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Abstract: Polymer electrolyte(PE)s have been playing a major role in almost all modern
electrochemical devices. Since their introduction, a great deal of research work has been done to
uplift their performance and as a result, there are several milestones in the history of PEs. This
review paper is mainly targeting the PEs based on ionic liquids (ILs). The main reason for the
emergence of IL based PE is the ever increasing focus on safety issues as well as low ambient
temperature of PEs. Desired electrochemical properties, less toxicity and the sound
cooperativeness are some features of attraction towards these ILs. With the enormous amount of
research work done on the area, it is an absolute necessity to summarize the outcomes and the
trends to understand basics of the IL-PEs. In this paper, an introduction on setting up of
background for PEs and IL based PEs is presented in section 1 and section 2 is dedicated to the
history of PEs. Sections 3 and 4 will address the IL based PEs and their preparation techniques
respectively. Properties and their characterization techniques are presented in section 5. Section 6
describes the optimization methods followed by applications and novel approaches in section 7.
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1. Introduction

Fossil fuel was a major contributor to the industrial revolution and it was a reliable energy
source at that period of time. However, with the use of over two centuries and the massive increase
of energy demand, it is no longer a well-grounded energy source due to the depletion and the
environmental concerns. Such atmosphere has lead humanity to rely on external energy sources more
and more. Although mankind is majorly dependent on combustive sources, they are in a
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technological advantage of almost completely replacing to the electronic devices. There are various
types of energy storage devices presently in the market and are continuing with the portable
consumer grade appliances. However, large scale energy storages are also a demanding field today to
overcome some holdbacks of renewable energy sources.

Electrochemical energy storage (EES) technologies are currently playing dominant roles in the
global effort to tackle the challenges of renewable energy supply. These EES devices can be divided
into few groups based on the charging discharging mechanisms such as (1) rechargeable batteries
including redox flow batteries (2) super capacitors (electrochemical capacitors) and (3) various
hybrids of battery and supercapacitor (supercapattery and supercabattery) [1]. Rechargeable batteries
are recognized for their high energy capacity whilst supercapacitors are perceived to have high
power capability and long cycle life measured against the common ground. Hybrids are proposed
and made to harvest the advantages of both and reduce some of downsides as well. All these devices
consist of electrodes and electrolytes which play the major roles in capacitive action coupled with
ion, electron transfer [2].

Electrolytes, in liquid phase, are indispensable parts in all types of EES devices. They have
higher ionic conductivity compared to other types of electrolytes and keep an electronic insulation
between positive and negative electrodes. Generally, aqueous electrolytes have high ionic
conductivity and operational safety, but the maximum charging voltage (MCV) of an aqueous cell is
limited by the splitting voltage of water [3]. Since the energy capacity is dramatically decreased by a
slight drop of MCV, alternating systems like organic electrolytes are more favourable although they
are volatile and flammable, bare high environmental impact, bring safety issues and have relatively
low ionic conductivity than aqueous systems in addition to the high cost and maintenance difficulty.
One approach to solve some of these problems is using ionic liquid (IL) as the electrolyte material.

ILs are pure liquid salts. They are expressly highlighted by their zero or negligible volatility,
highly ionized nature, broad temperature ranges of liquidity, and wide operating voltage windows.
Some extra features such as low vapor pressure above 100 ‘C and good retention are available to
give a value addition to ILs [4].

Since most of the ILs are liquids in room temperature, it can be used directly as an electrolyte
without concerning a solvent medium. But using organic liquid electrolytes brings up a set of adverse
complications to devices, such as leakage, corrosion, shortage etc.

To address these problems, scientific community later on came up with an idea to use ILs with
PEs to keep the mechanical properties alongside with good electrochemical properties of ILs [5]. It is
because suffering of many PEs with low ambient temperature conductivities.

2. Historical background of polymer electrolytes (PE)

Development in the field of synthetic polymer materials was rapid in the industrialized world
due to its fascinating properties. Concurrently, physicochemical and theoretical tools necessary to
investigate the polymeric materials were developed by various research groups. Poly (ethylene)
oxide (PEO) complexes with sodium thiocyanate (NaSCN), potassium thiocyanate (KSCN) and
sodium iodide were observed to have ionic conductivity by Wright et al. [6]. At that time, new
discoveries in the field of macromolecular synthesis were probably not cost effective, at least in
terms of the polymer industry for consumer applications. The focus shifted towards more novel
fields of research such as composite materials and high-performance fibers (e.g., Kevlar) instead of
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researching on low performing electrolytes. In solid-state physics and chemistry, new breakthroughs
were needed to rationalize the operation of electro active and optically active polymers. In 1978
Armand et al. considered the relevance of Wright’s publication and proposed to use salt-polymer
complex as a solid electrolyte [6-8]. With rapid testing of various salt compositions, he assumed
the criterion for adduct formation was dependent upon charge delocalization in the anion, and later
in 1982 it was proved to be accurate with the link to the lattice energy of the corresponding salts by
Papke et al. [9]. When the correlation between the ion conductivity and the amorphous phase was
highlighted, Armand et al. first proposed the use of these systems as solid PEs for batteries [8]. This
idea opened up a new field of research and initiated an enormous amount of research activities
worldwide. Several groups independently explored the correlation between the structure and
morphology of these materials with conductivity and reached the same conclusions about the
connection between the amorphous phase and the ion conductivity [10,11].

In the second decade of the newborn field of PEs, a strong demand arose for very light, high
performing and cheap secondary batteries with the development and the widespread diffusion of
micro and portable-electronics. Thus, the interest in electrolytes became crucial. As the beginning,
several strategies were developed to inhibit the crystallinity of the polymer materials because it had
been observed that crystalline phases hindered ionic conductivity [12,13]. New materials and new
theories were developed, including: Ratner’s model of dynamic percolation, Angell and Torrel’s
decoupling index, the Williams-Landel-Ferry (WLF) equation studied by Cheredame and
Watanabe [14-17]. The relations between the transport numbers and the aggregation state of the
salts in PEs were investigated in Aberdeen and St. Andrews [18,19]. In 1987, Chatani and Okamura
et al. published the first full crystallographic determination of a PEO/salt complex [20].

The third decade, roughly corresponding to the 1990s was the period that saw the widespread
market diffusion of lithium-ion batteries and a rapid increase in low-cost production of portable
electronics. PEs based on amorphous PEO were considered as ‘classics’ [6]. The novel systems were
‘salt-rich’ or Angell’s ‘polymer-in-salt’ electrolytes and gel electrolytes that included solvent
molecules in the polymer matrix [21-23]. However, solvent-free PEs remained important for both
fundamental research and applications. Single-ion conduction systems for alkali metal batteries also
attracted particular interest.

Present day world is undergoing dreadful challenges with environmental pollution due to
various human activities including power generation. Hence a significant attention is being focused
on sharpening devices using nontoxic materials while assuring excellent performance. In par with
this, PEs are also undergoing substantial modifications such as employing natural polymers and
viable substitutes for solvents and plasticizers. For the latter, ILs have been identified as a suitable
clan of alternative substances [24].

Innovations in the research on PEs during the fourth decade consists of the preparation and
study of hybrid inorganic—organic PEs. These materials are very promising for application in high-
performance lithium secondary batteries due to their mechanical, thermal, chemical and
electrochemical stability and high conductivity at room temperature [25]. Significant attention has
been devoted to understanding the role of host polymer crystallinity on the ion-conducting
mechanism, resulting in several competing interpretations. In addition, whole new families of
materials have been devised by introducing inorganic species into the chemical composition or by
developing new classes of hybrid gels and polyelectrolytes based on ILs [26—28]. The growth of this
increasingly diverse range of innovative materials was prompted by the necessity to develop devices
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for the conversion and storing energy like secondary batteries, fuel cells, supercapacitors and dye
sensitized solar cells (DSSC). Therefore, PEs represent one of the cornerstones of development in the
area of materials for conversion and storage of energy which caused important scientific and
technological outbreaks in the century.

3. Emerging of IL based PE

In parallel with the growing demand for clean, reliable and globally affordable power and
energy, there is a severe quest for energy technologies. This has initiated many endeavors to seek
new materials and suitable design technologies. With the deepening of research activities in multi
variant arenas, PEs have undergone substantial amount of progress towards high safety and
appreciable efficiency. In the recent past, ionic liquids (ILs) have received a tremendous attraction as
a suitable material to be incorporated with PEs due to their excellent conductivity, chemical stability,
less toxicity, desired electrochemical properties etc. [29]. They are considered as room temperature
molten salts having bulky asymmetric organic cations and inorgamic anions. ILs have been treated as
a suitable substitute for solvents in PEs which are inherently toxic. Some have defined ILs as green
solvents as they are non volatile, soluable and disable for evaporation [30]. In addition, ILs have
been employed to raise the ambient temperature conductivity of PEs. Passerini et al. have reported
use of the IL, N-alkyl-N-methylpyrrolidinium per fluorosulfonylimide to assist conductivity
enhancement in a PE [31]. 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(EMIMTESI) has been successfully used for a zinc ion conducting PE and development of
amorphous phase has been evidenced clearly [32].

Depending on the nature of cation, ILs can be divided into protic and aprotic groups since their
liquid character is determined by the judicious choice of IL imidazolium, pyridinium,
alkylammonium, alkylphosphonium, pyrrolidinium, guanidinium etc. They can combine with
inorganic anions such as halides (CI, Br, I), polyatomic inorganics (PFs, BF4) and
polyoxometallates or organic anions such as nitrate (NO3’), trifluoromethylsulfonylimide (TFSI),
and trifluoromethanesulfonate (Tf) to form a huge number of ILs. Few common ions used in
formation of ILs are shown in Figure 1. The chemical and the physical properties (Conductivity,
hydrophobicity, melting point, viscosity, solubility, etc.) of the ILs are highly dependent on these
combinations as well as the substitutive groups in the cation [33]. In the case of electrolytes,
conductivity plays a major role so that the balance between the interactions of ion pairs has a
significant impact in the real world applications.
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Figure 1. Examples of cations and anions used in the formation of ILs.
4. Preparation of IL based PEs

Attention to develop IL based PEs is very high due to their significantly good properties when
comparing to the other electrolytes. Having good thermal properties while maintaining a good ionic
conductivity adds up to the non-volatile, high ion density and the non-flammable nature of the
system. But most of ILs are liquids in room temperature. So, it is being expected that the insertion of
ILs into highly conductive polymers may increase the properties of both substances. Two common
ways of insertion of ILs are (I) polymer doping with ILs, (1) polyaddition reaction of
monomers/macro-monomers in ILs and synthesis of polymeric ILs.

4.1. Polymer doping with ILs

Polymer doping is a simple and easy to use method that has been developing since the
beginning of the polymer electrolyte concept. Casting IL/polymer mix and impregnation of ILs into
pre-casted membrane are the main ways of this technique.

In solvent casting technique, first the polymer is synthesized (conventional polymers can be
taken) and blended with IL to form a homogenous solution and caste on to a desired substrate. The
process is assisted by a solvent which is later evaporated. Polymer materials employed include
homopolymers, copolymers, hydrocarbon polymers and block copolymers. lonic conductivity of an
IL doped polymer is greatly dependent on the IL concentration of the system. The main advantage of
this method is the ability to change the IL amount with respect to the polymer so that the optimum
conductivity can be obtained. Although the conductivity increases with the IL amount, the critical
dependent on the IL/polymeric matrix ratio is the main limiting factors of the system [34].
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Figure 2. Process of solvent casting.

In the method of impregnation, first the polymer membrane is prepared and subsequently
soaked in a solution of IL to synthesize the electrolyte. The polymer layer can be prepared as a
porous membrane or non-porous membrane as desired [35]. Preparing a non-porous method is a
straight forward process. Since higher IL concentration directly exhibits an impact on the
conductivity, the higher absorption ratio is more favoured in the field. Therefore, some researchers
use few advanced methods to get porous polymer structures to enhance absorption.
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Figure 3. Simple explanation of impregnation process.
4.2. Polyaddition reaction of monomers/macro-monomers in ILs and synthesis of polymeric ILs
Above procedures mainly include polymer dissolution, solution casting and solvent evaporation.
Though they are easy to operate, a large amount of solvents are consumed to dissolve the polymer

which makes this process tedious and environmentally non-benign. Therefore, few alternative ways
are developed to synthesize IL-GPEs later on as in the Figure 4.
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Figure 4. Basic concept of synthesizing polymer-IL membranes with polyaddition reactions.

AIMS Energy Volume 8, Issue 2, 231-251.



237

The first report on preparation of ion gels by in situ radical polymerization is of a vinyl
monomer [2-60 hydroxyethyl methacrylate (HEMA)] in an IL, 1-butylpyridinium tetrafluoroborate
(BP-BF,) done by watanabe et al. [36]. In this process, monomer and initiator are dissolved in a real
liquid electrolyte and subsequently the solution is placed on a substrate to form a gel membrane after
a thermal, a UV or an electron beam initiation as shown in Figure 5 [37]. Usually the solution is
placed in between the electrodes to form the gel so that the compatibility with electrodes is higher.
Generally these PEs show high ionic conductivity and good interfacial contacts. Also, they are
having less impurities compared to solvent casting methods. However, in situ polymerization
between confined electrodes sometimes lacks reproducibility due to surface side effects and
quenching effects. In this approach, a key factor is the compatibility between the polymer matrix and
the IL.
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Figure 5. Fabricating IL based polymer membranes with thermal/photo polymerization.

Polymeric ILS (PILs) can also be synthesized using two general approaches as I) Direct
polymerization of a polymerizable IL-based monomer (e.g., methacryloyl-based IL, N-5
vinylimidazolium-based IL and styrenic IL Il) Direct modification of cations of currently existing
polymers such as polyvinylimidazole (PVI1) and poly-4-chloromethylstyrene (PCMSt) to give the
same chemical structure as PILs prepared by polymerization of IL monomers. Depending on the
targeted PIL, both approaches present some advantages and disadvantages [38].

Polymerizable IL
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Figure 6. Synthesizing of PILs.
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5. Properties and characterization techniques
5.1. Physicochemical properties
5.1.1.  Chemical structure identification

Identification of chemical structure is important since it can be used to determine whether the
expected structure was obtained and to understand the dependence of the properties on the structure.
The common techniques include X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FT-IR), Raman spectroscopy, Mass spectrometry, Nuclear magnetic resonance spectroscopy (NMR)
etc.

XRD is a non-destructive, versatile analytical technique which is used to determine the
crystallinity of a prepared polymer and to identify the amorphous phase in a polymer membrane [39].
These factors are the key components of the ionic conductivity and mechanical strength of the PE.

The types of chemical bonds and functional groups in a polymer can be ascertained by FT-IR
and Raman spectroscopy [40]. NMR spectroscopy including *H NMR, *C NMR, ‘B NMR and *'P
NMR become the pre-eminent technique for determining the structures of organic macromolecules.
The intramolecular magnetic field around an atom in a molecule changes the resonance frequency,
thus giving access to details of the electronic structure of a molecule and its individual functional
groups. NMR can provide detailed information about the structure, dynamics, reaction state and
chemical environment of molecules.

5.1.2.  Morphology

The morphology of surface and cross section of the polymer membrane decides directly the
performance of PE. By observing the morphology of the surface and cross section with Scanning
electron microscopy (SEM), Field emission scanning electron microscopy (FESEM) or Transmission
electron microscopy (TEM), non-porous or porous polymer structures can be confirmed. Ma et al
have studied the morphology of an IL based PE and have revealed many features that are useful for
describing the properties of the respective PE [29]. Furthermore, the shapes, structures and sizes of
the pores in the membranes can also be observed [41,42].

5.1.3.  Thickness

lonic conductivity and resistance of IL based PEs as well as capacity of cells or super capacitors are
influenced by the thickness of the PE layer. Generally, the thickness of a PE should not exceed 30 pum.

5.1.4. Porosity

The porosity or the void fraction is a measure of the void space of a material. For PEs, it is
defined by the ratio of void volume to apparent geometric volume of polymer membrane.

Volume of voids

Porosity = 100% Q)

Total volume
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It influences directly to the uptake ability of organic liquid electrolytes and mechanical
properties of the PE [43].

5.1.5.  Electrolyte uptake

Electrolyte uptake refers to the ratio of the weight of the absorbed liquid electrolyte by a dry
polymer membrane when it is completely swollen to a dry polymer membrane. Generally, the greater
the uptake of liquid electrolyte is, the higher the ionic conductivity of a GPE can be. To determine
the electrolyte uptake, a dry polymer membrane is weighed, immersed into a liquid electrolyte and
then weighed again. The amount of electrolyte uptake (1) is calculated by using the equation:

n= (Wt _WO)*].OO%
Yo 2)

where, Wy and W; are the weights of the polymer membranes before and after absorbing the organic
liquid electrolyte respectively [44].

5.1.6.  Thermal stability

The heat will cause melt or decomposition of an IL based PE if it has a poor thermal stability.
Since, the energy storage devices produce heat when they are in operation, it is a necessity to test the
electrolyte for its thermal stability before applying. Thermogravimetry(TG) and Differential
scanning calorimetry(DSC) are common techniques to evaluate the thermal stability of PEs. TG is
used to analyze the thermal stability of a polymer membrane while DSC is used to determine the
phase transition of the polymer when heated [44].

5.1.7.  Thermal shrinkage behavior
There may be shrinkage of an IL based PE when it is heated which might result in a short circuit
between anode and cathode. The thermal shrinkage behavior is evaluated by analyzing the thermal

shrinkage ratio of a polymer membrane after it is heated at a specified temperature for >1 h. Thermal
shrinkage ratio (TSR) is calculated by using equation:

TSR = (SO—_S) *100%
S0 3)

where, Sy is the initial surface area of the electrolyte, S is the surface area after the membrane heated
and kept in the temperature for an extended period of time [44].

5.1.8.  Mechanical properties of the polymer membrane in dry and wet state

PEs act as conductive mediums as well as separators even with the presence of ILs. Therefore,
having good mechanical properties in polymer membranes in dry and wet state is important since it
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has to withstand assembling process as well as the mechanical abuses in the practical usage. Tensile
testing is a commonly used measuring technique for this kind of characterization.

5.2. Electrochemical performance
5.2.1.  Electrochemical stability

Electrochemical stability of electrolytes decides the safe potential window for charge and
discharge of a system [45]. Linear sweep voltammetry (LSV) measurements are often used to
determine the electrochemical stability of electrolytes. A fixed range of potential window is applied
in steps to the PE and with the increase of the potential, the current through the system is measured.
The plot can be used to determine the stable potential window of electrolyte [46].

Cyclic voltammetric (CV) experiments are performed with a stationary working electrode and
for the other electrode, starting from an initial potential, a linear potential sweep (potential ramp) is
applied. After reaching a switching potential, the sweep is reversed and the potential returns linearly
to its initial value. Although technically possible to generate higher sweep rates, in general the rate
lies between 5 mv/s and 1 V/s.

It has been found that incorporation of ILs widens the electrochemical stability window.

5.2.2.  lonic conductivity

lonic conductivity, one of the most important properties of an electrolyte, is a measure of the
ability of a substance to conduct electricity. It is closely related to the degree of crystallinity, porosity
and uptake ability of the IL doped polymer membrane. Commonly, ionic conductivity of an
electrolyte is characterized by Electrochemical impedance spectroscopy (EIS). The electrolyte is
sandwiched between two stainless steel (blocking) electrodes and impedance measurements are
taken. The ionic conductivity can be calculated by the equation given below.

o=—"

R, A (4)

where, o is the ionic conductivity, 1 is the thickness of the PE film, Ry, is the bulk resistance, and A is
the effective area of the PE film in contact with stainless steel electrode [47].

5.2.3.  lon transport mechanism and activation energy

lon transport mechanism in IL based PEs are similar to conventional PEs. In PEs, there are two
main ion transport mechanisms available.
I. via hopping mechanism in between ion coordination sites.
ii. via formation of free volume due to segmental motion of polymer backbone.

The first one is described by Arrhenius behavior where as the second one is by Vogel-
Tammann-Fulcher (VTF) behaviour.

Arrhenius type relationship can be expressed by the following equation.

AIMS Energy Volume 8, Issue 2, 231-251.



241

o=0, exp(— kE?I']
° ()

where, kg is Boltzmann constant, ¢ is the ionic conductivity, T is the absolute temperature. E,, the
activation energy [48]. When the temperature is increased, ions in the electrolyte gain thermal energy.
When they become thermally agitated, they are hopping between coordination sites. This causes the
conductivity to vary according to the Arrhenius behavior [49]. Arrhenius behavior is represented by
a linear plot drawn between In (conductivity) and 1/T.

The VTF behavior can be described by

1 E
=AT 2exp| ———=
o Xp( T—TO]

(6)

where, A is the pre-exponential factor which is associated with the number of charge carriers, E, is
activation energy which can be computed from the linear best-fit of the data from log o versus 1/T
plots. T, stands for ideal glass transition temperature [49]. Non linear Arrhenius shape evidences the
VTF behavior. Formation of free volume is assisted by the polymer segmental motion which
increases with temperature. Thus, increase of temperature is responsible for ion conduction in
electrolytes in this instance.

Obviously, adding ILs to a PE will increase the ion concentration. So, PEs incorporated with
ILs follow either Arrhenius behavior or VTF behavior [50].

5.2.4. lonic transference number (t;)

lonic transference number, t; is a measurement of the mobility of ions. Therefore, it is essential
to determine t; in order to confirm the ion mobility. One of the commonly used method for
determining t; is the steady-state current method or the so called Wagner Polarization method
illustrated by Choudhury and Patterson et al. [51].

In addition to Wagner Polarization method, some use DC polarization test to calculate t;. In DC
polarization test, a DC voltage is applied across the PE placed between two stainless steel blocking
electrodes and the corresponding current will be recorded as a function of time. The total ionic
transference number (t) of PE is calculated by:

Lot = -
T (7)

where ir and i, are total and residual currents respectively.

The cationic transference number (t.) is measured by a combined AC/DC technique called
Bruce-Vincent method. The PE with non-blocking electrodes is subjected to polarization by applying
a DC voltage and resultant current will be recorded. The cell resistances will also be measured before
and after polarization using impedance spectroscopy. The t. is calculated by Bruce-Vincent’s
equation:
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C_LV-IR)

Ii(V_IsRs) (8)
where, V is the applied voltage to the cell. I and Is are the initial and stable-state currents, respectively.
Ri and R are the interfacial resistances before and after the polarization respectively [48].

6. Optimization methods

Few basic approaches of optimization such as changing the concentrations of components in
PEs including IL and/or polymer etc, adding inorganic nanoparticles, blending are being practiced in
the PE field to add extra encouragement to obtain better properties.

6.1. Adding inorganic nanoparticles

IL based PEs are emerged as a promising group of electrolytes with more fascinating features
than conventional PEs. In general, ILs are in liquid state. By keeping a considerable amount of liquid
nature in polymer matrixes, they escalate ionic conductivity of PEs at ambient temperatures.
However, even with the presence of the lowest possible amount of IL, mechanical properties of PEs
cannot meet the practical application due to leaking. In order to eliminate the contradiction that ionic
conductivity increases with the decline in mechanical strength, the polymer material reinforcement
theory is introduced into PEs. That is adding inorganic nanoparticles into the PE to improve the ionic
conductivity and mechanical strength [52]. This idea was firstly introduced in 1982 when Weston et
al. prepared an inorganic composite PE by doping inorganic ceramic particles into the PEO-based
solid-state PE [53]. With the development of nanotechnology, many different nanoparticles such as
Si0,, ZrO,, MgO, Al;0O3, Nb,Os, TiO, and so on, have been introduced into PE preparation to
enhance both the ionic conductivity and the mechanical strength [54,55]. Li et al. made a series of
such nanocomposite polymeric membranes (NCPMs) based on PVdF-HFP incorporated with various
amounts of TiO, nanoparticles via in situ hydrolysis of Ti(OC4Hg)4 [56]. The SEM micrographs
reveal that porous structures exist in the NCPMs. The morphology of the porous structures in the
NCPMs changes with the incorporated amount of TiO,. In addition to providing better mechanical
stability, it has been disclosed that nano fillers improve electrolyte/electrode interface as well [57].
No well accepted evidence or justification is existing to show case any interaction between ILs and
nano particles. While ILs uplift conductivity by providing more ions, nano particles mainly eliminate
crystalline nature and result in higher conductivities. Nonetheless, latter assures good mechanical
stability. Incorporation of inorganic nanoparticles related research work is still in progress.

6.2. Blending

Blending is a simple physical manipulation with more than one kind of polymer blended evenly
together in a solvent to create a new material. The performance of each polymer is retained in the
given blending polymer [58]. Blend-based PEs have been widely researched in the past few decades.
PVDF, PVdF-HFP, polyethylene glycol(PEG), Poly(urethane acrylate)(PUA),
polyacrylonitrile(PAN) and PEO have been widely used as blend-based polymer matrices for the
preparation of PEs [59-61]. Cross-linking which is one blending method has been used to induce
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dimensional stability and dynamic storage modulus of polymers. Researchers often use this
technique to modify the performance of different PEs [62]. A novel solid PE based on modified
LiClIO, and poly (ether-urethane) network polymer from cross-linking reaction of PEG with -
(CH2,CH0)-unit was reported in 2003 by Wang et al.[62]. After gelled with LiClO4-PC solution, the
ionic conductivity can be in the order of 1 mS cm™ at room temperature.

When more than one type of monomer unit is polymerized together, the product is called a
copolymer and the process is called copolymerization. Copolymers can be classified based on how
these monomer units are arranged along the polymer chain [63]. PVdF-HFP is a well known
copolymer due to its excellent chemical stability. It is prepared by co-polymerization of crystalline
VDF and amorphous HFP units [64]. With non-solvent induced phase separation (NISPS) process, a
lotus root-like porous PE based on PVdF-HFP copolymer and TiO, nanoparticles has been prepared,
whose ionic conductivity is 1.21 mS cm™* at room temperature [65].

However, blending has been accepted as a very suitable optimization method specially for IL
based PEs. It is because incorporation of IL to a PE enhances liquid nature which margins the direct
application in devices due to portability as well as leakage [32]. Upon blending, mechanical integrity
is reserved and hence, associating problems are minimized.

Table 1 summarizes properties, merits and demerits of PE modified by some methods.

Tablel. Properties, merits and demerits of PE modified by some methods.

Method Properties Merits Demerits
Changing component Mechanical properties  Thickness can be reduced  Conductivity may
concentration may change; Liquid reduce; Difficulty in

nature may arise handling
Adding inorganic nano  Thick film Reduction of reactivity Cost may be high
particles Increase mechanical

strength

Blending Combined properties ~ Many desirable properties  Needs correct methods

are present simultaneously  for blending

7. Applications and novel approaches
7.1. Applications of IL based PEs
7.1.1.  Batteries

Majority of commercially available batteries are Lithium ion batteries. They typically use
electrolytes which are volatile and flammable; thus safety concerns severely limit their usefulness.
Lithium ion polymer cells were proposed in early 1980s as a potential solution for safety issues [8].
But the low ambient temperature ionic conductivity forced the community to look toward (1)
incorporating liquid plasticizers such as ethylene carbonate (EC), propylene carbonate (PC) or low
molecular weight polymers and their derivatives (2) employing lithium salts with large and flexible
anions such as lithium bistrifluoromethanesulfonyl (LiTFSI) (3) mixing high conducting inorganic
nanofillers likewise. However, even these attempts were somewhat successful, the main concern of
the system was still present as the flammability exists in the liquid organic solvents. In general, non-
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toxic, environmental friendly nature of ILs adds more value to the rechargeable battery industry. In
recent years many reports have shown that incorporating ILs will provide a good outcome in the near
future [66].

7.1.2.  Supercapacitors

Supercapacitors are electrochemical devices able to store charge by exploiting the reversible
adsorption of ions carried by the electrolyte onto electrode which are characterized by high
electrochemical stability and wide specific surface area [67]. For their high specific power
supercapacitors are playing a major role in transportation where they can be coupled with lithium
batteries to provide power peaks during acceleration as well as for energy recovery during braking of
vehicle. Typical operating temperature for such application is higher than the average. Therefore
using ILs is one of the best strategy because of their high thermal stability, wide electrochemical
stability window, good conductivity and low vapor pressure [68].

7.1.3.  Dye-sensitized solar cells (DSSCs)

Due to their low cost, high conversion efficiency and easy fabrication, dye-sensitized solar
cells (DSSCs) with IL based hole conducting elements have attracted a lot of interest [55,69]. Large
number of attempts can be observed in order to improve the light harvesting and conversion
efficiency such as using nano structures [70]. But problems like leakage, dye desorption, electrode
corrosion caused by the use of a liquid based electrolyte affects the long term stability of the system
which is a necessity of prime importance in the practical applications [71]. One of the obvious and
easy substitutes for such problems is using a polymer which still keeps the most of above advantages
in addition to the good long term stability. But the main drawback of them is the low conductivity of
the most conventional polymers(Polyethelene oxide, PEO) in the room temperature. As many
research reports suggest, using an IL as a dopant can give a significant enhancement to the
conductivity in room temperature [71,72].

7.1.4.  Proton exchange membrane fuel cell (PEMFC)

Proton exchange membrane fuel cells (PEMFCs) are designed with a proton exchange
membrane (PEM) to conduct protons while acting as an electronic insulator and reactant barrier. The
basic principle in producing electrical energy in a PEMFC is converting chemical energy liberated
during the electrochemical reaction of hydrogen and oxygen. An avalanche of hydrogen is supplied
to the anode where it splits into protons (hydrogen ions) and electrons. Protons travel via the PEM
while electrons traverse the external route. Hence, hydrogen is serving as the fuel for the PEMFC
and the charge carrier is the hydrogen ion. From cathode side, a flow of oxygen is supplied. They
react with protons and electrons giving rise to production of water. Due to some of their attractive
features such as low operating temperature and light weight over solid oxide fuel cells, they have
been popular foe numerous applications. To overcome some demerits of PEMFCs, it has been
proposed some methodologies. One attempt is employing new anhydrous proton conductors such as
protic organic ionic plastic crystals (POIPCs) and protic ionic liquids, are actively studied for the
development of suitable PEMs [73,74].
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7.2. Novel approaches
7.2.1.  Design natural macromolecule-based IL PE to lower the cost

Natural macromolecules like cellulose, chitin, starch etc. are the earth-abundant biopolymer
materials with outstanding properties such as biocompatibility and biodegradability, desired
chemical stability, environmental benignancy, good mechanical strength and superior thermo
stability [52,55,75,76]. Still the main problem with these substances is lack of ionic conductivity.
One of the best approaches to obtain the conductivity is doping an IL into the PEs or going for Poly
addition reactions. Introducing ILs will still keep most of those advantages all together with good
electrochemical stability. Although using natural macromolecule based PEs are cheaper than
commercially available polymers, facts such as purity, chemical composition and the compatibility
between the polymers and ILs should also be considered while moving through the research process.
Therefore developing natural polymer and IL based PEs is a wide open field today [77].

7.2.2.  Prepare PEs with unique features

Introducing IL based PEs into a system may not only escalate the charge carrier concentration
but also their mobility leading to a higher transference number [32]. This can upsurge the
performance of commercially available batteries. ILs are assumed to be having a capability to avoid
some side reactions between electrolyte and electrodes. With that, cycle number of a device with IL
based PEs becomes higher improving the overall productivity. Thermal stability of ILs is also a
considering factor since the devices are heated through the process of charging and discharging. Low
vapor pressure of the ILs also helps the systems to maintain long term durability than the organic
solvents currently using in many devices in the market [78].

7.2.3.  Develop composite PEs to reinforce and improve mechanical strength

The superior features of nonwovens such as low price, high porosity, good wettability to liquid
electrolytes, simple manufacturing process, strong mechanical strength and so on confer them
potential attractions to energy storage devices. However, the commercial nonwovens are too thick
and cannot be applied in devices. Electrospinning technique may play a key role to lower the
thickness of nonwovens [79].

7.2.4. Explore cost effective and new materials for PEs

ILs are an important class of materials due to their sufficient ionic transport abilities, good
electrochemical stability and non-flammable/nonvolatile nature. These properties have the potential
to improve the safety and efficiency of present commercial batteries greatly. But the high cost of ILs
is the greatest barrier to overcome before going into the commercialization [80]. With the
development of materials science, more and more new materials will be applied in PEs for energy
storage devices. The materials with low cost, high mechanical property and high absorption of liquid
electrolyte (having good compatibility and suitable structure) will win out. As a good source of
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liquid electrolytes, ILs gained a significant interest in the researchers worldwide [81]. In the years to
come, new low cost ILs will enter the world to combine with PEs.

7.2.5.  Produce effective polymeric ionic liquids (PILs) with improved electrochemical properties

Polymeric ionic liquids (PILs) contain both ionic liquid-like moieties and polymer frameworks
and they are emerging as alternative electrolyte/binder candidates. One of the demerits of PILs is
having poor electrochemical properties due to solid nature. Although the matrix is composed of the
ILs, it is harder to match the physical advantages of the liquid or gel polymer electrolyte compared to
the flexibility of producing other polymer electrolytes as desired. VVarious research groups have been
geared with attractive properties of PILs and hence new PILs with improved properties are being
explored [82,83].

7.2.6.  Introducing nano materials to facilitate better surface contacts and ionic movement

Hosting nano materials to IL based PEs has the potential to increase the performances of the
devices significantly similar to solid PEs and other types of electrolytes [84]. Applications such as
using nano porous sheets to enhance the insertion of ions are also popular in the polymer community
nowadays [85].

8. Conclusions

IL-PEs are getting a rising attention for their good ionic conductivity at room temperature, wide
electrochemical window, good thermal and chemical stability, good compatibility during cycling and
the good electrochemical stability. Specially, with the current thirst of demand for the energy and the
rapid depletion of fossil fuel, renewable energy sources are more favorable in the modern world with
an address for energy storage devices. IL-PEs have potential to act as electrolytes for such energy
storage devices as well as a part of energy capturing devices such as DSSCs.

Their key advantages in terms of safety in the consumer grade appliances and large scale energy
storage devices are non- toxicity, inflammability and environmental friendly nature. In electric
automobile industry, IL-PEs have major superiority when comparing to the electrolytes currently
using in LIBs due to this added safety. However, high cost and relatively poor mechanical strength
are still key barriers for the application of IL-PEs. Exploring new inexpensive polymers,
synthesizing compatible ILs and developing advanced production methods to find reliable and highly
effective electrolytes is the main challenge for scientists at present.
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