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Recent Advance in Ionic-Liquid-Based Electrolytes for
Rechargeable Metal-Ion Batteries

Wenjun Zhou, Meng Zhang, Xiangyue Kong, Weiwei Huang,* and Qichun Zhang*

From basic research to industry process, battery energy storage systems have
played a great role in the informatization, mobility, and intellectualization of
modern human society. Some potential systems such as Li, Na, K, Mg, Zn,
and Al secondary batteries have attracted much attention to maintain social
progress and sustainable development. As one of the components in
batteries, electrolytes play an important role in the upgrade and breakthrough
of battery technology. Since room-temperature ionic liquids (ILs) feature high
conductivity, non�ammability, nonvolatility, high thermal stability, and wide
electrochemical window, they have been widely applied in various battery
systems and show great potential in improving battery stability, kinetics
performance, energy density, service life, and safety. Thus, it is a right time to
summarize these progresses. In this review, the composition and
classi�cation of various ILs and their recent applications as electrolytes in
diverse metal-ion batteries (Li, Na, K, Mg, Zn, Al) are outlined to enhance the
battery performances.

�. Introduction
Energy is becoming one of the most challenging issues in the
��st century due to the use-up of fossil source and the motiva-
tion to pursue energy independence and a cleaner environment.
Currently, the research of energy mainly has two directions: gen-
eration and storage. Alternative energy generations such as so-
lar cells, water splitting, tide, and wind have been widely devel-
oped. However, the progress in energy storage seems slightly
lagged behind although this �eld currently is a very hot research
topic. Energy storages can be divided into several types including
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thermal storage, fuel storage, batteries, su-
percapacitors, etc. Among all storage sys-
tems, batteries, as important energy carri-
ers of energy storage, possess the advan-
tages of high e�ciency, application �exibil-
ity, and fast response speed.[�] Now, batter-
ies play indispensable roles in the energy
storage market and other practical applica-
tions. With the continuous progress of so-
ciety and the urgent requirement of clean
energy and friendly environment, recharge-
able metal-ion (Li, Na, K, Mg, Zn, Al,
etc.) batteries with long lifetime, high en-
ergy/power density and safety are preferred
and attract much attention.[����] Although
rechargeable lithium-ion batteries (LIBs)
have been demonstrated to show high en-
ergy density, the shortage of Li resource
has become a potential limitation for future
applications. Therefore, other alternative

metal-based rechargeable batteries are being regarded as possible
substitutes for LIBs.
As one of crucial parts in rechargeable batteries, electrolytes

play an important role in shipping electrons between the cath-
odes and anodes, which are necessary to endow the batteries with
high voltage, high speci�c energy, long cycling life, high safety,
etc. Thus, the strong pursuit of more secure, stable, and high-
performance electrolyte systems is highly desirable. Currently,
two electrolyte systems, solid-state electrolytes and ionic liquids
(ILs), are becoming hot research focuses, where solid-state elec-
trolyte system has several advantages such as low �ammability,
excellent �exibility, wide electrochemical stability window, su-
perior thermal stability, no leakage, and high safety.[�����] How-
ever, their disadvantages are obvious: poor conductivity, less ac-
tive electrochemical interfaces, and higher interfacial resistance.
The usage of solid polymer electrolytes with special structures
might provide a solution to address these issues.[��]
ILs, a new type of liquid electrolytes, are organic salts

(or inorganic�organic hybrid salts) in liquid forms containing
charge-balanced anions and cations. Their electrochemical char-
acteristics can be modulated through changing the combina-
tions of anions and cations without upsetting the balance.[�	,��]
They are widely considered as one of the most promising
green solvents[��,�
] for various applications such as catalysis,[��,��]
separation science,[�����] synthesis (or reaction medium),[���
�]
electrochemistry,[
��
�] and energy storage.[
����] The wide liq-
uid phase range, high heat resistance, low vapor pressure, wide
electrochemical windows, and high ionic conductivity make
them highly desirable as electrolytes in various battery systems
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Figure �. Several natural features of Li, Na, K, Mg, Zn, and Al elements.

(i.e., LIBs, sodium-ion batteries (SIBs), potassium-ion batter-
ies (PIBs), magnesium-ion batteries (MIBs), zinc-ion batteries
(ZIBs), aluminum-ion batteries (AIBs), metal�air,[�
���] metal�
sulfur,[�����] and metal�oxygen[�	]). Since di
erent metals have
di
erent ionic radius, electrode potentials and theoretical capaci-
ties, which dramatically a
ect their performance in batteries with
ILs as electrolytes, we have summarized these properties in Fig-
ure � for later clear discussion.[��,��]
In this review, wemainly summarize the recent progress in the

applications of ILs as electrolytes in various rechargeable metal-
ion batteries. After brie�y introducing the types of IL-based elec-
trolytes, the di
erent strategies to improve the diverse battery per-
formance by employing di
erent ILs electrolytes are presented in
detail. Moreover, the challenges with respect to ILs as electrolytes
in high-performance batteries are provided in the conclusion.

�. Compositions and Types of ILs
Since ILs were �rst synthesized by Walden[�
] in ����, many ILs
with di
erent combinations of anions and cations have been de-
veloped. In this review, ILs will be classi�ed into small molecu-
lar ILs and polymer ILs. For small molecular ILs, they generally
have large-size low-symmetric organic cations and small-sized
inorganic anions. The representative anions are TFSI�, FSI�,
BF��, PF��, SbF��, AsF��, C�F�SO


�, CF
SO

�, (CF
SO�)�N�,

CF
COO�, C
F�COO�, (C�F�SO�)
C�, (C�F�SO�)�N�, etc. The
cations usually are [PYrr], [PYri], [RRIm], [NRxH��x], or [PRxH��x]
types, whose structures are shown in Figure �.[��] Another type
of small molecular ILs are AlCl
-type ILs, which were �rst re-
ported in ����.[��] The two types are all characterized by low va-
por pressure, nonvolatility, the adjustability of polarity, wide liq-
uid phase range, high inherent conductivity, wide electrochem-
ical window, as well as dual solvent and catalyst functions. The

main di
erence between the two types of ILs is that the com-
positions are basically �xed and stable to water and air for the
former one, while the latter is extremely sensitive to water and
air, and they must be handled in vacuum or inert dried gas at-
mospheres. Poly(ionic liquids) (PILs) are prepared through the
polymerization of IL monomers (anions and cations groups as
the repeating units). By introducing diverse anions, cations or
both of them on the polymer backbone, the PILs can be divided
into three types (polycation ILs (PCILs), polyanion ILs (PAILs)
and poly(zwitterion) ILs (PZILs) to realize di
erent functional
applications (Figure �).[��] PILs have excellent properties of both
ILs and polymers, which could provide several advantages such
as �exibility, more safety, and nonleakage.[����	] The properties
of ILs and PILs would ensure the rechargeable batteries to ob-
tain high output voltage, extremely stable cycling performance,
high energy and power densities, and to make the batteries more
durable and safer.

�. Applications of ILs in Various Battery Systems
The conductivity and electrochemical stability of ILs are two im-
portant factors to evaluate their performance as electrolytes. ILs
exhibit higher viscosity and lower conductivity than organic elec-
trolytes due to the strongCoulombic interactions between cations
and anions in the case of controlled variables. To the best of
our knowledge, the increase in the volume of ions will increase
the viscosity of ILs but lead to the decreased conductivity and
vice versa.[��] Besides, the conductivity also decreases with the
addition of other salts. Interestingly, the use of high-dielectric-
constant solvents for the dilution of ILs can not only enhance the
solubility of salts, but also reduce the association of cations and
anions, resulting in the enhanced conductivity of ILs. Tempera-
ture also has a great in�uence on the viscosity and conductivity of
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Figure �. Structure diagrams of [PYrr]+, [PYri]+, [RRIm]+, [NRxH��x]+, and [PRxH��x]+ cations.

Figure �. Three types of PILs including PCILs, PZILs, and PAILs.

ILs. As temperature rises, the viscosity drops and electrical con-
ductivity increases.[��] Consequently, it is not surprising to inves-
tigate that batteries with ILs electrolytes can show better electro-
chemical performance at high temperature. The conductivities of
some commonly used ILs in batteries are summarized inTable �.

�.�. Small ILs in Di�erent Batteries

�.�.�. Lithium-Ion Batteries

LIBs are the most widely used battery systems and their success
in the �eld of consumer electronics and electric vehicles has been
witnessed.[����	] At present, the high energy density of LIBs re-
quires to cramp more Li+ into a limited space. However, since Li
is an alkali metal and is chemically reactive, such high Li den-
sity in a limited space would bring some uncertainties in safety.
Thus, how to stabilize the chemical safety of both electrodes is
the key issue for LIBs.

To realize safe large-scale energy-storage LIBs, the usage of
ILs as electrolytes in LIBs could be a good choice[�����] be-
cause ILs as electrolytes have several advantages including easy
synthesis, thermostability, relatively high ionic conductivities,
and so on.[��,��,��] In the previous report, LiTFSI-[PY�
]TFSI
with EC/DMC-�%VC organic additives (ethylene carbonate (EC),
dimethyl carbonate (DMC), and vinylene carbonate (VC)) was
used as electrolyte for LiFePO�-based inorganic LIBs. The e
ects
of various LiTFSI concentrations on the electrochemical perfor-
mance of the batteries were studied. Although the number of Li+
in the electrolyte increased with the increase of LiTFSI concentra-
tion, the viscosity of the electrolyte subsequently also increased.
The LIBs showed the best cycling and rate performance at 	.

� LiTFSI concentration (Figure �a,b).[��] Bene�ting from the de-
creasing viscosity and increasing conductivity of IL electrolytes
with the increase of temperature, as well as the extremely low
�ammability of ILs, the batteries with IL electrolytes have been
demonstrated to display excellent performance and promising
applications at relatively high temperatures (Figure �c,d).[��,��]
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Figure �. a) Speci�c discharge capacity, b) cycling behavior of LiFePO�-based LIBswith various LiTFSI concentrations IL electrolytes at room temperature,
and c) cycling performance of the LIBs in the IL electrolyte with �.� � LiTFSI at di
erent temperatures.a-c) Reproduced with permission.[

] Copyright
����, Elsevier Ltd. d) Cycling behavior of the Sn�C-based LIBs with LiTFSI-[PY��]TFSI electrolyte measured at �	 mA g�� current density at �	, ��, and
�� °C.Reproduced with permission.[�
] Copyright ����, Wiley-VCH.

More importantly, they have been demonstrated to display
more obvious e
ects on electrochemical performances of organic
batteries, typically, decreasing the solubility of organic electrodes
comparing with that in conventional electrolytes.[�		��	�] For ex-
ample, the Chen group[�	�] reported C�O� (cyclohexanehexone)
with a high theoretical capacity of ��� mAh g��. With 	.
 �
LiTFSI-[PY�
]TFSI and LiTFSI-DOL/DME (�,
-dioxolane (DOL)
and �,�-dimethoxyethane (DME)) as electrolyte, two kinds of LIBs
have been fabricated respectively and the electrochemical per-
formances of C�O� as electrode have been compared. In the IL
electrolyte, C�O� not only showed favorable rate performance
(Figure �a), but also displayed high discharge capacity and re-
tention. The capacity retention of C�O� in LiTFSI-[PY�
]TFSI
electrolyte was about ��% at �	 mA g�� after �		 cycles (Fig-
ure �b), which was much higher than that in traditional LiTFSI-
DOL/DME electrolyte. Figure �c is the charge�discharge pro-
cess of C�O� in LiTFSI-[PY�
]TFSI, and the vibration strength of
electrochemical active C=O bond tended to decrease (lithiation)
�rst and then increase (delithiation). In the color-mapped pro-
�les of ex situ UV�vis spectra (Figure �d), the strong adsorption
peaks existed in LiTFSI-DOL/DME electrolyte during the chem-
ical redox process, while no obvious peaks appeared in LiTFSI-
[PY�
]TFSI electrolyte, indicating the dissolution-inhibiting ef-
fect of LiTFSI-[PY�
]TFSI toward C�O�. These results prove
the applicability of ILs in promoting the electrochemical per-
formance of LIBs. Similarly, in �	�	, the Huang group[��] ap-

plied the same IL electrolyte into another organic LIBs with
Calix[�]quinone (C�Q, Ctheo = ��� mAh g��)[�	
] cathode. The
as-fabricated batteries showed superb rate property and cycling
stability over �			 cycles and even 
	 			 cycles at high current
density of �	 C (���	 mA g��) (Figure �). Due to the similar po-
larities, some small organic molecules are easily soluble in con-
ventional organic electrolytes.[�	���	�] These outstanding research
results have further veri�ed the vital role of IL-based electrolytes,
especially the inhabitation e
ects on the dissolution of organic
electrodes by polarity di
erences.

�.�.�. Sodium-Ion Batteries

Since SIBs are widely considered as one of the greatest poten-
tial successors to LIBs for large-scale applications, they have re-
ceived substantial research interests recently.[�	�] Na is the next
smallest and lightest alkali metal comparing with Li in size and
weight. It is also themost common alkalimetal element on Earth.
Na can supply an electrochemical redox potential of �.�� V (vs
the standard hydrogen electrode (SHE)), which is just 	.
 V less
negative than that of Li, resulting in appropriate high operat-
ing battery voltage.[�	����	] Nevertheless, because the ionic radius
of Na+ is the biggest among these metal ions in Figure �, the
embedding/de-embedding resistance of Na in anodes and cath-
odes is large. In addition, Na is also very di�cult to embed/
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Figure 	. a) Rate performance of C�O� at di
erent current densities, b) cycling performance of C�O� at 	� mA g�� in �.� � LiTFSI-[PY��]TFSI, c) in situ
Raman diagram of C�O� charge�discharge process, and d) color-mapped pro�les of ex situ UV�vis spectra in � � LiTFSI-DOL/DME electrolyte and �.�
� LiTFSI-[PY��]TFSI electrolyte, respectively. Reproduced with permission.[���] Copyright ���
, Wiley-VCH.

Table �. Abbreviations and full names of some commom cations and an-
ions.

Abbreviation Full name

[PYrr]+ N,N�-Alkylpyrrolidinium

[PYri]+ N-Alkylpyridinium

[RRIM]+ N,N�-Dialkylimidazolium

[NRxH��x]+ Alkylammonium

[PRxH��x]+ Alkylphosphonium

[PY��]+ �-Propyl-�-methylpyrrolidinium

[PY��]+ �-Butyl-�-methylpyrrolidinium

[PY��O�]+ �-Methoxyethyl-�-methylpyrrolidinium

[EMIm]+ �-Ethyl-�-methylimidazolium

[BMIm]+ �-Butyl-�-methylimidazolium

[PMIm]+ �-Propyl-�-methylpyrrolidinium

[VEIm]+ �-Vinyl-�-ethylimidazolium

FSI- bis(�uorosulfonyl)imide

TFSI- bis(tri�uoromethylsulfonyl)imide

TfO- tri�uoromethylsulfonate

BF�- tetra�uoroborate

de-embed in graphite. Thus, SIBs are su
ered with reversibil-
ity and irreversible capacity loss. Also, the urgent demand on low
cost and high energy density require SIBs to make the batter-
ies safer for various applications.[��,���,���] To address these is-
sues in SIBs, ILs as the electrolytes have been widely consid-
ered as a promising solution.[��
����] For example, in �	��, the
Chen group[��] employed NaTFSI-[PY�
]TFSI as electrolyte in
organic SIBs with calix[�]quinone (C�Q) as the electrode, and

found that the solubility of C�Q would be strongly suppressed
in ILs comparing to normal DME electrolyte and the battery
performances were largely enhanced. Besides, some other ILs
with FSI�/TFSI� anions and [PYrr], [PYri], [RRIm], [NRxH��x]
or [PRxH��x] cations have also been employed as electrolytes in
SIBs to realize high energy density, where a high redox potential
of �� V was achieved.[��]
In addition to the above-mentioned ILs, the AlCl
-type IL

electrolytes also have excellent electrochemical performance
in SIBs. For example, in �	��, the Dai group[�	] reported a
high safety SIB system with AlCl
-type ILs (i.e., NaCl-bu
ered
AlCl
/[EMIm]Cl) as electrolytes with two signi�cant additives:
EtAlCl� (ethylaluminum dichloride) and [EMIm]FSI. Such com-
plicated electrolyte has a much higher ionic conductivity (up to
�.� mS cm�� at room temperature) than some previously re-
ported non-AlCl
-type ILs.[���,�������] The typical action mecha-
nism between anions and anions in AlCl
-based ILs are shown
below

AlCl
+ [EMIm]Cl � AlCl�� +[EMIm]+ (�)

AlCl
+AlCl
�
� � Al�Cl

�
� (�)

In this SIB system, two additives EtAlCl� and [EMIm]FSI (from
� to � wt%) played the critical roles in stabilizing the solid elec-
trolyte interface (SEI) and realizing highly reversible Na plat-
ing/stripping on Na anode. The NaF is formed by the reaction
of FSI�with highly reactive Na, which is the major F-based SEI
component, while Al�O
 and NaCl are other two leading compo-
nents of SEI component (Figure �a). Besides, some other small
amount of substances (i.e., Na�O, Na�SO�, and Al) could jointly
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Figure 
. Electrochemical performances of C�Q: a) rate performance at di
erent current densities, cycling stability over b) ���� cycles (�.� C, �.	 C, 	
C) and c) �� ��� cycles (�� C)(� C = ��� mA g��). Reproduced with permission.[��] Copyright ����, Elsevier B.V.

participate in the composition of SEI. The uniform SEI �lm can
prevent the passage of solvent molecules and avoid the dam-
age caused by the co-insertion of solvent molecules into elec-
trodes, thus greatly improving the electrochemical performance
and battery life.[���] The as-fabricated SIBs with NVP (sodium
vanadium phosphate)/NVPF (sodium vanadium phosphate �u-
oride) as cathodes could obtain a high discharge voltage about
� V, and high-capacity e�ciency up to ��.�%. The thermogravi-
metric analysis indicated that the Na�Cl�IL can stable up to �		
°C, while in � � NaClO�-EC/DEC/FEC (VEC:VDEC = �:�, DEC: di-
ethyl carbonate; FEC: �uoroethylene carbonate, � wt%), the rapid
weight loss began at �
� °C was observed and only ���% was re-
tained at �
	 °C. Besides this, the Na-Cl-IL electrolyte is much
safer than the conventional organic electrolyte due to its non-
�ammable property (Figure �b). Furthermore, the cycling perfor-
mance of SIBs with these two electrolytes show big di
erences.
The SIBswith IL electrolytes exhibited good rate performance, re-
�ecting in the excellent Coulombic e�ciency from ��% to ��%
under �	 to �		 mA g��, high-capacity retention ratio (more than

�	% of the initial speci�c capacity was maintained after ��	 cy-
cles at 
		 mA g��), and high-capacity e�ciency (around ��.�%)
(Figure �c,d). By contrast, the capacity retention of SIBs with �
� NaClO�-EC/DEC/FEC as electrolyte was only ��% after ��	 cy-
cles at ��	 mA g�� (Figure �e). Such performance improvement
of SIBs with Na-Cl-IL as electrolyte is attributed to the coopera-
tion of various components in the IL electrolyte. In the absence of
EtAlCl� additive, the capacity dropped rapidly after �		 cycles at

		mAg��. In the presence of EtAlCl�, it could react withH+ and
NaCl to generate AlCl��, C�H�, and Na+ to promote the cycling
stability of SIBs (Figure �f). This type of IL electrolytes with the
merits of non�ammability and high conductivity are promising
to be applied in SIBs and other rechargeable batteries.

�.�.�. Potassium-Ion Batteries

PIBs have attracted tremendous attention due to their abundant
reserves and low cost.[��	] The standard electrode potential of K
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