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Abstract
Lithium-ion batteries (LIBs) are the most important electrochemical energy storage devices due to their high energy den-
sity, long cycle life, and low cost. During the past decades, many review papers outlining the advantages of state-of-the-art 
LIBs have been published, and extensive efforts have been devoted to improving their specific energy density and cycle life 
performance. These papers are primarily focused on the design and development of various advanced cathode and anode 
electrode materials, with less attention given to the other important components of the battery. The “nonelectroconductive” 
components are of equal importance to electrode active materials and can significantly affect the performance of LIBs. 
They could directly impact the capacity, safety, charging time, and cycle life of batteries and thus affect their commercial 
application. This review summarizes the recent progress in the development of nonaqueous electrolytes, binders, and separa-
tors for LIBs and discusses their impact on the battery performance. In addition, the challenges and perspectives for future 
development of LIBs are discussed, and new avenues for state-of-the-art LIBs to reach their full potential for a wide range 
of practical applications are outlined.
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1 Introduction

There is a growing demand for low-cost, large-scale energy 
storage of electricity generated from intermittent renewable 
energy sources, such as solar panels and wind turbines, to 
support various stationary and transportation applications. 
Lithium-ion batteries (LIBs) are recognized as the most 
advanced energy storage devices for these applications 
because of their high energy density, high power density, 
longer cycle life, and higher cell voltage in comparison with 
other secondary batteries [1–3]. Despite these advantages 
and the commercial viability of rechargeable LIBs, some 
challenges remain, such as poor rate capability, large vol-
ume change during charging and discharging, insufficient 
energy density, and safety issues that must be overcome to 
enable a broader range of applications [4]. In fact, reduced 

cost, improved safety, and enhanced energy density are man-
datory requirements for full commercialization of LIBs [5, 
6]. Some of these issues have been addressed, and Tesla’s 
electric vehicles (EVs) have had significant success using 
LIBs for storing electricity for long-range (300–400 miles 
per charge, 1 mile = 1 609.344 m) travel. For vehicle appli-
cations, power is most important, and the materials must be 
able to charge sufficiently fast to take advantage of regenera-
tive braking. There is still significant room for improvement 
in battery range, charging rate, lifetime, and safety.

Currently, LIBs rely on graphite anodes, lithium metal 
oxide cathodes, and liquid organic carbonate electrolytes [7]. 
A large portion of the research on LIBs has focused on the 
modification of the morphology of electrode materials, such 
as surface coating, dimension reduction, porosity engineer-
ing, doping, and functionalization [8–10]. These explora-
tions are very important for future LIB development, but 
currently, they are still in the research and development stage 
and are not ready for commercialization [11]. The well-
accepted cathode and anode materials in the industry are still 
lithium metal oxide and graphite [12]. The research inter-
est in developing high-capacity electrode materials remains 
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high, and new materials that will increase the specific energy 
density of LIBs are under development.

In recent years, it has become more evident that nonelec-
troconductive components of batteries, such as electrolytes, 
binders, and separators, have a significant impact on the 
electrochemical performance as well as safety issues that 
LIBs face [3]. In addition, the development of the nonelec-
troconductive components of the battery is recognized to 
be more cost-effective and economically preferable. Hence, 
developing and understanding the nonelectroconductive fac-
tors in LIBs, such as electrolytes, binders, and separators, 
can guide the design of LIBs and improve their performance 
and reliability [13]. The importance of the nonelectrode 
components for the development of next-generation LIBs is 
acknowledged in the literature, and some review papers have 
focused primarily on the advancements in the development 
of individual nonelectrode components of LIBs [14–19]. 
This review paper is specifically focused on the recent devel-
opments in all nonelectroconductive components of LIBs.

The progress in the development of electrolytes for LIBs 
is discussed in the second section of this review. The elec-
trolyte is a critical and essential element of the nonelectro-
conductive components. It can impact the battery energy 
density, rate capability, interfacial chemistry, and other key 
battery performance factors [20]. The development of novel 
functional electrolytes based on solvent mixtures, salts, and 
functional additives has the primary objectives of enhanc-
ing electrode passivation, removing harmful contaminants, 
reducing flammability, and achieving both overvoltage pro-
tection and fast charging [21]. Figure 1a shows the historical 
development of the electrolytes for LIBs. Liquid electrolytes 
continue to be the most common electrolyte used in batter-
ies today. The current state-of-the-art liquid electrolyte is 
composed of a lithium salt in a mixture of ethylene carbon-
ate (EC) and a linear carbonate such as dimethyl carbonate 
(DMC). This mixture provides high conductivity and favora-
ble electrode passivation against parasitic side reactions 
[22]. However, safety issues associated with these liquid 
electrolytes are still unresolved, and further development is 
required to overcome these concerns [23, 24]. Recently, con-
siderable efforts have been spent on developing gel and solid 
electrolytes (Fig. 1a) based on polymers [20] and ceramics 
to meet the safety requirements [25–27]. Furthermore, ionic 
liquids (ILs) are attracting increasing interest as nonflam-
mable and high-voltage electrolytes [28, 29].

The polymer binder and separator are indispensable 
parts of the battery design. Figure 1b and Fig. 1c list typi-
cal examples of polymer binders and separators that are 
discussed in detail in the third and fourth sections of this 
review paper, respectively. Polymer binders bond the active 
material and conductive additives to maintain the integrity 
of the electrode and ensure the stability of the structure 
(Fig. 1b) [30]. They also play an important role in preserving 

the mechanical stability, flexibility, and electroconductive 
pathways of the electrode. The separator membrane provides 
an electrical barrier between the two electrodes and serves 
as the medium for lithium-ion transport (Fig. 1c) [31]. In 
addition to providing a physical barrier for the electrodes, 
the separator acts as an electrolyte reservoir that ensures a 
sufficient number of lithium ions and their mobility during 
battery operation. Generally, binders and separators are not 
active components during charging and discharging. How-
ever, the properties of the binders and separators directly 
influence the performance of the batteries.

In the final section of this review paper, the challenges 
and perspectives for future development of state-of-the-art 
LIBs are discussed, and potential research directions for 
future advancement in this field are outlined.

2  Nonaqueous Electrolytes

The electrolyte is an ion-conducting medium that allows 
ions to move between the cathode and anode. Great progress 
has been made in the development of electrolytes since the 
invention of LIBs. The general trend in electrolyte develop-
ment followed the path illustrated in Fig. 1a. Traditional 
liquid electrolytes were used predominantly in the first few 
decades before gel, and polymer electrolytes were developed 
in the 1990s. The next advancements in electrolyte develop-
ment were associated with IL electrolytes and, most recently, 
solid electrolytes.

2.1  Liquid Electrolyte Solutions

Basically, the liquid electrolytes for LIBs are composed of 
lithium salts, organic solvents, and functional additives. The 
most important requirements that a good electrolyte must 
satisfy are as follows: (1) facilitating the formation of a sta-
ble passivating layer; (2) possessing limited volume expan-
sion; (3) having high ionic conductivity; and (4) featuring 
low flammability. Notably, no current electrolyte can satisfy 
all these requirements.

During the past few years, numerous strategies have been 
explored to overcome the challenges and facilitate the forma-
tion of a stable passivating layer, including (1) tailoring the 
electrolyte components using overcharge protection addi-
tives, materials with positive temperature coefficients, and 
redox-shuttle additives [32] and (2) using different ratios of 
solvent mixtures such as  LiPF6

+ [EC: linear alkyl carbon-
ate (ethyl methyl carbonate (EMC), DMC, diethyl carbonate 
(DEC), etc.)] rather than a single solvent. Herein, we sum-
marize the recent progress in the development of additives, 
salts, and solvents. These three components give us a view 
of the electrolyte design strategies explored in recent years.
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2.1.1  Additives

The development of appropriate electrolyte additives is con-
sidered the most feasible, economical, and effective strategy 
to overcome the major problems hindering the advancement 
of LIBs as an innovative energy storage technology [33]. 
An electrolyte additive (usually less than 10% by weight or 
volume percentage) serves as a sacrificial component used 
as a foreign molecule to adjust the targeted properties of the 
interphase so that it will reduce or oxidize before the parent 
electrolyte without changing the composition framework. In 
the past few decades, research on electrolyte additives has far 
surpassed the development of new electrolytes.

The highest occupied molecular orbital (HOMO) energy 
has proven to correlate to the potential of the oxidative 
decomposition reaction on the electrodes, and the lowest 
unoccupied molecular orbital (LUMO) energy has proven 

to correspond to the potential of the reductive decomposi-
tion reaction [34]. Therefore, one important requirement 
for additives is the difference between the LUMO and 
HOMO, which is the value of the electrochemical stabil-
ity window (Eg) of the electrolyte [35]. Ideally, the Eg of 
the electrolytes needs to be wide enough to cover the redox 
potential of the anode and cathode to avoid decomposition 
reactions on the electrodes. In this case, a higher LUMO 
or a lower HOMO will be preferred for a sufficiently wide 
Eg. The value of Eg for each key component in the battery 
has an intrinsic effect on the battery chemistry. To obtain 
a high-quality interface for the anode and cathode, the 
additives must be reduced prior to the electrolyte compo-
nents. In this way, the additives can passivate the negative 
electrode prior to any reductive decomposition of the elec-
trolyte. Electrolyte additives are pivotal for stabilization 
of LIBs, which they achieve by suppressing capacity loss 

Fig. 1  a Development of electrolytes for LIBs. b Typical examples of polymer binders. c Classification of separators for LIBs
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through the creation of an engineered solid–electrolyte 
interphase layer (SEI layer) at the negative electrode [36].

Electrolyte additives with various functional groups are 
widely used in LIBs [37]. The functional groups include 
inorganic and organic compounds containing unsaturated 
carbon bonds, sulfur-containing components, halogen-
containing components, and other components [38]. For 
better battery performance, additives can (1) facilitate the 
formation of an SEI on the surface of the anode and cath-
ode, preventing electrolyte decomposition, (2) reduce the 
irreversible capacity and gas generation for SEI formation 
and long-term cycling, (3) enhance the thermal stability of 
 LiPF6 against the organic electrolyte solvents, (4) protect 
the cathode material from dissolution and overcharge, and 
(5) improve the physical properties of the electrolyte such 
as the ionic conductivity, viscosity, and wettability to the 
polyolefin separator [5].

For better battery safety, additives can (1) lower the flam-
mability of organic electrolytes, (2) provide overcharge pro-
tection or increase the overcharge tolerance, and (3) termi-
nate battery operation during abnormal operating conditions 
[33]. Herein, we review two types of additives reported in 
recent publications and discuss their principal functions.

2.1.1.1 Additives Impacting the  SEI Formation 
in  the  Anodes Additives Designed to Stabilize, Modify, 
and Enhance the SEI Formation in the Anodes An effec-
tive electrolyte additive for the anode needs to be reduced 
before the electrolyte is reduced, and it needs to form a pas-
sivating film. Moreover, the additive should prevent the con-
tinuous growth of the SEI. In particular, an SEI-free solid 
electrolyte is crucial for a high initial Coulombic efficiency 
and fully reversible conversion [39]. The most commonly 
used electrolyte additive is vinylene carbonate (VC), which 
undergoes polymerization at the negative electrode surface, 
creating a protective SEI layer. However, VC has a negative 
impact on performance due to oxidation at the positive elec-
trode, especially at elevated temperatures [40].

Sulfone compounds have also been studied as effective 
SEI-forming additives. For example, propane-1,3-sulfone 
(PS) [41] and prop-1-ene-1,3-sultone (PES) [42] were both 
proven to stabilize the SEI layer. Some of these sulfur-con-
taining SEI-forming additives have been studied by density 
functional theory (DFT) calculations to elucidate the reduc-
tion mechanism [5, 43]. Research has shown that  Li+ ions 
play a pivotal role in the reduction decomposition of PES 
[44]. The decomposition processes of O–C and S–C bond 
breaking lead to stable decomposition products, while the 
kinetically favored S–O bond breaking process is blocked by 
the formation of a  Li+-participated seven-membered ring, 
which were identified as  RSO3Li and  ROSO2Li and were 
observed in the SEI layer [45, 46].

Nitrogen-containing additives such as nitrile [47] and 
nitrogen-containing compounds [48] may be more likely 
to attract an electron and be reduced on the anode com-
pared with carbonate-based electrolytes. Ji et al. conducted 
X-ray absorption near-edge spectroscopy (XANES) studies 
and found that charge transfer from suberonitrile (SUN) to 
 LiCoO2 results in the formation of a lower valence of  Co4+, 
which stabilizes the electrode/electrolyte interface [49].

In addition, several other methods have been used to 
improve the quality of the SEI layer. The surface crystal-
lographic planes of the active material play an important 
role in the composition and structure of the formed SEI 
layer. In Lyn’s work [50], β-Sn nanorods (NRs) with (200) 
facets and different aspect ratios were used as anode materi-
als. As-prepared anodes showed good cycling stability at a 
0.2 C charge–discharge rate, and high discharge capacities 
of ∼ 600 and 550 mAh  g−1 after 100 cycles were reported 
for anodes prepared from NRs with high and low aspect 
ratios, respectively (Fig. 2a, c). According to the authors, the 
improvement is due to the combination of the NR morphol-
ogy that buffers large volumetric changes and the LiF-rich 
F-containing SEI layer that allows for a stable SEI layer and 
good ionic and electrical conductivity [50]. In another study, 
Fulu et al. proposed a series of metal–organic framework 
(MOF) particles as new potential solid additives to inhibit 
Li dendrite formation at the anode–electrolyte interface 
(Fig. 2b, d) [51].

Additives for High-Capacity Anodes Such as Silicon and 
Li Metal The high-energy–density application of LIBs is 
limited by the capacity of the graphite anode [52]. Silicon 
is a promising anode material that may be able to replace 
graphite as an active electrode material. Si-based electrodes 
have high theoretical capacities (nearly 4 200 mAh  g−1) 
compared to carbon-based electrodes (372 mAh  g−1) [53, 
54]. However, Si anodes have a large volume change (over 
300%) during charging and discharging, which results in a 
decrease in both the cycle life performance and the stability 
of the battery [55]. One solution for this problem is the use 
of electrolyte additives.

Fluoroethylene carbonate (FEC) [56] and VC [56] are 
the most commonly used electrolyte additives for both Si- 
and Sn-based electrodes. With Si electrodes, FEC is used 
as a cosolvent, which will be covered later. Hy et al.’s work 
showed that through a weblike network formed by combin-
ing the VC electrolyte additive with an  Al2O3 atomic layer 
deposition (ALD) coating, the cycling stability of the Si/
reduced graphene oxide (rGO) product/carbon nanotube 
(CNT) composite anode was dramatically improved (73% to 
11% loss after 50 cycles) [55] (Fig. 3a, c). Another additive 
reported to improve the performance of Si anodes is succinic 
anhydride (SA) [57]. Research shows that the presence of 
low concentrations of SA helps enhance the formation of 
 Li2CO3 and hydrocarbons, which prevent the decomposition 
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of  LiPF6. It also increases the Coulombic efficiency, cycling 
performance, and capacity retention of the battery.

To improve the electrochemical performance of silicon-
based anode materials, lithium fluoride (LiF) was intro-
duced. Yang et al. used pitch carbon and LiF to co-modify 
a silicon/graphite (S/G) composite. The modified silicon/
graphite sample showed a capacity of over 500 mAh  g−1, 
whereas unmodified S/G delivered a capacity of less than 
50 mAh  g−1 after 100 cycles at 100 mA  g−1. When oper-
ated at 4 A   g−1, the reversible capacity of the modified 
SG was 346 mAh  g−1, much higher than that of S/G (only 
37 mAh  g−1). The enhanced cycling and rate properties of 
the modified silicon/graphite were attributed to the syn-
ergetic contributions of the pitch carbon and LiF [58]. In 
addition, Roy et al. chemically exfoliated a few layers of 
black phosphorus as a simple physical additive, provid-
ing a Si nanoparticle-based anode with very high capacity, 
power density, and stability [59]. Park et al. synthesized a 
silicon diphosphide  (SiP2) compound having a 3D crystal-
line framework with sixfold coordination of Si, in which 
the Li-ion storage mechanism involves a three-step reaction 
between  SiP2 and Li. Trimethyl phosphate (TMP) [60] was 
found to improve the cycling stability and rate capability of 
 Li1.2Mn0.54Ni0.13Co0.13O2 up to 4.8 V (vs. Li/Li+), which was 
attributed to the SEI formed by TMP [61].

In another work, Feng et al. designed a LiF-enriched lith-
ophilic 3D matrix on Cu foam with a high specific surface 

area and a stable protective layer. The LiF@Li matrix exhib-
ited excellent stability for 350 h at a high areal capacity 
of 5 mAh  cm−2 with a current density of 5 mA  cm−2. The 
stability is understood to be due to the 3D current collectors, 
which have more space for Li plating [62].

The lithium (Li) metal anode is among the most prom-
ising anodes due to its high energy density; however, the 
long-standing issue of Li dendrite growth hinders the practi-
cal application of lithium metal batteries (LMBs). Choud-
hury and Archer [55] found that electrolytes containing 0.5 
wt% (wt% means the weight ratio percentage) LiF in a 1 M  
(1 M = 1 mol  L–1) electrolyte solution offer remarkable den-
drite suppression abilities and enhanced electrolyte stability 
during battery cycling. The batteries with the LiF additive 
showed low interfacial resistance and over 90% Coulombic 
efficiency due to better protection of lithium metal compared 
to conventional electrolytes. The authors also reported that 
the LiF additive enhanced the battery lifetime to hundreds 
of hours by suppressing dendrite growth. The addition of 
LiF salt to the electrolyte improves the diffusion of ions on 
the electrode surface, which leads to smooth electrodeposi-
tion. This LiF additive also forms a protective layer on the 
electrode that prevents the degradation of the electrolyte by 
side reactions. It can be effective in improving the capacity 
and lifetime of a commercial LMB [63]. Yuan synthesized 
a LiF host with good  Li+ diffusivity and chemical stabil-
ity to restrain dendrite growth and improve the cycle life 

Fig. 2  a Selected area electron diffraction (SAED) analysis of β-Sn 
NRs indicating the growth direction and surface planes, and type of 
SEI layer compound formed on the surface of β-Sn NRs with respect 
to the surface crystallographic plane. Reproduced with permission 
[50]. Copyright © 2019, American Chemical Society. b X-ray diffrac-
tion (XRD) patterns and scanning electron microscopy (SEM) images 
of UiO-66. Reproduced with permission [51]. Copyright © 2019, 

American Chemical Society. c Cyclic test of high and low aspect ratio 
β-Sn NRs and spherical β-Sn electrodes. Reproduced with permission 
[50]. Copyright © 2019, American Chemical Society. d Li plating/
stripping performance comparison for the cases free of additives and 
containing 1.0 wt% UiO-66 grains at 1 mA  cm–2 with a capacity of 
3 mAh  cm–2. Reproduced with permission [51]. Copyright © 2019, 
American Chemical Society
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performance of LMBs. Not only does the LiF host serve as 
a chemically stable interfacial layer for Li anodes by inhibit-
ing corrosion reactions, but also the abundance of pores in 
the LiF host can control the growth of the Li deposits in a 
flat and scale-like morphology. The LiF-modified LMB dis-
played stable cycling over 520 h and more than 98.5% Cou-
lombic efficiency at a current density of 1.0 mA  cm−2 [64].

Cui’s group performed selective ALD of LiF on defect 
sites of hexagonal boron nitride (h-BN) by chemical vapor 
deposition [57]. The chemically and mechanically sta-
ble hybrid LiF/h-BN film successfully suppressed lithium 
dendrite formation during both the initial electrochemical 
deposition onto a copper foil and the subsequent cycling 
(Fig. 3b, d) [64]. The modified lithium electrodes exhibited 
good cycling behavior with more than 300 cycles at a rela-
tively high Coulombic efficiency (> 95%) in an additive-free 
carbonate electrolyte [65].

Additives for a 4-V Cathode Such as Spinel LiMn2O4 and 
Olivine LiFePO4 A key factor that limits the performance 
of LIBs is the dissolution of cathode materials at either 
elevated temperature or higher potential, which results in 
capacity loss and poor cycle life performance. One approach 
to solve these problems is to use additives that form an effec-
tive surface film on the cathode. The selected cathode addi-
tives oxidize before their solvents and form a film that will 

cover the electrode surface and prevent the decomposition 
of the electrolytes. The formation of a protective surface 
film by an electrolyte additive does not hinder interfacial 
charge-transfer reactions. For example, the presence of 
2 wt% lithium difluoro(oxalato)borate (LiDFOB) in a  LiPF6/
EC:EMC (3:7, v/v, v/v means to be in the volume ratio) 
solution resulted in 92% retention of the initial capacity 
after 100 cycles, compared to only 58% without this addi-
tive [66]. Similarly, lithium bis(oxalate)borate (LIBOB) 
and tris(2,2,2-trifluoro ethyl)phosphate also effectively sta-
bilized the capacity and discharge voltage [67]. In another 
study, Rong et al. [60] showed that 1% tris(trimethylsilyl) 
phosphate (TMSP) dramatically decreased the impedance 
of graphite/LiNi0.4-Co0.2Mn0.4O2 cells, resulting in a signifi-
cant improvement in the cycling stability (from 57.6% to 
90.8% discharge capacity retention) and rate performance. 
Researchers have also reported discharge capacities of 148.9 
and 112.9 mAh  g−1 for batteries with TMSP additives at 2 
C and 3 C discharge rates, respectively, while the values 
were only 137.7 and 88.8 mAh  g−1 for the cells with blank 
electrolytes at the same rates [68].

Modified F-LiFePO4/C cathode materials with LiF 
additives were synthesized by Gu et al. [69]. Their results 
showed that the LiF additive lowers the  LiFePO4 formation 
temperature by approximately 100 °C. Modification with 

Fig. 3  a Diagram of the interaction of ALD and VC during cycling. 
Reproduced with permission [55]. Copyright © 2015, American 
Chemical Society. b Schematic of selective ALD LiF deposition on 
h-BN. Reproduced with permission from AAAS [55]. c Charging 
capacity versus cycle number and charging capacity versus current 
density on a log scale showing the rate capability of the bare and 20 
ALD cycle electrodes with and without the VC additive. Reproduced 

with permission [55]. Copyright © 2015, American Chemical Soci-
ety. d Inferred electrodeposition mechanism: lithium diffusion near 
the surface of electrodes represented by downward arrows. The LiF 
host is shown in green. Due to the lower diffusion barrier on LiF, 
wafer-like Li deposition is expected, while in the usual SEI, needle-
like Li plating is formed. Reproduced with permission [64]. Copy-
right © 2018, Elsevier B.V
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LiF improves the crystallinity of  LiFePO4 and results in a 
smaller particle size. Charge–discharge curves indicated that 
the LiF-modified  LiFePO4 cathode has excellent capacity at 
high discharge rates (130.0 mAh  g−1 at 5 °C) [69]. Similar 
results were obtained by Sun et al. [70]. When LiF is used as 
an additive to  LiFePO4, the mixing of ultrafine lithium fluo-
ride and metal particles provides a high lithium conversion 
efficiency. As reported, the LiF/Co nanocomposite exhibits 
an open-circuit voltage (OCV) of 1.5 V, which is comparable 
to the OCVs of the existing cathode materials and delivers a 
high first-cycle “donor” lithium-ion capacity (516 mAh  g−1). 
The  LiFePO4 cathode with the 4.8% LiF/Co additive showed 
an increased first-cycle charge capacity, ∼ 20% higher than 
that of its pristine  LiFePO4 counterpart, indicating high 
prelithiation efficiency. Their work showed the concept of 
nanoscale mixing of LiF with other metals (transition metals 
such as Ti, V, Mn, Ni, Cu, and Zn and main group elements 
such as Al and Sn) that also work as prelithiation additives 
[70].

Additives for High-Voltage Cathodes High-voltage cath-
odes, such as lithium-rich cathodes, have high potential 
(> 4.5 V), high capacity (> 250 mAh  g−1), and good ther-
mal stability [71], but they have poor cycle life performance 
[47, 72]. Phosphorus derivatives have been reported as elec-
trolyte additives for high-voltage cathodes, including TMP 
[61]. Mai et al. reported a novel electrolyte additive that 
combines TMP, triphenyl phosphate (TPP), and dimethyl 
phenylphosphonite (DMPP). The authors reported that this 
additive significantly improves the cycling stability of the 
 LiNi0.5Mn1.5O4 cathode for high-voltage LIBs at elevated 
temperatures [73].

Another important type of additive for enhancing the 
performance of high-voltage cathodes is fluorine-contain-
ing compounds. The use of low concentrations of fluorine 
functional groups is an efficient and cost-effective strategy 
for improving the electrolyte stability and providing better 
cycling performance compared to conventional electro-
lytes. Research shows that di(2,2,2 trifluoroethyl) carbonate 
(DFDEC) can reduce voltage fade and maintain the struc-
tural stability of Li-rich cathode materials [74].

2.1.1.2 Safety Protection Additives Lower Flammability 
Additives Phosphorus-containing organic compounds are 
well known and practical for use as flame-retardant (FR) 
materials [75] to suppress the flammability of liquid elec-
trolytes in LIBs. The flame retardation mechanism is based 
on a physical char-forming process and chemical radical 
scavenging.

As reported by Xu et al., for a conventional  LiPF6-based 
carbonate electrolyte, a TMSP and 1,3-propanediol cyclic 
sulfate (PCS) binary functional additive (as shown in Fig. 4) 
can improve the performance of high-voltage (5-V-class) 
 LiNi0.5Mn1.5O4/MCMB battery systems at both room 

temperature and 50 °C [34]. The  LiNi0.5Mn1.5O4/MCMB 
battery with the binary functional additive showed pre-
ponderant discharge capacity retention of 79.5% after 500 
cycles at a 0.5 C rate at room temperature. Additionally, the 
introduction of (ethoxy)pentafluoro-cyclo-triphosphazene 
(PFPN) can reduce the flammability of the aforementioned 
binary functional additive-containing electrolyte [34].

Beyond a threshold level, ILs can endow nonflammabil-
ity to organic solvents. The LIB community clearly cannot 
ignore this option for the safe operation of batteries [76].

Overcharge Protection Overcharge is one of the abnor-
mal operating conditions for LIBs. Overcharging a battery 
elevates the battery temperature, which can result in a fire or 
even an explosion. To prevent the battery from overcharg-
ing, the additives should be electrochemically reversible at 
slightly higher cell potentials than the maximum operating 
potential of the cathode. Additionally, the oxidation poten-
tial of the additives should not exceed the operating elec-
trochemical window of the electrolytes; otherwise, safety 
concerns may arise.

2,5-Di-tertbutyl-1,4-dimethoxybenzene (DDB) has 
been reported to be a good additive for  LiFePO4 cathode 
overcharge protection materials [77]. Because of its robust 
molecular structure, DDB shows excellent electrochemical 
stability and reversibility. However, its lower potential (3.9 V 
vs. Li/Li+) limits its application in high-voltage electrode 
materials. Modifying DDB with more-electron-withdrawing 
trifluoroethoxy groups [i.e., 1,4-di-t-butyl-2,5-bis(2,2,2-
trifluoroethoxybenzene), DBTFB] improves the potential 
(4.25 V vs. Li/Li+) of the additive and its application in 
cathode materials with potentials of up to 4.2 V such as 
 LiCoO2 or  Li[Ni1/3Mn1/3-Co1/3O2] [78].

Benzene derivatives (biphenyl and o-terphenyl) and het-
erocyclic compounds (furan, thiophene, N-methylpyrrole 
and 3,4-ethylenedioxythiophene) can also be used as addi-
tives for overcharge prevention. These additives decompose 
on the cathode and form very thin films, which are known 
as overcharge protecting proofs [79].

2.1.1.3 Others Additives to Develop High Transference 
Number Electrolytes The transference number for lithium 
is important for the power and energy density of LIBs. Kyle 
M. Diederichsen et al. demonstrated that electrolytes with 
higher lithium transference numbers possess higher power 
densities and enable faster charging [80]. Conventionally, 
enhancement of the lithium transference number is realized 
by using anionic acceptors. However, this approach often 
suffers from the steric hindrance effect when applied to 
relatively large supramolecular additives, leading to lower 
electrolyte conductivity. Recently, some of these limita-
tions were overcome when calix pyrrole  (C6P) [81] was 
introduced as an anion trapping group. Additionally, anion 
receptors based on boron compounds [82] were applied to 
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the solution of lithium salts in an inert electrolyte, which 
dramatically improved the stability of the SEI by dissolving 
unstable LiF.

Nanocarbon materials, such as CNTs and graphene 
nanosheets (GNSs), have been extensively studied as con-
ductive additives due to their low cost, reasonably high 
electrical conductivity, and high durability. Benefiting 
from their high aspect ratio, which can significantly reduce 
the volume of conductive additives, the introduction of 
CNTs/nanofibers significantly contributes to enhancing the 
transfer number [83–85]. Zhang et al. reported the ben-
eficial effects of GNSs with a low percolation threshold 
on the electrochemical performance of  Li4Ti5O12 (LTO) 
anodes [86]. Furthermore, carbon materials can also be 
used as elastic conducting additives in the form of com-
posites or coatings [87, 88].

2.1.2  Lithium Salts

2.1.2.1 Lithium Fluorophosphate Salts LiPF6 is the most 
prevalent salt used in commercial LIBs based on a graphite 
anode and a 3-to-4-V cathode.  LiPF6 has a uniquely suit-
able combination of properties (temperature range, passi-
vation, conductivity, etc.), which can provide the best bal-
ance, rendering it the current overall best Li salt for LIBs. 
However,  LiPF6 is not the ideal Li salt for each important 
electrolyte property. The chemical and thermal instability 
of  LiPF6 are the two most common issues. In addition, the 
use of  LiPF6-containing electrolytes also results in anode 
performance deterioration [89].

Recent work has shown that  LiBF4 may be a promising 
alternative salt or co-salt for high-voltage LIBs [90, 91]. 
 LiBF4 has a similar chemical structure to  LiPF6, and both 
salts have advantages and disadvantages in lithium-ion cells. 
 LiPF6 has high ionic conductivity when it is dissolved in 
carbonate solvents and helps passivate the negative electrode 
SEI. However,  LiPF6 is known to have poor thermal and 
hydrolytic stability [92]. There is no electrolyte thermody-
namically stable toward each electrode with a voltage of 
approximately 4 V in LIBs. Interface reactions occur at the 
interface of electrolytes and electrodes [93]. Gas generation 
in LIBs is more common than interface reactions between 
the electrolytes and electrodes. In addition, decomposition 
of  LiPF6 results in the formation of reactive species, HF and 
 PF5, which are known to cause a cascade of undesirable side 
reactions inside the cell [94].  LiBF4 has often been used as a 
substitute for  LiPF6 in LIBs because of its improved thermal 
and hydrolytic stability [95]. Moreover, in some situations, 
 LiBF4 has proven to be more stable at high voltages.  LiBF4 
has demonstrated several other important advantages over 
 LiPF6, such as improved performance at subzero tempera-
tures, improved passivation of the Al current collector, and 
improved performance at the positive electrode. Compared 

to  LiPF6, the disadvantages of  LiBF4 are lower ionic conduc-
tivity and poor performance at the negative electrode [96].

Zhang’s work showed that  LiBF4 has improved perfor-
mance in LIBs at high (50–80 °C) and low (20 °C) tempera-
tures [97]. Additionally, Zhang’s results showed that  LIBF4 
provides very good aluminum current collector passivation 
properties [96].

The accessible capacity, rate capability, thermal reactiv-
ity, mechanical stability, and durability of LIBs are largely 
governed by the porosity and thickness of the SEI layer [89]. 
The SEI formed during the first charge/discharge cycle due 
to the instability of the solvent and salt in the electrolyte 
determines the overall functioning of the battery system. 
The anion and cation of the electrolyte salt appear to play 
a key role in determining the overall SEI layer composi-
tion, including its depth evolution and thickness. Therefore, 
adding a binary salt to each solution was investigated to 
improve the conductivity. Ellis et al.’s work showed that 
1.0 M electrolytes consisting of equal parts  LiBF4 and  LiPF6 
have better performance in high-voltage (4.35 V) LIBs than 
electrolytes with  LiPF6 or  LiBF4 alone. They found that an 
electrolyte with  LiPF6:LiBF4 (1:1) composition and no other 
additives performed similarly to an electrolyte with  LiPF6 
and state-of-the-art additive blends in these batteries [98].

Many researchers have focused on investigating new lith-
ium salts to replace  LiPF6. Considering performance metrics 
only, lithium hexafluoroarsenate  (LiAsF6) would certainly 
be an ideal candidate for an electrolyte Li salt in advanced 
LIBs.  LiAsF6 provides very good ionic conductivity and 
excellent cycling performance [99]. Strong As–F bonding 
results in higher thermal stability [100], increased resistivity 
to hydrolysis, and enhanced electrochemical stability to oxi-
dation (up to potentials of approximately 4.7 V). However, 
the possible formation of highly toxic  AsF3 [101] excludes 
the use of this electrolyte material in commercial LIBs [76].

Another potential alternative to  LiPF6 is lithium 
tris(pentafluoroethyl) trifluorophosphate (LiFAP), a structur-
ally related derivative of  LiPF6. Compared with  LiPF6, it has 
improved chemical, electrochemical, and thermal stability as 
well as an increased resistivity to hydrolysis [102]. Moreo-
ver, it shows enhanced performance when employed in high-
voltage graphite/LiNi0.4Mn1.6O4 lithium-ion full cells [103].

The search for an alternative salt for the electrolyte in 
LIBs to attain excellent and competitive performance is 
ongoing. Jianhui Wang et  al. obtained an unusual liq-
uid by mixing the stable lithium salt LiN(SO2F)2 with 
the DMC solvent at extremely high concentrations [1:1.1 
bis(fluorosulfonyl) amide (LiFSA)/DMC]. The unusual liq-
uid showed a three-dimensional (3D) network composed 
of anions and solvent molecules that coordinated strongly 
with  Li+ ions [104]. This simple framework of a supercon-
centrated LiN(SO2F)2/DMC electrolyte inhibits the dissolu-
tion of both aluminum and transition metals up to 5 V and 
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realizes a high-voltage  LiNi0.5Mn1.5O4/graphite battery. The 
 LiNi0.5Mn1.5O4/graphite battery exhibits excellent cycling 
durability, high-rate capability, and enhanced safety.

Presently, imide-based lithium salts are also among 
the most promising alternatives to  LiPF6 in commercial 
devices. Generally, they show excellent chemical, ther-
mal, and electrochemical stability, thereby improving the 
cycling performance and safety of LIBs. The best-known 
compound within this family of lithium salts is certainly 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) [105]. 
The  TFSI− anion provides high chemical inertness toward 
all battery components because it is characterized by a rather 
low Lewis’s acidity due to the delocalized negative charge 

[106], which results in superior electrochemical stability to 
oxidation. In addition, LiTFSI exhibits good ionic conduc-
tivity, outstanding solvation ability, very low sensitivity to 
hydrolysis, and advantageous thermal stability [107]. These 
characteristics render the LiTFSI salt a highly promising 
alternative to  LiPF6. If the perfluorinated methyl group for 
“simple” fluorine atoms is substituted, another very promis-
ing alternative lithium salt with the Li[N(SO2F)2] (LiFSI) 
composition can be synthesized [108]. LiFSI does not 
release significant amounts of highly toxic and corrosive 
HF under overtemperature conditions and exhibits advanta-
geously high resistivity to hydrolysis.

Fig. 4  Chemical structures of the as-prescribed functional addi-
tives: a TMSP, PCS, and PFPN. The HOMO and LUMO energy 
levels of the TMSP, PCS, and PFPN additives and carbonate sol-
vents (EC/DEC/EMC) were calculated. b Discharge capacity of the 
 LiNi0.5Mn1.5O4/MCMB full cells with BE and BE + binary functional 

additives (1 wt% TMSP + 1 wt% PCS) at various C-rates. c First 
(top) and second (bottom) charge–discharge voltage curves of the 
 LiNi0.5Mn1.5O4/MCMB full cells with BE and BE + binary functional 
additives (1 wt% TMSP + 1 wt% PCS) at a 0.2 C rate. Reproduced 
with permission [34]. Copyright © 2017 WILEY–VCH
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2.1.2.2 Borate‑Based Lithium Salts The development 
of a new lithium salt to enhance the interfacial stability 
between positive/negative electrodes, and electrolytes 
has been another core topic. The newly developed salts 
for LIBs include borates and boron-based cluster and 
phosphate-type salts. There are salts in which anions 
comprise ligands around a central atom (such as  PF6

− 
and  ClO4

−) as well as large complex anions such as TSFI 
[109] and organic ligand-based anions [e.g., bis(oxalate)
borate (BOB)] [110]. Lithium orthoborate salts have been 
intensively studied during the last two decades because of 
their distinct thermal stability and potential for replacing 
the  LiPF6 salt in commercialized electrolytes, which has 
low chemical and thermal stability [106]. One particular 
member is LiBOB, which shows significantly improved 
thermal stability over  LiPF6 at 70  °C. Additionally, a 
claimed unique feature of LiBOB is its participation in 
SEI formation through the BOB anion, which allows the 
use of a pure propylene carbonate (PC)-based electrolyte 
in graphite electrode-based cells without causing solvent 
co-intercalation and graphite exfoliation [105]. A new 
C-2-modified lithium bis(malonato)borate (LiBMB), lith-
ium bis(fluoromalonato)borate (LiBFMB), has been syn-
thesized for LIB applications [111]. The LiBFMB salt has 
higher oxidation stability than LiBOB, excellent solubil-
ity in mixed carbonate solvents, and good cycling perfor-
mance in 5.0-V  LiNi0.5Mn1.5O4-based half-cells.

2.1.2.3 Effect of the Salt Concentration The salt concentra-
tion change in the electrolyte solution in LIBs during opera-
tion causes serious degradation of the battery performance. 
During discharge, the concentration increases at the anode 
and decreases at the cathode [112], which may in turn influ-
ence the microscopic morphologies of the electrodeposited 
surface [113]. In addition, the local concentration of  Li+ at 
the interface between an electrode and an electrolyte solu-
tion will increase when forming the SEI at the electrode/
electrolyte interface [114, 115].

Bharath et al. studied the effect of concentration from 
0.06 to 4 M on transport and structural properties using 
molecular dynamics simulations [116]. They found that the 
molecular structure of the solution changes with concentra-
tion from a predominantly solvent separated ion pair (SSIP) 
configuration at the dilute limit to an aggregate-rich con-
figuration at high concentration. This work provides insights 
into the relation between the molecular structure and perfor-
mance of electrolyte solutions and suggests ways to design 
novel electrolytes. It indicates that there is a strong relation-
ship between the surface of the electrode and the concentra-
tion of ions in the electrolyte solution. Additionally, Toshiro 
et al. developed a new method of in situ Raman spectroscopy 
with ultrafine multifiber probes to study the concentration 
of ions in the electrolyte solution in deep narrow spaces 

between the electrodes in batteries [115]. By this method, 
the permeability, which is a key factor to achieve high bat-
tery performance, can be evaluated.

Recently, Shuang-Yan Lang et al. reported the direct 
visualization (as shown in Fig. 5) of the interfacial evolu-
tion and dynamic transformation of sulfides mediated by 
lithium salts via real-time atomic force microscopy moni-
toring inside a working battery [93]. The in situ monitoring 
provides evidence for the mediating effects of Li salts on 
the interfacial precipitation of  Li2S. The oriented reaction 
direction of < 200 > dominates the routes and behaviors of 
 Li2S decomposition, which is strongly correlated with the 
electrochemical performance of Li – S batteries [93]. The 
authors reported that the LiTFSI salt induces a 2D growth 
mode to form lamellar  Li2S during the deposition process, 
conversely taking edge-to-center and layer-by-layer modes 
during the decomposition process.

2.1.3  Nonaqueous Solvents

As one of the most important nonelectrode components, an 
ideal electrolyte solvent for LIBs needs to meet the follow-
ing basic requirements: (1) a wide electrochemical window 
(0–5 V), (2) compatibility with the battery electrode material 
(no chemical reactions between the electrode and electro-
lyte), (3) chemical inertness with regard to all cell compo-
nents during cell operation, (4) high ionic conductivity, low 
viscosity, and high dielectric constant, and (5) existing as a 
liquid in a wide temperature range. Its melting point should 
be as low as possible, while the boiling point should be as 
high as possible. Any single nonaqueous solvent fulfilling all 
the requirements at the same time is almost impossible since 
a high dielectric constant and a low viscosity are usually not 
integrated into a single compound (with the exception of 
some organic nitrogen-containing compounds) [117].

The most commonly used solvents in commercial LIBs 
are organic esters of carbonic acid, among which EC has 

Fig. 5  Schematic illustration of the sulfide reactions at the cathode–
electrolyte interfaces in the LiTFSI-LiFSI binary salt electrolyte. 
Reproduced with permission [93]. Copyright © 2018, American 
Chemical Society
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become indispensable due to a number of properties. Ethers 
[118], PC [119], EC [120], and linear carbonates [121] are 
widely used as electrolyte solvents or cosolvents in LIBs.

However, there is a growing interest in replacing these 
carbonate-based solvents. Kawamura et al. [122] probed the 
use of methyl difluoroacetate as an electrolyte solvent and 
reported reduced aluminum corrosion due to the formation 
of an organic layer on the surface of the current collector.

Fluorination is a commonly used strategy to modify the 
structure of electrolyte solvents. Kalhoff et al. used two 
fluorinated derivatives and studied electrolyte solvents in 
combination with LiTFSI as a conducting salt. The authors 
concluded that the use of fluorinated linear carbonates 
as electrolyte (co)solvents is successful in preventing the 
anodic dissolution of aluminum [123].

2.2  Gel and Solid Electrolytes

Liquid organic electrolytes are the most popular electrolytes 
in commercial LIBs; however, there are safety issues associ-
ated with the high flammability of organic electrolytes that 
need to be addressed. As the only liquid component in the 
cell, the electrolyte plays an important role in determining 
the success of realizing a LIB as a solid device. In electro-
chemical cells such as batteries and capacitors, ionic path-
ways provided by electrolytes are required for completing 
circuits with electrical pathways [105]. Fluidity is not neces-
sarily required since ions can move through the media. Thus, 
polymer electrolytes, including polymer gel electrolytes, 
have been actively investigated as a possible replacement for 
liquid electrolytes. Polymer electrolytes can be divided into 
solid polymer electrolytes (SPEs), gel polymer electrolytes 
(GPEs), and quasi-solid electrolytes.

Electrolytes are media that transport ions that are oxi-
dizing or reducing at both electrodes in batteries. Hence, 
in principle, new battery chemistries require new elec-
trolyte composition. Despite the tremendous progress in 

cathode-active material development, improvements in 
electrolytes have not received sufficient research attention 
and funding in the past [124]. Only recently research has 
focused on high transference number electrolytes (HTNEs), 
such as ceramic lithium conductors, SPEs, swollen GPEs, 
and composite electrolytes in which the anion is less mobile 
than lithium [125].

2.2.1  GPEs

Polymer gels possess both the strong mechanical proper-
ties of solid polymers and the excellent ionic conductivity 
typical of liquid electrolytes. GPEs can be formed by add-
ing one or more plasticizers to a SPE. GPEs include porous 
polymer membrane skeletons and liquid organic electro-
lytes [28]. The performance of GPEs mostly depends on 
the properties of the polymer host. Polyethylene oxide 
(PEO), poly(vinylidene fluoride) (PVDF), poly(vinylidene 
fluoride-hexafluoropropylene) (PVDF-HFP), poly(methyl 
methacrylate) (PMMA), and polyacrylonitrile (PAN) are 
employed as polymer hosts for GPEs. Among them, PVDF-
based GPEs have been applied to practical applications in 
lithium batteries [126].

The original concept of SPEs has been extended to 
GPEs, which work in a manner similar to liquid electrolytes 
in terms of the electrochemical mechanisms [127]. SPEs 
remain a laboratory curiosity after nearly four decades. 
GPEs are much more practical, some of which have already 
been used in commercial LIBs [105]. Figure 6 shows the 
difference in the transference number between liquid elec-
trolytes (LEs), GPEs, and SPEs [128].

For example, Baik et al. synthesized a polymerizable 
lithium salt, lithium (trifluoromethanesulfonyl)(vinylsul-
fonyl)imide, which was used to prepare cross-linked GPE 
systems without adding any conventional inorganic lithium 
salt (Fig. 7). It showed a reasonably high ionic conductivity 
[129].

Fig. 6  Gel electrolytes. a 
Electrolytes. b Ex situ GPE 
versus in situ GPE. c Gelation. 
Reproduced with permis-
sion [128]. Copyright © 2018 
WILEY–VCH
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The advantages of GPEs mainly include the following 
four aspects: (1) stabilizing Li metal anodes, blocking Li 
dendrite growth, improving the Coulombic efficiency, opti-
mizing the SEI layer with a selected solvent, and rational 
design of the anode structure; (2) selection of electrolytes, 
modifying separators, and enhancing the energy density; 
(3) increasing the cycling performance under a high current 
density; and (4) suppressing the polysulfide shuttle effects, 
preventing large volume expansion, and increasing sulfur 
utilization for the S cathode (Table 1).

For example, Haiping et al. developed a polymer electro-
lyte with high conductivity and enhanced mechanical tough-
ness by introducing a double polymer network of PVDF-
HFP and PEO into the electrolyte. Benefiting from this 
newly designed electrolyte, lithium metal anodes showed 
good cycling performance, retaining a Coulombic efficiency 
of 96.3% at 400 cycles [130].

A stretchable GPE based on the polyepichlorohydrin ter-
polymer as a host polymer was developed and studied by 
Soumyadip et al. The battery showed a 700–800 mAh  g−1 
initial specific capacity, which dropped slowly with increas-
ing cycle number [131]. To address dendrite growth and 
build a stable SEI layer, Wei et al. [132] designed a dual-salt 
(LiTFSI-LiPF6) GPE with a 3D cross-linked polymer net-
work. As shown in Fig. 8, using an in situ polymerization 
method, they introduced a dual salt into the 3D structure, 
which exhibited high ionic conductivity (0.56 mS  cm−1 at 
room temperature) and established a robust and conductive 
SEI on the lithium metal surface [132].

A GPE based on renewable polymers such as cellu-
lose triacetate and poly(polyethylene glycol methacrylate) 
p(PEGMA) was developed at ambient temperature, which is 
cost-effective and ecofriendly. This GPE exhibited an opti-
mal ionic conductivity of 1.8 ×  10−3 S  cm−1 and a transfer-
ence number of 0.7 at room temperature. The Li/LiFePO4 

half-cell with the GPE PC exhibited better capacity retention 
of 83% with a 136 mAh  g−1 capacity after 100 cycles [133].

2.2.2  Hybrid Solid‑State Electrolytes

Despite the high ionic conductivity and excellent wetting of 
electrodes, liquid electrolytes suffer from safety concerns 
such as poor thermal stability, high flammability, and leak-
age issues. Replacing liquid electrolytes with solid-state 
electrolytes (SSEs) has been considered the key to safe and 
durable lithium battery systems using lithium metal anodes. 
However, inorganic SSEs usually suffer from poor contact 
with electrodes [134]. Even though significant progress 
has been made in past years, satisfying the requirements 
for practical lithium batteries with any single-component 
SSE seems very challenging. In this context, developing 
hybrid solid-state electrolytes (HSSEs) has been recently 
proposed as a feasible approach toward high-performance 
electrolytes. HSSEs are composed of two or more types of 
SSEs to compensate for the advantage and disadvantage of 
each constituent [135]. The most common hybrid electrolyte 
is a composite electrolyte consisting of a polymer electrolyte 
and an inorganic SSE. The common solid inorganic elec-
trolytes are listed in Table 2. The most common combina-
tion is polymer-inorganic HSSEs. Zhang et al. prepared a 
PVDF-based composite electrolyte incorporating  Li6.75La3 
 Zr1.75Ta0.25O12 (LLZTO) ceramics. The ionic conductivity 
of optimal PVDF/LLZTO composite solid electrolyte mem-
branes can reach a maximum value of 5 ×  10−4 S  cm−1 at 
25 °C [136].

A series of interpenetrating polymer network (IPN) SPEs 
with high stability at high anodic voltages were reported 
[137]. IPNs incorporate two or more independent networks 
into one material system. The organic polymers and ionic 
ceramics of interest have been reported to be inherently 

Fig. 7  Cross-linked polyelectrolyte gels (CPGs) and specific discharge capacity and Coulombic efficiency of the  LiFePO4/CPG4/Li battery. 
Reproduced with permission [129]. Copyright © 2019, American Chemical Society
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incompatible. Their incompatibility results in the formation 
of a barrier that prevents ion migration across the formed 
interface. To solve this problem, a thin conformal  SiO2 coat-
ing was deposited onto LICGC, followed by salinization 
with  (CH3CH2O)3-Si-(OCH2CH2)-OCH3 in the presence of 
LiTFSI, which resulted in good adhesion between  SiO2 and 
LICGC, a low resistance interface, and good wetting of  Li0 
[138].

Li et al. introduced LiF to garnet  Li6.5La3Zr1.5Ta0.5O12 
(LLZT) to increase the stability of the garnet electrolyte. 
Garnet LLZT-2 wt% LiF (LLZT-2LiF) had less  Li2CO3 on 
the surface and showed a small interfacial resistance with 
Li metal, and the all-solid-state Li/polymer/LLZT-2LiF/
LiFePO4 battery displayed a high Coulombic efficiency and a 
long cycle life [139]. Bi et al. developed a novel hybrid solid 
electrolyte (HSE) membrane consisting of  Li0.33La0.557TiO3 
(LLTO) ceramic NRs, PAN, and succinonitrile (SN), which 
integrated their merits and showed a high ionic conductiv-
ity of 2.20 ×  103 S  cm−1 at 30 °C. In addition, the HSE was 
reported to exhibit a high electrochemical window of 5.1 V 
(vs. Li/Li+), superior thermal stability, and good mechanical 
properties [140].

Yu et al. designed a layered HSE by coating a ceramic 
lithium aluminum titanium phosphate (LATP) electro-
lyte with a protective polymer electrolyte, polyphospha-
zene/PVDF-HFP/LiBOB. The prepared all-solid-state 
battery with a metallic lithium anode and a high-voltage 
 Li3V2(PO4)3/CNT cathode showed high capacity and excel-
lent cycling performance with negligible capacity loss over 
500 cycles at 50 °C. Furthermore, the analysis of the HSE 
after long-term cycling demonstrated outstanding electrode/
electrolyte interfacial stability [141].

2.3  IL Electrolytes

Electrolytes derived from ILs have gained much attention 
due to their thermal and electrochemical stability, FR per-
formance [153], and negligible vapor pressure [154]. ILs are 
salts that are molten below 100 °C, including room tempera-
ture. Since they were introduced to polymer-and-salt systems 
in 1995, ILs have found significant success in improving the 
overall performance of lithium metal electrodes [155–157]. 
The absence of volatile organic compounds in ILs provides 
much greater stability at high temperatures compared to 
the organic electrolytes that are currently widely used in 

Fig. 8  Process steps for in situ 
polymerization of a GPE. 
Reproduced with permission 
[132]. Copyright © 2018, 
WILEY–VCH
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lithium batteries. In addition, ILs possess negligible vapor 
pressure at room temperature, allowing them to operate in a 
wide temperature range without performance loss caused by 
evaporation [158]. Generally, ILs are composed of organic 
cations and derivatives bonded with inorganic or organic 
anions (Fig. 9) [159]. The tunable properties of ILs as elec-
trolytes for LIBs have shown great promise enabled by the 
large number of possible cations and anions, which can 
eventually yield an unlimited number of combinations for 
LIBs. Therefore, ILs are considered ideal candidates for sub-
stitution of conventional organic electrolytes in LIBs [158, 
159]. Furthermore, ILs have been introduced to polymer 
electrolytes to form hybrid electrolytes by physical blending, 
chemical functionalization, or polymerization. The result-
ing hybrid electrolytes showed enhanced mobility caused 
by the decreasing crystallinity of the polymer. Depending 
on the combination of polymer and IL electrolytes, IL-based 
electrolytes can be separated into two categories: organic 
carbonate and IL electrolytes, and gel polymer and IL 
electrolytes.

2.3.1  Organic Carbonate and IL Electrolytes

To address the safety problems that conventional organic 
electrolytes face, ILs have been introduced to enhance the 
thermal stability of lithium cells. Additionally, ILs possess 
better conductivity than conventional organic electrolytes. 
Table 3 lists the common carbonate solvent-based IL electro-
lytes. Among the different families of ILs, the ILs containing 

TFSI [(CF3SO2)2  N−] have been extensively investigated 
due to their excellent electrochemical and thermal stabili-
ties [160–163].

To compare the performance of carbonate- versus IL-
based electrolytes, Röser et al. studied two selected LiTFSI/
pyrrolidinium bis(trifluoromethanesulfonyl imide) room-
temperature IL (RTIL)-based electrolytes [164]. Linear 
sweep voltammetry profiles of the investigated LiTFSI/RTIL 
electrolytes showed much higher oxidative stability than the 
state-of-the-art  LiPF6/organic carbonate-based electrolytes 
at elevated temperatures. The cycling performance of Li-
Ni0.5Mn1.5O4 (LNMO)/LTO revealed remarkable improve-
ments with respect to the capacity retention and Coulombic 
efficiency. In general, the LiTFSI/RTIL-based electrolytes 
outperform the  LiPF6/organic carbonate-based electrolytes 
in terms of cycling performance in LNMO/LTO full cells at 
elevated temperatures.

To further improve the safety and performance of 
LIBs, rational functionalization of the organic sol-
vent content has been utilized. Ababtain et  al. devel-
oped novel high-energy–density 3D nanosilica elec-
trodes paired with 1-methyl-1-propylpiperidinium 
bis(trifluoromethanesulfonyl)imide (Pip) IL/PC/LiTFSI 
electrolytes [165]. The introduction of PC had no obvi-
ous effects on the thermal stability and flammability of the 
reported electrolytes, while a large improvement in the trans-
port properties was observed. The addition of 20% PC led 
to a significant improvement in capacity, with stability over 
100 charge/discharge cycles.

Table 1  Chemical structures of additives with different functions used for LIBs
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2.3.2  Gel Polymer and IL Electrolytes

GPEs possess excellent properties, such as high ionic con-
ductivity at ambient temperature, compatibility with both 
electrodes, a broad electrochemical window, no leakage, and 
better thermal and appropriate mechanical stabilities, which 
are desirable for practical application in LIBs [181–183]. 
The introduction of an IL to gel polymers lowers the glass 
transition temperature of the host polymer and hence 
improves the ionic conductivity. In addition, ILs can func-
tion as a “plasticizer” to reduce the brittleness or increase 
the flexibility and processability of the polymer electrolyte. 
Recent literature strongly favors the introduction of ILs 
into GPEs to greatly enhance the conducting properties and 
cycling performance. Patel et al. obtained a cross-linked 
polymer “gel” electrolyte by free radical polymerization of 
a vinyl monomer in an RTIL electrolyte [N,N-methyl butyl 
pyrrolidinium bis(trifluoromethanesulfonyl)imide-LiTFSI], 
which showed a high rate capability in charge/recharge pro-
cesses compared with the IL [184].

In addition to pristine gel polymer IL electrolytes, 
nanoparticles have also been applied to enhance the per-
formance of LIBs. Li et al. synthesized a nanoparticle-
decorated poly(methylmethacrylate-acrylonitrile-ethyl 
acrylate) [P(MMA-AN-EA)]-based GPE using the 1-ethyl-
3-methylimidazolium bis(trifluoromethanesulfonyl) imide 
(EMITFSI) IL as a plasticizer [185]. The GPE displayed 
excellent cycling stability, retaining 95.1% capacity after 
100 cycles under a 0.2 C rate in the  LiFePO4/GPE/Li-type 
cell at room temperature and retained 88.4% of the original 
discharge capacity at 55  C.

Through in  situ polymerization of the 1,4-bis[3-
(2-acryloyloxyethyl)imidazolium-1-yl]butane bis[-
bis(tr if luoromethanesulfonyl)imide] (C1-4TFSI) 
monomer in an EMITFSI-based electrolyte, which 
was f illed in a poly(diallyldimethylammonium) 

bis(trifluoromethanesulfonyl)imide (PDDATFSI) porous 
membrane, Zhou et al. fabricated an HSE, which further 
advanced the safety of LIBs [186]. The solid electrolyte 
displayed high ionic conductivity (>  10–3 S  cm–1 at 25 °C), 
satisfactory electrochemical stability, inherent incombus-
tibility, and good mechanical strength and flexibility. The 
in situ assembled  LiFePO4/Li and  Na0.9[Cu0.22Fe0.30Mn0.48] 
 O2/Na cells using the solid electrolyte of interest exhibited 
superior cycling performance with high specific capacities. 
The simple fabrication process and excellent performance 
of this solid electrolyte pave the way for its application in 
next-generation LIBs.

3  Polymer Binders

Generally, polymer binders bond the active material and 
conductive additives on the current collector. Polymer bind-
ers ensure the network structure of the active material and 
conductive additive, thus maintaining the integrity of the 
electrode. In addition, polymer binders enhance the conduc-
tivity and the mass transfer of lithium ions at the interface 
between the electrodes [187]. Hence, polymer binders play 
an important role in preserving the mechanical stability, 
flexibility, and electroconductive pathways of the electrode 
[188]. In addition to their functions, polymer binders are 
insoluble in electrolyte solutions, offering excellent chemical 
and electrochemical properties for LIBs [189].

Notably, there is no polymer binder that can fully satisfy 
all the requirements discussed above. The most frequently 
reported polymer binder in the literature is PVDF. It shows 
excellent electrochemical stability and good capability for 
absorbing the electrolyte necessary for transporting Li ions 
to the surface of the active material. However, lithium block-
ing is observed when PVDF is used as a binder, so searching 

Table 2  Summary of inorganic solid electrolytes

Electrolyte Prototype Composition Ionic conductivity/(S  cm−1) Electrochemical 
stability vs. Li/Li+ 

Refer-
ence

NASICON LiTi2(PO4)3
LiGe2(PO4)3

LiTi2(PO4)3
Li1.5Al0.5Ge1.5(PO4)3

–
4.00 ×  10−4 (RT)

 > 2.5 V
0.85–7.00 V

[142]

Garnet Li7La3Zr2O12 Li7La3Zr2O12 4.0 ×  10−4 (RT) – [143]
Perovskite Li3xLa2/3–x  TiO3 Li0.34(1)La0.51(1)TiO2.94(2) 2.00 ×  10−5 (RT) – [144]
LISICON γ-Li3PO4 Li14Zn(GeO4)4 1.30 ×  10−6 (33 °C) – [145]
LiPON – Li3PO4 (target)  ~ 2.00 ×  10−5 (RT)  > 0 V [146]
Li3N Li3N Li3N 3.00 ×  10−7 (33 °C)  < 1.74 V [147]
Sulfide Li4GeS4

Li10GeP2S12
Li2S-P2S5

Li4.25+σ(Ge0.75–σ  Ga0.25)S4
Li10GeP2S12
70Li2S-30P2S5 glass

6.50 ×  10−5 (RT)
1.20 ×  10−2 (27 °C)
5.40 ×  10−5 (RT)

0–5 V
0–5 V
–

[148]
[149]
[150]

Argyrodite Li6PS5X (X = Cl, Br, I) Li6PS5Cl 1.33 ×  10−5 (RT) – [151]
Anti-perovskite Li3OX (X = Cl, Br, I) Li3OCl0.5Br0.5 1.33 ×  10−5 (RT) – [152]
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for alternatives is important. Some natural polymers, such 
as carboxymethyl cellulose (CMC), alginate, and guar gum, 
as well as synthetic polymers, such as polyethylene glycol 
(PEG), PMMA, and poly(vinyl alcohol) (PVA), have been 
reported in the literature, and they show better performance 
than PVDF [190]. Su et al. even applied morphology reshap-
ing and reconfiguration concepts to model electrodes, which 
enabled high-density Li storage through soluble surface/
interface organic design and thus fabrication of binder-free 
electrodes. [191]. CMC is preferred owing to its low cost 
and environmentally friendly properties. It also improves 
the ratio of active material in a cell due to the reduction in 
binder content and faster drying rate during the electrode 
fabrication process [192].

3.1  Polymer Binders for the Anode Electrode

Silicon is considered one of the most promising candidates 
for anode materials and has the potential to overcome the 
theoretical capacity limit of carbonaceous anodes [193]. The 

gravimetric capacity of Si electrodes is ten times higher than 
that of state-of-the-art conventional graphite (3 579 mAh  g−1 
for Si and 372 mAh  g−1 for graphite). In addition, Si is an 
abundant material and has a low working voltage (ca. 0.2 V 
versus Li/Li+) [193, 194]. These advantages make Si the 
best candidate for next-generation high-capacity anodes 
[195]. Unfortunately, silicone suffers from a serious vol-
ume change (up to 300%) during the lithiation and delithia-
tion processes, which leads to severe particle pulverization 
and results in an unstable SEI, as well as in gradual dete-
rioration of the electrode capacity [193]. Extensive studies 
have been conducted to enhance the silicon electrode per-
formance, including designing novel polymer binders [30, 
196–198]. The commercial PVDF binder was found to not 
be suitable for Si electrodes due to the weak van der Waals 
forces between the binder and Si particles [199]. However, 
the following categories of binders have been shown to be 
effective for Si anodes: (i) conventional synthetic polymers 
such as poly(acrylic acid) (PAA) and polyimide; (ii) natural 

Fig. 9  Cation and anion struc-
tures of some important ILs. 
Reproduced with permission 
[159]. Copyright © 2020, MDPI
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polymers such as CMC and alginate; and (iii) conductive 
polymer binders [200, 201].

3.1.1  Polymer Binders with a 3D Structure

During the past two decades, many researchers have been 
developing 3D polymer binders for Si anodes to improve the 
cycle life performance of LIBs. Rigid binders were found to 
be incapable of completely preventing the volume expansion 
of the Si particles and relieving the development of stresses. 
Additionally, flexible polymers, such as styrene butadiene 
rubber with high extensibility and low modulus, are not 
usable as binders for electrodes either [202]. The reason for 
this is that the polymer chains slide easily with active parti-
cles and conductive carbon black additives, which leads to 
unwanted agglomeration. Therefore, finding or developing a 
binder with suitable mechanical properties (stiffness/tough-
ness balance) to retain the structural integrity of electrodes 
is vital.

To address the undesired properties of conventional 
3D polymer binders, a novel binder, the poly(acrylic acid 
sodium)-grafted-CMC (NaPAA-g-CMC) copolymer, was 
designed by Wei et al. and used for fabrication of stable Si 
anodes [203]. In contrast to binders with linear (1D) struc-
tures, the NaPAA-g-CMC copolymer binder possesses mul-
tipoint (3D) interactions with the Si surface, resulting in a 

stronger binding strength with both Si particles and copper 
(Cu) current collectors. Additionally, this 3D binder was 
shown to contribute to the formation of a stable SEI layer 
on the Si surface. NaPAA-g-CMC-based Si anodes showed 
improved cycle life performance and higher Coulombic 
efficiency than those made with well-known linear poly-
meric binders such as CMC and NaPPA [203]. Meanwhile, 
a polymerized β-cyclodextrin (β-CDp) binder was also 
designed and used for the fabrication of Si-based anodes. 
The β-CDp binder was shown to possess a hyperbranched 
network structure that offers multidimensional hydrogen-
bonding interactions with Si particles and forms stable 
electrodes. The authors claimed that the β-CDp-based Si 
electrodes showed improved cycling performance compared 
to those of other well-known binders, especially when com-
bined with linear polymers at an appropriate ratio to form 
hybrid binders [204]. Furthermore, a novel binder with a 
3D structure was designed using CMC as the backbone and 
acrylamide (AM) and acrylic acid (AA) as branches [205]. 
Unlike polymers with linear structures, the recently devel-
oped composite binder has a 3D network structure with more 
contact points for Si particles and contains high-density car-
boxyl groups, leading to enhanced binding forces between 
the slurry and the Cu current collectors [206]. Lee et al. 
also reported an in situ cross-linked CMC-PEG binder used 
for fabrication of Si anodes and showed a stable cycling 

Table 3  Electrochemical properties of IL and carbonate solvent-based liquid electrolytes

Ionic liquids Carbonate solvents σ/(mS  cm−1) Electrochemical 
stability window 
(ESW)/V

C/(mAh  g−1) Cathode Reference

PYR14TFSI EC, DEC & VC 2.4  > 4.8 148 LiNi1/3Co1/3Mn1/3O2 [166]
PYRNO3 PC 30.0 1.5 134 Carbon-coated  LiFePO4 [167]
AMImTFSI &  Im13TFSI PC 7.8 5.8 144.2 LiFePO4 [168]
PYR14TFSI EC:DMC – 6.5 180–200 LiFePO4 [169]
PYR14TFSI PC 5.1 4.2 145 LiFePO4 [170]
DMMATFSI VC  > 1.0  > 4.5 142 LiNi1/3Co1/3Mn1/3O2 [171]
Pip13TFSI PC 10.0 4.35 2 240 3D-porous silicon [165]
PYR13TFSI PC, VC  > 5.0 5 160 LiFePO4 [172]
MMMPYRTFSIPYR14TFSI EC:DMC – 5.2–5.5 118 LiNi0.5Mn1.5O4 [164]
Pip13TFSI DEC 102 5.4 146 LiCoO2 [173]
PYR14TFSI EC 10–3 4.8 164 C/LiFePO4 [174]
PYR14TFSI VC, FEC, EC – 5.3 148 LiNi1/3Co1/3Mn1/3O2 [166]
MEMBu3PTFSI  Pip13TFSI PC – 5.1–5.5 3 450 Gas-deposited silicon [175]
PYR14TFSI EC 10.0 1.4 353 Graphite [19]
Pip13TFSI DME – 2.4 1 670 Ketjen black carbon [176]
Im13TFSI EC, DC  >  102 4.5–5.0 – – [177]
Im13TFSI EC 7.3 – – – [178]
PYR14TFSI PC 11.0 2.0 140 LiFePO4 [179]
PYR13TFSI EC –  > 5.0 148 LiFePO4 [162]
PYR13TFSI EC, DEC 10.0 – 102 LiFePO4 &  Li4Ti5O12 [180]
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performance with a capacity of ∼ 2 000 mAh  g−1 up to 350 
cycles at a 0.5 C rate [207].

In general, 3D polymeric binders consisting of stiff pol-
ymer molecules as backbones and carboxylic acid and/or 
hydroxylic functional groups linked to the backbone have 
been proven to be a better binder for Si anodes [208, 209]. 
Chemical cross-linking of functional binders is regarded as 
an effective route to establish a 3D interconnected network 
and therefore increase the stability of the Si anode [210]. 
The improved cycle life performance based on these poly-
meric binders represents significant progress in Si anode 
research.

3.1.2  Water‑Soluble Polymer Binders for Si Anodes

A simple and effective copolymer, polyvinyl pyrrolidone/
polyaniline (PVP/PANI), was synthesized to serve as a 
water-soluble conductive binder for Si anodes to address the 
fast capacity fading and poor cycling performance in LIBs. 
The PVP/PANI binder combines the good electrical conduc-
tivity of PANI and the good resilience of water-soluble PVP. 
In addition, intermolecular hydrogen bonds and conductive 
networks are formed between PVP and PANI, ensuring 
outstanding solubility, chemical stability, and bonding of 
the copolymer. Si-based anodes fabricated with this binder 
have demonstrated both enhanced conductivity and stabil-
ity, which resulted in improved electrochemical performance 
[211]. In another study, a modified natural polysaccharide 
(carboxymethylated gellan gum) was investigated as a high-
performance water-soluble binder in silicon-based anodes, 
and improved cycle life performance and decreased capac-
ity fading were reported. Figure 10 shows that the carbox-
ylic and acetylic groups are homogeneously distributed in 
the modified polysaccharide polymer chain of the binder 
[212] and thus form strong hydrogen bonds with the surface 
of the Si particles and the copper current collector. These 
strong bonds effectively restrict the volume expansion of the 

silicon particles and help maintain the electronic integrity 
of the electrodes during repeated charge/discharge cycles. 
As a result, Si anodes fabricated with the carboxymethyl-
ated natural polysaccharide polymer binder possessed high 
capacity, excellent rate capability, and stable cycle life per-
formance [212].

3.1.3  Other Polymer Binders for Si Anodes

A conductive MXene (transitional metal carbides, nitrides, 
and carbonitrides) binder is an example of another type of 
binder developed for application in high-capacity Si-based 
anodes. The MXene polymer was synthesized by simple vac-
uum filtration and used as a multifunctional binder instead of 
the conventional insulating polymer binders. In the MXene-
bonded Si@C film, MXene formed a 3D conductive frame-
work in which Si@C nanocomposites were embedded. This 
loose and porous structure provided much more space to 
buffer the large volume expansion of Si@C nanoparticles 
and thus led to significantly improved cycle life performance 
compared with conventional CMC- and PVDF-bonded 
Si@C electrodes. Moreover, the porous structure and the 
highly conductive MXene offered fast ion transport and very 
good electrical conductivity for the MXene-bonded Si@C 
film, which were favorable for its high chargeability rate. 
These results showed good potential for MXene-bonded 
Si@C films as anode electrodes for LIBs [213].

A room-temperature cross-linked natural polymer is 
another binder designed for fabricating stable Si anodes. 
This binder uses a boronic cross-linker (BC) that spontane-
ously forms covalent bonds between vicinal alcohols of a 
commercial polysaccharide polymer (guar gum) and boronic 
acid groups conjugated to the stiff polystyrene backbone 
(Fig. 11a). Hydroxylic group-enriched guar gum has good 
adhesion with the current collector and surface of Si par-
ticles and increases the electrode integrity over prolonged 
cycles. At the same time, the boronic acid-incorporated 

Fig. 10  Chemical structure of polysaccharide and LIB electrochemical performance. Reproduced with permission [212]. Copyright © 2019, 
American Chemical Society
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cross-linker creates a network-type polymer structure 
through the formation of the covalent bond of two boronic 
esters without additional driving forces (Fig. 11b) [214].

Synthesis of a binder that is partially carbonized is a good 
strategy to design a high-performance binder for Si anodes. 
The partially carbonized polymer acts as both a binder and 
a conductive additive for the Si anode. A bicomponent Si 
anode with a partially carbonized binder has been reported 
to show better electrochemical performance than the tradi-
tional Si anode [215].

Graphite is a common anode material widely used in 
state-of-the-art LIBs. There are a few research reports on 

polymer binders for graphite electrodes. An allylimida-
zolium-based poly(ionic liquid), poly[vinylbenzylallyli
midazolium bis(trifluoromethane) sulfonylimide] (PVB-
CAImTFSI), was used as a binder for graphite anodes in 
Tejkiran’s research work [192]. A reversible discharge 
capacity of 210 mAh  g−1 was obtained for PVBCAImTFSI-
based half-cells at a 1 C rate, compared to the value of 
140 mAh  g−1 obtained for PVDF-based anodic half-cells. 
After 500 cycles, 95% retention of the discharge capacity 
was observed. Moreover, PVBCAImTFSI-based anodes 
exhibited better charge–discharge stability than PVDF-based 
anodes [192].

Fig. 11  Synthesis of BC-g binders. a Schematic of a BC-g binder in 
a Si electrode showing the formation of a covalent bond from BC, 
the self-healing ability of abundant hydroxyl groups with PEO and 
boronic ester, and fast Li-ion transport through PEO groups. b Spon-
taneous cross-linking reaction of boronic acid and vicinal alcohol at 

room temperature along with pictures of guar (left) and BC-g binders 
(right). c Synthesis process of BC. d Fourier transform infrared (FT-
IR) spectrum of BC. Reproduced with permission [214]. Copyright © 
2019, WILEY–VCH
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4  Separators

Separators, an indispensable part of battery design, are thin, 
porous membranes that provide electrical insulation between 
the electrodes while also serving as an electrolyte reservoir 
for ionic transport [19]. The newly designed separator mate-
rials not only act as a robust separator for the electrodes but 
also facilitate ion transfer and, potentially, stabilize the SEI 
at both the cathode and anode [216]. The porous structure 
of the separator is filled with the liquid electrolyte (lithium 
salt dissolved in a mixture of one or more solvents). In the 
future, separators will be designed to play a more active role 
in LIB operation [216].

An ideal separator possesses high mechanical, chemical, 
electrochemical, and thermal stability. Additional property 
requirements that determine whether a membrane is suitable 
as a separator [19] include high wettability for the electro-
lyte, good permeability, and high porosity for efficient ion 
transport. The porous properties of the separator need to be 
tailored to avoid internal short circuits and ensure sufficient 
infiltration of the electrolyte. The separator must have the 
proper thickness to achieve a balance between its mechani-
cal properties and Li-ion transport properties [217, 218]. In 
addition, the separator should be able to stop the diffusion of 
electrode components or cathode products at elevated tem-
peratures [219]. Moreover, the mechanical properties, ionic 
conductivity, and tortuosity determine the performance of 
separators. Some research shows that separators are far from 
electrochemically passive components [220]. Both the sepa-
rator structure and the interaction between the pore-space 
surface and liquid electrolyte impact  Li+-ion transport and 
contribute to cell overpotentials [217].

The separators used in LIBs are usually microporous 
polyolefin membranes, including polyethylene (PE) and 
polypropylene (PP), because of their good electrochemical 
stability, suitable mechanical strength, and pore size. PE, 
PP, and PE/PP separators with pore sizes in the range of 
micrometers have been commercialized and widely used in 
LIB technology. However, polyolefin separators normally 
show low wettability toward the electrolyte and have poor 
thermal stability, which limits the LIB performance. There-
fore, the research interest in this field is concentrated on the 
modification of polyolefin separators.

4.1  Inorganic/Organic Substance‑Modified 
Separators

To take advantage of SSEs without compromising the 
properties of the liquid electrolyte, porous solid-state sepa-
rators with liquid electrolytes were developed [221, 222]. 
For example, ceramic-coated separators display sufficient 
mechanical strength and outstanding thermal stability 

for preventing internal short circuits. Recently,  Al2O3/PI 
(copolyimide)-coated PP was employed as a separator in 
LIBs to improve safety [223], which efficiently reduced the 
thermal shrinkage (10% at 150 °C) [223]. In distinct con-
trast, a coating with solely PI was incapable of impeding 
dimensional changes of the PP separators (22% at 150 °C). 
The  Al2O3/PI-coated PP separators achieved rate capa-
bilities and cell performances similar to those of the bare 
PP separators. Wang et al. developed a novel separator by 
coating  Al2O3 particles onto both surfaces of a commercial 
paper substrate. The as-prepared paper-supported separator 
showed excellent stability and superior wettability toward 
the electrolyte and high ionic conductivity compared with 
conventional PE separators, providing a promising candidate 
for potential replacement in future LIBs [224]. In addition, 
anodized aluminum oxide (AAO) membranes with aligned 
and straight channels meet the requirements of porous solid-
state separators. They have been used not only as templates 
for the synthesis of nanostructured materials [225, 226] 
but also as separators for LIBs [227, 228]. In Wang et al.’s 
recent work [230], the AAO separator was reported to lead 
to a low overpotential during lithium deposition/stripping 
in lithium symmetric cells. The Li–S cells with AAO sepa-
rators showed better cycling performance than those with 
Celgard at high C rates. At a 2 C rate, the cell showed a 
battery performance of 480 cycles with a capacity degrada-
tion rate of 0.105%, which is much better than that when the 
Celgard separator was used. AAO membranes are rigid and 
nonflammable, which improves battery safety. The aligned 
and uniform channels within AAO membranes provide fast 
pathways for lithium-ion transport, leading to low areal spe-
cific resistance.

Jiang et al. reported a strategy to improve the thermal 
stability and electrolyte affinity of PE separators. By simply 
grafting the vinylsilane coupling reagent onto the surface of 
the PE separator using the electron beam irradiation method, 
followed by a hydrolysis reaction in an  Al3+ solution, an 
ultrathin  Al2O3 layer is grafted onto the surface of the porous 
polymer microframework without sacrificing the porous 
structure or increasing the thickness. The grafting method 
is beneficial for decreasing the interfacial resistance of the 
separator and increasing the ion transport capability. The as-
synthesized  Al2O3 ceramic-grafted separator  (Al2O3-CGS) 
showed almost no shrinkage at 150 °C and decreased the 
contact angle of the conventional electrolyte compared with 
the bare PE separator [231].

Mi et al. proposed an electrode-supported thin ceramic 
film as a separator using a low-cost ceramic material. Thin 
and porous α-alumina films with a thickness down to 40 nm 
were coated onto the surface of cathode or anode electrodes 
by a blade coating method. The organic/inorganic compos-
ite separators showed greatly improved physical and chemi-
cal stability. The fabrication and cell assembly using this 
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separator are easily scalable. The coated alumina separator 
has much higher thermal stability and mechanical strength 
than the PP separator [232].

To improve the stability and wettability of separators, 
PMMA coated onto PE [233], PVDF coated onto a com-
mercial polyolefin [234], and PVDF-HFP coated onto PE 
[235] were used as separators. In addition, PEO is another 
polymer commonly used to improve the wettability of the 
polyolefin separator [236].

4.2  Modification of Microporous Membrane 
Separators

Many research papers that reported good performance for 
LIBs assembled with modified microporous membranes as 
a separator have been published [237–240]. A MOF-based 
ionic sieve (Fig. 12) was designed for the lithium–sulfur bat-
tery, functioning as a battery separator to selectively sieve 
 Li+ ions while blocking polysulfides [229]. The coopera-
tive combination, in which porous crystalline nanoparticles 
of the MOF form building blocks while mechanically flex-
ible and robust graphite oxide (GO) laminates compose 
structural spokes, provides a promising construction strat-
egy for ionic sieve membranes. When a sulfur-containing 

Fig. 12  Fabrication and structural characteristics of MOF@GO separators. Reproduced with permission [229]. Copyright © 2016, Nature
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mesoporous carbon material (approximately 70 wt% sulfur 
content) was used as a cathode composite without elaborate 
synthesis or surface modification, the lithium–sulfur battery 
with a MOF-based separator exhibited a low capacity decay 
rate (0.019% per cycle over 1 500 cycles). Moreover, there 
was almost no capacity fading after the initial 100 cycles.

Recently, Sun et  al. synthesized zeolitic imidazolate 
framework-8 (ZIF8) crystals on the surface of cellulose 
nanofibers (CNFs) and used a ZIF8-CNF membrane as a 
separator for LIBs. The ZIF8-2-CNF membrane exhibited 
better surface wettability than a polymer-based separator 
(13.31° vs. 96.18°). Compared with the LIB fabricated with 
the three-layer commercial polymer membrane, the LIB 
fabricated with the ZIF8-CNF membrane had a comparable 
cycling stability and a better discharge retention stability 
(88.3% vs. 80.2%) [241].

Mohanta et al. prepared highly porous PAN-based mem-
branes with a higher concentration of LATP ceramic parti-
cles by a simple electrospinning technique [242]. PAN with 
30 wt% LATP (P-L30) exhibited an enhanced porosity of 
90% and was thermally stabler, with the highest electrolyte 
uptake among all the prepared membranes.  LiFePO4/Li-
based coin cells prepared with a P-L30 membrane exhibited 
an enhanced discharge capacity of 158 mAh  g−1 at a 0.5 
C rate and displayed good capacity retention with a higher 
C-rate. Furthermore, only a 13% reduction in the capacity 
was observed while cycling the coin cell with the P-L30 
membrane for 200 cycles at a 0.5 C rate, and an improved 
Coulombic efficiency of 96.5% was retained after charging 
and discharging the P-L30-based coin cell for 200 cycles at 
a 0.5 C rate.

In Sabetzadeh’s work, porous PAN micro/nanofiber mem-
branes were produced by electrospinning a ternary system 
of PAN/N,N-dimethylformamide (DMF)/water [243]. The 
air permeability of the porous PAN micro/nanofiber mem-
brane was higher than that of the nonporous PAN micro/
nanofiber membrane and the commercial Celgard PP separa-
tor because of the higher porosity (83%). The high porosity 
of the electrolyte-soaked electrospun nanofiber membrane 
allowed the ions to migrate more easily, which in turn pre-
vented a temperature rise and improved battery safety. High 
ion transport through the separator resulted in high ionic 
conductivity and low electrolyte resistance. Thus, this mem-
brane improved the LIB performance, particularly at higher 
cycling rates.

A sandwich-structured nano/microfiber-based separator 
based on nanosized CNFs and microsized glass microfib-
ers (GMFs) was prepared for LMBs [244]. The sandwich-
structured separator was composed of 2.5-µm-thick CNF 
layers coated on each side of a 15-µm-thick intermediate 
GMF/CNF composite layer. A combination of GMFs and 
CNFs can meet all the requirements of a good separator. 
This 20-µm-thick sandwich-structured separator exhibited 

good thermal stability, excellent electrolyte wettability, 
low electrolyte resistance, and homogenous surface pore 
distribution. Due to its macro- and mesoporous structure, 
the sandwich-structured separator exhibited a high ionic 
conductivity (1.14 mS  cm−1) when soaked with LP40 elec-
trolyte, which increased the rate capability of Li|LFP cells, 
reaching ~ 110 mAh  g−1 at a 5 C rate.

4.3  Environmentally Friendly Separators

The manufacturing process for separators requires high 
energy input, thus generating a large environmental impact, 
and for the most part, these components are not recycla-
ble. Recently, there have been attempts to replace these 
separators with degradable and renewable materials such 
as biopolymers [245, 246]. Kim et al. synthesized TEMPO 
(2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation 
(TOCN)-based membranes with desired porosity for sepa-
rators and processed asymmetric mesoporous membranes 
using a facile papermaking approach. The fabrication pro-
cess did not contain toxic dispersants or additional pyro-
gens [247]. These separators made of TOCN with sodium 
carboxylate surface groups (TOCN – COO –  Na+) showed 
significant capacity fading in a few cycles. In contrast, pro-
tonated TOCNCOOH membranes showed highly improved 
electrochemical performance, displaying 94.5% discharge 
capacity retention after 100 cycles at a 1 C charge/discharge 
rate.

Moreover, cellulose is also a natural polymer with the 
widest distribution network and the largest reserves on earth. 
Compared to synthetic polymers, cellulose has many advan-
tages; for example, it is fully biodegradable, nontoxic, non-
polluting, easily modified, biocompatible, and renewable. 
Cellulose membranes prepared by the low-cost papermak-
ing process have great potential for replacing conventional 
polyolefin materials in LIB applications. Mesoporous Clad-
ophora cellulose membranes were reported to be good LIB 
separators [248]. A nanofibrillated cellulose (NFC) separator 
is a new type of renewable material composed of a polyeth-
ylene terephthalate (PET) layer and a CNF layer. This sepa-
rator exhibited high porosity (70%), and it could be wetted in 
a few seconds. It also showed superior electrolyte absorption 
compared to PP separators. Zhang et al. fabricated thermally 
resistant northern bleached softwood kraft (NBSK)/polysul-
fonamide (PSA)/NFC composite membranes for LIBs via 
a papermaking process [249]. The results showed that the 
composite membranes exhibit a higher electrolyte uptake 
(294%) and a higher electrolyte wetting rate than a com-
mercial LIB separator (Celgard 2350).

Li et al. reported rational design and fabrication of a 
novel type of highly flexible and porous separator based 
on hydroxyapatite nanowire (HAP NW) networks with 
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excellent thermal stability, fire resistance, and superior elec-
trolyte wettability [250]. The high thermal stability of HAP 
NW networks enabled the separator to preserve its structural 
integrity at temperatures as high as 700 °C, and the fire-
resistant property of HAP NWs ensured high safety of the 
battery. Cellulose fibers (CFs) were adopted to enhance the 
thermomechanical strength of the separator. Electrochemi-
cal evaluation indicated that the batteries with the HAP/CF 
separator exhibited enhanced cyclability and rate capability 
compared with the commercial PP separator. More encour-
agingly, the operating temperature of the as-prepared batter-
ies using the HAP NW-based separator and a commercial 
liquid electrolyte could be increased to 150 °C, benefiting 
from the high thermal and structural stability of the HAP 
NW-based separator.

Similarly, a flexible mesoporous redox-active separator 
composed of a nanocellulose fiber (NCF) and polypyrrole 
(PPy) composite was fabricated by using a straightforward 
papermaking process [228] (Fig. 13a). The redox-active 
separator features a bilayer structure in which one side 
comprises a (≈ 3 µm) thick insulating NCF layer, while the 
other side is composed of a 7-µm-thick redox-active PPy/
cellulose composite layer. A LIB containing a  LiFePO4 
(LFP) cathode and the redox-active separator was shown 
to exhibit a capacity of 67 µAh   cm−3 (or 81 mAh  g−1) 
based on the total volume (or weight) of the separator and 

cathode, which is higher than that (i.e., 18 µAh  cm−3 or 
26 mAh  g−1) obtained with a conventional separator. The 
results showed that the flexible redox-active separator has 
significant advantages over commercial PE separators in 
terms of thermal stability and electrolyte wettability.

In another work, an anode/separator architecture based 
on CuO@graphene and CuO-incorporated PVDF-HFP 
composites was proposed and investigated [251]. The 
architecture had a robust anode–separator interface and 
improved the battery performance due to the enhanced 
interaction between CuO@graphene and the PVDF-HFP/
CuO separator, which shortened the  Li+ diffusion path, 
accelerated electron transport, and mitigated the volume 
change of the oxide anode in the electrochemical reactions. 
Incorporation of 4 wt% CuO into the separator produced 
a 17% enhancement in the overall capacity of the battery.

Liu et  al. fabricated a novel electrospun core–shell 
microfiber separator with thermally triggered FR proper-
ties for LIBs [252]. As shown in Fig. 14, the free-stand-
ing separator is composed of microfibers fabricated by 
electrospinning. During thermal runaway of the LIB, the 
protective polymer shell melts, triggered by the increased 
temperature, and the flame retardant is released, thus effec-
tively suppressing the combustion of the highly flammable 
electrolytes.

Fig. 13  Fabrication and morphological characteristics of a redox-
active separator. a Schematic illustration of the preparation of the 
redox-active separator. b Photographs of the flexible redox-active 

separator. c SEM image of the NCF layer. d SEM image of the PPy-
containing layer. e SEM image of a torn redox-active separator. 
Reproduced with permission [228] Copyright © 2017, WILEY–VCH
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5  Conclusions and Outlook

In this review, we presented a compilation of the recent 
developments in each of the major nonelectroconductive 
components that comprise LIBs. To meet the individual 
functional needs of the battery, each individual component 
of today’s LIBs needs to be optimized in future research. 
While most of the research work has been focused on the 
development of active materials for advanced anodes and 
cathodes, the nonelectroconductive components, such as 
electrolytes, binders, and separators, strongly affect the bat-
tery electrochemical performance. By introducing some 
examples from the literature, we have shown how these 
components affect the performance of LIBs.

Regarding electrolyte development, research shows that 
tremendous progress in solid electrolytes and IL electrolytes 
has been made in recent years. In addition, the importance of 
additives, solvents, and salts to the electrolytes for LIBs has 
been discussed. Additives that modify the SEI and improve 
safety and conductivity have been demonstrated. Current 
efforts directed at improving the performance and safety 
of batteries with appropriate additives to electrolytes have 
been successful, but only a few have been commercialized. 
In the future, more attention should be paid to designing 
novel organic compounds with multifunctional groups in a 
molecule. By using a combination of two or more kinds of 
additives, the SEI layers on the electrodes could be more 
flexible and stabler. With continuous improvements in elec-
trolyte additives, we anticipate that they will play a crucial 
role in the development of next-generation safe and reliable 
rechargeable LIBs.

Technological advances for electrolytes as well as sol-
vents and salts could play an important role in the devel-
opment of next-generation electrolytes for LIBs. A proper 

combination will allow functionality of the battery system. 
For example, adding different SEI-forming additives will 
make PC or g-butyrolactone superior solvents. We have sum-
marized some salts and solvents in this paper for researchers 
to choose the unique one that is most suitable for their sys-
tem. Moreover, the ideal electrolyte could be a combination 
of several electrolytes with multiphase composition, such 
as “liquid + solid-state” or “liquid + solid-state + liquid”. 
The electrolyte should not only provide adequate solubil-
ity and stability for the cathode but also protect the lithium 
metal, blocking catholyte diffusion and inhibiting dendrite 
growth. More attention should be paid to the new concepts, 
such as highly concentrated solutions, high salt-to-solvent 
ratios, and water-in-salt electrolytes, proposed to design new 
electrolytes. To further improve the properties of the current 
electrolytes for LIBs, optimization methods such as varying 
the constituents of the electrolyte, metal salts, solvents, and 
additives and their respective ratios should be further inves-
tigated. In addition, quasi-solid electrolytes with high ionic 
conductivity show an opportunity for the development of 
advanced LIBs. Furthermore, more environmentally friendly 
water-based electrolytes for LIBs have been a subject of 
increased research interest.

On the topic of polymer binders, we included the most 
recent advances reported in the literature, showing various 
binders for anode and cathode electrodes. The binders can 
have a significant negative impact on the electrode perfor-
mance. Whereas most of the polymer binders are PVDF, 
CMC, and PAA, there are more novel and tailored binders 
in the LIB field. The world of polymer chemistry is rich with 
polymers, some of which are even electroconductive, which 
have yet to be tested as binders for electrode materials.

The main role of the separator is to prevent electrical 
contact between the positive and negative electrodes of the 

Fig. 14  Schematic of the “smart” electrospun separator with ther-
mally triggered FR properties for LIBs. a The free-standing separa-
tor is composed of microfibers with a core–shell structure, where the 
flame retardant is the core and the polymer is the shell. The encap-
sulation of the flame retardant inside the protective polymer shell 
prevents direct exposure and dissolution of the flame retardant into 

the electrolyte, preventing the negative effects on the electrochemical 
performance of the battery. b Upon thermal triggering, the polymer 
melts, and then, the encapsulated flame retardant is released into the 
electrolyte, thus effectively suppressing the ignition and burning of 
the electrolyte. Reproduced with permission from AAAS [252]
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battery while serving as an electrolyte reservoir to enable 
ionic transport. The ideal separator should be extremely thin 
with high mechanical strength, be chemically, electrochemi-
cally, and structurally stable, and have a highly porous struc-
ture. Currently, modified microporous polyolefin membranes 
and inorganic substance separators are the most commonly 
used separators for rechargeable LIBs. Additionally, envi-
ronmentally friendly separators have the potential to be very 
important for future separator development. The supramo-
lecular chemistry concept would also be helpful for design-
ing new separators. However, such studies are still in a very 
early stage.

In summary, it is the authors’ opinion that, for near-term 
advancement, the most promising areas of research are 
related to improving the safety of LIBs. The development 
of nonflammable, nontoxic, and environmentally friendly 
electrolytes is of primary importance for achieving this goal. 
The current state-of-the-art carbonate-based electrolytes will 
be replaced by novel nonflammable electrolytes, IL-based 
electrolytes, and solid electrolytes. For long-term improve-
ment, the most promising areas for research are related to 
increasing the specific energy density of the batteries beyond 
500 Wh  kg–1. The development of novel high-voltage elec-
trolytes for advanced LIBs is of crucial importance for 
achieving this long-term goal. Since recently developed 
cathodes have approached their theoretical capacity, increas-
ing the operating voltage is one of the few remaining options 
for increasing the specific energy density. All-fluorinated, 
fluorine-donating, and FSI-structure-like solvent with “full 
fluorosulfonyl” electrolytes is among the most promising 
high-voltage liquid electrolytes, which showed stable opera-
tion at cell voltages of up to 5.2 V and achieved an energy 
density of 480 Wh  kg–1. In addition, binders and separators 
that are stable at higher operating cell voltages have to be 
developed to achieve long cycle life performance.

Last, we would like to emphasize that a good combina-
tion of electrolytes, binders, and separators will have a major 
effect on the LIB performance. This cannot be ignored dur-
ing the future development of LIBs. The goal of this review 
paper is to summarize some of the recent research performed 
on these nonelectroconductive battery components and, 
more importantly, to give the battery community newfound 
insights into this area of research. We hope to inspire future 
critical thoughts, spark discussion, and promote new design-
of-experiments in the LIB research field.

Acknowledgements This work has been partially supported by Mex-
ichem Fluor, Inc. (4161950), General Manager Growth, Fluor Busi-
ness Groups, Boston, MA. The authors would also like to express their 
gratitude to Dr. Haoran Yu and Mr. Piyush Jibhakate for the useful 
discussions related to the content of this review paper.

Author Contributions Jiale Xing wrote the manuscript together with 
input from all other authors.

Funding This work was supported by Mexichem Fluor, Inc. (4161950).

Data Availability Additional data related to this paper may be requested 
from the authors.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Li, M., Lu, J., Chen, Z.W., et al.: 30 years of lithium-ion batteries. 
Adv. Mater. 30, 1800561 (2018). https:// doi. org/ 10. 1002/ adma. 
20180 0561

 2. Li, H., Peng, L., Wu, D.B., et al.: Ultrahigh-capacity and fire-
resistant  LiFePO4-based composite cathodes for advanced lith-
ium-ion batteries. Adv. Energy Mater. 9, 1802930 (2019). https:// 
doi. org/ 10. 1002/ aenm. 20180 2930

 3. Kim, T., Song, W.T., Son, D.Y., et al.: Lithium-ion batteries: 
outlook on present, future, and hybridized technologies. J. Mater. 
Chem. A 7, 2942–2964 (2019). https:// doi. org/ 10. 1039/ C8TA1 
0513H

 4. Kwak, W.J., Rosy, Sharon, D., et al.: Lithium-oxygen batteries 
and related systems: potential, status, and future. Chem. Rev. 
120, 6626–6683 (2020). https:// doi. org/ 10. 1021/ acs. chemr ev. 
9b006 09

 5. Zhang, H., Eshetu, G.G., Judez, X., et al.: Electrolyte additives 
for lithium metal anodes and rechargeable lithium metal bat-
teries: progress and perspectives. Angew. Chem. Int. Ed. 57, 
15002–15027 (2018). https:// doi. org/ 10. 1002/ anie. 20171 2702

 6. Fan, E.S., Li, L., Wang, Z.P., et al.: Sustainable recycling tech-
nology for Li-ion batteries and beyond: challenges and future 
prospects. Chem. Rev. 120, 7020–7063 (2020). https:// doi. org/ 
10. 1021/ acs. chemr ev. 9b005 35

 7. Scrosati, B., Garche, J.: Lithium batteries: status, prospects and 
future. J. Power Sources 195, 2419–2430 (2010). https:// doi. org/ 
10. 1016/j. jpows our. 2009. 11. 048

 8. Nitta, N., Wu, F.X., Lee, J.T., et al.: Li-ion battery materials: 
present and future. Mater. Today 18, 252–264 (2015). https:// 
doi. org/ 10. 1016/j. mattod. 2014. 10. 040

 9. Rojaee, R., Shahbazian-Yassar, R.: Two-dimensional materials to 
address the lithium battery challenges. ACS Nano 14, 2628–2658 
(2020). https:// doi. org/ 10. 1021/ acsna no. 9b083 96

 10. Zhang, Y.Q., Tao, L., Xie, C., et al.: Defect engineering on 
electrode materials for rechargeable batteries. Adv. Mater. 32, 
1905923 (2020). https:// doi. org/ 10. 1002/ adma. 20190 5923

 11. Liu, Y., Lin, X.J., Sun, Y.G., et al.: Precise surface engineering of 
cathode materials for improved stability of lithium-ion batteries. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1002/adma.201800561
https://doi.org/10.1002/aenm.201802930
https://doi.org/10.1002/aenm.201802930
https://doi.org/10.1039/C8TA10513H
https://doi.org/10.1039/C8TA10513H
https://doi.org/10.1021/acs.chemrev.9b00609
https://doi.org/10.1021/acs.chemrev.9b00609
https://doi.org/10.1002/anie.201712702
https://doi.org/10.1021/acs.chemrev.9b00535
https://doi.org/10.1021/acs.chemrev.9b00535
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1016/j.mattod.2014.10.040
https://doi.org/10.1021/acsnano.9b08396
https://doi.org/10.1002/adma.201905923


 Electrochemical Energy Reviews (2022) 5:14

1 3

14 Page 26 of 34

Small 15, 1901019 (2019). https:// doi. org/ 10. 1002/ smll. 20190 
1019

 12. Gómez Urbano, J.L., Enterría, M., Monterrubio, I., et al.: An 
overview of engineered graphene-based cathodes: boosting oxy-
gen reduction and evolution reactions in lithium- and sodium-
oxygen batteries. Chemsuschem 13, 1203–1225 (2020). https:// 
doi. org/ 10. 1002/ cssc. 20190 2972

 13. Bommier, C., Ji, X.L.: Electrolytes, SEI formation, and binders: 
a review of nonelectrode factors for sodium-ion battery anodes. 
Small 14, 1703576 (2018). https:// doi. org/ 10. 1002/ smll. 20170 
3576

 14. Zhang, T., Paillard, E.: Recent advances toward high voltage, 
EC-free electrolytes for graphite-based Li-ion battery. Front. 
Chem. Sci. Eng. 12, 577–591 (2018). https:// doi. org/ 10. 1007/ 
s11705- 018- 1758-z

 15. Wang, Q.S., Jiang, L.H., Yu, Y., et al.: Progress of enhancing the 
safety of lithium ion battery from the electrolyte aspect. Nano 
Energy 55, 93–114 (2019). https:// doi. org/ 10. 1016/j. nanoen. 
2018. 10. 035

 16. van Ree, T.: Electrolyte additives for improved lithium-ion bat-
tery performance and overcharge protection. Curr. Opin. Electro-
chem. 21, 22–30 (2020). https:// doi. org/ 10. 1016/j. coelec. 2020. 
01. 001

 17. Kim, K., Ma, H., Park, S., et al.: Electrolyte-additive-driven 
interfacial engineering for high-capacity electrodes in lithium-
ion batteries: promise and challenges. ACS Energy Lett. 5, 1537–
1553 (2020). https:// doi. org/ 10. 1021/ acsen ergyl ett. 0c004 68

 18. Yuan, M.Q., Liu, K.: Rational design on separators and liquid 
electrolytes for safer lithium-ion batteries. J. Energy Chem. 43, 
58–70 (2020). https:// doi. org/ 10. 1016/j. jechem. 2019. 08. 008

 19. Francis, C.F.J., Kyratzis, I.L., Best, A.S.: Lithium-ion battery 
separators for ionic-liquid electrolytes: a review. Adv. Mater. 32, 
1904205 (2020). https:// doi. org/ 10. 1002/ adma. 20190 4205

 20. Zhou, D., Shanmukaraj, D., Tkacheva, A., et al.: Polymer electro-
lytes for lithium-based batteries: advances and prospects. Chem 
5, 2326–2352 (2019). https:// doi. org/ 10. 1016/j. chempr. 2019. 05. 
009

 21. Zhu, G.L., Zhao, C.Z., Huang, J.Q., et al.: Fast charging lith-
ium batteries: recent progress and future prospects. Small 15, 
1805389 (2019). https:// doi. org/ 10. 1002/ smll. 20180 5389

 22. Diederichsen, K.M., Fong, K.D., Terrell, R.C., et al.: Investiga-
tion of solvent type and salt addition in high transference number 
nonaqueous polyelectrolyte solutions for lithium ion batteries. 
Macromolecules 51, 8761–8771 (2018). https:// doi. org/ 10. 1021/ 
acs. macro mol. 8b016 96

 23. Lee, H., Oh, P., Kim, J., et al.: Advances and prospects of sulfide 
all-solid-state lithium batteries via one-to-one comparison 
with conventional liquid lithium ion batteries. Adv. Mater. 31, 
1900376 (2019). https:// doi. org/ 10. 1002/ adma. 20190 0376

 24. Liu, K., Liu, Y., Lin, D., et al.: Materials for lithium-ion battery 
safety. Sci. Adv. 4, eaas9820 (2018). https:// doi. org/ 10. 1126/ sci-
adv. aas98 20

 25. Zhang, C.C., Feng, Y.Z., Han, Z., et al.: Electrochemical and 
structural analysis in all-solid-state lithium batteries by analytical 
electron microscopy: progress and perspectives. Adv. Mater. 32, 
1903747 (2020). https:// doi. org/ 10. 1002/ adma. 20190 3747

 26. Xu, R.C., Zhang, S.Z., Wang, X.L., et  al.: Recent develop-
ments of all-solid-state lithium secondary batteries with sulfide 
inorganic electrolytes. Chem. A Eur. J. 24, 6007–6018 (2018). 
https:// doi. org/ 10. 1002/ chem. 20170 4568

 27. Li, S., Zhang, S.Q., Shen, L., et al.: Progress and perspective of 
ceramic/polymer composite solid electrolytes for lithium batter-
ies. Adv. Sci. 7, 1903088 (2020). https:// doi. org/ 10. 1002/ advs. 
20190 3088

 28. Song, J.Y., Wang, Y.Y., Wan, C.C.: Review of gel-type poly-
mer electrolytes for lithium-ion batteries. J. Power Sourc. 77, 

183–197 (1999). https:// doi. org/ 10. 1016/ S0378- 7753(98) 
00193-1

 29. Lewandowski, A., Świderska-Mocek, A.: Ionic liquids as elec-
trolytes for Li-ion batteries—an overview of electrochemical 
studies. J. Power Sourc. 194, 601–609 (2009). https:// doi. org/ 
10. 1016/j. jpows our. 2009. 06. 089

 30. Choi, J., Kim, K., Jeong, J., et al.: Highly adhesive and solu-
ble copolyimide binder: improving the long-term cycle life 
of silicon anodes in lithium-ion batteries. ACS Appl. Mater. 
Interfaces 7, 14851–14858 (2015). https:// doi. org/ 10. 1021/ 
acsami. 5b033 64

 31. Heidari, A.A., Mahdavi, H.: Recent development of polyolefin-
based microporous separators for Li-ion batteries: a review. 
Chem. Rec. 20, 570–595 (2020). https:// doi. org/ 10. 1002/ tcr. 
20190 0054

 32. Zeng, Z.Q., Murugesan, V., Han, K.S., et al.: Non-flammable 
electrolytes with high salt-to-solvent ratios for Li-ion and Li-
metal batteries. Nat. Energy 3, 674–681 (2018). https:// doi. org/ 
10. 1038/ s41560- 018- 0196-y

 33. Zhang, S.S.: A review on electrolyte additives for lithium-ion 
batteries. J. Power Sources 162, 1379–1394 (2006). https:// doi. 
org/ 10. 1016/j. jpows our. 2006. 07. 074

 34. Xu, G.J., Pang, C.G., Chen, B.B., et al.: Prescribing functional 
additives for treating the poor performances of high-voltage (5 
V-class)  LiNi0.5Mn1.5O4/MCMB Li-ion batteries. Adv. Energy 
Mater. 8, 1701398 (2018). https:// doi. org/ 10. 1002/ aenm. 20170 
1398

 35. Zhao, H.J., Yu, X.Q., Li, J.D., et al.: Film-forming electrolyte 
additives for rechargeable lithium-ion batteries: progress and 
outlook. J. Mater. Chem. A 7, 8700–8722 (2019). https:// doi. 
org/ 10. 1039/ c9ta0 0126c

 36. Pervez, S.A., Cambaz, M.A., Thangadurai, V., et al.: Interface 
in solid-state lithium battery: challenges, progress, and outlook. 
ACS Appl. Mater. Interfaces 11, 22029–22050 (2019). https:// 
doi. org/ 10. 1021/ acsami. 9b026 75

 37. Walton, J.J., Hiasa, T., Kumita, H., et al.: Fluorocyanoesters as 
additives for lithium-ion battery electrolytes. ACS Appl. Mater. 
Interfaces 12, 15893–15902 (2020). https:// doi. org/ 10. 1021/ 
acsami. 9b230 28

 38. Haregewoin, A.M., Wotango, A.S., Hwang, B.J.: Electrolyte 
additives for lithium ion battery electrodes: progress and per-
spectives. Energy Environ. Sci. 9, 1955–1988 (2016). https:// 
doi. org/ 10. 1039/ c6ee0 0123h

 39. Song, H.W., Su, J., Wang, C.X.: In  situ subangstrom-thick 
organic engineering enables mono-scale, ultrasmall ZnO 
nanocrystals for a high initial Coulombic efficiency, fully revers-
ible conversion, and cycle-stable Li-ion storage. Adv. Energy 
Mater. 9, 1900426 (2019). https:// doi. org/ 10. 1002/ aenm. 20190 
0426

 40. Jankowski, P., Lindahl, N., Weidow, J., et al.: Impact of sulfur-
containing additives on lithium-ion battery performance: from 
computational predictions to full-cell assessments. ACS Appl. 
Energy Mater. 1, 2582–2591 (2018). https:// doi. org/ 10. 1021/ 
acsaem. 8b002 95

 41. Park, G., Nakamura, H., Lee, Y., et al.: The important role of 
additives for improved lithium ion battery safety. J. Power Sourc. 
189, 602–606 (2009). https:// doi. org/ 10. 1016/j. jpows our. 2008. 
09. 088

 42. Li, B., Xu, M.Q., Li, B.Z., et al.: Properties of solid electrolyte 
interphase formed by prop-1-ene-1,3-sultone on graphite anode 
of Li-ion batteries. Electrochim. Acta 105, 1–6 (2013). https:// 
doi. org/ 10. 1016/j. elect acta. 2013. 04. 142

 43. Chen, M., Li, C.H., Fu, X.W., et al.: Let it catch: a short-branched 
protein for efficiently capturing polysulfides in lithium-sulfur bat-
teries. Adv. Energy Mater. 10, 1903642 (2020). https:// doi. org/ 
10. 1002/ aenm. 20190 3642

https://doi.org/10.1002/smll.201901019
https://doi.org/10.1002/smll.201901019
https://doi.org/10.1002/cssc.201902972
https://doi.org/10.1002/cssc.201902972
https://doi.org/10.1002/smll.201703576
https://doi.org/10.1002/smll.201703576
https://doi.org/10.1007/s11705-018-1758-z
https://doi.org/10.1007/s11705-018-1758-z
https://doi.org/10.1016/j.nanoen.2018.10.035
https://doi.org/10.1016/j.nanoen.2018.10.035
https://doi.org/10.1016/j.coelec.2020.01.001
https://doi.org/10.1016/j.coelec.2020.01.001
https://doi.org/10.1021/acsenergylett.0c00468
https://doi.org/10.1016/j.jechem.2019.08.008
https://doi.org/10.1002/adma.201904205
https://doi.org/10.1016/j.chempr.2019.05.009
https://doi.org/10.1016/j.chempr.2019.05.009
https://doi.org/10.1002/smll.201805389
https://doi.org/10.1021/acs.macromol.8b01696
https://doi.org/10.1021/acs.macromol.8b01696
https://doi.org/10.1002/adma.201900376
https://doi.org/10.1126/sciadv.aas9820
https://doi.org/10.1126/sciadv.aas9820
https://doi.org/10.1002/adma.201903747
https://doi.org/10.1002/chem.201704568
https://doi.org/10.1002/advs.201903088
https://doi.org/10.1002/advs.201903088
https://doi.org/10.1016/S0378-7753(98)00193-1
https://doi.org/10.1016/S0378-7753(98)00193-1
https://doi.org/10.1016/j.jpowsour.2009.06.089
https://doi.org/10.1016/j.jpowsour.2009.06.089
https://doi.org/10.1021/acsami.5b03364
https://doi.org/10.1021/acsami.5b03364
https://doi.org/10.1002/tcr.201900054
https://doi.org/10.1002/tcr.201900054
https://doi.org/10.1038/s41560-018-0196-y
https://doi.org/10.1038/s41560-018-0196-y
https://doi.org/10.1016/j.jpowsour.2006.07.074
https://doi.org/10.1016/j.jpowsour.2006.07.074
https://doi.org/10.1002/aenm.201701398
https://doi.org/10.1002/aenm.201701398
https://doi.org/10.1039/c9ta00126c
https://doi.org/10.1039/c9ta00126c
https://doi.org/10.1021/acsami.9b02675
https://doi.org/10.1021/acsami.9b02675
https://doi.org/10.1021/acsami.9b23028
https://doi.org/10.1021/acsami.9b23028
https://doi.org/10.1039/c6ee00123h
https://doi.org/10.1039/c6ee00123h
https://doi.org/10.1002/aenm.201900426
https://doi.org/10.1002/aenm.201900426
https://doi.org/10.1021/acsaem.8b00295
https://doi.org/10.1021/acsaem.8b00295
https://doi.org/10.1016/j.jpowsour.2008.09.088
https://doi.org/10.1016/j.jpowsour.2008.09.088
https://doi.org/10.1016/j.electacta.2013.04.142
https://doi.org/10.1016/j.electacta.2013.04.142
https://doi.org/10.1002/aenm.201903642
https://doi.org/10.1002/aenm.201903642


Electrochemical Energy Reviews (2022) 5:14 

1 3

Page 27 of 34 14

 44. Hu, Y., Chen, W., Lei, T., et al.: Strategies toward high-loading 
lithium-sulfur battery. Adv. Energy Mater. 10, 2000082 (2020). 
https:// doi. org/ 10. 1002/ aenm. 20200 0082

 45. Han, Y.K., Yoo, J., Jung, J.: Reductive decomposition mechanism 
of prop-1-ene-1,3-sultone in the formation of a solid-electrolyte 
interphase on the anode of a lithium-ion battery. J. Phys. Chem. 
C 120, 28390–28397 (2016). https:// doi. org/ 10. 1021/ acs. jpcc. 
6b075 25

 46. Zhang, M., Chen, W., Xue, L., et al.: Adsorption-catalysis design 
in the lithium-sulfur battery. Adv. Energy Mater. 10, 1903008 
(2020). https:// doi. org/ 10. 1002/ aenm. 20190 3008

 47. Tan, S., Ji, Y.J., Zhang, Z.R., et al.: Recent progress in research 
on high-voltage electrolytes for lithium-ion batteries. ChemP-
hysChem 15, 1956–1969 (2014). https:// doi. org/ 10. 1002/ cphc. 
20140 2175

 48. Kim, Y.S., Lee, H., Song, H.K.: Surface complex formation 
between aliphatic nitrile molecules and transition metal atoms 
for thermally stable lithium-ion batteries. ACS Appl. Mater. 
Interfaces 6, 8913–8920 (2014). https:// doi. org/ 10. 1021/ am501 
671p

 49. Ji, Y.J., Li, S.G., Zhong, G.M., et al.: Synergistic effects of suber-
onitrile-LiBOB binary additives on the electrochemical perfor-
mance of high-voltage  LiCoO2 electrodes. J. Electrochem. Soc. 
162, A7015–A7023 (2015). https:// doi. org/ 10. 1149/2. 00415 13jes

 50. de Juan, L.M.Z., Maggay, I.V.B., Nguyen, M.T., et al.: Β-Sn 
nanorods with active (001) tip induced LiF-rich SEI layer for 
stable anode material in lithium ion battery. ACS Appl. Nano 
Mater. 1, 3509–3519 (2018). https:// doi. org/ 10. 1021/ acsanm. 
8b006 64

 51. Chu, F.L., Hu, J.L., Wu, C.L., et al.: Metal–organic frameworks 
as electrolyte additives to enable ultrastable plating/stripping of 
Li anode with dendrite inhibition. ACS Appl. Mater. Interfaces 
11, 3869–3879 (2019). https:// doi. org/ 10. 1021/ acsami. 8b179 24

 52. Sun, H.H., Ryu, H.H., Kim, U.H., et al.: Beyond doping and 
coating: prospective strategies for stable high-capacity layered 
Ni-rich cathodes. ACS Energy Lett. 5, 1136–1146 (2020). https:// 
doi. org/ 10. 1021/ acsen ergyl ett. 0c001 91

 53. Lee, J.I., Shin, M., Hong, D., et al.: Efficient Li-ion-conductive 
layer for the realization of highly stable high-voltage and high-
capacity lithium metal batteries. Adv. Energy Mater. 9, 1803722 
(2019). https:// doi. org/ 10. 1002/ aenm. 20180 3722

 54. Feng, K., Li, M., Liu, W.W., et al.: Silicon-based anodes for 
lithium-ion batteries: from fundamentals to practical applica-
tions. Small 14, 1702737 (2018). https:// doi. org/ 10. 1002/ smll. 
20170 2737

 55. Hy, S., Chen, Y.H., Cheng, H.M., et al.: Stabilizing nanosized Si 
anodes with the synergetic usage of atomic layer deposition and 
electrolyte additives for Li-ion batteries. ACS Appl. Mater. Inter-
faces 7, 13801–13807 (2015). https:// doi. org/ 10. 1021/ acsami. 
5b018 53

 56. Choi, N.S., Yew, K.H., Lee, K.Y., et al.: Effect of fluoroethylene 
carbonate additive on interfacial properties of silicon thin-film 
electrode. J. Power Sources 161, 1254–1259 (2006). https:// doi. 
org/ 10. 1016/j. jpows our. 2006. 05. 049

 57. Han, G.B., Ryou, M.H., Cho, K.Y., et al.: Effect of succinic anhy-
dride as an electrolyte additive on electrochemical characteristics 
of silicon thin-film electrode. J. Power Sourc. 195, 3709–3714 
(2010). https:// doi. org/ 10. 1016/j. jpows our. 2009. 11. 142

 58. Yang, Y., Wang, Z.X., Yan, G.C., et al.: Pitch carbon and LiF 
co-modified Si-based anode material for lithium ion batteries. 
Ceram. Int. 43, 8590–8595 (2017). https:// doi. org/ 10. 1016/j. 
ceram int. 2017. 03. 125

 59. Roy, K., Wahid, M., Puthusseri, D., et al.: High capacity, power 
density and cycling stability of silicon Li-ion battery anodes with 
a few layer black phosphorus additive. Sustain. Energy Fuels 3, 
245–250 (2019). https:// doi. org/ 10. 1039/ c8se0 0476e

 60. Kwon, H.T., Lee, C.K., Jeon, K.J., et al.: Silicon diphosphide: 
a Si-based three-dimensional crystalline framework as a high-
performance Li-ion battery anode. ACS Nano 10, 5701–5709 
(2016). https:// doi. org/ 10. 1021/ acsna no. 6b027 27

 61. Li, Z.D., Zhang, Y.C., Xiang, H.F., et al.: Trimethyl phosphite 
as an electrolyte additive for high-voltage lithium-ion batteries 
using lithium-rich layered oxide cathode. J. Power Sourc. 240, 
471–475 (2013). https:// doi. org/ 10. 1016/j. jpows our. 2013. 04. 038

 62. Feng, Y.Y., Zhang, C.F., Li, B., et al.: Low-volume-change, den-
drite-free lithium metal anodes enabled by lithophilic 3D matrix 
with LiF-enriched surface. J. Mater. Chem. A 7, 6090–6098 
(2019). https:// doi. org/ 10. 1039/ c8ta1 0779c

 63. Choudhury, S., Archer, L.A.: Lithium fluoride additives for stable 
cycling of lithium batteries at high current densities. Adv. Elec-
tron. Mater. 2, 1500246 (2016). https:// doi. org/ 10. 1002/ aelm. 
20150 0246

 64. Yuan, Y.X., Wu, F., Bai, Y., et al.: Regulating Li deposition by 
constructing LiF-rich host for dendrite-free lithium metal anode. 
Energy Storage Mater. 16, 411–418 (2019). https:// doi. org/ 10. 
1016/j. ensm. 2018. 06. 022

 65. Xie, J., Liao, L., Gong, Y.J., et al.: Stitching h-BN by atomic 
layer deposition of LiF as a stable interface for lithium metal 
anode. Sci. Adv. 3, eaao3170 (2017). https:// doi. org/ 10. 1126/ 
sciadv. aao31 70

 66. Wu, Q.L., Lu, W.Q., Miranda, M., et al.: Effects of lithium 
difluoro(oxalate)borate on the performance of Li-rich compos-
ite cathode in Li-ion battery. Electrochem. Commun. 24, 78–81 
(2012). https:// doi. org/ 10. 1016/j. elecom. 2012. 08. 016

 67. Pires, J., Castets, A., Timperman, L., et al.: Tris(2,2,2-trifluoro-
ethyl) phosphite as an electrolyte additive for high-voltage 
lithium-ion batteries using lithium-rich layered oxide cathode. 
J. Power Sourc. 296, 413–425 (2015). https:// doi. org/ 10. 1016/j. 
jpows our. 2015. 07. 065

 68. Rong, H.B., Xu, M.Q., Xie, B.Y., et al.: Performance improve-
ment of graphite/LiNi0.4Co0.2Mn0.4O2 battery at high voltage 
with added tris (trimethylsilyl) phosphate. J. Power Sourc. 274, 
1155–1161 (2015). https:// doi. org/ 10. 1016/j. jpows our. 2014. 10. 
123

 69. Gu, Y., Zhang, X.J., Lu, S.G., et al.: High rate performance of 
LiF modified  LiFePO4/C cathode material. Solid State Ionics 
269, 30–36 (2015). https:// doi. org/ 10. 1016/j. ssi. 2014. 11. 007

 70. Sun, Y.M., Lee, H.W., Zheng, G.Y., et al.: In situ chemical syn-
thesis of lithium fluoride/metal nanocomposite for high capac-
ity prelithiation of cathodes. Nano Lett. 16, 1497–1501 (2016). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 5b052 28

 71. Li, Q., Wu, Y.Q., Wang, Z.M., et al.: Carbon nanotubes coupled 
with metal ion diffusion layers stabilize oxide conversion reac-
tions in high-voltage lithium-ion batteries. ACS Appl. Mater. 
Interfaces 12, 16276–16285 (2020). https:// doi. org/ 10. 1021/ 
acsami. 9b221 75

 72. Choudhury, S., Tu, Z., Nijamudheen, A., et al.: Stabilizing poly-
mer electrolytes in high-voltage lithium batteries. Nat. Commun. 
10, 3091 (2019). https:// doi. org/ 10. 1038/ s41467- 019- 11015-0

 73. Mai, S.W., Xu, M.Q., Liao, X.L., et al.: Improving cyclic stability 
of lithium nickel manganese oxide cathode at elevated tempera-
ture by using dimethyl phenylphosphonite as electrolyte additive. 
J. Power Sourc. 273, 816–822 (2015). https:// doi. org/ 10. 1016/j. 
jpows our. 2014. 09. 171

 74. Zhang, Z.C., Hu, L.B., Wu, H.M., et al.: Fluorinated electrolytes 
for 5 V lithium-ion battery chemistry. Energy Environ. Sci. 6, 
1806–1810 (2013). https:// doi. org/ 10. 1039/ c3ee2 4414h

 75. Guo, R.H., Lai, X.X., Huang, J.W., et al.: Phosphate-based elec-
trocatalysts for water splitting: recent progress. ChemElectro-
Chem 5, 3822–3834 (2018). https:// doi. org/ 10. 1002/ celc. 20180 
0996

https://doi.org/10.1002/aenm.202000082
https://doi.org/10.1021/acs.jpcc.6b07525
https://doi.org/10.1021/acs.jpcc.6b07525
https://doi.org/10.1002/aenm.201903008
https://doi.org/10.1002/cphc.201402175
https://doi.org/10.1002/cphc.201402175
https://doi.org/10.1021/am501671p
https://doi.org/10.1021/am501671p
https://doi.org/10.1149/2.0041513jes
https://doi.org/10.1021/acsanm.8b00664
https://doi.org/10.1021/acsanm.8b00664
https://doi.org/10.1021/acsami.8b17924
https://doi.org/10.1021/acsenergylett.0c00191
https://doi.org/10.1021/acsenergylett.0c00191
https://doi.org/10.1002/aenm.201803722
https://doi.org/10.1002/smll.201702737
https://doi.org/10.1002/smll.201702737
https://doi.org/10.1021/acsami.5b01853
https://doi.org/10.1021/acsami.5b01853
https://doi.org/10.1016/j.jpowsour.2006.05.049
https://doi.org/10.1016/j.jpowsour.2006.05.049
https://doi.org/10.1016/j.jpowsour.2009.11.142
https://doi.org/10.1016/j.ceramint.2017.03.125
https://doi.org/10.1016/j.ceramint.2017.03.125
https://doi.org/10.1039/c8se00476e
https://doi.org/10.1021/acsnano.6b02727
https://doi.org/10.1016/j.jpowsour.2013.04.038
https://doi.org/10.1039/c8ta10779c
https://doi.org/10.1002/aelm.201500246
https://doi.org/10.1002/aelm.201500246
https://doi.org/10.1016/j.ensm.2018.06.022
https://doi.org/10.1016/j.ensm.2018.06.022
https://doi.org/10.1126/sciadv.aao3170
https://doi.org/10.1126/sciadv.aao3170
https://doi.org/10.1016/j.elecom.2012.08.016
https://doi.org/10.1016/j.jpowsour.2015.07.065
https://doi.org/10.1016/j.jpowsour.2015.07.065
https://doi.org/10.1016/j.jpowsour.2014.10.123
https://doi.org/10.1016/j.jpowsour.2014.10.123
https://doi.org/10.1016/j.ssi.2014.11.007
https://doi.org/10.1021/acs.nanolett.5b05228
https://doi.org/10.1021/acsami.9b22175
https://doi.org/10.1021/acsami.9b22175
https://doi.org/10.1038/s41467-019-11015-0
https://doi.org/10.1016/j.jpowsour.2014.09.171
https://doi.org/10.1016/j.jpowsour.2014.09.171
https://doi.org/10.1039/c3ee24414h
https://doi.org/10.1002/celc.201800996
https://doi.org/10.1002/celc.201800996


 Electrochemical Energy Reviews (2022) 5:14

1 3

14 Page 28 of 34

 76. Kalhoff, J., Eshetu, G.G., Bresser, D., et al.: Safer electrolytes for 
lithium-ion batteries: state of the art and perspectives. Chemsu-
schem 8, 2154–2175 (2015). https:// doi. org/ 10. 1002/ cssc. 20150 
0284

 77. Dahn, J.R., Jiang, J.W., Moshurchak, L.M., et al.: High-rate 
overcharge protection of  LiFePO4-based Li-ion cells using the 
redox shuttle additive 2,5-ditertbutyl-1,4-dimethoxybenzene. J. 
Electrochem. Soc. 152, A1283 (2005). https:// doi. org/ 10. 1149/1. 
19060 25

 78. Moshurchak, L.M., Lamanna, W.M., Bulinski, M., et al.: High-
potential redox shuttle for use in lithium-ion batteries. J. Elec-
trochem. Soc. 156, A309 (2009). https:// doi. org/ 10. 1149/1. 
30775 78

 79. Abe, K., Ushigoe, Y., Yoshitake, H., et al.: Functional electro-
lytes: novel type additives for cathode materials, providing high 
cycleability performance. J. Power Sourc. 153, 328–335 (2006). 
https:// doi. org/ 10. 1016/j. jpows our. 2005. 05. 067

 80. Diederichsen, K.M., McShane, E.J., McCloskey, B.D.: Promising 
routes to a high  Li+ transference number electrolyte for lithium 
ion batteries. ACS Energy Lett. 2, 2563–2575 (2017). https:// doi. 
org/ 10. 1021/ acsen ergyl ett. 7b007 92

 81. Kalita, M., Bukat, M., Ciosek, M., et al.: Effect of calixpyrrole in 
PEO-LiBF4 polymer electrolytes. Electrochim. Acta 50, 3942–
3948 (2005). https:// doi. org/ 10. 1016/j. elect acta. 2005. 02. 067

 82. Liu, Q.Y., Yang, G.J., Liu, S., et al.: Trimethyl borate as film-
forming electrolyte additive to improve high-voltage perfor-
mances. ACS Appl. Mater. Interfaces 11, 17435–17443 (2019). 
https:// doi. org/ 10. 1021/ acsami. 9b034 17

 83. Li, X.L., Kang, F.Y., Shen, W.C.: Multiwalled carbon nanotubes 
as a conducting additive in a  LiNi0.7Co0.3O2 cathode for recharge-
able lithium batteries. Carbon 44, 1334–1336 (2006). https:// doi. 
org/ 10. 1016/j. carbon. 2005. 12. 017

 84. Zhang, B., Liu, Y.S., Huang, Z.D., et  al.: Urchin-like 
 Li4Ti5O12-carbon nanofiber composites for high rate performance 
anodes in Li-ion batteries. J. Mater. Chem. 22, 12133–12140 
(2012). https:// doi. org/ 10. 1039/ c2jm3 1308a

 85. Shen, L.F., Yuan, C.Z., Luo, H.J., et  al.: In  situ growth of 
 Li4Ti5O12 on multi-walled carbon nanotubes: novel coaxial nan-
ocables for high rate lithium ion batteries. J. Mater. Chem. 21, 
761–767 (2011). https:// doi. org/ 10. 1039/ c0jm0 2316g

 86. Zhang, B., Yu, Y., Liu, Y.S., et al.: Percolation threshold of gra-
phene nanosheets as conductive additives in  Li4Ti5O12 anodes of 
Li-ion batteries. Nanoscale 5, 2100–2106 (2013). https:// doi. org/ 
10. 1039/ c2nr3 3099g

 87. Suresh, S., Wu, Z.P., Bartolucci, S.F., et al.: Protecting silicon 
film anodes in lithium-ion batteries using an atomically thin gra-
phene drape. ACS Nano 11, 5051–5061 (2017). https:// doi. org/ 
10. 1021/ acsna no. 7b017 80

 88. Jeong, M.-G., Du, H.L., Islam, M., et al.: Self-rearrangement of 
silicon nanoparticles embedded in micro-carbon sphere frame-
work for high-energy and long-life lithium-ion batteries. Nano 
Lett. 17, 5600–5606 (2017). https:// doi. org/ 10. 1021/ acs. nanol ett. 
7b024 33

 89. Eshetu, G.G., Diemant, T., Hekmatfar, M., et al.: Impact of the 
electrolyte salt anion on the solid electrolyte interphase forma-
tion in sodium ion batteries. Nano Energy 55, 327–340 (2019). 
https:// doi. org/ 10. 1016/j. nanoen. 2018. 10. 040

 90. Zhou, H.M., Xiao, K.W., Li, J.: Lithium difluoro(oxalate)borate 
and  LiBF4 blend salts electrolyte for  LiNi0.5Mn1.5O4 cathode 
material. J. Power Sourc. 302, 274–282 (2016). https:// doi. org/ 
10. 1016/j. jpows our. 2015. 10. 073

 91. Ma, T.Y., Xu, G.L., Li, Y., et al.: Revisiting the corrosion of 
the aluminum current collector in lithium-ion batteries. J. Phys. 
Chem. Lett. 8, 1072–1077 (2017). https:// doi. org/ 10. 1021/ acs. 
jpcle tt. 6b029 33

 92. Ravdel, B., Abraham, K.M., Gitzendanner, R., et al.: Thermal 
stability of lithium-ion battery electrolytes. J. Power Sourc. 
119(120/121), 805–810 (2003). https:// doi. org/ 10. 1016/ S0378- 
7753(03) 00257-X

 93. Lang, S.Y., Xiao, R.J., Gu, L., et al.: Interfacial mechanism in 
lithium-sulfur batteries: how salts mediate the structure evolu-
tion and dynamics. J. Am. Chem. Soc. 140, 8147–8155 (2018). 
https:// doi. org/ 10. 1021/ jacs. 8b020 57

 94. Zhang, S.S., Xu, K., Jow, T.R.: An improved electrolyte for the 
 LiFePO4 cathode working in a wide temperature range. J. Power 
Sourc. 159, 702–707 (2006). https:// doi. org/ 10. 1016/j. jpows our. 
2005. 11. 042

 95. Mohamedi, M., Takahashi, D., Itoh, T., et al.: Electrochemical 
stability of thin film  LiMn2O4 cathode in organic electrolyte solu-
tions with different compositions at 55 °C. Electrochim. Acta 
47, 3483–3489 (2002). https:// doi. org/ 10. 1016/ S0013- 4686(02) 
00285-2

 96. Zhang, S.S., Xu, K., Jow, T.R.: Study of  LiBF4 as an electrolyte 
salt for a Li-ion battery. J. Electrochem. Soc. 149, A586 (2002). 
https:// doi. org/ 10. 1149/1. 14668 57

 97. Takami, N., Ohsaki, T., Hasebe, H., et al.: Laminated thin Li-ion 
batteries using a liquid electrolyte. J. Electrochem. Soc. 149, A9 
(2002). https:// doi. org/ 10. 1149/1. 14207 04

 98. Ellis, L.D., Hill, I.G., Gering, K.L., et al.: Synergistic effect of 
 LiPF6 and  LiBF4 as electrolyte salts in lithium-ion cells. J. Elec-
trochem. Soc. 164, A2426–A2433 (2017). https:// doi. org/ 10. 
1149/2. 08117 12jes

 99. Campion, C.L., Li, W.T., Euler, W.B., et al.: Suppression of toxic 
compounds produced in the decomposition of lithium-ion bat-
tery electrolytes. Electrochem. Solid-State Lett. 7, A194 (2004). 
https:// doi. org/ 10. 1149/1. 17385 51

 100. Behl, W.K.: Anodic oxidation of lithium bromide in tetrahydro-
furan solutions. J. Electrochem. Soc. 136, 2305–2310 (1989). 
https:// doi. org/ 10. 1149/1. 20973 15

 101. Lee, Y.G., Cho, J.: 3-Chloroanisole for overcharge protection of 
a Li-ion cell. Electrochim. Acta 52, 7404–7408 (2007). https:// 
doi. org/ 10. 1016/j. elect acta. 2007. 06. 032

 102. Gnanaraj, J.S., Zinigrad, E., Levi, M.D., et al.: A comparison 
among  LiPF6,  LiPF3(CF2CF3)3 (LiFAP), and LiN(SO2CF2CF3)2 
(LiBETI) solutions: electrochemical and thermal studies. J. 
Power Sourc. 119(120/121), 799–804 (2003). https:// doi. org/ 
10. 1016/ S0378- 7753(03) 00256-8

 103. Dougassa, Y.R., Jacquemin, J., El Ouatani, L., et al.: Viscosity 
and carbon dioxide solubility for  LiPF6, LiTFSI, and LiFAP in 
alkyl carbonates: lithium salt nature and concentration effect. J. 
Phys. Chem. B 118, 3973–3980 (2014). https:// doi. org/ 10. 1021/ 
jp500 063c

 104. Wang, J., Yamada, Y., Sodeyama, K., et al.: Superconcentrated 
electrolytes for a high-voltage lithium-ion battery. Nat. Commun. 
7, 12032 (2016). https:// doi. org/ 10. 1038/ ncomm s12032

 105. Xu, K.: Nonaqueous liquid electrolytes for lithium-based 
rechargeable batteries. Chem. Rev. 104, 4303–4418 (2004). 
https:// doi. org/ 10. 1002/ chin. 20045 0271

 106. Aravindan, V., Gnanaraj, J., Madhavi, S., et al.: Lithium-ion con-
ducting electrolyte salts for lithium batteries. Chem. Eur. J. 17, 
14326–14346 (2011). https:// doi. org/ 10. 1002/ chem. 20110 1486

 107. Lu, Z.R., Yang, L., Guo, Y.J.: Thermal behavior and decomposi-
tion kinetics of six electrolyte salts by thermal analysis. J. Power 
Sourc. 156, 555–559 (2006). https:// doi. org/ 10. 1016/j. jpows our. 
2005. 05. 085

 108. Seki, S., Takei, K., Miyashiro, H., et al.: Physicochemical and 
electrochemical properties of glyme-LiN(SO2F)2 complex for 
safe lithium-ion secondary battery electrolyte. J. Electrochem. 
Soc. 158, A769 (2011). https:// doi. org/ 10. 1149/1. 35828 22

 109. Gorecki, W., Jeannin, M., Belorizky, E., et al.: Physical properties 
of solid polymer electrolyte PEO(LiTFSI) complexes. J. Phys. 

https://doi.org/10.1002/cssc.201500284
https://doi.org/10.1002/cssc.201500284
https://doi.org/10.1149/1.1906025
https://doi.org/10.1149/1.1906025
https://doi.org/10.1149/1.3077578
https://doi.org/10.1149/1.3077578
https://doi.org/10.1016/j.jpowsour.2005.05.067
https://doi.org/10.1021/acsenergylett.7b00792
https://doi.org/10.1021/acsenergylett.7b00792
https://doi.org/10.1016/j.electacta.2005.02.067
https://doi.org/10.1021/acsami.9b03417
https://doi.org/10.1016/j.carbon.2005.12.017
https://doi.org/10.1016/j.carbon.2005.12.017
https://doi.org/10.1039/c2jm31308a
https://doi.org/10.1039/c0jm02316g
https://doi.org/10.1039/c2nr33099g
https://doi.org/10.1039/c2nr33099g
https://doi.org/10.1021/acsnano.7b01780
https://doi.org/10.1021/acsnano.7b01780
https://doi.org/10.1021/acs.nanolett.7b02433
https://doi.org/10.1021/acs.nanolett.7b02433
https://doi.org/10.1016/j.nanoen.2018.10.040
https://doi.org/10.1016/j.jpowsour.2015.10.073
https://doi.org/10.1016/j.jpowsour.2015.10.073
https://doi.org/10.1021/acs.jpclett.6b02933
https://doi.org/10.1021/acs.jpclett.6b02933
https://doi.org/10.1016/S0378-7753(03)00257-X
https://doi.org/10.1016/S0378-7753(03)00257-X
https://doi.org/10.1021/jacs.8b02057
https://doi.org/10.1016/j.jpowsour.2005.11.042
https://doi.org/10.1016/j.jpowsour.2005.11.042
https://doi.org/10.1016/S0013-4686(02)00285-2
https://doi.org/10.1016/S0013-4686(02)00285-2
https://doi.org/10.1149/1.1466857
https://doi.org/10.1149/1.1420704
https://doi.org/10.1149/2.0811712jes
https://doi.org/10.1149/2.0811712jes
https://doi.org/10.1149/1.1738551
https://doi.org/10.1149/1.2097315
https://doi.org/10.1016/j.electacta.2007.06.032
https://doi.org/10.1016/j.electacta.2007.06.032
https://doi.org/10.1016/S0378-7753(03)00256-8
https://doi.org/10.1016/S0378-7753(03)00256-8
https://doi.org/10.1021/jp500063c
https://doi.org/10.1021/jp500063c
https://doi.org/10.1038/ncomms12032
https://doi.org/10.1002/chin.200450271
https://doi.org/10.1002/chem.201101486
https://doi.org/10.1016/j.jpowsour.2005.05.085
https://doi.org/10.1016/j.jpowsour.2005.05.085
https://doi.org/10.1149/1.3582822


Electrochemical Energy Reviews (2022) 5:14 

1 3

Page 29 of 34 14

Condens. Matter 7, 6823–6832 (1995). https:// doi. org/ 10. 1088/ 
0953- 8984/7/ 34/ 007

 110. Xu, K., Zhang, S.S., Jow, T.R., et al.: LiBOB as salt for lithium-
ion batteries: a possible solution for high temperature operation. 
Electrochem. Solid-State Lett. 5, A26 (2002). https:// doi. org/ 10. 
1149/1. 14260 42

 111. Wan, S., Jiang, X.G., Guo, B.K., et al.: A stable fluorinated and 
alkylated lithium malonatoborate salt for lithium ion battery 
application. Chem. Commun. 51, 9817–9820 (2015). https:// 
doi. org/ 10. 1039/ c5cc0 1428j

 112. Klett, M., Giesecke, M., Nyman, A., et al.: Quantifying mass 
transport during polarization in a Li ion battery electrolyte 
by in situ 7Li NMR imaging. J. Am. Chem. Soc. 134, 14654–
14657 (2012). https:// doi. org/ 10. 1021/ ja305 461j

 113. Chang, H.J., Ilott, A.J., Trease, N.M., et al.: Correlating micro-
structural lithium metal growth with electrolyte salt depletion 
in lithium batteries using 7Li MRI. J. Am. Chem. Soc. 137, 
15209–15216 (2015). https:// doi. org/ 10. 1021/ jacs. 5b093 85

 114. Klamor, S., Zick, K., Oerther, T., et al.: 7Li in situ 1D NMR 
imaging of a lithium ion battery. Phys. Chem. Chem. Phys. 17, 
4458–4465 (2015). https:// doi. org/ 10. 1039/ c4cp0 5021e

 115. Yamanaka, T., Nakagawa, H., Tsubouchi, S., et al.: In situ 
Raman spectroscopic studies on concentration of electro-
lyte salt in lithium-ion batteries by using ultrafine multifiber 
probes. Chemsuschem 10, 855–861 (2017). https:// doi. org/ 10. 
1002/ cssc. 20160 1473

 116. Ravikumar, B., Mynam, M., Rai, B.: Effect of salt concentra-
tion on properties of lithium ion battery electrolytes: a molecu-
lar dynamics study. J. Phys. Chem. C 122, 8173–8181 (2018). 
https:// doi. org/ 10. 1021/ acs. jpcc. 8b020 72

 117. Li, Y., Wang, X.G., Dong, S.M., et al.: Recent advances in 
non-aqueous electrolyte for rechargeable Li-O2 batteries. Adv. 
Energy Mater. 6, 1600751 (2016). https:// doi. org/ 10. 1002/ 
aenm. 20160 0751

 118. Abraham, K.M., Pasquariello, D.M., Martin, F.J.: Mixed ether 
electrolytes for secondary lithium batteries with improved low 
temperature performance. J. Electrochem. Soc. 133, 661–666 
(1986). https:// doi. org/ 10. 1149/1. 21086 50

 119. Aurbach, D., Daroux, M.L., Faguy, P.W., et al.: Identification 
of surface films formed on lithium in propylene carbonate solu-
tions. J. Electrochem. Soc. 134, 1611–1620 (1987). https:// doi. 
org/ 10. 1149/1. 21007 22

 120. Surampudi, S., Shen, D.H., Huang, C.K., et  al.: Effect of 
cycling on the lithium/electrolyte interface in organic elec-
trolytes. J. Power Sourc. 43, 21–26 (1993). https:// doi. org/ 10. 
1016/ 0378- 7753(93) 80098-A

 121. Zheng, T., Liu, Y.H., Fuller, E.W., et al.: Lithium insertion in 
high capacity carbonaceous materials. J. Electrochem. Soc. 
142, 2581–2590 (1995). https:// doi. org/ 10. 1149/1. 20500 57

 122. Kawamura, T., Tanaka, T., Egashira, M., et al.: Methyl dif-
luoroacetate inhibits corrosion of aluminum cathode current 
collector for lithium ion cells. Electrochem. Solid-State Lett. 
8, A459 (2005). https:// doi. org/ 10. 1149/1. 19933 67

 123. Kalhoff, J., Bresser, D., Bolloli, M., et al.: Enabling LiTFSI-
based electrolytes for safer lithium-ion batteries by using lin-
ear fluorinated carbonates as (co)solvent. Chemsuschem 7, 
2939–2946 (2014). https:// doi. org/ 10. 1002/ cssc. 20140 2502

 124. Xu, K.: Electrolytes and interphases in Li-ion batteries and 
beyond. Chem Rev 114, 11503–11618 (2014). https:// doi. org/ 
10. 1021/ cr500 003w

 125. Aurbach, D., Pollak, E., Elazari, R., et al.: On the surface 
chemical aspects of very high energy density, rechargeable 
Li-sulfur batteries. J. Electrochem. Soc. 156, A694 (2009). 
https:// doi. org/ 10. 1149/1. 31487 21

 126. Zhu, M., Wu, J.X., Wang, Y., et al.: Recent advances in gel 
polymer electrolyte for high-performance lithium batteries. J. 

Energy Chem. 37, 126–142 (2019). https:// doi. org/ 10. 1016/j. 
jechem. 2018. 12. 013

 127. Chen, S.M., Wen, K.H., Fan, J.T., et al.: Progress and future 
prospects of high-voltage and high-safety electrolytes in 
advanced lithium batteries: from liquid to solid electrolytes. 
J. Mater. Chem. A 6, 11631–11663 (2018). https:// doi. org/ 10. 
1039/ c8ta0 3358g

 128. Cho, Y.G., Hwang, C., Cheong, D.S., et al.: Gel/solid polymer 
electrolytes characterized by in situ gelation or polymerization 
for electrochemical energy systems. Adv. Mater. 31, 1804909 
(2019). https:// doi. org/ 10. 1002/ adma. 20180 4909

 129. Baik, J.H., Kim, S., Hong, D.G., et al.: Gel polymer electro-
lytes based on polymerizable lithium salt and poly(ethylene 
glycol) for lithium battery applications. ACS Appl Mater Inter-
faces 11, 29718–29724 (2019). https:// doi. org/ 10. 1021/ acsami. 
9b051 39

 130. Wu, H.P., Cao, Y., Su, H.P., et al.: Tough gel electrolyte using 
double polymer network design for the safe, stable cycling of 
lithium metal anode. Angew. Chem. Int. Ed. 57, 1361–1365 
(2018). https:// doi. org/ 10. 1002/ anie. 20170 9774

 131. Choudhury, S., Saha, T., Naskar, K., et al.: A highly stretchable 
gel-polymer electrolyte for lithium-sulfur batteries. Polymer 
112, 447–456 (2017). https:// doi. org/ 10. 1016/j. polym er. 2017. 
02. 021

 132. Fan, W., Li, N.W., Zhang, X.L., et al.: A dual-salt gel polymer 
electrolyte with 3D cross-linked polymer network for dendrite-
free lithium metal batteries. Adv. Sci. 5, 1800559 (2018). https:// 
doi. org/ 10. 1002/ advs. 20180 0559

 133. Lv, P., Li, Y.S., Wu, Y.H., et al.: Robust succinonitrile-based 
gel polymer electrolyte for lithium-ion batteries withstanding 
mechanical folding and high temperature. ACS Appl. Mater. 
Interfaces 10, 25384–25392 (2018). https:// doi. org/ 10. 1021/ 
acsami. 8b068 00

 134. Liu, X.Y., Li, X.R., Li, H.X., et al.: Recent progress of hybrid 
solid-state electrolytes for lithium batteries. Chem. Eur. J. 24, 
18293–18306 (2018). https:// doi. org/ 10. 1002/ chem. 20180 3616

 135. Liang, J.N., Luo, J., Sun, Q., et al.: Recent progress on solid-state 
hybrid electrolytes for solid-state lithium batteries. Energy Stor-
age Mater. 21, 308–334 (2019). https:// doi. org/ 10. 1016/j. ensm. 
2019. 06. 021

 136. Zhang, X., Liu, T., Zhang, S., et al.: Synergistic coupling between 
 Li6.75La3Zr1.75Ta0.25O12 and poly(vinylidene fluoride) induces 
high ionic conductivity, mechanical strength, and thermal sta-
bility of solid composite electrolytes. J. Am. Chem. Soc. 139, 
13779–13785 (2017). https:// doi. org/ 10. 1021/ jacs. 7b063 64

 137. Zheng, Y.W., Li, X.W., Fullerton, W.R., et al.: Interpenetrating 
network-based hybrid solid and gel electrolytes for high voltage 
lithium metal batteries. ACS Appl. Energy Mater. 4, 5639–5648 
(2021). https:// doi. org/ 10. 1021/ acsaem. 1c004 51

 138. Chinnam, P.R., Wunder, S.L.: Engineered interfaces in hybrid 
ceramic-polymer electrolytes for use in all-solid-state Li bat-
teries. ACS Energy Lett. 2, 134–138 (2017). https:// doi. org/ 10. 
1021/ acsen ergyl ett. 6b006 09

 139. Li, Y.T., Xu, B.Y., Xu, H.H., et al.: Hybrid polymer/garnet elec-
trolyte with a small interfacial resistance for lithium-ion batter-
ies. Angew. Chem. Int. Ed. 56, 753–756 (2017). https:// doi. org/ 
10. 1002/ anie. 20160 8924

 140. Bi, J.Y., Mu, D.B., Wu, B.R., et al.: A hybrid solid electrolyte 
 Li0.33La0.557TiO3/poly(acylonitrile) membrane infiltrated with a 
succinonitrile-based electrolyte for solid state lithium-ion bat-
teries. J. Mater. Chem. A 8, 706–713 (2020). https:// doi. org/ 10. 
1039/ c9ta0 8601c

 141. Yu, S.C., Schmohl, S., Liu, Z.G., et al.: Insights into a layered 
hybrid solid electrolyte and its application in long lifespan high-
voltage all-solid-state lithium batteries. J. Mater. Chem. A 7, 
3882–3894 (2019). https:// doi. org/ 10. 1039/ c8ta1 1259b

https://doi.org/10.1088/0953-8984/7/34/007
https://doi.org/10.1088/0953-8984/7/34/007
https://doi.org/10.1149/1.1426042
https://doi.org/10.1149/1.1426042
https://doi.org/10.1039/c5cc01428j
https://doi.org/10.1039/c5cc01428j
https://doi.org/10.1021/ja305461j
https://doi.org/10.1021/jacs.5b09385
https://doi.org/10.1039/c4cp05021e
https://doi.org/10.1002/cssc.201601473
https://doi.org/10.1002/cssc.201601473
https://doi.org/10.1021/acs.jpcc.8b02072
https://doi.org/10.1002/aenm.201600751
https://doi.org/10.1002/aenm.201600751
https://doi.org/10.1149/1.2108650
https://doi.org/10.1149/1.2100722
https://doi.org/10.1149/1.2100722
https://doi.org/10.1016/0378-7753(93)80098-A
https://doi.org/10.1016/0378-7753(93)80098-A
https://doi.org/10.1149/1.2050057
https://doi.org/10.1149/1.1993367
https://doi.org/10.1002/cssc.201402502
https://doi.org/10.1021/cr500003w
https://doi.org/10.1021/cr500003w
https://doi.org/10.1149/1.3148721
https://doi.org/10.1016/j.jechem.2018.12.013
https://doi.org/10.1016/j.jechem.2018.12.013
https://doi.org/10.1039/c8ta03358g
https://doi.org/10.1039/c8ta03358g
https://doi.org/10.1002/adma.201804909
https://doi.org/10.1021/acsami.9b05139
https://doi.org/10.1021/acsami.9b05139
https://doi.org/10.1002/anie.201709774
https://doi.org/10.1016/j.polymer.2017.02.021
https://doi.org/10.1016/j.polymer.2017.02.021
https://doi.org/10.1002/advs.201800559
https://doi.org/10.1002/advs.201800559
https://doi.org/10.1021/acsami.8b06800
https://doi.org/10.1021/acsami.8b06800
https://doi.org/10.1002/chem.201803616
https://doi.org/10.1016/j.ensm.2019.06.021
https://doi.org/10.1016/j.ensm.2019.06.021
https://doi.org/10.1021/jacs.7b06364
https://doi.org/10.1021/acsaem.1c00451
https://doi.org/10.1021/acsenergylett.6b00609
https://doi.org/10.1021/acsenergylett.6b00609
https://doi.org/10.1002/anie.201608924
https://doi.org/10.1002/anie.201608924
https://doi.org/10.1039/c9ta08601c
https://doi.org/10.1039/c9ta08601c
https://doi.org/10.1039/c8ta11259b


 Electrochemical Energy Reviews (2022) 5:14

1 3

14 Page 30 of 34

 142. Fu, J.: Fast  Li+ ion conducting glass-ceramics in the system 
 Li2O-Al2O3-GeO2-P2O5. Solid State Ionics 104, 191–194 (1997). 
https:// doi. org/ 10. 1016/ S0167- 2738(97) 00434-7

 143. Murugan, R., Thangadurai, V., Weppner, W.: Fast lithium ion 
conduction in garnet-type  Li7La3Zr2O12. Angew. Chem. Int. Ed. 
46, 7778–7781 (2007). https:// doi. org/ 10. 1002/ anie. 20070 1144

 144. Inaguma, Y., Chen, L.Q., Itoh, M., et al.: High ionic conductivity 
in lithium lanthanum titanate. Solid State Commun. 86, 689–693 
(1993). https:// doi. org/ 10. 1016/ 0038- 1098(93) 90841-A

 145. Mazumdar, D., Bose, D.N., Mukherjee, M.L.: Transport and 
dielectric properties of lisicon. Solid State Ionics 14, 143–147 
(1984). https:// doi. org/ 10. 1016/ 0167- 2738(84) 90089-4

 146. Bates, J.B., Dudney, N.J., Gruzalski, G.R., et al.: Fabrication and 
characterization of amorphous lithium electrolyte thin films and 
rechargeable thin-film batteries. J. Power Sourc. 43, 103–110 
(1993). https:// doi. org/ 10. 1016/ 0378- 7753(93) 80106-Y

 147. Boukamp, B.A., Huggins, R.A.: Lithium ion conductivity in 
lithium nitride. Phys. Lett. A 58, 231–233 (1976). https:// doi. 
org/ 10. 1016/ 0375- 9601(76) 90082-7

 148. Kanno, R., Hata, T., Kawamoto, Y., et al.: Synthesis of a new 
lithium ionic conductor, thio-LISICON-lithium germanium 
sulfide system. Solid State Ionics 130, 97–104 (2000). https:// 
doi. org/ 10. 1016/ S0167- 2738(00) 00277-0

 149. Kamaya, N., Homma, K., Yamakawa, Y., et al.: A lithium superi-
onic conductor. Nat. Mater. 10, 682–686 (2011). https:// doi. org/ 
10. 1038/ nmat3 066

 150. Mizuno, F., Hayashi, A., Tadanaga, K., et al.: New, highly ion-
conductive crystals precipitated from  Li2S-P2S5 glasses. Adv. 
Mater. 17, 918–921 (2005). https:// doi. org/ 10. 1002/ adma. 20040 
1286

 151. Boulineau, S., Courty, M., Tarascon, J.M., et al.: Mechanochemi-
cal synthesis of Li-argyrodite  Li6PS5X (X = Cl, Br, I) as sulfur-
based solid electrolytes for all solid state batteries application. 
Solid State Ionics 221, 1–5 (2012). https:// doi. org/ 10. 1016/j. ssi. 
2012. 06. 008

 152. Zhao, Y.S., Daemen, L.L.: Superionic conductivity in lithium-
rich anti-perovskites. J. Am. Chem. Soc. 134, 15042–15047 
(2012). https:// doi. org/ 10. 1021/ ja305 709z

 153. Lahiri, A., Pulletikurthi, G., Shapouri Ghazvini, M., et al.: Ionic 
liquid-organic solvent mixture-based polymer gel electrolyte with 
high lithium concentration for Li-ion batteries. J. Phys. Chem. 
C 122, 24788–24800 (2018). https:// doi. org/ 10. 1021/ acs. jpcc. 
8b077 45

 154. Shalu, S.L., Singh, V.K., Singh, R.K.: Development of ion 
conducting polymer gel electrolyte membranes based on poly-
mer PVdF-HFP, BMIMTFSI ionic liquid and the Li-salt with 
improved electrical, thermal and structural properties. J. Mater. 
Chem. C 3, 7305–7318 (2015). https:// doi. org/ 10. 1039/ c5tc0 
0940e

 155. Watanabe, M., Mizumura, T.: Conductivity study on ionic liq-
uid/polymer complexes. Solid State Ionics 86(87/88), 353–356 
(1996). https:// doi. org/ 10. 1016/ 0167- 2738(96) 00136-1

 156. Watanabe, M., Yamada, S.I., Ogata, N.: Ionic conductivity of 
polymer electrolytes containing room temperature molten salts 
based on pyridinium halide and aluminium chloride. Electro-
chim. Acta 40, 2285–2288 (1995). https:// doi. org/ 10. 1016/ 0013- 
4686(95) 00179-I

 157. Fuller, J., Breda, A.C., Carlin, R.T.: Ionic liquid-polymer gel 
electrolytes. J. Electrochem. Soc. 144, L67–L70 (1997). https:// 
doi. org/ 10. 1149/1. 18375 55

 158. Osada, I., De Vries, H., Scrosati, B., et al.: Ionic-liquid-based 
polymer electrolytes for battery applications. Angew. Chem. Int. 
Ed. 55, 500–513 (2016). https:// doi. org/ 10. 1002/ anie. 20150 4971

 159. Karuppasamy, K., Theerthagiri, J., Vikraman, D., et al.: Ionic liq-
uid-based electrolytes for energy storage devices: a brief review 

on their limits and applications. Polymers 12, 918 (2020). https:// 
doi. org/ 10. 3390/ polym 12040 918

 160. Gerbaldi, C., Nair, J.R., Ferrari, S., et al.: New electrolyte mem-
branes for Li-based cells: methacrylic polymers encompassing 
pyrrolidinium-based ionic liquid by single step photo-polymeri-
sation. J. Membr. Sci. 423(424), 459–467 (2012). https:// doi. org/ 
10. 1016/j. memsci. 2012. 08. 057

 161. Kirchhöfer, M., von Zamory, J., Paillard, E., et al.: Separators for 
Li-ion and Li-metal battery including ionic liquid based electro-
lytes based on the  TFSI– and  FSI– anions. Int. J. Mol. Sci. 15, 
14868–14890 (2014). https:// doi. org/ 10. 3390/ ijms1 50814 868

 162. Theivaprakasam, S., MacFarlane, D.R., Mitra, S.: Elec-
trochemical studies of N-methyl N-propyl pyrrolidinium 
bis(trifluoromethanesulfonyl) imide ionic liquid mixtures with 
conventional electrolytes in  LiFePO4/Li cells. Electrochim. Acta 
180, 737–745 (2015). https:// doi. org/ 10. 1016/j. elect acta. 2015. 
08. 137

 163. Appetecchi, G.B., Kim, G.T., Montanino, M., et  al.: Room 
temperature lithium polymer batteries based on ionic liquids. J. 
Power Sourc. 196, 6703–6709 (2011). https:// doi. org/ 10. 1016/j. 
jpows our. 2010. 11. 070

 164. Cao, X., He, X., Wang, J., et al.: High voltage  LiNi0.5Mn1.5O4/
Li4Ti5O12 lithium ion cells at elevated temperatures: carbonate- 
versus ionic liquid-based electrolytes. ACS Appl. Mater. Inter-
faces 8, 25971–25978 (2016). https:// doi. org/ 10. 1021/ acsami. 
6b076 87

 165. Ababtain, K., Babu, G., Lin, X.R., et al.: Ionic liquid-organic 
carbonate electrolyte blends to stabilize silicon electrodes for 
extending lithium ion battery operability to 100 °C. ACS Appl. 
Mater. Interfaces 8, 15242–15249 (2016). https:// doi. org/ 10. 
1021/ acsami. 6b026 20

 166. Yun, Y.S., Kim, J.H., Lee, S.Y., et al.: Cycling performance and 
thermal stability of lithium polymer cells assembled with ionic 
liquid-containing gel polymer electrolytes. J. Power Sourc. 196, 
6750–6755 (2011). https:// doi. org/ 10. 1016/j. jpows our. 2010. 10. 
088

 167. Böckenfeld, N., Willeke, M., Pires, J., et al.: On the use of 
lithium iron phosphate in combination with protic ionic liquid-
based electrolytes. J. Electrochem. Soc. 160, A559–A563 (2013). 
https:// doi. org/ 10. 1149/2. 02730 4jes

 168. Wang, M.F., Shan, Z.Q., Tian, J.H., et al.: Mixtures of unsatu-
rated imidazolium based ionic liquid and organic carbonate as 
electrolyte for Li-ion batteries. Electrochim. Acta 95, 301–307 
(2013). https:// doi. org/ 10. 1016/j. elect acta. 2013. 02. 032

 169. Ivanov, S., Cheng, L., Wulfmeier, H., et al.: Electrochemical 
behavior of anodically obtained titania nanotubes in organic 
carbonate and ionic liquid based Li ion containing electrolytes. 
Electrochim. Acta 104, 228–235 (2013). https:// doi. org/ 10. 
1016/j. elect acta. 2013. 04. 115

 170. Kühnel, R.S., Böckenfeld, N., Passerini, S., et al.: Mixtures of 
ionic liquid and organic carbonate as electrolyte with improved 
safety and performance for rechargeable lithium batteries. Elec-
trochim. Acta 56, 4092–4099 (2011). https:// doi. org/ 10. 1016/j. 
elect acta. 2011. 01. 116

 171. Hofmann, A., Schulz, M., Indris, S., et al.: Mixtures of ionic 
liquid and sulfolane as electrolytes for Li-ion batteries. Electro-
chim. Acta 147, 704–711 (2014). https:// doi. org/ 10. 1016/j. elect 
acta. 2014. 09. 111

 172. Plylahan, N., Kerner, M., Lim, D.H., et al.: Ionic liquid and 
hybrid ionic liquid/organic electrolytes for high temperature 
lithium-ion battery application. Electrochim. Acta 216, 24–34 
(2016). https:// doi. org/ 10. 1016/j. elect acta. 2016. 08. 025

 173. Xiang, H.F., Yin, B., Wang, H., et al.: Improving electrochemi-
cal properties of room temperature ionic liquid (RTIL) based 
electrolyte for Li-ion batteries. Electrochim. Acta 55, 5204–5209 
(2010). https:// doi. org/ 10. 1016/j. elect acta. 2010. 04. 041

https://doi.org/10.1016/S0167-2738(97)00434-7
https://doi.org/10.1002/anie.200701144
https://doi.org/10.1016/0038-1098(93)90841-A
https://doi.org/10.1016/0167-2738(84)90089-4
https://doi.org/10.1016/0378-7753(93)80106-Y
https://doi.org/10.1016/0375-9601(76)90082-7
https://doi.org/10.1016/0375-9601(76)90082-7
https://doi.org/10.1016/S0167-2738(00)00277-0
https://doi.org/10.1016/S0167-2738(00)00277-0
https://doi.org/10.1038/nmat3066
https://doi.org/10.1038/nmat3066
https://doi.org/10.1002/adma.200401286
https://doi.org/10.1002/adma.200401286
https://doi.org/10.1016/j.ssi.2012.06.008
https://doi.org/10.1016/j.ssi.2012.06.008
https://doi.org/10.1021/ja305709z
https://doi.org/10.1021/acs.jpcc.8b07745
https://doi.org/10.1021/acs.jpcc.8b07745
https://doi.org/10.1039/c5tc00940e
https://doi.org/10.1039/c5tc00940e
https://doi.org/10.1016/0167-2738(96)00136-1
https://doi.org/10.1016/0013-4686(95)00179-I
https://doi.org/10.1016/0013-4686(95)00179-I
https://doi.org/10.1149/1.1837555
https://doi.org/10.1149/1.1837555
https://doi.org/10.1002/anie.201504971
https://doi.org/10.3390/polym12040918
https://doi.org/10.3390/polym12040918
https://doi.org/10.1016/j.memsci.2012.08.057
https://doi.org/10.1016/j.memsci.2012.08.057
https://doi.org/10.3390/ijms150814868
https://doi.org/10.1016/j.electacta.2015.08.137
https://doi.org/10.1016/j.electacta.2015.08.137
https://doi.org/10.1016/j.jpowsour.2010.11.070
https://doi.org/10.1016/j.jpowsour.2010.11.070
https://doi.org/10.1021/acsami.6b07687
https://doi.org/10.1021/acsami.6b07687
https://doi.org/10.1021/acsami.6b02620
https://doi.org/10.1021/acsami.6b02620
https://doi.org/10.1016/j.jpowsour.2010.10.088
https://doi.org/10.1016/j.jpowsour.2010.10.088
https://doi.org/10.1149/2.027304jes
https://doi.org/10.1016/j.electacta.2013.02.032
https://doi.org/10.1016/j.electacta.2013.04.115
https://doi.org/10.1016/j.electacta.2013.04.115
https://doi.org/10.1016/j.electacta.2011.01.116
https://doi.org/10.1016/j.electacta.2011.01.116
https://doi.org/10.1016/j.electacta.2014.09.111
https://doi.org/10.1016/j.electacta.2014.09.111
https://doi.org/10.1016/j.electacta.2016.08.025
https://doi.org/10.1016/j.electacta.2010.04.041


Electrochemical Energy Reviews (2022) 5:14 

1 3

Page 31 of 34 14

 174. Kim, G.T., Appetecchi, G.B., Carewska, M., et al.: UV cross-
linked, lithium-conducting ternary polymer electrolytes contain-
ing ionic liquids. J. Power Sourc. 195, 6130–6137 (2010). https:// 
doi. org/ 10. 1016/j. jpows our. 2009. 10. 079

 175. Usui, H., Yamamoto, Y., de Yoshiyama, K., et al.: Application 
of electrolyte using novel ionic liquid to Si thick film anode of 
Li-ion battery. J. Power Sourc. 196, 3911–3915 (2011). https:// 
doi. org/ 10. 1016/j. jpows our. 2010. 12. 027

 176. Wang, L.N., Byon, H.R.: N-methyl-N-propylpiperidinium 
bis(trifluoromethanesulfonyl)imide-based organic electrolyte 
for high performance lithium-sulfur batteries. J. Power Sourc. 
236, 207–214 (2013). https:// doi. org/ 10. 1016/j. jpows our. 2013. 
02. 068

 177. Kerner, M., Plylahan, N., Scheers, J., et al.: Ionic liquid based 
lithium battery electrolytes: fundamental benefits of utilis-
ing both TFSI and FSI anions? Phys. Chem. Chem. Phys. 17, 
19569–19581 (2015). https:// doi. org/ 10. 1039/ c5cp0 1891a

 178. Hofmann, A., Migeot, M., Arens, L., et al.: Investigation of 
ternary mixtures containing 1-ethyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)azanide, ethylene carbonate and 
lithium bis(trifluoromethanesulfonyl)azanide. Int. J. Mol. Sci. 
17, 670 (2016). https:// doi. org/ 10. 3390/ ijms1 70506 70

 179. Bi, S., Banda, H., Chen, M., et al.: Molecular understanding of 
charge storage and charging dynamics in supercapacitors with 
MOF electrodes and ionic liquid electrolytes. Nat. Mater. 19, 
552–558 (2020). https:// doi. org/ 10. 1038/ s41563- 019- 0598-7

 180. Montanino, M., Moreno, M., Carewska, M., et  al.: Mixed 
organic compound-ionic liquid electrolytes for lithium battery 
electrolyte systems. J. Power Sourc. 269, 608–615 (2014). 
https:// doi. org/ 10. 1016/j. jpows our. 2014. 07. 027

 181. Kuo, P.L., Wu, C.A., Lu, C.Y., et al.: High performance of 
transferring lithium ion for polyacrylonitrile-interpenetrating 
crosslinked polyoxyethylene network as gel polymer electro-
lyte. ACS Appl. Mater. Interfaces 6, 3156–3162 (2014). https:// 
doi. org/ 10. 1021/ am404 248b

 182. Wang, S.H., Kuo, P.L., Hsieh, C.T., et  al.: Design of 
poly(acrylonitrile)-based gel electrolytes for high-performance 
lithium ion batteries. ACS Appl. Mater. Interfaces 6, 19360–
19370 (2014). https:// doi. org/ 10. 1021/ am505 448a

 183. Lee, H., Yanilmaz, M., Toprakci, O., et al.: A review of recent 
developments in membrane separators for rechargeable lith-
ium-ion batteries. Energy Environ. Sci. 7, 3857–3886 (2014). 
https:// doi. org/ 10. 1039/ c4ee0 1432d

 184. Patel, M., Gnanavel, M., Bhattacharyya, A.J.: Utilizing an ionic 
liquid for synthesizing a soft matter polymer “gel” electrolyte 
for high rate capability lithium-ion batteries. J. Mater. Chem. 
21, 17419–17424 (2011). https:// doi. org/ 10. 1039/ c1jm1 2269j

 185. Li, M.S., Liao, Y.H., Liu, Q.Y., et al.: Application of the imida-
zolium ionic liquid based nano-particle decorated gel polymer 
electrolyte for high safety lithium ion battery. Electrochim. 
Acta 284, 188–201 (2018). https:// doi. org/ 10. 1016/j. elect acta. 
2018. 07. 140

 186. Zhou, D., Liu, R.L., Zhang, J., et al.: In situ synthesis of hier-
archical poly(ionic liquid)-based solid electrolytes for high-
safety lithium-ion and sodium-ion batteries. Nano Energy 33, 
45–54 (2017). https:// doi. org/ 10. 1016/j. nanoen. 2017. 01. 027

 187. Nirmale, T.C., Kale, B.B., Varma, A.J.: A review on cellulose 
and lignin based binders and electrodes: small steps towards 
a sustainable lithium ion battery. Int. J. Biol. Macromol. 103, 
1032–1043 (2017). https:// doi. org/ 10. 1016/j. ijbio mac. 2017. 05. 
155

 188. Zhang, W.J., Dahbi, M., Komaba, S.: Polymer binder: a key 
component in negative electrodes for high-energy Na-ion bat-
teries. Curr. Opin. Chem. Eng. 13, 36–44 (2016). https:// doi. 
org/ 10. 1016/j. coche. 2016. 08. 001

 189. Shi, Y., Zhou, X., Yu, G.: Material and structural design of 
novel binder systems for high-energy, high-power lithium-ion 
batteries. Acc. Chem. Res. 50, 2642–2652 (2017). https:// doi. 
org/ 10. 1021/ acs. accou nts. 7b004 02

 190. Yuca, N., Zhao, H., Song, X.Y., et al.: A systematic investi-
gation of polymer binder flexibility on the electrode perfor-
mance of lithium-ion batteries. ACS Appl. Mater. Interfaces 
6, 17111–17118 (2014). https:// doi. org/ 10. 1021/ am504 736y

 191. Su, J., Song, H.W., Wang, C.X.: Morphology reshaping enabling 
self-densification of manganese oxide hybrid materials for high-
density lithium storage anodes. Adv. Funct. Mater. 29, 1907154 
(2019). https:// doi. org/ 10. 1002/ adfm. 20190 7154

 192. Jayakumar, T.P., Badam, R., Matsumi, N.: Allylimidazolium-
based poly(ionic liquid) anodic binder for lithium-ion batteries 
with enhanced cyclability. ACS Appl. Energy Mater. 3, 3337–
3346 (2020). https:// doi. org/ 10. 1021/ acsaem. 9b023 76

 193. Jin, Y., Zhu, B., Lu, Z.D., et al.: Challenges and recent progress 
in the development of Si anodes for lithium-ion battery. Adv. 
Energy Mater. 7, 1700715 (2017). https:// doi. org/ 10. 1002/ aenm. 
20170 0715

 194. Zeng, W.W., Wang, L., Peng, X., et al.: Enhanced ion conductiv-
ity in conducting polymer binder for high-performance silicon 
anodes in advanced lithium-ion batteries. Adv. Energy Mater. 8, 
1702314 (2018). https:// doi. org/ 10. 1002/ aenm. 20170 2314

 195. Higgins, T.M., Park, S.H., King, P.J., et al.: A commercial con-
ducting polymer as both binder and conductive additive for sili-
con nanoparticle-based lithium-ion battery negative electrodes. 
ACS Nano 10, 3702–3713 (2016). https:// doi. org/ 10. 1021/ acsna 
no. 6b002 18

 196. Choi, S., Kwon, T.W., Coskun, A., et al.: Highly elastic bind-
ers integrating polyrotaxanes for silicon microparticle anodes in 
lithium ion batteries. Science 357, 279–283 (2017). https:// doi. 
org/ 10. 1126/ scien ce. aal43 73

 197. Chen, C., Lee, S.H., Cho, M., et al.: Cross-linked chitosan as 
an efficient binder for Si anode of Li-ion batteries. ACS Appl. 
Mater. Interfaces 8, 2658–2665 (2016). https:// doi. org/ 10. 1021/ 
acsami. 5b106 73

 198. Song, J.X., Zhou, M.J., Yi, R., et al.: Interpenetrated gel polymer 
binder for high-performance silicon anodes in lithium-ion batter-
ies. Adv. Funct. Mater. 24, 5904–5910 (2014). https:// doi. org/ 10. 
1002/ adfm. 20140 1269

 199. Liu, Y.J., Tai, Z.X., Zhou, T.F., et al.: An all-integrated anode via 
interlinked chemical bonding between double-shelled-yolk-struc-
tured silicon and binder for lithium-ion batteries. Adv. Mater. 29, 
1703028 (2017). https:// doi. org/ 10. 1002/ adma. 20170 3028

 200. Guo, R.N., Zhang, S.L., Ying, H.J., et al.: New, effective, and 
low-cost dual-functional binder for porous silicon anodes in lith-
ium-ion batteries. ACS Appl. Mater. Interfaces 11, 14051–14058 
(2019). https:// doi. org/ 10. 1021/ acsami. 8b219 36

 201. Liu, J., Zhang, Q., Zhang, T., et al.: A robust ion-conductive 
biopolymer as a binder for Si anodes of lithium-ion batteries. 
Adv. Funct. Mater. 25, 3599–3605 (2015). https:// doi. org/ 10. 
1002/ adfm. 20150 0589

 202. Wang, L., Fu, Y.B., Battaglia, V.S., et al.: SBR-PVDF based 
binder for the application of SLMP in graphite anodes. RSC Adv. 
3, 15022–15027 (2013). https:// doi. org/ 10. 1039/ c3ra4 2773k

 203. Wei, L.M., Chen, C.X., Hou, Z.Y., et al.: Poly (acrylic acid 
sodium) grafted carboxymethyl cellulose as a high performance 
polymer binder for silicon anode in lithium ion batteries. Sci. 
Rep. 6, 19583 (2016). https:// doi. org/ 10. 1038/ srep1 9583

 204. Jeong, Y.K., Kwon, T.W., Lee, I., et  al.: Hyperbranched 
β-cyclodextrin polymer as an effective multidimensional binder 
for silicon anodes in lithium rechargeable batteries. Nano Lett. 
14, 864–870 (2014). https:// doi. org/ 10. 1021/ nl404 237j

https://doi.org/10.1016/j.jpowsour.2009.10.079
https://doi.org/10.1016/j.jpowsour.2009.10.079
https://doi.org/10.1016/j.jpowsour.2010.12.027
https://doi.org/10.1016/j.jpowsour.2010.12.027
https://doi.org/10.1016/j.jpowsour.2013.02.068
https://doi.org/10.1016/j.jpowsour.2013.02.068
https://doi.org/10.1039/c5cp01891a
https://doi.org/10.3390/ijms17050670
https://doi.org/10.1038/s41563-019-0598-7
https://doi.org/10.1016/j.jpowsour.2014.07.027
https://doi.org/10.1021/am404248b
https://doi.org/10.1021/am404248b
https://doi.org/10.1021/am505448a
https://doi.org/10.1039/c4ee01432d
https://doi.org/10.1039/c1jm12269j
https://doi.org/10.1016/j.electacta.2018.07.140
https://doi.org/10.1016/j.electacta.2018.07.140
https://doi.org/10.1016/j.nanoen.2017.01.027
https://doi.org/10.1016/j.ijbiomac.2017.05.155
https://doi.org/10.1016/j.ijbiomac.2017.05.155
https://doi.org/10.1016/j.coche.2016.08.001
https://doi.org/10.1016/j.coche.2016.08.001
https://doi.org/10.1021/acs.accounts.7b00402
https://doi.org/10.1021/acs.accounts.7b00402
https://doi.org/10.1021/am504736y
https://doi.org/10.1002/adfm.201907154
https://doi.org/10.1021/acsaem.9b02376
https://doi.org/10.1002/aenm.201700715
https://doi.org/10.1002/aenm.201700715
https://doi.org/10.1002/aenm.201702314
https://doi.org/10.1021/acsnano.6b00218
https://doi.org/10.1021/acsnano.6b00218
https://doi.org/10.1126/science.aal4373
https://doi.org/10.1126/science.aal4373
https://doi.org/10.1021/acsami.5b10673
https://doi.org/10.1021/acsami.5b10673
https://doi.org/10.1002/adfm.201401269
https://doi.org/10.1002/adfm.201401269
https://doi.org/10.1002/adma.201703028
https://doi.org/10.1021/acsami.8b21936
https://doi.org/10.1002/adfm.201500589
https://doi.org/10.1002/adfm.201500589
https://doi.org/10.1039/c3ra42773k
https://doi.org/10.1038/srep19583
https://doi.org/10.1021/nl404237j


 Electrochemical Energy Reviews (2022) 5:14

1 3

14 Page 32 of 34

 205. Jeena, M.T., Lee, J.I., Kim, S.H., et al.: Multifunctional molecu-
lar design as an efficient polymeric binder for silicon anodes in 
lithium-ion batteries. ACS Appl. Mater. Interfaces 6, 18001–
18007 (2014). https:// doi. org/ 10. 1021/ am504 854x

 206. Yu, L.B., Liu, J., He, S.S., et al.: A novel high-performance 3D 
polymer binder for silicon anode in lithium-ion batteries. J. Phys. 
Chem. Solids 135, 109113 (2019). https:// doi. org/ 10. 1016/j. jpcs. 
2019. 109113

 207. Kuo, T.C., Chiou, C.Y., Li, C.C., et al.: In situ cross-linked 
poly(ether urethane) elastomer as a binder for high-performance 
Si anodes of lithium-ion batteries. Electrochim. Acta 327, 
135011 (2019). https:// doi. org/ 10. 1016/j. elect acta. 2019. 135011

 208. Koo, B., Kim, H., Cho, Y., et al.: A highly cross-linked poly-
meric binder for high-performance silicon negative electrodes 
in lithium ion batteries. Angew. Chem. Int. Ed. 51, 8762–8767 
(2012). https:// doi. org/ 10. 1002/ anie. 20120 1568

 209. Liu, J., Galpaya, D.G.D., Yan, L.J., et al.: Exploiting a robust 
biopolymer network binder for an ultrahigh-areal-capacity Li-S 
battery. Energy Environ. Sci. 10, 750–755 (2017). https:// doi. org/ 
10. 1039/ c6ee0 3033e

 210. Guo, J.C., Wang, C.S.: A polymer scaffold binder structure for 
high capacity silicon anode of lithium-ion battery. Chem. Com-
mun. Camb. Engl. 46, 1428–1430 (2010). https:// doi. org/ 10. 
1039/ b9187 27h

 211. Zheng, M.D., Wang, C.X., Xu, Y.L., et al.: A water-soluble 
binary conductive binder for Si anode lithium ion battery. Elec-
trochim. Acta 305, 555–562 (2019). https:// doi. org/ 10. 1016/j. 
elect acta. 2019. 02. 080

 212. Hu, S.M., Cai, Z.X., Huang, T., et al.: A modified natural poly-
saccharide as a high-performance binder for silicon anodes in 
lithium-ion batteries. ACS Appl. Mater. Interfaces 11, 4311–
4317 (2019). https:// doi. org/ 10. 1021/ acsami. 8b156 95

 213. Zhang, P., Zhu, Q.Z., Guan, Z., et al.: A flexible Si@C electrode 
with excellent stability employing an MXene as a multifunctional 
binder for lithium-ion batteries. Chemsuschem 13, 1621–1628 
(2020). https:// doi. org/ 10. 1002/ cssc. 20190 1497

 214. Ryu, J., Kim, S., Kim, J., et al.: Room-temperature crosslinkable 
natural polymer binder for high-rate and stable silicon anodes. 
Adv. Funct. Mater. 30, 1908433 (2020). https:// doi. org/ 10. 1002/ 
adfm. 20190 8433

 215. Li, Z.H., Ji, J.P., Wu, Q., et al.: A new battery process technology 
inspired by partially carbonized polymer binders. Nano Energy 67, 
104234 (2020). https:// doi. org/ 10. 1016/j. nanoen. 2019. 104234

 216. Xiang, Y.Y., Li, J.S., Lei, J.H., et al.: Advanced separators for 
lithium-ion and lithium-sulfur batteries: a review of recent pro-
gress. Chemsuschem 9, 3023–3039 (2016). https:// doi. org/ 10. 
1002/ cssc. 20160 0943

 217. Lagadec, M.F., Zahn, R., Wood, V.: Characterization and perfor-
mance evaluation of lithium-ion battery separators. Nat. Energy 
4, 16–25 (2019). https:// doi. org/ 10. 1038/ s41560- 018- 0295-9

 218. Xu, J., Wang, L.B., Guan, J., et al.: Coupled effect of strain rate 
and solvent on dynamic mechanical behaviors of separators in 
lithium ion batteries. Mater. Des. 95, 319–328 (2016). https:// 
doi. org/ 10. 1016/j. matdes. 2016. 01. 082

 219. Deimede, V., Elmasides, C.: Separators for lithium-ion batteries: 
a review on the production processes and recent developments. 
Energy Technol. 3, 453–468 (2015). https:// doi. org/ 10. 1002/ ente. 
20140 2215

 220. Deng, N.P., Kang, W.M., Liu, Y.B., et al.: A review on separators for 
lithium-sulfur battery: progress and prospects. J. Power Sourc. 331, 
132–155 (2016). https:// doi. org/ 10. 1016/j. jpows our. 2016. 09. 044

 221. Zhang, Y.C., Wang, Z.H., Xiang, H.F., et al.: A thin inorganic 
composite separator for lithium-ion batteries. J. Membr. Sci. 509, 
19–26 (2016). https:// doi. org/ 10. 1016/j. memsci. 2016. 02. 047

 222. Shi, C., Dai, J.H., Shen, X., et al.: A high-temperature stable 
ceramic-coated separator prepared with polyimide binder/Al2O3 

particles for lithium-ion batteries. J. Membr. Sci. 517, 91–99 
(2016). https:// doi. org/ 10. 1016/j. memsci. 2016. 06. 035

 223. Lee, Y., Lee, H., Lee, T., et al.: Synergistic thermal stabiliza-
tion of ceramic/co-polyimide coated polypropylene separators 
for lithium-ion batteries. J. Power Sourc. 294, 537–544 (2015). 
https:// doi. org/ 10. 1016/j. jpows our. 2015. 06. 106

 224. Wang, Z.H., Xiang, H.F., Wang, L.J., et al.: A paper-supported 
inorganic composite separator for high-safety lithium-ion bat-
teries. J. Membr. Sci. 553, 10–16 (2018). https:// doi. org/ 10. 
1016/j. memsci. 2018. 02. 040

 225. Zhang, X.K., Xie, J., Shi, F.F., et al.: Vertically aligned and 
continuous nanoscale ceramic-polymer interfaces in compos-
ite solid polymer electrolytes for enhanced ionic conductivity. 
Nano Lett. 18, 3829–3838 (2018). https:// doi. org/ 10. 1021/ acs. 
nanol ett. 8b011 11

 226. Wen, L., Xu, R., Mi, Y., et al.: Multiple nanostructures based 
on anodized aluminium oxide templates. Nat. Nanotechnol. 12, 
244–250 (2017). https:// doi. org/ 10. 1038/ nnano. 2016. 257

 227. Ahn, Y.K., Park, J., Shin, D., et al.: Enhanced electrochemical 
capabilities of lithium ion batteries by structurally ideal AAO 
separator. J. Mater. Chem. A 3, 10715–10719 (2015). https:// 
doi. org/ 10. 1039/ c5ta0 1892g

 228. Wang, Z.H., Pan, R.J., Ruan, C.Q., et al.: Redox-active sepa-
rators for lithium-ion batteries. Adv. Sci. 5, 1700663 (2018). 
https:// doi. org/ 10. 1002/ advs. 20170 0663

 229. Bai, S.Y., Liu, X.Z., Zhu, K., et al.: Metal–organic framework-
based separator for lithium-sulfur batteries. Nat. Energy 1, 
16094 (2016). https:// doi. org/ 10. 1038/ nener gy. 2016. 94

 230. Wang, B., Guo, W., Fu, Y.Z.: Anodized aluminum oxide sepa-
rators with aligned channels for high-performance Li-S bat-
teries. ACS Appl. Mater. Interfaces 12, 5831–5837 (2020). 
https:// doi. org/ 10. 1021/ acsami. 9b191 96

 231. Jiang, X.Y., Zhu, X.M., Ai, X.P., et al.: Novel ceramic-grafted 
separator with highly thermal stability for safe lithium-ion bat-
teries. ACS Appl. Mater. Interfaces 9, 25970–25975 (2017). 
https:// doi. org/ 10. 1021/ acsami. 7b055 35

 232. Mi, W.L., Sharma, G., Dong, X.L., et al.: Electrode-supported 
thin α-alumina separators for lithium-ion batteries. J. Power 
Sourc. 305, 209–216 (2016). https:// doi. org/ 10. 1016/j. jpows 
our. 2015. 11. 067

 233. Park, J.H., Park, W., Kim, J.H., et  al.: Close-packed 
poly(methyl methacrylate) nanoparticle arrays-coated poly-
ethylene separators for high-power lithium-ion polymer bat-
teries. J. Power Sourc. 196, 7035–7038 (2011). https:// doi. org/ 
10. 1016/j. jpows our. 2010. 09. 102

 234. Fang, L.F., Shi, J.L., Li, H., et al.: Construction of porous 
coating layer and electrochemical performances of the cor-
responding modified polyethylene separators for lithium ion 
batteries. J. Appl. Polym. Sci. 131, 41036 (2014). https:// doi. 
org/ 10. 1002/ app. 41036

 235. Kim, K.J., Kim, J.H., Park, M.S., et al.: Enhancement of elec-
trochemical and thermal properties of polyethylene separators 
coated with polyvinylidene fluoride-hexafluoropropylene co-
polymer for Li-ion batteries. J. Power Sourc. 198, 298–302 
(2012). https:// doi. org/ 10. 1016/j. jpows our. 2011. 09. 086

 236. Man, C.Z., Jiang, P., Wong, K.W., et al.: Enhanced wetting 
properties of a polypropylene separator for a lithium-ion 
battery by hyperthermal hydrogen induced cross-linking of 
poly(ethylene oxide). J. Mater. Chem. A 2, 11980–11986 
(2014). https:// doi. org/ 10. 1039/ c4ta0 1870b

 237. Jiang, L.Q., Zhang, X.F., Chen, Y.J., et al.: Modified polypro-
pylene/cotton fiber composite nonwoven as lithium-ion battery 
separator. Mater. Chem. Phys. 219, 368–375 (2018). https:// 
doi. org/ 10. 1016/j. match emphys. 2018. 08. 035

 238. Schadeck, U., Kyrgyzbaev, K., Gerdes, T., et al.: Porous and 
non-porous micrometer-sized glass platelets as separators for 

https://doi.org/10.1021/am504854x
https://doi.org/10.1016/j.jpcs.2019.109113
https://doi.org/10.1016/j.jpcs.2019.109113
https://doi.org/10.1016/j.electacta.2019.135011
https://doi.org/10.1002/anie.201201568
https://doi.org/10.1039/c6ee03033e
https://doi.org/10.1039/c6ee03033e
https://doi.org/10.1039/b918727h
https://doi.org/10.1039/b918727h
https://doi.org/10.1016/j.electacta.2019.02.080
https://doi.org/10.1016/j.electacta.2019.02.080
https://doi.org/10.1021/acsami.8b15695
https://doi.org/10.1002/cssc.201901497
https://doi.org/10.1002/adfm.201908433
https://doi.org/10.1002/adfm.201908433
https://doi.org/10.1016/j.nanoen.2019.104234
https://doi.org/10.1002/cssc.201600943
https://doi.org/10.1002/cssc.201600943
https://doi.org/10.1038/s41560-018-0295-9
https://doi.org/10.1016/j.matdes.2016.01.082
https://doi.org/10.1016/j.matdes.2016.01.082
https://doi.org/10.1002/ente.201402215
https://doi.org/10.1002/ente.201402215
https://doi.org/10.1016/j.jpowsour.2016.09.044
https://doi.org/10.1016/j.memsci.2016.02.047
https://doi.org/10.1016/j.memsci.2016.06.035
https://doi.org/10.1016/j.jpowsour.2015.06.106
https://doi.org/10.1016/j.memsci.2018.02.040
https://doi.org/10.1016/j.memsci.2018.02.040
https://doi.org/10.1021/acs.nanolett.8b01111
https://doi.org/10.1021/acs.nanolett.8b01111
https://doi.org/10.1038/nnano.2016.257
https://doi.org/10.1039/c5ta01892g
https://doi.org/10.1039/c5ta01892g
https://doi.org/10.1002/advs.201700663
https://doi.org/10.1038/nenergy.2016.94
https://doi.org/10.1021/acsami.9b19196
https://doi.org/10.1021/acsami.7b05535
https://doi.org/10.1016/j.jpowsour.2015.11.067
https://doi.org/10.1016/j.jpowsour.2015.11.067
https://doi.org/10.1016/j.jpowsour.2010.09.102
https://doi.org/10.1016/j.jpowsour.2010.09.102
https://doi.org/10.1002/app.41036
https://doi.org/10.1002/app.41036
https://doi.org/10.1016/j.jpowsour.2011.09.086
https://doi.org/10.1039/c4ta01870b
https://doi.org/10.1016/j.matchemphys.2018.08.035
https://doi.org/10.1016/j.matchemphys.2018.08.035


Electrochemical Energy Reviews (2022) 5:14 

1 3

Page 33 of 34 14

lithium-ion batteries. J. Membr. Sci. 550, 518–525 (2018). 
https:// doi. org/ 10. 1016/j. memsci. 2017. 10. 061

 239. Zhang, X.K., Li, N., Hu, Z.M., et al.: Poly(p-phenylene tere-
phthalamide) modified PE separators for lithium ion batteries. 
J. Membr. Sci. 581, 355–361 (2019). https:// doi. org/ 10. 1016/j. 
memsci. 2019. 03. 071

 240. Shi, C., Dai, J., Li, C., et al.: A modified ceramic-coating separa-
tor with high-temperature stability for lithium-ion battery. Poly-
mers 9, 159 (2017). https:// doi. org/ 10. 3390/ polym 90501 59

 241. Sun, X.X., Li, M.C., Ren, S.X., et al.: Zeolitic imidazolate 
framework-cellulose nanofiber hybrid membrane as Li-ion 
battery separator: basic membrane property and battery per-
formance. J. Power Sourc. 454, 227878 (2020). https:// doi. org/ 
10. 1016/j. jpows our. 2020. 227878

 242. Mohanta, Kwon, Choi, et al.: Preparation of highly porous 
PAN-LATP membranes as separators for lithium ion batteries. 
Nanomaterials 9, 1581 (2019). https:// doi. org/ 10. 3390/ nano9 
111581

 243. Sabetzadeh, N., Gharehaghaji, A.A., Javanbakht, M.: Porous 
PAN micro/nanofiber separators for enhanced lithium-ion battery 
performance. Solid State Ionics 325, 251–257 (2018). https:// doi. 
org/ 10. 1016/j. ssi. 2018. 08. 013

 244. Pan, R.J., Sun, R., Wang, Z.H., et al.: Sandwich-structured nano/
micro fiber-based separators for lithium metal batteries. Nano 
Energy 55, 316–326 (2019). https:// doi. org/ 10. 1016/j. nanoen. 
2018. 11. 005

 245. Wang, E., Chiu, C.H., Chou, P.H.: Safety assessment of poly-
olefin and nonwoven separators used in lithium-ion batteries. 
J. Power Sourc. 461, 228148 (2020). https:// doi. org/ 10. 1016/j. 
jpows our. 2020. 228148

 246. Li, Y.J., Pu, H.T.: Facile fabrication of multilayer separators 
for lithium-ion battery via multilayer coextrusion and thermal 
induced phase separation. J. Power Sourc. 384, 408–416 (2018). 
https:// doi. org/ 10. 1016/j. jpows our. 2018. 02. 086

 247. Kim, H., Guccini, V., Lu, H.R., et al.: Lithium ion battery separa-
tors based on carboxylated cellulose nanofibers from wood. ACS 
Appl. Energy Mater. 2, 1241–1250 (2019). https:// doi. org/ 10. 
1021/ acsaem. 8b017 97

 248. Pan, R.J., Cheung, O., Wang, Z.H., et al.: Mesoporous Clad-
ophora cellulose separators for lithium-ion batteries. J. Power 
Sourc. 321, 185–192 (2016). https:// doi. org/ 10. 1016/j. jpows our. 
2016. 04. 115

 249. Zhang, H., Liu, J., Guan, M., et al.: Nanofibrillated cellulose 
(NFC) as a pore size mediator in the preparation of thermally 
resistant separators for lithium ion batteries. ACS Sustain. Chem. 
Eng. 6, 4838–4844 (2018). https:// doi. org/ 10. 1021/ acssu schem 
eng. 7b042 03

 250. Li, H., Wu, D.B., Wu, J., et al.: Flexible, high-wettability and 
fire-resistant separators based on hydroxyapatite nanowires for 
advanced lithium-ion batteries. Adv. Mater. 29, 1703548 (2017). 
https:// doi. org/ 10. 1002/ adma. 20170 3548

 251. Chen, D.J., Zhou, Z.Q., Feng, C., et al.: An upgraded lithium ion 
battery based on a polymeric separator incorporated with anode 
active materials. Adv. Energy Mater. 9, 1803627 (2019). https:// 
doi. org/ 10. 1002/ aenm. 20180 3627

 252. Liu, K., Liu, W., Qiu, Y., et al.: Electrospun core–shell microfiber 
separator with thermal-triggered flame-retardant properties for 
lithium-ion batteries. Sci. Adv. 3, e1601978 (2017). https:// doi. 
org/ 10. 1126/ sciadv. 16019 78

Jiale Xing  received her Master’s 
and Bachelor’s degrees from 
Lanzhou University, Lanzhou, 
China. She is pursuing her PhD 
degree from Chemical & Biomo-
lecular Engineering at University 
of Connecticut (UConn) under 
the supervision of Prof. Radenka 
Maric. Her research currently 
focuses on nanomaterials, fuel 
cells, and battery systems.

Stoyan Bliznakov  is currently an 
associate research professor at 
the Center for Clean Energy 
Engineering and the Department 
of Chemical and Biomolecular 
Engineering at the University of 
Connecticut. Dr. Bliznakov has 
extensive knowledge and hands-
on experience in electrochemis-
try, electrocatalysis, electro-
chemical energy storage, and 
conversion device development, 
including fuel cell and battery 
assembly and testing. Previously, 
as a staff member at Brookhaven 
National Laboratory and a mem-

ber of a world leading research group in the field of fuel cell catalysis, 
Dr. Bliznakov directed team activities on the development of a novel 
approach for nanoengineering of platinum monolayer core–shell-type 
fuel cell electrocatalysts and advanced membrane electrode assemblies. 
Before joining the Center for Clean Energy Engineering at UConn, he 
worked as a Senior Research Support Specialist and Lecturer at the 
Department of Materials Science and Chemical Engineering at Stony 
Brook University. Dr. Bliznakov is a co-author of 65 peer-reviewed 
papers, two book chapters, and four US patents.

Leonard Bonville  is currently a 
Research Specialist for the 
Center for Environmental Sci-
ence and Engineering at the Uni-
versity of Connecticut, focusing 
on catalyst fabrication and test-
ing for both performance and 
stability. Previously, Mr. Bon-
ville was Vice President of Engi-
neering at International Fuel Cell 
(IFC), Division of United Tech-
nologies. As Vice President of 
Engineering, he managed more 
than 120 engineers and scientists 
in the development and applica-
tion of the IFC fuel cell database 

for the manufacture and improvement of IFC fuel cell products. Mr. 
Bonville has more than 70 publications, 35 of which are peer-reviewed, 

https://doi.org/10.1016/j.memsci.2017.10.061
https://doi.org/10.1016/j.memsci.2019.03.071
https://doi.org/10.1016/j.memsci.2019.03.071
https://doi.org/10.3390/polym9050159
https://doi.org/10.1016/j.jpowsour.2020.227878
https://doi.org/10.1016/j.jpowsour.2020.227878
https://doi.org/10.3390/nano9111581
https://doi.org/10.3390/nano9111581
https://doi.org/10.1016/j.ssi.2018.08.013
https://doi.org/10.1016/j.ssi.2018.08.013
https://doi.org/10.1016/j.nanoen.2018.11.005
https://doi.org/10.1016/j.nanoen.2018.11.005
https://doi.org/10.1016/j.jpowsour.2020.228148
https://doi.org/10.1016/j.jpowsour.2020.228148
https://doi.org/10.1016/j.jpowsour.2018.02.086
https://doi.org/10.1021/acsaem.8b01797
https://doi.org/10.1021/acsaem.8b01797
https://doi.org/10.1016/j.jpowsour.2016.04.115
https://doi.org/10.1016/j.jpowsour.2016.04.115
https://doi.org/10.1021/acssuschemeng.7b04203
https://doi.org/10.1021/acssuschemeng.7b04203
https://doi.org/10.1002/adma.201703548
https://doi.org/10.1002/aenm.201803627
https://doi.org/10.1002/aenm.201803627
https://doi.org/10.1126/sciadv.1601978
https://doi.org/10.1126/sciadv.1601978


 Electrochemical Energy Reviews (2022) 5:14

1 3

14 Page 34 of 34

and 14 patents relating to fuel cells. He has coauthored publications in 
both industrial and academic environments.

Miodrag Oljaca  has more than 
twenty years of technology and 
business leadership experience. 
Dr. Oljaca worked at large com-
panies and start-ups, where he 
managed technical and business 
organizations to innovate, 
develop, and commercialize 
products in various markets. 
Over the last decade, Dr. Oljaca 
was focused on the development 
of new technologies and prod-
ucts for batteries and other 
energy storage applications. He 
worked closely with leading bat-
tery, automotive, energy and 

electronics companies as well as academic and governmental partners. 
Dr. Oljaca holds a PhD degree in Mechanical Engineering from the 
Georgia Institute of Technology.

Radenka Maric  serves as Vice 
President for Research, Innova-
tion and Entrepreneurship across 
all UConn campuses, including 
UConn Health, and is responsi-
ble for overseeing the Universi-
ty’s $280 + million annual 
research enterprise. She is also a 
CT Clean Energy Fund Professor 
of Sustainable Energy in the 
Departments of Chemical & 
Biomolecular Engineering and 
Materials Science & Engineer-
ing, with an active research pro-
gram. Dr. Maric is an entrepre-
neur and leading scientist with 

experience in academia, industry, national labs, and federal agencies 
in the USA, Japan, and Canada. She received countless awards and 
honors from the international research community and is an NAI and 
AAAS Fellow.


	A Review of Nonaqueous Electrolytes, Binders, and Separators for Lithium-Ion Batteries
	Abstract
	1 Introduction
	2 Nonaqueous Electrolytes
	2.1 Liquid Electrolyte Solutions
	2.1.1 Additives
	2.1.1.1 Additives Impacting the SEI Formation in the Anodes 
	2.1.1.2 Safety Protection Additives 
	2.1.1.3 Others 

	2.1.2 Lithium Salts
	2.1.2.1 Lithium Fluorophosphate Salts 
	2.1.2.2 Borate-Based Lithium Salts 
	2.1.2.3 Effect of the Salt Concentration 

	2.1.3 Nonaqueous Solvents

	2.2 Gel and Solid Electrolytes
	2.2.1 GPEs
	2.2.2 Hybrid Solid-State Electrolytes

	2.3 IL Electrolytes
	2.3.1 Organic Carbonate and IL Electrolytes
	2.3.2 Gel Polymer and IL Electrolytes


	3 Polymer Binders
	3.1 Polymer Binders for the Anode Electrode
	3.1.1 Polymer Binders with a 3D Structure
	3.1.2 Water-Soluble Polymer Binders for Si Anodes
	3.1.3 Other Polymer Binders for Si Anodes


	4 Separators
	4.1 InorganicOrganic Substance-Modified Separators
	4.2 Modification of Microporous Membrane Separators
	4.3 Environmentally Friendly Separators

	5 Conclusions and Outlook
	Acknowledgements 
	References




