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ABSTRACT 

 

 Proton conducting polymer electrolytes received much attention 

because of their possible applications in batteries, fuel cells, super capacitors, 

electrochromic windows, sensors etc. Solid state proton batteries are one of 

the electrochemical devices that use solid proton conducting polymer 

electrolytes. These batteries are considered to be another potential alternative 

to lithium ion batteries because of low cost, easy handling of electrodes, no 

need of inert atmosphere for the construction of cell and no safety issues.  

 In the present investigation, proton conducting polymer electrolyte 

membrane based on poly methyl methacrylate (PMMA) and poly vinyl 

pyrrolidone (PVP) with methanesulfonic acid (MSA) as proton provider are 

prepared by conventional solution casting technique. The prepared system of 

proton conducting solid polymer electrolytes are characterized by FTIR – to 

study the complex nature, TG/DTG – to find the thermal stability, optical 

microscopy – to check surface morphology, transport number – to establish 

the proof of majority charge carriers are ions, ac impedance analysis – to find 

the ionic conductivity value and to study the ion transport mechanism, Linear 

sweep voltametry – to find the electrochemical stability window and 

electrochemical impedance and discharge characteristics of the proton battery 

– to study the electrochemical performance of constructed proton battery.  



vi 
 
 The effect of molecular weight of the host polymer (PVP), blending 

the polymer, filler incorporation and plasticizer on the electrical, structural, 

thermal and electrochemical properties of the polymer electrolytes are 

studied. The maximum conducting sample is obtained for PMMA-PVPK90-

MSA blend polymer electrolytes. Good electrochemical performance is found 

for PVPK90-MSA-DMC plasticized membrane which may be due to low 

electrochemical impedance of the cell before the cell is subjected to 

discharge. Not only the conductivity of the membrane but also the 

electrochemical impedance of the cell plays major role to obtain good 

performance in electrochemical characteristics. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 MATERIALS 

 One way of classifying solid materials is on the basis of conduction 

of electric current and classified as Conductors, Semiconductors and 

Insulators. Metals are good conductors having conductivities of the order of 

107 (Ohm-m)-1. Insulators are having low conductivities in the range between 

10-10 and 10-20 (Ohm-m)-1. Materials with intermediate conductivities from  

10-8 to 104 (Ohm-m)-1 are termed as semiconductors (Callister & Rethwisch 

2012).  

 Current arises from the flow of electrons and it is termed as 

electronic conduction. In addition, ions are also contributes to the conduction 

and hence they are called ionic conduction. Both cations and anions in ionic 

materials possess electric charge and as a consequence, they are capable of 

migration or diffusion when an electric field is present. These ionic 

conductors are mainly used as electrolyte in all electrochemical device 

applications. 

1.2 IONIC CONDUCTORS 

 An ionic conductor is a substance containing free ions that make 

the substance electrically conducting and they are generally called 

electrolytes. Electrolytes are classified into two types. 
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1. Liquid electrolytes 

2. Solid electrolytes 

 Liquid electrolytes are normally formed when salt is placed into a 

solvent like water and the individual components dissociate due to the 

thermodynamic interactions between solvent and the solute molecules. For 

example, a source of direct current is connected to a pair of inert electrodes 

immersed in molten sodium chloride which is represented in Figure 1.1. The 

salt has been heated until it melts the Na+ ions and to flow towards the 

negative electrode and the Cl- ions to flow towards the positive electrode. 

When Na+ ions collide with the negative electrode, the battery carries a large 

enough potential to force these ions to pick up electrons to form sodium 

metal. 

 

[http://www.buzzle.com/articles/similarities-and-differences-between-voltaic-cells-and-

electrolytic-cells.html] 

Figure 1.1 Electrochemical cell with molten NaCl electrolyte 

 Even though the ionic conductivity of liquid electrolytes is high and 

it is favorable for the fabrication of electrochemical devices. The foremost 
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problem with the device using liquid electrolytes is leakage (website 1). 

Adding to the troubles is the reaction between the electrodes and the 

electrolyte which gradually corrodes the electrodes. This ultimately decreases 

the life span of the device. The boiling point of the solvent used limits the 

temperature range of operation of the device. Besides the devices using the 

liquid electrolytes are bulky and can hardly be transported or carried 

frequently inside the solution. 

 All these inconveniences posed by the liquid electrolytes paved the 

way for solid electrolytes. Hence, now-a-days researchers have paid much 

attention to replace liquid electrolytes by solid electrolytes. 

1.3 SOLID ELECTROLYTES 

 The solid which possesses very high ionic conductivity of the order 

of 10-4 to 10-1 S/cm with negligible electronic conductivity is named as super 

ionic material or fast ionic conductor or solid electrolytes. 

Solid electrolytes must satisfy the following conditions. 

i.  Ionic conductivity should be very high in the range of 10-1 to 
10-5 S/cm at room temperature. 

ii.  Principal charge carriers should be ions only ie ionic 
transference number should be close to unity. 

iii.  Activation energy should be low. 

1.4 CLASSIFICATION OF SOLID ELECTROLYTES 

 These solid electrolytes are classified according to the 

microstructure and physical properties. 
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1. Frame work crystalline solids 

2. Polycrystalline materials 

3. Composite or dispersed phase electrolytes 

4. Polymer electrolytes 

5. Amorphous glass electrolytes 

 They can also be classified by conducting ion species which are 

Oxide ion conductors, Fluoride ion conductors, Proton ion conductors, 

Lithium ion conductors, β- Alumina and Silver and Copper ion conductors. 

Among these, proton conductors are much interesting because of the wide 

area of applications. 

 Proton conductors enable the H+, H3O+ and NH4
+ ions to conduct 

through a channel composed of non-structural or Zeolitic water as if it is in a 

solution base. High proton conductivity has been reported among alkaline – 

earth cerates and Zirconate based perovskite materials such as acceptor doped 

SrCeO3, BaCeO3and BaZrO3 at high temperatures between 500-1000°C. 

Various hydrated acid salts like HUP (Hydrated Uranyl Phosphate) 

HUO2PO4. 4H2O have room temperature conductivities in the range 10-1-10-4 

S/cm especially when measured in a humid atmosphere (Philippe Knauth et al 

2012). Sometimes, proton providing salts like NH4NO3, NH4Br, NH4Cl, 

NH4F, NH4ClO4, NH4SCN are dissolved in to polymer matrix and are termed 

as proton conducting solid polymer electrolytes. Most of the applications use 

the proton conductors in the form of proton conducting polymer electrolytes.  

1.5 POLYMER ELECTROLYTES 

 Ionically conducting solid polymer electrolyte materials display 

many advantages over other electrolytes like 
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  Ease of preparation with desired shapes and configurations 
because of good mechanical strength and flexibility 

  Ease of fabrication of ultrathin cells of different geometrical 
shapes for their excellent processability and flexibility. 
Corrosion of electrodes is less consequently increasing life 
span of the device. 

 Fenton et al. (1973) initiated the study of polymer electrolytes using 

poly (ethylene oxide) (PEO) as the polymer host. However, only after 

Armand (Armand et al 1978) announced their competence as ionic conductors 

that these materials became technologically important. Later authors claimed 

that the crystalline complexes formed from alkali metal salts and poly 

(ethylene oxide) (PEO) were capable of demonstrating significant ionic 

conductivity and highlighted their possible application as battery electrolytes. 

Although PEO can solvate many types of salts and high ionic conductivity, it 

crystallizes with age. This leads to the synthesis of new polymer electrolyte 

with different polymer host and various inorganic salts/acids.  

Polymer electrolytes are classified as  

 

 

 

 

 

Figure 1.2 Classification of polymer electrolytes 

 

Polymer electrolytes 

Solvent free solid polymer electrolytes 

Plasticized solid polymer electrolytes 

Rubbery electrolytes 

Polyelectrolytes 

Composite polymer electrolytes 

Gel polymer electrolytes 
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i. Solvent free solid polymer electrolytes: 

 Solvent free solid polymer electrolytes are obtained by dissolving 

suitable ion donating salts /acids into high molecular weight polymers as a 

host. These polymers, preferably, carry polar groups, like -O-, -C-N- , C-O 

etc, and have a tendency to make complexes with various ionic salts and acids 

and remain in a single phase (Brodin et al 1996, Ramya et al 2005). The ion 

transport in these polymer electrolytes is governed by local relaxation as well 

as segmental motion of the polymer chains which are more favored by high 

degree of amorphicity of the host polymers. The ionic conductivity in these 

polymer electrolytes is basically due to the presence of these inorganic ionic 

salts or acids. The formation of polymer – salt/acid complex depends on 

solvation energy and lattice energies of the polymers and inorganic salts. SPE 

films/membranes are usually formed by traditional solution cast technique; 

however, a novel hot-press technique has recently been introduced to cast 

these films (Angesh Chandra et al 2014). Some of the polymer/blend polymer 

– salt/acid complexes reported in the literature is given in Table 1.1. 

Table 1.1 Solvent free solid polymer electrolytes 

S. No Solid polymer 
electrolyte 

Conductivity 
(Scm-1) at RT References 

1 PEO + AgNO3 3×10-7  Chandra et al 1993 
2 PEO + NH4ClO4 ~10-5 Chandra et al 1990 

3 PEO + NaHCO3 1.65×10-7 Kambila Vijay kumar et al 
2011 

4 PEO +  NaClO3 3.36 ×10-7 Siva kumar et al 2006 
5 PEO + NaF 4.73×10-7 Sasikala et al 2012 
6 PEO + NaI 5.21 ×10-5 Mohamed et al 1997 

7 PEO+Li2SO4 
PEO+LiCF3SO3 

7.27 ×10-10 
1.1 ×10-6 Ramesh et al 2008 

8 PEO+NH4SCN ~10-5 Srivastava et al 1995 
9 PEO/MEEP+LiBF4

 4×10-6 Abraham et al 1989 
10 PEO+PMMA+LiTFSI 6.71×10-7 Bo Liang et al 2015 
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Table 1.1 (Continued) 

S. No Solid polymer 
electrolyte 

Conductivity 
(Scm-1) at RT References 

11 PEO+PVP+NaCl 1.66×10-7 Kiran kumar et al 2012 
12 PEO+PAAM+NH4SCN 1×10-4 Zalewska et al 1996 
13 PAN+PVC+LiTFSI 4.39 ×10-4 Ramesh et al 2011 
14 PCL +NH4SCN 1.01 ×10-4 Woo et al 2011 
15 PVdF + PVA + NH4SCN 1.09 ×10-3 Muthuvinayagam et al 2015 
16 PVAc + HClO4 3.75 ×10-3 Arun kumar et al 2012 
17 PVAc+PMMA+ LiClO4 1.7×10-5 Baskaran et al 2004 

18 PVAc + NH4SCN 5.5 ×10-4 Selvasekarapandian et al 
2005 

19 PVA +  AgNO3 7.56×10-7 Hirankumar et al 2006 
20 PVA + Cu(NO3)2 1.6×10-5 Ramya et al 2005 
21 PVA + NH4NO3 7.5×10-3 Hema et al 2010 
22 PVA + CH3COONH4 1.1×10-6 Hirankumar et al 2004 
23 PVA +  NH4Br 5.7×10-4 Hema et al  2007 
24 PVA +  NH4SCN ~10-3  Kulshrestha  et al 2014 
25 PVA + PVP + NH4NO3 1.41 × 10−3 Rajeswari et al 2014 
26 PVP + NH4SCN 1.7 ×10-4 Ramya et al 2006 
27 PVP + NH4Cl 2.51×10-5 Vijaya et al 2012 
28 PVP + NaClO3 3.28 ×10-7 Naresh kumar et al 2001 
 29 PVP + AgNO3 1.7×10-5 Jaipal reddy et al 1995 
30 PVP + KClO4 0.91×10-5 Ravi et al 2013 
31 PVP + PVA + KIO3 1.22×10-5 Subba reddy et al 2003 
32 PVP + KBrO4 1.03×10-5 Ravi et al 2011 

33 PVP + LiClO4 
3.34×10-3 at 
60°C Jorge Rodríguez et al 2013 

34 PVP + NaClO3 3.28×10-7 Naresh kumar et al 2001 
 

ii. Plasticized solid polymer electrolytes 

 In order to enhance the ionic conductivity of these SPEs at ambient 

temperature, extensive efforts have been made to modify the local structure of 

the polymer matrix by introducing amorphicity at room temperature. In this 

regard, plasticization is one of the most adopted approaches, in which a 
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substantial amount of liquid plasticizers, namely, low molecular weight poly 

(ethylene glycol) (PEG) and/or aprotic organic solvents such as ethylene 

carbonate (EC), propylene carbonate (PC), diethylene carbonate (DEC), 

dimethylsulfoxide (DMSO) are added to the solvent-free SPE matrix. The 

addition of fewer amounts of these liquid phases in the SPEs leads to decrease 

in the crystallinity of the host polymer and promote segmental motion of the 

polymer chains. This, in turn, results into higher conductivity of these 

plasticized polymer electrolytes at ambient conditions. The high dielectric 

constant of organic plasticizers, like EC and PC, helps in maximizing ion 

dissociation in the plasticized polymer electrolytes. A few of this type of 

polymer electrolytes reported in the literature are given in Table 1.2. 

Table 1.2 Plasticized solid polymer electrolytes 

S. No Solid  polymer electrolyte 
Conductivity 
(Scm-1) at RT 

References 

1 PEO + NH4F + DMA 1 × 10-3 Kumar et al 2002 

2 PEO + LiCF3SO4 + PEG ~10-3 Ito et al 1987 

3 PES + NH4ClO4+PEG ~10-5 Neelam Srivastava 
et al 2000 

4 PAN+NH4I+EC+DMF 2.46 ×10-4 Krishna jothi et al 
2014 

5 PAN+EC+LiCF3SO3 1.32 x10-3 Ahmed et al 2011 

6 PVdF-HFP + LiCF3SO3+EC+PC 1.4 ×10-3 Isa et al 2014 

7 PCL+NH4SCN+EC 3.8 × 10-5 Woo et al 2013 

8 Chitosan+PEO +NH4NO3+EC 2.06 ×10-3 Shukur et al 2013 

9 Chitosan+PVA+NH4NO3+EC 1.6 × 10-3 Kadir et al 2010 

10 Chitson+lithium 
acetate+oleicAcid 

~10-5 Yahya et al 2003 
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Table 1.2 (Continued) 

S. No Solid  polymer electrolyte 
Conductivity 
(Scm-1) at RT 

References 

11 
PVC+PEMA+PC+LiBF4 6.72 x10-3 

Rajendran et al 
2008 

12 PVAc+LiClO4+DMF 4.20 × 10−4 Baskaran et al 2005 

13 PVA+PVP+KClO3+DMF 7.4 × 10-7 Subba reddy et al 
2002 

14 PVA + PVIM + NH4BF4 + PEG 2.20 × 10−4 Samadrita 
Goswami et al 2013 

15 PVA + H3PO4 + PEG 8.06× 10-5 Prajapati et al 2010 

16 
PVP + NaClO3 + PEG 6.71×10−5 

Sathiyamoorthi et 
al 2003 

17 PMMA+SA+EC+PC 1.58 x 10-4 Ericson et al 2000 

18 PMMA+NH4CF3SO3+DEC 2.07 x10-3 Kumar et al 2005 

19 PMMA+NH4PF6+PC 10-2 Jitender paul 
Sharma et al 2006 

20 
PMMA+LiBF4+DBP 4.54 x10-3 

Rajendran et al 
2000 

 

iii. Rubbery electrolytes 

 These electrolytes are also referred to as ‘polymer-in-salt” 

electrolyte systems, which are prepared by addition of small amount of high 

molecular weight polymer, like PEO, PPO etc., into a relatively large amount 

of salt. The low amount of polymer leads to the formation of rubbery material 

with low glass transition temperature. This novel kind of polymer electrolyte 

was first introduced by Angell et al. (1993) in which they reported electrolyte 

system with PEO and PPO as host polymer complexed with comparatively 
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large amount of the mixture of different lithium salts. These electrolytes 

exhibit a rubbery character by means of an entanglement mechanism and 

facilitate high ion conduction due to decoupled cation motion. They reported 

room temperature conductivity as high ~ 2x10-2 Scm-1 for ‘polymer- in- salt’ 

mixture: AlCl3-LiBr-LiClO4-PPO. On the other hand, in the case of ‘salt-in–

polymer’ SPEs, maximum conductivity (~ 10-4 Scm-1) could be achieved. 

Attempts have been made to explain the mechanism of ion transport in 

‘polymer – in – salt’. It has been widely accepted that the high degree of ion 

aggregates/ clusters and their transport through the bulk lead to the high ionic 

transport in these systems. The role of PAN polymer matrix on the transport 

of ionic species in the ‘polymer – in – salt’ in terms of salt stabilization and 

hence, the suppression of crystallization, has been studied by (Ferry et al 

1999). It was also suggested that a dramatic enhancement in the ionic 

conductivity of polymer-in-salt reflects a ‘dynamic connectivity effect’ in a 

phase separated electrolyte passing through a smeared percolation threshold. 

At a critical cluster concentration, all the separated single clusters get 

connected to form an infinite cluster and, thus, promote the process of fast 

cationic transport through the entire electrolyte. Fast ion transport in a PAN-

based - Li+ ion conducting rubbery electrolyte has been explained on the basis 

of connectivity percolation of the ionic clusters decoupled from the polymer 

segmental motion (Forsyth et al 2000).  

iv. Polyelectrolyte 

 Polyelectrolyte is another category of polymer electrolytes in which 

polymers possess ion generating groups attached to the main chain ie., anions 

are covalently attached to the polymer backbone in order to increase the 

cation transference number. By virtue of the anions being effectively 

immobilized the total ionic conductivity is due to cationic transport. In the 

absence of a solvent, the small counter-ions, like H+, Na+, OH-, Cl- etc. are 
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firmly bound to the polymer chains due to strong columbic attraction of the 

array of oppositively charged fixed ions. A large number of proton conducting 

polyelectrolytes have been reported in the literature (Smitha et al 2005; 

Oszcipok et al 2006). Polysulfonic acid based polymer electrolytes like 

Nafion, Flemion, sodium polystyrene sulphate etc, are a few examples of this 

category. H+ ion conducting polyelectrolyte consisting of a perfluoro 

sulphonated anion attached to the chain which is shown in Figure 1.3. 

 

Figure 1.3 Chemical structure of Nafion 

 Perfluorinated polymers with attached sulfonic acid groups (PFSA) 

are the key polymers, which are currently in use in portable fuel cell 

applications (Steck et al 1997).The conductivity of these polymers is very low 

(~10-10 - 10-15 S/cm) at 100° C but show high conductivity at ambient 

temperature. 

v. Gel polymer electrolytes 

 The solid with continuous liquid phase enclosed into a continuous 

solid skeleton is termed as gel polymer electrolytes. In this kind of polymer 

electrolytes, liquid phases are normally the organic liquid electrolytes, which 

are obtained by dissolving ion donating salts into the organic solvents 

entrapped into the solid polymer network which provides dimentional 

stability to the gel electrolytes. This occurs in two steps, first, the preparation 

of a liquid electrolyte by dissolving salt into a polar solvent or ionic liquid and 
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second, incorporation of the liquid electrolyte into the inert polymeric host. 

The idea of GPEs was first given by Fenullade & Perche (1975), in which 

they prepared GPEs having conductivity comparable to the liquid electrolyte. 

Large amount of liquid electrolytes present in the polymer matrix gives rise to 

better ionic conductivity but diminishes the mechanical integrity of gel 

polymer electrolytes. Since then, GPEs have become an important material 

for research in the field of solid state ionics. Some of the polymer electrolyte 

membrane under this type is listed in Table 1.3. 

Table 1.3 Gel polymer electrolytes 

S. 
No 

Solid  polymer electrolyte 
Conductivity 
(Scm-1) at RT 

References 

1 PAN+EC+PC+DMF+LiClO4 4 × 10-4 Watanabe et al 1982 

2 PAN+EC+PC+LiN(CF3SO3)2 2.5 × 10-3 Jayathilaka et al 2003 

3 PVdF-HFP+PVP+BMImHSO4 3.9×10−3 Kuldeep mishra et al 
2014 

4 PVdF+PMMA+EC+DMC+LiPF

6 
1.21 × 10-3 Idris et al 2012 

5 PVdF-
HFP+PVdF+PC+DEC+LiClO4 

7.5 × 10-3 Saikia et al 2004 

6 PVdF-
HFP+H3PO4+PC+DMF+DMSO 

2.1 × 10-4 Choi et al 2004 

7 PMMA+DMF+H2SO4 4.29×10-3 Shmukler et al 2012 

8 
PMMA+PC+HCF3SO3 7.55 × 10−3 Rajiv kumar et al 

2013 

9 PMMA+EC+PC+LiClO4 1 × 10-3 Appetecchi et al 1995 

10 PMMA+PVC+EC+DMC+LiPF6 7.8 × 10-3 Jung et al 2011 
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vi. Composite solid polymer electrolytes 

 This category of the polymer electrolytes is prepared by 

incorporation of nano/micro sized filler particles of inert ceramic materials 

like TiO2, SiO2, Al2O3, ZrO2 etc to the polymer electrolytes. Weston & Steele 

(1982) demonstrated for the first time the idea of incorporating 

electrochemically inert ceramic filler particles of α- alumina in the PEO based 

solid polymer electrolyte and reported significant enhancement in the room 

temperature conductivity. Since then several research groups have attempted 

dispersal of a variety of ceramic fillers into different solid polymer electrolyte 

hosts and a large number of composite polymer electrolytes consequently 

have been reported. It has been observed that dispersion of these ceramic 

particles not only enhances the ionic conductivity of polymer electrolyte 

systems but also improves the other physical, mechanical and electrochemical 

properties (Appetecchi et al 2000; Itoh et al 2003; Bronstein et al 2004). The 

particle size and the nature of the dispersoid material have been observed to 

have significant effects on the electrolyte property. Lots of reports are found 

in the literature under composite solvent free solid polymer electrolytes and 

composite plasticized solid polymer electrolytes but only a few of the reports 

are listed below in Table 1.4(a) and 1.4(b) respectively. 

Table 1.4(a) Composite solvent free solid polymer electrolytes 

S. 
No Solid  polymer electrolyte Conductivity 

(S/cm) at RT References 

1 PEO+PMMA+LiTFSI+Al2O3 9.39×10-7 Bo Liang et al 2015 
2 PEO+AgCF3SO3+Al2O3 6.8 x 10-7 Suthanthiraraj et al 

2005 
3 PEO+NH4I+Al2O3 ~10-3 (at 100ºC) Chandra et al 1992 
4 PEO+AgSCN+Al2O3 8.8 × 10-4 Sekhon et al 1996 
5 PEO+NH4I+CdS 2.8 x 10-6 Singh et al 2002 
6 PEO+NH4SO4+ SiO2 ~2.5x10-4 Pandey, GP et al 2008 
7 PEO+NH4SCN+SiO2 2.0x10-6 Pandey, K et al 2008 
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Table 1.4(a) (Continued)  

S. 
No Solid  polymer electrolyte Conductivity 

(S/cm) at RT References 

8 PEO+NaI+MWCNTs 4.9x10-5 Hima Saxena et al 
2012 

9 PEO+NH4HSO4+SiO2 2.5 × 10− 4 Jennifer peron et al 
2008 

10 BPEI+H3PO4+SiO2 ~ 10-3 Senadeera et al 1996 
11 PVDF+SiO2+H3PO4 ~ 5 x 10-3 Carriere et al 2001 
12 PVA + PVP + H3PO4 +SiO2 2.4 × 10-4 Chatterjee et al 2012 

 

Table 1.4(b) Composite plasticized solid polymer electrolytes 

S. 
No Solid  polymer electrolyte 

Conductivi
ty (Scm-1) 

at RT 
References 

1 PEO+PMMA+AgNO3+PEG+Al2O3 ~10-5 Poonam Sharma 
et al 2013 

2 PEO+LiCF3SO3+DOP+PEG+Al2O3 7.60 × 10-4 Sasithorn 
Klongkan et al 
2015 

3 PEO+LiPF6+EC+ CNTs ~10-3 Suriani Ibrahim et 
al 2011 

4 PEO+PMMA+LiCF3SO3+PEG +MMT ~10-5 Sengwa et al 2015 
5 PEO+NaClO4+LaMnO3+PEG 2.6 × 10-4 Kuila et al 2007 
6 PEO+LiCF3SO3+EC+Al2O3 1.5× 10-4 Pitawala et al 2007 
7 H3PO4+EC+PC+SiO2+PVDF 3.5 x 10-3 Ciuffa et al 2004 
8 PVC+PEMA+PC+LiClO4+ TiO2 7.18 ×10-3 Pradeepa et al 

2015 
9 PVC+PMMA+LiBF4+DBP+ZrO2 2.39 x10-3 Rajendran et al 

2000 
10 PVA+LiPF6+EC+CNT 1.3 × 10-3 Ibrahim et al 2012 
11 PMMA+PC+DEC+LiClO4+ CNF 0.39×10-4 Sil et al 2015 
12 PMMA+PEO+LiClO4+EC+MnO2 ~10-3 Say Min Tan et al 

2011 
13 PMMA+LiN(CF3SO2)2+EC+PC+SiO2 6.11 × 10−5 Ramesh et al 2010 
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 From the literature survey, polymer electrolytes support variety of 

ions like Li+, H+, Na+, K+, Mg++, Cu+ etc for transport according to the 

dopants in the polymer matrix. A large number of such polymer electrolytes 

have been developed in view of their various applications. One among them is 

proton conducting polymer electrolytes which covers a wide variety of 

electrochemical applications. 

1.6  PROTON CONDUCTING POLYMER ELECTROLYTES 

 Proton conducting polymer electrolytes normally consist of 

polymer (host) and salt (proton or H+ source) to provide charge carriers. 

Proton conducting polymer electrolyte was first reported by Stainer et al. 

(1984) using the ammonium salt based complexes of PEO and the ammonium 

salts, NH4SCN and NH4SO3CF3. It was reported that the conductivity was due 

to the mobility of ammonium ion (NH4
+) but they failed to measure the ionic 

transport number in these SPEs. Hence Donoso et al. (1988) reported the 

simplest proton conducting SPE based on PEO with orthophosphoric acid 

(H3PO4) with a room temperature conductivity of ~ 4×10-5 S/cm. In the same 

year, Daniel et al. (1988) reported ammonium salt based proton conducting 

SPE, PEO-NH4HSO4 and established the less crystalline nature of the SPE 

than pristine PEO. In this complex SPE system, cation of the salt, ammonium 

ions (NH4
+), was thought to be responsible for the proton (H+) transport.  

1.7 PROTON CONDUCTION MECHANISM 

 The proton transport in polymer electrolytes can be described based 

on three main mechanisms, as shown in Figure 1.4. 

1. Proton hopping or Grotthuss mechanism 

2. Diffusion or vehicle mechanism 

3. Direct transport via polymer chain segmental motions 
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 Under the Grotthuss mechanism, the mobility of protons is 

determined by the formation or cleavage rate of the hydrogen bond between a 

hydronium ion (which itself can be hydrated in the form of H5O2 +, H7O3
 +, 

H9O4 +, H3O+ etc.) and a water molecule or other hydrogen-bonded liquids. 

Protons “hop” from one hydrolyzed ionic site to another as shown in Figure 

1.4(a). Under the diffusion mechanism, a proton combines with solvent 

molecules (e.g. water), producing a complex and then diffuses.  

 As shown in Figure 1.4(b), a proton can be transferred by the 

diffusion of hydrogen-water ions (H3O+ in this example). The diffusion 

process is driven by a gradient in proton concentration. Diffusion of the 

hydrogen-water ions may decrease due to hydrogen bonding with other water 

molecules. The diffusion process is much slower than proton hopping and is 

characterized by a higher activation energy and lower proton mobility. Proton 

mobility can also result from segmental motions of the polymer chains Figure 

1.4(c). However, this type of proton transportation is restricted to the 

amorphous phase of the solvating polymers, where the polymer molecules are 

free to move. Therefore, proton conduction by segmental motion is only 

possible above the glass transition temperature (Tg) of the polymer. In the 

amorphous phase, the polymer side chains can vibrate to a certain extent, thus 

reducing or eliminating the distance for proton migration. 

 To investigate the proton conduction mechanism, proton 

conductivity (σ) is typically characterized as a function of temperature (T).In 

an Arrhenius plot, the logarithm of the proton conductivity is graphed against 

the inverse of the temperature. A straight line indicates Arrhenius type 

temperature dependence, while a curved line can be empirically fitted using 

Vogel– Tamman– Fulcher (VTF) equations. The activation energy can be 

evaluated from the slope of the ln(σ) vs. (1000/T) plots. At constant 

temperature, protons are transported via the Grotthuss mechanism with high 
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mobility at high RH (Relative Humidity) and via the vehicle mechanism with 

lower mobility at low RH. In contrast, with increasing temperature, the 

vehicle mechanism progressively dominates the Grotthuss mechanism, as 

hydrogen bonds begin to elongate and break (Han Gao et al 2014). 

 

Figure 1.4 Schematic of proton transport mechanisms: (a) hopping or 
Grotthuss mechanism in a system with strong hydrogen 
bonding (b) diffusion or vehicle mechanism in a system with 
weak hydrogen bonding (c) direct transport via polymer 
chain segmental motions. 

1.8 APPLICATIONS OF PROTON CONDUCTING SOLID 

POLYMER ELECTROLYTES 

 The polymer electrolytes can be built in thin flexible films with 

wide superficial areas where the ions are free to move and can conduct 

electricity like the conventional liquid electrolytes. Therefore replacement of 

dangerous liquid solutions with thin inert membranes in the assembly of 

advanced electrochemical device is essential. These electrolytes also offer 

possibility of thin films formation which enables the device miniaturization. 

Good adhesive nature of the polymer electrolytes promotes better 



18 
 

 

electrode/electrolyte contact in the devices. Proton conducting polymer 

electrolytes have been used mostly for the following electrochemical devices: 

i. All-solid-state proton batteries 

ii.  PEM Fuel Cells 

iii.  Supercapacitors 

iv.  Sensors 

v.  Electrochromic display devices 

i. All-solid-state proton batteries 

 A battery is device that converts the chemical energy stored in its 

active elements into electrical energy. The basic components of the battery 

are: an electrolyte, and two electrodes, i.e., an active anode and cathode which 

is shown in Figure 1.5. Batteries play an important role in our daily life due to 

their applications in electronic devices such as cardiac pacemakers, cameras, 

watches, laptops, calculators etc.  

 

Figure 1.5 Solid state battery 

Anode Cathode 
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 Batteries are electrochemical power storage device and it can be 

carried from one location to other. Solid state batteries works on the principle 

of oxidation- reduction reactions at the interfaces of the two electrochemically 

different electrode materials (cathode & anode) which are separated by a pure 

ion conducting medium (solid electrolyte).  

 Solid electrolytes are very good conductors of ions but are 

essentially insulating toward electrons. These properties are most 

prerequisites for any electrolyte. The high ionic conductivity minimizes the 

internal resistance of the battery, thus permitting high power densities, while 

the high electronic resistance minimizes its self-discharge rate, thus enhancing 

its shelf life.  

 In the recent years, Li+  ion batteries have received tremendous 

interest for a variety of applications over other conventional batteries like, Ni-

MH, Ni-Cd, lead-acid, zinc-air batteries etc. Li+ ion conducting flexible 

polymer electrolyte membranes based batteries have received great 

commercial access in the last few years. In the current scenario, rechargeable 

lithium ion batteries have become one of the best choices in terms of high 

energy density and rechargeability. High cost, difficulty in handling of lithium 

electrodes, and safety limitations are some of the drawbacks which have 

spurred research for other alternatives also. Proton batteries may be 

considered as yet another good alternative to lithium batteries primarily 

because of small ionic radii of H+ ions, like Li+ ions, which makes them 

suitable for better intercalation into the layered structure of cathode, low cost 

of the electrode and electrolyte materials, and no associated safety issues 

(Kuldeep Mishra et at 2013). Hence, proton battery received much attention 

in this thesis. Reports are found in the literature about the proton battery 

constructed with various proton conducting polymer electrolytes sandwiched 
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between different electrode materials and its discharge performance. These 

investigations are summarized and it is given below. 

 Proton conducting polymer electrolyte membrane based on PAN – 

NH4Br was prepared and its maximum conductivity value was 2.5 × 10-3 

S/cm. The high conducting electrolyte was utilized for proton battery 

fabrication with a configuration of Zn+ZnSO4.7H2O | PAN : NH4Br | 

PbO2+V2O5. The open circuit potential was 1.42 V. Discharge time for 

plateau region was 270 hours for 1 Mohm of constant load discharge 

(Sikkanthar et al 2014). 

 Plasticized proton conducting polymer electrolytes of chitosan 

acetate– ammonium acetate–ethylene carbonate were prepared by Siti Salwa 

Alias et al. The highest membrane conductivity was 3.83 × 10-3 S/cm. The 

batteries were fabricated with a configuration of Zn+ ZnSO4.7H2O | chitosan 

membrane | MnO2 and Zn+ ZnSO4.7H2O | chitosan membrane | V2O5. The 

cathode materials produced open circuit voltages of 1.60 and 1.27 V using 

manganese (IV) oxide (MnO2) and vanadium (IV) oxide (V2O5), respectively. 

The discharge capacities of the batteries were 45.0 and 34.7 mAh using MnO2 

and V2O5 cathode at 1.0 mA, respectively. The maximum power density was 

1.83 mWcm-2 for the battery with MnO2 and 1.36 mWcm-2 for the battery 

with V2O5 cathode (Siti Salwa Alias et al 2014). 

 Rechargeable proton batteries were fabricated by Kamlesh pandey 

et al. with the configuration Zn+ZnSO4.7H2O | H3PW12O40. nH2O + 

Al2(SO4)3. 16 H2O | PbO2 + V2O5.  The maximum cell voltage was 1.8 V at 

full charge. The cell can run for more than 300 h at low current drain 2.5 

μAcm-2. Further, the cell can withstand 20 to 30 cycles. The addition of a 

metal hydride in the anode side enhances the rechargeability and the addition 

of a small amount of in the Al2(SO4)3. 16 H2O in H3PW12O40. nH2O 

electrolyte improves the performance of the battery. Complex-impedance 
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plots for the initial and sufficiently discharged cell was also analyzed 

(Kamlesh Pandey et al 1998).  

 Proton conducting polymer electrolytes based on 

PVA+PVP+NH4NO3 was reported. The maximum conductivity value was 

found as 1.41 × 10-3 S/cm. Using this maximum ionic conducting polymer 

blend electrolyte, the primary proton battery with configuration 

Zn+ZnSO4.7H2O | PVA+PVP+NH4NO3 | PbO2 + V2O5 was fabricated and 

their discharge characteristics were studied. The open circuit voltage of the 

constructed proton battery was 1.32 V. The discharge time for the plateau 

region of 1 Mohm and 100 KOhm of discharge was observed as 180 and 64 

hours respectively (Rajeswari et al 2014).  

 Various compositions of proton conducting biopolymer electrolyte 

were prepared by incorporating NH4Br in carboxymethylcellulose host 

polymer. The high conductivity value was calculated as 1.12 × 10-4 S/cm. 

Rechargeable proton battery was fabricated with the configuration of Zn + 

ZnSO4.7H2O | Biopolymer electrolyte | MnO2 and produced a maximum open 

circuit voltage (OCV) of 1.36 V. The rechargeability is tested for 10 cycles. 

The energy density for 0.5 mA and 0.25 mA of discharge was obtained as 

0.51 and 10.26 WhKg-1 (Samsudin et al 2014). 

 Ionic liquid of  butyltrimethyl ammonium bis (trifluoromethyl 

sulfonyl) imide (BATS) incorporated proton conducting polymer electrolytes 

based on PVC and ammonium triflate were prepared by Deraman et al. and 

they calculated the maximum conductivity value as 1.56 × 10-4 S/cm.  An 

electrochemical cell fabricated using configuration of: Zn+ZnSO4.7H2O 

+PTFE (anode) | PVC + NH4CF3SO3 + BATS | MnO2+PTFE (cathode) 

produced a maximum open circuit voltage of ~ 1.52 V while its discharge 

characteristics demonstrated a capacity of 6.0 mAh using 1.5 k Ω load 

resistance (Deraman et al 2013). 
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 The membranes of chitosan-based proton conductor polymer 

electrolyte were prepared by dissolving chitosan powder, ammonium nitrate 

(NH4NO3) salt and ethylene carbonate plasticizer in acetic acid solution. The 

maximum conductivity of about ~ 3.5 × 10-4 S/cm was obtained. The 

membrane is electrochemically stable at a potential of 1.8V at room 

temperature. The cells were fabricated using zinc powder (Zn) + zinc sulfate 

heptahydrate (ZnSO4·7H2O) + acetylene black(AB) + polytetrafluoroethylene 

(PTFE)|CA40N70E|manganese (IV) oxide (MnO2)+AB+PTFE. They 

observed that the open circuit voltages of the cells decrease as temperature 

increases, the same trend as that obtained by LSV. Maximum power density 

of 14.6 mWcm−2 was calculated for a constant current discharge of 1 mA  

(Ng et al 2008). 

 The nano-composite polymer gel electrolyte systems consist of 

cellulose acetate, NH4BF4 and TiO2 offer the maximum conductivity of 1.37 × 

10-4 S/cm which was identified by Johari et al. Then they utilize this gel to 

assemble a proton battery with the configuration Zn / gel / MnO2 + PVdF + 

acetylene black. A discharge capacity of 60.1 and 54.1 mAh is observed when 

the cells were discharged at a constant current of 0.5 and 1.0 mA, respectively 

(Johari et al 2012).  

 Nano-composite proton-conducting polymeric membrane with the 

composition, PEO+NH4HSO4+SiO2, was synthesized by Agrawal et al.  All-

solid-state proton batteries were fabricated in the cell configurations: 

Zn+ZnSO4·7H2O (anode) || PEO+NH4HSO4+SiO2 || MnO2+C (cathode) and 

Zn+ZnSO4·7H2O (anode) || PEO+NH4HSO4+SiO2 || PbO2+V2O5+C (cathode). 

The cell performance was examined by varying the cathode material. These 

two cells were discharged at a constant load of 1MOhm. The energy density 

obtained for cell 1 and cell 2 was 218 and 122 mWhKg-1 respectively 

(Agrawal et al 2007). 
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 Proton-conducting free standing gel polymer electrolyte (GPE) 

films containing protic ionic liquid, 1-butyl-3- methylimidazolium hydrogen 

sulphate, immobilized in blend of poly (vinylidenefluoride-co-

hexafluoropropylene) and poly (vinylpyrrolidone) was prepared by solution-

cast technique. The ionic conductivity of the semicrystalline and porous GPE 

films was reported as ~3.9×10-3 S/cm. This highest conducting film was used 

as a separator and proton conductor to fabricate a proton battery of 

configuration Zn + ZnSO4.7H2O |GPE film| PbO2 + V2O5. The battery shows 

an open circuit voltage of ~1.62 V. Energy density of the cell was obtained as 

35.2 W h kg−1 for a discharge at constant load of 1 MOhm. Rechargeability of 

the cell was tested for ten cycles (Kuldeep mishra et al 2014). 

 These are some of the proton battery construction and its discharge 

performance reports found in the literature.     

ii.  PEM Fuel cells 

 Sir William Grove in 1939 proposed the principle of the fuel cell. A 

fuel cell is an electrochemical device (a galvanic cell) which converts free 

energy of a chemical reaction into electrical energy (electricity); byproducts 

are heat and water/steam if hydrogen and air are the reactants; in some fuel 

cell types. A fuel cell produces electricity on demand continuously as long as 

the fuel and oxidant are supplied. For reference, primary cell or battery is also 

an electrochemical energy producing device (one-way chemical reaction 

producing electricity) and needs to throw away once the battery is discharged. 

A rechargeable or secondary battery is an electrochemical energy storage 

device having reversible chemical reaction producing or using electricity, but 

it also has a limited life.  

 The components of a fuel cell are anode, anodic catalyst layer, 

electrolyte, cathodic catalyst layer, cathode, bipolar plates/interconnects and 
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sometimes gaskets for sealing/preventing leakage of gases between anode and 

cathode. The stack of such fuel cells (a repeated stack of such components) is 

connected in series/parallel connections to yield the desired voltage and 

current. The anode and cathode consist of porous gas diffusion layers, usually 

made of highly electron conductivity materials (and having zero proton 

conductivity theoretically) such as porous graphite thin layers. One of the 

most common catalysts is platinum for low temperature fuel cells and nickel 

for high temperature fuel cells, and other materials depending on the fuel cell 

type. The electrolyte is made of such material that it provides high proton 

conductivity and theoretically zero electron conductivity. The charge carriers 

(from the anode to the cathode or vice versa) are different depending on the 

type of the fuel cells. The bipolar plates (or interconnects) collect the 

electrical current as well as distribute and separate reactive gases in the fuel 

cell stack. 

 The major types of fuel cells being developed are: proton exchange 

membrane fuel cells (PEMFC) for transportation power generation, direct 

methanol fuel cells (DMFC) for portable power generation, alkaline fuel cells 

(AFC) for space program for producing electricity and drinking water for 

astronaughts; phosphoric acid fuel cells (PAFC), molten carbonate fuel cells 

(MCFC) and solid oxide fuel cells (SOFC) for stationary power generation 

applications. In recent years, PEMFCs have been identified as promising 

power sources for vehicular transportation. A single compartment of PEMFC 

is shown in Figure 1.6.  

 A proton conducting polymer electrolyte is a very important 

element for PEM fuel cells. A perfluorosulfonic acid (PFSA) membrane, such 

as Nafion, is widely used as the polymer electrolyte membrane in low-

temperature hydrogen/oxygen fuel cells (PEMFCs) because of its excellent 
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chemical, mechanical, and thermal stability, as well as its relatively high 

proton conductivity when fully hydrated ( Hao Lin Tang  & Mu Pan 2008 ). 

 
[http://www.fuelcellstock.com/cell-types] 

Figure 1.6 PEM fuel cell 

 

iii. Supercapacitors 

 Supercapacitors also called ultracapacitors and electric double layer 

capacitors (EDLC), are capacitors with capacitance values greater than any 

other capacitor type available today. Capacitance values reaching up to 400 

Farads in a single standard case size area is possible. Supercapacitors have the 

highest capacitive density available today. Supercapacitors are not as 

volumetrically efficient and are more expensive than batteries but they do 

have other advantages over batteries making them the preferred choice in 

applications requiring a large amount of energy storage to be stored and 

delivered in bursts repeatedly. The main advantages are high power density, 

recycle ability, environmentally friendly, safe and light weight.  
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 In a conventional capacitor, energy is stored by the removal of 

charge carriers, typically electrons, from one metal plate and depositing them 

on another. This charge separation creates a potential between the two plates 

which can be harnessed in an external circuit. The total energy stored in this 

fashion is proportional to both, the number of charges stored and the potential 

between the plates. The number of charges stored is a function of the size and 

the material properties of the plates while the potential between the plates is 

limited by the dielectric breakdown. Different materials sandwiched between 

the plates to separate them result in different voltages to be stored. Optimizing 

the material leads to higher energy densities for any given size of capacitor. In 

contrast with traditional capacitors, electric double layer capacitors do not 

have a conventional dielectric. Rather than two separate plates separated by a 

proton conducting polymer electrolyte substance, these capacitors use 

“plates” that are in fact two layers of the same substrate, and their electrical 

properties, the so-called “electrical double layer”, result in the effective 

separation of charge despite the vanishingly thin (~ nanometers) physical 

separation of the layers (Bagotsky 2006). Figure 1.7 shows the schematic 

representation of  supercapacitors. 

 

[https://endless-sphere.com/forums/viewtopic.php?f=14&t=5619&start=0] 

Figure 1.7 Super capacitor 
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 The lack of need for a bulky layer of dielectric permits the packing 

of “plates” with much larger surface area into a given size resulting in their 

extraordinarily high capacitances in practical sized packages. In an electrical 

double layer, each layer by itself is quite conductive but at the interface where 

the layers are effectively in contact, no significant current can flow between 

the layers. However, the double layer can withstand only a low voltage which 

means that the electric double-layer capacitors rated for higher voltages must 

be made of matched series-connected individual electric double-layer 

capacitors, much like series-connected cells in higher-voltage batteries.  

iv. Sensors 

 A chemical sensor is a device that transforms chemical information, 

ranging from the concentration of a specific sample component to total 

composition analysis, into an analytically useful signal. Solid electrolytes play 

an important role in commercial gas and ion sensors (Adam Hulanicki et al 

1991). Solid-state sensors can be categorized into following two types: 

1. Electrochemical type: In this type of sensors, electrochemical 
reactions at electrode/electrolyte interface is monitored and 
corresponding changes comes out in terms of certain 
parameters or signals. The electrochemical sensors are further 
divided into three types namely: potentiometric, ampermetric, 
and coulometric. 

2. Impedance type: In this type of sensors, the conductivity or 
resistivity of the solid electrolyte changes on exposure to 
different gaseous atmosphere and by monitoring the same, a 
quantitative data is obtained. Few polymer electrolytes have 
ability to undergo a reversible change upon exposure to an 
external stimulus, e.g., a temperature, ionic or chemical 
gradient (Roy et al 2010). The sensors based on polymer 
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electrolytes are, mostly, developed so far for humidity and gas 
sensing. Humidity sensors, COx, NOx, SOx sensors for 
environment pollution control, oxygen sensors for steel 
industries, ammonia sensors, and H2S gas sensors are 
examples of these sensors. The schematic diagram of 
hydrogen sensor is shown in Figure 1.8. 

 

[http://www.tms.org/pubs/journals/jom/0010/fergus/fergus-0010.html] 

Figure 1.8 Hydrogen Sensor 

v. Electrochromic display devices 

 Electrochromism, the phenomenon whereby a material's colour, 

transparency, or other optical property changes in response to electric charge, 

forms the basis for operation of a number of devices and includes displays, 

adjustable mirrors, and “smart” windows.  In these devices, at least one 

component (an electrochromic material) changes its color reversibly on 

application of electric field, due to the occurrence of oxidation or reduction 

with the application of the electric field. Electrochromic display devices 

(ECDs) are multilayer systems based on Electrochromism. The schematic 
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design of an ECD is shown in Figure 1.9. Depending on the electrochromic 

(EC) material and construction of the ECD, the change in color takes place 

either from transparent to colored or from one color to another. ECD consists 

of an active electrochromic electrode layer, a counter electrode layer, a proton 

conducting polymer electrolyte layer separating the two electrodes, two 

transparent conducting layers serving as electrical leads, and the supporting 

substrates. The two electrode layers often consist of transition metal oxides. 

This device structure is referred to as “battery type” and is the most common 

geometry for electrochromic devices. In the off or bleached state, cations, 

such as H+, reside in the electrolyte and the counter electrode. When the 

device is switched on, a voltage applied between the opposing conducting 

layers drives cations to migrate from the counter electrode, through the 

electrolyte, and into the electrochromic electrode through a Faradaic process, 

changing its oxidation state and its optical properties. An effective 

electrochromic device will have fast switching between its “on” and “off” 

states, good durability characterized by a long cycle life, and a high optical 

contrast ratio.  

 

 

 

 

 

[http://www.daviddarling.info/encyclopedia/S/AE_smart_window.html] 

Figure 1.9 Electrochromic display device 
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 The electrochromic materials have received considerable interest in 

various applications like, information display, anti-dazzing rear view mirrors 

for automobiles, sky-lights in buildings, sunglasses, etc (Gray 1991; 

Granqvist 1995) 

1.9 OBJECTIVES OF THE PRESENT WORK 

 Proton conducting polymer electrolytes have received much 

attention in various electrochemical device fabrication for energy 

storage/conversion (discussed above). Hence in the present work, 

investigation is focused on  

  To prepare proton conducting polymer electrolyte membrane 
with new inorganic acid (Methanesulfonic acid/MSA) as 
proton provider doped in PMMA/PVP host polymers by 
conventional solution casting technique.  

  To study the effect of molecular weight effect of host polymer 
matrix in the solid polymer electrolyte 

  To analyze the effect of forming a blend between two host 
polymers in polymer electrolyte 

  To identify the role of filler in solid polymer electrolyte in the 
electrical and electrochemical properties 

  To analyze the effect of addition of plasticizer in the  solid 
polymer electrolyte  
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CHAPTER 2 

PREPARATION AND CHARACTERIZATION 

TECHNIQUES OF PROTON CONDUCTING SOLID 

POLYMER ELECTROLYTES 

 

2.1 INTRODUCTION 

 The important criteria which favor the formation of polymer-salt 

complexes can be summarized as below (Ratner 1988; Bruce et al 1995). 

(i)  The polymer should have large number of polar groups  
(e.g. O, N or S) in the chain for coordination of cations. 

(ii)  The polymer chain should be flexible i.e. the value of Tg 
should be low for effective solvation. 

(iii)  The polymer should have amorphous phase which lowers the 
barrier for ionic movement and yields high ionic conductivity. 

(iv)  The lattice energy of the salt and cohesive energy of polymer 
should be low to facilitate the dissociation of salt. 

 In the present work, poly (methyl methacrylate) (PMMA) and poly 

(vinyl pyrrolidone) (PVP) are the host polymers, methanesulfonic acid (MSA) 

is proton provider and Dimethyl formamide (DMF) is solvent. By using these 

host polymers and proton donor, solid polymer electrolytes, blend solid 

polymer electrolytes, nano composite solid polymer electrolytes and 

plasticized polymer electrolytes are prepared. The system of proton 

conducting polymer electrolytes and the characterization techniques adopted 

are given below. 
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Type I -Solid polymer electrolytes 

a) PVPK30-MSA 

b) PVPK90-MSA 

c) PMMA-MSA 

Type II - Blend solid polymer electrolytes 

a) PMMA-PVPK30-MSA 

b) PMMA-PVPK90-MSA 

Type III - Nano composite solid polymer electrolytes 

a) PMMA-PVPK30-MSA-TiO2 

b) PMMA-PVPK30-MSA-Al2O3 

c) PMMA-PVPK90-MSA-TiO2 

d) PMMA-PVPK90-MSA-Al2O3 

Type IV - Plasticized polymer electrolytes 

 PVPK90-MSA-DMC 

 The Characterization techniques carried out to analyze the prepared 

proton conducting polymer electrolytes are listed below 

1)  Fourier transform infrared spectroscopy (FTIR) 

2)  Thermogravimetric/ Differential thermal gravimetric analysis 
(TG/DTG) 

3)  Optical microscopy 

4)  Transport number analysis 
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5)  AC impedance spectroscopic analysis 

6)  Linear sweep voltametry (LSV) 

7)  Discharge characteristics 

8)  Electrochemical impedance 

 This chapter deals with the materials used and preparation method 

to synthesis the proton conducting polymer electrolytes and also the detailed 

description about the characterization techniques to find the suitable 

membrane for the fabrication of electrochemical devices. 

2.2 MATERIALS AND THEIR PROPERTIES 

 The materials and their properties which are used for the 

preparation of polymer electrolytes are given below 

Poly (methyl methacrylate) (PMMA) 

Table 2.1 Properties of PMMA 

Molecular formula (C5O2H8)n 

Molecular weight of monomer 100.11 g/mol 

Average Molecular weight 15,000 

Company HIMEDIA 

Glass transition temperature 118 °C (Roth et al 2006) 

Melting temperature 160 °C 

Boiling temperature 200 °C 

Density 1.18 g/cm3 



34 
 

 

Structure 

 

Figure 2.1 Structure of PMMA 

Significance 

  High amorphous polymer 

  Polar functional groups in its polymer chain exhibits a high 
affinity for ion donating salts 

  Good chemical resistance  

  Resistance to weathering corrosion (Latif et al 2006) 

  Absence of potential harmful subunits 

 The effect of various molecular weight of PMMA on conductivity 

in PMMA– NH4PF6 based polymer gel complexes has been studied. The 

conductivity is reported as maximum for lowest molecular weight of PMMA 

(15000) (Jitender Paul Sharma et al 2006). Hence the present work deals with 

PMMA (M.W. -15000) based proton conducting polymer electrolytes. 
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Poly (vinyl pyrrolidone) (PVP) 

Table 2.2 Properties of PVP 

Molecular formula (C6H9NO)n 

Molecular weight of monomer 111.14 g/mol 

Average Molecular weight/Company K30-40,000/HIMEDIA 

K90-3,60,000/Sd-Fine chem. 

Glass transition temperature 156 °C (PVPK30) 

177 °C (PVPK90) (website 2) 

Melting temperature 150-180°C 

Density 1.2 g/cm3 

 

Structure 

 

Figure 2.2 Structure of PVP 

Significance 

 Special conjugated polymer 

 High dielectric strength 

 Low scattering loss 

 Good charge storage capacity 

 Rigid pyrrolidone group is a heart part to form complexes with 
ion donating salts or acids (Hew-Der Wu et al 2001). 
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 PVP is chosen as another host polymer because its amorphous 

nature permits faster ionic mobility compared to other semicrystalline 

polymers. The presence of carbonyl group (C=O) in the side chains of PVP 

forms a variety of complexes with various ion donating salts/ acids. It 

interacts well with several types of ions and enhances the number of free ions 

in the system (Saroj et al 2013). 

Methanesulfonic acid (MSA) 

Table 2.3 Properties of MSA 

Molecular formula CH4O3S 

Molecular weight of monomer 96.10 g/mol 

Company Sd-Fine chem. 

Purity 98.0% 

Boiling temperature 167  °C (website 3) 

Melting temperature 17-19 °C 

Density 1.48 g/ml 

 

Structure 

 

 

 
 

Figure 2.3 Structure of MSA 
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Significance 

  Strong organic acid 

  Used in many catalytic reactions because of high dielectric 
strength 

  Used as an ideal catalyst for esterification because of good 
kinetics and biodegradability 

  Operate over wide range of temperatures usually from  
80 °C to 150 °C. 

  Begins to decompose at 180 °C 

  Described as Green acid because of its environmental 
advantages (Gernon et al 1999; Baker et al 1991) 

  Less corrosive and toxic (Martyak et al 2004) 

Dimethyl formamide (DMF) 

Table 2.4 Properties of DMF 

Molecular formula C3H7NO 

Molecular weight of monomer 73.10 g/mol 

Company HIMEDIA 

Purity 99.5% 

Boiling temperature 152-154 °C  

Melting temperature  -60.5 °C 

Density 0.948 g/ml 



38 
 

 

Structure 

 

Figure 2.4 Structure of DMF 

Significance 

 High solvency power. So it is referred as universal solvent 

 High dielectric constant (36.7) (website 4) 

Titanium dioxide (TiO2)  

Table 2.5 Properties of TiO2 

Molecular formula TiO2 (anatase) 

Particle size 27 nm 

Molecular weight of monomer 79.866 g/mol 

Company Alfa aesar 

Boiling temperature 2972 °C  

Melting temperature  1843 °C 

Density 4.23 g/cm3 
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Structure 

 

[https://commons.wikimedia.org/wiki/File:Anatase-unit-cell-3D-balls.png] 

Figure 2.5 Structure of TiO2 

Significance 

 Solid inorganic substance which is thermally stable 

 Non-flammable 

 Chemically inert, so it is best choice of filler (website 5). 

Alumina (Al2O3) 

Table 2.6 Properties of Al2O3 

Molecular formula Al2O3 

Particle size 6.7 nm 

Company Alfa aesar 

Molecular weight of monomer 101.96 g/mol 

Boiling temperature 2977 °C  

Melting temperature 2072 °C 

Density 3.95-4.1 g/cm3 
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Structure 

 
[http://www.nature.com/am/journal/2009/200911/full/am2009228a.html] 

Figure 2.6 Structure of Al2O3 

Significance 

 Excellent dielectric properties from DC to GHz frequencies 

 Resists strong acid and alkali attack at elevated temperatures 

 Good thermal conductivity 

 High strength and stiffness (website 6) 

Dimethyl carbonate (DMC) 

Table 2.7 Properties of DMC 

Molecular formula C3H6O3 

Company LOBA chemicals 

Purity 99.0% 

Molecular weight of monomer 90.08 g/mol 

Boiling temperature 90 °C  

Melting temperature 2-4 °C 

Density 1.069 – 1.073 g/ml 
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Structure 

 

Figure 2.7 Structure of DMC 

Significance 

  Used as methylating agent and carbonylating reagent in 
organic synthesis. 

  Plasticizing agent in polymer electrolytes 

  Dielectric constant value is 3.12 

2.3 PREPARATION 

 Many different preparation methods are adapted to synthesis solid 

polymer electrolytes. One of the conventional techniques is solution casting 

technique. For this, the host polymer is first dissolved into a proper solvent, 

and then the carrier donating salt/acid is added.  

 This mixture is stirred for several hours. Then it is cast onto a glass 

or Teflon petridishes. Once the solvent is evaporated at atmospheric pressure 

and below solvent boiling point (evaporation that is too fast leads to the 

formation of bubbles/ inhomogenities within the sample) then vaccum drying 

is applied, often combined with elevated temperatures (Ravn Sørensen et al 

1982; Syzdek et al 2007). 
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Figure 2.8 Schematic representation for the preparation of proton 
conducting polymer electrolyte 

 In the present investigation, all the proton conducting polymer 

electrolytes are prepared by the solution casting technique which is given as 

flow charts. 
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 Flow chart shown in Figure 2.8 indicates the steps followed to 

prepare nano composite/plasticized solid proton conducting polymer 

electrolyte. To synthesis a solid polymer electrolyte (type I), PVP or 

preheated PMMA at 70 °C is dissolved in DMF solvent. Here, the proton 

donor (MSA) is in liquid form. From the density value of MSA (given in 

Table 2.3), the required quantity of MSA in each composition is calculated in 

drops. Hence, the composition of ingredients in mol% of each system of 

polymer electrolytes is corrected to two decimal places within the 

experimental error according to the drops of MSA. Required amount of MSA 

is added by drops. The solution is stirred at 70 °C until the homogeneous 

solution is reached. This solution is transferred to poly propylene petridishes 

and kept in oven at 70 °C to evaporate solvent for 12 hours. Blend solid 

polymer electrolytes (type II) are prepared by dissolving required amount of 

PVP in DMF and stirred at 70 °C. The preheated PMMA is mixed with PVP 

solution. Stir this, until the homogeneous solution is reached. Required 

amount of MSA is added and stirring is continued for 24 hours. The 

homogeneous solution is cast on polypropylene petridishes and kept in oven 

at 70 °C for 12 hours.  

 Nano composite solid polymer electrolytes (type III) are prepared 

in the same way as that of the type II solid polymer electrolytes. Before 

casting the solution in petridishes, required amount of filler particles are 

added. Stirring is continued for another 24 hours. Then the filler dispersed 

solution is transferred to petridishes and the solvent is evaporated with the aid 

of oven.  Plasticized solid polymer electrolytes (type IV) are prepared by 

dissolving PVPK90 in DMF solvent. Stir this solution at 70 °C for 5 hours and 

add sufficient drops of MSA. Plasticizing agent of DMC is added after 1 hour 

of stirring. After 6 hours of stirring, the clear solution is transferred to poly 

propylene petridishes and kept in oven to evaporate the solvent. 
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 Hence, by following the above methods, different compositions of 

type I, type II, type III and type IV proton conducting polymer electrolytes are 

prepared and stored in desiccator and those samples are utilized for 

characterization.  

2.4 CHARACTERIZATION TECHNIQUES 

 Materials properties like structure, morphology, thermal and 

electrical are studied in details in order to understand the chemistry and 

physics of materials. These experimental characterization techniques also 

provide useful guidelines on the suitability of the material for possible device 

applications. The detailed explanation about each characterization carried out 

to analyze the prepared polymer electrolyte membranes are given below. 

2.4.1 Fourier Transform Infrared Spectroscopy 

 FTIR spectroscopy is an important tool for the investigation of 

polymer structure. Since, it provides information about the complexation and 

interactions between the various constituents in the polymer electrolyte. These 

interactions can induce changes in the vibrational modes of the molecules in 

the polymer electrolyte. Several researchers used this technique to study the 

interaction between polymer, salt and plasticizer (Ramesh et al 2007). Based 

upon the wave number, infrared radiation can be categorized as  

(i)  Far infrared (4-400 cm-1) 

(ii)  Mid infrared (400-4000 cm-1) 

(iii) Near infrared (4000-14000 cm-1).  

 Infrared spectroscopy detects the vibration characteristics of 

chemical functional groups in a sample. When an infrared light interacts with 

the sample, chemical bonds will contract, bend or stretch. As a result, a 
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chemical functional group tends to absorb infrared radiation in a specific 

wave number range regardless of the structure of the rest of the molecule. In 

infrared spectroscopy, IR radiation is passed through a sample. Some of the 

infrared radiation is absorbed by the sample and some of it is passed through 

(transmitted). The resulting spectrum represents the molecular absorption and 

transmission, creating a molecular fingerprint of the sample. The working 

principle of FTIR spectrometer is shown in Figure 2.9. FTIR spectrometer 

works under the principle of Michelson interferometer. FTIR spectroscopy 

provides the information to identify unknown materials. It can determine the 

quality or consistency of a sample. It can also determine the amount of 

components in a mixture.  

 IR instruments can be operated in either the transmittance or 

reflectance mode. In the past, Absorption/Transmittance was often limited by 

the thickness of the samples, sample shape, and the sample’s quantity. These 

limitations have been largely overcome by the use of adapter that changes the 

presentation of the samples to the IR beam. Attenuated Total Reflectance 

(ATR) and Diffuse Reflectance accessories allow the analysis of the surface 

of the coatings and allow comparison of the bulk properties with the surface 

properties of a material. ATR spectroscopy utilizes the phenomenon of total 

internal reflection (Figure 2.10). An attenuated total reflection measures the 

change that occurs in a totally internally reflected infrared beam when the 

beam comes in contact with the sample. The infrared beam hits an optically 

dense crystal (i.e. diamond, zinc selenide or germanium) which then creates 

an evanescent wave that subsequently protrudes the sample. The regions 

where sample absorbs energy, the evanescent wave will be altered, which will 

be detected. It is important that the sample has good contact with the ATR 

crystal.  Solid samples are usually firmly clamped against the ATR crystal, so 

that trapped air is not the medium through which the evanescent wave travels, 

as that would distort the results. This is accomplished by applying a moderate 
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pressure to the sample during the measurement. Full and intimate contact of 

the sample onto the ATR crystal is essential to achieve high quality results. 

The refractive index of the crystal has to be significantly greater than the 

sample (Barbara stuart 2004). 

 

Figure 2.9 A schematic diagram of FTIR spectrometer 

 

[http://students.ycp.edu/~nbirth/Fourier%20Transform%20Infared%20Spectroscopy.htm] 

Figure 2.10 ATR arrangements in FTIR spectrometer 
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 In the present study, the FTIR spectra are recorded by using 

JASCO FT/IR–4100, Japan, FTIR spectrometer at room temperature in the 

wave number range of 550-4000 cm-1where the resolution is 2 cm-1. A small 

piece of polymer electrolyte is placed in the sample holder of ATR setup with 

suitable detector.  

2.4.2 Thermogravimetric/ Differential thermal gravimetric analysis 

(TG/DTG) 

 Thermogravimetric Analysis (TGA) is a technique in which the 

quantitative measurement of mass change of a substance is monitored as a 

function of temperature or time as the sample specimen is subjected to a 

controlled temperature program in a controlled atmosphere. This can be a 

very useful technique to investigate the thermal stability of a material or to 

investigate materials behavior in different atmospheres (e.g., inert or 

oxidizing). Figure 2.11 shows the schematic diagram of TG/DTG instrument.  

 A TGA consists of a sample pan that is supported by a precision 

balance. The pan resides in a furnace and is heated or cooled during the 

experiment. The mass of the sample is monitored during the experiment. A 

sample purge gas controls the sample environment. This gas may be inert or a 

reactive gas that flows over the sample and exits through an exhaust. 

Measurements are used primarily to determine the composition of materials 

and to predict their thermal stability at temperatures up to 1000 °C. The 

technique can characterize materials that exhibit weight loss or gain due to 

decomposition, oxidation or dehydration. TGA can give the information about 

the thermal stability/degradation of organic or inorganic materials, e.g., 

polymers, composites, glasses, metals, minerals, etc.  

 DTG is the finger print of the TGA ie., the first derivative of TGA 

which gives the qualitative identification of the sample. Figure 2.12 shows the 
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TG/DTG themogram of a test sample. TG has been applied extensively for 

studying analytical precipitates for gravimetric analysis. One example is that 

of calcium oxalate monohydrate, as shown below. This material has become 

popular for demonstrating thermo balance performance, as it gives three 

distinct weight losses over a wide temperature range. DTG curve is often 

useful in revealing extra detail, such as the small event around 400°C, which 

would not have been seen on the TG curve itself. The DTG curve is 

sometimes used to determine inflection points on the TG curve, to provide 

reference points for weight change measurements in systems where the 

weight losses are not completely resolved. In the present work, TG/DTG 

analysis was carried out using Perkin Elmer STA 6000 system at a heating 

rate of 10 °C per minute in nitrogen atmosphere in the temperature range of 

ambient to 700 °C.  

 

[http://www.pharmatutor.org/articles/drug-excipient-compatibility-studies-using-thermal-

methods?page=0,3] 

Figure 2.11 Schematic diagram of TG/DTG instrument 
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Figure 2.12 TG/DTG curve for a test sample 

 The technique is particularly useful for the following types of 

measurements: 

 Thermal stabilities 

 Oxidative stabilities 

 Estimation of product lifetimes 

 Decomposition kinetics 

 Effects of reactive atmospheres on materials 

 Filler content of materials 

 Moisture and volatiles content 

2.4.3 Optical Microscopy 

 Optical microscopy is the versatile tool to analyze the surface 

morphology of the polymer electrolyte membranes. Optical microscopy is 

classified as 



50 
 

 

  Bright Field Microscope 

  Dark Field Microscopy 

  Phase Contrast Microscopy 

  Differential Interference Contrast Microscopy 

  Structured Illumination 

  Fluorescence Microscopy 

 In the present study, OLYMPUS (model BX51M) metallurgical 

optical microscope is utilized. This type of microscope works under the 

principle of dark and bright field reflected light beam from the sample. Figure 

2.13 shows the optical microscope which works under dark and bright field 

reflected/transmitted light rays from the sample. 

 

Figure 2.13 Components of a modern microscope configured for both 
transmitted and reflected light 

 Reflected light microscopy is often referred to as incident light, epi-

illumination or metallurgical microscopy, and is the method of choice for 

fluorescence and for imaging specimens that remain opaque even when 

ground to a thickness of 30 microns. The range of specimens falling into this 

category is enormous and includes polymers and a wide variety of specialized 
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materials. Because light is unable to pass through these specimens, it must be 

directed onto the surface and eventually returned to the microscope objective. 

A typical upright compound reflected light microscope is shown in  

Figure 2.13. 

2.4.4 Transport Number Analysis 

 In solid electrolytes, the total conductivity is the sum of the ionic 

and electronic contributions. The fraction of the conductivity due to ions or 

electrons is given by 

               (2.1) 

                (2.2) 

where tion and tele are referred as the ionic and electronic transference numbers 

respectively. σion, σele and σtot are conductivity due to ions, electrons and total 

conductivity respectively. For a pure, ionic conductor tion = 1 and for a purely 

electronic conductor tele = 1. For mixed conductors, tion and tele have values 

between 0 and 1. There are three different methods for determining the ionic 

transference number of mobile ions which are 

1.  Tubandt's Electrolysis Method 

2.  Electrochemical Potential Measurement 

3.  Wagner's Polarization Method 

 The ionic conductance may be due to positive or negative ion 

species and the electronic contribution to the total conductivity can be due to 

negative electrons and positive holes. The conductivity measurements using 

blocking electrode is a powerful method for measuring both ionic and 
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electronic conductivity. The blocking electrode in polarization method used 

for the measurement of transference number is originally due to (Wagner et al 

1957). The sample is sandwiched between two blocking electrodes (SS) and a 

dc voltage of ~ 1 V is applied across the electrodes. The experimental setup 

for the transference number measurement is shown in Figure 2.14. The 

current was recorded as function of time till the complete polarization of the 

samples. The complete polarization was decided by the constant current 

observed for a comparatively longer time. A typical current vs. time plot is 

shown in Figure 2.15. When the circuit is closed, the instantaneous current (Ii) 

gives a measure of the total conductivity (electronic and ionic).  

 

Figure 2.14 Circuit diagram for the transport number measurement 

 

 

 

 

 

 

 

Figure 2.15 Typical current vs time plot obtained from wagner’s 
polarization technique 
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 The final stabilized current is due to the electronic conductivity (If). 

The value of tion and tele is calculated by using the formula, 

                (2.3) 

                 (2.4) 

where Ii and If are the initial and final residual current. 

 In the present investigation, dc polarization technique for the proton 

conducting polymer electrolytes is carried out using the chronoamperometry 

method in Bio-Logic (model SP-300) electrochemical analyzer. 

2.4.5 AC Impedance Spectroscopy 

 Impedance spectroscopy is relatively a powerful method of 

characterizing many of the electrical properties of materials and the interfaces 

between electrolytes and electrodes. It may be used to investigate the 

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

kind of solid or liquid material: ionic, semiconducting, mixed electronic–

ionic, and even insulators (dielectrics) (Evgenij et al 2005). The data obtained 

from this technique carry not only the information about the long-range 

migration of ions but also provide information about polarization phenomena 

occurring within the cell comprising electrolyte sandwiched between 

electrodes.  

 In this technique, response of the cell to a sinusoidal signal is 

analyzed and the data is obtained in the form of impedance as a function of 

frequency of the applied signal. This technique is broadly referred as “AC 

impedance spectroscopy”. This technique enables us to evaluate and separate 

the contribution of different mechanisms and domains contributing to the 
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overall resistance, like, electrode reaction at the electrode/electrolyte interface 

and migration of ions through the bulk and the grain boundaries within the 

electrolytes (Macdonald et al 1976).  

 When a sinusoidal voltage signal of low amplitude is applied across 

a solid electrolyte cell, the resulting current through the cell is measured. 

Generally, this current is related to the voltage in two ways viz.  

i. The ratio of the current and voltage maxima, Vmax / Imax 
(analogous to resistance in d.c. measurements)  

ii. The phase difference ‘θ’ between voltage and current.  

 The combination of (i) and (ii) gives the impedance ‘Z’ of the cell.  

 Both the magnitude of impedance (|Z| = Vmax / Imax) and the phase 

angle ‘θ’ vary with the applied frequency. The results of the complex 

impedance measurement of a cell as a function of applied signal frequency 

can be displayed conventionally in a complex plane in one of the following 

forms of equations:  

Complex impedance: Z*(ω) = Zʹ – jZʹʹ = Rs- j/ωCs                   (2.5) 

Complex admittance: Y(ω) = Yʹ+jYʹʹ = 1/Rp + jωCp = G(ω) + jB(ω)      (2.6)  

Complex modulus: M(ω) = 1/ɛ(ω) = Mʹ + jMʹʹ = jωC0Z(ω)         (2.7)  

Complex permittivity (Dielectric constant): ɛ(ω) = ɛʹ - jɛʹʹ         (2.8)  

Loss Tangent: Tan δ = ɛʹʹ/ɛʹ = Mʹʹ/Mʹ = -Zʹ/Zʹʹ = Yʹ/Yʹʹ          (2.9)  

Complex resistivity: ρ(ω) = ρʹ + jρʹʹ = Z × (C0 / ɛ0)         (2.10)  

Complex conductivity: σ (ω) = σʹ – jσʹʹ = Y × (ɛ0C0)        (2.11)  

where j = , C0 is vacuum capacitance of the cell, G is the conductance 

and B is the susceptance (subscripts s & p are used for series and parallel 
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combinations of the circuit elements respectively). Out of these parameters, 

the impedance and admittance plane representations provide useful 

information regarding various processes within the cell having different 

relaxation times. 

 The complex impedance spectrum for an ideal solid polymer 

electrolyte placed in between perfect blocking electrodes shows a straight line 

parallel to the imaginary axis and a perfect semicircle which is shown in 

Figure 2.16.  The corresponding equivalent circuit is shown as inset figure.  

 

Figure 2.16 Typical impedance plot for the cell carrying ideal electrolyte 
sandwiched between irreversible electrodes 

 The complex impedance spectrum for a real solid polymer 

electrolyte kept in between blocking electrodes shows a tilting line (spike) 

and a depressed semicircle which is shown in Figure 2.17.  The corresponding 

equivalent circuit is shown as inset figure. The angle of inclination of the 

straight line and the angle of depression of the semicircle are due to the 

imperfect material properties, termed as the constant phase element (CPE).  
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Figure 2.17 Typical impedance plot for the cell carrying real electrolyte 
sandwiched between irreversible electrodes 

 The semicircle observed in the high frequency region reflects the 

bulk polarization and ion migration in the electrolyte and it corresponds to the 

parallel combination of bulk resistance (R) and the constant phase element 

(which does not behave as an ideal capacitor) (CPE1). The spike parallel to 

the imaginary axis (Zʹʹ) at the low frequency range is attributed to the double 

layer capacitance (CPE2), which builds up due to the charge accumulation at 

electrode/electrolyte interface. Hence, the high frequency response in the 

impedance data gives the characteristic properties of electrolyte, whereas the 

low frequency carries information about the electrode/electrolyte interface. 

 In the present investigation, the ionic conductivity of the prepared 

polymer electrolyte membranes was carried out by using two probe method 

with the aid of two stainless steel blocking electrodes having the active area 

1.4 cm2. Thickness of the solid polymer electrolyte films was measured by 

digital micrometer screwgauge. AC impedance spectroscopy of the samples 

was measured by IM6 Zahner elektrik work station equipped with oven in the 

frequency range of 100 mHz to 1 MHz and in the temperature range of 303K 

to 373K. 
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2.4.6 Linear Sweep Voltametry 

 The Linear sweep voltametry analysis gives an idea about the 

working voltage of electrolyte membranes which is an important parameter of 

an electrolyte for its use in electrochemical devices (Kuldeep Mishra et al 

2013). Linear sweep voltammetry is a voltammetric method where the current 

at a working electrode is measured while the potential between the working 

electrode and a reference electrode is swept linearly in time. Electrochemical 

stability window for the prepared proton conducting polymer electrolytes is 

determined by sandwiching a piece of membrane in between the working and 

counter electrodes. In the present work, working electrode is prepared by 

coating the slurry of 85 wt% of MnO2 and 15 wt% of activated carbon in 

copper foil. Stainless steel is used as the counter electrode. The active area of 

the polymer electrolyte is kept as 1 cm2.  

 The working electrode is one of the electrodes at which the 

oxidation reactions occur. The processes that occur at this electrode are 

monitored. The counter electrode is the one at which a process opposite from 

the one taking place at the working electrode occurs and it is not monitored. 

Current is recorded with respect to the applied potential by setting the scan 

rate as 5 mV/s. As the molecules on the surface of the working electrode are 

oxidized, they move away from the surface. The flow of electrons out of the 

electrode causes the current. The current is a direct measure of the rate at 

which electrons are being exchanged through the electrode-electrolyte 

interface.  
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Figure 2.18 Computer controlled Biologic SP-300 electrochemical work 
station 

 Electrochemical stability window for the prepared proton 

conducting polymer electrolytes is determined with the aid of Biologic 

Electrochemical Workstations SP-300 which is shown in Figure 2.18. 

2.4.7 Discharge Characteristics 

 Discharge characteristics of the cells are used to evaluate its 

capacity. To study the discharge characteristics of all-solid-state proton 

battery, a cell is constructed with anode, polymer electrolyte and cathode. 

Procedure to fabricate a proton battery is given below. 

Preparation of anode 

 Zinc (Zn) metal powder (HIMEDIA), Zinc sulfate (ZnSO4.7H2O) 

(Sd-fine chem) and Activated carbon (AC) (Fisher Scientific) were used to 

prepare anode. Zn, ZnSO4.7H2O and AC were taken in the weight percentage 

of 50 wt%, 40 wt% and 10 wt% respectively. These constituents were mixed 
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together and well ground. The mixture was subsequently put in a die and 

pressed gently to obtain anode pellet of thickness ~0.5 mm and diameter of 13 

mm. 

Preparation of cathode 

 The cathode pellet was prepared by mixing manganese dioxide 

(MnO2) (HIMEDIA) and Activated carbon (AC) in the weight percentage of 

80 wt% and 20 wt% respectively. Activated carbon takes the role to introduce 

the electronic conductivity (Pandey et al 1998). The same procedure was done 

to prepare the cathode pellet as that of the anode pellet. 

Battery Fabrication 

 The high conducting film among the set of prepared proton 

conducting polymer electrolyte is used to fabricate a proton battery. The 

maximum conducting sample is sandwiched between anode and cathode. This 

cell was held in between two stainless steel sheets which act as a current 

collector. Schematic diagram of the constructed proton battery is shown in 

Figure 2.19. The battery so obtained has the following configuration, 

[Anode] [PE] [Cathode] 

Zn+ZnSO4.7H2O+AC ǁProton conducting polymer electrolyte (PE)ǁ MnO2+AC 
 

 The chemical reaction (Shukur et al 2013) that possibly occurred in 

the proton battery is 

i. At the anode, Zn was oxidized with the release of two electrons 

and ZnSO4.7H2O is the donar of H+ ions. 

 Zn → Zn2+ + 2e-                                    Eox=0.76V 
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 ZnSO4.7H2O → 7H+ + 7OH- + ZnSO4 Eox=-0.82V 

ii. At the cathode, MnO2 was reduced with the acceptance of 

electrons. 

 MnO2 + 2e- + 4H+ → Mn2+ + 2H2O      Ered=1.22V 

iii. Overall reaction in the cell is  

 Eox+Ered=Ecell 

 Zn+ZnSO4.7H2O + MnO2 + 2e- + 4H+ → Zn2+ + 7H++ 7OH- + 

ZnSO4 + Mn2+ + 2H2O 

 -(0.76 – 0.82) V + 1.22 V = 1.28 V 

 Proton batteries involve a reaction in which ions are inserting into a 

cathode material, which is usually a layered lattice. The ions go between the 

layers and this progress is called intercalation. During the intercalation 

process, the cathode materials swells and therefore the solid material 

surrounding the particles of cathode materials has to be flexible enough to 

stay in contact even when the particles change size and shape. The cathode 

material is usually a poor electronic conductor and it is often necessary to add 

some carbon so that electrons can enter and leave the cathode particles on 

their way to and from the current collector. 

 The properties of polymer electrolytes mechanically behave like solids 

but the internal structure and consequently the conductivity behavior closely 

resembles that expected of the liquid state. Being an electrolyte, it must conduct ions 

but not electrons or holes whereas an electrode must conduct both ionically and 

electrically. The ionic conductivity of the electrolyte should be as high as possible at 
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ambient temperature, so that the internal resistance of the cell does not change the 

operating voltage of the cell. 

 

Figure 2.19 Schematic diagram of constructed proton battery 

 The electronic conductivity of the material should be as low as 

possible in comparison with the ionic conductivity of the material in order to 

avoid the self discharge of the cell, thus resulting in a long self-life. The 

electrolyte should be fairly stable under the ambient conditions such as 

temperature, pressure and humidity to facilitate mass production. Ideally the 

electrolyte should show ionic transport number as close to unity as possible. 

In a solid-state cell, chemical and physical compatibility of the electrolyte 

with respect to electrodes and interfacial contact are of at most importance. 

 In the present study, proton batteries are constructed and it is 

discharged at a constant current drain of 0.01 mA. The discharge profile is 

recorded using computer controlled Biologic SP-300 electrochemical work 

station (shown in Figure 2.18). 
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2.4.8 Electrochemical Impedance Analysis 

 The electrochemical impedance of the cell is measured by 

sandwiching the polymer electrolytes in between the non-blocking electrodes. 

In the case of ideal polymer electrolytes, the impedance plot is shown in 

Figure 2.20.  The high frequency semicircle is observed due to the parallel 

combination of Rb and Cg. This is further followed by another semicircle in 

the middle frequency region which is attributed to the contribution of 

electrode/electrolyte interface. This may be represented as a parallel 

combination of a finite charge-transfer resistance (Rct) and charging - 

discharging double layer capacitance (Ce).  

 A third semicircle comes into existence and it corresponds to the 

diffusion impedance (Zd) due to the concentration gradient of anions 

introduced at sufficiently low frequency region. For the real polymer 

electrolytes, the impedance data obtained from the experiments deviate from 

the ideal equivalent circuit model and a significant flattening in the 

semicircular pattern and tilting of spike is observed.  

 

 

 

 

 

 
Figure 2.20 Typical impedance plots for the cells comprising non-

blocking electrodes. The corresponding equivalent circuits 
are shown in the insets 
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 This may be due to the presence of crystalline nonconducting 

regions interwoven with the conducting amorphous materials within the 

structure of a polymer electrolyte system and the cell behaves like a “leaky 

capacitor”. This effect may also be attributed to the physical phenomena like, 

multiple or coupled reaction sequences, roughening of electrode, and 

frequency dependent ohmic resistances due to non-uniform charging of the 

double layer.  

 Self-discharge may occur because of significant internal electronic 

conduction through the electrolyte or, if the cell is badly designed and this 

may diminish the expected voltage by an amount equal to the product of the 

current flowing and the ionic self-discharge resistance, i.e. by an internal IR 

drop. Under load, the measured voltage will be lower than the OCV, both 

because of an IR drop, and because the battery components may be modified 

by the passage of charge. An extreme, but common, example of the latter 

occurs in batteries involving ion-insertion electrons in which the voltage 

changes with the degree of ion insertion. The source of the IR drop is the 

internal resistance of the cell. The polarization losses at moderately high 

current densities are due to ohmic loss. 

 Hence this impedance of the cell plays a significant role in the 

discharge of the cell at constant current drain. The variation of impedance, 

before and after discharge of the cell at constant current drain is observed by 

using Biologic SP-300 electrochemical work station (shown in Figure 2.18). 
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CHAPTER 3 

CHARACTERIZATION OF PVP AND PMMA BASED 

PROTON CONDUCTING SOLID POLYMER 

ELECTROLYTES 

 

3.1 INTRODUCTION 

 The field of solid polymer electrolytes is experiencing vigorous 

activities in recent years due to significant theoretical interest as well as 

practical importance for the development of electrochemical devices such as 

energy storage/conversion units (batteries/fuel cells), humidity and gas 

sensors, electrochromic display devices, dye-sensitized solar cells etc (Mac 

callum et al 1987; Armand et al 1986; Ratner et al 1988). Solid polymer 

electrolytes are solvent-free polymer electrolytes which are prepared by 

dissolving salts into a polymeric host material. Preparation procedure of 

Polymer – acid complexes is described briefly in chapter 2.  

 Several proton conducting solid polymer electrolytes comprising 

PVP complexed with different ammonium salts like NH4SCN (Ramya et al 

2007), NH4Cl (Vijaya et al 2012), NH4COOCH3 (Ramya et al 2008), 

NH4ClO4 (Byoung-Koo Choi et al 2010) are reported in the literature. Few 

reports are found in the literature with PMMA based proton conducting solid 

polymer electrolytes. PMMA as host polymer was first reported by Iijima and 

Bohnke. (Iijima et al 1985; Bohnke et al 1993). The effect of molecular 

weight of PMMA in the ionic conductivity of proton conducting polymer 

electrolytes with NH4PF6 as the proton donor is found in the literature 
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(Jitender Paul Sharma et al 2006). But no reports are seen in the literature 

with the effect of molecular weight of PVP on the conductivity studies.   

 The present chapter deals with the vibrational, morphology, 

conductivity and constant current discharge studies on MSA doped PVP and 

PMMA based proton conducting solid polymer electrolytes and a 

characteristic study of the effect of molecular weight of PVP is also carried 

out. The composition of the prepared solid polymer electrolytes is given 

below. 

Table 3.1  Sample code and their composition of PVPK30: MSA 
polymer electrolytes 

Sample 
Code 

Composition (mol%)  
(PVPK30:MSA) 

Sample Code Composition (mol%) 
(PVPK30:MSA) 

S1 95.75: 04.25 S5 75.19 : 24.81 

S2 91.56 : 08.44 S6 69.21 : 30.79 

S3 83.23 : 16.77 S7 65.35 : 34.65 

S4 79.18 20.82 S8 59.50 : 49.50 

 

Table 3.2  Sample code and their composition of PVPK90: MSA 
polymer electrolytes 

Sample Code  Composition (mol%)  (PVPK90:MSA) 

K1 95.75  : 04.25 

K2 91.56  : 08.44 

K3 83.23  : 16.77 

K4 79.18  : 20.82 

K5 75.19  : 24.81 
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Table 3.3  Sample code and their composition of PMMA: MSA 
polymer electrolytes 

Sample code Composition (mol%) (PMMA : MSA) 

M1 90.40 : 09.60 

M2 84.67 : 15.33 

M3 82.78 : 17.22 

M4 80.88 : 19.12 

M5 75.20 : 24.80 

 

3.2 FTIR STUDIES 

 Before analyzing the interaction between polymer and 

methanesulfonic acid, it is necessary to identify the band vibrations present in 

pure PVP, pure PMMA and pure MSA. Since the FTIR spectrum of PVPK30 is 

same as that of the PVPK90, the vibrational bands for PVP is given in Table 

3.4 and the spectra is shown in Figure 3.1. FTIR spectra of pure PMMA and 

pure MSA are shown in Figures 3.2 and 3.3 respectively and also the 

corresponding vibrational bands are given in Tables 3.5 and 3.6 respectively. 

The characteristic peaks of pure PVP are C=O stretching and C-N stretching 

in pyridine ring are appeared at 1644 cm-1 and  1494 cm-1 respectively. The 

characteristic peaks of pure PMMA are C-O stretching and C=O stretching 

are viewed at 1189 cm-1 and 1725 cm-1 respectively. Similarly, the 

characteristic peaks of pure MSA are C-S and S-OH is appeared at 767 cm-1 

and 888 cm-1 respectively. 
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Figure 3.1 FTIR spectra of pure PVP 

Table 3.4 Vibrational bands of pure PVP 

Wave number (cm-1) Assignments 

1019  CH2 rocking (Saroj et al 2013) 

1282 CH2 wagging (Ravi et al 2013) 

1425 CH2 scissoring (Hua-Tay Lin et al 2013) 

1494 C-N stretching in pyridine ring  (Hua-Tay Lin et al 
2013, Elashmawi et al 2012) 

1644 C=O stretching (Ravi et al 2011) 

2919 Symmetric CH2 stretching in chain (Saroj et al 2014) 

2947 asymmetric CH2 stretching in ring (Saroj et al 2014) 
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Figure 3.2 FTIR spectrum of pure PMMA 

Table 3.5 Vibrational bands of pure PMMA 

Wave number (cm-1) Assignments 

752 Asymmetric rocking of CH2 (Rajivkumar et al 2013) 

832 Symmetric rocking of CH2 (Rajivkumar et al 2013) 

1013 CH2 wagging (Sivakumar et al 2006) 

1189 C-O stretching (Balasubramanyam Achari et al 2007) 

1437 CH3 asymmeric bending (Rajendran et al 2010) 

1503 CH2 scissoring (Balasubramanyam Achari et al 2007) 

1725 C=O stretching (Deepa et al 2000) 

2924 C-H stretching (Ramesh et al 2007) 

2956 CH3 asymmetric stretching (Sivkumar et al 2006) 
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Figure 3.3 FTIR spectrum of pure MSA 

Table 3.6 Vibrational bands of pure MSA 

Wave number (cm-1) Assignments 

767 Symmetric stretching of C-S (Kirilova et al 1985) 

888 Symmetric stretching of S-OH (Kirilova et al 1985) 

981 Symmetric rocking of CH3 (Burdin et al 1998) 

1137 Asymmetric stretching of SO3
- (Burdin et al 1998) 

1329 Asymmetric stretching of (S=O)2 (Maiorov et al 2011) 

3036 Stretching of O-H (Maiorov et al 2011) 
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3.2.1 FTIR Studies of PVPK30-MSA Complexes 

 FTIR spectroscopy plays a vital role in the investigation of 

polymer-inorganic salt/acid complexes. Due to different compositions and 

occurrence of interaction between various constituents, FTIR spectra of 

complexes vary (Ramesh et al 2007). Transmittance mode of FTIR spectra for 

pure PVP, pure MSA and their complexes are shown in diagram 3.4. 

 

Figure 3.4 FTIR spectra of PVPK30-MSA complexes 

 The vibrational band of CH2 wagging and CH2 scissoring that 

appear at 1282 cm-1 and 1425 cm-1 in pure PVP are shifted to higher 

wavenumber in the MSA doped complexes. The characteristic peak of C-N 

stretching in the pyridine ring of pure PVP is observed at 1494 cm-1 is shifted 

to about 1472 cm-1 in the PVP-MSA complexes. The carbonyl group of PVP 

which appears at 1644 cm-1 is also shifted to higher wave number side of 

about 1647 cm-1. This suggests that there is an interaction between C=O of 
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pure PVP with cation of MSA. For pure MSA, symmetric stretching of C-S 

bond is observed at 767 cm-1. This peak is found to be shifted to higher wave 

number of about 779 cm-1 in the polymer – acid complexes. The observed 

shift may be due to the interaction of polar groups present in PVP with C-S 

bond in MSA. An intense peak corresponds to υs(S-OH) of pure MSA at 

888cm-1 is appeared with minimum intensity in the PVP-MSA matrices. This 

indicates the dissociation of MSA. The symmetric rocking of CH3 is shifted to 

higher wave number region from 981 cm-1. The vibrational band of 

asymmetric stretching of SO3
- is observed at 1137 cm-1 as an intense peak in 

pure MSA which gets broadened and split as two peaks in MSA doped PVP 

matrices. The symmetric and asymmetric CH2 stretching in backbone of PVP 

appeared at 2919 and 2947 cm-1. The symmetric stretching of O-H bond in 

MSA is noticed at 3036 cm-1 in pure MSA spectrum. In MSA doped PVP 

complexes, CH2 stretching peaks of PVP and O-H stretching peak of MSA 

merge together and appeared as a broad single peak. A broad peak around 

3400 cm-1 shows the hygroscopic nature of the prepared polymer electrolytes. 

The shifting and broadening of characteristic peaks of PVP and MSA in 

polymer-MSA matrices confirms the complexation. 

3.2.2 FTIR Studies of PVPK90-MSA Complexes 

 Figure 3.5 shows the FTIR spectrum of PVPK90 – MSA complexes. 

The characteristic peaks of pure PVPK30 and pure PVPK90 appeared in the 

same wavenumber. The complexes of PVPK30-MSA and PVPK90-MSA are 

also following the same trend of shifting and broadening except the CH2 

deformation and O-H stretching in the region of 2700-3180 cm-1. In MSA 

doped PVPK90 complexes, CH2 stretching peaks of PVP and O-H stretching 

peak of MSA are appeared as well separated peaks and shifted to lower 

wavenumber side. 
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Figure 3.5 FTIR spectra of PVPK90-MSA complexes 

3.2.3 FTIR Studies of PMMA - MSA Complexes 

 The vibrational band of symmetric CH2 rocking and CH2 wagging 

appear at 832 cm-1 and 1013 cm-1 in pure PMMA are shifted to lower and 

higher wavenumber respectively in the MSA doped complexes. In the 

complex of PMMA–MSA, C-S band which is noticed at 767 cm-1 is shifted to 

higher wave number.  In PMMA-MSA complexes, C-O stretching peak at 

1189 cm-1 of PMMA and νas(SO3
-) peak at 1137 cm-1 of MSA are overlapped 

and seem to be broader. Due to the interaction, this broad peak contains triplet 

(3 peaks) having their peak centers at 1165, 1187 and 1216 cm-1. This 

indicates the presence of an interaction between C-O in PMMA and 

dissociated ions (CH3SO3
-, H+) in MSA. The characteristic frequency of pure 

PMMA is observed at 1725 cm-1 (C=O stretching) is not much shifted in the 
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PMMA-MSA complexes. This suggests that MSA prefer to interact polar 

group of C-O than C=O, which are present in the side chain of PMMA. The 

observed change in the wave numbers of the prepared polymer electrolytes 

confirm the complexation of PMMA with MSA. 

 

Figure 3.6 FTIR spectra of PMMA-MSA complexes 

3.3 OPTICAL MICROSCOPY 

 Figures 3.7(a), 3.7(b) and 3.7(c) depict the optical microscopic 

image of PVPK30-MSA, PVPK90-MSA and PMMA – MSA system of solid 

polymer electrolytes. The surface of all the electrolytes is appeared 

homogeneous. As the acid concentration increases, the black region increases 

which is observed on the electrolyte surface. These regions act as the channels 

for ion conduction through the electrolyte. More regions are observed on the 
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surface of the electrolyte indicating that more ions are available for 

conduction. This result further strengthens the transport studies in the 

prepared polymer electrolytes. Even more black portions are observed but 

some of them aggregate in higher MSA concentration. The aggregation may 

lead towards ion pair formation, which does not contribute to ionic 

conduction. This phenomenon decreases the number density of ions. Hence 

the conductivity decreases. 

 

 

 

Figure 3.7 (a) Optical microscopic images for PVPK30-MSA complexes 
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Figure 3.7 (b) Optical microscopic images for PVPK90-MSA complexes 
 

 

 
Figure 3.7 (c) Optical microscopic images for PMMA-MSA complexes 
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3.4 AC IMPEDANCE SPECTROSCOPIC ANALYSIS 

3.4.1 Impedance Analysis 

 The typical impedance plots (Zʹ Vs Zʹʹ) for PVPK30-MSA, PVPK90-

MSA and PMMA-MSA of the prepared polymer electrolyte membranes are 

shown in Figures 3.8(a), 3.8(b) and 3.8(c) respectively. The cole-cole plots for 

the high conducting membrane in each of the above mentioned set of prepared 

polymer electrolytes are fitted by using Z-view software and are shown in 

Figures 3.9(a), 3.9(b) and 3.9(c) with its equivalent circuits. The depressed 

semicircular arc/semi-circle is observed that corresponds to the parallel 

combination of bulk resistance (R1) and constant phase element (CPE1).  

 CPE is the constant phase element that it does not behave ideally as 

capacitor. Bulk resistance (R1) in equivalent circuit is due to the charge 

carrier transport resistance within the polymer matrices and the constant phase 

element (CPE1) is due to the polarization of polymer chains. The high 

frequency semicircular arc followed by low frequency inclined line is 

observed that shows the equivalent circuit of the parallel combination of R1 

and CPE1 along with series connection of CPE2. CPE2 corresponds to the 

polarization of mobile ions at the electrode-electrolyte interface due to the 

applied electric field (Rajeswari et al 2012).  

 The bulk electrical resistance value (R1 or RB) is calculated from 

the intercept on the real part of the impedance (Zʹ) axis and the conductivity 

value can be calculated from the relation σ=L/RBA where L and A are the 

thickness and area of the sample respectively. Conductivity values are 

calculated by using the above relation for the prepared polymer electrolyte 

membranes and are listed in the Tables 3.7(a), 3.7(b) and 3.7(c) for PVPK30-

MSA, PVPK90-MSA and PMMA-MSA solid polymer electrolytes 

respectively.  
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 The values of elements present in the equivalent circuit for high 

conducting sample in each of the 3 sets of polymer electrolyte systems are 

presented in Table 3.7(d). The value of constant phase element (CPE1) is in 

the order of nano farads which indicate that the ion conduction process occurs 

through the bulk of the material. 

 

 

 

 

 

 

 

Figure 3.8(a) Cole-Cole plot for PVPK30 – MSA solid polymer electrolytes 

 

 

 

 

 

 

Figure 3.9(a) Equivalent circuit fit for S3 polymer electrolyte 
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Figure 3.8 (b) Cole-Cole plot for PVPK90 – MSA solid polymer electrolytes 

 

 

Figure 3.9(b) Equivalent circuit fit for K4 polymer electrolyte 
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Figure 3.8(c) Cole-Cole plot for PMMA – MSA solid polymer electrolytes 

 

Figure 3.9(c) Equivalent circuit fit for M4 polymer electrolyte 

 



80 
 

 

Table 3.7(a) Conductivity values of PVPK30-MSA solid polymer 
electrolytes 

Sample 
Code 

Conductivity at 303 K 
(S/cm) 

Sample 
Code 

Conductivity at 303 K 
(S/cm) 

S1 1.09x10-7 S5 4.62x10-6 

S2 2.48x10-7 S6 5.55x10-6 

S3 9.72x10-6 S7 6.74x10-6 

S4 1.43x10-6 S8 6.37x10-7 

 

Table 3.7(b) Conductivity values of PVPK90-MSA solid polymer 
electrolytes 

Sample code Conductivity at 303K (S/cm) 

K1 6.04 x 10-10 

K2 8.37 x 10-9 

K3 5.53 x 10-7 

K4 1.77 x 10-5 

K5 3.21 x 10-7 
 

Table 3.7(c) Conductivity values of PMMA-MSA solid polymer 
electrolytes 

Sample code Conductivity at 303K (S/cm) 

M1 2.13 x 10-8 

M2 2.43 x 10-8 

M3 2.86 x 10-7 

M4 1.49 x 10-6 

M5 1.96 x 10-10 
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Table 3.7(d) Values of components present in equivalent circuit 

Sample code R1 (Ohms) CPE1 (Farad) CPE2 (Farad) 

S3 1837± 4 2.41×10-9± 4.82×10-10 5.76×10-5± 3.62×10-7 

K4 975± 5 1.60×10-9± 2.66×10-10 2.27×10-5± 2.46×10-7 

M4 3629± 3 2.09×10-9± 1.53×10-10 1.34×10-5± 2.24×10-7 
 

3.4.2 Concentration Dependent Conductivity Analysis 

PVPK30-MSA complexes 

 The ionic conductivity of the polymer electrolyte membrane as a 

function of MSA concentration is presented in the Figure 3.10. In the case of 

PVPK30-MSA (indicated as black colour line in Figure 3.10) proton 

conducting polymer electrolytes, it is observed that the conductivity value 

increases with the addition of MSA and it reaches a maximum value of 

9.72x10-6 S/cm corresponding to 16.77 mol% of MSA. The enhancement of 

conductivity with increase in acid concentration upto 16.77 mol% may be due 

to the increase in concentration of mobile ions. At 20.82 mol% of MSA, the 

conductivity drops. This may be due to the formation of ion pairs (CH3SO3
- 

H+). Further addition of MSA upto 34.65 mol% results in raise of 

conductivity gradually. It may be due to formation of triplet ions (H+ CH3SO3
- 

H+). Steep decrease of conductivity is seen at 40.5mol% possibly due to the 

aggregation of MSA in the polymer matrix causes decrease in number of free 

charge carriers that are available for movement (Hema et al 2010).  

PVPK90-MSA complexes 

 In the complex of PVPK90-MSA polymer membranes (indicated as 

red colour line in Figure 3.10), the conductivity value increases with increase 
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in MSA content and it attains a steep rise for 20.82 mol% of MSA doped 

PVPK90 polymer matrices. This indicates that the proton provider is 

dissociated and it supplies free ion charge carriers. Further increase of MSA 

content results in decrease of conductivity which is due to the formation of 

ion pairs or ion aggregates. Above 24.81 mol% of MSA, the membrane is not 

suitable for electrochemical device fabrication because of the gel nature. 

PMMA-MSA complexes 

 For PMMA-MSA polymer matrices (indicated as blue colour line 

in Figure 3.10), the ionic conductivity increases with increase of acid 

concentration upto 19.12 mol%. Increase in MSA content in polymer matrix, 

there may be a possible increase of free ions. This may be the reason to get 

rise in conductivity until MSA content reaches 19.12 mol%. The conductivity 

obtained at the acid concentration of 24.80 mol% indicates that the ionic 

conductivity decreases. The possible decrease in ionic conductivity may be 

attributed to either an incomplete dissociation of salt or ion aggregates.  

 

 

 

 

 

 

 
Figure 3.10 Concentration dependent conductivity of solid polymer 

electrolytes 
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 The adsorption of moisture increases with increase in MSA content. 

With-stand ability of the film is observed as very less for the concentration of 

MSA reaches above 24.80 mol%. When comparing the conductivity values of 

the above mentioned three sets of proton conducting solid polymer 

electrolytes, 20.82mol% of MSA doped PVPK90 polymer electrolyte attained 

the maximum conductivity value. From the result of impedance analysis, the 

conductivity value is enhanced by increase in molecular weight of PVP 

3.4.3 Dielectric Spectra Analysis 

 The dielectric behavior of the polymer electrolyte membrane is 

described by the real and imaginary parts of the complex permittivity ε*(ω), 

which is defined by the relation, ε*(ω) = εʹ(ω) - j εʹʹ(ω) where the real εʹ(ω) 

and imaginary εʹʹ(ω) components are the storage (dielectric constant) and loss 

of energy (dielectric loss) in each cycle of the applied electric field.  

 

Figure 3.11 Frequency dependence of real part in dielectric permittivity 
of PVPK30-MSA membranes 
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 The values of εʹ and εʹʹ are very high at low frequency and 

decreases with increase of frequency. High value of dielectric permittivity of 

both εʹ and εʹʹ at low frequencies is due the presence of space charge effects, 

which is contributed by the accumulation of charge carriers near the 

electrodes (Armstrong et al 1974). The values of εʹ and εʹʹ are found 

decreasing as the frequency increases and reach a steady value at higher 

frequencies. This is due to the dipoles lags behind to follow the field.  

 The variation of dielectric constant and dielectric loss with 

frequency for PVPK30-MSA samples are shown in Figure 3.11 and 3.12 

respectively. The dielectric constant is observed maximum for S7 sample 

which may be due to the polarization of large number of ions by dipole 

formation. The dielectric loss spectra shows the existence of peak in lower 

frequency side of S3, S4, S5, S6 and S7 corresponds to the relaxation which 

occurs due to the local movement of side group dipoles (Singh et al 1998).  

 

 

 

 

 

 

 

 

 

Figure 3.12 Frequency dependence of imaginary part in dielectric 
permittivity of PVPK30-MSA membranes 
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Figure 3.13 Loss tangent spectra of PVPK30-MSA membranes 

 The dependence of the dielectric loss tangent (tan δ= εʹʹ / εʹ) on 

frequency under different concentrations of MSA are shown in Figure 3.13. 

The tan δ value increases with increasing frequency, and it passes through a 

maximum value and thereafter decreases for all samples. The absorption peak 

is described by the relation ωτ = 1, where τ is the relaxation time of the 

hopping process and ω the angular frequency of the external field. The τ 

values are calculated by fitting the curve using Lorentian fit and tabulated in 

Table 3.8(a). The relaxation time is smaller for S7 sample which may be due 

to the formation of triplet of charge carriers. 

 The frequency dependence of dielectric constant, dielectric 

permittivity and tangent loss for various concentrations of MSA for PVPK90 – 

MSA and PMMA – MSA are shown in Figure 3.14, 3.15, 3.16 and 3.17, 3.18, 

3.19 respectively. The dielectric constant and dielectric loss in Figure 3.14, 

3.15 and 3.17, 3.18 shows same trend of variation with respect to frequency. 

The samples such as K4 and M4 shows the maximum value of εʹ and εʹʹ in 
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PVPK90 – MSA and PMMA – MSA electrolytes respectively. The relaxation 

time is calculated from the tan δ spectrum and is listed in Table 3.8(b) and 

3.8(c). The value is found to be smaller for K4 and M4 samples PVPK90 – 

MSA and PMMA – MSA electrolytes which is consistent with the 

conductivity results. 

Table 3.8(a) Relaxation time values of PVPK30-MSA solid polymer 
electrolytes 

Sample Code Relaxation time (s) Sample Code Relaxation time (s) 
S1 3.5 x 10-3 S5 1.23 x 10-4 

S2 6.21 x 10-4 S6 - 

S3 4.84 x 10-5 S7 9.49 x 10-6 

S4 2.49 x 10-4 S8 1.35 x 10-4 

 

Table 3.8(b) Relaxation time values of PVPK90-MSA solid polymer 
electrolytes 

Sample code Relaxation time (s) 
K1 2.05 x 10-1 
K2 3.6 x 10-2 
K3 4.32 x 10-4 
K4 1.14 x 10-5 
K5 5.3 x 10-3 

 

Table 3.8(c) Relaxation time values of PMMA-MSA solid polymer 
electrolytes 

Sample code Relaxation time (s) 
M1 4.93 x 10-4 
M2 7.64 x 10-3 

M3 1.17 x 10-3 

M4 1.31 x 10-5 
M5 3.7 x 10-5 
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Figure 3.14 Frequency dependence of real part in dielectric permittivity 
of PVPK90-MSA membranes 

 

 

 

 

 

 

 

 
 

Figure 3.15 Frequency dependence of imaginary part in dielectric 
permittivity of PVPK90-MSA membranes 
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Figure 3.16 Loss tangent spectra of PVPK90-MSA membranes 

 

Figure 3.17 Frequency dependence of real part in dielectric permittivity 
of PMMA - MSA membranes 
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Figure 3.18 Frequency dependence of imaginary part in dielectric 
permittivity of PMMA-MSA membranes 

 

Figure 3.19 Loss tangent spectra of PMMA - MSA membranes 
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3.4.4 Modulus Spectra Analysis 

 Modulus M* is evaluated by using the following relations, M' = ε′/ 

(ε′2 + ε″2) and M″ = ε″/ (ε′2 + ε″2). Electrical modulus representation masks 

the low frequency dispersion due to the electrode polarization effects and is 

widely used to analyze ionic conductivity by associating a conductivity 

relaxation time with the ionic process (Poonam sharma et al 2013).  The main 

advantage of modulus formalism is that the electrode effect can be 

suppressed.   

 Figure 3.20, 3.21 and 3.22 shows that the imaginary part of the 

modulus spectra of PVPK30 – MSA, PVPK90 – MSA and PMMA – MSA 

matrices respectively. The almost zero values of M′ at low frequency indicate 

the removal of electrode polarization. The observed long tail at low 

frequencies is due to the large capacitance associated with the electrodes. 

Asymmetric peak is observed in the high frequency region shows the non-

debye nature of the polymer electrolyte. The peaks in M″ are due to spreading 

of the conductivity relaxation over a range of frequencies.  

  

 

 

 

 

 

Figure 3.20 Modulus spectra (Mʺ) of PVPK30-MSA electrolytes 
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Figure 3.21 Modulus spectra (Mʺ) of PVPK90-MSA electrolytes 

 

 

Figure 3.22 Modulus spectra (Mʺ) of PMMA-MSA electrolytes 



92 
 

 

 For PVP30-MSA electrolytes, there is no significant peak observed. 

Due to the variation of molecular weight of PVP, that is for PVPK90 – MSA 

matrices, two peaks are observed for K1 and K2 samples which inform that 

two different mechanisms are followed. A sharp peak is visualized in PMMA-

MSA complex corresponds to M1 membrane and the peaks with low intensity 

are observed for M2 and M3 samples. 

3.5 ELECTROCHEMICAL IMPEDANCE AND DISCHARGE 

CHARACTERISTICS 

 Primary proton battery as explained in chapter II is assembled by 

using high conducting samples in each of the 3 sets of solid polymer 

electrolytes. The fabricated three cells underwent electrochemical impedance 

(EIS) analysis before they get discharged to a constant current of 0.01 mA. 

The electrochemical impedance of the constructed cells is once again 

measured after it gets discharged to a cut-off potential. The cell’s 

configuration are given as 

Cell 1- Anode|| S3 || Cathode 

Cell 2 - Anode|| K4 || Cathode 

Cell 3 - Anode|| M4 || Cathode 

 The open circuit potential of cell 1 and cell 2 are ~ 1.4 V. The 

overall reaction calculated as E = 1.28 V (already discussed in chapter 2). 

However, in this work the proton battery (Zn + ZnSO4·7H2O || highest in 

ionic conductivity sample || MnO2) shows a cell potential of 1.4 V. The 

fabricated batteries show the value of open circuit voltage (OCV) higher than 

the expected proton battery potential. This phenomenon suggests that the 

electrode materials possess considerable catalytic properties and the 
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fabricated battery is reasonably stable in open cell condition. Moreover, the 

difference between expected and the present work values of OCV may be due 

to the good stability of the electrolyte (Samsudin et al 2014).  

 The electrochemical impedance of the cells before discharge for 

cell 1, cell 2 and cell 3 are represented in Figures 3.23, 3.26 and 3.29 

respectively. The electrochemical impedance of the cells after discharge for 

cell 1 and cell 2 are shown in Figure 3.25 and 3.28 respectively. The 

discharge profiles for the cell 1 and cell 2 are shown in Figure 3.24 and 3.27 

respectively. Appearance of approximately a straight-line, at low frequency 

regime in complex impedance plot of Figures 3.23 and 3.26, suggests 

dominance of electrode polarization over ionic transport. A distorted 

incomplete semicircular arc adjacent to straight line is noticed in the Figures 

3.23 and 3.26 and it is attributed to ion transport through electrode–electrolyte 

interface (Bansod et al 2007). Before discharge, the EIS of cell 1, cell 2 and 

cell 3 are calculated by the intercept of semicircle on the real part of 

impedance axis (x-axis) as 6994, 4944 and 2 x 107
 ohms respectively. EIS 

value of cell 3 is greater than that of other two cells. This may be due to poor 

electrode-electrode interface.  

 The discharge characteristics are studied for constructed cells at 

constant current drain of 0.01mA.  The region in which the proton battery cell 

potential reaches a flat discharge rate is called the ‘plateau region”. In the 

constructed proton battery, it can be seen that the cell potential drops 

immediately before reaching a flat discharge plateau between 1.4 to 1.1 V for 

cell1 and 1.4 to 1.3 V for cell 2. The initial drop is attributed to the battery 

activation polarization. The activation polarization occurred because the rate 

of an electrochemical reaction at an electrode surface was controlled by 

sluggish electrode kinetics (Broadhead et al 2001). Beyond the plateau region, 

cell potential of the battery decreases. Cell 1 reaches the cut-off potential of 
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0.3 V in 5 hours and cell 2 takes 23 hours to reach the cut off potential of 0.7 

V. A cell with PMMA-MSA matrices shows sudden discharge which may be 

due to high internal resistance. The discharge profile of PVPK90-MSA is found 

better than the PVPK30-MSA based polymer electrolyte.  

 

 

 

 

 

 

 

 

Figure 3.23 Electrochemical impedance of cell 1 before discharge 

 

 

 

 

 

 
Figure 3.24 Discharge profile of cell 1 at constant current of 0.01mA 
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Figure 3.25 Electrochemical impedance of cell 1 after discharge 

 

Figure 3.26 Electrochemical impedance of cell 2 before discharge 
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Figure 3.27 Discharge profile of cell 2 at constant current of 0.01mA 

 

Figure 3.28 Electrochemical impedance of cell 2 after discharge 
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Figure 3.29 Electrochemical impedance of cell 3 before discharge 

 The electrochemical impedance for the cells is once again 

monitored after it has undergone discharge process. This EIS value is greater 

than the impedance of fresh cells because of the intercalation of ions into the 

cathode. Two depressed semicircles are appeared in the high frequency 

region: the first semicircle is due to the bulk resistance of the polymer 

electrolyte sandwiched between two unblocking electrodes and the second 

semicircle is due to the charge transfer resistance. The inclined line followed 

by the two semicircles is due to the diffusion of ions in the cathode material in 

the discharge process. 

 A film with good mechanical stability and poor electrochemical 

performance is observed in PMMA-MSA polymer electrolytes. But a film 

with less mechanical stability and better electrochemical performance is 

noticed in MSA doped PVP membranes. Hence, to obtain mechanically stable 

and also to enhance the electrochemical performance, the work is switched 

over to the field of blend based proton conducting solid polymer electrolytes. 
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CHAPTER 4 

INVESTIGATION ON THE PMMA/PVP BLEND BASED 

PROTON CONDUCTING SOLID POLYMER 

ELECTROLYTES 

 

4.1 INTRODUCTION 

 Investigations on polymer electrolytes have primarily focused on 

the enhancement of ionic conductivity at ambient temperature. Several 

techniques have been proposed and developed by researchers to modulate the 

ionic conductivity such as random and comb–like copolymer of two 

polymers, polymer blending, mixed salt system and mixed solvent system as 

well as impregnation of additives such as plasticizers and ceramic inorganic 

fillers. Polymer blending is one of the routes to increase the ionic conductivity 

of polymer electrolytes which is discussed in this chapter. 

 Polymer blend is physical mixtures of two or more different 

polymers or copolymers that are not linked by covalent bond. A new 

macromolecular material with special combinations of properties is prepared. 

For polymer blends, the first phase adopts to absorb the electrolyte active 

species, whereas the second phase makes tougher and sometimes substantially 

inert. It is a feasible way to increase the ionic conductivity because it offers 

the combined advantages of ease of preparation and easy to control the 

physical properties within the definite compositional change (Rajendran et al 

2002).  
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 Polymer blending is of great interest due to their advantages in 

properties and processability compared to single component. In industry area, 

it enhances the processability of high temperature or heat–sensitive 

thermoplastic in order to improve the impact resistance. Besides, it can reduce 

the cost of an expensive engineering thermoplastic. The properties of polymer 

blends depend on the physical and chemical properties of the participating 

polymers and on the state of the phase, whether it is in homogenous or 

heterogeneous phase. If two different polymers are dissolved successfully in a 

common solvent, polymer blends or intermixing of the polymers will occur 

due to the fast establishment of the thermodynamic equilibrium (Braun et al 

2005). 

 The interactions that occur within complexes of poly-

(vinylpyrrolidone-co-methyl methacrylate) (PVP-co-PMMA) and lithium 

perchlorate (LiClO4) as well as these systems’ phase behavior and ionic 

conductivities were investigated by Chun-Yi Chiu et al. They reported that the 

presence of MMA moieties in the PVP-co-PMMA random copolymer had an 

inert diluents effect that reduces the degree of self-association of the PVP 

molecules and causes a negative deviation in the glass transition temperature 

(Tg). Addition of LiClO4 increases Tg as a result of ion-dipole interactions 

between LiClO4 and PVP (Chun-Yi Chiu et al 2007). The behavior of 

poly(methyl methacrylate)/poly(vinylpyrrolidone) (PMMA/PVP) blends 

studied by solid state nuclear magnetic resonance (NMR) using proton spin-

lattice relaxation time in the rotating frame is found in the literature. The 

proton spin-lattice relaxation time in the rotating frame showed an interaction 

between both components in the blends compositions (Edemilsom P da Silva 

et al 1998).  With this basic idea, the characterization of PMMA/PVP blend 

proton conducting solid polymer electrolytes doped with MSA are carried out 

in this chapter. 
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4.2 OPTIMIZATION OF PMMA/PVP BLENDS 

 To optimize the blend ratio of PMMA and PVP, pure blend is 

prepared at different concentrations in mol% such as 80:20, 60:40, 50:50, 

40:60 and 20:80. FTIR and ac impedance spectroscopic studies were carried 

out.  

 

Figure 4.1 FTIR for PMMA/PVP blend with various compositions a) 
80PMMA:20PVP b) 60PMMA:40PVP c) 50PMMA:50PVP 
d) 40PMMA:60PVP e) 20PMMA:80PVP 

 Figure 4.1 presents the FTIR spectra of blend polymer with various 

compositions. The characteristic peaks of pure PMMA and pure PVP were 

already discussed in chapter 3. CH2 rocking and CH2 wagging bands in pure 

PMMA get shifted to higher and lower wave number regions respectively due 

to the blending with PVP. The peaks correspond to the carbonyl group of 

PMMA and the carbonyl group of PVP is found broadened and shifted in 

blend electrolytes. The relative intensity of the peak at 1286 cm-1 gets reduced 

in the blend which may be due to the interaction between PVP and PMMA. In 



101 
 

 

the region of 2800 - 3000 cm-1, the peaks are attributed to symmetric and 

asymmetric stretching of CH2 in the side chain of both PMMA and PVP 

which get shifted to higher wavenumber region in the blend matrices. The 

observed changes in the peak position show the evidence for the blending 

formation between PMMA and PVP.  

 

Figure 4.2 Cole-Cole plot of PMMA/PVP blend at various compositions 

 Figure 4.2 shows the impedance plot of PMMA/PVP blend solid 

membrane at different compositions at ambient temperature. A semicircular 

arc is viewed for all the blend samples. This represents the conduction in the 

polymer blend is due to the chain movement when the electric field is applied. 

The semicircular arc is extended and the intercept of the arc in the x-axis 

gives the bulk resistance value (RB). The conductivity value is calculated by 

using the equation σ=L/RBA where L and A are the thickness and area of the 

sample. The conductivity values thus calculated are shown in Table 4.1. 
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Table 4.1  Conductivity values of PMMA/PVP blend polymer sample 
at various compositions 

Composition of PMMA:PVP (mol%) Conductivity at 303K (S/cm) 

80 : 20 2.1 x 10-11 

60 : 40 1.16 x 10-11 

50 : 50 1.12 x 10-11 

40 : 60 0.96 x 10-11 

20 : 80 1.13 x 10-11 
 

 The conductivity value is found as in the order of ~10-11 S/cm for 

all compositions of PMMA and PVP. Then the mechanical stability of the 

blend polymer electrolytes are viewed manually and it shows 50:50 ratios of 

PMMA and PVP shows good mechanical strength. Hence the ratio of 

PMMA-PVP is taken as 1:1 for all the prepared polymer electrolytes.  

 Based on the above study, PMMA-PVPK30-MSA and PMMA-

PVPK90-MSA based blend solid polymer electrolytes at various concentration 

of MSA are prepared and the compositions of the prepared blend solid 

polymer electrolytes are given in Table 4.2 and 4.3 respectively. 

Table 4.2  Sample code and their composition of PMMA - PVPK30 – 
MSA polymer electrolytes 

Sample Code Compositions (mol%) (PMMA:PVPK30:MSA) 

BS1 47.98 : 47.98 : 4.04 

BS2 44.96  : 44.96 : 10.08 

BS3 42.98  : 42.98 : 14.04 

BS4 40.02  : 40.02 : 19.97 

BS5 37.08  : 37.08 : 25.84 
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Table 4.3  Sample code and their composition of PMMA - PVPK90 – 
MSA polymer electrolytes 

Sample Code Compositions (mol%) (PMMA:PVPK90:MSA) 

KS1 47.98 : 47.98 : 4.04 

KS2 44.96: 44.96: 10.08 

KS3 43.97: 43.97 : 12.06 

KS4 42.98 : 42.98: 14.04 

KS5 41.00 : 41.00 : 18.00 

KS6 40.02  : 40.02 : 19.97 

KS7 37.08  : 37.08 : 25.84 
 

4.3 FTIR STUDIES 

 Due to different composition, occurrence of complexation and 

interaction between various constituents, FTIR spectra of complexes vary 

(Ramesh et al 2007).  

 

 

 

 

 

 

Figure 4.3 FTIR spectra of PMMA – PVPK30 – MSA blend solid 
polymer electrolytes 
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Figure 4.4 FTIR spectra of PMMA – PVPK90 – MSA blend solid 
polymer electrolytes 

 The vibrational bands of pure PMMA, PVP and MSA were already 

discussed in chapter 3. This section deals with the vibrational band changes in 

the blend doped with different concentration of MSA. FTIR spectrum of 

various compositions of MSA added PMMA-PVPK30 and PMMA-PVPK90 

blend solid polymer electrolytes are presented in Figure 4.3 and 4.4 

respectively. 

 Vibrational peaks of pure MSA were already discussed in chapter 

3. The peak corresponds to C-S stretching in MSA gets shifted to 777 cm-1 

and broadened in MSA doped blend matrices. The relative intensity of νs (S-

OH) peak (~888 cm-1) in blend electrolytes decreased which indicates the 

complete dissociation of MSA. The peak position corresponds to C-N and 

C=O vibrations of PVP get shifted to lower and higher wave number 

respectively in the blend electrolytes. The shifted wave numbers are indicated 

in figure 4.4. There is no much perturbation observed in C=O group of pure 

PMMA upon addition of proton donating acid. This shows that MSA prefer to 
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interact more with carbonyl group of PVP than PMMA. Similar result is 

reported for PMMA-co-PVP random polymer interacts with LiClO4 (Chun-Yi 

chiu et al 2007). The appearance of broad peak around 3400 cm-1 in the blend 

electrolytes shows the hygroscopic nature of MSA. There is no trace of DMF 

(solvent) present in the membrane which is evident from the FTIR spectrum. 

The observed changes in characteristic peaks of PMMA, PVP and MSA 

indicate the formation of complexes.  

 Figure 4.4 shows the FTIR spectra of PMMA – PVPK90 – MSA 

blend solid polymer electrolytes. There is no significant change observed in 

the finger print region of PMMA – PVPK90 – MSA electrolytes when 

compared to the same region in PMMA – PVPK30 – MSA complexes. 

Observable change is found in the region between 2800 and 3000 cm-1. This 

variation is due to the type of CH2 deformation interaction in PMMA - 

PVPK90 and PMMA – PVPK30 blend with MSA may differ. The shifting and 

relative intensity variation is found same for both PMMA – PVPK30 – MSA 

and PMMA – PVPK90 – MSA blend solid polymer electrolytes. Hence, the 

change in molecular weight of PVP produces no significant change in the 

vibrational bands of blend solid polymer electrolytes. 

4.4 TG/DTG ANALYSIS 

 Thermogram of PMMA/PVPK30 blend and 14.04 mol% of MSA 

doped (BS3) blend polymer electrolytes are depicted in Figure 4.5(a) and (b) 

respectively. Relatively small weight loss of about 6 wt% and 12 wt% is 

observed for undoped and MSA doped polymer electrolytes in the 

temperature range of 30 °C – 120 °C. This may be due to the removal of 

moisture from the sample (Rajendran et al 2010). The presence of moisture in 

the sample is also proved from FTIR analysis. Incorporation of MSA results 

in increase of weight loss in 30 °C – 120 °C temperature range which is due to 

the hygroscopic nature of MSA which is evident from the FTIR analysis also.  
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Figure 4.5 TG/DTG curves for (a) blend PMMA/PVPK30 (50:50) (b) 

14.04mol% of MSA doped blend polymer electrolytes 
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Figure 4.6 TG/DTG curves for (a) blend PMMA/PVPK90 (50:50) (b) 

14.04mol% of MSA doped blend polymer electrolytes 

 For the undoped and 14.04 mol% of MSA doped polymer 

electrolytes, the onset temperature of decomposition is found at 361 °C and 

373 °C respectively. A sharp peak in DTG spectrum is observed at 394 °C 



108 
 

 

which corresponds to the decomposition temperature of PMMA (The 

decomposition temperature of pure PMMA is ~400 °C) (Hui Liu et al 2008) 

and small hump is appeared at 428 °C which corresponds to the 

decomposition temperature of PVP (The decomposition temperature of pure 

PVP is ~441 °C) (Saroj et al 2014) for undoped blend electrolyte. For MSA 

doped membrane, a small peak in DTG spectrum is observed around 339 °C. 

A sharp peak and small hump at 425 °C and 450 °C corresponds to the 

decomposition temperature of PMMA and PVP respectively. It is evident that 

the thermal stability is enhanced due to the doping of MSA (Ambika & 

Hirankumar 2015).  

 Thermogram of PMMA/PVPK90 blend and 14.04 mol% of MSA 

doped (KS4) blend solid polymer electrolytes are shown in Figure 4.6(a) and 

(b) respectively. Hygroscopic nature of MSA results in increase of weight loss 

for MSA doped (KS4) sample. This weight loss is nearly equal to that 

observed for PMMA – PVPK30 – MSA sample. The onset of decomposition 

temperature for undoped and MSA doped (KS4) samples are observed as 358 

°C and 287 °C respectively. The DTG spectrum in 4.6(a) shows a sharp peak 

and small hump at 379 °C and 417 °C which correspond to the decomposition 

temperature of PMMA and PVPK90 respectively. The DTG spectrum in 4.6(b) 

indicates a small peak at 318 °C due to the addition of MSA and sharp peak at 

402 °C correspond to the decomposition temperature of blend polymer 

present in KS4 sample. There is no vast difference between decomposition 

temperature of KS4 and BS3 membrane.  From TG/DTG analysis, it is 

inferred that, both the membranes are well suited for the fabrication of 

electrochemical devices. 

4.5 OPTICAL MICROSCOPY 

 Optical microscopic image of PMMA/PVPK30 blend (4.7(a)) and 

different compositions of MSA doped samples are shown in Figure 4.7. 
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Similarly, Optical microscopic image of PMMA/PVPK90 blend (4.8(a)) and 

different compositions of MSA doped samples are shown in Figure 4.8. 

 

 

 

Figure 4.7 Optical microscopic image of PMMA/PVPK30 blend and 
different compositions of MSA doped samples 
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Figure 4.8 Optical microscopic image of PMMA/PVPK90 blend and 
different compositions of MSA doped samples 
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 When the mixture of two polymers exhibit separate phases 

consisting of individual components, the blend is heterogeneous; and on a 

microscopic scale, it is immiscible. A large range of phase morphology then 

becomes available and directly influences the whole set of properties. The 

type of morphology and the size of dispersed phases in binary systems are 

important factors that determine mechanical properties and rheological 

behavior of polymeric blends. The type of morphology and the size of 

dispersed phases can be affected by composition, melt viscosity of the 

components, interfacial interaction, and processing parameters. All the 

prepared membranes are observed to be homogeneous in appearance. For 

undoped blend polymer of PMMA/PVPK30 and PMMA/PVPK90, crater surface 

is noticed which indicate the phase separation in the blend polymer 

electrolytes. Upon the addition of MSA in PMMA/PVPK30 and 

PMMA/PVPK90, the image contained irregular patches. There is a white 

dot/patch in every track of BS5 and KS7 electrolyte which may be due to the 

adsorbed water molecules from the atmosphere on the surface. Since MSA is 

hygroscopic in nature that results in adsorbed water at high concentration of 

MSA doped electrolyte. 

4.6 TRANSPORT NUMBER ANALYSIS 

 The ionic transference number (tion) of different compositions of the 

PMMA – PVPK30 – MSA and PMMA – PVPK90 – MSA blend solid polymer 

electrolytes are evaluated by dc polarization method which was already 

discussed in detail in chapter 2. 

 A typical plot of the current versus time for BS2, BS3 and BS4 

samples in PMMA – PVPK30 – MSA system and KS3, KS4, KS5 and KS6 

samples in PMMA – PVPK90 – MSA system are shown in Figure 4.9(a) and 

(b) respectively. 
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Figure 4.9 Polarization current as a function of time for (a) BS2, BS3 
and BS4 samples in PMMA – PVPK30 – MSA system (b) 
KS3, KS4, KS5 and KS6 samples in PMMA – PVPK90 – 
MSA system 

 For those presented samples, the ionic transference number lies in 

the range of 0.93 – 0.97 and 0.96 – 0.99 for PMMA – PVPK30 – MSA and 

PMMA – PVPK90 – MSA based electrolytes respectively. This indicates that 

the ions are the dominant charge carriers in the prepared blend solid polymer 

electrolyte system. 

4.7 AC IMPEDANCE SPECTROSCOPY 

4.7.1 Impedance Analysis 

 The impedance plot (Zʹ vs Zʹʹ) for PMMA - PVPK30 - MSA and 

PMMA - PVPK90 - MSA of the prepared blend solid polymer electrolyte 

membranes are shown in Figures 4.10(a) and 4.10(b) respectively. The cole-

cole plot for the high conducting membrane in each of the two mentioned set 

of prepared polymer electrolytes are fitted by using Z-view software and are 
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shown in Figure 4.11(a) and 4.11(b) with its equivalent circuit shown in inset 

figure. The equivalent circuit is same as that obtained for the single polymer-

acid matrices (shown in section 3.41). 

 

Figure 4.10 Cole-Cole plots for (a) PMMA – PVPK30 – MSA (b) PMMA 
– PVPK90 – MSA blend solid polymer electrolytes 
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Figure 4.11 Equivalent circuit fit for (a) BS3 (b) KS4 blend solid 
polymer electrolytes 
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 The complex impedance spectrum shows two regions such as 

semicircular arc (high frequency region) and spike (low frequency region) 

similar to the system already described in 3.4.1. The conductivity values are 

calculated from the cole-cole plot and are listed in Tables 4.4 and 4.5 for 

PMMA – PVPK30 – MSA and PMMA – PVPK90 – MSA blend solid polymer 

electrolytes respectively. The fitted value of bulk resistance and constant 

phase element for the high conducting samples among the two sets of blend 

polymer electrolytes are listed in Table 4.6. The significance of R1, CPE1 and 

CPE2 was discussed already in chapter 3. 

Table 4.4  Conductivity values for PMMA – PVPK30 – MSA blend solid 
polymer electrolytes 

Sample Code Conductivity (S/cm) at 303K 
BS1 7.17 x 10-9 
BS2 6.04 x 10-6 
BS3 2.51 x 10-5 
BS4 1.08 x 10-5 
BS5 6.14 x 10-7 

 

Table 4.5  Conductivity values for PMMA – PVPK90 – MSA blend solid 
polymer electrolytes 

Sample Code Conductivity (S/cm) at 303K 
KS1 1.54x 10-8 
KS2 1.02x 10-6 
KS3 2.71x 10-6 
KS4 1.16x 10-4 
KS5 2.42x 10-5 
KS6 1.42x 10-6 
KS7 7.12x 10-7 
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Table 4.6 Values of components present in equivalent circuit 

Sample code R1 (Ohms) CPE1 (Farad) CPE2 (Farad) 

BS3 818± 4 6.80×10-8± 3.44×10-10 2.67×10-6± 3.74×10-8 

KS4 162± 1 1.76×10-8± 8.14×10-9 4.14×10-5± 1.25×10-6 
 

4.7.2 Concentration Dependent Conductivity Analysis 

 The variation of ionic conductivity with different MSA 

concentration in PMMA/PVPK30 and PMMA/PVPK90 blend is highlighted in 

Figure 4.12. Conductivity increases with increasing MSA concentration up to 

14.04 mol%. Increase in ionic conductivity with increase in MSA 

concentration is due to increase in number of mobile charge carriers in 

polymer electrolyte. Decrease in ionic conductivity is observed beyond 14.04 

mol% of MSA for both the systems of blend polymer electrolytes. This may 

be due to the formation of ion pairs/ion aggregates.  

 

 

 

 

 

 

 

 

Figure 4.12 Concentration dependent conductivity of blend solid 
polymer electrolyte 
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 The conductivity is enhanced due to the increase in molecular 

weight of PVP in blend which is similar to the result observed in chapter 3. 

The variation conductivity for different molecular weight of PMMA based 

proton conducting gel polymer electrolytes is found in the literature (Jitender 

paul Sharma & Sekhon 2006). In addition to that, the conductivity is also 

found enhanced by blending of two host polymers PMMA and PVP. 

4.7.3 Temperature Dependent Conductivity Analysis 

 The temperature dependence of ionic conductivity for the blend 

solid polymer electrolytes of PMMA-PVPK30-MSA and PMMA-PVPK90-MSA 

are shown in Figure 4.13(a) and 4.13(b) respectively. It is noticed that the 

ionic conductivity increases with temperature but there is no linear 

dependence for PMMA-PVPK30-MSA blend polymer electrolytes up to a 

temperature of 318 K and above that temperature linear behavior is observed. 

This suggests that the ionic conduction follows the Vogel-Tommann-Fulcher 

(VTF) mechanism from 303 K to 318 K and it is expressed as 

              (4.1) 

where A is a fitting constant proportional to the number of carriers, B is the 

pseudo-activation energy associated with the motion of the polymer segment 

and To is taken as the equilibrium temperature of the system corresponding to 

zero configuration entropy. To is calculated by using the relation To=Tg-50K. 

According to VTF, the carrier transport is dependent on polymer segmental 

motion in the amorphous region.  
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Figure 4.13 Temperature dependent conductivity plot for a) PMMA-
PVPK30-MSA b) PMMA-PVPK90-MSA blend polymer 
electrolytes 
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 But in the case of PMMA-PVPK90-MSA complexes, a linear 

variation of ionic conductivity with temperature is observed. The conductivity 

values obey Arrhenius type thermally activated process given by the relation  

               (4.2) 

where σo is the conductivity pre-exponential factor, Ea is the activation energy 

and k is the Boltzmann constant. The linear increase in conductivity with 

temperature can be interpreted as a hopping mechanism between coordinating 

sites, local structural relaxation, and segmental motions of the polymer 

electrolyte complexes. The activation energy values calculated by using 

equation 4.2 are 0.49 eV, 0.23 eV, 0.22 eV, 0.13 eV and 0.14 eV for KS1, 

KS2, KS3, KS4 and KS5 blend electrolytes respectively.  

 The activation energy is low for KS4 sample which results in high 

ionic conductivity.  Temperature dependent conductivity of PMMA-PVPK30-

MSA and PMMA-PVPK90-MSA blend polymer electrolytes obeys VTF and 

Arrhenius type mechanism respectively. The variation in mechanism is 

observed which is due to the difference in monomer units. Large number of 

monomer units is found in PVPK90 when compared to PVPK30. This results in 

the hindrance of bond rotation in the back bone of PVPK90. Hence the polymer 

segmental motion cannot be easily achieved in PVPK90 as in PVPK30 based 

polymer electrolytes.  

4.7.4 Dielectric Analysis 

 The dielectric behavior of the material basically reflects the electric 

charge movement inside the material in response to an external electric field. 

Dielectric properties can vary significantly with frequency or temperature, 

which is discussed in this section.  
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Figure 4.14 Frequency dependent dielectric constant of a) PMMA-
PVPK30-MSA b) PMMA-PVPK90-MSA blend polymer 
electrolyte 
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Figure 4.15 Frequency dependent dielectric loss of a) PMMA-PVPK30-
MSA b) PMMA-PVPK90-MSA blend polymer electrolyte 

 In frequency domain, the complex relative permittivity ε* of the 

material to that of free space are expressed in section 3.4.3.  
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 The real part ε′ is referred to as the dielectric constant and 

represents stored energy when the material is exposed to an electric field, 

while the dielectric loss factor ε″, which is the imaginary part, influences 

energy absorption and attenuation. The variation of ε′ and ε″ as a function of 

frequency for different compositions of PMMA-PVPK30-MSA and PMMA-

PVPK90-MSA blend polymer electrolyte at 303 K is shown in Figure 4.14(a), 

(b) and 4.15(a), (b) respectively.  

 The values of ε′ and ε″ are very high at low frequencies and 

relatively constant at higher frequencies. These values are found to increase 

with the increase in MSA content in polymer complexes. The highest 

conducting polymer electrolyte, in each blend system exhibits the high ε′ and 

ε″ values at room temperature except ε″ of BS3 which may be due to the 

relaxation occurrence in the low frequency range. The high values of ε′ and ε″ 

attributed to the localization of the charge carriers. The low frequency 

dispersion region is attributed to the contribution of charge accumulation 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. The polarization due to the charge accumulation decreases 

leading to decrease in the values of ε′ and ε″. 

 The variation of ε′ and ε″ as a function of frequency at different 

temperatures of high conducting membrane in the system of PMMA-PVPK30-

MSA and PMMA-PVPK90-MSA blend polymer electrolyte is shown in Figure 

4.16(a),(b) and 4.17(a),(b) respectively. Both the values of the dielectric 

constant and dielectric loss at low frequency have been found to increase with 

increase in temperature. This is because of the higher charge carrier density. 

As temperature increases, the degree of salt dissociation and redissociation of 

ion aggregates increases, resulting in the increase of free ions or charge carrier 

density.  
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Figure 4.16 Frequency dependent dielectric constant of a) BS3 b) KS4 
blend polymer electrolyte at various isotherms 
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Figure 4.17 Frequency dependent dielectric loss of a) BS3 b) KS4 blend 
polymer electrolytes at various isotherms 
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 The peak in the lower frequency side (Figure 4.17(a)) corresponds 

to the relaxation in dielectric loss spectra and this peak is shifted to higher 

frequency as the temperature increases in PMMA-PVPK30-MSA blend 

matrices. A peak with less intensity appeared in the lower frequency region 

(Figure 4.17(b)) and its relative intensity increases with increase of 

temperature. 

 The dielectric relaxation parameter of the polymer electrolytes can 

be obtained from the study of tan δ as a function of frequency. The dielectric 

loss tangent, tan δ has been defined already in the section 3.4.3. The variation 

of tan δ with frequency for all the prepared blend complexes of PMMA-

PVPK30-MSA and PMMA-PVPK90-MSA systems at 303 K is presented in 

Figure 4.18(a) and (b) respectively.  

 It has been observed that tan δ increases with increasing frequency 

and reaches a maximum. Then it decreases for further increase of frequency. 

The nature of dielectric permittivity related to free dipoles oscillating in an 

alternating field may be described in the following way. At very low 

frequency (ω < (1/τ)), dipole follows the field. As the frequency increases (ω 

> (1/τ)), dipoles begin to lag behind the field and ε′ slightly decreases. When 

the frequency reaches the characteristic frequency (ω=1 / τ), dipoles can no 

longer follow the field. The low-frequency dispersion region is attributed to 

the contribution of charge accumulation at the electrode–electrolyte interface.  

 The relaxation times are calculated for the two different systems of 

blend polymer electrolytes at 303 K and are tabulated in Table 4.7(a) and (b). 

The relaxation time is found low for high conducting (KS4) sample which is 

consistent with the conductivity result. But in the case of PMMA-PVPK30-

MSA blend electrolyte, the relaxation time is small for BS4 membrane 

compared to BS3 membrane (contradictory to conductivity value) which may 
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be due to the relaxation present in dielectric loss spectrum (shown in Figure 

4.15(a)).   

 

Figure 4.18 Loss tangent spectra of a) PMMA-PVPK30-MSA b) PMMA-
PVPK90-MSA blend polymer electrolytes 
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Table 4.7(a) Relaxation time values of PMMA-PVPK30-MSA solid 
polymer electrolytes 

Sample code Relaxation time (s) 

BS1 11.6 x 10-1 

BS2 7.56 x 10-5 

BS3 5.02 x 10-5 

BS4 2.38 x 10-5 

BS5 2.85 x 10-3 
 

Table 4.7(b) Relaxation time values of PMMA-PVPK90-MSA solid 
polymer electrolytes 

Sample code Relaxation time (s) 

KS1 6.42 x 10-3 

KS2 8.39 x 10-4 

KS3 2.3 x 10-4 

KS4 1.14 x 10-5 

KS5 3.41 x 10-5 

KS6 4.22 x 10-4 

KS7 1.43 x 10-3 
 

 The variation of tan δ as a function of frequency for BS3 and KS4 

(high conducting sample in two different system of blend polymer complexes) 

at various temperatures is presented in Figures 4.19(a) and (b). As the 

temperature increases, the charge carriers are thermally activated and the loss 

tangent peak shifts toward higher frequency for BS3 sample. This indicates 

that the relaxation time decreases with increase of temperature. In the case of 

KS4 membrane, the peak appeared for 303 K and 313 K and with further 

increase in temperature; peak is not viewed in the measured frequency range.   
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Figure 4.19 Loss tangent spectra of a) BS3 b) KS4 blend polymer 
electrolytes at different isotherms 

4.7.5 Modulus Analysis 

 In the field of solid electrolyte, the complex electric modulus 

formalism has been adopted because it discriminates against electrode 
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polarization and other interfacial effects. It is well known in dielectric 

representation that bulk dielectric behavior is highlighted and the interfacial 

effects tend to be eliminated. Modulus spectroscopy plots are particularly 

useful for separating spectral components of materials having similar 

resistances but different capacitances. For the dielectric relaxation, studies 

have been carried out in the complex modulus M*=M′−jM″ formalism.  

 Variation of M″ parts of the electric modulus in the function of 

frequency at various compositions of MSA in PMMA/PVPK30 and 

PMMA/PVPK90 blend complexes are shown in Figure 4.20(a) and (b) 

respectively. Low concentration of MSA doped blend membrane such as BS1 

and KS1 shows two peaks in the imaginary part of modulus formalism. Peak 

appeared in the lower frequency regime may be due to the polarization of 

charge carriers in the electrodes and the peak which occurred in the higher 

frequency region may be due to the orientation of dipole in polymer 

electrolyte.  

 Mʹʹ is increases at the high frequency end and decreases towards 

low frequency due to negligible contribution of electrode polarization. The 

presence of long tail is the consequence of the large capacitance associated 

with the electrode. Asymmetric modulus curve in M″ spectra show the non-

Debye behavior of the polymer electrolyte. Figure 4.21(a) and (b) depicts the 

imaginary modulus spectra of BS3 and KS4 (high conducting) membranes at 

various isotherms. The modulus peaks are shifted toward higher frequencies 

with rise in temperature. This behavior suggests that the relaxation is 

temperature dependent. 
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Figure 4.20 Modulus spectra (Mʺ) of a) PMMA-PVPK30-MSA b) 
PMMA-PVPK90-MSA blend polymer electrolytes 
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Figure 4.21 Modulus spectra (Mʺ) of a) BS3 b) KS4 blend polymer 

electrolytes at different isotherms 

4.8 LINEAR SWEEP VOLTAMETRY 

 Figure 4.22(a) and (b) shows the electrochemical stability window 

for PMMA-PVPK30-MSA and PMMA-PVPK90-MSA blend solid polymer 

electrolytes for different composition of MSA at ambient temperature.  
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Figure 4.22 Linear sweep voltammetry of a) PMMA-PVPK30-MSA b) 

PMMA-PVPK90-MSA blend solid polymer electrolytes at 
303K 
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 The procedure to obtain the linear sweep voltammogram for the 

electrolytes is elaborately explained in chapter 2 (section 2.4.6). For battery 

application, it is not enough to have a polymer electrolyte with high ionic 

conductivity; it should also possess good electrochemical stability (Nithya et 

al 2012). Even for the maximum applied potential of 2 V, the oxidation limit 

current is less than that of 10 μA for the area 1 cm2 for PMMA-PVPK30-MSA 

and PMMA-PVPK90-MSA blend polymer matrices. The electrochemical 

stability window standard of protonic battery is about ~ 1 V (Rana pratap et al 

2006). Hence the prepared blend solid polymer electrolytes are quiet apt for 

the fabrication of proton battery.  

4.9 ELECTROCHEMICAL IMPEDANCE AND DISCHARGE 

CHARACTERISTICS 

 Primary proton batteries are constructed by using BS3 and KS4 

(high conducting samples) in each of the 2 set of blend solid polymer 

electrolytes. The constructed cells are subjected to electrochemical impedance 

(EIS) analysis before and after they get discharged to a constant current of 

0.01mA. The constructed cell configuration is given as 

Cell 4- Anode|| BS3 || Cathode 

Cell 5 - Anode|| KS4 || Cathode 

 The open circuit potential of constructed cells is in the range of 1.4 

V to 1.43 V. The electrochemical impedance before discharging the cell 4 and 

cell 5 is shown in Figure 4.23 (a) and (b) respectively. The discharge pattern 

is monitored for the same cells for a constant current discharge of 0.01 mA 

and is shown in Figure 4.24(a) and (b). The electrochemical impedance after 

discharge to a cut-off potential for the above mentioned cells are shown in 

Figure 4.25 (a) and (b). 
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Figure 4.23 Electrochemical impedance of a) cell 4 b) cell 5 before 
discharge 
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Figure 4.24 Discharge profile of a) cell 4 b) cell 5 at a constant current of 
0.01 mA 
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Figure 4.25 Electrochemical impedance of a) cell 4 b) cell 5 after 
discharge 
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 A semicircular arc in the high frequency region along with spike in 

the low frequency region is obtained in the electrochemical impedance for cell 

4 and cell 5, before it get discharged. Bulk resistance value is calculated from 

the intercept of semicircular arc in the x-axis which is obtained as 860 and 

431 ohms for cell 4 and cell 5 respectively. Cell 4 discharged to a cut-off 

potential of 0.3 V in 5 hours and cell 5 discharged to a cut-off potential of 0.7 

V in 23 hours.  

 The discharge profile of cell 5 shows better performance than cell 

4. That is the cell constructed with PMMA-PVPK90- MSA shows better 

performance than PMMA-PVPK30-MSA blend polymer electrolyte. Similar 

work was already reported with PVA-PVP-NH4NO3 as electrolyte (Rajeswari 

et al 2014). 

 After discharge, the electrochemical impedance is once again 

measured for cell 4 and cell 5. Two semi circles along with spike are viewed 

in the impedance plot for the cells after discharge which is shown in Figure 

4.25. The impedance value obtained after discharge of the cells is found 

greater than the impedance value obtained before discharge which is due to 

the intercalation of ions in the cathode material.  

 For the blend solid polymer electrolytes, the discharge behavior is 

nearly similar to the discharge behavior of solid polymer electrolytes which is 

discussed in chapter 3. In the present study, blending results in enhancement 

of conductivity but the electrochemical discharge behavior is similar to that of 

PVPK30-MSA and PVPK90-MSA. Since there is a need to improve the 

discharge behavior of blend solid polymer electrolytes, the present work is 

preceded to the next step which is the dispersion of nano-filler particles in the 

blend polymer electrolytes. The effect of dispersion of filler in the blend 

polymer electrolytes is discussed in chapter 5. 
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CHAPTER 5 

EFFECT OF FILLER IN THE MSA DOPED PMMA/PVP 

BLEND BASED PROTON CONDUCTING SOLID 

POLYMER ELECTROLYTES 

 

5.1 INTRODUCTION 

 Nanoparticles are small particles (whose size is of the order of nm) 

that can have different physical properties than a bulk material. The particle 

size and the physical nature of the dispersed particles play a significant role 

(Ravi et al 2014). Nowadays, polymeric nanocomposites that are composed of 

inorganic nanoparticles and polymeric material are of great interest because 

the addition of nanoparticles enhances properties such as ionic conductivity, 

thermal stability, mechanical strength etc. Nanoparticles can modify the 

optical properties of polymer-based media (Smith et al 2004; Manias et al 

2007; Li et al 2010; Salavati–Niasari et al 2011). 

 The enhancement of the ionic conductivity for nanocomposite 

polymer electrolytes is attributed to different mechanisms such as a phase 

transition from crystalline to amorphous, an increase in the mobility of 

polymer chains, in the ionic mobility, and in number of the free ions. The 

increase in ionic conductivity for crystalline polymer electrolytes is explained 

by decrease of the crystalline phase. The addition of nanoparticles prohibits 

recrystallization of the electrolytes and promotes the amorphous regions 

(Croce et al 1998). Thus, the enhancement in ion transport results in the 

enhancement of the ionic conductivity.  
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 The effects of dispersing insulating ceramic filler particles such as 

TiO2, Al2O3 etc on various electrolytic properties of nanocomposite solid 

polymer electrolytes are investigated by various workers (Forsyth et al 2002; 

Xi et al 2005). The uses of different active and passive fillers have their own 

technical highlights in the device application and also each filler has different 

significant effect in polymer electrolyte systems. For example, Al2O3 forms 

complexes with the basic oxygen atoms in the chain and acts as cross-linking 

centers, thereby reducing the reorganization tendency of the polymer chain 

and promoting preferred ion transport at the boundaries of the filler particles 

(Croce et al 1999); TiO2 reduces the interface resistance between polymer and 

electrode (Shin et al 2002; Mrigank Mauli Dwivedi et al 2013). It was 

reported that the magnitude of conductivity was increased with the 

incorporation of TiO2 filler in poly (vinyl pyrolidone) based host polymer and 

the performance of nano composite polymer electrolyte in the electrochemical 

cell was also studied (Ravi et al 2014).  

 The effect of nano-sized TiO2 on the conductivity and mechanical 

stability of PMMA based lithium ion conducting gel polymer electrolytes was 

studied (Shahzada Ahmad et al 2006). The transport properties and the ionic 

conductivity of TiO2 dispersed nano composite polymer electrolytes were 

improved when compared to pure PEO-LiClO4 polymer electrolytes for 

lithium ion batteries (Lin et al 2005).  

 The complexes of PEO/LiClO4/Al2O3 with various organic acids 

such as malonic, maleic and carboxylic acids were studied by Park et al. It 

was noted that the ionic conductivity of the film consisting of PEO/LiClO4: 

Citric acid (99.95:0.05 wt%) was 3.25x10-4 Scm-1 at 30ºC and it was further 

improved to 3.1x10-3 Scm-1 at 20ºC by adding 20wt% of Al2O3 filler (Park et 

al 2006). The characteristics and the properties of a polymer electrolyte 

formed by trapping LiPF6-PC solution in a poly(acrylonitrile) matrix with the 
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addition of Al2O3 were reported. The performances of the electrolyte were 

found to be promising in terms of cycle life and basic energy density content 

(Panero et al 2002). From the literature survey, it was found that dispersion of 

fillers such as TiO2 and Al2O3 in the polymer host enhanced the electrical, 

mechanical and transport properties of the solid polymer electrolytes. 

 This chapter deals with the characteristic effect of dispersion of 

TiO2 and Al2O3 nanoparticles having the size 27 and 6.7 nm respectively in 

the optimized sample of blend proton conducting solid polymer electrolytes 

such as PMMA-PVPK30-MSA and PMMA-PVPK90-MSA. The compositions 

of the prepared nanocomposite solid polymer electrolytes are as follows. 

Table 5.1  Sample code and their composition of PMMA: PVPK30: 
MSA: TiO2 nanocomposite solid polymer electrolytes 

Sample Code Compositions (mol%) (PMMA:PVPK30:MSA:TiO2) 

TS1 42.73 : 42.73 : 14.04 : 0.5 

TS2 42.49 : 42.49 : 14.02 : 1 

TS3 42.24: 42.24:14.02 : 1.5 

TS4 42.01: 42.01 : 13.98: 2 

TS5 41.77 : 41.77 : 13.96 : 2.5 
 

Table 5.2  Sample code and their composition of PMMA:PVPK30:MSA: 
Al2O3 nanocomposite solid polymer electrolytes 

Sample Code Compositions (mol%) (PMMA:PVPK30:MSA:Al2O3) 

AS1 42.55 : 42.55 : 13.9 : 1 

AS2 42.12 : 42.12 : 13.76 : 2 

AS3 41.69: 41.69:13.62 : 3 

AS4 41.26: 41.26 : 13.48: 4 
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Table 5.3  Sample code and their composition of PMMA: PVPK90: 
MSA: TiO2 nanocomposite solid polymer electrolytes 

Sample Code Compositions (mol%) (PMMA:PVPK90:MSA:TiO2) 

TK1 42.49 : 42.49 : 14.02 : 1 

TK2 42.01: 42.01 : 13.98: 2 

TK3 41.52: 41.52: 13.96 : 3 

TK4 41.04 : 41.04 : 13.92: 4 

TK5 40.56 : 40.56 : 13.88 : 5 
 

Table 5.4  Sample code and their composition of PMMA:PVPK90:MSA: 
Al2O3 nanocomposite solid polymer electrolytes 

Sample Code Compositions (mol%) (PMMA:PVPK90:MSA:Al2O3) 

AK1 42.55 : 42.55 : 13.9 : 1 

AK2 42.12 : 42.12 : 13.76 : 2 

AK3 41.69: 41.69:13.62 : 3 

AK4 41.26: 41.26 : 13.48: 4 

AK5 40.83 : 40.83 : 13.34 : 5 

AK6 40.4 : 40.4 : 13.2 : 6 
 

5.2. FTIR STUDIES 

 The vibrational spectra of TiO2 and Al2O3 dispersed in PMMA-

PVPK30-MSA blend polymer electrolytes are shown in Figure 5.1 and 5.2 

respectively. Further, the vibrational spectra of TiO2 and Al2O3 dispersed in 

PMMA-PVPK90-MSA blend polymer electrolytes are shown in Figure 5.3 and 

5.4 respectively. 
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Figure 5.1 FTIR spectra of PMMA-PVPK30-MSA-TiO2 nanocomposite 
solid polymer electrolytes 

 

Figure 5.2 FTIR spectra of PMMA-PVPK30-MSA-Al2O3 nanocomposite 
solid polymer electrolytes 
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Figure 5.3 FTIR spectra of PMMA-PVPK90-MSA-TiO2 nanocomposite 
solid polymer electrolytes 

 

Figure 5.4 FTIR spectra of PMMA-PVPK90-MSA-Al2O3 nanocomposite 
solid polymer electrolytes 
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 Due to the addition of filler in PMMA-PVPK30-MSA and PMMA-

PVPK90-MSA, the following vibrational variation is observed in the FTIR 

spectra. The relative intensity of C-S bonding and symmetric rocking of CH3 

in MSA at about 771 and 1040 cm-1 decrease due to the dispersion of 

nanoparticles such as TiO2 and Al2O3 in PMMA/PVPK30 and PMMA/PVPK90 

blend polymer electrolytes doped with MSA. The peak corresponds to C-O 

stretching of PMMA (~1191 cm-1) and asymmetric stretching of SO3
- (~1170 

cm-1) in MSA appeared as a broad single peak in MSA doped blend polymer 

electrolytes. The dispersion of nano particles results in decrease of relative 

intensity, increase of broadness and shifted to higher wave number region as 

the filler content increases.  

 The carbonyl group of PVP (~1644 cm-1) is shifted to higher wave 

number region of about 1654 cm-1 with increase in concentration of filler and 

the relative intensity also varies in the filler dispersed blend polymer 

electrolytes when compared to the filler free blend polymer electrolytes. The 

relative intensity variation is observed in the carbonyl group of PMMA (1725 

cm-1) due to the dispersion of nano fillers.  

 The stretching vibrations of CH2 in PVP appeared around  

2800 cm-1 whose relative intensity decreases due to the addition of 

nanoparticles. Broad peak around 3500 cm-1 is observed which shows the 

presence of moisture in the membrane. No significant peak is observed for 

TiO2 and Al2O3 which may be due to the filler content in nanocomposite 

polymer electrolytes is very small when compared to the host polymer or 

MSA concentration. Further, there is no evident peak viewed for the presence 

of solvent (DMF).   
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5.3  TG/DTG ANALYSIS  

 The thermal degradation profiles of prepared nanocomposite blend 

polymer electrolytes such as PMMA-PVPK30-MSA- 1 mol% TiO2, PMMA-

PVPK30-MSA- 2 mol% Al2O3, PMMA-PVPK90-MSA- 3 mol% TiO2, PMMA-

PVPK90-MSA- 4 mol% Al2O3 are shown in Figure 5.5 (a), 5.5(b), 5.6(a) and 

5.6(b) respectively. TG/DTG thermograms for above mentioned 

nanocomposite samples have similar appearance.  

 The first weight loss (~15 wt%) region occurring in the temperature 

range of 30 °C – 120 °C corresponds to loss of adsorbed water in the 

presented nanocomposite membranes. The second weight loss (~30 wt%)  

region is observed in the temperature range of 255 °C – 360 °C corresponds to 

loss of sulfonic acid group (Boroglu et al 2011) present in MSA. This weight 

loss is occurred as a peak at ~325 °C in DTG spectrum.  

 The onset of membrane decomposition temperature from TG 

spectrum is found as ~280 °C. The third weight loss (~36 wt%) region is 

viewed in the temperature range of 385 °C – 460 °C which is due to the 

decomposition of blend polymer chains of PMMA and PVP and it is indicated 

as a sharp peak at ~410 °C in DTG thermogram.  

 The thermal stability of the nanocomposite polymer electrolytes is 

not much enhanced when compared to the filler free blend solid polymer 

electrolytes which may be due to the less concentration of filler. But, from 

TG/DTG analysis of nanocomposite solid polymer electrolytes, the above 

mentioned membranes are greatly suited for the fabrication of proton battery. 
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Figure 5.5 TG/DTG curves for (a) TS2 (b) AS2 nanocomposite solid 
polymer electrolytes 
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Figure 5.6 TG/DTG curves for (a) TK3 (b) AK4 nanocomposite solid 
polymer electrolytes 
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5.4 OPTICAL MICROSCOPY 

 Figures 5.7, 5.8, 5.9 and 5.10 show the optical microscopic image 

of PMMA-PVPK30-MSA-TiO2, PMMA-PVPK30-MSA-Al2O3, PMMA-

PVPK90-MSA-TiO2 and PMMA-PVPK90-MSA-Al2O3 at various filler 

concentration respectively. From the photograph of the surface morphology of 

the nanocomposite solid polymer electrolytes, the homogeneity on the surface 

is observed.  

 The degree of roughness increases with increase in filler 

concentration, this indicates the segregation of filler in the polymer matrices. 

The size of the filler particles used in the present investigation is in nano 

meters but the optical microscopic image is recorded in micron scale. In 

addition to that the filler concentration in nanocomposite polymer electrolyte 

is very less. Hence, the particle distribution cannot be viewed clearly in 

optical microscopic image. In PMMA-PVPK30-MSA based nanocomposite 

polymer electrolytes, irregular distribution of white region surrounded the 

black region are viewed on the surface which indicates the presence of 

polymer and MSA. In PMMA-PVPK90-MSA based nanocomposite polymer 

electrolytes, similar type of surface appearance is viewed. From the 

photographs of optical microscope, it is inferred that there is a regular 

distribution of ingredients.  
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Figure 5.7 Optical microscopic images of TiO2 dispersed PMMA-
PVPK30-MSA blend nanocomposite polymer electrolyte 
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Figure 5.8 Optical microscopic image of Al2O3 dispersed PMMA-
PVPK30-MSA blend nanocomposite polymer electrolyte 



151 
 

 

        

    

 

 

Figure 5.9 Optical microscopic image of TiO2 dispersed PMMA-

PVPK90-MSA blend nanocomposite polymer electrolyte at 

100 μm scale 
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Figure 5.10 Optical microscopic image of Al2O3 dispersed PMMA-
PVPK90-MSA blend nanocomposite polymer electrolyte 
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5.5 TRANSPORT NUMBER ANALYSIS 

 
Figure 5.11 Polarization current as a function of time for (a) PMMA-

PVPK30-MSA-TiO2 (b) PMMA-PVPK30-MSA-Al2O3 
nanocomposite polymer electrolyte membranes 

 
 
Figure 5.12 Polarization current as a function of time for (a) PMMA-

PVPK90-MSA-TiO2 (b) PMMA-PVPK90-MSA-Al2O3 
nanocomposite polymer electrolyte membranes 
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 The total ionic transport number (tion) is measured using dc 

polarization technique for the prepared nanocomposite blend proton 

conducting solid polymer electrolytes such as PMMA-PVPK30-MSA-TiO2, 

PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2, PMMA-PVPK90-

MSA-Al2O3 with different concentration of nano filler and are presented in 

Figures 5.11(a), 5.11(b), 5.12(a) and 5.12(b) respectively. The procedure for 

the determination of transport number was already discussed in chapter 2. The 

transport number values are calculated from the current vs time plot for 

PMMA-PVPK30-MSA-TiO2 and PMMA-PVPK30-MSA-Al2O3 lie in the range 

of 0.93 – 0.99. For the nanocomposite solid polymer electrolytes based on 

PMMA-PVPK90-MSA-TiO2 and PMMA-PVPK90-MSA-Al2O3, the transport 

number values are between 0.98 and 0.99. The calculated transport number 

values show that the charge transport in the prepared nanocomposite solid 

polymer electrolytes is mainly due to ions.   

5.6 AC IMPEDANCE SPECTROSCOPY 

5.6.1 Impedance Analysis 

 The complex impedance plot for PMMA-PVPK30-MSA-TiO2, 

PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2 and PMMA-

PVPK90-MSA-Al2O3 nanocomposite solid polymer electrolytes at different 

concentration of filler are shown in Figures 5.13(a), 5.13(b), 5.14(a) and 

5.14(b) respectively. The Cole-Cole plot consists of both semicircular arc and 

spike which is similar to that of single polymer-acid and blend polymer-acid 

complexes (discussed in section 3.4.1 and 4.7.1 respectively). Figures 5.15(a), 

5.15(b), 5.16(a) and 5.16(b) represent the fitted Cole-Cole plot for high 

conducting membrane in each set of nanocomposite solid polymer 

electrolytes. The impedance plot is fitted by using Z-view software and its 

equivalent circuit is same as that of filler free blend polymer electrolytes as 

explained in chapter 4.  
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 The calculated conductivity values from the Cole-Cole plot is given 

in tabular form in Tables 5.5 and 5.6 for PMMA-PVPK30-MSA-TiO2 (Ambika 

et al 2015) and PMMA-PVPK30-MSA-Al2O3 at different concentrations of 

TiO2 and Al2O3 respectively. In addition to that, the conductivity values of 

PMMA-PVPK90-MSA-TiO2 and PMMA-PVPK90-MSA-Al2O3 at different 

concentrations of TiO2 and Al2O3 are represented in Tables 5.7 and 5.8 

respectively.  

 The equivalent circuit for all the prepared nanocomposite solid 

polymer electrolytes consists of a resistance (R1) and a constant phase 

element (CPE1) parallel to each other and another constant phase element 

(CPE2) connected in series to the parallel combination. The values of R1, 

CPE1 and CPE2 obtained from fitting the Cole-Cole plot of high conducting 

membrane in each set nanocomposite solid polymer electrolytes by Z-view 

software and are given in Table 5.9. The reason for the occurrence of R1, 

CPE1 and CPE2 has already been discussed in chapter 3. 

Table 5.5  Conductivity values for PMMA-PVPK30-MSA-TiO2 
nanocomposite polymer electrolyte samples 

Sample code Conductivity at 303 K (S/cm) 

TS1 2.10×10-6 

TS2 2.82×10-5 

TS3 2.20×10-6 

TS4 1.17×10-6 

TS5 1.07×10-6 
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Figure 5.13 Cole-Cole plots for (a) PMMA-PVPK30-MSA-TiO2 (b) 
PMMA-PVPK30-MSA-Al2O3 system of nanocomposite solid 
polymer electrolytes 
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Figure 5.14 Cole-Cole plots for (a) PMMA-PVPK90-MSA-TiO2 (b) 
PMMA-PVPK90-MSA-Al2O3 system of nanocomposite solid 
polymer electrolytes 
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Figure 5.15 Equivalent circuit fit for (a) TS2 (b) AS2 nanocomposite 
polymer electrolyte membranes 
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Figure 5.16 Equivalent circuit fit for (a) TK3 (b) AK4 nanocomposite 
polymer electrolyte membranes 
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Table 5.6  Conductivity values for PMMA-PVPK30-MSA-Al2O3 
nanocomposite polymer electrolyte samples 

Sample code Conductivity at 303 K (S/cm) 

AS1 5.79×10-6 

AS2 1.05×10-5 

AS3 1.90×10-7 

AS4 2.50×10-6 
 

Table 5.7  Conductivity values for PMMA-PVPK90-MSA-TiO2 
nanocomposite polymer electrolyte samples 

Sample code Conductivity at 303 K (S/cm) 

TK1 9.06×10-6 

TK2 1.21×10-6 

TK3 2.05×10-5 

TK4 4.1×10-6 

TK5 1.28×10-5 
 

Table 5.8  Conductivity values for PMMA-PVPK90-MSA-Al2O3 
nanocomposite polymer electrolyte samples 

Sample code Conductivity at 303 K (S/cm) 

AK1 4.27×10-6 

AK2 3.05×10-6 

AK3 1.06×10-6 

AK4 1.38×10-5 

AK5 7.78×10-6 

AK6 2.82×10-6 
 



161 
 

 

Table 5.9  Resistance and constant phase element values present in 
equivalent circuit 

Sample code R1 (Ohms) CPE1 (Farad) CPE2 (Farad) 

TS2 1752± 2 1.36×10-9± 3.23×10-10 1.44×10-5± 4.51×10-7 

AS2 2870± 3 1.09×10-9± 2.14×10-10 1.28×10-5± 1.74×10-7 

TK3 1174± 4 7.03×10-8± 4.92×10-10 3.02×10-6± 3.82×10-7 

AK4 2025± 2 7.81×10-10± 3.46×10-11 5.63×10-6± 2.64×10-7 
 

5.6.2 Concentration Dependent Conductivity Analysis 

 For various concentrations of filler particles, the conductivity of the 

nanocomposite solid polymer electrolytes is represented in Figure 5.17. The 

maximum conductivity value is obtained for 1 mol% of TiO2 dispersed in 

PMMA-PVPK30 blend polymer electrolytes doped with MSA among all the 

prepared nanocomposite solid polymer electrolytes. 

 

Figure 5.17 Conductivity variations with nano filler (TiO2/Al2O3) 
content in MSA doped blend polymer electrolytes 
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 PMMA-PVPK30-MSA-Al2O3 system of nanocomposite membranes 

attains the maximum conductivity for 2 mol% of Al2O3 dispersed sample. 

Further, PMMA-PVPK90-MSA-TiO2 and PMMA-PVPK90-MSA-Al2O3 series 

of nanocomposite membranes have the maximum conductivity for 3 mol% 

TiO2 and 4 mol% of Al2O3 dispersed samples respectively. The conductivity 

of filler incorporated blend solid polymer electrolytes is not enhanced when 

compared with the filler free blend solid polymer electrolytes except the 1 

mol% of TiO2 incorporated PMMA-PvPK30-MSA membrane. The 

conductivity is enhanced for 1 mol% of TiO2 dispersed sample when 

compared to filler free electrolyte which may be attributed to the slight 

increase of amorphous nature (Ravi et al 2014) or the lewis acid-base 

interaction centers present in the electrolyte which lessen ionic coupling that 

promote salt dissociation (Say Min Tan & Mohd Rafie Johan 2011). 

 But for other concentration of filler (TiO2 or Al2O3) dispersed blend 

polymer electrolytes, the conductivity is not enhanced when compared to 

filler free blend solid polymer electrolytes This may be due to the 

agglomeration of particles causing the interaction between the nano-sized 

filler particles with the blend (PMMA/PVP) polymer matrices (Lin et al 2005) 

and the selected filler (TiO2 or Al2O3) may not be suitable for these types of 

polymer matrices. 

5.6.3 Temperature Dependent Conductivity Analysis 

 The variation of logarithm of ionic conductivity as a function of 

inverse of temperature for different mol% of TiO2 or Al2O3 in the blend 

polymer electrolytes of PMMA-PVPK30-MSA are shown in Figures 5.18(a) 

and 5.18(b) respectively. In addition to that, the temperature dependent 

conductivity plots for PMMA-PVPK90-MSA-TiO2, PMMA-PVPK90-MSA-

Al2O3 system of nanocomposite polymer electrolytes are shown in Figure 

5.19(a) and 5.19(b) respectively. It is evident from the Figures 5.18 and 5.19 
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that the ionic conductivity of nanocomposite solid polymer electrolytes 

increases with increase of temperature. In addition to that, a sharp raise of 

conductivity is observed within the temperature range of 303 K to 323 K. 

  From Figure 5.18(a), it is inferred that there is no linear 

temperature dependence of the ionic conductivity measured from polymer 

electrolytes which is the hall mark of ionic motion being coupled with the 

host matrix. This behavior is explained by Vogel-Tommann-Fulcher (VTF) 

relation and it is given in equation 4.1 (chapter 4) with its explanation. From 

Figure 5.18(b), it is found that for the lower concentration of filler ie., for 1 

mol% of Al2O3 dispersed membrane show linear variation of conductivity 

with temperature. 

 As the filler content increases, there is a non-Arrhenius behavior 

observed. Both Arrhenius and non-Arrhenius trend of variation is viewed in 

PMMA-PVPK30-MSA-Al2O3 system of nanocomposite solid polymer 

electrolytes which may be due to dispersion of nanoparticle in each polymer 

electrolyte is different. This is evidenced from optical microscopic image. 

Non-Arrhenius behavior except AS1 is observed for filler incorporated blend 

solid polymer electrolyte similar to filler free PMMA-PVPK30-MSA blend 

solid polymer electrolytes. 

 The dispersion of filler such as TiO2 and Al2O3 in PMMA-PVPK90-

MSA blend polymer electrolytes results in non-linear dependence of 

conductivity with temperature except AK3 which is found as Arrhenius type 

of behavior. This is observed from Figure 5.19(a) and 5.19(b). This may be 

due to the arrangement of host polymers and filler distribution may promote 

ion hopping mechanism.  
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Figure 5.18 Temperature dependent conductivity plot for (a) PMMA-
PVPK30-MSA-TiO2 (b) PMMA-PVPK30-MSA-Al2O3 blend 
nanocomposite polymer electrolytes 
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Figure 5.19 Temperature dependent conductivity plot for (a) PMMA-
PVPK90-MSA-TiO2 (b) PMMA-PVPK90-MSA-Al2O3 based 
nanocomposite polymer electrolytes 
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5.6.4 Dielectric Analysis 

 The variation of real part of dielectric (εʹ) with frequency for 

PMMA-PVPK30-MSA-TiO2, PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-

MSA-TiO2 and PMMA-PVPK90-MSA-Al2O3 at different filler concentration 

are shown in Figures 5.20(a), 5.20(b), 5.21(a) and 5.21(b) respectively. The 

dielectric loss spectra as a function of frequency for PMMA-PVPK30-MSA-

TiO2, PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2 and PMMA-

PVPK90-MSA-Al2O3 at different filler concentration are shown in Figure 

5.22(a), 5.22(b), 5.23(a) and 5.23(b) respectively.  

 The maximum value of the dielectric constant and dielectric loss is 

obtained for TS2, AS2, TK3 and AK4 membranes of PMMA-PVPK30-MSA-

TiO2, PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2 and PMMA-

PVPK90-MSA-Al2O3 system of nanocomposite solid polymer electrolytes 

respectively at ambient temperature. This indicates the presence of huge 

number free ions take part in polarization process which is consistent with the 

conductivity results (discussed in section 5.6.1). The real part of the dielectric 

for nanocomposite blend solid polymer electrolytes follows the same trend as 

those of the filler free blend solid polymer electrolytes. In the imaginary part 

of the dielectric, the relaxation is found absent in the nano composite blend 

polymer electrolytes.  

 The variation of dielectric constant as a function of frequency for 

high conducting samples of TS2, AS2, TK3 and AK4 at different 

temperatures ranging from 303 K to 373 K are presented in Figures 5.24(a), 

5.24(b), 5.25(a) and 5.25(b) respectively and also the dielectric loss spectra 

are denoted in Figures 5.26(a), 5.26(b), 5.27(a) and 5.27(b) respectively.  

 The dielectric constant and dielectric loss value increases as the 

temperature increases which is due to the further dissociation of ions by 
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thermal energy. Temperature dependent dielectric loss spectra of TS2 and 

AS2 pronounced the relaxation peak at higher temperatures which occurred 

due to the movement of side-group dipoles (Ramya et al 2008). The relative 

intensity of the peak increases and the peak maxima shifts to higher frequency 

region as the temperature increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.20 Dielectric constant spectra of (a) PMMA-PVPK30-MSA-TiO2 
(b) PMMA-PVPK30-MSA-Al2O3 at different filler 
concentration 
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Figure 5.21 Dielectric constant spectra of (a) PMMA-PVPK90-MSA-TiO2 
(b) PMMA-PVPK90-MSA-Al2O3 at different filler 
concentration 
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Figure 5.22 Dielectric loss spectra of (a) PMMA-PVPK30-MSA-TiO2  
(b) PMMA-PVPK30-MSA-Al2O3 at different filler 
concentration 
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Figure 5.23 Dielectric loss spectra of (a) PMMA-PVPK90-MSA-TiO2  
(b) PMMA-PVPK90-MSA-Al2O3 at different filler 
concentration 
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Figure 5.24 Dielectric constant spectra of (a) TS2 (b) AS2 
nanocomposite solid polymer electrolytes at different 
temperatures 
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Figure 5.25 Dielectric constant spectra of (a) TK3 (b) AK4 
nanocomposite solid polymer electrolytes at different 
temperatures 
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Figure 5.26 Dielectric loss spectra of (a) TS2 (b) AS2 nanocomposite 
solid polymer electrolytes at different temperatures 

 

 



174 
 

 

 

 

Figure 5.27 Dielectric loss spectra of (a) TK3 (b) AK4 nanocomposite 
solid polymer electrolytes at different temperatures 

 The variation of loss tangent spectra of PMMA-PVPK30-MSA-TiO2, 

PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2 and PMMA-

PVPK90-MSA-Al2O3 at various nano particle contents are shown in Figures 
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5.28(a), 5.28(b), 5.29(a) and 5.29(b) respectively. The tangent loss spectra of 

nanocomposite solid polymer electrolyte proceed in the same way as those of 

filler free solid polymer electrolytes (shown in Figure 4.18(a) and 4.18(b)). A 

detailed mechanism related to the occurrence of peak and the variation of Tan 

δ as a function of frequency was already provided in section 4.7.4. The peak 

is found absent in the Tan δ spectrum of AS4 sample within the measured 

frequency range and it is shown as inset diagram in Figure 5.28(b).  

 Each peak in Tan δ spectra is fitted by using lorenzian fit and the 

relaxation time is calculated for each prepared nanocomposite solid polymer 

electrolytes. This calculated relaxation time values are listed in Table 5.10(a), 

5.10(b), 5.11(a) and 5.11(b) for a system of PMMA-PVPK30-MSA-TiO2, 

PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2 and PMMA-

PVPK90-MSA-Al2O3 nanocomposite solid polymer electrolyte membranes. 

The relaxation time is found minimum for TS2, AS2, TK3 and AK4 

membranes. This result is consistent with the conductivity data. 

Table 5.10(a) Relaxation time values of PMMA-PVPK30-MSA-TiO2 
nanocomposite solid polymer electrolytes 

Sample code Relaxation time (s) 

TS1 8.88 x 10-5 

TS2 4.85 x 10-6 

TS3 5.76 x 10-5 

TS4 9.92 x 10-5 

TS5 2.18 x 10-4 
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Figure 5.28 Loss tangent spectra of (a) PMMA-PVPK30-MSA-TiO2  
(b) PMMA-PVPK30-MSA-Al2O3 at different filler 
concentration 
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Table 5.10(b) Relaxation time values of PMMA-PVPK30-MSA-Al2O3 
nanocomposite solid polymer electrolytes 

Sample code Relaxation time (s) 

AS1 3.62 x 10-5 

AS2 3.55 x 10-5 

AS3 1.88 x 10-3 

AS4 - 
 

Table 5.11(a) Relaxation time values of PMMA-PVPK90-MSA-TiO2 
nanocomposite solid polymer electrolytes 

Sample code Relaxation time (s) 

TK1 5.67 x 10-6 

TK2 6.30 x 10-5 

TK3 4.30 x 10-6 

TK4 2.72 x 10-5 

TK5 - 
 

Table 5.11(b) Relaxation time values of PMMA-PVPK90-MSA-Al2O3 
nanocomposite solid polymer electrolytes 

Sample code Relaxation time (s) 

AK1 3.50 x 10-5 

AK2 1.96 x 10-5 

AK3 7.32 x 10-5 

AK4 5.71 x 10-6 

AK5 5.87 x 10-6 

AK6 5.87 x 10-6 
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Figure 5.29 Loss tangent spectra of (a) PMMA-PVPK90-MSA-TiO2  
(b) PMMA-PVPK90-MSA-Al2O3 at different filler 
concentration 
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Figure 5.30 Loss tangent spectra of (a) TS2 (b) AS2 nanocomposite solid 
polymer electrolytes at different temperatures 
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Figure 5.31 Loss tangent spectra of (a) TK3 (b) AK4 nanocomposite 
solid polymer electrolytes at different temperatures 
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 Figure 5.30(a), 5.30(b), 5.31(a) and 5.31(b) shows the temperature 

dependent loss tangent spectra of TS2, AS2, TK3 and AK4 nanocomposite 

solid polymer electrolyte membranes respectively. The Tan δ peak shifts to 

higher frequency region and the relative intensity of the peak increases with 

the increase in temperature which suggests that the dielectric relaxation 

process is temperature dependent. It is a typical feature of polar dielectrics 

(Pillai et al 1986). 

5.6.5 Modulus Analysis 

 The frequency dependence of imaginary part of modulus (Mʹʹ) for 

all the prepared nanocomposite solid polymer electrolytes at different content 

of dispersed nanoparticles is shown in Figure 5.32(a), 5.32(b), 5.33(a) and 

5.33(b). The dispersed region of Mʹʹ appeared in the higher frequency regime 

which denotes the response of the charge carriers to the applied electric field. 

A peak in the modulus spectra is appeared for AS3 and AK3 membranes 

which denote the dipole orientation may happen within the frequency range 

measured.  

 Modulus spectra of TS2, AS2, TK3 and AK4 at various isotherms 

are shown in Figure 5.34(a), 5.34(b), 5.35(a) and 5.35(b) respectively. These 

modulus spectra are similar to the modulus spectra obtained for blend solid 

polymer electrolytes (discussed in section 4.7.5). The modulus peaks are 

shifted to higher frequency region with the increase of temperature. 
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Figure 5.32 Imaginary part of modulus spectra of (a) PMMA-PVPK30-
MSA-TiO2 (b) PMMA-PVPK30-MSA-Al2O3 at different filler 
concentration 
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Figure 5.33 Imaginary part of modulus spectra of (a) PMMA-PVPK90-
MSA-TiO2 (b) PMMA-PVPK90-MSA-Al2O3 at different filler 
concentration 

 

 



184 
 

 

 

 

Figure 5.34 Modulus spectra (Mʺ) of (a) TS2 (b) AS2 nanocomposite 
solid polymer electrolytes at different temperatures 
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Figure 5.35 Modulus spectra (Mʺ) of (a) TK3 (b) AK4 nanocomposite 
solid polymer electrolytes at different temperatures 
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5.7 LINEAR SWEEP VOLTAMETRY 

 The linear sweep voltammetric diagram for PMMA-PVPK30-MSA-

TiO2, PMMA-PVPK30-MSA-Al2O3, PMMA-PVPK90-MSA-TiO2 and PMMA-

PVPK90-MSA-Al2O3 blend nanocomposite polymer electrolytes at different 

filler concentrations are shown in Figures 5.36(a), 5.36(b), 5.37(a) and 5.37(b) 

respectively. The experimental arrangement and the measurement of 

electrochemical stability window were already described in chapter 2.  

 From figure, it can be observed that for the applied potential of 1.75 

V, the prepared nanocomposite membranes allow only less current of about 5 

μA (except TS1, AS4, TK1, TK2, AK1 and AK2) whereas the area is kept as 

1 cm2. The addition of filler in optimized blend electrolytes produces much 

effect in the electrochemical stability window when compared to high 

conducting sample in filler free blend polymer electrolytes. That is, some of 

the prepared nanocomposite membranes such as TS1, AS4, TK1, TK2, AK1 

and AK2 do not show the enhancement in electrochemical window when 

compared to filler free blend membranes.  

 For a system of SiO2 dispersed gel polymer electrolyte system, 

cyclic voltametry was carried out and it is reported that the voltammogram 

does not show any reduction or oxidation peak in the potential range from 

−1.6 V to +1.6 V with the current density reaches the maximum of 0.1 

mA/cm2 (Kuldeep Mishra et al 2013) further it is informed that this range is 

suitable for device applications. Hence, from the present investigation of 

electrochemical stability window, the prepared nanocomposite proton 

conducting polymer electrolyte membrane is well suited to fabricate a proton 

battery. 
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Figure 5.36 Linear sweep voltammetry of (a) PMMA-PVPK30-MSA-TiO2 
(b) PMMA-PVPK30-MSA-Al2O3 blend nanocomposite 
polymer electrolytes 
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Figure 5.37 Linear sweep voltammetry of (a) PMMA-PVPK90-MSA-TiO2 
(b) PMMA-PVPK90-MSA-Al2O3 blend nanocomposite 
polymer electrolytes 
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5.8 ELECTROCHEMICAL IMPEDANCE AND DISCHARGE 

CHARACTERISTICS 

 Primary proton batteries are constructed by utilizing the high 

conducting membrane (TS2, AS2, TK3 and AK4) in each of the four different 

set of nanocomposite blend solid polymer electrolytes.  

The configuration of the constructed proton battery is given below 

Cell 6- Anode|| TS2 || Cathode 

Cell 7- Anode|| AS2 || Cathode 

Cell 8- Anode|| TK3 || Cathode 

Cell 9- Anode|| AK4 || Cathode 

 The open circuit potential of the constructed cells by using 

nanocomposite membrane is ~1.4 V. The electrochemical impedance for the 

fabricated proton battery is recorded before and after it gets discharged to a 

constant current of 0.01 mA. Figure 5.38(a), 5.38(b), 5.39(a) and 5.39(b) 

represent the electrochemical impedance of the fresh cell for the cell 

fabricated with TS2 (cell 6), AS2 (cell 7), TK3 (cell 8) and AK4 (cell 9) 

respectively. The detailed explanation for the electrochemical impedance for 

the cell is given in chapter 3. The internal resistance of the cell 6, cell 7, cell 8 

and cell 9 are found as 465 ohms, 470 ohms, 1187 ohms and 2540 ohms 

respectively.  

 The internal resistance of the cell 6 and cell 7 are less when 

compared to the internal resistance value obtained for cell 4 (shown in  

chapter 4).  
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Figure 5.38 Electrochemical impedance of (a) cell 6 (b) cell 7 before 
discharge 
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Figure 5.39 Electrochemical impedance plot of (a) cell 8 (b) cell 9 before 
discharge 
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 That is, the internal resistance of the cell constructed with filler 

dispersed PMMA-PVPK30-MSA blend matrices are decreased when compared 

to the internal resistance of the cell constructed with filler free blend 

complexes doped with MSA (PMMA-PVPK30-MSA). But for cell 8 and cell 9, 

the internal resistance is found increased when compared to the cell 5 internal 

resistance. That is, the internal resistance of the cell constructed with prepared 

high conducting nanocomposite solid polymer electrolyte systems such as 

PMMA-PVPK90-MSA-TiO2 and PMMA-PVPK90-MSA-Al2O3 blend 

electrolytes increased when compared to the internal resistance of the cell 

with filler free MSA doped blend matrices (PMMA-PVPK90-MSA). 

 The discharge profile of cell 6, cell 7, cell 8 and cell 9 are shown in 

Figures 5.40 (a), 5.40(b), 5.41(a) and 5.41(b) respectively at a constant 

current of 0.01 mA. In the discharge profile of cell 6, the discharge pattern 

reaches the cut-off potential of 1 V in 23 hours and in cell 7, the discharge 

pattern reaches the cut-off potential of 0.9 V in 23 hours. Similar type of 

discharge pattern is obtained for the proton battery constructed with ionic 

liquid incorporated nanocomposite solid proton conducting membrane based 

on PVdF (Kuldeep Mishra et al 2014) for a discharge at 100 KΩ.  

 Cell 6 shows better performance when compared to cell 7 which 

may be due to the conductivity variation occurred in the TiO2 and Al2O3 

dispersed blend solid polymer electrolytes. And also, the improved discharge 

performance is observed for the cell (cell 6 and cell 7) constructed with filler 

dispersed polymer electrolyte when compared to the cell (cell 4 – discussed in 

chapter 4) constructed with filler free blend polymer-acid complexes. This 

may be due to filler in the blend based polymer electrolytes which possibly 

improve the chemical and physical compatibility of the electrolyte with 

respect to the electrodes and also it may promote the interfacial contact 

between electrode and electrolyte.  
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Figure 5.40 Discharge pattern of (a) cell 6 (b) cell 7 at a constant current 
of 0.01 mA 
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Figure 5.41 Discharge profile of (a) cell 8 (b) cell 9 at a constant current 
of 0.01 mA 
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Figure 5.42 Electrochemical impedance of (a) cell 6 (b) cell 7 after 
discharge 
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Figure 5.43 Electrochemical impedance of (a) cell 8 (b) cell 9 after 

discharge 

 The interfacial resistance between electrode and electrolyte is low 
for the TiO2/Al2O3 dispersed polymer electrolyte when compared to the filler 
free polymer electrolyte. For the cell 8, the discharge pattern reaches the cut-
off potential of 0.4 V in 12 hours and for cell 9, it takes 20 hours to reach the 
cut-off potential of 0.4 V. When comparing the discharge performance of cell 
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8 and cell 9, cell 9 shows better performance than cell 8. The discharge 
performance of the cell (cell 8 and cell 9) constructed with filler incorporated 
blend polymer electrolyte membrane is not enhanced when compared to the 
cell (cell 5 – discussed in chapter 4) constructed with filler free blend polymer 
matrices. This may be due to the increase of internal resistance of cell 8 and 
cell 9 when compared to cell 5. The electrochemical impedance of the cell 6, 
cell 7, cell 8 and cell 9 are monitored after discharge at a constant current of 
0.01 mA to a cut off potential and is shown in Figures 5.42(a), 5.42(b), 
5.43(a) and 5.43(b) respectively. 

 The mechanism of the occurrence of two semicircles and one spike 
for the electrochemical impedance after discharge of the cell is well analyzed 
in chapter 3. The electrochemical impedance value after discharge to a cut-off 
potential of all the constructed cells with high conducting membrane among 
the system of nanocomposite polymer electrolyte membranes is found greater 
than the electrochemical impedance of the cells before it underwent discharge. 
The intercalation of H+ ions within the cathode material results in increase of 
internal resistance and total resistance of the cell after it gets discharged to a 
cut-off potential.  

 Even though, the conductivity of the filler dispersed polymer-acid 
complexes is not much enhanced, there is an enhancement of electrochemical 
discharge performance for the proton battery constructed with PMMA-
PVPK30-MSA-TiO2/Al2O3 blend matrices which may be due to the 
improvement in interfacial contact between electrode and electrolyte. The 
transference number and the electrochemical stability are also improved due 
to the dispersion of filler in blend polymer complexes. From the above 
analysis, it is inferred that a good interfacial contact between electrode-
electrolyte is one of the key parameter to enhance the discharge performance 
of the proton battery. Hence, to reduce the internal resistance as well as to 
improve the electrode-electrolyte interfacial contact, another attempt is also 
made with the addition of plasticizer which leads to the next chapter. 
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CHAPTER 6 

INFLUENCE OF PLASTICIZER IN PVPK90-MSA BASED 

PROTON CONDUCTING SOLID POLYMER 

ELECTROLYTES 

 

6.1 INTRODUCTION 

  Plasticizing is one of the important approaches to enhance the ionic 

conductivity of polymer electrolytes. Plasticization is generally recognized as 

one of the effective and efficient methods available for decreasing the 

crystalline region of polymer electrolytes (Suthanthiraraj et al 2009). 

Plasticizer is a non–volatile and low molecular weight aprotic organic solvent 

which has Tg in the vicinity of –50 °C. Carbonate ester such as propylene 

carbonate (PC), ethylene carbonate (EC), dimethyl carbonate (DMC) and high 

dielectric constant solvent such as N,N– dimethylformamide (DMF), N,N–

dimethylacetamide (DMAc) and γ–butyrolactone are widely used as main 

components of plasticized solid polymer electrolyte (Pradhan et al 2005 and 

Ning et al 2009). Other examples of common plasticizers are dibuthyl 

phthalate (DBP), diocthyl adipate (DOA) and polyethylene glycol (PEG) 

(Suthanthiraraj et al 2009). These plasticizers helps in improving the ionic 

conductivity of polymer electrolytes by (i) increasing the amorphous content 

of polymer electrolytes; (ii) dissociating ion aggregates present in polymer 

electrolytes; (iii) by lowering the glass transition temperature, Tg (Zhen Dong 

et al 2013).  
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 For the present investigation, efforts are put forward with many 

plasticizers like EC, PC, PEG, PC/PEG, DMC etc to identify a good 

plasticizing agent to prepare a plasticized solid polymer electrolyte. Finally, 

DMC is recognized as a good plasticizing agent for PVPK90-MSA polymer 

complexes.  

 This chapter deals with the effect of adding plasticizer (DMC) in 

the PVPK90 based polymer electrolytes by varying the concentration of MSA. 

Since the plasticizer DMC is not suited for the PVPK30 based polymer 

electrolytes, it is used as the plasticizing agent for PVPK90 based polymer 

electrolytes. The composition of the prepared plasticized polymer electrolyte 

samples are given in Table 6.1. The concentration of the plasticizer is fixed as 

about 4.8 mol% for the prepared electrolytes which is due to the decrease in 

conductivity and the absence of free stand ability when the DMC 

concentration is increased to about 10 mol%. 

Table 6.1 Sample code and their composition of PVPK90:MSA:DMC 

Sample Code Compositions (mol%) (PVPK90:MSA:DMC) 

PD1 90.91 : 4.22 : 4.87 

PD2 86.78 : 8.38 : 4.84 

PD3 78.63 : 16.58 : 4.79 

PD4 74.62 : 20.62 : 4.76 

PD5 70.65 : 24.61 : 4.74 
 

6.2 FTIR ANALYSIS 

 Figure 6.1(a) shows the IR spectrum of pure DMC and their 

assignments of vibrational modes are given in the Table 6.2. The structure and 

their special properties were previously given in section 2.2. 
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Figure 6.1(a) FTIR spectrum of pure Dimethyl carbonate 

Table 6.2 Vibrational bands of pure DMC 

Wave number (cm-1) Assignments (Katon & Cohen 1975) 

793 Rocking of O=CO2 

972 Stretching of CH3-O 

1292 Asymmetric stretching of O-C=O 

1457 Asymmetric rocking of CH3 

1759 Stretching of C=O 

2965 Symmetric stretching of CH3 

3005 Asymmetric stretching of CH3 
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Figure 6.1(b) FTIR spectra of DMC plasticized PVPK90 based polymer 
electrolytes at various concentration of MSA 

 Figure 6.1 (a) and 6.1 (b) depict the IR spectrum of pure DMC and 

DMC added plasticized solid polymer electrolytes at various concentration of 

MSA respectively. The effect of doping of MSA at different concentration in 

PVPK90 is discussed previously in chapter 3. The effect of adding constant 

amount (~ 4.8 mol%) of plasticizer (DMC) in each MSA concentrated PVPK90 

can be analyzed by vibrational studies. The characteristic peaks of pure DMC 

are given in Table 6.1. The characteristic peaks such as 1292 cm-1, 1457 cm-1 

and 2965 cm-1 of DMC are observed and they are found to be shifted to lower 

wave number region in the plasticized polymer complexes and the shifted 

wave numbers are indicated in figure 6.1(b). This indicates the presence of 

DMC in plasticized solid polymer electrolytes. A strong intense peak 

corresponds to the stretching of C=O of DMC appeared as less intense peak 

and is found shifted from 1759 cm-1 to lower wave number region of about 

1741 cm-1 in the plasticizer incorporated matrices which denotes the 

interaction of ions may be possible with the polar groups of DMC also. The 
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characteristic peaks of PVPK90 which are shifted to lower wave number region 

due to the addition of DMC. These results confirmed the complexation of 

DMC with PVPK90-MSA matrices. 

6.3 OPTICAL MICROSCOPY 

 Figure 6.2 shows the optical microscopic photograph of DMC 

incorporated PVPK90-MSA based plasticized solid polymer electrolytes at 

different MSA concentration. The membrane appeared transparent for the low 

concentrated MSA samples such as PD1 and PD2. The blacker dotted region 

in PD1 and PD2 may correspond to doped MSA. As the concentration of 

MSA increases, the opaque nature of the film dominates. Hence in PD3, PD4 

and PD5 there is an appearance of whiter region. There is a small number of 

slender warm like pattern viewed in PD3, PD4 and PD5 but it is found absent 

in unplasticized solid polymer electrolytes of PVPK90-MSA which were 

discussed already in chapter 3. Hence this pattern may be due to the 

incorporation of DMC. Only very small number of slender warm like pattern 

is viewed in PD3, PD4 and PD5 because the concentration of DMC is very 

small and it is kept constant for all the plasticized solid polymer electrolytes. 

The appearance of black spot in PD5 may be due to the aggregate of MSA. 

The homogeneous distribution of ingredients is evident from the surface 

scanning optical microscopic image of the prepared plasticized polymer 

electrolytes.   
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Figure 6.2 Optical microscopic images for PVPK90-MSA-DMC matrices 
of plasticized polymer electrolytes 
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6.4 TRANSPORT NUMBER ANALYSIS 

 The dc polarization technique is utilized to determine the ionic 

transport number (tion) for the prepared plasticized proton conducting solid 

polymer electrolytes. The graph 6.3 shows the polarization current vs time for 

PD3, PD4 and PD5 of plasticized solid polymer electrolytes. The method 

adopted to find ionic transference number is discussed in chapter 2. The ionic 

transport number lies in the range of 0.98 to 0.99 for plasticized solid polymer 

electrolytes. This shows the proof for the majority charge carriers in the 

prepared plasticized proton conducting polymer electrolyte are ions.  

 

Figure 6.3 Polarization current Vs time for PD3, PD4 and PD5 of 
plasticized polymer electrolytes 
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6.5 AC IMPEDANCE SPECTROSCOPY 

6.5.1  Impedance Analysis 

 

Figure 6.4 Cole-Cole plot for PVPK90-MSA-DMC plasticized polymer 
electrolytes at various concentration of MSA 

 The electrical conductivities of DMC plasticized PVPK90 based 

proton conducting plasticized solid polymer electrolytes at different MSA 

content are measured using complex impedance plot which is shown in Figure 

6.4. It is observed that a depressed semicircle/semicircular arc in the high 

frequency region and a spike in the low frequency region for the prepared 

plasticized solid polymer electrolytes which is similar to the impedance 

spectrum of unplasticized solid polymer electrolytes (discussed in section 

3.4.1). The conductivity values are calculated by using the relation given in 

section 3.4.1 and are listed in the Table 6.3. 
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Figure 6.5 Equivalent circuit fit for high conducting (PD4) plasticized 
polymer electrolytes 

 The impedance spectrum of high conducting sample (PD4) is 

subjected to the fitting using the equivalent circuit to obtain the impedance 

parameters and their physical significance is explained in section 3.4.1. The 

fitting proceeded through Z-View software and it is shown in Figure 6.5. The 

values of the fitted impedance parameters are given in Table 6.4. 

Table 6.3  Conductivity values of prepared plasticized polymer 
electrolytes 

Sample code Conductivity (S/cm) 

PD1 1.50 × 10-7 

PD2 6.56 × 10-7 

PD3 5.03 × 10-6 

PD4 3.27 × 10-5 

PD5 9.98 × 10-7 
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Table 6.4 Impedance parameters and their values for PD4 membrane 

Impedance parameters Values 

R1 450± 3 Ohms 

CPE1 2.30 × 10-9 ± 1.73×10-10 F 

CPE2 2.06 × 10-6 ± 2.88×10-8 F 
 

6.5.2 Concentration Dependent Conductivity Analysis 

 

Figure 6.6 Conductivity variations for unplasticized and plasticized 
polymer electrolytes at different MSA concentration 

 The variation of conductivity at ambient temperature as a function 

of MSA concentration for unplasticized and plasticized PVPK90 based 

polymer electrolytes is shown in Figure 6.6. This conductivity variation is 

similar to that of the unplasticized PVPK90-MSA polymer electrolytes. But the 

conductivity is found enhanced for the plasticized solid polymer electrolytes 

upon the addition of about 4.8 mol% of DMC when compared to the 
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conductivity of unplasticized solid polymer electrolytes (discussed in section 

3.4.2).  This happens possibly due to the increase in amorphous nature and 

also due to the dissociation of ion aggregates/undissociated MSA into free 

ions with the addition of DMC. 

6.5.3 Temperature Dependent Conductivity Analysis 

 

Figure 6.7 Arrhenius plot for prepared plasticized polymer electrolytes 

 Figure 6.7 shows the temperature dependence of the conductivity of 

plasticized solid polymer electrolyte membranes. The graph of σ vs 1/T for 

plasticized membrane is found linear. The linear relationship (regression – 

0.99) suggests an Arrhenius-type thermally activated process, given as 

expression in 4.2 (section 4.7.3) with its detail explanation. From this 

Arrhenius plot, it is inferred that ions follow hopping mechanism for transport 

from one site to other. The activation energy values calculated by using the 

relation 4.2 for PD1, PD2, PD3 and PD4 are 0.32, 0.31, 0.26 and 0.21 

respectively. Low activation energy value for PD4 leads to high conductivity 
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which is evident from optical microscopic image. The activation energy 

values are consistent with the conductivity values.  

6.5.4 Dielectric Analysis 

 Figures 6.8(a) and 6.8(b) denote the frequency dependence of 

dielectric constant and dielectric loss respectively for different concentration 

of MSA doped plasticized polymer electrolytes. Decrease of εʹ and εʹʹ with 

increase of frequency is associated with the inability of the dipoles lag 

between frequency of oscillating dipole and that of the applied field. This 

result is similar to the result obtained for unplasticized PVPK90-MSA 

membranes (discussed in section 3.4.3). The dielectric constant and dielectric 

loss value reaches the higher value at low frequency which is found maximum 

for PD4 (high conducting membrane). This gives the proof for the more 

number of charge carriers are present in the sample.  

 Figures 6.9(a) and 6.9(b) elucidate the dielectric constant and 

dielectric loss respectively for PD4 plasticized PVPK90-MSA membrane at 

different temperatures. The value of εʹ and εʹʹ reaches the maximum at low 

frequency and at high temperature. It is observed that the variation of 

dielectric constant and dielectric loss do not follow the same trend for 

different temperatures. Similar result is observed for PMMA/PVPK90 based 

nanocomposite solid polymer electrolyte which is discussed in section 5.6.4.  
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Figures 6.8 (a) Dielectric constant (b) Dielectric loss as a function of 
frequency for the plasticized polymer electrolytes at various 
concentration of MSA 
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Figures 6.9 (a) Dielectric constant (b) Dielectric loss as a function of 
frequency for the membrane PD4 at different isotherms 

 Dissipation factor as a function of frequency for prepared 

plasticized solid polymer electrolytes at different concentration of MSA and 

at different temperatures for PD4 membrane are shown in Figures 6.10(a) and 

6.10(b) respectively. This plot shows an asymmetric peak for various 
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concentration of MSA doped plasticized membrane. The maxima of the peak 

(from Figure 6.10(a)) shifts towards higher frequency region as the 

concentration of MSA increases except for PD5. This indicates that the 

relaxation time decreases. This result is consistent with the conductivity 

values. The calculated relaxation time for the prepared plasticized polymer 

electrolytes are given in Table 6.5. From Figure 6.10(b), asymmetric peak 

appears for the temperature of 303 K and 313 K. The peak is invisible for 

other temperatures within the frequency range measured. The maxima of the 

peak shift to higher frequency regime as the temperature increases which 

indicate that the dielectric mechanism of charge carriers are temperature 

dependent. 

Table 6.5  Relaxation time values for the PVPK90-MSA-DMC polymer 
membranes 

Sample code Relaxation time (s) 

PD1 1.85 × 10-3 

PD2 4.66 × 10-4 

PD3 7.56 × 10-5 

PD4 4.19 × 10-6 

PD5 1.77 × 10-4 
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Figure 6.10 Dissipation factor as function of frequency for (a) the 
prepared plasticized polymer electrolytes at different MSA 
content (b) PD4 at different isotherms 

6.5.5 Modulus Spectra Analysis 

 The variation of imaginary part of the electric modulus (Mʺ) as a 

function of frequency for the different MSA doped plasticized membranes 
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and for the PD4 film at different temperatures is presented in the Figures 

6.11(a) and 6.11(b) respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11 Imaginary part of the modulus as a function of frequency 
for (a) plasticized electrolytes at different MSA 
concentration (b) PD4 at different isotherms 
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 From Figure 6.11(a), it is informed that the Mʺ value approaches 

nearly zero value at low frequency which may be due to the ionic 

polarization. An asymmetric peak is viewed for PD1 and PD2 membranes 

within the measured frequency range. Mʺ value increases at higher frequency 

region which may be due to bulk effect of the membrane. Due to the addition 

of DMC, modulus spectra are different from the unplasticized PVPK90-MSA 

solid polymer electrolytes which are discussed in section 3.3.4.  

 From the comparison, it is noticed that the two dielectric relaxation 

mechanisms for unplasticized polymer electrolytes were observed where-as 

single dielectric relaxation mechanism is observed for plasticized solid 

polymer electrolytes. From Figure 6.11(b), it is observed that, the intensity of 

the curve decreases as the temperature increases which indicates that the 

modulus response is due to thermal activation.   

6.6 LINEAR SWEEP VOLTAMETRY 

 

 

 

 

 

 

 

 

Figure 6.12 Electrochemical stability windows for the prepared 
plasticized polymer electrolytes 
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 Figure 6.12 shows the linear sweep voltametric curves for the 

prepared plasticized proton conducting solid membranes. For the cut-off 

potential of 1.5 V, PD4 (high conducting) membrane permit the current of 8 

μA. For the maximum applied potential of 2 V, the membranes except PD5 

allow only maximum current of about 20 μA of current for an active area of 1 

cm2. These plasticized electrolytes show better performance than the reported 

plasticized electrolyte of Chitosan-NH4NO3-EC membrane. For this reported 

electrolyte, it is noted that the current density is 0.1mA/cm2 for the maximum 

applied potential of 2 V. Further, it is stated that the voltages are high enough 

to allow safe use of chitosan-based membranes in the fabrication of protonic 

cells (Ng and Mohamad 2008). Hence the prepared proton conducting 

plasticized solid polymer electrolytes are more suitable for the fabrication of 

proton battery.  

6.7  ELECTROCHEMICAL IMPEDANCE AND DISCHARGE 

CHARACTERISTICS 

 Among the prepared plasticized solid polymer electrolytes, PD4 

membrane showed better performance which is inferred from above discussed 

studies. Hence the primary proton battery is constructed by using PD4 

electrolyte and it is named as cell 10. The configuration of cell 10 is denoted 

as 

 Cell 10 – Anode || PD4 || Cathode.  

 The fabricated cell is subjected to electrochemical impedance 

before it gets discharged to a constant current of 0.01 mA. Once again the 

electrochemical impedance is measured for the discharged cell to a cut-off 

potential of 0.3 V. The open circuit voltage of cell 10 is noted as 1.4 V.  
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Figure 6.13 Electrochemical impedance of cell 10 before discharge 

 Figure 6.13 shows the electrochemical impedance of the 

constructed proton battery with PD4 as separator before discharge. It is 

depicted that a semicircular arc followed by a tail is viewed. A semicircular 

arc appeared due to the bulk effect of the membrane and the occurrence of tail 

may be due to the formation of electric double layer at the interface of 

electrode and electrolyte. The electrochemical impedance before discharge is 

found as 196 Ohms which is a very small value when compared to the 

electrochemical impedance of the cells already discussed in chapter 3, 4 and 5 

ie., cells of 1-9. Hence, the discharge performance of cell 10 is expected to be 

better than previously constructed cells. So that, the program in the EC-lab 

software (discussed in chapter 2) is set as the discharge of the cell 10 is 

monitored until it reaches the cut-off potential of 0.3 V. 
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Figure 6.14 Discharge pattern at a constant current of 0.01 mA for the 
cell constructed with high conducting plasticized polymer 
electrolyte 

 

 

 

 

 

 

 

 

Figure 6.15 Electro chemical impedance of the cell 10 after discharge to 
a cut-off potential 
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 Figure 6.14 shows the discharge pattern of cell 10 at a constant 
current of 0.01 mA. There is a steady drop of voltage observed upto a 
duration of 32 hours and it maintains at a constant voltage of about 0.6 V for 
10 hours. Then there is a sharp raise of voltage to 0.9 V which may be due to 
the change in electrochemical kinetics between electrode and electrolyte. 
Small variation of voltage is observed between 0.9 V to 1 V for about 10 
hours and then the cell 10 is discharged to a cut-off potential 0.3 V. These 
results showed that the cell 10 takes nearly 70 hours to reach the cut-off 
potential of 0.3 V. As expected, the discharge performance of cell 10 is found 
better than the previously discussed cells ie., cells 1-9. 

 The electrochemical impedance of the cell 10 is monitored once 
again after it gets discharged to a cut-off potential and it is presented in Figure 
6.15. The electrochemical impedance of the cell 10 after discharge is greater 
than the electrochemical impedance of the cell before discharge which is due 
to the intercalation of ions at cathode. The physical significance of the 
appearance of two compressed semicircles with one spike was already given 
in section 3.5.  

 From the electrochemical impedance plot of cell 10 after discharge, 
it is found that the value of polarization resistance (calculated from the 
intercept of first semicircle with x-axis) and the value of charge transfer 
resistance (calculated from the intercept of second semicircle with x-axis) are 
very small when compared to the electrochemical impedance of the cell 1-9 
after they get discharged at constant current of 0.01 mA. From the above 
results it is inferred that cell 10 may be implemented to a rechargeable battery 
when a small amount of polymer electrolytes is doped with cathode material 
(Kamalesh Pandey et al 1998). Hence this can be kept on mind for future 
scope of work and this battery for commercial purpose be utilized at very low 
cost with no safety issues. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

 

 Present thesis covers the synthesis and characterization of proton 
conducting solid polymer electrolyte membrane based on PMMA and PVP 
with MSA as proton donor. The optimized membranes are utilized for the 
fabrication of proton battery. Different methods such as blending of two host 
polymers, dispersion of filler and addition of plasticizer are adopted to 
enhance the electrical and electrochemical performance of the proton 
conducting solid polymer electrolytes. Accordingly, there are 10 systems of 
solid proton conducting polymer electrolytes prepared by adopting 
conventional solution casting technique. Various experimental techniques are 
used to characterize the prepared membranes. The effect of molecular weight 
of host polymer (PVP) in each characterization is also studied. High 
conducting membrane in each system of proton conducting polymer 
electrolyte membrane is utilized for the fabrication of proton battery. The 
cathode and anode material as well as the mass of that material for all the 
constructed proton battery are same but the electrolyte is different. Electrical 
and electrochemical variation in each cell is observed only because of the 
solid polymer electrolyte. The obtained results from the characterization 
methods are summarized and it is given as follows 

 FTIR study gives the proof for complexation between  

  polymer – acid 

  polymer – polymer 

  polymer – filler 

  polymer - plasticizer of the prepared polymer electrolytes 
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  Thermal stability of the polymer electrolyte is about 400 ºC 
which is sufficient for the fabrication of electrochemical 
devices 

  Surface morphology gives the information about the 
distribution ingredients and hygroscopic nature of the sample 
which is consistent with  FTIR and TG/DTG results. 

  The ionic transport number is determined by using dc 
polarization method. The transport number values obtained 
by this method show the evidence for ion Conduction is 
predominant in the prepared solid polymer electrolytes. 

  The conductivity values of the entire prepared proton 
conducting solid polymer electrolytes are calculated from 
Cole-Cole plot. High conducting sample is fitted by using Z-
view software and their high conductivity value in each set of 
prepared polymer electrolytes is summarized in Table 7.1. 
Proton battery is constructed with those high conducting 
membrane and the cell code is also given in the same table. 

Table 7.1  Prepared set of proton conducting membranes and the high 
conducting values in each set with their cell codes 

Proton conducting polymer 
electrolyte membrane 

Conductivity 
(S/cm) 

Cell code 

PVPK30 – MSA 9.72x10-6 Cell 1 
PVPK90 – MSA 1.77 x 10-5 Cell 2 
PMMA – MSA 1.49 x 10-6 Cell 3 
PMMA - PVPK30 – MSA 2.51 x 10-5 Cell 4 
PMMA - PVPK90 – MSA 1.16x 10-4 Cell 5 
PMMA - PVPK30 – MSA – TiO2 2.82×10-5 Cell 6 
PMMA - PVPK30 – MSA – Al2O3 1.05×10-5 Cell 7 
PMMA - PVPK90 – MSA – TiO2 2.05×10-5 Cell 8 
PMMA - PVPK90 – MSA – Al2O3 1.38×10-5 Cell 9 
PVPK90 – MSA – DMC 3.27 × 10-5 Cell 10 
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  Dielectric and modulus spectrum provides the ion transport 
mechanism in the prepared proton conducting solid polymer 
electrolytes. 

  The electrochemical stability window of the prepared system 
of solid polymer electrolytes is evaluated by linear sweep 
voltammetry and the obtained value informs that the prepared 
membranes are more suitable to fabricate a proton battery. 

  Electrochemical impedance analysis is carried out before and 
after the cell is subjected to a constant current discharge. 
Before discharge, the internal resistance is found minimum for 
the cell constructed by using plasticized membrane as a 
separator. 

  Discharge profile is monitored for the constant current of 0.01 
mA  

  The battery parameters for each constructed cells is given in 
the Table 7.2. 

  Energy density is calculated for constructed proton batteries 
and found high for the battery that uses plasticized solid 
polymer electrolyte (9.52Wh/Kg). 

  Though the conductivity of PMMA-PVPK90-MSA blend solid 
polymer electrolytes shows maximum conductivity than the 
PVPK90-MSA-DMC based plasticized solid polymer 
electrolytes, the electrochemical performance of plasticized 
membrane is found better than the blend based polymer 
electrolyte. 

  This result shows that the high conducting sample is not the 
only factor required for practical applications in proton 
batteries but also the factors such as the electrochemical 
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stability window, the internal resistance and interfacial 
resistance of the cell etc are important factors.  

  Electrolyte plays the major role in electrical and 
electrochemical performance of the constructed cell. 

  An LED is light up with the two stacked cells constructed by 
using the plasticized proton conducting solid polymer 
electrolyte. LED glow with this setup is shown in Figure 7.1 

  This LED glow for 7 hours without decreasing of intensity 
and the intensity gradually decreases. Finally, it glows for 18 
hours. 

Table 7.2 Battery parameters for each constructed cell 

Cell parameters Cell 1 Cell 2 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8 Cell 9 Cell 10 
Cell weight/g 0.47 0.46 0.43 0.47 0.46 0.46 0.44 0.42 0.48 
Effective area of 
the cell/cm2  

1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32 

Mass of the active 
material/mg 

104 104 104 104 104 104 104 104 104 

Open circuit 
voltage/V 

1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 

Current drain/μA  10 10 10 10 10 10 10 10 10 
Power 
density/WKg-1  

0.135 0.135 0.138 0.136 0.135 0.135 0.135 0.135 0.138 

Current density/ 
μAcm-2  

7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 7.58 

Cut-off potential 
set for calculation 
(V) 

0.4 0.7 0.4 0.7 0.98 0.9 0.4 0.4 0.4 

Time to reach the 
cut-off potential 
(hours) 

4.89 23.58 4.81 23.58 23.89 23.17 11.97 20.4 69.01 

Energy 
density/WhKg-1  

0.66 3.18 0.66 3.21 3.23 3.13 1.62 2.75 9.52 
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Figure 7.1 LED glow setup 

Scope of future work 

 In addition to the studies carried out in the present thesis, there is 

some scope for future work in the area of plasticized proton conducting 

polymer electrolyte membrane.  

  There is a need to improve the ionic conductivity by 
dispersing filler and adding ionic liquid. 

  Efforts are needed to enhance the electrochemical 
performance. 

  Implementing the primary proton battery to rechargeable 
proton battery 
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