cell assembling and 

appearance of coin cell  

 

 Using those six electrode sheets and two optimized polymer 

electrolyte films (PE1,PE2) two Lithium ion cells and eight super capacitors are 

assembled. Fabricated cells and super capacitors are subjected to 

Electrochemical Impedance Spectroscopy (EIS), Cyclic Voltammetry (CV) and 

Galvanostatic Cycling with Potential Limitation (GCPL) studies using Biologic 

SP-300 electrochemical workstation. EIS of cells and super capacitor is carried 

out within the frequency range of 7 M Hz – 1 Hz with the amplitude voltage of 

10 mV. Then cells are subjected to Cyclic voltammetry (CV). Cyclic 

Voltammetry is carried out for all-solid-state cells having configurations of 

LiCoO2 /PE 1/Li and LiCoPO4/PE 2/Li under the scan rate of 0.02 mV/s.  

 

 Li1.2Ni0.6Co0.3O2 /PE/ Li1.2Ni0.6Co0.3O2 , Li1.2Ni0.57Mg0.03Co0.3O2 /PE/ 

Li1.2Ni0.57Mg0.03Co0.3O2 , Li1.2Ni0.3Mg0.3Co0.3O2 /PE/ Li1.2Ni0.3Mg0.3Co0.3O2, 

Graphite/ PE/ Graphite super capacitors are subjected to cyclic voltammetry with 

various scan rate such as 10, 20, 50, 75 and 100 mV/s. Expected cyclic 

voltammograms of Lithium battery and super capacitors are given in figure 3.22. 
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 Figure 3.22  Cyclic voltammogram of (a) Lithium ion battery (b) EDLC 

(Simon et al. 2014)  

 

 The LiCoO2/PE/Li cell is subjected to GCPL study within the 

voltages of 4.3-3.0 V with the C rate of C/50. The capacitors Li1.2Ni0.6Co0.3O2 

/PE1/ Li1.2Ni0.6Co0.3O2 and Li1.2Ni0.6Co0.3O2 /PE2/ Li1.2Ni0.6Co0.3O2 are subjected 

to charge discharge characteristics with the voltage range of 0-1V for the current 

loads of 0.1 mA and 0.5 mA. Similarly, the capacitor arrangements of 

Graphite/PE1/Graphite and Graphite/PE2/Graphite are subjected to charge 

discharge study within voltage range of 0-1 V for the current loads of 0.5 mA 

and 5 mA.  
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Figure 3.23  Charge discharge curve of (a) Lithium ion battery (b) super 

capacitor and (c) discharge curves of battery and capacitor 

 

 The electrochemical processes occurring in batteries and super 

capacitors are responsible to their different charge-discharge properties. In 

lithium ion batteries, the insertion of Li
+
 enables redox reactions in bulk 

electrode materials where diffusion of Li
+
 ions is controlled and thus discharge is 

slow. Thus charge discharge curves of batteries are in plateau nature (figure 3.23 

(a) and (c)). In the case of super capacitor, no redox reactions are required, they 

store charges by adsorption of electrolyte ions and thus response to changes in 

potential without diffusion limitations is rapid. Thus charge-discharge curves 

obtained for capacitors are steeper.  
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CHAPTER 4 

EFFECT OF LiClO4 CONCENTRATION ON PVA BASED SOLID 

POLYMER ELECTROLYTE 

 

 

4. 1  INTRODUCTION  

 This chapter explains the characterization of PVA-LiClO4 based solid 

polymer electrolytes. A series of PVA-LiClO4 electrolytes are prepared by 

varying PVA and LiClO4 concentration. The prepared polymer electrolyte 

membranes are characterized to know their electrical, structural, vibrational, ion 

transport, electrochemical stability and thermal properties. 

  

4.2 AC IMPEDANCE SPECTROSCOPY  

 Since objective of work is utilization of electrolytes in 

electrochemical device application, it is essential to study its electrical property 

and ion conducting nature. Ionic conductivity is one of the key parameters for 

the electrolyte. Ambient temperature conductivity of the order of 10
-3

 S cm
-1

 is 

essential for better performance of any electrochemical devices. In electrical 

methods, ac methods are having additional advantages such as possibility of 

deriving dielectric parameters (dielectric constant, dielectric loss, dielectric 

modulus and loss tangent) from impedance data over dc electrical methods. 

Hence in the present work, ac impedance spectroscopy is applied to determine 

the conducting property of electrolytes.  

 

 This section contains Nyquist plot analysis, Concentration dependent 

conductivity, Conductance spectra analysis, dielectric constant analysis and loss 

tangent analysis.  
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4.2.1  Nyquist Plot Analysis  

 Generally, Nyquist plot is drawn between real and imaginary part of 

impedances. Conventional (The above sentences may be placed in the 

experimental section.) Figure 4.1 shows the Nyquist plot of PVA-LiClO4 based 

solid polymer electrolytes.  

 

  

  

 

Figure 4.1  Nyquist plots of (a) pure PVA (b) 95:05, 90:10 (c) 85:15, 80:20 

(d) equivalent circuit of pure PVA (e) equivalent circuit of PVA-

LiClO4 electrolytes 

 

 From figure 4.1 (a), it is observed that Nyquist plot of pure PVA 

contains a semi circle region which is due to the bulk property (resistance and 

capacitance) of electrolyte . The diameter of semi circle is said to be bulk 
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resistance of the material which is 5.2 × 10
7
 Ω. Since PVA is a polar polymer, it 

posses imbalanced distribution of electrons and exhibit electrical conductivity at 

ambient temperature with large bulk resistance. While adding 05 and 10 mol% 

of LiClO4 into PVA matrix, Nyquist plot shows two regions such as semi circle 

at high frequency region and a inclined line at low frequency region. Addition of 

LiClO4 into PVA, supplies Li
+
 and ClO4

-
 ions for conduction and hence ion 

polarization takes place at the electrode-electrolyte interface and thus inclined 

line region arises. For the incorporation 15 and 20 mol% of LiClO4, the same 

semi circle and inclined line trend is followed as observed in 95:05 and 90:10 

electrolytes. But difference is that 85:15 and 80:20 consists of incomplete semi 

circles in the observed frequency range (7 MHz-1 Hz). The enhancement of free 

charge carriers in PVA matrix is responsible for the occurrence of incomplete 

semi circle (Liew et al. 2012). The enhancement of free charge carriers will be 

dealt in FTIR section. The point at which semi circle cut the real axis or 

intersection of inclined line at x axis is known as bulk resistance. In the present 

work, bulk resistance values are extracted by fitting the experimental data with 

z-fit software.  

  

 The corresponding equivalent circuits of pure PVA and PVA-LiClO4 

electrolytes are given in figure 4.1 (d) and (e). Pure PVA shows semi circle only 

and hence its equivalent circuit consists of resistance and capacitance (modified 

with constant potential element Q1) which are in parallel combination. PVA-

LiClO4 complexes have semi circle with inclined line and hence in addition to 

parallel combinations of resistance and capacitance, it posses capacitance (Q2) 

in series connection. Ionic conductivity of electrolyte films is calculated using 

formula given in 3.11. The obtained bulk resistance and calculated conductivity 

values are listed in table 4.1.  
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Table 4.1 Sample designation, bulk resistance, DC conductivity values of 

PVA-LiClO4 electrolytes at 303 K 

 

S.No 
Sample 

Designation 

Bulk 

resistance 

(Ω) 

Ionic conductivity (S cm
-1

) at 303 K 

From Nyquist 

plot 

From Conductance 

spectra 

   1. 100:0 5.292 x 10
7
 2.63 ± 0.29 × 10

-10 
2.49 ± 0.45 ×10

-10
 

   2. 95:05 397530 1.01 ± 0.52 ×10
-8

 9.47 ± 0.61× 10
-9

 

   3. 90:10 12089 6.28 ± 0.74 × 10
-7 

4.68 ± 0.53 × 10
-7

 

   4. 85:15 785.6 2.73 ± 0.35 × 10
-5 

4.83 ± 0.29 × 10
-5

 

   5. 80:20 424.8 5.64 ± 0.44×10
-5 

5.71± 0.23 × 10
-5

 

   6. 75:25 ----- No film forming----  

 

4.2.2  Salt Concentration Dependent Conductivity  

 Figure 4.2 shows the LiClO4 concentration dependent conductivity of 

PVA-LiClO4 electrolytes.  

 

 

Figure 4.2  LiClO4 concentration dependent conductivity plot of PVA-

LiClO4 electrolytes 

 

 From figure 4.2, it is known that the ionic conductivity increases upon 

the addition of LiClO4 into PVA matrix. The incorporation of 20 mol % of 
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LiClO4 into PVA matrix, exhibits the maximum ionic conductivity of 5.64 ± 

0.44 × 10
-5

 S cm
-1

 at ambient temperature. The obtained conductivity value is 

comparable with the reports found in the literature (Rajendran & Mahendran 

2001 and Toeh et al. 2012). The increasing trend in conductivity with the 

increment of LiClO4 concentration is related to the enhancement of free charge 

carrier concentration. When salt concentration increases, the number of available 

charge carrier for conduction is also increased and thus total ionic conductivity is 

increased. In addition, salt incorporation enhances amorphous nature of PVA 

and leads to carrier mobility enhancement. Enhancement of amorphous nature of 

the electrolyte is dealt in XRD analysis section. Based on the conductivity result 

PVA : LiClO4 concentration is optimized as 80 mol% : 20 mol%.  

 

4.2.3  Conductance Spectra Analysis  

  

 
Figure 4.3  Conductance spectra of (a) Pure PVA (b) 95:05 and 90:10  

(c) 85:15 and 80:20 electrolytes  
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 To get an insight about the conductive behavior in the polymer 

electrolyte, conductance spectra is drawn for PVA-LiClO4 electrolytes and is 

given in figure 4.3. 

 

 The conductive curve of pure PVA, 95:05 and 90:10 can be divided 

into two regions such as low frequency plateau region and high frequency 

dispersion region. The plateau region directly tells the value of conductivity. 

That is the extrapolation of plateau region to Y axis gives the value of dc 

conductivity. The dc conductivity of pure PVA is enhanced to two and three 

orders of magnitude for the incorporation of 5 and 10 mol% of LiClO4 into 

PVA. The dc conductivity values which are obtained from conductance spectra 

are well matched with the values of conductivity obtained from Nyquist plot 

(table 4.1).  

 

 On the addition of 15 and 20 mol% of LiClO4 into PVA matrix, 

conductance spectra become entirely different from those earlier concentrations. 

That is the conductance spectra of 85:15 and 80:20 films shows three different 

regions such as low frequency dispersion region, middle frequency plateau 

region and high frequency dispersion region. As told earlier middle frequency 

plateau is responsible for dc conductivity of electrolyte and dispersion regions 

are due to the ion polarization effect occurs at the electrode electrolyte 

interfaces.  

 

 For the high concentration of salt into PVA matrix causes 

enhancement in the carrier concentration which reflects on the conductance 

spectra as arises of two dispersion regions. It coincides with Nyquist plot 

analysis and free charge carrier enhancement is dealt in FTIR section also. The 

additions of 15 and 20 mol% of LiClO4 enhances the conductivity of pure PVA 

to five orders magnitude.  

 



 

84 

 
 

 The films 85:15 and 80:20 show the conductivity in same order (i.e 

10
-5

 S cm
-1

). Thus plateau regions falls on one another (figure 4.3 c).This is 

because of the reason that PVA matrix is saturated with the salt LiClO4 

concentration of 15 mol%. Hence, further addition of salt does not improve the 

conductivity as steeper one.  

 

4.2.4  Dielectric Constant and Loss Tangent Analysis  

  

Figure 4.4  (a) Dielectric constant spectra (a) Loss tangent spectra for PVA-

LiClO4 electrolytes 

 

 Figure 4.4 (a) shows the spectra of frequency dependent dielectric 

constant for PVA-LiClO4 electrolytes with different LiClO4 concentration.  

 

 Dielectric constant measures the stored charge carriers in a system. 

From figure 4.4 (a), it is known that dielectric constant is higher at low 

frequency side and almost frequency independent at higher frequency region in 

logarithmic scale.  

 

 Pure PVA shows very low dielectric constant. In polar polymers, 

dipoles are created by an imbalance in the distribution of electrons. In the 

presence of an electric field the dipoles will attempt to move to align with the 

field. This will create dipole polarization‘ of the material and it will cause 

dielectric constant. The dielectric constant value enhances gradually with the 
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addition of LiClO4 into PVA matrix. The polymer electrolyte film 80:20 shows 

the higher value of dielectric constant than other electrolytes. It suggests 80:20 

film contain large amount of free ions than others. It will be further confirmed 

by FTIR study which is dealt in later section. Low frequency dispersion is due to 

accumulation of charge carriers at the electrode-electrolyte interface. At higher 

frequency, due to the high periodical reversal of the electric field, there is no 

excess ion diffusion in the field direction. 

 

 Figure 4.4 (b) shows loss tangent spectra for salt free and various 

LiClO4 added PVA films. The presence of peak confirms the presence of 

relaxing dipoles in all samples. The 80:20 electrolyte possess higher loss tangent 

value than others. This is because of the reason that 20 mol% LiClO4 creates 

larger amorphous phase in pure PVA (Pradhan et al. 2007). It will be further 

confirmed by XRD study in later section. Moreover, the peak shifts towards 

higher frequency upon the incorporation of LiClO4. It reveals that higher 

concentration of salts (15 and 20 mol%) can speed up the segmental motion of 

polymer (Marzantowicz et al. 2006 and Kremer & Schonhals 2003).  

 

4.3  FTIR ANALYSIS  

 The complex formation and interaction among PVA and LiClO4 can 

be analyzed through FTIR studies. Figureure 4.5 shows the FTIR spectra of 

PVA, and PVA-LiClO4 electrolytes with different concentration of LiClO4. Pure 

PVA (Figure 4.5.(a)) shows characteristic peaks at wave numbers 3405 cm
-1

, 

2926 cm
-1

, 2854 cm
-1

, 1724 cm
-1

, 1651 cm
-1

, 1433 cm
-1

, 1374 cm
-1

, 1244 cm
-1

 

and 1091 cm
-1

(Hema et al. 2009). The broad peak around 3405 cm
-1

 is due to –

OH group of vibrations. Peaks present at 2926, 2854 and 1433 cm
-1

 are due to 

CH2 asymmetric stretching, CH2 symmetric stretching and CH bending of CH2 

vibrations respectively. The peak at 1724 cm
-1

 is attributed to C=O stretching 

vibration. The peaks at 1374 and 1244 cm
-1

 are ascribed to CH wagging of 
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acetate group and C-O-C vibration. The sharp peak present at 1091 cm
-1 

is 

assigned to C-OH stretching vibration. 

 

Table 4.2 FTIR band assignments for PVA and PVA-LiClO4 electrolytes 

 

Wave 

number 

(cm
-1

) 

Band assignment 

PVA-LiClO4 

95:05 90:10 85:15 
80:20 

 

PVA 3405 -OH group 3300 3382 3383 
3333-

3618 

 2926 CH2 asymmetric stretching 2921 2925 2924 2923 

 2854 CH2 symmetric stretching 2854 2854 2854 2854 

 1724 C=O stretching 1712 1711 1710 1710 

 1651 C-O stretching 1653 1651 1651 1541 

 1433 CH bending of CH2 1427 1427 1425 1439 

 1374 CH wagging 1375 1378 1378 1373 

 1244 C-O-C stretching 1258 1270 1270 1271 

 1091 C-O-H stretching 1086 1078 1078 1073 

 

 

Figure 4.5  FTIR spectrum for (a) Pure PVA (b) 95:05 (c) 90:10 (d) 85:15 

and (e) 80:20 electrolytes 
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 On the addition of LiClO4 into PVA matrix, the cation (Li
+
) of the salt 

is expected to co-ordinate with the polar groups present in PVA. Since PVA, 

used in the present work, is having a degree of hydrolisation about 88%, it 

contains polar groups such as –OH group, C=O group and –C-O-C- group. 

Increase of LiClO4 concentration up to 15 mol% causes broadening of –OH 

vibration band of pure PVA (Figure. 4.5 b-e). For the higher concentration of 

LiClO4 (20 mol%), the –OH band is split into two peaks. The carbonyl group 

vibration at 1724 cm
-1

 is shifted to lower wave number side upon the addition of 

LiClO4 into PVA matrix. Similarly, the band at 1091 cm
-1

 which is due to C-OH 

of PVA is shifted to lower side wave number in the polymer complex. The C-O-

C band present at 1244 cm
-1

 is shifted to higher wave number sides of 1258, 

1270, 1270 and 1271 cm
-1

 for 5, 10, 15 and 20 mol % LiClO4 added electrolytes 

respectively with increased relative intensity. These observations confirm that 

Li
+
 ions are interacted with all the polar groups which are available in PVA. In 

addition to polar group vibrations of PVA, other vibrations are also affected on 

the addition of LiClO4 into PVA matrix. CH2 asymmetric stretching vibration 

band at 2926 cm
-1

 is shifted to higher wave number side upon addition of salt. 

The relative intensity of CH2 symmetric stretching vibration at 2854 cm
-1

 is 

decreased with addition of LiClO4 to the PVA. These alterations (listed in table 

4.2) which occurred in polar groups of PVA and other bands confirm the 

complex formation and interaction between PVA and LiClO4.  

 

4.3.1  Free ClO4
-
 ion Vibrations 

  In order to confirm the conductivity enhancement which is due to 

enrichment of carrier concentration, it is essential to monitor the ―free‖ ClO4
-
 

anions. It is an indirect way to know the availability of free Li
+
 cations in PVA-

LiClO4 matrix. 

 

 Perchlorate anions are having tetrahedral symmetry and thus show 

four fundamental vibrational bands. (i) symmetric stretching band at ~ 932 cm
-1
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(ν1 non degenerate), (ii) symmetric bending band at ~ 460 cm
-1

 (ν2 doubly 

degenerate), (iii) asymmetric stretching band at ~ 1115 cm
-1

 (ν3 triply 

degenerate), (iv) asymmetric bending band at ~ 630 cm
-1

 (ν4 triply degenerate) 

(Chen et al. 2004). In the present work, the vibrational band ν2 is out of detection 

limit of ATR-FTIR and the ν3 falls on the regions of C-OH stretching of PVA 

and asymmetric S=O stretching of sulfolane.  

 

 The ν1 symmetric stretching vibrational band of perchlorate ions is 

not useful for deconvolution to analyze free ions since the intensity of this peak 

is very low. Hence, the asymmetric bending of ClO4
-
 which present in the wave 

number range of 590-650 is focused to analyze the ion-ion interaction. The 

corresponding FTIR absorption spectra are given in figure 4.6.  

 

 Figure 4.6 shows the FTIR spectra of various amounts of LiClO4 

incorporated PVA-LiClO4 electrolytes in the range of 590 - 640 cm
-1

. The bands 

centered at ~ 619 cm
-1

 and below can be attributed to free ClO4
-
 and the bands 

which centered at ~626 cm
-1

 and above are assigned to the contact of ClO4
-
 with 

lithium ion (ion pair formation) (Xi et al. 2005). From figure 4.6 (a-d) it is 

observed that LiClO4 addition enhances the free ClO4
-
 which reveals the 

enhancement of free Li
+
 ions in PVA-LiClO4 system. It confirms that the 

conductivity enhancement with addition of LiClO4 into PVA matrix is due to the 

availability of large number of free charge carriers. The area of free ClO4
-
, area 

of Li
+
-ClO4

-
 pairs and relative area of ion pairs to free ions ratio are give in table 

4.3. The correlation between among LiClO4 concentration, ion pairs to free ion 

ratio and conductivity are shown in figure 4.6.  
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Figure 4.6  Deconvoluted FTIR absorbance spectra of (a) 95: 05 (b) 90:10 

(c) 85:15 and (d) 80:20 electrolytes 

  

Table 4.3 Area of free ClO4
-
, Area of Li

+
-ClO4

-
 pairs and ion pairs to free 

ClO4
-
 ratio of PVA-LiClO4 electrolytes  

 

 

 

 From figure 4.7, it is observed that ion pairs to free ions ratio and 

conductivity are inversely related parameters. That is the concentration which 

S.No 
Sample 

Designation 

Area of free 

ClO4
-
 ions 

Area of Li
+
-

ClO4
-
 pairs 

Relative area of ion 

pairs to free ClO4
-
 

ratio 

1. 95:05 0.2906 0.4774 1.6425 

2. 90:10 0.6344 0.6221
 

0.9806 

3. 85:15 0.5733 0.4678
 

0.8160 

4. 80:20 0.9299 0.351
 

0.3775 



 

90 

 
 

having high conductivity (80:20) posses less ion pairs to free ion ratio. Similarly 

the concentration that showing less conductivity (95:05) contains higher ion 

pairs to free ion ratio.  

 

 

Figure 4.7  Correlation between LiClO4 concentration, conductivity and ion 

pairs to free ion ratio  

 

 

4.4  XRD ANALYSIS  
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Figure 4.8  XRD pattern of (a) Pure PVA and 80:20 electrolyte  

(b) Deconvoluted XRD pattern of pure PVA (c) Deconvoluted 

XRD pattern of 80:20 electrolyte  
 

 Conventionally, it is believed that incorporation of salt into polymer 

matrix leads to decrement in crystalline nature of polymer by the way 

destructing its regular arrangement. In the present work, semi crystalline 

polymer PVA is chosen as polymer host. It is expected that the addition of 

LiClO4 into PVA matrix, destroy its crystalline phase. From conductivity study, 

it is known that the polymer electrolyte which contains 20 mol% LiClO4 shows 

higher conductivity than other films. Hence XRD is taken for 20 mo% LiClO4 

incorporated polymer electrolyte and it is compared with the XRD pattern of 

pure PVA. It is represented in figure 4.8.  

 

 From figure it is observed that pure PVA shows its characteristic 

diffraction peak at 2θ = 20
 O

 (Cavus & Durgun 2016). The sharp nature of the 

peak confirms its semi-crystalline nature. The addition of 20 mol% LiClO4 into 

PVA matrix, disrupts its semi-crystalline nature (OH ordering) and makes the 

characteristic peak as broader with decreased intensity (figure 4.7 (b) and (c)). 

The relative degree of crystallinity is calculated using the formula,  

 

 

     100% 




aC

C

C II

I


  (4.1) 
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where, 
CI is integrated intensity of crystalline region. 

aI  is integrated intensity of amorphous region.  

 

 The calculated relative degree of crystallinity of pure PVA is 19.08 ± 

0.38 % and it is reduced to 16.86 ± 0.45% for the addition of 20 mol% within 

PVA matrix.  

 

4.5  TRANSFERENCE NUMBER ANALYSIS  

 Transference number study helps to determine the percentage of ions 

that present in electrolyte. Since here, the polymer electrolyte 80:20 (write code 

or full detail) shows higher ambient conductivity (5.45 × 10
-5

 S cm
-1

) than other 

electrolytes, it is selected for transference number study. The detailed 

experimental procedure, cell configuration, voltage applied and duration 

monitored are given in chapter III. The obtained plot is given in figure 4.9. 

 

 

Figure 4.9 Ion transference number plot of 80:20 polymer electrolyte 

  

 From figure 4.9, it can be seen that the current decreases with 

increase in time and exactly an abrupt decrease in current is observed. This rapid 

falling of ionic current which flows through the ion blocking electrodes reveals 

that electrolyte material possess ions are majority carriers. At steady state, the 
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cell is polarized and current flows due to electron migration across the 

electrolyte and interfaces (Ahamad & Isa 2015) In figure 4.8, II is the initial 

current and IS is the steady state current. Using equation 3.12, ion transference 

number is calculated as 0.98. It confirms that the conduction in 80:20 electrolyte 

is mainly or dominantly (98%) due to ions and only 2% of conduction is due to 

electrons.  

 

4.5.1  Cation Transference Number Study  

 In order to analyze the contribution of cation (Li
+
 ion) on the ionic 

conductivity, maximum conducting electrolyte is subjected to ac impedance 

spectroscopy combined with dc potentiostatic polarization measurement. 

Different ions have dissimilar mobilities and hence may carry drastically 

different portions of the total current and thus reflect different transference 

numbers (Ghosh et al. 2010). Figure 4.10 (a) shows the Lithium ion transference 

number plot of 80:20 electrolyte and figure 4.10 (b) shows ac impedance profile 

of the two electrolytes for before and after polarization measurement.  

 

  

Figure 4.10 (a) Cation transference number plot (b) EIS spectrum of Li 

/80:20/ Li cell 

 

 From figure 4.10 (b), it is clear that impedance spectra contain two 

semi circles which are interpenetrated with each other. The spectra are fitted 

using z-fit software and resistance values are extracted and corresponding 
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equivalent circuit is given as insert of figure 4.10 (b). First semi circle 

corresponds to the resistance of solid electrolyte interface layer RSEI (R2 in 

equivalent circuit of figure 4.10) which is formed on the surface of Lithium 

metal. Second one corresponds to charge transfer resistance (R3 in the equivalent 

circuit of figure. 4.10. b). Using initial and steady state resistances (RSEI) and 

current (I) values, Li
+
 transference number is calculated using equation 3.14. 

Cationic transference number is found to be 0.40 for 80:20 electrolyte and the 

corresponding cationic conductivity is 2.25 ± 0.44 × 10
-5

 S cm
-1

. In literature, 

PEO based electrolyte shows cation transference number as 0.25-0.30 because of 

its crystalline nature (Appetecchi et al. 2004). In the present work, crystallinity 

of PVA is well reduced by the addition of 20 mol% of LiClO4. Moreover, 80:20 

electrolyte contains more number of free ions than other electrolytes which is 

consistent with the result of FTIR study. Thus such a considerable magnitude of 

cation transference number 0.40 is achieved. The obtained cation transference 

number and cationic conductivity should be enhanced to utilize the electrolyte in 

electrochemical applications.  

 

4.6  DSC study  

 Figure 4.11 shows the DSC thermograms of pure PVA and 80:20 

electrolyte.  
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Figure 4.11  DSC thermograms (a) In the range of 39
 O 

C-100
 O

 C (b) In the 

range of 100
 O

 C-600 
O

 C for pure PVA (c) In the range of 100
 O

 

C-300
 O

 C for 80:20 electrolyte 

 

 Glass transition temperature (Tg) of pure PVA and 80:20 electrolyte 

are noted as 46
 O 

C and 44
O 

C respectively. The measured Tg in the present work 

is compatible with literature works (Cavus & Durgun 2016). The observed shift 

in Tg towards lower temperature for the addition to 20 mol% LiClO4 is due to 

the plasticizing effect of the guest salt in polymer matrix. The plasticizing effect 

is related to weakening of the dipole-dipole interaction between PVA chains due 

to the presence of the salt that is beneficial for easy Li
+
 transport in polymer 

electrolyte (Hema et al. 2009).  

 

 DSC thermogram for pure PVA in the range of 100
 O 

C - 600
 O 

C is 

shown in figure 4.11 b. From figure 4.10 b, the melting point of pure PVA is 309
 

O 
C Figure 4.11 c shows the DSC thermogram of 80:20 electrolyte in the range 

of 100
 O 

C -300
 O 

C. An endothermic peak is observed at the temperature of 260
 O 

C. It reveals that 20 mol% of incorporation of LiClO4 into PVA matrix, reduces 

its melting temperature. The reduction in Tm for the addition of 20 mol% LiClO4 

confirms the disruption of crystallinity of the host polymer (Agarwal & Awahiya 

2004, Saroj & singh 2012). This result is coincided with the results obtained 



 

96 

 
 

from XRD study. This reduction in crystallinity is responsible for the 

enhancement of conductivity for the addition of LiClO4 into PVA matrix.  

 

4.7  TGA STUDY 

 TGA characterization is carried out to determine the thermal stability 

of polymer electrolyte films. The TGA curves of pure PVA and 20 mol% LiClO4 

incorporated PVA are shown in figure 4.12. In pure PVA, a slight weight loss is 

observed between 90
 O 

C -120
 O 

C. It is due to the evaporation of moisture 

absorbed during loading or evaporation of residual solvent in sample. Further, a 

deeper weight loss is occurred in PVA in various stages such as 228
 O 

C - 464
 O 

C 

and 465
 о

C-544
 о

C. Those weight losses are due to decomposition of backbone 

and side chains of PVA. Major weight loss is occurred at the temperature of 328 

O 
C and after 544 

O 
C PVA is completely decomposed.  

 

  

Figure 4.12 TG-DTA curves of (a) Pure PVA (b) 80:20 electrolyte 

 

 Figure 4.12 (b) shows the TGA curve of 20 mol% LiClO4 

incorporated PVA film. Weight of the sample is decreased as the temperature is 

increased. At 261
 O 

C, steep weight loss is occurred. Beyond 261 
O 

C it is 

completely decomposed. This results show that the maximum conducting 

electrolyte 80:20 is thermally stable upto 261
 O 

C and consistent with literature 
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works (Saroj & singh 2012 and Cavus & Durgun 2016). Moreover, the 

decomposition temperature is comparable with the melting point (261
 O 

C) of 

80:20 electrolyte. The decreased thermal stability for the addition of LiClO4 into 

PVA is due to the reason that -OH and carboxyl groups of PVA form complex 

with the cation. Complexation destabilizes the adjacent C-H bonds of PVA 

which leads to the reduction in thermal stability. The result complex formation 

between PVA and LiClO4 is already proven by FTIR study. The decomposition 

temperature 261
 O 

C is high enough to any electrolyte/separator for the 

application lithium ion battery. But for better electrochemical performance the 

conductivity of electrolyte 80:20 should be enhanced to the order of 10
-3

-10
-2

 S 

cm
-1

 at room temperature.  

 

4.8  SUMMARY  

 In summary, PVA-LiClO4 solid polymer electrolytes are prepared by 

varying LiClO4 concentration. Ion conducting nature and dielectric behavior of 

the electrolytes are analyzed using ac impedance spectroscopy. The complex 

formation between PVA-LiClO4 is confirmed through FTIR studies. The 

composition 80:20 shows the maximum ambient conductivity which has the less 

value of ion pairs to free ion ratio. It confirms that conductivity enhancement 

with the addition of salt is due to the enhancement of free charge carriers. 

Amorphous nature of optimized electrolyte (80:20) is analyzed with respect to 

amorphous nature of pure PVA. The conductivity occurs in 80:20 electrolyte is 

mainly due to ions. It is confirmed through chronoamperometry study. The glass 

transition temperature (Tg) and thermal stability of pure PVA are decreased for 

the addition of 20 mol% of LiClO4 which confirms the enhancement in 

flexibility and complex formation between PVA-LiClO4 respectively.  
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CHAPTER 5 

EFFECT OF SULFOLANE/TRITON ON THE PROPERTIES OF 

PVA-LiClO4 SOLID POLYMER ELECTROLYTE 

 

 

5.1  INTRODUCTION  

 In the previous chapter, based on all structural, vibrational and 

electrical characterization, salt concentration is optimized as 20 mol%. The 

optimized polymer electrolyte film 80:20 shows the maximum conductivity of 

5.45 × 10
-5

 S cm
-1

. In order to improve the conductivity, PVA matrix is 

plasticized using different plasticizers such as Tetra methyl sulfone (Sulfolane) 

and Poly ethylene glycol p-tert octyl phenyl ether (Triton). The effect of those 

liquid additives on the structural, vibrational and electrical properties is dealt in 

this chapter. The prepared polymer electrolyte films are characterized to know 

their electrical, vibrational, structural and thermal properties.  

 

5.2  AC IMPEDANCE SPECTROSCOPY  

 In order to analyze the electrical and dielectric properties of 

sulfolane/triton plasticized polymer electrolytes, polymer films are subjected to 

ac impedance spectroscopy technique. This section includes Nyquist plot 

analysis, conductance spectra analysis, plasticizer concentration dependent 

conductivity and dielectric spectra analysis.  

 

5.2.1  Nyquist Plot Analysis  

 The Nyquist plots obtained for various concentrations of PVA-

LiClO4-Sulfolane and PVA-LiClO4-Triton electrolytes are given in figure 5.1.  
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Figure 5.1  Nyquist plots of (a) S05 (b) S10, S15 and S20 (c) PVA-LiClO4-

triton electrolytes and (d) Equivalent circuit  

 

 From figure 5.1, it is clear that all the sulfolane/triton plasticized 

electrolytes show only inclined line region. Semi circle present in high frequency 

region for 80mol%PVA:20mol%LiCLO4 (figure 4.1 c) is disappeared in both 

PVA-LiClO4-Sulfolane, PVA-LiClO4-Triton electrolytes. The plasticizing effect 

of sulfolane and triton is responsible for the disappearance of semi circle region 

in Nyquist plot. Similar results were found in literature reports (Liew et al. 

2012). Sulfolane/Triton inclusion within PVA-LiClO4 matrix weakens the 

interactive coordination bonds of polymer system. Polymer backbone becomes 

flexible (it will be further confirmed by DSC study in later section). Thus it 

promotes the ion dissociation from the transient coordinative bonds. Availability 

of charge carriers for conduction is enhanced and so charge accumulation at the 
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electrode-electrolyte interface is enhanced. This situation shows a non 

capacitance behavior and hence resistive component only prevails at this 

moment. Hence plasticized electrolytes show slanted line region only. The 

corresponding equivalent circuit of Nyquist plots is given in figure 5.1 d.  

 

 Another observation from Nyquist plot is all the plasticized 

electrolyte show very low bulk resistance. This because of the dual role of 

plasticizers (1) enhance the charge carrier concentration by the way of detaching 

ion pairs into free ions (2) enhance the mobility of charge carriers by the way of 

creating conducting pathways through its own ring or back bone. Both are 

confirmed using FTIR spectroscopy in later sections. The extracted Rb values 

and calculated conductivity values are listed in table 5.1 and 5.2  

 

Table 5.1  Bulk resistance and conductivity values of PVA-LiClO4-sulfolane 

electrolytes 

 

Sample 

Designation 

Bulk 

resistance 

(Rb) 

Ionic conductivity (S cm
-1

) at 303 K 

From Nyquist plot 
From Conductance 

spectra 

S05 12.4 (2.38 ± 0.12) × 10
-3 

(2.45 ± 0.19) × 10
-3 

S10 1.57 (1.08 ± 0.16) × 10
-2

 (1.14 ± 0.20) × 10
-2

 

S15 3.35 (4.23 ± 0.23) × 10
-3 

(4.52 ± 0.20) × 10
-3 

S20 2.32 (5.53 ± 0.15) × 10
-3 

(5.57 ± 0.21) × 10
-3 
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Table 5.2   Bulk resistance and conductivity values of PVA-LiClO4-triton 

electrolytes  

 

Sample 

Designation 

Bulk 

resistance 

(Rb) 

Ionic conductivity (S cm
-1

) at 303 K 

From Nyquist plot 
From Conductance 

spectra 

T1 6.19 (2.22 ± 0.11) × 10
-3 

(2.28 ± 0.23) × 10
-3 

T2 4.85 (2.11 ± 0.17) × 10
-3

 (2.16 ± 0.22) × 10
-3

 

T3 5.28 (1.87± 0.21) × 10
-3 

(1.89± 0.24) × 10
-3 

T4 10.6 (7.81 ± 0.23) × 10
-4 

(7.90 ± 0.12) × 10
-4 

T5 10.2 (9.60 ± 0.15)×10
-4

 (9.80 ± 0.13)×10
-4

 

 

5.2.2  Conductance Spectra Analysis  

 The frequency dependent conductivity of sulfolane/triton plasticized 

polymer electrolytes are shown in figure 5.2.  

 

  

Figure 5.2  Conductance spectra of (a) PVA-LiClO4-Sulfolane (b) PVA-

LiClO4-triton electrolytes  

 

 The conductance spectra of sulfolane/triton plasticized PVA-LiClO4 

electrolytes show two regions such as low frequency dispersion and high 

frequency plateau regions. These conductance spectra are different from that 

unplasticized (80:20) PVA-LiClO4 electrolyte in which three regions (two 

dispersion and one plateau region) are observed (figure 4.2 c). This deviation 
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from conductance spectra is due to the availability of more number of charge 

carriers. This result is coincided with the results obtained from Nyquist plot 

analysis. The plateau regions situated at higher frequency gives the value of dc 

conductivity. The dc conductivity values obtained from conductance spectra is 

well matched with the values calculated from Nyquist plot (table 5.1 and 5.2).  

 

5.2.3  Plasticizer Concentration Dependent Conductivity  

 The conductivity variations of sulfolane/triton plasticized electrolytes 

with mass loading of plasticizers is given in figure 5.3.  

 

  

Figure 5.3  Concentration dependent conductivities of (a) PVA-LiClO4-

sulfolane (b) PVA-LiClO4-Triton electrolytes  
 

 From Figure. 5.3 (a), it is noticed that the conductivity increases with 

the increment of sulfolane concentration up to 10 mol% and then decreases. The 

incorporation of 10 mol % of sulfolane into PVA-LiClO4 results the maximum 

conductivity of 1.14 ± 0.20 × 10
-2

 S cm
-1

. It is much higher than the other 

reported plasticized LiClO4 based electrolytes (Imperiyka et al. 2014; Benedict 

et al. 1998 and Lizhen et al. 2002). The higher conductivity is due to the dual 

enhancement of charge carrier concentration and mobility. It is believed that the 

higher dielectric constant (60 at 20
о 
C) of sulfolane promotes the dissociation of 

aggregated ion and undissociated salt into free-moving ions which is responsible 

for the enhancement of conductivity. 
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 It will be further confirmed by FTIR study where the correlation 

between ion pairs to free ClO4
-
 ions ratio is shown. At the same time the rise in 

liquid part inside the PVA-LiClO4 matrix could promote the mobility of charge 

carriers by the way of enhancing amorphous nature of polymer-salt matrix. It 

will be further confirmed by XRD study in later sections. In the case of 10 mol% 

of sulfolane incorporated PVA-LiClO4 electrolyte, the mobility and 

concentration of charge carriers have reached an optimum level.  

  

 Beyond the maximum value, the reduction of ionic conductivity is 

obtained for 15 and 20 mol% sulfolane added electrolytes. It may due to beyond 

10 mol% Li ion prefers to interact with sulfolane rather than PVA and make 

strong bond with sulfolane which may not contribute in the conduction process. 

It will be confirmed by FTIR study where two new peaks (ascribed to S=O 

stretching) are raised in S15 and S20 samples.  

 

 Figure 5.3 (b) shows triton concentration dependent conductivity plot 

of PVA-LiClO4-Triton electrolytes. From figure 5.3 (b), it is seen that, when 1 

mol % of triton is added into PVA-LiClO4 matrix, the conductivity increases by 

two orders of magnitude than unplasticized electrolyte. This conductivity also is 

higher than that reported plasticized lithium ion conducting polymer electrolytes 

(Teoh et al. 2012; Rajendran & Mahendran 2011).  

 

 Similar to sulfolane plasticized electrolytes, increase in ionic 

conductivity with the addition of triton is correlated to the increase of ionic 

mobility and concentration of its mobile charge. Triton provides additional 

functional groups such as –OH group, aromatic ether group and benzenoid group 

for the co-ordination of Li
+
 and ClO4

-
 ions. Hence ion pairs which present in 

PVA-LiClO4 80:20 are detached into free Li
+
 and ClO4

-
 by triton and carrier 

concentration is enhanced. It is further discussed in FTIR studies. At the same 

time, triton interacts with PVA chain and makes it as stronger (it will be 
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confirmed by DSC study where Tm of T1 electrolyte is enhanced) and enhances 

the segmental motion of polymer which enhances the mobility of free ions. The 

mobility enhancement of free charge carriers are once again confirmed by 

dielectric studies also where relaxation peaks are appeared in dielectric spectra. 

It will be given in later sections.  

 

 The mobility and concentration of charge carriers have reached the 

optimum level for sample T1. Hence it delivers maximum conductivity. For T2 

and T3 electrolytes, the conductivity values are maintained in the same order 

with the small decrement in magnitude. But for the additions of 4 and 5 mol % 

of triton into PVA-LiClO4 matrix reduces the conductivity by one order. This is 

due to the availability of excess ion concentration which leads to the formation 

of ion pairs and clusters. It is further confirmed through FTIR studies where ion 

pairs to free ions ratio increases. Even though the ion pairs are formed for higher 

amount of triton, electrolytes (T2, T3, T4 and T5) show better conductivity than 

bare electrolyte (80:20). That is, on increasing the concentration, triton facilitates 

the ion movements by the way of softens the polymer chains and enhances the 

amorphous nature within polymer-salt matrix which causes enhancement in the 

mobility of ions and conductivity.  

 

 Two plasticizers play a same role such as helps to dissociate salt and 

create conducting pathways for the transportation of ions. On comparing the two 

types of plasticized polymer electrolytes, sulfolane based electrolytes shows 

better electrical properties than triton based one. This is because of the reason 

that sulfolane high dielectric constant of 64 and molecular weight of 120.17 

where as PEG based short chain polymer having dielectric constant of 37 and 

higher molecular weight of 646.85 g/mol.  
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5.2.4  Dielectric Spectra Analysis  

 Dielectric constant is a representative of stored charges in a material 

while dielectric loss is a measure of energy losses which occurs due to 

movement of ions when the polarity of electric field reverses rapidly (Ibrahim et 

al. 2011) From figure 5.4 (a) it is observed that the dielectric loss values are very 

high at lower frequencies and then decreases with increasing frequency.  

 

  

Figure 5.4  Dielectric loss spectra of (a) PVA-LiClO4-Sulfolane electrolytes 

(b) PVA-LiClO4-Triton electrolytes  

 

 It is noted that sulfolane incorporated electrolyte possess high 

dielectric loss value than the bare PVA-LiClO4 electrolyte which reveals the 

enhancement of charge carrier (ion) concentration or density. This result 

coincides with the conductivity and FTIR studies. Another main observation 

from 5.4 (a), the films S10, S15 and S20 show relaxation peaks at higher 

frequency.  

  

 The appearance of peak is attributed to the relaxation phenomena of 

chain segments of polymer. Ion transport in polymer electrolytes is considered to 

take place by a combination of ion motion coupled to local polymer segments. 

Thus enhancement in polymer chain segment motions, favours the inter-chain 

and intra-chain hopping movement of ions. As a result, mobility of ions and 

conductivity of electrolyte is enhanced (Xi et al. 2005; Kremer & Schonhals 
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2003 and Marzantowicz et al. 2011). The results confirm the dual role of 

sulfolane in PVA-LiClO4 matrix.  

 

 Figure 5.4 (b) shows the dielectric loss spectra (ε״) of bare and 

various amounts of triton included PVA-LiClO4 electrolytes at room 

temperature. From spectra, it is known that decreases ε״ with the rise in 

frequency and it shows a relaxation peak in intermediate frequency region. 80:20 

electrolyte does not show any relaxation where as all triton plasticized 

electrolytes show relaxation peak. It confirms that triton enhances the mobility 

of charge carriers by the way of making the PVA-LiClO4 matrix as flexible. 

Another observation from figure 5.4 (b) is dielectric loss value does not follow 

any order. That is electrolytes T1, T3 and T5 show higher dielectric loss higher 

than bare electrolyte where as T2 and T4 show slightly smaller than bare 

electrolyte.  

 

 Higher dosages of plasticizer lead to ion pair formation because of the 

excess amount of charge carriers. At the same time enhancement in liquid phase 

enhances the mobility of charge carriers. These two phenomena are competes 

with each other which reflect in dielectric loss and conductivity value where 

conductivity of T5 is slightly increases (figure 5.3 b).  

 

5.3  FTIR STUDIES  

5.3.1  Sulfolane Interaction with PVA-LiClO4 Complex  

 The interaction of sulfolane with polymer-salt complex can be viewed 

through FTIR. Figure 5.5 (a-e) shows the FTIR spectra of pure sulfolane and 

various amounts of sulfolane plasticized PVA-LiClO4 electrolytes. FTIR 

spectrum of pure sulfolane is given in figure. 5.5 (a) Its characteristic peaks that 

appear at 1107and 1147 cm
-1

 are due to symmetric stretching of S=O vibration. 

The band at 1295 cm
-1

 is ascribed to asymmetric stretching of S=O vibration 
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(Fini & Mirone 1975). FTIR spectra of sulfolane plasticized PVA-LiClO4 

electrolytes are given in figure. 5.5. (b-e).  

 

 

Figure 5.5  FTIR spectra of (a) Pure sulfolane (b) S05 (c) S10 (d) S15 and  

(e) S20 polymer electrolytes  

 

  On the addition of sulfolane into PVA-LiClO4 matrix, sulfolane 

interacts with both PVA and LiClO4. It can be viewed through the following 

alterations in the vibration of PVA-LiClO4 (S0) complex. CH2 asymmetric 

stretching, C-O stretching, C=O stretching and CH bending of CH2 vibrations 

which are present in S0 complex is shifted to higher wave number sides for the 

inclusion of sulfolane. Moreover, CH wagging and C-OH stretching vibrations 

present in S0 complex are shifted to higher wave number sides in sulfolane 

plasticized electrolytes which are listed in table 5.3. Further, CH2 asymmetric 

stretching vibration which is present in S0 complex disappears on the addition of 

sulfolane. Figure 5.6 shows the FTIR spectra of 80:20, pure PVA and PVA-

LiClO4-Sulfolane electrolytes in the range of 1000 cm
-1

-1350 cm
-1

. From figure 

it is observed that the C-O-C vibration peak appeared at 1271 cm
-1

 in 80:20 

electrolyte is become broad for the addition of 5 mol% of sulfolane. Further 

additions (10, 15 and 20 mol%) of sulfolane split the peak into two. The new 
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peak obtained in higher wave number sides (1283 cm
-1

, 1289 cm
-1

 and 1290 cm
-

1
) are ascribed to asymmetric S=O stretching vibration of sulfolane. Moreover, 

higher dosages of sulfolane (15 and 20 mol%) also causes an additional peak at 

wave number 1141 cm
-1

. It confirms the strong interaction of sulfolane with 

PVA-LiClO4 matrix. This result is consistent with conductivity study where 

reduction in conductivity is observed for 15 and 20 mol% of sulfolane 

concentrations.  

 

Table 5.3 IR band assignments sulfolane plasticized PVA-LiClO4 

electrolytes 

 

 

Wave 

number 

(cm
-1

) 

Band assignment 

PVA-LiClO4-Sulfolane 

S5 S10 S15 S20 

PVA-

LiClO4 

80:20 S0 

3333-

3618 
-OH group 3406 3412 3418 3536 

2923 
CH2 asymmetric 

stretching 
2936 2938 2945 2947 

2854 CH2 symmetric stretching - - - - 

1710 C=O stretching 1712 1715 1716 1712 

1541 C-O stretching 1656 1657 1657 1657 

1439 CH bending of CH2 1432 1433 1426 1434 

1373 CH wagging 1384 1389 1392 1420 

1271 C-O-C stretching 1267 1262 1261 1262 

1073 C-O-H stretching 1079 1087 1092 1097 

Sulfolane 

1107 Symmetric S=O 

stretching 

- - - - 

1144 - - 1141 1141 

1295 
Asymmetric S=O 

stretching 
- 1283 1289 1290 
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Figure 5.6  FTIR spectra of 80:20, pure sulfolane and PVA-LiClO4-

sulfolane electrolytes in the range of 1000 cm
-1

-1350 cm
-1

 

 

5.3.2  ClO4
-
 anion Vibrations in PVA-LiClO4-Sulfoalne Electrolytes  

 Figure 5.7 shows the de convoluted FTIR absorption spectra of S0, 

S05, S10, S15 and S20 electrolytes. The bands centered between 610 - 619 cm
-1

 

is attributed to free ClO4
-
 and the bands which are centered between 626 - 635 

cm
-1

 are assigned to the contact of ClO4
-
 with lithium ion (ion pair formation) 

(Xi et al. 2005). The peaks appeared between 600-610 cm
-1

 is due to PVA 

matrix. In S05 electrolyte, free/unpaired ClO4
-
 vibration present in wave number 

of 615 cm
-1

 and paired ClO4
-
 present in 627 cm

-1
 (figure 5.7 a).  

 

 While increasing the concentration of sulfolane to 10 mol%, 15 mol% 

and 20 mol%, free ClO4
-
 present in two different environments. It is evidenced 

from the appearance of peaks at 610-615 cm
-1

 and 620-625 due to sulfolane-

LiClO4 and PVA-LiClO4 respectively. The relative area of ion pairs and free 

anions are obtained from de convolution datas. The calculated ion pairs to free 

ion ratio for all sulfolane plasticized electrolytes are given in table 5.4.  
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Table 5.4  Area of free ClO4
-
, Area of Li

+
-ClO4

-
 pairs and ion pairs to free 

ClO4
-
 ratio of PVA-LiClO4-sulfolane electrolytes  

 

S.No 
Sample 

Designation 

Area of free 

ClO4
-
 ions 

Area of Li
+
-

ClO4
-
 pairs 

Relative area of ion 

pairs to free ClO4
-
 

ratio 

   1. S05 1.0134 0.3483 0.3437 

   2. S10 0.7604 0.2005 0.2637 

   3. S15 0.8393 0.0819 0.0975 

   4. S20 1.3763 0.14816 0.1076 

  

 From table 5.4, it is clear that ion pairs are decreased with the 

addition of sulfolane. It reveals that sulfolane causes further dissociation of ions 

pairs into free ions and thus enhance the free ion concentration which reflects in 

conductivity values. Even though ion pairs are lesser in S15 and S20 

electrolytes, S10 shows higher conductivity. This is because of the reason that 

sulfolane S=O group strongly interact with Li
+
 ions and hence Li

+
 ions could not 

able to participate in conduction process. These results are well coincided with 

conductivity studies. The strong interaction between S=O with LiClO4 in S15 

and S20 electrolytes is already confirmed by FTIR study.  
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Figure 5.7  De convoluted FTIR absorption spectra of (a) S05 (b) S10  

(c) S15 and (d) S20 electrolytes 

 

5.3.3  FTIR Analysis of PVA-LiClO4-Triton Electrolytes  

 FTIR spectra of pure triton and triton added PVA-LiClO4 electrolytes 

are given in figure 5.8. Pure PVA shows its characteristic peaks at 3405 cm
-1

, 

2926 cm
-1

, 2854 cm
-1

, 1724 cm
-1

, 1651 cm
-1

, 1433 cm
-1

, 1374 cm
-1

, 1244 cm
-1

 

and 1091 cm
-1

 (Hema et al. 2011). The spectrum of pure triton (Figure 5.8. a) 

agrees well with the literatures (Yang et al. 2012). FTIR spectrum of triton 

added PVA-LiClO4 is given in figure 5.8 (d-h). Doublet -OH vibration band of 

PVA-LiClO4 (T0) becomes singlet and shifted to lower wave number side for 

various amounts (1-5 mol %) of additive incorporated PVA-LiClO4 electrolytes. 

It is due to interaction of triton with the -OH group of PVA. The peak present at 

2854 cm
-1 

in PVA-LiClO4 (T0) is attributed to CH2 symmetry stretching 

vibration. It becomes broader on the addition of 1 and 2 mol% of additive. 

Further, higher dosages of triton decrease the intensity of peak. This observation 

confirms interaction of triton with side chains of PVA. The peak at 1710 cm
-1

 in 

PVA-LiClO4 (T0) is corresponded to C=O stretching vibration of acetate group 

present in 88% hydrolised PVA. 
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 On the inclusion of triton (1-5 mol %) into PVA-LiClO4 matrix, C=O 

peak present in 1710 cm
-1

 is shifted to higher wave number side with decrease in 

intensity. This prove the interaction of triton with carbonyl group of PVA. The 

presence of new peak around 1658 cm
-1

in all triton added electrolytes confirms 

the interaction of benzenoid group of triton with the PVA-LiClO4 matrix. The 

CH bending of CH2 vibration present at wave number 1439 cm
-1

 in PVA-LiClO4 

is found to be shifted in higher wave number side in additive incorporated 

electrolytes.  

 

 The CH wagging, C-O-C and C-OH stretching vibrations of PVA-

LiClO4 present at 1377, 1271 and 1081 cm
-1

 are shifted to lower wave number 

side. These observations confirm the interaction of triton with PVA-LiClO4 

complex. The schematic representation of possible interaction of LiClO4 with 

polymer host PVA and additive triton is given in figure 5.9. From figure 5.9, it is 

observed that Li
+
 ions interact with polar groups (oxygen atoms) present in PVA 

and Triton.  

 

Figure 5.8  FTIR spectra of (a) Pure triton (b) T1 (c) T2 (d) T3 (e) T4 and (f) 

T5 electrolyte  
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Figure 5.9 Interaction of LiClO4 with PVA and triton 

 

 Figure 5.10 (A) shows the FTIR spectrum of various amounts of 

triton added PVA-LiClO4 electrolytes in the range of 660-600 cm
-1

.The FTIR 

peak of ν (ClO4
-
) band at the region of 650 to 600 cm

-1
 are frequently used to 

analyze ion-ion interactions in polymer-salt complexes. ν (ClO4
-
) band centered 

around 630-610 cm
-1

 can be attributed to free/unpaired ClO4
-
 anions whereas 

bands present beyond 630 cm
-1

 are ascribed to Li
+
-ClO4

-
 contact ion pairs (Xi et 

al. 2009).  

 

 From figure 5.10 (A), it is noticed all the triton plasticized electrolytes 

show peaks corresponded to free ion as well as ion pairs. Figure 5.10 (B) shows 

deconvoluted FTIR absorption spectra T1 that contains peaks corresponds to free 

ClO4
-
 ions in two different environments and a peak due to ion pairs at wave 

number 632 cm
-1

.  
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Figure 5.10  (A) FTIR spectra of (a) T1 (b) T2 (c) T3 (d) T4 and (e) T5 (B) 

deconvolution of T1 electrolyte  

 

 The ion pairs to free ion ratio calculated for all triton plasticized 

PVA-LiClO4 electrolytes are listed in table 5.6. The deconvoluted absorption 

spectra of T2-T5 electrolytes are not shown here.  

 

 From table, it is known that the relative area of ion pairs to free ClO4
-
 

ions is less for T1 electrolyte and randomness is observed for T2-T5 electrolytes. 

This is because of the reason that while increasing the concentration of triton 

three phenomena are compete with other such as (1) increase in free ion 

concentration (2) availability of excess free ions within small area leads to 

recombination of free ions into ion pairs (3) strong interaction of Li
+
 ions with 

triton may reduce the participation of Li
+
 ion in conduction process. It is 

coincided with conductivity studies.  
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Table 5.5 Area of free ClO4
-
, area of Li

+
-ClO4

-
 pairs and ion pairs to free 

ClO4
-
 ratio of PVA-LiClO4-triton electrolytes  

 

S.No 
Sample 

Designation 

Area of free 

ClO4
-
 ions 

Area of Li
+
-

ClO4
-
 pairs 

Relative area of ion 

pairs to free ClO4
-
 

ratio 

   1. T1 1.2476 0.24903 0.199607 

   2. T2 0.94192 0.37481 0.397921 

   3. T3 0.80109 0.44207 0.551836 

   4. T4 0.63567 0.20076 0.315824 

   5. T5 0.47855 0.22067 0.461122 

 

5. 4 XRD ANALYSIS  

 The effect of plasticizers on the structural properties of PVA-LiClO4 

matrix is analyzed through XRD studies. 80:20 electrolyte possess relative 

degree of crystallinity is 19.08%. While adding various amounts of 

sulfolane/triton into 80:20 electrolyte, amorphousity of 80:20 electrolyte is 

further increased. Figure 5.11 shows the XRD pattern of 80:20, PVA-LiClO4-

Sulfolane and PVA-LiClO4-Triton electrolytes.  

 

Figure 5.11  XRD diffractogram of (a) Pure PVA (b) 80:20 (c) S05 (d) S10 

(e) S20 (f) T1 (g) T2 and (h) T4 electrolytes  
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 From figure 5.11, it is known that semi crystalline nature of PVA is 

disrupted on the addition of LiClO4, sulfolane and triton. While comparing the 

figures 5.11 (a) and (b), it is known that there is no additional crystalline peaks 

appeared due to 20 mol% of LiClO4 into PVA matrix. It confirms that LiClO4 is 

completely dissolved in PVA matrix. Similarly sulfolane/triton plasticized 

electrolytes (figures 5.11 (c-h)) does not show any additional peaks, it confirms 

the even distribution of sulfolane/triton into PVA-LiClO4 matrix.  

 

 The relative degree of crystallinity is calculated using equation 4.1 

from deconvoluted XRD diffractogram of polymer electrolytes which are given 

in figure 5.12.  

 

 From table 5.5, it is known both plasticizers reduce the crystalline 

phases available in PVA-LiClO4 matrix and thus it creates sophisticated 

conducting pathways for charge carriers. Another important observation is that 

sulfolane effectively plasticize the PVA-LiClO4 matrix than triton which is 

reflected on degree of crystallinity values. This result is coincided with the 

results of conductivity study where sulfolane based electrolytes shows higher 

conductivity than triton based electrolytes.  
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Figure 5.12  Deconvoluted XRD diffractogram of PVA-LiClO4-Sulfolane 

and PVA-LiClO4-Triton electrolytes  

 

 

 The calculated relative degree of crystallinity is given table 5.6 

 

Table 5.6 Relative degree of crystallinity of PVA-LiClO4-sulfolane/triton 

electrolytes 
 

S.No Sample designation 
Relative degree of 

crystallinity (%) 

      1. 100:0 (Pure PVA) 19.08 ± 0.33 

      2. 80:20 16.86 ± 0.45 

      3. S05 13.38 ± 0.35 

      4. S10 11.78 ± 0.37 

      5. S20 12.99 ± 0.33 

      6. T1 14.60 ± 0.46 

      7. T2 15.44 ± 0.41 

      8. T4 16.23 ± 0.44 
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5.5  ION TRANSFERENCE NUMBER STUDY  

 Ion transference number study is carried out for all the 

sulfolane/triton plasticized PVA-LiClO4 electrolytes to determine the 

contribution of ions in the conductivity of electrolytes. Figure 5.13 shows the ion 

transference number plot of PVA-LiClO4-Sulfolane and PVA-LiClO4-Triton 

electrolytes. 

 

 From figure, it is clear that sudden drop is occurred in current in all 

the sulfolane/triton plasticized polymer electrolytes. This reveals that all the 

electrolytes are having dominantly ions and having electrons as minority 

carriers. The ion transference numbers of plasticized electrolytes are calculated 

using equation 3.13 and the values are given in table 5.7.  

 

 

Figure 5.13  Transference number plots of (a) PVA-LiClO4-sulfolane and 

(b) PVA-LiClO4-Triton electrolytes  
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Table 5.7   Ion transference number values of Sulfolane/triton plasticized 

PVA-LiClO4 electrolytes  

 
System Sample Designation tion number 

PVA-LiClO4-

Sulfolane 

S05 0.99 

S10 0.99 

S15 0.99 

S20 0.99 

PVA-LiClO4-

Triton 

T1 0.98 

T2 0.97 

T3 0.98 

T4 0.99 

T5 0.99 

 

 

 From table 5.7, it is known that all sulfolane plasticized electrolytes 

show tion number of 0.99 and it is higher than that of bare electrolyte 80:20 

which having tion number of 0.98. In the case of triton plasticized electrolytes, tion 

number is not improved upto T3 electrolyte then it increases to 0.99 for T4 and 

T5 electrolytes.  

 

 

5.5.1  Lithium Transference Number Study 

 Lithium transference number study is carried out for maximum 

conducting electrolytes such as S10 and T1. The corresponding plots are given 

in figure 5.14.  
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Figure 5.14  Transference number plot of (a) Li/S10/Li (b) Li/T1/Li cells  

(c) EIS spectrum of Li/S10/Li and (d) EIS spectrum of Li/T1/Li 

cells 

 

 Using the values of initial and saturated currents (figure. 5.14 (a), (b)) 

and Solid electrolyte interface resistances (figure. 5.14 (c), (d)), cation 

transference number tLi
+
 is calculated and it is given in table 5.8.  

 

Table 5.8 Cation transference number of maximum conducting electrolytes 

System 

Applied 

Dc 

potential 

ΔV (mV) 

Initial 

current 

( Ii) 

(μA) 

Steady 

state 

current 

( IS) 

(μA) 

Initial 

resistance 

(Ri) (Ω) 

Steady 

state 

resistance 

(RS) (Ω) 

Cation transference 

number

 
)( 

)( 
  

SSi

iiS

Li RIVI

RIVI
t




  

S0 20 1.490 0.918 8467 9497 0.40 

S10 20 0.632 0.494 13054 16176 0.77 

T1 20 73.4 21.0 151 521 0.29 
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 From table, it is observed that sulfolane plasticized electrolytes shows 

higher cation transference number than bare as well as triton plasticized PVA-

LiClO4 electrolytes.  

 

 It implies that among all the ions 77 % of conduction is due to the 

movement of Li
+
 ions and remaining 33 % is due to ClO4

-
 ions in S10 

electrolyte. ClO4
-
 ions are bulkier than Li

+
 ions and the interaction of sulfolane 

with ClO4
-
 ions delay the movement of ClO4

- 
ions. Hence higher value of Li

+
 

transference number is obtained.  

  

 According to literatures (Corce et al. 1999; Chung et al. 2001; Evans 

et al. 1975; Subramania et al. 2006; Fernicola et al. 2007; Zhao et al. 2008  

& Mindemark et al. 2015) Li
+
 transference number in the range of 0.18 – 0.62 

have been reported. In the present work, achieving such a high cation 

transference number of 0.77 without any addition of anion trappers or tethered 

poly anions or using poly electrolytes, is attributed to the availability of large 

number of free ions and the conducting pathways which are created by sulfolane. 

It is already proven by FTIR spectral analysis, in which free ClO4
-
 anion present 

in two different environments such as PVA-ClO4
-
 and Sulfolane-ClO4

-
 in S10, 

S15 and S20 electrolytes. The strong interaction between sulfolane and ClO4
-
 

anions, facilitates Li
+
 cation movements as well as reduces the Li

+
ClO4

-
 ion pair 

formation. As a result, concentration and mobility of Li
+
 cation are enhanced 

which reflect in Li
+
 cation transference number value. The schematic 

representation of charge carrier enhancement and conducting pathways created 

are given in figure 5.15.  
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Figure 5.15  Schematic representation of (a) Charge carrier enhancement in 

S10 electrolyte (b) Conducting pathways to Li
+
 ions with and 

without sulfolane environments 

 

 In case of T1 electrolyte, though it posses large number of ions than 

80:20 electrolyte, it shows lower cation transference number than bare 80:20 

electrolyte. This is because of the reason that ratio of interfacial resistance 

formed on the surface of electrodes by T1 for before and after polarization is 

higher (521/151=3.45) than S10 (16176/13054=1.24) electrolytes. Moreover, T1 

electrolyte allows large current through it than 80:20 and S10 electrolytes. Since 

cation transference number is an important parameter, S10 is can perform better 

than that of 80:20 and T1 electrolyte.  

 

5.6  ELECTROCHEMICAL STABILITY STUDY  

 Electrochemical stability is one of the important parameter of 

electrolytes which determine the cell voltage of the cell. Hence it is essential to 

monitor the electrochemical stability voltage with respect to lithium. For 

maximum conducting electrolytes such as S10 and T1, stainless steel is kept as 

working electrode and lithium is kept as reference electrode, then the cell is 

subjected to linear sweep voltammetry. The linear sweep voltammograms are 

given in figure 5.16.  
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Figure 5.16 LSV plot of (a) SS/S10/Li cell (b) SS/T1/Li cell 

  

 From figure 5.16, it is clear that for the cut off current density of 

1μA/cm
2
, S10 electrolyte shows the stability of 5.45 V vs Li/Li

+
 and T1 

electrolyte shows the stability of 2.68 V vs Li/Li
+
. The results show that S10 

electrolyte is more suitable than T1 electrolyte for the fabrication of high voltage 

Li ion battery. From the results obtained from lithium transference number and 

electrochemical stability towards lithium, it is concluded that T1 electrolyte is 

not suitable for the application of lithium ion batteries and so it is searched its 

suitability in super capacitors. These are dealt in chapter 6.  

 

5.7  DSC STUDY  

 To analyze the effect of plasticizers on the thermal properties such as 

glass transition temperature (Tg) and melting temperature (Tm) of PVA-LiCLO4 

electrolytesDifferential Scanning Calorimetry technique is used. The obtained 

thermograms are given in figure 5.17.  
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Figure 5.17  DSC thermograms (a) In the range of 39
о
 C-100

о 
C (b) In the 

range of 100
о
 C-300

о
 C for pure S10 (c) In the range of 100

о
 C-

300
о
 C for T1 electrolyte 

 

 Glass transition temperature (Tg) of S10 and T1 are noted as 41
о
 C 

and 42.5
о
 C respectively. These temperatures are lower than that of 80:20 

electrolyte. It confirms that sulfolane/triton interacts with PVA makes its chains 

as flexible. The melting temperature (Tm) of S10 is noted as 240
о
 C where as T1 

shows the melting point at 268
о
 C (figure 5.17 b, c). It reveals that S10 

electrolyte is so flexible than that of T1. It confirms that sulfolane is an efficient 

plasticizer than triton.  
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5.8  TGA STUDY  

 The effect of plasticizers on the thermal stability of S10 and T1 

electrolytes are analyzed through Thermal Gravimetric analysis. The 

corresponding thermograms are given in figure 5.18. 

 

 
 

Figure 5.18 TG-DTA curves for (a) S10 and (b) T1 electrolyte 

 

 From figure 5.18 (a) and (b) it is clear that major weight loss is 

occurred at a particular temperature which is 240°C for S10 electrolyte and 

268°C for T1 electrolyte. That is PVA chains start to decompose at the 

mentioned temperatures. These temperatures are same with that of melting 

temperatures of S10 and T1 electrolyte. Thermal properties 80:20 electrolyte is 

already discussed in chapter IV. According to that decomposition temperature of 

80:20 electrolyte is 260°C. Hence it can be concluded that though sulfolane 

effectively plasticize the PVA-LiClO4 matrix and improves the electrical and 

electrochemical properties, it reduces the thermal stability of PVA-LiClO4 

electrolyte. In the case of triton added electrolyte, thermal stability is improved. 

It confirms that triton acts as an additive rather than plasticizer and improves the 

electrical and thermal properties.  
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5.9  SUMMARY  

 Two series of plasticized PVA-LiClO4 electrolytes are prepared using 

sulfolane and triton as plasticizers. Effect of sulfolane/Triton on the electrical, 

vibrational, ion transport properties of PVA-LiClO4 matrix is analyzed. Both of 

the plasticizers efficiently enhance the ionic conductivity of PVA-LiClO4 to two 

or three orders of magnitude. Using FTIR, XRD tools, reason behind the 

conductivity enhancement is extracted. That is, in the case of PVA-LiClO4-

Sulfolane series, sulfolane simultaneously enhance the concentration and 

mobility of charge carriers in PVA matrix which leads to the overall 

conductivity enhancement. Enhancement in ion concentration is possible 

because of the high dielectric constant of sulfolane (i.e 64). Sulfolane disrupt the 

semi crystalline phase available in PVA into amorphous region which leads to 

mobility enhancement. It is visualized through XRD analysis. Triton also plays 

the same role as sulfolane. i.e it also enhances the amorphous phase of PVA-

LiClO4 matrix. Thus relative degree of crystallinity of sulfolane/triton plasticized 

PVA-LiClO4 is lower than bare PVA-LiClO4 electrolyte. According to thermal 

studies, it is found that both plasticizers reduce the Tg values of PVA-LiClO4 

matrix. Interestingly, triton enhances the thermal stability of PVA-LiClO4 

electrolyte from 260°C to 268°C. In order to check the suitability of those high 

conducting electrolyte in Lithium battery application, the characterization such 

as Li ion transference number and electrochemical stability towards lithium is 

carried out. According to that, high conducting sulfolane plasticized PVA-

LiClO4 (S10) has better cationic conductivity and wide electrochemical stability 

Vs Li/Li
+
 than triton added PVA-LiClO4 (T1) electrolyte.  
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CHAPTER 6 

APPLICATION OF POLYMER ELECTROLYTES 

 

 

6.1  INTRODUCTION  

 This chapter deals the fabrication and characterization of energy 

storage devices (Li ion battery and super capacitor) using the optimized 

electrolytes. This chapter also covers the preparation and characterization of 

Li1.2Ni0.6-xMgxCo0.3O2 (where X= 0, 0.03 and 0.3) electrode materials which are 

used for super capacitor application. According to electrolyte characterizations 

such as cation transference number and electrochemical stability towards lithium 

electrode, it is found that T1 electrolyte is not suitable for the application of Li 

ion battery. Hence S10 electrolyte is used to fabricate Li ion battery. In super 

capacitor application, both of the optimized electrolytes such as S10 and T1 are 

utilized.  

 

6.2  FABRICATION OF LI CELL AND ITS ELECTROCHEMICAL 

 CHARACTERIZATIONS 

 

 This section deals the electrochemical characterizations which are 

carried out on LiCoO2/S10/Li and LiCoPO4/S10/Li cells.  

 

6.2.1  OCV Monitoring  

 The Li ion cells are fabricated using LiCoO2 and LiCoPO4 as cathode 

materials and S10 film as electrode and Lithium metal as anode. The voltage of 

the fabricated cells is monitored for15 minutes. The variation or increment of 

cell voltage with respect to time is given in figure 6.1.  
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Figure 6.1  Open circuit voltage study of (a) LiCoO2/S10/Li  

(b) LiCoPO4/S10/Li cells 

 

 Open circuit voltage is a thermodynamic value based on the reduction 

potential difference of the two electrodes with no current flow. That is, two 

terminals are not connected to anything (an open circuit) so no current can flow 

through into or out off either terminal. The voltage VOC is known as open circuit 

voltage (OCV) of any device.  

 

 In the case of typical lithium ion cell OCV affect with many factors 

such as salt concentration, separator porosity, electrolyte wetting etc. In the 

present work, lithium ion polymer cell is fabricated. That is a polymer 

electrolyte film serves as separator and as electrolyte. Hence, in the cells, 

LiCoO2/S10/Li
 

and LiCoPO4/S10/Li, OCV is affected with the quality 

electrolyte such as ionic conductivity, ion transference number and 

electrochemical stability. From figure (6.1) it is noticed that the cell 

LiCoO2/S10/Li shows OCV of 2.65 V and the cell LiCoPO4/S10/Li shows the 

OCV of 3.02 V. Voltage of both cells are increased with time. This is because of 

the reason that polymer electrolyte film starts to interact with working 

(LiCoO2/LiCoPO4) and counter electrode (Lithium foil) on both the sides. It will 

take some hours to reach a stable voltage.  
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6.2.2  Electrochemical Impedance Study 

 The formation of surface film on the electrode material affects 

electrochemical processes occurring during charge-discharge cycles. Though the 

surface film protects the electrode material from the direct contact of electrolyte, 

it enhances cell impedance and it will reflect on the cell properties such as 

specific capacity, rate capability and cycle performance. Thus it is essential to 

monitor surface film resistance which is formed on the surface of electrode 

materials.  

  

 In order to check the suitability of the prepared solid polymer films as 

an electrolyte in electrochemical cells, all-solid-state cell is fabricated using 

maximum conducting electrolyte (S10). LiCoO2 is kept as working electrode and 

Lithium metal is placed as counter and reference electrode. All the cell 

fabrications were made inside the Ar filled glove box with the moisture content 

less than 1 ppm. AC impedance measurement is taken for the assembled cell and 

the corresponding impedance spectra are given in Figure. 6.2.  

 

 The impedance spectrum consists of two semicircles with one slanted 

line region. First semi circle is placed in high frequency region, another one in 

intermediate frequency region and slanted line situated at low frequency region. 

Semicircle at higher frequency side is attributed to the lithium ion diffusion 

through solid electrolyte interface film (SEI) whereas semicircle in the middle 

frequency is associated to charge transfer resistance and the slanted line is 

attributed to the lithium ion diffusion (Warburg diffusion) in the electrode 

material (Yu et al. 2012).  
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Figure 6.2 Fresh cell impedance of all solid state cells using S10 electrolyte 

 

 The EIS data can be analyzed by the equivalent circuit given in insert 

of figure 6.2 and corresponding circuit elements are extracted by fitting the 

experimental data points with equivalent circuit. Rs represents the resistive 

contribution from electrolyte and cell components, it is found to be 86 Ω. It 

reveals that S10 electrolyte possesses very low internal resistance and it is well 

coincided with the conductivity studies in which S10 electrolyte shows 

conductivity in the order of 10
-2

 S cm
-1

. RSEI and CPE1 represent surface film 

resistance and associated capacitance. The obtained values of RSEI are 216 Ω and 

520 Ω for LiCoO2/S10/Li and LiCoPO4/S10/Li respectively which suggest that 

thin film is formed on the surface of electrode material. Rct and CPE2 represent 

the charge-transfer resistance and associated double layer capacitance 

respectively. The obtained charge transfer resistance Rct value are 157 Ω and 206 

Ω which reveals that electrolyte S10 easily allow charges through it with low 

resistive nature. Hence it is suggested that 10 mol % sulfolane PVA-LiClO4 

electrolyte has ability to deliver better electrochemical performance.  

 

 Another notable point is that solid electrolyte interface layer 

resistance (RSEI) and charge transfer resistance (Rct ) is lower for LiCoO2/S10/Li 

than the LiCoPO4/S10/Li cell. This may due to the reason that LiCoO2 normally 

shows good ionic conductivity (~ 10
-3

 S cm
-1

) where as olivine type cathode 
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materials show less ionic conductivity (~10
-7

 S cm
-1

) (Karthick prabhu et  

al. 2014) 

 

6.2.3  Cyclic Voltammetry 

 
 

Figure 6.3  Cyclic voltammetry for (a) LiCoO2/S10/Li (b) LiCoPO4/S10/Li 

cell at the scan rate of 0.02 mV/s 

 

 To test the sulfolane plasticized polymer electrolyte for battery 

application, all solid state cell has been fabricated and subjected to cyclic 

voltammetry. Figure 6.3 (a) depicts the cyclic voltammogram of the cell that 

composed of LiCoO2 as positive electrode materials, maximum conducting 

polymer electrolyte as solid electrolyte and lithium foil as counter and reference 

electrode. From the figure, it is visualized that broad oxidation peak and 

corresponding reduction peak are occurred at 4.22 V and 3.66 V respectively for 

LiCoO2/S10/Li cell. The CV result shows the good reversible nature of cell.  

  

 From figure 6.3 (b), it is noted that cell LiCoPO4/S10/Li allows 

positive and negative currents. That is possessing oxidation and reduction peaks. 

It reveals that the fabricated cells having rechargeable nature.  

 

 



 

132 

 
 

6.2.4  Charge-Discharge Characteristics  

  

Figure 6.4  (a) Capacity vs cycle number and (b) Columbic efficiency vs 

cycle number plot of LiCoO2/S10/Li cell 

 

 The fabricated cell LiCoO2/S10/Li is subjected to charge-discharge 

study under the C rate of C/50. The charging and discharging capacity vs cycle 

number and columbic efficiency vs cycle number is shown in figure 6.4.  

From figure 6.4, it is known that cell gives the capacity of 15-30 mAh/g for 8 

cycles with the columbic efficiency of ~90%.  

 

6.3 ELECTRODE MATERIAL PREPARATION AND 

 CHARACTERIZATION  

 

6.3.1 Introduction  

 Based on literature reports, lithium rich nickel cobalt oxide 

(Li1+xNiCoO2) deliver better capacity than LiCoO2 material (Delai Ye et al. 

2014), Mg doping in LiNiCoO2 improves the cycling performance (Pouillerie et 

al. 2001). Hence Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57 Mg0.03Co0.3O2 and Li1.2Ni0.3 Mg0.3 

Co0.3O2 electrodes are prepared using solid state reaction route. According to 

literature (ManishaVangari et al. 2012), metal oxides are extensively used as 

electrode material in super capacitor application. Hence it is decided to use those 
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prepared Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 as 

electrode materials for both batteries and super capacitor application.  

 

6.3.2  Electrode Material Preparation  

 LiNO3.6H2O (Himedia>99.99%), NiNO3.6H2O (Himedia>99.99%), 

CoNO3.6H2O (Alfa Aesar >99%) and MgNO3.6H2O (Spectrum >98 %) were 

used as raw materials. Solid state reaction method is adapted to prepare cathode 

materials. The appropriate amounts of raw materials were taken and ground 

well. The mixture was kept in a furnace at 800
o
C for 11 hrs. After slow cooling 

to temperature, particles were collected and again ground well to get 

homogenous powder.  

 

 For electrochemical testing, electrode sheet was fabricated using 

slurry coating method. 80% of active material, 10% of acetylene black (100% 

compressed) and 10% of poly (vinylidinefluride) binder were mixed and ground 

well. Appropriate amount of N-methyl pyrrolidine (NMP) was added to the 

mixture for making slurry. The slurry was coated on aluminium foil and was 

kept in vacuum at 120
o
C to evaporate the NMP. The electrode sheet was cut into 

circular strips of 14 mm diameter and was used as working electrodes. 

 

 The coin cells were assembled using the Li1.2Ni0.6Co0.3O2 electrodes 

and S10, T1 electrolytes. The cells are subjected to EIS, Cyclic voltammetry and 

Charge-discharge characteristics.  

 

6.3.3  X-Ray Diffraction Analysis  

 Figure 6.5 represents the XRD pattern of prepared Li1.2Ni0.6Co0.3 O2, 

Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3 Mg0.3Co0.3O2 cathode materials. From 

figure it is clear that all the samples are well-crystallized with strong XRD 

diffraction peaks. The characteristic diffraction peaks are indexed as hexagonal 
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α- NaFeO2 structure with R3m space group [JCPDS card no.75-0532] which is 

well matched with the literature reports (Cho 2000 & Zhang 2014).  

 

 No diffraction peaks corresponding to other phase or impurities are 

observed for Li1.2Ni0.6Co0.3O2 and Li1.2Ni0.57Mg0.03Co0.3O2 samples which 

indicated that the formation of highly pure Li1.2Ni0.6Co0.3O2 and 

Li1.2Ni0.57Mg0.03Co0.3O2 cathode materials. In the case of Li1.2Ni0.3Mg0.3Co0.3O2 

sample, diffraction peaks corresponding to impurities are observed at 2θ of 42 
o
, 

62 
o
 which are due to (200) and (220) planes of magnesium oxide (Li et al. 

2014). It indicates that higher substitution of magnesium for nickel sites leads to 

the formation of MgO as impurity phase. Generally the ordering of the structure 

is indicated from the XRD spectra with the lattice parameter ratio of c/a and the 

degree of (006)/(012) and (018)/(110) peaks splitting.  

 

 

Figure. 6.5  XRD patterns of (a) Li1.2Ni0.6Co0.3O2 (b) Li1.2Ni0.57Mg0.03Co0.3O2 

and (c) Li1.2Ni0.3Mg0.3Co0.3O2 cathode materials 

 

 From figure 6.5.(a), the diffraction patterns of all materials show clear 

splitting of the hexagonal doublets of (006)/(012) and (018)/(110) irrespective of 

magnesium concentration which confirms the successful synthesis of highly 
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ordered layered structure (Yao et al. 2016). In other words it can be said that 

magnesium substitution does not destruct layered arrangement of pristine 

material. The calculated cell parameters and c/a ratio are given in table 6.1. For 

layered structure compounds the higher value of c/a is desirable for better 

hexagonal structure. Schematic representation of hexagonal structure is shown in 

figure 6.5 (b) From table 6.1, it is observed that c/a ratio is greater than 4.9 for 

all samples which indicate that all samples posses well ordered hexagonal 

structure (Liu et al. 2016). Moreover, c/a ratio slightly enhances with the 

magnesium addition which reveals that the ordered manner of hexagonal 

structure is enhanced by magnesium addition.  

 

  

Figure 6.6  (a) Splitting peaks of (006)/(012) and (018)/(110) planes (b) 

Schematic representation of LiMO2 layered hexagonal 

structure 

 

 The crystallite size is calculated for each material using Debey - 

Scherrer formula which is given by,  

 

 
        

cos 

0.9
  size Particle






  (6.1) 

 

where, λ is the wave length of Cu K-α, β is the Full width Half Maximum and θ 

is the diffraction angle. The higher intense planes having (hkl) values of (104), 
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(101) and (003) are used to calculate the crystallite size and are listed in table 

6.1.  

 

 From the crystallite size values it is confirmed that crystallites present 

in the materials are in nano meter range and the size of crystallites are 

independent from magnesium concentration. Cation mixing is the phenomena of 

Li ions partially occupying 3b (MO2 layer in figure 6.6.b) sites that are normally 

occupied by the transition metal ions (Co or Ni) instead of their normal 3a (Li 

layer in figure 6.6.b) sites and vice versa in electrode reactions (Xia et al. 2015).  

 

Table 6.1 Lattice parameters, unit cell volume and crystallite size of 

Li1.2Ni0.6Co0.3O2,Li1.2Ni0.57Mg0.03Co0.3O2and Li1.2Ni0.3Mg0.3Co0.3O2 

materials  

 

Sample a (Å) c ( Å) c/a 

Cell 

volume 

(Å
3
) 

Crystallite 

size (nm) 

Li1.2Ni0.6Co0.3O2 2.8429 14.2075 4.9975 99.6748 25 

Li1.2Ni0.57Mg0.03Co0.3O2 2.8380 14.2188 5.0099 99.1759 26 

Li1.2Ni0.3Mg0.3Co0.3O2 2.8348 14.2443 5.0247 99.0403 22 

 

 The value of cation mixing is found out by taking ratio between the 

relative intensities of planes (003) and (104) respectively. It is found that the 

value of I(003)/I(104) is 0.87, 0.71 and 0.95 for Li1.2Ni0.6Co0.3O2 

Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 cathode materials 

respectively. Since the values are less than 1.2, all samples are affected with 

undesired cation mixing. Due to the availability of excess amount of Li ions 

causes the occupancy of metal sites leads to cation mixing. In addition, the 

similar radius size of ions Li
+
 (0.76 Å), Mg

2+
 (0.72 Å) and Ni

2+
 (0.69 Å) 

influences the possibility cation mixing by the way that one ion can occupies the 

other‘s site instead of their own sites (Pouillerie et al. 2001). Even though, cation 
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mixing is occurred in the structure, it will not collapse the ordered hexagonal 

structure and layered arrangement of the system which are evident from c/a ratio 

values and splitting of peaks. 

 

6.3.4  SEM Analysis  

 The morphology of Li1.2Ni0.6Co0.3 O2, Li1.2Ni0.57Mg0.03Co0.3 O2 and 

Li1.2Ni0.3Mg0.3Co0.3O2 are examined by scanning electron microscopy as shown 

in figure 6.7.  

Figure 6.7  SEM images of (a) Li1.2Ni0.6Co0.3 O2 (b) Li1.2Ni0.57 Mg0.03Co0.3 O2 

(c) Li1.2Ni0.3Mg0.3Co0.3O2 cathode materials  

 

 From figure 6.7, it is found that the crystal faces and edges exist on 

the samples Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 

which represent the direct proof of good crystallinity of cathode powders. 

Moreover it is seen that all samples possess unagglomerated particles. Figure 6.7 

(a) shows the powder which contains cube-like particles with non-uniform sizes. 

Figure 6.7 (b) shows the image of Li1.2Ni0.57Mg0.03Co0.3O2 which is homogenous 

and has smaller size cube-like particles than compared to pristine one. The 

image of Li1.2Ni0.3Mg0.3Co0.3O2 seems similar to that of figure 6.7 (b) expect that 

it exhibits rough surface while Li1.2Ni0.57Mg0.03Co0.3O2 posses smooth surface 

which may due to the presence of MgO impurity on the surface of cathode 

material. The images confirm that magnesium helps to create well-ordered cube-

like hexagonal structure which is consistent with XRD results.  
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6.3.5  Conductance Spectra Analysis  

 The impedance measurement is taken over a wide range of 

frequencies for three cathode materials. Figure 6.8 shows the conductance 

spectra of Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57 Mg0.03Co0.3O2 and Li1.2Ni0.3Co0.3Mg0.3O2 

cathode materials.  

 

 

Figure 6.8  Conductance spectra of (a) Li1.2Ni0.6Co0.3O2  

(b) Li1.2Ni0.57Mg0.03Co0.3O2 and (c) Li1.2Ni0.3 Mg0.3Co0.3O2 

cathode materials for different temperatures 

 

 It contains low frequency plateau region and high frequency 

dispersive region. The plateau region corresponds to the dc conductivity of the 

material and it is due to long-range translational transport of Li ions in response 

to the applied field (Karthickprabhu et al. 2013) and the dispersion region is 

characterized by random hopping of mobile ions (Meins et al. 1998). As seen in 

figure 6.8, the dispersion region of conductance spectra move towards high 

frequency region with the increment of temperature and it becomes disappear at 

higher temperature due to the increase in jump frequency of mobile charges. 

Similar results are found in 0literature reports (Prabu et al. 2010 and Rao et 

 al. 2013).  
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 It seems that all the materials obey Jonscher‘s power law and it is 

given by (Funke 1993),  

 

                    )0(  )(
n

A   (6.2) 

 

where, σ(0) is dc conductivity of the sample, A is constant and n is the power 

exponent. σ dc and n values are calculated by fitting the power law equation using 

nonlinear curve fit and it is given in Table 6.2. The cathodes Li1.2Ni0.6Co0.3O2 

and Li1.2Ni0.57Mg0.03Co0.3O2 shows ambient conductivity values of 3.64 ×10
-4 

and 

3.12 ×10
-4

 S cm
-1

. The obtained conductivity values are higher than 

conductivities which are reported in literatures (Karthickprabhu et al. 2014; 

Karthickprabhu et al. 2013 and Meins et al. 1998). It suggests that cathodes 

Li1.2Ni0.6Co0.3O2 and Li1.2Ni0.57Mg0.03Co0.3O2 have ability to deliver better 

electrochemical performances. In the case of Li1.2Ni0.3 Mg0.3Co0.3O2, conductivity 

is decreased for about two orders of magnitude. Decrement in conductivity is 

attributed to the formation of MgO impurity which may be acting as an 

insulating layer which hinders the ionic motion and thus causes the reduction in 

conductivity value. Similar results were found in literature (Karthickprabhu et al. 

2014). The insulating layer is also responsible for the roughness of the material 

which is shoen in SEM studies.  

 

Table 6.2  DC conductivity and n values of Li1.2Ni0.6Co0.3O2, 

Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 cathode 

materials for various temperatures 

 

S.No Cathode material σdc (S cm
-1

) N 

1. Li1.2Ni0.6Co0.3O2 3.64 ± 0.03 ×10
-4

 1.12 ± 0.01 

2. Li1.2Ni0.57Mg0.03Co0.3O2 3.12 ± 0.04 × 10
-4 

1.07 ± 0.02 

3. Li1.2Ni0.3Mg0.3Co0.3O2 5.51 ± 0.07 × 10
-6

 1.03 ± 0.05 
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 If n < 1, backward hopping is slower than the site relaxation time, 

charge carriers have translational motion with long hop and system is said to be 

ordered. If n> 1, backward hopping is faster than the site relaxation and system 

is said to be disordered (Karthickprabhu et al. 2014). The decrement in n value 

suggests that orderness of the system enhanced for the addition of Mg into 

Li1.2Ni0.6Co0.3O2. This result is coincided with the results obtained from XRD 

studies where c/a ratio of electrodes is increased with the addition of Mg (Table 

6.1).  

 

6.3.6  Dielectric and Modulus Spectra Analysis  

  

Figure 6.9  (a) dielectric loss (b) Imaginary part of dielectric modulus of 

cathode materials 

 

 The plot of log ω vs log ɛ״ is shown in figure 6.9 (a). All samples 

exhibit straight line with negative slope values. The slope was found to be -0.97, 

-0.95 and -0.79 for Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 and 

Li1.2Ni0.3Mg0.3Co0.3O2 materials respectively.  

 

` The slope value indicates that predominant dc conduction nature of 

sample. The deviation of the slope from the unity could be due to the space 

charge effects at low frequency (Prabhu et al. 2010). Moreover, throughout the 

entire spectra no relaxation peaks are observed. The absence of relaxation peak 

indicates the long range mobility of the Lithium ions. To obtain the better 
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intercalation-deintercalation properties, electrode should possess good dc 

conduction properties (Senthilkumar et al. 2014). Since the materials 

Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 (slope value nearly -1) show 

predominance dc conduction, it is expected that, the materials exhibit good 

intercalation-deintercalation properties than Li1.2Ni0.3Mg0.3Co0.3O2 material.  

 

 Complex modulus representation is frequently used to analyze the 

dynamic relaxation of charge carriers. The imaginary part of electric modulus 

(M״) vs log ω plots of Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 and 

Li1.2Ni0.3Mg0.3Co0.3O2 cathode materials are shown in figure 6.9.b. From figure 

6.9.b, it is observed that the electric modulus increases with frequency and it 

reaches a maximum peak value at certain frequency. The modulus curves which 

are appeared here are asymmetric with respect to the maximum peak. The 

observed broadness of the peaks indicates the non-debye behavior of materials, 

which is due to the distribution of relaxation time (Rao et al. 2014). The value of 

M״ of Li1.2Ni0.3Mg0.3Co0.3O2 is higher than other two samples suggest that 

Li1.2Ni0.3Mg0.3Co0.3O2 having lower conductivity than the other two materials. 

This result is well-coincided with conductivity studies. 

 

6.3.7  Electrochemical Impedance Spectroscopy (EIS) 

 Coin cell 2032 type is fabricated using prepared cathode materials as 

working electrode, 0.1 M Lithium Nonafluoro 1-butanesulfonate PC DME 1:1 as 

electrolyte and Lithium metal as counter and reference electrode. All the 

fabrication processes are made inside Ar filled glove box. To demonstrate the 

effect of Mg doping on the electrochemical performance, EIS measurements of 

pristine and Mg doped samples are carried out for fresh cells. The obtained 

impedance plots and corresponding equivalent circuit are given in figure 6.10. 

The value of solution resistance (Rs), value of film resistance that is solid 

electrolyte interface resistance (RSEI) and the value of charge transfer resistance 
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(Rct) are extracted by fitting the datas with z-fit software and are listed in table 

6.3.  

 

  

  

Figure 6.10 Fresh cell nyquist plots for (a) Li1.2Ni0.6Co0.3O2 (b) Li1.2Ni0.57 

Mg0.03Co0.3O2 (c) Li1.2Ni0.3Mg0.3Co0.3O2 (d) Equivalent circuit 

 

Table 6.3 Resistance Rs, RSEI and Rct values of Li1.2Ni0.6Co0.3O2, 

Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 cathode 

materials  

 

Sample Rs (Ω) RSEI(Ω) Rct (Ω) 

Li1.2Ni0.6Co0.3O2 20.88
 

6.33
 

66.22 

Li1.2Ni0.57Mg0.03Co0.3O2 21.03
 

11.79 290.2 

Li1.2Ni0.3Mg0.3Co0.3O2 15.39 21.46 344.7 
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 As shown, RSEI and Rct for pristine electrode are found to be lower 

than those Mg doped electrodes, revealing that the Mg added electrodes form 

thicker solid electrolyte interface film (SEI) and reduces the kinetics of lithium-

ion diffusion.  

 

6.3.8  Cyclic Voltammetry Study  

 Figure 6.11 demonstrates the cyclic voltammograms of 

Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 cathode 

materials. All the three samples show oxidation and reduction peaks which is 

attributed to oxidation/ reduction processes of Co
3+ 
Co

4+
 (Amalraj et al. 2010)  

 

 

Figure 6.11  Cyclic voltammogram of 2
nd

 cycle for prepared cathode 

 materials  

 

 Li1.2Ni0.6Co0.3O2 shows oxidation peak at 4.03 V with the current 

density of 0.29 mA/cm
2
 and shows reduction peak at 3.28 V with current density 

-0.32 mA/cm
2
. Significant result is the substitution of 0.03 Mg for Ni, causes the 

shift in oxidation and reduction peaks towards higher voltage side such as 4.2 

and 3.34 V respectively. The current density is reduced to 0.19 mA/cm
2
 and -

0.118 mA/cm
2
. This reveals that the Mg substitution in the amount of 0.03 



 

144 

 
 

increases the operating voltage of the cell. This may due to the formation of 

thick film on the surface of Li1.2Ni0.57Mg0.03Co0.3O2 material which is already 

discussed in EIS studies. Sample Li1.2Ni0.3Mg0.3Co0.3O2 does not show any well 

defined oxidation peak and but it show reduction peak with low current density 

of 0.062 mA/cm
2
. This inferior behavior is may attributed to the reasons that 

formation of (1) formation of thicker solid electrolyte interface film and (2) 

MgO impurities which are confirmed by EIS and XRD studies respectively. This 

behavior supports the dielectric loss spectra analysis.  

 

6.3.9  Charge-discharge Characteristics  

 Presented in figure 6.12 is the voltage profile (electrode potential Vs 

capacity) measured during 2nd cycles of Li1.2Ni0.6Co0.3O2, 

Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2 cathodes in the voltage range 

of 2.8 - 4.45 V.  

 

 

Figure 6.12 Charge-discharge characteristics for cathode materials 

 

 The pristine cathode shows better performance than Mg doped ones 

with the discharge capacity of 76.7 mAhg
-1

. Li1.2Ni0.57Mg0.03Co0.3O2 and 
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Li1.2Ni0.3Mg0.3Co0.3O2 deliver the discharge capacities of 50.7 mAhg
-1

 and 17 

mAhg
-1

 respectively. Columbic efficiencies of cells using pristine and Mg doped 

cathode materials are given in table 6.4 All materials exhibit better capacity 

retention. The low capacity values may be attributed to the undesired cation 

mixing, thick solid electrolyte interface layer formation and utilization of non 

commercial electrolyte. Hence it suggested that the prepared cathode materials 

Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 can be used in low drain applications. 

 

Table 6.4    Charging and discharging capacities and columbic efficiency 

 of Li1.2Ni0.6Co0.3O2, Li1.2Ni0.57Mg0.03Co0.3O2 and 

 Li1.2Ni0.3Mg0.3Co0.3O2 

 

Sample 

Charging 

capacity 

(mAhg
-1

) 

Discharging 

capacity 

(mAhg
-1

) 

Columbic 

efficiency 

(%) 

Li1.2Ni0.6Co0.3O2 78.6
 

76.7
 

97.5 

Li1.2Ni0.57Mg0.03Co0.3O2 52.5
 

50.7 96.5 

Li1.2Ni0.3Mg0.3Co0.3O2 19.0 17.0 89.5 

 

6.4 ELECTROCHEMCIAL CHARACTERIZATION OF SUPER 

CAPACITOR HAVING Li1.2Ni0.6-xMgxCo0.3O2 ELECTRODE 

MATERIALS AND S10 ELECTROLYTE  

The super capacitors are fabricated using S10 film as electrolyte as well as 

separator, The following configurations are fabricated.  

1. Li1.2Ni0.6Co0.3O2/S10/ Li1.2Ni0.6Co0.3O2 

2. Li1.2Ni0.57Mg0.03Co0.3O2/S10/ Li1.2Ni0.57Mg0.03Co0.3O2 

3. Li1.2Ni0.3Mg0.3Co0.3O2/S10/ Li1.2Ni0.6Mg0.3Co0.3O2 

The mentioned three capacitors are subjected to EIS, CV and charge-discharge 

studies and are discussed in later section.  
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6.4.1  Electrochemical Impedance Study  

 The obtained EIS spectra for three capacitors having S10 electrolyte 

are given in figure 6.13.  

 

 
 

Figure 6.13  Electrochemical impedance spectra of (a) Li1.2Ni0.6Co0.3O2/S10/ 

  Li1.2Ni0.6Co0.3O2 (b) Li1.2Ni0.57Mg0.03Co0.3O2/S10/Li1.2NMg0.03

 Co0.3O2 and (c) Li1.2Ni0.3Mg0.3Co0.3O2/S10/ Li1.2Ni0.6Mg0.3Co0.3O2 

(d) equivalent circuit of (a) and (b) (e) equivalent circuit of (c) 

 

 

 From figure 6.13, it is noted that the capacitors Li1.2Ni0.6Co0.3O2/S10/ 

Li1.2Ni0.6Co0.3O2 Li1.2Ni0.57Mg0.03Co0.3O2/S10/ Li1.2Ni0.57Mg0.03Co0.3O2 having 

same pattern of incomplete semi circle in high frequency region and slanted line 

in low frequency region. The two spectra are fitted using z-fit software to find 

out the Rs (electrolyte resistance) and Rct (charge transfer resistance values. The 

corresponding equivalent circuit is R1+ Q2/R2+W3 (given in figure 6.13 d) where 

R1 gives the value of Rs, it is 23.24 Ω and 5.23 Ω respectively for Li1.2 Ni0.6 Co0.3 
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O2 /S10/ Li1.2Ni0.6Co0.3O2 and Li1.2Ni0.57 Mg0.03 Co0.3O2/ S10/Li1.2 Ni0.57Mg0.03 

Co0.3O2 cells. R2 gives the value of Rct of the cells which are 3.06 Ω and 5.03 Ω. 

W3 is called as warburg element which arises due to the accumulation of ions at 

the electrode-electrolyte interface. From the result it is known that the capacitor 

Li1.2Ni0.6Co0.3O2 /S10/ Li1.2Ni0.6Co0.3O2 posses low Rct value. Hence it can deliver 

good electrochemical performance.  

 

 The third spectrum, that is, the spectrum for 

Li1.2Ni0.3Mg0.3Co0.3O2/S10/ Li1.2Ni0.6Mg0.3Co0.3O2 consists two semi circles with 

one slanted line in low frequency region. The corresponding equivalent circuit is 

R1+Q2/R2+Q3/R3+W4 (given in figure 6.13 e) Where Q is constant potential 

element, R1 is solution/electrolyte resistance (Rs), R2 is solid electrolyte interface 

resistance (RSEI) and R3 is charge resistance (Rct). The extracted Rs, RSEI and Rct 

values are 7.97 Ω, 26.4 Ω and 42.8 Ω. When compared with other two 

capacitors, Li1.2Ni0.3Mg0.3Co0.3O2/S10/ Li1.2Ni0.6Mg0.3Co0.3O2 show higher 

charge-transfer resistance and additionally has RSEI of 42.8Ω. This may due to 

the reason that the electrode Li1.2Ni0.6Mg0.3Co0.3O2 having impurity phase of 

MgO which already proven by XRD studies. Less Rs value in all cells confirms 

the low internal resistance S10 polymer film.  

 

6.4.2  Cylic Voltammetry  

 Figure 6.14 shows the cyclic voltammograms of three capacitors 

Figure 6.14 shows the cyclic voltammogram of all the three capacitors for 

various scan rates. Charge enclosed in the capacitor can be determined using 

area under CV curve. Charge enclosed is Q = I(V) x t. From figure 6.14, 

Li1.2Ni0.6Co0.3O2/S10/ Li1.2Ni0.6Co0.3O2 capacitor encloses more charges while 

comparing to other two capacitors. It reveals that Li1.2Ni0.6Co0.3O2/S10/ 

Li1.2Ni0.6Co0.3O2 capacitor may delivers higher capacity.  

 



 

148 

 
 

 The specific capacity is calculated from cyclic voltammogram by 

using the formula of,  

 Csp = I / (s × m)  (6.3)  

 

where,  

Csp is specific capacity in (F/g) 

I is average current of anodic and cathodic current (A)  

s- is the scan rate in mV/s 

m- is the average mass of electrodes (g)  

The calculated specific capacitance is given in table 6.5  

 

  

 
 

Figure 6.14  Cyclic voltammograms of (a) Li1.2Ni0.6Co0.3O2/S10/ 

 Li1.2Ni0.6Co0.3O2 (b) Li1.2Ni0.57Mg0.03Co0.3O2/S10/ 

 Li1.2Ni0.57Mg0.03Co0.3O2 and (c) Li1.2Ni0.3Mg0.3Co0.3O2/ 

 S10/Li1.2Ni0.6Mg0.3Co0.3O2 super capacitors 
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Table 6.5  Obtained specific capacity values for EDLCs using S10 electrolyte

 Li1.2Ni0.6+xMgxCo0.3O2 electrodes 

 

Scan 

rate 

(mV/s)  

Specific capacity (F/g)  

Li1.2Ni0.6Co0.3O2 

/S10/ 

Li1.2Ni0.6Co0.3O2 

Li1.2Ni0.57Mg0.03Co0.3O2 

/S10/ 

Li1.2Ni0.57Mg0.03Co0.3O2 

Li1.2Ni0.3Mg0.3Co0.3O2 

/S10/ 

Li1.2Ni0.6Mg0.3Co0.3O2 

10  4.8 3.9  3.2 

20  4.1  3.1 2.6 

50  3.7  2.8 2.4 

75  3.4 2.2 2.0 

100  2.7 1.9 1.7 

 

6.4.3 Charge-discharge Characteristics  

 According to CV results, Li1.2Ni0.6Co0.3O2/S10/Li1.2Ni0.6Co0.3O2 

capacitor delivers better specific capacity than the other two capacitors. Hence 

the capacitor Li1.2Ni0.6Co0.3O2/S10/Li1.2Ni0.6Co0.3O2 is then subjected to GCPL 

(Galvanostaitc Cycling with Potential Limitation) technique to know its capacity 

and cycling performance in low as well as high current rates. The specific 

capacity values are calculated from GCPL data using the following formula.  

 

 
  2






mV

tI
C

sp
 (6.4) 

 

Csp  =  Specific capacity in (F/g) 

I  =  charging and discharging current (A) (0.1 mA) 

Δt  =  discharging time (s) (347 for 1
st
 cycle)  

ΔV =  potential window (V) (0.9 V) 

m  =  total mass of electrode materials (g) (0.0140) 
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  Figure 6.15 shows the charge discharge characteristic curve and 

cycling performance for the current of I = 0.1 mA.  

 

  

Figure 6.15  (a) Charge-discharge Time Vs Voltage profile (1
st
 five cycles) 

(b) Cycling performance of  

Li1.2Ni0.6Co0.3O2/S10/Li1.2Ni0.6Co0.3O2 capacitor for I = 0.1 mA 

 

 From figure 6.15 (a), it is clear that, SC shows nearly ideal triangular 

shape. This is indicative of the formation of efficient EDL (Electric Double 

Layer) and fast ion transport within electrodes. The specific capacity is 

calculated as 5.5 F/g using equation (6.4). Generally, the specific capacity values 

are obtained from CV and GCBL studies are comparable. Here obtained capacity 

value 5.5 F/g is higher than the value obtained from CV (4.8 F/g at 10 mV/s). 

This is because of the reason that the monitored potentials in both the 

experiments are different. The obtained specific capacity is maintained for 20 

cycles with the capacity retention of 96%.  

 

 The same cell is subjected higher current rate of 0.5 mA. While 

increasing the current as 0.5 mA, the specific capacity of capacitor decreases as 

2.4 F/g. The corresponding charge discharge profile and cycling performance is 

given in figure 6.16.  
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Figure 6.16  (a) Charge-discharge Time Vs Voltage profile (1
st
 five cycles) 

 (b) Cycling performance of Li1.2Ni0.6Co0.3O2/S10/Li1.2

 Ni0.6Co0.3O2 capacitor for I = 0.5 mA 
 

 From figure 6.16 (b), it is clear that the capacitor with S10 electrolyte 

and Li1.2Ni0.6Co0.3O2 electrodes deliver 2.4 F/g for the current of 0.5 m A. The 

decrement in capacity with the increased current rate is due to the delay in 

reverse adsorption of ions on the electrode/electrolyte interface. The 

phenomenon is known as ‗Electrolyte starvation Effect‘(Mysyk et al. 2009). The 

specific capacity is maintained for 200 cycles with the capacity retention of 

83%.  

 

6.5  ELECTROCHEMICAL CHARACTERIZATION OF SUPER 

 CAPACITOR HAVING LI1.2NI0.6-XMGXCO0.3O2 ELECTRODES 

 AND T1 ELECTROLYTE  

 

 The super capacitors are fabricated using T1 film as electrolyte as 

well as separator, The following configurations are fabricated.  

1. Li1.2Ni0.6Co0.3O2/T1/ Li1.2Ni0.6Co0.3O2 

2. Li1.2Ni0.57Mg0.03Co0.3O2/T1/ Li1.2Ni0.57Mg0.03Co0.3O2 

3. Li1.2Ni0.3Mg0.3Co0.3O2/T1/ Li1.2Ni0.6Mg0.3Co0.3O2 

 The mentioned three capacitors are subjected to EIS, CV and charge-

discharge studies and are discussed in later section.  
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6.5.1  Electrochemcial Impedance Spectroscopy 

 Figure 6.17 shows the fresh cell impedance spectra of 

Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6Co0.3O2,Li1.2Ni0.57Mg0.03Co0.3O2/T1/Li1.2Ni0.57Mg0.03

Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2/ T1 Li1.2Ni0.3Mg0.3Co0.3O2 cells. Each 

impedance spectrum consists of a semi circle at higher frequency region and 

slanted line in low frequency region. The diameter of the higher frequency semi 

circle gives the value of charge-transfer resistance. The charge transfer 

resistance is noted as 18.7 Ω, 52.8 Ω and 60.4 Ω respectively for 

Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6Co0.3O2,Li1.2Ni0.57Mg0.03Co0.3O2/T1/Li1.2Ni0.57Mg0.03

Co0.3O2 and Li1.2Ni0.3Mg0.3Co0.3O2/T1/ Li1.2Ni0.3Mg0.3Co0.3O2 cells. The cell 

Li1.2Ni0.3Mg0.3Co0.3O2/T1/ Li1.2Ni0.3Mg0.3Co0.3O2 shows a dragged semi circle in 

high frequency region. That is it is composed of two interpenetrating semi 

circles which is corresponded to the resistances of RSEI and Rct. The Rct value 

obtained for Li1.2Ni0.3Mg0.3Co0.3O2/T1/ Li1.2Ni0.3Mg0.3Co0.3O2 is higher than two 

capacitors. Moreover the capacitor Li1.2Ni0.3Mg0.3Co0.3O2/T1/ 

Li1.2Ni0.3Mg0.3Co0.3O2 additionally has RSEI resistance of 30 Ω due to the impure 

phase MgO. The equivalent circuits which are given in figure 6.13 (d) and (e) is 

used to extract the resistant values.  

 

 Slanted line region is said to be Warburg which is due to the diffusion 

of ions into electrodes. Another noticeable point is that semi circle does not start 

from origin and the gap is said as solution resistance (RS). Here, it is resistance 

offered by the polymer electrolyte film T1 which is about 15 Ω for all the three 

cells. The low values of Rct and RS suggests that all the cell components show 

low internal resistances.  
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Figure 6.17  EIS spectra of (a) Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6Co0.3O2  

 (b) Li1.2Ni0.57Mg0.03Co0.3O2/T1/Li1.2Ni0.57Mg0.03Co0.3O2 and  

 (c)  Li1.2Ni0.3Mg0.3Co0.3O2/T1/ Li1.2Ni0.3Mg0.3Co0.3O2 cells 

 

6.5.2  Cyclic Voltammetry Study  

 Figure 6.18 shows the cyclic voltammogram of super capacitors 

consists of Li1.2Ni0.6Co0.3O2 electrode and T1 electrolyte.  
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Figure 6.18  Cyclic Voltammogram (a)Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6Co0.3O2 

(b) Li1.2Ni0.57Mg0.03Co0.3O2/T1/ Li1.2Ni0.57Mg0.03Co0.3O2 and (c) 

 Li1.2Ni0.3Mg0.3Co0.3O2/T1/ Li1.2Ni0.3Mg0.3Co0.3O2 cells 

 

 From figure 6.18, it is observed that the ideal rectangular shape is 

obtained for Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6Co0.3O2 capacitor and it occupies large 

area also when compare to other two capacitor arrangements. This is because of 

the reason that Li1.2Ni0.6Co0.3O2 material possess better structural, morphological 

electrical properties and thus shows better electrochemical properties. Another 

notable point is that all the three capacitors demonstrate an excellent double 

layer capacitive characteristic for all the scan rates because any oxidation-

reduction peak was not observed in those CVs.  

 

Table 6.6 Obtained specific capacity values for EDLCs using T1 electrolyte 

Scan 

rate 

(mV/s) 

Specific capacity (F/g) 

Li1.2Ni0.6Co0.3O2 

/T1/ 

Li1.2Ni0.6Co0.3O2 

Li1.2Ni0.57Mg0.03Co0.3O2 

/T1/ 

Li1.2Ni0.57Mg0.03Co0.3O2 

Li1.2Ni0.3Mg0.3Co0.3O2 

/T1/ 

Li1.2Ni0.6Mg0.3Co0.3O2 

10 2.014 1.129 0.886 

20 1.40 0.708 0.926 

50 0.78 0.322 0.583 

75 0.64 0.232 0.520 

100 - 0.182 0.407 
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6.5.3  Charge-Discharge Characteristics 

 The electrochemical performances of Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6 

Co0.3O2 is given below. Figure 6.19 shows charge-discharge characteristic curve 

and cycling performance of Li1.2Ni0.6Co0.3O2/T1/Li1.2Ni0.6Co0.3O2 at the current 

of 0.1 mA.  

 

  

Figure 6.19  (a) Charge-discharge Time Vs Voltage profile (1
st
 five cycles) 

 (b) Cycling performance of Li1.2 Ni0.6 Co0.3 O2/ T1/ Li1.2 Ni0. Co0.3 

 O2 capacitor for I = 0.1 mA 
 

 From figure it is clear that the capacitor contains Li1.2Ni0.6Co0.3O2 

electrodes with T1 electrolyte deliver 4.6 F/g (why is it high than the value 

found in cv), and it is maintained for 20 cycles with the capacity retention of 

85%.  

 

 In the present study, CV is carried out within the potential range of -1 

V to 1 V (potential window of 2 V) where as GCPL study is carried out within 

the potential range of 0 V to 9 V (potential window of 0.9 V). Hence the specific 

capacity values obtained from those are not comparable. 

 

  For ideal capacitor changing the potential window will not affect the 

capacitance value. While dealing electrochemical capacitor, potential window is 

an important parameter affecting the capacitance value in practice. This is 

because of the reason that the measuring current will be different for different 



 

156 

 
 

potential window. Here, Li1.2Ni0.6Co0.3O2 /T1/ Li1.2Ni0.6Co0.3O2 capacitor 

measured current from CV (at the scan rate of 10 mV/s) is 0.9 mA to -0.93 mA. 

Whereas measured charge-discharge current range is 0.1 to -0.1 mA. The higher 

current in CV may gives the smaller capacitance value due to kinetics. If we 

want to obtain the same capacity as it obtained in GCPL, then scan rate of CV 

should be reduced to 5 mV/s or 1 mV/s to get minimum current as in GCPL.  

 

 
 

Figure 6.20  (a) Charge-discharge Time Vs Voltage profile (1
st
 five cycles) 

 (b) Cycling performance of  

 Li1.2 Ni0.6 Co0.3 ]O2/ T1/Li1.2Ni0.6Co0.3O2 capacitor for I = 0.5 mA 

  

 The same cell is subjected to GCPL with the current of 0.5 mA, the 

corresponding charge-discharge characteristic curve and cycling performance is 

given in figure 6.20. 

 

 From figure 6.20 (a), it is clear that the capacitor contains T1 

electrolyte and Li1.2Ni0.6Co0.3O2 deliver specific capacity of 1.2 F/g and it is 

maintained for 200 cycles with capacity retention of 75%.  
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6.6  ELECTROCHEMICAL CHARACTERIZATION OF 

 GRAPHITE/S10/GRAPHITE AND GRAPHITE/T1/GRAPHITE 

 CAPACITOR  

 

6.6.1  Fresh Cell Impedance Analysis 

  

Figure 6.21  (a) Fresh cell impedance spectra of graphite/S10/graphite and 

 (b) Graphite/T1/graphite cells 

 

 From figure, it is observed that both spectrum consists of two semi 

circles with one slanted line region. First semi circle which situated at higher 

frequency region is due to the resistance of solid electrolyte interface layer (RSEI) 

and second semi circle is due to charge transfer resistance (Rct). The obtained 

RSEI and Rct values are 33 Ω, 34 Ω and 58 Ω, 293 Ω respectively for G/S10/G 

and G/T1/G cells. It reveals that the cell contain S10 electrolyte shows less RSEI 

and Rct than the cell which contain T1 electrolyte. Slanted line region is said to 

be Warburg which is due to the diffusion of ions at the electrodes.  

 

6.6.2  Cyclic Voltammetry Study  

 Figure 6.22 shows the cyclic voltammogram of G/S10/G and G/T1/G 

cells for various scan rates.  
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Figure 6.22 Cyclic voltammogram of (a) G/S10/G and (b) G/T1/G capacitors 

 

 From figure it is observed that two cells show pseudo capacitor 

behavior. While increasing scan rate, area occupation also increases. The 

specific capacity is calculated from cyclic voltammogram by using the formula 

given in equation 6.3,  

 

 The calculated specific capacity values are 10.9, 9.7, 8.5, 6.9 and 

5.1F/g for G/S10/G capacitor for the scan rates of 10, 20, 50, 75 and 100 mV/s 

respectively. In the case of G/T1/G capacitor, specific capacity values are 

obtained as 6.5, 5.2, 4.6, 3.2 and 2.1 F/g for 10, 20, 50, 75 and 100 mV/s 

respectively.  

 

6.6.3  Charge-Discharge Characteristics  

 Figure 6.13 shows the charge discharge characteristic curve and 

cycling performance of G-S10-G capacitor for the current of 0.5 m A.  
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Figure 6.23  (a) Charge-discharge time vs voltage profile (1
st
 five cycles) 

 (b) Cycling performance of G/S10/G capacitor for I = 0.5 mA 

 

 The charging and discharging capacities are calculated using the 

formula given in 6.4. From figure 6.23 (b) it is known that the super capacitor 

which consists of S10 electrolyte and Graphite electrodes deliver 12.1 F/g 

capacity for the current of 0.5 m A with capacity retention of 89% for 20 cycles. 

After 20 cycles the same cell is subjected to higher current (5 mA) charge-

discharge study. The corresponding charge-discharge curve and cycling 

performance curve are given in figure 6.24.  

 

 
 

Figure 6.24 (a) Charge-discharge time vs voltage profile (1
st
 five cycles) 

  (b) Cycling performance of G/S10/G capacitor for I = 5 mA 
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Figure 6.25  (a) Charge-discharge Time Vs Voltage profile (1
st
 five cycles) 

 (b) Cycling performance of G/T1/G capacitor for I = 0.5 mA. 

 

 From figure 6.24, it is clear that increment of current rate leads to the 

decrement in capacity values. That is capacity G-S10-G cell reduces into 4.3 F/g 

from 12. 1 F/g for the current of I= 5 mA. The capacity maintains for 150 cycles 

with 80 % of capacity retention. Figure 6.25 shows the charge-discharge profile 

and cycling performance of G/T1/G capacitor at the current of I = 0.5 mA.  

 

 Figure 6.25, it is known that the capacitor which contain T1 

electrolyte and Graphite electrodes deliver the specific capacity of 8.4 F/g. The 

capacity maintains for 20cycles with the capacity retention of 90%. The same 

cell is then subjected to higher current charge-discharge characteristics. The 

corresponding Time-Voltage profile and cycling performance curve are given in 

figure 6.26.  

 

 

 



 

161 

 
 

 
 

Figure 6.26   (a) Charge-discharge Time Vs Voltage profile (1
st
 five cycl 

 (b) Cycling performance of G/T1/G capacitor for I = 5 mA 

 

 From figure 6.26, it is observed that the capacitor which composed of 

T1 electrolyte and Graphite electrodes, deliver 1.1 F/g capacity and it maintains 

for 150 cycles with the capacity retention of 73 %.  

 

 While comparing T1 electrolyte S10 electrolyte delivers better 

performance in both cases such as Li1.2Ni0.6Co0.3O2 electrodes and Graphite 

electrodes. That is super capacitor which contains S10 electrolyte and 

Li1.2Ni0.6Co0.3O2/Graphite electrode show higher capacity, better cycling 

performance with good capacity retention at low as well as high current rate than 

the capacitor which contain T1 electrolyte. This is because of the reason that S10 

electrolyte provided more Li
+
 ions than T1 which diffused deeply and adsorbed 

strongly to the carbon electrodes.  

 

6.7  SUMMARY  

 In summary, this chapter analyzes the electrochemical performances 

of Li ion cells and super capacitors fabricated using optimized polymer 

electrolytes S10 and T1. Two different kinds of Li ion cells and eight different 

kinds of super capacitor are fabricated using LiCoO2, LiCoPO4, 

Li1.2Ni0.6Co0.3O2, Li1..2Ni0.57Mg0.03Co0.3O2, Li1.2Ni0.3Mg0.3Co0.3O2 and Graphite as 
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electrode materials and S10 and T1 as electrolytes. Among eight fabricated super 

capacitors, four deliver good performance than other four. Their configuration 

and electrochemical performances are listed in table 6.7.  

 

Table 6.7   Configuration, discharge current, no of cycles and capacity 

retention of fabricated super capacitors 

 

S.No 

Configuration of 

Cell/ Super 

capacitor 

Discharge 

current 

(mA) 

Specific 

capacity 

(F/g) 

No of 

cycles 

Capacity 

retention 

(%) 

   1. LiCoO2/S10/Li C/50 30 8 90 (CE) 

   2. 

Li1.2Ni0.6Co0.3O2 

/S10/ 

Li1.2Ni0.6Co0.3O2 

0.1 5.5 20 96 

0.5 2.4 200 83 

   3. 

Li1.2Ni0.6Co0.3O2 

/T1/ 

Li1.2Ni0.6Co0.3O2 

0.1 4.6 20 85 

0.5 1.2 200 75 

   4.  G/S10/G 
0.5 12.1 20 89 

5.0 4.3 150 80 

   5. G/T1/G 
0.5 8.4 20 90 

5.0 1.1 150 73 
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CHAPTER 7 

CONCLUSION 

 

 

 Three different systems (PVA-LiClO4, PVA-LiClO4-Sulfolane and 

PVA-LiClO4-Triton) of Li ion conducting polymer electrolytes are prepared. 

Amorphous nature of films is analyzed through X-ray diffraction studies. 

Relative crystallinity of pure PVA film is reduced upon the addition of LiClO4, 

sulfolane/triton. The enhancement of amorphousity is one of the main reasons 

for the enhancement of conductivity. The interaction among PVA-LiClO4, PVA-

LiClO4-Sulfoalne and PVA-LiClO4-Triton is detected through FTIR studies. 

Enhancement of free ion concentration for the addition of LiClO4, 

Sulfolane/triton is viewed through FTIR tool. Thermal properties such as glass 

transition temperature (Tg) and thermal stability of electrolyte films are analyzed 

through DSC and TG-DTA techniques respectively. According to that it is found 

that the glass transition temperature (Tg), thermal stability of pure PVA film is 

reduced for the addition of LiClO4 and sulfolane/triton plasticizers. At the same 

time flexibility of pure PVA is enhanced for the incorporation of LiClO4 and 

sulfolane/triton.  

 

 All the prepared electrolytes are characterized such as 

chronoamperometry (ion transference number and cation transference number 

study), electrochemical stability study towards their application in batteries. 

Based on the conductivity values, electrochemical stability and ion transference 

number study, optimized electrolyte is identified from each system. The obtained 

results concluded that sulfolane incorporated PVA-LiClO4 electrolyte is better in 

all aspects such as ionic conductivity (1.14 × 10
-2

 S cm
-1

), electrochemical 
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stability (5 V vs Li/Li
+
) and cation transference number (tLi

+ 
= 0.77) than triton 

incorporated one.  

 

 Hence, all solid state cell is fabricated using 69.91% PVA- 

20%LiClO4- 10.09%sulfolane (S10) electrolyte and it is analyzed by Open 

Circuit Voltage, Electrochemical Impedance, Cyclic Voltammetry and charge-

discharge characteristics. Electrochemical impedance of cell confirms that all the 

cell components having very low resistances. The oxidation and reduction 

observed in cyclic voltammetry confirms the reversible nature of cell. The cell 

delivers the capacity of 20 mAh/g for 8 cycles with the columbic efficiency of 

95%.  

 

 Pristine and Mg doped Lithium rich nickel oxides Li1.2Ni0.6Co0.3O2, 

Li1.2Ni0.57Mg0.03Co0.3O2 and Li1.2Ni0.3Co0.3Mg0.3O2 are prepared using one step 

solid state reaction method. Structural properties of prepared materials are 

analyzed through XRD studies. According to that bare and low dosage of Mg 

doped Li1.2Ni0.6Co0.3O2 cathode materials exhibit pure phases and higher dosage 

of Mg leads to the additional impurity phase of MgO. Morphological properties 

are viewed through Scanning Electron Microscope. It gives the picture that all 

prepared cathode materials having good-crystallinity with unagglomerated cube-

like particles. Electrical properties are analyzed using ac impedance 

spectroscopy. According to that bare sample Li1.2Ni0.6Co0.3O2 exhibit maximum 

conductivity of 3.64 × 10
-4

 S cm
-1

 at ambient temperature. Lower level Mg did 

not affect the conductivity value but high dosage Mg reduces the conductivity to 

two orders of magnitude. Electrochemical Impedance study reveals that, Mg 

doping increases the resistance of SEI. From CV study it is understood that Mg 

addition helps to delay the oxidation process to about 0.2 V. According to 

charge-discharge study it is identified that bare electrode delivered better 

performance than Mg doped ones. 
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 Using those Lithium rich nickel magnesium cobalt oxide electrode 

materials and optimized polymer electrolytes such as S10 and T1, six capacitors 

are fabricated. To analyze the electrochemical performance EIS and CV studies 

are carried out. According to the result it is identified that the capacitors having 

Li1.2Ni0.6Co0.3O2 electrodes deliver good performance. Thus, two capacitors such 

as Li1.2Ni0.6Co0.3O2/S10/ Li1.2Ni0.6Co0.3O2 and Li1.2Ni0.6Co0.3O2/T1/ 

Li1.2Ni0.6Co0.3O2 are subjected to GCPL study. According to that the capacitor 

Li1.2Ni0.6Co0.3O2/S10/ Li1.2Ni0.6Co0.3O2 delivers the capacity of 2.4 F/g and it 

maintains for 200 cycles with the capacity retention of 83% at the discharge 

current of 0.5 mA. The capacitor Li1.2Ni0.6Co0.3O2/T1/ Li1.2Ni0.6Co0.3O2 delivers 

the capacity of 1.2 F/g and it maintains for 200 cycles with the capacity retention 

of 75% at the discharge current of 0.5mA. 

 

 Another two capacitors are fabricated using S10 and T1 electrolyte 

with Graphite electrodes. The capacitors are subjected to EIS, CV and GCPL 

studies. According to that, the capacitor G/S10/G delivers the capacities of 12.1 

F/g and 4.3 F/g at the discharge currents of 0.5 mA and 5 mA respectively. 

Similarly the capacitor G/T1/G delivers the capacities of 8.4 F/g and 1.1 F/g at 

the discharge currents of 0.5 mA and 5 mA respectively.  
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