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intermediate energy storage systems to 
help integrate them with the energy grid. 
Replacing traditional combustion engines 
with mobile energy storage systems is 
also critical for phasing out fossil fuels. 
For these applications, energy storage 
materials with high energy densities are 
required. Lithium-ion batteries (LIBs), in 
general, offer high energy densities com-
pared to many alternative energy storage 
devices. The specific energy (Wh kg−1) of 
lithium-ion batteries is derived from the 
specific capacity (the amount of charge 
that can be stored per unit mass) and the 
operating potential. Batteries with high 
operating potentials (>4.2 V vs Li+/Li) offer 
high energies, and are thus attractive for 
energy storage applications.[1]

Despite the benefits that high voltage 
LIBs (HV-LIBs) offer, there are still chal-
lenges to overcome to realize the wide 
usage of HV-LIBs. One of the major chal-

lenges that high operating potentials can cause, is electrolyte 
decomposition reactions at the negative electrode when the 
anode falls below the electrolyte reduction potential, which can 
result in the formation of a thick, insulating solid electrolyte 
interface (SEI).[2–4] This can result in severe capacity fading,[5,6] 
as well as formation of HF from LiPF6 hydrolysis that can lead to 
further SEI growth and additional detrimental side reactions.[7] 
At the positive electrode, oxidation and decomposition of the 
electrolyte can lead to unwanted gas evolution and the forma-
tion of a solid cathode electrolyte interphase (CEI).[8–10] Detri-
mental interactions between the electrolyte and the conductive 
carbon binder system (CCB) can also challenge the lifetime and 
safety of HV-LIBs. This can occur when the cathode is highly 
polarized at high working potentials (>4.5  V vs Li/Li+), which 
causes enough driving force to facilitate the intercalation of the 
anion into the graphitized carbon in the CCB,[11] often accompa-
nied by solvent cointercalation. This leads to further unwanted 
electrolyte decomposition reactions, degradation of the CCB 
region and generation of gaseous byproducts.[11,12] Some HV 
cathode materials, such as LiNi0.5Mn1.5O4, can undergo a dis-
solution of metal ions from the host structure facilitated by the 
electrolyte, resulting in increased capacity fading and eventual 
pulverization of the active material.[6] Another challenge high 
operating potentials pose, is creating conditions that can enable 
the onset of lithium plating on the surface of the negative elec-
trode (specifically graphite anodes).[7,13] These challenges also 
introduce safety concerns, including gas formation and thermal 
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1. Introduction

The global demand for the development of clean, sustain-
able, alternative energy technologies has increased signifi-
cantly in recent years. Typical renewable energy sources, such 
as wind energy or solar energy, are intermittent and require 
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tive Commons Attribution-NonCommercial License, which permits use, 
distribution and reproduction in any medium, provided the original work 
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runaway effects, which can ultimately lead to catastrophic cell 
failure.[14–16]

The challenges presented by HV-LIBs can be addressed in 
a variety of different ways. The problems caused by unwanted 
electrolyte decomposition can be addressed through electrolyte 
development,[17–24] electrode coatings,[25–31] or even the use of 
solid-state electrolytes (SEs). [32–36] Detrimental lithium plating 
can be mitigated through electrolyte modification,[37] tailoring 
the cycling procedure,[15] or choosing an anode with a higher 
operating potential.[14,38]

In order to further improve the stability of HV-LIBs, cell 
components such as the separators[39–42] or binders[43,44] must 
be chosen to have good thermal, chemical, and electrochem-
ical stability. Strategies to swap out standard cell components 
for more sustainable materials are essential for improving the 
environmental impact of HV-LIBs.

For the practical, widespread application of HV-LIBs, it is cru-
cial to address both the safety concerns and the environmental 
impact of the materials themselves. The challenges regarding 
electrode and electrolyte stability and the safety of HV-LIBs can 
be most effectively addressed by modifying the region sepa-
rating the two electrodes (i.e., the electrolyte and separator). 
This region is where most safety and performance problems 
arise (i.e., detrimental reactions leading to catastrophic cell 
failure). This review will focus on improving the stability of 
HV-LIBs by modifying the electrolyte and separator (with 
commentary on strategies aiming for a lower environmental 
impact). It will cover novel separators, liquid electrolytes (LEs), 
and solid electrolytes for HV-LIBs (Figure 1).

2. Liquid Electrolytes for HV-LIBs

Even though many advances in solid-state batteries (SSBs) have 
been made in the past years, and SSBs address many of the 
safety concerns with LIBs, the majority of applications for LIBs 
require fast charging capabilities. Thus, it is still challenging to 
get away from LEs for commercial applications, as they are still 
more efficient at lithium-ion transportation than their solid-
state counterparts for ambient temperature applications.[45,46] 
For this reason, it is still valuable to investigate alternative elec-
trolyte compositions to improve the stability and safety of the 
LEs for HV-LIBs applications.

There are a variety of factors to consider when choosing elec-
trolyte compositions. The relative environmental impact can be 
considered, as outlined by a study by Flamme et al., whereby 
the relative environmental impact of common organic solvents 
used in LIBs was investigated.[47] The ionic conductivity, chem-
ical and electrochemical inertness to cell components, and suit-
able behavior at the electrode/electrolyte interface (EEI) are all 
mandatory requirements for an electrolyte in LIBs. For HV-
LIBs applications, the electrochemical stability window is also 
a critical factor. The electrolyte must be stable in a wide electro-
chemical window of cell operations (0–5  V).[48,49] Additionally, 
one must also consider the composition of the cathode material 
used, as the commonly used LiPF6 based carbonate electrolytes 
can result in loss of oxygen from the electrode lattice for certain 
cobalt-containing cathode materials.[21] The SEI or CEI formed 
on the surface of the electrode from electrolyte decomposition 
reactions can help to protect the electrode from structural deg-
radation, as well as prevent continued deterioration of the EEI, 
caused by continued electrolyte decomposition at HV.[50]

In this section, strategies to improve the safety and voltage 
stability window of the electrolyte and the stability of the EEI 
will be investigated. These strategies include investigations of 
solvents with high electrochemical stabilities, as well as electro-
lyte additives, and a summary of the strategies covered in this 
section is highlighted in Figure 2.

2.1. Nonflammable Electrolytes

One of the major challenges of LEs for HV-LIBs applications 
is the inherent flammability of commonly used liquid organic 
electrolytes. In typical combustion processes, gaseous carbonate 
solvents will break down, producing hydrogen radicals and 
leading to chain reactions that cause increasing heat, and eventu-
ally combustion, in the battery.[51] Combustion reactions involve 
four main components: heat, the oxidizing agent, the fuel, and 
an uncontrolled chemical reaction. Removing or suppressing 
one of these components can inhibit the combustion reaction. 
There are two main mechanisms for inhibiting the combustion 
reaction in LEs. The first is by using gas-phase flame retard-
ants, which scavenge the active agents of the combustion reac-
tion (e.g., hydrogen radicals) in the gas phase and control the 
continuous combustion reactions (for example, with fluorinated 

Figure 1. Schematic summarizes the strategies to improve the electrolyte region for HV-LIBs applications. The abbreviations are defined as follows: 
liquid electrolytes (LEs), gel polymer electrolytes (GPEs), ionic liquids (ILs), ceramic oxide solid electrolytes (OSEs), sulfide solid electrolytes (SSEs), 
and polymer solid electrolytes (PSEs).
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or phosphorus-containing species[52,53]). The second is by using 
condensed-phase flame retardants (such as alkyl phosphorus-
containing species),[54–56] which promote the formation of a 
carbonaceous layer on the substrate surface to slow heat and 
mass transfer with the gas phase.[51,57] These mechanisms can be 
achieved through the use of alternative electrolyte chemistries. 
For example, phosphorous or halogen-containing compounds 
can suppress the hydrogen radical formation and, thus, the com-
bustion reactions.[51] Three main strategies for enabling alterna-
tive LEs chemistries for suppressing the flammability are: by 
using 1) additional solvents, 2) highly concentrated electrolytes 
or 3) alternative solvents. Other electrolytes, such as ionic liquids 
(ILs), solid-state electrolytes or gel polymer electrolytes (GPEs), 
can have nonflammable properties, but these electrolytes will be 
discussed in more detail in later sections.

In earlier work on nonflammable LIB electrolytes, solvents 
with flame retardant capabilities such as phosphorous-based 
solvents[58–60] or fluorinated alkyl phosphates,[61] were used in 
addition to conventional LE solvents as cosolvents. However, 
although these compounds demonstrated the ability to inhibit 
the flammability of conventional LEs, they are unable to form 
a stable SEI layer and can thus impact the electrochemical per-
formance.[57] Recent methods to balance the flame retardant 
capability of the cosolvent with the electrochemical cell per-
formance involve the use of compounds with increased alkyl 
chain length, fluorinated organophosphorus compounds, 
replacement of the alkyl groups with aryl(phenyl) groups or the 
use of cyclic phosphates. Xia et al. used a triallyl phosphate to 
decrease the gas formation in Li(Ni0.42Mn0.42Co0.16)O2|graphite 
pouch cells and lead to better capacity retention during cycling 

(Figure 3a).[62] Other bifunctional additives have been demon-
strated to improve the cell performance through reducing the 
electrolyte flammability, as well as other functions, such as 
improving the electrochemical stability,[63] H2O or HF scav-
enging[64,65] or SEI-formation.[66,67] One example of this is 
shown in Figure 3b from Feng et al., where the addition of 12% 
pentafluoro(phenoxy)cyclotriphosphazene, FPPN, reduced the 
electrolyte flammability, as well as improving the overcharge 
behavior of the electrolyte, stabilizing it at 5.05 V versus Li/Li+ 
and preventing electrolyte decomposition reactions from occur-
ring.[63] However, despite these promising results, there are still 
some limitations to simply adding a flame retardant solvent to 
the LE to suppress the flammability, such as the poor anode 
passivation,[52,68,69] or that these flame retardant electrolytes still 
contain volatile and flammable solvents[68] and may be subject 
to combustion at high temperatures during abuse cases.

An alternative strategy for suppressing LE flammability is 
by using highly concentrated LEs. With this strategy, the reduc-
tion in flammability is accomplished in two ways: the first 
being the increase in salt to solvent interactions, leading to 
reduced vapor pressure and lower volatility of the flammable 
solvents. The second being that the highly concentrated LE 
is composed of significant amount of nonflammable salt.[52] 
Highly concentrated LEs also show improved SEI formation, 
compared to the dilute LEs with flame retardant cosolvents. 
Zeng et  al. demonstrated the formation of a stable SEI on 
graphite with a lithium bis(fluorosulfonyl)imide, LiTFSI, elec-
trolyte in tris(trifluoroethyl) phosphate (TFEP) (with a molar 
ratio of 1:2).[70] Liang et  al. demonstrated the electrochemical 
performance for a nonflammable, 2.2 m LiTFSI electrolyte, in 

Figure 2. An overview of different LE strategies to improve the safety and sustainability of HV-LIBs, including use of additives (blue), ILs (orange), 
aqueous LEs (green), and GPEs (purple).

Adv. Energy Mater. 2022, 12, 2200147
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ether-based solvents, which showed highly reversible reactions 
at the graphite and NMC electrodes,[71] as well as high thermal 
stability under abuse conditions (as illustrated in Figure 3d). In 
a study by Wang et  al.,[72] a high concentration LiN(SO2F)2 LE 
in dimethyl carbonate (up to a molar ratio of 1:1.1) was demon-
strated to not only have lower flammability, but also better rate 
capability and cell performance, compared to commercial LEs 
when used in a LiNi0.5Mn1.5O4/graphite HV-LIB. However, the 
viscosity of LEs with high salt concentrations can be high, and 
these LEs are often subject to poorer wettability and ionic con-
ductivity,[52,73] which can impede cell performance. One solu-
tion to this is localized high concentration LEs, which preserve 
the solvation structure of the ions by using a solvent with a low 
donor number, high miscibility, and high oxidative stability to 
dilute the highly concentrated LE.[52] This has been demon-
strated by Doi et  al., whereby a highly concentrated LiBF4/PC 
electrolyte was diluted with 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetra-
fluoropropyl ether, enabling improved performance and an 
extended lifetime of LiNi0.5Mn1.5O4 and LiNi0.5Co0.2Mn0.3O2 

cathodes.[74] One of the major challenges of HV-LIBs, the det-
rimental interaction between the electrolyte and the CCB,[11,12] 
can be addressed using highly concentrated electrolytes. In a 
recent study by Ko et al., the nonflammable solvent sulfolane,[75] 
was combined with LiBF4 (5.8 m) in order to minimize the 
parasitic interaction between the anion and CCB, due to the 
formation of a sulfurous-based CEI. They showed the electro-
chemical performance could be further enhanced with 6.6 m 
LiPF4 electrolyte where fluoroethylene carbonate (FEC) was 
used as a cosolvent, which resulted in high coulombic efficien-
cies and long lifetime for a Li2CoPO4F/graphite full cell with a 
5.2 V cut-off voltage.[76]

However, the use of high salt concentrations can be expen-
sive. Another strategy for suppressing LE flammability is 
by using alternative solvents that have higher thermal and 
oxidative stabilities. This strategy enables the use of lower salt 
concentrations, without using volatile or flammable solvents. In 
a study by Zheng et al., a cyclic phosphate-based solvent was 
used to trap hydrogen radicals and led to an improved long 

Figure 3. a) Volume of gas evolution during formation, cycling, and storage in coated NMC442|graphite pouch cells with different amounts of TAP 
additive in a 1 m LiPF6 EC:DMC (3:7, v/v) electrolyte. Reproduced with permission.[62] Copyright 2015, Elsevier. b) Overcharge behavior of a 1 m LiPF6 
EC/DMC/DEC (1:1:1 v/v) electrolyte containing no additive (black solid line) and containing 12% FPPN (red solid line), respectively, in LiNi0.5Mn1.5O4/
Li cells. Reproduced with permission.[63] Copyright 2016, RSC Publishing. c) Flame tests of 0.8 m LiPF6 TFEP/FEC/VC and 1 m LiPF6 EC/DMC electro-
lyte. Reproduced with permission.[78] Copyright 2020, John Wiley and Sons. d) Photographs and schematics of batteries before and after short circuit 
test and situation inside of the battery under those short circuit conditions for i) 1.2 m LiPF6 in EC:DEC (1:3, v/v), ii) 2.2 m LiTFSI in EC:DME (molar 
ratio 1:2), and iii) illustrations of those batteries under abuse conditions. Reproduced with permission.[71] Copyright 2015, The Electrochemical Society.
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term cycling stability in a LiNi0.5Mn1.5O4|graphite system.[77] 
Zeng et al. used a fluorinated phosphate-containing solvent 
(tris(2,2,2-trifluoroethyl)phosphate, TFEP) combined with FEC 
and vinylene carbonate (VC) additives to prepare a nonflam-
mable electrolyte (Figure  3c) that demonstrated good reduc-
tive stability, no gas decomposition, and stable cycling for 100 
cycles with a coulombic efficiency of up to 98.1%, and a 93 % 
capacity retention in Si–SiC–C|0.35Li2MnO3∙0.65LiNi0.5Mn0.5O2  
cells.[78] Fan et  al. demonstrated a non-flammable fluori-
nated electrolyte with 1 m LiPF6, which improved the electro-
chemical performance of a 5 V LiCoPO4 cathode and a Ni-rich 
LiNi0.8Mn0.1Co0.1O4 cathode due to the formation of highly 
stable, fluorine rich interphases at the electrode surface.[79] In 
order to improve both the temperature and the voltage window, 
Fan et al. dissolved fluorinated carbonate electrolytes in highly 
fluorinated nonpolar solvents. This approach led to LEs with a 
wide voltage window of 0.0 to 5.6 V and high ionic conductivities 
over a large temperature range of −125 to 70  °C. These non-
flammable LEs were shown to enable good cell performance of 
a variety of different electrode materials (including high-voltage 
(5.4 V) LiCoMnO4 cathodes) at extreme temperatures.[80]

Controlling the flammability of the electrolyte is critical 
to enable safer LEs in HV-LIBs for long-term, large-scale 
applications. As shown, there are many options to do so, 
either through the use of flame retardant cosolvents, high 
concentration LEs or through new, nonflammable electrolyte 
solvents. However, many of these options involve the use of 
problematic or hazardous solvents, which can have negative 
health or environmental impact.[81–85]

2.2. Liquid Electrolyte Additives for Electrode Interface

LEs undergo decomposition on the surface of the electrode 
during the first cycling processes of the LIBs, forming a pas-
sivation layer, the SEI (anode) or CEI (cathode), consisting of 
both inorganic and organic products, which reflect the com-
position of the electrolyte. A good SEI, or CEI, is electrically 
insulating (to prevent continuous electrolyte degradation) and 
ionically conductive (to preserve the transfer of Li+ to and from 
the electrode surface). The presence of a stable SEI, or CEI, 
passivating the electrode surface will protect the active mate-
rial from degradation and prevent unwanted decomposition 
reactions in the electrolyte that can lead to overpotentials, gas 
production, and potential explosive failure of the battery.[4,86,87]

An additive is a compound added to the electrolyte with a 
volume or weight percent of <5%. Typically, this compound is 
dominant in the SEI, or CEI, formed on the target electrode, 
although additives for other applications can also exist, as 
described in the previous section. Additives designed to improve 
SEI/CEI composition, or SEI- and CEI-forming additives, should 
have the following qualities: 1) compatibility with the electrolyte 
and electrode materials, 2) ability to achieve significant improve-
ment in the LIBs performance with a small amount, 3) nontoxic, 
and 4) low-cost.[17] The choice to use electrolyte additives is made 
to find the easiest, most cost-effective strategy to improve the 
function of the LIBs without having to change any part of the 
production process. The important role that the CEI plays is 
demonstrated (Figure 4) for Ni-rich cathode materials.

Additives for LEs in LIBs are some of the most widely studied 
battery components, especially considering their minor percent 
contribution to the weight of the overall battery, as they play a 
critical role in improving the performance. Commonly studied 
additives such as VC[22,88–91] and FEC[89,90,92–96] have primarily 
focused on promoting SEI formation on the anode, although 
their role on the cathode has been subjected to increasingly 
more interest. For HV-LIBs, the CEI on the cathode surface 
can be vital to promote long cycle lifetimes, as HV cathode 
materials are particularly susceptible to loss of active material 
to the electrolyte, through dissolution of the transition metal 
ions.[17] This ultimately leads to cracking and pulverization of 
the active material. The presence of HF or PF5 species (pro-
duced from the decomposition of the standard LiPF6 salt) can 
cause damage to the CEI, which further supports unwanted 
active material degradation. In recent years, multifunctional 
additives have been increasingly more popular. These CEI-
forming additives typically contain functional groups such as 
isocyanate (NCO),[97–100] silane derivatives (SiO),[101–106] 
sultones (SO),[88,107–111] borates (BO),[112–115] or phosphorous-
containing groups,[116–120] which are capable of scavenging HF. 
Many of these CEI-forming additives can also promote SEI for-
mation on the anode, serving multiple important functions in 
the cell. A list of relevant solvent additives and the roles they 
play in HV-LIBs can be found in Table 1 and a list of relevant 
salt additive can be found in Table 2.

In a study by Wang et al.,[97] it was shown that an isocyanate-
containing additive (p-toluenesulfonyl isocyanate, PTSI) could 
allow for long-term stable cycling for over 680 cycles at an oper-
ating potential of 4.8  V versus Li/Li+ for LiNi0.5Co0.2Mn0.3O2 
batteries. In this context, the PTSI additive lowers HF pro-
duction and prevents electrolyte decomposition reactions by 
forming a thin, stable CEI layer on the cathode. Aupperle et al. 
employed an additive with a nitrile (CN) functionalized silane 
that enabled long term cycling of a LiNi0.6Mn0.2Co0.2O2|Si–
graphite pouch cell, and significantly reduced the gas forma-
tion.[106] Combining multifunctional additives with the more 
widely studied additives can also serve to further improve the 
cell performance, as Xu et al. showed by combining VC with 
1,3-propane sultone (PS), whereby VC serves to repress elec-
trolyte decomposition and PS serves to protect the surface of 
the electrodes.[108] Liu et al. took dual-additive electrolytes a 
step further by utilizing trimethyl borate to improve the per-
formance of other additives, i.e., by promoting the oxidation 
of tetramethylene sulfone (TMS) to improve the CEI stability 
or through interaction with FEC to lower the onset oxidation 
potential.[115] Zhu et al. reported a novel phosphate-containing 
additive (diethyl(thiophen-2-ylmethyl)phosphate) that dramati-
cally improved the capacity retention of an HV LiNi0.5Mn1.5O4 
battery.[120] This additive not only stabilized the CEI, but it also 
served to improve the thermal stability of the electrolyte and 
improve the resistance to combustion. Multifunctional salt-
based additives, although often more expensive than solvent 
additives, have also been used to improve the performance 
and safety of HV-LIBs. Some of the most effective of these 
are borate-containing[132–138] or phosphate-containing[139–143] 
lithium salt additives, for similar reasons as the borate or 
phosphorous-based solvent additives. Phosphate- or borate-
containing anions typically participate in the formation of a 
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CEI and SEI on both the cathode and anode surfaces, respec-
tively, leading to a more inorganic, more stable, thinner layer 
on the electrode surface, which is capable of promoting Li+ 
transfer. Suppressing the electrolyte decomposition in this 
way serves to preserve the active material in both electrodes, 
as well as improve the safety of the battery by suppressing 
unwanted decomposition that can lead to gas formation. This 
mechanism was demonstrated by Dong et al.,[134] where the 
cycling of a Ni-rich LiNi0.83Mn0.05Co0.12O2|graphite cell could 
be significantly improved after 200 cycles with the addition 
of a lithium difluoro(oxalate)borate (LiDFOB) additive. Chen 
et al. demonstrated that the addition of this lithium salt addi-
tive to an electrolyte composed of fluorocarbon solvents led to 
superior electrochemical stability up to 5.5 V versus Li+/Li.[133] 
Lithium salt additives are also capable of dual-functions, as Kim 
et al. demonstrated with a lithium bis(trimethylsilyl)phosphate 
(LiTMSP) salt in a LiNi1.5Mn0.5O4|graphite cell, where LiTMSP 
contributed to the formation of a stable SEI, as well as acted as 
an HF-scavenger.[142] Another salt additive that has been shown 
to positively influence the SEI is LiPO2F2, which promotes 
a stable, compact, ionically conductive SEI or CEI, due to the 
presence of decomposition products such as LixPOyFz.[144–146] 

This was demonstrated by Jiang et  al. for a lithium rich 
Li1.14Ni0.133Co0.133Mn0.544O2 cycled between 2.0 and 4.8 V versus 
Li/Li+, where the capacity retention was improved from 53.6% 
to 85% at 3 C for 500 cycles with just 0.5 wt% LiPO2F2 in a 1 m 
LiPF6 electrolyte in ethylene carbonate (EC):dimethyl carbonate 
(DMC) (1:1, v/v).[147]

As described, electrolyte additives can provide critical func-
tions to enable LEs in HV-LIBs and improve the safety and 
long-term cycling capability. Electrolyte additives can provide 
a simple solution to improve the safety of HV-LIBs, especially 
for large-scale production applications, where the processes are 
already well-established. However, despite the improvements in 
the chemical, electrochemical and thermal stability of industry-
standard LEs through the addition of additives, there are still 
many drawbacks, including the fact that these electrolytes are 
still inflammable.

2.3. Ionic Liquid Electrolytes for HV-LIBs

Many of the safety challenges with LEs can be addressed by 
use of IL electrolytes. ILs are liquid at room temperature (RT) 

Figure 4. Summary of critical issues of Ni-rich cathodes with regards to the CEI. Reproduced with permission.[17] Copyright 2020, American Chemical 
Society.

Adv. Energy Mater. 2022, 12, 2200147
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Table 1. Summarizes select solvent LEs additives from literature and the role they play for improving HV-LIBs.

Name Amount Electrolyte Anode Cathode Max. voltage 
(V vs Li+/Li)

Operating window 
(V vs Li+/Li)

Role Ref.

Vinylene carbonate (VC) 5% 1.2 m LiPF6 in 
EC/DMC (3:7)

Li4Ti5O12 LiNi0.5Co0.2Mn0.3O2 4.3 3.5–4.4 Lower oxidative current, 
passivation layer 

(higher impedance)

[22]

1,1,2,2-Tetrafluoro-
ethyl-2,2,3,3-tetrafluoro-
propyl ether (TTE)

10%

Triallyl phosphate (TAP) 1–3% 1 m LiPF6 in EC/DMC (3:7) Graphite Li(Ni0.42Mn0.42Co0.16)O2 4.5 2.8–4.5 SEI on cathode + anode, 
less gas evolution

[62]

Tris(pentafluorophenyl)
phosphine (TPFPP)

0.5–1 % 1 m LiPF6 in EC/DMC/
DEC (1:1:1)

Li-metal LiNi0.5Mn1.5O4 4.9 3.5–4.9 SEI on cathode, better 
cycling

[66]

Prop-1-ene-1,3-sultone (PES) 2% 1 m LiPF6 in EC/DMC (3:7) Graphite Li(Ni0.3Mn0.3Co0.3)O2 4.2 2.8–4.2 SEI on Ni-rich cathodes [88]

p-Toluenesulfonyl 
isocyanate (PTSI)

0.5 wt% 1 m LiPF6 in EC/EMC (3:7) Li-metal LiNi0.5Co0.2Mn0.3O2 4.5 3.0–4.5 Higher initial capacity, 
better thermal stability, 

HF scavenging

[97]

Diphenyldimethoxysilane 
(DPDMS)

1 wt% 1 m LiPF6 in EC/EMC/
DMC (1:1:1)

Li-metal LiNi0.6Co0.2Mn0.2O2 4.3 2.8–4.3 HF scavenger, SEI 
cathode, better thermal 

stability

[101]

Triethyl borate (TEB) 2, 4, 10 wt% 2 m LiPF6 in EC/DEC/
DMC (3:5:2)

Li-metal LiNi0.3Co0.3Mn0.3O3 4.5 3.0–4.5 SEI cathode, improved 
cycling, and rate 

capability with 10 wt%

[112]

Trimethyl boroxine (TMB) 2, 3, 4 wt% 1 m LiPF6 in EC/DEC/
DMC (3:5:2)

Li-metal LiNi0.3Co0.3Mn0.3O2 4.5 3.0–4.5 SEI cathode [113]

Triisopropyl borate (TIB) 1 wt% 2 m LiPF6 in EC/EMC/
DMC (1:1:1)

Li-metal LiNi0.6Co0.2Mn0.2O3 4.5 3.0–4.5 SEI on cathode, betting 
cycling stability

[114]

Fluoroethylene carbonate 
(FEC)

Cosolvent 1 m LiPF6 in DMC/FEC G/Si LiFePO4/LiNi0.5Mn1.5O4 5 3.5–5.2 SEI formation for Si + G 
anodes

[121]

Tri(hexafluoro-iso-propyl)
phosphate (HFiP)

1% 1 m LiPF6 in EC/DMC (3:7) Graphite LiNi0.5Mn1.5O4 5 3.5–4.95 SEI on cathode + anode [122]

1% 1 m LiPF6 in EC/DMC (1:1) Li-metal Li[Li0.2Mn0.56Ni0.1

6Co0.08]O2

4.2 2.0–4.6 SEI on cathode [123]

Triphenylphosphine oxide 
(TPPO)

0.50% 1 m LiPF6 in EC/DMC (3:7) Graphite LiNi0.8Mn0.1Co0.1O2 4.3 2.8–4.3 SEI on cathode + anode [124]

3-Methyl-1,4,2-dioxazol-
5-one (MDO)

2% 1 m LiPF6 in PC Graphite LiNi0.5Mn0.3Co0.2O2 5.3 2.8–4.2 High oxidative stability, 
suppress G exfoliation

[20]

Succinate anhydride (SA) 1, 2, 4, 6, 8% 1 m LiPF6 in  
EC/DMC (1:1)

Li-metal LiNi0.5Mn1.5O4 5 3.5–4.95 Improve LMNO 
self-discharge

[125]

Triphenylamine (Ph3N) 0.25 wt% 1.2 m LiPF6 in 
EC/DMC (3:7)

Graphite Li1.2Ni0.15Mn0.55Co0.1O2 4.5 2.2–4.6 Reduce LE oxidation, SEI 
cathode and improve 
capacity retention and 

lower impedance

[126]

1,4-Benzodiozane-6,7-diol 
(BDOD)

0.3 wt%

[4,4′-bi(1,3,2-Dioxathio-
lane)]2,2′-dioxide (BDTD)

2 wt% 2 m LiPF6 in EC/EMC (3:7) Li-metal LiNi0.5Co0.2Mn0.3O3 4.6 3.0–4.6 SEI cathode, better 
capacity retention, and 

rate capability

[127]

Dimethoxydimethylsilane 
(DODSi)

2 wt% 1 m LiPF6 in  
EC/EMC (1:2)

Li-metal LiNi0.8Mn0.1Co0.1O2 4.3 3.0–4.5 SEI on cathode, 
HF scavenging

[102]

Tris(trimethylsilyl) 
phosphite (TMSPi)

1 wt% 1.2 m LiPF6 in 
EC/EMC (3:7)

Graphite LiNi0.5Mn0.3Co0.2O2 4.4 3.0–4.4 SEI on cathode, 
HF scavenging

[128]

Diethyl phenylphosphonite 
(DEPP)

0.5–5 wt% 1 m LiPF6 in EC/
EMC/DEC (3:5:2)

Li-metal LiNi0.8Co0.15Al0.05O2 4.5 3.0–4.35 HF scavenger, SEI on 
cathode

[129]

Ethylene sulfite (ES) 5 wt% 1 m LiClO4 in PC Graphite LiMn2O4 4.5 3.5–4.5 Film-forming additive for 
anode (≈1.8–2.1 V)

[130]

Adv. Energy Mater. 2022, 12, 2200147
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and are composed entirely of ions. Typical ILs exhibit favorable 
properties such as low volatility, low flammability, high thermal 
stability, and wide liquid range.[153] ILs demonstrating further 
favorable properties such as high ionic conductivities and a 
wide electrochemical, and thermal stability window have led to 
the use of ILs as a safer alternative for LEs in LIBs.[154,155]

Brutti et al. studied imidazolium based ILs with tetra-alkyl 
ammonium cations, coupled with bis(perfluoroalkyl sulfo-
nylimide) for HV-LIBs up to 5  V versus Li+/Li.[155] Zhao et al. 
also used imidazolium based ILs with phosphate functionaliza-
tion to improve the rate capability of LiFePO4/Li cells, however, 
the potential was limited to 4.6  V versus Li+/Li.[156] Chatterjee 
et al. improved the performance of an industry-standard 1 m 
LiPF6, EC:DMC, electrolyte in an NMC-111|graphite cell with 

the addition of a dicationic ILs.[157] In a similar study, Chat-
terjee et al. could also achieve very similar ionic conductivities 
with a thiourea-based ILs-additive to a conventional organic 
electrolyte (11.91 mS cm−1 compared to 12.2 mS cm−1).[158] For 
LIBs with LiNi0.5Mn1.5O4 cathodes (4.7 V vs Li+/Li), Rath et al. 
demonstrated N-butyl-N-methylpyrrolidinium–TFSI-based 
ILs.[159] Wu et al. also used TFSI-based ILs with LiNi0.5Mn1.5O4 
cathodes to improve the performance through a series of 1 m 
LiPF6/N-propyl-N-methylpyrrolidinium(PYR13)-TFSI hybrid 
ILs, which were demonstrated to suppress the corrosion of the 
Al current collector and enable stable cycling at 1 C for up to 
300 cycles with ionic conductivities of up to 7.2 mS cm−1.[160] 
ILs can demonstrate improved thermal, chemical, and 
electrochemical stability compared to commercial LEs in LIBs, 

Table 2. Summarizes select salt LEs additives from literature and the role they play for improving HV-LIBs.

Name Amount Electrolyte Anode Cathode Max voltage 
(V vs Li+/Li)

Operating window 
(V vs Li+/Li)

Role Ref.

Magnesium 
bis(trifluoromethanesulfonyl)
imide (Mg(TFSI)2)

1 wt% 1 m LiPF6 in EC/
EMC (1:1)

Li-metal/G LiNi0.3Mn0.3Co0.3O2 4.6 3.0–4.6 CEI [18]

Lithium difluoro(oxolato)borate 
(LiDFOB)

1 wt% 1.3 m LiPF6 in 
EC/EMC/DMC 

(3:4:3)

Graphite Li1.17Ni0.17Mn0.5Co0.17O2/0
.4Li2MnO3∙0.6LiNi0.3Co0.3

Mn0.3O2

4.5 2.0–4.8 Improves rate capability, 
SEI and CEI

[137]

Lithium difluoro(bisoxolato)
phosphate (LiDFBP)

1 wt% 1.3 m LiPF6 in 
EC/EMC/DMC 

(3:4:3)

Li-metal Li1.17Ni0.17Mn0.5Co0.17O2/0
.4Li2MnO3∙0.6LiNi0.3Co0.3

Mn0.3O2

4.6 2.0–4.6 CEI, improved cycling at 
high rates (20 C)

[141]

Lithium Bis(oxolato)borate 
(LiBOB)

3 wt% 1 m LiPF6 in EC/
DEC (1:1)

Li-metal LiCoPO4 5 3.5–5.2 CEI [148]

1 wt% 1.2 m LiPF6 in 
EC/DMC (3:7)

Graphite Li1.2Ni0.15Mn0.55Co0.1O2 4.5 2.2–4.6 Good capacity retention, 
even better impedance 
when combined with 
Ph3N or BDOD (see 

above)

[126]

Lithium tetrafluoro(oxolato)
phosphate (LiTFOP)

1 mol L−1 EC/DEC/DMC 
(1:1:1)

MCMB LiNi0.8Co0.2O2 4.1 3.0–4.1 SEI and CEI [149]

1–3 wt% 1.2 m LiPF6 in 
EC/DMC (3:7)

MCMB Li1.1(Ni0.3Co0.3Mn0.3)0.9O2 4.1 3.0–4.0 SEI and CEI, significate 
capacity retention

[150]

Lithium oxalyldifluoroborate 
(LiODFB)

5 wt% 1 m LiPF6 in EC/
EMC/PC (1:3:1)

Li-metal LiCoPO4 5.3 2.5–4.2 Higher rev. charge/dis-
charge, better cycling

[151]

Lithium 4,5-dicyano-
2-(trifluoromethyl)-imidazole 
(LiTDI)

1 mol L−1 EC/DMC Li-metal LiNMn2O4 4.6 3.5–4.3 Noncorrosive, replace 
LiPF6

[152]

Lithium difluorophosphate 
(LiPO2F2)

0.5 wt% 1 m LiPF6 in 
EC:DMC (1:1)

Li-metal Li1.14Ni0.133Co0.133Mn0.544O2 4.8 2.0–4.8 SEI and CEI, improved 
rate capability

[147]

Name Amount Electrolyte Anode Cathode Max. voltage 
(V vs Li+/Li)

Operating window 
(V vs Li+/Li)

Role Ref.

1,3,2-Dioxathiolane2,2-
dioxide (DTD)

1 wt% 1 m LiPF6 in EC:DEC Graphite LFP 3.8 2.6–3.8 Improve oxidative stability 
electrolyte (≈6 V), anode 

SEI additive

[131]

Propane-1,3-sultone (PS) Stablize SEI layer

Sulfopropionic acid anhy-
dride (SPA)

Stabilize SEI, improve 
interfacial resistance

Table 1. Continued.

Adv. Energy Mater. 2022, 12, 2200147
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and are even capable of achieving comparable ionic conductivi-
ties. Despite the promising results of ILs, they are still inher-
ently more expensive and less sustainable than alternative 
electrolyte solutions, due to the high concentrations of lithium 
salts required. Additionally, ILs have limited biodegradability 
and can be relatively toxic, depending on the composition.[161]

2.4. Aqueous Electrolytes for HV-LIBs

Despite the fact that nonaqueous LEs are widely used com-
mercially, there are growing concerns about the safety of these 
electrolytes, which use flammable organic solvents. Therefore, 
it is important to consider the replacement of these organic 
electrolytes with nonflammable, low-toxic aqueous electrolytes 
(AEs) in order to address these safety concerns. For large-scale 
battery production, AEs also offer a low-cost alternative, and 
allow more accessible, cheaper cell production, as the atmos-
phere requirements are not as strict as for traditional LEs.[162]

One of the major drawbacks of AEs is the low electrochem-
ical stability window (ESW) of water. Typically, water has a 
narrow ESW (1.23 V)[163] and will undergo electrolysis, resulting 
in hydrogen evolution reactions (HERs) and oxygen evolution 
reactions (OERs), which are detrimental to the lifetime and 

function of the battery. There are strategies, however, to widen 
the ESW and prevent water electrolysis, and potentially allow 
AEs to be used in HV-LIBs contexts. The three main strategies 
to improve the ESW for water-based electrolytes are 1) “water-
in-salt” electrolytes, 2) molecular crowding, and 3) gel polymer 
aqueous electrolytes. The idea behind all of these strategies is 
to suppress the electrolysis reaction of water and improve the 
thermodynamic stability. The electrolysis of water is a surface-
controlled reaction (i.e., occurs at the electrode surface), and 
causes the lithium transfer reactions to be in competition with 
parasitic HER and OER at the surface.[164] The main approaches 
to suppress these parasitic water electrolysis reactions: 
strengthening of the OH bonds, decoupling alkaline analyte 
and acidic/neutral catholyte[164] and physically inhibiting water 
molecules from reaching the electrode surface (summarized in 
Figure 5).[165]

2.4.1. Highly Concentrated Aqueous Electrolytes

For highly concentrated aqueous electrolytes, extremely high 
concentrations of lithium salt(s) (>20 m) are dissolved in the 
solvent. This is often referred to as a “water-in-salt” electro-
lyte, or “water-in-bisalt” (in the case of a second salt).[166] The 

Figure 5. Summary of strategies to suppress the water electrolysis reactions in batteries. Reproduced with permission.[164] Copyright 2021, American 
Chemical Society.

Adv. Energy Mater. 2022, 12, 2200147
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solvation structure resulting from such highly concentrated 
AEs is an anion-containing Li+ shell, where the number of 
water molecules available to solvate each ion is low and inte-
rionic interactions are promoted.[167] This solvation structure 
restricts the movement of water, therefore it cannot easily 
reach the electrode surface, as well as lowers the HOMO of 
water, improving its the oxidative stability to the cathode.[165] A 
“hydrate melt” electrolyte is similar to the “water-in-salt” elec-
trolyte, wherein there are no free water molecules, with all 
water molecules participating in the Li+ solvation.[168] This type 
of solvation structure also leads to a shift of the LUMO to the 
anion, resulting in anion derived SEI layers on the electrode 
surface. These anion derived SEI layers also tend to be more 
stable in concentrated electrolytes solutions, which prevent side 
reactions at the surface of the electrode and hydrogen evolu-
tion. The widening of the electrochemical stability window in 
this way, is demonstrated in Figure 6a.

Suo et al. demonstrated this principle with a 21 m LiTFSI 
water-in-salt electrolyte with a voltage window of 3  V and 
an upper voltage limit of 4.9  V versus Li/Li+ and success-
fully applied it in full cells using Mo6S8 and LiMn2O4 as 
the anode and cathode, respectively.[167] There have been a 
variety of other “water-in-salt” studies using Li-salts dem-

onstrating wider voltage windows from 2  V to >3  V.[169–174] 
Binary Li-salt mixtures, or “water-in-bisalt”, have also been 
studied. A study by Ko et  al. achieved a voltage window of 
4.85 V with an upper voltage window of 5.05 V using 22.2 m  
LiTFSI combined with 33.3 m LiPTFSI (which could be 
classified as a hydrate melt, given the lack of free water 
molecules), although the ionic conductivity was limited to  
0.1 mS cm−1.[175] Jaumaux et al. demonstrated that the addition 
of a cosolvent, 1,5-pentanediol (PD) could allow a decrease in 
the required concentration of Li-salt (12.5 m, rather than 25 m),  
using a much cheaper salt (i.e., LiNO3) (Figure  6b).[176] The 
high cost and relative toxicity of Li-salts have led to studies 
regarding mixed-cation “water-in-salt” electrolytes, allowing 
the use of cheaper, greener salts, while still maintaining the 
benefits for limitation of water hydrolysis and Li transfer 
capability. For example, Lukatskaya et al. prepared a mixed-
cation acetate salt electrolyte with 32 m KOAc and 8 m LiOAc 
and demonstrated its performance with a c-TiO2 anode and 
LiMn2O4 cathodes (Figure 6c).[177] While pure Li-salt in water 
electrolyte solutions still come with some challenges, choice 
of a cosolvent or alternative salt can improve not only the 
electrochemical and thermal stability, but also the cost and 
relative safety of the electrolyte.

Figure 6. a) Comparison of aqueous lithium-ion battery end-of-charge voltages with various salts. The “salt-in-water” electrolyte correspond to 1 m 
Li2SO4 in a LiTi2(PO4)3|LiMn2O4 cell, the “water-in-salt electrolyte” corresponds to Li(TFSI)0.7(BETI)0.3·2H2O in a Li4Ti5O12|LiNi0.5Mn1.5O4 cell, and the 
“water-in-ionomer” corresponds to the 50 wt% LiPAA gel electrolyte in a TiO2/LiMn2O4 cell. Reproduced with permission.[178] Copyright 2018, Springer 
Nature. b) Cyclic voltammetry profiles of select “water-in-salt” electrolytes with and without cosolvents (i–iii), as well as for a liquid water in salt gel 
(iv). Reproduced with permission.[176] Copyright 2021, John Wiley and Sons. c) Cyclic voltammetry profiles of acetate-based electrolyte solutions using 
Pt foil (a) and Ti foil (b) demonstrating voltage stability windows. Reproduced with permission.[177] Copyright 2018, RSC Publishing.

Adv. Energy Mater. 2022, 12, 2200147
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2.4.2. Molecular Crowding

Despite the promising performances, the “water-in-salt” 
approach is intrinsically more expensive, and unattractive for 
large-scale applications. For this reason, the molecular crowding 
approach, whereby the properties of the solution can be modi-
fied using macromolecules (e.g., proteins, polysaccharides or 
complex sugars) is more attractive.[179] The presence of these 
macromolecules can reduce the activity of the water mole-
cules because of changes in the water’s H-bonding structure 
through interactions with the macromolecules. The macromol-
ecules must be water soluble with good Li+ interaction, such as 
poly(ethylene oxide) (PEO),[180] or other alternatives. Xie et al. 
demonstrated the success of this approach with PEO, causing 
a widening of the voltage window to 1.3–4.5  V versus Li/Li+ 
and demonstrating stable cycling of this 2 m aqueous electro-
lyte in a lithium titanium oxide, Li4Ti5O12 (LTO)|LiMn2O4 (LMO) 
full cell for 300 cycles.[179] Shang et al. proposed an electrolyte 
system whereby tetraethylene glycol dimethyl ether (TEGDME) 
is introduced as a new component, for an electrolyte composi-
tion of Li4(TEGDME)(H2O)7, to help suppress the water electrol-
ysis reaction and improve both the SEI and CEI formation.[181] 
This electrolyte was demonstrated with LTO|LMO full cells, 
where it was shown that there was a preferential distribution of 
TEGDME and the anion at the cathode surface, expelling water 
and reducing the possibility of an OER taking place.

Despite the promising work being done to improve the elec-
trochemical stability window of aqueous electrolytes, it should 
be mentioned that the potential window is generally estimated 
using linear sweep voltammetry, which can lead to an overes-
timation of the stability. The results for this method depend 
heavily on the amount of electrolyte, cut-off current density, and 
chosen scan rate.[182] There is still much more work to be done 
in this direction, but using the molecular crowding approach 
may offer an ideal solution to enable low Li-salt concentration, 
AEs using biodegradable, low-cost macromolecules for HV-
LIBs applications.

2.4.3. Aqueous Gel Polymer Electrolytes

The third option, using aqueous GPEs, uses a similar  
concept to the other two, wherein movement of water 
molecules within the electrolyte is restricted, but in this 
case the water molecules are confined within the polymer 
chains, due to the strong interactions between water and 
the polymer backbone. This concept will be discussed in 
more detail in the following section on GPEs. Using GPEs 
to suppress the water electrolysis reaction can allow much  
lower needed salt concentrations (lowering the cost) and do 
away with the need for a separator (increasing the energy 
density).

3. Gel Polymer Electrolytes for HV-LIBs

As both options to improve the safety and relative toxicity of the 
LEs discussed previously (i.e., ILs or AEs) still have a variety 
of inherent problems, such as low ionic conductivities or high 

cost, an alternative is still required. GPEs represent a balanced 
approach between LEs and solid-state electrolytes. With GPEs 
the LE is confined within a highly porous polymer matrix, 
which allows the thermal, chemical, electrochemical, and 
mechanical stability of the LEs to be improved.[183] The GPEs 
are capable of immobilizing the solvent molecules, decreasing 
their volatility and increasing their electrochemical stability and 
the safety of the battery.[184,185] In addition, GPEs have much 
higher ionic conductivities than solid state electrolytes (in some 
cases comparable to those of the current industry standard 
LEs) and offer better interfacial interactions, due to the inclu-
sion of LEs.[186] GPEs have also been shown to suppress den-
drite formation and improve the SEI composition, due to the 
dense structure, which hampers dendrite growth and promotes 
lithium salt distribution within the amorphous regions.[187–190]

The polymers required to form the host framework in 
GPEs typically must be capable of fast segmental chain move-
ment, possess functional groups that promote salt dissolution, 
have a low glass transition temperature and high molecular 
weight, and of course a high thermal and electrochemical 
stability window.[191] For practical applications in LIBs, GPEs 
must also have good mechanical and chemical stability, high 
ionic conductivity, high Li+ transference numbers, and pro-
mote good interfacial contact with the electrode surfaces.[192] 
In recent years, there has been a great deal of research into 
the topic of GPEs, with studies demonstrating the application 
of GPEs in HV batteries with more common polymers (such 
as PEO,[193–197] PVDF,[198–202] and acrylate-based polymers such 
as polyacrylonitrile, PAN,[203–207] or poly(methyl methacrylate), 
PMMA),[208,209] as well as with more sustainable, biodegrad-
able polymers such as cellulose[185,210–217] or starch.[218,219] Some 
of these GPEs have even been capable of ionic conductivities 
comparable to commercial LEs (≈11.07 mS cm−1 for a 1 m LiPF6 
electrolyte in EC:DMC (1:1, v/v)).[220] Generally, GPEs can be 
split into two categories: physical and chemical GPEs. Physical 
GPEs are when the LE is contained within an inert polymer 
matrix. Chemical GPEs are when cross-linkers exist to facilitate 
chemical bonding with the functional groups of the polymer 
matrix.[221–223]

Physical GPEs, based on commonly used polymers, have 
been able to demonstrate performances similar to those of LEs, 
in large part due to their ability to uptake LE. An example of 
the extreme LE uptake of a chitosan–PEGGE GPEs is demon-
strated in Figure 7a. Huang et al. demonstrated a blended 
poly(vinylidenefluoride-co-hexafluoropropylene–poly(butyl 
methacrylate–acrylonitrile–styrene), P(VdF-HFP)P/BMA-
AN-St)-based GPEs, which possessed ionic conductivities of 
1.4 mS cm−1 and enabled stable cycling of LiNi0.5Mn1.5O4|Li 
cells for 150 cycles at 1 C, with a 98% capacity retention and a 
voltage window of 3–5 V versus Li+/Li.[200] Liang et al. prepared 
GPEs with poly(vinylidene fluoride-cohexafluoropropylene) 
(PVDF-HFP), as well as PVDF-HFP-poly(propylene carbonate 
(PPC) polymers and a 1 m LiPF6, EC:DMC electrolyte that 
demonstrated ionic conductivities of up to 1.18 mA cm−1, and 
lithium transference numbers of 0.47.[199] These GPEs enable 
stable cycling of LiFe0.2Mn0.8PO4|Li cells for 100 cycles at 
0.2 C, with a voltage window of 2.5–4.4 V versus Li+/Li. Song 
et al. used core–shell nanocomposite polymer fibers with a 
PPC shell and a PVDF-HFP/SiO2 composite core.[201] These 
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GPEs could achieve stable cycling of LiFeO4|Li cells for 100 
cycles at 1 C, with an ionic conductivity of 1.05 mS cm−1. The 
ceramic particles enabled better Li+ transfer, with transference 
numbers of 0.77.

For physical GPEs, discussed above, the polymer matrix is 
typically prepared first and then the electrolyte is incorporated 
into the matrix later, during cell assembly. This can lead to 
some downsides, such as poor electrolyte/electrode compat-
ibility or more complex cell-assembly. Recent studies have 
investigated alternatives, such as the study by Hosseinioun et 
al., which demonstrated the performance of an in situ, cross-
linked PMAA-based GPE (IC of 3.9 mS cm−1) in an NMC-111/G 
full-cell with relatively stable cycling for 400 cycles at 0.1 C in a 
voltage range of 2.8–4.3 V versus Li/Li+.[209]

However, despite the relative success of GPEs based on 
common polymers, in order to improve the sustainability of 
LIBs, it is important to explore materials based on more bio-
degradable materials. For example, a study by Zhao et al. dem-
onstrated GPEs based on a cellulose-supported poly(propylene 
carbonate) network with an ionic conductivity of 1.14 mS cm−1 
that enabled good coulombic efficiency and rate performance 
of a LiNi0.5Mn1.5O4|Li battery, cycled from 3.5 to 5 V versus Li+/
Li (shown in Figure 7b).[210] Li et al. used glutamic acid deriva-
tives as gelators for a commercial 1 m LiPF6, EC:DMC, electro-

lyte, where conductivities of up to 9.20 mS cm−1 were obtained. 
The ESW of these glutamic acid-derived GPEs was up to 5.85 V 
versus Li+/Li (higher than that of commercial electrolytes at 
5.05  V).[218] However, undesirable solvents, such as THF and 
CH2Cl2, were still used in the preparation of these GPEs. Luo 
et al. used aqueous methods to prepare a lignocellulose-based 
GPEs with a hydroxyl propyl methyl cellulose polymer addi-
tive that demonstrated ionic conductivities of 6.14 mS cm−1 and 
a lithium transference number of 0.75 with an ESW of up to 
5.32 V versus Li+/Li.[213] These were cycled in LiFeO4|Li cells and 
demonstrated stable cycling for 50 cycles at 0.2 C and better 
rate capability (1.5 C) than cells with LE and a Celgard 2400 
separator. Han et al. used chitosan–lignocellulose composites 
to prepare GPEs that could enable stable cycling of LiFePO4|Li 
cells for 100 cycles at 0.2 C, in a window of 2.0–4.5  V versus 
Li+/Li, with an ESW of up to 4.8 V versus Li+/Li, and a higher 
lithium transference number of 0.9.[215] The ionic conductivity 
was a bit lower, at 2.89 mS cm−1, although still comparable to 
LEs. Ren et al. could achieve similar performances of LiFePO4|Li 
with a PAN–lignocellulose composite GPEs with improved 
ionic conductivities (2.94–4.23 mS cm−1) and stability window 
(up to 5.68 V vs Li+/Li), as well as a high lithium transference 
of 0.84.[206] Environmentally friendly chemical GPEs have also 
been investigated. Xu et al. showed improved interfacial contact 

Figure 7. a) Demonstrates the extreme LE uptake of a cross-linked chitosan-PEGGE-based GPEs compared to pure chitosan. Reproduced with per-
mission.[193] Copyright 2018, American Chemical Society. b) The cycling performance of LMNO|Li batteries based on a LE (1 m LiODFB-PC (1:1 in 
volume)) and on a cellulose-supported poly(propylene carbonate), infused with LE, GPE. Reproduced with permission.[210] Copyright 2016, Elsevier. c) 
A schematic of the UV-cured, acrylic GPE with incorporated water-in-bisalt electrolyte. Reproduced with permission.[225] Copyright 2019, RSC Publishing.

Adv. Energy Mater. 2022, 12, 2200147
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with the electrode in LiFePO4|Li cells with a cross-linked chi-
tosan–PEGGE-based GPEs (ionic conductivity of 0.274 mS cm−1 
and lithium transference of 0.869) and relatively stable cycling  
at 0.2 C for 360 cycles.[193]

Some of the most promising GPEs for HV-LIBs have been 
aqueous GPEs, as the non-cross-linked portions of the polymer 
chains can interact with water molecules through hydrogen 
bonding, decreasing the amount of “free” water, and helping to 
expand the ESW.[183,224] Recent work by Langevin et  al. where 
they incorporated a water-in-bisalt electrolyte into a UV-cured 

acrylic polymer matrix, increasing the ESW to 4.1 V,[225] due to 
the reduction of free water and increase in the retention of free 
water through polymer coordination. This GPE is demonstrated 
in Figure 7c. Cresce et al. developed an aqueous GPE based on 
cross-linked PEG acrylate polymers with LiTFSI in water and 
trimethylphosphate (37:40:2 molar ratio) for 4 V LIBs.[226]

GPEs offer a solution going forward to improve the safety 
and sustainability of LEs, without sacrificing the perfor-
mance of LIBs (Table 3). In recent years, GPEs have demon-
strated performances comparable to those of LEs with similar 

Table 3. Summary of selected GPEs from literature along with their respective ionic conductivity (mS cm−1), temperature T (°C), Li transference no., 
and maximum voltage (V vs Li+/Li), RT refers room temperature.

Composition Abbreviation Li salt Ionic conduct. [mS cm−1] T [°C] Li transference no. Max. voltage (V vs Li+/Li) Ref.

Chitosan–poly(ethylene glycol) diglycidyl 
ether

Chitosan–PEGGE LiPF6 0.2 20 0.869 5 [191]

Ceramic silica–poly(ethylene oxide) SiO2–PEO LiPF6 0.8–2 30 0.31–0.5 5 [192]

Ethoxylated trimethylolpropane triacrylate ETPTA LiPF6 0.11–0.19 RT – 4.2 [193]

Poly(vinylidene difluoride) with silica PVDF/SiO2, 
PVDF-HFP/SiO2

LiPF6 4.01–9.9 RT ≈0.28 ≈4.5 [196]

Poly(vinylidene 
fluoridehexafluoropropylene)-poly(propylene 
carbonate)

PVDF-HFP-PPC LiPF6 1.8 RT 0.47 4.8 [197]

P(VdF-HFP))-poly(butyl methacrylate-
acrylonitrile styrene)

P(VDF-HHFP)-
P(BMA-AN-St)

LiPF6 1.4 RT – 5 [198]

P(VDF-HFP)-poly(propylene carbonate) 
silica composite

P(VdF-HFP)-SiO2/
PPC

LiTFSI 1.05 25 0.77 4.1 [199]

Polyhedral oligomeric silsesquioxane com-
posite poly(acrylonitrile-maleic anhydride)

POSS-P(AN-MAH)) LiPF6 2.51 RT 0.53 5.6 [201]

Poly(acrylonitrile-polyhedral oligomeric 
silesquioxane)

P(AN-POSS) LiPF6 6.06 RT 0.59 5.7 [201]

Poly(propylene carbonate)-based composite 
with silica

G-PPC-CPE LiTFSI 0.164 RT 0.83 4.66 [202]

Polyacrylonitrile/cellulose composite PAN/cellulose LiPF6 1.99 RT – 5 [203]

Polyacrylonitrile and lignocellulose (60%) PAN-LC LiPF6 2.94–4.23 25–50 0.84 5.68 [204]

Polyacrylonitrile with N-vinylpyrrolidone P(AN-NVP) LiPF6 4.54 RT 0.55 5.11 [205]

Polymethyl methacrylate PMMA LiTFSI LiBOB 3.9 20 – [207]

Cellulose-supported poly(propylene 
carbonate)

PPC-GPE LiODFB 1.14 RT 0.68 5 [208]

Cellulose aerogel membrane CAM LiPF6 5.76 25 – 4.6 [209]

Cyanoethyl cellulose-cellulose nanofi-
ibres-poly-l-lactic acid

CEC-CNF-PLLA LiPF6 1.07 – 0.48 5 [210]

Cyanoethyl cellulose-poly-l-lactic acid CEC-PLLA 1.12 – 0.82

Lignocellulose-based with hydroxy propyl 
methyl cellulose additive

LC/HPMC LiPF6 6.14 25 0.75 5.32 [213]

chitosan (15%)–lignocellulose CSLC-15 LiPF6 2.89 RT 0.9 4.8 [213]

Polyvinyl alcohol composite lignocellulose PVA-LC LiPF6 2.5–4.17 30 0.59–0.73 5.2 [214]

Cellulose LiTFSI 6.34 RT 0.82 4.5 [215]

Potato starch and lignocellulose LiPF6 1.2 RT 0.79 5.5 [185]

Polyethylene glycol methyl ether acrylate MPEGA 1.2 40 [218]

Glutamic acid derivatives G-16, G-18, and G-22 7.09–9.20 20 – 5.85 [218]

Poly(diallyldimethylammonium) 
bis(trifluoromethane) sulfonimide

PDADMATFSI LiTFSI 3.35 22 0.41 4.9 [227]

2-Hydroxyethyl acrylate HEA LiTFSI 0.4 20 0.27–0.36 ≈4.6 [228]

Adv. Energy Mater. 2022, 12, 2200147
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electrode/electrolyte interface compatibility.[193,194,204,229] With 
further research and development, GPEs could be upscaled 
to enable large-scale, green production for cheaper, safer, and 
more sustainable HV-LIBs.

4. Separators

The separator in an electrochemical battery, typically with liquid-
electrolytes, provides physical separation between the cathode 
and the anode electrodes. It also serves as the medium for the 
transfer of lithium ions during the charge and the discharge 
processes (Figure 8a). The separator plays an important role in 
the electrochemical performance and safety of LIBs. In separa-
tors, ionic conductivity degree, porosity, pore size, low internal 
resistance, and high electrolyte wettability, as well as chemical, 
mechanical, and thermal stability are the main parameters 
that greatly influence the performance of LIBs, with respect to 
internal resistance, long cycle performance, high capacity, and 
safety.[230–233] Separators are made of different kinds of porous 
polymer membrane materials (PPM) with pore sizes in the 
range of hundreds of nanometers.[234] PPM made by polyolefin 
(POS), including polyethylene (PE) and polypropylene (PP) 
have been developed and widely used in commercial LIBs, due 
to the excellent mechanical properties, high chemical stability, 
and low cost.[230,231,235–237] Nevertheless, the POS suffer from 
lower wettability with the LEs, which results in poor perfor-
mance, particularly high-rate capability. [238,239] Additionally, the 
POS display serious thermal shrinkage at high temperature, 
which may lead to internal short-circuiting or even fires and 
explosions.[231,238] Therefore, the POS separators have usage 
limitation at high-temperature[231] as well as in HV-LIBs.[240] 
Herein, the alternatives and modifications for POS for HV-LIBs 
are discussed.

As an alternative for POSs, poly(vinyl alcohol) (PVA) is water-
soluble and has hydroxyl groups to increase the interfacial 
bonding in the membranes, and also provide a good chemical, 
thermal, and mechanical stability.[241–244] Therefore, PVA-based 
membranes as separators can be a good choice for HV-LIBs. 
Karuppiah et  al.[242] prepared PVA/melamine/LAP (PVAM) 
nanocrystals composite nanofiber membranes (Figure  8b) 
using the electrospinning method, and demonstrated its per-
formance as a superior separator in HV anode LIBs, with 
three times larger electrolyte uptake than the commercial PE. 
The ionic conductivity of the PVAM membrane was higher 
(1.77 mS cm−1) than that for the commercial PE membrane 
(0.636 mS cm−1) at room temperature. Some chemical and elec-
trochemical characterizations of PVAM and PE membranes are 
shown in Figure 8c–f.

Recently, the Zaghib group[245] has developed alumina-flame 
retardant separators through grafting halogen- and phosphorus-
based molecules on the alumina surface (Figure 8g), and then 
integrating the modified powders into the pore structure of 
the cellulose separators, for safe NMC/graphite cells. This 
modified separator can compete with commercial (e.g., Celgard 
3501, generally the Celgard separators made by PP[246,247] and 
in some cases combined with polyethylene resins[248]) separa-
tors in terms of electrochemical performance. For instance, the 
first discharge capacities for the NMC/graphite cells made with 

different separators were about 180 mAh g−1. The cellulose/
alumina-phosphate separators (with a thickness of Al2O3 layer 
in nm range) showed higher safe operation, and more thermal 
stability, when it was soaked with the combustible electrolyte. 
Combustion required three attempts to start burning, compared 
to the industry standard separator, and therefore resisted com-
bustion for longer, and remained stable up to 300 °C. Addition-
ally, the cellulose/alumina-phosphate separator operates at HV 
as another main advantage, in comparison to the pristine cel-
lulose, and commercial (Celgard 3501) separators (Figure 8h–j).

The Zhang group has studied HV cathode materials, such 
as Li2CoPO4F, with operating potentials between 2.0 and 5.5 V 
versus Li/Li+,[249] and they found that the positive covers of coin 
cells and separators can affect the performances of HV cathode 
materials. This group[240] has reported the effects of different 
separators and positive cell covers on the performance of a HV 
spinel, a LiCr0.05Ni0.45Mn1.5O4 cathode (LCrNMO), with cells 
that were cycled between 3.0 and 4.9 V versus Li/Li+. The cyclic 
voltammetry (CV) curves of the Li|LCrNMO half cells, using Al-
clad SS-316 positive covers and different separators, are shown 
in Figure 9a. The CV curves from the first and second cycles 
are almost identical for all the separators used, except for the 
cells with the Celgard 3501 separator, which showed a signifi-
cant difference in performance. These cells have also demon-
strated significant differences in the columbic efficiencies (CE), 
depending on the separator, with the CE of the first charge/
discharge cycles on the order of 66% for Celgard 3501, and 
about 90% for Celgard K1640. Additionally, the rate capability 
and long-term cycling stability show that the cell with Celgard 
3501 separator had poor stability, while the cell with the Celgard 
K1640 separator demonstrated much better performance under 
the same conditions (Figure 9b,c).

The main reason for the rapid capacity fading of 
LiNi0.5Mn1.5O4 could be Mn2+ release from this cathode, how-
ever, besides this, significant capacity fading can also arise from 
the electrolyte (e.g., carbonates) decompositions at high electro-
chemical potential (for the LiNi0.5Mn1.5O4 cathode), resulting in 
the formation of gases and other compounds. With a view to 
prevent and neutralize the decomposition products, as well as 
prevent the dissolution of soluble transition metal ions, Leitner 
et. al.[250] have proposed an electrochemically active separator 
containing Li4+xTi5O12 between two PO separator sheets (Cel-
gard 2340), for application in graphite|LiNi0.5Mn1.5O4 cells. 
These pouch full cells, with the improved separator, were cycled 
for hundreds of cycles with commercial electrolyte without 
any major capacity fading. However, when the commercial PO 
separator is used, a poor cycling stability results, as shown in 
Figure 9b,c.

As a modification on POS separators, Zua et  al.[251] have 
reported a poly(vinylidene fluoride)/ethyl cellulose and amino-
functionalized nano-SiO2 (PVDF–EC–(A-SiO2)) composite 
coated on PE as a high performance separator for 5  V HV-
LIBs. Compared to the commercial PE membrane separator, 
the PVDF–EC–(A-SiO2) displayed higher melting temperature, 
better wetting behavior, and a higher ESW, 5.3 V (vs Li/Li+), as 
well as improved ionic conductivity from 0.34 to 0.79 mS cm−1. 
Additionally, the HV-LIB based on LiNi0.5Mn1.5O4|Li, using the 
PVDF–EC–(A-SiO2) membrane have exhibited superior rate 
capability performance (Figure 9f–i).

Adv. Energy Mater. 2022, 12, 2200147
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Figure 8. (I): a) Schematic illustration of main component of a LIBs. Reproduced with permission.[230] Copyright 2019, Elsevier. b) Schematic repre-
sentation of PVAM composite membranes, c) Arrhenius plot of the PVAM and PE separator at various temperatures, The Ea of the PE separator the 
PVAM composite membrane are about 13.54 and 9.73 kJ mol−1. SEM images of d) the PE and e) PVAM membranes. f) The cycling stability of Li4Ti5O12 
(LTO) anode materials with different separators at high C rate, with voltage range of 1.0–2.5 V (vs Li/Li+), electrolyte: 1 m LiPF6 in a mixture of ethylene 
carbonate (EC) and diethyl carbonate (DEC) (1:1 v/v,). Reproduced with permission.[242] Copyright 2020, American Chemical Society. (II): g) Schematic 
of grafting halogen- and phosphorus-based molecules on alumina surface. h) CV tests at a scan rate of 0.5 mV s−1 for coin-cells assembled with a 
stainless-steel spacer (bare electrode) and a cellulose separator working electrode. Vertical flame test for i) Celgard and j) cellulose + alumina-phosphate 
separators. Reproduced with permission.[245] Copyright 2021, Elsevier.
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Reports have shown[252–255] that the performance of pol-
ymer-based separators were effectively improved by doping 
inorganic nanoparticles. For instance, the Lee group[256] 
has established evaporation-induced, close-packed SiO2 
nanoparticle-embedded PET nonwoven composite separa-
tors (NW-separator), with an excellent improvement in the 
thermal shrinkage for HV-LIBs applications. Luo et  al.[257] 
have reported that 10 wt% nano-CeO2 in PE separator, coated 
with a poly(methyl methacrylate-butyl acrylate-acrylonitrile- 

styrene) (P(MMA-BA-AN-St)) copolymer, showed high con-
ductivity (2.5 mS cm−1) at room temperature, and a sepa-
rator with 100  wt% nano-CeO2 exhibited better mechanical 
strength. These separators were utilized in HV-LIBs, with 
Li/LiNi0.5Mn1.5O4 between 3 and 5  V versus Li/Li+. Some of 
the results for this investigation are shown in Figure 10a–g. 
According to comprehensive evaluation of the separators illus-
trated in Figure  10h, the separator with 100  wt% nano-CeO2 
content in the separator could be selected as the most suitable 

Figure 9. The Li|LiCr0.05Ni0.45Mn1.5O4 half cells using Al-clad SS-316-coin cell cans and various separators: a) CV curves at 0.01 mV s−1. b) Rate perfor-
mance and long-term cycling stability. Li|LiCr0.05Ni0.45Mn1.5O4 half cells using an SS–316 and an Al-clad SS-316 cans with a PE Celgard K1640 separator.  
c) Rate capability, long-term cycling stability, and Coulombic efficiency. Electrolyte: 1 m LiPF6 in EC/EMC (3:7 ratios in volume), and voltage range 3–4.9 V 
versus Li/Li+. The electrode composition LiCr0.05Ni0.45Mn1.5O4/Super P/PVDF = 80/10/10. Reproduced with permission.[240] Copyright 2012, Elsevier. 
d) Schematic illustration of set-up of pouch cell including electroactive separator, Li4+xTi5O12 (LTO), two polyolefin separator sheet (Celgard 2340), 
graphite as anode and LiNi0.5Mn1.5O4 as cathode. e) Discharge capacity over cycle number of graphite|HV-spinel cells containing different separators. 
Cathode electrode composition: LiNi0.5Mn1.5O4/carbon black/graphite/PVDF-HFP: 88/3/3/6 wt%. Anode electrode composition graphite/PVDF-HFP: 
94/6 wt%. Electrolyte (1 m LiPF6 in 1:1 mixture of EC:EMC. Current: 3 cycles at 0.2 C and then 1 C every 50 cycles. cut-off voltage: 4.8 V. Reproduced with 
permission.[250] Copyright 2013, Elsevier. f) The schematic representation of the surface of PVDF–EC–(A-SiO2) composite membranes and hydrogen-
bonding between EC and A-SiO2. Contact angle pictures of composite membranes for g) PE, and h) PVDF–EC–(A-SiO2)/PE. i) C-rate capability of the 
LiNi0.5Mn1.5O4 cathode using various separators under 0.5 C rate between 3.5 and 5.0 V. the electrode composition: LiNi0.5Mn1.5O4:PVDF:carbon black, 
8:1:1, wt%. Electrolyte: 1 m LiPF6/EC:EMC (1:3, v/v). Reproduced with permission.[251] Copyright 2018, Elsevier.
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separator overall, when taking into consideration both the 
comprehensive performances and economic cost.

PVDF-HFP has been used as a separator in LIBs.[258–260] Bui 
et  al.[261] have developed a multilayer PVDF-HFP membrane 
with thicknesses of about 13, 15, and 24 µm for the two-, three-, 
and four-layer PVDF-HFP membrane separators, with highly 
porous, lamellar structures for application in HVBs, specifically 
with LiNi0.5Mn1.5O4 as a cathode, and an operating potential of 
3.5–4.9  V versus Li/Li+. Due to the superior electrolyte wetta-
bility and highly porous structure of the PVDF-HFP separators, 
an improved electrolyte uptake volume and outstanding electro-
lyte retention was obtained, thus, demonstrating higher elec-
trochemical performances compared to that of a commercial 
separator (Celgard).

Ko et  al.[262] developed a reversible 4.8  V HV-LIB, 
Li2CoPO4F|Gr, in concentrated electrolytes. Different separa-

tors, binders, and electrolytes have been used and optimized 
in the full-cell designs. For the optimization of separators, by 
employing a quartz fiber separator instead of a PP separator 
(PP3501, Celgard, named as PP) in Li2CoPO4F|Li half-cells, 
the cell could be further improved, as demonstrated by the 
CV results of the cells in commercial electrolytes presented in 
Figure 11a,b. As can be seen, the optimized cell design with a 
quartz fiber separator showed four sharp redox pairs for the 
first time, while only two oxidation peaks and one broad reduc-
tion peak have been reported in the literatures before this study, 
indicating the new design decreases cell impedance. The full 
cell investigation can also be seen in Figure 11c, where a highly 
reversible HV-LIB battery, cycled in high concentrated electro-
lyte, is demonstrated, due to the optimized electrolyte, separator, 
and binder. The optimized full cell, employing 5.9 m LiBF4/
PC:FEC, showed a capacity retention of 70% after 700 cycles 

Figure 10. The P(MMA-BA-AN-St)/PE separators with different contents of nano-CeO2:SEM images of a) 0  wt%, b) 10  wt%, and c) 100  wt%.  
d) Temperature dependence of ionic conductivity of the separators. e) Pictures of the separators before and after heating treatment at 135 °C for 1 h.  
f) Corresponding thermal shrinkage percentage based on the area for the separators. g) Cyclic stability of Li|LiNi0.5Mn1.5O4 cells using different separa-
tors at 0.2 C rate, electrolyte: 1 m LiPF6 in solvent (EMC/EC/DEC:5/3/2, wt%). h) The effect of nano-CeO2 contents on the performance of the separators 
Reproduced with permission.[257] Copyright 2017, Elsevier.
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and an average CE of about 99.6% for the entire cycle lifetime. 
These authors further developed the Li2CoPO4F|Gr full cell with 
graphitized acetylene black as a novel anode material,[76] a heat-
treated quartz fiber separator, and a 6.6 m LiBF4/SL:FEC (9:1 
n/n) electrolyte. This full-cell exhibited an impressive capacity 
retention of 93% after 1000 cycles with CE of about 99.9%.

Commercial separators, particularly the PE types, have a 
tendency to shrink at high temperature over 100  °C, due to 

poorer thermal stability, resulting in internal short circuits, and 
creating a safety hazard.[263] After shutdown, the cell tempera-
ture may continue to increase, due to temperature hysteresis 
and slow heat dissipation,[264] resulting in worsening mechan-
ical properties of the separator. Hence, besides robust thermal 
and mechanical stability, separators are required to shut down 
and block the pores when overheating or short circuit occurs. 
Therefore, it is vital to develop a separator that possesses a 

Figure 11. CV of Li2CoPO4F/Li half-cells with a) standard design: PP separator, cathode composition: Li2CoPO4F/pristine AB composite:pristine 
AB:PVDF (85:10:5 wt%) and b) optimized design: heated quartz fiber separator, cathode composition: Li2CoPO4F/annealed AB composite:annealed 
AB:LiPAA (85:10:5 wt%), and finally the electrode coated with 5 wt% SiO2. The standard and the optimized electrodes dried at 120 °C for 12 h, and 200 °C  
for 1 h under vacuum, respectively. The commercial electrolyte 1 m LiPF6/EC:DMC (1:1, v/v) was used for both testes, and the scan rate was 0.1 mV s−1. 
c) Li2CoPO4F|Gr full-cell with different concentrated electrolytes, cathode loading was about 1.3–2.2 mg cm−2, the N/P ratio was between 1.3 and 1.4. 
Reproduced with permission.[262] Copyright 2020, John Wiley and Sons. d) cycling stability of NCM523|Gr cells at voltage range of 2.8–4.5 V, N/P ratio: 
1.35/1.00, with C-PET (γ-AlOOH-coated PE terephthalate) and PP membrane (polypropylene, Celgard 2500) separators. Reproduced with permis-
sion.[275] Copyright 2020, John Wiley and Sons. e,f) Cycling stability of Celgard and MOF-based (Cu3(BTC)2, HKUST-1) separators for Li|LiNi0.5Mn1.5O4 
(LNMO) cells at 25 and 55 °C at a 1 C current rate (1 C = 200 mAh g−1). Reproduced with permission.[280] Copyright 2020, RSC Publishing. g) A schematic 
illustration of separator construction for high-safety LIBs. Reproduced with permission.[263] Copyright 2020, John Wiley and Sons.
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meltdown temperature much higher than its shutdown tem-
perature, to prevent loss of mechanical integrity and direct 
contact of electrodes and to prevent thermal runaway. Thus, 
robust mechanical properties are expected of the separator, 
even above the shutdown temperature. Many strategies have 
been investigated to maintain robust mechanical properties 
of separators after shutdown, such as trilayer separators, for 
instance, where a PE layer is sandwiched between two porous 
polymer layers such as polypropylene (PP), PP|PE|PP[265] or 
polybenzimidazole (PBI), PBI|PE|PBI,[266] and other trilayer 
separators.[267,268] Other strategies include coating separators 
with thermal-resistant polymers,[269–271] and with numerous 
high thermal resistant, and flame retardant materials, such as 
metal oxides and hydroxides.[263,272–274] Recently, Ding et  al.[264] 
developed a trilayer separator with β-crystal polypropylene (β-
iPP), with the middle layer composed of nano-Al2O3-PE (β-iP
P-Al2O3|Al2O3-PP-PE|β-iPP-Al2O3). The Al2O3 nanoparticles 
lower lithium-ion migration impedance and stabilize SEI film 
formation. This trilayer separator showed better mechanical 
and thermal stability at high voltages, as well as a better elec-
trochemical performance, compared to a commercial PP|PE|PP 
separator, although with costlier materials and processes.

Klein et  al.[275] studied NCM523|graphite full cells at 4.5  V 
with different separators: PP membrane (Celgard 2500), PP 
fiber (FS2190; Freudenberg), C-PET (γ-AlOOH-coated PE tere-
phthalate), and C-PE (α-Al2O3-coated PE membrane). Although 
the PP membranes demonstrated excellent cycling at 4.3  V 
(97% after 100 cycles), at 4.5 V, a capacity roll-over started after 
50 cycles, indicating formation of Li metal dendrite.[276] By 
using a PP fiber separator, the early capacity roll-over at 4.5 V 
was prevented, however, Li metal dendrites were still formed, 
due to the electrode cross-talk phenomena, whereby transition 
metals, Mn+ (here, Mn, Co, and Ni), dissolve into the electrolyte 
and are transported through the separator and deposited at the 
anode material (graphite). Interestingly, when a C-PET sepa-
rator coated with γ-AlOOH was used, it leads to in situ forma-
tion of difluorophosphate additive in high amounts, resulting 
in an improving cycling performance (Figure 11d).

The dissolution of Mn+ from cathodes into the electrolyte 
is often unavoidable during charge/discharge cycling, mostly 
under high temperature and cell voltage conditions.[277,278] This 
electrode cross-talk, as a result, could seriously affect the battery 
performance. Even in the case of LiFePO4 as the cathode, which 
possesses a stable crystal structure and low working voltage, 
iron deposition is still detected on the graphite anode after a 
long cycle life.[279] As a main result of the electrode cross-talk, 
lithium dendrite growth could easily be initiated on the transi-
tion metals deposited on the anode particles, which is a safety 
issue for LIBs. Also, H2O and subsequently hydrofluoric acid 
(HF) electrolyte decomposition products, which can be pro-
duced during cycling, are another issue, and can cause fast 
capacity fading and cell failure.[280] Modifying/coating separa-
tors can be a solution for addressing these issues, for instance, 
Xu et  al.[281] developed a multifunctional polymeric separator, 
which is a PP separator (Celgard 2320) coated by lithium-ion-
exchange enabling zeolite, which acted as an HF scavenger. 
This zeolite enhanced thermal stability, and, importantly, traps 
transition metal ions and absorbs trace water to decrease cross-
talk and the formation of HF. In full cell batteries, NMC532 

+ LMO|Gr, with this modified separator, delivered a CE up 
to 99.89%, and achieved a capacity retention of 78% after 
500 cycles. However, as they used a thick coated Li-zeolite, the 
rate capability and energy density of cells was limited, and it 
could not be applied in practical applications. Chang et. al.[280] 
introduced a metal–organic framework, MOF, and separator 
(Cu3(BTC)2, HKUST-1) for enhancing the electrochemical per-
formance of the HV cathode materials LNMO (Figure  11e,f), 
and NCM-family materials in half-cell tests. MOF has good 
water scavenging ability, and suppressed transition metal dif-
fusion, as well as a robust chemical and mechanical stability. 
Recently, Son et  al.[282] fabricated a powerful H2O and HF 
scavenging PE separator, coated by porous silica and (3-iso-
cynatopropyl)triethoxysilane. The NCM811|Gr cell fabricated 
with this coated separator exhibited a high capacity retention 
of about 80% at temperatures of 55 °C. Additionally, the coated 
separator improved the cycling stability of cells even with an 
electrolyte containing 1000 ppm of H2O.

In summary, many studies have been done to develop safe 
separators for high-performance LIBs, which are illustrated in 
Figure 11g.[263] Altering traditional separators with ceramic and/
or polymer materials is one of the most efficient methodologies 
to improve the thermal and mechanical stability of separators, 
as well as improve the electrochemical performance of cells 
through H2O and HF scavenging or metal ion diffusion sup-
pression. Overall, the separators, despite being inactive compo-
nents in conventional LIBs systems, must be optimized, modi-
fied, and retested when HV cathodes, such as LiNi0.5Mn1.5O4, 
are considered in the full cell, in order to improve the overall 
energy density, performance, and safety.

5. SEs

SSBs are an emerging trend for next-generation batteries 
and use fully all solid electrodes and electrolytes. Tremen-
dous interest in developing SEs and SSBs to provide safe and 
durable batteries can play a significant role in future mobility. 
SEs determine the main properties of SSBs. The significant 
difference between the two battery chemistries is that SSBs 
have a SE; LIBs have a liquid electrolyte. SSBs offer potentially 
low flammability, higher electrochemical stability, cathodes 
with higher potentials (>4.2  V), good performance, safety at 
low cost, and higher energy density than conventional bat-
teries.[283] Still, they have their issues: there is a lack of suit-
able SEs,[284] the interface between the electrodes and the 
SE can hamper performance, and SEs are a crucial compo-
nent of SSBs.[285–288] Much effort has gone into finding new 
SEs with high ionic conductivities, and many practical hur-
dles are still needed to overcome. So far, there are more than 
30 types of SEs, such as oxides, sulfides, halides, polymers, 
hydrides, are demonstrated and reported, such as with oxide-
based Li3xLa2/3−xTiO3  [LLTO, 10−4  S cm−1),[289,290] Li7La3Zr2O12 
(LLZO, 10−4  S cm−1),[291,292] sulfides based Li2S–P2S5 
(LPS, 10−3 S cm−1),[293,294] Li10GeP2S12 (LGPS, 10−2 S cm−1),[285,295] 
halide-based Li3MCl6  (M = In, Y, Er, 10−3  S cm−1),[296] and 
hydride-based Li2B12H12 (LBH, 10−3 S cm−1)[297,298] at RT. These 
classified SEs possess excellent Li-ion conductivities compa-
rable to, or even higher than, organic LEs (e.g., 1 m L−1 LiPF6 in 
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EC and DMC solution, 10−2  S cm−1).[299] Besides ionic 
conductivity, several problems accompany finding the best 
SE combination for SSBs, such as interfacial resistance, the 
interface between cathode/SEs, SEs/anode, and cycling life. 
Additionally, until now, no large-scale production process for 
these SEs exists. In principle, there are three main methods 
to produce SEs on a laboratory scale: high-temperature reac-
tion, mechanochemical reaction(milling), and wet chemistry. 
Until today, most SEs have been prepared by mechanochem-
ical milling based on feasibility, faster production, and safety 
concerns. The following sections summarize the development 
of the different classes of SEs and the HV cathode material’s 
competence with the electrochemical performance of SSBs. 
This section will cover recent developments of composite SEs 
(polymer and oxide), sulfide, and halide SEs for high voltage 
SSBs applications.

5.1. Composite Solid Electrolytes (CSEs)

This section will discuss polymer and oxide SEs, their combi-
nation, CSEs, and an overview of HV-SSBs applications. Devel-
oping SE materials that match HV cathodes and Li anode 
is quite significant for creating SSBs. Li7La3Zr2O12(LLZO) 
ceramic oxide SEs (OSEs), consisting of the garnet crystal 
structure, have shown great attention due to the high 
ionic conductivity (especially Ta-doped Li6.4La3Zr1.4Ta0.6O12 
(LLZTO, 1 mS cm−1), excellent stability against Li-metal anode, 
and wide electrochemical window.[300,301] NASICON structure 
type Li1.7Al0.3Ti1.7(PO3)4  (LATP) SEs are also promising candi-
dates for SSBs, due to their high ion conductivity, excellent sta-
bility toward moisture, and lower cost.[302] However, these OSEs 
can hinder the interfacial compatibility between SEs and elec-
trodes, and cause severe interfacial side reactions, limiting the 
performance of SSBs. Another challenge for OSEs is processi-
bility, as they require higher sintering temperature, and LATP 
is not stable against Li metal. Polymer SEs (PSEs) are gaining 
more interest, spurred by finding better safety and higher 
voltage applications for SSBs. Many classes of polymer electro-
lytes (phosphates, polyethers, polyesters, nitrile-based, polysi-
loxane, polyurethane) have been studied so far, most commonly 
PEO is often investigated and used in conventional batteries.[303] 
The main difference between inorganic ceramic and polymer 
SEs is their mechanical properties. Polymers are more acces-
sible to processing than ceramics, which reduces fabrication 
costs. The SSBs performance depends on the electrolyte and 
their properties. Polyether and lithium phosphorus oxy-nitride-
based electrolytes are commonly used in solid-state batteries. 
PEO-type SEs have attracted significant attention and made 
rapid development in lithium-ion batteries. However, their low 
ionic conductivity and low lithium-ion transference number at 
ambient temperature prevent their practical application. PEO-
based solid polymer electrolytes (SPEs) have recently gained 
popularity in the SSBs, due to their low cost, chemical versatility, 
excellent lithium dendrite resistance, and good cyclability.[304]

For this reason, more often, OSEs are combined with PSEs, 
such as CSEs.[305] The CSE membrane is easy to integrate with 
the LIB and ASSB process, has good mechanical strength, 
excellent processability, and cycle life. Moreover, PEO/lithium 

bis(trifluoromethane sulfonyl)imide (PEO-LiTFSI) is relatively 
easy to process, and has low ionic conductivity at RT. Com-
bining them with ceramic SEs improves the ionic conduc-
tivity and the performance of batteries. In the CSE, LLZO, 
with higher ionic conductivity, acts as the primary conduc-
tive phase. PEO acts as the percolating network, connecting 
LLZO particles and adding the benefit of ease of fabrication. 
Many researchers have demonstrated the enhanced ionic con-
ductivity of PEO-based composite solid polymer electrolytes 
(CSPEs) by introducing inert fillers (such as Al2O3, TiO2, and 
SiO2) in the PEO matrix, as well as active fillers with high ionic 
conductivity, such as garnet-type Li6.4La3Zr2Al0.2O12(LLZAO), 
NaSICON-type Li1+xAlxTi2-x(PO4)3(LATP), perovskite-type  
Li0.34La0.51TiO3(LLTO).[306] Gu et al. recently reported that adding 
Li7La3Zr1.4Ta0.6O12 (LLZTO) ceramic SEs particles to polymer 
electrolytes PEO-LiTFSI and PVDF-HFP improved the ionic 
conductivity, mechanical strength, and electrochemical window 
(5 V).[307]  They  reported that the ASSBs with a composite 
cathode NMC622, CSPEs, and graphite composite-based anode 
showed a specific capacity of 179.56 and 146.73 mAh g−1 (charge 
and discharge cycle, current rate at 0.05 C, respectively). This 
demonstrates how promising CSPE are for SSBs, because 
of a good cyclability, rate performance, and better interface 
stability. Wang et al. introduced a new composite GPE, con-
sisting of LATP, poly(propylene carbonate, PPC), and PVDF-
HFP, designed and constructed through a solution-casting 
method.[308] They reported that composite GPEs have a higher 
ionic conductivity of 0.94 mS cm−1 at 30 °C, and a wider electro-
chemical window of 5.2 V. Using this SE membrane, LFP-based 
SSBs (LiFePO4–Li) delivered excellent cycling stability.

Chen et al. reported that HV ASSBs, with higher Ni-rich 
LiNi1-xCo0.2MnxO2  (NMC622) cathode, Li anode, and SPE 
(PEO10-LiTFSI-PYR14TFSI2) solid polymer electrolyte, pro-
vided better cycling performance and C-rate capability high 
voltage compatibility (Figure 12  I).[309] The NCM622 cells first 
discharge capacity was (159.2 mAh g−1), with a columbic effi-
ciency of 88.2% at 0.1 C. Incorporation and combination of 
two polymer networks with PEO-contained PSE (Figure 12 II), 
along with a linear PAN, are reported by Li et al.[310] This con-
cept provided better oxidative stability, and a voltage window 
of 4.1  V to over 5.1  V versus Li/Li+, by introducing 2  wt% of 
PAN. Using these SEs delivered excellent cyclability of lithium 
metal for LiNi0.6Mn0.2Co0.2O2  cathodes, and a capacity of over 
150 mAh g−1  was achieved at 90  °C. Wen et al. reported that 
introducing graphene oxide (GO–PEO) enabled flexible solid 
polymer electrolytes for SSBs.[311] Adding 1 wt% GO allowed the 
conductivity to reach 0.0154 mS cm−1 at 24 °C, far better than 
without GO, improving the electrochemical performance, and 
enabling wide electrochemical stability (≈5 V), and mechanical 
strength. They demonstrated SSBs (LiFePO4/GO–PEO/Li) with 
excellent cyclability and rate capability, possessing a discharge 
capacity of 142 mAh g−1  at 0.5 C with 91% capacity retention 
after 100 cycles.[311]

5.2. Halide Solid Electrolytes (HSEs)

So far, there has been many developments of OSEs, PSEs, 
sulfide solid electrolytes (SSEs), and continuing search for 
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better SEs for HV-SSBs applications. However, many chal-
lenges remain to be overcome for an optimized performance, 
processibility, and stability. The HSEs are recently emerging 
and finding new materials to improve SSBs. HSEs have high 
ionic conductivity and soft mechanical properties, and can be 
used with 4 V-class cathode materials, and a superior oxidative 
stability and electrochemical window. The general formula 
of HSEs is Li3MX6 (M = Y, In, Er, Sc, etc. X  = Cl, Br, I, F) 
and depends on doping level of different metals with halogen 
compounds.[312–314]  Many HSEs are recently reported, such 
as monoclinic Li3InCl6  (≈2  mS cm−1),[315,316] orthorhombic 
Li3-xM1-xZrxCl6  (M  =  Y, Er, ≈1.4 mS cm−1),[312,317] spinel 
Li2Sc2/3Cl4 (1.5 mS cm−1),[318] monoclinic LixScCl3+x (3 mS cm−1),[319] 
and trigonal Fe3+-substituted Li2ZrCl6  (1  mS cm−1).[320] Most 
commonly, two different HSEs were widely reported Li3ICl6 
(LIC) and Li3YCl6 (LYC), which have a monoclinic struc-
ture (C2/m, 0.71 mS cm−1 LIC) and the trigonal structure  
( 3 1P m , 0.65 mS cm−1 LYC), respectively.[315] Both HSEs 
structures show relatively high ionic conductivity with 
those reported from the ball milled powders.[321,322] Asano 
et al. reported two different HSEs LYC and Li3YBr6  (LYB), 
synthesized via ball-milling followed by annealing.[312] Many 
superionic SEs have been widely investigated, but their lim-
ited electrochemical stability windows leads to an unwanted 
protective coating for HV cathode materials. On the other 
hand, thermodynamic calculations of HSEs for stable HV 
materials suggest the electronegativity difference between 
M and X (Li3MX6) affect the structural properties and sta-
bility of these materials.[323] This study[324] also found that 

chlorides have the highest oxidation potential (≈4.3  V vs Li/
Li+), larger bandgap, and higher elastic moduli, making them 
suitable HSEs for HV cathodes. Along with high ionic con-
ductivity, the excellent electrochemical stability of HSEs in a 
2.8–4.3 V window suggests the feasibility of 4 V-class cathode 
materials, without any additional coatings for SSBs. Zhang 
et  al.[325] reported and designed the incorporation of F for 
HSEs of Li3InCl4.8F1.2 and LIC, to form a dual-halogen SE. 
Li3InCl4.8F1.2  reported ionic conductivity over 10−4  S cm−1 at 
RT, and exhibits a practical anodic limit at 6 V. The incorpora-
tion of a Li3InCl4.8F1.2  cathode SE with LCO (In//Li6PS5Cl//
LIC HSEs//Li3InCl4.8F1.2/LCO, voltage range of 2.6–4.47  V  
(vs Li/Li+)) enabled HV SSBs with better electrochemical 
performance (Figure 13a,b). The charge and discharge 
profiles of the SSBs for three cycles, at a low current den-
sity of 0.063  mA cm−2, demonstrate a specific capacity of 
160.6  mAh g−1,  with a high Coulombic efficiency of 92%. 
These are more promising HSEs, in terms of electrochemical 
stability, chemical stability, and deformability. The Nazar group 
has reported a new and advanced material design of the meta-
stable trigonal phase of Li3YbCl6, with an ionic conductivity of 
0.1 mS cm−1

, and Zr mixed Li3−xYb1−xZrxCl6 HSEs, with con-
ductivities of 1.1 mS cm−1 at RT, which is higher than LYC.[324] 
They also demonstrated SSBs with the uncoated 4V-class 
cathode materials of NMC622 and Li2.7Yb0.7Zr0.3Cl6, with good 
electrochemical performance, as shown in Figure 13c,d. HSEs 
are promising, with remarkable electrochemical performance 
and material stability for SSBs, in comparison to other SEs, 
such as sulfides or oxides.[323]

Figure 12. I) Demonstrations of SSBs flexible and prototype pouch cell configurations with solid polymer electrolytes before cutting, after cutting, 
and multiple cutting with working conditions. The self-discharge and OCV time of two different NMC cathodes (NMC622 and NMC424). Reproduced 
with permission.[309] Copyright 2019, Elsevier. II) A scheme of high anodic voltage and stable SEI with the addition of PAN into the PEO Network. A 
microscope image of IPN SPEs polymer SEs. Coulombic efficiency measurement of the Li/Cu a symmetrical cell using IPN-5PAN-G and a control 
electrolyte, the capacity at 0.5 mAh cm−2 and current density of 0.5 mA cm−2 reported at RT. Reproduced with permission.[310] Copyright 2021, American 
Chemical Society.
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5.3. SSEs

Among inorganic SEs, sulfide-based SEs have exceptionally 
high ionic conductivities, in the range of 10–4 to 10–2 S cm−1 at 
ambient temperature. SSEs are promising candidates for SSBs, 
due to their high ionic conductivity, electrochemical operating 
window, excellent mechanical properties, and is easily repro-
ducible.[285,326] SSEs have attracted much attention due to their 
isotropic ion conduction, zero grain boundary resistance, and 
relatively low-cost starting materials, based on earth-abundant 
elements. There are still significant challenges for the application 
of SSEs: a) SSEs are extremely sensitive to moisture and quickly 
react with water in the air to produce toxic H2S gas and affect the 
structure of the electrolyte; b) problems of the interface between 
electrode and electrolyte still need to be understood. SSEs can 
be processed in several forms (glass, glass–ceramic, and crys-
talline) and have a wide range of available chemistries.[327,328] 
Several SSEs have been discovered with an ionic conductivity of 
more than 10 mS cm−1, comparable to the organic electrolytes 
used in LIBs. However, the main challenges associated with the 
commercialization and processing of SSEs are their instability 
toward air/moisture, as well as Li metal, which leads to complex 
processing requirements.[329,330] In the following section, we dis-
cuss the most recent SSEs and considerations regarding devel-
opment of high voltage applications.

Kato and Kanno, researchers from Toyota and the Tokyo Insti-
tute of Technology, have claimed to discover sulfide-based mate-
rials.[285] Tetragonal Li10GeP2S12 (LGPS) is an ultrafast lithium 
SSEs, which shows conductivity values on par with those of 
LEs, sparking enthusiasm for the development of SSBs.[285] Due 

to the low-cost price and earth abundance of silicon, the replace-
ment of germanium by silicon is highly desired. The first sil-
icon-containing tetragonal LSiPS (Li11Si2PS12) was synthesized 
under high-pressure conditions.[331] Besides, Kanno et al. added 
Li9.54Si1.74P1.44S11.7Cl0.3 to the LSiPS family, a sulfide that shows 
the highest specific conductivity (25  mS cm−1) reported for 
LGPS-type materials.[327] Recently, Ham et al. reported on the 
facile solid-state synthesis and characterization of tetragonal 
Li7SiPS8, a new member of the tetragonal LGPS-type family.[332] 
Li7SiPS8 exhibits a total ionic conductivity of 2 mS cm−1 at RT, 
thus rendering it an attractive candidate as an SE in SSBs. 
Notably, various SSEs have been synthesized and registered 
with much-improved moisture stability, e.g., As-substituted 
Li4SnS4,[333] Sb-doped Li10GeP2S12,[334]  Li6.6Ge0.6Sb0.4S5I.[335] The 
argyrodite family is among the superionic Li-ion conductors, 
and key SEs for SSBs.[336,337] The Zeier group continuously 
investigates the new mechanism, synthesis process, site order 
and disorder for argyrodite type SSEs for HV-SSBs applica-
tions.[287,294,328,338,339] Wang et al. recently reported the structure 
and lithium-ion mechanism of argyrodite type Li6-xPS5-xBr1+x 
with increasing Br−/S2− sites.[340] Increasing the bromide con-
tent (Li5.3PS4.3Br1.7 x  = 0.7) boosts the ionic conductivity to 
11 mS cm−1 at 25 °C, with the activation energy of 0.18 eV. Intro-
ducing argyrodite doped aliovant cation (Ca2+ or Al3+) substitute 
could also improve the ionic conductivities (Li5.35Ca0.1PS4.5Cl1.55) 
with 10.2 mS cm−1 at RT reported by Adeli et al.[341] The aliova-
lent doping of the Li+ site generated the vacancies population, 
which improves the Li+ diffusion and conductivity. Moreover, 
a PFG-NMR study investigated the influence of mechanical 
modification on the ion transport of SE particles.[341] The same 

Figure 13. a,b) Discharge/charge curves of Li3InCl4.8F1.2 high cathode SE cell for first three cycles at 0.063 mA cm−2. The electrochemical performance 
of high voltage LCO full cells using Li3InCl4.8F1.2  and Li3InCl6  cathode SE. Reproduced with permission.[325] Copyright 2021, John Wiley and Sons. 
c,d) Charge/discharge profiles for SSBs consist of cathode materials NMC622 and Li6.7Si0.7Sb0.3I5S separator, Li–In alloy as an anode, the initial two 
cycles at 0.2 C rate and Coulombic efficiency, discharge capacity, and the number of cycles. Reproduced with permission.[324] Copyright 2021, American 
Chemical Society.
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group reported adding more Cl-rich argyrodite to Li6−xPS5−xC
l1+x, to show that increasing the Cl−/S2−  ratio has a systematic 
and remarkable impact on the Li-ion diffusivity in the lattice.[342]

The most promising Cl argyrodite, Li5.5PS4.5Cl1.5, exhibits a 
cold-pressed conductivity of 9.4 mS cm−1 at RT (12 mS cm−1 on 
sintering), which is more applicable for HV cathodes for SSEs 
to SSBs (Figure 14 I).[343,344] Unfortunately, Li10±xM1±yP2±pS12±q 
(M = Ge, Si) SSEs are not stable with lithium metal. For this 
reason, these kinds of SSEs need protection layers, such as 
graphite  or indium metal, to insulate the contact between 
SEs and anode. The protection layer helps the battery perfor-
mance when the LGPS electrolyte is used with Li metal.

Moreover, except for the argyrodite Li6PS5X (X  =  Cl, Br, I)-
type SSEs, which undergo relatively slow reactions at the inter-
face, most SSEs decompose rapidly in contact with lithium 
metal, which poses additional challenges during the SSE 
preparation. Interestingly, the most promising Li-argyrodites 
LPSCl could be more stable (over 150  h) with lithium metal 

than LGPS.[346] Although, after 150 h a short circuit was reported 
from this SSE, which could indicate there are more significant 
challenge for application in SSBs. On the other hand, the Janek 
group has been investigating and demonstrating the benefit of 
cathode active material coatings, to improve the cycling per-
formance for application in HV-SSBs.[45,294,347–350] To achieve 
high energy density SSBs, thin lithium metal or anode free 
concepts are introduced by Lee et al. from the Samsung group. 
They reported composite anode (Ag–C), high nickel content 
NMC (with high-energy-density (900  Wh L−1)) all-solid-state 
pouch cells, which demonstrated 1000 cycles and a coulombic 
efficiency >99.8%.[351]  Using an anode-free concept, or thin Li 
metal, could be helpful to solve the problem of lithium den-
drite growth through the SE separator, and SE reduction by 
Li metal. Ye and   Li recently introduced the multilayer design 
concept SSEs for SSBs, which helps prevent lithium dendrite 
growth during the process.[346] Interestingly, the performance 
has been improved for a Li-metal anode, paired with a single 

Figure 14. I a) The electrochemical performance of Nb-coated NMC, LPSCl, an additional interlayer of LPS, with different C-rate capability  
(1 C = 3.1 mA cm−1, i.e., 180 mA g−1) and different C-rate with the charge and discharge profiles of 20 cycle. Reproduced with permission.[344] Copyright 
2020, American Chemical Society. b) The HV-SSBs electrochemical performance of LNTO-coated single crystal NMC532 with different current densities. 
II) Understanding the interfacial mechanism and coating strategy effects of SSBs. Reproduced with permission.[345] Copyright 2021, John Wiley and Sons.
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crystal NMC811 cathode, and multilayer designed SSEs, such 
as Li5.5PS4.5Cl1.5  (LPSCl), Li9.54Si1.74(P0.9Sb0.1)1.44S11.7Cl0.3  (LSPS), 
at elevated temperature (55 °C), which showed stable cyclic 
performance and 82% capacity retention after 10000 cycles at 
a 20 C rate and 2000 cycles at a 1.5 C rate, respectively. It could 
open the window for these SSEs to be applied with HV cathode 
materials in SSBs. One of the main challenges in SSEs, i.e., the 
interface compatibility, has a crucial, but still poorly understood 
role, in the performance of SSBs.[352] The electrochemical reac-
tions of SSEs cause the large interfacial resistance between the 
SSEs and typical layered oxide-based cathodes. Understanding 
the mechanism of interfacial resistance, as well as introducing 
coating strategies on layered oxide-based high voltage cathode 
materials, could be helpful. A new interfacial coating design 
could prevent the large interfacial resistance between SSEs and 
HV cathodes, as well as electrochemically oxidize SEs to form 
non-oxygen species (Figure  14  II).[345] The interfacial coating 
strategy effectively suppresses chemically oxidized, oxygen-
containing species, and mitigates the coinciding interfacial 
structural change. Understanding coating strategies and inter-
facial reactions are essential for SSEs, which are more reliable 

for improving the stability of HV cathode materials. In addi-
tion, the energy densities of SSBs can significantly rise through 
using lithium metal as an anode, as the solid–solid contact 
between the lithium and the electrolyte prohibits critical safety 
issues. Also, SEs acting as a rigid physical barrier between the 
anode and cathode can help to prevent dendrite growth, as well 
as optimize energy density and utilize limited space.

In summary, the various types of SEs, such as polymers, 
sulfide, halide, and oxide SEs, have received global attention in 
many years. In HV-SSBs, there are certainly experiments with 
CSEs, such as polymers and oxides, or sulfide and halides, that 
take advantage of both types of electrolytes that have been widely 
considered and investigated. The core mechanisms that SEs 
offer for HV-SSBs applications are the voltage stability window, 
material composition, high ionic conductivity, and scalable and 
easy fabrication. Here, we discussed the most recent develop-
ments and performance of different SEs for HV-LIBs (Table 4),  
focusing on high-performance SEs with acceptable oper-
ating temperatures, higher ionic conductivities, and suit-
able electrochemical stability windows. Still, there are several 
challenges to overcome to identify the ideal SEs (Figure 15).  

Table 4. High voltage cathodes, solid-state electrolytes for SSBs with configurations and electrochemical performance. RT refers to room temperature.

SSBs configuration (cathode//electrolyte//anode) Solid electrolyte (ionic conduct.) Voltage range 
(Li+/Li vs V)

Temp.  [°C] Capacity 
[mAh g−1]

Cycle performance Ref.

LiNi0.6Mn0.2Co0.2O2 (NMC622) + PVDF-HFP + CNTs + 
Super P + LLZTO + LiTFSI + NMP//CSPE//Gr + PVDF-HFP 
+ Super P + LLZTO + LiTFSI + NMP

15% LLZTO/PVDF-HFP in Li salt 
(CSPE)

0.1 mS cm−1

2.5–4.4 RT 179.56 (0.05 
C)

96% (0.05 C, 30 cycles) [307]

LiFePO4 (LFP) + Super-P + PVDF + 1-methyl-2-pyrrolidinone 
(NMP)//PPL-GPEs//Li

PPL GPEs (PVDF-HFP, PPC, 
LATP)

0.94 mS cm−1

2.5–4.2 25 164 (0.1 C) 99% (0.5 C, 150 cycles) [308]

LiNi0.6Mn0.2Co0.2O2 (NMC622)//IPN-5PAN//Li IPN-5PAN (PEG + POSS + PAN)
0.195 mS cm−1

2.5–4.2 60 150.7 (0.1 C) 97.8% (0.1 C, 50 cycles) [310]

LiFePO4 + PEO + carbon black (CB) + acetonitrile//
GO–PEO//Li

GO–PEO SEs
1.54 × 10−5 S cm−1

2.5–4.0 60 142 (0.5 C) 91% (0.5 C, 100 cycles) [311]

LiCoO2 + Li2.633Er0.633Zr0.367Cl6/Li3PS4 /Li11Sn6 and Li3PS4 
(80:20 in wt%)

Li3PS4 3.0–4.3 RT 110 (0.1 C) 95% (0.5 C, 1000 cycles) [314]

LZO-LiNi0.90Co0.05Mn0.05O2 (NMC) + Li6PS5Cl + carbon 
nanofibers + PTFE//Li6PS5Cl//Ag–C

Li6PS5Cl (1.81 mS cm−1) 2.5–4.25 60 215 (0.2 C) 99.8% (0.5 C, 1000 cycles) [351]

LiNi0.8Mn0.1Co0.1O2 (SC-NMC811) + Li5.5PS4.5Cl1.5 
(LPSCl) + Li9.54Si1.74(P0.9Sb0.1)1.44S11.7Cl0.3 (LSPS) + 
PTFE/LPSCl-LSPS-LPSCl/Li/G

Li9.54Si1.74(P0.9Sb0.1)1.44S11.

7Cl0.3 (LSPS)
Li5.5PS4.5Cl1.5 (LPSCl)

multilayer design approach

2.5–4.3 55 178.6 (0.5 C)
81.0 (20 C)

82% (20 C, 10 000 cycles) [346]

LiNi0.6Mn0.2Co0.2O2 (NMC622) + 
Li2.7Yb0.7Zr0.3Cl6//Li6.7Si0.7Sb0.3S5I//Li-In

Li6.7Si0.7Sb0.3S5I
10 mS cm−1

2.8–4.3 RT 170 (0.2C) 99.6% (0.2 C, 150 cycles) [324]

LiNb0.5Ta0.5O3 (LNTO)@
LiNi0.5Mn0.3Co0.2O2 (SC-NMC532)//LGPS//In-Li

Li10GeP2S12 (LGPS) 8.4 mS cm−1 2.5–4.4 RT 104.7 (1 C) 85.8% (C/3, 500 cycles) [345]

LiFePO4 (LFP) + Super-P + CSPE + 1-methyl-2-pyrrolidinone 
(NMP)//CSPE//Li

(CSPE) Li6.4La3Zr1.4Ta0.6O12 + 
PVDF + LiTFSI 0.24 mS cm−1

2.8–4.4 24 98 (1 C) 88% (1 C, 200 cycles) [353]

LiNi0.5Co0.2Mn0.3O2

(NMC) + Li5.4PS4.4Cl1.6 + VGCF + PTFE//Li5.4PS4.4Cl1.6 + 
PTFE//Li or Li-coated with Al2O3

Li5.4PS4.4Cl1.6

(8.4 mS·cm−1)
2.8–4.2 60 135.3 (0.05 C) 80.2% (0.05 C, 150 cycles) [354]

LiNi0.5Co0.3Mn0.2O2 (NMC) + PVDF + Super P//PIPCE 
(LiTFSI-SN0.05-10 wt% FEC)–15 wt% PEO//Li

PIPCE (LiTFSI-SN0.05-10 wt% 
FEC)–15 wt% PEO)

0.1 mS cm−1

2.7–4.2 RT 169 (0.1 C 80% (0.1 C, 120 cycles) [355]

LiNi0.88Co0.10Al0.02O2 NCA88 (SC) + Li2.60Yb0.60Hf0.40Cl6 + 
Super P//Li6PS5Cl0.5Br0.5//Li0.5In + Li6PS5Cl0.5Br0.5

Li6PS5Cl0.5Br0.5 3.0–4.3 30 188 (0.5 C) 83.6% (0.5 C, 1000 cycles) [356]
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Additionally, SEs can still be subject to safety issues, especially 
in abuse cases, and quantitative safety analysis of SEs is still 
necessary.[330,357] That being said, advanced HV battery systems 
based on SEs would revitalize the battery field, due to their 
safety, good stability, ecological impact, long cycles, and low cost.

6. Conclusion and Outlook

Various safety challenges accompany HV-LIBs, and addressing 
them is critical for widespread practical applications. 
Undesirable reactions occurring in the electrolyte region are 

the primary cause of catastrophic battery failure, so this region 
should be the focus for improving the safety of HV-LIBs. Addi-
tionally, with the growing global challenges regarding climate 
change, pursuing more sustainable strategies for large-scale 
energy storage applications is important. Strategies to improve 
the safety of HV-LIBs, with commentary on sustainable options, 
were discussed herein (Table 5).

a) The use of LEs in HV-LIBs will likely continue, due to their 
superior rate capabilities. Electrolyte additives can improve the 
safety of LEs by enhancing the stability of the SEI and CEI, 
gas, or HF scavenging and preventing continuous electrolyte 

Figure 15. An overview of SEs development for HV-SSBs. The ideal SEs should have high ionic conductivity (IC), easy processing, HV compatibility, safe 
environmental handling, and low-cost synthesis. Additionally, sulfide and halide SEs, and polymer and oxide SEs combinations offer better stability and HV 
cathode compatibility for HV SSBs applications. Halide SE image reproduced with permission.[323] Copyright 2021, American Chemical Society. Sulfide SE 
image reproduced with permission.[338] Copyright 2018, American Chemical Society. Oxide SE image reproduced with permission.[362] Copyright 2015, Elsevier.

Table 5. Summarizing of advantages and disadvantages of different approaches to improve the electrolyte region for HV batteries.

Category Benefits Drawbacks

Liquid electrolyte Lower cost, good wettability, easy cell assembly, high ionic conductivity Generally high volatility, high flammability, higher 
toxicity, lower thermal stability

Ionic liquids Low volatility, low flammability, high thermal stability, good interfacial compatibility High cost, higher toxicity, low ionic conductivity

Gel polymer 
electrolytes

Higher thermal, mechanical, and electrochemical stability, good wetting, higher ionic conduc-
tivity, higher interfacial compatibility, no need for a separator, more environmentally friendly

More complicated cell assembly

Separators Improve thermal stability, limit cross-talk, and lithium dendrite growth Not able to address solvent volatility or interfacial 
compatibility, making more resistance

Solid electrolytes Good stability, safety, high voltage stability, ionic conductivity, good processability Interfacial issues, lower ionic conductivity than LEs, 
short cycle life

Adv. Energy Mater. 2022, 12, 2200147
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degradation. This approach still employs the use of volatile 
solvents, however, which higher flammability. LEs employing 
additional flame retardant solvents, alternative flame retardant 
solvents or high concentrations can improve the thermal and 
electrochemical stability. However, many LEs still use volatile 
or hazardous solvents, making them less risky for HV-LIBs.

b) The choice of separators can also help improve the chemi-
cal and electrochemical stability of LEs. There are sustainable 
options available, which possess the required high thermal 
and electrochemical stability, that can help to improve the 
safety of HV-LIBs.

c) ILs can achieve superior interfacial compatibility and ionic 
conductivity compared to many SEs and possess similar 
electrochemical and thermal stabilities. However, the cost of 
high salt concentrations for the implementation of ILs can be 
daunting and limits the scalability of HV-LIBs based on ILs.

d) AEs can improve the sustainability of LEs by moving away 
from more toxic and flammable organic solvents and improv-
ing the ease of handling for cell building, as the atmospheric 
moisture content is not a concern. The poor voltage stability of 
aqueous electrolytes can be improved through “water-in-salt” 
electrolytes, molecular crowding, or GPEs. “Water-in-salt” 
electrolytes. While these electrolytes demonstrated that the 
voltage stability windows of AEs could be widened, they still 
have the same cost concerns as ILs. Both molecular crowding 
and aqueous GPEs utilize similar strategies. By employing 
cheap, biodegradable macromolecules or polymers, AEs with 
higher voltage stabilities, higher ionic conductivities, and 
good quality interfacial compatibilities can be feasibly used 
in high voltages LIBs in the future, even for large-scale appli-
cations, although more development of AEs is still required 
for HV applications.

e) GPEs represent a balanced alternative to LEs and SSEs. Com-
monly used LEs can be contained within a polymer frame-
work, improving the safety of the LEs without restricting the 
ionic conductivity and interfacial stability. They can also be 
produced with nontoxic, biodegradable polymer materials 
and have promising scalability. GPEs can also be beneficial 
for AEs, improving the electrochemical stability and perfor-
mance. The separator can also be removed, which can further 
boost the energy density of the LIBs.

f) SEs offer the safest alternative to LEs for HV-LIBs 
applications. In general, they have high chemical, electro-
chemical, and thermal stabilities and are not prone to un-
wanted side reactions that could lead to explosive battery 
failure. However, despite the numerous safety advantages, 
SEs still have more limited ionic conductivities as well as 
electrode and electrolyte interface compatibility. They can be 
more expensive and less sustainable (in the case of SEs com-
posed of certain transition metals).

At HVs (especially in the case of fast charging), there are 
more likely to be detrimental side reactions that can lead to 
catastrophic battery failure. Pursuing electrolytes or separators 
that can address these problems, and still be sustainable and 
easily scaled up, is an essential topic for the practical applica-
tion of LIBs. The cell materials, size, operating window, and 
application must be considered carefully when selecting an 
electrolyte for HV applications. This review serves as a guide 

for potential strategies to improve the safety and stability of HV-
LIBs for practical applications. However, there are still external 
factors contributing to abuse cases,[358,359] and the electrolyte 
alone is not always capable of preventing thermal runaway.[360] 
This must also be considered when designing battery packs and 
battery management systems.[361]
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