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MEMBRAN HIBRID PERTIGAAN ELEKTROLIT POLIMER (PVDF-

HFP)/PANI/GO UNTUK BATERI ION LITIUM 

ABSTRAK  

 

Poli (vinilidina hexafluropropilina) PVDF-HFP merupakan komponen yang 

berpotensi sebagai pemisah dalam bateri ion litium kerana ketahanan kimianya yang 

sangat tinggi, kestabilan mekanikal dan haba yang besar beserta kos yang lebih rendah; 

walau bagaimanapun, komponen yang asalnya mempunyai ciri-ciri yang terhad dan 

memerlukan pengubahsuaian lanjut bagi mencapai prestasi yang diinginkan. Oleh itu, 

dalam penyelidikan ini, hibrid ternari PVDF-HFP/PANI/GO telah dibangunkan dan 

skop dibahagikan kepada tiga fasa yang pada permulaannya, dos polianilina (PANI) 

yang berbeza (1% berat, 2% berat, dan 3% berat) telah dicampur ke dalam matriks 

polimer PVDF-HFP bagi menghasilkan membran elektrolit PVDF-HFP/PANI dengan 

menggunakan kaedah nafas-bentuk. Penambahan PANI (2% berat) didapati 

mempengaruhi daya kekonduksian ionik di mana nilainya telah meningkat dari 1.98 × 

10-4 S cm-1 bagi membran tunggal PVDF-HFP ke 1.04 × 10-3 S cm-1; walau 

bagaimanapun, kesan pengekstrakannya mengakibatkan kekuatan tegangan membran 

tunggal  PVDF-HFP menurun dari 4.2 MPa hingga 2.8 MPa. 

Skop kedua, kesan grafina oksida (GO) dikaji dengan mevariasikan jumlah GO 

yang berbeza (1% berat, 2.5% berat dan 5% berat) ke dalam matriks polimer PVDF-

HFP. Penambahan GO (2.5% berat)  meningkatkan kekuatan tegangan membran 

PVDF-HFP dari 4.2 MPa hingga 12.5 MPa; walau bagaimanapun, ia menyebabkan 

kekonduksian ionik PEM tunggal diketepikan. Selanjutnya, bagi fasa ketiga, bahan 

komposit PANI/GO digabungkan atas faktor keunikan kedua-dua pengisi. PVDF-



 xvii 

HFP/ PANI hibrid ternari (2% berat)/GO (10% berat, 25% berat, dan 40% berat) PEM 

disintesis dan dicirikan untuk bateri ion litium.  

Ternari PVDF-HFP/PANI/GO yang diperolehi menunjukkan peningkatan 

kekuatan tegangan sehingga 8.8 MPa. Tambahan pula, membran ternari PVDF-

HFP/PANI/GO menunjukkan kestabilan terma yang luar biasa dengan Td sehingga 

498°C, peningkatan morfologi, pengambilan elektrolit tertinggi (367.5%) dan 

keliangan yang sangat baik sekitar 89%. Selain itu, PEM bagi PVDF-HFP tunggal, 

PVDF-HFP/PANI dan PVDF-HFP/PANI/GO yang optimum telah digunakan untuk 

pencirian elektrokimia dan pemodelan. Selain itu model R-CPE memberikan kualiti 

yang sesuai dengan nilai MSE sekitar 5% berbanding model R-C dan R-L. Seterusnya, 

PEM optimum yang disediakan berjaya digunakan dalam bateri ion litium dan 

menunjukkan kapasiti khusus yang baik untuk 10 pusingan permulaan. Walau 

bagaimanapun, PEM ternari PVDF-HFP/PANI/GO menghasilkan kestabilan yang 

lebih baik berbanding dengan PEM lain; oleh itu, ia diuji selanjutnya untuk pengekalan 

kapasiti dan ia mengekalkan kapasiti melebihi 95% selepas 30 kitaran. 

Kesimpulannya, penggunaan membran ternari PVDF-HFP/PANI/GO merupakan 

pemisah yang berpotensi bagi bateri ion litium di masa hadapan. 
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TERNARY HYBRID PVDF-HFP/PANI/GO POLYMER ELECTROLYTE 

MEMBRANE FOR LITHIIUM ION BATTERY 

ABSTRACT 

 

Poly(vinylidene fluoride-co-hexafluoropropylene) PVDF-HFP is a promising 

candidate as a separator in lithium-ion batteries owing to its outstanding chemical 

resistance, high mechanical and thermal stability with lower cost; however, its pristine 

form has limited characteristics that require further modification to achieve enhanced 

performance. Therefore, in this research ternary hybrid PVDF-HFP/PANI/GO were 

develop and the scope were divided into three phase which at first, different dosages 

of polyaniline (PANI) (1 wt%, 2 wt%, and 3 wt%) are incorporated into PVDF-HFP 

polymer matrix to fabricate PVDF-HFP/PANI polymer electrolyte membrane by using 

breath-figure method. The PANI (2 wt%) inclusion influenced the ionic conductivity 

and enhanced it from 1.98 × 10-4 S cm-1 of pristine PVDF-HFP membrane to 1.04 × 

10-3 S cm-1; however, its plasticizing effect resulted in tensile strength of pristine 

PVDF-HFP membrane from 4.2 MPa to 2.8 MPa.  

Secondly, the effect of graphene oxide (GO) is investigated by varying 

different amount of GO (1 wt%, 2.5 wt%, and 5 wt%) into PVDF-HFP polymer matrix. 

The GO (2.5 wt%) addition remarkably enhanced the tensile strength of PVDF-HFP 

membrane from 4.2 MPa to 12.5 MPa; however, it showed negligible effect on ionic 

conductivity of pristine PEM. Therefore, in third phase, PANI/GO composite material 

is combined for the unique properties of both the fillers. The ternary hybrid PVDF-

HFP/PANI (2 wt%)/GO (10 wt%, 25 wt%, and 40 wt%) PEMs are synthesized and 

characterized for lithium ion batteries.  
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The obtained PVDF-HFP/PANI/GO ternary membrane showed a remarkable 

improvement in tensile strength up to 8.8 MPa. Furthermore, the PVDF-

HFP/PANI/GO ternary membrane exhibited outstanding thermal stability with Td up 

to 498°C, improved morphology, highest electrolyte uptake (367.5%) and an excellent 

porosity of around 89%. Moreover, the obtained optimum pristine PVDF-HFP, PVDF-

HFP/PANI, and PVDF-HFP/PANI/GO PEMs were considered for further 

electrochemical characterization and modelling. Also, the R-CPE model provided a 

best quality fit with MSE value of around 5% compared to R-C and R-L model. 

Further, the prepared optimum PEMs is successfully applied in lithium ion battery and 

showed good specific capacity for initial 10 cycles. However, PVDF-HFP/PANI/GO 

ternary PEM resulted in better stability compared to other PEMs; therefore, it is tested 

for capacity retention and it retained over 95% capacity after 30 cycles. In conclusion, 

the proposed PVDF-HFP/PANI/GO ternary membrane is a potential candidate as a 

separator in future lithium-ion batteries. 
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CHAPTER 1 

INTRODUCTION 

CHAPTER 1  
1.1 Introduction 

World economy is highly dependent on fossil fuel and it has a severe impact 

on world ecology. Global climate impact and air quality are two major concerns about 

the fossil fuel. In addition, the increasing population in developing countries are 

enlarging their energy consumption and economies and is increasing dramatically. 

Therefore, electrochemical energy production has received great attention as an 

alternative source of energy due to its sustainability and environmentally friendly 

properties (Brownson et al., 2011; Li et al., 2014; Ntengwe, 2005; Rahman et al., 2014; 

Scrosati et al., 2011; Yu et al., 2016).  

Batteries, fuel cells and supercapacitors are the systems for energy storage and 

conversion (Bruce et al., 2012; Choi et al., 2012; Han et al., 2014; Kim & Guiver, 

2009, Makinouchi et al., 2017). The secondary batteries such as lithium-ion (LIBs), 

nickel-cadmium and lead-acid, etc. are rechargeable. Each battery has anode and 

cathode, electrolyte and separator. Anode is the negative electrode where the oxidation 

process occurs; while, the positive cathode electrode gains electron from external 

circuit. An electrolyte provides ionic conductivity between negative and positive 

electrodes. A separator is a physical barrier between electrodes to prevent short circuit 

while allowing ionic flow (Lu et al., 2015, Poullikkas, 2013; Visco et al., 2009). LIB 

provides higher operating voltage, lower self-discharge, and higher coulombic 

efficiency compared to other batteries (Li et al., 2014; Speirs et al., 2014; Wang et al., 
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2016; Yong et al., 2015). Some characteristics of the secondary batteries are listed in 

Table 1.1. 

Table 1-1: Characteristics of secondary batteries (Yanilmaz, 2015) 

Battery types 

 

Voltage 

(V) 

Energy Density 

(Wh/kg) 

Power Density 

(Wh/kg) 

Cycle 

life 

Lithium ion 3.6 100-150 300 400-1.2k 

Nickel-Cadmium 1.2 35-57 50-200 1k-2k 

Lead acid 2 25-30 75-130 200-400 

Nickel-Metal 

Hydride 

1.2 50-80 150-250 600-1.5k 

  

Figure 1.1 shows the schematic diagram of lithium ion battery which includes 

separator sandwiched in between lithium anode and carbon cathode; it provides 

superior properties compared to other secondary batteries such as higher working 

voltage, higher energy density, lower gravimetric density and longer service life. 

Owing to these properties, LIBs have been used in various devices such as eco-friendly 

transportation power storage, health care and defence (Lampič et al., 2016; Zhen et al., 

2018; Scrosati et al., 2011). In addition, LIBs use lithium ions as the main charge 

carrier and maintain a high average discharge voltage of 3.7 V. Also, the LIBs are light 

in weight and can produce much high energy density compared to other batteries; 

therefore, it has become a promising choice for electric vehicles (EVs) (Yong et al., 

2015). Lithium-ion batteries can be designed in various shapes such as prismatic, coin, 

pouch, and cylindrical depending on the devices and application areas. Cylindrical 

batteries are used in laptop computers, single-cell coin-shaped batteries are used in 

small electric appliances and portable IT devices, prismatic cells are common in 
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portable devices and pouch-shaped cells cased in aluminium plastic composites are 

good for electric vehicle applications (Lampič et al., 2016; Song et al., 2011). LIBs 

have received great attention since its introduction in 1990s due to high energy density, 

low gravimetric density, long cycle life and flexible design. The development of 

improved electrodes and separators for LIBs is critical to obtain high energy and power 

densities for electric and hybrid electric vehicles (Wang et al., 2016). Fast charging 

and discharging at high power rates, energy density, power, cycling, life, 

charge/discharge rates, safety and cost must be addressed to design advanced lithium-

ion batteries. 

 

Figure 1-1: Schematic illustrating the mechanism of operation for a lithium-ion 
battery 

 

1.2 Introduction of separators 

A lithium ion battery (LIB) comprises of anode, cathode, separator and 

electrolyte. Separator is an essential component of LIBs that is placed between two 

electrodes to provide a physical barrier, while it serves as a medium for ion transfer at 
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the time of charging and discharging process. In production, some ionically conductive 

liquid electrolyte is used to fill the pores of the separator (Liu et al., 2017). The 

separator plays an important role in LIBs; it avoids the electronic contact and serves 

as a medium for ion transport between negative and positive electrodes; also, it provide 

and maintain a good support to the electrode, offers better ionic impedance at higher 

temperatures, and hold the electrolyte effectively for a longer time. For the 

accomplishment of these features, the separators need to be electrochemically and 

chemically stable towards the electrolytes and the electrodes; also, it must have an 

excellent thermal and mechanical stability to withstand at elevated temperature and at 

high tension during battery assembly and a charge-discharge process (Costa et al., 

2013; Deimede & Elmasides, 2015; Jeong et al., 2012). Even though the separator does 

not participate in any cell reactions, the materials and structure of the separators affect 

the performance of LIBs. The separator influences internal cell resistance and cell 

kinetics so that it affects the performance of battery such as cycle life, energy density, 

power density, and safety.  

Polymer electrolyte membranes (PEMs) have been extensively used as a 

separator in lithium ion batteries. The various types of PEMs such as solid polymer 

electrolyte membranes (SPEs), liquid polymer electrolyte membranes (LPEs), gel 

polymer electrolyte membranes (GPEs) etc. have received tremendous attention in the 

last couple of decade. Each separator is different and has its own merits and demerits 

and the selection of separators affects the performance of lithium-ion batteries. Many 

factors must be considered while choosing the separators for LIBs. General 

requirements are summarized below in Table 2 and detailed description was provided 

in the upcoming section. 
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Table 1-2: General requirements of separators for LIBs (Arya et al., 2017) 

Parameter Requirement  

Wettability  The separator must completely wet out 

rapidly 

Pore size < 1 um 

Dimensional stability  The separator must not bend and remain 

flat 

Shutdown  The separator must shut down the 

battery at higher temperature 

Electrochemical & Chemical stability Must have good stability over the longer 

period 

Thermal stability  Must be thermally stable even at higher 

temperatures 

Porosity   Porosity must be between 40-60% 

Mechanical stability  Must avoid a significant elongation 

under tension to prevent from width 

contraction 

1.3 Problem Statement 

The battery explosions and fires occur quite frequently and its causes are of 

major concern (Ma et al., 2018; Zhang et al., 2014). The commercially available 

separators and the liquid electrolytes are an important source of this flammability in 

LIBs. Generally, the commercial separators are polyolefins that possess poor 

mechanical stability and are combustible due to low melting points; it shrinks and melt 

at higher temperature (>100ºC) or if overcharged and leads to short circuit in LIBs 

(Costa et al., 2018; Steiger et al., 2014). Most of the LIB systems continue to use liquid 

electrolytes; therefore, the separator must be essentially wettable and suitable with 

most of the commercial and novel electrolytes. However, the low surface energy and 



6 
 
 

 

hydrophobic nature of the commercial polyolefin separators such as polypropylene 

(PP) and polyethylene (PE) results in poor electrolyte uptake that affects the cyclic 

retention capacity of LIBs. In addition, the poor wettability slows down the wetting 

process that can increase the battery manufacturing and production time (Liu et al., 

2018; Zhang, 2007). 

Polymer electrolyte membranes (PEMs) have received more attention and 

become a promising alternative in liquid electrolytes for some important applications 

such as lithium batteries (Li et al., 2018; Makinouchi et al., 2017; Wang et al., 

2017;Yuan et al., 2014). A popular approach is to functionalize the separators by 

incorporating inorganic fillers into the host polymer matrix. In this regard, Polyaniline 

(PANI) is one of the emerging filler in energy devices due to its better conductivity, 

low cost, easy and flexible synthesis etc.; however, its electrical conductivity must be 

minimized before its addition to the host polymer to avoid short-circuit in LIBs. Deka 

et al., (2009) studied the influence of insulating PANI (base form) nanofibers on the 

ionic conductivity and interfacial stability of poly(vinylidene fluoride-

hexafluoropropylene (PDF-HFP) PEM; however, the study doesn’t report the effect of 

PANI on the mechanical stability of proposed PEM. Besides that, Kumar and Deka 

(2010) reveal that the higher concentration of plasticizer may lead to poor mechanical 

strength due to lower dispersion and higher viscosity. This suggestion supports the 

findings of Wan et al., (2015), where the author has found no contribution of PANI to 

improve the tensile strength of polyimide (PI) membrane separator.   

To overcome this problem, graphene oxide (GO) has been introduced to PANI 

particles and the PANI/GO composite has incorporated into PVDF-HFP polymer 
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matrix. Both the fillers i.e. PANI and GO have proven their worth in energy 

applications (Ludmila et al., 2017; Beydaghi et al., 2015; Cao et al., 2015; Cao et al., 

2011; Weiss et al., 2012). PANI insertion is expected to provide better ionic 

conductivity to PVDF-HFP PEM; whereas, graphene oxide may add thermal, insulator 

and more importantly mechanical support to PVDF-HFP polymer matrix. Therefore, 

the proposed PVDF-HFP/PANI/GO ternary hybrid PEM can enhance the thermal, 

mechanical, morphological and electrochemical properties of pristine PVDF-HFP 

PEM that leads can lead to enhance the performance of lithium ion battery. 

1.4 Research objective 

The aim of this work is to develop a porous (PVDF-HFP/PANI/GO) ternary 

hybrid polymer electrolyte membrane for lithium ion battery. To accomplish the 

mentioned aim, the objectives are as follows: 

1. To study the effect of thickness and solvent variation on the performance of 

PVDF-HFP polymer membrane. 

2. To investigate the effect of individual addition of PANI and GO on the 

chemical, thermal, mechanical and electrochemical properties of PVDF-HFP 

PEM. 

3. To analyse the effect of PANI/GO composite on thermal, mechanical, chemical 

and electrochemical properties of PVDF-HFP PEM. 

4. To identify the performance of pristine PVDF-HFP, PVDF-HFP/PANI, 

PVDF-HFP/GO and PVDF-HFP/PANI/GO ternary membrane in lithium ion 

battery 
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1.5 Scope of research and limitations 

The separators have a significant impact on the cell performance, battery life, 

cell production time, safety and reliability of LIBs. The internal short circuits develop 

due to cell failure, which is mostly attributed to the properties of separator material. 

The approach of this research provides direction for further improvements for 

marketable separators of LIBs. PANI and PANI/GO composite have synthesized by 

polymerization method and incorporated individually and as composite into PVDF-

HFP polymer matrix. The various PVDF-HFP PEMs have prepared by using breath 

figure method. The different dosages of PANI (1 wt%, 2 wt%, and 3 wt%), GO (1 

wt%, 2.5 wt%, and 5 wt%), and PANI/GO (GO=10 wt%, 20%, and 40 wt%) have 

prepared and characterized. The characterization involves SEM, FTIR, TGA, DSC, 

XRD, LSV, CA, ionic conductivity, mechanical strength, porosity, electrolyte uptake, 

and lithium ion battery performance test. The proposed PANI/GO composite can 

enhance the thermal and mechanical stability while retaining the high ionic 

conductivity of PVDF-HFP PEMs. However, some important performance limitations 

are recognized that are inherent to the preparation of this ternary membrane; it arises 

from the polymer selection to composite preparation and membrane fabrication 

method. Also, significant improvements in wettability, thermal stability and 

permanent porosity are in due need. 

1.6 Organization of thesis 

The thesis consists of 5 chapters that follow the order of summaries as 

described below:   
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Chapter 1 gives an overview of the thesis that includes introduction of batteries, 

lithium ion battery and separators. The main objectives of the research are also listed 

in this chapter. 

Chapter 2 presents the related background information from the literature 

essential to understand this research and its significance. More specifically, it reviews 

the available literature about various types of PEMs, the requirement for PEMs and 

preparation of PEMs for lithium ion battery. 

Chapter 3 describes the materials, methods, equipment and experimental 

techniques used for the subsequent studies. Also, it includes the flow chart of 

experimental work; synthesis and characterization of particle, composite and different 

membranes. 

Chapter 4 portrays the findings of this research, with physical, chemical, and 

electrochemical data of the prepared PEMs for lithium ion battery followed by their 

discussion. 

Chapter 5 includes the conclusion of this research and brings a final evaluation 

of the performance of pristine and modified PVDF-HFP PEMs for lithium ion battery. 

In addition, it provides future recommendations to optimize the performance of 

proposed PEMs for energy devices. 
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CHAPTER 2 

LITERATURE REVIEW 

CHAPTER 2  

2.1 Overview of separators 

Over the years, various developments have been achieved in battery 

technology. Specifically, the developments are mainly attributed to optimized 

electrochemical systems as well as the advancement and foundation of new battery 

chemistries (Kim et al., 2015; Venugopal et al., 1999). However, despite such 

achievements, there is still a considerable gap that needs an extensive research, which 

can offer the best performance when operating it in different conditions. Likewise, 

there many other separator alternatives receiving good response as far as their 

chemistries and geometries are concerned.  

A separator as referred in this context implies a membrane that is porous and 

is located between the electrodes, which have contrasting polarity and permeable to 

the ionic movement though blocking electric connection of the electrodes. Over the 

years, various kinds of separators have been used in batteries. Among others, some of 

these separators comprises of sausage casing and cedar shingles, separators that are 

made from cellophane and cellulosic papers to nonwoven fabrics, microporous flat 

sheet membranes, ion exchange membranes, foams that are produced from polymeric 

items (Deimede & Elmasides, 2015; Ye et al., 2015). Advancement of the batteries 

resulted to the separator function also been more challenging and intricate. Separator 

plays a vital role in rechargeable batteries; specifically, the separators ensures that both 

the negative and positive electrodes are separated to protect from electrical short 
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circuits. Also, the separator allows the swift movement of ionic charge carriers, which 

is required to make sure that the circuit needed at the path of current in the 

electrochemical cell is completed. Moreover, the separators are also expected to be 

perfect electronic insulators and have the ability to conduct the ions through the 

intrinsic ionic conductor or through the soaking in the electrolyte. Additionally, the 

separators should reduce any procedures that greatly impact the electrochemical 

energy efficacy of batteries (Zhang, 2007). Currently, most of the separators used in 

batteries are mainly advanced as by-products of present technologies. These separators 

haven’t mainly advanced particularly for these batteries and for that reason, they 

cannot be fully augmented for the specific systems that they are applied in. A key 

benefit of employing prevailing technologies is that it has made it possible to produce 

the separators in large quantity at very low costs (Costa et al., 2013). On the other 

hand, the low cost of production for the separators has made it possible to battery 

manufactures to make good profits in their operations. The objective of this chapter is 

to illustrate the different kinds of separators according to their uses in lithium ion 

batteries (LIBs); also, it includes the detailed discussion about their preparation 

method and functionalization, chemical, mechanical, and electrochemical 

performance in LIBs. The separator needs, elements, and classification methods are 

explained in perspective of lithium-ion batteries. Irrespective of the prevalent use of 

separators, there is still a need to extend the life cycle, minimize the cost and to 

optimize the performance of separators. 

2.2 Polymer electrolyte membranes in lithium ion battery 

During the 1970s, a type of materials known as polymer electrolytes (PEs) 

were introduced and became a potential candidate for ion conducting material in 
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energy storage devices; it has shown high ion conductivity, enhanced stability features, 

and safety as contrasted with organic liquid electrolytes (Arora & Zhang, 2004). The 

polymer electrolytes comprise of a macromolecule matrix with minimal lattice energy 

salt put in a low viscidness and high dielectric constant organic solvent that provides 

good ionic conductivity, impressive chemical constancy, minimal costs, and a safety 

to PEs. The principle of ionic conduction in the polymer electrolytes includes the 

creation of covalent bond among the polymer backbones with ionizing groups. To 

begin with, the electron donor panel in the polymer creates redemption to the cation 

aspect in the dopant salt, which enables the separation of ion resulting to ionic hoping 

system that enables the ionic conductivity (Costa et al., 2013; Sohn et al., 2009). In 

order to achieve ideal multifaceted creation of polymer and salt, the lattice energy of 

the salt has to be lower while the dielectric constant of the host polymer is required to 

be higher.  

On the other hand, the ionic conduction in polymer was found to be increased 

by the addiction of cationic and anionic species (Lewis acid-base) which improves the 

acid base interaction in between polymer chains. Nevertheless, addition of Li-bsed 

metal ions in mixture of polymers leads to the production of unbalanced metal 

deposition at interface charge-discharge which leads to the formation of Li dendrite. 

(Brissot et al., 1999; Kang et al., 2013; Yamaki et al., 1998). These dendrites can result 

to internal short circuits because of the thread resembling structure among the 

electrons; also, it might result in swift discharge that can lead to thermal runaway. The 

application of lithium ion conducting polymer electrolytes might eradicate a few of the 

safety challenges faced; it can minimize the flammability as well as the higher 

resistance to dendrite creation. However, the ionic conductivity might be much lesser 
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than those of liquid electrolytes when at room temperature. Polymer electrolytes have 

various benefits which includes an impressive ionic conductivity, good levels of 

energy density, structural robustness, solvent-free feature, wide electrochemical 

stability window, easy to form, and light in weight (Lee et al., 2006; Li et al., 2007). 

Polymer electrolytes comprises of solutions of salts that are detached in the polymer 

host with the electron donor group. Since the polymer electrolytes are responsible for 

two roles as they act as separators and as electrolyte in a solid-state formation, it can 

address most of the shortcomings that are common in the liquid electrolytes such as 

adaptability of shape, scope, and even weightiness (Raghavan et al., 2011). The swift 

ion movement takes place in amorphous stage with either 2 or 3 orders of size greater 

conductivity as compared to crystalline stage (Kimura et al., 2014; Li et al., 2004). 

From an intensive review of the existing literature, it has been found that polymer 

electrolytes are categorized in three different groups, as shown in Figure 2-1. The 

liquid polymer electrolyte membranes (LPEs) that used ionic liquid with lithium salt 

and incorporated in host polymer, solid polymer electrolytes (SPEs) that do not soaked 

in lithium salt before assembly, and gel polymer electrolyte (GPEs) that soaked in 

lithium salt i.e. liquid electrolyte before assembly.  
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Figure 2-1: Various types of polymer electrolyte membranes 

 

2.2.1 Liquid polymer electrolyte membranes (LPEs) 

The first group comprises of the Liquid Polymer Electrolytes (LPEs) that 

entails a lithium salt that is dissolved in an organic solvent and a separator that ensures 

that the electrodes are protected from short circuiting (Tang et al., 2016; Wang et al., 

2016). The polymer electrolytes in this group has lithium ions moving inside the cell 

among both positive and negative electrodes particularly during charge and discharge 

of LIB. The lithium salts such as LiClO4, LiPF6, and LiBF4 are most commonly used 

in LIBs. Based on the solvent used, there is a possibility to separate it further into non-

aqueous liquid (NALE) and aqueous liquid electrolyte (ALE). The non-aqueous liquid 

features high ionic conductivity when compared to solid polymer electrolyte and is 

Gel PEMs

Liquid PEMs

Solid  PEMs

Types of  
PEMs
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attained when alkali salts are dissolved in solvents like propylene carbonate (PC), 

ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) 

(Xu et al., 2015). The liquid polymer electrolytes have various features for example 

high ionic conductivity, good thermal stability at both ambient and sub-ambient 

environments, high electrochemical window, and easy to handle (Aurbach et al., 2002; 

Chen, et al., 2014). The aqueous liquid electrolytes have shown higher ionic 

conductivity and safety compared to non-aqueous liquid electrolyte, which makes it a 

promising choice to use even at higher temperatures. On the other hand, ionic liquids 

(ILs) are the novel groups of purely organic salt like materials and are usually in liquid 

form at room temperatures due to poor ion management of atoms; it act as a plasticizer 

in polymer electrolytes with a melting point over a broad range of 3000C to 4000C 

(Zhang, 2007). The features of and broad electrochemical stability these ionic liquids 

makes the polymers ideal candidates to substitute organic electrolyte for the 

advancement of specialized electrochemical gadgets such as batteries, high-level 

capacitors, and fuel cells etc (Shin et al., 2005; Silvester, 2011; Ye et al., 2011; Zhang 

& Shen, 2012). Ionic liquids tend to be quite flexible as the ratio of cation to anion can 

be easily changed. 

2.2.2 Solid polymer electrolyte membranes (SPEs) 

The other group of polymer electrodes comprises of solid polymer electrodes 

(SPEs). This category of polymer electrolyte comprises of disbanding of salt in a 

polymer matrix with electron donor category and possesses different benefits like high 

durability, extended shelf life, high energy density, light weight, high flexibility of cell 

design, less reactive towards the electrodes, addresses the leakage challenges of 

solvent and dangerous gases for operations at ambient temperature, and minimizes the 
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packaging cost; moreover, it also exhibits broader electrochemical, and thermal 

stability with lesser volatility (Chen et al., 2011; Ye et al., 2011). Additionally, an 

ionically conducting polymer membrane must have an ideal balance among its 

conductivity and the mechanical strength under for electrochemical devices. Solid 

polymer electrodes have improved stability in ambient and sub-ambient conditions 

that could be anticipated to possess the ability for their uses in solid-state ionic gadgets 

such as the high energy-density lithium ion batteries, high value capacitors, and fuel 

cells (Fattah et al., 2016; Lehtinen et al., 1998). Once the lithium salt is introduced to 

the polymer system, it is going to be detached by the exchanges with the polar group 

of polymers as lithium ions migrate together with the polymer chains through hopping 

procedure in the amorphous stage (Ulaganathan et al., 2013). However, the SPEs have 

found to have lower ionic conductivity compared to its other counterparts i.e. the liquid 

electrolytes (discussed earlier) and gel-polymer electrolytes (GPEs) (Kim et al., 2005), 

which will be discussed in detail next. 

2.2.3 Gel-polymer electrolyte membranes (GPEs) 

The different types of separators filled with liquid electrolyte enhance the 

lithium ion transportation between the electrodes in LIBs (Masoud, 2015; Raghavan 

et al., 2011). Usually, the GPEs are created once the polymer matrix swells with the 

liquid electrolyte and could function as separators and electrolytes concurrently. They 

display broad electrochemical operating windows, ideal compatibility with electrodes, 

and high ionic conductivity. On the other hand, the mechanism of ionic conduction in 

GPEs must be uniform to the ionic conduction in liquid electrolytes and segmental 

mobility of polymer chain shown a great impact on it (Li et al., 2014). It is crucial to 

highlight that it is above the scope of this chapter to entirely compile the broad variety 
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of gel-polymer electrolytes; however, the brief information about most of these GPEs 

such as PMMA, PEO, PAN, and PVDF will be discussed. Various techniques for 

instance electrospinning, casting of the solvent, phase inversion, and liquid removal or 

stimulation method have used to prepare GPEs. Nevertheless, unfortunately, the 

homopolymers are not able to perform to the expected levels of commercial lithium 

batteries especially in perspective of mechanical strength, electrochemical stability, 

and ionic conductivity (Arora & Zhang, 2004). Therefore, a substitute approach to 

address these shortcomings to some extent involves preparing copolymers by using 

copolymerization and in other cases cross-linking with various purposeful monomers.  

For example, a numerical copolymer consisting oligo methyl ether 

methacrylate and cyclic carbonate methacrylate (OEGMA/CCMA) was preferred as a 

matrix for the production of gel-polymer electrolytes because both monomers make it 

possible to deal with the liquid electrolyte. As a matter of fact, the prepared gel-

polymer electrolyte exhibited high liquid electrolyte holding capacity, impressive 

ionic conductivity (2.3 mS cm-1 at 258°C), ideal C-rate ability, and persistent cycling 

output (Tillmann et al., 2014). In a different study, a gel-polymer electrolyte was 

discussed to consist of a copolymer mixed with another polymer as a host and 

displayed high ionic conductivity (3.5 mS cm-1 at 30°C), outstanding lithium 

transference number, enhanced output and steady cycling performance (Wang et al., 

2014). Chemical cross-linking can be discussed as a technique that can greatly improve 

the thermal as well as the dimensional stability of GPEs (Lian et al., 2014; Lu et al., 

2015). By using UV-cured technology, a semi-interpenetrating polymer network gel-

polymer membrane founded on the cross-linked poly[diacrylate-co-poly(vinylene 

carbonate)] [P(EGDA-co-VC] and PVDF–HFP polymer was produced effectively. 
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The gel polymer electrolyte featured a superb mechanical, interfacial and thermal 

stability to the lithium-metal electrode; also, it provides higher electrolyte holding 

capacity, which ultimately improves the ionic conductivity. Additionally, the use of 

GPEs displayed an outstanding cycling and rate performance as compared to the 

normal liquid electrolyte (Lu et al., 2015). In another study, the cross-linked GPEs 

were produced by in situ chemical cross-linking of the liquid electrolyte with good 

volume of cross-linking agent. In results, the gel-polymer electrolytes have shown an 

improved electrolyte holding capacity and a stable cyclic performance due to the 

robust interfacial bond among the electrodes and the electrolyte together with the 

conquest of the dendritic advancement of the lithium powder electrode (Choi et al., 

2014). Similarly, the polyoxyethylene (PEO) network was cross linked by a 

polyacrylonitrile-interpenetrated that acts as a separator and a gel-polymer electrolyte 

and exhibited good electrolyte acceptance and high ionic conductivity (1.06–8.21 mS 

cm-1 at 25°C) (Kuo et al., 2014).   

A blending is another approach to manage the issues related with mechanical 

and electrochemical stability. The polymer blends for instance PVdF/ poly(dimethyl 

siloxane) (Li et al., 2011), PAN/PMMA  (Rao et al., 2012), PVdF/[lithium poly(4-

styrene sulfonyl (phenylsulfonyl) imide] (PSSPSI) (Rohan et al., 2014), PVdF/PEO-

b-PMMA (Xiao et al., 2009),  PVdF/polysulfone (PSF) (Cheng et al., 2014), 

PVdF/lithium poly(pyromellitic acid borate) (PPAB) (Xu et al., 2014), and PAN/PVdF 

(Gopalan et al., 2008) have employed as GPEs. In the study by Gopalan et al., (2008), 

the authors mixed PAN with PVDF with the resultant GPEs showing sufficient 

dimensional stability, higher liquid electrolyte uptake, improved ionic conductivity 

(7.8 mScm-1 at 25ºC), low interfacial resistance, and a larger electrochemical window 
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unlike pure PVdF. In a different report, PVdF/PSSPSI mixtures have been formulated 

through solution casting technique with PSSPSI acting as a single-ion-conducting 

electrolyte; the particular GPEs exhibited excellent mechanical and thermal stability, 

impressive ionic conductivity (1.1 mScm-1 at 25ºC, and remarkable lithium cation 

transference number (0.87) due to broader electrochemical window and stopping of 

the bis (sulfonyl imide) anions inside the polymer chains (Rohan et al., 2014). 

2.2.4 Composite membranes 

The mixing of inert particles to the absorbent or separators that are nonwoven 

result in the creation of composite separators that have enhanced features. Particularly, 

the ceramic compounds for instance SiO2, Al2O3, and TiO2 etc. are introduced to the 

host polymer to enhance the wettability, ionic conductivity, mechanical strength, and 

thermal stability (Stephan et al., 2006). Currently, the composite membranes are 

coated with ceramic particles or powders comprise of SiO2, Al2O3, TiO2 etc., which 

are commercially available and can easily get dissolved in a polymer/solvent solution. 

The prepared solution then can be covered on the microporous membrane separators 

of PP and PE; in this case, the polymer usually acts as an adhesive to join the inert 

particles to the porous surface of the separator (Aravindan & Vickraman, 2008; Leng 

et al., 2015; Stolarska et al., 2007). For instance, a practical ceramic-glazed separator 

was prepared by covering the core-shell structured silica-poly sub-microspheres onto 

one side of a porous PE separator (Yang et al., 2015). The existence of the PPMA shell 

makes it possible for the liquid to have absorption and retention features. In addition, 

the prepared separator exhibited enhanced thermal shrinkage reaction, ideal electrolyte 

wettability, and better electrolyte uptake. Also, the cycling performance together with 

the C-rate competence was improved by addition of ceramic particles. Dip-coating 



20 
 
 

 

method was also used to prepare a trilayer composite membrane with inorganic fillers 

on both sides of PMMA polymeric membrane (Kim et al., 2010). The solution was 

prepared for coating by incorporation of Al2O3 and PVdF-HFP binder with a ratio of 

nine units of filler and one unit of binder. In Figure 2-2, the schematic figure and SEM 

images of the organic and inorganic trilayer separator have presented. The trilayer 

separator displayed and improved thermal integrity due to presence of inorganic layers 

and sufficient retention ability with increasing C-rate. 

 

Figure 2-2: Schematic diagram and SEM image of an organic/inorganic trilayer 
separator. Reproduced with permission (Kim et al., 2010). 

 

 In another work, a ceramic layer prepared with the bilayer separator was coated 

directly to the anode to enhance the thermal stability of counter electrode (Huang, 

2011). This separator was resulted in constant cyclic output and greatly enhanced the 

rate capabilities compared to normal polyolefin separators. The resultant composite 

membranes in all cases displayed a good thermal stability and improved thermal 

capacity retention; however, it had some limitations to the coating layer thickness. The 

consequences such as decrease in porosity and increase in thickness have found to 

increase the cell resistance. The inorganic particles must be filled directly to the 
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polymer matrix to form an improved composite membrane. PVDF-HFP membranes 

filled with ZrO2 (Puguan et al., 2016), TiO2 (Kim et al., 2006), and SiO2 (Aravindan 

& Vickraman, 2008) were developed and has shown uniform pore size, improved 

wettability, excellent electrochemical and interfacial stability, and higher ionic 

conductivity as compared to pristine PVDF-HFP membranes. Recently, the 

montmorillonite (MMT) was used to functionalize poly(vinylidene-co-

trifluoroethylene) PVDF-TRFE membrane. Nunes-Pereira et al., (2012) prepared 

MMT/PVDF-TRFE microporous membrane for battery application. An optimum dose 

of MMT (4%) was added to the PVDF-TRFE polymer matrix, which has resulted in 

improved electrochemical and mechanical stability of the composite membrane.  

Moreover, the fabrication of electrospun PAN (Choi et al., 2005), PVDF-HFP 

(Li et al., 2007; Raghavan et al., 2008), PET (Lee et al., 2012; Xiaofei et al., 2014), 

Nylon 6,6 (Yanilmaz et al., 2014), polyetherimide-polyurethane (PEI-PU) (Zhai et al., 

2015), and polyimide (Lee et al., 2014) nonwoven mats with inorganic fillers has also 

been explained. For example, PVDF-HFP/SiO2 coated PET non-woven separators 

have produced for lithium-ion batteries, where the uniformly linked interstitial gaps 

existed among closely packed SiO2 nanoparticles and linked by PVDF-HFP binders 

(Jeong et al., 2012). The obtained nonwoven composite separator resulted in better cell 

performance compare to conventional PE separator due to facile movement of ions; 

also, it retarded the cell impedance growth during cycling. 

The basic phase isolation procedure could also be used to fabricate PVDF-HFP 

membranes for lithium ion batteries since a sponge resembling porous structure can be 

obtained. As far as the ionic conductivity of the electrolyte is concerned, it is 1.76 × 
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10−3S cm−1 while the stability of the electrochemical oxidation can reach up to 4.7 V 

(vs. Li/Li+). The apparent activation energy for the transfer of ions is 10.35 kJ mol−1 

indicating that this type of porous gel polymer can be practically used in different 

applications. Moreover, approaches like coating of the surface, embedding, blending, 

and grafting are potential methods to increase the ionic conductivity together with the 

mechanical strength. In addition, (VDF-HFP) copolymer can be mixed with sulfonated 

aromatic agents and used in fuel cells as proton exchange membranes. In order to graft 

these specific types of membranes, di-amines and amines with aromatic compounds 

have been applied, while bysulfonic acid groups have been functionalized to enhance 

the proton conductivity. Despite the fact of the lower ionic conductivities especially 

when compared to that of Nafion (Shi et al., 2014), it was found that the conductivities 

increased with increasing the ion exchange capacity; also, the decomposition 

temperature increased to 1700C at highly oxidative condition.  

A different alternative to functionalize PVDF-HFP involves the grafting of 

para-sulfonic phenolate or its modification by sulfonic acid group, which eventually 

lead to improved protonic conductivity (Choi et al., 2010). Because blending is a basic 

technique to adjust the aspects of polymeric membranes; polymers like ethylene 

carbonate (EC)/propylene carbonate(PC), poly(methyl methacrylate) (PMMA), and 

poly(vinyl acetate) (PVAc) together with the inorganic particles such as ceramics 

(Al2O3, SiO2 and TiO2) and lithium ions (LiClO4, LiAsF6, LiBF4, LiPF6) can be 

introduced to the polymer matrix to enhance the mechanical stability as well as the 

ionic conductivity (MacGlashan et al., 1999; Masoud, 2016; Masoud et al., 2016; 

Saikia & Kumar, 2004; Tang et al., 2016; Thiam et al., 2017; Zhang et al., 2014a). 

Since PMMA is compatible with PVDF-HFP and N-butyl-N-methyl-imidiazolium 
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hexafluoro phosphate (BMIPF6), the plasticizer BMIPF6 ends up been trapped in situ, 

therefore enhancing the electrochemical stability of the resultant SPE (Shi et al., 2014), 

whereas, CTFE addition to PVDF-HFP polymer matrix has resulted in improved 

amorphous content and melting point of the composite membrane. 

2.3 Requirements of the separator 

When deciding a suitable separator for a battery, there are various factors that 

need to be taken into consideration according to its functions and role in LIBs (Dong 

& Cao, 2014). The features of any available separator have to be assessed against the 

needs so that the selected optimum separator will not only meet the identified needs 

but to also surpass them. Thus, there are different features that have to be considered 

when deciding the separators for LIBs. Some of the features to consider for a separator 

selection in LIBs are as follows: Similarity in thickness as well as other features  

a) Must be electric insulator 

b) Successful in averting movement of particles or colloidal or particles that are 

soluble among the two electrodes  

c) Minimum electrolyte resistance 

d) The dimensional and mechanical stability  

e) Adequate physical strength to make sure easy handling 

f) Chemical resistance to electrolyte degradation  

g) High electrolyte uptake 

The sequence of criteria differs significantly according to different battery 

applications. The specified list features a wide spectrum of the needs for battery 

separators. In most of the applications, separator requirements need to be compromised 
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to enhance the performance, cost, safety and many other aspects. For instance, batteries 

with lesser internal resistance and tend to use less power need thin and porous 

separators, even though the higher thickness is in high demand as a requirement for 

sufficient physical strength (Zhang, 2007). Moreover, each type of battery has different 

separator requirements, which are important for safety and improved performance. For 

instance, separators made for nickel-metal (NiMH) batteries and sealed nickel-

cadmium (NiCd) must have good gas permeation to avoid overcharging; likewise, the 

separators in the lithium-ion cells must have shut-down property to enhance safety 

(Poullikkas, 2013). On the other hand, separators for the alkaline battery must be quite 

flexible to be wrapped easily around the electrodes; while, the separator for a starting, 

lighting, and ignition (SLI) battery should have capability to act as mechanical-shock 

preventer. 

Table 2-1: The requirement of separator with brief explanations 

Parameter Brief explanation 

Ionic 

conductivity 

The internal cell resistance can be increased by using separator; 

therefore, the separator resistance must be lower to enhance the 

ionic movements, which can improve the ionic conductivity. 

Dimensional 

stability 

The separator should maintain its size and shape when dipped 

it in liquid electrolyte; also, the shrinkage must be avoided 

while storage or during battery usage as it might lead to safety 

issues. 

Chemical and 

electrochemical 

stabilities 

The separator should possess electrochemical and chemical 

stabilities with electrodes and electrolytes in LIBs; it must not 

take part in any unwanted chemical reaction at the time of 

charge/discharge process. Moreover, the separators must be 

inert and chemically stable even at higher temperatures; also, 

it must avoid any interference due to impurities. 
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