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 A brief introduction of ILs developed for
SSEs was provided.
 The role and development of ILs in LMBs
were emphasized, including constitute,
precursors, and modiﬁers.
 The latest evolution of different kinds of
SSEs containing ILs was summarized and
discussed.
 The ILs used to synthesize novel electrode materials were also brieﬂy
summarized.

A R T I C L E I N F O

A B S T R A C T

Keywords:
Ionic liquids
Quasi-solid-state electrolytes
Lithium metal batteries
Energy storage

Quasi-solid-state lithium metal batteries are considered as one of the most promising energy storage devices, and
the application of ionic liquids (ILs) as a new generation of functionalized electrolyte components in lithium metal
batteries has become one of the research focuses. In this review, the very recent research work related to using ILs
to develop quasi-solid-state electrolytes and their inﬂuences on the performances of quasi-solid-state lithium
metal batteries were surveyed and summarized, suggesting that the introduction of ILs can improve the ionic
conductivity, broaden the electrochemical stability window, and enhance the electrochemical stability of the
selected electrolytes. Moreover, using ILs to prepare high-performance electrodes with unique microstructures
and uniform distribution of ﬁllers were also introduced. The composite quasi-solid-state electrolytes were suggested as the mainstream of electrolytes in the future due to the combination of the advantages of inorganic and
polymer quasi-solid-state electrolytes, and their development challenges in high energy and high safety quasisolid-state lithium metal batteries were also discussed.

1. Introduction
Batteries play a pivotal role in society-development, numerous

studies have been devoted to developing advanced batteries, and lithiumion batteries (LIBs) have been commercialized and widely used in consumer electronics, medical equipment, electric vehicles, wind power, and
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other ﬁelds due to their advantages of long cycle life and relatively low
self-discharge rate [1–3]. However, LIBs containing traditional organic
liquid electrolytes can only deliver an energy density of up to 300 Wh
kg1. This value is not high enough for applications in high power density and high energy density (e.g., Electric Vehicles) and almost impossible to be signiﬁcantly improved attributed to the materials currently
used in the LIBs with liquid electrolytes. Such an opinion is accepted
broadly by the scientiﬁc community. In addition to the insufﬁcient energy density, safety is also proposed as a severe concern for LIBs due to
the utilization of highly volatile, thermally unstable, and easily ﬂammable organic solvents.
Under the circumstances, numerous efforts have been devoted to
developing solid-state Li-metal batteries (LMBs), owing to the low electrode potential (3.045 V vs. Standard Hydrogen Electrode), the high
speciﬁc capacity of 3860 mAh g1 of Li metal, and the high safety of
solid-state electrolytes, which is beneﬁcial for increasing both the energy
and power densities, improving the resistance to ﬂammable organic
liquid electrolytes, and avoiding the incompatibility of organic liquids
with metal. The solid-state electrolytes (SSEs) can be further classiﬁed
into quasi-solid-state electrolytes (QSSEs) and all-solid-state electrolytes
(ASSEs). Compare with ASSEs, QSSEs could alleviate some severe challenges that are originated from the poor solid-solid interfacial contact
and sluggish interfacial kinetics, which will signiﬁcantly increase the
polarization and deteriorate the long cycle performance [4–8].
Considering the importance of QSSEs and ASSEs in batteries, those of
inorganic-, polymer- and composite-based, such as perovskites, garnets,
Li superionic conductors (LISICONs), poly(ethylene oxide) (PEO), and
poly(vinylidene ﬂuoride) (PVDF), have been intensively studied, and
several review articles have been published based on hydroborate,
organic/inorganic composite, polymer, and sulﬁde [9–14]. For LMBs, the
QSSEs and ASSEs [15–27], including gel polymer, inorganic, composite,
polymer-in-salt, PEO, and ethylene carbonate-free, have also been summarized from different perspectives. Recently, ionic liquids (ILs) as a kind
of green material have attracted signiﬁcant attention in developing
QSSEs due to their excellent miscellaneous properties, such as thermal
and chemical stability, tunable structure over a wide range of operating
temperature, wide electrochemical stability window, high ionic conductivity at room temperature as well as nonﬂammability [28–32].
Several review articles on developing IL-based electrolytes, including
ILs/Poly(ionic liquid) QSSEs, for energy storage devices have been
published [33,34]. However, to the best of our knowledge, the review
focusing on ILs in QSSEs for LMBs is very limited. Furthermore, ILs play
an essential role in synthesizing electrodes for LMBs, while, in general,
this was excluded when reviewing ILs for batteries.
This work aims to review ILs in LMBs with a focus on QSSEs. A brief
introduction of ILs developed for QSSEs was provided, the role and
development of ILs in LMBs were emphasized, including constitute,
precursors, and modiﬁers, and the latest evolution of different kinds of
QSSEs containing ILs was summarized and discussed. Besides, using ILs
to synthesize novel electrode materials was also brieﬂy summarized.
Finally, the challenges and prospects of ILs in quasi-solid-state LMBs were
further identiﬁed and discussed.

classiﬁed into conventional ILs, renewable bio-basde ILs, and solvate ILs,
as illustrated in Fig. 1. The traditional ILs can be further divided into
imidazolium-, quaternary ammonium-, pyrrolidinium-, piperidiniumbased ILs, and so on [35,36].
The molecular structures of some representatives are summarized in
Fig. 2. The cations and anions for the ILs together with other chemicals/
materials mentioned in this review are listed in Table 1. Their development, especially in the quasi-solid-state LMBs, was reviewed as follows.
Their roles in quasi-solid-state LMBs and speciﬁc contributions to QSSEs
were summarized in the next section.
2.1. Conventional ILs
2.1.1. Imidazolium-based ILs
Since the 1990s, imidazolium-based ILs have been concerned in
developing lithium batteries because of their low viscosity and high ionic
conductivity. The early developed imidazolium-based ILs mostly used
AlCl-4 as the anion, but their application in LMBs was limited owing to the
narrow electrochemical stability window and low stability [43].
Replacing AlCl-4 with other anions, such as BF-4, PF-6, and TFSI-, has been
investigated to improve the stability and electrochemical stability. For
example, a series of imidazolium-based ILs with TFSI- can achieve an
electrochemical stability window (4.6 V) and high ionic conductivity
(0.208  103 S cm1 at 30  C), reaching the practical application level.
However, their electrochemical stabilities are still unsatisfactory [44]. In
addition, EMIBF4 with low viscosity and high thermal stability was also
used to develop QSSEs and delivered a high Coulombic efﬁciency of
97.9% at 5th cycles [45].
Although the imidazolium-based ILs have been widely developed and
studied, they still cannot fulﬁll the requirements of LMBs. It owns a high
reduction potential (about 1 V vs. Li＋/Li), and the voltage needs to be
over 4 V. It has been shown that introducing polymers or inorganic ﬁllers
to form composite electrolytes and adding modiﬁers are two main strategies to broaden the electrochemical stability window, which was discussed in detail in section 3.
2.1.2. Quaternary ammonium-based ILs
Compared to the imidazolium-based ILs, quaternary ammoniumbased ILs exhibit higher electrochemical stability, and the oxidation
potential is higher than 5 V, whereas their viscosity is higher, and thus
the ionic conductivity cannot meet the requirements. For example, Li/
LFP battery with a gel polymer electrolyte membrane prepared by
incorporating the tetraalkylammonium cation, LiTFSI salt, and nano-size

2. IL-based electrolytes for quasi-solid-state LMBs
ILs are molten salts at or near room temperature and composed of
organic cations and organic/inorganic anions. Compared with traditional
organic electrolytes, ILs possess high thermal stability, high solubility,
zero vapor pressure, high ionic conductivity, and easy recovery. ILs can
also be used as precursors to synthesize various IL-derived materials,
such as poly(ionic liquids) (PolyILs), ion gels, and IL-modiﬁed
nanoparticles.
ILs have attracted widespread attention in battery development.
Especially, IL-based QSSEs have been proposed as promising alternatives
for solid-state batteries, and many promising QSSEs with ILs have been
developed. For the LMBs with QSSEs, the developed ILs can be mainly

Fig. 1. The classiﬁcation of ILs and their roles in quasi-solid-state LMBs
[37–42]. Copyright 2019-2020 ACS and 2018-2020 Wiley.
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Fig. 2. Structures of ILs and deep eutectic solvents (DESs) developed for quasi-solid-state LMBs.

SiO2, showed a much lower ionic conductivity (0.49  103 S cm1 at
60  C) compared to that containing the imidazolium-cation [46]. Previous studies have reported that coupling appropriate number (generally
1–2) of ﬂexible ether groups in the cation can effectively reduce the
viscosity of quaternary ammonium salts, whereas excessive ether groups
will lead to increased polarity and size, increasing the interaction with
the anion and thus viscosity [47,48]. Besides, only a limited number of
anions can be used to form the quaternary ammonium-based ILs.
The highly viscous quaternary ammonium-based ILs usually exhibit
low ionic conductivity and poor wettability to the electrodes, reduce the
rate performance, and narrow the operating temperature range of batteries. Therefore, developing quaternary ammonium-based electrolytes
for quasi-solid-state LMBs is signiﬁcantly restricted.

Generally, the relatively high viscosity of the pyrrolidinium-based ILs
will lead to a poor cycle performance and capacity retention, which can
be solved by introducing ether groups or operating at relatively high
temperatures, evidenced by the work from Urdampilleta et al. [51].
2.1.4. Piperidinium-based ILs
The piperidinium-based ILs have a broad electrochemical stability
window, which is beneﬁcial to energy density, but their ionic conductivity is low and the viscosity is high [52]. As a typical representative,
PP13TFSI was used to prepare a composite QSSE by mixing PVDF-HFP
and LiTFSI. The ionic conductivity of the prepared QSSE can only
reach 1.3  103 and 5.82  103 S cm1 at 23 and 80  C, respectively.
Besides, a piperidinium-based ester-functionalized IL was synthesized to
achieve an electrochemical stability window of 6 V and ionic conductivity of 0.77  103 S cm1 [53]. Furthermore, Pan et al. [54] found that
the asymmetric quaternary ammonium cations can enable the reversible
plating/stripping of lithium metal, endowing LMBs with excellent electrochemical performance.
Piperidinium-based ILs have shown a broad electrochemical stability
window and strong resistance to reduction, and the lithium metal can be
effectively and electrochemically deposited and eluted therein, usually
presenting desirable electrochemical performance. However, their low
ionic conductivity and high viscosity are two obstacles that need to be
solved for their further application in the high energy density ﬁeld.

2.1.3. Pyrrolidinium-based ILs
Due to their high electrochemical stability and high ionic conductivity, the pyrrolidinium-based ILs have attracted great attention in LMB
ﬁeld. PYR13TFSI [49] and PYR14TFSI [50] are two representatives, and
the developed composite electrolytes based on these two ILs present
excellent electrochemical performance. For instance, thermoplastic
QSSEs based on PEO, PYR14TFSI, LiTFSI, and two inorganic ﬁllers with
different morphologies were synthesized and used in LMBs by Gonzalez
[50]. The optimized electrolyte can deliver a high ionic conductivity of
0.51  103 S cm1 at room temperature, and the assembled LMB can
show a discharge capacity of 120 mAh g1 after 660 cycles.
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J. Li et al.

Green Chemical Engineering 2 (2021) 253–265

2.1.5. Other traditional ILs
Some ILs are occasionally used in quasi-solid-state LMBs, including
C3mpyrFSI [55], P1222FSI [55], ZI compounds [56,57], and
pyrazolyl-derived ILs [58]. Considering that these ILs are rarely used in
LMBs, no more discussion was provided for these ILs themselves.

Table 1
Full names of cations and anions of ILs as well as those for other chemicals and
materials mentioned in this review.
Abbreviation

Full name

AlCl-4
BF-4
FSIPF-6
TFSITFSABMIþ
BMIMþ
BMPyþ
C3mpyrþ
DEMEþ
EMIMþ
G4
HACC
MpImSi(OMe)þ
3
Pþ
111i4
Pþ
1222
Pþ
2225
PDADMAþ
PPþ
13
Sþ
2
SiMBIMþ
VBIMþ
VMIMþ
LiTFSI
AA
AFBNNSs
BNNS
ChCl
Ca(NO3)2⋅4H2O
CTFs
DME
LAGP
LAGTP
LCO
LFP
LLZO
LLZTO
LMLZTO
LMO
LSPS
LTO
LVP
NCA
NCM
NCM622
NMC
NMCO
SiO2
EGDMA
ETPTA
FEC
HDDA
NHIF

Tetrachloroaluminate
Tetraﬂuoroborate
Bis(ﬂuorosulfonyl)imide
Hexaﬂuorophosphate
Bis(triﬂuoromethanesulfonyl)imide
Bis(triﬂuoromethylsulfonyl) amide
1-Butyl-3-methylilimidazolium
1-Butyl-3-methylimidazolium
N-Butyl-N-methylpyrrolidinium
N-propyl-N-methylpyrrolidinium
N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium
1-Ethyl-3-methylimidazolium
Tetraglyme
Hydroxypropyl trimethylammonium
1-Methyl 3-propyl(trimethoxysilyl)imidazolium
Trimethyl(isobutyl)phosphonium
Triethylmethylphosphonium
Triethyl-pentyl-phosphonium
Poly(diallyldimethylammonium)
N-Methyl-N-propylpiperidinium
Triethylsulfonium
1-Trimethylsilylmethyl-3-butylimidazolium
1-Vinyl-3-butylimidazolium
1-Vinyl-3-methylimidazolium
Lithium bis(triﬂuoromethylsulphonyl)imide
Acrylic acid
Amine-functionalized boron nitride nanosheets
Boron nitride nanosheet
Choline chloride
Calcium nitrate tetrahydrate
Covalent triazine-based frameworks
1,2-Dimethoxyethane
Li1.5Al0.5Ge1.5P3O12
Li1.4Al0.4Ge0.2Ti1.4(PO4)3
LiCoO2
LiFePO4
Li7La3Zr2O12
Li6.4La3Zr1.4Ta0.6O12
Li6.5Mg0.05La3Zr1.6Ta0.4O12
LiMn2O4
Li10SnP2S12
Li4Ti5O12
Li3V2(PO4)3
LiNi0.90Co0.05Al0.05O2
Ni0.8Co0.1Mn0.1O2
LiNi0.6Co0.2Mn0.2O2
LiNiMnCoO2
LiNi1/3Mn1/3Co1/3O2
Silicon dioxide
Ethylene glycol dimethacrylate
Trimethylolpropane ethoxylate triacrylate
Fluoroethylene carbonate
1,6-Hexanediol diacrylate
Tethered 1-n-butyl-(3-trimethoxysilylpropyl)imidazolium
bis(triﬂuoro-methanesulfonyl)imide nanoscale composite ionic
ﬂuids
N-methylacetamide
Poly(butyl acrylate)
Poly(styrene-b-1-((2-acryloyloxy)ethyl)3-butylimidazolium
bis(triﬂuoro-methanesulfonyl)-imide)
Poly(ethylene glycol)diacrylate
Polyethylene oxide
Poly(ethylene glycol)diacrylate
Pentaerythritol tetraacrylate
Poly(methyl methacrylate)
Polystyrene
Polyvinylideneﬂuoride-hexaﬂuoropropylene
Tetrabutylphosphonium 2-hydroxypyridine
Dimethyl ether tetraethylene glycol
Trimethylolpropane triacrylate
2-(3-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)ethyl
methacrylate

NMA
PBA
PBCP
PEGDA
PEO
PEODA
PETEA
PMMA
PSt
PVDF-HFP
TBPHP
TEGDME
TMPTA
UPyMA

2.2. Renewable bio-based ILs
With the increase of serious global pollution and the driving force
towards sustainable development, renewable solvents are getting more
and more attention. The ILs composed of bio-derived components have
emerged. In particular, a new type of bio-ILs, bio-deep eutectic solvents
(DESs), have been developed. DESs can be easily formed by heating and
mixing naturally available hydrogen-bond donors (e.g., urea, renewable
polyols, carbohydrates, carboxylic acids, amines, amides) and hydrogenbond acceptors (e.g., ChCl, phosphonium salts). In addition to the unique
properties of conventional (bio-)ILs, (bio-)DESs own the additional
merits of high biodegradability, low cost, and low toxicity.
Renewable bio-based ILs/DESs have been developed with promising
results in quasi-solid-state LMBs. Some important examples were summarized as follows. Millia et al. [59] explored (i) ethylene glycol/choline
chloride (EG/ChCl, 3:1 mol/mol) and (ii) L-(þ)-lactic acid/choline
chloride (LA/ChCl, 2:1 mol/mol), and their ability to maintain liquid
results in high ionic conductivity, being comparable to some conventional ILs and surpassing some SSEs [60–62]. Recently, a DES-based
self-healing polymer electrolyte was developed [63], possessing
nonﬂammability, high ionic conductivity (1.79  103 S cm1 at 25  C),
and stable interfacial characteristics.
2.3. Solvate (chelate) ILs
Solvate ILs (SILs) are a new class of ILs consisting of a coordinating
ligand and salt, and their glass transition temperature (Tg) is usually
higher than 100  C. Their properties are very similar to ILs. The ﬁrst
recognized members of this class were the molten salt hydrates, such as
Ca(NO3)2⋅4H2O [64]. At present, SILs are mainly used in the
sulﬁde-based QSSEs to improve performance. For example, they were
used to boost the interface kinetics. Cao et al. [65] introduced Li(triglyme)TFSI Li(G3) as a SIL to strengthen the interaction of the electrolyte
with electrode, enabling efﬁcient operation at low external pressures,
and the assembled battery with Li4Ti5O12 as cathode delivers a super
high capacity of 160 mAh g1, and capacity retention of 91.4% for 1500
cycles and 75 mAh g1 for 2000 cycles. SILs can also be used as polymeric
binders to suppress the undesirable side reactions or phase separation
and facilitate Liþ contacts at electrolyte/electrode interface. For example,
in the work by Oh et al. [66], the nitrile-butadiene rubber-SIL binders
were used to signiﬁcantly improve the electrochemical performances.
SILs have also been used in developing quasi-solid-state polymer
electrolytes for LMBs. For instance, a novel solvate ion gel electrolyte
(SIGE) was developed based on Li(G4)TFSI [39] and used to improve
ionic conductivity, lithium transference number (0.43), and Li-metal
compatibility [67]. The corresponding assembled Li/LFP cell delivers
high capacity retention of 95.2% over 500 cycles, and the average
coulombic efﬁciency is > 99.8%. D'Angelo reported a solvate ionogel,
achieving 4-fold coordination of Liþ and resulting in ionic conductivity of
0.43 S cm1 and a gel elastic modulus of 0.47 MPa [68].
2.4. Summary
Conventional ILs, DESs, and SILs with different structures have advantages of wide electrochemical stability window, nonﬂammability,
and low vapor pressure. Additionally, SILs can conduct lithium-ion even
without the lithium salt. Even though only a limited number of ILs were
discussed in this section, due to the incredible variety of ILs, possible and
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of the work is still based on conventional ILs, while the research on DES is
very limited. Joos et al. [79] developed eutectogels, where the DES is
conﬁned within a silica matrix, and they exhibit high ionic conductivity
(1.46  103 S cm1), thermal stability (up to 130  C), and electrochemical stability window (up to 4.8 V), opening new horizons toward
safer, cheaper and more performant quasi-solid-state LMBs by using
DESs. In addition to the common inorganic materials (e.g., SiO2), ILs
strengthened advanced materials with unique structures were also
developed to improve the performance. For instance, IL modiﬁed ordered
mesoporous silica framework (MCM-41), IL functional covalent
triazine-based framework, and IL-impregnated metal-organic framework
nanocrystals were studied [71,72,80].
In parallel, developing IL-based interlayers or coating IL-based materials on the surface of either inorganic electrolytes or electrodes have
been widely investigated. The interlayer can be for both sides or just for
the Li metal anode. For example, an IL paste was introduced on the
surface of garnet particles to form a composite electrolyte, and an IL thinlayer was in situ coated on the nanoparticle in a conformal manner [74,
40]. Meanwhile, much work has been devoted to the composite layers
with ILs, linking the electrolyte with Li metal anode [75], and in some
work, an IL-thin layer was used on both sides of LMBs to overcome the
barrier for Liþ transport. For example, in the work by Pervez et al. [76], a
method was proposed to use IL electrolyte as a thin interlayer between
the electrode and electrolyte for reducing interfacial resistance even at
high current density (0.3 mA cm2). It was found that the overpotential
of the symmetric Li/Li cell was also decreased from 1.35 to 0.35 V, due to
the improved Li/electrolyte interface.
As can be seen from Tables 2 and 3, promising results on the QSIEs
with ILs have been obtained. However, the low mechanical ﬂexibility and
the poor interface between the electrode and electrolyte still hinder their
practical applications. On the other hand, the diversity of ILs used in the
QSIEs is very limited, while thousands of ILs can be synthesized by
combining anions and cations. Therefore, developing suitable ILs used in
inorganic-based LMBs should be accelerated.

potential ILs may increase remarkably, being promising in developing
QSSEs for LMBs. However, all of these ILs have high viscosity at low
temperatures, leading to a decreased room temperature ionic conductivity and hindering their further applications. How to develop ILs with
high ionic conductivity at room temperature, even at low temperature,
requires further in-depth exploration.
3. QSSEs for LMBs
ILs have been intensively studied in developing LMBs to cope with the
challenges of conventional SSEs. In general, it is very seldom to use pure
ILs as electrolytes because of high viscosity and high cost. Instead, ILs are
mixed with other SSEs, paving a new road for developing novel electrolytes (i.e., QSSEs) for LMBs.
To provide a better understanding of the functions and contributions
of ILs, as well as a better picture of research status and progress, in this
part, the latest research work since 2018 was reviewed and summarized,
considering a huge number of articles published and the limited content
for this work. Besides, the properties and the main challenges of typical
conventional QSSEs were described brieﬂy as a basis for comparison, and
using ILs to modify the surface and develop novel materials for LMBs was
also introduced brieﬂy.
3.1. ILs in solid inorganic electrolytes (SIEs)
A variety of solid inorganic electrolytes (SIEs), in particular, oxideand sulﬁde-based electrolytes, have been developed in recent years
owing to their high room temperature ionic conductivity (103 S cm1),
low activation energy (< 0.5 eV), and extremely high lithium transference number (close to 1.0). The high Liþ transference number will
weaken the deposit of Liþ on the electrolyte, thus reducing the possibility
of Li dendrite formation in the anode and electrolyte [69]. However, they
also hold defects, such as brittleness, inﬂexibility, inﬁltration of electrodes, and large interface impedance with electrodes [63,64]. Due to the
rigid nature of inorganic materials as mentioned above, it presents a poor
wettability with Li metal, resulting in a substantial interfacial impedance
and low coulombic efﬁciency. ILs have liquid characteristics and can
effectively improve the wettability between SIEs and electrodes,
providing smooth morphology or an artiﬁcial stabilized solid–electrolyte
interphase to suppresses Li dendrite formation [70]. ILs have been widely
studied to improve the performance of SIEs, including involving ILs as
one constituent of electrolyte or using ILs to modiﬁer surface, as summarized in Fig. 1. The relevant research since 2018 is summarized in
Tables 2 and 3.
For IL-based QSIEs, in general, the inorganic part plays as the scaffolds, preventing the ILs from leakage and achieving high safety, while
the IL offers high ionic conductivity with stable electrochemical performance and improves interface compatibility. Based on the literature
survey, even though DES is a new kind of ILs with additional merits, most

3.2. ILs-based quasi-solid polymer electrolytes (QSPEs)
Compared with QSIEs, QSPEs have the advantages of light-weight,
ﬂexibility, excellent interface compatibility, and easy processing. The
ﬁrst ion-conducting polymer complexed with alkali metal salt and PEO
was proposed by Wright et al. [81] in 1973. In 1979, Armand and coworkers successfully fabricated the ﬁrst all-solid-state LIB using PEO and
lithium salt [82]. This great progress and novel concept in technology
development have greatly promoted the in-depth study of QSPEs in academic and industrial sectors worldwide.
Low ionic conductivity is the main disadvantage of QSPEs. ILs, which
possess high ionic conductivity, can be used to improve the ionic conductivity of QSPEs. It has been evidenced that when ILs are combined
with a polymer and bounded in the polymer framework, the shear

Table 2
IL-based QSIEs where ILs was involved as one constituent.
Ref.

Classiﬁcation

Inorganic
electrolytes

Other
components

Targets

Ionic
conductivitya/
(S cm-1)

Electrochemical
stability window/V

Cell performances

[71]

PYR14TFSI

MCM-41

LiTFSI

EMIMTFSI

MOF

LiTFSI

0.398  103 at
30  C
0.3  103

5.2

[72]
[73]

EMIMTFSI

Li–Al layered
double hydroxide

LiTFSI

Stable electrochemical
performance
Moderating interfacial
impedance
Moderating interfacial
impedance

8.50  104 at
30  C

4.0

[74]

PY13TFSI

Al2O3

LiTFSI

Moderating interfacial
impedance

1.013  103 at
30  C

5.1

For Li/LFP cell, 100% capacity
retention after 100 cycles.
For Li/LFP cell, 99.91% capacity
retention after 100 cycles.
For Li/LFP cell, 71.6% capacity
retention after 50 cycles with
Coulombic efﬁciency of 96.2%.
For Li/LFP cell, 95.6% capacity
retention after 100 cycles at 30  C.

a

Those not marked temperature are at room temperature.
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Table 3
Using ILs as a modiﬁer at the interface between SIEs and electrode.
Ref.

ILs

Inorganic
electrolyte

Other
components

Targets

Ionic
conductivitya/
(S cm-1)

Electrochemical
stability window/V

Cell performances

[40]

BMPTFSI

LLZO

LiTFSI

a. Alleviate resistance at
electrolyte/electrode interface
b. Increase lithium transference
number to 0.99998
c. Decrease viscosity

0.67  103

> 5.5

[75]

PYR14FSI

LLZO

LiTFSI

Increase lithium transference
number to  1

0.3  103

6.9

[76]

BMIMFSI

LAGP

LiTFSI

1.0  103 at
30  C

3.8

[77]

PYR13TFSI

LSPS

LiTFSI

a. Decrease resistance at
electrolyte/electrode interface
b. Prevent thermal runaway at
300  C.
Stretch interface stability against
Li metal
Reduce electrode/electrolyte
interface resistance

For Li/NCM cell, 68% capacity retention
after 200 cycles with Coulombic efﬁciency
of 86.5%.
For Li/LFP cell, 100% capacity retention
after 60 cycles and the Coulombic
efﬁciency is close to 99%.
For Li/LFP cell, 100% capacity retention
after 20 cycles in different current density
and the Coulombic efﬁciency > 99%.
For Li/LFP cell, 99.9% capacity retention
after 200 cycles.

0.22  103

3.9

[78]

a

EMITFSI

LLZO

LiTFSI

0.12  10

3

For Li/LFP cell, 84.7% capacity retention
after 30 cycles.
For Li/LFP cell, no dendrite growth after 20
cycles and the Coulombic efﬁciency is
nearly 100%.

3.9

Those not marked temperature are at room temperature.

Table 4
ILs/DESs as modiﬁer for developing QSPEs.
Ref.

ILs/DESs

Polymer

Other
components

Targets

Ionic
conductivitya/
(S cm-1)

Electrochemical
stability window/V

Property and performance

[39]

BMIMTFSI

CTFs

LiTFSI

Improve compatibility

1.33  103 at
30  C

5.4

[84]

Li(DME)xFSI

PEO

LiFSI, DME

Increase oxidation stability

4.4

[85]

EMIMTFSI

LiTFSI

Improve conductivity

[86]

PYR14TFSI

Nematic
liquid crystal
(C6M)
PEO

0.51  103 at
60  C
21.4  103

LiTFSI

1.9  103 at
80  C

4

[87]

EMIMTFSI

PVDF-HFP

LiTFSI

a. Improves the thermal, Liþ transport
and interfacial properties
b. The battery can be operated at
medium-high temperatures
Suppression towards Li dendrite

0.88  103

4.5

[88]

Deep eutectic
solvents

UPyMA
@PETEA

FEC, LiTFSI,
NMA

Improves safety

1.79  103

4.5

[89]

Li(G3)TFSA
Li(G4)TFSA

PSt, PMMA,
PEO, PBA

–

For simultaneously achieve high ionic
conductivity, thermal stability, and a
broad electrochemical stability
window

0.30  103

4

For Li/LFP cell, 99.88%
capacity retention after 300
cycles.
For Li/NMC cell, 79.2%
capacity retain after 300 cycles.
For Li/LFP cell, an average
Coulombic efﬁciency of over
95%.
For Li/LFP cell, 99% capacity
retention after 100 cycles with
a high Coulombic efﬁciency of
100%.
For Li/LFP cell, 96.5% capacity
retention after 200 cycles with
a Coulombic efﬁciency of
99.8%.
For Li/LMO cell, 86.1%
capacity retention after 200
cycles with a Coulombic
efﬁciency of 99.2%.
For Li/LCO cell, 62.2% capacity
retain after 30 cycles with a
Coulombic efﬁciency of 99%.

a

Those not marked temperature are at room temperature.

polymer chains will be obtained, reducing the crystallinity and lowing Tg
of QSPEs, and then obtaining high ionic conductivity. Meanwhile, the
lithium salts can be dissociated through electrostatic interaction with the
organic functional groups, obtaining higher lithium transference number, and thus enhancing ci. Therefore, PolyILs and lithium salts can be
used to improve the ionic conductivity of QSPEs.
Besides the relatively low ionic conductivity, the narrow electrochemical stability window and Li dendrite of QSPEs also seriously affect
its application in the high energy density quasi-solid-state LMBs, and the
low lithium transference number is another obstacle. The high ionic
conductivity, broad electrochemical stability window, as well as
enhanced electrolyte interphase (SEI)-forming ability make ILs the best
choice for improving the performance of QSPEs. The formation of a
stabilized SEI layer facilitated by the QSSEs with ILs contributes to

modulus of QSPEs can also be improved. Besides, according to the
following equation, the ionic conductivity (σ ) is closely related to the
charges (qi) and concentrations (ci) of ions as well as the mobility of the
charge carriers (μi) [83], indicating how to improve ionic conductivity
with other options.

σ¼

4.8

X

ci qi µi

It has been evidenced that the dominated ionic motions occur in the
amorphous region through the local segmental motion in QSPEs, and μi is
closely related to the glass transition of the polymer in the amorphous
phase. Therefore, low glass transition temperature (Tg) and the enlarged
amorphous region will lead to enhanced ionic conduction. When ILs are
used as precursors to synthesize poly(ionic liquid)s (PolyILs), plasticized
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Table 5
ILs/DESs as a constituent for developing QSPEs.
Ref.

ILs

Polymer

Other
components

Targets

Ionic conductivitya/
(S cm-1)

Electrochemical
stability window/V

Cell performances

[53]

PP13TFSI

PVDFHFP

LiTFSI

Improve thermally stable and
ionic conductivity

5.09

[90]

S2TFSI

PEO

LiTFSI

4.5

[91]

BMPyTFSI

PEO

LiTFSI

0.04  103

4.2

[92]

EMIMFSI

PEO

LiTFSI

0.323  103

5.22

[93]

EMIMFSI

PEO

LiTFSI

Develop an amorphous
polymer matrix that facilitates
Liþ transport
Increase ionic conductivity
and broaden electrochemical
stability window
Enhance ionic conductivity
and broaden electrochemical
stability window
Enhance ionic conductivity

1.3  103 at 23  C
and 5.82  103 at
80  C
0.96  103

0.289  103

3.51

[94]

PYR12O1FTFSI

PEO

LiTFSI

Enhance ionic conductivity

1  103 at 40  C

4.2

[41]
[95]

P2225TFSA
EMIMTFSI
PMIMTFSI
BMIMTFSI

PEG
PI

LiTFSI
LiTFSI

Enhance ionic conductivity
Improve the thermal stability
and broaden electrochemical
stability window

0.278  103
5.3  103
3.9  103
2.4  103

~4.2
5.5
5.4
5.3

For Li/LFP cell, 95.0% capacity
retention after 200 cycles with
Coulombic efﬁciency about 100%.
For Li/LFP cell, 85.6% capacity
retention after 40 cycles with a
Coulombic efﬁciency of 95%.
For Li/NCA cell, 89.3% capacity retain
after 125 cycles with a Coulombic
efﬁciency of 96%.
For Li/LFP cell, 99.95% capacity
retention after 200 cycles with a
Coulombic efﬁciency of 100%.
For Li/LFP, a high Coulombic
efﬁciency of 100% retention after 200
cycles.
For Li/LFP cell, 91% capacity
retention after 200 cycles with
Coulombic efﬁciency higher than
99.5%.
–
For Li/LFP cell, 100% capacity
retention after 50 cycles with
Columbic efﬁciencies 90%, 77%, and
82% for EMImTFSI,
PMImTFSI, and BMImTFSI,
respectively.

a

Those not marked temperature are at room temperature.

Table 6
ILs as precursor to synthesize PolyILs for developing QSPEs.
Ref.

ILs

PolyILs

Other
components

Ionic conductivitya/
(S cm-1)

Eelectrochemical
stability window/V

Cell performances

[96]

P(DDA)TFSI

LiTFSI

For Li/LFP cell, 100% capacity retention after 18 cycles
with a high Coulombic efﬁciency (100%).

P(IL-PEGDA)

LiTFSI

4.3

Excellent thermal stability and nonﬂammability.

[42]

EMIMTFSI

PIN

LiTFSI

3.6  105 at room
temperature and 4.9  104 at
80  C
0.07  103 at 80  C and
0.011  103 at 50  C
5.89  103

3.8

[97]

BVIMTFSI
DEMETFSI
EVIMTFSI
VBIMTFSI

4.4–5.3

[98]

C3mpyrFSI

PDADMATFSI

LiFSI, PVDF

0.45  103

3

For Li/LFP and Li/LCO cells, both of the capacity retention
and the Coulombic efﬁciency are more than 100%.
For Li/NMC cell, 88.8% capacity retention after 50 cycles
with Coulombic efﬁciency higher than 90%.
For Li/LFP cell, 97.4% capacity retention after 200 cycles
with a Coulombic efﬁciency between 98%-99% according
to different rates.

[99]

a

VBIMTFSI

PBCP

0.04  10

LiFSI, EC

3

3.7

Those not marked temperature are at room temperature.

Table 7
ILs as precursor for PolyILs and as modiﬁer/constituent for developing QSPEs.
Ref.

ILs

PolyILs

Other
components

Ionic conductivitya/
(S cm-1)

Electrochemical
stability window/V

Properties and performances

[100]

VMIMTFSI

P(IL-PEGDA)

PEO, LiTFSI

0.612 at 55  C

5.44

[101]

DEMETFSI

LiTFSI

0.114  103 at 30  C

4.9

[102]

DEMETFSI

P[DMAEMA][TMPN]
[TFSI]s
p(EtDMAEMA@TFSI)

LiTFSI

9.51  106 at 30  C and
1.64  104 at 70  C

4.7

[103]

C3MPYRFSI

S-PolyIL64-16

LiFSI

3.8

[104]

PYR13TFSI

PEODA

LiTFSI, ETPTA,
HDDA

1.7  107 and
4.0  106 at 50  C
0.203

For Li/LFP cell, 77.5% capacity retention after
50 cycles and the Coulombic efﬁciency is up to
99% at 55  C.
For Li/LFP cell, 94% capacity retention after 100
cycles with a Coulombic efﬁciency of 83%.
For Li/LFP cell, 93.6% capacity retention after
100 cycles at 60  C with Coulombic efﬁciency
around 99%.
For Li/LFP cell, 93.7% capacity retention after 8
cycles at 50  C.
For Li/LFP cell, 80% capacity retention after 380
cycles with Coulombic efﬁciency higher than
99.9%.

a

Those not marked temperature are at room temperature.
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been proposed to suppress the Li dendrite growth and improve the shear
modulus for such QSPEs. This was because the ﬁller can change the interactions of polymer-ion and ion-ion, improve the ion transport, and
prevent the local chain reorganization [84,105], which was described in
detail in the next section.
The SIL of Li(DME)xFSI, a new kind of IL with merits of low volatility,
high thermal stability, relatively high ionic conductivity, and a broad
electrochemical stability window, was used by Wu and coworkers [84] to
improve the oxidation stability. The electrochemical stability window of
the synthesized QSPE can reach 4.4 V vs. Li/Liþ, and the average lithium

transference number (tþ
Li) is up to 0.51 at 60 C. The asymmetry Li/NMCO
cell with the prepared QSPE has capacity retention of 79.2% after 300
cycles.
Overall, ILs/SILs, acting as constitutes or modiﬁers or being used as
precursors to synthesize PolyILs in developing QSPEs, could improve the
performance of conventional SPEs, for example, to broaden the electrochemical stability window and to enhance the electrolyte compatibility
with high voltage cathodes, leading to a high energy and power densities
in LMBs. However, the Li dendrite growth is still an obstacle to hinder the
practical application of LMBs. Using new ILs/modiﬁers, constructing
artiﬁcial SEI membrane, pretreating Li electrode, etc., are the current
research focus to solve this problem.

achieving the long-term cycling stability of quasi-solid-state LMBs [70]. It
is very crucial for reducing the cost and protecting the environment.
According to the research work published since 2018, the role of ILs in
QSPEs can be brieﬂy grouped into three categories, as one constituent or
modiﬁer of QSPEs, or as the precursor to synthesize PolyILs. The research
results are summarized in Tables 4–7, where the roles of different ILs in
QSPEs and their functions were identiﬁed, and several representatives
were described below.
In the work by Zhang et al. [97], the IL monomers of VBIMTFSI and
PEGDA monomer were used to form PolyIL-based QSPEs (P(IL-PEGDA))
for LMBs. In order to prove the advantages of PolyILs on the
quasi-solid-state LMBs, two other quasi-solid-state separators (LiTFSI/VBIMTFSI and P(PEGDA)) were also prepared for comparison. The
results showed that P(IL-PEGDA) QSPE exhibited the highest conductivity (0.14  103 S cm1 at 30  C) and the lowest activation energy of
Liþ diffusion (0.42 eV). The excellent ionic conductivity of P(IL-PEGDA)
partly stems from the electrostatic forces of the cationic IL moieties
dissociated from the Liþ salt, and partly caused by the introduction of
PEGDA segments, reducing the crystalline regions and enhancing the
segmental mobility. The corresponding quasi-solid-state LMBs displayed
excellent cycling stability with a reversible speciﬁc capacity of 140 mAh
g1 at 0.2C and high Coulombic efﬁciency of approximately 100%.
In another important work, IL incorporated SPE has met the requirement of commercial benchmarks, in which the so-called ILSPE is composed
of PEO, S2TFSI, and LiTFSI. When this QSPE is plasticized by S2TFSI, high
ionic conductivity of 0.96  103 S cm1 at 22  C and lithium transference
number of 0.31 at 60  C can be achieved. It is worth mentioning that this
ionic conductivity is the highest value so far without adding an organic
solution. Moreover, the ILSPE showed long-term stability with lithium
metal and the electrochemical stability window up to 4.5 V, indicating their
potential used for high electrochemical window batteries [90].
ILs can be used as liquid plasticizers (i.e., a kind of modiﬁer) to increase the amorphous region and the free volume of polymers, and then
enhanced conductivity and tighter interfacial contact/adhesion with the
electrodes can be achieved. However, such IL-based QSPEs easily lose
shear modulus caused by the plasticization effect, leading to unstable SEI
layer formation and sacriﬁcing the resistance to Li dendrite growth,
which in turn results in shorter cycle life. Adding inorganic ﬁllers have

3.3. ILs-based inorganic-polymer composite electrolytes
According to the two foregoing sections, QSIEs usually deliver high
ionic conductivity (104 to 103 S cm1), but their brittle nature renders
poor electrolyte/electrode contact, which will become exacerbated during cycling because of the volumetric change of electrodes. The QSPEs
with good machinability can be in close contact with the electrode,
beneﬁting from the soft polymer chains, which will reduce the interface
resistance. However, their narrow electrochemical stability window,
poor shear modulus, and low ionic conductivity restrict practical applications. Given this, quasi-solid-state composite electrolytes (QSCE),
combining the advantages of polymer and inorganic solid electrolytes
while mitigating their disadvantages, are highly desirable and have been
widely investigated in LMBs (Fig. 3a) [106,107]. For the QSCEs, inorganic materials often served as ﬁllers, which can be further classiﬁed into

Fig. 3. (a) Scheme of ILs containing inorganic-polymer composite electrolytes and the key properties to study and improve [107]. (b) Schematic of Liþ pathways
within LLZO (5 wt%)-PEO (LiTFSI), LLZO (20 wt%)-PEO (LiTFSI), LLZO (50 wt%)-PEO (LiTFSI), and LLZO (50 wt%)-PEO (LiTFSI) (50 wt%)-TEGDME composite
electrolytes [108]. Copyright 2020 Elsevier and 2018 ACS.
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Table 8
ILs/DESs/SILs as modiﬁer for developing QSCEs.
Ref.

ILs

Polymer

Other components

Ionic conductivitya/
(S cm-1)

Eectrochemical
stability window/V

Properties and performances

[53]

EMIMTFSI

PVDF-HFP

LiTFSI
LAGP
PDMS, LiTFSI

0.76  103

4.8

For Li/LFP cell, 94.9% capacity retention after
50 cycles.
For Li/LFP cell, 112 mAh g1 after 60 cycles
with a Coulombic efﬁciency above 99.4%.
For Li/LiMn2O4 cell, 75% capacity retention
after 120 cycles, but a low Coulombic efﬁciency
(< 80%)
–

[64]
[116]

Deep eutectic
solvents
EMIMTFSI

[117]

SiO2

3

1.46  10

4.8

3

PETEA@
UPyMA

LAGP

> 1  10

PP13TFSI

PEO

EMIMFSI

PEO

0.436  103 at 25  C and
1  103 at 60  C
0.1  103 at 40  C

–

[118]

LiTFSI, LAGTP,
TiO3 (or SiO2)
LiTFSI, LMLZTO

[97]

EMIMTFSI

PEO

LiTFSI, HKUST-1

1.20  104 at 30  C

5.2

[119]

BMIMPF6

P(IL-PEGDA)

EGDMA, BNNS,
LiTFSI

0.27 at 30  C

4.2

[114]

PY13TFSI

PVDF-HFP

LiTFSI, TiO2

0.74  103

5.5

[120]

mpImSi(OMe)3TFSI

PVDF-HFP

ZnS, LiTFSI

0.65  103

~5.4

[89]

TBPHP

PEO

LiTFSI, LLZTO

9.39  104 at 50  C

＞5

4.2

3

5

[121]

BMIMTFSI

PVDF-HFP

LiTFSI, SiO2

1.0  10

4.5

[122]

EMIMTFSI

PVDF-HFP

LiTFSI, LAGP

0.76  103

4.8

[123]

BMPYTFSI

PVDF-HFP

0.5  103

5.3

[124]

EMITFSI

PVDF-HFP

LiTFSI,
Hollow silica
nanospheres
LiTFSI, SiO2PAA@Li

0.74  103

4.8

[125]

TEGDME

PVDF-HFP,
PEO
PDADMATFSI

LiFSI, LAGP

3.27  103

[126]
a

P111i4FSI

LiFSI, Al2O3

3

1  10

4.9


at 60 C

4.5

For Li/LFP cell, 20% capacity retention after 15
cycles at 40  C with a Coulombic efﬁciency
86%.
For Li/LFP cell, 92% capacity retention after
100 cycles at 60  C with a Coulombic efﬁciency
100%.
For Li/LFP cell, 76% capacity retention after
200 cycles and the Coulombic efﬁciency is up to
99.4% at 55  C.
For Li/LFP cell, 88.6% capacity retention after
600 cycles with a Columbic efﬁciency about
99.7%.
For Li/LFP cell, 89% capacity retention after 50
cycles with Coulombic efﬁciency about 100%.
For Li/LFP cell, almost 100% capacity retention
after 100 cycles at 50  C.
For Li/LFP cell, 100% capacity retention after
100 cycles and the Columbic efﬁciency ~100%
up to 80 cycles.
For Li/LFP cell, 89.7% capacity retention after
50 cycles with a high Columbic efﬁciency close
to 100%.
–

For Li/LFP cell, 87% capacity retention after
100 cycles with a high Columbic efﬁciency of
100%.
For Li/LFP cell, 100% capacity retention after
100 cycles with a Columbic efﬁciency of 100%.
For Li/LFP cell, 72% capacity retention after 25
cycles with a Columbic efﬁciency of 98%.

Those not marked temperature are at room temperature.

two categories, the inert ﬁllers and the active ﬁllers. The inert ﬁller, such
as SiO2, TiO2, and Al2O3, cannot transport ions but acts as a plasticizer to
block the crystallization of polymer, speeding up the Liþ transport. In
contrast, the active ﬁller also provides additional ion-transport channels
in QSCEs [16], and LLZO, LLTO, LAGP, and LSPS are the commonly used
active ﬁllers in LMBs.
It has been proved that dispersing a small amount of inorganic powder
in the polymer matrix can improve the ionic conductivity and broaden the
electrochemical stability window of the QSPEs, and the low loadings of the
ceramic electrolyte can decrease the overall crystallinity of polymer and
provide additional Liþ diffusion pathways (i.e., active ﬁllers), improving
the ionic conductivity [109–111]. However, excessive inorganic particles
will result in the aggregation of inorganic particles and hinder the ion
transmission, no matter it is inert or active ceramic ﬁller. How the amount
of inorganic particles inﬂuences the overall performance of QSPEs has
been explored and shown in Fig. 3b [108,109,112].
A lot of research work has been conducted to develop IL-based QSCEs.
Table 8 summarizes the research since 2018, including the types of ILs,
electrolyte composition, as well as the achieved properties. In general, IL
is combined with other inorganic and organic materials, where LiTFSI is
often added as a lithium salt to increase the lithium transference number,
while PEO or PVDF-HFP is the most widely used polymer matrix to
develop ILs-based QSCEs for improving ionic conductivity and thermal
stability. Besides, novel IL-based materials have been developed, such as
IL decorated MOFs [37], hollow-silica nano-spheres with conﬁned IL
[113], and IL-functionalized ZnS nanoparticles [114]. For example,

Wang et al. [37] constructed an ion-conductive Li-IL@HKUST-1 by using
the robust pores of HKUST-1(Cu) as the skeleton and ﬁlled with a
lithium-containing ionic liquid (Li-IL), and the constructed
Li-IL@HKUST-1 was mixed with PEO to form a composite QSSE. The
QSSE with the HKUST-1(Cu) modiﬁed by ILs showed an ionic conductivity of 0.12  103 S cm1 at room temperature, which is much higher
than that for PEO-only electrolyte (9.76  106 S cm1). Such a desirable
ionic conductivity was mainly attributed to the combination of
Li-IL@HKUST-1 and the PEO matrix, suppressing the growth of lithium
dendrites and facilitating the fast Liþ transport. In another important
work, mpImSi(OMe)3TFSI was grafted onto the surface of ZnS to form a
nanoscale composite ionic ﬂuid (NHIF) [114]. After that, NHIF was
mixed with PVDF-HFP to form a QSCE, and the QSCE was soaked into the
liquid organic solvents with lithium salt for transforming into gel polymer electrolyte. The obtained QSCE exhibited a maximum ionic conductivity of 3.3  103 S cm1 at room temperature, a high lithium
transference number of 0.62, and an electrochemical stability window of
~5.4 V vs. (Li/Liþ). The cell (Li/GPE/LFP) delivered a discharge capacity
of 161 mAh g1 at C/10 rate and retained 89% after 50 cycles [81].
Besides, Guo et al. [115] characterized the electrolyte/electrode interface, revealing the formation of a stabilized SEI consisting of relatively
small inorganic compounds through the fast release of F- from TFSI- to
form LiF along with oxygen-based compounds.
Based on ILs, the organic host networks of ion gels and PolyILs were
prepared and further combined with other inorganic and/or polymer materials to achieve high performance of QSCEs. Wang et al. [127] prepared
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Fig. 4. (a) The radar charts of common inorganic-polymer composite electrolytes from Refs. [37,114,121,129–132]. 1. Composite ion gel electrolytes including
PY13TFSI, LiTFSI, and PVDF-HFP. 2. Composite ion gel electrolytes including PY13TFSI, LiTFSI, PVDF-HFP, and TiO2, the modulated PVDF-HFP/TBOT mass ratio in the
form of 75/25. TBOT is tetrabutyl titanate. 3. EMIMTFSI, PEO, LiTFSI. 4. EMIMTFSI, PEO, LiTFSI, HKUST-1. 5. BMIMTFSI, PVDF-HFP, LiTFSI. 6. BMIMTFSI,
PVDF-HFP, LiTFSI, SiO. (b) Schematic diagram illustrating the microstructures of NCM electrodes without and with Li(G3) (The highlighted blue arrows indicate Liþ
ionic pathways enabled by Li(G3) [66]. (c) Conductive mechanism of composite ion gel electrolyte (PY13TFSI, LiTFSI, PVDF-HFP, and TiO2) [114]. (d) Conductivities
of different mass ratios of PVDF-HFP/TBOT electrolytes measured at different temperatures [114]. Copyright 2019 Wiley and 2018 Elsevier.

conductivity; (2) engineering the composite QSSEs/electrodes interface
with an artiﬁcial solid electrolyte interphase to enhance the interfacial
stability; (3) utilizing the relationship among ILs, polymer matrix, and
inorganic ﬁllers to achieve high voltage.

PolyIL of PDADMAFSI and combined it with LiFSI salt, and the developed
QSCE enhanced the lithium transference number up to 0.56. Other PolyILs,
such as PDADMATFSI, were also prepared and used to develop QSCEs.
Girard et al. [128] proposed an effective strategy to improve Liþ transport
by incorporating a highly concentrated IL P111i4FSI into a PolyIL host
network, together with LiFSI and the electrolyte solution. The presence of
TFSI- and FSI- reduced the interfacial resistance between Li-metal and QSCE
and improved the electrolyte oxidation stability. The LFP/Li cell can work at
a high current density of C/15 and maintain 1.2 mAh cm2.
According to the results summarized in Table 8, the addition of ILs
cannot improve all the speciﬁc properties of QSCEs, but the overall
satisfactory performance can be achieved compared to the inorganic or
polymer QSSEs with ILs. This can be evidenced by the radar charts shown
in Fig. 4a, where the common inorganic-polymer composite electrolytes
were also included. In order to clarify the modiﬁer effect of ILs on QSSEs,
the Liþ transport pathways in QSIEs and the QSCEs are shown in Fig. 4b
and c, respectively. The schematic diagram shown in Fig. 4b illustrates
the microstructures of NCM electrodes with/without LiG3, where the
highlighted blue arrows indicate the Liþ ionic pathways enabled by LiG3.
The swelling of nitrile-butadiene rubber can be observed when the
electrode is inﬁltrated by an IL, making the electrode and inorganic
electrolyte close in contact. When the active ﬁller is used, it will also
improve the lithium-ion transmission channels. In addition, for the
QSCEs containing IL, besides the migration of Liþ on the polymer segments, Liþ also travels in the liquid IL, showing rapid migration and
greatly improving ionic conductivity (Fig. 4c and d) [89,91,92,114].

4. ILs in the preparation of electrodes
ILs are not only widely used in the QSSEs of LMBs, but also in the
synthesis of electrode materials. For example, IL was used by Liu and coworker [133] to synthesize the reduced graphene oxide (rGO)/VS4
nanoparticle (NP) composite with an assisted hydrothermal method. Due
to the capping agent effect of IL and other synergistic effects between
graphene and IL, the interactions, such as ππ stacking interaction and
πcation/anion interactions, are responsible for achieving the delicate
tailoring of VS4 NPs and their even dispersion on the surface of rGO
nanosheets. It was shown that the IL-modiﬁed composite as the negative
electrode in LMB could signiﬁcantly alleviate the volume change in the
lithiation/delithiation process and afford a high surface area, thereby
increase the number of active sites for lithium-ion storage. Besides, it
delivers excellent rate capability (40% from 0.1 to 2 A g1) and long cycle
life at 1 A g1 after 240 cycles.
It is well known that the dendrite growth and volume expansion upon
striping/platting are two important problems that hinder the performance of LMBs. Lithium metal in powder form shows great potential to
solve these issues because of the large speciﬁc surface area. However,
traditional powder synthesis methods are limited by the characteristics,
stickiness, softness, and the air reaction of lithium foil [132,134].
Recently, Pu et al. [135] developed a method by using IL to aid in the
synthesis of nanoscale lithium powders (< 500 nm) from lithium foils.
The prepared anode shows a superior speciﬁc capacity of 180 mAh g1 at
0.5C in the Li/NMC cell.

3.4. Summary
In recent years, a variety of ILs, inorganic nanoﬁllers, and polymers
have been developed in QSSEs, and the type of QSCEs, including ILs,
inorganic nanoﬁllers, and polymers, are considered to be the most
promising one due to the enhanced mechanical properties, processability, electrode wettability, and safety. However, their electrochemical
performances, such as ambient-temperature ionic conductivity, interface
stability with electrodes, and electrochemical stability windows still need
to be improved for high-energy quasi-solid-state LMBs. To cope with
these challenges, the following strategies could be suggested: (1)
selecting a proper nanoﬁller with an appropriate proportion and
designing continuous Li-ion-transport channels to improve the ionic

5. Conclusions and prospects
QSSEs have received extensive attention in energy storage due to
their high safety and long cycle life. ILs have the advantages of broadening electrochemical stability window, lowing volatilization, and
increasing ionic conductivity, and thus have been proposed to be used in
the ﬁeld of quasi-solid-state LMBs. In this review, the development of ILs,
including DESs and solvate ILs, and their applications in quasi-solid-state
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LMBs were summarized. The latest research work on the QSSEs with ILs
published since 2018 was surveyed, collected, and analyzed, where the
impact of ILs as constituent or modiﬁer on the performance of quasisolid-state LMBs is highlighted. The other function of ILs, e.g., as precursors to synthesis PolyILs/electrode materials, was introduced. It
shows that the number of ILs developed as electrolytes in quasi-solid-sate
LMBs is far less than those synthesized, and most of them are conventional ILs, and the research on DES and SIL is still very limited. The QSSEs
with ILs show higher ionic conductivity, enhanced interface contact between electrode and electrolyte, and excellent overall electrochemical
properties compared with those without ILs, no matter in QSIEs, QSPEs,
or QSCEs.
ILs play an important role in QSSEs, nevertheless, there is still room
for further development. The following aspects of the work need to be
carried out: 1) Only a limited number of ILs have been used in QSSEs, and
the high price further limits their widespread use. More suitable and costeffective ILs need to be designed; 2) At present, only one kind of IL is used
in QSSEs. Adding different kinds of ILs or additives to the QSSEs to form
mixed IL systems, such as IL/IL, IL/additives, can be another way to
optimize QSSEs; 3) The poor ﬂexibility of QSIEs and electrode/electrolyte interfaces, the low ionic conductivities, and the poor mechanical
strengths of QSPEs are the problems that need to be solved. Even though
the properties of QSCEs with IL have been improved, how to choose
appropriate inorganic, polymer, and IL and balance the proportion to
achieve optimal performance is still a challenging task. Besides, although
the limited resource and high cost of Li metal as well as the technical
problems, such as the dendrite growth, volume expansion, and active
chemical property of Li metal, hinder the industrial interest in developing
Li-metal batteries currently, the rapid research progress in achieving
super-high performance may mitigate these challenges and ﬁnally go
towards practical applications.
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