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ABSTRACT

All-solid-state batteries are swiftly gaining the attention of the research com-

munity owing to their widespread applications in electric vehicles, digital

electronics, portable appliances, etc. A battery comprises three components:

cathode, anode and electrolyte. An electrolyte is the heart of the battery and

plays a crucial role in the overall performance of the battery. In order to make

the review more focused, all-solid-state Li-ion batteries (ASSLIBs) have been

considered. This review covers the architecture of ASSLIBs, advantages, and

characteristics of the solid polymer electrolytes. The important preparation

methods are summarized, followed by the characterizations for testing the

suitability of electrolytes for solid-state batteries. The discussion is focused on

the ‘state of the art’ in the field of solid-state batteries, device fabrication, and

comparison in terms of capacity, energy density, and cyclic stability. In the last

section, the ion conduction mechanism in different solid polymer electrolytes is

discussed. Finally, it is tried to give a possible outlook for developing future

hybrid and multifunctional electrolytes which can act as a bridge for developing

solid-state batteries covering a broad range of applications.

Introduction

Energy requirements are always being on top priority

in any society across the globe. Continuous con-

sumption, rapid growth in population, and depletion

of traditional resources (such as fossil fuels, coal, and

biomass) push the scientists working in this field for

some better alternative. At the same time, the con-

ventional source of energy is not well appropriate to

provide us back up in the near future. In

contemporary period, they are rapidly polluting the

environment (global warming and air pollution),

resulting in the implementation of environmental

norms at national/international forums. The only

alternative that seems to be feasible is to switch from

conventional/traditional to renewable/clean-green

sources of energy. The alternative renewable sources

of energy are hydro energy, solar energy, wind

energy, and tidal energy. These alternative steps

certainly fulfill the need of energy, but unable to store
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the energy without memory loss. In order to elimi-

nate these issues of storage, the best players are bat-

teries and supercapacitors (as they can deliver the

energy as per need and can be moved from one place

to another as per requirement [1–4].

In order to store energy without memory effect, Li-

ion batteries seem to be the best. The lithium-ion

batteries have been developed in various forms (liq-

uid/gel/semi-gel) since their existence. The devel-

opment of Li-ion batteries in a solid state is a major

breakthrough in this line. Batteries are generally

classified into two categories depending on their

charging/discharging performance. The primary

batteries are called the disposal batteries, which

means once used then dispose of. It leads to manifold

complications in the environment (soil, animal, and

human). The limited energy density, capacity, and

large size prevent their use in the broad range of the

applications only. It is, therefore, recommending

most of the time for the development of secondary/

rechargeable batteries until its very essential that

could be able to eliminate these issues. Conventional,

secondary batteries have the ability to bring charges

again after being used once and provide again the

energy as per the number of cycles. So, secondary

batteries (especially Li-ion) are the most attractive

candidate due to associated high energy density and

capacity. The first Li-ion battery (LIB) was commer-

cialized by SONY in 1991, and thereafter, it becomes

the most efficient and necessary source of energy.

LIBs are tremendously used in a broad range of

applications such as portable electronics, grid energy,

electric vehicles, space vehicles, and entire electronic

industries. The basic working principle of the battery

is that it stores the energy in the chemical form and

converts/delivers it in the electrical form without any

exhaustion of the pollutants/effluent. The important

parameters of the battery that determine the perfor-

mance are specific capacity, cyclic stability, capacity

retention, energy density, and life span [5–7].

A general LIB has four components: cathode

(? ve), anode (- ve), electrolyte, and separator

(Fig. 1i) [8]. The most common cathode materials are

transition metal oxide-based materials (LiCoO2,

LiFePO4, etc.), and the most common anode that

dominates graphite. The electrolyte may be in liq-

uid/solid/semi-solid form and provides the con-

ductive medium for ion migration. Another

important component is the separator that separates

the electrodes and prevents short-circuiting of the

battery. The key point in the battery mechanism is the

exchange of electrons that occurs via the redox reac-

tion (oxidation/reduction) [9, 10].

The common issues that are faced by the research

community in the batteries are summarized in

Fig. 1ii. The enhancement of the overall cell perfor-

mance depends on the active materials of electrodes,

electrolyte material, and the design architecture [11].

Some of the generally used cathode materials that can

be used for the fabrication of the cell are summarized

in Table 1. The important parameters such as voltage,

capacity, crystal density, specific energy, and volu-

metric energy are shown [12].

The electrolyte is one of the most crucial compo-

nents of the battery and participates in both charging

and discharging operations. Electrolyte acts as a

carpet for ion migration in the battery. The electrolyte

must have high ionic conductivity, negligible elec-

tronic conductivity, broad voltage stability window,

being inert toward other cell components, and good

thermal/mechanical stability [15]. The existing bat-

tery systems are using organic solvents for that

electrolyte, and this raises many serious issues such

as the possibility of leakage, flammable nature,

explosion issue, bulky in size, and complex trans-

portation process. So, the research focus is toward the

development of safe and stable electrolytes that can

eliminate the above-said issues and may serve as the

ideal electrolyte in the battery’s systems [2, 16, 17].

Several reviews have focused on the developments

of different types of electrolytes (solid/gel) for Li-ion

battery applications. Prof. Goodenough reviewed the

progress in solid electrolytes and gel polymer/oxide

composites for low-cost and highly efficient electro-

chemical cells [18]. The interfacial behavior effect has

been examined on the ionic conductivity that is

linked with electrode–electrolyte contact [19]. The

effect of nanofiller (carbon nanotube, graphene, and

clay montmorillonite platelet) on the properties of

polymer nanocomposites has been reviewed by

Mrinal Bhattacharya [20]. Xue et al. [21] reviewed the

progress in the PEO-based polymer electrolytes for

Li-ion batteries. Various types of polymer electrolytes

(block, grafted, hyperbranched, etc.) have been

summarized for the efficient LIB based on PEO [22].

Saito et al. [23] investigated the influence of mor-

phology on the separator membrane for LIB. The

control of morphology allows the control of micro-

viscosity of ions and facilitates the development of an

efficient storage system. Review by Xia et al. [24]
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highlighted the progress in the electrolytes (aqueous,

organic) for batteries and supercapacitor applica-

tions. Many reviews focused on the polymer elec-

trolyte benefit for solid-state batteries, also the

strategies for ionic migration enhancement, and

energy chemistry between the electrolyte and

anode/cathode [25–28]. Schnell et al. [29] reviewed

the progress and challenges for the development of

all-solid-state lithium-ion and lithium metal batteries

with the main purpose to fill the gap between

laboratory and industry. Tong et al. [30] summarized

the compatibility of various Li salts with the LiFePO4

cathode. Famprikis et al. [31] explored the progress in

the inorganic solid electrolytes for fulfilling the ASSB

concept. The enhancement in ion transport,

mechanical and electrochemical properties have been

reviewed followed by the challenge in coming future

in the path of commercialization of ASSB.

Figure 2 shows the progress in the electrolyte,

starting from solid ionic conductor to polymeric

Figure 1 i Charge–discharge process of a lithium-ion cell using

graphite and LiCoO2 electrodes [Reproduced with permission

from Ref. [8] � Royal Society of Chemistry 2016], and ii general

strategies for enhancement of the performance of cells comprising

conversion-type cathode materials: (a) optimization of the

architecture, microstructure, size, and composition of active

particles to achieve enhanced rate performance and stability,

while minimizing undesirable interactions with electrolytes;

(b) optimization of the electrolyte composition in order to

prevent or mitigate cathode dissolution and minimize formation

of undesirable species upon electrolyte decomposition;

(c) specification of safe battery operation regimes and

optimization of the cell construction, such as the tuning

properties of electrodes to achieve the desired ionic and

electronic conductivities as well as mechanical stability at the

electrode level and introduction of additional functional elements

(such as use of interlayer or separator barrier coatings or

neutralizing species, etc.) that mitigate negative impacts of

undesirable reactions (Reproduced with permission from Ref.

[11] � RSC Publishing 2017).
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electrolytes in 1973, followed by composite polymer

electrolyte, garnet type electrolyte, and NASCION

type electrolyte. Then, the development and strate-

gies adopted to develop all-solid-state LIBs (ASSLIBs)

based on solid-state electrolyte (SSE) are still an

attractive research area [32].

Architecture of ASSBs

Another most crucial point regarding ASSBs is their

architectures, and one of the most promising is

shown in Fig. 3. Three possible configurations are: (1)

all three components (cathode, anode, electrolyte) in

solid form, (2) liquid/polymer-based cathode along

with solid electrolyte and anode, and (3) cell with

cathode and separator only (here anode formation

occurs after the first charge) [33].

All-solid-state Li-ion battery (ASSLIBs)
performance parameters and advantages

Some of the important parameters that are used to

characterize the battery performance are shown in

Fig. 4a, b. The development of the future energy need

motivates us to develop an all-solid-state battery that

can eliminate the issues associated with the existing

commercial batteries. The solid electrolyte will pro-

vide some unique advantages such as smaller size

and high energy density. So, the advantages associ-

ated with the ASSBs are summarized in Fig. 4b to

highlight their potential to fulfill this gap of the

energy storage/conversion devices. Figure 5 com-

pares the voltage w.r.t. size for present LIB and

ASSBs.

Table 2 shows the important parameters used to

examine the performance of the cell [8].

Key parameters for electrolyte optimization

To fulfill the need of ASSB’s with long-term cyclic

stability and performance, the electrolyte is a crucial

part. The key properties of electrolytes need to be

examined: ionic conductivity, cation/ion transport

number, voltage stability window, and stability

properties. The following section highlights the

details of key properties and how they are influenced

by the host polymer matrix or additives. Some of the

important parameters which are summarized are

crystallinity and morphology, ionic conductivity,

cation transport number, ion transference number,

electrochemical stability window, and stability

(thermal/chemical/mechanical) properties [34–36].

Crystallinity and morphology Degrees of crystallinity

(VC) from XRD and DSC are determined using the

following expression:

XC ¼ AC

AC þ AA

ð1Þ

where AC and AA refer to the area of crystalline and

amorphous regions, respectively.

Table 1 Best-case (low rate), practically achievable, working voltages and capacities versus Li/Li? for various cathode materials

(Reproduced with permission from Ref. [12–14], � Cambridge University Press 2014)

Material Voltage (Ave. vs. Li/

Li?)

Capacity

(mAh/g)

Crystal density (g/

cm-3)

Tap density (g/

cm-3)

Sp. En. (Wh/

Kg)

Vol. En.

(Wh/l)

LiCoO2 3.8 150 5.10 2.9 570 2907

LiNi1/3Mn1/3Co1/3O2

(NMC)

3.7 170 4.75 2.5 629 2988

LiNi0.8Co0.15Al0.05O2

(NCA)

3.7 185 4.85 2.5 685 3322

LiMn2O4 4.0 110 4.31 2.5 440 1896

LiFePO4 3.4 160 3.0 1.5 544 1958

0.5Li2MnO3�0.5LiMO2* 3.6 230 4.30 1.8 828 3560

*LiMn1.5Ni0.5O4* 4.7 135 4.40 2.0 635 2794

Crystal densities are theoretical values, while tap densities represent typical, practical values, determined experimentally as the actual

weight per unit volume occupied by a given material. Volumetric energy densities are calculated using the crystal densities for comparison

as the optimum, final electrode densities will vary among materials

*Not yet commercialized. Capacity and voltage targets for 0.5 Li2 MnO3�0.5 LiMO2 are based on the US Department of Energy’s end-of-

life goals for composite materials. 13 Crystal density is calculated as an average of Li2MnO3 and LiMn0.5Ni0.5O2
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The percentage of crystallinity (VC) was calculated

using

Xc ¼
DHm

DHo
m

� 100 ð2Þ

where DHm is the melting enthalpy obtained from the

DSC measurement and DHo
m is the melting enthalpy

of pure 100% crystalline host polymer.

Ionic conductivity The conductivity of polymer elec-

trolyte is directly proportional to the number of free

charge carriers available in the polymer matrix and

mobility as expressed by the equation:

r ¼
X

nizili ð3Þ

where ni, zi, and li refer to the number of charge

carriers, ion charge, and ion mobility, respectively.

Two important parameters are mobility (l) and dif-

fusion coefficient (D) expressed by the Nernst–Ein-

stein relation.

l ¼ zj jeD
kBT

ð4Þ

n ¼ rkBT

zj jeð Þ2D
ð5Þ

where kB is the Boltzmann constant and T is the

absolute temperature.

The ionic conductivity is determined by the impe-

dance spectroscopy technique in a certain frequency

range (generally 1 Hz–1 MHz). The polymer elec-

trolyte is sandwiched between the two stainless steel

(SS) electrodes and a weak ac signal (usually 10–

Figure 2 A brief chronology

of the development of typical

SSEs toward ASSLMBs

(Reproduced with permission

from Ref. [32] � Elsevier

2018).
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20 mV) is applied across the cell. The ionic conduc-

tivity may be evaluated from the equation expressed:

r ¼ t

RbA
ð6Þ

where ‘t’ is the thickness of the polymer electrolyte

films, A is the area of the SS electrodes, and Rb is the

bulk resistance extracted from the intercept on the

real axis of the Nyquist plot (Z00 vs: Z0). As electrical

conductivity is linked with the number of the charge

carriers as well as the flexibility of the polymer chain.

So, temperature also plays an effective role in

enhancing the ionic conductivity owing to the

increase in the flexibility of the polymer chains that

activate the faster migration of charge carriers.

Figure 3 An illustration of

main cell architectures utilized

in solid-state battery research

to date. a All-solid-state

configuration utilizing a solid

state cathode interfaced with a

solid electrolyte and high

energy density solid anode;

b a hybrid approach using a

liquid or polymer-based

cathode interfaced with a solid

electrolyte and high energy

density anode; and c anode-

free design wherein the cell is

constructed with only a

cathode and separator, while

the metal anode is formed

upon the first charge

[Reproduced with permission

from Ref. [33] �
Electrochemical Society

2017].

Figure 4 a Battery performance parameters, and b advantages of all-solid-state battery (ASSBs).
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Cation transference number The ionic conductivity of

the polymer electrolytes is linked with the number of

cations contributing to the ion dynamics. Therefore,

cation transference number (t?) is evaluated to obtain

information about ion transport and also to correlate

with ionic conductivity. In the case of polymer elec-

trolytes, the cation is supposed to contribute to ion

dynamics, while anion remains in the immobilized

state with a polymer backbone. The anion hanging is

the key to eliminate the cell polarization issue for

better cyclic stability. For an ideal polymer elec-

trolyte, t?=1. The anion migration can be blocked by

using anion receptors and using bulky anion. The

cation transference number is determined by a com-

bination of two techniques, i.e. ac impedance and d.c.

polarization technique. The equation used to obtain

t? is Bruce–Vincent equation and is expressed as:

tLiþ ¼ Is V � IiRið Þ
Ii V � IsRsð Þ ð7Þ

here V is the applied voltage across cell configura-

tion, Ii and Is are the initial and steady-state currents,

respectively, and Ri and Rs are the interfacial resis-

tance before and after polarization, respectively.

Electrochemical stability window (ESW) The energy

density and capacity of the battery is a crucial

parameter and is linked with the voltage window of

the battery electrolyte. ESW allows the user to oper-

ate the battery in a safe range and also gives insights

Figure 5 Comparison of

traditional battery and all-

solid-state battery in terms of

voltage https://www.machined

esign.com/motion-control/soli

d-state-batteries-evs-key-long-

distance-driving.

Table 2 Essential parameters for testing the performance of a lithium-ion cell (Reproduced with permission from Ref. [8], � Royal

Society of Chemistry 2016)

Parameters Measuring unit Measuring formula Information

Operating voltage Volts (V) Instrumental Energy density and safety

Current density mA g-1 Instrumental For testing rate capabilities

Theoretical capacity mAh g-1
TC ¼ F�x

3:6�M:M�y
Lithium-ion storage capability

Gravimetric capacity mAh g-1

C ¼ I mAð Þ�t hð Þ
m gð Þ

Li? storage capability measured per unit mass

Areal capacity mAh cm-2

C ¼ I mAð Þ�t hð Þ
A cm2ð Þ

Li? storage capability measured per unit area

Volumetric capacity mAh cm-2

C ¼ I mAð Þ�t hð Þ
V cm3ð Þ

Li? storage capability measured per unit volume

Energy density Wh g-1 or Wh cm-2 or Wh cm-3 E = C9V How much energy can be extracted

Power density W g-1 or W cm-2 or W cm-3 P = I9V How fast the energy can be extracted

Crate h-1

Crate ¼
J mAg

�1
� �

C mAhg
�1

� � Rate of charging/discharging

Coulombic efficiency N/A %E ¼ Ccharging

Cdishcarging
� 100 Reversible capacity
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about the interfacial resistance with the electrodes.

ESW is defined as the difference between the oxida-

tion and reduction potential. So, before fabricating

the cell ESW is examined. As recharge-ability (re-

versibility) is fundamental characteristics of the Li-

ion battery, so the oxidation and reduction must be

within this voltage limit [37]. The ESW is obtained by

performing the linear sweep voltammetry (LSV)

technique, and at a particular voltage onset of current

occurs. This breakdown voltage is known as the

electrochemical stability window of the electrolyte.

Thermal runway issue

One of the most fundamental drawbacks faced by the

traditional electrolyte-based battery is that they are

flammable and often explode too. This is the key

reason that threats the safety of the battery. This

process is coined as a ‘‘thermal runaway’’ and arises

when there is the uncontrolled reaction inside the

battery system. This results in the continuous gener-

ation of heat and gas release during these reactions

increases the internal pressure that ultimately results

in the explosion of the battery [38, 39]. Figure 6 shows

the detailed thermal runway process from initial

heating to the final explosion.

The onset of overheating (stage 1) This is the initial

stage, and here three important factors that threat

safety are overcharging, exposure to high tempera-

ture, and cell architecture defects (poor wiring, short-

circuit). The most important is the internal short-cir-

cuiting owing to the dendrite growth formation,

collision of EV, and high current rate. Now, there is a

transition from stage 1 (initial heating) to stage 2 (ac-

cumulation of heat).

Table 3 summarizes the fire and explosion issues

faced by users of the LIB system in the last 5 years. It

may be concluded from the table that the key reason

is the thermal runaway process (TRP). TRP is the

result of the electrolyte nature, high charge–discharge

rate and poor battery packaging [40]. Since 1991, the

birth year of Li-ion battery, 191 lithium battery inci-

dents have been reported.

Heat accumulation and gas release process (stage 2) At

this stage, there is a rapid increase in the heating

inside the battery pack. Some of the important reac-

tions that take place are: (1) overheating decomposes

the solid electrolyte interphase (SEI), (2) flammable

gases are released due to reaction of anode with

electrolyte, (3) melting of separator at high tempera-

ture leads to short-circuiting, and (4) breakdown of

cathode due to heat leads to exothermic reaction

which results in the release of oxygen. In brief, a lot of

oxygen gets accumulated inside the battery and

transition from stage 2 to stage 3 occurs.

Combustion and explosion (stage 3) This is the final

stage; here the explosion of the battery occurs due to

favorable conductions provided to the liquid elec-

trolyte by the accumulated oxygen. This self-heating

of the battery system results in high pressure inside

the battery pack and an explosion occurs.

As it is well known that the electrolyte/separator is

placed between the electrodes and plays an effective

role in both the charging and discharging process. The

role of the electrolyte is to provide a medium for the

shuttling of ions, while the separator keeps away the

electrode for the safe operation of the battery [41, 42].

So, this component can be a key player in preventing

the thermal runway (TR) issue in the electrolyte and

the separator. The most promising alternative is the

ceramic/polymer/glass electrolyte and has the

potential to eliminate the issues that result in TR. The

use of these electrolytes will eliminate the issue of

electrolyte melting that leads to additional reactions in

the battery and finally battery shutdown due to short-

circuiting [43]. So, we need to focus on increasing the

thermal stability range of the electrolyte and the above-

said separator has the potential to bridge this gap.

Dendrites: growth mechanism
and prevention strategies

One of the major factors that threats battery safety is

the formation of dendrites growth on the anode

which results in a decrease in capacity, short-cir-

cuiting issue, and capacity fading. When dendrite

grows, out of many only one reaches the opposite

electrode first and short-circuits the battery, while

high-current density melts the dendrite. This first

dendrite acts as a fuse before other dendrites reach

[44]. Along with this, the Li becomes fractured as

shown in Fig. 7i(a), and with cycling process aggre-

gation occurs (Fig. 7i(b). Then there originates the

possibility of growth of fractured Li on the fresh

anode surface as shown in Fig. 7i(c). Finally, after a

long cycling process, a number of dendrites reach the

cathode and damage the battery (Fig. 7i(d) [45].
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Figure 6 Three stages for the thermal runaway process. Stage 1:

The onset of overheating. The batteries change from a normal to an

abnormal state, and the internal temperature starts to increase.

Stage 2: Heat accumulation and gas release process. The internal

temperature quickly rises, and the battery undergoes exothermal

reactions. Stage 3: Combustion and explosion. The flammable

electrolyte combusts, leading to fires and even explosions

(Reproduced with permission from Ref. [39] � AAAS 2018).

Table 3 Some lithium-ion battery fire and explosion accidents in the past few years (Reproduced with permission from Ref. [40], �
Elsevier 2012)

No. Date Accidents replay Fire causes

1 June 2017 Samsung Galaxy Note 7 battery fires and explosions Caused by overheating due to

irregularly sized batteries

2 July 2011 EV bus catch fire, Shanghai, China Caused by overheated LiFePO4

batteries

3 April 2011 Hangzhou, China EV taxi catch fire, caused by 16 Ah

LiFePO4 battery

4 September

2010

A Boeing B747-400F cargo plane catch fire, Dubai Caused by overheated lithium batteries

5 April 2010 Acer recalled 2700 laptop batteries, as Dell, Apple, Toshiba, Lenovo and

Sony done in 2006

Potential overheating and fire hazards

6 March 2010 Two iPod Nano music player overheating and catching fire, Japan Caused by overheated lithium batteries

7 January

2010

Two EV buses catch fire, Urumqi, China Caused by overheated LiFePO4

batteries

8 July 2009 Cargo plane catch fire before fly to USA, Shenzhen, China Caused by spontaneous combustion of

lithium-ion batteries

9 June 2008 Laptop catch fire in a conference, fire burning 5 min, Japan Caused by overheated battery

10 June 2008 Honda HEV catch fire, Japan Caused by overheated LiFePO4

batteries
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Figure 7 i The scheme of the Li dendrite growth during cycling

process (Reproduced with permission from Ref. [45] � RSC

Publishing 2016), ii in situ 1H 3D FLASH imaging results from

the electrochemical cell, with each 3D image acquired in 16 min

40 s. The cell was charged at 50 lA (0.16 mA cm-2) for 72 h

before these measurements and then charged at 160 lA
(0.51 mA cm-2) for the times specified, with the total charge

applied also given in coulombs. (A) Two-dimensional slices from

four time points. (B) Segmented images of the results from A,

where Ithreshold = 0.2 Imax (C) Three-dimensional segmented

images of the same time points with an additional Gaussian filter

applied to smoothen the visualization (Reproduced with

permission from Ref. [47] � National Academy of Sciences

2016), and iii Schematic model illustrating the formation of two

distinct forms of Li dendrite structures in the presence (left) and

absence (right) of additives (Reproduced with permission from

Ref. [38] � MDPI 2018).
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The origin of dendrite growth in liquid electrolytes

is also explained in terms of a current limit. When the

current density is less than limiting current, then Li

deposition starts on dendrite protrusion that results

in the growth of Li. When the current density is

higher than limiting current, Li-ions from the elec-

trolyte starts depositing on the tips of dendrite pro-

trusions. This leads to the growth of dendrite (thread-

like structures) which finally short-circuits or may

explode the cell [46]. So, this needs to be resolved to

develop a battery system with long cycle stability.

Recently, Ilott et al. [47] have observed the growth of

dendrites using the in situ MRI by examining the

changes in the intensities and frequencies of the Li-

metal signals. Here, interactions of the dendrite with

electrolytes are observed. Figure 7ii(a) shows the 3D

images of dendrite growth on anode using 1H

FLASH. The growth of dendrite microstructure is

clearly observed with the passage of time, and the

segmented image is shown in Fig. 7ii(b). Fig-

ure 7ii(c) shows the final geometry in 3D using the

MRI image.

Recently, Mehdi et al. [48] have examined the role

of Li grain size on the dendrites. Figure 7iii compares

the dendrite structure in the presence (left) and

absence (right) of additives. The figure is divided into

four stages for clarity.

Stage 1 Thin film formation in the absence of

additive, while large thickness with additive,

Stage 2 Initial nucleation followed by the large Li

grain growth (with additive),

Stage 3 Growth of long rods without additive,

Stage 4 Uniformly sized grain growth (left) and a

mossy Li deposit (right).

During charging, fast cation diffusion results in Li

deposition on the electrode surface, while during

discharging rapid stripping of Li occurs which results

in high Coulombic efficiency. This ease of Li depo-

sition/stripping facilitates the formation of the Li

layer on the surface, which effectively suppresses the

dendrite growth formation. Some of the Li dendrite

issues are summarized in Table 4.

Prof. Cui group developed a ‘smart battery’ based

on new technology, which gives a warning before it

bursts in flame or overheats using a bifunctional

flexible/porous separator (a conducting layer sand-

wiched in between conventional separators). The

third electrode (copper layer of about 50 nm on

polymer separator) detects the formation of dendrites

and informs before the short-circuiting of the battery.

The dendrite alarm mechanism is confirmed by

in situ observations. Figure 8i(a) shows the electro-

plated Li on the Li electrode during the charging

process. During this process, growth of dendrite

occurs and is examined by monitoring the voltage

between the copper layer and the lithium tip (VCu–Li)

on the separator (Fig. 8ii). Initially, it is 3000 mv and

drops to zero when dendrite makes contact with the

copper layer (near 6–8 min) [57]. Now, it’s time to

remove the battery to prevent short-circuit.

The same group proposed a new approach to

suppress dendrite growth [58]. They used two addi-

tives: (1) lithium polysulfide and (2) lithium nitrate

(LiNO3) for the ether-based electrolyte. Figure 8 iii

shows the formation of a weak SEI layer that results

in crack formation and growth of dendrites occurs.

But, when polysulfide (Li2S8) is added to the elec-

trolyte, there is a lowering of the surface area. This

pancake-type morphology results in the formation of

a stable SEI interface and effectively suppresses the

dendrite growth. Zhao et al. [59] in 2017 proposed a

new flexible anion-immobilized ceramic-polymer com-

posite electrolyte to suppress the dendrite growth for-

mation on Li anode. Figure 8iv shows the dendrite

growth suppression mechanism with the use of

composite polymer electrolyte as compared to the

conventional liquid electrolyte. Kim et al. [60] exam-

ined the dendrite growth by fabricating two cells

with gel polymer electrolyte (GPE) and composite

polymer electrolyte (CPE). It may be noticed from

Fig. 8v that the CPE effectively suppresses the den-

drite growth and the uniformly dispersed Al2O3

nanoparticle acts as a protective barrier.

As electrolyte provides medium for ion migration.

The anisotropic distribution of Li-ions on the anode

surface results in dendrite growth formation. A

number of methods have been reported to resolve the

issue of anisotropic distribution [61, 62]. Still, there is

no proper mechanism to suppress dendrite forma-

tion. So, a new approach to control the Li-ion diffu-

sion and distribution has been proposed by Zhao

et al. [63]. They prepared ion distributor by coating

commercial polypropylene (PP) separators with

solid-state fast ionic conductors [Al-doped Li6.75La3-

Zr1.75Ta0.25O12 (LLZTO)]. Figure 8vi shows the role of

LLZTO as an ion distributor which effectively sup-

press the dendrite growth as compared to PP sepa-

rator. The ion conductive channels in the LLZTO

make it easier to facilitate uniform distribution and

occurrence of the smooth deposition of lithium.
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Another important task in the case of battery

technologies is to identify the failure (physical/elec-

trical/mechanical/chemical) cause. So, FMMEA

(failure modes, mechanisms, and effects analysis)

methodology is adopted to find out the failure

mechanism as shown in Table 5. It provides details of

cell components, mode, and cause of failure [64].

Emerging polymerization techniques
for polymer electrolytes

To develop the novel polymer electrolyte with

enhanced ionic conductivity and mechanical prop-

erties, polymerization techniques have grabbed the

attention of researchers. The polymerizing of poly-

mer electrolyte is effective in enhancing the ion

dynamics and contact of electrolyte with electrodes

[65]. Many researchers tried to prepare polymer

electrolytes using different polymerization tech-

niques. Khan et el. [66] prepared the block copolymer

PPME-b-PSt via the living anionic polymerization

technique. But, this technique restricts the block

polymerizable sequence and also it is difficult to

Table 4 Different phenomena of Li dendrite in SSBs using different solid-state electrolytes (Reprinted with permission from Ref. [49], �
Elsevier 2018)

Battery Current

density

(mA cm-2)

Temperature

(�C)
Li

dendrite

Morphology of Li/electrolyte interface References

Li/PEO–LiTFSI/Li 0.2 80 Yes Needle-like Li dendrite [50]

Li/PEO–LiTFSI/Li 0.7 80 Yes Tree-like Li dendrite

Li/PEO–LiTFSI/Li 1.3 80 Yes Bush-like Li dendrite

Li/PEO–LiTFSI/Li 0.05, 0.1 80 Yes Needle-like Li dendrite [51]

Li/PEO–LiTFSI/Li 0.7 80 Yes Arborescent like Li dendrite

V2O5/PEO–LiTFSI/Li 0.22 90 Yes Moss-like Li dendrite, delaminating and

blisters at the Li/electrolyte interface.

[52]

V2O5/PEO–LiTFSI/Li 0.50 90 Yes Needle-like Li dendrite, delaminating and

blisters at the Li/electrolyte interface.

Li/PEO–LiTFSI/Li 0.175 90 Yes Needle-like Li dendrite, thermo-fusible effect [53]

Li/PEO–LiTFSI/Li 0.175 90 Yes Filamentous Li dendrite lies within the

electrode, underneath the polymer/electrode

interface

[54]

LiFePO4/Li1.3Al0.3 Ti1.7(PO4)3–

PEO–BPEGa/Li

0.2 60 No Smooth Li surface [55]

LiFe0.2 Mn0.8 O4/Li1.5Al0.5Ge1.5
(PO4)3–PEO(500000)–LiTFSI/

Li

– 50 No – [56]

LiFe0.2Mn0.8PO4/PEO

(500000)–LiTFSI/Liw

– 50 Yes Li dendrites piercing the PEO film, dead Li

aBPEG is boronized polyethylene glycol

cFigure 8 i A lithium anode and separator-wrapped lithium

counter electrode with copper conductive layer facing the

lithium anode housed in a glass cell for in situ optical

microscopy observation. During charging of the cell, non-

uniform deposition of lithium onto the lithium electrode leads to

mossy dendrite formation and growth on the surface. ii Voltage

profile of the device (Reproduced with permission from Ref. [57]

� Springer Nature 2014). iii (a) Schematic of the morphologies of

lithium deposited on the substrate in different electrolytes.

Schematic illustration showing the morphology difference of

lithium deposited on the stainless steel substrate in the two

electrolytes (both contain lithium nitrate), but (a) without lithium

polysulfide (b) containing lithium polysulfide (Reproduced with

permission from Ref. [58] � Springer Nature 2015). iv Schematic

of the electrochemical deposition behavior of the Li metal anode

with (A) the PLL solid electrolyte with immobilized anions and

(B) the routine liquid electrolyte with mobile anions [Reproduced

with permission from Ref. [59] � National Academy of Sciences

2017]. v Illustrations explaining the advantageous effect of CPE

on the suppression of lithium dendrite growth (Reproduced with

permission from Ref. [60] � Royal Society of Chemistry 2013).

vi Schematic illustration of the electrochemical deposition

behaviors of the Li metal anodes using (A) a routine PP

separator and (B) a composite separator with the LLZTO layer

as an ion redistributor to uniform Li-ion distribution (Reproduced

with permission from Ref. [63], � AAAS 2018).
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prepare high molecular weight copolymer. So,

Kamigaito et al. [67] reported the preparation of

PPME-b-PSt via a living radical polymerization

technique.

Another important technique is the atom transfer

radical polymerization (ATRP) technique. Holmberg

et al. [68] investigated the atom transfer radical

polymerization (ATRP) of styrene onto poly-(vinyli-

dene fluoride)-graft-poly(vinylbenzyl chloride)

(PVDF-g-PVBC) membranes. Also, the PS-grafted

membrane shows improved conductivity. Recently,

Grewal et al. [69] have prepared the cross-linked

network polymer electrolyte membrane composed of

bifunctional PEG, PEMP, and LiTFSI using a facile

one-pot reaction and the concept of ‘‘click chemistry.’’

The prepared polymer electrolyte exhibits high ionic

conductivity and improved mechanical property.

Another important technique is in situ polymeriza-

tion technique and is preferred as it reduces the

contact impedance [70]. The selection of initiators is

important as it may lead to the formation of the

undesirable solid–electrolyte interface (SEI) [71].

Recently, Huang et al. [72] have demonstrated the

preparation of the PTHF-based polymer electrolyte

(PTSPE) by in situ polymerization of THF using BF3

as initiator. The present SPE demonstrates improved

interfacial stability and contact features.

Recently, Nair et al. [73] have highlighted the

advantage of thermal and UV-induced polymeriza-

tion technologies (simple and eco-friendly) for the

preparation of polymer electrolytes [74–76]. Another

important technique is cationic ring-opening poly-

merization (CROP) and is effective in forming the

novel SPE based on target-specific polymers, also

better for developing industrial polymer (polyte-

trahydrofurans, polysiloxanes, etc.). In CROP, both

initiating and propagating species are positively

charged intermediate and CROP is fast and no sol-

vent is required. The CROP can be thermally induced

or UV-irradiated [77–79]. Zaheer et al. [80] reported

the preparation of the comb-like PLA/PEG copoly-

mer-based SPE via photoinitiated radical polymer-

ization. The obtained SPE shows high ionic

conductivity and good interfacial contacts with

electrodes.

Modification strategies in polymer
electrolyte

As it is well known that the low glass transition

temperature is the key behind the increased ionic

transport in the case of polymer electrolytes. Along

with this, some other factors need to be considered

such as low crystallinity, the suppression of crystal-

lization, and the promotion of polymer segmental

motions. So, various modification strategies have

been adopted to achieve balanced properties. Some

recent attempt using a different class of electrolyte

has been discussed in detail [81, 82]. Figure 9 shows

the important types of polymer electrolytes that are

recently gaining the attention of the energy commu-

nity for application in ASSBs and their commercial

aspects.

Ceramic polymer electrolyte

Ceramic polymer electrolyte is of great interest due to

the ability to provide improved conductivity as

compared to solid polymer electrolyte. The addition

of nanoparticles enhances the conductivity and ther-

mal and mechanical properties. The Lewis-acid-

based interaction of the surface group of nanofiller

with a polymer and salt enhances the ion transport

phenomenon. The surface group of nanofiller also

restricts the migration of anion. The addition of

nanofiller enhances the segmental motion of the

polymer chain [83]. Another advantage with

Figure 9 Important types of solid polymer electrolytes.
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nanoparticle addition is that the nanoparticle dis-

rupts the polymer chain arrangement and indicates

the enhancement of more free volume or amorphous

content for ion migration [84].

Block copolymer electrolyte

An alternative approach to tailor the architecture of

the SPE is the development of the block copolymer

(BCP) electrolyte. In general, BCP comprises cova-

lently bound polymers with characteristic properties

and overall improved properties are obtained as

compared to the individual polymer. One unique

feature is that BCP enables us to synthesize PE with

good conduction pathways (from any electron-rich

group in polymer, e.g., PEO, PVC, polyethylene

oxide, etc.) and better mechanical property (from

block copolymer; e.g., siloxanes, PS) [85–87]. The

ionic conductivity and the mechanical property of

BCP are influenced by the complexation of salt with

solvating blocks of BCP [88].

Polycarbonate polymer electrolyte

Polycarbonates (PC)-based SPE are new emerging

candidates that grabbed the attention of researchers

due to their unique feature amorphous nature, chain

segmental flexibility, and high dielectric constant.

These properties result in improved thermal stability,

high voltage stability window, and cation transfer-

ence number. For high conductivity and flexibility,

most deserving PC are made up of aliphatic back-

bones and few are poly (vinylene carbonate) (PVC),

poly(propylene carbonate) (PPC), poly(trimethylene

carbonate) (PTMC), and poly(ethylene carbonate)

(PEC) [89, 90].

Star-type polymer electrolyte

The enhanced polymer structure is the star polymers

and has improved physical and topological proper-

ties. The outer spheres of arms in star polymer

enhance the ion mobility and the ionic conductivity.

The star polymer possesses improved properties as

compared to a linear polymer. The connection of

covalent bonds between the core and arms enhances

the stability of the external environment [91]. The star

polymer electrolyte having various branching points

disrupts the polymer crystallization and enhances the

free volume for segmental motion. Along with this, it

allows more salt dissociation and some rigid frame-

work may be introduced to achieve mechanical sta-

bility [92, 93].

Fibrous polymer membrane-based polymer
electrolyte

Fibrous polymer membrane-based polymer elec-

trolyte shows improved performance as compared to

the traditional polymer electrolytes. The high surface

area of nanofiber effectively enhances the ion con-

duction by creating the continuous ion conduction

pathways in the polymer matrix [94]. In fiber, the

energy barrier of particle–particle junctions is low as

compared to nanofiller that will enhance ion trans-

port. Along with this, the 1D fiber may disrupt the

crystallinity of polymer and promotes the faster

segmental motion associated with fast ion mobility.

One unique advantage is that better interfacial con-

tact between polymer and fiber results in improved

electrochemical stability [95–97].

Cross-linked polymer electrolyte

Polymer structure plays an important role to influ-

ence the transport properties of the polymer elec-

trolyte. So, cross-linking of polymer electrolytes is an

attractive strategy to prepare new polymer elec-

trolytes. The cross-linking approach enhances

dimensional stability and dynamic storage modulus

[98, 99]. The chemical cross-linking of polymer needs

to be done in such a way that balanced ionic con-

ductivity and mechanical strength may be achieved.

The cross-linker prevents polymer crystallization and

facilitates faster segmental mobility [100].

Soy protein-based polymer electrolyte

These are newly advanced polymer electrolytes that

show enhanced properties as compared to the exist-

ing polymer electrolytes. The soy protein (SP) is

denatured before use. The denaturation process

results in unfolding the chain, and the negative acid

group present in the SP results in Li-ion adsorption.

Here, the polymer chains are surrounded by the PEO.

The electron-rich site of polymer absorbs Li-ions as

well as interacts with the ammonium group having a

positive charge. It disrupts the crystalline arrange-

ment of PEO, and an amorphous phase is formed

[101].
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Comparison of characteristics properties
of salt

In principle, electron-rich polymer always has insu-

lating nature, and it becomes conducting due to the

dissociation of salt in it. Therefore, salt can be con-

sidered as one of the important additives in the

polymer electrolyte system who directly influences

the overall ion dynamics. There are some of the

important parameters that are used as a basis for the

selection of salt for the synthesis of new polymer

electrolyte system. The ion dynamics are linked with

molecular weight, ion conductivity, donor number,

thermal stability, toxicity, anion size, anion mobility,

dissociation constant, and lattice energy of salt. Fig-

ure 10 shows the structures of some of the dominat-

ing salts in the R&D sector, and their key properties

are compared [101–104]. Another foremost important

parameter is the conductivity of the salt, and it may

be noticed from Fig. 10 that the conductivity of the

salt is influenced by the anion size [105–109]. Another

important term for salt is Gutmann donor number

(DN). It is a quantitative measure for the tendency to

Figure 10 Comparison of different characteristics of lithium salt.
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donate electron pairs to acceptors (cation). For all

lithium salts, DN is close enough [110–112]

Experimental procedure and methodology

The solution cast technique is a simple and cost-ef-

fective technique. Figure 11i shows the flowchart of

the solution cast technique. Here, first of all, the

polymer is mixed in a solvent of high dielectric

constant and stirred till a homogenous polymer

solution is obtained. After that, stoichiometric ratio of

salt is added in the polymer solution and again stir-

red to obtain a homogenous solution. After that,

polymer solution is cast in petri dishes (Glass/PP/

Teflon) and kept in a vacuum oven for complete

removal of the solvent. In the case of ceramic-poly-

mer electrolyte, the nanoparticle is added after soni-

cation, in the polymer salt solution followed by

casting [84]. Then, the film is peeled off from the petri

Figure 11 i Schematic presentation of the preparation of the

composite polymer electrolyte (Reproduced with permission from

Ref. [84] � AAAS 2018). ii Schematic Illustration of the End-

Functionalized PEOB, Cross-Linkers, and the Resulting SPEs

(The photograph represents the typical SPE film.), (Reproduced

with permission from Ref. [113] � American Chemical Society

2018). iii (a) Photograph of the as-prepared self-standing SPEs

with different DVB concentration and (b) schematic of UV-

induced preparation of semi-interpenetrated network based on

PEO matrix (Reproduced with permission from Ref. [114] �
Elsevier 2016).
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dish. Cross-linking is an effective approach, i.e.

photochemical cross-linking, to improve the proper-

ties of a polymer. Recently, Wei et al. [113] have

reported the preparation of non-crystalline poly

(ethylene oxide) (PEO) with highly mobile EO bran-

ches (PEOB) and end functionalities. The three

advantages with this approach are: (1) there is sup-

pression of the crystallinity of the polymer, (2) EO

oligomers improve salt solubility, and EO brushes

enhance cation migration, and (3) end functionality of

PEO acts as cross-linker and increases the mechanical

strength (Fig. 11ii–iii).

Youcef et al. [114] prepared the semi-interpene-

trated cross-linked polymer electrolyte by UV-in-

duced photoinitiated polymerization of PEGDA and

DVB mixed with PEO/LiTFSI. Here, fits of all poly-

mer and salt were dissolved in an appropriate solvent

followed by stirring. Then, the homogenous solution

is poured in a petri dish and irradiated (about 1 h)

under UV light (365 nm) which results in excitation

of n–p* transition in 2-hydroxy-2-methylpropiophe-

none [115]. This results in the free-standing polymer

electrolytes.

Another important and new polymer electrolyte is

soy protein-based polymer electrolyte. The detailed

preparation of SP-based PE is in the coming

section. SPI is a mixture of soy proteins, which

comprises glycinin and b-conglycinin. Figure 12

shows the schematic illustration and SEM and TEM

images of SP and denatured SP. For the preparation

of the soy protein isolate (SPI)-based polymer elec-

trolytes. First of all, the SP is denatured in a mixed

solvent of acetic acid and water (80:20) along with

stirring at 95 �C for 1 h to get a semitransparent

yellowish solution. The denaturation of the SP redu-

ces its particle size, and protein structure–activity is

increased. Then appropriate salt is added in the SP

solution followed by the addition of polymer. Then

the final solution is cast on the aluminum film, and a

desirable film is obtained [116, 117].

The subunits in the SPI are associated via

hydrophobic and hydrogen bonding as shown in

Fig. 12a. So, denaturation of the SPI is done to

enhance the protein activity owing to the presence of

more functional groups on the protein surface. This

process disrupts the bonding interactions between

the secondary and tertiary structure, and protein

chain unfolds [101]. Figure 13b shows the adsorption

of cation on the negative sites on SPI. Now, on the

addition of PEO, the protein chains have a higher

tendency to surround themselves by PEO chains. The

presence of ether group in PEO has two possible

Figure 12 (i) Denaturation of

soy protein. (a) Schematic

illustration of pristine SPI

powder, (b) SEM image of

pristine SPI powder,

(c) schematic illustration of

denatured SPI particles, and

(d) SEM and (e) TEM images

of denatured SPI particles

(Reproduced with permission

from Ref. [116] � American

Chemical Society 2016). (ii)

The fabrication process of

protein-based ion conductor

(Reproduced with permission

from Ref. [117] � American

Chemical Society 2016).
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interactions: (1) with cation and (2) with positive

ammonium group. The simultaneous presence of

both disrupts the polymer chain structure, and

amorphous phase is obtained (Fig. 13c).

Another important technique is polymerization-

induced self-assembly (PISA) to prepare SPE. One

advantage is that no volatile organic solvent is used

in this method. Recently, Yuan et al. [118] have pre-

pared the SPE using via polymerization-induced self-

assembly method. Here, the carbonate-terminated

poly(ethylene glycol) (CH3O-PEG-IC), poly(ethylene

glycol)-block-polystyrene (PEG-b-PS) block copoly-

mer nanoparticles containing a conductive PEG

corona, fumed SiO2 and LiTFSI salt are used. Fig-

ure 14a shows the synthesization of PEG containing

an isopropyl carbonate terminal (CH3O-PEG-IC).

Figure 14b shows the schematic of the SPE in detail.

In this process, the carbonate group in CH3O-PEG-IC

increases salt dissociation, while PEG enhances the

segmental motion and ion mobility.

The star polymer electrolyte is synthesized via

cation template-assisted cyclo-polymerization. The

star polymer comprises cross-linked cores containing

pseudo-crown ether cavities and PEO arms. The

unique feature here is that the ether cavities coordi-

nate with the cation and promotes its migration. First

of all, the star polymer is synthesized by the cation

template-assisted atom transfer radical cyclo-poly-

merization. The details of the process are shown in

Fig. 15 [119]. For the preparation of the polymer

electrolyte, the star polymer is dissolved appropriate

salt in a suitable solvent.

Figure 13 Structure of

a received SPI, b denatured

SPI, and c PEO/SPI

(Reproduced with permission

from Ref. [101] � American

Chemical Society 2012).
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Electrode preparation and cell assembly

The first step involves the preparation of the elec-

trodes for the battery. The active material for the

cathode is metal oxide materials (LiCoO2, LiFePO4,

LiCoMnO2, Li2FeSiO4, etc.), and for anode most

feasible candidate is graphite. The particle size of the

active material is kept minimum for better interfacial

processes owing to the availability of maximum

surface area. The detailed full coin cell fabrication is

given by Murray et al. 2019 [120]. Two important cell

construction designs are shown in Fig. 16.

The active electrode materials slurry is coated on

the metallic foils (Cu foil for the anode, and Al foil for

cathode). Here, metallic foils act as current collectors.

For positive electrode slurry preparation, the active

material is mixed with poly (vinylidene fluoride)

(PVdF) and carbon black (80:10:10 by weight) into

N-methyl pyrrolidone (NMP) and the obtained slurry

is coated on the aluminum foil followed by drying at

high temperature (* 100–150 �C) for 12–20 h. The

negative electrode materials graphite is mixed with

poly (vinylidene fluoride) (PVdF) and carbon black

(80:10:10 by weight) into N-methyl pyrrolidone

(NMP), and the obtained slurry is coated on the

copper foil followed by drying at high temperature

(* 100–150 �C) for 12–20 h. Then, the lithium-ion cell

is assembled in the glove box by sandwiching the

solid polymer electrolyte between two electrodes. A

detailed cell fabrication process for the prismatic and

Figure 14 Synthesis of CH3O-PEG-IC (a) and PISA-SPEs (b)

(Reproduced with permission from Ref. [118] � Elsevier 2019).

Figure 15 Schematic illustration on the star polymer with pseudo-crown ether cavities and PEO arms (Reproduced with permission from

Ref. [119] � Elsevier 2019).
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cylindrical cells is shown in Fig. 17 [https://www.

mpoweruk.com/battery_manufacturing.htm].

Characterization techniques

Some of the important characterization techniques

are summarized by classifying them into the imaging

and non-imaging techniques as shown in Table 6

[121].

Recent updates in solid polymer
electrolytes-based batteries

Ceramic (LATP/LLTO/LLZTO/Li3PS4)-based
polymer electrolyte

The addition of nanofiller in the polymer matrix is a

striking approach to enhance the electrochemical

properties by suppressing the crystalline part. The

large surface area associated with the nanofiller,

strong Lewis acid–base interaction, and formation of

conducting pathways results in the faster ion migra-

tion owing to better salt dissociation.

Nowadays, the addition of active fillers is gaining

interest to further improve the electrical and electro-

chemical stability properties. So, to understand the

role of the following section highlights some of the

interesting results. One major drawback of ceramic-

based polymer electrolyte system that hinders the

electrochemical performance is dendrite growth.

Dendrite growth is one of the dominating factors that

decides the battery life and is the result of poor

interfacial contact. So, to tackle the said issues a new

assembly (polymer (I)/ceramic (II)/polymer

(I) sandwich electrolyte; PCPSE) was demonstrated.

The role of the middle part, i.e., ceramic (II) is to

eliminate the electrolyte decomposition by blocking

the anion transportation, while the role of polymer

(I) is to prevent dendrite growth formation that

improves the operating range of battery [122].

A remarkable approach has been suggested by the

J. B. Goodenough and group that explores a new

structure, i.e. sandwich structure (polymer/ceramic/

polymer electrolyte), and shows the improved prop-

erties [123]. Recently, Li et al. [124] have proposed an

SPE with sandwiched structure (PVDF/LLTO-PEO/

PVDF) and shows superior electrochemical

properties.

The main focus of the investigation was to resolve

the issue of the low ionic conductivity and chemical

instability of Ti4
? ions in LLTO against lithium metal.

The LLTO nanowire (average diameter * 290 nm)

filled PEO provides high ionic conductivity, while the

PVDF layer suppresses the dendrite growth. The

10 wt% LLTO-based system (interlayer-II) shows the

highest ionic conductivity of 2.1 9 10-4 S cm-1

(@RT). Figure 18a, b shows the sandwiched PVDF

fibers (average diameter = 0.7 lm.). The thermal

stability of the film was about 343 �C. The ionic

conductivity possessed by the sandwiched structure

is * 3.01 9 10-3 S cm-1 and is comparable to gel

electrolytes and the lowest activation energy. The

voltage stability window was close to 5 V. The

enhancement of the voltage stability window was

suggested due to the prevention of PEO

Figure 16 Diagram of full

cell with a two Celgard

separators or b One BMF

Separator (Reproduced with

permission from Ref. [120] �
The Electrochemical Society

2019).
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decomposition by PVDF layer and LLTO nanowire.

Another key point was that the functional sites of the

LLTO NW increase the polymer chain stability. The

ion transference number shows the trend, 0.54 [PEO

(8)]\ 0.67 [PEO(8) ? 15% LLTO NWs; Interlayer-III]

and 0.70 [PVDF/Interlayer-III/PVDF; SWE-III]. The

enhancement was attributed to the anion trapping

ability of LLTO NW. The charge–discharge was

performed of the cell LiCoO2/SWEs-III/Li in the

voltage range 2.7–4.2 V. The discharge capacity is as

144 mAh g-1 (@ 1 C), 132 mAh g-1 (@ 2 C),

122 mAh g-1 (@ 3 C), 110 mAh g-1 (@ 4 C) and

98 mAh g-1 (@ 5 C). The cyclic performance was

tested at a 2 C rate and shows specific capacity

Figure 17 Assembly process

for prismatic and cylindrical

cells.
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retention above 91.8% after 100 cycles. Figure 18c, d

displays the demonstration of glowing LED using the

fabricated cell.

As in the polymer electrolytes, both cation and

anion are active species contributing to conduction.

This develops the concentration polarization that

slows down the cation migration. The approach to

bind or trap the anion with polymer chain is inter-

esting to achieve the single-ion conduction. By con-

sidering this strategy to enhance the cation migration,

Lian et al. [125] reported the preparation of the oxa-

late-chelated borate-grafted PVFM-based single-ion

conductor polymer (SCP) membranes. XRD diffrac-

tograms evidenced the decrease in crystallinity, and

TGA displays improved thermal stability. The stress–

strain curve indicates the maximum tensile strength

of 34 MPa for SCP-1.0 and is attributed to the cross-

link formation between oxalate-chelated borate

structure and PVFM domains. The temperature-de-

pendent ionic conductivity follows the VTF behavior

and lies in the range 10-6–10-5 S cm-1. Although it

was lower than the dual ion-conducting system. The

authors predicted the dependence of the ionic con-

ductivity on the number of mobile charge carriers

(dominates at high T) and the segmental motion

(dominates at low T). The voltage stability window of

all systems was more than 5 V versus Li/Li?. The

charging–discharging of the fabricated cell was

Table 6 Selected separator characterization techniques with examples for extracted parameters (Reprinted with permission from Ref.

[121], � Springer Nature 2019)

Type of analysis Parameters extracted

Imaging

techniques

Tomographic analysis Morphology

Porosity

Tortuosity

Pore dimensions

FIB-SEM tomography Porosity

Tortuosity

Pore dimensions

Non-imaging

techniques

Electrochemical analysis

Linear sweep voltammetry and cyclic voltammetry Electrochemical stability

Electrochemical impedance spectroscopy Mac Mullin number via bulk electrolyte conductivity r and

effective electrolyte conductivity rsep
Transport parameters (diffusion coefficient, ion mobility,

viscosity)

Potentiostatic polarization combined with

electrochemical impedance spectroscopy

Lithium-ion transference number according to Bruce–Vincent

method

Spectroscopic and diffractive methods (OR may be considered basic characterizations)

NMR Transport properties

Diffusion coefficients

Conductivity

Transference number

X-ray diffraction Structural composition

Degree of crystallinity

Crystallite size/interchain separation

Thermomechanical analysis

Compressive loading Effective membrane moduli

Young’s modulus

Flow stress

Thermo-gravimetric analysis and differential

scanning calorimetry

Brittleness and stability

Ductile-to-brittle transition temperature

Melting temperature

Glass transition temperature

Crystallinity
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observed in the range of 2.5–4.25 V. The initial dis-

charge capacity was 139 mAh g-1 with Coulombic

efficiency of about 82.7% which decreases to

137 mAh g-1 with Coulombic efficiency of about

99.7% after 20 cycles. It indicates the use of the pre-

sent system for safe Li-ion batteries due to good

electrochemical reversibility.

As it is well known that the addition of nanofiller

enhances the electrical properties of the polymer

electrolytes and is owing to the high aspect ratio. But,

one serious drawback is the agglomeration at high

filler content that lowers the ionic conductivity. So, it

becomes important to resolve the issue of the nano-

filler aggregation to achieve the desired conductivity

via the percolation path for ion migration and one

alternative is the development of nanofiller having

percolated structure. Recently, Bae et al. [126] have

developed a flexible composite polymer electrolyte

by a novel strategy using the 3D nanostructured

hydrogel (LLTO) frameworks as nanofiller. The effect

of PVA addition on the LLTO network was investi-

gated further. FESEM analysis evidenced the forma-

tion of interconnected percolation branches. The ionic

conductivity was 8.8 9 10-5 S cm-1 (@ 25 �C) and

increased to 1.5 9 10-4 S cm-1 (@ 30 �C) for 3.0 g

PVA. The thermal stability was about 400 �C. The

voltage stability window was larger for the LLTO-

based CPE, i.e. 4.5 V and is higher than of PEO

(3.9 V). It is important to note that the conductivity

with the LLTO framework was higher than the active

(LLTO particles at 10 wt%; 1.9 9 10-5 S cm-1 (@

25 �C) and passive (SiO2 nanofiller at 15 wt%;

5 9 10-6 S cm-1 (@ 25 �C) and is attributed to the

pre-percolating structure of LLTO. The increase in

conductivity is attributed to the formation of contin-

uous conducting paths for the LLTO framework and

a 3D interconnected structure. Also, the LLTO

framework provides vacant sites for Li migration and

it results in continuous ion migration via hopping,

proving hence the enhanced conductivity.

As it is well known that the dispersion of nanofiller

is a crucial approach to enhance conductivity by

reducing the reorganization tendency of the polymer

china and suppressing the crystalline content as well

as an increase in free volume. Two types of nanofiller

are mostly used: (i) active (Li1.4Al0.4Ge1.7(PO4)3;

LAGP), Li0.33La0.557TiO3; LLTO) and Li1.3Al0.3Ti1.7(-

PO4)3; LATP, etc.) and (ii) passive (TiO2, ZrO2, SiO2,

BaTiO3, etc.). Former one acts as a source of charge

carriers, while latter one indirectly supports the ion

migration [127–129].

One point kept to be in mind is that nanofiller

dispersion must be uniform to effectively enhance the

electrical and mechanical properties. Nanofiller dis-

persion affects the interactions between polymer—

salt, polymer—nanofiller and salt—nanofiller. The

Figure 18 a Sandwich

structure composite

electrolytes and 3D model

diagram. b SEM image

demonstrating cross-section of

the sandwich structure

composite electrolytes, c–

d Illustration of flexible SWEs

full battery for lighting LED

under different deformation at

room temperature

(Reproduced with permission

from Ref. [124] � Elsevier

2018).
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most common method is the physically mixing of the

nanofiller, but it results in the agglomeration and

reduces the polymer—nanofiller interaction. To

obtain the uniform dispersion of nanofiller, a new

approach ‘‘in situ synthesis of Li3PS4 nanoparticles

within PEO matrix’’ was reported by Chen et al. [130].

XRD analysis indicates the destruction of the crys-

talline nature of the PEO and the amorphous region

is enhanced.

Homma et al. [131] reported that the b-type PS4

creates migration tunnels for Li-ion in the Li3PS4

particles and provides a conductive path. The

nanoparticle diameter was 400–700 nm as obtained

by FESEM and exhibits the electrical conductivity

4.03 9 10-4 S cm-1 (Ea = 120.4 kJ/mol). The pre-

pared films were semitransparent, flexible and

100–150 lm thickness. Further, the comparatively

ionic conductivity @ 60 �C was higher for the in situ

prepared system (8.01 9 10-4 S cm-1) than prepared

by the mechanical-mixing method (6.98 9 10-4 S

cm-1). This corresponds to the highest ionic con-

ductivity and attributed to the plasticizer role played

by the Li3PS4 that increases free volume and an

amorphous phase. It may be noted that conductivity

increase was more for the in situ prepared system

due to a better distribution of Li3PS4 nanoparticles

which increase the effective surface area of

nanoparticle in the polymer matrix. The Li-ion

transference number was highest for the in situ pre-

pared system, i.e. 0.33, and is higher than the pure

PEO (0.14) and the electrolyte prepared by the

mechanical-mixing method (0.28). This increase was

attributed to the proper distribution of the sulfhydryl

groups that promote the interaction between TFSI

and Li3PS4, and only cation remains active species.

The voltage stability window as obtained by LSV was

5.1 V and is superior to the PEO (4.6 V) and the

mechanical-mixing prepared electrolyte (4.9 V).

Then, the applicability of hybrid polymer electrolyte

(PEO-2% vol Li3PS4) was checked by fabricating the

Li-ion battery. The initial charge–discharge capacity

is as given (@ 60 �C), 153 mAh g-1 (@ 0.1 C), 143 mAh

g-1 (@ 0.2 C), 139 mAh g-1 (@ 0.5 C) and 127 mAh

g-1 (@ 1 C). Even after 100 cycles, the discharge

capacity was 125 mAh g-1 (86.1% of initial capacity),

while for pure PEO only 58.9% capacity was retained

(Fig. 19a–d). Further at 0.5 C, the cycling capability

was performed and the first discharge capacity was

133 mAh g-1 and after the 325th cycle was

116 mAh g-1 with 80.9% capacity retention. The

stress–strain curve analysis displayed the reliable/

improved properties for the in situ prepared hybrid

electrolyte as follows, Young’s modulus; 12.46 MPa,

tensile strength; 2.73 MPa and elongation-at-break;

1897%. In conclusion, the new strategy in situ may be

adopted for the commercial preparation of hybrid

polymer electrolyte for ASSBs applications.

As solid polymer electrolytes are attractive candi-

dates for application in solid-state battery and vari-

ous approaches such as dispersion of nanofiller,

nanoclay intercalation is adopted to increase the ionic

conductivity and other properties. Chen et al. [132]

prepared the composite solid polymer electrolyte

based on the PEO as host polymer, garnet Li6.4La3-

Zr1.4Ta0.6O12 (LLZTO) as the ceramic, and lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) as the

salt. XRD pattern evidenced the poly-crystalline nat-

ure of LLZTO particles, and after embedding them in

the PEO matrix, no change was observed that indi-

cates the stability of LLZTO. DSC analysis indicates

the shift of melting peak toward lower temperatures

with the addition of LLZTO. The highest ionic con-

ductivity was 1.17 9 10-4 S cm-1 (@ 30 �C) and

1.58 9 10-3 S cm-1 (@ 80 �C) for 10 wt% LLZTO

particles. The increase in the conductivity was due to

the increased free volume and faster chain movement

which results from the uniform dispersion of LLZTO

particles as evidenced by FESEM. The voltage sta-

bility window was about 5.0 V (vs. Li/Li ?) and is in

the safe limit of battery operation. The assembled cell

displays a discharge capacity of 149.1 mAh g-1 at 0.1

C (@ 55 �C) and is 87.7% of the theoretical value

(Fig. 20a, b). Further, charge–discharge indicates a

decrease in discharge capacity from

149.3 ? 80 mAh g-1 (for PEO8-LiTFSI) and

149.3 ? 139.1 mAh g-1 (for PEO8-LiTFSI-10 wt%

LLZTO) after 100 cycles at 0.2 C. It provides sufficient

evidence of the increase cyclic stability after the dis-

persion of LLZTO particles. Another important point

to be noted is that LLZTO-based solid polymer elec-

trolytes effectively prevent dendrite growth forma-

tion as compared to LLZTO free. The cycling stability

was investigated further by fabricating a cell

(LiFePO4|Li) using PEO-LLZTO-PEG-60 wt% LiTFSI

in voltage range 2.6–4.0 V (@ 0.2 C; T = 55 �C). Fig-

ure 20b displays the charge–discharge curve, and

Fig. 20c shows the plot of discharge capacity and

Coulombic efficiency against cycle number. The

charge–discharge capacity is 123.4 and 122.5 mAh

g-1 (Coulombic efficiency (CE) = 99.2%) and
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increases to 127 mAh g-1 (after 50 cycles; Coulombic

efficiency = 100%). It confirms the stability of the

electrode–electrolyte interface during cell operation.

The charge–discharge capacity at different C-rates,

and discharge capacity is as follows: 127.7 ((@ 0.2 C),

118.6 (@ 0.5 C), 103 (@ 1 C), 53 mAh g-1 (@ 2 C).

Figure 20d displays the glowing LED that indicates

the applicability of the ‘‘polymer-in-ceramic’’ elec-

trolyte in batteries.

Recently, Liu et al. [133] have reported the prepa-

ration of the composite polymer electrolyte based on

PEO as polymer matrix and Li1.4Al0.4Ti1.6(PO4)3

(LATP) as nanoparticles with average size * 140

nm. The main motto was to examine the Li-ion con-

duction and effect on the cell capacity. It was

observed from the FTIR spectra that LATP nanopar-

ticles are dispersed in the polymer matrix with any

interaction with the PEO evidenced by the absence of

any shift in peak position. The highest ionic con-

ductivity was observed for the PEO-LATP01 CPE

which is about 6.17 9 10-6 S cm-1 (at 20 �C),

1.15 9 10-5 S cm-1 (at 30 �C) and reaches 7.03 9 10-4

S cm-1 (at 80 �C). The voltage stability window

increases after LATP addition to 4.8 V, and mechan-

ical properties were also improved. (Tensile stress

increased from 0.35 to 0.95 MPa, and strain decreased

from 1572% to 1244%.) The cycling performance of

the LiFePO4/LATP01/Li structured coin cells was

examined to check the applicability of prepared

electrolyte for commercial applications. The capacity

was 118.3 mAh g-1 (initially it was 98.7 mAh g-1

with CE 84.2%) with Coulombic efficiency after 20

cycles. There was an increase in the capacity with

temperature also and is 151.6 mAh g-1 (at 60 �C),

which was 89.2% of the theoretic capacity of LiFePO4.

However, with further increase in a temperature

decrease in capacity was observed owing to the low

ionic conductivity and adhesive issues.

Another important approach is to control the

architecture of the polymer electrolyte that plays two

effective roles: one part supports the faster ion

migration, while another provides mechanical

strength. Recently, Wei et al. [113] have prepared the

novel type of ‘‘centipede-like’’ PEO with short EO

Figure 19 a The galvanostatic charge/discharge curves at varied

current densities of cell LFP/PEO-2%vol Li3PS4(in situ)/Li. b Rate

performance of varied current densities of cell LFP/PEO-2% vol

Li3PS4 (in situ)/Li and cell LFP/PEO-2% vol Li3PS4(mechanical-

mixing)/Li at 60 �C. c Specific discharge capacity of cell LFP/

PEO-2%vol Li3PS4(in situ)/Li, cell LFP/PEO-2% vol Li3PS4
(mechanical-mixing)/Li and cell LFP/PEO/Li according to cycles

at 0.2 C. d Cycling performance of cell LFP/PEO-2% vol

Li3PS4(in situ)/Li at 0.5 C (Reproduced with permission from Ref.

[130] � Elsevier 2018).
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branches (PEOB) [comb-like structure] and end func-

tionalities. The mechanical strength is increased by the

end functionality of the PEOB, and the prepared film is

transparent and flexible. The SPE with code PEOB2K-

POSS has the highest modulus, i.e., 4.1 MPa, and is

effective in suppressing the dendrite growth. The

highest ionic conductivity was 0.16 mS cm-1 (at

30 �C) and 0.7 mS cm-1 (at 60 �C) for the EOB12K-4SH

prepared by reaction of end-functionalized PEOB with

a thiol-containing tetrafunctional 4SH molecule. This

enhancement in the conductivity was attributed to the

unique architecture of PEOB which results in low

cross-link density and faster segmental motion of the

polymer chain. The electrochemical stability window

of the prepared electrolyte was 4.3 V. The electro-

chemical performance of the present SPE was exam-

ined by fabricating the symmetric cell Li/

PEOB12KPOSS/Li (Fig. 20e, f). The initial discharge

capacity was 146.5 mAh g-1 with CE of about 99% (@

0.2 C), and capacity is quite well even after 100 cycles

Figure 20 Electrochemical performance of ‘‘polymer-in-ceramic’’

electrolyte: The LiFePO4|Li cells based on PEO-LLZTO-PEG-60

wt% LiTFSI with cutting-off 2.6–4.0 V and 55 �C: a charge–

discharge voltage profiles at 0.2 C; b cycling performance at 0.2 C;

c rate performance; d illustration of solid-state pouch Li metal cell

showing well-running under folding and safety with being cut a

corner (Reproduced with permission from Ref. [132] � Elsevier

2018), e Charge–discharge curves and f cycle performance of the

Li/PEOB12K-POSS/LFP batteries at 0.2 C and 30 �C (Reproduced

with permission from Ref. [113] � American Chemical Society

2018).
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(144.5 mAh g-1 with CE[ 99.7%). Authors conclude

that the present polymer electrolyte has good cyclic

stability as well as prevents dendrite growth

effectively.

Block copolymer electrolyte

Block copolymer-based electrolytes are attractive due

to their ability to combine ionic and mechanical

properties. As most of the SPE operate efficiently

only at an elevated temperature range (* 70 �C) and

for the better performance of the cell, the operational

temperature range must be at room temperature due

to advantages such as safety, low price, and good Li

compatibility. To reduce the operating temperature

range, Aldalur et al. [134] reported the development

of a new solid polymer electrolyte. A new type of

comb polymer matrix grafted with soft and disor-

dered polyether moieties (Jeffamine�) and a popular

salt, lithium bis (fluorosulfonyl) imide (LiFSI) was

prepared by the solution cast technique. FESEM

micrographs evidence the comparatively higher

entanglement for Jeffamine polymer matrix as com-

pared to PEO and are attributed to the EO and PPO

disordered distribution. FTIR spectra confirmed the

chemical stricture of SPE and DSC analysis evidences

the increased degree of flexibility of the flexibility for

Jeffamine-based SPE. The prepared system displays

thermal stability up to 200 �C. Now, the ionic con-

ductivity is also higher for the Jeffamine-based SPE

and is 5.6 9 10-4 S cm-1 (@ 70 �C), 2 9 10-4 S cm-1

(@ 40 �C) and cation transference number is 0.16 (@

70 & 40 �C). The voltage stability window for the

Jeffamine-based SPEs is 4 V and is lower than PEO

due to the presence of PPO segment which has a high

possibility of oxidation. But, the voltage window lies

in the range for practical applications (3.5 V vs. Li�/
Li?). The cycling performance evidences the increase

in the initial capacity for LiFSI/Jeffamine-based SPEs,

i.e., 160 mAh g-1 @ C/20, and then decreases to 120

mAh g-1 at C/10 (Fig. 21a, b). It was concluded that

the LiFSI/Jeffamine-based SPE battery displays a

Coulombic efficiency for 50 cycles owing to the high

ionic conductivity and broad stability window.

Another report by Aldalur et al. [135] explored the

new self-standing SPE using block copolymers hav-

ing Jeffamine-based blocks and mechanically

stable polystyrene moieties (Jeffamine�-PS,). All the

SPE shows a decomposition temperature higher than

300 �C with the overall thermal stability of about

350 �C. The ionic conductivity value is highest for

BCP70 matrix and is about 5.6 9 10-4 S cm-1 (@

70 �C) and 7.9 9 10-5 S cm-1 (@ 40 �C). With further

increase in PS block content decrease in conductivity

is attributed to the reduction in conductive volume

and increase in glass transition temperature (as sup-

ported by DSC result).

The cation transference number was low for BCP70

matrix, i.e., 0.08, and is due to the enhanced tortu-

osity in the cation path in the Jeffamine chain along

with PS blocks. The electrochemical performance of

the cell shows a discharge capacity of about 140 mAh

g-1, and good compatibility of the Jeffamine-based

electrolyte with Li-metal is evidenced (Fig. 21c–e).

The voltage stability window was higher than 5 V for

BCP70 (Fig. 21f).

Another important approach to achieve the desir-

able properties of SPE is the modulation of properties

preparing semi-interpenetrating network polymer

electrolytes. Recently, Duan et al. [136] have reported

the preparation of the in situ plasticized solid-state

polymer electrolyte with double network (DN-SPE)

via facile polymerization. The DN-SPE demonstrates a

decrease in crystallinity, and FESEM confirms the

smooth morphology. The highest ionic conductivity

obtained was 5.3 9 10-5 S cm-1 (PEGDE-PEGDA-

1000) and is attributed to the mutual plasticization of

the double network (PEGDE:PEGDA). The high value

of cation transport number (0.44) and broad voltage

stability window (4.7 V) confirms the suitability of the

SPE for Li-ion battery applications. The electrochemi-

cal properties were tested by fabricating the LFP/

PEGDE-PEGDA-1000/Li cell and shows specific

capacity (162 mAh g-1) and decreases to 125 mAh g-1

after 125th cycle with a CE[ 99.5%. Along with this,

the dendrite growth suppression was checked and it

was found that DN-SPE effective suppresses the

dendrites. This is owing to the good interfacial contact

that favors smooth cation transport.

Another approach to achieve the single-ion con-

duction (SIC) in SPE is the development of block

copolymer electrolytes that is based on the fact that

the anion gets linked with the immobilized polymer

backbone. The cation migration is via the micro-

phase-separated polymer hots block. Nguyen et al.

[137] prepared a multi-block aromatic structure (SI)

that provides improved ionic conductivity, good

mechanical stability, and ion mobility. The highest

ionic conductivity is 3.2 9 10-4 S cm-1, and the

voltage stability window is 4.9 V. The
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electrochemical performance of cells fabricated using

this electrolyte was tested by GCD. The initial dis-

charge capacity is about 150 mAh g-1 (at C/20) with

CE about 86%. The CE increases to 99.5% after 230

cycles (Fig. 22a, b).

Polycarbonate-based electrolyte

Another interesting candidate that may replace the

solid polymer electrolyte is polycarbonate (PC)-based

SPE (PTMC-PCL, PEC, PPC, PPCAGE, IPN-PDEC)

Figure 21 Specific/areal capacity and Coulombic efficiency

versus cycle number for the Li�|LiFePO4 cells using a LiFSI/

Jeffamine-based and b LiFSI/PEO-based SPEs at various

temperatures.(Reproduced with permission from Ref. [134] �
Elsevier 2018), Charge/discharge profiles of the Li | SPEs | LFP

cells using c BCP70-3# and d JH-3# electrolytes at 70 �C. Charge/
discharge rate: 0.05/0.05 C. e Specific discharge capacity and

Coulombic efficiency versus cycle number for the cells using

BCP70-3# and JH-3# electrolytes cycled at 70 �C. Charge/

discharge rate: 0.05/0.05 C (the first five cycles) and 0.1/0.1 C

(the following cycles), f Linear sweeping voltammetry profiles of

Li || stainless steel (SS) cells using the as-prepared BCP70-3#, JH-

3# and RE at 70 �C (Reproduced with permission from Ref. [135]

� Wiley 2018).

6272 J Mater Sci (2020) 55:6242–6304



and has advantageous such as good salt solubility

due to the presence of highly polar carbonate group

(–O–(C=O)–O–) [105]. PC-based SPE also provides

high ionic conductivity, higher ion transference

number, broad voltage stability window, and good

compatibility with the Li anode. Another attractive

polymer is polyurethane (PU) and comprises two

segments: (1) soft segment (SS) and (2) hard segment

(HS). The former one (SS) makes PU stretchable and

flexible which supports ion migration, while latter

one improves the mechanical property of electrolyte.

This unique structure promotes its use in developing

polymer electrolytes with balanced electrical and

mechanical properties [138–140].

Recently, Bao et al. [141] have investigated the

effect of the soft and hard segments of PU on the

polycarbonate-based polyurethanes (PCPU) with

different contents of polycarbonate diol (PCDL), 1,6-

hexamethylene diisocyanate (HDI), and diethylene

glycol (DEG) prepared by an addition polymerization

reaction and LITFSI was used as salt. Firstly, the

polycarbonate-based polyurethane (PCPU) forma-

tions were evidenced by FTIR and NMR. DSC anal-

ysis displays the two Tg: one associated with a soft

segment (Tg,s = - 40–50 �C) and another with a hard

segment (Th,s = 42–48 �C). Also, the Tg,s decreases

with the increase in hard segment content. All PCPU

is thermally stable up to 300 �C. The mechanical

analysis indicates the increase in the tensile strength

with an increase in hard segment. The improved

mechanical strength on the addition of the hard

segment is due to two reasons: (i) interaction via

hydrogen bonding between neighboring units of 1,6-

hexamethylene diisocyanate (HDI) units, and (ii) HS

acts as reinforcing filler [142, 143]. The improved

mechanical properties hold the key to prevent den-

drite growth formation and proper cell packaging.

The highest ionic conductivity was 2.2 9 10-6 S cm-1

(@ 25 �C), 1.58 9 10-5 S cm-1 (@ 60 �C) and

1.12 9 10-4 S cm-1 (@ 80 �C) for 20 wt% salt content.

The most of contribution to the conductivity was

from the soft segments. The voltage stability window

was 4.5 V @ 80 �C and is in the required limit for

practical applications. The electrochemical perfor-

mance was tested by fabricating the cell (LiFePO4/

SPE/Li) using the prepared SPE. The discharge

capacities are 128 mAh g-1 (@ 0.2 C), 92 mAh g-1 (@

0.5 C) and 41 mAh g-1 (@ 1 C) as shown in Fig. 23a, b

(@ 60 �C). Figure 25c shows the cycling performance

for PCPU10-20% electrolyte and shows 128 mAh g-1

(1st cycle @ 0.2 C) and 127 mAh g-1 after the 100th

cycle with capacity retention 99% and Columbic

efficiency about 100%. The improved performance is

attributed to the PCPU electrolyte which prevents

dendrite growth formation, and improved mechani-

cal properties played an effective role in enhancing

the electrochemical stability. Figure 23d, e shows the

charge–discharge curves at different C-rates (@

80 �C), and cell delivers discharge capacity about 161

mAh g-1 (@ 0.2 C), 158 mAh g-1 (@ 0.5 C), 134 mAh

g-1 (@ 1 C), 93 mAh g-1 (@ 2 C), and 46 mAh g-1 (@ 3

C). Figure 23f shows the cycling performance for the

Figure 22 Investigation of SI-S55 in Li/NCM cells via

galvanostatic cycling: a discharge/charge capacities and

Coulombic efficiency as a function of cycle number; the first

three cycles were conducted at C/20—all following ones at C/5;

b the corresponding potential profiles for selected cycles. The

cutoff potentials were set to 2.8 and 4.2 V versus Li/Li?, and the

cells were kept at a constant temperature of 40 1 C (Reproduced

with permission from Ref. [137] � RSC Publishing 2018).
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PCPU 10–20% electrolyte (@ 1 C and 80 �C), and after

600 cycles capacity retention is 91%. This stability

was verified by the FESEM images which shows

stable cathode and SPE interface after 600 cycles. In

conclusion, it may be adopted as a solid polymer

electrolyte for the solid-state Li-ion batteries.

As solid polymer electrolytes are the fascinating

candidate for solid-state batteries, however, some

issues remain attached to practical aspects associated

with the preparation method. As the standard tech-

nique to prepare the solid polymer electrolyte is the

solution cast technique that uses volatile organic

solvents (DMF, CAN, etc.) that may harm the envi-

ronment. One alternative is the waterborne poly-

urethane (WPU) that possesses the properties as

required for the separator cum electrolyte and can be

tailored based on the soft/hard segments [140].

To check the applicability of WPU as a separator,

Cong et al. [144] reported the preparation of the WPE

as polymer matrix by polymerization of polyethylene

glycol (PEG), hexamethylene diisocyanate (HDI),

diethylene glycol (DEG), dimethylol propionic acid

Figure 23 a The charge/discharge curves and b C-rate capability

and c cycling performance at 0.2 C for LiFePO4/SPE/Li all-solid-

state batteries at 60 �C; d the charge/discharge curves and e C-rate

capability and f cycling performance at 1 C for LiFePO4/SPE/Li

all-solid-state batteries at 80 �C (Reproduced with permission

from Ref. [141] � Elsevier 2018).
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(DMPA) with LiTFSI as salt, and water was used as a

solvent. The structure of WPU was confirmed by the
1H NMR and FTIR spectra. FTIR spectrum showed the

peak broadening and shift toward the high

wavenumber side of –NH peak (At 3327 cm-1) of

WPU. This promotes the cation coordination with the

carbonyl group of WPU and ether oxygen of PEG

segments, as evidenced by the lower wavenumber

shift in the stretching of –C=O and –COC– bond.

Further XRD analysis suggested the increase in the

amorphous content and reduction in the crystalliza-

tion of WPU after salt addition, also supported by the

DSC analysis. SEM analysis evidenced the smooth

morphology and uniform distribution of salt. After the

addition of the salt, the film becomes more transparent

and flexible. TGA analysis indicates the increase in

thermal stability after salt addition, owing to the for-

mation of a transient cross-link between the cation and

oxygen of the soft/hard segments. The stress–strain

curve evidenced the increase in the mechanical

properties after salt addition, the tensile strength of

0.5 MPa with an extended elongation-at-break value

of 300% for WPU-20% Li. For the same system, further

activation energy was in the range of 0.25–0.27 eV and

lowering of activation energy suggests the presence of

transient dynamical coupling between cations and

polymer chain segmental motion in SPE. The same has

been reported earlier also [145].

The voltage stability window was about 4.8 V (@

60 �C) and is sufficient for the solid-state Li-ion bat-

tery applications. Then, LiFePO4/WPU-20% Li/Li

cells were fabricated and charge–discharge of the cell

shows discharge capacity (@ 60 �C) as 151 mAh g-1

(@ 0.1 C), 145 mAh g-1 (@ 0.2 C), 114 mAh g-1 (@ 0.5

C), 102 mAh g-1 (@ 1 C), and 25 mAh g-1 (@ 2 C). It

was noticed that at a low rate high capacity was

obtained while at a high rate rapid capacity fading

was observed (Fig. 24a, b). This was attributed to the

presence of hard segments that prevents cation

migration at operating temperature. Further cycling

Figure 24 a The charge and discharge curves of LiFePO4/SPE/Li

battery usingWPU-20%Li as electrolyte at different rates and b C-

rate capability and c cycling performance of the batteries at 60 �C,
where the electrolytes were WPU-20% Li and PEO-20% Li; d the

initial charge and discharge curves of the battery usingWPU-20%

Li SPE at 0.02 C at 30 �C (Reproduced with permission from Ref.

[144] � Elsevier 2018).
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stability was checked and fabricated cell delivers. The

discharge capacity of 141 mAh g-1 with a capacity

retention of 97% after 50 cycles (Fig. 24c, d). It was

concluded that the WPU may be adopted as an

environmental friendly candidate for solid-state Li-

ion batteries.

Recently, Zhang et al. [146] have reported the

preparation of poly(propylene carbonate)/Li6.75La3-

Zr1.75Ta0.25O12 composite solid electrolyte. The high-

est conductivity was 5.2 9 10-4 S cm-1 (@ 20 �C) and

is attributed to the decrease in crystallinity and

increased the segmental motion of polymer chains.

Another reason may be the formation of conductive

paths owing to the PPC matrix and LLZTO bulk

interface. The voltage stability window is about 4.6 V,

and high cation transference number 0.75 suggests

the faster ion migration which is in correlation with

high ionic conductivity value. The electrochemical

performance has been examined using this electrolyte

in Li/PPCL-SPE/Li cell. Even after the 200th cycle,

95% capacity is retained that confirms its good cyclic

stability. The utility of PPCL-SPE is checked by fab-

ricating LiFePO4/Li4Ti5O12 lithium-ion full cells

(Fig. 25a–c). The cell shows 123 mAh g-1 at 0.1 C. The

charge transfer resistance is about 70 X, and even

after 800th cycle charge transfer resistance is about 90

X. The fabricated cell glows an LED as shown in

Fig. 25d and evidences the suitability of PPCl-SPE for

Li-ion battery applications.

Star polymer electrolyte

The star polymer electrolyte comprising star-shaped

copolymers having POSS segments is an attractive

candidate due to unique features such as a unique

multiple-chain-ended structure. Zhang et al. [92]

synthesized the SPE of star structure with octavinyl

octasilsesquioxane (OV-POSS) and poly(ethylene

glycol) methyl ether methacrylate (PEGMEM) by

one-step free radical polymerization. One unique

feature was that the POSS macromonomer has mul-

tifunctional corner groups. The star-shaped PE shows

improved free volume and thermal stability as com-

pared to the linear polymer. The star-shaped polymer

electrolyte (SCP5.1) shows a higher conductivity of

1.13 9 10-4 S cm-1, than the linear copolymer elec-

trolyte (LCP5.1) which shows about 5.63 9 10-5 S

cm-1 (At 25 �C). It is attributed to the availability for

more free volume for star-shaped PE than linear PE.

Also, the cation transference number was higher for

SCP5.1 (t?=0.35) than for LCP5.1 (t?=0.19). The volt-

age stability window for SCP5.1 is about 5.31 and

5.04 V (vs. Li/Li?) at 25 and 80 �C.

The electrochemical performance was examined by

fabricating Li/SCP5.1/LiFePO4 cells. The cell shows

the initial discharge capacity of about 116.2 mAh g-1,

with a Coulombic efficiency of * 99% (Fig. 25e, f).

Even at high temperature (At 80 �C) the SCP5.1

electrolyte-based cell shows an initial discharge

capacity of about 163.8 mAh g-1 and after the 100th

cycle decreases to 147.8 mAh g-1 with a capacity

retention ratio of about 90.2% (CE; g = 100%), while

for Li/LCP5.1/LiFePO4 cell the initial discharge

capacity was 72.6 mAh g-1 and 91.1 mAh g-1 after

the 100th cycle. It was suggested that the star shape

polymer architecture has the potential to become an

alternative candidate for battery applications.

Recently, Xiao et al. [119] have reported the prepa-

ration of the star polymer electrolyte using poly(-

ethylene glycol) dimethacrylate (PEGDMA) as a

monomer and ethylene glycol dimethacrylate

(EGDMA) as cross-linker. The synthesized PE is flex-

ible with a tensile stress of about 1.67 MPa with a

strain of about 300%. The highest ionic conductivity is

1.48 9 10-5 S cm-1 (at 20 �C) for PEGDMA550 (Li-

SPE550-Li) and is attributed to the favorable topolog-

ical architecture that promotes the fast ion migration.

The voltage stability window of cell Li|SPE|SS is

about 5.4 V, and the cation transference number of cell

Li|SPE|Li is 0.3. The electrochemical performance of

the cell Li|K-SPE750-Li|LFP is examined using CV.

The cell shows an initial discharge capacity of about

137.7 mAh g-1 and after 150 cycles is 130.5 mAh g-1

with a capacity retention of 95% (Fig. 26a–d). The CE

is 97% for the first cycle and after 150 cycles is 98%.

The charge–discharge curve for the Li|K-SPE750-

Li|LFP cell shows the initial discharge capacity of

about 127.1 mAh g-1 at a rate of 0.2 C. It was con-

cluded that the tailor-made star polymer possesses

desirable properties and can be adopted as a candidate

for energy storage/conversion devices.

The fibrous membrane as the electrolyte

Gopalan et al. [147] reported the preparation of the

PAN electrospun fibrous membranes (PVDF–PAN–

ESFMs) using the electrospinning technique. The 1 M

LiClO4–PC solution was used as the electrolyte. The

prepared membraned shows desirable dimensional

stability after electrolyte uptake even after swelling.
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FESEM analysis evidenced the formation of PVdF-

ESFM fibers interconnected with a large number of

voids, and uniform diameter was 600 nm. The inter-

connected morphology was due to the presence of

the probable molecular level interactions between C–

F (in PVdF) and –CN (in PAN) groups. The DSC

analysis depicts the single glass transition tempera-

ture, and it indicates the proper miscibility of the

Figure 25 a Schematic of flexible solid state LiFePO4/Li4Ti5O12

lithium-ion full cell. b Typical charge/discharge curves and c cycle

performance of solid state LiFePO4/Li4Ti5O12 lithium-ion full cell.

The inset is the impedance spectrum for the cell using PPCL-SPE

after the first cycle and 800 cycles. d Illustration of flexible solid

state LiFePO4/Li4Ti5O12 lithium-ion full cell for lighting LED

lamp in a bent state. Temperature: 20 �C (Reproduced with

permission from Ref. [146] � Royal Society of Chemistry 2017),

cycling performance of the Li/LiFePO4 cell with e SCP5.1 and

f LCP5.1 solid electrolyte at 25 �C with a current density of 0.5 C.

The inset: the corresponding charge/discharge curves at different

cycles (Reproduced with permission from Ref. [92] � Elsevier

2016).
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Figure 26 a Charge–discharge profiles, b cycle performance of

Li|K-SPE750-Li|LFP cell with a certain current density of 0.1 C at

60 �C, c charge–discharge curves of Li|K-SPE750-Li|LFP cell at

different rates, d specific capacity of Li/LFP|Li cells at different

current densities at 60 �C (Reproduced with permission from Ref.

[119] � Elsevier 2018), e Initial charge–discharge curves for the

pouch cells with PVdF–PA–ESFMs as electrolytes; cells were

cycled at 0.1C rate between 2.8 and 4.25 V, f Discharge capacity

versus number of cycles of the pouch cells with a PVdF–

PAN(25)–ESFM, b PVdF–PAN(50)–ESFM and c PVdF–

PAN(75)–ESFM as an electrolyte: inset shows the discharge

voltage profile at various rate for PVdF–PAN(25)–ESFM; anode,

lithium; cathode, LiCoO2; temperature, 25 �C. The cell was

charged at 0.1 C rate (Reproduced with permission from Ref.

[147] � Elsevier 2008).
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PVdF-PAN. The highest ionic conductivity was

7.8 9 10-3 S cm-1 (@ 25 �C) and is higher than that

of the PVDF-based electrolytes which is attributed to

the elimination of crystalline domains after PAN

addition [148]. The voltage stability window of the

PVdF–PAN (25)–ESFM was 5.1 V and is much higher

than the PVdF (i.e. 4.38 V) and PAN (i.e. 4.25 V)

membranes. The electrochemical analysis was per-

formed of cell LiCoO2/PVdF–PAN–ESFM/Li

between 2.8 and 4.25 V (@ 0.1 C). The discharge

capacity was 120.4 mAh g-1 (@ 0.1 C) and after 150th

cycle capacity retention was 93% (Fig. 26e, f).

In-gel polymer electrolytes, PVdF-co-HFP-based

polymer electrolytes (electrospinning and non-wo-

ven) are a fascinating candidate due to the advantage

associated with them: (1) desirable flexibility, (2)

broad electrochemical stability window, (3) non-

flammability, etc. But, their remains one issue that is

leakage of electrolyte even after the addition of ionic

liquid [149–151]. So, an oligomeric ionic liquid-type

gel polymer electrolyte based on oligomeric ionic

liquids, PVDF-co-HFP, and an electrolyte solution

was reported by Kuo et al. [152]. The novel point was

the synthesization of the oligomeric ionic liquid from

phenolic epoxy resin based on a new approach to

improve the conductivity, interfacial resistance, and

the thermal properties. The prepared polymer

membrane was flexible and semitransparent and

possesses porous morphology. The ionic conductivity

was higher (0.12 9 10-3 S cm-1; @ RT) as compared

to PVdF-HFP gel polymer electrolyte, and tempera-

ture dependence of conductivity follows Arrhenius’s

behavior for PVdF-HFP/30% OIL and PVdF-HFP/

50% OIL. This indicates the decoupling of polymer

chain segmental motion from ion transport and

occurs via the pores, while PVdF-HFP/70% OIL

system follows VTF behavior, due to the softening of

the ionized oligomer with an increase of temperature,

and hence faster ion migration. It is further evidenced

by the low value of bulk (Rb = 6 X) and interfacial

(Ri = 45 X) resistance for PVdF-HFP/70% OIL sys-

tem, hence better interfacial stability. The electro-

chemical voltage stability window was about 4.5 V.

The charge–discharge was performed for PVdF-

HFP/70% OIL gel electrolyte, and the initial dis-

charge capacity was 152 mAh g-1 (@ 0.1 C),

141 mAh g-1 (@ 1 C), 117 mAh g-1 (@ 3 C) (Fig. 27a).

Figure 27b shows cyclic stability and depicts the CE

of about 99% after 100 cycles. Then, the flame-retar-

dant ability was checked by the limiting oxygen

index (LOI) test that evaluates the minimum con-

centration of oxygen to support the combustion of the

material (for non-flammable LOI = 22–27, for flame-

retardant LOI[ 27). In the present case, the LOI

value was 31 (for a dry PVdF-HFP/70% OIL mem-

brane) and 29 (for PVdF-HFP/70% OIL mixed liquid

electrolyte solutions). This confirms the improved

non-flammability along with cyclic stability and

safety for the battery.

It is well known that the blending approach is an

important approach to enhance the electrical and

mechanical properties. But, one issue that remains

there is the poor compatibility of blend polymer with

the PEO that reflects the phase separation. So, a new

approach was proposed to synthesize the solid

polymer electrolyte. It comprises two chemically

dissimilar polymer segments: (1) aromatic polymer

segment and (2) host polymer matrix. The former one

provides sufficient mechanical/thermal stability,

while the latter one facilities us with flexibility and

low crystallinity. So, Lu et al. [153] proposed a system

in which polysulfone plays a role as a former one and

PEO as the latter one. The self-standing solid polymer

electrolyte membrane based on PSF–PEO matrix,

with lithium bis-trifluoromethanesulfonimide

(LiTFSI) and low content of SN was synthesized by

one-step condensation copolymerization. A broad

peak in the XRD diffractograms indicates the pres-

ence of large amorphous content and is due to the

amorphous nature of the PSF block that prevents the

PEO crystallization. The impedance analysis suggests

that the role of PSF is to stabilize the solid polymer

electrolyte structure framework only, while

improvement in conductivity is enabled by the

addition of SN. The highest ionic conductivity is

1.6 9 10-4 S cm-1 (At RT) and increases to

1.14 9 10-3 S cm-1 (@ 80 �C) for PSF–PEO35-

? LiTFSI ? SN system. The voltage stability win-

dow of the prepared system is 4.2 V vs. Li/Li? and is

in a desirable range. A Li/PSF–PEO35-

? LiTFSI ? SN/LiFePO4 full cell was fabricated to

check the cyclic performance and displayed a dis-

charge capacity of 152 mAh g-1 (@ C/3 rate) and

after 30 cycles are * 125 mAh g-1 (Fig. 27c, d).

Another important approach to improve the

properties of polymer electrolyte is the copolymer-

ization technique. It improves the electrolyte uptake

as well as the amorphous content. Recently, Shi et al.

[154] have prepared a gel polymer electrolyte by

blending the PEO & PMMA with copolymer P(VDF-
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HFP) (PE-PM-PVH) by solution cast technique using

liquid electrolyte of LiPF6—EC ? DMC (1:1 v/v) as

the plasticizer. FESEM analysis evidenced the

creation and growth of the pores after PEO-PMMA

blending with P(VDF-HFP) (Porosity = 58%) as

compared to pristine P(VDF-HFP) (porosity = 30%).

Figure 27 a Charge–discharge profiles of Li/PVdF-HFP/70%

OIL/LiFePO4 battery tests at various C-rates. LiFePO4 has

assumed a maximal theoretical capacity of 170 mAh g-1 for this

study, and b cyclic performance of Li/PVdF-HFP/70% OIL/

LiFePO4 at a constant current density of 0.5 C (Reproduced with

permission from Ref. [152] � Elsevier 2016), galvanostatic

charge–discharge profiles c and cycling performance d for Li/

PSF–PEO35 ? LiTFSI ? SN/LiFePO4 cell at 80 �C (Reproduced

with permission from Ref. [153], � Elsevier 2013), e The cycle

performances of LiCoO2/graphite full cells with various separator

membranes at 0.2 C, and f Results of rate capability tests for the

LiCoO2/graphite full cells with various separator membranes

(Reproduced with permission from Ref. [154], � Elsevier 2017).
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This increase in pore size may be due to the high

absorbability of the PE-PM-PVH membrane. The

thermal stability of the PE-PM-PVH polymer mem-

brane was 200 �C and is sufficient for the application

purpose. XRD and DSC analysis evidenced the

reduction of crystallinity of the PE-PM-PVH polymer

membrane. The ionic conductivity (r) of the PE-PM-

PVH membrane is 0.81 mS cm-1 and is higher than

pristine P(VDF-HFP) which has 0.25 mS cm-1. The

temperature-dependent conductivity shows three

regions: (1) 0–10 �C, (2) 10–50 �C, (3) 50–60 �C and

shows Vogel–Tammann–Fulcher (VTF)/Arrehenius

behavior. The first region shows a decrease in con-

ductivity and is attributed to the slow segmental

motion of polymer chain and poor ionic mobility. The

second region shows the increase in conductivity and

is due to the better salt dissociation. The third region

(high-temperature region) displays the enhanced

segmental motion of the polymer chain and reflects

the enhanced conductivity. The Li? transport number

(tLi
?) of PE-PM-PVH polymer membrane was higher

(0.72) than the pristine P(VDF-HFP) membrane (0.29).

The voltage stability window of the PE-PM-PVH

polymer membrane was higher (* 5.0 V) than the

pristine P(VDF-HFP) membrane (* 4.5 V). The PE-

PM-PVH polymer membrane was used to fabricate

the battery, and it displays the initial discharge

capacity of about 152.7 mAh g-1 (and after 100 cycles

discharge capacity remains 149.6 mAh g-1). The

capacity retention of 98% and Coulombic efficiency

about 99% strengthens the suitability for commercial

applications. It needs to be noted that the PE-PM-

PVH polymer membrane-based battery shows

improved cyclic stability than the pristine P(VDF-

HFP) membrane-based battery. The rate performance

of the PE-PM-PVH polymer membrane-based battery

shows discharge capacity as follows: 149.5 mAh g-1

(@ 0.1 mA cm-2), 148.7 mAh g-1 (@ 0.2 mA cm-2),

146.9 mAh g-1 (@ 0.3 mA cm-2), 144.7 mAh g-1 (@

0.4 mA cm-2), 143.1 mAh g-1 (@ 0.5 mA cm-2), and

137.7 mAh g-1 (@ 1.0 mA cm-2). The rate perfor-

mance of the PE-PM-PVH polymer membrane-based

battery was also superior to pristine P(VDF-HFP)

membrane-based battery.

Recently, Smith et al. [155] have investigated the

role of ceramics (OPSZ; organopolysilazanes) with

having different morphologies (same chemical backbone

but differ on the ratios of the tetraethyl orthosilicate

(TEOS) pendant chain attached to the polysilazane (PSZ)

backbone) in altering the properties of PAN polymer

and electrospinning method was used for prepara-

tion. SEM analysis showed the decrease in fiber

diameter with TEOS ratio (660 ± 81 nm ? 490 ± 69

nm), pore size distribution (619 ± 76 nm ? 463 ±

72 nm), and electrolyte uptake increases

(801 ± 75%?1109 ± 32%). The mechanical proper-

ties were superior for the 40 wt% TEOS: PSZ system.

Both DSC and XRD analyses indicate the reduction in

crystallinity with TEOS content. The highest ionic

conductivity was 1.04 ± 0.05 mS cm-1 for 40 wt%

TEOS:PSZ system. The enhancement in the conduc-

tivity was attributed to the better salt dissociation and

improved amorphous phase. It may be noted that the

smaller pore size reflects the large electrolyte uptake

and hence the highest ionic conductivity for the

40 wt% TEOS: PSZ system. All system displays a

similar initial discharge capacity, 134 mAh g-1, but

after 100 cycles the capacity retention varies as fol-

lows: 93% for 40 wt% TEOS:PSZ, 91% for 20 wt%

TEOS:PSZ and 88% for 0 wt% TEOS:PSZ (Fig. 27e, f).

A cross-linked GPE porous fabric membrane

(XSAE) was introduced by Tsao et al. [156]. Here,

XSAE (x–y) is, x represents the PDMS–hybrid mem-

brane weight ratio, while y denotes the acrylonitrile–

ethylene oxide molar ratio. They introduced the

PDMS into the cross-linked PAN/PEO polymer

electrolyte to improve the electrolyte uptake and

cation transference number. DSC and FESEM analy-

ses evidenced the phase separation of hybrid poly-

mer and porous morphology. It is important to note

that the pore size increases with the addition of

PDMS and indicates large electrolyte uptake. The

highest electrolyte uptake was 85.1% for XSAE

(20–1.5). XRD analysis indicates the reduction in

crystallinity and is attributed to the incorporation of

the sterically hindered PAN moieties in the main

chains. This disrupts the crystalline arrangement of

chains and is responsible for the high ionic conduc-

tivity and cation transference number as discussed

below. The highest ionic conductivity is

0.67 mS cm-1 at 30 �C and is attributed to the largest

electrolyte uptake. The cation transference number

was 0.58 and is attributed to the increases segmental

motion of PAN with the addition of PDMS. The

voltage stability window was close to 4.5 V. XSAE

(20–1.5) hybrid membrane was selected to fabricate

the cell and delivers a high discharge capacity of

about 154 mAh g-1 (@ 0.1 C) and 145 mAh g-1 (@

1 C). This cell displays higher energy density as

compared to the XAE system (PDMS free). It was
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concluded that the above approach may be adapted

to develop the electrolytes for high energy density

batteries.

A number of strategies are adopted to enhance the

characteristics parameters of the Li-ion battery, but

still, the room is there to enhance them. The network

structure of the LLTO may affect the ion dynamics

parameters. So, a three-dimensional (3D) LLTO net-

work is investigated by Wang et al. [157]. The unique

feature of this approach is: (1) Interconnected LLTO

effectively enhances the electrical and mechanical

properties as well as suppresses the dendrite growth

and (2) a Combination of hot press and quenching

process results in the formation of dense and self-

standing CPE. The composite polymer electrolyte

comprises PEO as host matrix, LiTFSI as salt, and

three-dimensional (3D) LLTO nanofiber network

(synthesized the first time). The highest conductivity

value was about 1.8 9 10-4 S cm-1 at RT, cation

transport number (t?) 0.33, and voltage stability

window of about 4.5 V versus Li/Li?. The addition

of LLTO results in enhancement of mechanical

properties (tensile strength = 16.18 MPa, Young’s

modulus = 0.98 GPa, elongation = 200%). A com-

parative constant current galvanostatic cycles are

shown for the SPE and 3D-CPE. It may be noted that

for Li|SPE|Li cell, fluctuating voltage of 2 V is

observed, while for Li|3D-CPE|Li cell only a small

voltage is observed. The excellent stability is

observed for the 3D-CPE-based cell up to 800 h

(Fig. 28a). This evidences the superiority of the

interconnected LLTO. Figure 28b, c shows the cyclic

stability plot and charging/discharging profile for 30

cycles of cells operated at 25 �C.

LATP has gained the attention of researchers as a

solid-state ionic conductor due to its high ionic con-

ductivity (* 1 mS cm-1) and low sensitivity against

an oxygen/moisture atmosphere [158]. But, one

drawback with LATP is that it degrades with Li metal

contact owing to the reduction from Ti4
? to Ti3

?

which results in the formation of the resistive path for

cation migration, i.e., Li?. So, to resolve this one of

the key interfacial issues, the LATP particle is coated

with a polymer electrolyte. The advantages with this

approach are: (1) Prevention of polymer electrolyte

decomposition due to the blockage of anion by

ceramic layer will be reflected in Coulombic effi-

ciency also, (2) intrinsic ability of polymer to block

electron transport will improve the voltage stability

window, and (3) desirable interface is formed which

also prevents external reaction [146, 159]. Recently,

Yu et al. [160] have reported the preparation of a

novel electrolyte by coating the Li1.3Al0.3Ti1.7(PO4)3

(LATP) nanoparticle with polyphosphazene/PVDF-

HFP/LiBOB, and it provides improved chemical,

mechanical, interfacial and electrochemical

Figure 28 a Voltage profiles

of Li plating and stripping

cycling for the SPE and 3D-

CPE. The inset shows four

cycles for the Li|3D-CPE|Li

cell, b cycling performance at

0.3 C-rate and, c typical

charge–discharge curves of a

coin-type cell LiFePO4|3D-

CPE|Li operated at 25 �C
(Reproduced with permission

from Ref. [157], � American

Chemical Society 2018).
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properties. The maximum voltage stability window

was about 4.7 V. The electrochemical performance of

the layered hybrid solid electrolyte, Li|LHSE|Li3-

V2(PO4)3/CN. Figure 29a shows the charge–dis-

charge profile for the cell at the current rate of 0.05 C.

The initial discharge capacity is about

130.5 mA hg-1, and three plateaus are obtained

associated with the three reversible phase transitions

of Li3V2(PO4)34LiV2(PO4)3. A tiny plateau associated

with LiFePO4 impurity is also observed. Figure 29b

shows the rate capability plot and at the high current

rate ([ 0.2 C), a rapid drop in discharge capacity.

Figure 29c shows the cycling stability of the cell for

500 cycles. After 500 cycles, the discharge capacity is

about 107.6 mAh g-1 with a capacity retention of

88.2%. The gravimetric energy density of about

460 Wh kg-1 is obtained for the cell and is almost

comparable to the LIBs with liquid electrolyte. The

present battery possesses various advantages over

the other LATP base battery. The key advantages are:

(1) no need to of high pressure for making contacts,

(2) broad voltage stability window and operation

range, and (3) no chance of LATP decomposition. It

was concluded that this strategy may be a game-

changer for developing new all-solid-state batteries.

Cross-linked solid polymer electrolyte

Kwon et al. [161] reported the preparation of

organic/inorganic hybrid semi-interpenetrating net-

work (semi-IPN) polymer electrolytes (HIPEs) based

on poly (ethylene oxide-ethylene carbonate) (PEOEC)

as the polymer matrix and LiClO4 salt. The effect of

the octa-functional POSS acrylate (OA-POSS) has

been investigated on the HIPE properties. Here, POSS

stands for polyhedral oligomeric silsesquioxane. The

polymer salt system with [LiClO4]/([EO] ? [EC])

ratio 0.15 exhibits the highest ionic conductivity of

Figure 29 Electrochemical performance of the Li|layered hybrid

solid electrolyte|Li3V2(PO4)3/CNT all-solid-state lithium battery at

50 �C in the voltage range of 3.0–4.3 V versus Li/Li?: a charge–

discharge curve of the initial five cycles at a current rate of 0.05 C,

b rate capability at current rates from 0.1 to 0.5 C, respectively,

and c long-term cycling measurement at a current rate of 0.2 C

(Reproduced with permission from Ref. [160] � The Royal

Society of Chemistry 2019).
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about 4.48 9 10-5 S cm-1. All the HIPE system was

thermally stable up to 175 �C. Addition of OA-POSS

increases the conductivity and is about 3.74 9

10-5 S cm-1 (@ 30 �C) and 3.26 9 10-4 S cm-1 (@

60 �C). Figure 30a shows the voltage stability

window of the prepared HIPE and is close to 5.0 V.

Figure 36b shows the electrochemical performance in

voltage range 2.0–4.0 V of the cell configuration

V2O5/L-HIPE10/lithium metal. The initial discharge

capacity is 280 mAh g-1 and shows good retention of

up to 30 cycles (Fig. 30b).

Shin et al. [162] prepared the cross-linked com-

posite polymer electrolyte (CLCPE) based on

methacrylate-functionalized SiO2 (MA-SiO2)

nanoparticles, PAN membrane and gel electrolyte

precursor containing tri(ethylene glycol) diacrylate

(TEGDA). Figure 30c compares the Li-ion migration

in the non-porous and mesoporous SiO2 nanoparti-

cles. Both have a spherical morphology, and the

average diameter is about 35 nm. The latter one has

the intra-connected pore network structure that

facilitates the Li-ion migration. The ionic conductivity

of the CLCPE with non-porous MA-SiO2 particles

and mesoporous MA-SiO2 particles is 1.1 9 10-3 and

1.8 9 10-3 S cm-1, respectively. The highest con-

ductivity is due to porosity in MA-SiO2 nanoparti-

cles. The electrochemical performance is examined in

the range of 3.0–4.5 V, by fabricating the cell with

configuration graphite as a negative electrode and

LiNi1/3Co1/3Mn1/3O2 as a positive electrode with a

composite electrolyte. The initial discharge capacity

is about 179.5 mAh g-1 and decreases to 157.9 mAh

g-1 after 300 cycles with a capacity retention of 88.0%

(for mesoporous MA-SiO2). The good cyclability is

attributed to the good interfacial contact with elec-

trodes. Figure 30d shows the voltage profile for the

cell with MA-SiO2 and shows a capacity of about

142.7 mAh g-1 at a 5.0 C rate, while Fig. 30e shows

the plot of discharge capacity at a different current

rate. The authors concluded that the mesoporous

SiO2-based cell shows improved performance for all

current rates.

The effect of cross-linker on the properties of the

solid polymer electrolyte is not studied. So, keeping

this in mind Youcef et al. [114] reported the prepa-

ration of the cross-linked polymer electrolyte (CLPE)

by UV-induced cross-linking of poly (ethylene glycol)

diacrylate (PEGDA) and divinylbenzene (DVB)

within a poly (ethylene oxide) (PEO) matrix. The DSC

analysis showed the lowering of the crystallinity and

melting with the addition of cross-linker. There was

no effect of the DVB on the conductivity and 10%

DVB ionic conductivity (1.4 9 10-4 S cm-1) was

usable for practical applications at 60 �C. The voltage

stability window of the electrolyte was close to 5.0 V.

The cation transference number was 0.23 and is

within the desirable limit. The cycling performance

was examined by fabricating the cell with configu-

ration LiFePO4/SPE with 10% DVB/Li metal. The

fabricated cell shows the initial discharge capacity of

123 mAh g-1 which increases to 130 mAh g-1 after 5

cycles and increases to 138 mAh g-1 after 20 cycles.

Recently, Zhang et al. [163] have prepared the new

class of free-standing cross-linked hybrid polymer

electrolytes (HPEs) with POSS as the cross-linker. The

HPE has been prepared by the one-step free radical

polymerization reaction. The HPE system with 5 wt%

POSS shows the highest ionic conductivity of

3.94 9 10-5 S cm-1 (@ 25 �C) and increases to

1.39 9 10-3 S cm-1 (80 �C). The enhancement in the

conductivity with the addition of POSS is attributed

to the enhanced free volume for cation migration.

Another reason given by the authors was that the

grafted EO chains on POSS particles create new ion

conduction pathways. At high POSS, content

decrease is due to the decrease in free volume due to

more POSS particles. The electrochemical properties

were investigated on the cell LiFePO4/HPE ? 5 wt%

POSS/Li, and an initial discharge capacity is about

154 mAh g-1. After 150 cycles, the discharge capacity

is 152.1 mAh g-1 with a capacity retention of 88%. A

very high Coulombic efficiency 99% strengthens the

use of HPE in practical batteries.

Another report by Zhang et al. [164] demonstrated

the preparation of flexible cross-linked SPE with

PEO, TEGDMA, and TEGDME (PTT) SPE with

LiTFSI salt. In this work, the electrode/electrolyte

composite has been prepared by in situ UV-derived

dual-reaction to minimize the interfacial resistance

and low molecular weight cognate monomers have

been introduced to enhance the conductivity and

reduce the crystallinity. The prepared PTT-SPE

membrane is transparent and flexible, and the bene-

fits of this will be reflected in electrical properties.

The PTT-SPE membrane exhibits ionic conductivity

of about 0.27 mS cm-1 and is 30 times higher than

PEO-SPE. The cation transport number is also higher

and is about 0.56 and is favorable in the elimination

of polarization. The voltage window of the PTT-SPE

is about 5.38 V. The electrochemical performance has
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been evaluated by fabricating LFP/PTT-SPE/Li cells

and an initial discharge capacity is about 160 mAh

g-1 at 0.05 C. The cyclic stability is good for 100 cycles

(Fig. 31i). Even after 100 cycles, high capacity

retention of about 98.8% confirms the desirable per-

formance of cells sing PTT-SPE. Further, the

mechanical test of the fabricated cell was performed

by glowing LED in three conditions, free-bending,

Figure 30 a Linear sweep voltammograms of stainless steel

electrodes in L-HIPE10 with LiSO3CF3 at 25 �C and 60 �C, and
b discharge cycle stability (current density: 0.1 C) of all-solid-state

Li/L-HIPE10 (with LiSO3CF3)/V2O5 cells at 60 �C (Reproduced

with permission from Ref. [161] � Elsevier 2014), c different

lithium-ion transport behavior when employing non-porous MA-

SiO2 particles and mesoporous MA-SiO2 particles in the cross-

linked composite gel polymer electrolyte, d discharge curves of

lithium-ion polymer cell assembled with cross-linked composite

gel polymer electrolyte employing mesoporous MA-SiO2 particles,

and e discharge capacities of lithium-ion polymer cells assembled

with different electrolytes as a function of C-rate (Reproduced with

permission from Ref. [162] � 2016).
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bending, and after cutting (Fig. 31ii). In conclusion,

the prepared SPE has the potential to use it in com-

mercial energy storage/conversion devices.

Soy protein-based solid polymer electrolyte

It is well known that the addition of nanofiller is an

attractive approach to enhance the electrochemical

properties. The addition of nanofiller effectively

promotes the ion dissociation and creates ion-con-

ducting pathways to the cation. However, still, there

are restrictions to the enhancement of the conduc-

tivity up to the desirable limit, since the availability of

huge surface area is the intrinsic property of the

nanofiller and is the key behind their selection. So, an

alternative that seems to be feasible is the surface

functionalization of the nanofiller that will facilitate

the desirable ion conduction. The soy protein is an

attractive candidate owing to the ability to transfer

the cations via the functional group present in it

[165]. The availability of the ion conduction pathways

or their numbers is directly linked with the active

Figure 31 i LFP//Li cell performances: (a) Representative charge/

discharge profiles, (b) cycle performances at different rates with

PTT-SPE, (c) the long-term cycle performances of PTT-SPE, PTT-

pre (without UV irradiation) and PEO-SPE at 0.1C, (d) the EIS

tests of a cell with PTT-SPE before and after 100 cycles at 0.1C. ii

Photographs for the LFP/PTT-SPE/Li soft package full cell that

powers a blue LED under various condition: (a) free-bending,

(b) bending, (c, d) cutting (Reproduced with permission from Ref.

[164] � Elsevier 2019).
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surface area. One unique advantage with modifica-

tion is that the interaction between the polymer host

and ion can be tuned. Modification of nanofiller with

SP reduces the nanofiller agglomeration tendency.

Fu et al. [117] investigated the protein-based solid

conductor by adding LiClO4 salt in the denatured soy

protein. The increase in ionic conductivity with

temperature from * 10-9 to 10-5 S cm-1 is observed.

The Li? transference number is 0.94 and confirms the

ionic nature of PIC. Also, the modulus was higher as

compared to the pure PEO electrolyte. Here, the

cation migration occurs via the hopping process by

coordinating sites provided by protein backbone

oxygen atoms. Here, anions remain immobilized and

remain interacted with a positive charge in the pro-

tein side group.

Another report by the same group demonstrates

the manipulation of protein configuration by nano-

filler, and it shows effective enhancement in the ionic

conductivity and mechanical properties. Fu et al.

[166] reported the preparation of the solid polymer

electrolyte by the modification of SP with TiO2

nanoparticles, i.e. protein-ceramic hybrid nanofiller.

The two types of hybrid nanofiller are: (1) TiO2-(SP-

close) hybrid and (2) TiO2-(SP-open) hybrid. The

morphological analysis evidenced the decrease in

particle size, while some agglomeration was there

with untreated TiO2. Protein treatment was effective

in enhancing the dispersion and compatibility with

the polymer matrix. The highest ionic conductivity

was exhibited with 5 wt% TiO2/(SP-open) hybrid

nanofiller and is about 6 9 10-5 S cm-1. Figure 32a

shows the temperature-dependent ionic conductivity,

Figure 32 a Arrhenius plots of ionic conductivity of CPEs with

the TiO2/SP hybrid nanofillers as compared with the pure PEO–

LiClO4 electrolyte; b electrochemical stability studies of the CPEs

as compared with the pure PEO–LiClO4 electrolyte; c discharge–

charge profiles of LiCoO2/CPE–TiO2/(SP-open) hybrid/Li cells

with varying C-rates tested at 65 �C; d cycle performance and

Coulombic efficiency of LiCoO2/CPE–TiO2/(SP-open) hybrid/Li

cells at 0.1 C tested at 65 �C (Reproduced with permission from

Ref. [166] � American Chemical Society 2018).
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and for the TiO2/(SP-open) conductivity is compa-

rable to liquid electrolyte at 90 �C i.e.

7 9 10-4 S cm-1. The voltage stability window is

very high, 5.2 V for TiO2/(SP-close)–CPE and 5.4 V

for TiO2/(SP-open)–CPE (Fig. 32b). Figure 32c, d

shows the electrochemical performance of the cell

configuration LiCoO2/CPE–TiO2/(SP-open)-hybrid/

Li. Figure 32c shows the performance with the dif-

ferent current rates, and Fig. 32d shows the variation

of discharge capacity and Coulombic efficiency at

0.1 C. The discharge capacity decreases from 135 to

128 mAh g-1 after 24 cycles with Coulombic effi-

ciency of 95%. Another interesting parameter is that

the traditional charger transfer resistance is lowest for

the 5 wt% TiO2/(SP-open) hybrid nanofiller system.

SP coating on the TiO2 surface improves the nano-

filler dispersion and flexibility. In the CPE matrix,

two possible interactions occur: (1) cation interaction

with backbone oxygen in protein and (2) formation of

anion clusters owing to the presence of electrostatic

interactions between anion and positive charge side

groups (e.g., Lys and Arg) of protein. It may be

concluded that the modification of nanofiller with SP

creates new ion conduction channels.

The two important factors that influence the cation

dynamics are (1) protein configuration and (2) pro-

tein–TiO2 interaction. Both of these parameters can be

tuned by tuning the protein treatment conditions,

and it effectively alters the ion migration. The posi-

tively charged amino side group in the SP interacts

with the anion of the salt, and it enhances the

enhanced number of cation contributing to the con-

ductivity. Another report by Fu et al. [167] highlights

the preparation of the core–shell protein@TiO2

hybrid NWs, and their effect on the solid polymer

electrolyte [pure ultrahigh-molecular-weight PEO;

UHMWPEO-LiClO4] is examined in detail. The

growth of protein coating on the TiO2 nanowire is

evidenced by an increased diameter from 221 to

246 nm. The thickness of the protein coating is

approx. 8 nm as evidenced by HRTEM. The XRD

diffractograms of SP and TiO2 nanowire concluded

that both the SP and TiO2 NW are integrated well,

and also there is a decrease in peak intensity of

crystalline TiO2 NW. It infers that SP coating

enhances the amorphous phase that is a very critical

requirement for fast ion transport. Further, the

interactions between the SP and TiO2 NW have been

examined by FTIR and strong interactions between

the –NH group of SP and TiO2 NW as evidenced by

the disappearance of N–H stretching (amide III)

located at 1238 cm-1. FTIR spectra confirm the

interaction between the positively charged amino

side group and the oxygen has a negative charge of

TiO2. It results in the in situ growth of the protein

layer on the TiO2 surface (SP@TiO2). The addition of

salt in the UHMWPEO polymer matrix disrupts the

crystallization attributed to the cation coordination

with the oxygen of polymer. The highest ionic con-

ductivity was exhibited by the CPE with core–shell

SP@TiO2 NWs and is about 1.1 9 10-4 S cm-1 (@

10 wt% SP@TiO2 loading). This conductivity value is

larger than the SP-TiO2 nanoparticles-based com-

posite electrolyte. This enhancement is attributed to

the high surface area of the nanowire and the high

aspect ratio which creates continuous conducting

paths. The conductivity increases with temperature

and reaches 2 9 10-3 S cm-1 (At 80 �C). The highest

voltage stability window is obtained for the 10 wt%

SP@TiO2-based composite polymer electrolyte and is

about 5.3 V. The cation (Li?) transference number is

very high for the 10 wt% SP@TiO2-based composite

polymer electrolyte and is 0.62 which is higher than

the pure PEO (tLi
? = 0.41). The electrochemical per-

formance of the cell-based on CPEs with SP@TiO2

NWs was examined at 65 �C. The initial discharge

capacity is 135 mAh g-1 at 0.2 C current rate and

decreases to 111 at 1 C current rate (Fig. 33a, b). It

was concluded that the cell comprising composite

polymer electrolytes with SP@TiO2 NWs shows the

highest capacity and capacity retention of 94.7% after

70 cycles is witnessed (Fig. 33c). The Coulombic

deficiency is about 98.6%.

Ion transport mechanism

In solid polymer electrolytes, an alkali metal salt is

dissolved in the polymer matrix and the salt gets

dissociated in the cation and anions owing to the

electrostatic interactions. The cation migrates via the

coordinating sites provided by the polymer chain and

anion due to large size is immobilized with the

polymer backbone. The combined effect of the hop-

ping and segmental motion results in ion transport.

In the case of the polymer salt matrix, the ion trans-

port mechanism is shown in Fig. 34. The four possi-

ble processes are: (1) intrachain hopping, (2)

interchain hopping, (3) intrachain hopping via ion
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cluster, and (4) interchain hopping via ion cluster

[21, 168].

The ion migration in different composite polymer

electrolytes of three types is shown in Fig. 35i(a–c).

The LLZTO is added in the polymer matrix, and it

plays three important roles: (1) enhances the seg-

mental motion of polymer chains, (2) lowers the

crystalline content, and (3) increases conductivity by

providing additional conducting paths [132].

Nanoparticles play an effective role in the

Figure 33 Electrochemical performance of symmetric Li/CPE/Li

cells and LiCoO2/CPE/Li half-cells. a Voltage profiles of half-cells

with CPE loaded with 10 wt% SP@TiO2 NWs at various current

rates. b C-rate performance of half-cells with CPE loaded with 10

wt% SP@TiO2 NWs. c Cycle stability of half-cells with CPEs

loaded with 10 wt% SP@TiO2 NWs, SP–TiO2 NPs, and TiO2

NWs tested at 0.3 C. All the measurements were performed at

65 �C (Reproduced with permission from Ref. [167]� John Wiley

and Sons 2015).

Figure 34 Mechanism of ion

transport in PEO (Reproduced

with permission from Ref. [21]

� Royal Society of Chemistry

2015).

J Mater Sci (2020) 55:6242–6304 6289



enhancement of the ionic conductivity and the ion

dynamics in the polymer matrix. In the case of soy

protein (SP)-based ion conductor, the protein chain

having functional groups in the backbone supports

the salt dissociation and enhances the ion migration.

So, the combination of these two approaches will be

more efficient in promoting ion dynamics and mod-

ified nanoparticle will be more effective [166]. Fig-

ure 35ii shows the protein–ceramic hybrid nanofiller

that enhances the ionic conductivity in solid polymer

electrolytes. So, here protein structure is manipulated

using ceramic TiO2 nanoparticle. The optimized

protein on the nanoparticle shows various interac-

tions at the protein nanoparticle interface since pro-

tein backbone has various functional groups that

provide strong interaction to substrate surface, such

as charge–charge interactions, hydrogen bonding,

van der Waals force, and p–p interactions [169].

In continuation to the above approach, Fu et al.

[167] modified the nanowire with protein configura-

tion (core–shell protein@TiO2 hybrid NWs). The

unique feature with this approach was the continu-

ous conduction pathways that facilitate the fast ion

conduction. Figure 35 ii shows the ion conduction

and the protein interaction with ions in the core–shell

protein@TiO2 hybrid NWs. The functional group

present in the protein backbone locks the anion

owing to the electrostatic interaction by positively

charged amino acid residues. It results in better salt

dissociation, and single-ion conductor is obtained, i.e.

conduction is dominated by the cation only. Another

possible mechanism is that the locked anions clusters

and oxygen in the protein backbone provide coordi-

nating sites for cation hopping and a favorable con-

duction environment is available. It may be

concluded that the protein chain is effective in

enhancing ion dynamics.

The ion migration in the ceramic-polymer elec-

trolyte is influenced by the hierarchical structures of

nanofiller. In this approach, a 3-D nanofiller is

obtained to avoid particle agglomeration. One

advantage with the nanofiller framework is that it

provides continuous pathways for cation migration.

Figure 36i shows the ion migration in such a 3-D

framework of LLTO. The agglomeration of the

nanoparticles decreases the degree of percolation

along with interphase volume. This results in a

decrease in conductivity owing to the discontinuous

Figure 35 i Schematic illustration for PEO-LLZTO CSE:

(a) ‘‘ceramic-in-polymer’’; (b) ‘‘intermediate’’; (c) ‘‘polymer-in-

ceramic (Reproduced with permission from Ref. [161] � Elsevier

2018), ii (a) schematic of the possible mechanism for the TiO2/

(SP-open) hybrid to improve the adhesion of the CPEs

(Reproduced with permission from Ref. [166] � American

Chemical Society 2018), (b) schematic illustration of protein ion

conduction channel promoting dissociation of lithium salts and

conduction of Li?. Loading of nanofillers in all CPEs: 10 wt%

(Reproduced with permission from Ref. [169] � John Wiley and

Sons 2015).
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path, while the composite polymer electrolyte based

on the hydrogel derived LLTO framework evidences

enhancement of the conductivity. This enhancement

is attributed to the decreased nanoparticle agglom-

eration, and high interphase volume creates the

continuous conducting paths connected in 3D struc-

ture [126].

The ion transport in the SP-based polymer elec-

trolytes is altered by the salt concentration and the

temperature of evaporation (protein–ion complex

formation temperature). Figure 36ii shows the mod-

ification observed in the protein–ion complex by

controlling the proteins/ions ratio and complex for-

mation temperature. The controlled process results in

favorable chain reorganization that contributes to the

enhancement of the conductivity. A decoupled ion

transport mechanism was developed by Fu et al.

[117] in protein ion conductors (PIC). This mecha-

nism was based on the experimental and theoretical

results. Figure 36ii shows the locking of the anion

(ClO4
-) with the positive groups of protein and

cation migrates via the hopping process. The pres-

ence of oxygen in the protein backbone provides

coordinating sites to the cation. Here, hopping of the

cation is also attributed to the anions connecting

coordinating sites and this evidences the decoupled

ion transport from protein chain motion. So, in PIC

three important benefits are: (1) achieving single-ion

conductor due to locked anion or immobilized state

with specific functional group of protein and (2)

anion clustering lowers the activation energy. Table 7

shows the comparisons of electrical, transport, ther-

mal and electrochemical properties of various solid

polymer electrolytes (Fig. 37).

Summary and future prospects

In conclusion, we reviewed the topical evolvement of

the solid polymer electrolytes (SPEs) for high-energy

all-solid-state Li-ion batteries (ASSLIBs). First of all,

the advantages of ASSBs were discussed in detail

over the existing battery followed by brief about solid

polymer electrolytes. Then solid polymer electrolytes

were divided into ceramic, garnet, block, star, cross-

linked, polycarbonate and soy protein-polymer elec-

trolytes depending on their morphology, and archi-

tecture. Two important sections highlight the thermal

runway issue and dendrite growth prevention

strategies. We discussed the preparation method, and

crucial characterizations need to be done for evalu-

ating the characteristic properties. After that, we

discussed in detail the electrochemical performance

Figure 36 i Schematic representation of possible conduction

mechanism in composite electrolytes with agglomerated

nanoparticles and 3D continuous framework (Reproduced with

permission from Ref. [126], � John Wiley and Sons 2018), ii

Ionic conductivity of protein-based ion conductor (PIC) at room

temperature, (a) schematic of the control of a protein–ion complex

by adjusting protein/ion ratio and complex formation temperature,

(b) schematic illustration of the decoupled Li?-transportation

process. The hopping of Li? ions is facilitated by the anions,

which are strongly locked by the protein through positively

charged side chains (Reproduced with permission from Ref. [117]

� American Chemical Society 2016).
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of various types of solid polymer electrolyte in the

ASSLIBs. Finally, we discussed the ion transport

mechanism in various types of solid polymer

electrolytes.

ASSLIBs have gained attention due to the increas-

ing demand for energy and are discussed in detail in

this review. The key advantages of the SSBs are

safety, small in size and better fabrication. The

important parameters that need to be addressed are

ionic conductivity, cation transport number, voltage

stability window, good interfacial contact, and ther-

mal stability. Along with this, there is a need for an

increase in energy density, Coulombic efficiency,

capacity retention, and cyclic stability.

In future scope, there is a need to develop a new

method of creating good interfacial contact and

development of new material architecture. New

materials that have the potential to enhance the

electrochemical properties of ASSBs are MXenes (2D)

materials owing to their unique features such as

higher surface area than 0D and 1D. MXenes is a new

family of transition metal carbides and/or nitrides.

Along with these advanced SPE, there is significant

investigation required to search the novel electrodes

(cathode/anode) for optimum performance of the

overall battery. In brief, we sincerely hope that this

review provides a competent way to project vital

breakthroughs in the progress of newly solid poly-

mer electrolytes for ASSLIBs, and also opens doors

for novel approaches.
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Tarascon JM, Bouchet R, Lascaud S (2006) Dendrite short-

circuit and fuse effect on Li/polymer/Li cells. Electrochim

Acta 51(25):5334–5340

[45] Wu B, Liu Q, Mu D, Xu H, Wang L, Shi L, Gai L, Wu F

(2016) Suppression of lithium dendrite growth by intro-

ducing a low reduction potential complex cation in the

electrolyte. RSC Adv 6(57):51738–51746

[46] Bai P, Li J, Brushett FR, Bazant MZ (2016) Transition of

lithium growth mechanisms in liquid electrolytes. Energy

Environ Sci 9(10):3221–3229

[47] Ilott AJ, Mohammadi M, Chang HJ, Grey CP, Jerschow A

(2016) Real-time 3D imaging of microstructure growth in

battery cells using indirect MRI. Proc Natl Acad Sci USA

113(39):10779–10784

[48] Mehdi BL, Stevens A, Qian J, Park C, Xu W, Henderson

WA, Zhang JG, Mueller KT, Browning ND (2016) The

impact of Li grain size on coulombic efficiency in Li bat-

teries. Sci Rep 6:34267

[49] Ma J, Chen B, Wang L, Cui G (2018) Progress and prospect

on failure mechanisms of solid-state lithium batteries.

J Power Sources 392:94–115

[50] Brissot C, Rosso M, Chazalviel JN, Baudry P, Lascaud S

(1998) In situ study of dendritic growth in lithium/PEO-

salt/lithium cells. Electrochim Acta 43:1569–1574

[51] Brissot C, Rosso M, Chazalviel JN (1999) Dendritic growth

mechanisms in lithium/polymer cells. J Power Sources

81:925–929
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