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A B S T R A C T

Interfacial issues impede the advancement of current solid state battery technology; thus, interface engineering 
approaches are necessary to enable solid-state configuration. The advantage of solid-state cells stems from their 
low flammability and high electrochemical stability. Ionic liquids are viscous and nonflammable compounds that 
possess the requisite physical properties while optimizing the interface between solid electrodes and solid 
electrolytes, accelerating interfacial ion transport and enabling the fabrication of engineered interphases via the 
supply of robust chemical building blocks. This review summarizes the roles of ionic liquids in solid-state bat
teries focusing on the interface, with insights into their functionality as well as highlighting their applicability in 
the next generation battery systems.   

1. Introduction

Carbon neutrality has been pledged by more than 140 countries
during the latest COP26 conference [1,2], propelling rechargeable bat
teries to the centre stage of energy storage and conversion technology to 
enable electrification of transport and mobile applications. Nonetheless, 
the state-of-the-art lithium-ion batteries fail to satisfy the 
ever-increasing demands of electric vehicles that require a specific en
ergy of up to 500 Wh kg 1 [3,4]. Various battery systems are energeti
cally exploited to boost the energy density enabling prospective next 
generation battery technologies, among these, solid state batteries 
(SSBs) are regarded as the successor that will seize the markets of 
electric vehicles [5]. SSBs are generally classified into all-solid-state 
batteries (ASSBs) and quasi-solid-state batteries (QSSBs), with these 
latter involving the presence of small liquid electrolyte amounts [6,7]. 
These latter offer enhanced electrode/electrolyte interfaces and, 

somehow surprisingly, reduced metal dendrite growth, only slightly 
compromised thermal stability if proper liquid electrolyte are selected 
[8], and simplified mass production [9]. The main advantage of SSBs is 
their superior safety property enabled by the core component, the solid 
electrolyte (SE) which exhibits high thermal stability as well as 
nonflammability [10], although it is doubted this latter claim is not fully 
confirmed for commercial cells [11]. Another significant advantage lies 
in the substitution of conventional graphite anode with lithium metal. 
The latter is endowed with high specific capacity and low (electro
chemical) potential, which was predicted to achieve an increased 
volumetric and gravimetric energy density by ~70 % and 40 %, 
respectively [10]. Additionally, a wider electrochemical stability win
dow (ESW) of SE allows the cells to operate at a higher voltage, up to 5 V 
when combined with high voltage cathodes such as lithium-rich layered 
oxides[12] or LiNi0.5Mn1.5O4 [13], further elevating the energy and 
power density of the cells. Under such circumstances, SSBs composed of 
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2. The advantages and properties of ILs

ILs are molten salts with low temperature melting points (below
100 ◦C) [38,39], composed of a large framework cation and a 
charge-delocalized anion, with weak ion interaction, fast ion migration, 
and thus a relatively high ionic conductivity [40]. First, owing to the 
electrostatic interaction, ILs are poorly volatility, and in some cases 
poorly flammable [37,41]. Most ILs possess much superior thermal 
stability comparing with carbonate-based electrolytes, generally 
showing no pyrolysis below 300 ◦C [42], which is advantageous for 
application in SSBs without sacrificing the overall safety. As regard to 
the ILs work with the highly charged electrodes [43]. Yamaki et al. [44] 
observed the exothermic peaks started from around 190 ◦C in the 
coexistence of carbonate-based electrolytes and charged Li0.46CoO2, 
however, no peak was detected below 260 ◦C in Li0.46CoO2 in contact 
with mixed electrolytes composed of carbonate electrolytes and ILs 
(EMITFSI + CEMATFSI). This clearly demonstrates that ILs are less 
reactive toward oxygen release and, more in general, aggressive deli
thiated electrodes. Sakaebe et al. [45] reported no exothermic reaction 
occurring below 300 ◦C for the 0.32m LiTFSI in PP13TFSI IL in contact 
with charged Li1-xCoO2 employing differential scanning calorimetry 
(DSC) analysis. Nevertheless, the thermal stability of ILs depend on their 
cations or anions, e.g. EMI+ type ILs own an inferior safety than BMIM+, 
Py13

+ , Pp14
+ and TMBA+, as well as FSI offers poorer thermal stability

than TFSI [46]. 
Second, some ILs show excellent compatibility against the lithium 

metal anode (LMA), yielding to another great advantage of ILEs. Con
ventional carbonate-based liquid electrolytes do not prevent lithium 
dendrites growth resulting in the short circuit of cells [47,48]. On the 
other hand, ILEs were demonstrated yielding highly stable lithium metal 
batteries without evidence of dendrite growth or thermal runaway, 
benefitting of the robust SEIs consisting of inorganic species (LiF, 
Li2CO3, LiSO2F, LiOH) and cation-breakdown products [49]. The long 
aliphatic chain of IL is beneficial to suppress the dendrites growth by 
virtue of the combined effects of electrostatic shielding and lith
iophobicity, while the anion is involved into the formation of a 
LiF-predominant SEI layer [50]. Third, ILs generally own a wide elec
trochemical stability, in some cases even reach 6 V, their wide ESWs is 
ideal for their application in high voltage SSBs. Last, the unlimited 
structural variations of the constituent ions allow the design of ILs with 
specific properties. 

The cations of commonly applied ILs are mainly pyrrolidinium (N- 
methyl-N-propylpyrrolidinium, N-butyl-N-methylpyrrolidinium), 
piperidinium, imidazolium, and quaternary ammonium, while the an
ions focus on the commonly utilized bis(fluorosulfonyl)imide (FSI ), bis 
(trifluoromethanesulfonyl) imide (TFSI ) and tetrafluoroborate (BF4 ). 
Some properties of typical ILs are compared in Table 1. The pioneer 
investigation of imidazolium-based ILs dates back to the 1990s [51], 
afterwards, significant attention focused on their use in lithium batteries 
due to their advantages of high ionic conductivity and low viscosity. For 
example, the IL composed of 1-ethyl-3-methyl imidazolium cation 
(EMIM+) and FSI anion was reported with a superior ionic conductivity 
of 7.71 × 10 3 S cm 1, approaching the level of commercial organic 
electrolytes [52] However, the three acidic protons on the unsaturated 
five-membered ring tend to cause cation reduction [53], resulting in 
poor compatibility against lithium metal or carbon and hindering the 
application of imidazolium-based ILs in lithium batteries. In contrast, 
quaternary ammonium-based ILs generally possess excellent electro
chemical stability, verified by the higher oxidation potential >5.0 V vs. 
Li/Li+ and a reduction potential lower than 0 V vs. Li/Li+ [42]. How
ever, high stability generally comes with a high viscosity, the latter leads 
to poor wettability with electrodes unless an elevated temperature is 
applied. Piperidinium-based ILs belong to a quaternary ammonium 
structure but with a six-membered ring, which exhibits superior elec
trochemical stability (attaining 5.7 V vs. Li/Li+) than that of the tradi
tional quaternary ammonium-based ILs. Unfortunately, the ionic 

Fig. 1. The number of publications of ILs-employed in SSBs since 2010 (Data 
retrieved from “Web of Science”). 

a high-energy cathode, stable SE, and metallic anode is regarded as a 
promising configuration. 

With the continual development of SE, a variety of SEs have been 
explored to achieve comparable or even higher ionic conductivity with 
respect to that of the conventional organic electrolyte, especially sulfide- 
based superionic conductors such as Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS 
cm 1) [14]. Therefore, the remaining challenge of SE has shifted from 
the previous (crucial) issue of low ionic conductivity to interfacial is-
sues, as the interfacial chemistry gradually becomes the bottleneck for 
SSBs [15,16]. The interfacial issues mainly originate from the immo-
bility of SEs which limits the electrolyte flowing or infiltrating into gaps 
or voids in SSBs [17], resulting in generally poor physical contact be-
tween electrodes (cathode or anode) and electrolyte, and between par-
ticles within the cathode electrode as well as the SE [18]. Besides, other 
issues are present on the cathode side, such as the space-charge layer 
[19,20], chemical reaction between cathode and SE [21–23], large 
volumetric change of cathodes during charge/discharge [24–26]. 
Whereas, on the anode side, issues such as interfacial compatibility 
against lithium metal anode (LMA) [16] or sodium metal anode (SMA) 
[27] and the growth of lithium (sodium) dendrites [28,29] must be 
resolved. Various strategies were adopted to tackle these interfacial is-
sues between SEs and electrodes, such as atomic layer deposition (ALD) 
technology [30–32], in-situ solidification technology [33], 
three-dimensional construction of interlayer [34,35]. These approaches 
effectively mitigate such shortcomings to a certain extent, nevertheless, 
without regard to technical difficulty or cost. Recently, the vital role of 
ionic liquids (ILs) on the interface of SSBs cannot be neglected, consid-
ering their similarities to SEs, notably nonflammability and high thermal 
stability. Additionally, ILs exhibit excellent compatibility with lithium 
(as well as sodium) metal and high fluidity enabling ILs as an ideal 
mediator to solve the interface issues of SSBs [36,37]. Since 2010, the 
number of publications dealing with the introduction of ILs into SSBs has 
gradually increased (Fig. 1), indicating the potentiality of ILs in the field 
of SSBs.

In this review, the focus is on the latest advances in IL modified SSBs 
based on the functions of ILs. The different roles of ILs are comprehen-
sively discussed, especially the capabilities of ILs in modifying the 
interfacial contact of inorganic solid electrolytes (ISE). The unique 
electrochemistry of ILs and their underlying mechanism which can 
enhance the performance of SSBs is also elucidated. Finally, the chal-
lenges and future prospects of applying ILs in (quasi-) solid state bat-
teries are outlined. 



conductivity is only ~1.5 mS cm 1 at room temperature due to higher 
viscosity [42,54,55]. 

Considering the diverse properties, only a small proportion of ILs 
satisfy the demands for application in SSBs, for instance, appropriate 
ionic conductivity and high voltage resistance. The ILs applied to (quasi- 
) SSB systems should be designed with a focus on balancing the re
lationships between ionic conductivity, viscosity and ESW. For example, 
the five-membered-ring pyrrolidinium-based ILs are suitable candidates 
that have been widely investigated as nonflammable and high safety 
electrolytes for Li-metal batteries [60,68,69], since they achieve a good 
balance between ionic conductivity (> 10 3 S cm 1) and electro
chemical stability (ESW of > 5.0 V), as well as an excellent compatibility 
with lithium metal. 

3. The roles of ILs in (quasi-) SSBs

ILs were firstly introduced into “polymer-and-salt” SEs since 1995
[70]. After, Li-ion conductive solid polymer electrolytes (SPE) were 
investigated and developed [71–73]. In 2010, polymeric ionic liquid 
was prepared and employed into Li/LiFePO4 solid-state cells and ob
tained an outstanding performance [74], soon, a novel quasi-solid-state 
composite electrolyte was firstly designed in a Li/LiFePO4 cell [75]. In 
the meantime, the LiZnSO4F SE functionalized with IL interlayer were 
reported with a dramatically improved ionic conductivity [76]. Since 
that, ILs attracted increasing attention for application in SSBs, especially 
focused on the SEs interface. The development route of ILs in SSBs are 
displayed in Fig. 2. 

Generally, ILs play four roles in SSBs, acting as interfacial wetting 

agents (including cathode and anode side), poly(ionic liquids) (PILs) 
electrolytes, hybrid electrolytes, and plasticizers for other polymer-type 
electrolytes (Fig.3), which are discussed in the following sections. 

3.1. ILs as wetting agent for SE/electrode interface 

Although the ionic conductivity of SEs has been greatly improved, 
the interfaces between SEs and electrodes are still the rate-determining 
step for ion migration. On account of the rigidity of SEs, the restricted 
and uneven solid-solid contact confines the ion transport across the 
interface and induces hot spots for the formation of lithium dendrites 
[77,78]. More importantly, the sulfide/oxide-based electrolytes react 
with LMA due to their high reactivity causing severe degradation at the 
interface [10]. Recently, a simple and effective liquid phase therapy 
method was employed to modify the solid-solid interface, utilizing a 
small amount of liquid (<10 μL cm 2, not included that in the composite 
cathode). The consequent chemical/electrochemical reactions occurring 
at the interface improve the ion transport across the multiple interfaces 
in SSBs, resulting in enhanced interfacial stability, as shown in Fig. 4, 
while some key performances are summarized in Table 2. Additionally, 
the liquid can also fill the voids at the interface to enhance the contact 
between electrodes/SEs [79]. Carbonate-based electrolyte were 
discovered to in situ form a beneficial solid electrolyte interphase (SEI) 
layer with oxide-based SEs [80], ameliorating the rate performance. 
Afterwards, small amounts of organic electrolytes were applied as an 
agent to wet the interface of electrodes/SEs [34,81,82]. Nevertheless, 
the introduction of carbonate electrolyte inevitably compromises the 
main advantage of SEs, the safety. In contrast, this drawback can be 

Ionic Liquids Viscosity (cp) Ionic conductivity (S cm 1) ESW (vs. Li/ 
Li+) 

Thermal stability (TGA 
analysis) 

Imidazolium based IL [56,57] 25–45 (20 ◦C) >1 × 10 3 ≤ 5 V >300 oC 
Quaternary ammonium based IL [56,58] >80 (20 ◦C) 1.0 × 10 5 ~4.7 × 10 4 ≥ 5 V >350 oC 
Asymmetrical Imidazolium trialkylammonium dicationic IL  

[59] 
>50 5.0 × 10 5 ~2.7 × 10 4 4~5 V  

Pyrrolidinium based ILE (Pry14FSI+LiTFSI) [60] 17-396 (mPa/s) (80-0 ◦C) ~2.5 × 10 3 (25 ◦C) ~5 V  
Pyrrolidinium based ILE (Pyr13FSI+LiTFSI) [61] 40~76 (25 ◦C) 4.8 × 10 3 ~9.9 × 10 3 (25 ◦C)   
Pyrrolidinium based ILE (C4mpyr-TFSI+LiTFSI+LiNO3)  

[62] 
47.5 (23 ◦C) 2.7 × 10 3 (23 ◦C)   

Pyrrolidinium based ILE (Pyr14TFSAM+LiTFSAM+VC)  
[63]  

3.8 × 10 3~12.6 × 10 3 

(20~60 ◦C) 
~4.5 V Decomposition from 283 ◦C 

Piperidinium based ILE ([MMEPip][TFSI]+LiTFSI-EC-DEC)  
[64] 

33–403 (mPa/s) 
(65~25 ◦C) 

1.35 × 10 3~6.8 × 10 2 

(5~30 ◦C) 
~5 V Decomposition from 300 ◦C 

Piperidinium based ILE (PipGuan-TFSI+LiTFSI) [65] 164 (25 ◦C) 0.74 × 10 3 (20 ◦C) 4.4 V Decomposition from 415 ◦C 
Piperidinium based ILE (C6O2(mpip)2TFSI2+LiTFSI) [66]  0.39 × 10 3 (60 ◦C) 6 V Decomposition from 360 ◦C 
Piperidinium based ILE (C1O1mpip][FSI]+LiFSI) [67] 56 (30 ◦C) 5 × 10 3 (30 ◦C) 4.7V (Pure IL) Decomposition from 238 ◦C 
Piperidinium based ILE (C1O1mpip][TFSI]+LiTFSI) [67] 108 (30 ◦C)  5.2V (Pure IL) Decomposition from 282 ◦C  

Fig. 2. Development of ILs in SSB system.  

Table 1 
Comparison of the properties of common ILs (or ILEs).  



avoided by replacing carbonate-based electrolyte with ILs as the inter
face wetter, which could resolve the interface issues and maintain the 
excellent nonflammability. Herein, the role of ILs as interfacial wetting 
agent at cathodes/SE and anodes/SE interface is discussed. 

3.1.1. The interface between cathode and SE 
Due to the absence of liquid fluidity, the cell faces a large interfacial 

resistance due to the loose contact between cathode and ISE, resulting in 
sluggish charge-transfer at the interface, limiting the cell performance 
especially at a high current. In addition, the poor electronic and ionic 
conductivity at the interparticle interface as well as the shrinkage and 

expansion of cathode particles during charge/discharge processes 
exacerbate the contact loss [92]. A suitable liquid additive acting as the 
interfacial wetting agent to improve the interfacial contact is funda
mental. The ideal wetting agent should satisfy the following re
quirements: (1) satisfactory ionic conductivity, (2) high voltage 
resistance, (3) good wettability, (4) nonflammability. Considering these 
factors, ILs are suitable candidates as interfacial wetting agent to modify 
the cathodes/SEs interface. 

3.1.1.1. Coating IL onto cathodes. In 2012, Sagane et al. [93] investi
gated the interface between lanthanum lithium titanate ISE and 

Fig. 3. Schematic illustration of the various roles of ILs in SSBs.  

Fig. 4. Schematic diagrams of liquid phase therapy in solid state lithium metal batteries. Reproduced with permission [78]. Copyright 2020, Elsevier.  



different ILs based on AC impedance method. It was uncovered that the 
activation energy was influenced by the anion species of ILs, rather than 
the cations. Currently, the anion of ILs applied as interfacial wetting 
agents are mainly FSI or TFSI anions coupled with the 
propylpiperidinium-based or pyrrolidinium-based cations. These IL 
groups have demonstrated an outstanding electrochemical stability at 
high voltage which benefits the formation of a robust cathode electrolyte 
interphase (CEI) layer [69,94,95]. Therefore, they have been chosen as 
wetting agent and demonstrated significant improvement of the cell 
performance. For example, a small amount of nonflammable, N-meth
yl-N-propylpiperidinium-bis(fluorosulfonyl) imide (PP13FSI) was used 
as a wetting agent to construct Na3V2(PO4)3/IL/SE/Na cells, obtaining 
an exceptional cycling stability via maintaining a capacity of ~90 mAh 
g 1 without decay after 10,000 cycles at 10  C (Fig. 5a) [83]. In contrast, 
the Na3V2(PO4)3/SE/Na cells without IL exhibit a low discharge ca
pacity of 85 mAh g 1 and with a severe capacity degradation to 44 mAh 
g 1 after only 10 cycles. To further certify the superiority of IL for 
interfacial engineering, an equivalent amount of organic carbonate 
electrolyte (0.8M NaPF6 in EC/DMC) was employed which resulted in a 
sharp capacity degradation after 250 cycles at 0.2 C. The introduction of 
IL not only effectively enhanced the interfacial contact but also provided 
a new ion transport channel, facilitating ion migration between active 
materials particles and SE particles. Additionally, the IL could create a 
beneficial buffer space to offset the volume expansion for the cathode 
materials upon cycling (Fig. 5b, c) [83]. Bi et al. [84] focused on the 
interface engineering at cathode side partially coating 

Li6.375La3Zr1.375Nb0.625O12 (LLZNO) on the LiCoO2 and combining an 
intermediate layer of N-methyl-N-propylpiperidinium bis(tri
fluoromethanesulfonyl)imide (PP13TFSI) (Fig. 5d); this achieved a ca
pacity retention of above 80 % after 400 cycles at 0.2 C and 60 ◦C. The IL 
formed good contact between cathode and SE, moreover, the decom
position of IL generated an ionic conducting CEI layer which is beneficial 
to promote lithium-ion transport. 

3.1.1.2. Mixing ILs and active materials for composite cathode. Besides 
dropping a little amount of IL on the cathode surface, adding IL into the 
cathode slurry during the preparation of positive electrode is also a 
viable route. The introduction of small IL amount would not alter the 
current electrode fabrication engineering apart from slightly effect in 
the rheological behavior of the resuting slurries. Cheng et al. [87] 
designed an EMI-based IL-containing LiCoO2 composite cathode, the 
interfacial resistance of SE/electrode was significantly reduced from 
500,000 to ~100 Ω cm2. However, the QSSB endured an evident per
formance decay, maintaining a capacity retention of ~80 % after 100 
cycles at 60 ◦C, which was deemed to be caused by the thermal or 
electrochemical instability of the IL. Sun’s group[88] prepared a com
posite cathode by introducing a more electrochemical stable IL, 
N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Pyr14TFSI), as the wetting agent. The developed full cell obtained a
high capacity retention of 81.1 % after 300 cycles at 0.2 C and room
temperature. Liu et al. [89] designed a toothpaste-like electrode using
Pyr14FSI mixing with sodium layered oxide Na0.66Ni0.33Mn0.67O2,

Functions of ILs Types of ILs Usage of ILs Solid electrolyte Cathode/Anode Performance Refs. 

Cathode interface wetting PP13FSI 5 μL cm 2 Na3.3Zr1.7La0.3Si2PO12 NVP/Na 10000 cycles without decay at 10C and RT [83] 
Cathode interface wetting PP13TFSI 1 μL cm 2 LLZTO LCO@LLZNO/Li 80.2 % after 400 cycles at 0.2C and 60 ◦C [84] 
Cathode interface wetting PP13BF4 2 wt.% PEO-based SSE LCO/Li 76.3 % after 100 cycles at 0.2C and 55 ◦C [85] 
Cathode interface wetting LiClO4/BMIMTFSI 1.13 μL cm 2 LLZTO NCM622/Li 87.6 % after 100 cycles at 0.2C and 60 ◦C [86] 
Composite cathode LiTFSI/EMITFSI 11 wt.% Al-doped LLZO LCO/Li 80 % after 100 cycles at 60 ◦C [87] 
Composite cathode LiTFSI/ Pyr14TFSI 18.8 wt.% LLZTO-MCL LCO/LI 81.1 % after 300 cycles at 0.2C and RT [88] 
Composite cathode Pyr14FSI 40 wt.% Na-β″-Al2O3 Na0.66Ni0.33Mn0.67O2 90 % after 10000 cycles at 6C and 70 ◦C [89] 
Anode interface wetting LiTFSI-Pyr14FSI 2.65 μL cm 2 LLZO LFP/Li 45 cycles without decay at 20 mA g 1 and 25 ◦C [79] 
Anode interface wetting LiTFSI-Pyr13TFSI ~10 μL LGPS S@C/Li 82.6 % after 50 cycles at 83.5 mA g 1 and RT [90] 
Anode interface wetting NaTFSI/Pyr14TFSI ≤5 μL Na3SbS4 FeS2/Na ~62 % after 330 cycles at 100 mA g 1 and RT [91]  

Fig. 5. Cycling performance of the (a) NVP/IL/SE/Na solid-state battery at 25 ◦C with a current rate of 10 C and (b) Schematic representation of the NVP/SE/Na and 
(c) NVP/IL/SE/Na solid-state batteries. Reproduced with permission [83]. Copyright 2017, Wiley. (d) Constructing island-like LLZNO coated cathode, and adding
PP13TFSI at cathode-electrolyte interface. Reproduced with permission [84]. Copyright 2020, Elsevier. (e) Schematic diagrams of a conventional sintering type and
the newly designed solid-state battery based on an inorganic ceramic electrolyte. (f) Long-term cycling performance. Specific capacity and Coulombic efficiency
versus cycle number at 6 C rate. Reproduced with permission [89]. Copyright 2016, American Chemical Society.

Table 2 
Comparison of the performance of ILs as interfacial wetting agent.  



at the electrode/SE interface result in a large interfacial resistance 
especially for oxide-based SEs [100]. Although the pores can be reduced 
to a great extent by high stack pressures (≥ 35 MPa) because of the 
plastic deformation of metal anode [100]. Additionally, a severe 
reduction reaction would occur in the case of NASICON-type SEs once in 
direct contact with metal anode, generating a ionic and electronic 
conducting mixed interphase, which can damage the solid pellets due to 
continuous parasitic reduction reactions along with a large volume 
expansion [101,102]. Adding a small amount of IL is an ideal solution 
considering that several ILs exhibit high compatibility with Li metal 
through the formation of a robust inorganic-based SEI protecting layer 
on the metal surface [103–105]. In contrast, the introduction of syn
thetic protecting layers, such as metal oxide coating layers [30,32], a 
polymer interlayer [34,106], or any high lithium ion and electron con
ductivities interlayer[107–109] would incur extra expenses due to the 
additional technology complexity. Yang’s group[110] achieved a stable 
SEI layer in Li/Li10SnP2S12/Li symmetric cells through the addition of a 
small amount of Pyr13TFSI IL combined with 1.5 M LiTFSI salt. Apart 
from the IL acting as a wetting agent, a LiF-rich SEI layer was also 
formed to isolate the Li10SnP2S12 electrolyte from LMA which demon
strated a steady lithium stripping/platting test for more than 1000 h 
(Fig. 6a). After, the lithium salt concentration in ionic liquid electrolyte 
(ILE) was decreased to 1 M, obtaining a remarkable interface stability 
with the interfacial resistance sharply dropping from 2021 to 142 Ω cm2 

(Fig. 6b) 90]. Additionally, the IL-modified LGPS enabled a high 
discharge capacity of 1017 mAh g 1 in lithium-sulfur SSB with a good 
capacity retention, attributed to an improved anodic interface contact 
(Fig. 6c). A similar result was also observed in sodium metal batteries in 
which a low concentration electrolyte of Pyr14TFSI combined with 
NaTFSI was employed in Na/IL/Na3SbS4/IL/Na cell system. The stable 
SEI layer containing NaF and CF3 components was detected, contrib
uting to the generation of a stabilized interface between SE and SMA on 

Fig. 6. (a) Li+ stripping/plating curves of Li/LSPS/Li symmetric cells with and without 1.5 M LiTFSI/IL. Reproduced with permission [110]. Copyright 2018, 
American Chemical Society. (b) Nyquist profiles for the Li/LGPS/Li symmetric cells with and without 1 M LiTFSI/PYR13TFSI IL. (c) Schematic diagram of the 
quasi-solid-state lithium-sulfur battery. Reproduced with permission [90]. Copyright 2019, American Chemical Society. (d) Schematic diagram of the Na3SbS4/Na 
interface with (PYR/Na)TFSI interlayer. Reproduced with permission [91]. Copyright 2022, Elsevier. 

combined with Na-β’’-Al2O3 as SE (Fig. 5e), achieving an exceptional 
cycling reversibility with a capacity retention of 90 % after 10,000 cy-
cles at 6 C and 70 ◦C (Fig. 5f). Furthermore, IL was applied to act as a 
bridge to connect bulk-sized garnet electrolyte and LiFePO4 [96] or 
LiMn2O4[97] cathode, to reduce the electrode/SE interfacial resistance. 
Actually, FSI- and TFSI-based ILs can also lead to the in-situ formation of 
high ionically conducting inorganic species, such as LiF and Li3N, at the 
cathode/SE interface resulting from the decomposition of the IL’s anion, 
which further reduce the lithium ion transport to the interface [86]. It is 
worth mentioning that the presence of (liquid) ILs in the composite 
electrode may raise concerns about the effect of the stacking pressure. 
However, there is a lack of research work on this issue, which is worth a 
deep investigation in the near future. 

In summary, ILs working as the interfacial wetter agent can be 
divided into two approaches: the dropping method, whereby a small 
amount (< 2 μL cm 2) of IL is added onto the surface of positive elec-
trode, to wet the poor interfacial contact between electrode and SE and 
fill the cathode porosity. This also contributes to the formation of a 
stable CEI layer for ion migration. The other method is mixing IL and 
cathode material to prepare a composite cathode, the IL and its corre-
sponding decomposition products work as a bridge to connect SE par-
ticles and active materials, reducing the interparticle resistance in the 
electrode and between the electrode and SE. 

3.1.2. Metal anode/SE interface 
Comparing with the crucial and highly effective function of IL in 

boosting the electrochemical performance of the cathode/SE interface, 
the role of IL at the anode varies depending on the SE type. For instance, 
some polymer-based electrolytes have good compatibility against the 
metal anode and excellent flexibility, not needing the assistance of ILs in 
most cases [98,99]. However, inorganic-based electrolytes have poor 
contact with metal anode, the pore formation and surface contamination 



performance. The Janek group [100] investigated the working mecha
nism of IL interlayer between lithium metal and Li6.25Al0.25La3Zr2O12 
(LLZO) at a pressure less condition. They added one drop of Pyr14TFSI 
with LiTFSI salt on one side of the polished LLZO pellet and observed 
two additional semicircles (Fig. 7c–e), which can be assigned to the SLEI 
and SEI layers, respectively. In addition, they found the SEI at the Li/ILE 
interface is fairly stable while the SLEI at the ILE/LLZO interface grew 
with time and contributed the most resistance in the mid frequency 
region. Finally, they discovered that lower lithium salts concentration 
would benefit the cell performances, due to the likelihood of a lower 
viscosity of ILE resulting in a reduced surface tension. As a result, this 
produces superior “contact buffer” that can easily adapt to changes in 
the interface morphology by spreading to fill the generated voids. 

3.2. Inorganic-IL based hybrid electrolytes 

The IL additives discussed thus far function as wetting agent and the 
SEs are mainly pellet-type with a large thickness, which is impractical 
for industrial implementation; the thickness and flexibility should be 
further optimized. Therefore, one type of hybrid electrolytes (HEs) 
combining the excellent mechanical properties of ISEs and high fluidity 
of liquid electrolytes emerges [115,116]. ILs are proposed as solvents to 
mix with ISEs for the preparation of HEs, however, the most crucial 

Fig. 7. (a) Schematics of ion transport and resistance contributions in cells with solid–liquid phase boundaries. (b) Loss in energy density of a hybrid Li/S8 cell caused 
by the overpotentials that result from the solid-electrolyte membrane (ηSE) and the SE/LE interface (ηSE/LE) at a cycling rate of 1 C in correlation with the 
membrane thickness, dSE. Reproduced with permission [114]. Copyright 2016, Nature. (c) Schematic of the cell assembly process. (d) Comparison of Nyquist plots of 
impedances of Linid|LLZO|Liid (dashed), Liid|LLZO|Liid (grey) and Li|ILE|LLZO|Liid (green) cells. (e) Schematic diagram of the investigated Li|ILE|LLZO|Liid cell 
alongside the used equivalent circuit for fitting and the corresponding origins in the cell. Reproduced with permission [100]. Copyright 2021, Wiley. 

account of the suppressed adverse side reactions and the growth of so-
dium dendrites (Fig. 6d) [91]. However, in NASICON-type SEs, the 
formed SEI layer by adding ILs could not suppress the reduction reaction 
between SEs and metal anodes due to the thermal dynamic instability 
against metal anode. Albeit the improved cycling stability compared to 
the IL-free system, the introduction of IL could only protect the interface 
for a short time. The reduction reaction results in continually increasing 
interfacial resistance and final pulverization of SE pellets [111]. Hence, 
ILs were combined with a thin polymer protection layer (e.g. poly[2, 
3-bis(2,2,6,6-tetramethylpiperidine-N-oxycarbonyl)norbornene]
(PTNB) [112,113], or IL-based SPE [111]) to achieve enhanced inter-
facial stability. In summary, ILs appears to be very appropriate for 
sulfide-based or garnet-based ISEs as the anode wetting agent.

3.1.3. The interface between IL and SE 
Once liquid electrolytes are added into the interface between SE and 

anode, not only a SEI layer but also a solid-liquid electrolyte interphase 
(SLEI) is generated [114], as shown in Fig. 7a. The SLEI layer is mainly 
comprised of inorganic compounds including the decomposition prod-
ucts of conducting salts and presumably solid electrolytes. The addi-
tional SLEI layer formed by conventional liquid electrolyte was 
predicted to decrease the gravimetric energy density by ~18 % in hybrid 
Li/S8 cell (Fig. 7b), so a stable SLEI layer is equally important for the cell 



This enhancement has been attributed to the increased ion paths along 
with the IL-connected interfaces between the conductive polymer matrix 
and the SE particles, resulting in a much reduced interface resistance 
(Fig. 9a, b) [129]. Similarly, Pyr13TFSI with LiTFSI salt was added into 
PVDF-HFP/LAGP CSE system. The addition of ILE largely increased the 
ionic conductivity, with the optimal performance achieved for ILE 
content of 60 % [120]. Interestingly, the direct coating of the CSE paste 
on the lithium metal surface yielded to an excellent electrochemical 
performance [123], offering an option to further simplify the cell 
manufacturing process. 

Notably, the impact of lithium salt concentration on electrolyte 
properties cannot be ignored, as in the case of high concentration liquid 
electrolytes that are capable of adjusting the ion solvation structure to 
regulate the electrolyte properties, such as the interfacial chemistry and 
ion transport [130–132]. A super concentrated ionogel-in-ceramic HE 
was proposed[121] through cohering the LLZO particles with a 3 M 
LiTFSI-EMIMFSI-PMMA ionogel (Fig. 9c). This specifically designed 
electrolyte enabled an ultra-high ionic conductivity of 1.33 × 10 3 S 
cm 1 at 25 ◦C (Fig. 9d) as well as a high lithium-ion transference number 
of 0.89, demonstrating a superior performance than the ionogel elec
trolyte. The high ionic conductivity and Li+ transference number is 
closely associated to the lithium ion local environment and transport 
mechanism, which can be investigated via solid-state static nuclear 
magnetic resonance (NMR). As shown in Fig. 9e, a single 7Li resonance 
peak was detected at -0.31 ppm in the ionogel sample, which is assigned 
to the LiTFSI component, a peak shift was found in the super
concentrated ionogel-in-ceramic (SIC) electrolyte that can be attributed 
to the de-coordination of TFSI anion from Li cation. The much nar
rower peak suggests an enhancement of lithium-ion mobility in SIC 
electrolyte, owing to the interaction between LLZO surface and Li+

mediated by the IL. 
In summary, the introduction of IL in CSEs creates a liquid-phase 

bridge to connect polymer electrolyte and inorganic electrolyte, 
enhancing the ionic conductivity of CSEs. Moreover, the IL is beneficial 
to improve the viscoelasticity of CSEs reducing the interfacial resistance 
between electrodes and electrolyte. The IL could contribute to form a 
stable LiF-rich SEI layer on the LMA and suppress the growth of lithium 
dendrites. However, the complex lithium-ion transport at organic and 
inorganic interfaces necessitates further research as well as elucidation 
of the role of ILs especially in the ion transport mechanism. Hence, 
resolving the relevant ion transport pathway through the heterogenous 
hybrid CSEs is critical. Liu et al. [122] adopted solid-state NMR spec
troscopy to examine the interface of PEO-Li6PS5Cl composite electrolyte. 
The sluggish lithium ion transport across organic/inorganic phase in 
CSEs was identified as the primary limiting factor, due to a fairly low 
lithium ion conductivity at the interface considering a deficiency of 
ethereal oxygen species and as well as the absence of local mobility 
(Fig. 10a). To improve the interface diffusivity, two different ILs (imi
dazole-based EMIMTFSI and piperidinium-based PP13TFSI) were 
selected, which exhibit completely different miscibility in PEO matrix. 
They discovered that the miscible EMIMTFSI participated into PEO 
matrix and reduced the crystalline fraction, enhancing the conductivity 
of PEO. However, the less miscible PP13TFSI remained on the interface 
of Li6PS5Cl phase and enhanced the local mobility, which facilitated the 

Types of ILs Components of HEs Ratio (wt.%) Ionic conductivity Cathode/Anode Performance Refs. 

Pyr14TFSI LiTFSI/IL/TiO2 53/2/45 1.5 × 10 3 S cm 1 (20 ◦C) LFP/Li 89 % after 100 cycles at 0.1  C and RT [117] 
Pyr14TFSI LiTFSI/IL/LLZO 1/19/80 0.4 × 10 3 S cm 1 (25 ◦C) LCO/Li 99 % after 150 cycles at 0.1  C and 25 ◦C [118] 
BMPTFSI IL/LLZO 14/86 0.67 × 10 3 S cm 1 (20 ◦C) NCM811/Li 68 % after 200 cycles at 0.5  C and 20 ◦C [81] 
C10mimBF4 Li3GaF6 - 10 4 S cm 1 (RT) LFP/Li 69 % after 150 Cycles at .5  C and 60 ◦C [119] 
Pyr13TFSI LiTFSI/IL/LAGP/PVDF-HFP 40/17/6/37 1.23 × 10 3 S cm 1 (25 ◦C) LFP/Li 86.3 % after 400 cycles at 1  C and 55  C [120] 
EMIFSI LiTFSI/IL/PMMA/PEGDMA - 1.33 × 10 3 S cm 1 (25 ◦C) NCM523/Li 72.7 % after 200 cycles at 1  C and 25 ◦C [121] 
PP13TFSI/EMITFSI LiTFSI/IL/PEO/Li6PS5Cl - 2.47 × 10 4 S cm 1 (RT) LFP/Li ~82 % after 50 cycles at 0.18  C and 50 ◦C [122] 
BMIMTFSI IL/PEO/LLZO-Sb 15/10/75 1.1 × 10 4 S cm 1 (25 ◦C) NCM/Li 84.5 % after 100 cycles at 0.1  C and 25 oC [123]

challenge for HEs remains the interfacial issues between IL and inor-
ganic components. In this section, the latest developments of 
IL-containing HEs are summarized with focus on the interfacial issues 
between SEs and ILs (Table 3). 

In 2011, Tarascon’s group[76] reported a novel LiZnSO4F fluo-
rosulfate phase via an IL-assisted synthesis route, and discovered that 
the functionalized LiZnSO4F-IL composite (LiZnSO4F grains surrounded 
by Li-containing IL layer) could significantly enhance the ionic con-
ductivity of Li-based conductors (Fig. 8a), although the corresponding 
precise nature of the interface effects remain unclear. Nevertheless, 
Appetecchi et al. [124] revealed that the simple mixing (coating) of 
NACISON-type SE (Na3Si2Y0.16Zr1.84PO12) with Pyr14TFSI IL without 
sintering thermal treatment could not induce any synergic effect on the 
formed HE. It was suggested that a proper functionalization of the 
NASICON surface and/or IL is needed to promote the transport of so-
dium ions at the SE/IL interface. Interestingly, a thin pellet-type HE was 
prepared with a specific composition of 80 wt.% of LLZO, 19 wt.% of 
Pyr14TFSI and 1 wt.% of LiTFSI [118]. This HE gained an ionic con-
ductivity of 0.4 × 10 3 S cm 1 as well as a wide ESW up to 5.5 V 
(Fig. 8b), and contributed to a high cycling stability with a capacity 
retention of 99 % after 150 cycles in full cells. The homogenous distri-
bution of IL on the surface of ceramic particles probed by field emission 
scanning electron microscopy contributed to the superior electro-
chemical performances (Fig. 8c) [118]. Subsequently, a different 
cation-based IL of 1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl) imide (BMPTFSI) was employed as a “soft” 
coating layer of Li7La3Zr2O12 to form a conducting network which 
greatly facilitated the lithium migration between SE/IL interface via 
transforming the ion conduction from a point-to-point pathway to a 
face-to-face pathway [81]. Hu et al. [119] reported a low-temperature IL 
method to prepare a nanosized Li-rich fluoride SE (Li3GaF6). The IL was 
solidified into nano-floccule which could serve as an in-situ binder to 
bond the adjacent nanoparticles (Fig. 8d, e), hence, achieved a high 
ionic conductivity of 10 4 S cm 1 at room temperature among fluoride 
SEs due to the improved lithium ion transport at the SE particles in-
terfaces. Recently, the chemical reactions occurring at the interface 
between ISE and IL was investigated;[125]. Li1.5Al0.5Ge1.5(PO4)3 (LAGP) 
and Pyr13TFSI were selected. A homogenous composition of LAGP-IL 
mixtures without a gradient of the elements was evidenced. The intro-
duction of IL at a ratio of 5–10 % is capable of improving the ionic 
conductivity of LAGP via formation of an ionic bridge (Fig. 8f). In 
addition, at a low current condition, the diffusion of lithium ions was 
through both IL and LAGP. Nevertheless, the lithium ions transport was 
mainly observed within LAGP under a high current. These discoveries 
are beneficial to inform on the design of IL-based HEs. 

Composite solid electrolytes (CSE) are SEs including inorganic solid 
ionic conductors and polymer(s) matrix, capable of offering the 
outstanding mechanical properties of ISE as well as the flexibility of SPE 
and thus allowing for the fabrication of thin layers [126–128]. None-
theless, they still suffer from poor interfacial contact. In recent years, the 
introduction of IL to CSEs has also received increased research interest. 
For example, the conductivity of the Li-salt-free polyethylene oxide 
(PEO) combined with Li6.4La3Zr1.4Ta0.6O12 (LLZTO) CSE membrane 
increases by one order of magnitude when wetted with BMIMTFSI (IL). 

Table 3 
Comparison of the performance of different ILs in hybrid electrolytes.  



lithium-ion transport over the organic/inorganic interface (Fig. 10c). 
This ion transport proceeded rather than transport only in the polymer 
phase without the utilization of high conductivity of the Li6PS5Cl phase 
(Fig. 10b), resulting in a higher overall conductivity of the hybrid 

PEO-Li6PS5Cl electrolyte with the assistance of PP13TFSI. 

Fig. 8. (a) AC conductivity of ionically blocking LiZnSO4F pellets prepared using ZnSO4⋅H2O precursor made with and without ionic liquid. Reproduced with 
permission [76]. Copyright 2011, Wiley. (b) Linear sweep voltammetry for the Li/LE/SS, Li/ILE/SS, Li/HE/SS, and Li/LLZO/SS cells. (c) LLZO ceramic with the ionic 
liquid and the schematic illustration of a matrix formed by LLZO-ionic liquid (LiTFSI and Py14TFSI). Reproduced with permission [118]. Copyright 2016, Royal 
Society of Chemistry. (d) Cross-sectional SEM images LGF pellet. (e) Schematic compressing processes of LGF powders into corresponding pellets, where solidified IL 
as in-situ binder can be extruded from fluoride grain boundaries. Reproduced with permission [119]. Copyright 2020, Elsevier. (f) Mechanism of cation exchange 
between Pyr13TFSI and LAGP at the surface of LAGP and the lithium diffusion pathway reaction at different current density. Reproduced with permission [125]. 
Copyright 2022, American Chemical Society. 

Fig. 9. (a) Ionic conductivity of PEO/LLZTO and PEO/LLZTO@IL with different content of LLZTO. (b) Plane-view SEM of 20 μm-thick PEO/LLZTO@IL. Reproduced 
with permission [129]. Copyright 2020, Elsevier. (c) Schematic illustration showing the in situ synthesis of the SIC electrolyte and the network of the SIC electrolyte. 
(d) Conductivity-temperature curves of SIC and ionogel. (e) Solid-state static 7Li NMR spectra for ionogel electrolyte and, SIC electrolyte. Reproduced with
permission [121]. Copyright 2022, Wiley.



3.3. IL serving as plasticizer for solid polymer electrolytes 

ISEs generally possess a high stiffness and consequently a large 
interfacial resistance between SE and electrodes. In contrast, SPEs 
exhibit outstanding interfacial compatibility and superior flexibility 
[133,134]. Nonetheless, the inferior ionic conductivity remains one of 
the main challenges for polymer electrolytes. The addition of plasticizer, 
i.e., an additive increasing the mobility of the polymer chains [135], is
regarded as an effective route to enhance the electrical properties of
polymer electrolyte [70,136,137]. ILs were discovered to display a
plasticizing effect on polymer electrolyte, contributing to a reduced
crystalline phase of polymer matrix and enhanced segmental mobility,
resulting in an improved ionic conductivity [138,139]. The
IL-containing polymer electrolytes can be classified in two main types,
SPEs and PILs. Depending on the function, they can also serve as sole
electrolyte or as an effective interlayer. In this section, the role of ILs
based on their functions as interfacial protecting layers for ISE and as
sole SPEs are discussed. The performance of some typical works are
summarized and compared in the Table 4.

3.3.1. Interlayer 
The uncompacted interface caused by the rigidity of ISE is a crucial 

issue for all inorganic SSBs. Introducing a soft and flexible polymer 
interlayer would be an appropriate choice to fill the vacancies between 
SE and metal anode. IL is a good plasticizer for the preparation of a 
protective interlayer, considering its excellent ion mobility and thermal 
stability [146]. A simple approach was employed using IL to dissolve 
PEO to prepare a mixed coating layer on the Ga-doped LLZO [147], the 
coating layer can effectively enhance the physical contact between SE 
and lithium metal resulting in a reduced interfacial resistance. Never
theless, severe capacity degradation was observed accompanying a 
fairly low Coulombic efficiency, demonstrating that the simple mixture 
is insufficient to protect the SE as an interlayer. This may be associated 
to an uneven amorphous phase of the polymer interlayer leading to a 
low ionic conductivity. Two promising approaches can be adopted to 
improve the performance of PEO/IL/Li-salts ternary system, one method 
is adding inorganic fillers, for example, BaTiO3 was chosen as the filler 

to prepare a protecting SE film, combining PEO, LiTFSI and IL. The 
protected Li1.4Al0.4Ge0.2Ti1.4(PO4)3 (LAGTP) exhibited an excellent 
stability against lithium metal with a low polarization [148]. However, 
with this route it is still difficult to completely prevent the crystallization 
of PEO. Another method is the cross-linking of polymer matrix to form a 
stable fully amorphous phase. Recently, an ultrathin solid polymer 
interlayer was reported using PEO as the matrix which was cross linked 
with IL using benzophenone (BP) as the photo-initiator (Fig. 11a) [111], 
the thin polymer interlayer with high ionic conductivity effectively 
protected the interface between NASICON-type LAGP and lithium metal, 
restrained the reduction of Ge4+ as well as suppressed the growth of 
lithium dendrites (Fig. 11b). This outstanding interlayer enables a good 
cycling stability with a capacity retention of 83 % after 400 cycles at 0.2 
C accompanying a high average Coulombic efficiency of 99.96 %. Apart 
from the preparation of a special polymer film as the interlayer, a more 
facile strategy for the preparation of an interlayer was proposed via 
directly mixing LAGP nanoparticles with ILE to obtain a quasi-solid-state 
paste (Fig. 11c)[82], the tailored multifunctional interlayer established 
a high stability interphase with a low resistance (5 Ω cm2) and long-term 
interfacial chemical stability for 1500 h (Fig. 11d), and achieved a high 
cycling stability with slight capacity fading of 0.053 % per cycle for 200 
cycles. Recently, a conformal sericin protein film was employed to sta
bilize the LATP/Li interface. The electrochemically stable and elec
tronically insulating interlayer effectively trapped and confined the IL as 
ion wires due to the intermolecular force between sericin-chain and 
TFSI anion group [142]. The designed interlayer suppressed the 
passivation and decomposition at the LATP/Li interface as well as 
reduced the cracks of LATP pellets. Additionally, in-situ polymerization 
[143] and drop-coating [140] techniques using ILs as the plasticizers
were also applied to prepare the effective protecting interlayer between
ISE and LMA. These new strategies offer routes to build a compact and
durable interphase for the application of inorganic oxide ceramic elec
trolyte in lithium (and sodium) metal batteries.

3.3.2. IL-based solid polymer electrolyte 
Interlayers using ILs as the plasticizer have demonstrated excellent 

performance to address the interfacial issues between ISE and metal 

Fig. 10. (a) Schematic illustration of lithium-ion diffusion pathways in the HE. (b) Proposed mechanism for lithium-ion diffusion in HEs with EMIM-TFSI and 
PP13TFSI IL additives. Reproduced with permission [122]. Copyright 2022, Nature. 

Table 4 
The comparison of the performance of ILs served as plasticizer for solid polymer electrolytes.  

Types of ILs Components of Interlayer Ratio (wt.%) Ionic conductivity Cathode/Anode Performance Refs. 

Pyr13TFSI LiTFSI/IL/PEGDA 15/85 0.5 × 10 4 S cm 1 (RT) LFP/Li 91.5 % after 200 cycles at 0.5  C and 60 ◦C [140] 
VBIM-TFSI LiTFSI/IL/Vinyl-PTMEG - 3.18 × 10 5 S cm 1 (RT) LFP/Li 92 % after 100 cycles at 0.5  C [141] 
Pyr13TFSI LiTFSI/IL/PVDF 14:46:40 3.91 × 10 4 S cm 1 (RT) LCO/Li 85.9 % after 100 cycles at 0.2C and RT [142] 
VEImNTF2 LLZTO/TPGDA/IL - 6.9 × 10 4 S cm 1 (25 ◦C) LFP/Li 88.3 % after 600 cycles at 0.5  C and 0 ◦C [143] 
BMIMFSI IL/LAGP 50/50 10 3 S cm 1 (30 ◦C) LFP/Li 89.4 % after 200 cycles at 0.3  C and RT [82] 
HACC-TFSI LiTFSI/PEO/HACC-TFSI 22/69/9 1.77 × 10 5 S cm 1 (30 ◦C) LFP/Li ~97 % after 100 cycles at 0.2  C and 60 ◦C [144] 
EMIMTFSI PAN@ZIF/IL - 8.17 × 10 4 S cm 1 (RT) NCM811/Li 95.3 % after 500 cycles at 1  C and 25 oC [145]  



anode, however, the poor interface contact between cathode and SE 
remains. Therefore, polymer electrolytes containing IL were also 
employed as the sole SE. The introduction of ILs in “polymer-in-salt” 
electrolyte system dates back to 1995 [149]. Since then, numerous 
works have emerged focused on the development of the physical and 
chemical properties of IL-containing polymer electrolytes [71,98,150, 
151]. ILs are of mainly two different types in polymer electrolytes, SPE 
with PEO and others as the matrix or poly(ionic liquid) (PILs). Previous 
literatures have reviewed the early works in detail [146,152,153], 
therefore recent advancements in the field are reported here. 

First, PEO-based polymer system is restrained by the low trans
ference number, high degree of crystallinity and inferior high voltage 
stability [134,154]; a series of solutions were employed to resolve these 
drawbacks. For example, targeting the low transference number of 
PEO-based SPE at ambient temperature (0.1-0.2), a PEO-like structure of 
polytetramethylene ether glycol (PTMEG) was used to replace PEO 
matrix. When combined with 1-vinyl-3-butylimidazole bis(tri
fluoromethanesulfonyl)imide (VBIM-TFSI) IL, a higher transference 
number of up to 0.47, a wide ESW (> 5 V) as well as good interface 
compatibility were obtained [141]. This improvement is attributed to 

Fig. 11. (a) Preparation of the SPE interlayer for QSSBs and (b) schematic illustration of Li|LAGP|NCM811 QSSBs without and with the SPE interlayer. Reproduced 
with permission [111]. Copyright 2023, Elsevier. (c) Schematic diagram of preparation of LAGP-IL hybrid paste. (d) Voltage profiles of Li|LAGP pellet|Li symmetric 
cells with a LAGP-IL interlayer or a liquid electrolyte (LE, 1 m LiPF6 in EC/DEC) to wet the interface, operating at a current density of 0.1 mA cm− 2 and a capacity 
density of 0.1 mAh cm− 2. Reproduced with permission [82]. Copyright 2020, Wiley. 

Fig. 12. (a) Schematic illustration of the loose coordination structure of PTMEG compared to PEO. Reproduced with permission [141]. Copyright 2021, Elsevier. (b) 
Synthetic scheme of HACC-TFSI/SPEs. Reproduced with permission [144]. Copyright 2020, Elsevier. (c) Schematic diagram of PEO-based electrolyte with 
IL-containing PVDF-HFP-based electrolyte (IPL) interlayer. (d) Linear sweep voltammetry curves of IPL and PEO-LLZTO (PLL) electrolyte using Li/electrolyte/carbon 
cells. (e) Cycling behavior of the cells at 0.2C and a high cut-off voltage up to 4.5 V. Reproduced with permission [142]. Copyright 2021, Elsevier. 



3.4. Effect of ILs on the structure of electrodes or SE 

Battery electrodes generally face certain volume change upon 
repeated Li+/Na+ uptake and release, which results in the poor inter
facial contact between electrodes and SEs. Here, ILs may act a soft buffer 
to offset the detrimental effect from electrodes’ volume change. How
ever, the cracking phenomena is another knotty issue for the SSBs, 
occurring in the electrodes or SEs. Regarding to cathodes, some ILs were 
reported to effectively restrain the generation of microcracks in liquid 
electrolyte-based lithium metal batteries, preventing phase transitions 
in Ni-rich materials by forming highly stable CEI layer [60]. EMI-based 
ILs incorporated in LiCoO2 composite cathodes for SSB did not prevent 
the active material particles’ cracking because of the non-performing (i. 
e., continuously growing) CEI layer (Fig. 13a,b), resulting in the gradual 
performance decay. This failure was associated to the low electro
chemical stability of EMI-based ILs being only slightly higher than 4 V 
vs. Li/Li+. Nonetheless, the IL reduced the cracks or voids when 
employed as an interlayer (Fig. 13c,d), avoiding the subsequent inho
mogeneous metal deposition and dendrites formation. This is particu
larly true for NASICON-type SEs, which high reactivity with LMA result 
in the occurrence of inside-the-particle-stress, mechanical degradation, 
and, eventually, generation of cracks [159]. Although the IL does not 
suppress the cracking of NASICON-type SEs, a conformal sericin inter
layer, confining the IL near the SE’s particles, mitigates the cracking 
phenomenon and the dendritic Li growth upon long-term cycling 
(Fig. 13e) [159]. Similarly, a LAGP-IL hybrid interlayer was found to 
reduce the SE’s cracks upon cell cycling (Fig. 13f–i) [82] 

4. Summary and outlook

Interface engineering is the primary focus for the further develop
ment of solid-state battery technologies. Rational design and regulation 
of the interfaces between electrodes and electrolytes are required to 
establish a practical SSB system. The remarkable properties of 
nonflammability, fluidity and voltage resistance enable ILs to play 
crucial roles in modifying the interfacial engineering of SEs. The appli
cations of ILs in SSBs are mainly divided into four different types: liquid 
additive as the interfacial wetting agent, hybrid electrolyte mixing with 
ISEs, PILs, and plasticizer in SPE. Currently, there is a lack of systematic, 
in-depth investigations of ILs in (quasi) solid state batteries. 

Fig. 13. (a) The IL-containing composite cathode cycled after 100 cycles at 60 ◦C [87]. (b) The sketch map of cracking LCO caused by stress accumulation and fatigue 
[87]. SEM micrographs of the Na3SbS4 SE without (c) and with (d) IL interlayer [91]. (e) Schematic diagram of interface environment of Li/LATP without (left) and 
with (right) IL-based interlayer [159]. Morphology of cycled LMA using liquid electrolyte wetter in (f) low magnification and (g) high magnification and using 
LAGP-IL interlayer in (h) low magnification and (i) high magnification. 

facile lithium coordination and dissociation due to a weaker Li+-O 
interaction compared to pure PEO system (Fig. 12a). The designed SPE 
enabled a good cycling stability with a capacity retention of 92 % after 
100 cycles in the Li/SPE/LiFePO4 cells at ambient temperature. With 
respect to the high degree of crystallinity and poor ionic conductivity, a 
hydroxypropyl trimethylammonium bis(trifluoromethanesulfonyl) 
imide chitosan salt (HACC-TFSI) was used to increase the amorphous 
region, the interaction between quaternary cations and TFSI anions 
contributed to the Li+ dissociation and thus the enhanced ion mobility 
(Fig. 12b) [144]. In addition, the poor oxidation resistivity of PEO-based 
electrolyte towards high voltage cathode (≥ 4.3 V) was also improved, 
through designing a poly(vinylidene-di-fluoride-hexafluoropropylene) 
(PVDF-HFP)-based electrolyte containing IL to resolve the issue of 
high voltage PEO-based SSB. When the mixture of PVDF-HFP and IL was 
employed as the interlayer in PEO-based solid state cells (Fig. 12c), a 
higher ESW was obtained (Fig. 12d), inducing a superior cycling sta-
bility at the high cut-off voltage of 4.5 V (Fig. 12e) [142]. 

PILs display a high chemical stability and thermal stability, along 
with a wide electrochemical window (up to 5 V) [152,155]. However, 
the inferior mechanical properties hinder its further development as 
well as the difficulty to suppress the growth of lithium dendrites 
resulting in cell failure and even safety issues. Enhancement of the 
modulus value of PILs is a critical challenge for the application of PILs. 
Recently, ethylene carbonate (EC) was chosen as a cosolvent to combine 
with poly(styrene-b-1-((2-acryloyloxy)ethyl)-3-butylimidazolium bis 
(tri-fluoromethanesulfonyl)imide) and LiFSI to prepare a polymerized IL 
block copolymer film. The introduction of EC decreased the glass tran-
sition temperature (Tg) of PILs and increased the ionic conductivity. The 
optimal mechanical stability of the polymer film was achieved with an 
EC/LiFSI molar ratio of ~2 [156]. Unsatisfactory ionic conductivity is 
another issue that must be resolved to compete with commercial elec-
trolytes. Hu et al. designed a PIL through high-charge density poly-
merized ionic networks which obtained a fairly high ionic conductivity 
of 5.89 × 10 3 S cm 1 and achieved high cycling stability in full cells 
[157]. Considering that the role of PILs as polyelectrolytes in batteries 
has been already summarized in a few recent reviews [152,155,158], 
the focus here is given to the application of ILs at the interfaces of SSBs. 



developing single ion conducting polymer matrix as well as the intro
duction of inorganic fillers to immobilize the IL’s cation and/or anion 
must be considered. 

In summary, with the potential to play different roles in resolving the 
crucial interfacial issues of SSBs, ILs are promising materials for 
implementation in the SSB configuration. It should be emphasized that 
although ILs have been investigated in battery fields for many years, 
besides their high viscosity, the application of ILs in commercial batte
ries is also limited by their costliness and the lack of a compatible 
separator. However, the emerging SSB systems may provide a new 
platform for the application of ILs. On one hand, the unit amount of ILs 
would be reduced when being applied to SSBs, especially if used as the 
wetting agent or thin interlayer, which drastically decreases the overall 
cost of ILs. On the other hand, the ISE in HE or polymer matrix in SPE 
could act as a separator. As a result, the critical drawbacks of ILs could 
be well avoided in the application of SSB system, which works as a bit, 
but pivotal “grease” to lubricate the SEs/electrode interface. 
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[66] J.F. Vélez, M.B. Vázquez-Santos, J.M. Amarilla, B. Herradón, E. Mann, C. del Río, 
E. Morales, Geminal pyrrolidinium and piperidinium dicationic ionic liquid 
electrolytes. Synthesis, characterization and cell performance in LiMn2O4 
rechargeable lithium cells, J. Power Sources 439 (2019). 

[67] A. Warrington, L.A. O’Dell, O.E. Hutt, M. Forsyth, J.M. Pringle, Structure and 
interactions of novel ether-functionalised morpholinium and piperidinium ionic 
liquids with lithium salts, Energy Adv. 2 (2023) 530–546. 

[68] G.A. Elia, U. Ulissi, S. Jeong, S. Passerini, J. Hassoun, Exceptional long-life 
performance of lithium-ion batteries using ionic liquid-based electrolytes, Energy 
Environ. Sci. 9 (2016) 3210–3220. 

[69] F. Wu, G.T. Kim, T. Diemant, M. Kuenzel, A.R. Schür, X. Gao, B. Qin, D. Alwast, 
Z. Jusys, R.J. Behm, D. Geiger, U. Kaiser, S. Passerini, Reducing capacity and 
voltage decay of co-free Li1.2Ni0.2Mn0.6O2 as positive electrode material for 
lithium batteries employing an ionic liquid-based electrolyte, Adv. Energy Mater. 
10 (2020) 2001830. 

[70] D. MacFarlane, J. Sun, P. Meakin, P. Fasoulopoulos, J. Hey, M. Forsyth, Structure- 
property relationships in plasticized solid polymer electrolytes, Electrochim. Acta 
40 (1995) 2131–2136. 

[71] J. Shin, Ionic liquids to the rescue? Overcoming the ionic conductivity limitations 
of polymer electrolytes, Electrochem. Commun. 5 (2003) 1016–1020. 

[72] J.H. Shin, W.A. Henderson, S. Passerini, An elegant fix for polymer electrolytes, 
Electrochem. Solid State Lett. 8 (2005) A125. 

[73] J.H. Shin, W.A. Henderson, S. Passerini, PEO-based polymer electrolytes with 
ionic liquids and their use in lithium metal-polymer electrolyte batteries, 
J. Electrochem. Soc. 152 (2005) A978. 

[74] G.B. Appetecchi, G.T. Kim, M. Montanino, M. Carewska, R. Marcilla, 
D. Mecerreyes, I. De Meatza, Ternary polymer electrolytes containing 
pyrrolidinium-based polymeric ionic liquids for lithium batteries, J. Power 
Sources 195 (2010) 3668–3675. 

[75] F. Wu, G. Tan, R. Chen, L. Li, J. Xiang, Y. Zheng, Novel solid-state Li/LiFePO4 
battery configuration with a ternary nanocomposite electrolyte for practical 
applications, Adv. Mater. 23 (2011) 5081–5085. 

[76] P. Barpanda, J.N. Chotard, C. Delacourt, M. Reynaud, Y. Filinchuk, M. Armand, 
M. Deschamps, J.M. Tarascon, LiZnSO4F made in an ionic liquid: a ceramic 
electrolyte composite for solid-state lithium batteries, Angew. Chem. 50 (2011) 
2526–2531. 

[77] K. Kerman, A. Luntz, V. Viswanathan, Y.-M. Chiang, Z. Chen, Review—practical 
challenges hindering the development of solid state Li ion batteries, 
J. Electrochem. Soc. 164 (2017) A1731–A1744. 

[78] C.Z. Zhao, B.C. Zhao, C. Yan, X.Q. Zhang, J.-Q. Huang, Y. Mo, X. Xu, H. Li, 
Q. Zhang, Liquid phase therapy to solid electrolyte–electrode interface in solid- 
state Li metal batteries: a review, Energy Storage Mater. 24 (2020) 75–84. 

[79] S.A. Pervez, G. Kim, B.P. Vinayan, M.A. Cambaz, M. Kuenzel, M. Hekmatfar, 
M. Fichtner, S. Passerini, Overcoming the interfacial limitations imposed by the 
solid-solid interface in solid-state batteries using ionic liquid-based interlayers, 
Small 16 (2020), e2000279. 

[80] J.-Y. Wu, S.-G. Ling, Q. Yang, H. Li, X.-X. Xu, L.Q. Chen, Forming solid electrolyte 
interphase in situ in an ionic conducting Li1.5Al0.5Ge1.5(PO4)3-polypropylene (PP) 
based separator for Li-ion batteries, Chin. Phys. B 25 (2016). 

[81] Z. Zhang, L. Zhang, Y. Liu, H. Wang, C. Yu, H. Zeng, L.M. Wang, B. Xu, Interface- 
engineered Li7 La3 Zr2 O12 -based garnet solid electrolytes with suppressed Li- 
dendrite formation and enhanced electrochemical performance, ChemSusChem 
11 (2018) 3774–3782. 

[82] S. Xiong, Y. Liu, P. Jankowski, Q. Liu, F. Nitze, K. Xie, J. Song, A. Matic, Design of 
a multifunctional interlayer for NASCION-based solid-state Li metal batteries, 
Adv. Funct. Mater. 30 (2020) 2001444. 

[83] Z. Zhang, Q. Zhang, J. Shi, Y.S. Chu, X. Yu, K. Xu, M. Ge, H. Yan, W. Li, L. Gu, Y.- 
S. Hu, H. Li, X.-Q. Yang, L. Chen, X. Huang, A self-forming composite electrolyte 
for solid-state sodium battery with ultralong cycle life, Adv. Energy Mater. 7 
(2017). 

[84] Z. Bi, N. Zhao, L. Ma, Z. Fu, F. Xu, C. Wang, X. Guo, Interface engineering on 
cathode side for solid garnet batteries, Chem. Eng. J. 387 (2020). 

[85] Q. Zhang, K. Pan, M. Jia, X. Zhang, L. Zhang, H. Zhang, S. Zhang, Ionic liquid 
additive stabilized cathode/electrolyte interface in LiCoO2 based solid-state 
lithium metal batteries, Electrochim. Acta 368 (2021). 

[86] W. Huang, Z. Bi, N. Zhao, Q. Sun, X. Guo, Chemical interface engineering of solid 
garnet batteries for long-life and high-rate performance, Chem. Eng. J. 424 
(2021). 

[87] E.J. Cheng, M. Shoji, T. Abe, K. Kanamura, Ionic liquid-containing cathodes 
empowering ceramic solid electrolytes, iScience 25 (2022) 103896. 

[88] H. Huo, Y. Chen, R. Li, N. Zhao, J. Luo, J.G. Pereira da Silva, R. Mücke, 
P. Kaghazchi, X. Guo, X. Sun, Design of a mixed conductive garnet/Li interface for 
dendrite-free solid lithium metal batteries, Energy Environ. Sci. 13 (2020) 127–
134. 

[89] L. Liu, X. Qi, Q. Ma, X. Rong, Y.S. Hu, Z. Zhou, H. Li, X. Huang, L. Chen, 
Toothpaste-like electrode: a novel approach to optimize the interface for solid- 
state sodium-ion batteries with ultralong cycle life, ACS Appl. Mater. Interfaces 8 
(2016) 32631–32636. 



[116] M. Keller, A. Varzi, S. Passerini, Hybrid electrolytes for lithium metal batteries, 
J. Power Sources 392 (2018) 206–225. 

[117] J.K. Kim, J. Scheers, T.J. Park, Y. Kim, Superior ion-conducting hybrid solid 
electrolyte for all-solid-state batteries, ChemSusChem 8 (2015) 636–641. 

[118] H.W. Kim, P. Manikandan, Y.J. Lim, J.H. Kim, S.-c. Nam, Y. Kim, Hybrid solid 
electrolyte with the combination of Li7La3Zr2O12 ceramic and ionic liquid for high 
voltage pseudo-solid-state Li-ion batteries, J. Mater. Chem. A 4 (2016) 
17025–17032. 

[119] J. Hu, Z. Yao, K. Chen, C. Li, High-conductivity open framework fluorinated 
electrolyte bonded by solidified ionic liquid wires for solid-state Li metal 
batteries, Energy Storage Mater. 28 (2020) 37–46. 

[120] Y. Yang, Q. Wu, D. Wang, C. Ma, Z. Chen, Q. Su, C. Zhu, C. Li, Ionic liquid 
enhanced composite solid electrolyte for high-temperature/long-life/dendrite- 
free lithium metal batteries, J. Membr. Sci. 612 (2020). 

[121] Y. Zhai, W. Hou, M. Tao, Z. Wang, Z. Chen, Z. Zeng, X. Liang, P. Paoprasert, 
Y. Yang, N. Hu, S. Song, Enabling high-voltage “Superconcentrated Ionogel-in- 
Ceramic” hybrid electrolyte with ultrahigh ionic conductivity and single Li(+) 
-ion transference number, Adv. Mater. 34 (2022), e2205560. 

[122] M. Liu, S. Zhang, E.R.H. van Eck, C. Wang, S. Ganapathy, M. Wagemaker, 
Improving Li-ion interfacial transport in hybrid solid electrolytes, Nat. 
Nanotechnol. 17 (2022) 959–967. 

[123] R. Sampathkumar, M.G.K. Babu, E. Kurian, R.N. Ramesha, D. Bosubabu, 
K. Ramesha, Influence of lithium metal anode coated with a composite quasi-solid 
electrolyte on stabilizing the interface of all-solid-state battery, Ionics 28 (2022) 
2649–2660. 

[124] C. de la Torre-Gamarra, G.B. Appetecchi, U. Ulissi, A. Varzi, A. Varez, S. Passerini, 
Na3Si2Y0.16Zr1.84PO12-ionic liquid hybrid electrolytes: An approach for realizing 
solid-state sodium-ion batteries? J. Power Sources 383 (2018) 157–163. 

[125] A. Paolella, G. Bertoni, W. Zhu, D. Campanella, A. La Monaca, G. Girard, 
H. Demers, A.C. Gheorghe Nita, Z. Feng, A. Vijh, A. Guerfi, M. Trudeau, 
M. Armand, S.A. Krachkovskiy, Unveiling the cation exchange reaction between 
the NASICON Li1.5Al0.5Ge1.5(PO4)3 solid electrolyte and the pyr13TFSI ionic 
liquid, J. Am. Chem. Soc. 144 (2022) 3442–3448. 

[126] Z. Zhang, X. Wang, X. Li, J. Zhao, G. Liu, W. Yu, X. Dong, J. Wang, Review on 
composite solid electrolytes for solid-state lithium-ion batteries, Mater. Today 
Sustain. 21 (2023). 

[127] F. Lv, Z. Wang, L. Shi, J. Zhu, K. Edström, J. Mindemark, S. Yuan, Challenges and 
development of composite solid-state electrolytes for high-performance lithium 
ion batteries, J. Power Sources 441 (2019). 

[128] Z. Zou, Y. Li, Z. Lu, D. Wang, Y. Cui, B. Guo, Y. Li, X. Liang, J. Feng, H. Li, C. 
W. Nan, M. Armand, L. Chen, K. Xu, S. Shi, Mobile ions in composite solids, Chem. 
Rev. 120 (2020) 4169–4221. 

[129] H. Huo, N. Zhao, J. Sun, F. Du, Y. Li, X. Guo, Composite electrolytes of 
polyethylene oxides/garnets interfacially wetted by ionic liquid for room- 
temperature solid-state lithium battery, J. Power Sources 372 (2017) 1–7. 

[130] A. Heist, S.-H. Lee, Improved stability and rate capability of ionic liquid 
electrolyte with high concentration of LiFSI, J. Electrochem. Soc. 166 (2019) 
A1860–A1866. 

[131] X. Gao, F. Wu, A. Mariani, S. Passerini, Concentrated ionic-liquid-based 
electrolytes for high-voltage lithium batteries with improved performance at 
room temperature, ChemSusChem 12 (2019) 4185–4193. 

[132] F. Chen, P. Howlett, M. Forsyth, Na-ion solvation and high transference number 
in superconcentrated ionic liquid electrolytes: a theoretical approach, J. Phys. 
Chem. C 122 (2017) 105–114. 

[133] Y. Zhao, L. Wang, Y. Zhou, Z. Liang, N. Tavajohi, B. Li, T. Li, Solid polymer 
electrolytes with high conductivity and transference number of Li ions for Li- 
based rechargeable batteries, Adv. Sci. 8 (2021), 2003675 (Weinh). 

[134] Q. Zhou, J. Ma, S. Dong, X. Li, G. Cui, Intermolecular chemistry in solid polymer 
electrolytes for high-energy-density lithium batteries, Adv. Mater. 31 (2019), 
e1902029. 

[135] A.D. Godwin, M. Kutz, Applied Plastics Engineering Handbook, Second Ed., 
William Andrew Publishing, 2017, pp. 533–553, https://doi.org/10.1016/B978- 
0-323-39040-8.00025-0. 

[136] M. Kumar, S. Sekhon, Ionic conductance behaviour of plasticized polymer 
electrolytes containing different plasticizers, Ionics 8 (2002) 223–233. 

[137] G. Hirankumar, N. Mehta, Effect of incorporation of different plasticizers on 
structural and ion transport properties of PVA-LiClO4 based electrolytes, Heliyon 
4 (2018), e00992. 

[138] A.S.F.M. Asnawi, M.H. Hamsan, S.B. Aziz, M.F.Z. Kadir, J. Matmin, Y.M. Yusof, 
Impregnation of [Emim]Br ionic liquid as plasticizer in biopolymer electrolytes 
for EDLC application, Electrochim. Acta 375 (2021) 137923. 

[139] I. Osada, H. de Vries, B. Scrosati, S. Passerini, Ionic-liquid-based polymer 
electrolytes for battery applications, Angew. Chem. 55 (2016) 500–513. 

[140] Y. Lin, K. Liu, M. Wu, C. Zhao, T. Zhao, Enabling solid-state Li metal batteries by 
In Situ forming ionogel interlayers, ACS Appl. Energy Mater. 3 (2020) 5712–5721. 

[141] L. Dong, X. Zeng, J. Fu, L. Chen, J. Zhou, S. Dai, L. Shi, Cross-linked ionic 
copolymer solid electrolytes with loose Coordination-assisted lithium transport 
for lithium batteries, Chem. Eng. J. 423 (2021). 

[142] D. Cai, X. Wu, J. Xiang, M. Li, H. Su, X. Qi, X. Wang, X. Xia, C. Gu, J. Tu, Ionic- 
liquid-containing polymer interlayer modified PEO-based electrolyte for stable 
high-voltage solid-state lithium metal battery, Chem. Eng. J. 424 (2021). 

[143] J. Li, Y. Cai, Y. Cui, H. Wu, H. Da, Y. Yang, H. Zhang, S. Zhang, Fabrication of 
asymmetric bilayer solid-state electrolyte with boosted ion transport enabled by 
charge-rich space charge layer for -20~70◦C lithium metal battery, Nano Energy 
95 (2022). 

[144] J. Tan, X. Ao, A. Dai, Y. Yuan, H. Zhuo, H. Lu, L. Zhuang, Y. Ke, C. Su, X. Peng, 
B. Tian, J. Lu, Polycation ionic liquid tailored PEO-based solid polymer 
electrolytes for high temperature lithium metal batteries, Energy Storage Mater. 
33 (2020) 173–180. 

[145] X. Zhang, Q. Su, G. Du, B. Xu, S. Wang, Z. Chen, L. Wang, W. Huang, H. Pang, 
Stabilizing solid-state lithium metal batteries through In Situ generated janus- 
heterarchical LiF-rich SEI in ionic liquid confined 3D MOF/polymer membranes, 
Angew. Chem. (2023), e202304947, https://doi.org/10.1002/anie.202304947. 

[146] I. Osada, H. deVries, B. Scrosati, S. Passerini, Ionic-liquid-based polymer 
electrolytes for battery applications, Angew. Chem. Int. Ed. 55 (2016) 500–513. 

[147] Z. Liu, A. Borodin, F. Endres, Ionic liquid and polymer coated garnet solid 
electrolytes for high-energy solid-state lithium metal batteries, Energy Technol. 
10 (2021). 

[148] Y. Koizumi, D. Mori, S. Taminato, O. Yamamoto, Y. Takeda, N. Imanishi, Lithium- 
stable NASICON-type lithium-ion conducting solid electrolyte film coated with a 
polymer electrolyte, Solid State Ion. 337 (2019) 101–106. 

[149] M. Watanabe, S.-i. Yamad, N. Ogata, Ionic conductivity of polymer electrolytes 
containing room temperature molten salts based on pyridinium halide and 
aluminium chloride, Electrochim. Acta 40 (1995) 2285–2288. 

[150] M. Forsyth, L. Porcarelli, X. Wang, N. Goujon, D. Mecerreyes, Innovative 
electrolytes based on ionic liquids and polymers for next-generation solid-state 
batteries, Acc. Chem. Res. 52 (2019) 686–694. 

[151] M.J. Park, I. Choi, J. Hong, O. Kim, Polymer electrolytes integrated with ionic 
liquids for future electrochemical devices, J. Appl. Polym. Sci. 129 (2013) 
2363–2376. 

[152] A.S. Shaplov, R. Marcilla, D. Mecerreyes, Recent advances in innovative polymer 
electrolytes based on poly(ionic liquid)s, Electrochim. Acta 175 (2015) 18–34. 

[153] T. Chen, W. Kong, Z. Zhang, L. Wang, Y. Hu, G. Zhu, R. Chen, L. Ma, W. Yan, 
Y. Wang, J. Liu, Z. Jin, Ionic liquid-immobilized polymer gel electrolyte with self- 
healing capability, high ionic conductivity and heat resistance for dendrite-free 
lithium metal batteries, Nano Energy 54 (2018) 17–25. 

[154] Y. Jiang, X. Yan, Z. Ma, P. Mei, W. Xiao, Q. You, Y. Zhang, Development of the 
PEO based solid polymer electrolytes for all-solid state lithium ion batteries, 
Polymers (Basel) 10 (2018). 

[155] W. Qian, J. Texter, F. Yan, Frontiers in poly(ionic liquid)s: syntheses and 
applications, Chem. Soc. Rev. 46 (2017) 1124–1159. 

[156] T.C. Mendes, N. Goujon, N. Malic, A. Postma, J. Chiefari, H. Zhu, P.C. Howlett, 
M. Forsyth, Polymerized ionic liquid block copolymer electrolytes for all-solid- 
state lithium-metal batteries, J. Electrochem. Soc. 167 (2020), 070525. 

[157] X. Tian, Y. Yi, P. Yang, P. Liu, L. Qu, M. Li, Y.S. Hu, B. Yang, High-charge density 
polymerized ionic networks boosting high ionic conductivity as quasi-solid 
electrolytes for high-voltage vatteries, ACS Appl. Mater. Interfaces 11 (2019) 
4001–4010. 

[158] S.Y. Zhang, Q. Zhuang, M. Zhang, H. Wang, Z. Gao, J.-K. Sun, J. Yuan, Poly (ionic 
liquid) composites, Chem. Soc. Rev. 49 (2020) 1726–1755. 

[159] M. Lei, S. Fan, Y. Yu, J. Hu, K. Chen, Y. Gu, C. Wu, Y. Zhang, C. Li, NASICON- 
based solid state Li-Fe-F conversion batteries enabled by multi-interface- 
compatible sericin protein buffer layer, Energy Storage Mater. 47 (2022) 
551–560. 

https://doi.org/10.1016/B978-0-323-39040-8.00025-0
https://doi.org/10.1016/B978-0-323-39040-8.00025-0
https://doi.org/10.1002/anie.202304947

	The role of ionic liquids in resolving the interfacial chemistry for (quasi-) solid-state batteries
	1 Introduction
	2 The advantages and properties of ILs
	3 The roles of ILs in (quasi-) SSBs
	3.1 ILs as wetting agent for SE/electrode interface
	3.1.1 The interface between cathode and SE
	3.1.1.1 Coating IL onto cathodes
	3.1.1.2 Mixing ILs and active materials for composite cathode

	3.1.2 Metal anode/SE interface
	3.1.3 The interface between IL and SE

	3.2 Inorganic-IL based hybrid electrolytes
	3.3 IL serving as plasticizer for solid polymer electrolytes
	3.3.1 Interlayer
	3.3.2 IL-based solid polymer electrolyte

	3.4 Effect of ILs on the structure of electrodes or SE

	4 Summary and outlook
	4.1 Interfacial wetting agent
	4.2 Hybrid electrolytes
	4.3 Solid polymer electrolytes

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References




