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The growing demand for portable electronic devices, electric vehicles, and large-scale advanced energy
storage has aroused increasing interest in the development of high energy density lithium batteries. The
electrolyte is an important component of lithium batteries and is an essential part of performance and
safety improvements. Commercially available electrolytes mainly consist of lithium salts and organic car-
bonate solvents that are prone to decomposition due to their narrow electrochemical windows and tend
to react with lithium metal anodes forming an unstable solid electrode/electrolyte interface (SEI). In partic-
ular, the flammability of organic solvents raises concerns about battery safety. lonic liquid/poly(ionic liquid)
(IL/PIL)-based electrolytes enable batteries with good safety, high energy/power density and long-term sta-
bility. This review focuses on the applications of IL/PIL-based liquid, quasi-solid, and solid electrolytes and
electrolyte additives in lithium batteries. The perspectives and challenges of IL/PIL electrolytes in the field
of lithium batteries are also proposed.
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1 Introduction

The demand for sustainable energy is steadily increasing.
Lithium batteries have received widespread attention from
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academia and industry because of their advantages such as
high energy density, high voltage, and relatively green envi-
ronmental impact."™ However, the huge potential of lithium
batteries has not yet been fully explored, and many re-
searchers are pursuing the development of lithium battery
designs with higher energy and power densities as well as
higher voltages. Such batteries are expected to be particularly
used in powered vehicles. In addition, they are expected to be
useful for special environmental applications including appli-
cations requiring high or low temperature conditions.”™®

To improve energy density, high voltage (>4.3 V) cathodes,
such as lithium nickel manganate (LNMO), lithium cobalt oxide
(LiC00,), high nickel ternary (NCM), and lithium anodes (-3.04
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V vs. standard hydrogen potential, theoretical specific capacity
3860 mA h g™), are investigated for lithium battery systems.” ™
The electrolyte is an important component of lithium batteries
and has a significant impact on the capacity, cycling, and stor-
age performance of batteries.””™™* The commercialized electro-
lytes consist mainly of lithium salts and organic carbonate sol-
vents. However, the limited electrochemical window of these
commercialized organic electrolytes makes them unstable dur-
ing charging and discharging.”> Moreover, these organic sol-
vents are unstable for lithium metal cathodes, which can easily
form an unstable SEI (solid electrolyte interphase) layer pro-
duced by electrolyte decomposition, resulting in larger interfa-
cial impedance and lithium dendrites.’®™® In addition to the
commercial carbonate electrolytes, ether electrolytes have good
lithium metal compatibility and conductivity at low tempera-
ture, but the poor oxidative stability (<4 V vs. Li/Li") limits their
use in high voltage systems. Moreover, sulfone, sulfonamide
and phosphate electrolytes have poor compatibility with lithium
metal and graphite anodes.’®?° Further, these organic electro-
lytes are volatile and combustible, which makes lithium batte-
ries a known safety hazard.>' Therefore, it is highly desirable to
develop lithium batteries having low interfacial impedances,
high ionic conductivity, and green electrolytes for improved
performance.*

Ionic liquids (ILs) are organic salts that melt below 100
°C; many ILs are liquid at room temperature.'””** In 1914,
Walden invented the first IL, nitroethylamine, by reacting
concentrated nitric acid and ethylamine.> Nowadays, ILs
have attracted more and more attention because of their non-
volatility, non-combustion, high thermal and chemical stabil-
ity, wide electrochemical window, and good ionic
conductivity.>>” In 2015, Passerini et al. reviewed IL-based
electrolytes noting their improved safety for lithium ion bat-
teries.”® In 2018, Dai and co-workers presented a review of
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applications of ILs as novel media and ingredients in lithium
and sodium batteries, focusing on technical and economic
aspects. In 2019, Mecerreyes et al. summarized the compre-
hensive applications of IL and polymer-based electrolytes for
solid-state lithium batteries, and reviewed methods to im-
prove the mechanical and electrochemical properties of poly(-
ionic liquids) (PILs) by using block copolymerization.*

Here, we provide a review of the applications of ILs/PILs
in lithium batteries, including IL-based and PIL-based liquid,
quasi-solid, and solid electrolytes and electrolyte additives.
Improvements afforded by ILs/PILs in terms of increased
voltage, ionic conductivity, and flame retardancy are dis-
cussed. Finally, future challenges and opportunities for IL/
PIL applications in lithium batteries are also presented.

2 IL-based electrolytes

The electrolytes in lithium batteries that have been commer-
cialized generally consist of lithium salts and organic sol-
vents (e.g., vinyl carbonate, dimethyl carbonate, methyl ethyl
carbonate).”’ Despite this commercialization, such organic
solvents have some problematic features that need to be con-
sidered. On the one hand, lithium metal tends to react with
carbonate solvents in commercial electrolytes to produce an
unstable SEI, leading to a continuous growth of lithium den-
drites. This depletion of lithium metal and electrolytes re-
duces coulombic efficiency (CE) and cycling performance. On
the other hand, the continuous growth of lithium dendrites
may cause short-circuiting and overheating, inducing com-
bustion of the organic electrolyte. Therefore, it is essential to
develop nonflammable electrolytes that inhibit the growth of
lithium dendrites. Moreover, high-voltage (>5 V) cathode ma-
terials have been widely developed, but currently available
electrolytes are electrochemically unstable at high anode
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potentials, so a suitable electrolyte is actively being sought
for high-voltage lithium batteries.

During the past decades, a lot of effort has been devoted
to finding potential alternative electrolytes. One solution is to
use a solid electrolyte, which can improve problems such as
a battery's tendency to leak, but ion mobilities and interfacial
resistances present challenges that have yet to be solved. ILs
have been widely considered to be promising alternative sol-
vents due to their unique advantageous properties, such as
non-flammability, non-toxicity, and low vapor pressure. Re-
searchers have attempted to replace organic electrolytes by
combining certain lithium salts with ILs as new electrolytes
for lithium batteries and effectively improving the safety of
the batteries. Interestingly, some electrode materials that are
not suitable for conventional electrolytes have shown good
performance in IL-based electrolytes.*> When ILs are used as
electrolytes, there are two key factors that should be consid-
ered: viscosity and conductivity.

View Article Online
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The high viscosity and medium conductivity of ILs hinder
their performance for battery cycling at room temperature.
Formulating a new electrolyte by combining ILs with ther-
mally stable organic solvents and lithium salts is a promising
method to overcome the low conductivity of ILs while
retaining a high electrochemical window and adequate ther-
mal stability. Dong et al. used 1-methyl-1-butylpiperidinium
bis(trifluoromethanesulfonyl)-imide (PPy,TFSI) as the main
component introduced into such an electrolyte system and
sulfolane as a co-solvent (0.5 M LiDFOB in PP,TFSI and
sulfolane (1:1 wt) denoted as E50, 0.5 M LiDFOB in PP,,TFSI
and sulfolane (3:2 wt) denoted as E60, and 0.4 M LiDFOB in
PP,,TFSI and sulfolane (7:3 wt) denoted as E70).** This de-
signed E60 electrolyte exhibited higher oxidative stability,
which means wider potential window at 55 °C and 70 °C
compared to LiPF, in carbonate electrolyte (Fig. 1a). The solid
cathode electrode-electrolyte interface (CEI) film formed by
E60 has higher thermal stability and lower resistance to
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Fig. 1 (a) LSV profiles of the electrolytes at different temperatures. Reproduced with permission.>®* Copyright 2018 Elsevier; (b) schematic
diagrams of Li plating on a Cu current collector in a commercial electrolyte, an ILE (IL-electrolyte), and a LHCE (localized high concentration
electrolyte); (c) viscosity and ionic conductivity of the different electrolytes at 25 °C; (d) combustion tests of the commercial electrolyte and LHCE.

Reproduced with permission.®> Copyright 2021, Wiley-VCH.
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protect the cathode material structure and can maintain cy-
cling stability at high voltage and high temperature. The dis-
charge capacity of the battery was 172.5 mA h g™* with a ca-
pacity retention of 94.5% after 50 cycles at 55 °C and 238.8
mA h g with a capacity retention of 92.7% at 70 °C,
respectively.

However, IL-based electrolytes still suffer from slow lith-
ium transport due to complex lithium solvation structures
and kinetics.>® Even at a salt concentration of 1 M, the IL in-
creases the viscosity of the electrolyte to some extent, which
results in a decrease in ionic conductivity. To overcome this
problem, low-viscosity diluent solvents, such as carbonates,
ethers, and esters, have been added to electrolytes. When
choosing a diluent, it is important to consider its flammabil-
ity and electrolyte reactivity with the lithium metal anode.
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Hydrofluoric ethers (HFEs) have also been studied as a
suitable diluent due to their low viscosity and non-flammabil-
ity. Wang et al. designed a localized high concentration elec-
trolyte (LHCE) based on the IL N-methyl-N-propyl-piperidine
bis(fluorosulfonyl)imide ([PP,;3][FSI]), while using 1,1,2,2-
tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (HFE) as a dil-
uent solvent (Fig. 1b).*> Experimental results showed that
this electrolyte solvent combination not only has non-flam-
mability, low viscosity, high ionic conductivity, excellent elec-
trochemical, and good wettability (of the septum) properties,
but also produces dense and flat inorganic SEI layers for uni-
form deposition of Li" (Fig. 1c and d). A Li||Li symmetric bat-
tery using such an electrolyte can be stably cycled for 5000 cy-
cles at 10 mA cm?, and an assembled Li||LiFePO, battery
exhibits an extremely stable cycling performance with a
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Fig. 2

(@) Schematic illustration of the solution structures of IL electrolytes; (b) photo images of wetting behavior and contact angles on PE

separators. Reproduced with permission.*® Copyright 2020, Wiley-VCH; (c) schematic illustration of the battery configuration and electrolyte com-
position of the EM-5Li-Na IL electrolyte; (d) flammability tests of the EM-5Li-Na IL electrolyte and conventional organic electrolyte consisting of 1
m LiPFg in EC/DMC (1:1 by vol); (e) ionic conductivity of the EM-5Li-Na IL at various temperatures; (f) cyclic stability of Li metal-LiCoO, batteries
using EM-1Li and EM-5Li-Na IL electrolytes. Reproduced with permission.*? Copyright 2020, Wiley-VCH.
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capacity retention rate of 87% after 1000 cycles at a high
C-rate of 5C.>*%

Inspired by LHCE results, Lee et al. first proposed a locally
concentrated IL (LCIL) electrolyte that combines an IL-based
electrolyte with a HFE diluent. Their electrolytes were com-
posed of LiTFSI, 1-methyl-1-propylpyrrolidine bis(fluorosulfo-
nylimide) (PY;5FSI), and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetra-
fluoropropyl ether (TTE) as a Li salt, an IL and a diluent (1:
2:2 mol ratios), respectively (Fig. 2a).*® The addition of TTE
results in a concentrated IL electrolyte without affecting the
viscosity and improves the wettability of the separator,
thereby significantly improving the ionic conductivity and
cell performance (Fig. 2b). The non-flammability of TTE fur-
ther enhances the battery thermal stability. Liu et al. also de-
signed an LCIL electrolyte consisting of LiFSI, 1-ethyl-3-
methylimidazolium bis(fluorosulfonyl)imide salt (EMimFSI),
and 1,2-difluorobenzene (dFBn).*° dFBn acts as a co-solvent;
it not only promotes transport of Li" in the IL, but also pro-
motes the formation of a protective layer on the surfaces of
the lithium metal anode and the cathode. Wu et al. prepared
a new ultra-low concentration electrolyte (ULCE, 0.1 M) by
dissolving lithium difluoro(oxalato)borate in N-methyl-N-
methoxyethyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide
(MEMP][TFSI]) IL and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-
fluoropropylether.*® This ULCE has significant advantages
such as low cost, non-flammability, wide operating tempera-
ture (=100 to 70 °C), and a high electrochemical window
(5.75 V). Concomitantly, the combination of the cation
shielding effect of MEMP" and the stable SEI formed by the
preferential decomposition of DFOB™ and TFSI' helps to in-
hibit the growth of lithium dendrites. Li||LiNig ¢C0,,Mng,0,
(NCM622) batteries with such an ULCE at a high voltage (4.5
V) and wide temperature range (=60 to 70 °C) exhibit excel-
lent performance.

Finding low-viscosity ILs is also a proven solution for low
ionic conductivity. By appropriately making subtle changes to
the structures of the lower viscosity imidazolium-based ILs,
the ion diffusion process can be effectively improved and ul-
timately increase the ionic conductivity. Such ILs also im-
prove cycling performance. Kale et al. synthesized an IL
[Ce(mim),] [TFSI], for lithium-ion batteries.”* The conductiv-
ity was 1.02 x 107 S em™" at 30 °C, and the electrochemical
stability window was up to 5.3 V. A Li|l|[LiFePO, battery
showed a capacity of 133 mA h g™* at a C-rate of 0.1C with a
coulombic efficiency of 98.8%. The battery can maintain its
initial discharge capacity even at higher charge/discharge
multipliers, indicating excellent reversibility and stability. Dai
et al. proposed a new IL electrolyte for lithium metal batteries
with components including 1-ethyl-3-methylimidazolium
bis(fluorosulfonyl)imide ([EMim]FSI), 5 M lithium bis(fluoro-
sulfonyl)imide (LiFSI), and 0.16 M bis(trifluoromethanesulfo-
nyl)imide sodium (NaTFSI) additives (Fig. 2¢).”> The electro-
lyte has a lower viscosity compared to previous ILs used in Li
metal batteries, and the Li||Li symmetric battery can achieve
a stable and reversible Li deposition/dissolution cycle of 1200
h (Fig. 2d and e). At a higher C-rate of 0.7C, LiCoO, batteries

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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with EM-5Li-Na IL electrolytes were achieved with approxi-
mately 81% of the initial capacity retained after 1200 cycles
(Fig. 2f).

IL electrolytes based on bis(trifluoromethanesulfonyl)im-
ide and bis(fluorosulfonyl)imide salts, as well as fluorine-
containing electrolytes, are beneficial for improving the sta-
bility of lithium batteries.”* However, fluorinated ILs are rela-
tively expensive and may be harmful to the environment.
Passerini et al. conducted an in-depth study using a fluorine-
free IL and its lithium salt as an electrolyte.** This IL was
composed of cyano-based anions (dicyandiamide (DCA), tri-
cyanomethanide (TCM)), and pyrrolidine cations (Pyr,,'). The
fluorine-free IL electrolyte showed excellent ionic conductivity
(5 mS em ™) at room temperature, which is much higher than
that of similar fluorinated ILs.

The above approaches appear promising for solving the
problems of low conductivity and high interfacial impedance
of IL electrolytes. However, further research is needed to real-
ize the full potential of IL-based electrolytes.

3 Quasi-solid electrolytes

Liquid electrolytes for lithium batteries have been extensively
studied and developed and have met practical requirements
in terms of ionic conductivity and wettability. However, liquid
leakage and electrochemical instability limit their use in high
energy density battery systems where safety is a key con-
cern.”"*>® New solid-state battery systems based on quasi-
solid gel electrolytes and solid electrolytes provide increased
energy density and operational stability.*”*

3.1 ILs as interfacial wetting agents

In non-homogeneous electrolyte systems or rigid nano-solid
polymer electrolytes, ILs can serve as interfacial wetting
agents between the grain boundaries of different components
or crystalline molecules which are also possible ways to en-
hance the ionic conductivity of electrolytes.*>>° In crystalline
polymer electrolytes, Li* can be transported in the body of
the crystalline polymer. However, ion transport at grain
boundaries is still not negligible. Low ionic conductivity at
the grain boundaries also affects the overall electrochemical
performance of the electrolyte. Madsen et al. reported molec-
ular-ionic hybrid electrolytes based on aligned oriented crys-
talline polymers complexed with a concentrated salt and IL
(Csmpyr FSI").°" The locally ordered polymer-ion assembly
was modified by a heterogeneous salt doping process. Mean-
while, the LiFSI and LiBF, salts were filled to incorporate an
inter-grain network, which can enhance the density and con-
ductivity of Li" at the grain boundary gaps (Fig. 3a). The ob-
tained solid electrolyte exhibits a high mechanical modulus
(200 MPa), excellent Li* conductivity (1 mS em™ at 25 °C),
non-flammability, and high electrochemical stability (5.6 V
vs. Li|Li"). During the operation of the lithium symmetric
cell, the SPE exhibits low interfacial resistance (32 Q cm?)
and overpotential (<120 mV at 1 mA cm2), which is indica-
tive of outstanding dendrite suppression.

Ind. Chem. Mater,, 2023, 1, 39-59 | 43
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(a) Grain boundaries become predominantly condensed salt phases, which consist of nanocrystalline grains that form a conductive

network supporting fast Li* transport. The morphology of an aligned LC grain contains PBDT double helical rods filled predominantly with mobile
IL cations. Reproduced with permission.®® Copyright 2021, Springer Nature; (b) ionic conductivity of cells with LiTFSI-PEO solid polymer
electrolytes with PPy3-TFSI and EMim-TFSI ILs and LiTFSI-PEO-LigPSsCl HSEs with PP;3-TFSI and EMim-TFSI ILs; (c) ionic conductivity of LiTFSI-
PEO-LigPS5Cl HSE and with PPy3-TFSI and EMim-TFSI ILs at various temperatures. 2D *H-H NOESY spectra of the mixtures of LiTFSI-PEO-LigPSsCl
with EMim-TFSI and PP,3-TFSI ILs. Reproduced with permission.>® Copyright 2022, Springer Nature.

The low ionic conductivity of hybrid solid-state electrolytes
limits their practical application in solid-state battery sys-
tems. In organic-inorganic hybrid electrolytes, the transport
path of Li* has been resolved in several ways. Li" transport at
polymer-ceramic interfaces is often neglected.’> A key chal-
lenge is to assess Li" transport over the inorganic-organic in-
terfaces and correlate this transport with the surface struc-
ture and topography. Wagemaker et al. explored the
mechanisms of Li’ transport at the ceramic-polymer inter-
face and interfacial chemistry in a HSE by using solid-state
nuclear magnetic resonance spectroscopy (Fig. 3b and c¢).>*>*
Meanwhile, two ILs with different miscibility with the poly-
mer component were introduced into the hybrid solid elec-
trolyte. The results showed that ILs with poor miscibility can
be adequately distributed at the polymer-ceramic interface,
enhance interfacial wetting, and lower the ion diffusion bar-
rier, which improves the efficiency of Li" transport at the in-
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terface. Compared to EMim-TFSI, which highly wets poly-
mers, the LiTFSI-PEO-LizPSsCl HSE with PP,5;-TFSI
demonstrated higher ionic conductivity (1.12 x 10™ § cm™ at
25 °C). The enhanced ionic conductivity of the HSE is effec-
tive in improving the electrochemical performance of batte-
ries. Additionally, ionic gels that mix ILs with inorganic parti-
cles such as SiO, play an important role in solving problems
such as the stability of the electrolyte/electrode interface and
the transport of lithium ions in solid-state battery
electrodes.”®

3.2 Gel electrolytes

Gels are a class of stable solid-liquid hybrid systems with a
continuous network of solids spanning the entire phase
volume.”®® Compared to liquid phase ILs, gel electrolytes,
which may incorporate ILs, offer multiple prospects and
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advantages: (1) increased Li" transport capacity due to greater
ability to dissociate charged ions or anchor anions; (2) wider
available temperature range; (3) decreased IL leakage and
leaching and higher mechanical strength.***°

3.2.1 Organogel electrolytes. Gel electrolytes can be pre-
pared by combining a PIL framework with organic molecules
or ILs. PILs, derived from the polymerization of IL mono-
mers, are unique ionomers that combine cations, anions or
both into a polymer structure, and yet the unbound counter
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ions are free to diffuse. PILs not only have the advantages of
high ionic conductivity of ILs but also exhibit the properties
of polymers. PILs are promising solid polymer electrolyte can-
didates due to their processability, non-leakage, non-flamma-
bility, and good mechanical properties, tunable ionic struc-
ture, and ion space-charge effects.

The unique ion transport mechanism of PILs holds prom-
ise for use in lithium battery electrolyte membranes. The
main functions of electrolyte membranes are: to act as an
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Fig. 4 (a) Schematic illustration of the fabrication, composition, and operation of an es-PVPSI nanofiber-based membrane, acting as a single-ion
conducting polymer electrolyte in LIBs (lithium ion batteries). Reproduced with permission.®® Copyright 2018, Wiley-VCH; (b) schematic of poly-
anionic gel electrolytes; (c) schematic illustration of the structure and composition of the IGEM (ionogel electrolyte membrane). Reproduced with
permission; (d) schematic illustration of the Li* solvation structure and transport mechanism in electrolyte.®” Copyright 2021, Wiley-VCH; (e) sche-
matic diagram showing molecular structures of ions present in a base liquid electrolyte, a photograph of a transparent, freestanding ZI gel electro-
lyte, and a fully zwitterionic copolymer scaffold chemical structure. Reproduced with permission.®® Copyright 2021, Wiley-VCH; (f) fabrication
flowchart of hybrid electrolytes and Li-ion pathways in a pressed LATP (Lij 4Alp 4Ti1.6(PO4)3) particle pellet and an “ionogel-in-ceramic” electrolyte
membrane. Reproduced with permission.®® Copyright 2021, Wiley-VCH.
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electrical insulator between the anode and cathode (to pre-
vent short circuits) and to provide a microporous channel for
metal ions to migrate freely back and forth between the elec-
trodes of the battery.®” The performance of the electrolyte
membranes, especially their high temperature resistance, pre-
vention of dendrite penetration, and puncture resistance,
largely determines the safety performance, energy storage ca-
pacity, and service life of an energy device.®>®> The combina-
tion of PILs with organic electrolytes to construct gel electro-
lyte membranes allows for high ionic conductivity and
thermal stability of the electrolyte. Cheng et al. proposed a
PIL-based electrostatic spinning single-ion conducting poly-
mer electrolyte composed of nanoscale mixed poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) and lithium
poly(4,4’-diaminodiphenylsulfone bis(4-carbonyl benzene sul-
fonyl)imide) (LiPSI) (Fig. 4a).®* Compared to polyolefin-based
separators, the PIL-based separator exhibited better porosity,
electrolyte wettability, mechanical strength, and thermal di-
mensional stability. Moreover, the anionic group in a PIL-
based separator provided sites for the transport of Li" and fa-
cilitated the transport of Li" in the electrolyte. In addition,
the ionization of commonly used polymer materials is also
an effective way to improve the performance of an electrolyte
membrane.

Although PILs have some ability to transport ions, the
ionic conductivity of PIL electrolytes in the presence of
solvent-free molecules does not meet practical needs.®*
Therefore, PILs are usually combined with organic solvents
or ILs to form gel state polymer electrolytes with high ionic
conductivity, where the PIL acts as a polymer backbone for
the quasi-solid electrolyte, serving to bind the solvent mole-
cules as well as the electrolyte salt.®®

For example, Xu et al. prepared a 3D-structured gel poly-
mer electrolyte by in situ crosslinking of polyethylene glycol
dimethacrylate (PEGDMA) and lithium (4-styrenesulfonyl)
(trifluoromethanesulfonyl)imide (LiSTFSI), soaked with com-
mercialized organic electrolytes (Fig. 4b).°® This GPE (gel
polymer electrolyte) provided high ionic conductivity (2.74 x
10 S em™ at room temperature) and a lithium-ion transfer-
ence number of 0.622. An anionic PIL backbone can provide
effective Li" migration sites, contributing to a high ionic con-
ductivity as well as high Li" migration numbers for the GPE.
However, the use of commercially available organic electro-
lytes in the GPE reduces the overall electrochemical and ther-
modynamic stability of such an electrolyte.

3.2.2 Tonogel electrolytes. Because of the unique advantages
of ILs, replacing conventional organic solvents in GPEs with ILs
enables better thermal stability of GPEs, offering the possibility of
using such batteries at high operating temperatures. Moreover,
Li' diffusion depends mainly on the characteristic functional
groups on the PEM-polymer backbone for transport and diffusion
in GPEs, so the electrochemical performance of the ionogel is not
affected by the high viscosity of ILs compared to pure IL electro-
lytes. In addition to the anionic type of PIL electrolyte, the poly-
cationic or polyzwitterionic type of PIL is still widely studied in
batteries. For example, Hu et al. designed a fabrication of a task-
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specific scaffold monolithic ionogel electrolyte including electro-
spun PIL poly(diallyldimethylammonium) bis(trifluoromethane-
sulfonyl)imide (PDADMATFSI) nanofibers, an IL solvent,
N-methoxyethyl-N-methylpyrrolidinium bis(trifluoromethanesulfo-
nyl)imide (Pyr;,0,TFSI), and cross-linked poly(2,2,2-trifluoroethyl
methacrylate) (PTFEMA) (Fig. 4c and d).*” PIL-NFs (nanofibres), as
a primary network backbone, guarantee the strength, thermal sta-
bility, and flame resistance of the gel, while their strong affinity
with the IL-electrolyte allows the IGEM to retain a large amount of
IL. The secondary network backbone, PTFEMA, can absorb the IL
electrolyte (Li-IL) to form a gel, which guarantees the flexibility of
the IGEM and reduces the impedance of the electrode/electrolyte
interface. Furthermore, the solvation structure of Li" was modu-
lated by the functional groups on the surface of PIL-NF and
PTFEMA, which can improve the proportion of free Li". The syner-
gistic effect of PIL-NF and PTFEMA enables ionogel electrolytes to
exhibit high ionic conductivity (0.82 mS em™) and high #;" (0.24).
Panzer et al. reported a physically crosslinked, polymer-supported
gel electrolyte consisting of a lithium salt in IL solution featuring
a fully zwitterionic (ZI) copolymeric network.”® ZI functional
groups can enhance the mechanical strength of GPE (as high as
14.3 MPa) by forming dipole-dipole (physical) cross-links between
anions and cations when incorporated into a polymer network
(Fig. 4e). Meanwhile, the amphoteric ions in the polymer inter-
act more strongly with the ILs and lithium salts in the GPE, so
that the coordination shell of Li' in the electrolyte changes,
thus enhancing the electrochemical performance of the GPE
electrolyte. The ZI copolymer-supported gels display comparable
to the base liquid electrolyte (=1 mS cm™) at room
temperature.

Gel electrolytes formed by combining PILs with inor-
ganic electrolytes and ILs have also been investigated.”
Zhang et al. prepared a unique “ionogel-in-ceramic” quasi-
solid electrolyte by combining LATP ceramic particles, PIL
poly(diallyldimethylammonium) bis(trifluoromethylsulfonyl)
imide (PDADMA), IL Py;3TFSI, and LiTFSI salt, where the
LATP inorganic particles formed a framework, and the
ionogel served as an ionic bridge to enhance the transport
of Li" between inorganic particles and to inhibit any side
reaction between the LATP and the anode (Fig. 4f).*
Benefiting from the designed ion transport pathway in the
“ijonogel-in-ceramic” electrolyte, the hybrid electrolytes
displayed good ionic conductivity (0.17 mS em™* at 50 °C).
Moreover, the Lil|[Li symmetric cell based on the “ionogel-in-
ceramic” electrolyte remained stable over 3500 h cycles. Ionic
gels can also be structured in such a way that they have special
functions and applications, such as in an ultra-low temperature
(=80 °C) gel electrolyte. Yan et al. were inspired by the anti-
freezing properties of alcohol c