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Polymer Electrolytes and their Composites for Energy Storage/Conversion Devices 
presents a state-of-the-art overview of the research and development in the use of 

polymers as electrolyte materials for various applications. It covers types of polymer 

electrolytes, ion dynamics, and the role of dielectric parameters and a review of 

applications. Divided into two parts, the frst part of the book focuses on the types of 

polymer electrolytes, ion dynamics, and the role of dielectric parameters, while the 

second part provides a critical review of applications based on polymer electrolytes 

and their composites. This book: 

• Presents the fundamentals of polymer composites for energy storage/ 

conversion devices 

• Explores the ion dynamics and dielectric properties role in polymer 

electrolytes 

• Provides detailed preparation methods and important characterization 

techniques to evaluate the electrolyte potential 

• Reviews analysis of current updates in polymer electrolytes 

• Includes various applications in supercapacitor, battery, fuel cell, and 

electrochromic windows 

The book is aimed at researchers and graduate students in physics, materials science, 

chemistry, materials engineering, energy storage, engineering physics, and industry. 
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 Preface 
 The frst part of the book begins by discussing the brief introduction of polymer 

composites, classifcation, and fundamentals. Hybrid polymer composites and key 

characteristic features are discussed in detail. Ion dynamics and dielectric relaxation 

are explored in polymer composites by discussing the physical models proposed to 

get insights into ion transport. Synthesis methods and characterization techniques 

used to examine the suitability of polymer composites are reviewed in detail. Then 

the second part provides a glimpse of polymer-composite-based supercapacitors, 

lithium-ion batteries, electrochromic potential windows, dye-densitized solar cells, 

and Fuel cells. This part will also enable the reader to know about the challenges 

that remain and need to be resolved for future devices. In brief, this book will be an 

essential guide for researchers, scientists, and advanced students in polymer science, 

composites, nanocomposites, and materials science. It is also a precious book for 

engineers, R&D professionals, and scientists working toward the development of 

polymer-electrolytes-cum-separators for energy storage/conversion devices.

 ________

  A.  L. Sharma, PhD  
  Anil Arya, PhD  

  Anurag Gaur, PhD 
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 Introduction 
The depletion of traditional sources of energy due to the global energy demand has 

focused the attention of researchers on the development of sustainable and renewable 

energy sources. So, the need of the hour is to switch from conventional/traditional 

to renewable/clean-green sources of energy completely for a broad range of applica-

tions. Some effcient renewable sources of energy are solar, wind, hydro, geothermal, 

etc. The energy generated from these sources needs to be stored in energy storage 

devices (batteries, supercapacitors, fuel cells, dye-densitized solar cells (DSSCs), 

etc.). The electrolyte is an important component of any energy device, and in exist-

ing devices, the liquid electrolyte is used. An Electrolyte acts as a carpet for ions. 

Since the frst report in 1973, polymer electrolytes/composites emerged as attractive 

candidates for application in energy storage/conversion devices. The polymer com-

posites and their types affect the ion dynamics and hence the overall performance of 

the device. Polymer composites have potential to allow the development of eff cient 

materials that can fulfll the demand of society to design fexible devices. Overall, 

polymer composites will enable the creation of a sustainable lifestyle, which is the 

aspiration of the planet and society. 

The present book presents a state-of-the-art overview of the R&D in the develop-

ment of polymers as electrolyte materials for supercapacitors, lithium-ion batteries, 

electrochromic potential windows, dye-densitized solar cells, fuel cells. For a better 

guide to the eye of readers, the book will be divided into two parts. The f rst part 

explores the fundamentals of polymer composites, classifcation, and ion dynamics 

within the polymer matrix. This part also provides a glimpse of different synthesis 

methods used for polymer composite formation, and crucial characterization tech-

niques required to evaluate the electrolyte performance and check its potential for a 

particular application. The second part explores the application part and will provide 

a comprehensive analysis of current development in polymer electrolytes for super-

capacitors, lithium-ion batteries, electrochromic potential windows, and fuel cells. 

In brief, this book will be a treasured locus for the students, researchers working in 

the energy area, as well as for manufacturers working toward the development of 

polymer-electrolytes-cum-separators.

 ________

  A.  L. Sharma, PhD  
  Anil Arya, PhD  

  Anurag Gaur, PhD 
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1.1 INTRODUCTION 

Energy is very important in our daily lives because it is a basic human need. Most of the 

energy contribution is from fossil fuels, coal, etc., and it causes serious environmental 

concerns globally. To reduce the dependency on traditional sources of energy, various 

renewable sources of energy such as hydro energy, wind energy, solar energy, etc. have 

emerged as alternatives. The energy obtained from these sources needs to be stored in 

a device so that it can be used as per demand. The important energy storage/conver-

sion devices that have dominated the energy sector are batteries, supercapacitors, and 

fuel cells. The electrolyte is an integral component of any device, and most commer-

cial devices are using liquid electrolyte. Some of the key drawbacks of the liquid elec-

trolyte-based device are bulky size, fammability, separator need, and poor safety. To 

fulfl the need of highly effcient and cost-effective high-energy density storage/conver-

sion devices, polymer composites have been tried as electrolytes-cum-separators. The 

frst report of ionic conductivity in polymer electrolytes/composites was by Armand 

(Armand 1979). Peter V. Wright and Fenton examined poly(ethylene oxide) (PEO) with 

alkali iodide salts and reported the conductivity followed by use of PEO/alkaline salt 

compound in batteries as an ionic conductor by Armand in 1978. This polymer matrix 

favored the ion migration and exhibited good mechanical fexibility and good interface 

contact in batteries (Armand 1994; Wright 1975;  Armand et al. 2011a ; Fenton 1973). 

Some key features of polymer composites are high fexibility, light weight, cost-effec-

tiveness, and better contact with electrodes, and they can be used to design devices with 

varied architecture/shape geometry. The development of fexible and soft material as a 

separator enables the development of devices with varied shape geometry. The simul-

taneous presence of the crystalline phase and amorphous phase indicates their unique 

characteristics (Arya et al. 2017). Generally, the amorphous phase favors faster ion 

transport and results in higher ionic conductivity (Sequeira and Santos 2010; Cameron 

1988). This chapter presents an overview of the polymer composites, their classif ca-

tion based on additive species. Then the selection criteria for polymer, salt, nanof  ller, 

nanoclay, and solvent are discussed. Finally various fundamental ion transport model 

proposed by researchers to get insights into ion dynamics are summarized. 

1.2 POLYMER COMPOSITES 

Polymer composites (PCs) were introduced for the frst time in the 1970s, and soon 

became the strong candidates to be used as electrolytes in energy storage/conversion 

devices. In general, they are comprised of a macromolecule matrix with low lattice 

energy salt dissolved in low viscosity and high dielectric constant organic solvents. 

The interaction between the electron-rich group in the polymer backbones and the 



 

 

  

 

 

  

  

 

  

  

 

    

5 Polymer and Their Composites 

salt favors salt dissociation and facilitates the cation (Li, Na, K) migration. Such 

type of migration occurs via coordinating sites provided by polymer chains and is 

termed as a hopping (intrachain/interchain) mechanism. This mechanism generates 

the ionic conductivity within the matrix (Figure 1.1). The ionic radii of an anion 

is much larger than a cation for better dissociation, and the anion remains immo-

bilized in the matrix due to its large size. Smaller cation radii of salt and the high 

dielectric constant (ϵ) of the host polymer is benefcial for better composite formation 

with optimum properties. The ionic conduction is attributed to segmental motion of 

polymer chains with strong Lewis-type acid-base interaction between the cation and 

donor atom (Muldoon et al. 2015). As polymer composites play a dual role both as a 

separator and a composite in an energy storage device, they must possess some char-

acteristic properties (Marcinek et al. 2015).  Figure 1.2  shows the transport, stability, 

and other properties of polymer composites. Polymer composites are also termed 

polymer electrolytes (PEs). 

Polymer composites overcome many drawbacks of liquid electrolytes in terms of 

shape fexibility, size, and weight. Ion transport is faster in an amorphous phase in 

comparison to a crystalline phase, and higher conductivity by two or three orders of 

magnitude is achieved. Due to this, polymer composites are used in various appli-

cations.  Figure 1.2  shows the properties, advantages, and applications of polymer 

FIGURE 1.1 (a) Schematic of ion dynamics in a polymer composite; (b) important charac-

teristics of polymer composites. 



 

 

 

 

 

  

 

  

 

  

 

 

   

6 Polymer Electrolytes and their Composites 

Properties 
Transparent, and solvent-free 

Lone pair electrons 
Light-weight, and flexible geometry 

Chemical and thermal stability 
Thin-film forming ability 

Wide electrochemical windows 
Improved safety, and versatility 

High ionic conductivity, low self-discharge 
Compatibility with electrodes, reliability 

Advantages 
Ease of fabrication, and long life span 

Restricts use of corrosive solvent 
High flashing point 

No production of harmful gases 
Prevents leakage 

Suppresses dendrite growth 
Reduced flammability, low cost 
Non-toxic, no internal shorting 

Provides the easy path for ion migrations 
Reproducibility of the parameters 

Polymer composites 

Electrochromic window
Solar cells
Fuel cells

Solid-state batteries
Supercapacitors

Mobile cellular phones
Electrochemical sensors

Analogue memory devices
Electric vehicles

Electrochromic display devices 

Applications 

FIGURE 1.2 Properties, advantages, and applications of polymer composites/composites. 

composites. Polymer composites occupy a fortunate position for applications in dif-

ferent devices and the forthcoming section discusses in detail different types of poly-

mer composites and their constituents. 

Various polymer hosts have been explored to achieve the desired electrical, 

mechanical, and ion transport properties. This section discusses the classif cation 

of polymer composites/electrolytes. The pristine polymer is of an insulating nature, 

and displays very low conductivity. Its conductivity can be enhanced by doping with 

nanoparticles, nanoclays, etc. Three important tasks to be done by nanoparticles are 

(i) improve salt dissociation, (ii) better dispersion of additives for effective action, 

and (iii) enhanced polymer fexibility. The simultaneous presence of these param-

eters results in optimized performance. So, on basis of the addition of guest spe-

cies (ionic liquid, plasticizer, nanofller, nanoclay) polymer composites are classif ed 

into three categories, (i) liquid polymer composites, (ii) gel polymer composites, (iii) 

solid polymer composites. Solid polymer composites are further classifed in differ-

ent types depending on the type of host matrix and architecture. 

1.2.1 LIQUID POLYMER COMPOSITE 

Liquid polymer composites consist of a lithium salt dissolved in an organic solvent 

(e.g. LiPF6/EC) and a separator prevents the short-circuiting of electrodes. It can 

be classifed into non-aqueous liquid (NALE) or aqueous liquid composite (ALE) 

depending on the nature of the solvent. The former one has high ionic conductivity 

and is obtained by dissolving alkali salts in solvents (EC, PC, etc.). Along with this, 



 

    

  

 

  

  

  

 

 

 

 

  

   

 

   

 

 

 

  

 

   

 

 

 

    

 

 

 

     

 

  

 

7 Polymer and Their Composites 

they demonstrate a large electrochemical stability window, which is a crucial param-

eter for energy devices (Cheon et al. 2003;  Liang et al. 2011;  Choi et al. 2007). While, 

ALE has more ionic conductivity than NALE and is non-f ammable, inexpensive, 

and can be used safely at high temperatures. Nowadays, ionic liquids (ILs) have 

emerged as new guest species. ILs are organic-salts-like materials with a low melt-

ing point and exist in liquid form at room temperature because of weak ion coordina-

tion/poor packing of atoms. Some key advantages are (i) they can be used in a wide 

temperature range (300–400 °C), and (ii) they have wide electrochemical stability. 

These make them a strong candidate for energy devices (e.g. batteries, fuel cells, 

supercapacitors, etc.). By changing the ratio of cation to the anion, and interchanging 

different cations or anions, properties can be tuned as per requirement (Earle et al. 

2006;  Gebbie et al. 2013; Armand et al. 2011b). 

1.2.2 GEL POLYMER COMPOSITE 

Gel polymer composites or electrolytes (GPEs) emerged as an alternative to previous 

composites, due to the their poor mechanical properties. GPE is an intermediate stage 

between the liquid composite and solid polymer composite. So, GPEs are composed 

of a polymer matrix, liquid solvent as a plasticizer (ethylene carbonate, EC; propylene 

carbonate, PC; diethyl carbonate, DEC; dimethyl carbonate, DMC) and lithium salt. 

Based on sample preparation, gels are categorized in two ways. When the liquid com-

posite is confned in a polymer matrix without any bond formation between polymer 

and solvent, then it is termed as a physical gel. When a cross-linker leads to the forma-

tion of the chemical bond between the functional group of polymers and cross-linker 

agent, then it is called a  chemical gel (Hellio and Djabourov 2006). This type of poly-
mer composite exhibits both cohesive properties of solids and diffusive properties of 

liquids. High ionic conductivity, a wide electrochemical stability window (ESW), and 

good compatibility with electrodes strengthens their candidature compared to liquid 

electrolytes (Sequeira and Santos 2010; Kokorin 2011).  The addition of plasticizers 

also lowers the glass transition temperature and favors faster ion dynamics. Although, 

they demonstrate better ionic conductivity, but still lack the desirable mechanical sta-

bility (Xiao et al. 2012). In gel polymer composites, PVdF-co-HFP-based polymer 

composites (electrospinning and non-woven) are fascinating candidates due to the 

advantage associated with them, better fexibility and a broad electrochemical stabil-

ity window. But, there remains one issue—that is, leakage of composite even after the 

addition of ionic liquid (Jeong et al. 2012;  Pitawala et al. 2014). So, oligomeric ionic 

liquid-type gel polymer composites based on oligomeric ionic liquids, PVdF-co-HFP, 

and the composite solution was prepared (Kuo et al. 2016). The prepared polymer 

composite was f exible, and possessed porous morphology with an ionic conductivity 

of 0.12 × 10−3 S cm−1 (at RT) as compared to PVdF-HFP gel polymer composite. The 

electrochemical voltage stability window was about 4.5 V. 

1.2.3 SOLID POLYMER COMPOSITE 

Solid polymer composites/electrolytes are the new generation electrolytes and 

has inherent potential to dominate the energy sector by replacing the traditional 



 

  

 

 

 

 

  

 

 

 

 

    

8 Polymer Electrolytes and their Composites 

FIGURE 1.3 Advantages of polymer composite over the liquid composite-based battery. 

electrolytes. Some of the important advantages that strengthen their candidature are 

high durability, safety, high energy density, great fexibility for cell design, negligible 

reactivity towards the electrodes, and reduced packaging cost. A broad electrochem-

ical stability window and enhanced thermal stability make them suitable candidates 

for high-temperature energy storage devices ( Zhang et al. 2007).  Figure 1.3  displays 

the advantages of composite/solid polymer composite. 

Generally, solid polymer electrolytes (SPEs) consist of the salt dissolved in a poly-

mer matrix. However, the optimized electrolyte must have good ionic conductivity 

and mechanical stability. The ionic conductivity of SPEs is not comparable to the 

existing electrolytes. SPEs having optimized conductivity and stability properties 

need to be developed for the potential for applications in solid-state ionic devices 

(Jeddi et al. 2010). So, enhancement in conductivity is linked to the salt dissociation 

and several cation-conducting sites. Various strategies have been adopted to enhance 

salt dissociation, conducting sites, and polymer f exibility. The forthcoming section 

discusses the important strategies to enhance electrical properties. 

1.3  STRATEGY TO TUNE THE PROPERTIES OF 
SOLID POLYMER COMPOSITE 

Rapid ion dynamics in polymer composites is an essential requirement for applica-

tion in batteries, supercapacitors, fuel cells, etc., and is linked to the glass transi-

tion temperature of the polymer, free ions in a polymer matrix, low crystallinity, 

and faster segmental motion. Further insights in the composite matrix are explored 

by examining the various modifcation strategies to tune the ion dynamics which 

infuence the electrical properties. This section provides a different class of polymer 

composites with different architecture to achieve the optimum properties.  Figure 

1.4  shows the important types of polymer-electrolytes-cum-composites. On the 



 

 

  

     

 

  

 

 

  

  

      

    

     

    

9 Polymer and Their Composites 

FIGURE 1.4 Classifcation of polymer composites. 

basis of host matrix/dopant, polymer composites are ceramic polymer electrolytes, 

soy-protein-based electrolytes, polycarbonate polymer electrolytes. On the basis of 

architecture, polymer composites are block copolymers, star type, f brous based, 

cross-linked types. 

1.3.1 CERAMIC (LATP/LLTO/LLZTO/LI3PS4) POLYMER COMPOSITE 

Ceramic polymer composite provides improved conductivity as compared to solid 

polymer composite. The Lewis acid-based interaction of the surface group of nano-

fller with a polymer and salt enhances the ion dynamics. The addition of nanof ller 

enhances the segmental motion of the polymer chain owing to disruption of the 

polymer chain which suggests enhanced amorphous content for ion migration. The 

surface groups (-OH) associated with the nanofller favors strong Lewis acid-base 

interaction and create the conducting pathways for ion migration ( Zhang et al. 2018; 

Liang et al. 2018). Prof. Goodenough’s group developed a new sandwich structure 

(polymer/ceramic/polymer composite) and it demonstrated enhanced properties 

( Zhou et al. 2016). To resolve the issue of the low ionic conductivity and chemical 

instability of Ti4
+ ions in LLTO against lithium metal, Li et al. [Li et al. 2018] 

developed a polymer composite with sandwiched structure (PVdF/LLTO-PEO/ 

PVdF). The 10 wt. % LLTO-based system (interlayer-II) shows the highest ionic 

conductivity of 2.1 × 10−4 S cm−1 (at RT). The ionic conductivity possessed by the 

sandwiched structure is ~3.01 × 10−3 S cm−1 with voltage stability window close to 



 

 

  

 

  

        

    

 

       

  

   

        

  

 

    

          

  

  

  

     

   

  

 

10 Polymer Electrolytes and their Composites 

5 V. The enhancement of the voltage stability window was attributed to the preven-

tion of PEO decomposition by PVdF layer and LLTO nanowire. 

Although conductivity gets enhanced with nanofller addition, at high content 

nanofller agglomeration masks the ion migration. This agglomeration needs to be 

suppressed for the effective task of the nanofller. So, a fexible composite polymer 

composite was developed using 3D nanostructured hydrogel (LLTO) frameworks as 

nanofller (Bae et al. 2018). The ionic conductivity achieved was 8.8 × 10−5 S cm−1 

(at 25 °C) and increased to 1.5 × 10−4 S cm−1 (at 30 °C) with the addition of 3.0 g 

PVA. The thermal stability was about 400 °C. The voltage stability window was 

larger for the LLTO-based CPE (i.e. 4.5 V) and is much higher than of PEO (3.9 V). 

The increase in conductivity is due to creation of continuous conducting paths for 

the LLTO framework and a 3D interconnected structure. The LLTO framework also 

provides vacant sites for Li migration and it results in continuous ion migration via 

hopping proves, hence the enhanced conductivity. 

A composite solid polymer composite based on the PEO garnet Li6.4La3Zr1.4Ta0.6O12 

(LLZTO) as the nanofller and lithium bis(trif uoromethanesulfonyl)imide (LiTFSI) 

as the salt was reported (Chen et al. 2018). The FESEM analysis confrmed the uni-

form dispersion of LLZTO in the polymer matrix. The XRD pattern evidenced the 

poly-crystalline nature of LLZTO particles and after embedding them in the PEO 

matrix, no change was observed in XRD which suggests the stability of LLZTO. The 

highest ionic conductivity was 1.17 × 10−4 S cm−1 (at 30 °C) for 10 wt. % LLZTO 

particles. The increase in the conductivity was attributed to the increased free vol-

ume and faster chain movement owing to the uniform dispersion of LLZTO par-

ticles. The voltage stability window was about 5.0 V (vs Li/Li+) and is within the 

safe limit of battery operation. Recently Liu et al. (Liu et al. 2019)  reported the 

preparation of the composite polymer composite based on PEO as polymer matrix 

and Li1.4Al0.4Ti1.6 (PO 4)3 (LATP) as nanoparticles with an average size ~140 nm. The 

highest ionic conductivity was observed for the PEO-LATP01 CPE which is about 

1.15 × 10−5 S cm−1 (at 30 °C), and reaches 7.03 × 10−4 S cm−1 (at 80 °C). The voltage 

stability window was close to 4.8 V. 

Several strategies have been adopted to enhance the characteristics parameters of 

the Li-ion battery, but still there is scope for improvement. The network structure 

of the LLTO may affect the ion dynamics parameters. So, a three-dimensional (3D) 

LLTO network has been investigated (Wang et al. 2018). The unique feature of this 

approach is (i) interconnected LLTO effectively enhances the electrical and mechan-

ical properties as well as suppresses the dendrite growth; (ii) a combination of hot 

press and quenching process results in the formation of dense and self-standing CPE. 

The composite polymer electrolyte (CPE) comprises PEO as host matrix, LiTFSI as 

salt, and a three-dimensional (3D) LLTO nanofber network (synthesized the f rst 

time). The highest conductivity value was about 1.8 × 10−4 S cm−1 at RT, cation 

transport number (t+) 0.33, and voltage stability window of about 4.5 V vs. Li/Li
+. 

1.3.2 SOY-PROTEIN-BASED POLYMER COMPOSITE 

These are newly advanced polymer composites that show enhanced properties as 

compared to the existing polymer composites. The soy protein (SP) is denatured 



 

 

 

  

 

 

 

  

 

  

  

              

  

  

 

 

   

  

     

  

   

 

  

  

  

  

     

    

       

 

    

  

11 Polymer and Their Composites 

before use. The denaturation process results in unfolding the chain, and the negative 

acid group present in the SP results in Li-ion adsorption. Here, the polymer chains 

are surrounded by the PEO. The electron-rich site of polymer absorbs Li-ions as 

well as interacts with the ammonium group having a positive charge. It disrupts the 

crystalline arrangement of PEO and an amorphous phase is formed (Ji et al. 2012). 

In the CPE matrix, two possible interactions occur: (i) cation interaction with back-

bone oxygen in protein, and (ii) formation of anion clusters owing to the presence of 

electrostatic interactions between anion and positive charge side groups (e.g. Lysine 

(Lys) and arginine (Arg)) of protein. It may be concluded that the modif cation of 

nanofller with SP creates new ion conduction channels. 

The addition of nanofller effectively promotes ion dissociation and creates 

ion-conducting pathways to the cation. However, still, there are restrictions to the 

enhancement of the conductivity up to the desirable limit. Surface functionalization 

of the nanofller is an alternative approach that will facilitate the faster ion migra-

tion. The soy protein is an attractive candidate owing to the ability to transfer the 

cations via the functional group present in it ( Zhu et al. 2016). Also, modif cation of 

nanofller with SP reduces the nanofller agglomeration tendency which is crucial for 

effective role of nanof ller. 

Fu et al. (Fu et al. 2016)  investigated the protein-based ion conductor (PIC) by add-

ing LiClO 4 salt in the denatured soy protein. The increase of ionic conductivity with 

temperature from  10−9 to 10−5 S cm−1 is observed. The Li+ transference number is 

0.94 and confrms the ionic nature of PIC. Another study by the same group reported 

the manipulation of protein confguration by nanofller and it shows effective enhance-

ment in the ionic conductivity and mechanical properties. Fu et al. (Fu et al. 2018a) 

prepared the polymer composite by the modifcation of SP with two types of hybrid-

nanofller: (i) TiO 2-(SP-close) hybrid, and (ii) TiO 2-(SP-open) hybrid. The temperature-

dependent ionic conductivity and for the TiO 2/(SP-open) conductivity is comparable to 

liquid composite at 90 °C (i.e. 7 × 10−4 S cm−1). The voltage stability window is very 

high, 5.2 V for TiO 2/(SP-close)−CPE and 5.4 V for TiO 2 /(SP-open)−CPE. 

Both protein confgurations, and protein-TiO 2 interaction affects the ion migra-

tion due to altered environment. Another report by Fu et al. (Fu et al. 2018b) high-

lights the preparation of the core-shell protein@TiO 2 hybrid NWs, and their effect on 

the solid polymer composite (pure ultrahigh-molecular-weight PEO; UHMWPEO-

LiClO4) is examined in detail. The thickness of the protein coating is approximately 

8 nm as evidenced by HRTEM. The XRD diffractograms of SP and TiO 2 nanowire 

concluded that both the SP and TiO2 NW are integrated well; also there is a decrease 

in peak intensity of crystalline TiO2 NW. It infers that SP coating enhances the amor-

phous phase that is a very critical requirement for fast ion transport. FTIR spectra 

confrm the in-situ growth of the protein layer on the TiO 2 surface (SP@TiO2 ). The 

highest ionic conductivity was exhibited by the CPE with core-shell SP@TiO2 NWs 

and is about 1.1 × 10−4 S cm−1 (at 10 wt. % SP@TiO2 loading). This conductivity 

value is larger than the SP-TiO 2 nanoparticles-based composite. This enhancement 

is attributed to the high surface area of the nanowire and the high aspect ratio which 

creates continuous conducting paths. The conductivity increases with temperature 

and reached to 2 × 10−3 S cm−1 (at 80 °C). The highest voltage stability window is 

5.3 V for the 10 wt. % SP@TiO2-based composite polymer composite. The cation 



 

 

    

  

 

 

 

   

  

   

  

 

 

 

  

  

    

  

   

       

         

 

 

  

 

 

  

    

12 Polymer Electrolytes and their Composites 

transference number is 0.62 for the 10 wt. % SP@TiO 2-based composite polymer 

composite is higher than pure PEO (tLi
+ = 0.41). 

1.3.3 POLYCARBONATE POLYMER COMPOSITE 

Nowadays, polycarbonates (PC)-based polymer composites are new emergent mate-

rials owing to their amorphous nature, high polymer chain fexibility, and high 

dielectric constant. The combination of these properties results in enhanced ther-

mal stability, voltage stability window, and cation transference number. To achieve 

the high conductivity and fexibility, PCs are made up of aliphatic backbones 

and a few—poly(vinylene carbonate) (PVC), poly(propylene carbonate) (PPC), 

poly(trimethylene carbonate) (PTMC), and poly(ethylene carbonate) (PEC)—are 

preferred (Mindemark et al. 2018;  Zhang et al. 2018). Also, polycarbonates (PCs) 

demonstrate good salt solubility due to the presence of a highly polar carbonate 

group (-O-(C=O)-O-) (Xu 2004). Polyurethane (PU)-based composites are also 

gaining attention and comprise of two segments, (i) soft segment (SS), (ii) hard seg-

ment (HS). SS makes polyurethane stretchable and f exible (benefcial for faster ion 

migration), while HS provides improved mechanical properties (Xiao et al. 2017;  Xu 

et al. 2017;  Karimi et al. 2017). 

Polycarbonate-based polyurethanes (PCPU) with different contents of polycar-

bonate diol (PCDL)—1,6-hexamethylene diisocyanate (HDI), diethylene glycol 

(DEG)—were prepared via addition polymerization reaction by Bao et al. (Bao 

et al. 2018). Then the effect of the soft and hard segments of PU was examined on 

the polycarbonate-based polyurethanes (PCPU), and LITFSI was used as salt. DSC 

examination displayed the presence of two Tg, one associated with a soft segment 

(Tg,s = −40 − 50 °C), and another with a hard segment (Th,s = 42 – 48 °C). A decrease 

in Tg,s with the increase of hard segment content was observed. The improved ten-

sile strength on the addition of the hard was attributed to the following reasons, (i) 

interaction via hydrogen bonding between neighboring units of 1,6-hexamethylene 

diisocyanate (HDI) units, and (ii) HS acting as reinforcing fller (Lee et al. 2013; 

Wang et al. 2010). The highest ionic conductivity was 2.2 × 10−6 S cm−1 (at 25 °C), 

1.58 × 10−5 S cm−1 (at 60 °C), and 1.12 × 10−4 S cm−1 (at 80 °C) for 20 wt. % salt con-

tent. The most of contribution to the conductivity was from the soft segments owing 

to enhanced segmental motion. The voltage stability window was 4.5 V at 80 °C and 

within the limit for practical applications. 

Most of the polymer composites are prepared via the solution cast method, but at a 

large scale, this synthesis method is not effcient due to the use of volatile organic sol-

vents which may harm the environment. So, the polymerization reaction is more eff -

cient and allows the synthesis of environmentally friendly waterborne polyurethane 

(WPU) (Karimi et al. 2017). A WPE as polymer matrix was prepared by polymer-

ization of polyethylene glycol (PEG), hexamethylene diisocyanate (HDI), diethylene 

glycol (DEG), dimethylol propionic acid (DMPA), LiTFSI as salt, and water as a 

solvent by Cong et al. ( Cong et al. 2018) . The voltage stability window was about 4.8 V 

(at 60 °C) and is suffcient for the solid-state Li-ion battery applications. Recently, a 

poly(propylene carbonate)/Li 6.75La3Zr1.75Ta0.25O12-based composite was reported by 

Zhang et al. ( Zhang et al. 2017) . The highest conductivity was 5.2 × 10 −4 S cm−1 



 

  

 

  

   

 

  

  

         

  

 

  

       

  

 

  

   

 

13 Polymer and Their Composites 

(at 20 °C) and is due to the formation of conductive paths owing to the PPC matrix 

and LLZTO bulk interface. The high voltage stability window ( 4.6 V) and high 
cation transference number ( 0.75) suggest a perfect correlation between ion dynam-

ics properties. 

1.3.4 BLOCK COPOLYMER COMPOSITE 

Tuning the architecture of the polymer composite, physiochemical properties can be 

changed, and one such composite type is block copolymer (BCP) composite having 

covalently bound polymers. BCP enables us to synthesize polymer electrolytes with 

noble ion conduction pathways (from any electron-rich group in the polymer), and 

results in improved properties as compared to individual polymers (Young et al.  

2014;  Giacomelli et al. 2010;  Young et al. 2012). 

BCP composites have the potential to provide better performance even at room 

temperature as compared to solid polymer electrolytes which operate eff ciently 

only at an elevated temperature range (~70 °C). Operating near room temperature 

range leads to safety, cost reduction, and better Li compatibility. Based on this 

approach, a comb polymer matrix grafted with soft and disordered polyether moi-

eties (Jeffamine®) and a popular salt, lithium bis (fuorosulfonyl)imide (LiFSI), was 

synthesized via the solution cast technique by Aldalur et al. (Aldalur et al. 2018). 

The ionic conductivity is 5.6 × 10−4 S cm−1 (at 70 °C), 2 × 10−4 S cm−1 (at 40 °C) with 

cation transference number of 0.16. The lower voltage stability window (4 V) for the 

Jeffamine-based polymer composite as compared to PEO is attributed to the pres-

ence of PPO segment which has a high possibility of oxidation. 

Another strategy to alter the architecture is by preparation of semi-interpenetrating 

network polymer composites. An in-situ plasticized solid-state polymer composite 

with a double-network (DN-SPE) was prepared via facile polymerization by Duan 

et al. (Duan et al. 2018). The DN-SPE indicates decrease of crystallinity, and high-

est ionic conductivity was 5.3 × 10−5 S cm−1 (PEGDE-PEGDA-1000), owing to the 

mutual plasticization of the double network (PEGDE:PEGDA). A high value of cat-

ion transport number (0.44) and broad voltage stability window (4.7 V) validate the 

suitability of the polymer composite for battery applications. 

1.3.5 STAR-TYPE POLYMER COMPOSITE 

The star polymer’s architecture provides enhanced physical and topological proper-

ties as compared to the linear polymer. The outer spheres of arms in a star poly-

mer enhance the electrical properties (ion mobility, ionic conductivity), while the 

connection of covalent bonds between the core and arms enhances the stability of 

the external environment (Ren et al. 2013). The various branching points disorders 

the polymer crystallization and enhances the free volume for segmental motion and 

hence faster ion dynamics. Along with this, this architecture improves the salt disso-

ciation and mechanical properties can be improved by introducing a rigid framework 

within star polymer confguration ( Zhang et al. 2016;  Xu et al. 2018). 

The star-shaped copolymers having POSS segments are an attractive candidate 

due to the unique multiple-chain-ended structure. A star structure with octavinyl 



 

 

 

      

      

    

  

  

  

        

 

 

  

 

  

  

 

  

 

    

          

 

    

 

 

     

 

   

 

 

  

  

 

 

14 Polymer Electrolytes and their Composites 

octasilsesquioxane (OV-POSS) and poly(ethylene glycol) methyl ether methacrylate 

(PEGMEM) by one-step free radical polymerization was synthesized by Zhang et 

al. ( Zhang et al. 2016). The star-shaped PE shows improved free volume and shows 

a higher conductivity of 1.13 × 10−4 S cm−1 than the linear copolymer composite 

(LCP5.1) which shows about 5.63 × 10−5 S cm−1 (at 25 °C). Also, the cation transfer-

ence number was higher for SCP5.1 (t+ = 0.35) than LCP5.1 (t+ = 0.19). The volt-

age stability window for SCP5.1 is about 5.31 and 5.04 V (vs. Li/Li+) at 25 and 

80 °C. Another star polymer composite using poly(ethylene glycol) dimethacrylate 

(PEGDMA) as a monomer and ethylene glycol dimethacrylate (EGDMA) as a cross-

linker was prepared by Xiao et al. (Xiao et al. 2019). The synthesized composite is 

fexible (tensile stress = 1.67 MPa, strain = 300%) and exhibits ionic conductivity 

about 1.48 × 10−5 S cm−1 (at 20 °C) for PEGDMA550 (Li-SPE550-Li). This high value 

of conductivity is attributed to the favorable topological architecture which boosts 

the ion migration. The voltage stability window is about 5.4 V and the cation trans-

ference number is 0.3. 

1.3.6 FIBROUS-BASED POLYMER COMPOSITE 

Fibrous polymer membrane-based polymer composite shows improved per-

formance as compared to traditional polymer composites. In fber, the energy 

barrier of particle-particle junctions is low as compared to nanofller that will 

enhance ion transport. Also, the better interfacial contact between polymer 

and fber results in improved electrochemical stability. The high surface area 

of nanofber effectively enhances the ion conduction by creating the continu-

ous ion conduction pathways in the polymer matrix ( Zhang et al. 2011;  Zhu 

et al. 2018; Li et al. 2019). A PAN electrospun fibrous membrane (PVdF-PAN-

ESFMs) was prepared using the electrospinning technique reported by Gopalan 

et al. (Gopalan et al. 2008). The 1M LiClO4-PC solution was used as the com-

posite. FESEM analysis evidenced the formation of PVdF-ESFM f bers intercon-

nected with a large number of voids and the uniform diameter was 600 nm. The 

highest ionic conductivity was 7.8 × 10−3 S cm−1 (at 25 °C) and is higher than the 

PVdF-based composites which are attributed to the elimination of crystalline 

domains after PAN addition (Song et al. 2004). The voltage stability window of 

the PVdF-PAN (25)-ESFM was 5.1 V and is much higher than the PVdF (i.e. 4.38 

V) and PAN (i.e. 4.25 V) membranes. 

As it is well known that the blending approach is an important approach to enhance 

the electrical and mechanical properties. But, one issue remaining is the poor com-

patibility of blend polymer with the PEO. So, a new strategy was adopted to synthe-

size the solid polymer composite. It comprises two chemically dissimilar polymer 

segments, (i) aromatic polymer segment and (ii) host polymer matrix. The former 

provides suffcient mechanical/thermal stability, while the latter facilities f exibility 

and low crystallinity. Lu et al. (Lu et al. 2013)  developed a self-standing solid poly-

mer composite membrane where polysulfone (PSF) plays a role as a former one and 

PEO as the latter one. The salt used was lithium bis(trif uoromethanesulfonyl)imide 

(LiTFSI) and with low content of SN is used for synthesis via one-step condensation 



 

    

      

   

 

 

 

  

  

       

  

 

   

 

  

   

  

      

    

    

  

15 Polymer and Their Composites 

copolymerization. The highest ionic conductivity was 1.6 × 10−4 S cm−1 (at RT) and 

increased to 1.14 × 10−3 S cm−1 (at 80 °C) for PSF-PEO35 + LiTFSI + SN system. 

The voltage stability window of the prepared system was 4.2 V vs. Li/Li+ and is in 

a desirable range. 

Another strategy to enhance the properties of polymer composite is the copoly-

merization technique where both composite uptake as well as the amorphous con-

tent get improved. Shi et al. (Shi et al. 2018)  prepared a gel polymer composite by 

blending the PEO and PMMA with copolymer P(VDF-HFP) (PE-PM-PVH) by solu-

tion cast technique using a liquid composite of LiPF6 – EC + DMC (1:1 v/v) as the 

plasticizer. FESEM analysis evidenced the creation and growth of the pores after 

PEO-PMMA blending with P(VDF-HFP) (Porosity = 58%) as compared to pris-

tine P(VDF-HFP) (Porosity = 30%). The ionic conductivity (σ) of the PE-PM-PVH 

membrane is 0.81 mS cm−1 and is higher than pristine P(VDF-HFP) which has 0.25 

mS cm −1. The cation transport Number (tLi
+) of PE-PM-PVH polymer membrane was 

higher (0.72) than the pristine P(VDF-HFP) membrane (0.29). The voltage stability 

window of the blend was higher (~5.0 V) than the pristine P(VDF-HFP) membrane 

(~4.5 V). 

1.3.7 CROSS-LINKED POLYMER COMPOSITE 

Cross-linking of polymer composites is an attractive strategy to prepare new poly-

mer composites with different architectures. The cross-linking approach enhances 

dimensional stability and dynamic storage modulus (Lu et al. 2017;  Kim et al. 2010). 

The chemical cross-linking of polymer needs to be done in such a way that bal-

anced ionic conductivity and mechanical strength may be achieved. The cross-linker 

prevents polymer crystallization and facilitates faster segmental mobility (Lin et al. 

2018) . 

Shin et al. (Shin et al. 2016)  prepared the cross-linked composite polymer compos-

ite (CLCPE) based on methacrylate-functionalized SiO 2 (MA-SiO2) nanoparticles, 

PAN membrane, and gel composite precursor containing tri(ethylene glycol) diac-

rylate (TEGDA). The ionic conductivity of the CLCPE with non-porous MA-SiO 2 
particles and mesoporous MA-SiO 2 particles are 1.1*10

-3 S cm−1 and 1.8 × 10−3 S 

cm−1, respectively. The highest conductivity is due to porosity in MA-SiO2 nanopar-

ticles. The effect of the cross-linker on the properties of the solid polymer composite 

was examined by Youcef et al. (Youcef et al. 2016). They reported the prepara-

tion of the cross-linked polymer composite (CLPE) by UV-induced cross-linking 

of poly(ethylene glycol) diacrylate (PEGDA) and divinylbenzene (DVB) within a 

poly(ethylene oxide) (PEO) matrix. There was no effect of the DVB on the conduc-

tivity and for 10% DVB, ionic conductivity was high (1.4 × 10−4 S cm−1) for practical 

applications. The voltage stability window of the composite was close to 5.0 V. The 

cation transference number was 0.23. Zhang et al. ( Zhang et al. 2019)  demonstrated 

the preparation of fexible cross-linked SPE with PEO, TEGDMA, and TEGDME 

(PTT) SPE with LiTFSI salt. In this work, the electrode/composite has been pre-

pared by in-situ UV-derived dual-reaction to minimize the interfacial resistance, 

and low molecular weight cognate monomers have been introduced to enhance the 



 

 

  

 
 

   

     

    

   

 

     

  

  

   

 

 

 

 

 

   

 

 

 

  

16 Polymer Electrolytes and their Composites 

conductivity and reduce the crystallinity. The prepared PTT-SPE membrane is trans-

parent and f exible, and the benef ts of this will be ref ected in electrical properties. 

The PTT-SPE membrane exhibits ionic conductivity of about 0.27 mS cm−1 and is 30 

times higher than PEO-SPE. The cation transport number is also higher and is about 

0.56 and is favorable in the elimination of polarization. The voltage window of the 

PTT-SPE is about 5.38 V. 

1.4  SELECTION CRITERIA AND PROPERTIES OF 
POLYMER HOST/SALT/NANOFILLER/SOLVENT 

1.4.1 PROPERTIES FOR POLYMER HOST 

Since the frst report of ion conduction in 1973 for PEO/Li+ salt complexes, PEO 

(poly(ethylene oxide)) is one of the strong candidates for the polymer composites, 

but a low ionic conductivity value (10−8 S cm−1) hinders its use. Various strategies 

have been used to enhance the conductivity by the addition of ionic liquid, nano-

fller, plasticizer, etc. (Bruce 1995). PAN (polyacrylonitrile) emerged as an alterna-

tive to PEO and has two unique features, (i) small thermal resistance, (ii) f ame 

retardant behavior. Two types of gel composites—by taking PAN as host, EC/DMC 

as plasticizers with LiPF6 or LiCF3SO3 as salt—were reported by Appetecchi et al. 

(Appetecchi et al. 1999). The blend of PEO and PAN provides enhanced properties 

as compared to individual polymers, also improves the interfacial properties at the 

electrode-composite interface (Choi et al. 2000). Another polymer capable of reduc-

ing cost and enhancing interfacial stability is poly(methyl methacrylate) (PMMA), 

but the poor mechanical fexibility of flm restricts its use as composites in energy 

storage devices. Some of the reports suggested that copolymerization of PMMA with 

another polymer improves the mechanical and electrical properties of the polymer 

composite. Porous PDMS-CNT nanocomposites with PMMA improved the f exibil-

ity and control phase separation between PDMS and PMMA, as observed by Lee 

et al. (Lee et al. 2012). Nowadays, poly(vinylidene difuoride) (PVdF) has grabbed 

attention due to its semi-crystalline nature, high dielectric constant (ϵ = 8.4), and 
the presence of strong electron-withdrawing functional groups (-C-F). The presence 

of functional groups supports more dissolution of lithium salts and subsequently 

supports the high concentration of charge carriers. While, high dielectric constant 

helps for more signifcant dissolution of lithium salts and consequently supports the 

high concentration of charge carriers, and the functional group induces a net dipole 

moment (Esterly 2002). Ionic conductivity can be tuned up to that of liquid compos-

ite by adding nanofller, plasticizer, etc. (Choe et al. 1995). Another attractive can-

didate that has been less discussed is polyvinyl pyrrolidone (PVP). The amorphous 

nature and presence of the carbonyl group (C-O) in the side chains of PVP make it 

suitable for polymer composites. One key advantage is that it is highly soluble in 

polar solvents such as alcohol. So, various polymer hosts, as well as blends, have 

been examined for suitability in polymer composites. Two important parameters for 

any polymer host are dielectric constant and glass transition temperature.  Table 1.1 

shows some commonly used polymer hosts with their glass transition and melting 

temperature. 
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TABLE 1.1 
Properties of Mostly Used Polymer Host in Polymer Composites. 
Abbreviation Polymer Name Tg (°C) Tm (°C) Formula 

PEO  Poly(ethylene) oxide −67 65 (-CH2CH2O-)n

 PMMA  Poly(methyl methacrylate) 105 160 (C5O2H8)n

 PVC  Poly(vinyl chloride) 81 160 (C2H3Cl)n

 PVA  Poly(vinyl alcohol) 85 230 (C2H4O) 

 PAN Poly(acrylonitrile) 125 317 (C3H3N)n

 PEMA  Poly(ethyl methacrylate) 66 160 [CH2C(CH3 ) (CO 2C2H5)]n

 PS Polystyrene 100 240 (C8H8)n 

PPO  Poly(propylene oxide) −60 −(CH(−CH3)CH2O)n

 PVdF-HFP  Poly(vinylidene −65 135 −(CH2CF2)n [CF2CF(CF3)]m -

f uoridehexaf uoropropylene) 

PDMS Poly(dimethylsiloxane) −127 −40 −[SiO(-CH3)2]n 

PVdF  Poly(vinylidene fuoride) −40 171 −(CH2CF2)n− 

1.4.2 SOLVENTS FOR POLYMER COMPOSITE 

Both conductive species and solvent interact with ion-dipole interaction in polymer 

matrix (Eiamlamai 2015). In the case of salt, the solute role is played by ionic species 

and the polar solvent by dipoles. The interaction force tells the energy of solvation 

required in the case of ionic solutes and is inversely proportional to the squared dis-

tance between solute and solvent molecule. So, a smaller ion results in more interaction 

force with greater dissolution in the solvent. So, polar solvents such as water, nitrile, 

amide, etc. are used for better solvation due to the high dielectric constant as suggested 

in a model by Born. The main properties of a solvent (Ponrouch et al. 2015)  which are 

required for more dissolution of ions and high mobility are summarized in Table 1.2. 

Table 1.2  shows a list of commonly used solvents and their properties. Acetonitrile 

is a good solvent due to its moderate dielectric constant and low viscosity. DMF 

is a mostly used solvent and is suitable for almost all polymers in electrochemical 

devices, but its high boiling temperature sometimes restricts its use. Two solvents 

can be mixed, one having a high dielectric constant and the other having low viscos-

ity for faster ion conduction. 

The key requirement for a solvent is a high dielectric constant and high f ashing point 

(FP); the former helps in the dissociation of more salt and later improves the safety 

of the energy storage device. Linear carbonates DEC and DMC have low dielectric 

constant and low viscosity (Tamura et al. 2010). High viscosity may be due to the large 

mutual interaction between solvent particles. If both EC and PC are added together then 

they can dissolve more lithium salt as compared to a single solvent (Li and Balbuena 

1999). Figure 1.5 depicts the key characteristics of polymer host, salt and solvent . 

1.4.3 PROPERTIES OF SALT 

Salt is one of two major components of any composite. Amongst the properties 

directly affecting the salt is the solubility in the solvent for the formation of more 
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TABLE 1.2 
Properties of solvents for polymer electrolytes. 
 No .  S. Abbreviation Solvents Mol. Wt. (g/mol) Boiling point (°C) Dielectric Constant Viscosity/cP Dipole Moment Density (g/cm3) 

(at 25 °C) (Debye) 

1  ACN (C 2 H 3 N) Acetonitrile 41.05 81.6 35.95 0.341 3.92 0.377 

2  THF (C 4 H 8 O)  Tetrahydrofuran 72.11 66 7.39 0.46 1.63 0.880 

3  DMF (C 3 H 7 NO) Dimethylformamide 73.10 158 36.71 0.796 3.82 0.944 

4  DMSO (C 2 H 6 OS)  Dimethyl sulfoxide 78.13 189 46.45 1.991 3.96 1.095 

5  DMC (C 3 H 6 O 3 )  Dimethyl carbonate 90.08 90.01 3.1 0.59 0.91 1.07 

6  EC (C 3 H 4 O 3 )  Ethylene carbonate 88.06 248 89.6 1.85 4.9 1.322 

7  PC (C 4 H 6 O 3 )  Propylene carbonate 102.1 241 64.4 2.53 4.9 1.19 

8  DME (C 4 H 10 O 2 ) Dimethoxyethane 90.12 84.0 7.20 0.455 1.30 0.859 

9  DEC (C 5 H 10 O 3 )  Diethyl carbonate 118.13 126 2.82 0.75 0.9 0.975 

10  NMP (C 5 H 9N O)  N-Methyl-2-pyrrolidone 99.13 202–204 32.55 1.65 4.1 1.03 



 

  

   

   

 

  

    

     

    

  

 

   

19 Polymer and Their Composites 

Polymer Host Salt Solvent 

Must have electron donor groups such as Ö, Ṅ̇̇, 
and S for coordinating with ions High thermal and chemical stability Should have a high dielectric constant (ε: > 15) 

Should have low viscosity (≤ 1 cP) 

Must have low melting point (Tm) 

High ionic conductivity 

Low cost and easy processing 

Provide fast segmental motion of polymer chain 

Low glass transition temperature 

Must have high boiling point (Tb) 

Should have low vapor pressure 

Must be nontoxic, and economic 

Zero reactivity with electrode materials 

Remain inert to the charged surfaces of the 
electrodes 

High donor number (DN) for more ion 
dissociation 

The anion should be stable against oxidative 
decomposition at the cathode 

Form less-resistive SEl on electrodes for cell 
safety and long-term cyclability 

Completely dissolve and dissociate in the non-
aqueous media with high mobility 

Both anion and cation should remain inert 
towards the other cell components 

The anion should be non-toxic, water stable, 
and thermally stable 

High degradation temperature 

High molecular weight 

Spatial conformation for more salt dissociation 

Be safe, non-toxic, and economical 

FIGURE 1.5 Key characteristics of polymer host, salt, and solvent. 

free charge carriers, wide potential stability window, non-toxic nature, chemical and 

thermal stability (Aravindan et al. 2011). Salt is chosen such that it does not form 

ion pairs or ion aggregation and also easily get dissociated in the solvent with the 

polymer. So, the salt with small cation radii are preferred for faster dissociation of 

salt due to electric charge delocalization, low basicity, and screened negative charge 

fulflling our requirement of cationic transference number (tcation) equal to unity 

(Grünebaum et al. 2014). Also at a high concentration of salt, the unavailability of 

suitable coordinating sites in the polymer host hinders the ion motion and affects 

the polymer segmental motion. At a low concentration of salt, conductivity is almost 

independent of salt content, but with an increase in this more free charge carri-

ers participate after dissociation in the conduction process. Gray et al. (Gray 1997) 

proposed a concept for solvation of cations in polymer composites and suggested 

that the formation of a coordination bond due to partial sharing of the lone pair of 

electrons and energy change in PEs is dominated by cation solvation, while solvation 

with anion is less due to weak interaction of the polymer with the anion. LiClO4 was 

the most common lithium salt used in lithium primary batteries. However, the high 

oxidizability of anions (ClO4
−) caused some safety issues in secondary batteries;  

thus LiPF6 replaced LiClO4 in the newer designs and became the major material for 

composites, which exhibits better overall performance including higher ionic con-

ductivity, more solubility, and broad chemical stability (Sloop et al. 2001). Variation 

of some properties of lithium salts is shown here in  Table 1.3. 

LiTFSI has excellent thermal stability with a decomposition temperature of 

360  °C. The high dispersion of the anionic charge of lithium salt makes it more 



 

 

  

          

    

       

 

   

 

  

 
  

 
   

     
  

     
  

       

  

      

  

 

      

  

      

     

      

  

      

  

20 Polymer Electrolytes and their Composites 

easily ionized. Li-based salts are mostly used due to smaller cationic radii than Na 

ions and have more conductivity value due to faster transport between cathode and 

anode. Some fundamental properties and structures of lithium salts are given in

 Table 1.4 .  

TABLE 1.3 
Variation of Some Characteristics of Lithium Salts 
 Stability of Anion CF3SO3 < ClO4 < (CF3SO2)2N < (CF3SO2)3C < C4F9SO3 < BF4 < PF6 < AsF 6

 Oxidation Potential [CF3SO3]
−(5.9 V ) A < ClO 4−(6.0 V ) < [N (CF3SO2)2]

− = [C (CF3SO2)3]
−(6.1 V ) 

< BF4
−(6.2 V ) < PF6

−(6.3 V ) < AsF 6− < (6.5 V ) . 

 Dissociation Constant  LiTf< LiBF 4 < LiClO 4 < LiPF 6 < LiAsF 6< LiTFSI< LiBOB 

Av. Ion Mobility LiBF4>LiClO4>LiPF6>LiAsF6> LiTf >LiTFSI 

 Source: Aravindan et al. 2011, Copyright Wiley. 

TABLE 1.4 
Properties of Commonly Used Lithium Salts for Studies on Polymer 
Composites 
Lithium Salt Main Characteristics 
(Abbreviations) 

LiClO4  •  Broad electrochemical stability window 

• Low solubility in commonly used carbonate-type solvents 

LiBF4  •  Broad electrochemical stability window 

• Low solubility in commonly used carbonate-type solvents 

LiPF6 • High ionic conductivity, favors SEI formation, passivates Al substrate at the 

cathode side 

• Decomposes in the presence of moisture and reacts with composites at 

elevated temperatures resulting in the formation of HF 

LiFSI • Higher ionic conductivity compared to LiTFSI, high electrochemical stability 

• Unable to form passivation layers on Al current collectors (in the presence of 

LiCl), but purifed LiCl free salt passivates Al collectors 

LiBETI • High solubility and high ionic conductivity, high electrochemical stability 

• Unable to form passivation layers on Al current collectors 

LiBOB • High electrochemical stability and long-term stability 

• Form highly resistive SEI-flms (low conductivity in comparison to LiPF 6 and 

LiTFSI) 

LiDFOB • High electrochemical stability and cycling behavior, able to form passivation 

layer on Al current collectors 

• Lower solubility in carbonate-type solvents compared to LiTFSI and LiPF 6, 

but higher than LiBOB 

LiTFSI • High solubility and high ionic conductivity, high electrochemical stability 

• Unable to form passivation layers on Al current collectors (Al-degradation 

and corrosion) 

 Source: Reprinted with permission from Grünebaum et al. [2014 , Copyright Elsevier]. 



 

  

  

 
  

    

   

 

   

    

 

     

   

  

  

    

  

  

 

   

    

21 Polymer and Their Composites 

1.4.4 INORGANIC FILLERS/CLAY 

Polymer composites can be prepared by the addition or incorporation of nanof ller 

and intercalation of clay in the polymer matrix. The addition of nanof ller/clay not 

only enhances the conductivity but also improves the mechanical properties such as 

the physical strength of PEs. 

1.4.4.1 Inorganic Filler 
The particle size of the fller is a very important factor that affects ion conduc-

tion. Ferroelectric fllers such as BaTiO3 reduce the interfacial resistance between 

electrode composite surfaces due to the permanent dipole of ferroelectric materi-

als (Shanmukaraj et al. 2008). The fller acts as a solid plasticizer that enhances the 

transport properties and reduces the crystallinity due to an increase in the dielectric 

constant. Fillers with Lewis acid surface group interact with both polymer and ion 

and reduce the ion coupling (Moskwiak et al. 2006). Various flters are presently 

used: BaTiO3, Al2O3, TiO 2, SiO 2, and CeO 2, resulting in enhanced ionic conductiv-

ity and better thermal and structural properties. Plasticizers such as EC/PC help in 

the dissociation of salt and enhance the conductivity, but their use is limited due to 

their volatile and fammable nature. Different classes of fller are shown in Figure 1.6 

(Nunes-Pereira et al. 2015). 

One constraint with nanofller is the chances of agglomeration due to their high 

surface energy (200–5000 dyn cm−1), high van der Waals forces, or high electrostatic 

forces, resulting in the poor dispersion in the polymer matrix (surface energy = 10 

and 50 dyn cm−1), and hence poor electrical properties (Lewin et al. 2005;  Luo et al. 

2019). To overcome this large difference in energy, nanofllers are coated with low-

energy surface materials, siloxane coupling reagents or polymers, whereby a thin 

layer can reduce the surface energy of inorganic fllers. So, nanofller dispersion in 

the polymer matrix can be improved with this approach. Further, ion transport can 

be controlled easily by examining the electrostatic interactions, hydrogen bonding, 

or dipole-dipole interactions (Figure 1.7a). 

FIGURE 1.6 Main effects of each class of fller within a polymer matrix. 
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FIGURE 1.7 (a) Schematic of the range of interactions between the core-shell structured f ller and polymers matrix; (b) types of composite 

derived from interaction between clays and polymers. Source: (a) Reprinted with permission from  Luo et al. [2019, Copyright RSC]. 

 Reprinted with permission from  (b) Alexandre and Dubois [2000, Copyright Elsevier]. 



 

  
  

 

  

  

     

  

  

 

  

  

 

  

  

 

 

 

  

   

 

 

  

 

 

23 Polymer and Their Composites 

1.4.4.2 Clay 
Instead of fller, solid smectite group clay minerals are preferred for the reinforcement 

of polymer matrices. The key advantages are the unique structure, high strength, and 

high aspect ratio of each platelet. In polymer composites, cation coordinated poly-

mer chains get intercalated inside the negatively charged clay galleries. Two benef ts 

are (i) the anion due to bulky size remains outside clay galleries, hence single ion 

conduction, and (ii) polymer intercalation enhances the stability (thermal, chemical) 

of the polymer. Key characteristics of the clay are as given: 

1. High aspect ratio 

2. High cation exchange capacity (CEC) 

3. Large specifc surface area 

4. Appropriate interlayer charge 

5. Length scale 

Nanoclay is used for preparing highly conductive polymer nanocomposite (PNC). 

Three important categories depending on polymer chain intercalation in clay gal-

leries are shown in  Figure 1.7b  (Alexandre and Dubois 2000). A phase-separated 

composite is formed when no intercalation occurs, and electrical properties remain 

the same as traditional composite. Intercalated polymer nanocomposites are termed 

when cation coordinated polymer chains get accommodated inside the clay galler-

ies (Figure 1.7b). The presence of a negative charge layer in clay galleries increases 

the ion conduction as well as prevents polymer degradation. When clay layers are 

uniformly dispersed in the polymer matrix, then nanocomposite is referred to as 

exfoliated polymer nanocomposites (Figure 1.7c). Polymer intercalation may be con-

frmed with the XRD by examining the interlayer spacing. An increase in interlayer 

spacing (a shift toward lower angle) for nanoclay-based PNC as compared to pristine 

nanoclay is an indication of intercalation. 

1.5 CONCEPT OF ION TRANSPORT IN POLYMER COMPOSITES 

The phenomena of ion transport in polymer composites is complex and depends on 

various factors such as cation size, the dielectric constant of the host polymer, ion-

pairing, amorphous phase character, and conduction by both mobile ions (cations  

and anions). Several models such as the free volume theory, conf gurational entropy 

model, VTF behavior, WLF behavior, EMT approach, etc., have been proposed to 

interpret the ion conduction in polymer composites. Two main mechanisms for the 

cation conduction in the solid compound are the Grotthuss mechanism (proton hop-

ping or structural diffusion) and the vehicle mechanism (Chen et al. 2016;  Luo et al. 

2013). The plastic crystal doped ion diffusion involves coupling to certain, rota-

tional, motions while in polymer composites structural dynamic occurs due to the 

whole polymer chain (MacFarlane and Forsyth 2001). 

1.5.1 ACTIVATION ENERGY 

The ion transport in the polymer composite is influenced by the tempera-

ture change and the boost of ion migration with an increase in temperature is 
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attributed to the polymer flexibility and thermal activation of charge carriers. 

Thermal activation promotes faster ion conduction via oxygen sites (in polymer 

chain) due to lower potential barrier or activation energy. The temperature-

dependent enhancement of the ionic conductivity is elaborated with two mecha-

nisms: Arrhenius behavior and Vogel-Tamman-Fulcher (VTF) behavior. The 

σ(T) curve in the case of polymer composites depicts the following patterns of 

behavior (MacCallum 1988): 

  1. Arrhenius behavior is used for low temperatures whereas VTF behavior is 

at higher temperatures 

  2. Arrhenius behavior occurs throughout, but with two different activation 

energies, high  E a   closer to  T g   and a smaller  E a   at higher temperatures 

  3. The VTF behavior for temperature which is slightly greater than  Tg

  4. Behavior is very unlike either Arrhenius or VTF at all temperatures. 

 1.5.1.1 Arrhenius Behavior 
W ith the increase of temperature, polymer fl exibility increases along with amor-

phous content. Overall ion migration gets enhanced due to the faster segmental 

motion of polymer chains which favors faster cation migration. Such type of behav-

ior occurs only in the polymer composites where ion migration is supposed to 

occur via the amorphous phase content ( Agrawal and Pandey 2008) . The Arrhenius 

behavior is expressed as - - = o aexp ( )-E /kT , where, -  is the pre-exponential o
factor, k is the Boltzmann constant, and Ea  is the activation energy. The activation 

energy is acquired from the slope of linear-least square fi tting of the log -  vs. 1/T 

plot, and the lower value of the activation energy indicates the fast ion migration. 

The Arrhenius behavior indicates the ion transport occurs via hopping mechanism 

decoupled from the polymer-chain breathing and occurs below the glass transition 

temperature. 

 1.5.1.2 Vogel-Tamman-Fulcher (VTF) Behavior 
I n this approach, the segmental motion of the polymer chain is the key player in 

enhancing the ion migration inside the composite matrix. On the application of 

temperature, ions cross the energy barrier and are thermally activated, which swim 

in the free volume provided by the polymer matrix. Initially, the VTF equation was 

proposed to explore the viscous properties of supercooled liquids, then extended to 

polymer composites, and is valid above the glass transition temperature (Norman 

et al. 2012). The ion diffusion is possible only when the free volume is provided 

by the polymer chains for ion migration in the system ( Ratner et al. 2000) . The 

expression for VTF behavior is - = -AT-1 2/ exp [ ( )- ][ B / T To ] , where, -  is the 

ionic conductivity, A is the pre-exponential factor related to the conductivity and 

number of charge carriers, B is the pseudo-activation energy for the conductiv-

ity, and To  is the temperature close to the T g o f material. The -  vs. 1/T plot is 

a non-linear plot and indicates long-range migration via ion hopping. The VTF 

conductivity vs. temperature plot is non-linear and suggests the ion migration via 

the coupled hopping mechanism, relaxation/breathing with the segmental motion 

of the polymer chain. 
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 1.5.2 PROPOSED ION TRANSPORT MODEL 

 Various models have been proposed to get insights into ion transport in polymer 

composites. Some of the crucial and impactful models are discussed in the following 

sections. Armand et al. (A rmand et al. 1979)  for the fi rst time explained the ion trans-

port mechanism in PEO-alkali metal salt complexes (PEO-KSCN, PEO-NaSCN). 

In the classical PEO-salt complexes, transport of the cation was suggested to occur 

by hopping through the helices and the anions were assumed to be almost immobile 

and placed outside the helices. Molecular dynamics simulations suggest that the Li +

ions are complexed to PEO through approximately fi ve ether oxygens of a PEO chain 

and that the mobility of the cations is decreased considerably by this complexation 

(Muller-Plathe and Gunsteren 1995). Consequently, the mobility of the Li cations 

is related to the motions of the complexing segments of the PEO chain. Thus, the 

cation transport is described as the motion of the Li+   species between complexation 

sites assisted by the segmental motion of the PEO matrix. Later, Papke et al. (P apke 

et al. 1982)  suggested that the transport of the cation, complexed within the helical 

regions, occurs through the disordered amorphous phase of the polymer composite. 

 1.5.2.1 Free Volume Model 
I t is one of the simplest transport mechanisms used to understand the polymer ion 

transport and segmental mobility given by Cohen and  Turnbull in   1959 ( Cohen a nd 

Turnbull 1959). I t is based on the assumption that motion in a polymer composite 

depends on the redistribution of free volume associated with the end of a polymer 

chain in the matrix, not on the thermally activated process. The increase in tempera-

ture expands the material and the creation of voids leads to free volume enhancement 

which provides more free space to polymer segmental motion. This increase in free 

volume (Vf) increases the ability of the polymer chain to rotate freely which directly 

affects the ion transport and obeys the following relation expressed by equation 1.1: 

  

 
V V T Tf g g= + -( )[
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 Where V g   is the critical volume per mole at  T g  , α  is the thermal expansivity, and  T
represents the temperature during the experiment. The biggest drawback faced by 

this model is that it ignores the kinetic effects associated with long-chain molecules 

and does not involve microscopic behavior like dielectric relaxation, the effect of the 

molecular weight in transport properties, etc. 

 1.5.2.2 Confi gurational Entropy Model 
Gibbs and Marzio (  Gibbs and Marzio 1958)  proposed this model to overcome the draw-

backs of the free volume model. The entropy model is based on the cooperative rearrange-

ment of the polymer chains while the free volume model includes transport via the formation 

of voids. The average probability of chain arrangement is given by the equation 1.2: 
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 Where A  is pre-exponential constant,  k B   is Boltzmann’s constant,  T  is the absolute 

temperature ( K ), S c * is m inimum confi gurational entropy required for the rearrange-

ment,  S c   is confi gurational entropy at temperature  T , and -u is apparent activation 

energy opposing the rearrangement of polymer segmental unit (kJ/mol). 

 1.5.2.3 Vogel-Tamman-Fulcher (VTF) Model 
 The Vogel-Tamman-Fulcher model was developed by Vogel, Tamman, and Fulcher 

in the early part of the 20th century, for diffusion in the glassy system or viscosity 

of supercooled liquids. Here the ionic transport mechanism is attributed to the seg-

mental motion of polymer chains via formation and destruction of a coordinating 

sphere of the solvated ion (Bruce and Gray 1995, Gong et al. 2012). In this created 

free volume ions diffuse under the infl uence of the electric fi eld. The VTF equation 

derived using the entropy model can be expressed by equation 1.3: 
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 Where A is a cons tant proportional to the number of carrier ions,  B is t he pseudo-

activation energy of the ion,  T o is t  he equilibrium glass transition temperature or 

pseudo-transition temperature (<T  g  ).
 As it is well known, ion transportation occurring above the glass transition 

temperature (T  o) is d  ue to relaxation and transport processes as suggested by the 

VTF model ( Bruce and Vincent 1993 ;  Luo et al. 2011) . This model is based on 

the assumption that the transport in polymer composites occurs in the amorphous 

phase content of the host polymer. As above the glass transition temperature, 

disorder takes place in polymer chains which changes the entropy and promotes 

ion transport. Then Williams ( Williams et al. 1955)  developed extension of the 

VTF equation (i.e. WLF equation), to get insights of ion dynamics in polymers 

and other glass-forming materials. Effect of viscosity and inherent relaxation pro-

cesses was considered. This modifi ed version of VTF model can be explained by 

equation 1.4: 
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 Where aT  is shift factor and is the ratio of the mechanical relaxation process at ordi-

nary temperature T to some reference temperature  T s  . 
T he temperature dependence of conductivity which obeys the VTF equation 

confi rms the free-volume ion transport mechanism in polymer composites and con-

cludes that the micro-Brownian motion of the polymer chain segment affects the 

ionic transport which supports the transport in the amorphous phase. Further, inves-

tigations were done using WLF theory to clarify the ionic conductivity mechanism 

by using the relationship between ionic conductivity and fractional free volume  f r  ( T ) 
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(Ji et al. 2012). It concludes that ionic conductivity increases with an increase in 

fractional free volume and can be described by the following equations 1.5 and 1.6: 

 
f T f T T Tr r g g( ) = ( ) + -( )a ( 1.5 )
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 1.5.2.4 Angell’s Decoupling Theory 
T he ion transport mechanism in polymer composites was later enlightened by C. A. 

Angell ( Angell 1986)  based on the assumption that coupling between transport and 

relaxation plays an active role in ion transport. Angell generalized the ion transport 

mechanism using a new term decoupling index (R  τ  ) denoted by equation 1.7: 

 

Decoupling Index R
Structural Relaxation Time
Electrical

s
t

t
( ) = ( )

RRelaxation Time t-( )
( 1.7 )  

 Here, τs    refers to the segmental relaxation or viscosity, and (τ  σ  ) is inversely propor-

tional to the conductivity. A larger value of  R τ refl ects highly decoupled charge-

conducting modes by the viscous motion of the matrix. If  R τ   = 1 then the ionic 

motion and the structural relaxation occur at the same time, and for polymer-salt 

complexes  R τ   < 1, which indicates rapid structural relaxation rather than the con-

ductivity relaxation. The relaxation process, which allows the rearrangement of the 

polymer structure, may or may not help in ion dynamics and may be attributed to the 

inter-ionic interaction, which results in ion immobilization (B ruce 1995). Da m et al. 

( Dam et al. 2015)  reported a solid polymer composite and correlated the segmental 

and conductivity relaxation time using decoupling index. Value of  R τ i  n the range 5 

to 48 suggests that ion conduction is coupled to the segmental relaxation. 

 1.5.2.5 Amorphous Phase Model 
V arious reports on the study of polymer composites suggest that the addition of 

nanofi ller decreases the crystallinity and amorphous phase content increases, which 

leads to faster ion transport. This is the assumption for the amorphous phase model 

( Wieczorek et al. 1989) . Ion transport is sustained by polymer segmental motion 

and is faster within the amorphous region than within the crystalline region of the 

polymer host. The presence of large numbers of nucleation centers in the polymer 

composites promotes the crystallization process and, as a consequence, a bigger dis-

order, typical of a liquid state, is frozen in the newly formed solid polymeric matrix 

on solvent evaporation. 

 1.5.2.6 Effective Medium Theory 
T he effective medium theory was originally developed by  Nan and Smith in   1991  

(N an and Smith 1991)  for polymer composites based on the simple effective medium 
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equation (L andauer 1952). I t can be applied for explaining the electrical properties in 

polymer composites, composite solid composites, etc. (Wi eczorek et al. 1994). T he 

improvement in the conductivity is obtained with the addition of nanofi ller and may 

be due to the change in microstructure at the composite-fi ller interface. According 

to the theory, there are three components present in a composite polymer composite 

with different electrical properties: (i) the highly conductive interface layers coating 

on the surface of the grain, (ii) the dispersed insulating fi llers in the polymer host 

matrix, and (iii) the dispersed fi ller throughout the polymer composite host matrix 

and the highly conducting interface layer make a matrix phase which consists of 

overlapping/touching units that provide high-conducting pathways in the polymer 

matrix. 

 According to the Maxwell Garnett rule ( Maxwell 1881) , the equivalent conductiv-

ity (- c ) of the CPEs unit can be expressed by equation 1.8: 
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 Here -1 and - 2  are, respectively, the conductivity of the interface layer and that of 

dispersed insulating grain.  Y  is the volume fraction of dispersed grain in a composite 

unit and for spherical geometry can be calculated by equation 1.9: 
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 Where t  is the thickness of the interface layer and  R is t he radius of dispersed grain. 

The  t/R pa rameter is based on the assumption that an increase in amorphous phase 

content in CPEs in comparison to the pristine system is due to the amorphous pres-

ence in the surface (S hukla and Agrawal 1999). T his model was further improved by 

Wieczorek et al. (Wi eczorek et al. 1989)  and reported the presence of three phases 

in a CPE explained as a highly conductive layer covering the surface of the grain 

(phase 1), dispersed fi ller grain (phase 2), and the bulk polymeric composite (phase 

3). The formation of a high conductive pathway composed of the surface layers 

(i.e. phase 1), is proposed to be the possible region of enhanced conductivity of the 

composite polymer composite. 

 1.5.3 PROPOSED TRANSPORT MECHANISM IN DISPERSED POLYMER COMPOSITE 

I n solid polymer composites, alkali metal salts are dissolved in the polymer matrix 

and salt gets dissociated in the cation and anions owing to the electrostatic interac-

tions. The cation migrates via the coordinating sites provided by the polymer chain 

and anion; due to its large size is immobilized with the polymer backbone. The com-

bined effect of the hopping and segmental motion results in ion transport. The four 

possible processes of cation transport are shown in  Figure 1.8a, a nd are (i) intrachain 

hopping, (ii) interchain hopping, (iii) intrachain hopping via ion cluster, (iv) inter-

chain hopping via ion cluster ( Xue et al. 2015) . 
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30 Polymer Electrolytes and their Composites 

The ionic conductivity of the polymer composites depends on the equilibrium 

of the Lewis acid-base interactions. The nature of the interaction is dipole-dipole 

interaction and the polymer phase acts as an ion transport medium. The Lewis acid 

group of the nanof ller may compete with the Lewis acid lithium cation for the for-

mation of a complex with the polymer host. The hydrogen bonding present between 

the host polymer and nanof ller promotes fast ion transport by perturbing the chain 

and increasing the free space volume. The ceramic surface group may act as cross-

linking centers for the host polymer and anion, which lowers the structure reorgani-

zation tendency and promotes faster ion transport. Also, the fller surface group acts 

as Lewis acid-base interaction centers with the polymer/salt, and ionic decoupling 

promotes more salt dissociation which directly enhances the free number of charge 

carriers and hence conductivity (Croce et al. 2001). 

Liu et al. (Liu et al. 2016)  prepared a solid composite polymer electrolyte with 

Y2O3-doped ZrO2 (YSZ) nanowires and the highest ionic conductivity exhibited by 

YSZ nanowires was 1.07 × 10−5 S cm−1 at 30 °C. The conductivity enhancement was 

attributed to the faster cation migration forced by positively charged oxygen vacan-

cies on the surfaces of the nanowires. The mechanism for ion conduction is shown 

in  Figure 1.8b. The positive-charged oxygen vacancies on the surfaces of the f llers 

act as Lewis acid sites that can interact strongly with anions and release free cations 

which participate in the ionic conductivity. It may be observed from  Figure 1.8b  that 

nanowires offer a more continuous ion-conducting pathway across much longer dis-

tance and generate an effective percolation network, as compared to nanoparticles. 

Another important strategy to enhance the conductivity is the alignment of nanow-

ires along the normal direction of electrodes as compared to randomly oriented  

nanowires. Using this approach, Liu et al. (Liu et al. 2017)  synthesized the compos-

ite polymer electrolyte with well-aligned inorganic Li+-conductive nanowires. These 

aligned nanowires result in an increase of conductivity up to 6.05 × 10−5 S cm–1 at 

30 °C. Figure 1.8c  compares the ion migration in the composite polymer electrolytes 

doped with the nanoparticle, random nanowire, and aligned nanowire. The enhance-

ment in conductivity was attributed to the absence of crossing junctions (for aligned 

nanowires) that formed in aggregated nanoparticles or random nanowires with wire-

to-wire junctions. It was concluded that the surface region of LLTO nanowires with 

their high specifc surface area and large aspect ratio provides a fast pathway for 

Li-ion diffusion to long distances without interruption. 

Arya et al. (Arya and Sharma 2018) examined the effect of nanofllers on ion 

transport, and concluded that an electron-rich group provides a path for ion migra-

tion in the polymer matrix. When nanofller is added to the polymer salt system, 

then there are two means by which it can affect the ionic transport or conductiv-

ity: (i) direct interaction of cations with nanofller surface, (ii) interaction of the 

nanofller surface with a polymer chain. At low nanofller content, dissociation of 

free ions occurs owing to nanofller interaction with an anion via hydrogen bond-

ing (Figure 1.9a). The interaction between anion and nanofller dominates at lower 

nanofller content and anions can be held on the nanofller surface, and cation eas-

ily migrates via the conduction path provided by the polymer chain. Initially, the 

affnity for anions is more toward the nanofller surface than the cation. At high 

nanofller content decrease in conductivity is due to anion trapping, and is due to 



 

  

      

 

 

                  

  

 

  

 

  

       

  

   

 

   

 

    

31 Polymer and Their Composites 

FIGURE 1.9 Ion transport in nanofller-dispersed polymer composites. 

the increased ability of ion-pairing, as nanofller also interacts weakly with the ether 

group, hence salt is not dissociated properly (Figure 1.9c). Figure 1.9d displays the 

role of the surface group of a nanof ller. The surface group of a nanof ller provides 

additional conducting sites for cation migration as well as supports salt dissociation. 

The acidic nature of nanofller at optimum concentration obstructs ion-pairing due 

to the interaction of TiO2 with PF6
− (TiO2 + PF6

− ↔ TiO2:PF6
−) and a local electric 

feld is formed which assists in salt dissociation. 

In an intercalated type of polymer composites, polymer structures occupy the 

gallery of clay due to an interaction between the clay surface and polymer electron 

donor group due to the creation of a surface charge (Figure 1.10). The complexes of 

PEO molecules confned within the PMMA domain enter between the MMT plate-

lets and increase the clay gallery spacing. The anion size is larger than the gallery 

spacing, and having Coulombic repulsion between the anion and negative surface 

charge of clay restricts their entry into it, which results in the elimination of con-

centration polarization (Figure 1.10a). The various interaction between polymer/salt/ 

fller like EO-Li+ , C=O.. -Li+ , MMT-Li+, and C=O.. -Li+-EO makes nanocomposites and 

anions remain uncoordinated somewhere in the polymer backbone (Figure 1.10b) 

(Choudhary and Sengwa 2015). 

Another approach to package the nanotubes within insulating clay layers to form 

effective 3D nanofllers was reported by Tang et al. (Tang et al. 2012). The authors 

reported that the growth of CNTs within clay interlayers results in exfoliation of clay 



 

 

  

   

   

 

     

    
 

   

  

  

  

32 Polymer Electrolytes and their Composites 

FIGURE 1.10 Schematic representation of (a) intercalated and exfoliated MMT structures, 

and (b) ion-dipolar and ion-ion interactions in cation-coordinated polymers blend intercalated 

MMT structures in the (PMMA-PEO)-LiClO4 -x wt % MMT nanocomposite composite f lm. 

(c) Arrhenius plots of ionic conductivity of CPEs with the TiO 2/SP hybrid nanofllers as com-

pared with the pure PEO−LiClO4 electrolyte; (d) performance and Coulombic eff ciency of 

LiCoO2/CPE−TiO2/(SP-open) hybrid/Li cells at 0.1 C tested at 65 °C. 

 Source: (a–b) Reproduced with permission from Choudhary and Sengwa [2015 , Copyright Wiley]. (c–d) 

Reproduced with permission from Fu et al. [2018 , Copyright ACS]. 

platelets, and a hybrid nanofller with a high aspect ratio was obtained. The lithium 

cation interacts with both the high negative charge of the electron cloud in the outer 

surface of CNTs as well as the negative oxygen atoms on the clay. This dual interac-

tion mechanism leads to the separation of the contact-ion pairs and is benef cial for 

high ionic conductivity. 

 The fller/clay-dependent changes in electrical properties of the polymer com-

posite were explored with a mechanism (Sharma and Thakur 2011). In a polymer 

matrix, the Li+ cation is coordinated with electron-rich nitrogen (−C≡ ...N) sites of 

the polymer host matrix due to polymer-ion-clay interaction and the bulky anion 

(PF6
−) is leftover and hung somewhere in the host polymer backbone (PAN) as 



 

 

 

 

 

 

  

 

 

  

   

 

 

 

 

 

   

  

  

  

   

 

   

   
   

 

 

    

  

  

 

 

   

  

  

  

 

   

  

33 Polymer and Their Composites 

an uncoordinated free anion. Also, the presence of a negative charge at the clay 

surface galleries interacts with cations by coulombic interaction, which favors 

polymer chains access into clay galleries and is thermodynamically feasible 

(ΔG = −ve). The net conductivity enhancement, at low clay loading, is due to 

the direct interaction of clay platelets with the Li+ coordinated polymer, and at 

high clay content, redistribution leads to exfoliated to intercalated nanocompos-

ite structure. 

Another important biopolymer electrolyte that has gained attention is soy 

protein (SP). It also acts as a nanof ller to enhance the salt dissociation and cat-

ion conduction attributed to the presence of functional groups in the protein 

backbone. So, the combination of these two approaches will be more eff cient 

in promoting ion dynamics and modifed nanoparticles will be more effective  

(Fu et al. 2018). Wang et al. (Wang et al. 2016)  manipulated the protein struc-

ture using ceramic TiO 2 nanoparticles. The optimized protein on the nanopar-

ticle shows various interactions at the protein nanoparticle interface. Since, the 

protein backbone has various functional groups that provide strong interaction 

to substrate surface such as charge-charge interactions, hydrogen bonding, van 

der Waals force, π−π interactions. In SP-based polymer electrolytes, denatur-

ation environment and procedures play a crucial role in deciding the interactions 

between SP and nanofller. This surface modifcation of nanofller is an effective 

strategy to create ion conduction pathways. Fu et al. (Fu et al. 2018)  synthesized 

a novel protein-ceramic hybrid nanofller by coating ion-conductive soy proteins 

onto TiO 2 nanoparticles via a controlled denaturation process. The composite 

polymer electrolyte with 5 wt % TiO 2/(SP-open) hybrid nanofller has the highest 

ionic conductivity of 6 × 10−5 S  cm−1 at room temperature and is about 1 magni-

tude higher than that of the pure PEO-LiClO4 electrolyte and 5 times higher than 

that of the polymer electrolyte with TiO 2/(SP-close) hybrid or untreated TiO 2 
nanofller. Conductivity for hybrid TiO 2/(SP-open)-based polymer electrolytes 

becomes comparable to liquid electrolyte at 90 °C (i.e. 7 × 10−4 S cm−1) (Figure 

1.10c).  Figure 1.10d  shows the discharge capacity and coulombic eff ciency ver-

sus cycle number at 0.1 C. Based on experimental and simulation results, an 

ion conduction model was proposed (Figure 1.11). The SP coating on the TiO 2 
surface results in better dispersion of nanofller. The presence of a functional 

group in SP interacts with PEO which enhances the fexibility and mechanical 

strength. Also, the denatured SP can interact with lithium salts through strong 

electrostatic interactions between backbone oxygen of protein and cation and 

favors better salt dissociation. So, the nanof ller modifcation enhances the ion 

migration via better dispersion of nanofller and the creation of additional ion 

conduction channels. 

1.5.4 ION TRANSPORT PARAMETERS 

The electrical properties, especially the ionic conductivity in polymer composites 

have three key performance parameters: (i) diffusion constant,  D ; (ii) mobility, μ; 
and (iii) charge carrier        concentration, n. Both μ (designates the degree of ease with 
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FIGURE 1.11 Schematics of the fast ion-conduction channel formed in the TiO 2 /(SP-open) 

hybrid and ion transport pathways in CPEs with the TiO 2/(SP-open) hybrid compared with 

the TiO2 /(SP-close) hybrid. 

 Source: Reproduced with permission from Fu et al. [2018 , Copyright ACS]. 

which ions pass through media on the application of external electrical feld), and the 

D (the ease with which ions pass through media under a concentration gradient) are 

linked to the number of free charges available in the polymer matrix. Impedance and 

FTIR study provides direct calculation of number density of mobile ions and their 

mobility for performance and development of a good solid polymer composite. To 

estimate the value of transport parameters (n, μ, and  D), three approaches are avail-

able (Table 1.4): (i) the Bandara and Mellander (B-M) approach (Bandara et al. 2011; 

Jonsson et al. 2006); (ii) Impedance Spectroscopy (IS) approach (Arof et al. 2014); 

and (iii) the FTIR method (Ericson et al. 2000; Petrowsky and Frech 2008).  Table 1.5 

summarizes the information related to all three approaches and provides signif cant 

evidence of ion dynamics in polymer composites. 

ACKNOWLEDGMENT 

Anil Arya is thankful to the UGC for providing the DS Kothari Post Doc Fellowship 

via award letter number BSR/PH/20–21/0156. 



Po
lym

er an
d

 Th
eir C

o
m

p
o

sites
 35

  TABLE 1.5 
Approaches to Obtaining the Number Density ( n ), Mobility ( μ ), and Diffusion Coeffi cient (D). 
  Method    B-M Approach    IS Approach   FTIR Method  

  Units  
  D (cm 2 s− 1)

d2 2(k E E Ad) uk T2 r o BD = D = D =
t D 2 t e

2 2   
    

 s− 1 μ (cm 2 V− 1 ) 2 2ed e k( E E Ad) -2 r ou = u = u =
t D2 k TB t nekT 2   2    

  N (cm  −3) 2- t DkT -k T2 B t2 xM NAn = n = n = x freeion area ( )%
2 2 2(ek E E Ad) Ve d 2 r o Total

      

Parameters  2 is time constant  K2 and K1 are obtained from the trial and M  is the number of moles of salt used,  NA is 

 corresponding to the maximum dissipative error on the Nyquist plot. The value of 2 Avogadro’s number (6.02 × 10 23 mol −1 ), VTotal is 

loss curve,  = d / λ, was taken at the frequency corresponding the total volume of the polymer composite, and σ 

 λ is the thickness of the electrical double  to a minimum in Z" (i.e. at Z" 0, kB is the is dc conductivity,  e  is the electric charge (1.602 × 

layer,  d  is half-thickness of the polymer Boltzmann constant (1.38 × 10 −23  J K −1 ) 10 −19  C), kB is the Boltzmann constant (1.38 × 

composite and  T  is the absolute temperature) 10 −23  J K −1 ), T  is the absolute temperature 
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2 .1  INTRODUCTION 

 Owing to the rapid development of modern societies and the enormous consump-

tion of fossil-fuels-based energy resources, the scientist looks for the development 

of durable and effi cient electrochemical devices like batteries, fuel cells, solar cells, 

supercapacitors and so on ( Liang et al. 2019 ;  Wang & Zhong, 2015 ). A continuous 
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improvement has to be made in the components of these energy storage devices 

over time to enhance their effciency for fulflling the industrial and technological 

needs. The electrolyte has been a crucial part in these electrochemical devices as it 

is responsible for the transfer of electric charge/ions between the electrodes of these 

electrochemical devices. Earlier, it could be seen that most of the traditional energy 

storage devices employed liquid electrolytes (both aqueous and non-aqueous) due to 

their high ionic conductivity values. However, the devices made up of liquid elec-

trolytes suffer from the several limitations like (i) leakage, (ii) short shelf life, (iii) 

infammability, (iv) corrosion reaction between electrodes and electrolytes, (v) dif-

fculty in miniaturization and (vi) instability towards changing temperature (Shalu 

et al., 2021). These shortcomings of liquid electrolytes initiated the research in solid 

electrolytes which are a good alternate to liquid-electrolyte-based systems due to 

their desirable properties such as non-volatility, structural sturdiness and high elec-

trochemical stability. Recently, material scientists have been looking for developing 

materials which have exceptionally high room temperature ionic conductivities in 

the range of 10−2 to 10−3 S cm−1 with negligible electronic conductivity. These mate-

rials are also known as “fast ion conductors” or “superionic solids”. The science 

and technology based on ion conducting solid electrolytes is termed as “Solid State 

Ionics” (Agrawal & Pandey, 2008). On the basis of physical properties and micro-

structures the solid electrolytes can be classifed into the following four groups: 

(i) crystalline/polycrystalline electrolytes, (ii) glassy/amorphous electrolytes, 

(iii) polymer electrolytes, (iv) gel electrolytes and (iv) composite electrolytes. Out 

of these solid state electrolytes, ion conducting polymers or polymer electrolytes are 

the materials of current research interst because of their fexibility and higher room 

temperature ionic conductivity. These polymer electrolytes are generally obtained 

by immobilizing mobile ionic species into soft polymer matrices to provide semi-

crystalline conducive framework which supports easily ionic movement within the 

polymeric matrix (Gupta et al. 2016;  Singh et al. 2016). Wright (Wright, 1975) f rst 

reported the ion conduction property in solid polymer electrolytes (SPEs) based on 

polymer PEO in 1973, and Armand and his co-workers (Armand et al. 1979) discuss 

its potential application in rechargeable batteries. Since then, various synthetic polar 

polymers like PEO, PVA, PMMA, PVdF, PVdF-HFP, PVP, etc. are commonly used 

as semi-crystalline or amorphous host polymeric matrices for the preparation of 

SPEs by the immobilization of mono-, di- or tri-valiant alkali metal salts to give 

conducive polymeric backbone by increasing the segmental motion of the polymeric 

chain (Quartarone & Mustarelli, 2011; Saroj et al. 2016). Nowadays, solid-like elec-

trolytes are the most extensively studied research topic in the feld of condensed 

matter physics since it represents an intriguing approach to enhance simultaneously 

achieving high ionic conductivity and resolving safety issues. Nevertheless, these 

SPEs have low ambient ionic conductivity, and interfacial compatibility towards 

electrodes falls short of practical applications in high-performance electrochemi-

cal devices. In addition to improved safety, various approaches like cross-linking  

of polymers (Young et al. 2014), addition of ceramic fller particles (Yoon et al. 

2014), inclusion of plasticizers (Sadiq et al. 2021), forming organic-inorganic hybrids 

(Chaurasia & Chandra, 2017) have been employed for enhancing the conductivity 

without sacrifcing electrochemical and thermal stability of the polymer electrolyte 

membranes. Alternatively, in polymer electrolytes ionic conductivity occurs due 
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to the effi ciently conductive cations via hopping mechanism within rigid crystal-

line polymeric backbone structure (C haurasia et  al., 2011;   Chaurasia et al. 2022) . 

Furthermore, in typical polymer electrolytes increasing the salt content generally 

leads to an increase in polymer amorphous fraction. However, the reduction in the 

crystalline phases of the polymer electrolytes cause worsening of its mechanical 

properties and dimensional stability. In recent years, quasi-solid state electrolytes 

are termed as “organic-inorganic hybrid electrolytes” that have been prepared by 

combining the organic polymer and inorganic nanofi ller particles at the molecular 

level with a variety of known and hitherto unknown properties ( Nicole et al. 2014 ). 

The organic part of the hybrid electrolyte materials imparts high fl exibility and 

mouldability while the inorganic network provides high thermal stability, structural 

integrity and chemical resistance. Generally, one of the components (either organic 

or inorganic) in the organic-inorganic hybrid electrolytes appear within the range of 

nanoscale and thus these materials are fall within the category of nano materials. 

The concept of organic-inorganic hybrids nanocomposites was exploded in the sec-

ond half of the 20th century, leading to its applications in many diverse fi elds of sci-

ence such as organic synthesis, biotechnology, catalysis and electronics. These hybrid 

materials gained importance in the ’80s with the development of soft inorganic chem-

istry processes and recently a lot of research is developing on this topic. The growth 

and importance of this multidisciplinary fi eld can be seen by research activity going 

on this fi eld recently and a tremendous increasing number of publications, reports and 

patents in the last few years ( Mir et al. 2018 ;  Sanchez et al. 2011 ).  Figure 2.1  shows 

the research activity going on world-wide in the fi eld of organic-inorganic hybrid 

electrolytes. 
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FIGURE 2.1 Progress of research papers published by the scientifi c community in the fi eld 

of hybrid electrolytes.

Source: ISI web of KnowledgeTM.



 

  

 

  

 

 

 

 

  

 

 

 

   

   

 

   

  

46 Polymer Electrolytes and their Composites 

These hybrid electrolytes have dual advantages of high ionic conductivity due to 

their organic components and high thermal stability as well as mechanical stability due 

to their inorganic components. Such materials not only merge the properties of both 

the phases but also exhibit new and superior features as a result of the hybridization 

process. The charge transport properties of these hybrid electrolytes are signif cantly 

dependent on the chemical nature of the organic and inorganic phases, their con-

formations, sizes, morphology and the nature of inter phase interactions. Thus, the 

hybridization of both the phases leads to the development of multifunctional materi-

als with desired properties. 

This approach of the synthesis of materials provides an opportunity to have a 

large set of materials with a variety of known and hitherto unknown properties. 

Besides the nature of the interfaces between the two phases and the kind of applica-

tion for which the materials are to be designed, the fnal properties of these materials 

are strongly infuenced by their method of processing. The aim of this chapter is to 

describe different classes of polymeric-based organic-inorganic hybrid electrolytes 

and discuss the most recent developments in these felds along with their possible 

applications in developing solid state electrochemical devices. 

2.2  SYNTHESIS ROUTES FOR ORGANIC-
INORGANIC HYBRID ELECTROLYTES 

There are two main approaches adopted for the preparation of organic-inorganic 

hybrid electrolytes: 

2.2.1 Building Block Approach 

2.2.2 In-Situ Approach 

These two approaches for the synthesis of organic-inorganic hybrid electrolytes are 

schematically shown in Figure 2.2. 

Synthesis 
Routes 

Building Block 

In situ Sol-Gel 

Melt Blending 

Solution 
Blending 

FIGURE 2.2 Synthesis approaches adopted for the preparation of organic-inorganic hybrid 

electrolytes. 



 

  

 

 

  

 

 

    
 

 

  

    

 

 

    
 

  

  

 

  

  

 

 

 

 

 

 

47 Organic-Inorganic Polymer Composites 

2.2.1  BUILDING BLOCK APPROACH 

In this approach, the building blocks (i.e. precursors) at least partially keep their 

original molecular integrity throughout the materials which permits the survival of 

their crucial properties within the organic matrix. A few examples of such well-

defned building blocks are inorganic clusters which comprise at least one functional 

group that permits their interaction with the organic matrix and nanosized particles, 

nanorods etc., that can be used to form nanocomposites. The building blocks can be 

designed effectively to form materials with better structural integrity. This building 

approach of the synthesis of organic-inorganic hybrid electrolytes consists of two 

approaches as described next: 

2.2.1.1 Solution Blending Method 
The solution blending technique for the preparation of organic-inorganic hybrid elec-

trolytes is an effective way to modify the properties of existing polymers and to  

develop new materials with the combination of properties of both organic and inor-

ganic phases for the specifc applications. In this approach, polymers or polymer-salt 

complexes are dissolved into a suitable solvent to form a homogeneous mixture, and 

then required amounts of ceramic fller particles (SiO2, TiO 2, Al2O3, etc.) are added 

for getting the polymer-ceramic fller composite solutions. After the complete evapora-

tion of the volatile organic solvents, thin composite polymer electrolyte f lms (which 

are also termed as ex-situ organic-inorganic hybrid electrolytes) are obtained. 

2.2.1.2 Melt Blending Method 
In this approach, there is no need to use any solvents for the preparation of organic-

inorganic hybrids. In this method, frst polymers are melted and then mixed with 

appropriate amounts of fller particles to form a homogeneous melted mixture of 

both the constituents, and then the obtained solution is hot-pressed between two 

stainless steel plates to get polymer composite f lms. 

2.2.2 IN-SITU APPROACH 

This method is based on the chemical transformation of well-defned discrete mol-

ecules (i.e. precursors) into multidimensional networks (e.g. 3D silica, titania, etc. 

matrices) with completely different characteristics from the original molecules/ 

precursors. The internal morphology of the fnal materials depends on both the compo-

sition of the precursors as well as the synthesis conditions. The alternation in any of 

these variables can lead to the formation of two very different materials. Moreover, 

the collective effect of various factors such as proper synthesis conditions, an opti-

mized stoichiometric ratio of organic and inorganic components and nature of the 

interaction between the two phases decides the structural, morphological and elec-

trochemical properties of the prepared organic-inorganic hybrids. This approach 

involves the in-situ formation of either one (i.e. organic or inorganic) or both the com-

ponents simultaneously. For example, a change from acid to base catalyst in the in-

situ formation of silica (inorganic) network within the polymer matrix makes a huge 

difference in terms of particle size, surface area, porosity, pore size distribution, etc. 



 

    
 

 

    

 

 

 

 

 

 

 

 

 

 

 
 

  

  

  

 

  

   

 

 

 

  

 

 

   

 

48 Polymer Electrolytes and their Composites 

2.2.2.1 Sol-Gel Method 
Among the various processing techniques, the classical sol-gel route has been exten-

sively utilized for the preparation of these organic-inorganic hybrid electrolytes. To 

fulfll the need of a specifc degree of dispersion of the fller, avoiding unwanted 

agglomeration and overcoming its poor compatibility with the polymer matrix, an 

elegant way of processing hybrid electrolytes known as the sol-gel technique has 

been introduced. The sol-gel method involves fve steps: (i) formation of sol—a 

colloidal suspension, (ii) gelation of sol—to form a network, (iii) aging of gel— 

polycondensation reaction continues until the gel transforms into a solid mass, (iv) 

drying of gel and (v) densifcation at high temperatures. The major advantage of this 

approach is that it employs mild processing conditions such as low temperature and 

pressure. This is a bottom-up approach by which in-situ production and dispersion of 

the fller particles is achieved within the host polymeric matrix from the inorganic 

precursors. This method has been found to be useful and effective for the reinforce-

ment of the particles within the polymer matrix over the traditional solution or melt 

blending methods as it can subtly control the surface characteristics of the growing 

inorganic phase within the matrix. This approach also prevents the aggregation of 

the inorganic nanofller particles and also enables their homogeneous distribution 

within the polymer matrix. 

2.3  POLYMER-BASED ORGANIC-INORGANIC 
HYBRID ELECTROLYTES 

A typical polymer composite is a combination of polymer and fller. The polymer 

composites are used to ameliorate the drawbacks of conventional polymers. In gen-

eral, the weak intermolecular bonding between the fllers and polymer matrix exists 

at a micrometer level and least probable chemical bonding is involved in between 

polymer matrix and f llers. But the combination of f ller at the nanometer level and 

functional polymers interacting at the atomic level leads to the formation of chemi-

cal bonding and consequently signifcant improvements in the mechanical property; 

especially strength, electrical conductivity, thermal stability, thermal conductivity 

and oxidation stability have been observed. Such materials come in an important 

class of composites known as organic-inorganic nanostructured materials (Gai 

et al. 2019; Judeinstein & Sanchez, 1996;  Kaushik et al. 2015). Several polymers-

based organic-inorganic hybrid electrolytes had been formed by hybridization of 

the organic polymers with various types of incorporating inorganic ceramic f llers; 

fast ion conducive ceramics, glasses, ionic liquids are discussed in the subsequent 

sections. 

2.3.1  POLYMER/INORGANIC HYBRID COMPOSITE ELECTROLYTES 

The polymer/inorganic hybrid electrolytes are a unique new class of material pre-

pared by combining polymers with inorganic ceramic fller particles at the molecular 

level. The ultrafne dispersion of inorganic fller particles within the polymeric matrix 

is considered to be an important route for developing multifunctional materials with 



 

 

 

     

 

   

  

  

 

  

      

         

 

 

 

 

  

        

     

 

  

 

   

      

  

    

  

  

 

     

  

 

     

     

     

       

  

  

   

49 Organic-Inorganic Polymer Composites 

unusual improved properties. It has recently gained a great deal of attention because 

of the superior properties in terms of increased strength and modulus, improved heat 

resistance, decreased crystallinity, increased electrical conductivity and improved 

dielectric properties. With these improved set of properties, these hybrids have 

become promising candidates for a wide spectrum of electrochemical applications 

(Chakrabarty et al. 2012; Lim et al. 2015). The inorganic ceramic f ller particles 

added to the polymer matrix to form polymer/inorganic hybrid electrolytes can be 

classifed into two categories. One is passive ceramic fllers that cannot take part in 

the transport process and the other is known as active inorganic ceramic f llers (or 

fast ion conductors) that couple with the ionic movements. These inert f ller particles 

usually act as solid plasticizers to the polymer matrix and disrupt the polymer chain 

regularity (or  crystallinity) since the incorporation of fllers create a large surface 

area within the matrix which inhibits the recrystallization of polymers (Chen et al. 

2018; Zheng & Hu, 2018). The different types of inert ceramic fllers such as SiO2 

(Guyomard-Lack et al. 2014), TiO2 (Pal & Ghosh, 2018), Al2O3 (Liang et al. 2015), 

zeolite ( Zhang et al. 2021), etc. had been incorporated into polymers to solve the 

problems of low ionic conductivity as well as improve the mechanical properties of 

polymer electrolytes. However, the effect of the fller particles on the performances 

of the poly(ethylene oxide) (PEO)-based polymer electrolytes has been a subject of 

discussion for a long time. Croce et al. (Croce et al. 1998) studied the impact of the 

addition of TiO2 and Al2O3 inorganic inert fller particles to the PEO-LiClO4 polymer 

electrolytes and reported an enhanced ionic conductivity of the system ~10−5 S cm−1 

at room temperature. It can be seen that fller plays a crucial role in determining the 

interfacial properties between an organic polymer matrix and fllers. For achieving 

good interfaces the contact surface area between the fller particles and polymeric 

matrix must be increased. Krawiec et al. (Krawiec et al. 1995) studied the impact of 

the addition of micro- and nanosized Al2O3 fllers to the PEO-LiBF4 polymer electro-

lytes and found that nanometer-range-particle-containing systems give more conduc-

tivity because of good interfacial interactions. Lin et al. (Lin et al. 2018) prepared and 

studied a PEO-silica aerogel hybrid electrolyte system which gives high ionic conduc-

tivity 6.0 × 10−4 S cm−1 and high modulus 0.43 GPa. In addition to this, Chaurasia and 

Chandra (Chaurasia & Chandra, 2017) studied the incorporation of silica inorganic 

matrix to the PEO-LiCF3SO3 systems via in-situ approach, which gives high thermal 

and electrochemical stability (stability window 5.2 V), layered structure morphology 

and high ionic conductivity of the order of 10−5 S cm−1 at room temperature. On the 

other hand, other types of fller particles such as active ceramic fller particles are also 

added to the polymers and polymer electrolytes to form polymer/inorganic hybrids 

that can provide better ionic conductivity because of the existence of extra ion conduc-

tion pathways within the polymer matrix through the cross-linking. Sharma and Nair 

et al. (Nair et al. 2009) studied the addition of Mg2B2O5 nanowire to the PEO-LiTFSI 

electrolyte system and obtained ionic conductivity 1.53 × 10−4 S cm−1 at 40 °C. 

Liu et al. (Liu et al. 2013) studied the addition of LiAlO 2 fller to the polymer electro-

lyte PEO-LiClO4 and found the maximum ionic conductivity ~10−4 S cm−1 at 60 °C. 

Sharma and Hashmi (Sharma & Hashmi, 2019) studied the effect of the incorpora-

tion of Mg aluminate (MgAl2O4) nanofller particles in the poly(vinylidenef uoride-

hexaf uoropropylene) (PVdF-HFP)-Mg-trifate-based system which offers maximum 



 

    

       

 

  

 

    

 

 

 

   

 

 

  

 

    
 

 

  

 

 

 

50 Polymer Electrolytes and their Composites 

ionic conductivity value of 4.3 × 10−3 S cm−1 at room temperature. The incorporation 

of 20 wt % of active MgAl2O4 nanof ller signifcantly enhanced the Mg2+ ion trans-

port number up to 0.66, indicating a substantial increase in Mg-ion conductivity in 

the polymeric system. 

2.3.2  POLYMER/FAST ION CONDUCTING CERAMIC HYBRID ELECTROLYTES 

Fast ion conductors are one of the most important classes of solid state electrolytes 

employed as electrolyte materials at ambient temperature in several electrochemical 

applications. They possess very high ambient temperature ionic conductivity up to 

10−2 S  cm−1, low electronic conductivity, and ions are the dominate charge carri-

ers (nearly unity ionic transference number). They have wide temperature range of 

operations. These fast ion conductors have made their mark in the last few decades as 

they are leak free, environmentally safe, mechanically and electrochemically stable. 

On the basis of their microstructures, fast ion conductors are categorized into four 

types: (i) garnet-type, (ii) perovskite-type, (iii) NASICON-type and (iv) sulf de-type 

as displayed in Figure 2.3. 

The poor rigid contacts and high interfacial resistance restricts their practical 

applications in high-performance electrochemical devices. Therefore, the combina-

tions of fast ion conducive solid crystalline or amorphous framework network with 

fexible polymers are one of the good approaches to synthesize polymer/fast ion  

conducting hybrid electrolytes for utilization in high-performance electrochemical 

devices. The various types of polymeric/fast ion conducting hybrid electrolytes are 

discussed next. 

2.3.2.1 Polymer/Garnet-Type Hybrid Electrolytes 
The garnet-type solid electrolytes and their derivatives have attracted much atten-

tion because of their high ionic conductivity, superior electrochemical and chemical 

FIGURE 2.3 Structures of different types of fast ion conductors: (a) framework structure of 

garnet-type ceramic; (b) crystal structure of perovskite-type ceramic; (c) crystal structure of 

NASICON-type ceramics and (d) crystal structure of sulf de-type ceramic. 

Source: This fgure is reprinted with permission from Yao et al. (2019, Copyright 2019, Frontiers). 



 

    

 

    

     

    

    

 

 

  

  

 

     

   

     

  

 

       

 

  

 

      

    
   

 

 

  

51 Organic-Inorganic Polymer Composites 

stabilities. The chemical formula for garnet-type solid state electrolytes is repre-

sented by A3B2 (XO 4)3 where  A= Ca, Mg, Y, La or rare earth elements, and  B = Al, 
Fe, Ga, Mn, Ni or V. The frst report on garnet-type Li-ion conducting solid state 

electrolyte Li7La3Zr2O12 (LLZO) was reported in the year 2007. Since then various 

kinds of garnet-type solid state electrolytes and their derivatives have been devel-

oped (Murugan et al. 2007;  Verduzco et al. 2021; Xie et al. 2018). The Li-ion-based 

garnet-type structure solid electrolyte Li5La3M2O12 (where M = Nb or Ta) is prepared 

which shows room temperature ionic conductivity of the order ~10−3 S cm−1 and also 

exhibits excellent electrochemical stability over wide temperature ranges (Verduzco 

et al. 2021). The garnet-type Li or Na-ion-based solid state electrolyte possesses 

high ionic conductivity and wide electrochemical window. These solid electrolytes 

are suffering from poor electrode/electrolyte contacts which enhance the interfa-

cial resistances of the electrochemical devices. To resolve these issues and promote 

high charge/ion transport through interfaces, the garnet ceramic is mixed with poly-

mers to provide polymer/garnet hybrid fexible electrolytes by physical or chemical 

blending methods, which shows both high f exibility due to polymer and high ionic 

conductivity due to presence of garnet-type ceramics/electrolytes. Choi et al. (Choi 

et al. 2015) prepared PEO-tetragonal LLZO organic-inorganic hybrid composite 

electrolytes with different amounts of garnet ceramic contents and showed maxi-

mum ion conductivity of 4.42 × 10−4 S cm−1 at 55 °C with 52.5 wt % LLZO. Chen 

et al. (Chen et al. 2017) have also prepared the polymer PEO/garnet LLZO hybrid 

composites with a small amount of ceramic powders which gives maximum ionic 

conductivity of 5.5 × 10−4 S cm−1 at 30 °C for the optimal concentration 7.5 wt % of 

fller LLZO. Morphologies and sizes of the ceramic fllers have seriously affected the 

ionic transport of polymer/garnet-type ceramic f ller composites. Likewise ceramic 

particles and random nanowires reinforced polymer hybrid composites; the aligned 

nanowires combined with polymers provide continuous pathways for the conduction 

of dopant ions. Unlike 1D nanowires, the 3D ceramic Li6.28La3Zr2Al0.24O12 (LLZO) 

network prepared by hydrothermal mixed with polymer to form solid electrolytes 

gives very high conductivity and chemical stability because of the appearance of 

a continuous 3D network for conduction (Bae et al. 2018a). Similarly, 3D porous 

LLZO structure is prepared and combined with PEO-LiTFSI polymer electrolyte to 

form 3D-garnet-polymer hybrid flms which exhibit high conductivity of the order 

of 2.5 × 10−5 S cm−1 at 25 °C (Fu et al. 2016). Thus, this 3D-formed ion transport 

organic-inorganic hybrid network is considered a novel strategy for designing multi-

functional materials with improved transport and electrochemical properties. 

2.3.2.2 Polymer/Perovskite Hybrid Electrolytes 
The perovskite-type solid electrolytes are represented by structural formula Li 3xLa2/3-x TiO 3 
(LLTO), having cubic structure with P4/mmm and C-mmm space groups. Perovskites 

reveal high mechanical and chemical stabilities, higher oxidation potential and also 

stability at high voltages. They reveal high ionic conductivity but at the same time 

show larger electrode-electrolyte interfacial impedances, higher grain boundaries 

and instability towards lithium/sodium metal electrodes which restricts their electro-

chemical applications. To solve these issues as well as engineering challenges such 

as large-scale manufacturing of fexible sodium/lithium ion rechargeable batteries, 
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improving interfacial impedances still hinder their immediate applications in solid 

state electrochemical devices (Inaguma et al. 1993; Yan et al. 2021). A possible 

approach to tackle these issues is the combination of inorganic perovskite electro-

lyte with the fexible polymeric which may provide many advantageous features like 

improved ionic conductivity and charge transfer at the electrode-electrolyte inter-

faces. However, preparatory conditions are very strict to tailor the ionic conductiv-

ity and interfacial properties of polymer/perovskite hybrid electrolytes. Zhu et al. 

( Zhu et al. 2018) studied the polymer-perovskite-type organic-inorganic electrolyte 

by incorporating nanowires Li0.33La0.557TiO3 within PEO/LiClO4 electrolytes and 

found that these hybrids show maximum ionic conductivity of 2.4 × 10−4 S cm−1 at 

25 °C. Furthermore, Liu et al. (Liu et al. 2015) studied the impact of two different 

types of LLTO ceramics (nanowire and nanoparticle) to the polymer PAN which 

reveals that the introduction of LLTO nanowire gives more conducive polymer/ 

perovskite hybrid network at room temperature as compared to pristine PAN f lms 

or nanoparticle imbedded hybrids. Moreover, the three-dimensional (3D) nanostruc-

tured Li0.35La0.55TiO3 (LLTO) framework is designed by using the hydrogel method 

as 3D nanofller for forming high-performance PEO/LLTO polymer composites as 

Li-ion conducting electrolytes for lithium battery application. This polymer-based 

composite hybrid electrolyte avoids the agglomeration of nanofllers as compared 

to the hybrid electrolytes prepared by simple dispersion process. Moreover, ultra-

high specifc surface area of LLTO ceramics provides a continuous interface net-

work as lithium ion transport channels within the PEO/LLTO hybrid electrolytes. 

This synthesized polymer PEO/LLTO perovskite hybrid electrolyte displayed ionic 

conductivity of 8.8 ×10−5 S cm−1 at room temperature (Bae et al. 2018b). Thus, the 

formation of polymer-perovskite-type organic-inorganic hybrid fexible fast ion con-

ducive electrolytes opens a new horizon in material science for developing high-

performance electrochemical energy devices. 

2.3.2.3 Polymer/NASICON-Type Hybrid Electrolytes 
NASICON-type ceramics (particularly known as “sodium super ion conductors”) 

are promising oxide-based solid electrolytes that are similar to garnet-type and 

perovskite-type and were frst reported with composition NaM2 (PO 4)3 (where M = 

Ge, Ti, Zr) in the year 1968 (Epp et al. 2015). However, the frst report on NASICON-

type solid state electrolyte material LiZr2 (PO 4)3 was given in the year 1986; since 

then there has been growing interest on the use of Na and Li-ion-based NASICON-

type ceramic electrolytes (i.e. NaTi2 (PO 4)3 and LiTi2 (PO 4)3) and their analogous 

structures in forming polymer hybrid composite electrolytes (Aono, 1990;  Horowitz 

et al. 2020; Petit et al. 1986). Nairn et al., 1996 prepared the composite hybrid elec-

trolytes by dispersing Li-ion conducting NASICON structure Li1.3Al0.3Ti1.7 (PO 4)3 
(LATP) to the PEG-LiCF3SO3 polymer electrolyte matrix and found maximum 

ionic conductivity of 1.90 × 10−4 S cm−1 at 40 °C with 66 wt % of ceramic f llers. 

Since then, a large number of works have been reported on Na and Li-ion-based 

NASICON-type ceramic structures as dispersoids to form organic-inorganic hybrid 

composite electrolytes. In another study, other NASICON-type ceramic f ller par-

ticles, Li1.5Al0.5Ge1.5 (PO 4)3 (LAGP) and Li1.4Al0.4Ti1.6 (PO 4)3 (LATP), have been 

prepared and incorporated into PEA18LiTFSI polymer electrolytes to fabricate an 
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organic-inorganic composite solid electrolyte. The experimental results conf rm that 

the obtained composite solid electrolytes had high ionic conductivity with weight 

ratio of 70% of 1.86 × 10−4 S cm−1 for LATP-PEO18LiTFSI and 1.11 × 10
−4 S cm−1 

for LAGP-PEO18LiTFSI along with superior chemical and electrochemical stabilities 

(Huang et al. 2012). In another report, the hybrid composite polymer electrolytes 

PEO-LAGP have been fabricated by dispersing different particle sizes of LAGP to 

the polymer PEO matrix, and experimental results showed that nanosized particles 

exhibited more favorable effects in enhancing transport and electrochemical proper-

ties. The polymer composite hybrid electrolyte PEO-LAGP, having 20 wt % LAGP 

nanoparticle concentration, had showed the highest ionic conductivity of 6.76 × 

10−4 S cm−1 at 60 °C. This hybrid composite electrolyte was also used for the fabri-

cation of solid state rechargeable batteries with assembly Li//PEO-LAGP//LiFePO4 

showing very high capacity retaining (~ 90% after 50 cycles at 1C) along with out-

standing rate performances ( Zhao et al. 2016). 

2.3.2.4 Polymer/Sulfide-Type Hybrid Electrolytes
 Sulfde-type inorganic solid electrolytes are another class of electrolytes showing 

supreme ionic conductivity of the order of 10−2 S cm−1 at room temperature and a wide 

electrochemical stability potential window (Kamaya et al. 2011). The sulf de-type 

electrolytes can be broadly classifed into three categories: glasses, glass-ceramic 

and ceramic electrolytes. The various types of sulfde electrolytes such as Li10 GeP2S12 
(LGPS), Li10 SnP2S12 (LSPS), Li3PS4, Li2 S-P2S5 sulfde glass and argyrodite-type 

Li6PS5X (where X = Cl, Br, I) are promising sulfde-type solid electrolytes showing 

very high ionic conductivity nearer to the liquid electrolytes. However, they dem-

onstrated poor mechanical properties and undesirable high interfacial contact resis-

tances between electrodes and electrolytes, which restricts their possible utilization 

in solid state electrochemical application (Yang et al. 2020). These inorganic solid 

electrolytes are also showing chemical and structural instability due to the reaction 

with moisture present in the air. The combination of polymer and high ionic con-

ducive sulfde electrolytes is considered to be the designing of novel organic-inor-

ganic composite electrolytes, which simultaneously includes the merits of f exible 

polymer and high conducting sulf de fller ceramics. Zhao et al. ( Zhao et al. 2016) 

frst prepared the hybrid composite electrolyte membranes by incorporation of the 

LGPS sulf de f ller particles into the PEO-LiTFSI matrix. This PEO-LITFSI/sulf de 

composite electrolyte gives the maximum ionic conductivity of ~10−5 S cm−1 at room 

temperature and reaches 1.21 × 10−3 S cm−1 at 80 °C and electrochemical stability 

of these hybrids spans between 0 to 5.7 V. Recently, Zheng et al. ( Zheng et al. 2019) 

examined the effect of sulf de LGPS and salt LiTFSI on the interface formed within 

the composite electrolyte and showed that the incorporation of 70 wt % LGPS to 

the PEO-LiTFSI electrolyte prepared by ball-milling exhibited ionic conductivity of 

2.2 × 10−4 S cm−1 at room temperature. The hybrid composite electrolyte based on 

polymer poly(vinyl carbonate) and high conducting sulf de Li10 SnP2S12 (LSPS) was 

prepared by in-situ polymerization technique. The experimental results conf rm that 

an integrated interface has been formed between the electrodes and hybrid composite 

(PVC-LSPS) which favors the decrease in the interfacial impedances. The hybrid 

composite electrolyte also shows a series of enhanced electrical and electrochemical 
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properties like high conductivity of 2.0 ×10−4 S cm−1 at room temperature, wider span 

of electrochemical stability window of 4.5 V, improved Li-ion cationic transport num-

ber of 0.60 and good compatibility of hybrid composite electrolytes with Li metal 

anode. The fabricated all solid state battery cell Li/LiFe0.2Mn0.8PO4 using this hybrid 

composite electrolyte shows high specifc capacity of 130 mAhg−1 and cycling stabil-

ity of 140 cycles at 0.5 C (Ju et al. 2018). Thus, the results obtained from various stud-

ies showed that polymer-sulfde-type hybrid composites will be successfully used in 

high-performance electrochemical applications. 

2.4  POLYMERIC/IONIC LIQUID QUASI-SOLID HYBRID GELS 

The application of ionic liquids has been extensively used in several areas of science 

and technology. Ionic liquids are powerful solvents, and they have been used as elec-

trolytes. In general, the melting point of ionic liquids (ILs) is lower than 100 °C. 

Ionic liquids are salt, which has shown properties such as ion conducting capability, 

non-fammability, good thermal stability, wide electrochemical window (up to 5–6 

V vs. Li+/Li), and non-volatility. It is possible to immobilize ionic liquid with various 

host polymeric matrices in the presence or absence of inorganic fllers to form 

IL-based hybrid quasi-solid electrolytes. The ionic liquid in the quasi-solid hybrid 

act as a supplier of charge carriers (mobile cations and anions) for conduction; a 

solvation media of ionic salts; and stable plasticizer for polymeric-based hybrid 

matrices (Chaurasia et al. 2022; Yang et al. 2020; S. Zhang et al. 2014). The ideal 

hybrid electrolyte characteristics are high conductivity, electronic insulation, physi-

cal stability, chemical stability, electrochemical stability, being inert, having excel-

lent contact and compatibility with electrodes, being robust against abuse conditions, 

environmental friendliness. It has been believed that the ionic liquid incorporated 

hybrid electrolyte systems that wisely utilize the strength of their components and 

the interactions among the components can lead to real a breakthrough for next-

generation large-scale battery applications. With the incorporation of ionic liquid, 

some of the polymeric quasi-solid hybrid networks show ionic conductivity within 

the range of 10−2 to 10−4 S cm−1 at room temperature (Guyomard-Lack et al. 2014; 

Tripathi, 2021). However, the ternary hybrids formed with polymers, ILs and inor-

ganic materials have capabilities to achieve improved physical and chemical proper-

ties towards developing next-generation lithium ion rechargeable battery electrolytes. 

Such polymer-based quasi-solid hybrid electrolytes belong to a subcategory of 

organic/inorganic and have gained much attention because of their f exibility, high 

conductivity, wide temperature range of operation, wider span of electrochemical 

stable window and higher temperature operations. Huo et al. (Huo et al. 2017) pre-

pared a hybrid membrane composed of PEO, 200 nm sized Li6.4La3Zr1.4Ta0.6O12 par-

ticles and IL [BMIM]TF2N for interfacial wetting. The oxidation decomposition 

potential from the LSV curve increased from 4.65 V to 4.85 V when [BMIM]TF2N 

was added. Similarly, Zhan and co-workers ( Zhan et al. 2019) grafted 1-vinyl-3 

cyanopropyl imidazolium bis(trifuoromethyl sulfonyl) imide IL and oligomeric 

PEO chains to the backbone of polysiloxane due to the presence of strong electron 

withdrawing nitrile groups in the graft. IL, together with the imidazole ring, decep-

tively increased the anodic oxidation decomposition potential of the hybrid (0.7 V 



 

 

 

 

      

 

  

 

  

  

 

  

 

 

   

 

 

   
 

  

 

 

 

 

    

            

         

  

55 Organic-Inorganic Polymer Composites 

difference compared with the group without nitrile) as well; suppressing the growth 

of lithium dendrite is critical for ensuring battery safety and cycling stability. It has 

also been used a UV curing method to prepare cross-linked composite polymer elec-

trolytes (PIL) with evenly dispersed boron nitride nanosheets and IL electrolytes. It 

has also been found that adding proper nanosized ceramic fllers and ILs at the elec-

trolyte/electrode interface improved compatibility and was favorable for stable SEI 

formation (Ma et al. 2019; Yang et al. 2018). Yang et al. (Yang et al. 2020) have 

shown that a unique class of organic-inorganic hybrid electrolytes based on IL-grafted 

POSS exhibits many remarkable features, including non-f ammability, superior 

room temperature ion conductivity and excellent electrochemical stability, for 

Li-metal batteries. Batteries with this electrolyte have been cycled at room tempera-

ture. However, considerable work remains to be done. We believe that this work 

provides a promising structural platform for the development of new solid state elec-

trolytes for ambient-temperature lithium batteries. 

2.5  APPLICATION OF ORGANIC-INORGANIC HYBRID 
ELECTROLYTES IN ELECTROCHEMICAL DEVICES 

In general, organic-inorganic composite solid electrolytes (CSEs) form by the 

blending of polymer and inorganic ceramics to obtain enhancement in the perfor-

mance solid electrolytes. Comparing to polymer and inorganic electrolytes, organic-

inorganic hybrid electrolytes exhibit excellent mechanical characteristics, enhanced 

ionic conductivity and improved interfacial stability. Indeed, the consistent progress in 

the organic-inorganic composite electrolytes with remarkable properties is the need 

of future electrochemical devices. A schematic representation of organic-inorganic 

hybrid electrolytes which arises from combining the fexible polymer and inorganic 

fast ion conductors with their improved properties is shown in Figure 2.4. 

Till now, various organic-inorganic CSEs have been reported. The development 

of organic-inorganic CSEs in various electrochemical devices have been evaluated 

in terms of the ion transport mechanism, electrochemical and mechanical properties, 

and their potential to overcome the challenges of future batteries and supercapacitors. 

2.5.1  APPLICATION OF ORGANIC-INORGANIC HYBRID ELECTROLYTES 

IN BATTERIES 

Batteries have shown several advantages such as including f exibility, process-ability 

and compatibility with electrodes. Solid Polymer Electrolytes (SPEs), which have 

shown promising electrolytes for rechargeable batteries, contain polymer matrices 

and salt of lithium. A series of polymer hosts such as poly(ethylene oxide) (PEO), 

polycarbonate (PEC), polyvinylidene fuoride (PVdF), polyacrylonitrile (PAN) and 

their derivatives have been extensively used for practical polymer electrolytes in 

many electrochemical applications (Gupta et al. 2016;  Yi et al. 2018). However, most 

of the SPEs show the ionic conductivity less than 10−8 to 10−5 S cm−1 at room tem-

perature, but this doesn’t meet the practical required conductivity of 10−3 S cm−1 

(Inda et al. 2007). Inorganic solid electrolytes (ISEs) exhibit much higher ionic 
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FIGURE 2.4 Advantage of organic-inorganic composite solid electrolytes. 

Source: This fgure is reprinted with permission from Zhang et al. (2020, Copyright 2019, Wiley-VCH 

Verlag GmbH & Co). 

conductivity (range of 10−4 to 10−2 S cm−1) at room temperature, and such higher 

ionic conductivity makes them suitable candidates for practical solid state batteries. 

The ion diffusion process of ISEs is mainly controlled by the ionic size and lattice 

volume. However, ISEs have limitations which hinder their applications. These limi-

tations, due to some shortcomings like poor mechanical properties and higher rigid-

ity, prohibit their application in fexible devices. Moreover, most of the ISEs are 

unstable with electrodes. A passivated interface layer between ISEs and electrodes 

can form after contact with electrodes; it reduces the cycling and rate performance 

of all solid state batteries. The unstable interface layer also restricts their practical 

application in Li-metal batteries. Researchers have made many attempts to solve the 

previously mentioned problems in past decades, and optimized properties of electro-

lytes are diffcult for any single SSE ( Zhou et al. 2018). 

In the past few years, organic-inorganic CSEs have gained extensive attention 

due to their superior thermostability, mechanical properties, excellent processabil-

ity, straightforward fabrication and improved safety (Dai et al. 2018). However, it is 

urgent to improve their electrochemical response for high-energy solid state batteries 

(Hu et al. 2017), such as room temperature ionic conductivity, interface stability with 

electrodes and electrochemical window. The recent advances of organic-inorganic 

hybrid electrolytes have been summarized in terms of their fabrication strategy, 

ion movement mechanism, electrochemical and mechanical properties, and device 
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performances. It was found that the addition of inorganic ceramics into the polymer 

electrolytes can signifcantly enhance the ionic conductivity, expand the electro-

chemical window and improve mechanical strength (Yang et al. 2017). Therefore, 

the organic-inorganic hybrid electrolyte is the suitable candidate for high-energy 

lithium batteries, which has opened up a new path for solid electrolytes. Although 

various efforts have been carried out in this feld, serious problems and challenges in 

the implementation of the practical application must be sorted out. 

In order to obtain the better ionic conductivity of the CSEs, achieving improved 

comprehensive electrochemical properties are essential. The improvements in the 

ionic conductivity, the inorganic component which shows the high ionic conductiv-

ity and continuous positive ion transport channels, have been explored. Thus, porous 

one-dimensional or three-dimensional inorganic ceramic nanostructures design was 

found more effective. Electrolytes with high positive ion transportation can availably 

reduce concentration polarization in solid state batteries, thus selecting the polymer 

matrixes with single ionic conductivity might be benefcial to improving the positive 

ion transfer number. Stable and strong interfacial attachments with anodes as well 

as cathodes suppress the interfacial resistance, which assure the cycling stability 

of solid state batteries. Therefore, fexible polymer materials could be employed as 

the matrix of organic-inorganic hybrid electrolyte, which is an effective strategy to 

achieve a compact contact between the electrolyte and electrodes (Liu et al. 2018). 

The conducting mechanism in organic-inorganic hybrid electrolytes embedded 

in solid state batteries still requires deep understanding. The origin of space charge 

region due to the interface between the polymer matrix and inorganic components 

plays a crucial role in ion transport. The mechanism can be understand well using 

in-situ techniques such as an in-situ transmission electron microscope (TEM),  

high-resolution nuclear magnetic resonance (NMR). Simultaneously, theoretical 

simulations would be favorable for understanding the ion migration behavior. Such 

fundamental research would serve as guidelines for the rational design of new 

organic-inorganic composite electrolytes. 

The research area of hybrid electrolytes in the areas of solid state batteries needs 

to explore also thermal stability and cost of solid composite electrolytes. For exam-

ple, electrolytes exhibiting low temperature ionic conductivity with superior non-

fammability would be likely more reliable to apply in various felds. Apart from low 

cost and handy fabrication procedures, it should be considered for large-scale practi-

cal applications, which demand additional efforts in the future. However, few com-

posite electrolytes have exhibited excellent comprehensive performances for practical 

solid state batteries. Future research would be based on improving the electrochemi-

cal performance along with the mechanical properties of the composite electrolytes. 

Some studies on the hybrid materials are elucidated. Diganta Saikia et al. have 

reported a enhancement in the conductive organic inorganic hybrid polymer electro-

lytes which is obtained by the reaction of Poly(propylene glycol)-block-poly(ethylene 

glycol)-block-poly(propylene glycol) bis(2-aminopropyl ether), 2,4,6-trichloro-1,3,5-

triazine and alkoxysilane precursor 3-(glycidyloxypropyl) trimethoxysilane, and fur-

ther doping of LiClO4. This solid hybrid electrolyte exhibits a higher ionic 

conductivity of 1.6 × 10−4 S cm−1 at 300 K, which is the highest among the organic 

inorganic hybrid electrolytes. This hybrid was electrochemically stable up to 4.2 V 
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(Saikia et al. 2016). The results of lithium-ion battery tests show this organic inor-

ganic hybrid electrolytes fulfll almost all conditions for the applications in electro-

chemical devices and lithium-ion batteries. In a recent report, Nataly Carolina 

Rosero-Navarro et al. proposed that organic-inorganic hybrid electrolyte obtained 

from an organic network of poly(ethylene oxide) chains inducted an inorganic 

Si-O-Si backbone system with lithium salt, as a novel interfacial material between a 

garnet-type oxide solid electrolyte and high potential cathodes. The low resistance 

solid-solid interface is studied between the solid electrolyte and LiCoO 2 which 

achieved by the hybrid solid electrolyte. They have shown that the hybrid material 

supports an ionic/electronic percolation of active material particles and resulting out-

standing adherence properties (Rosero-Navarro et al. 2020). 

2.5.2  APPLICATION OF ORGANIC-INORGANIC ELECTROLYTES 

IN SUPERCAPACITORS 

The supercapacitors and pseudo capacitors store charge through surface ion adsorp-

tion (non-faradaic) and surface redox reaction (faradaic), respectively. In order to 

achieve higher performance with stable electrochemical electrodes, architectural 

development in the electrode as well as electrocatalytical research is required. 

Electrochemical supercapacitors based on metal oxides and conducting polymers 

favor voltage-changing redox processes, where faradaic and non-faradaic mecha-

nisms taking place concomitantly, are called hybrid supercapacitors (Gupta et al. 

2017; Singh & Chaurasia, 2021; Zhang et al. 2020). The organic-inorganic hybrid 

supercapacitors are the basically nanoscale hybridization of super capacitive nano-

carbons (activated carbon, nanotubes, mesoporous carbon and graphene-family 

nano materials) and pseudocapacitive or redox active transition metal oxides. In this 

context, graphene is the most suitable candidate of activated carbon because of its 

extraordinary physical-chemical properties. Moreover, functionalized graphene, 

such as graphene oxide (GO) and reduced form (rGO), is attracting a great deal of 

attention because of its tunable electrical conductivity, mechanical robustness and 

easy processability. Such materials with high surface area and higher functional 

groups can easily increase speedy faradaic reactions at the surface as well as storing 

electrical energy in transient chemical bonds possessing high specif c power and 

energy density and excellent cycling stability. The continuous improvement in the 

new class of hybrid supercapacitors blurs the boundaries between batteries and 

supercapacitors. The signifcant progress toward hybrid supercapacitors requires  

deep understanding of storage mechanisms of transition metal oxides on graphene 

support with optimal loading and at the molecular level (Bagri et al. 2010;  Loh et al., 

2010; Novoselov et al. 2004). 

The molecular clusters of large metal cluster anions are formed by transition 

metal oxides which possess an ability to form dynamic structures called 

Polyoxometalates (POMs). Polyoxometalates (POMs) can attain various shapes and 

sizes, and complex co-ordinations correspond to large inorganic molecules. POMs 

are classifed into three broad subsets (Byrappa & Yoshimura, 2012). Heteropoly 

anions (HPAs) are metal oxide clusters containing hetero anions like SO4
2− and 

PO4
3− which have shown high reversible redox activities and are the most exploited 
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subset for electrochemical and catalytic activity. They possess Keggin [XM12O40]
n− 

and Well-Dawson [X2M18O62]n
− anion structures (where M = Mo(VI), W(VI), Ta, 

Nb or V(V); and X is a tetrahedral template) and have high charges and strongly acid 

oxygen surfaces. The second ones are isopolyanions, composed of a metal oxide 

framework; however without the internal heteroatom/heteroanion isopolyanions 

they are less stable. Lastly, reduced POM clusters are related to molybdenum blue 

species and usually their composition is largely unknown with substantial ongoing 

research. The POM molecules that are central to this work are mostly symmetric 

HPAs including  Gupta & Price (2015). 

The integration of POMs with graphene have been leading to the development 

of new concepts of hybrid materials where surface functional moieties on GO and 

rGO serve as chemical linkers and POMs clusters as molecular spacers for graphene 

sheets that allow excess large specifc surface, enabling higher storage capacity oth-

erwise inaccessible for ion adsorption due to self-aggregation. However, the syn-

theses of graphene-POM hybrids as high-performance electrochemical electrodes 

remain elusive and a fundamental understanding of interfacial capacitance with 

optimal loading and associated physicochemical properties are yet to be determined 

(Gupta & Carrizosa, 2016). 

The development of a series of high-performance “organic-inorganic” hybrids 

consisting of pseudo-capacitive phosphomoylbdate (and phosphotungstic) molecu-

lar network anchored to or distributed on the super-capacitive reduced graphene 

oxide (r-GO) nanosheets have been explored. The nanosized polynuclear redox 

active molecular network with higher oxidation state transition metals are suitable 

to achieve high specifc energy capacity due to multi-electron redox reactions. The 

interesting properties are obtained on the interaction of functionalized graphene, 

POW and POM nanodots. Such hybrid materials have elucidated extended better 

operating voltage, harvested enhanced specifc energy and power density (Wen 

et al. 2012). The outstanding response is that hybrid nanoscale inorganic with organic 

materials, especially r-GOs, provide chemical functionality, synergistic coupled 

charge storage mechanisms. On the other hand, mesoporous and topologically inter-

connected morphology of r-GO nanosheets generates electronic as well as ionic con-

ducting paths also. The mechanism can be explored where molecularly bridged and 

chemically anchored POM and POW nanoclusters create tailored interactions, pro-

vide high specifc capacitance, interfacial contact area at electrode/electrolyte inter-

faces and accessibility for ion adsorption, which provides new conductive pathways 

for charge transfer. The redox active electrolyte provides extra protons and improved 

ionic conductivity and additional faradaic active sites for storage capacity. 

2.6  CONCLUSIONS AND FUTURE PROSPECTS 

In this chapter, an overview of the signifcance of organic-inorganic hybrid materi-

als and their possible applications in the feld of solid state electrochemical devices 

are discussed. It has been already reported that organic-inorganic hybrid materi-

als have been used potentially in the development of nanoelectronics, drug delivery 

systems, bioimaging, hybrid solar cells and many more felds. In organic-inorganic 

hybrid materials, the polymers play a role as a stabilizer whereas an inorganic metal 
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provides mechanical strength, transparency, conductivity, optical properties, etc. 

Scientists have shown a strong commitment to develop nano assemblies of organic-

inorganic hybrid material species in the areas of energy conversion, storage f elds. 

Organic-inorganic hybrid materials as composite solid electrolytes (CSEs) exhibit 

superior thermostability, mechanical properties, excellent processability, easy fabri-

cation and high safety relative to traditional solid electrolytes. But still many chal-

lenges remain to be overcome for large-scale applications. CSEs are yet to show 

a better response in their electrochemical performances, like ambient temperature 

ionic conductivity, stability at the interface electrodes, and the need for a broader 

electrochemical window. This chapter is dedicated to exploring the history of 

organic-inorganic hybrid electrolytes and evaluates the possibility of the broad level 

application of CSEs to fulfll the requirements in the feld of energy. The advantages 

of organic-inorganic CSEs have been summarized in terms of their design prin-

ciples, ion transport mechanisms, electrochemical and mechanical properties, and 

battery performances. The authors also discussed the impact of induction inorganic 

ceramics into polymer electrolytes to improve enhancement in their ionic conductiv-

ity, to extend the electrochemical window and mechanical strength. It is believed that 

organic-inorganic CSEs will be optimal candidates for high-energy batteries and 

high-power density supercapacitors/hybrid supercapacitors, which opens up a new 

avenue for solid electrolytes. 
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 3.1  INTRODUCTION 

D ielectric spectroscopy (DES) is an extremely effective technique for characterizing the 

molecular dynamics of polymers, monomers and other insulating materials over a very 

broad frequency range from kilohertz to gigahertz. The ion dynamics and the relaxation 

in the polymer matrix at the microscopic level can be investigated in the polymer com-

posites by dielectric spectroscopy. To understand the charge storage and ion transport 
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perfectly, deep insights into dielectric parameters (complex permittivity, complex conduc-

tivity, modulus, loss tangent, relaxation time) are vital parameters for quantifying the 

energy storage ability and for determining the exact electrical transport mechanism of the 

charge. A polymer composites matrix comprises a polymer host with salt dissolved in it. 

This salt gets dissociated into ions on interaction with polymer chains. Cations, due to their 

smaller size, contribute to conduction, while anions due to their bulky size remain immobi-

lized in the matrix. Overall, the charge migration occurs via the coordinating sites pro-

vided by the electron-rich group of the polymer chains. Polymer chain relaxation 

promotes the forward ion migration via the segmental mechanism and hopping mecha-

nism. For faster ion dynamics, shorter relaxation time is favorable and in relation to con-

ductivity, relaxation time is given as -T T = constant, in any polymer electrolyte system. 

Conductivity is a crucial parameter for any device and decides the overall performance of 

the device. Conductivity is linked to the dielectric constant (ε'), dielectric loss (ε"), com-

plex conductivity (σ*), relaxation time (τ), and the segmental motion of the polymer chain 

role [Ratner, and Shriver 1988;  Wang et al. 2012; Anantha and Hariharan 2005]. 

This chapter starts with the basics of the dielectric and some characteristic terms 

essential for a proper understanding of ion dynamics. Subsequently, various physical 

models proposed by different researchers have been summarized and then some key 

results have been presented. 

3.1.1  COMPLEX DIELECTRIC PERMITTIVITY 

The complex dielectric permittivity is represented as ε* = ε' – jε". The real part of 
dielectric permittivity (ε') indicates the alignment of dipoles or polarization, and 

the imaginary part of (ε") is termed as a dielectric loss. The real and imaginary 

parts are expressed in terms of the real and imaginary part of impedance as given 

in equation 3.1. 

" -Z Z' 
e ' = ande '' = ( 3.1 ) 2 "2 2 "2w C Z( ' + Z ) w C Z( ' + Z )o o 

The dielectric constant is also linked to the extent of salt dissociation, and in polymer 

electrolytes, the number of charge carriers depends on the dissociation energy and 

the dielectric constant. For a high dielectric constant, more free ions are required as 

expressed by equation 3.2 (Woo et al. 2011). 

( U )= ( 3.2 ) n n  exp -o ( )
( e 'kT ) 

For the PEO-PVP blend, Arya and Sharma (Arya and Sharma, 2019)  evidenced the 

decrease of the dielectric constant at high frequency. At high frequency, ion dipoles 

fail to respond to the applied electric feld. Now, the ion-ion interaction decreases in 

transient dipoles (cation-ether group), and only long-range ion charge carriers con-

tribute to conduction (Ngai et al. 2018; Awadhia et al. 2006;  Ravi et al. 2011). 

In polymer electrolytes, the origin of dielectric loss is linked to dipole response 

to the feld. When the feld is applied, then ions migrate along the feld direction but 



 

 

  

  

  

     

 

  

 

   

 

 

  

   

   

 

   

  

   

   

     

    

 

69 Ion Dynamics and Dielectric Relaxation 

on feld reversal, all dipoles fail to respond and so half the ion diffusion occurs in the 

feld direction. As a result, heat is generated in the dielectric and is termed dielectric 

energy loss (i.e. ɛ″ = 0 for ωτ = 0). The dielectric loss is explained by a three-step pro-
cess during a high periodic reversal feld. In the frst step, the ion is de-accelerated 

on a change of direction of the feld, followed by a steady-state in the second step. 

Then the ion is again accelerated in the opposite direction and for the zero relaxation 

time, ɛ″ is zero (i.e. for ω, → "0) (Ravi et al. 2011). The absence of a relaxation peak 
in the dielectric loss plot is due to the dominance of the electrode polarization effect 

which masks the relaxation behavior of polymer composites. Cole-Cole proposed 

the distribution of relaxation time for Debye processes (Cole and Cole, 1941), given 

by equation 3.3: 

-e 
< <  1 ( 3.3 ) e = E + 0 a* 8 -a1+ ( )jx 1

 Where, α  is distribution parameter and x = wT; ω  is the angular frequency of the 

applied f eld and τ  is Debye relaxation time. The real and imaginary parts of the 

dielectric constant can be obtained by separating equation 3.3 and expressing it as 

(Cao and Gerhardt, 1990): 

1-a 

' = 
-e (1+ x sin- / 2a )

e E + ( 3.3a ) 8 1-a 2 1( -a )+ x sin- / a + x1 2  2  

x1-a cos- / 2a )
e '' = -e ( 3.3b ) 1-a 2 1( -a )+ x sin- / a +1 2  2  x 

These equations can be written in another form by replacing a with 1-a in equa-
tion 3.3a, b (Sharma and Thakur, 2015). 

The real and imaginary parts of the dielectric constant are also expressed as equa-

tions 3.3c and d. 

( a a- )-e 1+ x cos ( )
( 2 ) ( 3.3c ) e ' = E8 + 

a-a 2a1 2+ x cos + x 
2 

a-ax sin 
2e '' = -e ( 3.3d ) a-a 2a+ x cos +1 2  x

2
 Here, e s is static dielectric constant (x → 0), e8 is dielectric constant (x → ∞), x = wT; 
w is the angular frequency of an applied f eld and T  is Debye relaxation time. The 

relaxation time (τɛ′) can be extracted from the ftting of experimental data with these 

equations. Further, molecular relaxation time (τM) can be obtained using the equa-
tion 3.4: 



 

   

  

  

      

    

  

    

   

    

 

   

    

   

  

 

  

 

  

 

   

   

  

   

  

  

  

   

70 Polymer Electrolytes and their Composites 

(2e  e+ )s 8TM = xTe ' ( 3.4 ) 
3e s

 Here, e s and e8 s - 8 are obtained from the dielectric strength (Δɛ = e e ). 

3.1.2  LOSS TANGENT 

Loss tangent (tan ) is the ratio of dielectric loss to dielectric permittivity (= ε″/ ε′), and it 
consists of a single peak. The information obtained from the loss tangent curve is cor-

related with ion mobility and ionic conductivity. The area under the loss tangent plot 

refects the number of ions contributing to the relaxation process (Ngai et al. 2018). 

Relaxation peak gives an idea about the relaxation time. A molecule comprises trans-

lational, vibrational and rotational/orientation motion in the absence of a f eld (E = 0). 

But, with the application of a f eld (E ≠ 0), molecules or dipoles fail to get aligned 

along the feld direction. When the frequency of the applied external electric f eld and 

frequency of molecule rotation matches properly, then proper alignment is achieved. 

At this instant maximum power transfer to the molecular dipoles from the applied 

feld occurs and heat is produced in the system which is termed loss (Singh, 2012). 

The relaxation time can be obtained by observing the relaxation peak frequency. For 

deep analysis, ftting the tan δ vs. frequency plot with equation 3.5 can be done: 

r -( )1 
tan D = 2 x ( 3.5 ) 

+r x  

Where r is the relaxation ratio (e e/ ), e  is static dielectric constant (x → 0), e iss 8 s 8 
dielectric constant (x → ∞), x = wT ; w is the angular frequency of the applied f eld 
and τ is Debye relaxation time (reciprocal of jump frequency in the absence of an 

external electric f eld). 

This equation proposed by Debye provides satisfactory ftting for a single par-

ticle and non-interacting system (null interaction between dipoles). But, in the low-

frequency window, the Debye model is not in good agreement owing to the presence 

of multi-type dipole polarization. To examine the broad peak, the ideal Debye equa-

tion is modifed for better simulation of experimental results. Therefore, to meet  

the experimental needs it becomes essential to do certain empirical modif cations 

by adding some parameters, as one parameter is used in Cole-Cole, Davidson-Cole, 

Williams-Wats, and two parameters in Havriliak-Negami fuctuations (Hill and 

Jonscher, 1983). A modifed equation was proposed and was in good agreement with 

the experimental results in the whole frequency window (Arya and Sharma, 2018). 

So, in this ideal Debye equation shape, parameter α is added as the power law exponent 
with value 0 < <1a  to ft the broad tangent delta plot (equation 3.6). This proposed 

empirical equation and the presence of this factor confrm the presence of more strong 

interaction in our system. The modifed equation is expressed as equation 3.6: 

a
( (  )r -1 )

tanD = ( 2 x ) ( 3.6 ) 
( r x+ ) 



 

     

 

  

  

  

 

  

 

   

 

 

    

  

71 Ion Dynamics and Dielectric Relaxation 

Figure 3.1  displays a close agreement of measured and ftted results. The f tted curve 

is represented by the solid red lines and describes the observed results with accuracy. 

The negligible slight deviation on the low-frequency side probably may be due to the 

electrode polarization. One can return to the Debye model for  α =1 in equation 3.6. 
Figure 3.1  shows the loss tangent plot for the PEO and PVP blend complexed with 

LiBOB salt (Arya and Sharma, 2019). 

It may be noted that all samples exhibit the same trend with a single relaxation 

peak at a particular frequency. For better analysis, this plot is divided into three 

regions: (i) lower frequency region increase of loss tangent is attributed to the domi-

nance of the Ohmic component over the capacitive component, (ii) the peak in the 

plot is associated with the maximum transfer of energy for the particular frequency 

(ωτ = 1) on the application of the feld and (iii) at high frequency, decrease is attrib-
uted to the independent nature of the Ohmic part and growing nature of the reactive 

component (Chopra et al. 2003). With the addition of salt, relaxation peak shifts 

towards high frequency, and it suggests a decrease in relaxation time. This is also 

in correlation with the conductivity value which demonstrates maxima at the lowest 

relaxation time (Arya and Sharma, 2018). The modifed equation fts the loss tangent 

plot (solid line) in the whole frequency window, in contrast to the ideal Debye equa-

tion which is not reliable at the low-frequency window. 
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FIGURE 3.1 Frequency dependence of the tangent delta loss (tan δ) for blend polymer 

electrolyte. 

Source: Reproduced with permission from Arya and Sharma [27(4), 334–345, 2019, Copyright Springer]. 
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72 Polymer Electrolytes and their Composites 

3.1.3 SIGMA REPRESENTATION 

The suppressed features of the Cole-Cole plot at high frequencies are explored 

further with a new representation termed as Sigma representation. The Cole-Cole 

plot (e ''vs. e ') is very useful for the materials possessing relaxation processes and 

following the Debye equation’s Cole-Cole plot (e ''vs. e ') provides signifcant 
information. But for high ionic conductivity polymer composites, Cole-Cole repre-

sentation becomes less useful owing to the presence of dc conductivity which leads 

to a divergence of ε" lower frequencies. σ-representation (σ" vs. σ') successfully 
describes the divergence in the Cole-Cole plot (Wei and Sridhar, 1993). As both σ" 
and σ' involve the multiplication of frequency with real and imaginary dielectric 

parameters, so high-frequency features suppressed in the Cole-Cole plot become 

noticeable in a σ-representation plot. It comprises a plot between the real (σ') and 
imaginary part (σ") of complex conductivity (σ*) with varying frequency. In the 
plot, a low-frequency x-intercept gives dc conductivity (σo) and a high-frequency 

x-intercept gives σ∞ for σ" = 0. The diameter of the semicircle (D = σo – σ∞) is associ-
ated with the relaxation time by the equation D = [e e( -e )] / ( )2T and the largev o 8 
value of the diameter suggests slower relaxation time, hence faster segmental 

motion of the cation coordinated polymer chain (Figure 3.2a, b). The complex 

electrical conductivity can be written using the following expression (equations 

3.7–3.10): 

(- w( )  = - '+ i- 3 7' ( . )  
| e e( o -e8 )v 3 8|- = - + = - +D ( . )8 o o| T
{- = - ' = we e" and - =-" = we e( '-e ) = we e ' ( . )3 9| ac v dc v 8 v 

| 
v o -e )D e e(

r = .| = 8 (3 10)
{ 2 2T

 Here, σ' is the real part of conductivity, σ" is the imaginary part of conductivity, w 
is the angular frequency, “r” is the radius of the semicircle. And, when σ" = 0 then 
low-frequency x-intercept gives dc conductivity (σo), and high-frequency x-intercept 

gives σ∞. The diameter of the semicircle (D) is inversely proportional to the relax-
ation time (τ). Figure 3.3b shows the representative plot, and the solid line is the ftted 
plot which is in perfect agreement with experimental results (black circle). 

3.1.4 COMPLEX CONDUCTIVITY 

The complex conductivity of the polymer composites is expressed as 

σ* (ω) = σ′ (ω) + iσ" (ω), [σ' = σ  = ωε ε" = ωε ε' tan δ, σ" = ωε ε' = ωεoε" tan δ].ac o o o 

Terms have meaning as given earlier. From the frequency-dependent real part of the 

conductivity plot, dc conductivity (σdc) can be extracted by drawing the intercept 

corresponding to frequency-independent conductivity. The high-frequency region 

follows the well-known Jonscher’s power law (JPL) which is the general characteris-

tic of a polymer composite, given by equation 3.11. 
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FIGURE 3.2 Sigma representation, (a) ideal case, and (b) PEO-PVC, and x % MMMT. 

n(- ac =- dc (1+ (w / wh ) ) (3  11).|
|
{ and 
|- = 2- whenw =w .(3  12)ac dc h|{ 

Here,σ  and σ dc are the ac and dc conductivities of electrolyte, while  A and  nac 
are the frequency-independent Arrhenius constant and the power law exponent is a 

dimensionless frequency exponent that represents the degree of interaction between 

mobile ions and their surrounding, where 0 < < 1 (the solid line is for the f tting of n 
JPL). For ideal Debye dielectric dipolar-type, value of n is zero and 1 for an ideal 
ionic-type crystal. At wh (hopping frequency) ac conductivity becomes double dc 

conductivity (eq. 3.12). For some polymers,  n may be greater than unity also (Nasri 
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FIGURE 3.3 Representative plot for (a) real and (b) imaginary part of conductivity. The solid line is the f tted plot. 

Source: Reproduced with permission from Arya and Sharma [27(4), 334–345, 2019, Copyright Springer]. 
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75 Ion Dynamics and Dielectric Relaxation 

et al. 2016; Jonscher, 1978; Papathanassiou et al. 2007). Limitation of JPL is that it 

is valid only at the high-frequency window and it does not consider the contribution 

of the universal electrode polarization (EP) region dominating in the low-frequency 

window. So, a modifed equation proposed by Roy et al. (Roy et al. 2016) is consid-

ered for a better understanding of the ion dynamics parameters. One key feature is 

that it fts the experimental data in the whole frequency window. The effective com-

plex conductivity can be written as equation 3.13: 

( 1 1 )
-1 

* ( 3.13)- = + weff ( ) + i Cbi C(-b w dl ) 

Now, considering equation 3.13, the real and imaginary part of the conductivity is 

written as 

2 a (a- ) a 2-b dlC w cos ( ) +-b (Cdlw )
( 2 )- w = 

2 a (a- ) a 2 
'( )  ( 3.13a) 

-b + 2-bCdlw cos ( ) + (Cdlw )
( 2 ) 

2 a (a- )- C w sinb dl  ( )
( 2 )- w''( ) = +wCb ( 3.13b) 

2 a (a- ) a-b + 2-bCdlw cos ( ) + (Cdlw )2 

( 2 ) 

The real and imaginary part of conductivity in the high-frequency region has been 

expressed as 

n( [ ]( w ) 
| '( ) = -b 1+ ] ( . a )|- w  [ ( ) 3 14 
{ [ (wh ) ][ ]
| 

s- w''( ) = w (3 14b| A . ){ 

Here, all parameters have the same meaning as earlier and both “n” and “s” have val-
ues less than unity. Now, to investigate the complete frequency response we replace 

the σb in equation 3.13a by equation 3.14a and equation 3.13b by equation 3.14b. 

Where, Cdl is frequency-independent double-layer capacitance, ω  is the angular fre-

quency, s and α  are exponent terms with value <1 and Cb is the bulk capacitance of 

solid polymer electrolytes (Wei and Sridhar, 1993). 

PEO-PVP polymer blend doped with LiBOB salt was prepared (Arya and Sharma, 

2018). Figure 3.3a shows the profle of the real part of conductivity and solid lines 

are corresponding fts. At low frequency(w - 0),  ions  jump at  a  faster  rate  from 

one coordinating site (- -.. ) to another. For w wO < h relaxation time increases due to 

long-range ion transport. But, at high frequency (w -8) two competing hopping 

mechanisms are known; one is unsuccessful hopping when the ion jumps back to its 



 

 

 

 

    

 

  

     

 

 

      

   

 

 

 

  

  

 

 

 

  

 

76 Polymer Electrolytes and their Composites 

initial position (correlated forward–backward–forward) and another is successful 

hopping when the neighborhood ions become relaxed concerning the ion’s posi-

tion (the ions stay in the new site; i.e., successful hopping). For, w w> h the num-

ber of successful hopping is more and indicates a more dispersive ac conductivity 

(Shukla et al. 2014; Choudhary and Sengwa, 2015). When the frequency exceeds 

ωh, σac increases proportionally, where  n <1. Figure 3.3b displays the variation of 
the imaginary part (σ") of conductivity against the frequency and gradual increase 
in frequency at high frequency for pure polymer electrolyte. With addition of salt, 

frequency decreases only up to a certain frequency, termed onset frequency (ωon), 

which corresponds to the start of an electrode polarization mechanism. With fur-

ther decrease in frequency, maxima in (σ") is observed for a particular frequency 
(i.e. maximum frequency; ωmax), indicating the complete build-up of polarization 

(Arya and Sharma, 2018;  García-Bernabé et al. 2016;  Das and Ghosh, 2017). The σ" 
again decreases with a decrease of the frequency. It is important to note that both 

onset and maximum frequency peak lies toward high frequency as compared to 

other polymer composites. This suggests the increase in the number of free charge 

carriers and the effective electrode polarization effect. 

Kamboj et al. (Kamboj et al. 2021)  investigated the effect of ZrO 2 nanof ller on 

dielectric properties of polymer nanocomposite electrolyte based on the PEO-NaPF6 

matrix prepared via the standard solution cast method.  Figure 3.4a  shows the plot 

of the frequency-dependent imaginary part of the conductivity (σ"). In moving from 

right to left (towards low frequency) in the plot, σ" decreases rapidly. At a particular 
frequency (ωmax) maximum polarization is achieved and maxima in conductivity 

are noticed, followed by a decrease in conductivity (Fuentes et al. 2017;  Popov et al., 

2016). The solid line in the plot is ftted plot, and relaxation time corresponding to 

w andw  has been evaluated.  Figure 3.4b shows the variation in relaxation time max on 
and it decreases with increase in temperature. With an increase in temperature, the 

electrode polarization region also increases. So, temperature plays an effective role 

in the enhancement of ion dynamics (Namikawa, 1975). It was concluded that ion 
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FIGURE 3.4 (a) Temperature-dependent imaginary part and (b) variation of relaxation time. 

Source: Reproduced with permission from Kamboj et al. [2021, Copyright Springer]. 
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FIGURE 3.5 Proposed models to understand the ion dynamics. 

dynamics are infuenced by nanofller and provide easier conduction path access 

to cations, which is refected in the enhancement of the conductivity and dielectric 

properties. 

3.2  PHYSICAL MODELS 

The ionic transport in the polymer composites is explained with physical models for 

better understanding. All formalism is based on some key parameters such as the amor-

phous phase, glass transition temperature, ionic conductivity, type of ion migration 

mechanism and mobility of polymer host.  Figure 3.5  summarizes some key models pro-

posed to get insights into ion dynamics (Rodríguez et al. 2013;  Ngai and Kanert, 1992; 

Knödler et al. 1996; Murch and Dyre, 1989; Ngai, 2015; Funke and Banhatti, 2006). 

3.2.1  DYNAMIC BOND PERCOLATION THEORY 

This formalism is used to explain ions/electrons diffusion in a disordered system 

that is going through dynamic rearrangement in a period of time (i.e. smaller than 

observation time). This model is applicable for polymer electrolytes, as the dynamic 

motion of polymer chains favors ion diffusion by changing the environment. Three 

characteristic parameters of this model are (i) average hopping rate, (ii) percentage 

of available bonds and (iii) mean renewal time (Druger et al. 1983). 

3.2.2  COUNTER-ION MODEL 

The counter-ion model (CM) was proposed by Dieterich and co-workers in the 1990s. 

Figure 3.6  shows the conductivity spectra obtained by the CM model (Pendzig and 
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FIGURE 3.6 Illustration of different frequency regimes in the dynamic of the counter-

ion model. The two intermediate regimes II and III pertain to “nearly constant loss” and 

Jonscher-type behavior, respectively. 

Source: Reproduced with permission from Pendzig and Dieterich [1998, Copyright Elsevier]. 

Dieterich, 1998). In a high-frequency window, every hop contributes to conductivity, 

and a plateau is evidenced. While, at a lower frequency, the dispersive region occurs 

which comprises two regions: (i) the NCL region, where only correlated dipolar 

reorientations are observed (n equal to or even slightly larger than 1) and (ii) the  
Jonscher region, where ions escape out of a Coulombic trap (n  0.5–0.6). For long 
range ion diffusion, dc plateau occurs (Pradel and Ribes, 2014). 

3.2.3  JUMP RELAXATION MODEL 

The jump relaxation model was proposed by Funke and Riess (Funke and Riess, 

1984). Here conductivity dispersion is attributed to strong forward-backward jump 

correlations in the motion of an ion. When an ion migrates from one site to another, 

equilibrium is restored by two competitive relaxation mechanisms, (i) the surround-

ing environment can relax due to hopping of other ions, and (ii) the ion can move 

back to its former position. The longer the ion stays in the new position, the smaller 

the probability becomes for a backward jump to occur (Funke, 1993). 

3.2.4  RANDOM FREE ENERGY BARRIER HOPPING MODEL 

This model is based on the assumption that ion migration occurs via hopping, and 

hopping charge carriers are subject to spatially randomly varying energy barriers 

(Murti et al. 2016). Here, frequency-dependent conductivity is determined by the dc 



 

 

 

 

 

  

 

 

 

    

  

 

     

   

   

   

       

 

79 Ion Dynamics and Dielectric Relaxation 

conductivity and the dielectric loss strength. Dyre (Dyre, 1988)  solved this model for 

disordered solids in the continuous time random walk and in the effective medium 

approximation, and it was concluded that two solutions are almost indistinguishable. 

3.3  RELAXATION TYPES 

Under an ac feld, frequency dispersion or dielectric relaxation is observed due to a 

number of different polarization mechanisms. The presence of any dielectric relax-

ation then corresponds to one or more of the possible polarization mechanisms that 

occur on a microscopic scale. Each relaxation process may be characterized by a 

relaxation time which describes the decay of its polarization with time in a periodic 

feld. Experimentally, more than one relaxation process can be observed in the fre-

quency range of interest but multiple relaxation times will not be addressed here. Cao 

and Gerhardt (Cao and Gerhardt, 1990)  in 1990 proposed three models to calculate 

various relaxation times: (i) Debye, (ii) Cole-Cole and (iii) ideal conduction. 

3.3.1 DEBYE RELAXATION 

Debye relaxation provides the information about the non-interacting population of 

freely rotating dipoles. The expression for the ideal frequency response of localized 

oscillation or motion in a condensed medium was given by Debye (Smyth, 1955) as 

expressed in Figure 3.7a,  b. The complex permittivity is expressed as 

-e* e = E +8 ( 3.15a ) + x1 j  

-e 
e ' =  E + 2 

( 3.15b ) 8 1+ x 

-e 
e '' = 2 ( 3.15c ) 

1+ x 
Here, x =  ωτ, τ is Debye relaxation time denoted as τε', εs and ε∞ are linked to dielec-
tric strength as Δɛ = εs – ε∞. We can also calculate τtan (tangent delta plot) and τm 

(εs + ε∞)/2 ωτ=1 (a) Debye (b) 

ε″ ƒ
(εs – ε∞)/2 

ε∞ εs 

ε″
 

Cole-Cole ƒ 

ε′ ε′ 

FIGURE 3.7 (a) Cole-Cole diagram; (b) comparison of Debye and Cole-Cole plot. 



 

  

  

     

   

 

       

 

    

 

 

 

 

   

   

 

   

 

  

 

    

 

  

  

80 Polymer Electrolytes and their Composites 

(modulus time) from using equation T =T / r  and, τm = τ / r, where r (relaxationtanD 
ratio) = εs / ε∞.

Two other relaxation times can be calculated, τz an τy. Here, τz = τ / r, and τy = τ. 
Relation between three relaxation times is τε' ≥ τy > τtanδ > τz ≥ τm. It suggests that
the impedance and modulus plots place emphasis on the high-frequency data, while 

dielectric constant and admittance plots provide information in low-frequency data. 

The previously mentioned relation was also verifed (Arya and Sharma, 2018). 

Authors concluded that this analysis of variation of various relaxation times is in 

absolute agreement with the ionic conductivity value and follows the same trend. 

Also, one remarkable point to be noted here is that all relaxation times of the same 

relaxation process follow the order τε' > τtanδ > τz > τm (Cao and Gerhardt, 1990). It
means that the dielectric constant and tangent delta loss peak lies at a lower fre-

quency while the impedance and modulus peak is located at high frequency. So, 

due to their different relaxation peak positions a relaxation peak may be seen in one 

process and be absent in another as in modulus spectra. 

3.3.2 COLE-COLE RELAXATION

Polar dielectrics that have more than one relaxation time do not satisfy Debye equa-

tions. Cole and Cole (Cole and Cole, 1941)  suggested the distribution of relaxation 

time when a depressed semicircle (center below x-axis) is observed in plot. The real 

and imaginary parts are also expressed as given: 

( 1-a -a )-e 1+ x sin( ) 
e ' = E8 + ( 2 ) ( 3.16 ) 

1-a -a 2 1( -a )+ x sin +1 2  x
2 

( 1-a -a )-e (1+ x cos )
( 2 )e ' = ( 3.17 ) 
1-a -a 2 1( -a )+ x sin +1 2  x

2

 Here α is distribution parameter; its values lie between 0.2 to 0.5 for most of materi-

als. For single relaxation time, α = 0, then the previous equation becomes same as 
-a

equation 3.15b and 3.15c. Here  is a depression angle of a curve. We can calculate 
2 

the corresponding relaxation time, τtanδ (tangent delta plot) and τm (modulus time)

from using equation T tanD =T / r
/2
 and, τm = τ / r, where  r (relaxation ratio) = εs / ε∞,

and = 1 / (1 – α). 

3.3.3 NON-LOCALIZED CONDUCTION

For non-localized conduction, a perfect semicircle will now appear in the complex 

impedance plane rather than in the dielectric constant plane (Grant, 1958). Now the 
*dielectric function will be e = E8 ( - x). The relaxation time will be calculated1 j  
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as τ = τz = τm. Now, τε', τy, τtanδ do not exist since their dielectric functions have no 
maxima at any x value. The non-localized process can be considered as localized 
process when εs → ∞, and τε' → ∞. 

3.3.4 HAVRILIAK-NEGAMI MODEL 

This is most popular model till now to analyze the dielectric spectra for broad relax-

ations, and is a mixture of the Cole-Cole and the Cole-Davidson equations (Havriliak 

and Negami, 1967; Redondo-Foj et al. 2014). Here, asymmetry and broadness in 

dielectric curves are demonstrated by a and  b values. Although no exact physical 
meaning is given to  α and  β. 

-e* e = E + a B8 [1+ (jx) ] ( 3.18 )

 Here Δɛ = εs – ε∞, and  x = ωτ. εs and ε∞ are the relaxed (ω = 0) and unrelaxed (ω = ∞) 
dielectric permittivities, and  τ is the relaxation time of the process. Here,  α and  β are 
shape parameters related to distribution of relaxation time which satisfy conditions 

such as 0 < α ≤ 1, and  α = β = 1 for the Debye process. The parameter  α is related to 
the departure of the Cole-Cole plot from a semi-circumference at low frequencies, 

while  β is related to the skewness of the plot along a straight line, at high frequency. 
Using the HN equation, relaxation time can be evaluated. This equation can be fur-

ther modifed for  n relaxations (Brochier et al. 2010). 

n -E 
e = E + * E j 

a j j8 
j=0 [1+ (jx) ] ( 3.19 ) 

The general relation comprised of modulus is in inverse relation with complex 

dielectric permittivity, real and imaginary parts are expressed as M* = M'  + 
* *jM '' = M = j  C Zw = wC Z '' + j  C Z .o o w o '  The real and imaginary part are expressed 

by equation 3.20. 

e ' e '' 
M ' = and M '' = 2 ( 3.20 ) 2 2 2e ' +e '' e ' +e '' 

3.4  FREQUENCY AND TEMPERATURE ON 
POLARIZATION OF DIELECTRICS 

Both frequency and temperature are important parameters that infuence the polar-

ization, and hence dielectric constant. This section discusses the ion dynamics inf u-

enced by frequency and temperature. 

3.4.1  EFFECT OF FREQUENCY 

Electronic polarization is the fastest polarization which will complete at the instant 

the feld is applied. The reason is that the electrons are lighter elementary particles 
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ε=ε′ + iε″ 
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FIGURE 3.8 Schematic diagram of the complex permittivity spectrum vs. frequency, show-

ing the several types of relaxation processes. 

than ions. Therefore even for very high frequency (1016 Hz), applied electronic polar-

ization occurs during every cycle of the applied feld. Ionic polarization is a little 

slower than electronic polarization as ions are heavier than the electron cloud, and 

the time taken for displacement is large and occurs up to 1013 Hz. For higher frequen-

cies ions do not respond. Orientational polarization is even slower than ionic polar-

ization. This type of polarization occurs only at electrical frequency range (=1010 Hz) 

below microwave region. Space charge polarization is the slowest because it has to 

diffuse over several atomic distances. This process occurs at very low frequencies 

(104 Hz). Figure 3.8  explains the four types of polarization at different frequency 

ranges. 

It is noted that at low frequencies, all the four types of polarizations occur and 

total polarization is very high. Total polarization decreases with increase in fre-

quency and becomes minimum at optical frequency range. Dielectric constant also 

decreases with increase of frequency due to elimination of polarization contribution. 

3.4.2  EFFECT OF TEMPERATURE 

With increase of temperature, electronic and ionic polarization displays no change. 

Orientational polarization is affected by temperature, and it decreases with increase 

of temperature due to enhanced disorder which hinders the dipoles orientation along 

the feld, while the space charge region gets enhanced due to faster ion diffusion with 

increase of temperature. So, orientational and space charge polarization contribution 

can be altered by temperature. Figure 3.9a,  b  shows the energy barrier (-E) that 
needs to be crossed for orientation by any molecule. However, with application of 

feld there is a change in the potential energy of the barrier. The potential energy of 

dipoles aligned with feld reduces, and alignment against feld increases. It means 

that small energy is required to cross barriers to align along the feld, as compared 

to alignment against the f eld. 
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 When the energy of molecules is smaller than the energy barrier, then it fails to 

orient due to inability to cross the energy barrier. So, dielectric constant decreases 

owing to no contribution from orientation. 

T hree important effects of temperature are (i) increase of dielectric constant due 

to ease of dipole rotation, (ii) faster segmental motion of polymer chain and (iii) 

improved salt dissociation due to thermal activation ( Arya and Sharma, 2019) . The 

salt dissociation is linked with the lowering of the activation energy (E qa o= 2 / 4pe e sr) 

(Fr agiadakis et al. 2009). A t ambient temperature, the energy barrier is high due to 

coordination of the cation with the host polymer and the cation migration is linked 

with the polymer chain motion. While, with increase of temperature polymer fl ex-

ibility increases which lowers the time taken by cations to migrate from one coor-

dinating site to another. As ion migration occurs via ion hopping, so the hopping 

distance alters due to thermal activation. Generally, with increase of the temperature 

average hopping length  decreases. 

 Another important parameter is hopping potential barrier (-E) that the ion must 

overcome for a successful jump to the forthcoming coordination site. Now the aver-

age hopping length (distance between the neighboring ion pairs) decreases with 

the increase of temperature. The lowering of the hopping length leads to overlap of 

Coulomb potential wells and -E decreases which results in the improved mobility of 

ions, hence the dc conductivity ( Roy et al. 2016 ;  Bruce and Gray, 1995) . In brief, the 

probability of successful hopping for the cation increases that leads to the enhance-

ment of the ionic conductivity which is also supported by lowering of relaxation time 

( Dam et al. 2016) . 

 3.5  CORRELATION OF HOPPING FREQUENCY AND 
SEGMENTAL MOTION OF POLYMER CHAIN 

 Ion dynamics in the polymer composites are linked to hopping mechanism and seg-

mental motion. Two important factors that determine the dynamics are amorphous 

phase and polymer chain fl exibility. Enhancement of amorphous phase and segmen-

tal motion lowers the average hopping length (D) . Correlation between the ion 

hopping and the segmental motion was examined by Debye-Stokes-Einstein (DSE) 

plot as shown in  Figure 3.10  for PEO-PVP blend ( Arya and Sharma, 2019) . The 
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FIGURE 3.9 Orientation of dipoles without and with fi eld.
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FIGURE 3.10 The plot of dc conductivity against the hopping frequency at different tem-

peratures. Solid lines are the best ft for the DSE equation. 

Source: Reproduced with permission from Arya and Sharma [27(4), 334–345, 2019, Copyright Springer]. 

DSE equation is used for polymer composites with weak dependency to temperature 

and is expressed as - 8 f 8 w (f is the egmental frequency) ( Fragiadakis et al. dc s h s 
2009). It may be noticed that the plot shows dc conductivity behavior according to 

the DSE equation for all samples with almost negligible deviation and evidence that 

the only free cation is contributing to conductivity with negligible contribution from 

the ion pairs (LaFemina et al. 2016; Yu et al. 2014). The authors concluded that at 

particular frequency all systems depict the coupling of the dc conductivity with the 

hopping frequency and only the cation is playing the key role in the enhancement of 

ion dynamics. 

For further insights of ion dynamics, an interaction scheme based on the experi-

mental results was proposed in two ways: (i) polymer segmental motion and (ii) 

hopping barrier (Arya and Sharma, 2019). In starting, ion migration occurs via the 

coordinating sites of the host polymer (Figure 3.11a). Distance between two coordi-

nating sites is known as hopping length (D1) and corresponding relaxation time of 

the polymer chains is τ1. With increase of temperature, the polymer matrix switches 

from a rigid to a fexible nature, and hopping length of charge carriers decreases (D2 

< D1) due to more coordinating sites’ availability (Figure 3.11a). Hence ion migra-

tion is rapid and is confrmed by decrease of the relaxation time (τ2 < τ1). Hopping a 
potential barrier is the potential that must be overcome by the cation for successful 

hopping, and is a critical parameter. For lower temperature hopping, potential is 

E1 and ions have to cross this barrier for successful hopping (Figure 3.11b). With 
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FIGURE 3.11 Temperature-dependent ion transport mechanism. 

Source: Reproduced with permission from Arya and Sharma [27(4), 334–345, 2019, Copyright Springer]. 

increase of temperature, decrease in average hopping length results in overlapping 

of the potential barriers and hence overall barrier potential decreases as indicated 

by E2. This reduction in the potential barrier (E2 < E1) suggests enhanced ion mobil-

ity, and hence high ionic conductivity. Temperature enhances the dielectric prop-

erties and is a combination of the three mechanisms, (i) increase of the polymer 

fexibility, (ii) decrease in hopping length and (iii) lowering of hopping potential 

barrier. 

3.6  SEGMENTAL DYNAMICS AND CONDUCTIVITY 
MECHANISM 

 Polymers confned in pore systems show two phenomena: (i) slowing down of 

dynamics and (ii) faster relaxation time below glass transition temperature. As per 

IUPAC recommendations, micro, meso and macroporous materials are those char-

acterized by pore diameters <2, 2−50, and >50 nm, respectively. The properties of 

polymer under confnement are infuenced by the pore morphology, pore size and 

pore chemistry. So, keeping this in mind, the molecular confnement was exam-

ined by Bujan et al. (Barroso-Bujans et al. 2016). Authors examined the effect of 

Resorcinol-Formaldehyde Resin Nanoparticles (RNP) pore size on the dynamics and 

structure of poly(ethylene oxide) intercalated in the porous structure of this organic 

gel. RNPs exhibit a globular morphology, and intercalation of PEO was conf rmed 

in the interstices between RNPs. 

The dielectric response was examined by Cole-Cole function via broadband dielec-

tric spectroscopy.  Figure 3.12a  shows the variation of imaginary part (ε″) of the dielectric 
permittivity of dry neat RNPs (as empty circles), and depicts temperature-independent 
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FIGURE 3.12 (a) Imaginary part of the complex dielectric permittivity of PEO/RNPs-A at 

different temperatures. Solid lines through the data points represent the fts to the experimen-

tal data. Data of neat RNPs-A are included for comparison. (b) Imaginary part of the complex 

dielectric permittivity and their corresponding f tting curves at 210 K for all the PEO/RNPs 

samples. Slow and fast processes of PEO/RNPs-D are shown by dash and dash-dotted lines, 

respectively. 

Source: Reproduced with permission from Barroso-Bujans, et al. [2016, Copyright American Chemical 

Society, 49(15), 5704–5713]. 

low and almost fat permittivity losses. After incorporation of PEO into RNPs, two 

relaxation processes are noticed, and a shift towards a high-frequency window with 

increase of temperature. The relaxation behavior for different PEO/RNPs (at T = 210 

K) is shown in Figure 3.12b, and fast and slow relaxation process are observed. The 
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α-parameter in the Cole-Cole function corresponding to slow relaxation is about 0.4, 

and 0.23 corresponding to fast component at 200 K. Relaxation time for PEO/RNPs is 

10 times smaller than bulk PEO. 

Choi et al. (Choi et al. 2016)  examined the segmental dynamics of a series of 

siloxane-based polar copolymers combining pendant cyclic carbonates and short 

poly(ethylene oxide) (PEO) chains via dielectric relaxation spectroscopy (DRS). 

The cyclic carbonate (CECA, having four oxygens) monomer exhibits slightly 

higher static dielectric constant (εs) than propylene carbonate (PC, having three 
oxygens) and much higher εs than oligomeric PEG13. Incorporation of more PEO3 

side chain lowers the static dielectric constant εs and the glass transition tempera-

ture Tg. Dielectric contestant decreases with increase of temperature as evaluated by 

the Onsager equation, and is attributed to the thermal dipole randomization. Then 

dielectric relaxation process were examined by ftting dielectric loss plot with the 

Havriliak-Negami equation. All samples (activation energy =  33 kJ/mol) exhibit 

a single secondary β relaxation at lower temperatures and a single segmental  α 
relaxation at higher temperatures. Three dielectric relaxation processes, α (linked 
to segmental motions of the amorphous parts of PEO),  β (more local segmental 

motions of polymer chains in amorphous regions) and  γ (local intramolecular twist-

ing motion of ethylene (−CH2 −CH2−) parts or local motions of the chain ends of 

the polymer) are observed in PEO (Ishida et al. 1965;  Heaton et al. 1996). Money 

et al. (Money et al. 2012)  examined the effect of δ-Al2O3 nanofllers in tuning the 

dc conductivity, glass transition and dielectric relaxations in the polymer electrolyte 

(PEO)4:LiClO4. DSC analysis confrmed the decrease of Tg with nanof ller content, 
and is attributed to the speed up of the structural (α) relaxation of the polymer 

chains owing to fller-polymer interaction dominating glass transition temperature. 

Both dc conductivity (σdc), and hopping rate ( fh) increase with nanof ller addition. 
Also, increase in mobile concentration factor (K) suggests increase in free charge 
carriers with nanofller addition owing to dissociation of ion clusters via nanof ller 

surface groups (−OH). Modulus formalism confrmed that the conductivity relax-

ation is a temperature independent dynamical process for polymer electrolyte with 

and without Al2O3 nanofllers. Addition of nanofller alters the local environment 

within polymer chains, rather than in absence of nanofller. The conductivity as well 

as relaxation processes in polymer electrolytes, the imaginary part of the dielectric 

permittivity (ε″), was analyzed using a sum of a conductivity term, a Havriliak-

Negami function for the α-process and Cole-Cole functions for the  β- and  γ -processes. 
Finally, ftting function is given as 

- -e -e -e
dc a B ye '' = + + +b a a ( 3.21 ) wEo o [1+ (iwTa )

a 
]
] 1+ (iwT B ) 1+ (iwTy )

 Here σdc is dc conductivity, τα, τβ, τγ are relaxation times for  α, β and  γ -processes. The 
shape parameter “a” determines the symmetric broadening of the process, and the 

parameter “b” controls the asymmetric broadening. The analysis of dielectric per-

mittivity data confrmed the presence of three relaxations. Except PEO, all polymer 

electrolytes show absence of α-relaxation. Increase in intensity of the β-relaxation, 
and shift toward high frequency with addition of δ-Al2O3 concentration was noticed. 

This indicates the speed up of the relaxation process of polymer chains in amorphous 
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phase, while the  γ-relaxation depicts no change in peak position and intensity. Figure 
3.13 shows the temperature dependences of α-, β- and  γ-relaxation times in PEO and 

PEO with f llers.

 The α-relaxation of both samples shows a non-Arrhenius temperature depen-

dence, and with the addition of the nanofller relaxation process speeds up what is 

the signature of increased free volume around polymer chains. While, both β- and 
γ-relaxation times depict Arrhenius temperature dependences, and do not show any 

signifcant change with addition of nanofllers. From the temperature dependence of 

the conductivity relaxation, “strength parameter” D was evaluated from VTF equa-

tion (reciprocally related to fragility). This is related to the “strong” and “fragile” 

corresponding to change in dynamic properties (viscosity, structural relaxation time 

and diffusion constant) above Tg. The increase in D value from 6.6 (nanof ller free) 

to 9.6 (4 wt % nanofller) indicates the decrease in fragility of the polymer electrolyte 

system, which indicates that the polymer-fller interaction is nonattractive (Agapov 

and Sokolov, 2011; Starr and Douglas, 2011). 

The conductivity behavior of polymer composites was also examined by 

exploring the dielectric properties (Chilaka and Ghosh, 2014). They synthesized 

the semi-Interpenetrating Polymer Network (IPN) of [poly(ethylene glycol)-

polyurethanepolymethylmethacrylate] [60:40]-montmorillonite (MMT) nanocom-

posites. With addition of MMT, a shift in Tg toward low temperature suggested the 

enhanced amorphous content. The real and imaginary part of a dielectric permittivity 
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FIGURE 3.13 Temperature dependences of the α-, β- and γ-relaxation times in PEO and 

PEO with 4 wt % δ-Al2O3. 

Source: Reproduced with permission from Money et al. [2012, Copyright American Chemical Society, 

116(26), 7762–7770]. 



 

 

 

  

 

 

         

 

 

 

  

    

 

 
 

 

 

89 Ion Dynamics and Dielectric Relaxation 

plot displayed the decrease with increase of frequency. High value of dielectric per-

mittivity at low frequency is attributed to the presence of electrode polarization and 

space charge polarization owing to charge accumulation at electrode-electrolyte  

interface. It confrms the non-Debye-type dependence while decrease in high fre-

quency is due to reduction of charge polarization (Choudhary and Sengwa, 2011). 

Further, the peak corresponding to relaxation in loss tangent (tan d) plot shifts  

towards high frequency with addition of MMT, which indicates the reduction of 

relaxation time. The sample with 5% MMT shows the lowest relaxation time (1.60 × 

10−4 s), and highest dc conductivity (1.09 × 10−5 S cm−1), which suggests increase of 

free charge carriers.  Figure 3.14 shows the plot of the real part of complex conductiv-

ity against frequency. Increase of conductivity in the low-frequency window is due 

to a polarization effect, while at mid-frequency a frequency-independent dispersion 

region is due to true bulk (dc) conductivity of the samples. While at high frequency, 

conductivity again increases due to fast reversal of applied f eld. 

Dam et al. (Dam et al. 2016)  investigated a series of ion conducting polymer-

clay composites (PEO20 -LiCF3SO3) prepared via solution casting technique. Further, 

relaxation dynamics and the ionic transport mechanism are examined via broadband 

dielectric spectroscopy over a wide frequency and temperature range. Sometimes, 

the high value of ionic conductivity masks the relaxation processes observed in 
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FIGURE 3.14 Conductivity versus log frequency graph for PU-xMMT with different MMT 

weight percent (x is 0, 1, 3, 5, 10 and 15 wt %) simulated with NLSF method using the UPL 

equation. The solid line represents the ft of experimental data to the Jonscher power law. 

Source: Reproduced with permission from Chilaka and Ghosh [2014, Copyright Elsevier, 134, 

232–241]. 
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complex dielectric spectra so to examine the accurate relaxations the dc conduction 

free dielectric loss formalism is adopted and is expressed as 

6e w- '( )
eder '' = - x  

)
~ e '' ( 3.22 ) 2 6 (ln w 

So, the plot is ftted with the HN equation to extract information about relaxation 

phenomena due to the EP effect and segmental motion of the host polymer (Figure 

3.15a). The value of shape parameters for EP relaxation is near unity, and is the 

signature of non-interacting Debye-type relaxation. While, for segmental relaxation 

shape parameters, values around 0.7 to 0.75 confrm the non-Debye-type relaxation. 

Figure 3.15b  shows the loss tangent plot, and ion diffusivity is obtained by using the 

MacDonald-Trukhan model along with the Nernst-Einstein (NE) relation as given in 

equation 3.23. 

- f L2 
D = max 

3 ( 3.23 ) 
16 6 )( tan  max 
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FIGURE 3.15 (a) Complex dielectric spectra with dc conduction free dielectric loss, (b) loss 

tangent (tan ) of PEO20-LiCF3SO3–3 wt % hMMT as a function of frequency at T = 258 K. 

Source: Reproduced with permission from Dam et al. [2016, Copyright Royal Society of Chemistry, 

18(29), 19955–19965]. 
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 Here, L is polymer f lm thickness. 

Further, the ac conductivity spectra was analyzed using the random free energy 

barrier model (RFEBM) and the phenomenological modifed Almond-West (AW) 

approach. The modifed Almond-West (AW) equation is expressed as (Singh et al. 

2013) 

n( ]( f ) m- ' = - dc [ 1( + ( ) ] + Af ( 3.24 ) 
( f ]( c )( ]

 Here, σdc, fc and  n represent the dc conductivity, crossover frequency and power 
law exponent, respectively. At crossover frequency transition from the dc ionic to 

the dispersive conductivity occurs. The value of n should be between 0 and 1. A is 
a weakly temperature-dependent parameter and  m is another power law exponent 
whose value should be very close to unity. With addition of hMMT clay, increase in 

free charge carriers was confrmed, and hence high dc conductivty. The conductvity 

can be expressed by RFEBM formalism also as given in equation 3.25. 

-1- T tan ( )Tdc e e- ' = 
1 2 2 2 -1 2[ln (1+ T )] +[ tan ( )] ( 3.25 ) Te e4 [ [

 Here, σdc and τe represent the dc conductivity and relaxation time, respectively. 

Three possible pathways for ion trasnport are shown in Figure 3.16a. First, ions 

jump from one favorable site to another along the PEO backbone, while in second 

pathway ion jumps from one favorable site to another favorable site of a different PEO 

chain. At ambient temperature PEO chains have thermal motion, which can create a 

new favorable site and destroy an existing favorable site. The clay-polymer and clay-

ion interactions also contribute to ion transport, and motion of ions is coupled to host 

dynamics.  Figure 3.16b  shows the comparison of both formalism via energy barrier 

potential with different hopping distance. Value of dc conductivity evaluated from 

both formalism is almost equal, which suggests equal probability of cation hopping 

in both. 

The small difference between the experimental and theoretical results is due to the 

assumption that hopping distance is equal in RFEBM formalism. This assumption 

may be true at low temperature, but at high temperature increased polymer f exibility 

results in varied hopping distance. So, AW formalism is better for explanation of ac 

conductivity spectra. Both relaxation time (conductivity relaxation time, Tc, and seg-

mental relaxation time, T s, follows the VTF behavior and increases with decrease of 

temperature (DT = constant). Further, the coupling of the ionic transport mechanism s 
and segmental relaxation is confrmed by the Ratner approach (Wang et al. 2012). 

The effect of different plasticizers—Polyethylene glycol, propylene carbonate, 

ethylene carbonate and dimethyl carbonate—on the ionic conductivity and dielectric 

relaxation of PEO-LiClO4 solid polymer electrolytes was examined (Das and Ghosh, 

2015). It was concluded from ac conductivity analysis that the PEG-based polymer 

electrolytes demonstrate the highest dc conductivity and high crossover frequency 

(n < 1). At high frequency dielectric permittivity is constant and is attributed to the 
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FIGURE 3.17 Frequency dependence of the (a) real part (M0) and (b) imaginary part (M00) of complex electric modulus M* for PEO/(PVdF-

HFP)-LITFSI-30 wt % PMIMTFSI electrolytes. 

Source: Reproduced with permission from Das and Ghosh [2016, Copyright AIP publishing, 119(9), 095101]. 
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rapid polarization of atoms and electrons due to the applied feld. Increase of dielec-

tric permittivity with plasticizer addition is due to enhanced localization of charge 

carriers. Dielectric strength is in the order of (Δε)PEG > (Δε)EC > (Δε)PC > (Δε)0 > (Δε)DMC 

[(Δε)0 is for plasticizer-free electrolyte]. Relaxation time obtained after ftting the HN 

equation is lowest for PEG-based polymer electrolyte and temperature dependence 

of relaxation time follows VTF nature. Another report from the same group reported 

the ion transport and relaxation dynamics in polyethylene oxide/poly(vinylidene f u-

oride-hexaf uoropropylene)-lithium bis(trifuoromethane)sulfonimide blend polymer 

electrolytes embedded with 1-propyl-3-methyleimidazoliuum bis(trif uromethyle-

sulfonyl)imide ionic liquid (Das and Ghosh, 2016). Temperature-dependent ionic 

conductivity follows the VTF behavior as evidenced from the decrease of activation 

energy above the melting temperature of PEO. The Jonscher power law formalism 

was used to examine the ac conductivity data. Both dc conductivity and crossover 

frequency increases with increase of IL content. This indicates the increase in num-

ber of free charge carriers, and cation transport occurs via hopping meachanism 

from one conducting site to another. In modulus formalism, shift of relaxation peak 

toward high frequency is the signature of thermal activation of charge carriers. The 

real part of modulus (M,) shows dispersing with increase of frequency, and get-

ting saturated at M8 for higher frequencies (Figure 3.17a). The imaginary part of 

modulus is asymmetric and skewed towards the high-frequency sides of the maxima, 

which suggests the non-Debye-type relaxation (Figure 3.17b). 
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4.1 INTRODUCTION 

Polymer nanocomposite (PNC) represents a special class of polymeric matrix 

where an organic-inorganic fller network is embedded inside a polymer matrix. 

These organic/inorganic fllers generally have a dimension of 10–100 Å. Dispersion 

of this nanofller into the polymer matrix drastically changes inherent properties 

like (i) thermal stability, (ii) mechanical stability, (iii) ionic conductivity of the pris-

tine polymer. Further, because of the smaller (~ nanoscale) size, these advancement 

has been achieved with only a small vol % addition of nanofller in the polymeric 

matrix compared to micro fllers. These improvements make nanocomposites an 

emerging solution to replace liquid electrolytes in Li-ion batteries. PNC is mainly 

fabricated by using different mechanical mixing or via a chemical route. However, 

the fller agglomeration inside the PNC matrix is a serious issue. To overcome this 

issue and to obtain a highly homogeneous fller network inside the polymer matrix, 

researchers have synthesized polymer nanocomposites (PNC) by different methods. 

These methods have been shown in Figure 4.1  and are described in the following 

sections. 

In the present chapter different synthesis methods and characterization tech-

niques have been discussed. The advantage and disadvantages of different synthesis 

methods have been described. A special focus has been given to the feasible tech-

niques for large-scale implementation so that technology can successfully transform 

from the lab to the fabrication stage. Further, different characterization techniques 

FIGURE 4.1 PNC preparation methods. 
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have been described and different information and analytical equations related to 

each characterization technique have been summarized. 

4.2 SYNTHESIS METHODS OF POLYMER COMPOSITE 

4.2.1 SOLUTION CAST 

The solution cast technique or solvent casting technique is one of the most popular 

techniques in polymer nanocomposite formation. This synthesis process is mostly 

performed at room temperature and in an inert atmosphere. However, depending 

upon the polymer matrix property sometimes elevated temperature can be used for 

proper polymerization. Using this technique, a thin polymer flm in μm order can be 

obtained with homogeneously distributed nanofllers. This process has been used to 

prepare dispersed and intercalated phase nanocomposites. Different layered struc-

ture fllers like Montmorillonite, Hectorite, Graphite, and different metal oxides 

have been used for this synthesis method. Montmorillonite was a fller used by Ratna 

et al. for PNC preparation. PEO-LiBF4-MMT composite was prepared by stirring 

the mixture at 75 °C following the solution casting method. For better hominiza-

tion, the sonication method was used (Ratna et al. 2007). Das et al. have used PEO-

PDMS polymer blend + LiCF3SO3 + Hectorite clay for PNC preparation. In this 

process, an adequate amount of polymer, salt, and fller have been mixed properly 

by using a magnetic stirrer. For better complexation initially, polymer salt complex 

was prepared then fller was added and stirred for 24 hours (Das and Thakur 2021). 

Sharma et al. have used MMT for PNC preparation using PAN and LiCF3SO3 as 

polymer salt complex using this process (Sharma & Thakur, 2010a). Apart from 

layered clay structure, Das et al. have used MWCNT for PNC preparation (Das et al. 

2017), Padmaraj et al. have used ZnO to prepare a (PVdF-HFP)-LiCLO4-ZnO PNC 

following a simple solution cast technique (Padmaraj et al. 2013). Typical steps for 

this synthesis method are described next and shown in Figure 4.2. 

1. Initially the polymer matrix will be mixed in an appropriate solvent. For a 

proper homogeneous mixture, the solution will be stirred for an optimum 

time at room temperature or elevated temperature. 

2. Then stoichiometric amounts of Li salt will be mixed and stirred for better 

polymer salt complex preparation. The stoichiometry of Li+ will be calcu-

lated based on the available cation coordination site of the polymer mono-

mer (Das et al. 2013; Das et al. 2014a). 

3. For PNC preparation appropriate amount of fller will be mixed and stirred 

for the optimum time. The fller will be calculated based on the total poly-

mer wt %. 

4. For homogeneous distribution of fller among the polymer matrix, in some 

cases sonication method can be used (Ratna et al. 2007). 

5. Finally the solution can be cast in a petri dish and kept for evaporation in an 

inert atmosphere. 

Typical process parameters and their conductivity of PNC prepared via this tech-

nique have been described in Table 4.1. The advantage of this technique is its ease 
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FIGURE 4.2 Preparation method of PNC via solution cast technique. 

TABLE 4.1 
PNC Prepared via Solution Casting. 
Polymer Salt Solvent Filler Conductivity Reference 

PEO LiBF4  Acetonitrile  Organically 0.9 × 10−3   Ratna et al. 

modif ed clay 2007 

 PAN LiCF3SO3 N,N- Na-montmorillonite 2.5 × 10 − 2 at  Sharma & 

dimethylformamide 80°C Thakur, 

2010a 

PEO+PDMS LiCF3SO3 THF MWCNT 30 °C 8.04 × 10   Das & Thakur 

− 5 S cm−1 2017 

PVdF-HFP LiClO4  THF ZnO  1.043 × 10−3   Padmaraj 

S/cm et al., 2013 

of preparation method. However, depending upon the solvent and polymerization 

process the solvent evaporation method can take a much longer time. Since using this 

process a solid polymer electrolyte (SPE) will be produced, during cell formation 

there might exist an interfacial effect due to the uneven surface of SPE and electrode 

material. 
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4.2.2 SPIN COATING

 This synthesis method has been adopted for polymer electrolytes to reduce the 

electrode-electrolyte interfacial effect ( Park et al. 2006) . As depicted in Figure 4.3 , 

in this method a solution of polymer nanocomposite is directly spin-coated onto an 

electrode. The PNC slurry is directly coated on the electrode surface so solid elec-

trolyte interfacial (SEI) effect can be reduced. During this process, the thickness of 

PNC flm can be controlled by controlling the viscosity, rotation duration, and speed 

of the coater. Park et al. have obtained a thickness of 25–30 μm polymer-salt (PEO-

LiCLO4) complex using a 3000–5000 rpm. Sharanappa Chapi et al. have prepared a 

PNC by using a polymer blend (PEO-PVP) and nanofller (ZnO) at 3000 and 6000 rpm 

FIGURE 4.3 Preparation method of PNC via spin coating. 

TABLE 4.2 
PNC Prepared via Spin Coating Technique 
Polymer Solvent Filler Spin Speed (RPM) Other Parameter Ref 

 PEO+ LiClO 4  acetonitrile 3000–5000  25–30 μm   Park et al. 2006  

 PEO and PVP+ methanol  ZnO NPs 3000  for 40 s Chapi et al. 2016 

6000 for 50 s 

PEO Methanol CoCl2·6H2O 3500 rpm for the 40 s 1.21 × 10−3 S   Chapi, 2020  

cm−1 at 343 K 
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for 40s and 50s subsequently ( Chapi et al. 2016)  with a thickness of 3.9 ~ 4.2 μm. In 

this process initially, a solution of polymer nanocomposite will be prepared similar to 

the solution cast technique. The solution will be cast over the electrode or any other 

substrate kept inside a spin coater. The viscosity of the solution, rotation speed, and 

rotation duration control the flm thickness and homogeneity. The main advantage of 

this kind of approach is its possibility of reduced interfacial effect. However, for a 

highly viscous medium, the spreading of slurry over the electrode surface may not be 

uniform due to high surface tension and moment of inertia of different constituents of 

the PNC. So a careful optimization of speed and rotation duration is needed for proper 

spreading of slurry ( Norrman et al. 2005 ; Krebs, 2009; Wilson & Gottesfeld, 1992) . 

Typical conductivity of PNC obtained via this route has been tabulated in Table 4.2 . 

4.2.3 DIP COATING 

Dip coating is one of the most industry-friendly techniques where a large number of 

flms can be prepared at the same time. During this preparation process, a f lm with 

a f at surface can be produced which is benef cial for better cell preparation. In this 

process, a substrate will be dipped into a polymer nanocomposite solution and then 

pulled up and kept for drying. It has been shown in Figure 4.4. During this process, 

the flm is deposited on both sides of the substrate. The thickness of the PNC samples 

can be controlled by controlling the speed of pulling up the substance. As Phuong 

Nguyen-Tri et al. described, for a slow pulling rate a thicker flm can be obtained due 

to faster evaporation of the solvent, whereas, for a faster-pulling rate one can obtain 

much thinner flm [Nguyen-Tri et al. 2018]. Wang et al. have used polypropylene as 

a substrate and modif ed it by dipping it into PVA-SiO2 solution ( Wang et al. 2019). 

The main disadvantage of this approach is its wedge-shaped flm formation due to 

TABLE 4.3 
PNC Preparation via Dip Coating Method. 
Substrate PNC Other Parameter Reference 

PP  PVA-nano SiO2 Standing for 3h Wang et al. 2019 

PE  -Al2O3/PVdF-HFP/TTT electron beam irradiation Nho et al. 2017 

PE PVdF -HFP-(Z-SiO2) Wua et al. 2019 

Substrate 

PNC film 

Wedge-shaped region 

FIGURE 4.4 Thin flm formation by dip coating. 
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solvent evaporation and draining (Brinker & Hurd, 1994). This type of f lm forma-

tion can create a huge obstacle for a better-performing cell. Typical conductivity of 

polymer composites obtained via this route has been summarized in Table 4.3. 

4.2.4 TAPE CASTING 

This is another low-cost synthesis method suitable for mass production of PNC sam-

ples at the industry level. Different steps involved in this process have been shown 

in Figure 4.5. Using this process a PNC flm with a thickness of 10–1000 μm can 

be formed (Uchino, 2010;  Kwon & Han, 2020). PNC preparation using the tap cast-

ing method needs a proper optimization of f ller and polymer matrix. An excessive 

f ller might improve the ion migration through the PNC but eventually increase the 

viscosity of the system. For a high viscous system removing air bubbles is very dif-

f cult, which can be fatal at the time of cell preparation. So, careful optimization of 

all the constituents is very necessary for the casting technique (Uchino, 2010). In 

this process, a drum flled with PNC slurry will be placed on top of a doctor’s blade 

instrument. The slurry fow rate will be controlled by a pump connected with the 

slurry. Further, following the doctor’s blade technique, a thin flm will be cast and 

kept for drying in an inert atmosphere. To control the thickness of the thin f lm the 

micrometer attached with the blade can be used (Arya & Sharma, 2017). Pradhan 

et al. have prepared a sample using the standard tape casting technique. They have 

Montmorillonite as fller along with PEO as polymer matrix and NaClO4 as salt. 

Initially, polymer, salt, and fller have been stirred and properly mixed to obtain 

homogeneous slurry and then it has been cast on a conventional tape casting machine 

to obtain a thin flm (Pradhan et al. 2011). Though this process is suitable for the 

mass production of thin PNC flm, the main drawback for this kind of synthesis 

method is its slow drying process. It hinders its large-scale application. The conduc-

tivity of PNC obtained via this process has been shown in Table 4.4. 

4.2.5 TEMPLATE-ASSISTED PNC SYNTHESIS 

In this synthesis process, a template is used to create a PNC flm as shown in 

Figure 4.6. This process is also very effcient to synthesize PNC flms on a large 

TABLE 4.4 
PNC Prepared via Tape Casting Method. 
PNC Other Parameter Conductivity Ref 

 methyl ethyl speed of 20 mm/ Nho et al. 2017 

ketone+ ethanol+ LSGM+ min 

Polyethylene glycol+ 

 PEO+ NaClO4+ DMMT+ PEG 4.4 × 10−6 S cm−1   Uchino, 2010 

(at 40°C) 

PEO25-NaClO4+ 5 wt % 10−6 S cm−1   Pradhan et al. 2008  

DMMT + x wt % PEG200 
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FIGURE 4.5 Tape casting method. 

FIGURE 4.6 Template-assisted PNC synthesis method 



 

  

 

   

  

 
   

 

 

   

  

     

 

   

      

  
 

 

  

 

  

  

   

107 Synthesis and Characterization 

scale. In this process, slurry of polymer, salt, and fller will be poured on a template. 

And after drying of the PNC flm the template will be pilled off or dissolved in a 

suitable solution leaving a homogeneous thin PNC flm for use. 

4.2.6 HEAT-ASSISTED SYNTHESIS METHOD 

4.2.6.1 Hot-press 
In this method, initially polymer, salt, and fller components are dried under a vacuum 

chamber. Next, the dried components are thoroughly mixed by using a ball milling 

technique or motor pestle. Then they are placed inside a mold and will be kept inside 

a hot press as shown in Figure 4.7. The temperature of the hot press needs to be opti-

mized based on polymer melting temperature. In this process, the PNC flms are highly 

homogeneous and mechanically stable. A PEO-based polymer composite with dif-

ferent salt and fller has been prepared by using this technique. PEO-LiCF3SO3 -SiO2 

based PNC sample has been prepared by Appetecchi et al. They have used 80–100 °C 

and aluminum mold for the hot press method (Appetecchi et al. 2003a,  2003b). PEO-

LiCLO4-nano Chitin has been prepared by Stephan et al. (Stephan et al. 2009). 

4.2.6.2 Melt Intercalation 
This process is another thermally assisted intercalation technique. These processes 

have been proved to be better than the solution intercalation process (following the 

solution cast technique), because of the absence of solvent in this technique. This 

lack of hazardous solvent makes it more environmentally friendly and establishes 

itself at the forefront of environmentally friendly battery technology. In this pro-

cess, polymer and fller are mixed and heated close to polymer melting temperature. 

At this temperature region polymers reach a molten state so they easily intercalate 

inside the layered structure of the f ller. 

4.2.7 ELECTROSPINNING 

Electrospinning has become very popular due to its ease of preparation method 

and scalability for 1D or 2D structure preparation. In this process, a polymer 

FIGURE 4.7  Hot press synthesis method. 
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FIGURE 4.8 Electrospinning method. 

TABLE 4.5 
PNC Prepared via Electrospinning 
PNC Parameters Reference 

MFO@C+PAN 22 gauge needle, fow rate = 20 μL min-1, Liu et al. 2016 

voltage = 15 kV 

 PAN+PMMA+ SnCl2 21 gauge needle, fow rate = 10 μL min-1, Liu et al. 2015 

voltage = 15 kV 

SnCl2·2H2O+PVP+DMF 5 mL plastic syringe, fow rate = 0.3 mL h-1 Xia et al. 2019 

voltage = 18 kV 

 TiO2/N-C NFs 10-mL syringe, fow rate = 0.36 mL h-1 Nie et al. 2018 

voltage = 14 kV 

nanocomposite solution is prepared and kept in a container connected with a syringe. 

Then that syringe will be kept over a substrate and a very high potential will be 

applied between syringe and substrate. It has been shown in Figure 4.8. The diameter 

of the nanof ber can be controlled by varying the potential between the syringe and 

substrate and the feed rate of the syringe. Hong et al. have obtained 50 μm thick f ber 

with a syringe to substrate potential of 15 kV and feed rate of 3 ml/h (Hong et al. 

2018). Different process parameters for the PNC prepared via this method have been 

shown in  Table 4.5 .   
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4.3 CHARACTERIZATION TECHNIQUE 

4.3.1 STRUCTURAL 

4.3.1.1 XRD 
In the realm of material characterization, x-ray diffraction (XRD) is a very powerful 

and fundamental tool for both crystalline and non-crystalline phases. This method 

is particularly effective for determining the degree of crystallinity in amorphous, 

semi-crystalline, polymer, and polymer composite materials. Max von Laue created 

this technique in 1912, and it was later expanded to identify crystal structure by 

W. L. Bragg and W. H. Bragg in 1913. 

Highly crystalline, semi-crystalline, and amorphous polymer/polymer compos-

ites have been developed. The amount and presence of crystallinity in these materi-

als are determined by how they are formulated/processed. The following information 

can be extracted from a polymer nanocomposite using this technique. 

1. Determine the composite formation and its nature 

2. Alter interlayer spacing of the f ller 

3. Determine polymers’ interchain spacing during the formation of the 

nanocomposite 

4. Determine polymer crystallinity 

5. Recognize the stress/strain caused by composite production 

6. Analyze how ion dissociation changes as nanocomposites are produced 

XRD is one of the strongest tools to establish the composite formation and identify 

the type of composite formation like intercalation, exfoliation, or dispersion. Sharma 

et al. have used host matrix (PAN) crystalline peak at 14.1° and clay (MMT) peak at 

5.8° to establish composite formation and identify the type of composite formation. 

They have calculated the change of relative peak intensity of the host matrix, change 

in ‘d’ spacing and interchain separation (R) using the equations 4.1 and 4.2. 

2d sin0 = nl ( 4.1 ) 

5 nlR = ( ) ( 4.2 ) Sin08 

d = interplaner spacing, R = interchain spacing, θ = Bragg’s diffraction angle, n = 
order of maxima, and  λ = wavelength of x-ray incident on sample. 

Clay interlayer spacing calculated via equation 4.1 considering the clay crystalline 

peak indicates a signifcant increase in ‘d’ spacing from 15.1 Å (for pure clay), 19.5 

Å (PNC with 10 wt % clay) and clay gallery width from 5.5 Å to 9.9 Å. This result 

establishes the insertion of a polymer chain inside the clay gallery (Sharma & Thakur, 

2010b). Shukla & Thakur have shown changes in the n-YSZ, d001 peak prof le and 

position, a signifcant change in the polymer interchain spacing and ‘d’ spacing upon 

dispersion of YSZ in the polymer salt system (Shukla & Thakur, 2010). 
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Das et al. have shown that polymer crystallinity can be estimated from XRD by 

using the following equation. 

( S )
Xc = ( S )

x100% ( 4.3 ) 
( 0 ) 

S = area under the crystalline peaks; S0 = area under the crystalline peaks + 

amorphous hump. 

They have shown that upon nanocomposite formation with MWCNT the poly-

mer crystallinity drastically changes from 36.32% (polymer blend) to 12.82% 

(polymer nanocomposite) (Das & Thakur, 2017). Salt dissociation is a very impor-

tant factor for polymer nanocomposite. An absence of salt peaks in XRD can 

establish the dissociation of salt upon polymer salt complex (PS) or polymer nano-

composite formation. Sharma et al. have shown in a PAN-LiPF6 -DMMT system 

that the disappearance of characteristic salt peaks indicates the complete dissocia-

tion of salt in the PS system (Sharma & Thakur, 2013). Das et al. have shown upon 

PNC formation the uncomplexed XRD peaks of LiCF3SO3 at 20.4° disappear. This 

indicates improved ion dissociation upon PNC formation (Das & Thakur, 2021). 

Polymer nanocomposite was created by Polu et al. utilizing Poly(vinyl alcohol) and 

magnesium nitrate. There is no XRD peak of magnesium nitrate in the PS sample, 

showing that the salt was completely dissociated during PS production (Polu & 

Kumar, 2013). 

4.3.2 MICROSCOPY 

4.3.2.1 Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a popular technique for studying 

surface/bulk properties as well as the internal structure of materials. To study the 

morphology of the samples under investigation, high-energy collimated electron 

beams (100–400 keV) are allowed to fall on the sample, and transmitted and dif-

fracted signals are analyzed. The structural information obtained from x-ray dif-

fraction (XRD) analysis is also confrmed and corroborated by this result. TEM 

analysis is a powerful tool to understand the nature of nanocomposite preparation for 

clay-based PNC. 

Sharma et al. have observed homogeneously distributed clay platelets indicating 

exfoliation at low clay loading whereas at high clay loading the clay platelets are 

stacked in TEM (Sharma & Thakur, 2013). Mohapatra et al. have used TEM imaging 

to confrm the change in ‘d’ spacing obtained from XRD upon PNC formation. They 

have used PEO-LiCLO4-MMT for PNC preparation. In high clay concentration (>7.5 

wt %) the presence of well-stacked clay platelets proves the occurrence of intercala-

tion (Mohapatra et al. 2009). 

4.3.2.2 Optical Microscopy 
Optical microscopy (OM) is used to understand the bulk surface property. SEM, 

TEM images can only show a surface morphology in a limited area, whereas OM 
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can identify it for a large surface area. OM is used to identify the following property 

in a PNC sample: 

1. Homogeneous distribution of nanofller over the entire PNC sample 

2. Existence/absence of spherulites or other surface morphology 

Xie et al. have prepared a polymer clay nanocomposite using two different kinds 

of polypropylene and closite clay. The OP shows no presence of agglomerated clay. 

This indicates a homogeneous distribution of fller in the polymer matrix (Xie et al. 

2010). Sharma et al. have prepared a CNT-based polymer nanocomposite. OM shows 

a clear homogeneous dispersion of CNT in the polymer matrix (Sharma et al. 2009). 

4.3.3 SPECTROSCOPY 

4.3.3.1 FTIR 
Fourier Transform Infrared Spectroscopy (FTIR) is a sensitive analytical instrument 

for gaining a better understanding of the atomic/molecular vibrations present in the 

sample under study. It confrms the presence of numerous functional groups and  

backs up the structural results of the x-ray diffraction study. The theory of light-matter 

interaction and the ensuing molecular vibrations underpins this approach. The energy 

associated with molecular vibration is seen in the infrared (IR) spectrum of electro-

magnetic radiation. When infrared light is allowed to fall on the sample, the vibrating 

molecule absorbs it. It works on the concept of a change in the molecule’s permanent 

dipole moment (μ) when it is excited by an infrared beam. FTIR can be used to 

1. Determine ion pair and ion aggregate formation 

2. Establish the polymer complex formation 

Sharma et al. have used FTIR spectroscopy to investigate the cation-anion inter-

action, cation-cation coordination site interaction, and cation-cation coordinated 

site-fller interaction in a PAN-LiCF3SO3-DMMT-based PNC system. A signif cant 

change has been observed in the stretching and deformation vibrational mode of the 

methylene group upon PS formation and PNC formation. This shows evidence of cat-

ion coordination with the polymer host site. Also a clear change in anion (CF3SO3
−) 

characteristic peaks in terms of peak shift and asymmetry in the peak prof le is 

attributed to the ion-pair interaction. Further, the ion dissociation effect upon PNC 

formation can be proved with FTIR spectra by using the following equation. 

(
(
( 

Area of free anion peak )
)
) 

Fractionof free anion = ( 4.4 ) 
Total peak area 

Area of ion pair peak )
)
) 

(
(
(

Fractionof ion pair ( 4.5 ) = 
Total peak area 

With PNC formation the increase of the fraction of free anions indicates better salt 

dissociation (Sharma & Thakur, 2010a). 



 

  

    

  
 

 

 

 

  

   

   

    

   

     

   

  

   

   

       

   

   

  

  

 

 

  

 

    

     

112 Polymer Electrolytes and their Composites 

Das et al. have used FTIR spectra for understanding the ion dissociation effect in 

a PEO-PDMS-LiCF3SO3-MWCNT-based PNC system (Das & Thakur, 2017). 

4.3.3.2 RAMAN Spectroscopy 
Raman spectroscopy is a very sensitive technique that can detect structural changes 

caused by lattice strain and local disorder caused by sample preparation and for-

eign element substitution. This approach is based on light scattering by vibrating 

molecules of the sample under investigation and is a supplement to IR spectros-

copy. When a monochromatic source of light causes a change in atomic polariz-

ability, a material is said to be Raman active. Instead of using a wide variety of IR 

sources in IR analysis, a monochromatic light source with a set wavelength in the 

Raman spectrum is typically employed to investigate the sample. In Raman spec-

troscopy, monochromatic laser beams such as an Ar laser ion (514 nm), He-Ne laser 

(632.8 nm), and solid-state diode laser (785 nm) are commonly utilized as excitation 

sources. 

C. V. Raman devised this technique in 1928 and was awarded the Noble Prize for 

it in 1930. 

The important applications of Raman spectroscopy are as follows: 

1. Composite preparation conformation 

2. Ion dissociation effect in PNC 

Das et al. said a change in peak profle of CH2 and C-O-C will indicate nanocom-

posite formation in a PEO-PDMS-LiCF3SO3-Hectorite PNC sample. Further, a 

change in peak prof le CF3 and SO3 peak indicates an enhancement of ion dis-

sociation effect (Das et al. 2017). Edman have used Raman characteristic peak 

TFSI at 740 cm−1 to understand the ion dissociation effect concerning salt con-

centration and temperature in a PEO-LITFSI system (Edman, 2000). Caruso et 

al. have used PEO-LiCF3SO3 as a PS system. They indicated that the stretching 

vibration of trifate ion at 1033 cm−1 and ion pair vibration at 1040–1045 cm−1 is 

very sensitive to the local environment. So a slight change in the local environ-

ment of the trifate ion can be identifed as a change in its Raman spectroscopy 

(Caruso et al. 2002). 

4.3.4 ELECTRICAL 

The impedance spectroscopy technique is widely used to understand the electrical 

properties of different polymer or crystalline materials. It is typically based on 

measuring the ac response of the materials under investigation about an externally 

applied ac feld and then estimating the impedance as a function of frequency. 

Generally, the following information can be extracted from the impedance experi-

mental data: 

1. AC/DC conductivity 

2. Dielectric response 
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Equations used to analyze impedance data: 

l
DC conductivity: - = ( 4.6 ) dc R Ax 

n( }( )| w |
AC conductivity: - ac =-o {1+ (( )) } ( 4.7 ) 

w| ( p ) }|{ 

- wacConductivity master curve: = ( 4.8 ) 
- wdc p 

- dcxTCarrier concentration: k = ( 4.9 ) 
wp 

σdc = DC conductivity,  l = thickness of the sample,  A = area of the sample, R = resis-
tivity of the samples (Das & Thakur, 2018;  Das & Thakur, 2020). 

Pritam et al. have used complex impedance spectroscopy to investigate the electri-

cal property of a novel Na+ conducting blended solid polymer electrolyte (Pritam et al. 

2021). Klongan et al. have prepared a polymer salt complex by using PEO-LiCF3SO3. 

They have analyzed the role of nano alumina as fller, and PEG and DOP as a plasticizer 

in a PEO-LiCF3SO3 based PS system. The conductivity obtained from complex imped-

ance spectra indicates improvement of two orders (~10−7 S cm−1 for PS to ~10−5 S cm−1) 

for an Al2O3 based PNC; three orders (~10
−4 S cm−1) for a DOP-based system (Klongkan 

& Pumchusak, 2015). Ibrahim et al. have used CNT as fller in a PEO-LiPF 6 –EC-based 

PS system. Using the impedance spectroscopy they have shown a 5 wt % f ller content 

in PNC can show a dc conductivity as high as ~10−3 S cm−1 (Ibrahim et al. 2012). Das et 

al. have used complex impedance spectra to extract the dielectric relaxation parameter 

with varying temperature and salt concentration. Using the insight obtained from the 

relaxation parameter they have explained the near-constant loss phenomenon in solid 

polymer blend electrolytes (Das et al. 2014b; Das et al. 2015). 

4.3.5 ELECTROCHEMICAL PROPERTY ANALYSIS 

Electrochemical property analysis is a very important tool for analyzing the electro-

chemical performance of a cell using PNC as an electrolyte. In general for electro-

chemical property analysis, the PNC electrolyte is sandwiched between symmetric 

or asymmetric electrode assemblies. Generally, cyclic voltammetry and charge-

discharge analysis are the two most popular electrochemical characterization tech-

niques for any electrochemical cell. 

The capacitance value of the electrochemical cell can be calculated by using the 

following equation (Gao et al. 2018). 

I dt
C =

x 
( 4.10 ) 

m V  V- a )x( c 
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m = mass loading of active material in gm, Vc − Va = potential window. Hashim et al. 

have used PVA-H3PO4 as an electrolyte for supercapacitor and has obtained ~ 

90% efficiency and long cycle life (Hashim et al. 2012). Tamilarasan et al. 

have prepared an all solid state supercapacitor. They have used PAN/[BMIM] 

[TFSI] electrolyte and HEG electrodes. The electrochemical characterization 

shows a capacitance of 98F/g @ 10A/g (Tamilarasan & Ramaprabhu 2013). 

Kumar et  al. have used a PVdF-LiTf–EC-PC as electrolyte and MWCNT-

AC-PVdF-based electrode to prepare the supercapacitor. The electrochemi-

cal characterization reveals that MWCNT-based electrodes show significantly 

lower specific capacitance (32 F/g) compared to AC-based electrodes (157 F/g) 

(Kumar et al. 2012). 

4.3.6 ION TRANSPORT NUMBER 

Ion transport no analysis technique is generally used to establish the ionic conduc-

tion nature of the electrolyte material. To calculate the ion transport no the PNC 

samples are sandwiched between two blocking electrodes and then a constant volt-

age (~ 50 mV) is applied to the system. The polarization current obtained from that 

system is then plotted concerning time and then the following equation is used. 

tion = 
IT - Ie , IT = Iion + Ie , tion + te = 1 ( 4.11)

IT 

Using equation 4.11 Mohapatra et al. have calculated ~ 99% ionic transport for PS 

and PNC samples (PEO-LICLO4-MMT) (Mohapatra et al. 2009). Shukla et al. have 

prepared PNC by using PMMA-LiCLO4-CeO2. The transport no analysis of the 

PNC shows a ~ 99% cationic conduction for PS as well as PNC samples (Shukla & 

Thakur, 2011). 

To further understand the contribution by cation in transport no analysis, the fol-

lowing equation has been used by Sharma et al. (Sharma & Thakur, 2010b). 

[ I V  I R( - )]s o otLi = [ ] ( 4.12)
[ I V  Io ( - s sR ) ]

 Io = current before polarization, Is = current after polarization, Ro = initial resistance, 

Rs = steady state resistance. 

4.3.7 THERMAL STABILITY ANALYSIS 

This is another very important analysis tool to understand temperature-dependent 

phenomena inside a polymer nanocomposite. Ion migration inside a PS or PNC heav-

ily depends on its polymer backbone mobility. Further, the chain mobility is pre-

dominantly temperature-dependent. So thermal stability analysis is a very essential 
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tool to understand and correlate electrical results obtained via complex impedance 

analysis. In general two techniques are used for this purpose, as given below. 

4.3.8 DIFFERENTIAL SCANNING CALORIMETRY 

In this process change in entropy is calculated over a temperature range. DSC char-

acterization technique is very important for PNC. It revels the change in thermal 

phase transition temperature over PNC formation. The following information can be 

extracted from this technique. 

1. Glass transition, and melting temperature 

2. Estimation of crystallization 

Salehan et al. have shown that the introduction of Al2O3 fller in a corn starch-LiI 

electrolyte system signifcantly decreases the crystalline melting temperature. A sig-

nifcant decrease in crystalline melting temperature indicates improved interaction 

between polymer host and nanofller (Salehan et al. 2021). This eventually improves 

the amorphous content in the system. Pandey et al. have prepared PEO: NH4HSO4 

(80:20 w/w) + x% SiO2. The DSC thermogram indicates a signifcant change in glass 

transition temperature and crystalline melting temperature concerning the PS sys-

tem (Pandey et al. 2008). Chen & Chang have calculated the crystallization percent-

age of PEO-LiCF3SO3-Clay by using the following equation. 

Heat enthalpy of crystalline polymer 
pphaseunder study

Crystallization percentage = ( 4.13)
Heat enthalpy of crystalline polymer 

phaseof pure polymer 

It shows the crystallinity signifcantly decreases as the clay concentration increases 

(Chen & Chang, 2001). 

4.3.9 THERMOGRAVIMETRIC ANALYSIS 

TGA can be primarily be used in understanding the degradation temperature of PNC 

sample. 

Li et al. have prepared a PNC sample using the PEO-PDMS-LiTFSI-OMMT sys-

tem. They have shown the introduction of ionic liquid and OMMT has improved the 

thermal response of PNC. They have also concluded that the presence of OMMT has 

restricted the segmental motion of the polymer and improved its thermal stability (Li 

et al. 2013). Similar improved thermal stability has been observed in PEO-PMMA– 

LiCLO4/LiTFSI-based PNC prepared by Liang et al. They have reported improved 

thermal stability (6.1% degradation) compared to their PS counterpart (7.3% deg-

radation) (Liang et al. 2015). Sharma et al. have shown with a change in clay con-

centration in PAN-LiCLO4-MMT-based PNC the thermal degradation temperature 

changes (Sharma et al. 2008). 
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4.3.10 NMR ANALYSIS 

The NMR technique is a very strong tool to investigate the proton transport property 

of any PNC samples. In a PNC sample cations propagate via different long-range and 

short-range relaxation assisted by polymer backbone in different atmospheric con-

ditions. NMR is a very useful tool to separate the Li+, or any other cation dynam-

ics from polymer backbone dynamics. Wong et al. have used NMR spectroscopy 

in PEO+Li furohectorite samples to understand the Li+ migration and to calculate 

relaxation parameters of the cations (Wang et al. 1996). Saikia et al. have used NMR 

spectroscopy to understand the cation association with different coordination sites of 

polymers, plasticizers, and nanomaterials in a gel polymer electrolyte consisting of 

P(VdF-HFP) + (PC + DEC) + LiClO4 + Silica aerogel. They have observed prominent 

changes in 7Li peak profles with a variation of silica aerogel (Saikia et al. 2009). 

4.4 CONCLUDING REMARKS 

A detailed review of polymer nanocomposite synthesis and its different charac-

terization methods have been discussed here. Polymer nanocomposite properties 

and the possibility of their large-scale implication heavily depend upon prepara-

tion technique. So a detailed study of PNC thin flm preparation by casting tech-

nique (solution casting, tape casting), coating technique (spin coating, cip coating), 

template-assisted method, heat-assisted method (hotpress, melt intercalation), and 

1D/2D PNC nanofber preparation via electrospinning method have been discussed, 

along with their advantages and disadvantages. Further, different PNC characteriza-

tion techniques (structural, thermal, surface morphology, electrical, spectroscopy) 

have been discussed here. A different analytical expression for those character-

izations techniques have been summarized here. Shortly PNC is likely to replace  

conventionally and presently used liquid electrolyte technology for energy storage 

devices. So a suitable preparation methodology is very much necessary which can 

successfully transfer technology from lab scale to large scale fabrication without 

compromising its properties. 
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5.1 INTRODUCTION 

The high demand of energy in the last few years attracted a furry of research activ-

ity in the feld of alternative sources of energy (renewable energy) (Tanwar et al., 

2022b). As the population is growing rapidly, the optimisation between the produc-

tion and demand of energies is facing challenges in the coming days ( Tanwar et al., 

2021). Fossil fuels such as coal, petrochemicals, natural gas and nuclear energy are 

supplying the majority of energy demand globally, and they are considered lifelines 

for various utilities including automobiles and other sectors (Wilberforce et  al., 

2019). Though they contribute ~70% of electricity production globally, their non-

renewable nature and continuous depletion have created big issues (Tanwar et al., 

2022a). Many studies on fossil fuels have indicated that these major contributors 

of energy on earth are exhaustible and depleting continuously. In addition to that, 

these sources of energy have shown a harmful impact on the environment via carbon 

emissions, which has led to the quest of alternative sources of energy generation for 

domestic and industrial operations (Singh et al., 2022). The world body’s striving for 

the reduction of carbon emissions has also forced different countries to think about 

other sources of energy (Wilberforce et al., 2017). In view of these issues, renew-

able energy production and storage is urgently required to fulfl the energy needs 

of domestic and industrial evolution. Some storage devices such as electric capaci-

tors, batteries and fuel cells have been developed. Typically, the electric capacitor is 

made of two metal plates separated by a dielectric medium. The storage capacities 

of capacitors are found to be very low. Though batteries are used to store a large 

amount of charges, the power density of the battery is found to be low as it takes suf-

fcient time to charge and discharge. So, in order to fll the gap between capacitors 

and batteries, supercapacitors have received tremendous worldwide attention due to 

their potential applications. Supercapacitors are considered as a bridge between bat-

teries and electric capacitors (Tanwar et al., 2021). The charge capacity and power 

density of supercapacitors are relatively high (i.e. they are capable of charging (tak-

ing energy) and discharging (releasing energy) very fast). The present chapter is fully 

devoted to polymer electrolytes for supercapacitor applications. Properties of super-

capacitors are tailored by selecting appropriate electrodes and electrolytes (Arya 

et  al., 2021). Wide research is being carried out globally in this feld to identify/ 

search for electrodes and electrolyte materials to optimise the property of superca-

pacitors to make them cost effective, eco-friendly. 

5.2 BACKGROUND OF SUPERCAPACITORS 

The concept of energy storage is not new but rather started back in the eighteenth 

century. The roadmap of development of research in the supercapacitor f eld is 

depicted in Figure 5.1a. The frst attempt in this direction came in to existence by 

a German engineer Ewald George von Kliest in 1745. Further on the same year, a 

Dutch scientist Pieter van Musschenbroek invented the frst capacitor on the same 

principle, and it was named the Leyden jar (Keithley, 1999). The Leyden jar was a 

simple device containing a glass jar flled with water and lined with a conducting 

foil inside and out. Daniel Gralath, a Poland physicist, attempted to improve charge 
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FIGURE 5.1 (a) Progress of the supercapacitor; (b) sketch of Ragone plot for different 

energy storage and conversion devices. 

  Source: (a) Reproduced with permission from Jingyuan Zhao & Burke (2021 , Elsevier); (b)  Forouzandeh 

et al. (2020 ).  

storage capacity by demonstrating such jars in parallel combination. Benjamin 

Franklin studied extensively on the Leyden jar and concluded that the electric 

charges were stored on glass plates rather in the water as presumed earlier (von 

Kleist, n.d .). He also demonstrated the combination of several jars and named it a 

‘battery’. The term ‘capacitor’ was adopted in 1926 and previously these capacitors 

were termed as condensers and coined by Allesandro Volta in 1782 in reference to 

their ability to store more density of charges as compared to that of isolated con-

ductors. Later, in the 1830s a renowned English scientist Michael Faraday observed 

that the materials used between the plates plays a key role in storing the charges. 

He made major contributions in the feld of capacitors including the concept of a 

dielectric constant. The unit of capacitance ‘Farad’ was named to give honour to 

Michael Faraday. Later on several other attempts were made with various dielectric 



 

 

 

 

 

  

 

 

  

   

 

 

  

 

 

  

   

 

 

 

 

 

 

 

 

    

 

    

126 Polymer Electrolytes and their Composites 

materials such as mica, porcelain and paper to improve the charge storage capacity 

of the capacitor. Charles Pollack invented the frst electrolytic (alkaline electro-

lyte) capacitors. Bell Laboratories invented a new type of tantalum capacitor in the 

1950s having solid electrolytes and capability of storing more electric charges in 

less space. 

Several capacitors were developed using different dielectric materials to store 

electric charges but their potential applications are limited. These capacitors are 

mainly used as circuit elements and flter to stop dc signals. After the Second World 

War, the industrial revolution started globally and it was realised there was need of 

high energy production and storage. The frst electrolytic capacitor (supercapacitor) 

was developed by H. Becker from General Electric (GE) in 1957 (Ho et al., 2010). He 

used porous carbon having high surface area as an electrode. Robert A. Rightmire, 

a chemist at Standard Oil Company Ohio (SOHIO), came up with the f rst electro-

chemical capacitor design in 1966 ( Schindall, 2007). Later, Donald L. Boos patented 

the electrochemical capacitor, having activated carbon (high surface area) as an elec-

trode in 1970. These electrochemical capacitors were made of electrodes consisting 

of two pieces of aluminium foil covered with activated carbon. SOHIO patented 

his fndings to a Japanese company (Nippon Electric Company) which brought it in 

market with the name ‘supercapacitor’ in 1975. 

B. E. Conway (Pell et al., 1999) conducted extensive research on supercapacitors 

with oxide materials (RuO 2) as electrodes, and further, he successfully described the 

basic mechanism of charge storage in batteries and electrochemical supercapacitors. 

He also observed that two different mechanisms—surface adsorption (non-Faradic), 

forming a double layer, and charge transfer between electrode-electrolyte interfaces 

(Faradic)—are involved in supercapacitors. His work on supercapacitor provided 

extensive understanding of the charge storage mechanism. 

The supercapacitor market is increasing very fast. Researchers working on super-

capacitors came up with different electrodes and electrolytes in order to improve  

their storage capacity. Supercapacitors can be compared with batteries in view of 

charge storage capacity, energy density and power density. The charge storage mech-

anism differs in these two energy storage devices. A typical battery consists of two 

electrodes, namely cathodes and anodes. The potential energy is released through 

redox processes which take place between electrodes and electrolytes. The anode 

oxidises when the current passes through the circuit whereas it reduces at the cath-

ode. The chemical reaction that takes place between electrodes and electrolytes also 

affects its functionality after several cycles of charge discharge. Battery discharge 

is also found to be exothermic which in turn gives off a substantial amount of heat 

that affects its operation. The basic difference between capacitors, supercapacitors, 

batteries and fuel cells can be understood by the Ragone plot. 

A Ragone plot (Figure 5.1b) indicating energy density and power density is very 

much helpful to compare various energy storage devices. In this plot the energy 

density (Wh kg−1) is plotted to the power density (W kg−1). Actually, this plot was 

initially designed for batteries. Now, it is applicable for all kinds of energy storage 

devices. In this plot, the horizontal axis clearly indicates the energy density of vari-

ous devices such as capacitors, supercapacitors, batteries and fuel cells. Whereas, the 

vertical axis reveals how fast these devices deliver stored energies. 
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5.3  DIFFERENT CHARGE STORAGE MECHANISMS OF 
SUPERCAPACITORS 

Typically, the quantum of charge storage capacity is found to be very high as com-

pared to normal electric capacitors. The charges are stored via Faradic and/or 

non-Faradic method, depending on the type of materials used as electrodes and elec-

trolytes in the supercapacitor. A supercapacitor is also divided into three categories 

on the basis of charge storage mechanism: electric double layer capacitor (EDLC), 

where the charges are being stored via non-Faradic mode; ultra capacitor (pseudoca-

pacitor), where the charges are stored via Faradic mode; and hybrid supercapacitor 

that possesses both Faradic and non-Faradic processes to store charge. 

The charge storage mechanism in EDLC-based supercapacitors takes place via 

non-Faradic mode where charges are adsorbed at surfaces similar to that found in 

normal capacitors.   

A sketch of all the electrochemical capacitors is presented in Figure 5.2, which 

clearly shows the charge storage mechanism in all three types of supercapacitors. In 

the EDLC-type of electrochemical capacitor, charges/ions from electrolytes form a 

double layer similar to the polarisation effect seen in normal capacitors containing 

dielectric materials as electrolytes. On the other hand, the charge storage in transi-

tion metal oxide-based materials (RuO 2 , MnO 2 , Co3O4 , ZrO 2 , Fe3O4, etc.) takes place 

via Faradic process. In this process redox reaction occurs at electrode materials in 

accordance to the following equation: 

Ox + Ze - Re d 

Actually, an electric double layer-type electrochemical capacitor is complemented 

by the capacitors which are based on pseudo-capacitance that typically arises out 

in some electro-sorption processes or in redox reactions taking place at electrode 

surfaces. Such an ultracapacitor has shown excellent capacitive behaviour. When 

mixed valent oxide materials are being used as an electrode, the oxidation-reduction 

(Redox) peaks are clearly visualised in cyclic Voltammogram. 

In addition to the EDLC and pseudocapacitor, there is another possibility where 

both Faradic and non-Faradic mechanisms are employed to store charges. Such type 

of energy storage device is called a hybrid supercapacitor. In hybrid supercapaci-

tors, the electrode materials are preferred in such a way that it promotes both types 

of storage mechanism that in turn enhance the capacitive property of the device. 

Various composite material is prepared as an electrode including polymer composite 

with carbonaceous and transition metal-based oxide to achieve high energy density. 

5.4  FEASIBILITY OF POLYMER COMPOSITE AS ELECTROLYTE IN 
SUPERCAPACITORS 

The electrolyte is an important component of a supercapacitor for deciding the over-

all performances of the devices. Electrolytes behave as a platform for ions and hinder 

the electrode movement within. A polymer electrolyte is a composition of dissolved 

salts in a suitable polymer matrix with a property of high ionic conductivity. 
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FIGURE 5.2 (a) Schematics of the three-electrode conf guration and two-electrode conf guration; (b) type of supercapacitors: EDLC, pseudoca-

pacitor and hybrid; (c) charge storage mechanism in EDLCs, ion absorption and desorption on the surface.

 Source: Reproduced with permission from Bhupender Pal et al. (2019 , Royal Society of Chemistry). 
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5.4.1 KEY FEATURES OF DESIRABLE POLYMER ELECTROLYTE 

The electrolyte to be compatible for device fabrication needs to have certain spe-

cifc characteristics like conductivity (including both electronic and ionic), low cost, 

lightweight, stability (chemical, thermal and mechanical) and so on. 

5.4.1.1 Ionic Conductivity 
The polymer matrix ion dynamics can be easily studied via ionic conductivity equa-

tion, σ = ∑neμ, where  n represents free charge carries number,  e is charge of the ion, 
μ reveals the ion mobility. The ionic conductivity of the polymer-based electrolyte is 

high, based on the ion mobility and number of free charge carriers’ mobilisation into 

the polymer matrix. The value of ionic conductivity is determined via complex 

impedance spectroscopy (CIS) tool along an ac signal of range 10–100 mV applied 

across the cell (electrode||polymer electrolyte||electrode) formed under study. The 

ionic conductivity also was calculated using a Nyquist plot (graph of real and imagi-

t
nary parts of impedance) using relation; - =  (t refers to thickness of the poly-

A R* b 

mer electrolyte, A is area of the electrode across the electrolyte and  Rb represents the 

bulk resistance, its value extracted from the intercept of the Nyquist plot on the real 

axis). 

The ionic conductivity is a temperature dependent parameter. The lowering of 

activation energy along the activation of the charge carriers takes place as the tem-

perature is increased. Based on the temperature taken, the variation of ionic con-

ductivity with the temperature exhibits three behaviours: (i) Vogel-Tamman-Fulcher 

(VTF) behaviour, (ii) Williams-Landel-Ferry (WLF) behaviour (MacCallum & 

Vincent, 1989;  Adam & Gibbs, 1965;  Williams et al., 1955;  Watanabe & Ogata, 1988). 

5.4.1.1.1 Vogel-Tamman-Fulcher (VTF) Behaviour 
The VTF depicts a plot of ionic conductivity versus reciprocal of temperature which 

is non-linear in nature. The ion migration happens using segmental motion of the 

polymer-chain-cum-hopping. The ion motion mainly depends on the free volume 

offered by polymer chains in the polymer matrix. The VTF relation is represented as 

( B ) 
- / ( T To )- = AT 1 2e 

(-
-

) 
, where σ refers to ionic conductivity,  B is a constant,  A represents 

the pre-exponential factor,  To is the temperature near to  Tg of the material under study 

when entropy is close to zero. 

5.4.1.1.2 Arrhenius Behaviour 
The Arrhenius behaviour supports the idea of high ion dynamics with the help of the 

hopping mechanism. It is more valid at the temperature lower than the transition 

temperature of the material. The upliftment in the temperature leads to activation of 

charge carries and increase in fexibility to fasten the ion mobilisation through coor-

( Ea )-( )
( kT )dinating sites. The Arrhenius expressions is - =- e ; here -  is the pre-exponential o o 

factor,  k refers to the Boltzmann constant. The lower value of activation energy 

favours the high ion migration and thus high ionic conductivity. 



 

 
 

 

        

 

  

  

       

    

      

 

 
 

 

  
 

 

   

 

   

   

    

 

 

130 Polymer Electrolytes and their Composites 

5.4.1.2 Cation/Ion Transference Number 
The main contribution is of ion migration in a polymer electrolyte (PE). Thereby, to 

determine the accurate contribution of cations and ions, the transference number of 

the cation (tc) and (ti) are evaluated via cell assembly (Electrode|PE|Electrode). The 

cation transference number is calculated using AC impedance while ion transference 

number is determined via Wagner DC polarization technique (Sen et  al., 2016; 

Mindemark et  al., 2018). The equation to calculate cation transference number is 

I V  I- Is ( i i )t = ; here V is the potential applied across the cell,  I  and  Ii are the c s
I V  I I( - )i  s s  

steady-state and initial currents,  Ri and  Rs represent the resistance at interfaces before 
and after polarisation. The ion transference number is obtained using equation 

( It - Ie )t =  × 100; here It and  I  represent the total and residual current and the rela-i It 
e 

tion relating them is It = +Ii I .e 

5.4.1.3 Electrochemical Stability Window (ESW) 
The potential window is a crucial parameter to decide the suitability of the polymer 

electrolyte for supercapacitor application. The main focus of the research commu-

nity is to enhance the energy density of the supercapacitor for practical application 

which directly depends in the potential window of the electrolyte and complete cell. 

The ESW of the polymer electrolyte under study is determined via linear sweep 

voltammetry (LSV) technique, which is a graph between current and voltage. 

5.4.1.4 Thermal Stability 
The thermal stability of the electrolyte is a major aspect for supercapacitor appli-

cation. The role of the electrolyte is avoiding the short-circuiting of the cell via 

maintaining the gap between the electrodes which are placed across the polymer 

electrolyte. So, it becomes essential for a polymer electrolyte to work for wider 

ranges of temperature (−20 to 80 °C). The popularly used liquid electrolyte in super-

capacitors gets decomposed and releases excess heat that accelerates temperature 

and pressure inside the cell during its operation. The thermal stability of polymer 

electrolyte is much higher for normally popular liquid electrolytes. The thermal sta-

bility and voltage window range for a polymer electrolyte can be improved using 

appropriate nanofllers into the polymer matrix. 

5.4.2 DIFFERENT TYPES OF POLYMER ELECTROLYTES 

The polymer electrolyte used in various energy storage applications are of two types 

based on the source criterion as shown in Figure 5.3. They are (i) natural and (ii) syn-

thetic PE. The natural obtained PE are from chitosan (Kadir et al., 2011), corn starch 

(Liew & Ramesh, 2013) and rice starch (Khanmirzaei & Ramesh, 2014;  Ramesh, 

Shanti, et  al., 2012). There are four kinds of PE based on the physical state and 

chemical composition: (i) solid polymer electrolyte (SPE), (ii) composite polymer 

electrolyte (CPE), (iii) plasticised polymer electrolyte, (iv) gel polymer electrolyte 

(GPE). 
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5.4.2.1 Solid Polymer Electrolytes (SPEs) 
Wright et al. was frst to report the research work on SPE, which was 30 years ago 

(Wright, 1975). The application of SPEs in electrochemical devices was launched 

by Armand et al. long back in 1979 (Vashishta et al., 1979). The frst reported SPE 

was prepared by taking PEO as polymer host and was a solvent-free f lm ( Fenton, 

1973). But, the ionic conductivity showed by this PEO-based SPE was less at room 

temperature. The SPE plays a dual role as electrolyte plus separator for electrochemi-

cal devices. It can also be used as a binder for electrical contact between electrodes 

(Armand & Van Tendeloo, 1992). The major features of SPEs are high thermal, 

mechanical, electrochemical electrical stabilities. Other important features are leak 

proof, solvent-free, low volatility, light weight, and high fexibility (Sharma et al., 

2018, 2022). The merits of SPEs are their ability to reduce the chance of release of 

hazardous gas or leakage of solvent liquids, and to operate at a wide temperature 

range (Raghavan et al., 1998). But SPEs have certain major disadvantages like high 

interface resistance, low ionic conductivity as compared to liquid electrolytes (Ngai 

et al., 2016). 

5.4.2.2 Composite Polymer Electrolytes (CPEs) 
The efforts to overcome the demerits of SPEs encouraged the discovery of composite 

polymer electrolytes. The various methods utilised to prepare CPEs are binary salt 

systems, doping of nanomaterials, cross-linking polymer matrices (Wen et al., 2003), 

polymer blending (J.  Hu et al., 2011), addition of plasticisers (Ramesh & Bing, 2012) 

and incorporation of ionic liquids (Hao et al., 2015). The merits of using CPE are 

their high ionic conductivity, high thermal and mechanical stability, high f exibility 

and better interfacial contact (Kam et al., 2014). The ionic and electronic conductivi-

ties’ value for CPEs highly rely on the parameters such as size of the particle, con-

centration, surface area, pore size and the level of interaction among incorporated 

particles and the polymer matrices (Stevens & Wieczorek, 1996 ). 

5.4.2.3 Gel Polymer Electrolytes (GPEs) 
Gel polymer electrolytes are popularly also known as plasticised polymer electro-

lytes proposed by Feuillade and Perche frstly in 1975 (Feuillade & Perche, 1975). 

The procedure to synthesise GPEs is very easy, with a blend mixture of polymer like 

poly(ethylene oxide) (PEO), an alkali metal salt of lithium or sodium, and a suitable 

solvent. The clear and viscous mixture is casted into a petri dish and dried properly 

to form a thin flm. The GPE has merits of both liquid and solid electrolytes (Stephan, 

2006). The peculiar features of GPE are better chemical, mechanical, electrochemi-

cal, photochemical, structural stability; high ionic conductivity, low reactivity, safety 

in use and low volatility (Liew et al., 2011). The use of GPEs in supercapacitor can 

reduce the possibilities of leakage and internal short-circuiting and hence uplifts the 

device life (Kim et al., 2003). The major drawback of GPE is its poor mechanical 

stability. This demerit can be overcome by incorporating fllers or nanomaterials into 

the polymer matrices ( Zhang et al., 2011). 

The polymer electrolyte is prepared using a minimum of one polymer as host for 

incorporation of other materials for the enhancement of electrochemical properties, 

especially ionic conductivity. Table 5.1  showcases the various polymer hosts. 
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TABLE 5.1 
List of Polymer Hosts with Their Respective Ionic Conductivity at Room 
Temperature. 
Polymer Host Repeat Unit Ionic Conductivity Reference 

(S cm−1) 

 Poly(ethylene host) −(CH2CH2O)n−  2.6 × 10 −4  ( Itoh et al., 2003 ) 

 Poly(vinylidene −(CH2CH2O)n−  4.5 × 10 −3  ( Song et al., 2004 ) 

f uoride) 

 Poly(vinylidene −[(CH2−CF2)− 4.3 × 10−3  (J.-K.  Kim et al., 2008 ) 

f uoride-hexaf uoro (CF2−CF−(CF3)]n− 

 propylene) 

Poly(methyl −(CH2C(−CH3) 7.3 × 10−6  ( Rajendran et al., 2002 ) 

methacrylate) (−COOCH3))n− 

 Poly(vinyl chloride) −(CH2− CHCl)n−  2.8 × 10 −6  ( Ramesh, Yin et al., 2011 ) 

 Poly(vinyl alcohol) − (CH2−CH(−OH))n  4.8 × 10 −2  (C.-C.  Yang & Lin, 2002 ) 

 Poly(acrylic acid) −CH2−CH(−COOH))n−  2.2 × 10 −4  ( Kam et al., 2014 ) 

Poly(acrylonitrile) −(CH2−CH(−CN))n−  5.7 × 10 −4  ( Chen-Yang et al., 2002 ) 

Poly(ethyl −(CH2−C(−CH3) 1.2 × 10−4  ( Ramesh et al., 2014 ) 

methacrylate) (−COOCH2CH3))n− 

Poly(ε-caprolactone) −(O−(CH2)5−CO)n−  3.8 × 10 −5  ( Woo et al., 2014 ) 

Chitosan −(CH2−(C5H2NO3)5−OH)n−  1.6 × 10 −3  ( Kadir et al., 2010 ) 

FIGURE 5.3 Different types of polymer electrolytes used in supercapacitor applications. 

The insertion of the small particles as fllers into the matrix of a host polymer 

improves the overall properties of the polymer electrolyte. The additional proper-

ties that are improvised after adding fller to PE are higher ionic conductivity, better 
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mechanical and thermal stability, lower value of glass transition temperature and 

reduced crystallinity and so on (Rajendran et al., 2002). It further decreases the crys-

tallinity of the PE and uplifts the amorphous phase with its better stability (Croce 

et  al., 1992). The mostly used high surface area fllers are titanium oxide (TiO2), 

aluminium oxide (Al2O3), hydrophobic-fumed silica and zirconium oxide (ZrO2) 

( Raghavan et al., 1998 ). 

5.5  WAYS TO IMPROVE ELECTROCHEMICAL PERFORMANCES 
OF POLYMER ELECTROLYTES 

Various techniques can be utilised to enhance the properties and performance of 

the polymer electrolytes. The popular methods used are incorporation of inorganic 

fullers, polymer blending, addition of plasticisers and dopants and use of comb-

branched copolymers (Hashmi et al., 2000). 

5.5.1 INORGANIC FILLERS 

PEs are also synthesised by adding nanomaterial as fllers into the matrices of the 

host polymer. The incorporation of nanofllers improves the mechanical stability of 

PE along its ionic conductivity ( Zhang et al., 2011). 

5.5.2 BLENDING 

The polymer blending is the most easily practiced technique. It includes the step of 

mixing a minimum of two polymers with/without chemical bonding between them. 

It is a way to mix two polymers/copolymers physically. The blending of polymers 

improves the mechanical stability of the PE over the entire temperature range. The 

merits of using a blend-based PE system are its high ionic conductivity, physical and 

electrical properties (Ahmad et al., 2007). The blending method helps to lower the 

crystallinity of the prepared PE along better increments of the amorphous fractions 

of the polymer matrices. 

5.5.3 PLASTICISERS 

The use of plasticisers in the PE helps to improve the plasticity and ionic mobility 

along with enhancing ionic conductivity at room temperature (Ramesh & Bing, 

2012). The popular liquid plasticisers that have the beneft of a low molecular weight 

used for PE synthesis are diocthyl adipate (DOA), dimethyl formamide (DMF), 

DBP, dimethyl carbonate (DMC), diethyl phthalate (DEP), PC, g-butyrolactone 

(BL), glycol sulphite (GS), methylethyl carbonate (MEC) and EC (Shukur et  al., 

2013). The other benefts of using plasticisers are their ability to provide a maxi-

mum charge carrier by providing an easy path for ion mobilisation, to uplift PE 

ionic conductivity, to improve thermal and mechanical stabilities (Ramesh, Yin, 

et al., 2011). The demerits of plasticisers are their low fash point, narrow region 

of potential window, narrow working voltage and high vapour pressure (Raghavan 

et al., 2010). 
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5.5.4 COPOLYMERS 

Copolymers are defned as the mixture of two different kinds of monomers, which 

are mixed via cross-linking method (Wen et al., 2003). The most common copoly-

mer used is PVdF-HFP which is the resultant of the co-polymerisation of PVdF and 

HFP respectively. The features of copolymers are more enhanced in many aspects 

for use in the polymer electrolyte than the standard monomers. 

5.5.5 CROSS-LINKED POLYMERS 

The better and higher ionic conductivity of a PE highly depends on the amorphous 

nature of the polymer host used. The cross-linked polymers-based PEs showcase 

high and improved ionic conductivity at room temperature as they exhibit greater 

amorphous features (Nishimoto et al., 1999). They also show low elasticity, brittle-

ness and processability. The research on high molecular weight cross-linked poly-

mers indicates that the PEs based on them exhibit high ionic conductivity. The ionic 

conductivity and fexibility of PEs highly rely on the monomer content used for 

cross-linked polymers. 

5.5.6 DOPING SALTS 

The PEs prepared using doping salts show high conductivity and electrical stability. 

The interface among the polymer host and dopant salt in the synthesised PE play a 

crucial role in deciding the ionic conductivity, chemical stability and mechanical 

stability of the PE (Ramesh, Lu, et al., 2012). The main reason of high conductivity 

of doped-salt-based PE is its low lattice energy and its high dielectric constant. 

5.5.7 ROOM TEMPERATURE IONIC LIQUIDS (RTILS) 

RTILS are comprised of molten salts with organic cations and inorganic anions 

(Ramesh, Lu, et  al., 2012). They are classifed as aprotic ionic liquids and protic 

ionic liquids (Luo et al., 2012). The important properties of RTILS are low viscosity; 

recyclability; less fammability; minimum vapour pressure; low melting point; wider 

potential window; high ionic conductivity; mechanical, chemical and thermal stabil-

ity (Liew et al., 2012). The research interest in RTILS increased due to their ability to 

make PEs suitable for various applications like catalytic cracking and radical poly-

merisation of the polymers. The RTILS-based PEs are environmentally friendly and 

reduce the harmful gases released into the atmosphere (Jain et al., 2005). The merit 

of RTILS-based PEs are their extremely improved ionic conductivity. Whereas the 

drawbacks related to RTILS-based PEs are their not-so-good mechanical stability 

(Ramesh & Liew, 2012). 

5.6 PREPARATION METHODS 

The preparation of the desired PE for supercapacitor application is synthesised utilis-

ing various methods such as spin coating, solution cast technique, dip coating, melt 
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intercalation and hot press technique. Spin coating—the step involved in this method 

is the dropping of a small quantity of solution on a suitable substrate and placing 

the substrate on the spin coater to rotate at constant speed. The uniform layer of the 

solution is formed on the substrate. This method is more popular for less viscous 

mixture. Solution cast technique—this is the most widely practiced method for PE 

synthesis. The main reasons are its easy, fast and wide range thick (50–300 μm) 

PE fabrication.  Dip coating—this is the lowest-cost technique used to produce high 

uniform flm coated on either side of a substrate. It is a three-step process, namely 

immersion, deposition and drainages respectively.  Melt intercalation—this is a use-

ful method due to its environmental friendly and low-cost nature without requiring 

any solvent.  Hot press technique—the hot press technique is a cost-effective, easy 

method and a solvent free technique. 

5.6.1 CHARACTERISTICS OF THE TECHNIQUES 

Various characterisation methods are utilised for analysing the suitability of the 

prepared PE for supercapacitor application. The essential techniques used for PE 

characterisations are mentioned as follows: Field Emission Scanning Electron 
Microscopy (FESEM)—this is an essential microstructural and morphology analy-

sis technique for the polymer electrolyte. X-Ray Diffraction (XRD) —the structural 

structure of the prepared PE studied via XRD method. The parameters which can 

be determined using a XRD plot are d-spacing, inter chain separation, crystallite 

size and so on.  Fourier Transform Infrared spectroscopy (FTIR)—this is a useful 

technique to study the various interactions among different constituents present 

in the prepared PE. It also helps to determine the free ions’ contribution to the 

total ionic conductivity of the PE sample. The various transport parameters are 

also estimated via FTIR spectra. Differential Scanning Calorimetry (DSC)— the 

different transition in the polymer electrolyte with the change in the tempera-

ture is determined via DSC technique. Nuclear Magnetic Resonance imaging 
(NMR)—the ion dynamics and ionic conductivity via line-width of the NMR spec-

tra are determined for the prepared polymer electrolyte respectively.  Linear Sweep 
Voltammetry (LSV)—the decomposition voltage window of the prepared PE is 

evaluated via LSV technique. Thermogravimetric Analysis (TGA)—it is impor-

tant to check the thermal stability of the polymer electrolyte for the supercapaci-

tor application.  I-t characteristics (Transference Number)—the i-t characteristics 

techniques for the PE is used to analysis the ionic and electronic transference num-

ber of the polymer electrolyte. 

5.6.1.1 The Parameters to Evaluate Supercapacitor Applications 
The use of prepared polymer electrolyte for supercapacitor applications could be 

confrmed via calculating the following mentioned parameters. 

 The specifc capacitance measured in F g−1 of the fabricated cell determined from 

Nyquist plot of impedance spectroscopy: 

CEIS = 1 
( 5.1 )* . 4 f m Z2 3 1 * * * " 
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 Here, m in mg is the active mass of the electrode pasted on the current collector, f in 
Hz represents the frequency range applied using noting readings and  Z″ refers to the 
complex impedances measured in ohms. 

 The specifc capacitance calculated from cyclic voltammetry profle is given as: 

| I d* V
C ( 5.2 ) CV = 

2 m S V* * *

 Here | I d* V  refers to the area enclosed by CV curve, m is the mass loaded,  S is the 
scan rate applied and  V represents potential applied cell. 

The capacitance value is evaluated using galvanostatic charging/discharging 

curves using the equation: 

I t* 
CGCD = ( 5.3 ) 

m V*

 Here I, t, m and  V represent the current, discharging time, mass of the electrode and 

potential window of the cell under study. The specifc capacitance of the single elec-

trode is evaluated to be four times of the fabricated cell. 

The equivalent series resistance (ESR) of the fabricated cell could be determined 

from the GCD profle via equation indicated as follows: 

Vdrop
ESR = ( 5.4 ) 

2x I

 Here, Vdrop refers to voltage drop and  I is the applied discharge current. 
The energy, power density and coulombic retention of the cell is determined as 

2CV
E =  (Wh kg−1) ( 5.5 ) 

7 2. 

E *3600 
P =  (kW kg−1) ( 5.6 ) 

tdis 

t 
n = dis x100% ( 5.7 ) 

tch

 Here C, V, E, tdis and  tch refer to the specifc capacitance, potential window, energy 
density, discharge time and charging time, respectively. 

5.7 LATEST DEVELOPMENTS 

The target of safe and suitable supercapacitors is fulflled via preparing appropri-

ate polymer electrolyte. The selection of the perfect polymer electrolyte for a 
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supercapacitor depends on its properties such as low crystallinity, high ionic conduc-

tivity, and improved energy-cum-power-density. Next we discuss the recent f ndings 

of versatile polymer electrolytes for energy storage devices, specially supercapacitors. 

Zhao et al. ( Zhao et al., 2021b) prepared PVA-based cotton gel polymer electro-

lyte (Figure 5.4) which exhibited 1.6 V potential window along ionic conductivity 
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FIGURE 5.4 (a–d) Comparative cyclic voltammetry curves at different scan rates, (e) 

Nyquist plot of all samples, (f) variation of specifc capacitance with current densities, (g) 

capacitance retention of prepared samples. 

 Source: Reproduced with permission from Zhao et al. (2021b, Springer Nature); Z. 
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FIGURE 5.4 (Continued) 

of 28 × 10−3 S cm−1. The device fabricated using PVA-based electrolyte with a ratio 

of 8:5 along with dipping in KOH solution showed specifc capacitance of 160 F g−1 

at current density of 0.5 A g−1. The supercapacitor also exhibited energy density of 

12 Wh kg−1. Yanfang Xu, et al. (Xu et al., 2021) fabricated a supercapacitor device by 

employing polymer electrolyte of poly(vinylidene) along lithium trifate, and epoxy. 

The dip-coating technique was utilised to prepare the suitable polymer electrolyte. 

The device displayed specifc capacitance of 12 mF g−1 and high mechanical strength. 

The mechanical properties of the fabricated device were tested using cyclic loading 

and a quasi-static test respectively. The devices also presented the improved cyclic 

stability around 96% via a galvanostatic charging/discharging (GCD) test. Devi et al. 

(Devi et al., 2021) reported a polymer electrolyte based on a TiO 2 nanowire as nano-

fller incorporated in a polymer as host matrix. The electrolyte with 0.5 weight % 

of nanowire showed high ionic conductivity of order 10−5 S cm−1 along the potential 

window of approximately 5 V. The ion transference number of the flm was near to 

unity. The optimised polymer electrolyte was used to prepare a prototype superca-

pacitor device which demonstrated a specifc capacitance of 58 F g−1 at 10 mV s−1. 

The corresponding emerging and power density exhibited were 1.38 Wh kg−1 and 

0.709 kW kg−1. The Coulombic effciency of the device was maintained to 98% after 

500 GCD cycles respectively. Kumar et al. (Kumar et al., 2020) investigated BaTiO3 

(nanofller) incorporated polymer electrolyte. Increased electrical conductivity via 

addition of nanof ller was reported. The stable potential window was about 5 V for 

the optimised sample (PPS5). The optimised polymer electrolyte was used to make 

an EDLC device, which exhibited specifc capacitance of 134 F g−1 at a scan rate of 

10 mV s−1. The reported energy and power density of the device was 5.99 Wh Kg−1, 

and 27.03 kW kg−1 at current density 0.02 A g−1, respectively.  

Jianghe Liu et al. (Liu et al., 2021) synthesised a gel-polymer-based electrolyte of 

PVdF-HFP/EMITf/Al(Tf)3 materials (Figure 5.5). The flm prepared provided better 

ionic conductivity of value 1 × 10−3 S cm−1 along the stable potential window of 4.2 

V at ambient temperature. The supercapacitor device fabricated from the prepared 

electrolyte exhibited specifc capacitance of 323.9 F g−1 and showed cyclic stability 
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for 5000 GCD cycles respectively at room temperature. The device fabricated was 

fexible in nature and showed tolerance at low temperature and good performance 

under various harsh conditions. Kamboj et  al. (Kamboj et  al., 2021) reported the 

polymer electrolyte with ZrO 2 as nanofller in the PEO matrix via solution cast 

method. The confrmation of the polymer electrolyte was done via X-ray diffraction, 

Fourier transform infrared spectra and so on. The ionic conductivity of the reported 

electrolyte was around 3 × 10−4 S cm−1, which increased with the temperature. The 

stable potential window for the electrolyte was around 4 V and the ion transference 

number was near to unity. The optimised flm showed the highest dielectric constant 

and lowest relaxation time respectively. Further, the optimised electrolyte was uti-

lised to prepare a solid fexible ultracapacitor which exhibited specifc capacitance of 

value 42 F g−1 at scan rate 10 mV s−1. The energy and power density of the fabricated 

EDLC device were 13 Wh kg−1 and 2.8 kW kg−1 respectively. 

Shujahadeen B. Aziz et al. (Aziz, et al., 2021) investigated biodegradable polymer-

based electrolyte comprised of chitosan incorporated with ammonium thiocyanate 
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FIGURE 5.5 (a) Variation of ionic conductivities along temperature (inset is Nyquist plot) 

and (b) electrochemical stability windows of the PEAl-2 electrolyte membrane at different 

temperatures. Illustrations of (c) Electrolyte −1 LED demonstration and (d) Electrolyte −2 

used for LED glow at room temperature.

 Source: Reproduced with permission from Jianghe Liu et al. (2021 , Elsevier). 
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using the solution cast technique. The ionic conductivity of the electrolyte was found 

to be 9 × 10−4 S cm−1 with stable potential window 2 V. The evaluated ionic transfer-

ence number was equal to 0.95 and could be considered as a high ionic conductive 

system. The optimised flm was used to fabricate the EDLC device, which depicted 

specifc capacitance of 41 F g−1 at 50 mV s−1. The specifc energy and power den-

sity was determined to be 15 Wh kg−1 and 750 W kg−1. The equivalent series resis-

tance of the device was found to be in the range of 75–330 Ω. Mohamad A. Brza 

et al. (Brza et al., 2021) prepared poly(vinyl alcohol) (PVA)-based polymer electro-

lyte with nanof ller ammonium thiocyanate dispersed uniformly. The reported f lm 

displayed the ionic conductivity around 2 × 10−5 S cm−1 along the stable potential 

window 2 V. The parameters such as ions number density, mobility and diffusion 

coeffcient were incremented with more glycerol content. The synthesised polymer 

electrolyte was utilised to design an EDLC-type of supercapacitor. The parameters 

like specifc capacitance, energy density and power density were evaluated to be 

18 F g−1, 2 Wh kg−1 and 318 W kg−1 respectively. The cycling stability was tested for 

450 GCD cycles. Shujahadeen B. Aziz et al. (Aziz, Dannoun, et al., 2021) reported 

the glycerol-based polymer electrolyte which showed improved properties such 

as high ionic conductivity of 1 × 10−3 S cm−1 along potential window of 2 V. The 

supercapacitor build-up via using the prepared electrolyte-cum-separator exhibited 

specifc capacitance of 50 F g−1. The stability was cross checked using 500 GCD 

cycles. The calculated energy density of the EDLC device was about 6 Wh kg−1. The 

equivalent series resistance and power density of the device was found to be 63 Ω and 

1642 W kg−1 respectively. Maryam Hina et  al. (Hina et  al., 2021) investigated a  

hydrogel-polymer-based composite electrolyte of poly(acrylamide)/poly(3,4-eth 

ylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) system with sodium 

montmorillonite clay doped via the free radical polymerisation technique. The 

electrolyte showed improved ionic conductivity around 14 × 10−1 S cm−1 at ambient 

temperature. The prototype supercapacitor device designed using prepared f lm and 

carbon-based electrodes exhibited high electrochemical performances. The specif c 

capacitance, energy density and power density delivered by the device were 327 F g−1 

(at 3 mV s−1), 54 Wh kg−1 and 100 W kg−1 respectively. The fabricated device was 

further utilised to light up the light emitting diode (LED) respectively. 

Table 5.2  represents the comparison of electrochemical performance of the vari-

ous polymer-based electrolytes. 

5.8 CONCLUDING REMARKS 

Energy storage systems like supercapacitors are needed to fulfl society’s demand for 

solving the energy crisis. The polymer-based supercapacitor is one of the best options 

to replace the current aqueous electrolyte-based supercapacitors. The lightweight, 

fexibleness, high electrical and improved mechanical properties of polymer-based 

electrolytes make them in demand for supercapacitor applications. The current chap-

ter provides an overview of different supercapacitor components. It focuses on dif-

ferent polymer nanocomposite-based electrodes (carbon-based, and transition metal 

oxide-based) materials and summarises their performance parameters. A detailed 

discussion on different charge storage mechanisms (Faradic, non-Faradic) has been 
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TABLE.5.2 
Various Polymer Electrolytes and Their Supercapacitor Performance. 
Polymer Electrolyte Ionic Conductivity Specifi c Energy Density Power Density Capacitance retention Reference 

(S cm−1) Capacitance (F g−1) (Wh kg −1) (W kg−1) (%) 

 Cotton/PVA  28 × 10 −3 60 @ 0.5 A g −1  11.8 - 37.5 (Z.  Zhao et al., 2021 ) 

PVdF /LiTf/epoxy - 162 - - 96%  ( Xu et al., 2021 ) 

PEO/NaPF6 /BaTiO 3  2.61 × 10 −6  135.16 5.99 27.03 -  ( Kumar et al., 2020 ) 

@ 0.02 A g −1

 PVdF-HFP/EMITf/Al(Tf)3  1.6 × 10 −3  323 - -  67% @ 50,000 cycles  ( Liu et al., 2021 ) 

PEO-NaPF6 -ZrO2  2.9 × 10 −4  42 @10 mV/s 13 2.8 -  ( Kamboj et al., 2021 ) 

 PNC-TiO 2  10 −5 57.5 @ 10 mV/s 1.38 0.71 97.7% @ 500 cycles ( Devi et al., 2021 ) 

 Chitosan (CS) 8.5 × 10−4  41 @ 50 mV/s 15 750 -  ( Aziz, Nofal, et al., 

 Chitosan (CS)-NH 4 SCN 2021 ) 

 PVA−NH 4 SCN  1.82 × 10 −5  18.30 2.06 318  95.39% @ 200 cycles  ( Brza et al., 2021 ) 

Chitosan—methylcellulose— 1.31 × 10−4  50 6.97 1941  90% @ 500 cycles  ( Aziz, Dannoun, 

NH4 NO3 −glycerol et al., 2021 ) 

PVdF -HFP  7.8 × 10 −2  115 27 - -  ( Redda et al., 2021 ) 

 PEDOT: 13.7 × 10−3  385.4 53 100 -  ( Hina et al., 2021 ) 

PSS

Poly(arylene ether ketone) (PAEK)/ 2 × 10−2  134.38 - -  54% after 5000 cycles  (F.  Hu et al., 2021 ) 

 poly(ethylene glycol)-grafted 

 CNT f bers/polymer electrolyte 3.5 × 105  88 37.5 30  96% after 5000 cycles  ( Senokos et al., 2018 ) 

Carboxylated chitosan hydrogel 8.69 × 10−2  45.9 5.2 226.6 - (H.  Yang et al., 2019 ) 

 PVA—LiClO 4  - 114 1.9 150  94% after 5000 cycles  ( Le et al., 2019 ) 

Poly(vinyl alcohol) (PVA)-based gel 61.1 × 10−3  392.1 43.1 -  87.9% after 10000  ( Fan et al., 2020 ) 

polymer electrolyte cycles 

Poly(ethylene glycol) diglycidyl 2.41 × 10−3  19.8 - -  100% for 10,000 cycles  ( Lim et al., 2019 ) 

ether and hydrophobic bisphenol

Boron-containing GPE 5.1 × 10−3  - 27.62 6.91  91.2% after 5000 cycles  ( Jin et al., 2018 ) 

 CNF membrane - 625.6 21.7 1100  75.4% after 5000 cycles  ( Hou et al., 2019 ) 
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discussed. In brief, the different electrolytes used for supercapacitors are discussed 

in brief. Hence, polymer-based electrolytes have great potential for supercapacitor 

applications. 
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6. 1  INTRODUCTION 

In  the 21st century, energy shortages and environmental issues are major problems 

that are being faced worldwide and forces the researchers  to eliminator these issues 

by adopting latest technology. Efforts have been made by researchers to replace 

non-renewable sources of energy with renewable sources (T anwar et al. 2021) . The 

fi niteness of fossil fuels and major dependency on fossil fuels is also a key factor 

for environmental problems. This leads us towards the search for sustainable, clean, 

and eco-friendly sources of energy. A renewable energy source is a possible replace-

ment for fossil fuels. But the problem with renewable sources of energy is that they 

may not be there when needed, like solar energy on a cloudy day. Hence energy 
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storage devices like batteries, supercapacitors, superconducting magnetic energy 

storage, etc. play a crucial role in fulflling our energy demands. In the current sce-

nario, if structured and proftable energy storage devices are put into practice, they 

can be very benefcial to the power world (Arya and Sharma 2020). Among vari-

ous energy storage options available, chemical energy storage devices like batteries, 

supercapacitors, fuel cells, etc. are very important due to their enhanced properties. 

As compared to electrostatic capacitors which come up with high power density for 

a short period, and fuel cells which come up with high-energy density for a long 

time, batteries are perfect candidates for f lling the gap between the two, providing 

balanced energy and power density (Arya and Sharma 2019). Batteries are of two 

types: primary and secondary. Secondary batteries are preferred over primary bat-

teries as after getting discharged they can be recharged again and again and hence 

can be used for a long period, while primary batteries can only be used once. Over 

many secondary batteries available, Li-ion batteries (LIBs) are of prominent use as 

they have high power density, high storage capability, better leakage current, con-

stant voltage, cost-effectiveness, etc., making them the most favorable contender 

for energy storage. Nowadays, lithium-ion batteries have various uses in different 

felds such as plug-in hybrid electric vehicles, clean personal transportation, power 

tools, smartphones, medical feld, etc. (Nayak et al. 2022). Figure 6.1 represents the 

use of lithium-ion batteries in different felds. Continuous efforts from worldwide 

researchers and scientists have encouraged the development in Li-ion batteries. In 

recent years the different components of batteries such as electrodes, separators, and 

electrolytes have seen rapid progress. Out of various components of Li-ion batter-

ies, the present chapter will mainly throw light on the role of polymer electrolytes 

(D.  Zhou et al. 2019). Additionally, the history of Li-ion battery components and 

FIGURE 6.1 Application of Li-ion batteries in different f elds. 
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working mechanisms is discussed briefy. Performance parameters are key factors 

for polymer electrolytes in Li-ion batteries. So, key performance parameters related 

to polymer electrolytes with their importance are discussed in the present chapter. 

Overall, this chapter explores the major advancements in the area of polymer com-

posites for Li-ion batteries. The polymer electrolyte (PE) plays an important role in 

ion relocation between electrodes in a Li-ion battery. Therefore, polymer electrolytes 

are an interesting prospect that fulfls needs because of their superior electrochemi-

cal performances and mechanical properties. Based on the recent developments, we 

have also shone light on strategies adopted to alter the properties of polymer com-

posites for future development. 

6.1.1 A BRIEF HISTORY OF LI-ION BATTERIES 

Electricity is an omnipresent product, and life, as we are fully aware, is very hard 

to imagine without a convenient power supply (Yabuuchi et al. 2011). In recharge-

able batteries, Li-ion battery is a kind of battery in which ions move back and forth 

across an electrolyte from anode to cathode and cathode to anode during discharg-

ing and charging respectively ( Zhang et al. 2015). The different lithium compounds 

are used in Li-ion batteries as cathode materials, and as an anode material gener-

ally, graphite is used. Originally, in 1985 Akira Yoshino evolved Li-ion batteries on 

the basis of research performed in the 1970–1980s by John Goodenough, M. Stanley 

Whittingham, Koichi Mizushima, and Rachid Yazami (Institute of Electrical and 

Electronics Engineers 2016; Masaki Yoshio 2009). In 1991, a spark ignited in the f eld 

of Li-ion batteries with the introduction of a commercial Li-ion battery by a team of 

Sony and Asahi Kasei assisted by Yoshio Nishi. Development in the Li-ion battery is 

shown in Figure 6.2. In today’s scenario portable devices are widely used in day-to-day 

life. For that, there is a need for cheaper, smaller, and lighter portable devices that can 

FIGURE 6.2 Development in Li-ion batteries. 
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be used with conf dence. Lithium-ion batteries are very good candidates for fulf lling 

the requirements due to their high working voltage, good cyclability, and higher energy 

density (Arya and Sharma 2017). Intensive research continues by researchers for the 

betterment of Li-ion batteries. So, there is much expectation for the improvement in 

properties of Li-ion batteries. The Nobel Prize in Chemistry 2019 was awarded to John 

B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for the development 

of the lightweight, rechargeable and powerful Li-ion battery. This invention was also 

recognized as foundation stone for the traditional fuels free community. 

6.1.2  COMPONENTS AND WORKING MECHANISM OF LI-ION BATTERIES 

Lithium-ion batteries have provided breakthrough electrochemical cell technology 

for industry as well as for consumption, where size, weight, and safety are the navi-

gating factors. A battery is made up of two electrodes (positive and negative), an 

electrolyte, and a separator. In a battery, the electrodes are dipped in an electrolyte 

which supplies a way for ion migration and a separator. The major components of a 

Li-ion battery are mentioned here: 

1. Anode (negative electrode) 

2. Cathode (positive electrode) 

3. Electrolyte 

4. Separator 

The cathode is normally an electron acceptor with high electronegativity. Figure 6.3 

shows the charging and discharging of a battery. During discharging, a negative 
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FIGURE 6.3 Charging and discharging mechanisms of Li-ion batteries. 

 Source: Reproduced with permission from Gulzar et al. (2016 , Copyright Royal Society of Chemistry 

2016). 
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electrode electrochemically oxidizes and releases electrons which reach the anode 

through the external circuit. During charging, the movement of Li ions is from cath-

ode to anode through electrolyte which causes oxidation of the metal present in the 

cathode material. The role of electrolytes is to conduct ions in a battery. The sepa-

rator separates the electrodes, stopping them from connecting and causing short-

circuiting. There is a type of electrolyte known as polymer electrolyte which has 

been developed to enhance the properties of batteries, as they themselves work as a 

separator resulting in decreasing the size and weight of the battery. In a lithium-ion 

battery, polymer electrolyte performs two things: the frst is to conduct ions effec-

tively and the other is electrodes separation to get rid of short-circuiting. Material 

can be defned as a polymer electrolyte if the system is free from liquid. In it, the 

conduction is done by dissolving salts in a heavy molecular weight matrix of poly-

mer which is in polar form. 

High-performance electrolytes have been a huge reason in the success of lithium-

ion batteries due to their excellent property of mediating ion movement between 

cathode and anode. Replacement of traditional liquid electrolytes with polymer 

electrolytes in Li-ion batteries has been a very encouraging method for safety, per-

formance, etc. Various properties of polymer electrolytes make them benef cial can-

didates over conventional liquid electrolytes. Batteries having polymer electrolytes 

are easy to fabricate, have a long life span, low cost, and are non-toxic. There is no 

internal shorting in such devices. Dendrite growth is also suppressed and there is no 

leakage problem in Li-ion batteries which use polymer electrolytes for the movement 

of ions. Polymer electrolytes have many benefts over conventional electrolytes like 

high-energy density, solvent-free environment, high ionic conductivity, low volatil-

ity, electrochemically stability, and light-weight. 

6.2  KEY PERFORMANCE PARAMETERS OF 
POLYMER ELECTROLYTES 

Li-ion batteries are so far commanding the market, from electrical equipment to 

automobiles (Niu et al. 2021). Hence the electrolyte must be a good insulator for the 

proper movement of the electron through the outer circuit. Mutilation of the electro-

lyte may hamper the safety and thus make it hard to manufacture. Therefore, the sur-

roundings for operation, thermal stability, consistency between battery components, 

and overcharging need particular observation as they determine safety and perfor-

mance of battery (Tomaszewska et al. 2019). Hence structural stability of polymer 

electrolytes comes out to be the main element in Li-ion batteries because it plays an 

important part in the movement of ions. 

6.2.1 IONIC CONDUCTIVITY 

A crucial parameter on which performance of a battery is heavily dependent is 

its ionic conductivity. In polymer electrolytes generally, cations are movable with 

respect to anions. In upgrading the ionic conductivity of lithium-ion batteries, the 

role of polymer electrolyte is very critical because it provides the medium for the 

motion of ions in between electrodes (Zhao et al. 2019). The choice of a perfect  
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polymer electrolyte can provide enhanced ionic conductivity to a Li-ion battery, suc-

ceeded by a high Li-ion transference number, guiding to a decrease in concentra-

tion gradients, and obstructing growth of dendrite (Dias et al. 2000). Impedance  

spectroscopy technique is preferred for the estimation of ionic conductivity. The IS 

technique is performed in a range of frequency of 1 Hz to 1 MHz. In this technique 

the polymer electrolyte is kept between stainless-steel (SS) electrodes and a ac sig-

nal (10-20 mV) is passed across the cell. The ionic conductivity is calculated by this 

equation: 

l
σ= ( 6.1 ) 

R Ab

 where l is thickness of polymer f lm, A stands for area of SS electrode, and Rb repre-

sents bulk resistance. 

6.2.2 CHEMICAL COMPATIBILITY 

Chemical compatibility is another parameter that has an effect on the Li-ion battery 

performance. The electrodes and electrolyte should be chemically stable. It can be 

explained as the equilibrium between chemical, physical and electrochemical prop-

erties of electrodes and electrolyte. For chemical compatibility, the material must 

have no disadvantageous consequence on the paired part or shape of the battery. 

6.2.3 COULOMBIC EFFICIENCY 

In the capacity calibration experiment, due to consumption for discharge process, the 

capacity released by battery is not as much as its charging capacity. The Coulombic 

effciency (CE) is defned to narrate the capacity let out by the battery. Coulombic eff -

ciency is the ratio of capacity of discharge after getting fully charged to the capacity 

of charging of the same cycle. Its value is never to reach one. The reason behind this 

is that some electric discharge energy is used by internal resistance of the battery and 

hence total electric energy liberated by the battery is lower than total charged electric 

energy. The discharge effciency of the battery can be damaged because of decom-

position of electrolytes, atmospheric temperature, unlike rates of charge-discharge 

current. The Coulombic effciency is calculated by the following formula: 

Ccharging
 Coulombic effciency (%) =  × 100 (6.2) 

Cdischarging 

6.2.4 CAPACITY RETENTION 

Capacity retention has been utilized like a medium of long-term cycle life in a 

lithium-ion battery. Capacity retention is always explained in connection to initial 

discharge capacity. In defning long life of real devices, retention capacity is very 

helpful. Basically, it represents how long the device will work effciently. It is the 

ratio of discharge capacity after ‘n’ cycles to the initial discharge capacity (Dias 

et al. 2000). 
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6.2.5 ELECTROCHEMICAL POTENTIAL WINDOW 

A potential window is a potential range in which the material and electrolyte are 

stable. The potential window depends on the material and electrolyte. The potential 

window material is gained by slow cyclic voltammetry (CV) and linear sweep voltam-

metry (LSV) measurement. The range between hydrogen and oxygen evolution is the 

potential window of your material. Cyclic voltammetry (CV) is a very common and 

well-known method used to look over the redox process occurring in the material. 

The purpose is to fnd out the degradation potential upon which the material would 

oxidize or reduce (Méry et al. 2021). Linear sweep voltammetry (LSV) is a simple 

electrochemical technique used to obtain electrochemical stability window (ESW). 

In CV the cycle depends linearly over potential range in both directions, while LSV 

includes only single direction. 

6.2.6 CATION TRANSFERENCE NUMBER 

The differentiation of current carrier species is very crucial in ion-conducting solids 

because electrons and ions both participate in conduction in a conductor. With the 

help of ion transference number technique, the involvement of ions and electrons 

from the overall charge can be distinguished. The cation transference number (t+) 
is obtained to extract details regarding the transportation of ions and relates it with 

ionic conductivity. Cation transference number  t+ is +1 for an ideal polymer electro-

lyte. Mainly t+ is determined by two techniques: a.c. impedance and d.c. polariza-

tion. The Bruce-Vincent equation is used to express cation transference number, and 

is def ned as: 

I V  I- R 
+ s ( i i )

tLi = ( 6.3 ) 
I V  I R( - s s )i

 where Is and  Ii represent steady state and initial currents respectively,  V stands for 
applied voltage along cell confguration, and  Rs and  Ri indicate interfacial resistance 

after and before polarization respectively.  Figure 6.4  represents the main character-

istics of a good polymer electrolyte. 

6.3  PROGRESSION OF ELECTROLYTES IN 
LITHIUM-ION BATTERIES 

Nowadays liquid organic electrolytes are found in commercially used lithium-ion 

batteries, which display remarkable superiority of high conductivity and mag-

nifcent coordination with surfaces of the electrode. There are many drawbacks  

faced by liquid electrolytes such as electrochemical uncertainty, incapability of  

ion refnement, etc., which are overcome by polymer electrolytes. In the advance-

ment process, gel polymer electrolytes (GPEs) can provide a physical barrier that 

prevents cathodes and anodes from coming in contact and also restricts thermal 

explosion; therefore GPEs are safer and heat resistive in comparison to liquid elec-

trolytes. The problems with liquid electrolytes were not completely rectif ed by 

GPE; hence solid polymer electrolytes were introduced with advance features. 
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FIGURE 6.4 Desired properties of polymer electrolyte for high-energy Li-ion batteries. 

Solid polymer electrolytes can constrain the dendrite formation from happen-

ing in GPE, making it possible to use lithium metal anodes. Regardless of their 

remarkable upper hand, there is room for improvement in some specifc areas like 

low ionic conductivity and poor interface exposure. A large number of studies 

are being organized to overcome the shortcomings and advance new generations 

of solid-state LIBs. For commercialization purpose, solid electrolytes need good 

ionic conductivity, promising mechanical properties, and excellent accommoda-

tion frmness with electrodes as basic requirements (Wang et al. 2017). In lith-

ium-ion batteries, liquid polymer electrolytes, gel polymer electrolytes, and solid 

polymer electrolytes are broadly studied. 

6.3.1 LIQUID POLYMER ELECTROLYTES (LPES) 

Liquid electrolytes are made up of at least one Li salt dissolved in some liquid non-

aqueous polar solvent along with a separator to restrict short-circuiting. Liquid elec-

trolytes acquire appealing characteristics like high ionic conductivity, relatively high 

electrochemical windows, etc. (Cheon et al. 2003;  Fergus 2010). 

6.3.2 GEL POLYMER ELECTROLYTES (GPES) 

GPEs are electrolytes formed by incorporation of organic solvents with a solid poly-

mer matrix and dissolved Li salt (Cheon et al. 2003). The gel polymer electrolytes 

were introduced to overcome the electrolyte leakage problems in liquid polymer 



 

   

 

   

 

  

 

 

  

  

 

   

  

  

 

 

  

 

 

  

    

 

   

 

157 Composites for Lithium-Ion Batteries 

electrolytes. The GPEs exhibit various improved properties like good ionic conduc-

tivity, wide electrochemical stability windows and are compatible with electrodes 

because of increased ionic mobility. GPEs carry good mechanical strength and dif-

fusive properties of solids (Kim et al. 2007). 

6.3.3 SOLID POLYMER ELECTROLYTES (SPES) 

SPEs have many benefts over LPEs and GPEs due to properties like high longevity, 

long life span, high-energy density, light weight, low reactivity towards electrodes. 

It gets rid of numerous diff culties generated by liquid electrolytes such as leakage 

problems and gets rid of the dendrite formation in gel polymer electrolyte. SPEs 

consist of dissolution of salt in a polymer matrix with an electron donor group and 

have advantages like design fexibility, improved safety, etc., and have advanced 

conductivity and stability properties under an atmospheric environment ( Zhang 

et al. 2007). Sometimes required parameters are not obtained based on design, so 

different plans of action are advanced towards, including the unifcation of inor-

ganic fller into solid polymer electrolyte matrix—called composite SPE (Arya et al. 

2016). Further, solid polymer electrolytes also prevent the problem of dendrite 

formation. Concerning liquid electrolyte, solid electrolyte deals better with safety 

issues in the lithium-ion battery (Laghari et al. 2020). Hence, SPEs are proposed 

for a new generation of safe and less weighted energy storage devices (Fergus 2010; 

Laghari et al. 2020). SPEs are a favorite nowadays due to their ability to replace 

aqueous electrolytes. 

6.4  PROGRESS IN POLYMER COMPOSITES 
FOR LITHIUM-ION BATTERIES 

The development of polymer electrolytes has achieved rapid progress in recent years, 

because the performance of Li-ion batteries heavily depends upon polymer elec-

trolytes. Various attempts have been done by researchers to modify the key per-

formance parameters of polymer electrolytes. So, this section discusses the recent 

progress in different kinds of polymer electrolytes, on the basis of electrochemical 

performances like IS results, CV results, GCD results, coulombic eff ciency, reten-

tion capacity, ion transference number, etc. The recent progress in different polymer 

electrolytes is discussed in a sequence of liquid polymer electrolyte, gel polymer 

electrolyte, and then solid polymer electrolyte. 

6.4.1  EIS RESULTS 

In recent years electrochemical impedance spectroscopy (EIS) have seen an 

increase in popularity. By this characterization method, we can f nd ionic conduc-

tivity of the polymer electrolytes. The recent advancement in ionic conductivity of 

the various kinds of polymer electrolytes are discussed next: 

In 2019 Tsao et al. (Tsao et al. 2019) reported the synthesis of liquid incorpo-

rated hybrid membranes which behave as a polymer and separator at the same 

time via sol-gel process. This ionic liquid functionalized mixed PE provides good 
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ionic conductivity. In the synthesis of PE, frst polyetheramine, IL-silane, and 

Glycidoxypropyl-trimethoxysilane were mixed and stirred vigorously for about 24 

h. After that in sol-gel reaction different weight ratios 1:1:9 of acetic acid, metha-

nol, DI water solution were added in silane mixture. Then, polymer membrane was 

fabricated by the solution cast technique. The prepared samples were mixed with 

1.0M LiPF6 in EC/DEC (1/1 v/v) liquid electrolyte to prepare PE. The EIS measure-

ment of prepared PE was done on a CH instrument to calculate ionic conductivity 

by assembling it between SS electrodes. For EIS calculation the measurements were 

taken in the frequency range of 0.1 Hz to 1 MHz at a voltage range of 10 mV. The 

ionic conductivities of 9.4 × 10−3 S cm−1 and 6 × 10−3 S cm−1 were recorded at 80 °C 

and room temperature respectively by the prepared polymer electrolyte. The higher 

conductivity indicates that the ionized group plays a crucial part in the betterment of 

the ion transport properties. 

In 2022, Wang et al. (Wang et al. 2021) synthesized trimethylolpropane tri-

methylacrylate (TMPTMA)-based polymer electrolyte with help of LiTFSI, DMC, 

and ionic liquid N1,4,4,4TFSI by in situ polymerization method. The N1,4,4,4 TFSI was 

used due to its excellent capability to increase ion transportation by dissociating 

Li ions and their solid properties, therefore decreasing the ohmic resistance. The 

high dielectric constant of N1,4,4,4TFSI was mainly responsible for increased ionic 

conductivity. Polymer electrolyte with 10% of ionic liquid showed the highest 

ionic conductivity of 6.15 × 10−3 S cm−1. Approximate non-linear behavior of graph 

was plotted between log  σ vs. T−1, putting forward that GPE followed the Vogel-
Tamman-Fulcher (VTF) empirical equation 

σ= σo T −1/2 exp (Ea/R (T −T 0)) ( 6.4 )

 Here σo stands for pre-exponential factor,  T for temperature, T0 glass transition tem-

perature,  Ea activation energy, and  R gas constant. 
In 2019, Tan et al. (Tan et al. 2019) synthesized the GPEs made up of poly-

acrylonitrile/thermoplastic polyurethane/polystyrene (PAN/TPU/PS). To prepare 

the solution, different quantities of TPU, PS, PAN (5:1:5) were dissolved in DMF. 

For mixing, the solution was stirred at 60 °C for 12 h, and then it was carried into 

electro-spun with a syringe with a 0.5 mLh −1 rate of fow. A potential difference 

of 24 kV was maintained across the nozzle tip. The dried flms were saturated 

in 1 mol L−1 LiPF6-EC/DMC electrolyte to make it GPE in a glove box in an 

argon atmosphere. Afterward, these were used to assemble button cells. On per-

forming EIS of prepared samples of PAN/TPU/PS GPE had the bulk resistance 

(Rb) of only 1.76 Ω, and ionic conductivity of 4.24 × 10−3 was obtained as shown 

in Figure 6.5b. Due to higher electrolyte uptake of electrolyte and porosity of 

flm, the conductivity heavily depends on more amount of Li-ion concentration. 

82% of porosity was calculated and uptake behavior 31.5%. High porosity and  

high uptake behavior was the reason for high conductivity of prepared GPE. In 

2021, Jiang et al. (Jiang et al. 2021) prepared thermoplastic polyurethane (TPU) 

polymer electrolyte based on hydrophilic-lipophilic TiO 2. The TPU electrolyte 

incorporated with TiO2 nanoparticles was fabricated by phase separation technol-

ogy. As discussed earlier suffcient electrolyte uptake is a very important factor 
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for increasing ionic conductivity. The ATP-TPU membrane could soak up more 

electrolyte than the PP membrane due to its enlarged surface area. The ATO-TPU 

membrane has an electrolyte absorbance of 259% which is much higher than the 

PP separator (72%). Due to these properties of ATO-TPU GPE, the ionic con-

ductivity was recorded to be 1.59 × 10−3, as shown in Figure 6.5d. Low crystal-

lization is favorable for enhancing the ionic conductivity of polymer electrolytes 

(Solarajan et al. 2016). 

In 2021, Zhang et al. ( Zhang et al. 2021) prepared porous PVdF-HFP-PEO-

SiO2 gel polymer electrolyte through the universal immersion precipitation 

method. A very useful EIS technique was used for the calculation of ionic con-

ductivity. GPE based on PVdF-HFP showed better ionic conductivity than the  

Celgard 2325 separator which has the property of absorbing liquid electrolyte. 

The ionic conductivities of 2.46 × 10−4 S cm−1, 1.12 × 10−3 S cm−1 and 4.33 × 

10−5 S cm−1 were measured for pure PVdF-HFP, PVdF-HFP-PEO-SiO2 GPE and 

Celgard 2325 separator. There were the following reasons for the improvement 

of ionic conductivity. First, the high electronegativity of the fuorine atom of 

PVdF-HFP makes it easier for Li ions to move in the amorphous region. Another 

reason is, in comparison to empty orbitals of the lithium atom electron, the PEO 

has a segment of a function group having oxygen with excess electrons. Thus, it 

becomes easy for lithium ions to coordinate with ether oxygen functional groups 

(Cui et al. 2014; Fang et al. 2021). Third, an increase in electrolyte absorbance 

ratio was due to the high porous nature and good pore interconnectivity of 

PVdF-HFP-PEO-SiO2. 

In 2021 Whba et al. (Whba et al. 2021) reported the synthesis of acrylonitrile 

grafted epoxidized natural rubber (CAN-g-ENR) with LITFSI salt via UV curing 

technique. The maximum conductivity of CAN-g-ENR was reported to be 1.1 × 

10−6  S cm−1 with 40% wt of LiTFSI and thereafter decreases as shown in Figure 6.5a. 

The increase in conductivity in electrolytes with salt content indicates an increasing 

number of charge carriers (Lee et al. 2019). In 2019, Borzutzki et al. (Borzutzki et al. 

2019) synthesized single ion conducting gel polymer electrolyte based on polysul-

fonamide along with PVdF-HFP in a 3:1 ratio. At different temperatures 20 °C and 

60 °C, the ionic conductivity of 0.5 × 10−3 S cm−1 and 1.08 × 10−3 S cm−1 respec-

tively were achieved for polymer electrolyte membrane (1:3), which are amongst the 

highest values achieved by PVdF-HFP and polysulfonamide-based single Li-ion PEs 

( Zhang et al. 2014). Li et al. (2022) prepared an SPE by constructing a dual-range 

ionic conduction path at ambient temperature. They blended polymer with EO and 

PO block structure (B-PEG@DMC) with PEO to improve the conductivity of SPE. 

The ionic conductivity was recorded at 1.1 × 10−5 and 2.3 × 10−5 S cm-1 before and 

after blending respectively. 

In 2020 Li et al. (Li et al. 2020) synthesized SPE in the presence of photoinitiator 

under UV irradiation comprised of different molecular weights of PEGDA and boric 

easter bonds by photopolymerization. Improved conductivity was shown by boronic 

ester bonds containing covalently cross-linked polymer-stabilized electrolyte. EIS 

technique was used for calculating ionic conductivity of polymer electrolytes. With 

5:5 and 5:4 mass ratio of diGMPA to BA, the polymer electrolyte P(n-BA)-diGMPA 

delivered very less ionic conductivity of 9.5 × 10−6 S cm−1 and 5.7 × 10−6 S cm−1 
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respectively which are a lot less for the practical application. Again, the ionic con-

ductivity of P2K-diGMPA electrolyte with different components was plotted at 

60 °C. The highest calculated ionic conductivity was 2.4 × 10−4 S cm−1 at 60 °C  

when PEGDA and diGMPA were combined with 3:5 mass ratio. In 2021 Cao et al. 

(Cao et al. 2021) fabricated an imine bond based on a new type of self-healing poly-

mer electrolyte, solid polymer electrolyte (ShSPE). The ShSPE was synthesized by 

changing amounts of polyoxyethylene bis (amine) and terephthaladehyde by an easy 

Schiff base reaction. At 60 °C, the ShSPE with maximum amount of NH2 -PEG-NH2 

delivered highest ionic conductivity of 1.67 × 10−4 S cm−1. It is clear that the con-

ductivity highly depends on PEG concentration for salt dissociation capacity of the 

ethylene group. Meantime, the ionic conductivity is also affected by the lithium ion 

per ethylene oxide units present in the polymer matrix. 

In 2021 Chen et al. (Chen et al. 2021) prepared semi-IPN SPE by thiol-tosylate 

polycondensation of pentaerythritol terakis (3-mercaptopropionate) (PETMP) with 

non-self-polymerized precursors, DTsPEG and TsPEGME, and then blended with 

PEO. Among all fabricated membrane SPEs, self-standing SIS 4k,5k prepared from 

the DTsPEG46=k and TsPEGME5k possessed the highest ionic conductivity of value 

σ = 1.3 × 10−4 S cm−1. It is observed that ionic conductivity is increasing with an 

increase in temperature thereby following VTF relation. 

In 2021 Didwal et al. (Didwal et al. 2021) demonstrated the synthesis of solid 

polymer electrolyte (SPE) having mesoporous silica nanoparticles (MSN) as the 

fller and incorporated with poly(propylene carbonate) (PPC) as the host matrix. 

Different samples of CSPE were prepared with different amounts of MSN f ller and 

their ionic conductivity was calculated. 4 wt% of MSN fller demonstrated the high-

est ionic conductivity of 8.48 × 10−4 S cm−1. 

In 2021 Hu et al. (Hu et al. 2021) demonstrated the fabrication of SPE with the 

function of single ion conduction by multi-nozzle electrospinning process and there-

after hot pressed treatment was given to it. The ionic conductivity of prepared SPE 

was increased to 5.4 × 10−5 S cm−1 by the introduction of hydrophilic and hydropho-

bic silica (SiO2) which encourages dissociation of Li ions by decreasing the crystal 

behavior of PEO. 

In 2021 Kalybekkyzy et al. (Kalybekkyzy et al. 2021) prepared a series of 

UV-photocross-linked fexible SPEs comprising PEGDA, ETPTA, and LITFSI salt, 

with the addition of polydimethylsiloxane with acryl-PDMS to reduce the crystallin-

ity of the PEG chain. The conductivity of cross-linked SPE with a high salt amount 

([EO]/[Li+] = 6) was 1.75 × 10−6 S cm−1 at room temperature and 1.07 × 10−4 S cm−1 

at 80 °C. In 2021 Karpagavel et al. (Karpagavel et al. 2021) prepared SPE consist-

ing LiBr salt dispersed with PVdF-HFP/PVP blend polymer electrolyte by solution 

casting technique. Figure 6.5c shows the frequency-dependent conductivity spectra 

of SPE at various temperatures. The highest conductivity of 1.13 × 10−6 S cm−1 was 

recorded for 4 wt% of lithium bromide salt. 

In 2021, Li et al. (Li et al. 2021) synthesized SPE with the help of PVdF and cel-

lulose acetate as matrix and fller in the form of montmorillonite was used. The ionic 

conductivity of solid polymer electrolyte flm was 3.40 × 10−4 S cm−1. It was seen that 

with the increase in the concentration of MMT the ionic conductivity f rst increased 

and then decreased. 
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FIGURE 6.5 EIS results of (a) CAN-g-ENR PE; (b) PAN/TPU/PS GPE; (c) LiBr dopped PVdF-HFP/PVP blend PE; (d) ATO-TPU GPE.

   Source: (a) Reproduced with permission from Whba et al. (2021 , Copyright Elsevier 2021. (b) Reproduced with permission from Tan et al. (2019 , Copyright Springer 

Nature 2019). (c) Reproduced with permission from Karpagavel et al. (2021 , Copyright Springer Nature 2021). (d) Reproduced with permission from  Jiang et al. (2021 , 

Copyright Springer Nature 2020). 
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6.4.2 ELECTROCHEMICAL POTENTIAL WINDOW 

Electrochemical stability/potential window is a very important factor which mea-

sures the safe limit for battery operation. To check the decomposition behavior of 

polymer electrolyte, the LSV technique is performed. Some recent ESW measure-

ments of polymer electrolytes are discussed next. 

In 2018 Gupta et al. (Gupta et al. 2018) prepared liquid polymer electrolyte with 

PEO+ 20 wt% LITFSI + 20 wt% ionic liquid by solution casting technique. A cath-

ode material LiNi0.6MN0.2Co0.2O2 was also synthesized along with this polymer elec-

trolyte. LSV of the prepared sample was taken at a scan rate of 0.05 mVs −1. From 

the LSV curve it is concluded that the electrochemical stable window of prepared 

electrolyte was 4.3V vs. Li+/Li as shown in Figure 6.7d. The electrochemical reaction 

involved during the charging and discharging process was observed with the help 

of CV technique. The CV was carried out in voltage range 2.4–4.3V with scan rate 

of 0.05 mV s−1. The redox peaks of prepared PE were observed at 3.3V and 3.9V as 

shown in Figure 6.6d. 

In 2021 Zhou et al. ( Zhou et al. 2021) examined polymer electrolyte f lm consist-

ing of PVdF as a polymer, SPI and MMT inorganic fller as additive group. The Li/ 

SPE/LFP half-cell was fabricated and the CV was taken in 2.6–4.5 voltage range 

at scanning speed of 0.5mVs−1. Figure 6.6a  suggests that the reduction peak of pre-

pared cell was obtained at 2.91V vs. Li/Li+ during the discharging process and oxi-

dation peak is observed at 3.94V vs. Li/Li+ during the charging process. Figure 6.7b 

represents the LSV curve suggesting the electrochemical potential window of 5.1 V 

at 25  °C suggesting very steady electrochemical properties. In 2020 Srivastava et  

al. (Srivastava et al. 2020) prepared gel polymer electrolyte with the help of PVdF-

HFP+PMMA with varying mass of EMIMTFSI and 20 wt% of LITFSI by solution 

casting technique. The electrochemical performance was performed using lithium 

rich nickel manganese cobalt oxide cathode and graphite anode. The CV curve of the 

cell indicates that at room temperature the reduction took place at −0.40V and oxi-

dation at 0.40V vs. Li/Li+ as shown in Figure 6.6b. In 2021 Wang et al. (Wang et al. 

2021) reported the synthesis of prepared a solid polymer electrolyte with a property of 

healing by itself with the help of poly(HFBM-co-SBMA) network, ionic liquid based 

on imidazole (EMI-TFSI), and LiTFSI salt. The self-healing SPE exhibited a satis-

fying electrochemical potential window of 4.9V vs. Li/Li+ which is quite appealing 

for a safer Li-ion battery. In 2021 Sadiq et al. (Sadiq et al. 2021) examined blend PE 

f lm based on PVA-PEG with dopant NaNO3 salt by solution casting technique. The 

cyclic voltammetry (CV) of the samples was examined for three cycles at a scan rate 

of 0.01mVs−1 in −3V to +3V voltage range as shown in Figure 6.6c. Also, the linear 

sweep voltammetry (LSV) measurements were taken at a scan rate of 0.01 mVs−1 in a 

voltage range between −3V to +3V to measure the electrochemical stability window 

of prepared PE flms. The prepared PB30 flm showed an ESW of 3.9V. 

In 2022 Guo et al. (Guo et al. 2022) used the solvent voltilization method for 

synthesis of PE of PVdF-HFP/PMMA/CMC. The LSV technique was used for con-

frming the electrochemical stability window of GPE at a scan rate of 5mVs−1 in a 

range of 0 to 6 V vs. Li/Li+. The electrochemical stability of 4.8, 4.5, 4.6 V were 

observed for PVdF-HFP/PMMA/CMC, PP, PVdF-HFP/PMMA respectively. The 
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results show that PVdF-HFP/PMMA/CMC is very compatible with carbonate elec-

trolyte. High electrochemical stability was attained by the addition of CMC. The 

optimized ESW concludes PE for commercial application for high-energy LIBs. In 

2022 Gao et al. (Gao et al. 2022) reported the synthesis of polyurethane/cellulose 

PE by facile immersion approach. The prepared samples were marked as C-PU18, 

C-PU20, C-PU22, C-PU26, and C-Pu29. The electrochemical stability window of

C-PU electrolyte was measured by LSV technique using Li/SS cells. The C-PU18

and C-PU29 exhibited electrochemical stability of approximately 4.8 V, concluding

these PE can be applied for high-energy and -voltage batteries.

In 2021 Guo et al. (Guo et al. 2021) reported the synthesis of GPE having PEG elec-

trolyte including TEP and nano-TiO2 with dual acceleration conduction mechanism 

for LIBs. Better results of electrochemical stability were achieved with involvement 

of nano-TiO2 and TEP. For the LSV scan the polymer electrolyte was sandwiched 

between working electrodes of stainless steel. For PEG-TEP, PEG-TiO 2 a satisfying 

electrochemical stability window of 5.18 V, 4.55 V respectively was achieved. The 

electrochemical potential window of PEG-TEP-TiO 2 GPE was 5.32 V vs. Li
+ /Li. 

In 2020 Jie et al. (Jie et al. 2020) fabricated NPH-GPE based on PVdF-HFP with 

a cautious electrolyte. Cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) techniques for assembled SS/GPE/Li cell were used at 0.1mVs−1 to obtain 

electrochemical stability window. CV was performed from −0.2 to 2.5 V and LSV 

from 2.5–6 V. At room temperature electrochemical stability window of 5.15 V was 

observed for NPH-GPE and at 70 °C 5.2 V ESW was observed. In 2019 Tan et al. 

(Tan et al. 2019) fabricated and synthesized high-performance GPE made up of PAN/ 

TPU/PS. The LSV technique was performed to study the electrochemical stability 

window (ESW). The electrochemical stability window of PAN/TPU/PS came out to 

be 5.8 V. The higher electrochemical stability makes polymer membrane a perfect 

candidate for use in higher voltage cathode materials and high-performance batter-

ies. In 2019 Prasanna et al. (Sai Prasanna and Austin Suthanthiraraj 2019) prepared 

nanocomposite gel polymer electrolyte with nanof ller Al2O3, TiO 2 PVC/PEMA-

based blend GPE plasticized with Zn(OTf2) salt and EMIMTFSI ionic liquid. The 

LSV studies of prepared GPE were carried out in a three-electrode system to f nd 

out electrochemical stability windows and to fnd their capacity to conduct zinc ions. 

The LSV of GPE distributed with 3 wt% Al2O3 and TiO2 nanofllers was taken and 

electrochemical stability was found to be 4.27 and 4.09 V respectively. The received 

ESW is enough to use this GPE in advanced energy storage devices (Li et al. 2022). 

In 2017 Li et al. (Li et al. 2021) prepared a gel polymer electrolyte membrane 

with a liquid electrolyte and PEO as host polymer. LSV of synthesized GPE was 

examined at a scan rate of 0.5 mVs−1 in range of 0 to 6 V vs. Li+/Li for measurement 

of electrochemical stability window. The electrochemical stability of prepared GPE 

was found to be 5.2 V which is very satisfying for its practical application. In 2019 

Zhou et al. ( Zhou et al. 2019) demonstrated the fabrication of a self-healing PE with 

supermolecular network reinforcement via consolidation of SiO 2-UPy in the poly-

mer matrix of PEG and LiTFSI (EO/Li+ molar ratio 16:1). Different samples were 

prepared with SiO 2-UPy in different weights of the copolymer. The LSV technique 

was used at 1mVs−1 scan rate to examine elctrochemical stability window of SHCPE-

10. The current (oxidation) increases remarkably up to 5.1 V vs. Li+ /Li, referring 
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a high  electrochemical stability window of PE, making it applicable to common  

5 V cathode materials and in high-voltage batteries. The LSV curve is shown in 

 Figure 6.7a . 

In 2021 Yu et al. (Yu et al. 2021) prepared P(PEGMA-co-MMA)-based PE having 

different [EO]:[Li] ratios through in situ polymerizations of electrolytes. The poly-

mer electrolyte exhibited superb coordination with electrode material of prepared 

Li/LiFePO4 cells. LSV curves were observed to fnd the electrochemical potential 

window of the prepared electrolyte. Among all prepared samples the PE based on 

P(PEGMA-co-MMA) had a better electrochemical stability of 5.20 V vs. Li/Li+, 

indicating it is appropriate for higher-voltage battery applications. The LSV curve 

is shown in Figure 6.7c. CV and LSV curves of some of the previously discussed 

polymer electrolytes are presented next. 

6.4.3 GALVANOSTATIC CHARGE-DISCHARGE RESULT 

GCD is a mode of electrochemical measurement which identifes the mechanism and 

kinetics of reactions at electrodes. To an electrode, a constant current pulse is applied 

and by the galvanostatic method, the change in resulting current is measured. The 

reaction rate is measured by using GCD. In GCD a graph is plotted between poten-

tial and time at constant current. In 2021 Swiderska-Mocek et al. (Swiderska-Mocek 

and Kubis 2021) prepared PE comprising LiODFB and LiBOB salts with liquid 

MePrPyrNTf2 or MePrPyrNFT2 in polymer matrix TMS and PVdF by solution cast-

ing technique for lithium-ion batteries. Using LiFePO4 as an electrode with different 

PE, the GCD outline of the prepared LPF|PE|Li cell was measured with current den-

sities ranging from C/10 to 1C. The initial reversibility of 185 mAhg−1 was observed 

at rate of C/10. With the increase in current density to C/2, the discharge capacity 

dropped to 132 mAhg−1 with coulombic effciency of 99%. The reversible discharge 

capacity of 164 mAhg−1 was observed after 50 cycles at a C/10 rate as shown in

 Figure 6.8b . 

In 2022 Long et al. (Long et al. 2022) reported the synthesis of thermotolerant 

and freproof GPE consisting of diethyl vinyl phosphonate in cross-linked PEG diac-

rylate network and LiPF6 salt. The battery was prepared with LiFePO4 electrodes 

and prepared polymer electrolytes for examining charging/discharging results. The 

battery conveyed a capacity of 142.2 mAhg−1 at a scan rate of 0.2C with capac-

ity retention near 100% for 300 cycles at atmosphere temperature. The battery can 

attain balanced charge-discharge for 100 cycles with 95.5% of coulombic eff ciency 

at a scan rate of 1C at 80 °C. 

In 2021 Fang et al. (Fang et al. 2021) prepared PE by a ring-opening reaction  

of PEGDE with the ethoxy group and polyether amine (PEA) with amino groups, 

fabricated inter-connected polyethylene glycol-based resin (c-PEGR). The prepared 

PE refected an excellent galvanostatic charge/discharge profle. The LCO||Li cell 

prepared with c-PEGR gel at a scan rate of 0.2C exhibited an opening capacity of 

159.1 mAhg−1. The capacity was retained to 146.3 mAhg−1 after 100 cycles with a 

capacity retention of 91.95% and coulombic effciency of 99.92%. 

In 2021 Luo et al. (Luo et al. 2021) reported the preparation of PVdF-HFP-

based GPE, having UV operable polymer matrix through UV-irradiation technique. 
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Copyright Elsevier 2018). 

166 
Po

lym
er Electro

lytes an
d

 th
eir C

o
m

p
o

sites 



 

  

    

   

 

 

   

    

  

 

   

     

    

 

   

 

   

   

  

 

 

     

   

 

 

 

 

  

  

       

    

    

  

167 Composites for Lithium-Ion Batteries 

LiFePO4|PVdF-HFP/PETEA-GPE|Li battery was placed together to reveal the elec-

trochemical performance of GPE. At a rate of 0.1C, the battery revealed a discharge 

specifc capacity of 161mAhg−1. The discharge specifc capacity of the battery was 

reported to be 159, 151, 144 mAhg−1 at 0.2, 0.5, 1C rate respectively. Showing with 

increasing current density, discharge capacity decreases. The battery exhibited 

capacity retention of 148 mAh/g-1 after cycle and average high coulombic eff ciency 

of 99%. 

In 2021 Jiang et al. (Jiang et al. 2021) synthesized TPU gel polymer electrolyte 

flled with ultrafne hydrophilic-lipophilic TiO2 nanoparticles (ATO). The initial 

specifc discharge capacity of ATO-TPU GPE was recorded to be 145 mAhg−1 and 

after 50 cycles it dropped to 139 mAhg−1 having capacity retention of 95%. In 2019 

Tan et al. (Tan et al. 2019) prepared GPE comprising PAN/TPU/PS. The f rst dis-

charge and charge capacities of 161.44 mAhg−1 and 161.70 mAhg−1 were observed for 

the prepared Li/GPE/LiFePO 4 cell at a 0.1C rate as shown in Figure 6.8d . After 50 

cycles, the capacity retention was 93.4%. The possible reason for the improved result 

is a huge number of pores in the polymer membrane which supply a compulsory way 

for ion transportation and ease fast ionic transport. 

In 2021 Das et al. (Das et al. 2021) prepared PVdF-HFP-based polymer electro-

lyte with PVdF-HFP, 20 wt% LAGP, 20 wt% LITFSI, and 35 wt% EMITFSI. In 

GCD measurement of fabricated cell-II was calculated at higher and lower voltage 

range of 4.0 and 2.7V respectively at a constant 0.05C rate of current. The discharge 

and charge voltage levels of 3.49 and 3.33V respectively were observed. A lower 

value of resistance between electrode and electrolyte may be its predictable rea-

son (Maia et al. 2022). The cell prepared was tested for 50 cycles. The maximum 

achieved capacity was 151 mAhg−1 at 0.05C. The capacity retention was 100% of 

the initial charge/discharge capacity as shown in Figure 6.8c. Table 6.1 shows recent 

advancement in polymer electrolytes for Li-ion batteries. 

In 2022 Deng et al. (Deng et al. 2022) examined the electrochemical perfor-

mance of synthesized self-healing polymer electrolyte (PBPE) membrane having 

NH2 -PEG-NH2 with LIFSI, LIDFOB, LiPF6 salts in EC/FEC/EPC. Excellent dis-

charge capacity of 118.2 mAhg−1 was exhibited by LPF cell with PBPE at 5C rate 

and capacity retention of 97.8% over 125 cycles and coulombic effciency close to 

100%. In 2022 Deng et al. ( Zhou et al. 2018) reported the preparation of adjustable, 

self-alleviating, and highly elastic PE for LIB. This polymer electrolyte exhibited a 

special property of self-healing after getting damaged. The polymers were prepared 

with a variable amount of UPyMA and PEGMA with the help of reversible addition-

fragmentation chain transfer polymerization technique. PE was prepared by solution 

casting technique with UPy units and LiTFSI salt. The novel shPE was fabricated 

to Li metal batteries using Li metal anode and LiPO4 cathode. A lithium metal bat-

tery was assembled using LiPO4 as cathode, Li metal as anode and a prepared self-

healing PE. The LPF/shPE/Li cell conveyed an earlier discharge capacity of 157 

mAhg−1 with coulombic effciency of 92.4% at a 0.1C rate as shown in Figure 6.8a. 

With the increase in current density rate to 0.2C and 0.5C, the battery maintained a 

high capacity of 152 mAhg−1 and 132 mAhg−1 respectively. After 100 cycles, capac-

ity retained to 143 mAhg−1 and 97.9% of coulombic effciency. In 2021 Ding et al. 

(Ding et al. 2021) prepared PEO-based PE in the composition of PEO, LITFSI, and 
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TABLE 6.1 
Recent Advancement in Polymer Electrolytes for Li-Ion Batteries. 
Sr no .  Material Used Ionic Cation ESW (V) Capacity Coulombic Retention Year Reference 

Conductivity Transference (mAhg−1) Effi ciency Capacity 
(× 10−3 S cm−1) Number t+ (%) (%) 

1  IPDI + DEG + DBTDL + DMF + FPC3018 2.4 0.42 4.8 134 99 96 2022  ( Gao et al. 2022 ) 

2 PVdF -HFP + PMMA + CMC 4.43 - 4.2 162 - 93.5 2022  ( Guo et al. 2022 ) 

3  PEO + B-PEG@DMC 0.023 - - 109 100 73 2022  ( Li et al. 2022 ) 

4  PEGDA + DEVP 0.6 0.43 5 142 100 96.6 2022  ( Long et al. 2022 ) 

5  PVA + PEG + NaNO3 0.0153 0.97 3.9 - - - 2021  ( Sadiq et al. 2021 ) 

6 (PVdF + PHFP) + LiTFSI + EMITFSI + 4.49 1.8 151 - 100 2021  ( Das et al. 2021 ) 

LAGP 

7 NH2-PEG-NH2 + LiPF6 + LiFSI + LiDFOB 4.79 0.38 4.5 118 100 97 2021  ( Deng et al. 2022 ) 

9  GMA + PEGDA + BP 0.24 - 5.3 - - - 2021  ( Zhang et al. 2021 ) 

10  TPA + DGEBA + NH2-PEG-NH2 0.167 0.39 4.5 141 - 97.7 2021  ( Cao et al. 2021 ) 

11  UPyMA + PETEA + LITFSI + NMA + FEC 1.79 0.79 4.5 117 - 86.1 2021  ( Jaumaux et al. 2020 ) 

12  PEG + PEGME + PETMP + TEA + LITFSI 0.13 0.24 4.3 143 97.1 93.6 2021  ( Chen et al. 2021 ) 

13  PPC + LITFSI + MSN 0.85 0.86 4.8 171 100 86 2021  ( Didwal et al. 2021 ) 

14  PEO + LITFSI 0.28 3.5 155 - 95 2021  ( Deng et al. 2022 ) 

15  PEGDE + PEA 0.7 0.47 4.36 146 99.92 91. 2021  ( Fang et al. 2021 ) 

16 PVdF  + soybean protein isolate + 0.256 0.77 5.1 100 - - 2021  ( Zhou et al. 2021 ) 

montmorillonite (MMT)

17 PVdF -HFP-PEO-SiO2(gel) 1.12 0.48 4.7 147 94 100 2021  ( Zhang et al. 2021 ) 

18 PEGDA + LITFSI + AIBN + DME + TEP + 1 - 5.32 125 95.05 - 2021  ( Guo et al. 2021 ) 

TiO2

 19 Li2CO3 + CuSO4 + SiO2 + PVdF-HFP 0.054 0.96 3.8 145 - 88.1 2021  ( Hu et al. 2021 ) 

20 ATO + TPU + LiPF6 + DMC + TiO2  1.59 4.3 139 100 95 2021  ( Jiang et al. 2021 ) 
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TABLE 6.1 (Continued) 
Recent Advancement in Polymer Electrolytes for Li-Ion Batteries. 
Sr no .  Material Used Ionic Cation ESW (V) Capacity Coulombic Retention Year Reference 

Conductivity Transference (mAhg−1) Effi ciency Capacity 
(× 10−3 S cm−1) Number t+ (%) (%) 

21 ETPTA + HMPP + LiPF6 + DEC + 0.91 5.1 151 - - 2021  ( Luo et al. 2021 ) 

PVdF-HFP 

22 LiTFSI/OMMT/CA/PVdF 0.34 0.3 4.2 112 100 99 2021  ( Li et al. 2021 ) 

23  LiTFSI-N 1,4,4,4 TFSI-DMC(70:20:10) 6.15 0.59 5.3 183 97 80 2021  ( Wang et al. 2021 ) 

24 PVdF + LiODFB + EtMeImNTf2 + TMS 3.21 0.03 3.4 168 99.4 2021 ( Swiderska-Mocek

and Kubis 2021 ) 

25 PVdF -HFP + PETEA + HMPP 0.5 - 4.8 151 99 99 2021  ( Luo et al. 2021 ) 

26 PVdF -HFP + NMP 0.724 0.57 5.2 150 - 98.65 2020  ( Jie et al. 2020 ) 

27  PVdF HPF + SIPE 0.5 0.9 4.0 163 92.2 - 2019  ( Borzutzki et al. 2019 ) 

28  PEO + 1-methyl-3-trimethoxysilane 5.9 0.57 5 156 - - 2019  ( Tsao et al. 2019 ) 

29  PAN + TPU + PS 3.9 - 5.8 161 - 93.4 2019  ( Tan et al. 2019 ) 
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low viscous solvent. The electrochemical performance of electrolytes was examined 

using LiFePO4/Li cell. The fabricated electrolyte exhibited discharge of 155.4 and 

157.8 mAhg−1 at 1C for designed and carbonate electrolyte. After 100 cycles the 

cyclic performance of designed and carbonate electrolytes was high with capacity 

retention of 98.5% and 75.5% respectively. 

In 2021 Kim et al. (Kim et al. 2021) optimized synthesis of the ion-conductive 

track in UV-healed SPE via a semi-permeate polymer matrix having minimum liquid 

content. The USPE had ETPTA as backbone flm with ion solvated GPE (Li+ /PVdF-

HFP) for increasing Li+ conduction. The charging-discharging capacities of the cell 

were examined by GCD profle. With various C-rates 0.2, 0.5, 1.0, 2, 3, 5, and 10 C, 

a charge/discharge curve was obtained. USPEs having 3, 6, 9, and 12 wt% of HFP 

content in PVdF-HFP showed extra steady C-rate ability and a high-rise discharge 

capacity. 

6.5 CONCLUSIONS 

In conclusion, we reviewed the role and recent work by researchers/scientists in  

polymer electrolytes for lithium-ion batteries (LIBs). This chapter mainly discusses 

the important role of polymer electrolytes in Li-ion batteries. Li-ion batteries were 

developed from 1970s, and the introduction of commercial Li-ion batteries in 1991 

changed the dynamics of the energy storage world. The different components of 

Li-ion batteries are discussed in detail. The electrolyte has a very important role 

in a battery, and a polymer electrolyte can rectify the problems with conventional 

electrolytes. Different polymer electrolytes have their specifc advantages and dis-

advantages. And hence intense research is conducted by researchers. Here recent 

developments in electrochemical properties of polymer electrolytes have been dis-

cussed. There is the enhancement of many properties of polymer electrolytes like 

better conductivity, self-healing properties after damage, etc. 

Lithium-ion batteries have attracted researchers because of the growing need 

for energy. Polymer electrolytes have a very crucial responsibility in enhancing 

electrochemical performance of LIBs. The important factors that are required to 

be communicated are ionic conductivity, electrochemical potential window, and 

charge-discharge capacity, although there is scope for modifcation of a few param-

eters like ionic conductivity, thermal stability, coulombic effciency, and cyclic sta-

bility. So, distinct schemes have to be implemented for improving energy density and 

effciency for their practical use in commercial LIBs. 
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7 .1 INTRODUCTION 

 Electrochromism is the phenomenon by which a substance is able to reversibly mod-

ify its optical properties in the entire electromagnetic spectrum, such as in the near-

infrared region (e.g., 1000–2000 nm) and in the visible region (400–800 nm) under 

the infl uence of an externally applied voltage ( Park et al. 2016 ;  Thakur, Ding, Ma, 

Lee, & Lu, 2012) . This alteration in optical properties is the manifestation of the 

change in the electronic state of the substance due to various redox reactions occur-

ring in the substance when an external voltage is applied. The change is reversed 

when the polarity of applied voltage is reversed. Electrochromic materials when inte-

grated in the form of a device can modulate the emittance, absorbance, refl ectance and 

transmittance of the electromagnetic radiation incident on the material (G ranqvist, 
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2005; Chua et al. 2019). Currently, electrochromic devices (ECDs) are attracting the 

increasing attention of researchers as well as industry for exploiting their commer-

cial applications. Some of the examples of applications of electrochromic devices  

include electrochromic windows, sensors, electrochromic displays, goggles, helmet 

visors, anti-glare mirrors, etc. (Figure 7.1). Signif cant benefts of ECDs such as f ex-

ible features, low power consumption, simple adjustable structures, eye-soothing 

display modes, etc. make them promising energy-saving candidates for smart win-

dows and next-generation displays (Patel et al. 2017). Among all these ECDs, recently 

electrochromic windows (ECWs), also called smart windows, have captured great 

interest for energy saving and enhancing indoor comfort. ECWs are active solar con-

trol glasses capable of controlling the transmittance of solar radiation and light into 

vehicles and buildings. ECWs provide enhanced indoor comfort by preventing glare 

and thermal discomfort (Eh, Tan, Cheng, Magdassi, & Lee, 2018;  Granqvist et al. 

2018). They also help in saving a large amount of energy by reducing the depen-

dence on air conditioning and artifcial lighting in buildings. ECWs are more eff cient 

in saving energy from electric lighting and cooling as compared to photochromic/  

thermochromics windows. Figure 7.2  shows the comparison of cooling and electric 

lighting energy needs for different types of windows. Clear glass with high transpar-

ency does not need too much energy for lighting, but it consumes the highest energy 

for cooling, while refective glass enables better heat transfer blocking, but needs high 

lighting energy. It may be noted that only ECW allows minimum energy for both light-

ing and cooling (Gillaspie, Tenent, & Dillon, 2010;  Selkowitz, 1990). 

FIGURE 7.1 Various applications of ECDs. (a) EC window; (b) Smart switchable windows 

in an aircraft; and (c) EC lens. 

Source: (a) Reproduced with permission from Korgel (2013 ). (b–c) Reproduced with permission from 

Ö sterholm et al. (2015 ). 
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FIGURE 7.2 Comparison of electric lighting energy and cooling energy among different 

glazing typologies. 

 Source: Reproduced with permission from Granqvist et al. (2009 ). 

ECWs can change their optical state (can be colored and bleached with application 

of voltage) when low voltage is applied, allowing the users to regulate the amount of 

heat and/or visible light entering the premise according to their preferences and com-

fort (Rauh, 1999;  Sibilio et al. 2016). The use of electrochromic rear-view mirrors for 

vehicles is already well known. They help the drivers in comfortable driving during 

night time. Electrochromic sunglasses can be used to get protection from harm-

ful ultraviolet (UV) radiation (Cannavale, Ayr, Fiorito, & Martellotta, 2020). Thus, 

ECWs have a wide potential applicability in a large number of felds. The working 

electrode, which is an electrochromic material, and the electrolyte are two major 

active components of ECWs (Sim & Pawlicka, 2020). The working eff ciency of 

ECWs depends mainly on these two components. Electrochromic materials mainly 

include transition metal oxides (TMOs) such as iridium oxide, tungsten oxide, ruthe-

nium oxide, cerium oxide, cobalt oxide, etc. and conjugated organic polymers like 

polyaniline, polypyrroles, polythiophenes, etc. (Yang et al. 2020). In TMOs, the 

transition metal ion can undergo reversible redox reactions on application of exter-

nal voltage. Whereas in conjugated polymers, the delocalization of the 𝜋 electrons 
leads to electrochromism. Electrolyte is another most important active component 

of ECWs. Electrolyte provides conduction of ions between the counter and working 

electrode. It also acts as a physical gap between the two electrodes to avoid short 

circuiting. The electrolyte can be in solid, liquid or gel form. Normally an electro-

lyte consists of one or more liquid solvents with one or more salts that provide ions 
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on dissociation. Various kinds of electrolytes have been explored for ECWs such 

as liquid electrolytes, solid inorganic electrolytes, ceramic electrolytes and polymer 

composite electrolytes. Each electrolyte has its own pros and cons. Polymer com-

posite electrolytes are capturing wide research attention as suitable electrolytes for 

ECWs, owing to their remarkable characteristics like easy processing, high mechan-

ical strength, low reactivity, enhanced stability, wide range of operating temperature, 

high optical transparency, etc. Here in this chapter, we will discuss in detail the role 

of polymer electrolytes in enhancing the performance of ECWs. First, a brief insight 

of various layers and the electrochromic mechanisms of ECWs has been given. Some 

important key parameters suggesting the performance of ECWs has been discussed. 

Then, a detailed description of various kinds of polymer electrolytes used for ECWs 

is given. Finally a detailed results and discussion section has been provided for use 

of polymer electrolytes in ECWs. 

7.1.1 LAYERS OF ELECTROCHROMIC WINDOWS (ECWS) 

Electrochromic (EC) windows usually consist of fve layers—transparent conduct-

ing substrate (TCS), working electrode (WE), electrolyte, counter electrode (CE), 

and transparent conducting substrate (Figure 7.3). The substrate chosen for ECWs 

are usually made of glass. The substrate is coated with a conducting material (e.g., 

fuorine tin oxide (FTO) and indium tin oxide (ITO)). The substrate along with 

conductive coating makes the outermost layers of ECWs. The inner layers next 

to the transparent conducting substrate (TCS) are that of electroactive materials. 

One of them is called WE and the other is called CE. The working electrode is an 

FIGURE 7.3 Schematics of various layers of ECWs. 
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electrochromic layer, where CE is an ion storage material that can be either an opti-

cally passive or complementary electrochromic material. The working and counter 

electrodes are separated by an electrolyte (solid, liquid or gel) that acts as an ionic 

conductor with high electronic resistance to avoid short circuiting. Optical modula-

tion occurs when ions through the electrolyte move from the working electrode to 

the counter electrode and the vice versa. The movement of ions occurs through the 

application of potential between the two conducting layers. 

7.1.2 ELECTROCHROMIC MECHANISMS 

Electrochromism is induced in an electrochromic material by insertion of both  

electrolytic ions and electrons simultaneously with application of external voltage 

between the two transparent conducting flms. Figure 7.4 represents the schematics 

of the electrochromic mechanism of ECWs. On applying external voltage, small  

electrolytic ions like H+, K+ and Li+ move in between the WE and the CE (ion stor-

age layer). Electrons from the external circuit move towards the electrochromic 

material and vice versa, leading to optical changes in the electrochromic material 

through redox reactions. The EC material undergoes a change in its color (colored 

state ↔ bleached state). Coloring and bleaching occurs through different redox pro-

cesses. The optical state can be reversed by changing the polarity of the applied 

voltage. In ECWs, a very small amount of external voltage is required for switch-

ing from colored to bleached state and vice versa. The optical state (colored or 

bleached) remains in the same state even after removing the applied voltage. This is 

because of the memory effect of the EC material. Let us unfold this mechanism by 

taking the example of WO3 as WE and V2O5 as CE. Both are EC materials. When 

external voltage is applied, at the cathode, WO3 would change its color from yellow 

to blue after insertion of electrolytic ions M+ and electrons. At the anode, MxV2O5 

FIGURE 7.4 Schematic illustration of mechanism of an ECW. 
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will change its color from pale yellow to brownish yellow on removal of M+ and 

electrons. The reverse reactions take place when polarity of external applied volt-

age is changed. 

+ -WO3 + xM + xe - M xWO3 
Yellow Blue 

-+ +M V O  -V O  + xM xex 2 5  2 5  
Pale blue brownish yellow 

7.1.3  KEY PERFORMANCE PARAMETERS FOR ECWS 

There are certain parameters that are used to evaluate the performance of electro-

chromic windows (Figure 7.5). Some of these key parameters are contrast ratio, 

switching time, cycling life, color, etc. Table 7.1  summarizes the requirement for 

large-area ECWs. Some of these parameters have been discussed here (Hassab & 

Padilla, 2014;  Thakur et al. 2012;  Yang et al. 2020). 

7.1.3.1 Optical Modulation 
The optical change (i.e., the change in the absorbance (-A) or transmittance (-T ) 
between the colored and bleached state) is termed as optical modulation. 

-A A  A= -c b 

-T T T= -c b

 Where Ac, Tc and Ab, Tb are absorbance and transmittance in colored and bleached 

state, respectively. 

7.1.3.2  Contrast Ratio (CR) 
Optical contrast is a parameter that quantitatively determines the optical change 

intensity in an ECW. It is defned in terms of contrast ratio as 

IbCR = 
Ic

 Where Ic is the intensity of light refected/transmitted from the colored state and Ib is 
the intensity of light refected/transmitted from the bleached state. 

7.1.3.3  Optical Density (OD) 
Optical density of an electrochromic material is a measure of the optical transmit-

tance (T) of that material corresponding to a particular wavelength. It is given as 

OD = log (1/ T )10 

If the bleached state of the material is not completely transparent, then optical den-

sity is given as 

OD = log (T / T )b c 
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TABLE 7.1 
Key performance criteria for ECWs. 
Parameters Values 

Colored state solar transmittance
Bleached state solar transmittance
Colored state visible transmittance
Bleached state visible transmittance
Applied voltage (small/large area)
Cycling life
Open circuit memory
Operating temperature 

10–20% 

50–70% 

 ≤ 10–20% 

50–70% 

 1–3/10–24 V 

104–106 cycle/5–20 year 

 1–12 h 

−20 to 85 °C 

 Source: Lampert (1989 ). 

7.1.3.4  Electrochromic Effi ciency 
 Electrochromic effciency is also known as coloration effciency and def ned as the 

ratio of change in optical absorbance (-A) for a given amount of charge injected per 

unit area (Qs) with units of inverse charge density (i.e., cm
2 /C). 

-A 
n = 

Qs 

In terms of optical density (OD),  η can be written as 

-(OD) 1 
n = = x log (T T/ )

Q Q b c 
s s 

It is a practical parameter which is used to determine the power requirements for 

color switching. High value of η signifes better utilization of electronic input. 
Electrochromic effciency depends upon the electrochromic material used in ECWs. 

Inorganic EC materials with lower molar absorbance have lower effciency in com-

parison to organic EC materials. 

7.1.3.5  Switching Time 
Switching time or response time is a key parameter to assess the performance of 

ECWs. It is defned as the response time required by an EC material to switch from 

colored to bleached state and vice versa. Defning more precisely, switching is the 

time taken to reach 90% of Tc from Tb and vice versa. Its value may be from few sec-

onds to minutes depending upon the size of ECW. Switching time mainly depends 

upon the electronic conductivity, ionic conductivity of the electrolyte of the elec-

trodes and electrolyte thickness. It depends also on the morphology and f lm thick-

ness of the EC material, diffusion of electrolytic ions in the EC flm and the applied 

voltage. 
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7.1.3.6  Write-Erase Effi ciency 
It is defned as the fraction of the original coloring that can be erased or bleached. 

7.1.3.7  Cyclic Life 
When an EC material undergoes repeated cycling between its colored and bleached 

state, the performance of the device degrades with time. This is due to physical and 

chemical changes occurring in the device. If the applied voltage exceeds the safe 

limit for ECW, the cyclic life of the device is reduced. 

7.1.3.8  Stability 
The stability of an ECW is measured by the service life of an ECW which is based on 

optical change after multiple switching between colored and bleached states. The applied 

voltage and external environmental conditions are two important factors determining the 

stability of an ECW. The packing of an ECW should be proper to avoid adverse impacts 

of external factors on the stability of the ECW. Suitable EC materials and proper 

choice of electrolyte with minimal leakage are encouraged for highly stable ECWs. 

7.1.3.9  Memory Effect 
The ability of an ECW to maintain a particular optical state (colored/bleached) during an 

open circuit state is termed as memory effect. The ECW device can attain a stable colored 

FIGURE 7.5 Performance parameters of ECWs. 



 

 

 

 

   

  

 

 

 

     
  

 

       

 

   

     
 

 

     
  

 

     
  

 

     
  

 

     
  

185 Electrochromic Potential Windows 

as well as bleached state even after turning off the applied voltage. It does not require a 

continuous power supply to maintain a desired optical state as in the case of light emit-

ting diodes (LEDs). The EC material and electrolyte play a crucial role in deciding the 

memory of the ECW. A solid state ECW will have high memory in comparison to liquid 

ECWs. This is because solid ECWs will have limited diffusion of electroactive compo-

nents during the off state thus avoiding the self-erasing of the optical state. 

7.2  ROLE OF ELECTROLYTES IN ECWS 

The electrolyte plays a very signif cant role in determining the optical performance 

of ECWs. Electrolyte is an ionic conduction medium between WE and the CE and 

acts as a separator that avoids electric contact between the two electrodes. Electrolyte 

can be a solid, liquid or gel. For better performance of ECW, the electrolyte must 

possess the following useful characteristics: 

• High ionic conductivity 
The electrolyte should possess high ionic conductivity (-) to facilitate the 
transportation of ions between the working and counter electrode. High 

conductivity also leads to rapid motion of electrolytic ions from the electro-

lyte to the electrochromic layer and the other way around leading to rapid 

switching between bleached and colored states. Ideally, the ionic conductiv-

ity should lie in the range of 10−3 to 10−7 S cm-1 (Thakur et al. 2012). The 

conductivity of the electrolyte should not degrade due to drying after a long 

time of storage. Also, the small-sized ions such as H+, Li+ are preferred due 

to their high mobility. 

• Low/negligible electronic conductivity 
The electrolyte should be electronically insulated. There should not be any 

electronic transfer between the WE and CE through electrolyte as this will 

lead to a short circuit condition. 

• High optical transparency 
The electrolyte must be optically transparent. High optical transparency of 

the electrolyte leads to transparency of ECW during bleaching. Electrolyte 

must be free from light scattering effects. 

• Wide potential window 
A potential window for an electrolyte is defned as the voltage range under 

which the electrolyte can be safely used. Exceeding the voltage beyond this 

limit, the electrolyte undergoes degradation. High potential window of the 

electrolyte means that the electrolyte can be safely used for high-voltage 

applications. 

• Thermally stable 
The electrolyte should be thermally stable. The electrolyte should be stable 

for a wide range of temperatures so that ECWs with such electrolytes can 

be used under extreme temperature conditions. 

• Chemically stable 
The electrolyte with high chemical and electrochemical stability is suitably 

preferred for ECWs. The electrolyte must be chemically stable in potential 
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range of switching for ECWs. Also electrolyte must be compatible with 

anodic and cathodic layers. 

• Low cost and eco-friendly 
For use of ECWs on commercial scale, it is highly desirable that different  

components of the device should be of low cost and environmentally safe. The 

electrolyte with low cost and easy availability is preferred for ECWs to reduce 

the cost of fabrication of ECWs. The electrolyte should also be eco-friendly. 

Beside these mentioned features, the electrolyte should be compatible with both the 

electrodes (WE and CE), safe to humans (non-explosive, infammable) and have long 

operating hours. Various kinds of electrolytes such as liquid electrolytes, polymer 

electrolytes, solid inorganic electrolytes, etc. are used for ECWs. Liquid electrolytes 

have the advantage of high ionic conductivity but there are some limitations to the 

use of liquid electrolytes for ECWs such as low chemical stability, leakage issue, and 

safety issues. Polymer electrolytes have gained wide research attention in the f eld 

of ECWs because they can be easily processed as thin flms of desired thickness/ 

shape for compact and smart packing of ECWs (Choudhury, Sampath, & Shukla, 

2009; Gonçalves et al. 2012). Excellent mechanical, chemical and electrochemical 

stability of polymer electrolytes helps in fabrication of robust ECWs. Along with 

that, high ionic conductivity and low electronic conductivity of conducting polymers 

make them a favorable choice as electrolyte for ECWs. Use of polymer electrolytes 

for ECWs provides fexibility, light, and moldable shape, etc. and safety against leak-

age and short circuiting (Aziz et al. 2020). 

7.3  POLYMER ELECTROLYTES FOR ECWS 

Polymer electrolytes are used in ECWs and provide a path for ion conduction. Two 

principal requirements for polymer electrolyte are high conductivity and high trans-

parency. Polymer electrolytes basically consist of molten salts dissolved in a polymer 

matrix. The ions of the salt are screened by the polymer host (PEO, PMMA PEI, 

PPO, etc.). They are widely used in a number of electrochemical devices like super-

capacitors, batteries, fuel cells, etc. Over the past three decades, research has been 

accelerated in using polymer electrolytes for electrochromic devices such as EC dis-

plays, ECWs, anti-glare mirrors, sunroofs, etc. Polymer electrolytes offer numerous 

advantages over usual liquid electrolytes. Their high ionic conductivity, high elec-

tronic resistivity, wide operating windows, thermal stability, mechanical stability,  

chemical stability, easy processibility, fexibility, light weight, etc. (Arya & Sharma, 

2019) make them a better choice as electrolyte for ECWs. Polymer electrolytes are 

further categorized as (i) gel polymer electrolytes (GPEs), (ii) solid polymer electro-

lytes (SPEs), (iii) composite polymer electrolytes (CPEs) and (iv) polyelectrolytes. 

The details of these electrolytes are given next: 

• Gel polymer electrolyte 
GPEs, also called plasticized polymer electrolytes or third-generation poly-

mer electrolytes, have gained increasing attention since their introduc-

tion by Perche and  Feuillade in the year 1975 (Feuillade & Perche, 1975). 



 

 

  

  

      

 

 

    

 

  

 

 

  

 

 

 

 

 

 

  

  

 

  

  

 

 

   

   

  

 

  

   

 

      

 

187 Electrochromic Potential Windows 

They are usually obtained by mixing a polymer matrix with an alkaline 

metal salt, usually a lithium salt and a solvent/liquid plasticizer capable of 

making a stable gel with the host polymer matrix (Krejza & Vondrák, 2009; 

Srivastava & Tiwari, 2009). They constitute a polymer-solvent-salt system 

with ionic conductivity higher than 10 −3 S  cm−1 (Agnihotry, Pradeep, &  

Sekhon, 1999). The addition of plasticizer in the polymer host matrix results 

in the formation of swollen polymer matrix in a suitable solvent. Based 

on the procedure of synthesis, gel polymer electrolytes are categorized 

as (i) physical gel electrolytes and (ii) chemical gel electrolytes (Arya & 

Sharma, 2017). Physical gel consists of a polymer matrix enclosing liq-

uid electrolyte. For example, poly(methyl-methacrylate) matrix enclosing 

LiClO4/EC/PC electrolyte is a physical gel electrolyte. In such polymers, 

there do not exist any chemical bonds between the polymer matrix and 

the electrolyte. On the other hand, in chemical gels, the liquid electrolyte 

is linked to the host polymer matrix with covalent bonds. The formation 

of chemical bonds can be either by direct chemical reaction of functional 

groups of polymer matrix with liquid electrolyte or by addition of cross-

linking agents. The cohesive nature of solids and diffusive nature of liquids 

are simultaneously indulged in a gel polymer electrolyte (Adebahr, Byrne, 

Forsyth, Macfarlane, & Jacobsson, 2003). GPEs are widely used in a lot 

of applications (energy storage/conversion devices, chemical sensors, etc.), 

but recently the research has been focused to their use in electrochromic 

applications. Their outstanding characteristics including high ionic conduc-

tivity, low electronic conductivity, excellent thermal and chemical stability, 

light weight, geometric fexibility, making them ideal candidates as electro-

lytes for electrochromic devices including ECWs (Ngai, Ramesh, Ramesh, 

& Juan, 2016; Nicotera, Coppola, Oliviero, Castriota, & Cazzanelli, 2006; 

Uma, Mahalingam, & Stimming, 2005). The use of gel polymer electro-

lytes for ECWs leads to preventing leakage and internal short circuiting. 

Gel electrolytes also help in improving the lifetime of the device (Ramesh, 

Liew, & Ramesh, 2011; Song, Wang, & Wan, 1999). These unique proper-

ties of gel electrolytes make them a better replacement of liquid electro-

lytes in ECWs (Gonçalves et al. 2012). GPEs have certain limitations. The 

incorporation of liquid electrolyte inside the polymer matrix leads to poor 

mechanical stability of the electrolyte. Addition of plasticizers lowers the 

interfacial stability of the electrolyte causing poor cyclic performance of 

electrochromic devices (Fu, 2010). 

• Solid polymer electrolyte 
The research for solid polymer electrolytes (SPEs) started from the year 

1975 when Wright reported the electrical conductivity of poly (ethylene  

oxide) (PEO)-based ionic complexes (Armand, 1994;  Murata, Izuchi, & 

Yoshihisa, 2000; Wright, 1975). SPEs are solvent-free electrolytes having 

an ionic conducting phase produced by dispersing an alkali salt (usually  

lithium salt) into a host polymer matrix. The most commonly used lithium 

salts are LiClO4, LiPF4, LiPF6, LiN(SO2CF3)2, LiB(C 2O4)2, LiCF3SO3, etc. 

These salts are dispersed in a suitable polymer matrix like PEO, PMMA 



 

 

 

   

   

 

    

 

 

 

 

   

 

 

   

      

    

   

   

 

  

  

 

   

      

  

 

  

  

188 Polymer Electrolytes and their Composites 

and PVdF, etc. No organic solvent is used in SPEs. The metal ions from 

the metal salt are linked to the polymer chain through electrostatic forces 

by formation of coordination bonds. SPEs offer many advantages like light 

weight, wide temperature operating range, good electrode/electrolyte con-

tact, fexibility, low volatility, excellent chemical and electrochromic sta-

bility (Ramesh & Wen, 2010). SPEs like GPEs can be easily processed in 

desired shape and geometry. The solvent-free nature of SPEs offers the 

advantage of eliminating liquid leakage and harmful gases from side reac-

tions and in turn helps in increasing the shelf life of the device. SPEs offer 

excellent mechanical strength (Aziz, Woo, Kadir, & Ahmed, 2018;  Ngai 

et al. 2016). Apart from so many advantages, SPEs have certain shortcom-

ings also. Low ionic conductivity and high crystallinity are hampers in the 

wide-scale use of SPEs in various applications. Ionic conductivity of SPEs is 

lower than 10−8 S cm−1 at room temperature. Only at high temperatures are 

they able to attain practically suitable values for ionic conductivity. Usually, 

a polymer electrolyte consists of both crystalline and amorphous regions. 

But the polymer host matrix used for SPEs are usually or a crystalline or 

semi-crystalline nature. The amorphous regions are more prone to trans-

portation of ions (high conductivity) as compared to crystalline regions. 

Thus low ionic conductivity of SPEs is related to their high crystallinity. 

Hence, to augment the ionic conductivity of SPEs, the crystallinity of the 

host polymer chains needs to be suppressed (Srivastava & Tiwari, 2009). 

Low crystallinity will lead to better mobility of the polymer matrix which in 

turn accelerates the movement of cations thereby increasing the conductiv-

ity. Various processes like copolymerization (Yağmur, Ak, & Bayrakçeken, 

2013; Yu, Chen, Fu, Xu, & Nie, 2013), blending (Nguyen, Xiong, Ma, Lu, & 

Lee,  2011), cross-linking (Y. Wang et al. 2019), grafting (Puguan & Kim,  

2017), alloying and inorganic fller blending (addition of ZnO, SiO2 , BaTiO3, 

etc.) (Rosli, Muhammad, Chan, & Winie, 2014) of the polymer matrix 

can increase the ionic conductivity of SPEs to a greater extent. All these 

attempts to advance the performance of SPEs lead to the formation of new 

kinds of materials called CPEs discussed next. 

• Composite polymer electrolytes 
Composite polymer electrolytes (CPEs) have the potential to eliminate the 

issues faced by SPEs. The addition of inorganic inert nano-fllers with high 

dielectric constant to the polymer electrolytes (low dielectric constant) leads 

to the formation of CPEs. The interaction of inorganic nano-fllers with the 

host polymer electrolytes leads to improved mechanical and electrochemical 

properties of the original polymer electrolyte (Kam, Liew, Lim, & Ramesh, 

2014). Fillers are usually inorganic oxides such as SiO 2, ZnO, MgO, Al2O3, 

PbTiO3, BaTiO3, etc. (Srivastava & Tiwari, 2009). The ionic conductivity 

of the electrolyte depends on particle size, surface area, porosity, concen-

tration and interaction of polymer host composite with nano-f llers (Ngai 

et al. 2016). Apart from high mechanical strength and ionic conductivity, 

CPEs also offer some other important benefts such as better interfacial  

contact, fexibility, thermal stability, etc. Some other ways of fabrication  



 

 

 

 

   

 

   

 

 

 

 

 

 

 

 

   

  

 

 

  

 

  

         

 

 

 

   

189 Electrochromic Potential Windows 

of CPEs include (i) copolymerization, (ii) cross-linking, (iii) blending, (iv) 

doping of nanomaterials and (v) addition of ionic liquids (Luo, Conrad, & 

Vankelecom, 2013). CPEs, owing to their enhanced optical, mechanical and 

electrochemical properties, have gained wide research attention as eff cient 

electrolyte for electrochromic windows (ECWs). 

• Polyelectrolytes 
Polyelectrolytes are polymers with a substantial portion of the repeating 

unit containing an electrolyte group. The electrolyte group gets dissociated 

in aqueous solution leaving the polymer matrix charged (Meka et al. 2017). 

Polyelectrolytes are thus charged polymers enjoying the features of both 

the electrolyte and the polymer. They are classifed as (i) cationic polyelec-

trolytes and (ii) anionic polyelectrolytes based on the presence of a positive 

or negative charged ionizable group on the monomeric unit of the polymer. 

There is another class of polyelectrolytes called polyampholytes, which 

contain a mixture of both positive and negative charged monomer units. In 

polyelectrolytes, the anions of the salt are immobile as they are covalently 

linked to the host polymer matrix while the cations of the salt are mobile. 

Polyelectrolytes are therefore known as a single ion conductor. The ionic 

conductivity of polyelectrolytes results from the self ion-generating group. 

Perfuorosulfonic ionomers are among the most commonly used ionomer 

electrolytes. There exist some natural polyelectrolytes such as desoxyribo-

nucleic acid (DNA), ribonucleic acid (RNA), proteins and polysaccharides 

(Thakur et al. 2012). 

7.4  RESULTS AND DISCUSSION 

Utilization of polymer electrolytes for the fabrication of electrochromic devices has 

been increasing at a rapid pace in comparison to liquid electrolytes, owing to their 

leak-proof ability and easy fabrication with desired shape and size. Gel electrolytes 

have been widely explored for electrochromic applications. For example, Lee et al. 

fabricated UV-cured poly(methyl methacrylate)-based gel electrolyte for their use in 

smart EC windows (Lee et al. 2020). The UV curing time has a huge impact on the 

performance of the electrolyte. An ECW based on 10 minutes of UV curing showed 

excellent electrochromic performance with optical transmission of 51.3% corre-

sponding to a wavelength of 550 nm. The brilliant performance of the ECW was 

accredited to superior connectivity of the gel electrolyte with the electrode mate-

rial. The ECW also possessed low switching time for both colored state (2 s) and 

bleached state (1.5 s). The device also exhibited high electrochromic eff ciency of 

133.1 cm2 C−1 for bleaching and 178.6 cm2 C−1 for coloration, respectively. The device 

was also able to reach high cyclic stability of 98.9% after 11,500 cycles. Further 

the device was tested for thermal stability at different temperatures. The devices 

showed thermal stability over an extensive temperature range from −20 °C to +70 °C. 

Thus, UV-cured gel electrolyte appeared as potential candidate for electrochromic 

windows. 

A highly transparent gel polymer electrolyte with ionic cross-linking was devel-

oped by Chen et al. by free radical polymerization (W. Chen et al. 2019). The gel 
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electrolyte consisted of propylene carbonate (PC), LiClO4, acrylic acid (AA), acryl-

amide (AAm), azobisisobutylonitrile (AIBN) and was called as PADA gel polymer 
- -1

electrolyte. The value of -  for PADA was observed to be 1 3. x10  2 S cm  at 25 °C. 

PADA was sandwiched between WO3 and NiO electrodes coated onto FTO glass 

substrate to form an EC device with confguration as glass FTO/WO3 //PADA gel// 

NiO/FTO glass. The device showed black blue color in its colored state, corre-

sponding to potential of −2.3 V and was transparent in its bleached state for a posi-

tive potential of +2.3 V. Transmittance for colored and bleached state was 72.4% 

and 11.4%, corresponding to a wavelength of 660 nm providing 61% optical modu-

lation at 660 nm. The switching response of the device was very high with color-

ation time of 8.5 s and bleaching time of 7.5 s owing to superior ionic conductivity 

of the electrolyte. Excellent color effciency of 78.7 cm2 C−1 suggested that the 

device could give excellent performance corresponding to low-energy input. When 

tested under open circuit conditions for 24 h, the transmittance increased from 

11.4% to 33.4% for the colored state, suggesting that the colored state of the fabri-

cated device is stable to be used on daily basis without energy consumption.  

However, gel electrolytes suffer from limitation of poor mechanical stability owing 

to the incorporation of liquid electrolyte inside the polymer matrix. To overcome 

such limitations, solid polymer electrolytes (SPEs) have gained wide research atten-

tion. They are solvent-free electrolytes; hence the problem of leakage is solved with 

SPEs. Also, the solid electrolytes have excellent mechanical stability. Esin fabri-

cated biodegradable polymer-chitosan-based SPE for electrochromic devices (Esin, 

2019). The electrolyte was prepared using chitosan, LiTRIF, and PC. The effect of 

addition of PEDOT:PSS to the electrolyte was investigated. To test the electrochro-

mic behavior of the electrolyte, an EC device (glass/ITO/WO3 //SPE//ITO/glass) 

was fabricated. Addition of PEDOT:PSS led to improved electrochromic perfor-

mance of the device. The value of -  for chitosan-based electrolyte with PEDOT: 
- -1

PSS was calculated to be 4 2. x10  4 Scm  which was higher than electrolyte with-
- -1out PEDOT:PSS (3 4. x10  4 S cm  ).

 Enhanced -  led to the fast switching response of the device for coloration (0.29 s) 
and bleaching (3 s), respectively. The device also exhibited a contrast ratio of 22% 

corresponding to wavelength of 800 nm. The device exhibited high coloration eff -

ciency of 67 cm2 C−1. 

Wang et al. designed a novel PVB:PEG-based quasi-solid polymer electrolyte and 

tested its electrochromic performance by fabricating an ECD with PProDOT-Me2 as 

WE and Li-Ti-NiO as CE (W. Wang, Guan, Li, Zheng, & Xu, 2018). The electrolyte 

exhibited -  value of 10−5 S cm−1 with transmittance of >70% in the visible region 

(400–800 nm). The fabricated ECD possessed a high contrast ratio of 43.8% corre-

sponding to 585 nm. The device switched between its colored (deep blue color) and 

bleached (transparent) state on applying an external voltage of −1.8 V and +2 V, 

respectively. The device exhibited hasty switching between its bleached and colored 

state with Tb =2.6 s and TC = 1.2 s. The stability of the device after repeated cycles 
of coloring and bleaching plays a crucial role for EC applications. It was observed 

that the fabricated device also showed excellent cyclic performance with 84% of 

optical modulation retained after 20,000 cycles. This increased stability was attrib-

uted to the highly viscous skeleton structure of PVB, making the electrolyte in a 
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suitable structure during the transportation of ions. The results suggested that the 

electrolyte has wide potential applicability for ECWs and anti-glare mirrors. 

Another green solid polymer electrolyte based on chitosan was developed by Eren 

for electrochromic applications (Eren, 2019). The electrolyte was prepared using 

PEDOT, PSS and chitosan polymers with LiTRF as lithium salt and PC as plasticiz-

ers. Figure 7.6  illustrates the schematics of the fabrication process of the electrolyte. 

The electrochromic device was fabricated using PEDOT and PMeT as EC materials 

with confguration as ITO PEDOT//Ch:PEDOT:PSS:LiTRIF:PC//ITO PMeT. The 

device exhibited an optical contrast ratio of 32.2% under an applied voltage +2V . The 
device also possessed fast switching response, with switching time 0.24 s and 0.52 s 

for colored and bleached state, respectively. The better switching response was due 

to the presence of PEDOT:PSS which act as conductive binder reducing the electro-

lytic resistance to ease the transportation of electrolytic ions. High coloration eff -

ciency of 228.65 cm2 C−1 was observed credited to PEDOT:PSS-based percolation 

channels inside LiTRIF/chitosan supporting homogenous rate of coloring/bleaching 

process of the device. These results suggest the electrolyte has potential for fabricat-

ing effcient EC windows. 

Zeng et al. fabricated a fexible and energy saving electrochromic window device 

using transparent solid polymer (SPE) electrolyte ( Zeng et al. 2019). The electro-

lyte consisted of metal salt-lithium perchlorate (LiClO4) and the polymers poly-

oxypropylene glycol (PPG), and polymethacrylate (PMMA). The electrochromic 

performance of the electrolyte was tested using two different working electrodes 

(electrochromic materials), PTCDA and 4EDOT-2B-COOCH3. PTDCA was used 

as cathodic EC material. The device confguration was ITO PET//SPE//PTCDA 

Chitosan (Ch) PEDOT:PSS 

+ + 
O 

OH 

O 
O O O O O O 

S 
S 

SO3 
- SO3H  SO3H  SO3H 

SO3 
-

S 
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S 
S 

O O O O O O 

O 

HO NH3 
+ 

n 
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n 

(PEDOT) 

(PSS) 

F3C–S–OLi Li+ 

Li+ 

Li+ 

Li+ 

O 

LiTRIF 
PC 

Ch/PEDOT:PSS/LiTRIF electrolyte 

FIGURE 7.6 Schematics of fabrication of PEDOT:PSS/chitosan-based solid polymer 

electrolyte. 

 Source: Reproduced with permission from Eren (2019 ). 
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flm/ITO PET (named as ECD3). 4EDOT-2B-COOCH3 was used as anodic EC  

material with device confguration as ITO PET/SPE/4EDOT-2BCOOCH3 f lm/ 

ITO PET (named as ECD4). UV absorption spectroscopy was used to test the  

transmittance of the SPE. The electrolyte showed a high transmittance >88% 

in the visible region. The electrolyte exhibited high value of conductivity about 

1.01 × 10−3 S cm−1. The fexible device ECD3 showed a color switching from red to 

black with an applied voltage between −3 V and +2.7 V. The device returned from 

black color to red color. In a similar way, ECD4 showed color switching from red 

to blue by applying voltage from −2.9 V to + 2.5 V. Both the devices showed very 

fast switching between the colored and bleached states. ECD3 exhibited switching 

time of 2.4 s and 5.6 s for colored and bleached states, respectively. On the other 

hand, colored and bleached states of ECD4 had switching time of 5.2 s and 2.6 s, 

respectively. Both the devices (ECD3 and ECD4) also exhibited better cyclic sta-

bility with 79.7% and 81.4% of initial charge maintained after 600 cycles, respec-

tively. The coloration eff ciency of 186.3 cm2 C−1 and 230.6 cm2 C−1 was observed 

for ECD3 and ECD4, respectively. Open circuit memory for both the devices was 

also calculated. ECD3 had a transmittance of 10.2% corresponding to voltage of 

−3.0 V for 700 nm. When voltage was removed for 12 h, the transmittance for 

700 nm increased to 22.5%, still maintaining 81.5% of initial optical contrast. In 

a similar way, ECD4 maintained 74.7% of the initial optical contrast. All these 

results suggested that the ECDs based on this kind of SPE have a wide potential 

applicability for electrochromic windows. 

Jeong et al. investigated the use of hydroxypropyl methylcellulose (HPMC)-

based SPEs for EC devices with WO3 as WE and Prussian blue (PB) as CE ( Jeong, 

Kubota, Chotsuwan, Wungpornpaiboon, & Tajima, 2021). HPMC, owing to its 

high polarity, excellent mechanical stability and environment-friendly nature, was 

chosen over other industrially synthesized polymers. The electrolyte was prepared 

using lithium perchlorate as metal salt, and polyethylene glycol (PEG) as polymer 

matrix. HPMC was added to the electrolyte. The electrolyte demonstrated excel-

lent value of - ( . x ) The fabricated EC device underwent color-5 07  10-3 S cm-1 . 
ation and bleaching corresponding to applied voltage of −1.2 V and +1 V (Figure 7.7a). 

The coloration and bleaching arose from the reduction of WO3 on intercalation of 

K+ ions and oxidation of K F4 e4[Fe CN )6 ] by deintercalation of K+ ions and vice ( 
versa. 

+ -WO3 + mK + xe - KmWO3
 Colorless Blue  

-K Fe Fe CN ) ]]- Fe F[ e (CN ]] + 4K + + 4e4 4[ ( 4 )6 6 
 Colorless Blue 

Optical switching time for colored and bleached states was found to be 6 s and 16 s, 

respectively. The device also displayed high coloration effciency of 139 cm2 C−1. 

Figure 7.7b represents the transmittance spectra of the device corresponding to 

colored and bleached state. Figure 7.7c shows the real photos of the device during 

coloring and bleaching. The EC performance of this solid polymer electrolyte-

based device was also compared with their previously reported EC device  
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193 Electrochromic Potential Windows 

based on a gel polymer electrolyte (Jeong, Watanabe, & Tajima, 2021; Tajima, 

Watanabe, Nishino, & Kawamoto, 2020a, 2020b). They observed that SPE-based 

ECD showed overall better electrochromic performance in comparison to GPE. 

The SPE solved the problem of leakage and complex manufacturing process as 

faced by GPEs. 

Isfahani et al. fabricated an SPE with Gellan gum (Ge) host matrix doped with 

LiTFSI and plasticized with glycerol (Gly), and evaluated their optical and electro-

chromic properties (Isfahani et al. 2021). The electrolyte exhibited a non-linear tem-

perature variation of - with lowest conductivity of 8.69 × 10−4 S cm−1 at 90°C and 

2.77 × 10−4 S cm−1 at 22°C. 

An EC device using the same electrolyte with confguration ITO glass/TiO2 -

CeO2//electrolyte//PB/ITO glass was fabricated to test the electrochromic perfor-

mance of the electrolyte. The device exhibited optical variation (dark blue at +0.5 V 

and transparent at −2.5 V), corresponding to the following redox reactions followed 

by intercalation/deintercalation of Li+ ions and vice versa. 

+ -K Fe Fe CN  ] + Li + e - K  LiF  e CN( [  ( ) ) ( e F ( ) )6 [ 6 ]
 Dark blue Transparent 

FIGURE 7.7 (a) Color and bleach state of the EC device; (b) transmission spectra of the 

device in color and bleach state; (c) real photos of the device in color and bleach state.

 Source: Reproduced with permission from Jeong, Kubota, et al. (2021). 
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The device exhibited excellent electrochromic features with fast switching time, 

optical modulation of 37.1% at 630 nm and effciency of 2062 cm2 C−1, encouraging 

their potential for electrochromic applications. Although SPEs are found to exhibit 

excellent electrochromic performance, low ionic conductivity is a major hurdle in 

use of SPEs for EC applications. Composite polymer electrolytes (CPEs) had their 

origin in attempts to augment the ionic conductivity of SPEs. CPEs are fabricated 

using a variety of methods including (i) addition of nano-fllers, (ii) copolymeriza-

tion, (iii) cross-linking, (iv) blending, (v) doping of nanomaterials and (vi) addition 

of ionic liquids. For instance, Wang et al. synthesized a self-healed dually cross-

linked polymeric electrolyte for fexible EC applications (Y. Wang et al. 2019 ). It was 

synthesized using vinyl hybrid silica nanoparticles (VSN), 1-vinylimidazole (VIm) 

and acrylic acid (AA) by copolymerization process. The cross-linking of VSN helps 

in enhancing the mechanical strength of the polymer chain, and formation of a 

homogeneous polymeric network. The electrolyte exhibited excellent value of σ~ 
1.26 × 10−4 S cm−1. The electrochromic performance of the electrolyte was tested 

by fabricating an EC device with viologen (1, 1′-disubstituted-4, 4′-bipyridinium) 
derivative (Bpy) as EC material and PANI as ion storage material. Bpy was incor-

porated into the electrolyte to form an EC gel that works both as an EC material 

and an electrolyte (Figure 7.8a). The device with an original green color turned 

purple during coloration and returned back to green on bleaching (Figure 7.8b).  

The fabricated Bpy/PANI/Fc device exhibited fast switching response for color-

ation (2 s) and bleaching (1.8 s) along with high color effciency of 406.96 cm2 C−1, 

which suggested that the device exhibited better optical modulation behavior. The 

device also possessed high stability with 83% retention of initial -T  even after 
5000 cycles. 

Chen et al. reported the fabrication of a cross-linked GPE based on ionic liquid for 

EC devices (W. Chen et al. 2021). The electrolyte was synthesized using ionic liquids, 

methyl methacrylate (MMA), 2-diethylaminoethyl methacrylate (DEA), acrylic acid 

(AA) and LiTFSI. Ionic liquid was encapsulated as a uniform phase inside the 3D 

network of polymers. This whole structure with continuous channels available for 

transportation assisted rapid migration and diffusion of the ions, thereby escalating 

the ionic conductivity of the electrolyte. The σ value of the electrolyte was found to 
be 3.29 × 10−3 S cm−1. The electrochromic performance of the electrolyte was tested 

by fabricating an EC device (glass/FTO/WO3//CPE//FTO/glass). The devices showed 

coloration (blue color) and bleaching (transparent) at applied voltage of +3V and −3V, 

respectively. Optical contrast of 49.9% was observed corresponding to wavelength 

650 nm. Also, the device exhibited fast switching time for both coloration (7s) and 

bleaching (4s), credited to the elevated σ for the electrolyte. High color eff ciency of 
96.2 cm2 C−1 suggested that the device obtained high optical modulation at low input 

energy which can help in energy saving. 

Bae et al. synthesized dual-cations-based composite polymer electrolyte (Bae, 

Kim, Kim, & Kim, 2021). Two ionic sources were used—LiTFSI (lithium salt) as Li 

ion source and PSSA as proton source. MXene was taken as a fller to boost the value 

of σ for the polymer electrolyte. MXene helped in fast dissociation of salts through 

acid-base interactions and facilitated the movement of cations between the polymer 



 

 

 

 

  

     

  

 

   

  

 

 

      

 

   

195 Electrochromic Potential Windows 

FIGURE 7.8 (a) Schematics of the fabrication process of fexible EC device on plastic sheet; 

(b) images of ECD during bleaching and coloring state along with bending.

 Source : Reproduced with permission from Y. Wang et al. (2019 ). 

matrix and MXene. The electrochromic behavior of the electrolyte was investigated 

through the fabrication of an EC device with PEDOT:PSS as WE and PANI:PSS as 

CE. LiTFSI provided excellent ΔT and PSSA provided very fast response. The device 
exhibited an excellent transmittance of 66.2% with rapid switching for coloration 

(8 s) and bleaching (15 s). The device also exhibited excellent color eff ciency of 

340.6 cm2 C−1. 

Gelatin, a biopolymeric material owing to its profound characteristics such as 

fexibility, biodegradability, renewability, intrinsic transparency, natural abun-

dance, nontoxicity and low production cost has been widely explored as polymer 

electrolyte by compounding it with plasticizers and salt. Wootthikanokkhan et al. 

fabricated a transparent adhesive polymer electrolyte based on gelatin for the fab-

rication of EC glass (Wootthikanokkhan, Jaruphan, Azarian, & Yosthisud, 2020). 

The electrolyte was prepared by blending EAA copolymer-based ionomer resin 

with gelatin. LiClO4 was used as a lithium source. The optical performance of the 

electrolyte was tested by fabricating an ECD with conf guration ITO/WO 3//electrolyte// 

NiO/ITO. The optical contrast (ΔT )% for gelatin-based electrolyte was 43.35% 

while it was 30.07% for EAA (2.5% wt.)/gelatin-based electrolyte. The switching 

time for both gelatin and EAA/gelatin electrolyte was same for both coloration (10 s) 



 

  

      

        

 

 

 

  

  

 

  

 

 

     

 

  

   

   

   

   

     

  

 

  

 

  

 

 

 

  

 

  

 

    

 

   

 

  

196 Polymer Electrolytes and their Composites 

and bleaching (50 s). The coloration effciency of EAA/gelatin-based electrolyte 

was higher (60.34 cm2 C−1) in comparison to that for gelatin-based electrolyte (53.90 

cm2 C−1). Higher effciency suggested that less energy is required to obtain larger 

optical modulation for EAA/gelatin electrolyte in comparison to gelatin electrolyte. 

Thus, EAA ionomers lead to perking up the overall optical performance of the 

electrochromic device. 

Sydam et al. synthesized a hybrid kind of polymer electrolyte called as iono-

gel which is a blend of a polymer matrix entrapping an ionic liquid (IL) (Sydam, 

Ojha, & Deepa, 2021). Heptyl viologen (HV) was used as cathodic EC material 

and PB was used as anodic EC material. An ionic additive, EDTA was added to 

the ionogel electrolyte to perk up the write-erase effciency of the HV-based EC 

device, as these devices were found to become permanently colored after a few 

switchings. EC devices with and without EDTA were fabricated to investigate 

the electrochromic response of the electrolyte. Figures 7.9a and  7.9b show the 

color change for EC devices without EDTA. At −1.8 V, the device turned blue 

corresponding to the formation of HV+ species. On applying positive potential 

of +1.5 V, the device returned to its original transparent state due to formation 

of HV2+ species. But after a few cycles, the device did not return to its original 

state after bleaching. This was due to the reduction of HV+ radical to pale colored 

HV0. The addition of EDTA in the ionogel electrolyte prevented the reduction of 

HV+ radical to pale colored HV0 by interacting with the radical cation and hence, 

improved the EC performance of the device.  Figures 7.9c  and  7.9d– f  represent the 

bleach and color states of the device at various potentials with a clear transparent 

bleached state. 

To enhance the conductivity of polymer electrolytes, Zhang et al. focused on syn-

thesizing a hybrid organic-inorganic gel electrolyte for EC applications (W. Zhang, 

Zhang, & Shen, 2021). The electrolyte was fabricated by blending methoxypoly-

ethylene glycol poly(propylene glycol)-based precursor with bis(2-aminopropylene 

glycol)-based precursor followed by hydrosilylation and addition of LiTFSI-based 

liquid electrolyte. The electrolyte possessed excellent σ~1.67 × 10−3 S cm−1. A TGA 

test was conducted to fnd the weight loss of the electrolyte with temperature. It was 

observed that the electrolyte did not undergo any appreciable weight loss for temper-

ature change from 25 °C to 315 °C suggesting excellent thermal stability of the elec-

trolyte over an extensive temperature range. To explore the electrochromic behavior 

of the electrolyte, an EC device (ITO glass/WO3//CPE//ITO glass) was made up. The 

device exhibited excellent EC behavior with high optical contrast (38%), and high 

color effciency of 282.9 cm2 C−1. 

There is another class of polymer electrolytes called polyelectrolytes that are 

widely explored for electrochromic applications. For instance, Puguan et al. fab-

ricated polyelectrolyte based on 1,2,3-triazole with a pentaoxyethylene spacer 

for EC devices (Puguan, Boton, & Kim, 2018). The electrolyte was developed by 

cyclic addition of copper-catalyzed alkyne-azide- terminal monomer quaternized 

using alkyl halides followed by anion exchange with several fuorinated salts. An 

EC device was made up by sandwiching the synthesized polyelectrolyte between 

two ITO glass-based PEDOT:PSS electrodes. The device exhibited an optical con-

trast of 18% corresponding to wavelength 648 nm with switching time of 4.75 s for 



 

 

      

   

    

  

          

          

 

    

197 Electrochromic Potential Windows 

FIGURE 7.9 (a–b) Images of HV/gel/PB ECD in bleached and colored state, respectively; 

(c) in bleached state; (d–f) HV/EDTA in gel/PB ECD in progressive colored states under the 

different applied potentials. 

 Source: Reproduced with permission from Sydam et al. (2021 ). 

coloration and 11.8 s for bleaching. The color effciency was evaluated to be 356 

cm2 C−1. Wang et al. fabricated a viologens-based EC device with poly ionic liquids 

(PIL) as electrolyte (X. Wang, Guo, Cao, & Zhao, 2020). For fabrication of the EC 

device, various electrochromic chromophore viologens—(DHV(PF6)2, HBV(PF6)2 
and PHBV(PF6)2)—were blended with ferrocence (Fc) and poly(VBImBr) electro-

lyte gel, and the obtained gel was sandwiched between two ITO glass substrates. PIL 

electrolyte helped in suppressing the dimerization of viologen radical cation dur-

ing the process of switching from colored to bleached state and vice versa, thereby 

enhancing the electrochromic performance of the device. The optical contrast for 

DHV-, HBV- and PHBV-based ECDs was found to be 47.7%, 45.4% and 41.1% 

respectively. The optical effciency for the three ECDs was 109.8 cm2 C−1, 106.2 cm2 

C−1 and 105.7 cm2 C−1, in that order. DHV-based ECD exhibited maximum cyclic 

stability of 96% after 4000 cycles.  Figure 7.10 represents the transmission spec-

tra of different viologen-based ECDs along with images representing their colored 



 

   

 

  

 

 

 

 

  

 

 

  

 

    

198 Polymer Electrolytes and their Composites 

FIGURE 7.10 The transmission spectra at different applied voltages and the images show-

ing colored and bleached states of (a) DHV, (b) HBV and (c) PHBV-based ECDs. 

 Source: Reproduced with permission from X. Wang et al. (2020 ). 

and bleached states.  Table 7.2  presents the performance parameters of some of the 

recently fabricated EC devices using polymer electrolytes. 

7.5 CONCLUSIONS 

In the present age, electrochromic windows (ECWs) have gained huge research  

interest in the feld of academics and industries owing to their controllable trans-

mission. In the energy sector, ECWs are proving to be revolutionary energy saving 

technology. Using ECDs or smart windows in houses and buildings, the amount 

of sunlight entering the building can be controlled reducing the cost and energy 

consumption for air conditioning and artifcial lightning. Use of ECWs helps in  

building a healthy environment for future generations by enhancing the energy 

effciency of the solar energy and reducing the dependence of the present genera-

tion on the artifcial sources of energy. The fabrication of an ECW consists of f ve 

layers—transparent conducting substrate (TCS), working electrode (WE), elec-

trolyte, counter electrode (CE), and transparent conducting substrate. EC material 
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TABLE 7.2 
Electrochromic Parameters of Various EC Devices Using Polymer Electrolytes. 
EC Device Electrolyte Ionic Optical V c/Vb (V) ΔOD π TC Tb Stability% Reference 

Host Conductivity Modulation (cm2 C −1) (s) (s) (Cycles) 
(S cm−1) ΔT(%) 

Gel Polymer Electrolytes (GPE) 1.3 × 10−2

 ITO/WO 3 //GPE//ITO 2-APPG 1.01 × 10−3  – − 1/+1 0.38 193.3 – – – ( Zhou, Wang, Li, & 

at room temp. (550 nm) Shen, 2018b) 

ITO glass/WO 3 //gel PMMA – 51.3(550 nm) − 1.2/0 –  – 2.0 1.5 98.9 (11,500) ( Lee et al. 2020 ) 

electrolyte/ITO 

FTO WO3 //GPE//NiO FTO PADA at 25 °C 61 (660 nm) − 2.3/+2.3 –  78.7 7.5 8.5 98.5 (25), (W. Chen et al. 

(660 nm) 93.8 2019 ) 

(1 month) 

ITO/WO 3 //GPE//ITO PMDA+2-APPG 3.1 × 10−4  81.9 (550 nm) − 2.5/2.0 0.19 198.9 – – – ( D. Zhang, Zhou, & 

at 25 °C Shen, 2021) 

PProDOT-Me2 //GPE//ITO GMA+AAm 49 (582 nm) − 1/+1 –  –- 1.6 2.0 96 (1000) ( Q. Chen, Shi, 

PET Sheng, Zheng, &

Xu, 2021) 

ITO glass/WO 3 //CPE//  Acrylate-based UV – 53.2 (550 nm) – – 62.2 11.1 4 84 (2000) ( Mengying, Hang, 

NiOx /ITO glass curable glue (550 nm) Xu, & Xungang,

2021 ) 

Solid Polymer Electrolyte (SPE)
 ITO glass/WO 3 //SPE// Chitosan 1.68 × 10−5 4.1 (550 nm), − 2.8/+2.8 0.03 (550 – 15 15 – ( Alves et al. 2018 ) 

CeO2 -TiO2 /ITO glass at 30 °C 9.2 (633 nm) nm),

0.04 (633

nm) 

ITO glass/WO 3 //SPE//ITO Chitosan+PEDOT+PSS 4.2 × 10−4  22.0 (800 nm) − 3/+3 –  67 0.29 3 – ( Esin, 2019 ) 

glass (800 nm) 

FTO glass/WO 3 //SPE// PEGDMA+PEGMA 1.31 × 10−5  35 (800 nm) − 1.5/+1.0 –  – 60 300 – ( Choi et al. 2019 ) 

ATO/ITO glass at 30 °C 

(Continued) 
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TABLE 7.2 (Continued) 
Electrochromic Parameters of Various EC Devices Using Polymer Electrolytes. 
EC Device Electrolyte Ionic Optical V c/Vb (V) ΔOD π TC Tb Stability% Reference 

Host Conductivity Modulation (cm2 C −1) (s) (s) (Cycles) 
(S cm−1) ΔT(%) 

ITO glass/PProDOT-Me2 //  PVB+PEG ~ 1.0 × 10−5 43.8 (585 nm) − 1.8/+2 – 106.0 1.2 2.6 84 (20,000) ( W. Wang et al. 

electrolyte//Li-Ti-NiO/ 1.01 × 10−3 2018 ) 

ITO glass 

ITO PEDOT//SPE//ITO Chitosan+PEDOT+PSS – 32.2 (650 nm) − 2/+2 – 228.65 0.24 0.52 74.0 (50) ( Eren, 2019 ) 

PMeT (700 nm) 

ITO PET/PTCDA//SPE//  PPG+PMMA 61.0 − 3/+2.7 – 186.3 2.4 5.6 79.7 (600) ( Zeng et al. 2019 ) 

ITO PET (700 nm) (700 nm) 

ITO PET//SPE//4EDOT- PPG+PMMA 1.01 × 10−3  48.6 (700 nm) − 2.9/+2.5 – 230.6 5.2 2.6 81.4 (600) ( Zeng et al. 2019 ) 

2BCOOCH3 /ITO PET (700 nm) 

WO3 //SPE//PB PEG 5.07 × 10−3  49 (633 nm) − 1.2/+1.0 2.349 139 6 16 – ( Jeong, Kubota, 

(633 nm) et al. 2021) 

ITO glass/TiO2 -CeO2 // Gellan gum 2.77 × 10−3  37.1 (630 nm) − 2.5/+0.5 1.34 2062 – – – ( Isfahani et al. 

electrolyte//PB/ITO glass (630 nm) 2021 ) 

Composite Polymer Electrolyte (CPE)
 ITO glass/WO 3 //CPE//ITO PPG-PEG–PPG 1.1 × 10−4  18 (550 nm) – 0.56 675 9 30 – ( Liu, Saikia, Wu, 

glass triblock copolymer at 30 °C (550 nm) Fang, & Kao,

2017 ) 

ITO glass/WO 3 //CPE//ITO 2-APPG+ICS 1.43 × 10−3  – − 3/+2 – 267.4 13 19 – ( Zhou, Wang, Li, & 

glass at 30 °C Shen, 2018a) 

ITO glass/WO 3 //PAEG// PMHS+PPG-PEG-PPG 6.5 × 10−4  49 (550 nm) − 2/+2 0.39 – – – – ( Deka et al. 2019 ) 

ITO glass at 30 °C 

Bpy/PANI/Fc PAA 1.26 × 10−4  45 (581 nm) − 1.2/+0.3 – 406.9 2 1.8 83.0 (5000) ( Y. Wang et al. 

at room temp. (581 nm) 2019 ) 
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 glass/FTO/WO 3 //CPE//  PMMA+PAA+DEA 3.29 × 10−3  49.9  (650 nm) − 3/+3 – 96.2 7 4 –  ( W. Chen et al. 

FTO/glass  (650 nm) 2021 ) 

 PEDOT:PSS//Electrolyte//  PEGDA – 66.7  (600 nm) − 1.2/+0.5 – 340.6 8 15  ( Bae et al. 2021 ) 

PANI:PSS (600 nm) 

 ITO/WO 3 //CPE//ITO NiO Gelatin 4.46 × 10−6  30.1  (600 nm) − 3/+3 0.35 60.34 10 50 –  ( Wootthikanokkhan 

(600 nm) et al. 2020 ) 

 HV/EDTA in gel/PB PMMA – 73.1  (606 nm) − 0.6/+1.5 – 346.2 16 35 ~ 93 (10,000), ( Sydam et al. 2021 ) 

(606 nm) 68  (2 years) 

 ITO glass/WO 3 //CPE//ITO 2-APPG 1.67 × 10−3  38 − 3/+3 0.279 282.9 – – –  ( W. Zhang et al. 

glass at 25 °C 2021 ) 

Polyelectrolytes
 ITO glass/PEDOT:PSS// PEG 1.20 × 10−4  22  (648 nm) – – – 2.5 3.2 –  ( Puguan, Jadhav, 

PIL//PEDOT:PSS/ITO Boton, & Kim,

glass 2018 ) 

 ITO glass/PEDOT:PSS//  poly(3-alkyl-4- 1.16 × 10−4  18  (648 nm) – – 356 4.75 11.8 –  ( Puguan, Boton, 

PIL//PEDOT:PSS/ITO PEG1,2,3-triazolium) at 30 °C  (648 nm) et al. 2018 ) 

glass

 ITO glass//DHV +  poly(VBImBr) – 46.8  (606 nm) 1.1/0 – 109.8 11.1 19.9  96 (4000)  ( X. Wang et al. 

EC-based gel//ITO glass (606 nm) 2020 ) 
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and electrolyte are the most important components of ECWs. The choice of suit-

able EC material and the electrolyte leads to the development of ECWs with excel-

lent performance parameters. Some important performance parameters of ECWs 

have been discussed herein. The performance of ECWs highly depends on the 

chosen electrolyte. The electrolyte with high ionic conductivity, high electronic 

resistivity, high thermal/mechanical/chemical stability and high compatibility 

with electrode material is highly recommended for ECWs. Among various kinds 

of electrolytes, polymer electrolytes have gained wide research focus for ECWs 

owing to their leakage resistance, high ionic conductivity and chemical stability. 

Various kinds of polymer electrolytes such as GPEs, SPEs, CPEs and poly electro-

lytes have been discussed in detail in this chapter. In recent years, a lot of research 

has been focused on using these polymer electrolytes in ECWs. Among them SPEs 

and CPEs are found to have superior mechanical stability in comparison to GPEs. 

SPEs possess high mechanical stability but their ionic conductivity is low. CPEs, 

on the other hand, possess high ionic conductivity and high mechanical stability 

along with excellent electrochromic performance. Recently the research has been 

focused on fabricating new kinds of SPEs and CPEs with excellent electrochromic 

performance to be used in ECW applications. 
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8. 1 INTRODUCTION 

Cl imate change, population increase, and rising energy consumption are just a few 

of the major worldwide problems driving contemporary efforts to create and expand 

renewable, sustainable, and clean energy options (B oboescu et al. 2016 ). The need 

to create alternative energy sources and ways for regenerating waste materials and 

energy sources has resulted in a slew of large-scale research projects that focus not 
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only on waste treatment but also on waste harvesting for energy and value-added 

goods. The discovery of electrochemically active microorganisms that employ 

transfer of electrons through a direct way in their physiology has lately spawned 

the area of bio-electrochemical waste remediation (Kim et al. 1999). One example 

of this technology is microbial fuel cells (MFCs). MFCs use live catalysts to trans-

form energy into electricity from industrial, sustainable, and home waste sources. 

MFCs may also be used to collect bio-electrochemical power from carbohydrates, 

in addition to removing organic materials in wastewater (He, Minteer and Angenent 

2005). Microbial fuel cells (MFCs) are devices that oxidize organic and inorganic 

substances and generate electricity using microorganisms as catalysts. H-shaped 

MFCs are generally made up of two parts: the anodic and cathodic chambers, which 

include the two electrodes joined by a tube carrying a half-cell separator, including a 

salt bridge, ceramic or PEM, that is commonly a CEM (cation exchange membrane; 

e.g. Naf on). Electrons created by bacteria on these substrates are transmitted to the 

anode (negative terminal) and fow to the cathode (positive terminal) via a conduc-

tive substance including a resistor, or the system is operated under load (i.e. produc-

ing electricity that runs a device) (Figure 8.1). A positive current fows in the opposite 

direction of electron fow, from the positive to the negative terminal, by convention. 

The device must be able to replenish the substrate oxidized at the anode on a continu-

ous or intermittent basis; otherwise, the system is termed a biobattery. 

Electrons can be transmitted to the anode via electron mediators or shuttles 

(Rabaey et al. 2005), direct membrane associated electron transfer (Bond and Lovley 

2003), so-called nanowires (Reguera et  al. 2005) created by bacteria, or perhaps 

additional as yet unknown mechanisms. The separator permits protons to readily 

migrate to the cathode owing to a potential gradient while preventing O2 (or the 

electron acceptor used in the cathodic compartment) from diffusing to the anode in a 

way that might harm the bacteria present. The biocatalyst is also signifcant, and it is 

widely available, since it may be derived from a variety of wastewater resources. The 

electrode materials show a major role among all MFC components in the generation 

of electricity for MFCs. The cost of the electrodes will be a major element in select-

ing whether or not to use MFC technology on a wide scale. 

8.1.1 ELECTRODE MATERIAL 

Electrode materials are important in MFCs because electron transport is crucial to 

their function. Materials of metals, carbonaceous, or their mixtures with polymers, 

are commonly employed as electrode materials in MFCs. The durability, biocompat-

ibility, and chemical/environmental inertness of carbon-polymer composite materi-

als have piqued curiosity, whereas metal electrodes are unstable and corrosive in 

aquatic environments (Narayanasamy and Jayaprakash 2020). There are some com-

mon requirements for anode and cathode materials. 

8.1.1.1 Anode 
Low cost, non-fouling, non-corrosive, non-toxic to microorganisms, big surface area, 

and highly conductive are the most essential parameters for an anode material. The 
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FIGURE 8.1 General set up of a typical two-chamber MFC highlighting the potential appli-

cations and essential requirements for anodes, separator/membranes, and cathode materials 

in terms of energy and environment aspects. 

anode chamber’s produced electrons must be capable of moving from the solution to 

the anode material’s surface. Microorganisms must have the ability to adhere to the 

surface and create bioflm in order to achieve effective electron transfer (Chatterjee 

et al. 2019). As a result, despite their strong conducting qualities, some materials,  

like stainless steel, are not appropriate for the production of power in MFCs. Carbon-

based electrodes are a cost-effective alternative to metal-based anodes. Carbon-based 
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materials are thus preferred for the treatment of vast amounts of wastewater at a low 

cost and the increase of transfers of electrons since they are inexpensive and stimu-

late the requisite bacterial growth. 

8.1.1.2 Cathode 
Carbon-based materials, which are commonly used as cathodes, have the same fun-

damental substance as an anode. However, processes that need a catalyst (like Pt) 

to actually occur on a cathode’s surface, like ORR (oxygen reduction reaction), 

pose a signifcant obstacle. The most common application of platinum is as a cath-

ode catalyst. However, using these cathode catalysts is neither sustainable nor cost-

effective. As a result, when used on a broad basis, Pt-based catalysts are necessary 

for replacement by less expensive compounds of metal like TMO (transitional metal 

oxides) and Ni, Co, Fe metal centre macro cyclic organic compounds (Santoro et al. 

2018 ). 

8.2 CARBON-POLYMER-BASED NANOCOMPOSITES ELECTRODE 

Electrode modification is an appealing technique for improving the catalytic 

activity (cathode) and the surface area (anode) of MFCs and, as a result, their perfor-

mance. Improved performance of electrodes in microbial fuel cells is mostly depen-

dent on lowering internal resistance, but it should also be aimed on lowering costs to 

promote widespread deployment. Carbon-based products like carbon cloth, graph-

ite rod, rod of carbon, carbon brush, carbon sheet, carbon mesh, carbon felt, granu-

lar graphite, granular activated carbon, activated carbon power, graphite plate, and 

reticulated vitreous carbon are all typical materials for electrodes in MFCs (Huang 

et al. 2016). Carbon-based materials are potentials for scaling-up because of their 

superior chemical stability and electrical conductivity ( Figure 8.2a–l). 3D materi-

als, like carbon mesh and brush, yield higher current densities as compared to 2D 

materials, like graphite rod or plate and carbon paper, because of their large surface 

area. Researchers have previously used chemical or physical approaches, like addi-

tion of electroactive coating or highly conductive coating, to construct numerous 

bulk and surface-modifed carbon electrodes. Adding conducting polymers to car-

bon electrodes is the most commonly used chemical technique. The most benef cial 

conducting polymers (CPs) employed in MFCs are generally polyaniline (PANI), 

polypyrrole (PPy), poly(3, 4-ethylenedioxythiophene) (PEDOT), and polythiophene 

(PTh). There were several different types of conducting polymers that were often 

employed in microbial fuel cell applications. In conjugated chains, an electron pho-

non cloud pair or an electron deformation pair is known to exist in the structure of 

conducting polymers (i.e. double and single bonds). As shown in Figure 8.2m, the 

conductivity of CPs is triggered by the molecule’s constant migration of double 

bonds, which stabilizes the charge by surrounding atoms. By including conduc-

tive fllers like carbon fber, carbon black, and some metallic species, the electrical 

conductivity of certain insulating polymers can be increased while maintaining 

their polymeric features. Some nanoscale conductive f llers are presently available 

like graphene materials (Sahoo et al. 2021) and metal nanoparticles (Aepuru et al. 

2020), and carbon nanotubes (CNTs) (Chou et al. 2014) have also been researched 
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Conducting polymers(m) 

Undoped Doped
Unchanged Changed 

Conducting polymer composites/blends 

Conductivity 
(S cm-1) 

10-18 10-14 10-10 10-6 10-2 102 106 

Range of Range of Range of 
Insulators Semiconductors Metalic conductors 

FIGURE 8.2 Digital images of various carbon electrodes normally used in MFCs: (a) car-

bon cloth, (b) carbon brush, (c) carbon rod, (d) carbon mesh, (e) carbon veil, (f) carbon paper, 

(g) carbon felt, (h) granular activated carbon, (i) granular graphite, (j) carbonized cardboard, 

(k) graphite plate, (l) reticulated vitreous carbon; (m) conductivity range of the conducting 

polymers.  

  Source: (a–l) Santoro et al. (2017 ). (m)  Ramanujam and Annamalai (2017 ). 
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in general for the manufacture of conductive polymer composites for application 

in MFCs. Filler particles inside the polymer matrix have conductive channels; as 

a result of the conductive paths, the conductivity of polymer composites improves, 

which is infuenced by fller matrix interactions, including a number of factors: the 

intrinsic characteristics, geometry and dispersion state of nanofllers. As a result, 

selecting a composite preparation process of fller distribution with the proper 

amount is of primary importance since the concentration of conductive f ller affects 

a composite’s electrical conductivity. The fller concentration is suffcient to gener-

ate a continuous conductive network throughout the composite when it reaches the 

percolation threshold. The composite achieves a percolation threshold at a certain 

critical loading, when the conductivity begins to increase by several orders of mag-

nitude with only a minor increase in fller quantity. As a result, it’s been identif ed 

that as the aspect ratio (length to diameter) of the fller increases, the amount of the 

percolation threshold drops. 

The electrical characteristics of the conducting polymers (CPs) are similar to 

those of metals and semiconductors. These polymers have good electro kinetic char-

acteristics, as well as high electron mobility, biocompatibility, stability, and anticor-

rosion qualities. They are more appealing than traditional polymers because of their 

ease of synthesis process, which could be because of the possibility of chemical sur-

face alteration with species that are physiologically active to improve the functional-

ity and biocompatibility of the electrodes that are essential for electrodes of MFC. 

Chemical or electrochemical methods can be used to make CPs in general. Addition 

polymerization or condensation polymerization are commonly used in chemical syn-

thesis. Chemical synthesis allows for the creation of a wide range of CPs using a 

variety of processes (e.g. condensation or addition polymerization) and is thus the 

most often used approach for CP production. Chemical polymerization is the only 

means to make certain unique CPs with changed monomers, while electrochemical 

synthesis is confned to particular polymeric materials. Because, in some situations, 

when a potential for polymerization is applied, the monomer may be oxidized, form-

ing reactive radical ion intermediates. Due to its interesting properties, such as envi-

ronmental stability, non-biodegradability, ease of fabrication, and high conductivity 

at room temperature, PANI acts as a potential candidate for different applications in 

the synthesis of biosensors, batteries, supercapacitors, actuators, electronic devices, 

chemical sensors, and fuel cell applications. 

In the electrode fabrication for MFCs, various other criteria like redox potential 

appropriate to bacterial metabolism, biocompatibility, and surface area are taken 

into account in addition to conductivity of electrodes. As a result, over the last few 

years, there have been lots of researches into bulk modifcation or surface modif ca-

tion of conducting, semiconducting, or insulating polymers. This chapter examines 

the current state of knowledge and data on MFCs with electrodes of carbon-polymer-

based composites. To support the selection of materials for this study, a comparison 

of their performances has been offered. MFCs commonly use carbon-polymer-based 

composite electrodes, which are divided into two types: 

• Bulk-modifed carbon-based electrodes (BMEs) 

• Surface-modifed carbon-based electrodes (SMEs) 
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8.2.1 BULK-MODIFIED ELECTRODES (BMES) FOR MICROBIAL FUEL CELLS 

Carbonization, doping, electroactive coatings, or chemical changes are used to mod-

ify carbon-based electrodes in bulk. There are two types of bulk-modif ed carbon-

based electrodes: 

1. Polymer-derived carbon-based bulk-modifed electrodes (PBMEs) 

2. Polymer/carbon composite-based bulk-modifed electrodes (PCBMEs) 

8.2.1.1 Polymer-Derived Carbon-Based Bulk-Modified Electrodes (PBMEs) 
Graphite is mechanically stiff, which is critical to create precise shapes with large 

surface areas. Converting polymeric materials to carbonaceous structures can be a 

good way to make a low-cost carbon electrode, which is doped by heteroatoms con-

taining high carbon with large surface area. The polymer precursor is carbonized 

(graphitized) or pyrolyzed to increase the amount of carbon and doped with a het-

eroatom like F and N to keeps the porous structure intact to make polymer-derived 

carbon electrodes. Carbonization, which needs a long residence period because of 

pyrolysis, and stepwise heating, which needs a short residence period because of the 

rapid rate of heating, are the two procedures most commonly utilized for fabricat-

ing PBMEs. Both of these processes add to the carbon concentration. Nitrogen-

containing polymers are commonly used in this carbonization procedure. Polymers 

containing N, F such as polytetrafuoroethylene, polyacrylonitrile, and polyaniline 

Produce heteroatom-doped carbon compounds when thermally treated. It has been 

claimed that adding a second heteroatom to N-doped carbon materials, such as B, S, 

or P, controls the electronic and surface polarities, increasing the carbon material’s 

ORR catalytic activity. The polymers that are commonly utilized as PBMEs are 

polyacrylonitrile (PAN), polyacrylamide (PAM), polydopamine (PDA), polyaniline 

(PANI), and polytetrafuoroethylene (PTFE) (Zeng et al. 2018). The benefts of uti-

lizing polymer-derived carbon-based BMEs include (i) because of heteroatom dop-

ing, catalytic activity of ORR increases, and (ii) the porous shape and large surface 

area is suitable to bioflm adhesion. The following sections address different PBMEs 

utilized in MFC investigations. 

8.2.1.1.1 PBMEs as Anode Material 
Pre-oxidation, hot-pressing, and carbonization (up to 1050 °C) of polyacrylonitrile 

(PAN)-based carbon electrodes were obtained employing an activating agent. PAN 

carbon f bers are ionically and electrically conducting, porous, active electrochemi-

cally, and also have large surface areas, making them ideal for use as electrodes in 

MFCs. Electrospinning and solution-blowing of a 3D carbon fber anode resulted 

in a bio electrocatalytic anode current density of up to 30 A/m2 (Chen et al. 2011). 

With such an ultrahigh porosity of 98.5%, it was the highest value ever recorded for 

electroactive microbial bioflms. Wang et al. (2015) and Chen et al. (2011) developed 

a unique open-cell scaffold (CS) anode having 3D confguration using supercriti-

cal CO 2 as the physical foaming agent and low-cost PAN as precursor (Wang et al. 

2015; Chen et al. 2011). The maximal power density of the MFC with the CS anode 

is 30.7 mW m−2, that is 28.5 percent greater than a commercially available carbon 
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felt anode (23.9 mW m−2). As a result, the MFC’s performance is enhanced by the 

3D open-cell scaffold (CS) anode (Wang et  al. 2015). How fber diameter affects 

anodic performance was investigated by He et al. (2011) and they found that moder-

ate diameter and high porosity of fber anodes (size of microorganism range between 

about diameter of 0.5 μm and length of 1 μm) are also necessary for greater current 

density (He et al. 2011). Carbon black (CB) deposition and APS/H2SO4 -based chemi-

cal oxidation resulted in the material of a three-dimensional network structure that 

serves as a solid substrate for the development of bio flms. For a thickness of 3 mm, 

the capital expense of ACS was just $2.5 per m2, which is like an order of magnitude 

lower than the cost of most marketed carbon electrodes. The output of the composite 

anode produced 2.2 times that of the CC anode (926 mW m-2) and had a faster start-

up period (23 h). 

8.2.1.1.2 PBMEs as Cathode Material 
Because the heteroatomic dopants have a synergistic effect on carbon, catalysts for 

heteroatom-doped carbon-based cathodes with varied dopants, like Fe, Co, gra-

phene, and N, have been used to obtain improved the activity ORR (Guo et al. 2019). 

Figure 8.3a shows how to make Co2NX-T@NC by copolymerizing the Co2+ -Aniline-

Pyrrole system and heating it to a higher temperature and pyrolyzing it, resulting 

in effcient oxygen reduction electrocatalysts made of Co2N nanoparticles embed-

ded in N-doped mesoporous carbon. Similarly, phytic acid-doped polyaniline was 

pyrolyzed onto AC to produce N and P co-doped carbon-modif ed activated carbon 

(NPC@AC) (Lv, Zhang and Chen 2018). In an air-cathode MFC, NPC@AC-0.7 had 

mesoporous properties, a greater degree of graphitization and bigger surface area, 

resulting in 2 times greater power density of 1223 mW m−2 and higher ORR elec-

trocatalytic activity compared to a pristine AC catalyst with power density of 595 

mW m−2. In a similar way, PANI-Fe-C, a new type of carbon-nitrogen-metal catalyst 

that was produced using calcination technique and obtained a max power density 

about 10.17 W m−3 in the MFC, which is marginally greater than Pt/C-based catalyst 

(9.56 W m−3) (Lai et al. 2013). 

Graphite oxide-polyaniline hybrid (GO-PANI) carbonization with activation of 

KOH (PNCN) was also observed by Wen et al. (2014), resulting in a greater value 

of power density about 1159.34 mW m−2  in MFC, which was greater as compared 

to Pt/C-based catalyst (858.49 mW m−2) (Wen et al. 2014). Melamine, like polyani-

line, has been proven to be effective as a heteroatom-doped cathodic catalyst due 

to its nitrogen and carbon content (Bi et  al. 2018;  Chan et  al. 2015;  Figure 8.3b).  

Sawant et al. (2018) made NCFs (N-doped carbon foams) with a 3D conf guration out 

of RF resin (i.e. resorcinol-formaldehyde resin) and showed a greater power density 

about 35.74 Wm−3, which was greater about 1.15 times as compared to commercial 

Pt/C-based catalyst (Sawant et al. 2018;  Figure 8.3c). Meng et al. (2015) analyzed the 

ORR catalytic effect in carbon black (BP-NF) which is N- and F-co-doped, and was 

synthesized through pyrolysis method of BP-2000 mixture and PTFE (polytetraf uo-

roethylene) under ammonium atmosphere, which show as extremely prof cient ORR 

electrocatalysis in the air cathode, with a max power density (672 mA cm−2  in the 

MFC) that was greater as compared to marketable Pt/C-based catalyst (572 mA cm−2) 

(Meng et al. 2015). Ghasemi et al. (2011) applied an alternative ORR catalyst which is 

activated carbon nanof bers from PAN by applying chemically activated electrospun 



 

  

 

 

        

   

 

 

215 Polymer Composites for Fuel Cells 

FIGURE 8.3 (a) Schematic representation of the synthesis of Co2N-X-T@NC through the 

combination of copolymerization and pyrolysis processes at 600–800 °C in presence of NH3 

gas; (b) graphical representation of synthesis of heteroatom-doped porous carbon (N/PCs) 

from sodium citrate (C source) and melamine (N source); and (c) schematic illustration of the 

preparation process of NCFs. 

  Source: (a) Guo et al. (2019 ). (b)  Bi et al. (2018 ). 

carbon nanofbers (ACNFs) with 8 M KOH, which could generate more power (78 %) 

as compared to physically and 16 % more power than chemically activated ACNFs 

with 4 M KOH and plain carbon paper, respectively (Ghasemi et al. 2011). 
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TABLE 8.1 
Comparison of Different PBMEs for MFCs Applications. 

Carbonization/ 
Electrode Anode: Polymer Cathode: Pyrolysis Power Density/ 
Materials Source Polymer Source Condition Increased by References 

PBMEs as  PAN—GR:   0.3 mg/cm 2  Carbonization  30.7 mW/m 2   Wang et al. 

anode Polyacrylonitrile Pt—catalyst at 1000 °C in  (28.5% higher  (2015 ) 

material (20wt% Pt/C) N2 (4.5 h)  than CF) 

on CP 

N/PCs: Melamine  Carbon brush  Pyrolysis at  800  2777.7 mW/m 2   Bi et al. 

on carbon cloth °C in Ar (5 h)  (98% higher  (2018 ) 

 than CC) 

NCFs:RF  Pt-carbon paper Carbonization  35.74 W/m 3  (15%   Sawant 

sol—gels at 900 °C in higher than et al. 

N2 (1 h) Pt-CP) (2018 ) 

 NC@CCT:  0.5 mg/cm 2 Pt Carbonization 931 ± 61 mW/ m 2   Zeng et al. 

Polydopamine on CC at 1000 °C in (80.5% higher (2018 ) 

Ar (1 h) than CF) 

PBMEs as Carbon brush PNCN coated SS Carbonization  1159.34 mW/m 2   Wen et al. 

cathode net:  PANI at 850 °C (1 h) (35% w.r.t. Pt/C) (2014 ) 

material  Carbon f ber NPGC on SS Carbonization  1323 mW/m 2   Chan et al. 

brush  mesh: Melamine at 620–700 °C (11% w.r.t. Pt/C) (2015 ) 

 in N 2 (4 h) 

 Heat treated BPNF on CC:  Pyrolysis at  950  672 mW/m 2  (17%   Meng et al. 

carbon mesh PTFE °C in NH3 w.r.t. Pt/C) (2015 ) 

 Heat treated  NPC@AC on SS  Pyrolysis at  950  1223 mW/m 2   Lv et al. 

 graphite felt mesh: PA-doped °C in Ar (2 h) (105% w.r.t.   AC/ (2018 ) 

brush PANI SSM) 

 Carbon felt CNTs/CNFs Carbonization 306 ± 14 mW/ m 2   Cai et al. 

electrode: PAN at 1050 °C in (39.09%  w.r.t. (2019 ) 

N2 (1 h) Pt/CCC) 

The main disadvantage was that ACNFs with 8 M KOH were 2.65 times more 

expensive per unit power as compared to typical platinum cathodes. According 

to  Cai et  al. (2019), interconnected fber aggregated into the structure like thorn 

on carbon nanotube (CNT)/(CNF) electrodes led to strong ORR catalytic activity 

exhibiting low internal resistance (0.18 Ω cm−2) and excellent exchange current den-

sity (13.68 A m−2) (Cai et al. 2019). With these electrodes, MFCs with a maximum 

power density of 306 ± 14 mWm−2 were achieved, which is 140 percent greater 

than with Pt/C.  Garcia-Gomez et al. (2015) created anode mats made of TiO 2 and 

carbon dual electrospun nanof bers (TiO2-PVP-PANI), with a high current density 

of 8 A m−2 (0.8 mA cm−2) and a low resistance of 3.149 Ω in a half microbial fuel 

cell (Garcia-Gomez et al. 2015). Table 8.1 compares the signif cant improvements 

in power performance of different polymeric materials utilized as anodes and cath-

odes in PBMEs. 



 

  
 

 

 

 

 

 

 
 

 

  

   

   

  

 

   

   

   

 

 

 

 

   

     

 

   

 

  

  

 

  

   

 

 

217 Polymer Composites for Fuel Cells 

8.2.1.2 Polymer/Carbon Composite-Based BMEs (PCBMEs) 
While synthesizing cathodic catalysts for MFCs, to bind the catalyst/dopants to the 

carbon materials, polymeric materials are commonly used as binder like carbon  

black, activated carbon and graphite. They’re also employed as anodic modif ers to 

make carbon materials more biocompatible and hydrophilic. The price of the binder 

has a considerable impact on the overall value of MFC. The importance of the 

binder cannot be overstated for the modif ed electrodes’ excellent performance and 

stability. Here’s a more in-depth look at the topic of several polymers employed as 

binders and their price use in carbon electrodes which is bulk modif ed. 

8.2.1.2.1 PCBMEs as Anode Material 
A simple and environmentally friendly PPy-CMC-CNTs/CB composite anode was 

prepared to obtain a high energy storage and good performance for MFCs (Wang, 

Zhu and An 2020;  Figure 8.4a). The power density of the PPy-CMC-CNTs/CB 

composite anode (2970 mW/m2) was 4.34 times higher than the bare anode (683 

mW m−2) due to its excellent biocompatibility and presence of selective electrogenic 

bacteria. PVA (Polyvinyl alcohol) (Chen et al. 2015), which is hydrophilic due to 

oxygen-containing groups, has been suggested for use as an anode binder in MFCs, 

because of its properties like biocompatibility and hydrophilicity. As a anode binder 

for electrocatalysts applied in MFCs, PVA has indeed been proposed as a substitute 

for PTFE (Chen et al. 2015). The maximal output power of an E. coli-based MFC 

employing PVA as an electrocatalyst in that CNT anode, was 1.631 W m−2, which 

is 97.9% higher than the MFC using PTFE as the binder (0.824 W m−2 ). However, 

because PVA also has the qualities of an electronic insulator, it may have a negative 

impact on electron transmission in between the anode and bacterium.  Roh (2015) 

used in situ chemical polymerization for coat polypyrrole on activated PAN/CNT 

nanofbers, resulting in a 40% increase in maximum power density over carbon cloth 

(CC) anodes that is unmodifed (Roh 2015). GPF (graphite phenol formaldehyde) 

was tested as an anode by Navaneeth et al. (2015;  Figure 8.4b). It was constructed by 

mixing 25% (w/v) natural GP (graphite powder) with 75% (by volume) industrial-

grade novolac-type phenol-formaldehyde (PF) resin. The effciency of the GPF was 

somewhat lower than that of a graphite electrode (GE) oriented photo-bio electro-

catalytic fuel cell (PhFC) (Navaneeth et al. 2015). Polytetraf uoroethylene (PTFE) 

in a composite with graphite electrodes at 24 to 36% (w/w) could have a substantial 

impact on current generation eff ciency in MFCs. The power density of an E. coli-

catalyzed MFC with a composite anode containing 30% PTFE and a conventional 

air cathode was 760 mW m−2. AC cathodes produced with various amounts of the 

binder (10 to 40% PTFE) (Wei et al. 2012) did not indicate any consistent pattern 

for current produced, implying that the PTFE binder content was not a necessary 

factor in the performance of AC and that applying of binder can be minimized to 

actually reduce the cost of the cathode.  Wang et al. (2010) employed a cheap mix-

ture of PTFE and Nafon to bind Pt/C catalyst to air cathodes, and with the quantity 

of Naf on in the binder, the maximum power density changed linearly, with values 

of 844 and 685 mW m−2 for 67% and 33% respectively. Given the high expense of 

large-scale MFCs, this suggests that Nafon-PTFE mixtures could be utilized as a 

replacement for pure Nafon. Using a diethylamine-functionalized Naf on polymer 
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FIGURE 8.4 (a) Preparation and integration of PPy-CMC-CNTs/CB composite material to obtain a high-capacitance 3D anode for MFCs; (b) 

occurring of cellular mechanism in the photosynthetic bacterial membrane; (c) separator assembly component of the air-cathode MFC; (d) sche-

matic illustration of electrode modif cation in a dual-chambered MFC setup and their performance comparison. 

  Source: (a) Wang et al. (2020 ). (b)  Navaneeth et al. (2015 ). (c)  Joel Koff and Okabe (2020 ). (d)  Narayanasamy and Jayaprakash (2018 ). 



 

 

 

    

 
      

 

    

  

  

 
 

 

 

    

 

   

   

  

  

  

 

    

     

 
 
 

   

  

 

220 Polymer Electrolytes and their Composites 

as the catalyst binder improved the growth of nitrifying bacterial bioflm on the sur-

face of cathode. Furthermore, changing the chemical functionality of the catalyst 

binder, which is the outer part of an air cathode’s solution facing side, does not add 

another layer to the cathode surface, and hence does not raise the internal resistance 

(Yang et al. 2019). 

8.2.1.2.2 PCBMEs as Cathode Material 
In MFC air cathode (Joel Koff and Okabe 2020), polyvinylidene f uoride (PVdF) 

was utilized as a binder through a phase inversion method instead of the traditional 

“mix and paste” technique, and the max power density was somewhat lower (286 

mW m2) (Figure 8.4c). Low price of the polymer and the simplicity of the phase 

inversion technique may encourage its use in the production of MFC cathodes (Yang 

et al. 2014). 

8.2.1.2.3 PCBMEs as Both Anode and Cathode Materials 
Graphite powder (GP) was mixed with commercial epoxy resin and doped with dif-

ferent MS (metal salts) to create MS-GECE (graphite-epoxy composite electrodes), 

that were verifed utilizing Pseudomonas aeruginosa as the biocatalyst. Other metal-

doped electrode combinations provided much lower power density in the MFC 

(1679.9 ± 98.04 μW m−2) than the Fe3+ doped graphite cathode. Casting was used to 

make bulk improved GPECE (graphite polyester composite electrodes) doped with 

MS-GPECE (metal salts) (Narayanasamy and Jayaprakash 2018). A laboratory-scale 

H-shaped Pseudomonas catalyzed microbial fuel cell (MFC) was used to investi-

gate the impact of redox behaviour of electrodes suitable to bacterial metabolism on 

improved biof lm growth (Figure 8.4d). With cathode material such as Ni- GPECE 

and anode material such as graphite block, the maximum power density (1575 ± 

223.26 μW m−2) has been attained. 

8.2.2 SURFACE-MODIFIED ELECTRODES (SMES) FOR MICROBIAL FUEL CELLS

 Surface-modifed polymer/carbon-based electrodes are categorized into three kinds 

based on whether they are doped, electroactive coated, or chemically treated just on 

the active or inactive surface: 

1. Polymer-derived carbon-based surface-modifed electrodes (PSMEs) 

2. Polymer/carbon composite-based surface-modifed electrodes (PCSMEs) 

8.2.2.1 Polymer-Derived Carbon-Based SMEs (PSMEs) 
8.2.2.1.1 PSMEs as Anode and Cathode Materials 
Three-dimensional (3D) electrodes provide the enormous active surface areas for bac-

terial adhesion, making them suitable anodes in MFCs (Chen et al. 2019). The power 

density of a carbon-encapsulated metallic nanoparticle-based cathode with a core 

shell shape developed for MFCMBR by carbonization of melamine foam was found 

to be 38 times greater than that of unmodif ed electrodes. When analyzed as a high-

performance cathode in a MFC, carbon nanofber-skinned 3D Ni/carbon micropillars 

modifed by carbonization and activation of the phenol-melamine precursor-based 
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polymeric flm produced a maximum power density of ~ 2496 mW m−2, 10 times 

greater than that obtained by pristine carbon f lm electrodes. 

8.2.2.2 Polymer/Carbon Composite-Based SMEs (PCSMEs) 
There are two forms of polymer/carbon composite-based SMEs (PCSMEs): polymer 

coated on carbon and carbon coated on polymer. 

8.2.2.2.1 Polymer Coated on Carbon as Anode and Cathode Materials 
Conducting polymers like polyaniline, polythiophene, and polypyrrole have been 

produced in various shapes using various techniques, and their morphology has a 

signifcant impact on MFC power output. Several groups ( Zhao et al. 2018; Zhao 

et al. 2019) have developed conducting polymers with various morphologies on the 

surface of carbon cloth that might be employed as anode materials. Due to the large 

specifc area that provided enough surface for growth of microbial and transport 

of charged species, electrochemical measurements demonstrated that both charge 

transfer resistance and electron transfer resistance were low. Interfacial polymeriza-

tion was employed to create conductive polyaniline nanofbers (PANInf) that were 

applied in electrode composites using CB (carbon black). Commonly, two varieties 

of process, namely electro-polymerization (Lv et al. 2014) and chemical polymeriza-

tion (Papiya et al. 2018) are employed in synthesizing conductive polymers (Figure 

8.5a;  Table 8.2). Polyaniline’s anodic performance is affected by doping with metal 

or non-metal dopants. As a result, polyaniline anode modifcation is an effective 

method for increasing the performance of MFCs (Liao et  al. 2015). To enhance  

power output, carbon nanotube/polyaniline composites have been tried as anodes in 

MFCs (Yellappa et al. 2019). The fndings showed that a 20 wt% carbon nanotube 

composite anode with Escherichia coli as the microbial catalyst had the best electro-

chemical activity, with a higher power density about 42mW/m2. Electro-polymerized 

PANI and CNTs deposited on the surface (CNT/PANI/GF) achieved an output volt-

age about 342 mV across an external resistance of 1.96 kΩ constant load, and the 

highest power density (257 mW m−2) rose by 343 and 186%, respectively, compared 

to MFCs with pure GF and PANI/GF. During MFC operation, a larger number of 

bacteria was associated to the CNT/PANI/GF anode compared to the PANI/GF anode. 

As a result, the PANI/CNT-based composites performed well as both anode and cath-

ode (Kashyap et al. 2015). In the absence of external electron mediators, an MFC using 

CNT composites (i.e. polypyrrole (PPy)-coated as the anode and Escherichia coli as the 

biocatalyst) displayed a higher power density about 228 mW m−2. Various researchers 

created conductive (PPy)/(rGO) composites using environmentally friendly, simple, 

cost- and time-effective bio-reduction and in situ polymerization processes (Rikame, 

Mungray and Mungray 2018). Researchers found that the highest power (output) of 

the MWCNTs/PANI composite anode was 527.0 mW m−2, four times greater as 

compared to carbon felt which is unmodifed (Fu et al. 2016). Metal-oxide or met-

als dopants, like V2O5 (Ghoreishi et al. 2014), MnO2 (Wang et al. 2017), TiO2 (Yin 

et al. 2019), Fe2O3 ( Prakash et al. 2020), and SnO2 and WO3 ( Wang et al. 2013), are 

thought to be infuenced by the conducting polymer electrode’s catalytic activity by a 

variety of factors. In benthic MFCs, electrochemical behaviour of surface-modif ed 

electrodes was investigated with Fe2O3 (FP), MnO2 -Fe2O3 (MFP), and polypyrrole 

(PPy)-coated MnO2 (MP) nanocomposites. Carbon felt composite with polyaniline 
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FIGURE 8.5 (a) Electrosynthesis of polypyrrole/graphene oxide composites though electro-

polymerization method, (b) improved performance of PANI-TiO2-GN nanocomposite as a 

bifunctional catalyst in both the cathode and anode for low-cost MFCs. 

  Source: (a) Lv et al. (2013 ). (b)  Han et al. (2018 ). 
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TABLE 8.2 
Comparison of Different PCBMEs in Microbial Fuel Cell Applications. 

Percentage of 
Electrode Polymer Used Power Density/ 
Materials Anode Cathode as Binder Increased By References 
PCBMEs  PVA coated Pt/C on Cp  10% PVA  1.631 W/m 2   Chen et al. 

as anode carbon felt (3.0  (0.2 mg (97.9%  w.r.t. (2015 ) 

material cm × 3.0 cm) cm−2) PTFE) 

 PPy-PAN/CNT  CC/Pt (0.5 10 wt% PAN 455 mW/m2   Roh (2015 ) 

mg cm−2) (40%  w.r.t. CC) 

 Graphite polymer Gr plate 75% PF resin  114 mW/m 2   Navaneeth et al. 

composite with natural (−57%  w.r.t. (2015 ) 

electrode (GPF) graphite  powder graphite plate) 

(4 × 4 × 0.5 cm) (25% w/v) 

PCBMEs  Graphite f ber AC and PTFE 10 wt% PTFE 1100 mW/m2   Wei et al. (2012 ) 

as cathode brushes on SSM (12% w.r.t. 

material Pt/C) 

 Graphite block Ni-doped  50% (unsaturated 1575 ± 223.26 Narayanasamy 

graphite polyester) with μW/m2 (1557% and Jayaprakash 

polyester graphite w.r.t.   Gr block) (2018 ) 

composite 

electrode 

(Ni-GPECE) 

 Carbon mesh PVdF -based 10% (w/v) PVdF 3.96 ± 3.01   Joel Koff and 

activated  solution W/m3  (118% Okabe (2020 ) 

carbon on  containing 26.5 w.r.t. Pt/Cp) 

SSM mg/cm2 of AC 

and 8.8 mg/cm2 

of carbon 

black (CB) 

(PANI) and petaline NiO (NiO@PANI-CF) was fabricated by in situ polymerization 

technique and growth.  Zhong et al. (2018) noted that the combined high capacitive 

properties of NiO and high conductivity of PANI effectively improved the capacity 

of the generation of electricity in NiO@PANI-CF. The MFC’s highest output power 

density and charge transfer resistance were 563% (1078.8 mW m−2) greater and 68% 

(10.4 Ω) lower than CF-MFC’s. The hybrid bioanode (PEDOT/MnO 2/(CF) had the 

greatest electron transfer eff ciency about 6.3 × 10−9 mol cm−2 s−1/2 and a maximum 

power density of 1534 ± 13 mW m−2, which is about 57.7% greater as compared to a 

bare carbon felt anode that is about 972 ± 21 mW m−2 (Liu et al. 2019). In the appli-

cations of MFC, regarding anode materials,  Table 8.2  analyzes numerous polymer/ 

carbon composite-based SMEs (PCSMEs). 

With a 75 wt% PANI/MWNT composite cathode,  Jiang et al. (2014) achieved a 

greater power density about 476 mW m−2, that was greater as compared to pure MWNT 

cathode (367 mW m−2) but lower as compared to Pt/C cathode (541 mW m−2 ). Some 

of THE ternary composites have been proposed as both anode and cathode materials 
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in various articles. At the cathode, a ternary PANI-TiO2-GN catalyst showed higher 

activity of ORR, allowing for increased extracellular electron transport to the anode 

(Han et al. 2018; Figure 8.5b). PANI-TiO2-GN outperformed PANI-TiO2 and PANI 

as an ORR catalyst, with greater catalytic activity, stability, and power output. The 

immobilization of bacteria on the catalyst matrix boosted the EET substantially at 

the anode, hence improving the MFC’s performance. The MFC with a S. oneidensis 

(S. o)-immobilized PANI-TiO2-GN anode generated a high-power density of 79.3 

mW m−2, which was 1.3 and 2.7 times greater than that of PANI-TiO2 -GN without 

S. o and plain carbon paper anode with immobilized S. o, respectively. Likewise, 

Khilari et al. (2015) showed a noble metal-free MFC composite material employing 

a manganese ferrite (MnFe2O4)/polyaniline (PANI) as both anode and cathode. The 

researchers discovered that adding MnFe2O4 NPs to Vulcan XC or PANI increased 

catalytic activity at both the anode and cathode. In a single-chambered MFC, the 

MnFe2O4 nanoparticles (NPs) and MnFe2O4 NPs/PANI hybrid composite not just 

outperformed the air cathode in terms of ORR activity, the redesigned carbon cloth 

anode’s half-cell potential was also enhanced. The MnFe2O4 NPs/PANI composite’s 

ORR activity has been found to be equivalent to that of ordinary Pt/C. The anode 

treated with MnFe2O4 NPs had a higher half-cell potential than the bare CC anode, 

resulting in more power being generated in the MFC. The presence of multivalence 

cations and capacitive characteristic of MnFe2O4 NPs were attributed to the exoelec-

trogens’ enhanced extracellular electron transport. Furthermore, electrochemically 

active PANI was shown to offer a superior catalytic support than traditional Vulcan 

XC. The PANI/C/FePc cathode’s maximum power density (630.5 mW m−2) was 

shown to be greater as compared to C/FePc cathode power density of 336.6 mW m−2, 

and even the Pt cathode has a power density of 575.6 mW m−2. The PANI/C/FePc 

cathode, on the other hand, has 7.5 times the power per cost as the Pt cathode. As a 

consequence, PANI/C/FePc might be a suitable replacement for platinum in MFCs 

(Yuan, Ahmed and Kim 2011). MFCs using mechanically mixed-MnCo2O4 NRs/ 

PPy, in situ-manganese cobaltite nanorods (MnCo2O4 NRs/PPy), catalyst-free (just 

Vulcan XC) and MnCo2O4 NRs/Vulcan XC cathodes had maximum volumetric 

power densities of 4.22, 6.11, 1.77, and 5.05 W m−3, respectively. 

This indicated not only that the conducting polymer PPy is superior to the com-

monly used Vulcan XC as a conducting support, and also that the cathode composite 

production technique is critical for improved electrode performance. Electrochemical 

and chemical polymerization processes were used to synthesize PEDOT (Poly(3,4-

ethylenedioxythiophene))-Polystyrene sulfonate that is characterized for its electro-

chemical characteristics on various carbon substrates, and was effective including 

anodes and cathodes. Air-cathode rGO/PEDOT/Fe3O4/CC composite had the high-

est MFC power density about 3525 mW m−2. 

8.2.2.2.2 Carbon Coated on Polymer as Anode and Cathode Materials 
Carbon anode materials having a porous structure and large specifc surface area, 

such as graphite granules, graphite foam, polyurethane-sponges, and graphite f ber, 

offer a lot of promise for boosting MFC power generation. The tiny holes within 

the anode design, on the other hand, provide high transfer resistance and also cre-

ate a limited region for bacterial development, limiting bacterial colonization and 
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bacterial blockage of the pores (Xu et al. 2018). Electrochemical behaviour, biomass 

distribution, MFC performance, and active biomass content are all used to evaluate 

electrode optimization (Li, Cheng and Thomas 2017;  Zhou et al. 2018). Polyurethane 

foam (PUF) containing macropores has lower toxicity and greater mechanical 

strength. Perez-Rodriguez et al. (2016) employed polyurethane (PU) foam/graphite/ 

polypyrrole (PU/Graph/PPy) composites to grow anaerobic bacteria and test them as 

anodes in microbial fuel cells (MFCs) utilizing municipal wastewater as fuel. 

The anode effciency of the low-cost MFC utilizing PU/Graph/PPy-FeCl 3 was 

2.13 times higher than that of the pure PU foam MFC. Wang et al. (2019) mentioned 

that a multilayer porous sponge 3D material that is coated with nitrogen-doped car-

bon nanotube/polyaniline/manganese dioxide (S/N-CNT/PANI/MnO 2) as a bio-

anode (capacitive bioanode) in an MFC attained a greater power density (1019.5mW/ 

m2), which about 2.2 and 5.8 times greater as compared to the bioanode (S/N-CNT/ 

MnO2) (Wang et al. 2019). In the manufacture of electrodes for MFCs, polyester has 

been used as a support material (Pang, Gao and Choi 2018). Xie et al. (2011b) made 

CNT-textile anodes and found that the highest current density was 7.2 A/m2, which 

was 2.6 times greater than carbon cloth anodes (2.8 A/m2), indicating that the carbon 

nanotube covering acted as a key electron carrier in between textile substrate and 

bioflm (Xie et al. 2011a). Pt nanoparticles were placed on this material by Xie et al. 

(2011b), and the maximum power density of the CNT-textile-Pt cathode was about 

559 mW/m2, 2.14 times greater than the CNT-Pt cathode (391 mW m−2), trying to 

imply that the CNT-textile-Pt cathode had a larger surface area and porous network 

as compared to the CNT-Pt cathode (Xie et al. 2011b). 

8.3 CONCLUSIONS AND OUTLOOK 

 Modifed electrode materials with improved electron transport, biocompatibility, and 

conductivity are now a hot topic in MFC research. As a result, the recent progress 

in the development of electrode materials for microbial fuel cells based on carbon-

polymer nanocomposites has been discussed in this chapter. The advantages of 

enhancing the performance of microbial fuel cells have also been underlined, as have 

the recently discovered surface- and bulk-modifed composite electrodes. Simple 

pyrolysis/graphitization (carbonization) of the polymer precursor improved the car-

bon content while keeping the porous structure, making doping with heteroatoms like 

F and N easier. Polymeric materials, such as polyvinylidene fuoride (PVdF), polyvi-

nyl alcohol (PVA), polyester and epoxy resin, on the other hand, when used to attach 

metal ions/metal oxide to carbon compounds as binders, like carbon black, graphite, 

and activated carbon, effectively enhanced the rate of oxygen reduction reaction and 

anode/bioflm electron transfer. The kind of polymer used in design of electrodes  

has a signif cant infuence on the overall cost of an MFC. The trend of progress in 

MFCs reveal that carbon-polymer nanocomposites can have a major role in cost and 

performance of the MFC’s electrodes. However, this synergic effect of the carbon-

polymer nanocomposites alone cannot fulfl the requirement for electrodes in MFCs. 

However, various combinations of carbon-polymer nanocomposite electrodes can be 

very effcient alternative electrodes in MFCs in the near future, with reference to 

energy production as well as sustainable environmental application. 
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9 .1  INTRODUCTION 

T he increase in pollution of the earth and shortage of safe, sustainable, and environ-

mentally friendly energy resources become a serious threat in the world. The tremen-

dous increase in the use of non-renewable energy resources like oil, coal, fossil fuel, 
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and natural gas causes environmental issues such as air pollution, CO 2 emissions, and 

the greenhouse effect and also leads to a shortage of available energy resources. The 

efforts in resolving these problems have forced scientists of the world to search 

the alternative energy resources like wind energy, solar energy, thermal energy, geo-

thermal energy, etc. Among various renewable energy resources, solar energy is con-

sidered one of the most powerful alternative energy resources due to its clean, safe, 

and abundant energy supply (Gong et al. 2017). The fraction of energy consumed 

by humans in a year to the total energy released by the sun in an hour is very small; 

therefore solar energy is expected to meet the world’s energy demand (Lewis 2007). 

To fulfll environmental security and energy demand, photovoltaic (PV) solar cells, 

which convert solar energy into electrical energy, have been developed. Moreover, 

these PV solar cells generate electricity without any movable mechanical compo-

nents. The evolution of PV solar cells consists of three generations, namely, f rst-, 

second-, and third-generation solar cells (Chebrolu and Kim 2019). First-generation 

solar cells were based on single-crystalline and multi-crystalline silicon cells which 

governed the market and are very popular due to their high effciencies but their 

high manufacturing costs become an obstacle in their worldwide applications (Pi 

et al. 2012; Dekkers et al. 2006). Second-generation solar cells are comparatively 

much cheaper to produce but have lower effciencies than frst-generation solar cells. 

Second-generation solar cells include amorphous silicon (a-Si) solar cells, Cadmium 

Telluride (CdTe) solar cells, and Copper Indium Gallium Selenide (CIGS) solar cells. 

The arising third-generation solar cells include organic tandem solar cells (Meng 

et al. 2018; Ameri et al. 2013), inorganic solar cells (Miles et al. 2007; McCandless and 

Sites 2011), organic and inorganic perovskite solar cells ( Zhang et al. 2016;  Tzounis 

et al. 2017), quantum dots solar cells (Tvrdy and Kamat 2011;  Ning et al. 2015), 

and dye-sensitized solar cells (DSSCs) (Kavan 2017;  Feldt et al. 2010; Dette et al. 

2014), which are still in the development phase of production for commercialization. 

Nowadays, silicon-based solar cells of the frst-generation, whose light-to-electricity 

conversion effciency reaches up to 15–20%, dominate the market. However, the 

requirement of highly purifed silicon and its high cost of production has paved the 

way for research for environmentally friendly and low-cost dye-sensitized solar cells. 

In 1991, Brian O’Regan and Michael Grӓtzel designed a photovoltaic solar cell 
known as the Grӓtzel cell or dye-sensitized solar cell whose workings were based on 
plant photosynthesis. The incident photon to current conversion eff ciency (IPCE) 

for this cell was reported as 7.1–7.9%. The excellent stability of about f ve million 

turnovers without decomposition, a large short circuit current density (JSC > 

12mAcm−2), and the low cost of fabrication had established the practical and feasible 

utilization of this cell. The current energy conversion effciency of lab-sized DSSC 

improves from 7.1% achieved in 1991 to 14.3% reported in 2015 (Regan and Grätzel 

1991;  Kakiage et al. 2015). This improvement arises due to optimization of the 

device, use of transition metal redox coupled with desirable dye, and a solvent having 

low viscosity like acrylonitrile (ACN). A new DSSC confguration has been designed 

using copper-based electrolytes with the highest energy conversion eff ciency of 

about 32% under low light intensity conditions (Cao et al. 2018). These spectacular 

improvements in conversion effciency of DSSC have resulted in developing large-

scale DSSCs and also the small module that focuses on convenient electronics 
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Solar Cell 

First-generation 
solar cell 

Second-generation 
solar cell 

Third-generation 
solar cell 

FIGURE 9.1 Classifcation of solar cells/photovoltaic (PV) cells. 

(Pradhan et al. 2018). A dye-sensitized solar cell (DSSC) consists of a photoanode 

(working electrode) and cathode (counter electrode) with an electrolyte sandwiched 

between them. 

9.2  CLASSIFICATION OF SOLAR CELLS 

Solar cells (or PV cells) are generally made up of two types of semiconducting mate-

rials, namely n-type and p-type, and these materials have some important features 

to absorb incident sunlight. Solar cells can be fabricated by using only a single layer 

of light-absorbing materials (i.e. single-junction solar cells) or by using multi-layered 

light-absorbing materials that form multi-junctions to take the advantage of various 

absorption and charge separation mechanisms. Based on these properties of materi-

als, solar cells can be classifed into different classes as shown in Figure 9.1. 

9.2.1  FIRST-GENERATION SOLAR CELL 

This generation of solar cells is the oldest and most commonly used solar cell due 

to their high effciency. These cells are manufactured on wafers that can provide a 

2–3 Watt power supply per wafer. To enhance the power, an assembly of such solar 

cells (known as solar modules) is constructed. Based on crystallization level, f rst-

generation solar cells are divided into two categories: (i) single crystal solar cells 

and (ii) multi-crystal solar cells. Single crystal solar cells are produced by only one 

crystal (i.e. the whole wafer consists of a single crystal). On the other hand, multi-

crystal solar cell wafers consist of crystal grains. The multi-crystal-based solar cell 

has a lower effciency in comparison with a single crystal solar cell, but its easier and 

cheaper cost of fabrication made them good competition. 

9.2.2  SECOND-GENERATION SOLAR CELL 

The second-generation solar cell involves amorphous Si (a-Si)-based thin-f lm solar 

cell, CIGS-solar cells, and CdTe/cadmium sulfde (CdS)-solar cells (Carlson and 

Wronski 1976; Choubey et al. 2012). Second-generation solar cells are based on thin-

flm technology to produce a cheaper solar cell. This generation of solar cells uses 

less material and has a low manufacturing cost as compared to the f rst-generation 

solar cell. Other advantages of thin-flm solar cells are their fexibility, and they can 

be extended up to large areas of nearly 6 m2, while frst-generation solar cells can 
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be grown up to wafer dimensions (Sharma et al. 2015;  Fakharuddin et al. 2014). 

However, the use of toxic materials and lower overall effciency than f rst-generation 

solar cells put restrictions in the way of second-generation solar cells. 

9.2.3  THIRD-GENERATION SOLAR CELL 

The main motive for the evolution of the third-generation solar cell is to increase the 

electrical performance of second-generation solar cells with very low manufacturing 

costs. Third-generation solar cells are based on nanostructured materials and con-

sist of pure organic components or a mixture of organic and inorganic components 

which allow for a huge and limitless choice of materials. Among various types of 

third-generation solar cells are nano-crystal-based solar cells, polymer solar cells, 

DSSCs, and concentrated solar cells. DSSCs have attracted many researchers for the 

development of next-generation renewable and sustainable energy devices because 

of their feasible properties such as low production cost, f exibility, eco-friendliness, 

ease of fabrication, long life, mechanical robustness, and they have the potential for 

both indoors and outdoors application and can work under the low intensity of inci-

dent light (Choubey et al. 2012;  Sharma et al. 2015;  Fakharuddin et al. 2014). 

9.3  DYE-SENSITIZED SOLAR CELLS (DSSCS) 

DSSC was introduced by Grӓtzel and co-workers two decades ago and is a photo 
electrochemical cell that converts solar energy into electricity. DSSC is assembled by 

sandwiching a thin flm of electrolyte between a working electrode soaked with a dye 

(or sensitizer) and a counter electrode (Regan and Grätzel 1991;  Pradhan et al. 2018). 

9.3.1  WORKING PRINCIPLE OF DSSC 

The construction and working principle of DSSC is shown in Figure 9.2. The work-

ing mechanism of DSSC follows a series of processes such as absorption of the 

incident photon, electron injection, and transportation of electrons through external 

circuit and collection of current. These basic processes which DSSC goes through 

are explained next (Grätzel 2004). Absorption of the photon: initially light incident 

on working electrode and electrons in the ground state (D) of dye absorbs photos and 
gets transferred to the excited state (D* ) of dye. 

*D h+ u → D 

1. Electron injection process: the excited electron of dye is injected into the 

conduction band of the semiconductor (TiO2) which results in the oxidation 

of dye. 

* -D - D+ + e 

2. Transportation of electrons through the external circuit: these injected 

electrons after traveling through semiconductor nanoparticles diffuse 

towards transparent conducting FTO glass plate and enter the external cir-

cuit. Through the external circuit, electrons reach the counter electrode. 
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FIGURE 9.2 Construction and working principle of DSSC. 

3. Regeneration of dye: the electron defciency of cationic dye is required by 

accepting an electron from the I − ion on the electrolyte and giving rise to 
-

the initial state (D) of the dye, and also oxidation of the I − ion into I3 
ion occurs. 

+ - -D + 3I - D + I3 . 

4. The I3 
− ions diffuse towards the counter electrode and reduce into I − ion by 

accepting electrons at the counter electrode. 

− − −I + 2e → 3I3 

Thus, the circuit is completed via transportation of electrons through the external 

load and I− ion being regenerated by the reduction of the  I3− ion at the counter elec-
trode. Therefore, in the DSSC, by following the previous steps the conversion of an 

incident photon to electricity takes place. Along with the forward charge transporta-

tion processes, backward charge transportation processes also take place in one  

complete cycle, which results in a sharp decrease in the effciency of DSSC. The 

following processes lead to the backward charge transportation mechanism in 

DSSC: 

1. Extraction of electrons by the oxidized dye from the semiconductor 

2. Transfer of electrons from the excited state to the ground state of dye 

3. Production of dark current by recombining injected electrons with the 

electrolyte 
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To minimize the previously mentioned effects of the backward charge transportation 

processes, the following steps should be followed (Andersen and Lian 2005;  Hara 

et al. 2003; Gong et al. 2012): 

1. Transfer of charge to semiconductor must occur with a high quantum yield 

2. The rate of electron injection to the semiconductor should be higher than 

the transportation rate of electrons from the excited state to the ground state 

of dye 

3. The lowest unoccupied molecular orbital of the dye should be more nega-

tive than the conduction band of the semiconductor and the highest occu-

pied molecular orbital should be more positive than the redox potential of 

the electrolyte 

9.3.2  IMPORTANT PARAMETERS OF DSSC 

The important characteristics of DSSCs—like overall electrical conversion eff -

ciency (%), short circuit current density (Jsc), open-circuit voltage (Voc), incident 
photon to current effciency (IPCE), and fll factor—depend on spectroscopic prop-

erties of dyes, surface morphological properties of semiconductors, and the electrical 

properties of electrolytes. The production of electrical power on receiving incident 

light by the DSSC shows the capability of the DSSC to generate a current through 

the external load and voltage over an external load simultaneously. The characteris-

tic plots of current density vs. voltage (J-V) and power vs. voltage (P-V) curve of the 
DSSC are shown in Figure 9.3. 

FIGURE 9.3 Short circuit current density, JSC, and power, P, vs. voltage plot of DSSC. 
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The maximum current (short circuit current, Isc, or short circuit current density, 
Jsc) is produced when the cell is short-circuited under illumination (i.e. at zero volt-

age). Thus, the electrical power generated is also zero. On increasing the inten-

sity of incident  light, the short-circuit current reached its maximum value (Jmax) 
expressed as: 

Jsc = Jmax (V = 0) ( 9.1 ) 

The maximum voltage (open-circuit voltage, Voc) is generated under open-circuit 
conditions when no current f ows through the circuit. As the incident light intensity 

increases, the open-circuit voltage increases (Vmax) and is written as: 

V  = V (I = 0) (9.2) oc max 

The maximum effciency of the DSSC required to convert incident solar energy into 

electricity illustrates the maximum power output (Pmax) of the DSSC. The maximum 

output power point can be determined by evaluating the maxima of output power 

(pmax) which is calculated by the product of Vmp and Jmp expressed as: 

P = V × Jmax max max ( 9.3 ) 

It can be concluded from the plot of power versus voltage (as shown in Figure 9.3) 

that on increasing the current density and voltage, initially the value of output power 

increases and reaches its optimal value at maximum voltage and maximum current 

density and then gradually starts decreasing up to zero value at an open-circuit volt-

age (Voc). The fll factor (FF) is an important parameter of DSSC which signif es 

the overall capability of the cell and indicates the electric generation loss. It is a 

measure of the quality and idealness of the solar cell. The value of the fll factor can 

be obtained by comparing the maximum short circuit current density (Jsc) and maxi-

mum open-circuit voltage (V ) to the maximum power output (P ).oc max

PmaxFF = 
V x JOC SC 

V x Jmp mp= 
V x JOC SC 

( 9.4 )

 The n %( ) of DSSC is the ratio of maximum electrical output power (Pmax) to the 
input power (Pin) of incident light. It describes the percentage of incident light energy 
converted into electricity, and the overall conversion effciency of the cell is mea-

sured by using the following equations: 

Pmax Jmp xVmpn % = x100 = x100 ( 9.5 ) ( )  
P Pin in 

V x J xFF  OC SC and n % = x100 ( 9.6 ) ( )
Pin 

Incident photon to current conversion eff ciency, IPCE(%), is one of the most signif -

cant parameters of DSSC. It has been used to analyze different mechanism processes 
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in DSSC such as current generation, recombination, and diffusion mechanism. It is 

calculated by the ratio of the number of electrons fowing through the external circuit 

to the total number of photons incident on the surface of DSSC at any wavelength, λ: 

P q linIPCE % = 
x x

x100( )  ( 9.7 ) 
J xhc  SC

 where q is the electron charge, h is Planck’s constant, and c is the speed of light. 
The ideal output power, Pideal, of DSSC is obtained as a product of short-circuit 

current density, Jsc and open-circuit voltage, Voc. 

Pideal = JSC xVOC ( 9.8 ) 

On the other hand, the product of Vmp and Jmp gives the value of maximum output 

power, Pmax. Equations (9.5) and (9.6) show the dependence of the overall conversion 
effciency of DSSC on both the maximum output power and ideal output power. The 

difference between the ideal output power and maximum output power occurs due 

to the resistances of the cell, electrolyte, electrode, and other components of DSSC. 

9.3.3  COMPONENTS OF DSSC 

9.3.3.1 Transparent and Conductive Substrate (FTO/ 
or ITO Coated Glass Sheet) 

The construction of DSSCs requires two glass sheets coated with a transparent con-

ductive substrate which provides support for the deposition of semiconductor and 

catalyst and also acts as a current collector in DSSCs. The substrate must have the 

following two properties to achieve effective DSSC performance: (i) the transpar-

ency of substrate must be greater than 80% for focusing maximum sunlight to the 

active area of the DSSCs and (ii) the electrical conductivity of the substrate must 

also be high to produce an effcient transfer of charges and to decrease energy loss 

in DSSCs (Sima et al. 2010). FTO (Fluorine tin oxide, SnO 2:F) and ITO (Indium tin 

oxide, In2O3:Sn), which consist of a soda-lime glass sheet coated with f uorine tin 

oxide and indium tin oxide layer respectively, are generally employed as the trans-

parent conductive substrates. ITO flm exhibits an average light transmittance >80% 

and FTO flm has a transmittance of nearly 70% in the visible region. On sinter-

ing for 2 h at 450° C in the oxygen atmosphere, the sheet resistance of ITO f lm 

enhanced from 18 Ω cm−2 to 52 Ω cm−2 while that of FTO flm remained constant 

(i.e. 8.5 Ω/cm2). This property of low and temperature-independent sheet resistance 

made FTO-based photoanodes highly suitable for DSSCs (Murakami et al. 2004). 

Due to being less expensive and fexible, polymers can be treated as an alternative 

to the glass substrate. Although polyethylene terephthalate (PET) and polyethylene 

napthalate (PEN) coated with ITO have reported 3.8% and 7.8% eff ciencies, respec-

tively (Ito et al. 2006;  Weerasinghea et al. 2013), the restrictions in the accessible 

temperature range prohibited the use of polymers as substrates in DSSCs (Jun et al. 

2007). Metals like tungsten, titanium, and stainless steel can also be used as sub-

strates (Lupan et al. 2010). On using stainless steel as substrate, an effciency of 6.1% 
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has been observed. However, corrosion caused by electrolytes and their high cost 

limit the use of these metals as substrates in DSSCs. 

9.3.3.2 Working Electrode 
The working electrode is developed by applying a thin paste of semiconducting mate-

rials such as titanium dioxide (TiO2), zinc oxide (ZnO), niobium pentaoxide (Nb 2O5), 

silicon dioxide (SiO2), and tin dioxide/stannic dioxide (SnO 2) (Han et al. 2009; Fukai 

et al. 2007), etc. on a transparent conducting glass sheet usually made of FTO or 

ITO. The electron transport rate which affects the effciency of DSSC depends on the 

morphological, crystallinity, and surface area of semiconducting materials. Among 

several semiconducting materials, TiO 2 is considered an ideal semiconductor due to 

its good morphological and photovoltaic features, non-toxic nature, low cost, easy 

availability, and greater effciency than ZnO and SnO2 based DSSC (Park et al. 2000). 

Out of two allotropic forms of TiO 2, viz. anatase and rutile, anatase-based DSSCs 

are more effcient than the rutile form due to some interesting features of the anatase 

form such as high energy band gap of 3.2 eV, better chemical stability, fast electron 

transport rate, and more short-circuit current density (Li et al. 2005). The semicon-

ducting materials assign a large surface area for the deposition of dye molecules. The 

semiconductors receive electrons from the excited state of the dye and transfer them 

to the external circuit to conduct electric current (Dai and Rabani 2002). 

9.3.3.3 Dye (or Photosensitizer) 
Dye or photosensitizer is one of the important components of DSSC that absorb max-

imum photos from the incident light. The semiconducting layer deposited on a trans-

parent conducting glass plate absorbs only a small fraction of light. Thus, to enhance 

the absorption process at the surface of the semiconductor, the working electrode is 

immersed in a dye solution. Because of the highly porous structure and large surface 

area provided by the semiconductor, a large number of dye molecules get attached 

to its surface. Until now synthetic dyes have been widely used in the fabrication of 

DSSC; the overall power conversion effciency of DSSC using Ruthenium complexes 

dye was reported as 11 to 12%. Although Ruthenium complex is the most stable and 

effective dye, it is expensive, toxic, and diffcult to produce. Therefore, natural dyes, 

which can be extracted from fowers, roots, plants, and fruit have been developed. 

Despite their lower stability and effciency than synthetic dyes, several features of 

natural dyes, like their abundance in nature, easy production, non-toxicity, and low 

production cost (Neale et al. 2005), attract research, and various modif cations have 

been performed to improve the effciency of DSSC. A photosensitizers or dye should 

have the following characteristics (Kusama and Arakawa 2005): 

• Dye should have the property of luminescence. 

• It should absorb the light in ultraviolet-visible (UV-vis) and near-infrared 

(NIR) regions. 

• It should easily transfer the electron from the lowest unoccupied molecular 

orbit to the semiconductor (i.e. TiO 2). 

• Dye should be compatible with the electrolyte (i.e. the highest unoccupied 

molecular orbital should lie lower). 
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• Dye should have high chemical stability which enhances the durability 

(long-term stability) of cells. 

• Dye should have the minimum aggregation in between dye and semiconduc-

tor surfaces. The aggregation of dye molecules near the dye semiconductor 

interface limits the recombination reaction (lowers the cell eff ciency). 

9.3.3.4 Counter Electrode 
The function of the counter electrode in DSSC is to regenerate the electrolyte. The 

oxidized electrolyte is propagated towards the counter electrode where it receives the 

electrons from the external circuit. A catalyst is deposited on the transparent con-

ducting glass plate which speeds up the reduction process of electrolyte. Platinum 

(Pt) is generally used as a catalyst for counter electrodes due to its high catalytic abil-

ity, high exchange current density, high effciency, and transparency. However, Pt is 

very expensive and less abundant. Other materials which can be used as a catalyst for 

counter electrodes are graphene and conductive polymers (Grätzel 2004). But they 

show lower effciency as compared to platinum catalysts. 

9.3.3.5 Electrolyte with Redox Couple 
The DSSCs are thin-layer PV cells formed by sandwiching the soluble redox couple 

[(iodide/triiodide(I−/I3
−) or Co2+ /Co3+]-based electrolyte in between two electrodes, 

photoanode and photocathode (photoanode—a mesoporous TiO 2 -coated semicon-

ducting layer with a photosensitizer; photocathode—platinum/graphite-coated coun-

ter electrode). The electrolyte having redox couple is one of the key components of 

DSSC which greatly affect its performance and durability. An electrolyte consisting 

of redox couple should have the following properties as follows (Nogueira et al. 

2004; Andrade et al. 2011): 

• Redox couples present in the electrolyte should be able to regenerate the 

oxidized dye eff ciently 

• Electrolyte should have high chemical, thermal, mechanical, and electro-

chemical stabilities 

• It should have a non-corrosive property with the other components of 

DSSCs 

• Electrolyte should have a high electrical conductivity (~10−4 − 10−2 S/cm), a 

proper electrode-dye interface that also permits the fast diffusion of charge 

emission 

• Redox couples should have low volatility and minimum corrosive property 

• The compatibility of electrolyte (high chemical stability) with dye is 

required to prevent the degradation of dye molecules, hence electrolyte 

must be compatible with the dye 

The essential role of an electrolyte in DSSC is to regenerate the dye molecules 

after the electrons from the excited state of dye are injected into the conduction 

band of the semiconductor. The long-term stability of the DSSC is infuenced by the 

properties of the electrolyte. In the last few decades, the developments of DSSCs are 

quite good in terms of effciency, but still, they need further modifcation in terms 



 

 

 

  

   

  

 

 

    

           

         

 

 

 

  

 

 

 

    

 

   

 

  

 

 

 

  

241 Dye-Sensitized Solar Cells 

of durability, performance, and conversion effciency, etc. Thus, to enhance the con-

version eff ciency and other features of these cells, researchers have to focus on the 

development of electrolytes, electrode materials, and sensitizers. To improve the sta-

bility and performance of the DSSCs different electrolytes such as gel electrolytes, 

quasi-solid state electrolytes, ionic liquid as electrolytes, ionic liquid-based polymer 

electrolytes, composite polymer electrolytes, etc. have been used. 

Liquid electrolytes (i.e. organic solvent/ionic liquid-based electrolytes) were 

widely used and investigated in DSSCs due to the following properties like low vis-

cosity, high conversion effciency, and fast ion diffusion easy to design (O’Regan and 

Grätzel 1991; Dresselhaus and Thomas 2001;  Nazeeruddin et al. 1993). DSSC based 

on liquid electrolyte has a high conversion effciency of the order of 13% (Mathew et 

al. 2014). The constituents of the electrolytes include organic solvent/ionic liquid, 

redox couple, and some additives. Organic solvents may be nitrile like acetonitrile, 

valeronitrile, 3-methoxy propionitrile and some esters like propylene carbonate 

(PC), ethylene carbonate (EC), and γ-butyrolactone (GBL), etc. In place of redox 
couple generally, I−/I3

− couple is used. Whereas some other redox couple was also 

used like Br− /Br2, SCN 
− /(SCN)2, Co

2+ /Co3+, and SeCN− /(SeCN)2 (Bergeron et al. 

2005; Sapp et al. 2002; Oskam et al. 2001). But the performance of the couple I3
−/I− 

is much better than the others. The commonly used additives are 4-tert-butyl pyri-

dine (TBP) and N-methyl benzimidazole (NMBI). The addition of these additives in 

the electrolyte may suppress the dark current and improve the conversion eff ciency. 

But the DSSCs based on organic electrolytes have several disadvantages like less 

durability, leakage problems, volatility in nature, chemical instability (Oskam et al. 

2001) , etc. 

9.4  IONIC LIQUIDS (ILS) AS ELECTROLYTES IN DSSCS 

Ionic liquids, also known as room-temperature molten salts, are very exciting mate-

rials to use as additives in the electrolyte for DSSC fabrication. ILs have several 

advantages over organic solvents such as high chemical and thermal stability, high 

ionic conductivity, negligible vapor pressure, non-fammability, wide electrochemi-

cal stability window, and ions (charge carriers) are present in dissociated form. The 

DSSCs have high potential applications to be commercialized due to their simplic-

ity in fabrication and low cost. The use of nanometer-sized TiO 2 nanof ller having 

effciency ~7–8% with the electrode material was a breakthrough in the development 

of DSSCs in 1991 (O’Regan and Grätzel 1991). An organic solvent like acetonitrile 

was used to form an electrolyte to develop DSSCs. But it has a low boiling tem-

perature and easily vaporizes at room temperature. Later on, organic solvents having 

high boiling temperatures like ethylene carbonate (EC), propylene carbonate (PC), 

valeronitrile, 3-methoxy propionitrile (MPN), and N-methyl-2-pyrrolidone (NMP) 

were used as stable electrolytes (Wu et al. 2015). Nevertheless, DSSCs still face sev-

eral problems related to the fabrication of DSSCs at a large scale due to their leakage 

problem, chemical instability problem, sealing problem (Harikisun and Desilvestro 

2011) , etc. 

As a result, several substitutes for organic solvent were discovered as additives 

in the electrolyte. In all the solvents, ionic liquids (ILs) were identifed as ideal 
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materials. ILs have several advantages over the other organic solvents stated as fol-

lows (Eftekhari et al. 2016;  Hosseinnezhad et al. 2017; Gorlov and Kloo 2008): 

• High ionic conductivity 

• Almost negligible vapor pressure 

• Large liquids range 

• High thermal and chemical stability 

• Large chemical stability window 

• Non-f ammability 

• Poor coordination between cations and anions and no need for solvent for 

dissociation of its cations and anions 

Due to their excellent properties, ILs have quickly gained popularity and are accepted 

as green solvents for several potential applications as well as industrial applications 

(Omara et al. 2017). For the development of an electrolyte, imidazolium-based ionic 

liquids are commonly used, and by using ILs several solid and gel-based electrolytes 

have been discovered. The ILs are also known as designer solvents because by tai-

loring the size of cations/anions, millions of types of ILs can be synthesized with 

desired properties. Imidazolium cation-based ILs are commonly used due to their 

several advantages like low viscosity, high ionic conductivity, high diffusivity, high 

thermal and chemical stability compared with pyridinium ammonium and pyrro-

lidium cation-based ILs (Murugesan et al. 2014). 

Liquid electrolytes have been used in most electrochemical devices. Using liquid 

electrolytes as a medium for charge transportation, DSSC achieves the highest con-

version effciency. But the problems of leakage and volatilization of solvent, photo 

degradation and adsorption of dye, and corrosion of counter electrodes led to devel-

oping the best alternative to liquid electrolytes. The polymer electrolyte not only 

eliminates the limitations of liquid electrolyte but also comes with further advan-

tages including good electrode-electrolyte interface, lesser weight making them 

more portable, freedom over shape and size, etc. For the preparation of polymer 

electrolytes, suitable salt is dissolved in a polymer having a high molecular weight 

(flm-forming ability). The use of salt reduces the degree of crystallinity of the poly-

mer network and hence increases the ionic conductivity. 

9.5  POLYMER ELECTROLYTE (PE) IN DSSCS 

For the development of PV devices like DSSCs, polymer electrolytes are probable can-

didates due to their unique ionic conductivity, thermal stability, chemical stability, and 

mechanical fexibility. For the development of DSSCs, PEs are optimized as probable 

applicants to replace the liquid electrolytes. In photovoltaic cells, PEs are in the form of 

solid state or quasi-solid-state-like gel (Su’ait et al. 2015;  Karuppannan et al. 2015; Meng 

et al. 200)3. The PEs have excited lower electrical conductivity at room temperature 

than the liquid electrolytes but one can enhance the electrical conductivity with other 

desired properties by adding nanofllers (ceramic fllers like Al2O3 , SiO 2 , TiO 2 , carbon 

nano tubes (CNTs)) (Kim et al. 2009;  Singh and Saroj 2021, 2015;  Kumar et al. 2019), 

etc. Several polymer electrolytes are based on poly(ethylene oxide) (PEO), poly(methyl 

methacrylate) (PMMA), poly(vinyl pyrrolidone) (PVP), poly(vinyl chloride) (PVC), 
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poly poly(vinyl alcohol) (PVA), poly(vinyl fuoride) (PVdF), poly(vinylf uoride-hexaf 

uoro propylene) (PVdF- HFP), etc. In DSSCs, the PEs are used as solvent-free elec-

trolytes and these materials have several advantages over liquid electrolytes such as 

being leakage-free, non-corrosive, non-volatile, thermally stable, and photo stable and 

having good electrochemical stability (MacCallum and Vincent 1989). In these mate-

rials charges (i.e. cations/anions) are chemically bonded with the polymeric chains 

whereas counter ions (solvated by a high dielectric constant solvent) are free to move 

in the network. In gel electrolytes, polymer and salt are mixed with an appropriate 

solvent having a wt% ratio greater than 50% with the additives (polymer acts as a 

stiffener and provides a network) and cations/anions are free to move through the free 

volume present in the matrix (liquid-like phase). For solar cells applications, the use 

of polymer electrolytes began in 1999, and the f rst DSSC based on polymer electro-

lytes was reported by Nogueira et al. in 1999 (Nogueira et al. 1999). They assembled 

the DSSC using poly(o-methoxyaniline) as a sensitizer and co-polymer of PEO (i.e. 

poly(epichlorohydrin-co-ethylene oxide)), poly(ECH-co-EO) containing NaI/I2 as 

electrolyte. Its reported conversion effciency was ~1.3%, and the I-V curve with Voc = 
0.71 volt, Jsc = 0.46 mAcm−2 is shown in Figure 9.4  (Nogueira et al. 1999). Later on in 

2000, the same material was used for DSSC application with Ruthenium complex sen-

sitizer and reported the overall conversion effciency 0.22% with open-circuit voltage 

0.71 Volt and short-circuits current ~0.46 mAcm−2 (Nogueira et al. 2000). After that, 

several efforts have been made to develop new polymer electrolytes that could increase 

the conversion effciency and other performance of DSSCs. 
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FIGURE 9.4 Current density and voltage characteristics curve of poly(ECH-co-EO)-based 

polymeric electrolyte photovoltaic cell under 120 mW cm−2. 

Source: Reproduced with permission from Nogueira et al. [2000, © Elsevier 2000]. 
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244 Polymer Electrolytes and their Composites 

9.6  PLASTICIZED OR GEL POLYMER ELECTROLYTES IN DSSCS 

Ionic conductivity of PEs can be enhanced by increasing inorganic/organic salt con-

centration (lithium perchlorate, LiClO4, sodium chloride, NaCl, lithium hexaf uoro-

phosphate, LiPF6, lithium tetraf uoroborate, LiBF4, etc.) and also by adding the low 

molecular weight organic liquids like low molecular weight polyethylene glycol (PEG-

200/400), PC, EC, dimethyl formamide (DMF), dimethyl sulfoxide (DMSO) (Saroj 

et al. 2017; Teo et al. 2020). The use of plasticizers reduces the crystalline phase of 

the polymer matrix and hence the amorphous network results in an increase in ionic 

conductivity with mechanical stability. In Figure 9.5, J-V characteristics for DSSC con-

taining polymer electrolyte of poly(ethylene-coepichlorohydrin) [P(EO-EPI)], LiI/I2 
with and without plasticizer γ-butyrolactone (GBL) is presented (Freitas et al. 2009). 

9.7  NANOPARTICLES IN ELECTROLYTES FOR DSSCS 

Nanoscience and nanotechnology play an important role to improve the power con-

version effciency, durability, and large-scale manufacturability of DSSCs. The 

materials having a size less than 100 nm are called nanomaterials. Generally, these 

materials can be divided into three categories: (i) metal oxide, metal carbide, sulf de, 

and nitride-based nanofllers; (ii) carbonaceous-based nanofllers; and (iii) clay-

based nanofllers (Ali et al. 2016). Besides the use of conventional plasticizers like 

EC, PC, PEG, etc. and ionic liquids (ILs), other additives like metal-based nanoma-

terials such as SiO2 , TiO 2, aluminum oxide (Al 2O3), ZnO, magnetite (Fe3O4), etc. can 

be explored to improve the properties of polymer electrolytes. By using these f llers, 
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FIGURE 9.5 Photovoltaic curve (J-V) of the DSSC containing P(EO-EPI), LiI/I2, (○) with 
and (□) without GBL as plasticizer at 100 mW cm−2. 

Source: Reproduced with permission from Freitas et al. [2009, © RSC 2009]. 



 

 

   

  

 

    

    

  

         
   

   

 

    

 

     

  
          

       

     

 

245 Dye-Sensitized Solar Cells 

mechanical, thermal, electrical transport properties can be enhanced and DSSCs can 

be developed with high open-circuit voltage and conversion effciency. The pioneer-

ing work was reported by Croce et al. in 1998. In this work, the addition of TiO 2 and 

other nanofllers was used to improve the ionic conductivity and other properties of 

polymer electrolytes. It is well established that the use of these nanof llers modif es 

the conduction mechanism and changes ionic conductivity and mechanical proper-

ties, but how these fllers act is still the subject of research. To develop DSSCs based 

on nanof llers, TiO2 nanoparticles were frequently used (Venkatesan and Lee 2017; 

Stergiopoulos et al. 2002; Zhang et al. 2007; Kang et al. 2008). Stergiopoulos et al. 

in 2002 reported the DSSC based on TiO2 nanoparticles-doped PEO-based polymer 

electrolyte having the  Voc = 0.66volt,  Jsc = 7.2mAcm−2, and   = 4.2%. In this system, 

PEO was used as a polymer network and TiO 2, lithium iodide (LiI), and I2 are the addi-

tives. LiI is used as a salt and I2 as a redox material. The nanofllers have a large sur-

face area which prohibited the recrystallization and hence decreased the degree of 

crystallinity of PEO (Singh et al. 2016). TiO 2 nanotubes are also used as nanof llers 

[75]. Akhtar et al. investigated electrolyte based on poly ethylene glycol (PEG)—10 

wt% TiO2 (nanotubes) (TiNT)—and ionic conductivity was found to be 2.4 × 10−3 S/ 

cm. DSSC fabricated using this electrolyte showed open-circuit voltage 0.73,  Jsc = 9.4 
mAcm−2, and   = 4.4% and  FF = 0.65 under the illumination power 100 mWcm−2 and 

DSSC performance for PEG—x wt%TiNT. x = 5, 10, and 20 is shown in Figure 9.6 
(Akhtar et al. 2007). Other nanofllers like Al2O3, SiO 2, CNT, and ZnO with differ-

ent compositions are also used for the developing composite polymer electrolyte and 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
(a) 
(b) 

(c) 

0 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

7  14  21  28  35  
Time (Days) 

N
or

m
al

iz
ed

 e
ffi

ci
en

cy

C
ur

re
nt

 (m
A

/c
m

2 ) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Voltage (Volt) 

FIGURE 9.6 Current vs. voltage characteristics of DSSC assembled with composite elec-

trolytes of (a) PEG—5 wt% TiNT, (b) PEG—10 wt% TiNT and (c) PEG—20 wt% TiNT. 

Source: Reproduced with permission from Akhtar et al. [2007, © Elsevier 2007]. 
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showed very exciting results in DSSCs applications (Venkatesan and Lee 2017). The 

table shows the different composite systems with other parameters of DSSCs. 

9.8  POLYMER COMPOSITES (PCS) 

A polymer composite (PC) is a material composed of the polymer as host and one 

or more additives resulting in a new material having different properties from the 

individual materials. To prepare PE materials one can use polymers/biopolymers as 

a network matrix and organic/inorganic nanofllers as an additive. These materials 

have several properties like light weight; high stiffness; good thermal, chemical, 

and mechanical properties. Polymer composites are multi-phase materials in which 

nanofller integrated with the polymeric chains/functional groups of polymer net-

work via weak interactions, resulting in modifed mechanical, chemical, and thermal 

properties. The performance of PCs generally depends on the amount, size, and type 

of nanofller. This also depends on the geometry and orientation of the constituents 

of polymer in the presence of additives. The use of nanof llers modifes the electrical, 

dielectric, and interfacial properties of ion/electron-conducting polymer electrolytes. 

The incorporation of inert f llers/nanofllers into the semi-crystalline/crystalline 

polymer matrices changes its phase (i.e. crystalline to amorphous or amorphous to 

crystalline). In the case of composite polymer electrolytes, the particle size and the 

fller concentrations play an important role because the addition of a small amount 

of inert fller will collapse the chain organization of the polymers which in turn 

facilitates higher ionic conduction. From the DSSC application point of view, the 

electrical conductivity of the PC electrolyte plays a signifcant role. In PCs elec-

trical conductivity depends on different factors such as amorphous phase/free vol-

ume, chains’ mobility and fexibility, dielectric property of the material, and also 

the interactions between nanofllers with the constituents of polymers. A literature 

survey reveals that the use of nanof llers like SiO2, TiO 2, Al2O3, ZnO, Fe3O4, CNT, 

etc. reduces the crystalline phase of a polymer network, hence reducing melting and 

glass transition temperature with enhancement in chain fexibility ( Venkatesan and 

Lee 2017; Stergiopoulos et al. 2002). The stability of DSSCs can be improved by 

using polymer composites. Devices having PCs as electrolytes have different advan-

tages over liquid electrolytes such as minimizing leakage, long-term stability, and 

minimum solvent evaporation problems. 

9.9  METAL OXIDE NANOFILLER-BASED PCS IN DSSCS 

The performance of DSSCs depends on different factors such as particle size of 

nanofllers dispersed in the electrolyte, the ionic conductivity of the electrolyte, and 

interfacial contact between photoanode and electrolyte. A high-level interfacial con-

tact can be obtained by taking highly mechanically f exible flm (gel-like nature) and 

deep penetration of electrolyte material into the pores of the TiO 2 semiconductor 

layer (photoanode) (Lee et al. 2008;  Zebardastan et al. 2016; Mohan et al. 2013). The 

particle size of metal oxide-based nanofllers (<100nm) should be smaller than the 

size of the pores of TiO 2. Metal oxide-based nanoparticles play various roles in poly-

mer electrolytes due to the interaction between the constituent of polymer and 

nanoparticles. Due to these interactions the ionic conductivity, dissociation of ions, 
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mobility of ion liquidity, and polymeric chain fexibility increase. Interfacial contact 

also improves because of the increase in the concentration of interfacial defects. The 

nanoparticle has a large surface area to volume ratio in polymer electrolytes and 

hence modif es the degree of crystallinity of the polymer network in the electrolyte 

(increase in interfacial free volume between the polymer network and another con-

stituent of the electrolyte). Silicon dioxide (SiO2) or silica nanoparticles can be used 

as nanofller for the preparation of polymer composite electrolytes using the solution 

casting method. Generally, the SiO 2 nanoparticle has a three-dimensional structure, 

and siloxane or silanol Si-O-Si groups (hydrophilic in nature) are created on the sil-

ica surface (Yoon et al. 2014; Zhao et al. 2014b). This modifed surface of silica has 

been used from the DSSCs application’s point of view. Different methods like the 

solution casting method, blending method can be used for the preparation of polymer 

composite flms. The polymer composite flms prepared by the solution casting 

method are composed of two phases, one associated with the SiO 2 and another poly-

mer-Si-O-Si mixed phase at the nanoscale level (Lee et al. 2008).  Lee et al. [2008] 

fabricated quasi-solid-state DSSC based on PVdF-HFP-MPN-TBAI/I2 -TBP-SiO2 

has the  Jsc = 14.4mAcm−2, Voc = 0.71volt, fll factor = 0.598 and overall conversion 
effciency of 5.97% (Lee et al. 2008). A novel composite polymer gel electrolyte was 

prepared using PVdF-HFP-PEO-EC-PC-NaI-I2 -SiO2 by Zebardastan et al. 2016 and 

it was found that the prepared sample was amorphous due to the interaction between 

the fumed SiO 2 and the polymers, as confrmed using XRD and IR analyses. The 

fabricated DSSC based on 13 wt% SiO2 had a high effciency of 9.44% with Jsc = 
27.31 mAcm−2 and plot of J-V characteristics without SiO 2 and with different amounts 

of SiO2 (shown in Figure 9.7)  ( Zebardastan et al. 2016).  Mohan et al. 2013 reported a 

FIGURE 9.7 J-V curve for DSSC fabricated using gel polymer electrolytes without SiO2 

(PP-NaI-Si-0) and with various amounts of SiO2. 

Source: Reproduced with permission from Zebardastan et al. [2016, © Elsevier 2016]. 
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fumed SiO2-NFs/PAN-based polymer composite electrolyte using a hot pressing 

technique (Mohan et al. 2013). In this work it was reported that the different sizes 

and surface areas of SiO 2 nanoparticles highly infuenced the properties of the poly-

mer electrolytes. The fabricated cell by using optimized SiO 2 (9 wt%) has a higher 

value of Jsc (12mAcm−2). The ionic conductivity and ion diffusivities depend upon 

SiO2 concentration and the bond formation between iodide ions and surface hydroxyl 

groups of SiO2 (I-Si-O-Si), as well as free volume created by the nanof llers. Yoon 

et al. [2014] fabricated DSSCs based on PEGDME-SiO2 (rod-like shape) and found 

that the DSSC exhibited higher energy conversion effciency with Jsc = 14.1mAcm−2 

value due to enhanced diffusion of the redox couple in the presence of the SiO 2 
nanoparticles (Yoon et al. 2014).  Zhao et al.  prepared polymer composite electrolytes 

based on SiO 2-PEO-PVdF-HFP and fabricated cell exhibits lowest cell impedance 

(20.96 Ω) and the highest solar conversion effciency (4.85%) [Zhao et al. 2014b]. 

Some ionic liquid-based polymer nano-composite materials were also exhibiting 

very exciting performance of the cell (data are listed in Table 9.1). 

TABLE 9.1 
PC-Based Electrolytes in DSSCs and Their Performance. 
Polymer Composites V oc J sc η % References 

(volt) (mAcm−2) 

 ex-MMT- PNIPAAm 0.73 12.6 5.41   Tu et al. 2008  

 ex-MMT- PMMA 0.741 15.12 7.77   Lee et al. 2011  

 APS-ex-MMT- PVdF—HFP/PEO 0.73 7.70 3.8   Prabakaran et al. 2015  

 MMT-NR 4+− P(EO—EPI) 0.49 0.8 3.2   Ito et al. 2008  

 PVAc-Fe 3O4 @NCs/TiCl 0.76V 14.94 7.22   Mazloum et al. 2019  

 (PAN-VA)—ACN-LiI-TBP-DMPII- 0.74 18.80 10.58   Chen et al. 2013  

TiO 2-I2

 PEO/PVdF-TiO 2  0.77 16.10 8.91   Liu et al. 2017  

 P(VA-co-MMA)-CAN/or MPN 0.74 17.40 9.4   Wang et al. 2013  

 PEO-TiO 2 —EC/PCor PEG 0.80 16.90 9.2   Seo et al. 2014  

 PVA-PAN- (PAN-VA)—gBL-TiO 2  0.75 15.58 7.87   Venkatesan et al. 2015 a 

PEO-PEGDME-SnO2-KI-I2  0.74 10.80 5.3   Chae et al. 2014  

PEG-CuAlO2  0.50 1.06 0.27   Suriwong et al. 2015  

PVdF -HFP-TiC 0.77 12.45 6.29  Venkatesan et al. 2016a 

PVdF -HFP-TiC -PPN 0.72 16.27 7.70  Venkatesan et al. 2016b 

PVdF -HFP-AIN 0.66 12.92 5.27   Huang et al. 2011  

PVdF -HFP-CoS 0.73 14.42 7.34   Vijayakumar et al. 2015  

 PAN-CNT-LiI-TBP-ACN-I 2  10.90 0.57 3.90   Akhtar et al. 2011  

With dye C 26H16O8N6S2Ru 
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Polymer Composites 

 PAN-SiO 2 -ACN-LiI-TBP-I 2 with dye 

C26H16O8N6S2Ru 

 PAN-PVdF-V 2O5-EC-PC-HDMII-LiI-

TBP-I2 with dye C26H16O8N6S2Ru 

 PAN-PVdF-SiO 2-EC-PC-HDMII-LiI-

TBP-I2 with dye C26H16O8N6S2Ru 

 PAN-VA-LiI-ACN-DMPII-TBP-

TiO 2-I2 with dye C26H16O8N6S2Ru 

 (PAN-VA)-LiI-ACN-PPN-DMPII-

TBP-TiO 2-I2 with dye 

C26H16O8N6S2Ru 

 (PAN-VA)-LiI-ACN-MPN-DMPII-

TBP-TiO 2-I2 with dye 

C26H16O8N6S2Ru 

 PAN-P(VP-co-Vac)-PC-EC-NaI-

Co3O4-I2 with dye C26H16O8N6S2Ru 

V oc 
(volt) 

J sc 
(mAcm−2) 

η % References 

16.12 0.74 7.85   Zhao et al. 2014 a 

13.80 0.78 7.75   Sethupathy et al. 2014  

11.60 0.79 5.61   Sethupathy et al. 2014  

15.33 0.74 8.66  Venkatesan et al. 2015b 

16.84 0.72 8.30  Venkatesan et al. 2015b 

14.95 0.74 7.80  Venkatesan et al. 2015b 

16.20 0.61 6.46   Saidi et al. 2019  

Aluminum oxide (Al 2O3) or alumina is one of the most complex materials and 

it is easily available in the form of gibbsite and bauxite. Al2O3 has a different 

crystalline structure in which   -Al2O3 is thermally stable and   -Al2O3 is most 

probably used for dye synthesized solar cell applications.   -Al2O3 has a honey-

comb-like structure having a large surface-to-volume ratio with catalytic prop-

erties. Alumina with different shapes like spheres, rods, and surface-modif ed 

Al2O3 was used for the electrochemical device application point of view (Chi 

et al. 2013;  Sacco et al. 2015). 

Titanium dioxide (TiO2) (also known as titanium or titania) is a naturally occur-

ring oxide of titanium and a low-cost material having different crystallographic 

phases like brookite, rutile, and anatase. This material is used in DSSCs as a nano-

fller in the form of nanosphere, nanorods, nanotubes for the preparation of polymer 

composite materials. Stergiopoulos et al.  reported on the PEO-TiO 2 -based polymer 

composite material for DSSC applications and it is found that titania nanof ller 

reduces the crystalline phase of PEO-based matrix due to interaction between the 

oxygen atom of PEO and the surface of the hydroxyl group of TIO 2 and hence 

enhances the conductivity of a polymer composite system. The fabricated DSSC 

based on this material has a  J =7.2mAcm−2, V  = 0.66 volt with the eff ciency,  = sc oc 

4.2% (Stergiopoulos et al. 2002).  Tiautit et al. [2014] prepared PVdF-HFP/PVA-TiO2/ 

SiO2-based gel polymer composite electrolytes and used these materials for DSSCs 

fabrication, and it was found that the η% of the cells using liquid electrolyte and PGE 

were 3.49% and 3.26%, respectively (Tiautit et al. 2014). The use of ionic liquid 

enhances the performance of the device due to the interaction between the cations 

(imidazolium) and the surface (O-H group) of TiO 2 which aligns the charge carrier 
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species by electrostatic interaction and, therefore, facilitates the charge transporta-

tion via the ion-exchange mechanism. Huo et al. reported the TiO 2 nanoparti-

cles—PVdF-HFP-based gel electrolyte based quasi-solid-state dye-sensitized solar 

cells—had an effciency of  = 7.18%, Voc = 0.69 volt, and Jsc = 15.23 mAcm−2 (Huo 

et al. 2007).  Venkatesan et al. [2018] prepared quasi-solid-state DSSC based on 

PEO-PMMA-TiO2-based printable electrolyte. TiO 2 nanofller was added into the 

polymer blend composite, and it was found that the effciency of the cell was 8.48%, 

which was higher than the effciency of PEO-based polymer electrolyte (7.63%) and 

liquid electrolyte (8.32%). The effciency of the cell increases to 9.12% by adding 

TiO2 nanofller in PE due to an increase in electrical conductivity (Venkatesan et al. 

2018) . 

Zinc oxide is an inorganic compound with the chemical formula ZnO (zinc and 

oxygen centers are tetrahedral). It is a wide energy gap semiconducting material 

having similar properties to TiO2. This material is rarely used in DSSC fabrication. 

Zhang et al. used PEGME grafted nanoparticle-based polymer composite material 

for fabrication of DSSC, and the fabricated cell has the  Jsc = 15.85 mAcm−2, Voc = 
0.60 volt, and effciency of  = 6.40% ( Zhang et al. 2006). Xia et al. fabricated a 

DSSC based on PMOP-capped ZnO polymer composite electrolyte and it was found 

that the cell has the  Jsc = 17.60 mAcm−2, Voc = 0.64volt, and effciency of  = 6.90% 

(Xia et al. 2007). 

Tin oxide (SnO 2), copper aluminum oxide (CuAlO2), nickel oxide (NiO), and 

cobalt oxide (Co3O4) were also used in electrolytes for DSSC fabrications. The per-

formances of DSSCs based on polymer composite materials are listed in Table 9.1. 

Some metal carbide, metal sulfde, and metal nitride-based nanoparticles like tita-

nium carbide (TiC), cobalt sulfde (CoS), and aluminum nitride (AlN) were also used 

in the electrolyte to enhance the electrical conductivity and performance of DSSCs 

(Table 9.1). From the data listed in Table 9.1, it is clear that these materials play a sig-

nifcant role to enhance the electrical conductivity of polymer composite electrolytes 

and the performance of the cell. 

9.10 CARBONACEOUS NANOPARTICLES-BASED PCS IN DSSCS 

Recently, carbonaceous material-based polymer composite electrolytes have received 

much attention for their role in the development of electrochemical devices and high 

effcient DSSCs. The conductivity of an electrolyte plays a crucial role to enhance the 

effciency and performance of the cell. Carbonaceous materials have several advan-

tages due to their structural, electrical, electrochemical, and mechanical properties. 

The properties of these materials depend on particle size, shape, porosity, and func-

tional groups attached to the surface. These materials used in DSSCs can be catego-

rized in different types such as (i) spherical carbon nanof llers like activated carbon 

(AC), carbon black (CB), carbon sphere (CS); (ii) carbon nanotubes (CNTs) like 

single-walled CNTs, double-walled CNTs, and multi-walled CNTs; and (iii) layered 

carbon materials such as graphene (Gr), graphene oxide (GrO), graphite (G). Activated 

carbon (AC) is a crude form of graphite and highly porous material having a wide 

range of porosity with a large surface area to volume ratio. These materials are gener-

ally prepared by chemical or physical activation processes by using coal and wood. 

This is low-cost material and can be easily physically activated in the lab by using 
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air, oxygen, carbon dioxide, or other gases as oxidizing reagent/gases. For chemical 

activation, some chemicals like KOH, NaOH, H 3 PO 4  can be used. In these materi-

als existence of pores makes them suitable for the preparation of polymer composite 

electrolytes, and porous polymer composites can be fi lled with an organic solvent or 

ILs. Due to the presence of organic solvent/IL in the pores of the polymer matrix, the 

electrical conductivity enhances and hence the ion-charge exchange process becomes 

easier.  Mohan et al. [2011 ] reported a quasi gel-electrolyte based on PAN/PEG with 

activated carbon, ethylene carbonate, propylene carbonate, lithium iodide, iodine, 

4-tertinary butyl pyridine, 1-N-butyl-3-hexyl imidizolium iodide along with aceto-

nitrile and tetrahydrofuran binary solvent. The fabricated DSSC has the  J sc   = 13.00 

mAcm−2  , V oc   = 0.76 volt, and    = 6.55% (M ohan and Murakami 2011) .  Mohan et al. 

[2013] a lso reported composite gel polymer electrolyte based on poly(acrylonitrile) 

(PAN)/LiI/activated carbon and the fabricated DSSC based on this material has the 

effi ciency of 8.42% with  V oc = 0  .74 volt and  J sc = 1  8.70mAcm−2 , a nd DSSC perfor-

mance of polymer electrolytes with different amounts of activated carbon are shown 

in  Figure 9.8  (M ohan et al. 2013). Ca rbon black (CB) is a polycrystalline form of 

carbon with a high surface area to volume ratio and this material can be used with 

ionic liquid for the preparation of polymer composite electrolytes. Some other forms 

of carbon black—like carbon spear (CS), carbon dots (Cdts)—are also used with ionic 

liquid for electrolytes in DSSCs.  Ikeda et al. [2006] prepa red to conduct polymer-

carbon imidazolium-based IL-based composite and fabricated DSSC, which have 

 J −2
sc   = 12.8 mAcm  , V oc = 0  .58 volt and effi ciency of h = 3.48% ( Ikeda et al. 2006) . 
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9.11 CLAY NANOFILLERS-BASED PCS IN DSSCS 

Clay-based nanoparticles are also used for the preparation of polymer compos-

ite electrolytes in DSSC fabrication. Some natural and synthetic montmorillonite 

(MMT), talc, nanomica, layered double hydroxides (LDHs), laponite (LAP), and 

saponite (SAP) are used to prepare PCs (Venkatesan and Lee 2017). Clay nanopar-

ticles are naturally abundant, swelling in nature, have high ion exchangeability, 

high chemical stability, rheological properties, and easily synthesizing materials. 

The platelet-like structure, morphology, ionic nature, and particle size play various 

roles to enhance the desired properties of PCs as well as the performance of DSSCs 

(Teo et al. 2020; Venkatesan and Lee 2017). Cationic clays like MMT, mica, and 

talc modify the polymer network and increase the free volume/space within the 

matrix which provides a wider path for charge transportation, hence the movement 

of charged particles becomes faster (Venkatesan and Lee 2017;  Gong et al. 2012). 

Several clays-based PCs are available in the literature which reveals the importance 

of these materials in DSSC applications (Table 9.1). The fabricated DSSC based on 

PVdF-HFP/ZnAl-CO3-LDH nanocomposite polymer electrolyte had a high eff -

ciency of ~8.11% ( Ho et al. 2014). Table 9.1  lists the performance of DSSCs based 

on clay nanoparticles (Ho et al. 2014;  Prabakaran et al. 2015;  Saidi et al. 2019; Chen 

et al. 2013). 

9.12 CONCLUSIONS 

DSSCs are promising photovoltaic devices that have attracted many researchers 

for the development of next-generation renewable and sustainable energy sources 

because of their feasible properties such as low production cost, f exibility, eco-

friendliness, ease of fabrication, long life, mechanical robustness. They also have 

the potential for both indoors and outdoors applications and can work under the 

low intensity of incident light. Under low-intensity light, the conversion eff ciency 

of DSSCs is comparably higher than that of other photovoltaic cells like silicone  

solar cells and organic photovoltage. The liquid electrolyte-based DSSC has high 

effciency (14.3%) but the liquidus nature of electrolytes has several problems, like 

leakage, chemical instability, and evaporation of the organic solvents, which reduce 

the durability and performance of the cell. To resolve these drawbacks, polymer 

electrolyte/polymer composite electrolytes can be used as electrolytes in place of 

liquid electrolytes due to their promising physical and electrochemical properties. 

Unlimited varieties of materials are possible in PCs with higher levels of conversion 

effciency and durability. TiO2 nanofller-based polymer composite DSSC has an 

effciency of about 10.58%. For a continuous power supply from the cell, the long-

term performance of DSSCs plays a very important role and this can be obtained by 

using nanocomposite polymer/biopolymer electrolytes. In the future, biopolymer/ 

polymer composite electrolytes with hybrid nanoparticles will play a crucial role in 

determining the conversion effciency and performance of DSSCs for both indoors 

and outdoor applications. 
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List of Acronyms

 CAN—acrylonitrile

 AlN—aluminum nitride 

APS—aminopropyl trimethoxy silane 

 DMPII—1,2-Dimethyl-3-propylimidazoliuum iodide

 ex-MMT—exfoliated montmorillonite 

 GBL—gamma-butyrolactone 

 GuanSCN—guanidinium thiocyanate

 HDMII—1-hexyl-2,3-dimethyl imidazolium iodide 

Fe3O4@)NCs/TiCl—magnetic core-shell nanocellulose/titanium chloride 

 MPN—methoxy propionitrile 

PMII—1-methyl 3-propyl imidazolium iodide 

 NCs/TiCl—nanocellulose/titanium chloride

 Nb2O5 —niobium pentaoxide

 PMOP—1-phenyl-3-methyl-4-octadecyl-5-pyrazolone

 PAN—polyacrylonitrile

 (PAN-VA)—poly(acrylonitrile-co-vinyl acetate) 

PEGDME—poly(ethylene glycol) dimethyl ether 

 P(EO-EPI)—poly(ethylene oxide-coepichlorohydrin)

 PNIPAAm—poly(n-isopropyl acrylamide) 

 PVAc—polyvinyl acetate 

P(VA-co-MMA)—polyvinyl (acetate-co-methyl methacrylate)

 P(VP-co-VAc)—poly(1-vinylpyrrolidone-co-vinyl acetate)

 KI—potassium iodide

 PPN—propionitrile 

C26H16O8N6S2 —rucis-diisothiocyanato-bis (2,2’-bipyridyl-4,4’-dicarboxylicacid) 

ruthenium

 NaI—sodium iodide 

TBAI—tetrabutylammonium iodide TBP-4-Tert-butylpyridine 
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