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Abstract 
In this paper, the up-to-date state of polyepichlorohydrin-based electrolytes is reviewed. Research works are persistently 
ongoing to develop free-standing solid polymer electrolytes with exceptional performances and stabilities that can suit 
the needs of present and next-generation technologies. Polyepichlorohydrin (PECH), for example, is one of the polymer 
hosts under consideration due to its ether electron donor groups that deliver coordinating spots for cation transport 
as well as alkyl chloride groups for changing its surface character. Because of this structure, PECH has certain incredible 
characteristics including small glass transition temperature (Tg), tremendous flexibility, as well as the power to form 
complexation with diverse salts. Furthermore, the alkyl chloride groups serve as a location for surface modification of 
the polymer via nucleophilic substitution reactions, resulting in surface changes or bulk properties. As a result, the PECH 
in chemically modified or pristine form is an emerging option that has been researched and is being considered for use 
in energy storage devices. This paper reviews the latest studies on the improvements of PECH-based electrolytes for 
lithium-based battery storage systems. The synthesis methods of PECH polymer, types of lithium batteries, and oppor-
tunities and challenges of lithium batteries have been presented briefly. Findings on PECH-based electrolytes have been 
presented and discussed thoroughly. Lastly, the paper presents, battery performance needs, and cation transportation 
mechanisms as well as future prospects for the advancement of PECH electrolytes in the field of storage systems.

Article Highlights 

•	 The alkyl chloride groups of polyepichlorohydrin poly-
mer play a significant role in modifying the character-
istics of the polymer through chemical reactions.

•	 The inherent characteristics of PECH-based polymers 
including their amorphousity, glass transition tempera-

ture, functionality, and others can be altered via chemi-
cal and physical means.

•	 The impressive electrochemical characteristics of 
PECH-based electrolytes make them a viable option 
for energy storage/conversion devices applications as 
electrolytes.
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1  Introduction

The need for clean and renewable energy is increasing 
worldwide as a result of an increase in global temperature 
due to CO2 emissions, which will be met by developing 
efficient energy storage and conversion devices. These 
devices store the harnessed energy in chemical form 
and convert it back to electrical energy when needed. 
Rechargeable batteries such as Lithium Ion Batteries (LIBs) 
are examples of such efficient energy storage devices. 
LIB has been progressively developed and expanded 
as energy storage and conversion hotspots for modern 
society due to their ubiquitous use in consumer mar-
kets such as PCs, cameras, cell phones, and other devices 
[1–10]. Moreover, LIB has sparked large interest since its 
commercialization in 1991(11) due to its higher energy 
content compared to other alkali metal batteries [12, 13], 
see Fig. 1. However, the currently available LIBs have limi-
tations ensuring the safety of their operations and high 
costs, hence attempts to address these problems led to 
the emergence of LIBs with polymer electrolytes [14–18]. 
In addition to solving the flammability, volatility, toxicity, 
and other issues of the existing LIBs, polymer electrolytes 
(PEs), for example polyepichlorohydrin (PECH) based elec-
trolytes, enable the application of high-energy electrode 
materials such as Li–S systems [19]. PECH is a linear poly-
mer composed of epichlorohydrin monomers, an appeal-
ing alternative for PEs synthesis due to its ether groups 
which promote ionic transport. The presence of lone pair 
of electrons (−CH2−CH(CH2Cl) − Ö−)n in the polymer 
backbone gives PECH its solvation power, allowing it to 
easily form complexes with salts and offering direct chan-
nels for cation passage. Furthermore, the halogen groups 
(i.e. chlorine atoms) of PECH serve as a site for the surface 

modification of the polymer [20]. Hence, PECH is one of the 
researched polymer hosts due to its flexible backbone and 
capacity to solvate ions.

Though PEs including PECH-based electrolytes 
emerged as a viable solution to the weaknesses of the 
existing LIBs, they strongly suffered from poor ionic con-
ductivity and high interfacial resistance when compared to 
their liquid counterparts. These limitations of PEs severely 
limit their practical applications, necessitating ground-
breaking research, particularly to address the poor ionic 
conductivity of PEs at room temperature. Many research 
groups have attempted to meet the practically minimal 
conductivity requirements (i.e. 10–3 S/cm), but none have 
been successful. The majority of research has focused on 
improving the amorphousness, glass transition tempera-
ture, and functional groups of polymeric hosts and/or their 
electrolytic systems, which are critical for improving poly-
meric host segmental mobility as well as the amounts of 
salts to be dissociated. However, some of the approaches 
used to improve the conductivity of PEs were found to 
harm the system’s dimensional (i.e. mechanical) stabil-
ity, raising safety concerns. As a result, critical trade-off 
research between conductivity and mechanical stability 
should be carried out. Furthermore, the effect of physi-
cal entanglement of polymeric chains on the translational 
and rotational motions of PEs, and thus on the conductiv-
ity of PEs, has never been studied and should be taken 
into account. This review focuses on PECH-based energy 
storage/conversion devices and reviews the different 
approaches employed to enhance the conductivity of 
PECH-based electrolytes. Furthermore, the polymeriza-
tion of epichlorohydrin monomers, and lithium battery 
types as well as the future perspectives of these batter-
ies are discussed. The latest outcomes of PECH-based 
electrolytes as an essential part of batteries are the focus 
area of this review paper. Technical challenges of PEs and 
perspectives for future research are presented. Section 2 
discusses the energy density of various energy storage and 
conversion systems (Ragone plot) as well as the various 
types of lithium batteries. Section 3 describes the synthesis 
of polyepichlorohydrin polymers as well as the methods 
for modifying polyepichlorohydrin polymers. Section 4 
discusses the electrochemical properties of Polyepichlo-
rohydrin-based electrolytes in their pristine, blended, 
copolymerized/cross-linked, composite, plasticized, and 
gel forms. Sections 5, 6, 7, respectively, deal with the ion 
transport mechanisms and performance requirements 
of PECH electrolytes, the opportunities and challenges 
of lithium batteries, and the conclusion and outlooks of 
PECH electrolytes.

Fig. 1   Energy density diagram of different batteries [21]
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2 � Lithium battery as a promising energy 
storage device

2.1 � Energy and power density of energy storage 
devices/Ragone plot

The various types of Energy Storage Systems (ESSs) such as 
batteries, capacitors, supercapacitors, flywheels, pressure 
storage devices, and others are compared using specific 
energy density and power density via the Ragone plot 
[22, 23]. The Ragone plot is a graph drawn by plotting the 
power density of ESSs (in W/kg) against the specific energy 
density of the devices (in Wh/kg) so that ESSs are placed in 
a characteristic region of the plot (Fig. 2). In such a graph, 
the energy density and power density axes are presented 
in a log–log plot so that the performances of various ESSs 
could be compared. In general, energy density refers to 
the amount of available energy, whereas, power density 
depicts how fast that energy can be delivered [24]. The 
ratio of energy to power is a straight line and is referred to 
as the characteristic time of an application. For batteries, 
for example, the discharge time is for a long time, whereas, 
capacitors are used for a short time. In the Ragone plot, a 
specific point refers to the period during which the avail-
able energy can be delivered at the power [25]. Ragone 
plots are very interesting to depict the upper and lower 
boundary of the existing power and energy of an ESS and 
also the optimal working region of the devices where 
both energy and power are reasonably high. As a result, 

the power density required for the application plays a big 
role in deciding which ESS to use.

2.2 � Lithium battery types

The PECH-based electrolytes could be efficiently employed 
in different types of rechargeable lithium batteries like 
lithium Metal Batteries (LMBs), Li-ion Batteries (LIBs)/Li-ion 
polymer batteries (LIPBs), lithium-sulfur Batteries (LSBs), 
and Lithium-Oxygen (air) Batteries (LABs) [25] with dif-
ferent energy density due to the difference in electrode 
materials. Metallic lithium with the topmost theoretical 
capacity of 3860 mAh g–1 and lowermost electrochemical 
potential (–3.04 V versus the standard hydrogen electrode) 
is supposed to be used as the anode in LMBs, LSBs, and 
LABs with ultrahigh theoretical energy densities [27]. LMB 
is constructed with a metallic lithium anode and a lithium 
intercalation oxide and the battery could be assembled 
with PEs either in a charged or discharged state. Regard-
less of the cathode material, LMBs possess a theoretical 
energy density of 400 ~ 1000 Wh kg−1 [28]. But the poor 
ionic conductivity of PEs at low temperature, a delicate 
balance between conflicting demands of mechani-
cal strength, ionic conductivity, and wide operational 
potential window for high-voltage applications should 
be secured and solved for viable practical applications as 
these issues potentially affect the electrochemical perfor-
mance of the battery, becoming technical challenges for 
developing practical LMBs. For improving the performance 
of LMBs, more research activities focusing on these chal-
lenging issues should be carried out. LIPBs are composed 
of graphite or hard carbon anodes and lithium intercala-
tion metal oxide cathodes, built for addressing the safety 
problems of LMBs. However, the energy density of these 
batteries is lower than that of LMB, lower than 300 Wh/kg 
[29]. The presence of a polymer matrix in these batteries 
makes them more stable and less prone to problems asso-
ciated with electrolyte leakage and volatility, overcharg-
ing, or abuse. However, the effective surface area of the 
electrodes and thus the power capacity are limited. LIPBs, 
with a voltage of 3.7 V, are widely used in portable devices. 
The research areas of LIPBs include improving energy den-
sity, conductivity, interfacial resistance, and other issues 
of batteries. LAB is a lithium battery in which the anode 
is made of metallic lithium and hence lithium is oxidized 
at the anode, while the cathode is made of mesoporous 
carbon with a metal catalyst acting as an oxygen host 
material where oxygen from the air is reduced. LABs may 
be constructed using solid electrolytes and the electro-
chemical details of the system are determined by the types 
of electrolytes used in these batteries. LABs are appealing 
for electric vehicle applications owing to the energy den-
sity they possess. The larger voltage hysteresis between Fig. 2   Ragone plot for various energy storage systems [26]
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charging and discharging, and oxygen (air) handling are 
some of the problematic issues of LABs. LSBs, composed of 
a sulfur cathode and a metallic lithium anode, attract the 
attention of battery developers and researchers because 
of their higher energy density, the abundance of sulfur ele-
ments, and eco-friendly [30]. In comparison with LIB, LSB 
possesses a theoretical gravimetric energy density of 2,510 
Wh/kg, which is 8 times greater than that of the traditional 
LIBs [29, 31], and also sulfur provides a theoretical capacity 
of around 1,675 mAh/g, which is larger than the capac-
ity of cathode materials in Li-ion batteries [29, 31, 32]. As 
sulfur is an electron insulator, a carbon matrix is used to 
form the cathode, yielding a cell voltage of about 2 V. LSBs 
could be constructed with PEs. Due to the potential limita-
tions of LSBs including relatively low practical energy den-
sity against the expected value, rapid decline in capacity 
during cycling, and high self-discharge rate (8–15% per 
month), they are not still commercialized [33]. Moreover, 

lithium anode is corrosive, and the poor electronic con-
ductivity of sulfur and significant volume change (80%) 
during cycling are some of the additional limitations of 
LSBs that hamper their commercialization [29, 32] and 
hence looking for more appropriate electrolytes for LSBs 
are critical. All in all, the application of PECH-based elec-
trolytes in LMB, LAB, and LSB has not been investigated, 
and hence needs consideration.

3 � Synthesis of polyepichlorohydrin polymer 
(PECH)

PECH is a synthetic polymer with a reactive functional 
alkyl chloride group that was first created in the 1950s by 
catalytic ring opening polymerization of epichlorohydrin 
monomer (ECH, −CH2−CH(CH2Cl) − Ö− ) (Fig. 3a) [34, 35]. 
PECH, which could be applied in different fields due to its 

Fig. 3   a Synthesis of PECH, 
b synthesis of functional 
epoxides from ECH, c PECH 
post modification reactions, 
d copolymers based on ECH, 
e and f ROP mechanisms of 
ECH [34]
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unique characteristics such as oil, heat, fuel, and ozone 
resistance, as well as its low-temperature flexibility, can 
be classified as isotactic or atactic depending on how the 
alkyl chloride groups are arranged. Isotactic PECH, which 
is a semi-crystalline polymer, was initially prepared in 1954 
by Pruitt and Baggett while atactic PECH, an amorphous 
polymer, was later synthesized in 1957 by EJ Vandenberg 
ECH polymerization via Anionic Ring-Opening Polymeriza-
tion (AROP) is difficult due to its alkyl chloride functional 
group, which renders ECH incompatible with the reaction 
and thus unpolymerizable via AROP. As ECH possesses two 
functional groups, epoxide, and alkyl chloride, it under-
goes different chemical transformations when combined 
with different reactive components (Fig. 3b) either along 
the epoxides or along the alkyl chloride pendant groups. 
The pendant groups (i.e., alkyl chloride groups) play a sig-
nificant role in minimizing the crystallinity of PECH mem-
branes [36], demonstrating that -CH2Cl has a strong influ-
ence on the flexibility of the polymer chains.

The polymerization conditions, particularly the type of 
initiators used, determine the microstructure and molecu-
lar weight of PECH (i.e., amorphous or semi-crystalline). 
PECH homopolymer is mostly synthesized using cationic 
or organometallic initiators [37], and in the cationic cata-
lytic process, Lewis acids or tertiary oxonium salts serving 
as cation initiators are complexed with water, alcohol, or 
ether to produce atactic low molecular weight PECH hav-
ing –OH end groups. On the other hand, telechelic PECH 
with higher molecular weight ( ≤ 15 × 103 g/mol) could be 
prepared using 1, 4-butanediylditriflate as the initiator. 
However, the majority of modern PECH is synthesized via 
the Vandenberg process [35] with organometallic initia-
tors, yielding high molecular weight PECH with a fraction 
of atactic and isotactic parts.

Polymers synthesized with ECH monomer could be 
modified after the polymerization reactions, primarily 
along the alkyl chloride groups, using a variety of nucle-
ophilic substitution reactions, as shown in Fig. 3c. ECH 
monomer could also be used as a monomer to synthesize 
other polymers such as polyethers, polyesters, poly (thio) 
carbonates, and others, as shown in Fig. 3d. Mostly, the 
copolymerization reactions of ECH monomers are difficult 
and incompatible for AROP owing to the reactiveness of 
-CH2Cl groups. However, since the 1950s, the Vanden-
berg process has been widely used to produce copoly-
mers containing ECH monomers. Cationic Ring Opening 
Polymerization (CROP) reactions are used to polymerize 
ECH monomers. The CROP of ECH is carried out via two 
mechanisms, namely the Activated Chain End mechanism 
(ACE) and the Activated Monomer (AM) mechanism (see 
Fig. 3e and f ) [34, 38]. The ACE mechanism generates oli-
gomeric linear and cyclic PECH polymers as a result of ECH 
side reactions with water, protonic acids, organic salts, and 

Lewis acids, which result in chain transfer, backbiting, and 
termination reactions. In this method, the propagating 
center is formed by the oxonium ion at the chain end and 
the propagation reaction is initiated by a combination of 
protogenic species like water and protonic acids, organic 
salts, and Lewis acid. In ACE, cyclic polymers are formed 
due to the intramolecular chain transfer reaction, which 
decreases the molecular weight of the end product and 
the yield of the reaction but increases the polydispersity 
of the polymer, hence producing undesirable products 
through cyclization reactions [46]. AM techniques, on the 
other hand, are used to polymerize epoxides in the pres-
ence of alcohol. In this method, the ECH monomer forms 
an ionic complex with a protonic species like alcohol and 
the polymer chain end is neutral, which reduces backbit-
ing, leading to the formation of high molecular weight 
and linear polymer. In contrast to ACE, the concentration 
of ECH monomer should be low during polymerization 
reaction and this can be accomplished by slow addition 
of ECH to the reaction. The properties of PECH including 
its Molecular Weight (MW), polydispersity (PD), fraction 
of cyclic formation and others depend on polymerization 
conditions such as reaction temperature, type of initiators, 
rate of monomer addition, and others. Guanaes et al.[38], 
for instance, investigated the impact of polymerization 
conditions on the MW and PD of PECH using alcohol as 
the solvent. They discovered that the MW of the polymer 
was affected by the reaction temperature and monomer 
addition rate, whereas, the PD was strongly affected by 
the monomer addition rate and decreased as the mono-
mer addition rate was reduced, indicating homogenous 
polymer fabrication. At a lower precursor addition rate and 
a higher reaction temperature, higher molecular weight 
PECH was produced.

4 � PECH based electrolytes

4.1 � Pristine PECH‑based electrolytes

Polymers, in contrast to their insulating qualities, have 
been identified as ionic conducting qualities since 1973 
[39], resulting in a larger emphasis on polymer electrolyte-
based investigations. However, their low ionic conductiv-
ity and crystalline property at ambient temperature make 
them unsuitable for practical applications. To address 
these issues, different approaches including modifying 
the structure of polymers either through physical means 
or chemical means have been proposed and the proposed 
approaches are desired to improve the performances of 
PEs including their strength but still becoming ideal issues 
[31]. It is well recognized that cation transport mainly 
occurs along the amorphous regions of the system, while 
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the crystalline region supports the stability of the system. 
Hence, compromising the ionic mobility with the stability 
of the system becomes a technical problem in polymer 
electrolytes. The conductivity of pristine PECH electrolytes 
was investigated in 1992 and was found to have an ionic 
conductivity of 2 × 10–9 S/cm at 30  C [36] which is far away 
from the desired conductivity for practical applications. 
This is attributed to the structural stiffness of the host 
which restricts its segmental motion. Hence, for enhancing 
its conductivity at low temperatures, different approaches, 
as discussed in Sect. 4.2, have been proposed and con-
firmed to yield appreciable enhancements.

4.2 � PECH combination with other polymers

4.2.1 � PECH blended with other polymers

Polymer blending is one of the proposed methods inves-
tigated for improving the performances and stabilities of 
PECH-based electrolytes [40]. Polymer blending, as the 
name implies, is the physical mixing of two or more poly-
mers/copolymers in a common solvent for synthesizing 
membranes with improved properties for the required 
applications[41]. The properties of blends strongly depend 
on the processing conditions, composition, and miscibil-
ity of parental polymers, as well as the interaction forces 
between polymers. To synthesize promising electrolytes, 
polymers with complementary properties should be 
blended. Blends of polymers could be classified as miscible 
forming homogeneous structures and immiscible form-
ing heterogeneous structures. Immiscible blends exhibit 
multiple amorphous phases with more than one Tg value, 
whereas, miscible blends have a homogenous morphol-
ogy with a single Tg. In electrolytic application, polymers 
are blended for a variety of purposes: (1) to increase the 
number of functional motif groups, (2) to lower the crystal-
linity of the hosts, (3) to lower the glass transition tempera-
ture, (4) to ensure the mechanical integrity of the system, 
and (5) to enhance the stability of the system and oth-
ers, which will promote the performances of the system. 
Hence, the research on the polymer blending is ongoing 
for fabricating suitable blend electrolytes. PECH could 
be blended with variety of polymers such as PAN, PEO, 
PMMA, poly (ethylene oxide-co-allyl glycidyl ether), PVA, 

and others to improve its electrochemical performances 
and thermal properties. In synthesizing efficient polymer 
blend membranes, the parental polymers should be inter-
acted through strong physical forces for reducing the Tg 
values and crystallinity of the system. However, it is famil-
iar to see immiscible polymers have been blended and 
the amorphousity of the system appears to be increased 
through segregation of molecules. Off course, such immis-
cible polymers could be interacted by incorporating addi-
tional polymer/ oligomer that can be interacted with the 
immiscible components simultaneously though the effect 
of such additional component on the electrochemical per-
formance of PEs has not been investigated. The thermal 
properties and conductivities of some of the PECH based 
blend membrane electrolytes are shown in Table 1.

The effect of parental polymer composition, electrolyte 
immersion time, and temperature on the stability and per-
formances of polymer blend electrolytes (i.e. PVA-PECH 
blend) was investigated [40] and the pristine form of PVA 
exhibited a distinct XRD (2θ) peak at 20° due to its semi-
crystalline nature. However, when PVA was blended with 
PECH, the intensity of its peaks was dramatically reduced 
(Fig. 4) due to a drop in PVA crystallinity and the peaks 
became broader and broader as the PECH concentration 
increased. The blended membranes, on the other hand, 

Table 1   Thermal properties, conductivity, and window potential of some PECH blend membrane electrolytes

TgH
 – Tg of the host polymer, TgE – Tg of the electrolyte @ high conductivity, St – stability temperature, a – not reported, WP – window poten-

tial

Electrolytes Host membrane Solvent Tg  C St σ (S/cm) WP Reference

TgH
TgE

P(DMS-co-EO)/ P(EPI-co-EO)- LiClO4 Polymer blend Tetrahydrofuran − 69 Around− 10 a 1.2 × 10–4 @ 30   C a [42]

Fig. 4   The XRD spectra of PVA/PECH/KI blend solid PEs (a) pristine 
PVA (b) PVA/ PECH with 1:0.2 ratio, c PVA/PECH with 1:0.5 ratio, and 
d PVA/PECH with 1:1 ratio [40]
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were found to be miscible at lower concentrations of 
PECH, as confirmed by SEM analysis, demonstrating that 
polymer miscibility is compositional dependent. With 
a rise in PECH concentration, the blended membranes 
were altered from a uniform and homogenous surface 
morphology to a heterogeneous morphology, yielding 
specific bigger polymer aggregates at a 1:0.5 ratio, and 
the composite membrane eventually revealed phase-sep-
arated morphology at a 1:1 ratio (PVA: PECH), resulting in 
poor ionic conductivity as internal resistance increased. 
Because of the uniform and homogeneous structure of 
the system, the conductivity of blended electrolytes was 
found to be higher at lower concentrations of PECH in 
the system, which correlates with SEM analyses. Further-
more, the electrolyte conductivity increased with immer-
sion time and temperature, as predicted by the Arrhenius 
equation. The maximum and minimum ionic conductivity 
of 2.19 × 10–2 S/cm and 1.2 × 10–3 S/cm were achieved at 
1:0.2 and 1:1 ratios of PVA/PECH, respectively. The system 
has a 2 V window potential, making it a good choice for 
ESSs. As the concentration of PECH grew, the mechanical 
characteristics of the electrolytes dropped. Ju et al. [43] 
synthesized polymer blend electrolytes using poly(ECO)/
NBR blend hosts complexed with LiClO4/PC through solu-
tion casting methods. The dynamic mechanical analysis 
revealed that the ECO/NBR polymer blends are immiscible 
while the impedance spectroscopy analysis depicted the 
dependence of conductivity on LiClO4, ECO, and PC ingre-
dients of the electrolytes. It was found that conductivity 
increased with the increase in ECO and LiClO4 contents 
due to the formation of more continuous ion-conduct-
ing pathways and an increase in the number of carriers, 
respectively. Fonseca et al. [42] fabricated polymer blend 
electrolytes using poly(dimethylsiloxane-co-ethylene 
oxide) (P(DMS-co-EO)) and poly(epichlorhydrin-co-ethyl-
ene oxide) (P(EPI-co-EO)) as polymer blend host and LiClO4 
as salt via solution casting techniques and they studied the 
effect of salt content on the conductivity of PEs. Scanning 
electron microscopy analysis depicted that the morphol-
ogy of the polymer blend membrane has been influenced 
by the incorporation of salts, and the amorphous phase 
content increased with the increase in salt concentration. 
The crystalline phase of the host membrane varnished 
with the increase in salt content due to ion complexation 
that acts as cross-linking nodes to decrease the degree of 
crystallinity, whereas, the glass transition temperature (Tg) 
progressively increased. The tensile strength and elonga-
tion at break of the electrolyte decreased as the salt con-
centration increased, which indicate an incompatible sys-
tem. The maximum ionic conductivity of 1.2 × 10–4 S cm−1 
was achieved in the presence of 6 Wt. % LiClO4.

4.2.2 � PECH copolymerized/cross‑linked with other 
polymers

Copolymerization is a chemical reaction that involves the 
simultaneous polymerization of two different monomers 
intending to incorporate their structures into a single 
polymeric chain, the terms terpolymerization and mul-
ticomponent polymerization could be used to refer to 
polymerization of three or more monomer types, respec-
tively. The copolymerization reaction increases the range 
and diversity of properties available to copolymer mol-
ecules, as well as allowing for the integration of desir-
able properties from various monomer units, which can 
be useful in a variety of applications. Copolymers do not 
necessarily have the same composition as the ingredi-
ent monomers they are made of, and not all comonomer 
combinations can polymerize. Monomers having a poor 
tendency for self-polymerization (i.e. homopolymeriza-
tion) are more likely to form copolymers when combined 
with compatible comonomers. It is critical to distinguish 
between copolymers and polymer blends; in copolymers, 
the monomers are joined together by a covalent bond, 
and the monomers are found in a single polymer chain 
(produced by a chemical reaction), whereas, polymers are 
physically mixed and interacted through a secondary force 
in polymer blends. Copolymers are synthesized either by 
chain growth or step growth copolymerization reactions. 
Copolymerization is another method being extensively 
considered for synthesizing PEs with desired properties 
such as improved amorphousness, enhanced thermal and 
mechanical stability, a large number of polar motifs with 
their suitable configurations, improved electrochemical 
performances, and others. In copolymerization reactions, 
monomers could be combined in a variety of ways such 
as in block, random, alternative, graft, or cross-linked fash-
ions, and hence could have diverse properties due to the 
diversity in microstructures. Block copolymers and graft 
copolymers are most frequently investigated for synthe-
sizing PEs. In a block copolymer, one block is responsi-
ble for ionic conductivity while the other enhances the 
mechanical integrity of the system. On the other hand, in 
graft copolymer, the backbone improves the mechani-
cal strength of the system while the grafted (branched) 
part improves the ionic conductivity. Hence, reasonable 
mechanical strength with impressive ionic conductivity 
could be attained in copolymerized PEs at a lower tem-
perature. Copolymers exhibit superior properties such as 
disrupted structure, and dimensional stability when com-
pared to monomers or homopolymers alone. As a result, 
the copolymer membranes upgrade the performances of 
PEs including their mechanical characteristics and elec-
trochemical performances [44–49]. PECH polymer or its 
monomer could be chemically joined with other polymers 
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or monomers via copolymerization or surface modification 
reactions to improve its properties, including flexibility 
and functional motifs. The thermal and electrochemical 
performances of some of the PECH based copolymer and 
crosslinked membrane electrolytes are depicted in Table 2.

Rodrigues et al. [53] synthesized an epichlorohydrin 
monomer-based terpolymer electrolytes using poly(ECH-
co-EO-co-allyl glycidyl ether) polymer host complexed 
with LiClO4 or LiTFSI salts via solution casting methods and 
studied their performances for PEs. DSC analysis revealed 
that the synthesized PEs are completely amorphous and 
the Tg of the electrolytes has a positive relation with salt 
concentration. The pristine polymer blend film was found 
to have Tg of -48 °C, and the Tg of an electrolyte increased 
with salt concentration, from low salt to salt-rich systems. 
This behavior could be related to the increase in interac-
tions within polymer chains and salt cations with oxygen 
atoms in the polymer chains, which restricts the local 
motion of polymer chains. The impendence spectroscopy 
analysis revealed the conductivity of the copolymer elec-
trolytes is larger when doped with LiClO4 salt than that of 
LiTFSI salts due to the difference in lattice energy, indicat-
ing that the nature of salts influences the ionic conductiv-
ity of PEs. The conductivity of PEs arose with the increase 
in salt content until it reached the optimal concentration 
due to the enhancement in charge carrier numbers. How-
ever, increasing salt concentration above its optimal level 
reduced the conductivity of the PEs due to ion aggrega-
tion and the formation of transient ionic cross-links, which 
reduced chain mobility. LiClO4-based PEs achieved the 
highest conductivity of 4.2 × 10−5 S/cm at 55 ◦C and the 
electrolyte demonstrated a broad wide potential win-
dow (around 5 V versus Li/Li+), indicating that PEs could 
be a viable candidate in ESSs. Kohjiya et al. [54] prepared 
epichlorohydrin monomer-based copolymer electrolytes 
using P(ECH/EO) as host and LiClO4 as salt through the 
solution casting method and they investigated the per-
formances of the synthesized PEs. DSC analysis exhib-
ited that the Tg of the copolymer was linearly shifted to 
lower temperature with increasing EO content due to the 
lowering of Tg in PEO than in PECH. Tg of the PEs, on the 
other hand, increased progressively with salt content due 
to ion aggregations. The PEs conductivity was improved 
with the increase in EO and LiClO4 concentration. Nithya 
et al. [52] fabricated PEs using LiClO4 and P(ECH-EO). DSC 
analysis depicted the increase in Tg of electrolytes with 
salt content due to ion–dipole interactions, which stiffens 
chains. A free-standing and amorphous electrolyte with 
broad peaks was produced, as revealed via XRD analysis, 
and the electrolytes grew more amorphous with increas-
ing salt concentration due to salt-polymer interaction. The 
maximum conductivity (1.3 × 10–5 S/cm) was achieved 
with 15 wt% of salt at RT. Lee et al. [51] investigated the Ta
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ionic conductivity of PECH-based grafted copolymer 
electrolytes consisting of poly (ECH-g-poly((oxyethylene) 
methacrylate)) copolymers complexed with potassium 
iodide (KI) salts through a solution casting process. FT-IR 
analysis revealed that new absorption bands at 1,724 and 
1,034 cm−1 were formed in the graft copolymer as a result 
of carbonyl (C = O) and ether (–O–) stretching of POEM, 
respectively. Additionally, the strong band at 744 cm−1 
belonging to C–Cl stretching mode in PECH declined 
noticeably in the graft copolymer, showing the efficacy of 
POEM side chains graft copolymerization on PECH back-
bone. The stretching band at 1,724 cm−1 was not signifi-
cantly altered by salt complexation, whereas, stretching 
bands at 1,095 and 1,034 cm−1 were displaced to 1,091 and 
1,027 cm−1, respectively. The shift in the stretching band is 
a possible result of the interaction between K+ and ether 
oxygen atoms, depicting that K+ does not interact with 
carbonyl oxygen atoms but with the ether oxygens. DSC 
analysis revealed that uncomplexed PECH-g-POEM comb 
copolymer has Tg of − 48 °C with no melting temperature, 
found its rubbery amorphous state. Tg of PEs increased 
with salt content till it reaches 15 wt% due to the interac-
tion of cations with ether oxygens, causing the polymeric 
chain mobility to be restricted. Ionic conductivities in the 
graft copolymer electrolyte enhanced with salt content up 
to 5 wt% due to the rise in the charge carriers numbers, 
and then gradually decreased with salt content. The high-
est conductivity of 3.7 × 10−5 S/cm at 5 wt% of salt concen-
tration was achieved. Choudhury et al. [55] synthesized 
epichlorohydrin monomer-based cross-linked terpolymer 
electrolyte using poly(ECH-EO-ally ether) polymer host 
and Ethylene Thiourea (ETU) and magnesium oxide cross-
linkers and they investigated the influence of cross-link-
ing on PEs conductivity and mechanical properties. The 
crosslinking reaction occurred at chlorine atoms of ECH 
via nucleophilic substitution reactions and its efficiency 
depends on the concentration of ETU. As shown in Fig. 5 
the tensile strength and modulus of the PEs improved with 
increasing ETU concentration, and stronger cross-linking 
is required to prevent crystallization of polymer hosts. It 
is demonstrated that (Fig. 5b), increasing the immersion 
period of polymer membranes into electrolyte solution 
until the membranes reached saturation increased elec-
trolyte uptake, whereas, increasing ETU decreased elec-
trolyte uptake. The storage modulus (E’) values of PEs were 
affected by the degree of cross-linking. With lower cross-
linking density materials, the decrement effect is stronger 
due to the plasticizing effect of electrolyte solution, sepa-
rating polymeric chains. The tan � plot revealed that the 
degree of crosslinking did not affect the Tg of the polymer 
hosts, but that electrolyte loading does. Tg of the electro-
lytes shifted with the oxygen atom of the polymer, restrict-
ing chain mobility. The conductivity of PEs declined with 

the increase in ETU due to the increased structural stiffness 
of the system, as seen in Fig. 5g. PEs prepared with the 
optimal concentration of both ETU and electrolyte uptake 
exhibited the highest conductivity in the order of 10–4 S/
cm. Gazotti et al. [50] prepared epichlorohydrin-based 
copolymer electrolytes using poly(epichlorohydrin-co-
ethylene oxide) copolymer hosts complexed with LiClO4 
salts and they studied the effect of temperature, relative 
humidity, and salt content on the conductivity and stabil-
ity of the PEs. DSC analysis revealed that as the ECH mono-
mer content in the copolymer hosts increased, so did the 
Tg of the copolymer host. Moreover, Tg of PEs increased 
with salt concentration due to the ion–dipole interac-
tions, cations of salt, and oxygen atoms of the polymer. 
The impedance spectroscopy analysis revealed that the 
ionic conductivity of PEs improved with the increase in 
EO content in the copolymer matrix because of the strong 
interaction between EO and Li+ when compared to ECH 
monomers, indicating that the molar ratio of comonomers 
in the copolymer hosts influenced the conductivity of PEs. 
Moreover, the conductivity of PEs increased exponentially 
with relative humidity due to the presence of moisture 
which facilitates ionic transport. The dry and moisturized 
(84%) PEs exhibited the highest conductivity of 4.1 × 10–5 
S/cm and 2.6 × 10–4 S/cm, respectively, and the window 
potential of the electrolytes was found to be 4.0 V.

4.3 � PECH combination with fillers and plasticizers

It is worthy to distinguish between composite, plasticized, 
and gel PEs. Composite PEs are formed by combining PEs 
(i.e. PEs = polymer + salt) with ceramic fillers while plasti-
cized PEs are the combinations of PEs and aprotic solvents 
or ionic liquids and the final mixture appears in solid (thin 
film) form. In composite and plasticized PEs, the conduc-
tivity of ionic species dominantly takes place along the 
polymeric membranes. On the other hand, gel PEs are 
the combinations of PEs and a large content of aprotic 
solvents or ionic liquids, and the final mixture appears in 
gelly or semi-liquid form. In gel PEs, the ionic conductivity 
of the system predominantly takes place along the liquid 
components and the polymer membrane mainly provides 
mechanical integrity to the system. Hence, the incorpora-
tion of ceramic fillers into PEs is another method that has 
been extensively investigated to enhance the performance 
of electrolytes at an ambient temperature either by lower-
ing the crystallinity of polymeric chains or by providing an 
alternative way for the ionic species pathway. The ceramic 
fillers reduce the crystallinity tendency of polymeric chains 
either by segregating between chains or by interacting 
with polymeric chains through physical forces. In addi-
tion to improving the electrochemical performances of 
PEs, ceramic fillers play a significant role in reducing the 
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reactivity of the electrodes and electrolytes, and also den-
drite formation. Moreover, nanofillers improve the dimen-
sional and thermal stability of Pes [56, 57]. However, the 
effect of fillers on the characteristics of PEs depends on the 
size, nature, concentration, dispersion, and morphologies 
of the incorporated fillers. For example, the amorphous-
ness and ionic conductivity of PEs is increased at ambient 
temperature when filler particles are completely dispersed 

in the polymer membranes. Besides, in contrast to par-
ticles and random nanowires, aligned nanowires paired 
with polymers can create continuous ionic species trans-
port routes as shown in Fig. 6 [58].

Besides to fillers, the combination of PEs with liquid 
components declines the cohesive forces between poly-
meric chains, improving the physical properties such as 
flexibility, viscosity, microstructure, and so on of polymeric 

Fig. 5   Illustration a Stress–
Strain graphs for cross-linked 
PEs with a variation of ETU 
content, b electrolyte loading 
with respect to time at differ-
ent ETU levels. The storage 
modulus of polymer matrix as 
a function of temperature at 
different ETU levels (c) before 
immersion into the electrolyte 
solution (d) after immersion. 
Tan δ as a function of tempera-
ture for the system at different 
ETU levels, e before dipping 
and (f) after dipping. g Varia-
tion of conductivity (S/cm) as a 
function of the amount of ETU 
(phr) [55]
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hosts, and the effect sounds more in gel PEs than in plas-
ticized PEs. The decline in cohesive forces between chains 
brings the amorphous region to increase, and the Tg of 
polymers to go down. The incorporated liquid compo-
nents significantly improve the flexibility, processability, 
and segmental motion of polymeric chains, as well as the 
conductivity of PEs. Incorporating liquid components into 
PECH-based electrolytes is the other technique used for 
improving the conductivity of PECH electrolytes, enhanc-
ing conductivity in the order of 10–3 S cm−1 at ambient 
temperature [59]. Plasticizers, besides improving poly-
mer chain segmental mobility, dissolve more salts and 
increase the mobile medium for ions, thereby enhancing 
the charge transfer mechanism of cations in the polymer 
matrix. However, these achievements are accomplished 
at the expense of mechanical and thermal stabilities of 
PECH electrolytes [60], rising the flammability, volatility, 
dendrite formation, and other serious issues, especially 
in gel PEs. Furthermore, polar liquid components could 
react with the electrodes, causing active materials to be 
lost. The positive and negative effects of the incorporated 

liquid components on PEs and electrodes are influenced 
by their nature and concentration, including their viscos-
ity, dielectric constant, donor number, polymer–plasticizer 
interaction, and ion–plasticizer interaction [61, 62]. The 
thermal characteristics and electrochemical performances 
of some of the PECH based plasticized electrolytes shown 
in Table 3.

Nithya et al. [64] synthesized plasticized ECH copoly-
mer-based electrolytes using poly(epichlorohydrin-ethyl-
ene oxide), �-butyrolactone ( �-BL) and LiClO4 as polymer 
host, plasticizers and salt, respectively, through solution 
casting methods. XRD analysis depicted that the addi-
tion LiClO4 to the polymer host diminished the diffraction 
intensity of the host and peaks associated with the salt 
have been eliminated. Similarly, the incorporated plasti-
cizer (γ-BL) declined the diffraction intensity of the poly-
mer host. This suggests that incorporating LiClO4 and the 
plasticizer to the host enhanced the amorphousity of PEs. 
Additionally, the disappearance of peaks corresponding to 
pure LiClO4 in PEs signifies the full complexation of salts 
with the polymer hosts, totally dissolved in the system. The 

Fig. 6   Illustration of ionic 
transport pathway in (a) pure 
PEs, b composite PEs with 
nanoparticles, c random 
nanowires, and (d) aligned 
nanowires [58]

Table 3   Thermal properties, conductivities, and window potential of some plasticized (or gel) PECH-based electrolytes

TgH
–Tg of the host, TgE–Tg of the electrolyte @ high conductivity, γ-BL/ DMF – a combination of γ-butyrolactone and dimethylformamide, 

PC/γ-BL–a combination of propylene carbonate and γ-butyrolactone, St – temperature of stability, a – not reported, WP – window potential

Electrolytes Host membrane Plasticizers Filler Solvent Tg C St  C σ (S/cm) WP (V) Reference

TgH
TgE

P(ECH-EO)- LiClO4 Copolymer PC/γ-BL – Acetone a a a 4.5 × 10−4 @30◦C
a [63]

P(ECH-co-EO)-LiClO4 Copolymer γ-BL – Acetone a a a 1.3 × 10−4 @ 30℃ a [64]
P(ECO)-NBR- LiClO4 Polymer blend PC – Tetrahydrofuran a a A  > 10–3@ 25℃ A [43]
P(ECH-EO)-LiClO4 Copolymer γ-BL/PC – Acetone –34 –41 100 4.5 × 10–4@ 30℃ 1.2 [65]

γ-BL/ DMF –34 –44 5.8 × 10–4@ 30℃
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impendence spectroscopy characterization depicted the 
enhancement in conductivity with the rise in plasticizer 
concentration because of the drop in activation energy 
of polymeric chains, boosting the local motion of chains, 
and free volume of the system. The maximum ionic con-
ductivity of 1.3 × 10–4 S/cm for poly(ECH-EO):y-BL:LiClO4 
(70:15:15) was achieved at room temperature. The conduc-
tivity of plasticized PEs arose nonlinearly with tempera-
ture, indicating that the complexes obey the Vogel-Tam-
mann-Fulcher (VTF) equation. When temperature rises, 
polymeric chains acquire faster internal modes in which 
bond rotations bring local motion of chains, promoting 
inter-chain hopping and intrachain ion movement, result-
ing in a high conductivity of the PEs. Nithya et al. [65] syn-
thesized plasticized PECH copolymer-based electrolytes 
using P(ECH-co-EO), LiClO4, and PC and dimethylforma-
mide (DMF) as polymer host, salt, and plasticizers, respec-
tively, and they researched the influence of plasticizer 
chemistry on PEs conductivity. XRD analysis depicted that 
the diffraction peaks of the electrolytes shifted, broadened 
and declined in intensity when plasticized with PC due to 
increment in amorphousity of PEs. The diffraction peaks of 
PEs at 21.33° displaced to 22.46°, 23.11° and 21.49° when 
plasticized with 5, 10 and 15 mol % of PC, respectively. 
The disappearance of LiClO4 peaks in the plasticized PEs 
shows us that LiClO4 is fully dissolved in the system. Similar 
phenomena were observed when plasticized with DMF 
but at a stronger tone, demonstrating the performance 
and characteristics of PEs relying on the chemistry of plas-
ticizers, and better conductivity when PEs plasticized with 
plasticizers having lower viscosity as shown in Fig. 7. Simi-
larly, the mechanical and thermal stability of PEs declined 
dramatically when plasticized using low viscous plasticiz-
ers. The maximum ionic conductivity of 5.8 × 10−4 S/cm at 

303 K was achieved at 15 mol% of plasticizers. A similar 
observation was conducted using the same copolymers 
with γ-BL and PC plasticizers [63].

4.4 � PECH combination with ionic liquids

In addition to aprotic solvent based plasticizers, the incor-
poration of organic plasticizers (ionic liquids) into PEs is 
considered as a potentional option to improve the con-
ductivity and stability of the electrolytes as ionic liquids 
have wider electrochemical potential, good conductivity, 
chemical and thermal stability; they participate both in 
plasticizing the electrolyte system and transporting the 
ionic species between the electrodes[66, 67]. For exam-
ple, Chen et al. [66] synthesized PECH based monolithic 
ionogel electrolytes composed of quaternary ammonium 
poly (epichlorohydrin), 1-ethyl-3-methylimidazolium 
bis-(fluorosulfonyl)-imide (EMImFSI) and lithium bis-
(fluorosulfonyl) imide (LiFSI) as polymer host, ionic liquid 
and salt respectively through solution casting techniques, 
and they investigated the electrochemical performances 
and mechanical strength of the electrolytes. The created 
ionogel electrolytes demonstrated excellent thermal sta-
bility up to 250  C, a high ionic conductivity of 1.21 mS/ 
cm at 20  C, a broad electrochemical potential window of 
about 5 V, and a yield stress of over 2 MPa. Additionally, as 
shown in Fig. 8, Li/ionogel electrolyte/LiFePO4 assemblies 
produced high capacity with good cycling stability and an 
excellent C-rate response. It is apparent from the charge/
discharge curves at 0.2C (Fig. 8a) that the electrolytes are 
all flat and essentially unaffected by additional cycling, 
and even at the 60th cycle, the polarization voltage is less 
than 110 mV, indicating rapid cation transport and elec-
trochemical reaction kinetics. The improved electrode/
electrolyte interface also increases discharge capacity dur-
ing the first few cycles (Fig. 8b). The cell had a discharge 
capacity of 150.0 mAh/g after 10 cycles and 148 mAh/g 
after 60 cycles. After several cycles, the cell’s Coulombic 
efficiency approaches 100% (Fig. 8c). Additionally, the 
discharge capacity decreases with increasing current rate 
(Fig. 8d and e). As shown in Fig. 8d, the polarization volt-
age remains below 110 mV at a high current density of 
1C, demonstrating fast electrochemical reaction kinetics. 
After ten consecutive cycles, it achieves stable capacities 
of 142.2 mAh/g and 125.8 mAh/g at 0.5C and 1C, respec-
tively. The capacity is restored to 150.0 mAh/g when the 
current rate returns to 0.2C (Fig. 8e), indicating excellent 
and stable lithium storage performance.

Fig. 7   Influence of plasticizers chemistry and concentration on the 
conductivity of PECH electrolytes (PC and DMF plasticizers) [65]
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5 � Ion transport and performance needs 
in polymer electrolytes

5.1 � Performance requirements of PECH‑based 
electrolytes

PECH-based electrolytes perform two functions: sepa-
rating the electrodes and mediating the ionic species 
between the electrodes. Hence, PECH electrolytes perform 
a noteworthy role in deciding the performance and sta-
bility of batteries. For practical applications, PECH-based 
electrolytes need to meet the following characteristics[68, 
69]:

(a)	 Ionic conductivity: For practical uses, PECH electro-
lytes should have larger conductivity at ambient 
temperature ( ≥ 10−4S∕cm) . It has been found that 
the conductivity of PECH electrolytes is poor [51], 
and electronically insulator, leading to negligible 
self-discharge. Its conductivities could be improved 
using various approaches, such as graft copolymeri-
zation along the alkyl chloride groups, which could 
be used to enhance the physicochemical and electro-
chemical properties of PECH polymers. Even though 
PECH has several fascinating properties that can be 
exploited and manipulated, PECH-based electrolytes 
have received less attention when compared to other 
polymers.

(b)	 Cation transference number: PECH electrolytes are 
expected to possess a cation transference number 
near unity ( tion ∼ 1) as a high cation transference 
number minimizes electrolyte concentration polari-
zation during the charging/discharging process, 
resulting in higher power density. Eventhough, 

PECH-based electrolytes could exhibited a cation 
transference number upto 0.79 practically[70], ways 
of boosting the Li+ transference number should be 
researched.

(c)	 Mechanical strength: PECH-based electrolytes are 
supposed to have a minimum of 30 MPa mechanical 
strength to endure the stresses created during the 
numerous charging/discharging cycles, which is cru-
cial for electrode isolation. The mechanical character-
istics of PECH-based electrolytes could be improved 
by using fillers, crosslinking procedures, mixing with 
different polymers, and other approaches.

(d)	 Window potential stability (WP): Window potential 
stability in batteries refers to the potential differ-
ence and range at which the PEs do not react, alter, 
or degrade in any way during battery operation or 
storage. By subtracting the reduction potential from 
the oxidation potential, WP is calculated. The reduc-
tion potential must be smaller than the anode lithium 
metal embedding potential, and the oxidation poten-
tial must be greater than the cathode cation embed-
ding potential. PECH electrolytes, for example in LIBs, 
should have a broad window potential of up to 4–5 V 
vs. Li/Li+ to be well-matched with electrodes.

(e)	 Chemical and thermal stability: PECH-electrolytes are 
chemically inert to battery components such as active 
materials, current collectors, and others unless cor-
rosive additives are introduced. Hence, the additives, 
including salts, used to increase the effectiveness of 
PECH electrolytes should be carefully chosen to avoid 
undesirable side reactions. Furthermore, the additives 
are expected to be thermally stable or not impair the 
thermal stability of PECH systems, as some applica-
tions require higher temperature resistance.

Fig. 8   Electrochemical 
performance of Li/ionogel 
electrolyte/LiFePO4 cells at 20 
C: a first, tenth and sixty cycles, 
b discharge capacity and (c) 
Coulombic efficiency dur-
ing cycling at 0.2C. d charge/
discharge voltage profiles at 
current densities between 0.2C 
and 1C, and e capacity and 
Coulombic efficiency during 
cycling at current densities 
between 0.2C and 1C [66]
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5.2 � Ion transport in PECH‑based electrolytes

The -O- functional motifs, available along the backbones 
of the PECH, facilitate the dissolution of salts in the host 
and create host-salt complexes. In dissolving salts, the lat-
tice energy of salts also plays a significant role as salts with 
lower lattice energy, easily dissociate in PECH host. Hence, 
salts with lower lattice energy are required for efficient dis-
sociation and salt-host complexation. In addition to -O- 
functional motifs, graft polymerization (nucleophilic sub-
stitution reactions) could be used to construct additional 
functional motifs in PECH polymers. The ionic conductiv-
ity of a material, for example, PECH electrolytes, could be 
computed as shown in Eqn. (1) [69]:

where � is the ionic conductivity, q is electric charge, � is 
ion mobility and n is an effective number of mobile ions. 
As depicted in Eq. (1), the conductivity of PECH electrolytes 
is related to the effective number of mobile ions, the elec-
tric charge, and the ability of the ionic species to move. In 
PECH electrolytes, n and � strongly depend on the extent 
of salt dissolution in PECH host and the segmental mobil-
ity of PECH chains, respectively. The crystallinity of PECH 
governs its local motion which is vital in creating free vol-
umes for ion mobility, and ion migration from one motif 
area to the other or jumping from one -O- motif group to 
the other either between chains or within a chain under 
the influence of an electric field. It was discovered that 
temperature strongly impacts the conductivity of PECH 
electrolytes as thermal energy creates free volumes when 
elevated. PECHs temperature-dependent conductiv-
ity could be described either by the VTF equation or the 
Arrhenius equation. The empirical VTF conduction mecha-
nism can be expressed by Eq. (2) [68, 69]:

where �0 is the pre-exponential factor, associated with n 
in Eq. (1), B is the conductivity activation energy, and T0 
is equilibrium Tg (T0 ≈ Tg—50 K). In the VTF equation,  � 
versus 1/T graphs are often nonlinear, revealing the ionic 
conducting mode takes place via ion jumping and local 
motion of polymeric chains [68, 69]. The Arrhenius conduc-
tion mechanism can be expressed by Eq. (3) [69]:

where Ea is the activation energy.

(1)� =
∑

nq�

(2)� = �0T
−1

2 exp

(

−B

T − T0

)

(3)� = �0exp

(

−Ea

KT

)

Materials that exhibit linear Arrhenius variations reveal 
that ion transport occurs via a simple hopping mechanism 
decoupled from polymer chain breathing.

6 � Opportunities, and challenges of lithium 
batteries

LIBs are extensively used in diverse technologies ranging 
from small-scale to large-scale ESSs, including satellites, 
electric vehicles, personal appliances, and other gadgets 
[71] due to their outstanding performances like higher 
energy contents, specific energy of 250–300 Wh/kg and 
an energy density of 600–700 Wh/L, longer shelf life, low 
self-discharge rate, and others, resulting in large invest-
ments. A graphite anode with a theoretical capacity of 372 
mAh/g may be nearly fully used in such a device, yielding 
a practical capacity of around 360 mAh/g [72]. However, 
as graphite-based anode battery systems are insufficient 
for satisfying the demand for higher energy content, new 
anode and cathode materials should be developed, and 
even cells may be built beyond the lithium intercalation 
concept (i.e. with Li-free or bare copper current collec-
tor anode) [73]. In this regard, metallic lithium anode has 
emerged as the most realistic choice to replace graphite-
based anodes due to its ultrahigh capacity of 3,860 mAh/g 
(about 10 times that of graphite) and lowest electrochemi-
cal potential of -3.040 V compared to the typical hydrogen 
electrode. Cells in lithium-free battery systems could be 
constructed with Lithium Transition Metal Oxide (LMO) 
cathodes and bare copper current collector anodes (Li-
LMO system), where all of the lithium comes from LMO. 
The weight and thickness of cells could be dramatically 
reduced in such cell building techniques by removing 
graphite anodes and thus the electrolytes required to fill 
the pores of graphite, increasing cell-specific energy, and 
also employing bare copper current collector anode will 
significantly reduce cell costs associated with lithium and 
the processing to thin foils [73]. It should be noted that 
several institutes and research organizations all over the 
world are working hard on the Li-LMO system. For exam-
ple, a Solid Energy System company developed pilot size 
3.4 Ah pouch cells with energy densities of 450 Wh/kg and 
1200 Wh/L recently. However, the excess lithium require-
ment to compensate for its high reactivity has a significant 
impact on the total increase in specific energy and cost 
reduction of Li-LMO batteries. In addition to the Li-LMO 
system, lithium batteries could be built with lithium metal 
anodes and non-lithium containing material cathodes 
such as elemental sulfur, and the Li–S system increases 
specific energy to 600 Wh/kg while maintaining a low vol-
umetric energy density comparable to LIBs due to the low 
density of lithium and sulfur [74]. Due to the exceptionally 
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cheap cost of sulfur in comparison to LMO cathode materi-
als, the cost of Li–S cells can be further reduced. As a result, 
LMBs such as Li-LMO and Li–S, have a significant advan-
tage over LIBs in terms of energy density and cost, present-
ing a major possibility for long-range and low-cost appli-
cations including EVs in the future. However, numerous 
obstacles must be overcome before high-energy, low-cost 
LMBs become a viable technology. The primary impedi-
ments are the long-standing issues of limited cycle life and 
safety concerns with lithium metal anodes. We, generally, 
trust that lithium batteries will have indefinite possibilities 
in the future if its shortcomings are solved.

7 � Conclusion

PECH is synthesized from ECH monomers through cata-
lytic ring-opening chemical reactions. PECH membranes 
have been investigated as salt hosts in electrolyte sys-
tems due to their many intrinsic characteristics such as 
the -O- functional group at the backbone of the polymer 
chains, its lower Tg, and sufficient mechanical strength. In 
this paper, the present state of PECH-based electrolytes 
in lithium-based energy storage systems is summed up. 
PECH could be used to make polymer electrolytes either 
in their pristine form or in combination with additional 
additives. However, the pristine form of PECH-based elec-
trolytes had low ionic conductivity at ambient tempera-
ture because of its structural rigidity, thus additives such as 
various polymers that can be coupled in the blend, copoly-
mer, or crosslink form, and plasticizers are employed in 
conjugation with PECH to increase its performance. The 
electrochemical performances of PECH could be improved 
by plasticizing the system with liquid plasticizers, albeit at 
the expense of mechanical strength. Some research has 
been done on PECH-based electrolytes in both solid and 
gel state battery systems, with a particular focus on the 
copolymer of ECH and EO, and the research efforts done 
on preparing PECH-based electrolytes are not satisfac-
tory in comparison to their many appealing features, and 
thus some gaps need to be filled. For electrolytic applica-
tions, some of the issues that could be addressed include 
PECH conversion into usable derivatives, as well as the 
structure and surface nature of PECH hosts. For example, 
if surface modification along the alkyl chloride group is 
carried out with some polar groups such as -OH- or with 
some oligomers with long chains, the attributes such as 
functional groups, structure, and surface nature of the 
polymer might potentially be altered, enhancing the per-
formances of the electrolytes. Furthermore, to the best 
of our knowledge, the effect of both active and passive 
nanofillers on the electrochemical performances of PECH-
based electrolytes has never been studied. In addition to 

this, the effect of polymer blending (i.e. blending PECH 
with other homopolymers or copolymers) has received lit-
tle attention, and the combined effect of plasticizers and 
nanofillers has yet to be explored. Moreover, there are few 
reports of PECH-based electrolytes being used in other 
metal batteries or energy storage systems. PECH-based 
electrolytes are prepared by chemically modifying PECH 
membranes via copolymerization and crosslinking reac-
tions, as well as nucleophilic substitution reactions along 
its alkyl chloride groups, or physically modifying PECH 
membranes via blending the polymer with other polymers 
or copolymers, incorporating nanofillers, plasticizers, and 
ionic liquids, could improve system performance, includ-
ing conductivity. PECH is projected to play an important 
role in next-generation ESSs and other applications due 
to its structure and presence of its reactive alkyl chloride 
group. To summarize, PECH derivatives offer several ben-
efits to energy storage systems, and their performance can 
be significantly enhanced by performing proper surface 
modification using a nucleophilic substitution reaction, 
reinforcing its derivative components, and blending PECH 
with other polymers, including copolymers.
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