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Lithium-ion batteries (LIBs) are presently dominant mobile power sources due to their high energy density, long lifespan, and
low self-discharging rates. The safety of LIBs has been concerned all the time and become the main problem restricting the
development of high energy density LIBs. As a significant part of LIBs, the properties of separators have a significant effect on
the capacity and performances of batteries and play an important role in the safety of LIBs. In recent years, researchers devoted
themselves to the development of various multi-functional safe separators from different views of methods, materials, and
practical requirements. In this review, we mainly focus on the recent progress in the development of high-safety separators with
high thermal stability, good lithium dendritic resistance, high mechanical strength and novel multifunction for high-safety LIBs
and have in-depth discussions regarding the separator’s significant contribution to enhance the safety and performances of the
batteries. Furthermore, the future directions and challenges of separators for the next-generation high-safety and high energy

density rechargeable lithium batteries are also provided.
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1 Introduction

With the shortage of fossil fuel resources and the increas-
ingly serious environmental and ecological problems, people
have begun to pursue cleaner and more environmentally-
friendly energy. Lithium-ion batteries (LIBs) have attracted
more and more attention because of their high energy density
and power density. Nowadays, LIBs are widely used in our
daily-life, such as electric vehicles, laptops and digital
cameras. There is no doubt that LIBs play an important role
in our lives and productivity and become an indispensable
part of our lives.

However, there are serious safety risks during the working
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process of batteries. This unsafe behavior mainly stems from
its thermal runaway [1,2], which usually causes fire or ser-
ious explosion accidents. It is confirmed that there are a
series of potential exothermic side reactions in LIBs, such as
the thermal decomposition of solid-electrolyte interphase
(SEI) films, the further exothermic reactions between fresh
lithium and electrolytes, the thermal decomposition of
electrolytes and cathode materials. When the battery works
in abuse conditions such as short circuit, overcharge, over-
heating, or high rate charge, a large amount of heat is re-
leased in a short time, the internal temperature will increase,
and these exothermic side effects will be triggered succes-
sively [3]. Once the heat is unable to dissipate quickly, the
battery would lead to continuous temperature rise, resulting
in the combustion or even an explosion [4]. Meanwhile, there
are many causes for the thermal runaway, among which in-
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ternal short-circuits are the predominant reason. During this
process, the separator usually undergoes a series of obvious
changes, such as the blocking of pores, thermal shrinkage
caused by internal temperature rise, puncture caused by ex-
ternal impact and uncontrollable dendrite growth.

Based on the above problems, great efforts have been
made for improving each component of the battery [5-7].
One of the fundamental and effective methods to solve the
safety issues of batteries is to develop a high-performing
separator. As a significant component of a battery, the se-
parator may play different roles in different battery systems
[8—11]. In LIBs, the separator is placed between the positive
and negative electrodes to prevent the two electrodes from
short-circuiting upon contact. The properties of separators
are correlated with the safety and electrochemical perfor-
mances of LIBs. The research about separators have attracted
much attention, and the publications are increasing during
the past 10 years. The unique term of “separator” and “li-
thium” appears in the titles, abstracts, and/or keywords of
>4,500 publications, with a clearly increase of the field as a
function of published papers per year (Figure 1(a)). Natu-
rally, a fine collection of reviews mostly described the im-
pact of separator properties on the LIB from the material, the
preparation method, and the separator used in different bat-
tery systems (lithium—sulfur batteries, lithium—air batteries,
etc.). With the development of high energy density LIBs, the
research on the design of high-safety separators has been
emerging, and it is necessary to summarize the research
progress of safety separators in recent years, especially in the
last five years. In addition to the research, the global market
demand of separators for LIBs shows fast-growing in the
aspect of industry with the rapid development of electric
vehicles (Figure 1(b)). The shipment of separators for LIBs
greatly increases to 37.2x10° m* in China in 2020 which is
4.8 times as much as that in 2015 (7.7><108 mz). The fast-
growing separator market and the increased demand for
high-safety LIBs also promote the research interest of high-
performance separators.

In this review, we summarize the development direction
and research progress of high-safety batteries in recent years.
In particular, the recent progress of thermally stable se-
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parators, lithium dendrite-proof separators, separators with
high mechanical stability, and other novel multi-functional
separators is discussed in detail. Finally, the challenges and
future perspectives of high-safety separators are discussed.

2 Characteristics and requirements of separa-
tors for LIBs

The basic requirements of separators should be inert during
charge/discharge process of batteries and served as a medium
to allow lithium ion transport. In terms of safety application
of LIBs, a separator should have the following major char-
acteristics: excellent chemical/electrochemical stability,
good thermal resistance, high mechanical strength, and
dendrite resistance. Secondly, considering that, in practical
applications, the potential risks inside the battery are often
unable to be monitored and prevented in time, constructing a
self-protection and intelligent response separator can reduce
the risk factors and alleviate hazards.

In practical applications, the high chemical and electro-
chemical stability of separators are of great significance to
the safe operation of the battery. It requires the separator to
be inert to the electrolyte and electrode materials during
battery cycling process.

Separators should have a proper thickness in order to re-
duce the internal resistance of the battery and increase the
energy and power density of the battery, under the premise of
ensuring a certain mechanical strength. In addition, the
uniform thickness of the battery separator is also an im-
portant indicator of battery consistency, which has a great
impact on battery performances.

Good electrolyte wettability is conducive to the affinity
between the separator and the electrolyte, thereby increasing
the ion conductivity and improving the electrochemical
performance of LIBs. However, poor wettability of separa-
tors is not conducive to the uniform transmission of lithium
ions, which will cause the generation of lithium dendrites
and threaten the safe operation of the battery. The electrolyte
wettability is correlated to the porosity, pore structure and
surface properties of the separator.
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Figure 1 (a) Publications growth of “separator” and “lithium” based on Web of Science database (excluding patents); (b) Shipments growth of separators

for LIBs in China and global markets (color online).
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Proper porosity is very important for improving electrolyte
wettability and absorption. Low porosity will result in low
electrolyte absorption and large internal resistance of the
battery, which is not conducive to the transport of lithium
ions. However, too high porosity might poison the mechan-
ical strength of the separator. Generally, the ideal separator
porosity should be 40%—60%. The ratio of pore volume to
apparent geometric volume is considered as the porosity. The
pore size and distribution of separators have a significant
impact on battery’s performances. The separator with too
large pore size is likely to cause a short circuit due to direct
contact between the positive and negative electrodes or ea-
sily pierced by lithium dendrites, which is not conducive to
the safety of the battery, while too small pore size will in-
crease the internal resistance. Generally, the pore size of the
ordinary battery separator should be sub-micron level
(<1 pm). In addition, the uniform pore size distribution of
separators could facilitate the uniform ion transport, ensure
consistent electrode/electrolyte interface properties, reduce
the generation of lithium dendrites, and then improve the
safety of the battery.

Thermal stability and thermal shutdown of separators are
directly correlated to the safety of the batteries. When the
battery is short-circuited or overcharged, a large amount of
heat will be released, resulting in heat accumulation and
temperature rise. Therefore, when the temperature rises, the
separator should maintain the original integrity and certain
mechanical strength to block the positive and negative
electrodes to prevent short circuits. As a basic requirement,
the thermal shrinkage of the separator is less than 5% after
1 h at 100 °C [12]. When overheating or short circuit occurs,
the ability to block the pores in time to shut down the battery
is essential. More importantly, when the pores are closing,
the separator should still have a certain degree of mechanical
integrity to ensure the separation of cathodes and anodes to
reduce thermal runaway.

The mechanical properties of the separator are also very
important. The mechanical properties of the separator are
characterized by tensile strength and puncture strength. A
qualified separator should have high tensile strength
(>1,000 kg cmfl) and puncture strength (>300 g mil™") to
cope with the stress generated during battery assembly and
withstand the penetration of lithium dendrites during the
battery cycling [13]. Generally, a thicker separator has the
better mechanical strength which has stronger puncture re-
sistance. However, the internal resistance also increases with
the increase of thickness, which highly affects the perfor-
mance of LIBs.

Accelerating rate calorimeter (ARC-ES, THT) test aims to
study the temperature-responsive behaviours of the coin cells
using different separators in the case of adiabatic short-cir-
cuiting. The thermal shutdown temperature and sluggish
thermal-responsive rate can evaluate whether the separator
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can control the temperature rise well or not [14]. Important
mechanical properties include the tensile strength and
Young’s modulus. The tensile strength including elongation
at breakage and Young’s modulus can be deduced from the
strain rate-dependent stress—strain curves with an electronic
universal testing instrument. Different from the Young’s
modulus evaluated by tensile strength, the surface Young’s
modulus of the separator measured by atomic force micro-
scopy (AFM) in the peak-force quantitative nano-mechanics
mode can determine whether the tough surface can effec-
tively suppress the dendritic Li growth or not [15,16]. Dy-
namic mechanical thermal analysis (DMA) and thermal
mechanical analysis (TMA) are used to evaluate the variation
trend of mechanical strength at different directions during the
heating process [17].

The process of lithium-ion migration and electrochemical
deposition in the battery is still an open topic of research,
which will undoubtedly benefit from the advances in char-
acterizations and simulations. Mathematical modelling and
numerical simulation are widely used to help deepen the
understanding of electrochemical systems and ion migration.
COMSOL simulations highlight the impact of ionic
conductivity and the transference number on battery’s per-
formances by simulating the electrolyte salt concentration
and electrolyte potential as function of distance across the
separator in a symmetric Li vs. Li cell, the separator’s
structure and the interaction between electrolyte and se-
parator surface [18]. In addition, the corresponding model of
Li ion concentration distribution, the lithium dendrites
growth speed and the performance of separators can be
compared [15,19]. By virtue of the commercial software
ABAQUS, finite element calculation can be realized easily.
For example, the interaction between an elastic piercing tip
and curved/planar substrates using two-dimensional (2D)
nonlinear finite element method can be simulated. According
to the distribution of stress intensity, the interaction between
the lithium dendrites and ceramic coating layers can be de-
termined [19].

3 The design of high-safety separators

The safety of batteries has always attracted people’s attention
and becomes more and more important due to the demand for
high energy density batteries [20]. Based on the function of
separators in LIBs, the properties of separators directly in-
fluence the reliability (including safety and electrochemical
performances) of the LIBs. The thermal runaway process in
the battery, which starts from the overheating of the battery,
is the root cause of fires and explosions of the battery. In the
early stages of thermal runaway, metal fragments from col-
lisions and lithium dendrites from the battery cycle may
puncture the separator, causing internal short circuit and
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triggering a large current which will generate large amount
of heat, causing a series of exothermal side reactions be-
tween electrodes and electrolytes, and contribute to the
continue rise in temperature, leading to more serious thermal
shrinkage of the separator and thus more serious short-
circuiting. In the late period of thermal runaway, oxygen and
heat accumulate continuously, and the combustible electro-
lyte will burn out of control, eventually causing fire and
explosion. Along this line of reactions, separators and elec-
trolytes play important role in the thermal runaway process.
In the separator part, it is critical to design the advanced
separators with high thermal stability, lithium dendrites-
proof properties, mechanical stability and novel multi-
functions to improve the safety of LIBs.

However, current commercial polyolefin separators such
as polyethylene (PE) and polypropylene (PP) with low
melting points could not sustain their dimension at elevated
temperature, leading to internal short circuit and safety risk
in the LIBs. The polyolefin separators also exhibit poor
electrolyte wettability due to the low porosity and low po-
larity which might lead to inhomogeneous lithium ion
transport and serious dendrites. The generation of lithium
dendrites will destroy the generated SEI layer and continue
to react with the electrolyte to form a new SEI film, resulting
in the constant consumption of electrolytes and the formation
of dead lithium, which will eventually increase interface
resistance and lower the reversible capacity of LIBs [21].
The high mechanical strength of the separator is very im-
portant to improve the safety of LIBs. A qualified separator
needs to maintain good mechanical integrity after it is sub-
jected to the harm such as stress generated during battery
assembly, damage caused by collisions and falling, and
puncture of lithium dendrites during cycling, for which the
mechanical damage of the separator will cause the internal
short circuit and may lead to the ultimate failure of the LIBs.
With the development of LIBs, several novel separators with
multi-functions such as intelligent response separators (e.g.
hot shutdown, dendrite warning) and flame-retardant se-
parators are gradually developed. With the above analysis, it
is critical to design the advanced separator to meet the re-
quirements of advanced LIBs.

3.1 Thermally stable separators

As we all know, a safe separator should have high dimen-
sional stability at elevated temperature. Although polyolefin
separators offer excellent mechanical strength and chemical
stability, they have a low melting point (PE/130 °C, PP/
165 °C) and exhibit obvious shrinkage at elevated tempera-
ture and cannot guarantee the safety of the battery under
extreme conditions. It was reported that functionalized
polyolefin separators with thermally stable coating layers
can improve the thermal resistance property [22,23]. In re-

cent years, researchers have made significant progress in the
research of modified and new separators, but the commercial
applications are still in the range of PE or PP based poly-
olefin membranes and ceramic-modified polyolefin separa-
tors. The main limitation is cost, such as the cost of raw
materials and the manufacturing process. However, limited
by the characteristics of polyolefin materials, the modified
polyolefin separators are difficult to be stable at higher
temperatures (>200 °C). For some special applications with
higher requirements, high thermal stable separators with a
high heat-resistant skeleton are expected to be used com-
mercially due to their excellent performance. Since the
growing demand for high energy density batteries, the thin-
ner and lighter coating layer is really needed in addition to
good thermal stability. Furthermore, various non-woven
mats with high heat-resistant skeletons have also been ex-
plored to replace polyolefin as safer separators.

3.1.1 Inorganic ceramic coated separators

Benefiting from the high heat-resistance of inorganic parti-
cles, the introduction of ceramic coatings into polyolefin
membranes is an effective means to improve the thermal
stability of the separators. Traditional inorganic-coating se-
parators often use hydrophilic polymers as binders, and
AlL,Os, Zr0O,, Si0O,, zeolite and other ceramic particle coat-
ings are introduced on the surface of the polyolefin substrate
[24-31]. It is proved that the ceramic-coating separators have
enhanced thermal stability, good wettability and high uptake
of liquid electrolytes, which greatly improves the safety and
cycle stability of the battery. Yang et al. [32] synthesized
core—shell structured silica—poly(methyl methacrylate)
(Si0,~PMMA) sub-microspheres and coated them on one
side of a PE separator to fabricate a functional ceramic-
coated separator (FCC separator). The heat-resistant SiO,
core particle layers suppressed the more thermal shrinkage
(12.9%) than that in the PE separator (31.4%) at 130 °C for
30 min. Cho et al. [27] used amino-functionalized SiO, (N-
Si0,) particles to coat both sides of polyethylene separators.
Due to the incorporation of hydrophilic amino groups and the
thermally-resistant N-SiO,, the composite separator had
good affinity for polar solvents and showed only 10% ther-
mal shrinkage at 150 °C. Boateng et al. [33] selected acetone
as a solvent for the large zeta-potential ({) with the powders.
And the results showed that SiO, nanoparticles had a good
suspension stability and dispersity in acetone.

However, many ceramic-coating separators still exhibited
the poor thermal stability due to the low melting point of
common polymer binders, such as polyvinylidene fluoride-
hexafluoropropylene (PVDF-HFP), PMMA and PVDF
[15,32]. Once the binder reaches the molten state, the
bonding force between the coating and the separator may be
weakened or even the ceramic particles would disperse un-
evenly in the melted polymer binder, which is not conducive
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to the heat resistance of the coating. In order to ensure the
safety of batteries at high temperatures, substituting high
melting-point polymers for traditional binders is an effective
strategy [34]. Shi et al. [35] studied an Al,O; coating se-
parator (CCS—PI) with the thickness of 6 um bonded by a
high thermally-stable polyimide (PI) binder (sustain thermal
stability at temperature even up to 500 °C) onto the surface
of PE porous membranes. The adhesion strength between the
PE separator and the ceramic coating layer with PI binders
(1.2 MPa) was higher than that between the PE separator and
the ceramic coating layer using PVDF-HFP binders
(0.5 MPa). The CCS—PI showed no thermal shrinkage at up
to 160 °C and remained stable when it is packed in the
batteries at up to 165 °C. Furthermore, Dai et al. [36]
proposed a rational design involving a PDA-SiO, composite-
modified PE separator by a simple dip-coating. The PDA
formed an overall-covered self-supporting film throughout
ceramic layers and the pristine PE separator, which made the
ceramic layer and the PE separator appeared as a whole as-
pect. As a result, the developed composite-modified se-
parator displayed highly enhanced thermal and mechanical
stability, showing no obvious shrinkage at 220 °C compared
with the PE-SiO, separator (shrinkage of 28.4% at 170 °C).

Most of the slurries above used for coating modification
were dispersed by organic solvents. Because the toxic or-
ganic solvents tend to pollute the environment and increase
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the cost of organic solvent recovery, many environmentally-
friendly strategies using water-based ceramic slurries were
developed by adding surfactants or water-soluble polymeric
binders like sodium alginate (SA), polyvinyl alcohol (PVA),
carboxymethyl cellulose sodium (CMC) [37]. Yang et al.
[38] reported a separator made by coating boehmite
(AIOOH) particles with PVA on microporous PE mem-
branes. On account of the excellent adhesion and film-
forming properties of the binder PVA, an inter-locking in-
terface structure was formed between the PE film and the
AIOOH coating, which greatly enhanced the thermal stabi-
lity of the modified separator (the thermal shrinkage rate is
less than 3% after exposure at 180 °C for 0.5 h). Jeon et al.
[24] developed a water-based ceramic coating method using
a surfactant and a water-soluble polymeric binder CMC. This
process was economic and environmentally-friendly, and
diminished the poor affinity between the non-polar solvent
and the hydrophilic Al,O; particles.

Apart from the above problems, the thickness and weight
of ceramic coated separators obtained by a blade-coating
process increases significantly, which may reduce the ion
conductivity and the energy density of LIBs. So, how to
design a thinner and lighter separator with high thermal
stability in a simple way is still a research hotspot. The re-
presentative surface modified separator for LIBs and their
basic properties were summarized in Table 1.

Table 1 Summaries of surface modified polyolefin separators for LIBs
Materials Thid(‘ﬁf)s v M(?lslsg L‘E@%;lg PO({)ZS)HY Thermal shrinkage (%) lonifrrfg’r‘c‘i;‘9F;Vity Ref.
LLZTO PP+5 0.9 - - - [15]
PE-ALO; PE,+6 - - 0% at 140 °C for 0.5 h 0.846 [24]
N-Si0, PE+5 - - 10% at 150 °C for 0.5 h 0.81 [27]
LiAl LDH@PP PP+19 - - - - [28]
FCC PE,+5 - - 12.9% at 130 °C for 0.5h 1.08 [32]
CCS-PI PE,+6 - - 0% at 140 °C for 0.5 h 0.70 [35]
PE-SiO,@PDA PE,+6 - 44.1 0% at 220 °C for 0.5 h 0.981 [36]
AIOOH PE,+1.15 - - <3% ato_lsg(})l °C for 6.56 [38]
LSO-SiO,@PE PE;+3 - - 0% at 150 °C for 0.5 h 0.41 [39]
PVDF-HFP/colloidal-TiO, PP+15 - 57 4.8% at 150 °C for 1 h 0.49 [40]
PE-BN/PVDF-HFP 40 - 50.8 6.6% at 140 °C for 1 h 0.44 [41]
TiO,-Kynar - 1.8 - 36% at 160 °C for 1 h - [42]
APP@SiO, PP+40 - 50.91 0% at 180 °C for 0.5h 0.84 [43]
CCS PE,+3 - - 29.3% at 145 °C for 0.5h 1.12 [44]
ST PE,+9 - - 18.95% at 150°C for 0.5 h 0.82 [45]
ATP-PVA PE,+4 - 45.8 0% at 170 °C for 0.5 h 0.782 [46]
MBO@PP PP+6 0.346 - - 0.98 [47]
BS-ALO,@PE PE,+8 - - 0% at 200 °C for 0.5 h 0.683 [48]

a) The thickness of PP is 25 um. b) The thickness of PE; is 20 um. ¢) The thickness of PE, and PE; are 16 um and 12 um, respectively.
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3.1.2  Ultrathin modified separators
According to practical applications, thinner separators can
avoid occupying limited space inside the battery and thereby
increase the energy density and power density of the battery
to a certain extent. Up to now, various surface modification
methods, such as ultraviolet (UV) or electron bean irradia-
tion, plasma treatment, polydopamine (PDA) modification
and coupling agent treatment, have been developed well
because coating a nanometer scale layer on the membranes
or particles can improve the affinity to the electrolyte and
ensure the well-preserved original structure [22,49-53].
Moon et al. [54] prepared ultrathin Al,O; coating layers by
atomic layer deposition (ALD) and dopamine treatment
(Figure 2(a)). By means of the hydrogen bonding between
catechol and amine groups in PDA and the aluminium oxides
that were terminated with hydroxyl groups, PE/Al,O;/PDA
separators showed high thermal stability at 140 °C. Despite
these advantages, the complex operation conditions and high
cost compared with ceramic-coated separators may limit
their further applications. Pan et al. [55] prepared a thin,
thermally stable and low-cost nanocellulose layer through a
simple filtration method, and laminated it on both sides of the
plasma-treated PE film. Thanks to the hydrogen bonding
between the nanocellulose layer and the plasma-treated PE
film, the coating had a strong bonding force with the PE
substrate, and thereby the modified separator still maintained
good dimensional integrity at 200 °C. Dip-coating is another
simple and powerful method to prepare multi-layer films and
the driving forces that facilitate the layer-by-layer (LBL)
self-assembly include electrostatic attraction, hydrogen-
bond formation, covalent-bond formation, charge-transfer
complex formation and other interactions [56,57]. Chi et al.
[52] designed a ZrO,/POSS multilayer deposited on PE se-
parators by the LBL process, and the ZrO,/POSS multilayer
could decrease the number of EC molecules interacting with
Li" and improve the mobility of solvated Li' relative to PF .
Yuan et al. [58] adopted a similar approach to design a un-
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yielded a polymeric binder-free, thin SiO, nanoparticles-
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and the chemical grafting of SiO, NPs provided strong ad-
hesive strength, thermal shrinkage resistance partly.
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to achieve thinner and lighter coating layers. However, those
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consume a mass of energy, which leads to an increase in the
cost of the production process. In addition, the high radiant
energy pre-treatment may cause a severe decrease in me-
chanical strength and damage the polymer matrix of the
original separator. These problems and challenges limit their
scale production and practical applications.

wo

—_— T g
s e
e gy

80°C,2h Mo

T

<PE separator> <MPTStreated PE separator>

. 00, acetic acid
t.24h lm EIOHM,0 mixed solution

.24n | BTO.aceticacid
in EXOHM,0 mixed soluton

e nnn

<Si0;-grafted PE separator>

o NS

|
oornretivehio i Gp-coating oatmont > ding

80,
ALO,@PE separator BS-ALO,@PE separator

Figure 2 Schematic illustration of the preparation of the PE/Al,O;/PDA separator via atomic layer deposition and PDA treatment. (b) Schematic illustration
for the preparation of BS—Al,O;@PE separator. (¢) Schematic depiction of the fabrication of the SiO,-grafted PE separator. (a) Reprinted with permission
from Ref. [54], Copyright 2019, Elsevier. (b) Reprinted with permission from Ref. [48], Copyright 2020, Elsevier. (¢) Reprinted with permission from Ref.

[59], Copyright 2019, Elsevier (color online).



Su et al.

3.1.3  Separators with high heat-resistant skeleton
In addition to the surface coating strategy to enhance the
thermal stability of the polyolefin separators, extensive ef-
forts have been made to fabricate separators with high heat-
resistant skeleton as high thermally-stable separators. As
summarized in Table 2, various high heat-resistant separators
based on polymers with high melting-point such as PVDF,
PI, polybenzimidazole (PBI), polyacrylonitrile (PAN), poly-
p-phenylene terephthamide (PPTA), polyurethane (PU), poly
(p-phenylene benzobisoxazole (PBO) cellulose-based poly-
mers and inorganic additives, have been explored to replace
traditional porous polyolefin separators [37,60-71].

As a promising and efficient technique to produce non-
woven nanofiber separators with high porosity, three-di-
mensional network structure and high surface area, electro-

Table 2 Summaries of separators with high heat-resistant skeleton for L
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spinning technology has obtained extensive attention [72].
PVDEF, PAN, PET and PI are the most commonly reported
single polymers to prepare monolayer electrospun separators
due to their good electrochemical stability and excellent af-
finity of lithium ions [73—75]. Hao et al. [76] reported a PET
separator with an average pore diameter of about 330 nm and
high porosity (89%). Such a three-dimensional porous net-
work structure enabled to adsorb a large amount of liquid
electrolytes. Owing to the polar oxygen atoms and the car-
bon-oxygen double bond in polyetheretherketone (PEEK)
which may interact strongly with the carbonate electrolytes,
the PEEK-based separators are expected to have high ther-
mal stability and good electrolyte wettability. Nevertheless,
the weakness of poor solubility in organic solvents of PEEK
limits its application [77]. To this end, Li et al. [75] in-

Ionic conductivity

Materials Methods Thickness (um) Porosity (%) Thermal shrinkage (%) (mS cm ) Ref.
SA/ATP Phase-inversion 20 - 0% at 250 °C for 2 h 1.15 [37]

CGC Filtration 20 66 0% at 200 °C for 30's 1.14 [53]
PVDF-PET Electrospinning 12 80 0% at 135 °C for 1 h - [60]
PVDF/CMM/ZSM-5 Electrospinning - 80 0% at 150°C for 1 h 1.72 [61]
PAN/SiO, Electrospinning 65 77 0% at 150 °C for 0.5h 2.60 [62]
PPTA@PPS Electrospinning 27-40 - 0% at 200 °C for 1 h - [64]
PU@GO Electrospinning 100 90.7 20% at 170 °C for 1 h 3.73 [65]
Cellulose/PVDF-HFP Phase-inversion 115 85.3 0% at 200 °C for 1 h 1.89 [66]
Cellulose/PVDF-HFP Electrospinning - 66.36 0% at 200 °C for 1 h 6.16 [67]
PBI/PI Electrospinning 15 76-84 0% at 300 °C for 1 h 1.70-3.24 [74]
PEEK Electrospinning 30 88 0% at 150 °C for 0.5 h 3.81 [75]

PET Electrospinning 40 89 - 2.27 [76]

FPI Electrospinning 35 73.4 - 1.14 [78]

PEI Electrospinning 45 84.5 0% at 150 °C for 1 h 3.41 [79]
PMIA/OPS Electrospinning 3045 92.87 0% at 240 °C for 1 h 1.52 [82]
PVDF-HFP-PDA Electrospinning 40 72.8 <15% at 170 °C for 0.5 h 1.40 [83]
PMIA@PVDF Electrospinning 45 72.9 0% at 180 °C for 2 h 1.70 [85]
SNs Filtration ~90 73 0% at 170 °C for 1 h 2.71 [86]

ECM Filtration 12 59 0% at 160 °C for 2 h 0.26 [87]

Al,O4 Filtration ~50 - 0% at 150 °C for 1 h 1.70 [89]

CCN Filtration ~12 50 - 0.45 [90]

PVDF Electrospinning - 80.3 - 1.35 [91]

PAN Electrospinning 250 - - 0.017 [92]
TiO,@PI/PVDF-HFP Electrospinning - 87 0% at 180 °C for 0.5h 2.36 [93]
SiO,—PEI-PU Electrospinning 50 83.57 3% at 170 °C for 0.5 h 333 [94]
PVP@TiO, Electrospinning 76 71 0% at 180 °C for 1 h 1.41 [95]
EMP Electrospinning 60 - 0% at 200 °C for 1 h 1.70 [96]

h-BN Phase-inversion 25-30 59 0% at 150 °C for 5 min 0.95 [97]
DVB-4VP Phase-inversion 30 43 - - [98]
PVDF-HFP-ZrO, Phase-inversion 30 78.38 0% at 170 °C for 2 h 0.32 [99]
CLN/PPS - - 65 0% at 200 °C for 0.5 h 0.52 [100]
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troduced polar functional groups (e.g., carbonyl) and a rigid
structure (e.g., fluorenyl) into the molecular chains of the
PEEK derivative to improve its solubility and thermal sta-
bility, and the obtain PEEK separators synthesized by elec-
trospinning showed no shrinkage at 150 °C.

However, those electrospun non-woven separators usually
showed poor mechanical properties. Mechanical press or
heat treatment were often used to enhance physical proper-
ties and dimensional stability of the monolayer separator
synthesized by electrospinning, which would be described in
detail in a later section [78,79]. Besides, the introduction of
the second component such as polymers or inorganic fillers
is another effective method to improve the performance of
monolayer membranes and has been widely studied [80].
Wang et al. [81] prepared electrospun PI-SiO, membranes
by mixing SiO, into the polyamic acid (PAA) precursor so-
Iution and studied their performances. The introduction of
SiO, nanoparticles improved the ionic conductivity of se-
parators from 1.71 to 2.27 mS cm ' as well as increased the
maximum tensile stress (4.66 MPa), which is higher than that
of PI membranes (3.77 MPa). Besides, slight amounts of
Si0O, nanoparticles tightly embedded in the polymide nano-
fibers with negligible thickness and weight increased, and
the PI and PI-SiO, membranes simultaneously maintained an
outstanding thermal stability at 250 °C (Figure 3(a—d)). Zhao
et al. [82] reported a hybridpoly-m-phenyleneisophthala-
mide/octaphenyl-polyhedral  oligomeric  silsesquioxane
(PMIA/octaphenyl-POSS) membrane (HPPS) with well
thermal stability at 240 °C by the electrospinning technique.
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The organic-inorganic featured octaphenyl-POSS (OPS)
endowed admirable compatibility of membrane matrix and
the robust mechanical strength (21.79 MPa).

Coaxial electrospinning apparatus and dip-coating method
can fabricate core-shell structured monolayer membranes
[83—85]. Wang et al. [85] synthesized a core-shell structured
PMIA@PVDF nanofiber membrane via coaxial electro-
spinning. The PMIA core strengthened the thermal stability
and integrity of the whole separator. Meanwhile, the lyo-
philic PVDF shell guaranteed the membrane wettability to
electrolytes and the ion conductivity. The PMIA@PVDF
showed slight dimensional shrinkage compared to pure
PVDF (melted completely at 220 °C) and improved the ionic
conductivity from 1.2 to 1.7 mS cm . Shi et al. [83] grew a
thin PDA layer on the surface of PVDF-HFP nanofibers to
form the unique core-shell structure by dip-coating. Due to
the strong bonding between PVDF-HFP fibers and the
coating layer by PDA, the PVDF-HFP-PDA composite
membrane almost did not present bending or deformation at
160 °C and the tensile properties significantly improved
from 7.1 to 11.2 MPa in the dry state and 3.5 to 7.1 MPa in
the wet state, respectively. The design of the multilayer
membrane to improve the mechanical strength of the se-
parators and to enhance the intelligent protection of the
battery will be described in detail in the next chapter.

Phase inversion is another commonly used method to ob-
tain porous separators that meet the various requirements in
different secondary battery systems [88]. In the phase in-
version process, the solvent/non-solvent exchange occurs
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Figure 3 (a) Surface SEM images of PI-SiO, (the inset is corresponding high-magnification image); (b) TEM image of PI-SiO, nanofibers. (c) Thermal
shrinkage after exposure at 250 °C for 1 h. (d) Electrochemical behaviors of LiMn,0,/Li cells: rate capabilities with PP, PI and PI-SiO, separators (0.2—10 C).
(e) Schematic illustration of phase inversion method and overall procedure of the material preparation. (f) Schematic highlighting the distinct nature of Li
deposition within the lithium-metal batteries using PP and SiO, nanowire (SN) membranes as separators. (g) Schematic illustration of the preparation of the
cellulose nanofibril membrane. (a—d) Reprinted with permission from Ref. [81], Copyright 2017, Elsevier. (e) Reprinted with permission from Ref. [37],
Copyright 2019, Elsevier. (f) Reprinted with permission from Ref. [86], Copyright 2019, American Chemical Society. (g) Reprinted with permission from

Ref. [87], Copyright 2020, Elsevier (color online).
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when casting polymer solution exposes to non-solvent en-
vironment, resulting in the formation of porous structures.
Song and co-workers [37] fabricated a porous separator by
incorporating attapulgite (ATP) nanofibers into sodium al-
ginate (SA) (Figure 3(c)). With increasing the ATP content
ratio in the solution, the ionic conductivity of the SA/ATP
separator also increased from 0.49 to 1.15 mS cm " and the
SA/ATP separator showed thermal stability (no shrinkage at
250 °C). Asghar et al. [66] prepared a porous and honey-
comb-structured cellulose/PVDF-HFP membrane by using
glycerol as a pore forming agent. The obtained cellulose/
PVDF-HFP separator enabled large electrolyte uptake
(310%), high lithium-ion transference number (0.89) and
excellent thermal stability which could maintain the structure
integrity even at 200 °C.

Vacuum filtration is often used to produce nanofibers-
based separators. For example, Du et al. [86] designed a
novel separator built with ultralong SiO, nanowires (SNs) by
vacuum filtration (Figure 3(f)). Due to the characteristics of
inorganic ceramics, the SNs separator could maintain its
original shape even at 170 °C. He et al. [89] reported a pure
ceramic separator made of Al,O; nanowires, which offered
high wettability, thermal stability, and exceptional electro-
chemical performances. A cellulose-based membrane could
be a promising LIB separator for its super-thermal stability,
hydrophilic property and environmental-friendliness. How-
ever, on account of the intensive hydrogen bonding of hy-
droxyl groups among nanocellulose, direct self-assembly of
nanofibers by a filtration method resulted in a dense and
nonporous membrane with very low ionic conductivity.
Meanwhile, the concentration of the nanocellulose disper-
sion was usually no more than 1 wt.%, which limited the
preparation method of nano-fibril membranes. Hence, many
researchers improved the ionic conductivity by grafting
functional groups or introducing pore-making agents [90].
Sheng and co-works [87] used a facile ethanol-soaked pro-
cess to fabricate ultra-light (7.1 g mfz) and ultra-thin (12 pm)
cellulose nano-fibril membranes for LIBs (Figure 3(g)). The
ethanol acted as a separating agent and replaced the water
between the fibres, making the fibres looser and more porous
with highly improved ionic conductivity and high thermal
stability (no dimensional change at 160 °C for 2 h).

In contrast to commercial polyolefin separators, most re-
ported high heat-resistant separators synthesized by elec-
trospinning, phase inversion and vacuum filtration still
exhibited lower mechanical strength and could not withstand
the large tension developed by the winding operation used
during the battery assembly. Although the introduction of the
materials with high strength such as inorganic nanoparticles
can improve the strength of membranes properly, the ceramic
content limits further improvement in mechanical strength.
What’s worse, the large pore sizes tend to become free path
for the diffusion of cathode particles to anodes, and might
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cause local short-circuit. These problems still need to be
addressed for the further commercial applications of those
separators.

3.2 Lithium dendrite-proof separators

Lithium is generally regarded as a promising anode material
due to the high reversible capacity (3,860 mAh gfl) and low
electrochemical redox potential (—3.040 V vs. SHE) [101].
However, the high reactivity of lithium metals and the ser-
ious dendrite problems seriously restrict the development of
lithium-metal batteries (LMBs). Due to the high reactivity of
lithium anodes, lithium metals will spontaneously react with
electrolytes to form an uneven and fragile SEI layer [102].
The insulating SEI layer can temporarily prevent the further
reaction between lithium metals and electrolytes. Un-
fortunately, the fragile SEI layer could not adapt to infinite
volumetric change of lithium cathodes during the cycle and
finally broke. The formed cracks would become nucleation
points of lithium dendrites. Then, the generated lithium
dendrites will provide preferred deposition sites for lithium
and react with the electrolyte to form a new SEI layer,
leading to excessive consumption of lithium and electrolytes
and reducing the Coulombic efficiency of the battery. In
addition, fractured lithium dendrites may form so-called
dead lithium, which leads to increased polarization of the
battery [21]. More seriously, the lithium dendrites may pe-
netrate the separators, resulting in internal short-circuit and
safety hazards. Therefore, researchers have adopted various
methods for separators to inhibit the generation of lithium
dendrites, including regulating the uniform lithium-ion
transmission, constructing artificial SEI layers and elim-
inating lithium dendrites by the reaction. The cycle time of Li
symmetric cells with representative lithium dendrite-proof
separators is summarized in Table 3.

3.2.1 Regulating uniform lithium-ion transmission

Uneven pores in the separators will lead to the uneven
transmission of lithium ions during the repeated lithiation/
delithiation processes, which will lead to the uneven de-
position of lithium and the formation of lithium dendrites.
Faster diffusion and more uniform lithium flux of lithium
ions by adjusting various factors will contribute to the uni-
form deposition of lithium ions and thus inhibit the growth of
lithium dendrites [103,104]. One of the methods to regulate
the uniform transmission of lithium ions is to regulate the
structure of the separators, so as to form uniform pore size
and pore distribution [53,55,105-107]. Pan et al. [55] pre-
pared a tri-layer membrane of cellulose nanofibers (CNFs)/
PE/CNFs. As the CNFs layer has a narrow pore diameter
distribution, the composite membrane can provide a more
uniform lithium-ion flux and form a uniform current dis-
tribution on the electrode. The evenly distributed current-
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Table 3 Summaries of Li/Li symmetric cells with different separators

Sci China Chem  July (2021) Vol.64 No.7

Separator Coin type Current density (mA cm %) Cycle time (h) Ref.
CNFs/PE/CNFs Li/Li 0.65 above 400 [55]
Li-MMT/PVDF-HFP Li/Li Of Z‘E;’;‘; 32?)% [105]
PDA/POSS-PE Li/Li 2 about 200 [110]
PP@PLLZ Li/Li 1 above 1000 [112]
NH,—MIL-125(Ti)-PP Li/Li 1 1250 [115]
BN-PE Li/Cu 1 above 200 [121]
StE,-PP LLll//(I;lll gég 1365000 [122]
PbZr, 5, Tig 4505~PP Li/Li 2 above 200 [123]
Garlics-PVDF/HFP Li/Li - above 2000 [124]
1 above 2000
PP/MnCO; Li/Li 2 above 2000 [125]
3 above 2000
Si—PP-Si Li/Li 0.5 above 2000 [130]
PEO/ANF Li/Li 0.25 above 2500 [131]
Agarose Li/Li 1 above 650 [133]
HAPs/PVA Li/Li 0.5 above 600 [135]
density leads to more uniform lithiation/delithiation, forming composite materials on the polyolefin separators

a dense lithium deposition layer, reducing the risk of lithium
dendrites piercing the separator, which will improve the
stability of lithium anodes and the safety of LMBs (Figure 4
(a)). Zhao et al. [105] embedded a PVDF-HFP membrane
into a layered montmorillonite membrane with an intera-
tomic layered lithium channel by electrophoretic deposition.
The separator with an interlaminar spacing of 1.31 nm could
provide abundant active sites for Li" after absorbing elec-
trolytes, which promoted the rapid transmission of lithium
ions. In addition, the parallel intermediate layer unified the
flow direction of lithium ions, thus promoting the uniform
transmission of lithium ions and the uniform deposition of
lithium on the negative electrode, effectively reducing the
generation of lithium dendrites, and extending the cycle-life
of LMBs.

Traditional polyolefin separators (such as PE and PP) have
poor wettability. Hence the electrolyte is difficult to fill the
pores of the membrane and cannot provide sufficient chan-
nels for the transmission of lithium ions, which is not con-
ducive to the uniform transport of lithium ions and may lead
to the generation of lithium dendrites, seriously threatening
the safety of batteries (Figure 4(b)) [13,108,109]. Therefore,
improving the wettability of the membrane can increase the
transmission channel of lithium ions, thus making the
transmission of lithium ions more uniform, which is bene-
ficial to reduce the generation of lithium dendrites. The most
common way to improve the wettability of the separators is
to modify the polyolefin separators by introducing a coating
layer of polymers (PDA, polyethylene oxide (PEO) and
PMMA, etc.), inorganic ceramics (Al,O;, SiO,, etc.), or

[32,110,111]. Ryou ef al. [109] introduced a PDA coating on
the surface of PE to improve the wettability of separators.
Due to the introduction of hydrophilic PDA, the membrane
electrolyte absorption rate and the ionic conductivity were
improved. In addition, the enhanced wettability helps reg-
ulate the uniform transmission of lithium ions during the
cycling process, thus inhibiting the formation of lithium
dendrites. Therefore, batteries assembled by PDA-coated
membranes showed a longer cycle-life and a better rate
performance. In addition, Wang et al. [110] introduced an
ultrathin PDA/POSS coating to the PE membrane surface in
order to improve the battery performance. The ultrathin
inorganic/organic composite coating improved the electro-
lyte wettability of separators, and significantly increased the
ionic conductivity of the PE membrane (from 0.36 to 0.45
mS cmfl), thus effectively suppressing the lithium dendrite
growth and improving the cycle stability of the battery. In
addition to surface modification of the polyolefin membrane,
the use of polymers with excellent electrolyte affinity such as
PVDF, PAN and PMMA as the membrane substrate is also
an effective means to improve the wettability of the se-
parators and regulate the uniform transmission of lithium
ions.

During the transmission of lithium ions, the free anions
moving in the opposite direction will also hinder the mi-
gration of Li’, resulting in uneven lithium-ion transmission
[112]. Therefore, functional materials that can immobilize
the anions in the electrolyte are introduced to the separators,
so that Li" can pass through the separator uniformly and
transport to the electrode surface without being interfered by
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anions, thus effectively promoting the uniformity of lithium
deposition and reducing the formation of lithium dendrites
[96,112—115]. Huo et al. [112] coated a layered porous
composite solid electrolyte (CSE) composed of PVDF and
Lig 4La;Zr, 4Tay O, (LLZTO) on the one side of a PP se-
parator to produce a composite separator with anti-lithium
dendritic properties (Figure 4(c)). Among them, multiple
three-dimensional (3D) fast lithium-ion channels in the
composite separator could effectively redistribute uneven Li~
flux and guide uniform deposition to form a uniform and
dense Li deposition layer, reducing the risk of short-circuit.
In addition, the CSE layer could fix free anions released from
the lithium salt, thereby further regulating the lithium-ion
concentration gradient and adjusting the uniform transmis-
sion of lithium ions, and inhibiting the formation of lithium
dendrites. Among various materials, the metal-organic fra-
meworks (MOFs) possessing open metal sites can sponta-
neously adsorb anions, thereby inhibiting the migration of
anions, increasing the migration number of lithium-ions and
promoting their uniform transmission [96,115-119].

Cui et al. [120] proposed that uneven heat distribution was
one of the important factors that led to uneven distribution of
lithium-ion flux and current density. The existence of tem-
perature gradients inside the battery would cause uneven
current distribution inside the battery, and local excessive
current density often led to accelerated growth of lithium
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dendrites, making the battery more prone to short circuits.
Luo et al. [121] used boron nitride (BN) nanosheets with
well thermal conductivity as a simple coating for commercial
separators to improve the cycle stability of Li metal anodes.
The BN nanosheets could improve the heat distribution of
the battery, and the lithium-ions flux was more uniform, then
reducing the generation of lithium dendrites and improving
the cycle stability of the battery. Therefore, adding high
thermal-conductivity materials to improve the thermal-con-
ductivity of the separators, which reduces the temperature
difference within the battery, may be an effective way to
adjust uniform lithium-ion transmission.

3.2.2  Constructing artificial SEI layers

On account of the excessive volume change of the lithium
negative electrode during charging and discharging, the
fragile SEI layer cannot adapt to this excessive change and
breaks. The rupture of the SEI layer will expose the fresh Li
to the electrolyte, forming a new SEI layer. The continuous
rupture and formation of the SEI layer will continue to
consume electrolytes and active lithium, and ultimately lead
to high polarization, low charge and discharge efficiency of
the battery, which will shorten the cycle-life of the battery
and bring possible safety hazards. The formation of an arti-
ficial SEI layer on the lithium anode by introducing func-
tional materials on the separator is considered to be a method
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that can effectively reduce the generation of lithium den-
drites [122—126]. The strategy can stabilize the SEI layer and
make the Li" flux on the electrode interface more uniform,
thereby inhibiting the formation of lithium dendrites.

Li et al. [122] introduced strontium fluoride (SrF,) mi-
crospheres to PP separators to stabilize the SEI layer and
prevent the growth of lithium dendrites. The SrF, micro-
sphere layer directly participated in the growth kinetics of the
SEI layer and combined with the SEI layer to form a tough
in-situ composite layer, making the SEI layer more stable.
Moreover, lithium ions preferred to be adsorbed on the sur-
face of SrF, microspheres, which generated a more uniform
ion flux and reduced the risk of the formation of lithium
dendrites (Figure 5(a)). Hu et al. [123] coated a PP separator
with a PbZr,s,Tij430; (PZT) layer (Figure 5(b)). The in-
troduction of the PZT layer was reduced by the lithium-metal
anode and formed a lead metal composite layer which ad-
hered to the surface of the lithium anode and formed a more
uniform Li" flux on the electrode interface, improving the
lithium oxidation/deposition efficiency, thereby inhibiting
the generation of lithium dendrites (Figure 5(c)).

Boateng et al. [124] designed a separator made of PVDF—
HFP doped with garlic ingredients which exhibited strong
binding energy with the inorganic salt in SEI. The organic
sulfur in garlic improved the elasticity of the SEI to adapt to
the volume change of the Li negative electrode during cy-
cling, and inhibited the continuous consumption of lithium
metal and made the lithium deposition more uniform, thus
reducing the production of lithium dendrites and dead li-
thium (Figure 5(d)). The skeleton of the composite separator
could also promote the uniform transmission of lithium ions

by fixing anions and improve the stability of the lithium
negative electrode. The LiFePO,/Li half-cell using the se-
parator showed almost no capacity decay after more than
3,000 cycles.

Yan et al. [125] reported an anti-dendritic strategy of
coating manganese carbonate (MnCO;) on one side of a PP
separator. When MnCO; directly contacted the Li metal
anode, the reaction of Li metal, MnCO; and the liquid
electrolyte created a more stable SEI layer which prevented
lithium dendrites from piercing the SEI layer during cycling,
reducing the generation of lithium dendrites and the con-
sumption of electrolytes, and enhancing the stability of the
electrode. In addition, MnCO; was reduced by lithium and
Mn nanoparticles (NPs) were generated on the surface of the
Li electrode, thereby reducing the overpotential for nuclea-
tion and leading to large-size spherical Li deposition. This
large-size lithium deposit had a small surface area, which
was beneficial to inhibiting the formation of lithium den-
drites and reducing the reaction at the lithium metal anode/
electrolyte interface.

3.2.3 Eliminating lithium dendrites through reaction
Another strategy to eliminate lithium dendrites is the che-
mical reaction between lithium dendrites and the functio-
nalized materials in separators [43,127]. Because active
lithium will also be consumed and lead to a decrease in
energy output, the separator that is made by this method may
have a low energy density. With this in mind, separators
designed with a layer-by-layer structure can help alleviate
this problem [22].

Ye et al. [128] elaborately designed a PP/GO/PP tri-layer
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separator that can eliminate lithium dendrites. During the
cycle, when lithium dendrites penetrate the PP membrane
and contact with GO, GO would have a spontaneous oxi-
dation-reduction reaction with lithium dendrites, thus pre-
venting lithium dendrites from penetrating the whole
separator, greatly extending the life of LMBs as well as
improving the safety of the battery. In addition, thanks to the
structure of the tri-layer separator, the GO will not directly
contact the Li foil, so it would not cause redox reactions
before Li dendrites penetrate the separator, avoiding un-
necessary consumption of metallic Li. In addition, Liu et al.
[129] also designed a similar PP/SiO,/PP trilayer separator.
Silica nanoparticles reacted with Li dendrites through a so-
lid-state conversion reaction to effectively etch away lithium
dendrites and slow down their further growth, and the
method effectively delayed the time for lithium dendrites
to pierce the polyolefin separator and extended the battery
life.

Although the tri-layer separator can effectively avoid the
direct contact between functional materials and metallic li-
thium, the thickness of the three-layer separator is too large
to be suitable for thin and light batteries, and it is not con-
ducive to improving the energy density of the battery. For
this reason, Chen et al. [130] introduced a thin silicon
coating (about 2 um) on the PP separator to eliminate lithium
dendrites to avoid lithium dendrites from piercing the se-
parator and causing short circuits, which greatly improved
the stability and cycle life of lithium metal anodes. The cycle
life of the lithium symmetrical battery using the separator
was more than 1,000 h (current density is 0.5 mA cmfz). In
addition, silicon and lithium metal form a silicide-rich SEI,
which not only could prevent lithium loss caused by the
contact of lithium with the electrolyte and the silicon coating,
but also could supplement the lithium loss during the cycle.
Zhang et al. [42] coated a “lithium-killing” layer composed
of TiO, nanoparticles embedded in a porous Kynar polymer
matrix on one side of the PP separator. When assembling the
battery, the composite layer containing TiO, was placed to
face the positive electrode, avoiding direct contact between
the TiO, and the lithium negative electrode. The TiO, could
react with the lithium dendrites penetrating the polyolefin
membrane to prevent the short circuit problem caused by the
lithium dendrites.

The strategy of eliminating lithium dendrites by reactions
is only applicable to the situation where only a small amount
of lithium dendrites are generated. When many lithium
dendrites are generated, the functionalized materials on the
separator will not be able to completely remove the lithium
dendrites in time. As a result, lithium dendrites eventually
pierce the separator and cause a short circuit. In addition, the
formation and reaction of many lithium dendrites will in-
evitably lead to the consumption of active lithium, which
will eventually lead to a decrease in capacity. Therefore,

other ways such as adjusting the transmission of lithium ions
should also be used to reduce the formation of lithium den-
drites as a supplement.

3.3 Separators with high mechanical stability

Mechanical strength is an important factor in assessing
whether the separator is sufficiently safe or not. During the
battery assembly process, the separator must be strong en-
ough to withstand the stress generated by the battery during
the winding manufacturing process. However, the emphasis
on more specific power in the mobile devices has led to the
design with light-weight and thinner layers of separators.
They are vulnerable to mechanical abuses such as crushing,
bending and dropping. The mechanical deformation of the
separators might lead to the final failure of LIBs. In addition,
the separator should have sufficient puncture strength to cope
with the puncture of the lithium dendrites generated during
the battery cycle, to prevent the lithium dendrites from pe-
netrating the separator and ultimately leading to the short
circuit of the battery. In this chapter, we will introduce the
development direction of designing separators with high
mechanical stability which could tolerate external mechan-
ical impact or internal lithium dendrite piercing, including
Li-dendrite resistant separators, electrospun nonwoven mats
with high mechanical strength, separators with high tensile
strength, stretchable separators.

3.3.1 Li-dendrite resistant separators

The currently used commercial separators do not have suf-
ficient mechanical strength to resist the penetration of li-
thium dendrites, and are easily penetrated by lithium
dendrites during cycling, which would cause a short circuit
and pose a greater safety risk. Therefore, the development of
a separator with ultrahigh mechanical strength can effec-
tively delay the time for dendrites to pierce the separator and
extend the life of LMBs (Figure 6(a)). The prediction is that
separators with high shear modulus (G">7 GPa, which is 1.8
times higher than that of metallic lithium) can prevent den-
drite proliferation [23].

Polymer fibers with ultra-high shear modulus, such as
Kevlar fiber, PEEK and PBI, have been used to prepare li-
thium-resistant dendrites [70,131,132]. Tung et al. [131]
used a layer-by-layer self-assembly method to combine
aramid nanofibers (ANFs) and solid ion-conducting PEO to
prepare dense and uniform PEO/ANFs separators. The film
had ultrahigh mechanical strength (tensile strength
~170 MPa, Young’s modulus ~5 GPa and shear modulus
~1.8 GPa), which effectively inhibited the growth of copper
dendrites (the Young’s modulus of copper is 26 times higher
than that of lithium. Hence, if the local mechanical properties
of the separator were sufficient to prevent the harm caused
by copper dendrites, it would also inhibit the growth of li-
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Figure 6 (a) Schematic depiction of the mechanical suppression pre-
venting lithium dendrite formation. (b) Voltage profiles of the symmetric
cells Li/Li with MAGly or Celgard as a separator a current density of
1 mA cm °. (c) Schematic illustration showing the growth process of
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separator. (a) Reprinted with permission from Ref. [134] Copyright 2016,
American Chemical Society. (b) Reprinted with permission from Ref.
[133], Copyright 2020, Elsevier. (c) Reprinted with permission from Ref.
[135], Copyright 2019, The Royal Society of Chemistry (color online).

thium dendrites) and extended the cycle-life of the battery. In
addition, it was found that the (PEO/ANF) separator could
suppress the growth of dendrites by applying pressure to the
electrodeposition area, thereby obtaining a uniform and
dense deposition layer. Blin ef al. [133] used agarose as a
biopolymer and glycerol as a plasticizer to prepare a polymer
separator with high elasticity and stiffness. Due to the high
rigidity of the composite film (~1 GPa at 15 °C), it could
effectively prevent dendrite growth and greatly extend the
cycle-life of the battery (at a current density of 1 mA cm ’,a
lithium symmetric battery using an agarose separator can
work stably for more than 700 h (Figure 6(b)).

The introduction of high modulus inorganic ceramic
coatings into conventional polyolefin separators can also
significantly improve the mechanical strength and thermal
stability of the separators. Na ef al. [134] designed a kind of
UV light-cured Al,O; ceramic coated polypropylene se-
parator with poly(phenyl-co-methacryloxypropyl)silses-
quioxane (LPMAG64) as the adhesive. The prepared separator
had an ultra-high elastic modulus (7.3 GPa), which was
greater than that of metallic lithium (4 GPa), and the elastic
modulus required to inhibit the growth of lithium dendrites
(6.2 GPa), thus effectively inhibiting the growth of lithium
dendrites as well as improves the cycle stability of the battery
at high C-rates. Besides, inorganic-organic composite ma-
terials were often used in the preparation of dendritic re-
sistant membranes with high mechanical strength [135-137].
Wang et al. [135] prepared an organic-inorganic composite
membrane composed of degradable polyvinyl alcohol (PVA)
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and hydroxyapatite nanorods (HAPs) by freeze-drying. The
Young’s modulus of the composite separator was 40 GPa
higher than that of the polyolefin separator (a solid layer with
a Young’s modulus greater than 6 GPa can fully retard the
growth of Li dendrites), and hence it could effectively inhibit
the growth of lithium dendrites (Figure 6(c)).

Liang et al. [19] proposed through mechanical stress cal-
culation and analysis that the curved shield surface has the
effect of reducing the stress in the face of lithium dendritic
puncture, and when the curvature of the shield is equal to the
curvature of the dendrite tip, the stress reduction is the most
obvious. Based on this theory, researchers spin-coated
modified nanoparticles on the polyolefin separator, and made
the curvature equal to the tip of the lithium dendrite, thereby
effectively reducing the stress, inhibiting the puncture of the
lithium dendrites to the separator, and avoiding short circuits
in LMBs. The test found that the Li/Li symmetric battery
using this nanoshield-modified separator could maintain
long-term stable lithium deposition for more than 110 h, and
its life was five times as much as that of symmetric batteries
with polyolefin separators.

3.3.2  Nonwoven separators with high mechanical strength
As mentioned above, electrospun non-woven mats as se-
parators were favored by researchers due to their high por-
osity, 3D network structure and high specific surface area.
However, the electrospun fibers were in a disorderly stacked
state and lacked effective bonding points, which led to poor
mechanical strength and made them difficult to resist the
stress generated in the battery assembly process and puncture
of lithium dendrites during cycling, which was not conducive
to the safe operation of the battery, limiting the large-scale
applications of electrospun separators [138]. To this end,
researchers adopted a variety of methods to enhance the
mechanical strength of electrospun membranes.

One of the most effective methods is to prepare fibers with
a core-shell structure by coaxial spinning. For example, Sun
et al. [74] designed a kind of lithium-ion battery separator
with PI nanofibers as a core material and PBI as a reinforced
sheath material (PBI@PI). This kind of lithium-ion battery
separator exhibited ultra-high strength (59 MPa) through
self-bonding and self-compression technology (Figure 7(a)).
Zhao et al. [69] created a core-shell PI@fluorinated poly(m-
phthalamide) (F-PMIA) nanofiber separator by coaxial
electrospinning, which coupled hardness with softness
(Figure 7(b)). The PI core with fracture toughness served as a
stable and powerful skeleton support, which ensured the
structural stability of the PI@F-PMIA separator. The se-
parator with this structure had a relatively high mechanical
strength of 15.2 MPa. In addition to preparing fibers with a
core-shell structure by coaxial spinning, inorganic ceramic
particle layers such as TiO, and SiO, could be chosen to
grow on the electrostatic fiber to obtain non-woven com-
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Figure 7 (a) Tensile stress-strain curves of the pristine PI, PI/PBI-1%, PI/PBI-2%, and PI/PBI-3% membranes. (b) The schematic illustration of the
preparation of the functionalized PI@F-PMIA separator and the resulting battery assembling process. (c) Schematic of the structure for the in-situ SiO,@(P1/
Si0,) hybrid separator. (d) SEM images of thermally cross-linked FPI nanofibers membranes. (d) Stress-strain curves of pristine and thermally cross-linked
FPI nanofiber membranes. (f) Mechanism of the formation of the porous-layer-coated PI nanofiber membranes through in-situ self-bonding and micro-
crosslinking technique (a) Reprinted with permission from Ref. [74], Copyright 2019 Elsevier. (b) Reprinted with permission from Ref. [69], Copyright 2021,
Elsevier. (c) Reprinted with permission from Ref. [17], Copyright 2019, American Chemical Society. (d, ¢) Reprinted with permission from Ref. [78],
Copyright 2018, Elsevier. (f) Reprinted with permission from Ref. [141], Copyright 2018, The Royal Society of Chemistry (color online).

posite separators to enhance their mechanical strength
[17,139,140]. For example, Dong et al. [17] grew a layer of
TiO, nanoparticle shells in situ on PI fibers (Figure 7(c)).
Thanks to this layer of in-situ armoring, the in-situ TiO,@PI
composite membrane showed good thermal stability at
300 °C and excellent mechanical strength (27.6 MPa), which
was better than that of pristine PI separators (5 MPa).

The artificial introduction of cross-linking points between
the fibers is another effective strategy to enhance the me-
chanical strength of the electrospun separators. Kong et al.
[78] placed a fluorinated polyimide non-woven fabric film at
300 °C for 15 s for a simple thermal cross-linking treatment.
The thermally cross-linked FPI fibers adhere each other to
form many effective bonding points, which greatly enhances
the tensile strength of the non-woven film (31.7 MPa, which
is 5 times as much as that of the original FPI film) (Figure 7
(d, e)). In addition, the thermally cross-linked separator had a
more uniform pore size distribution, which was conducive to
the uniform transmission of lithium ions and reduced the
generation of lithium dendrites. Sun et al. [141] obtained a PI
non-woven fabric film by spraying dilute PAA solution on
both sides of PAA non-woven fabric and performing heat
treatments in sections. Since PAA was partially dissolved in
the dilute PAA solution, the resulting PI non-woven mat
separator formed many welded junctions, forming a mutually
cross-linked grid structure (Figure 7(f)). The self-adhesive
and micro-cross-linked structure formed in-situ effectively
enhanced the mechanical strength of the PI film, and the
tensile strength increased from 5 to 28 MPa.

3.3.3  Separators with high tensile strength

The mechanical properties of the separator are characterized
by tensile strength and puncture strength. Owing to sufficient
strength to resist the puncture of lithium dendrites, the se-
parator should also have sufficient tensile strength to cope
with the stress caused by the winding of the separator as well
as the battery assembling, and the impact hurt caused by
battery drop and collision. The weak tensile strength will
make the battery unable to withstand the stress of battery
assembly and rupture, and eventually lead to short circuit and
threaten the safe operation of the battery. In addition, the
separator should also have a high Young’s modulus, which
helps maintain structural integrity and prevent rupture in the
event of an accidental collision.

Using high tensile strength materials as the base film of the
separator is a good way to sustain the tensile strength of the
separator. Patel et al. [142] obtained ANF membranes with
ultra-high modulus through vacuum filtration. The Young’s
modulus of the ANF separator at breakage was 8.8+1.1 GPa,
which was ~1,000% higher than that of commercial poly-
olefin separators, and the tensile strength was as high as
253+18 MPa (Figure 8(a)). The ANF separator could with-
stand high loads or external forces without deformation or
failure, which greatly improved the safety of the battery. In
addition, Liu et al. [143] prepared polyoxymethylene
(POM)/cellulose nanofiber blend separators by non-solvent
induced phase separation (NIPS). Thanks to the high crys-
tallinity and high mechanical strength of POM and CNF, the
separator exhibited excellent tensile strength (116 MPa) and
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Young’s modulus (6.07 GPa) (Figure 8(b)).

In a general way, the porosity of the separator is inversely
related to mechanical strength. A high porosity will reduce
the mechanical strength of the separator, which is not con-
ducive to the safety of the battery. However, the low porosity
is not conducive to the transmission of lithium ions and af-
fects the performance of the battery. In order to coordinate
the relationship between mechanical strength and ion trans-
port, Zhang et al. [90] reported a dense chitin membrane with
high mechanical strength. Due to the hydrogen bonding of
the hydroxyl groups between the chitin nanofibers, the pre-
pared membrane would be dense and non-porous, and
therefore had very low ionic conductivity. In order to im-
prove the ionic conductivity of the chitin membrane, it is
usually necessary to add a pore former to increase the por-
osity of the chitin membrane which might weaken the me-
chanical strength of the membrane (Figure 8(c)). In order to
solve this problem, the authors grafted cyanoethyl onto the
surface of chitin to prepare a cyanoethyl chitin membrane
with a dense structure. This dense membrane had a high
mechanical strength (120 MPa), much higher than PP
membrane (90 MPa) and porous chitin membrane (80 MPa)
(Figure 8(d)). In addition, Li" can quickly migrate along the
chitin nanofibers grafted with cyanoethyl, the obtained se-
parator soaked with electrolytes had a relatively suitable
ionic conductivity (0.45 mS cm_l). This method also pro-
vided a new perspective for improving the mechanical
strength of separators.

3.3.4 Stretchable separators
In recent years, with the development of electronic device
technology, more and more electronic devices are developing

to be thinner, wearable, and flexible. For example, Huawei
and Samsung have successively introduced foldable mobile
phones in recent years. However, the emergence of these
flexible and wearable electronic devices has higher me-
chanical flexibility requirements for their power supplies, so
how to make the battery bend is a technical problem that
must be solved. In order to maintain stable battery perfor-
mances, the separator must have reversible shape deforma-
tion and high stretchability.

Generally speaking, one of the strategies to realize
stretchable membranes is to construct 2D/3D porous mi-
crostructures [144]. The 2D/3D porous microstructure
strategy means that the porous network can withstand strain
through deformation before the material in the 2D/3D net-
work undergoes direct strain, so that it has good performance
under tension. For example, Li et al. [145] prepared HAP
NWs/CFs separators with high flexibility (Figure 9(a)),
benefiting from the formation of a layered cross-linked
network structure between hydroxyapatite nanowires and
cellulose fibers through hybridization, giving the separator
high flexibility and mechanical strength, so that the separator
underwent repeated bending and twisting, and there was no
visible mechanical damage after folding (Figure 9(b)). Shin
et al. [146] prepared a stretchable poly(styrene-b-butadiene-
b-styrene) (SBS) separator through the NIPS method. Due to
the inherent elastic properties of thermoplastic elastomer
(TPE) and a well-developed cavity structure of the SBS se-
parator, this membrane has extremely high stretchability.
Under 100% strain, 200% uniaxial stretching and 60%
biaxial stretching were effectively realized without any da-
mage, and good tensile strength was maintained in 100
stretch/release experiments (Figure 9(c)).
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In the process of repeated bending of the battery, the gap
between the positive and negative electrodes is constantly
changing with the degree of bending, which will cause the
internal resistance of the battery to continue to rise and affect
the cycle stability of the battery. Therefore, flexible batteries
must have better cathode-separator-negative interface stabi-
lity. Liu et al. [147] prepared an elastic-sticky PU/PVDF
separator with high stretchability through the electrospinning
method. This kind of separator could be firmly adhered to the
electrode after rolling at 60 °C. The delamination of the
electrode and the separator was prevented, and the stability
of the interface between the electrode and the separator was
enhanced. In addition, the separator also had high tensile
strength and could provide 120% strain, which was bene-
ficial to avoid it from breakage and detachment in the wave-
shaped battery.

3.4 Novel multi-functional separators

Ideally, a high-safety separator should have several universal
properties, including: (i) high thermal stability, which can
ensure battery safety under high-temperature operation. (ii)
High ion conductivity, which can adjust uniform lithium-ion
channels and slow down the growth of lithium dendrites. (iii)
Robust mechanical strength and high flexibility, which can
prevent the membrane from rupturing during battery as-

sembly and cycling. Nevertheless, these characteristics are
not enough to meet all the requirements for high-safety se-
parators in different working environments. Therefore, in
order to develop a next-generation LIB with higher safety
and superior performances, it is necessary to develop new
types of separators with more functions.

3.4.1 Flame-retardant separators

It has been generally recognized that the safety of LIBs is
closely associated with the highly flammable liquid organic
electrolytes such as ethylene carbonate (EC) and diethyl
carbonate (DEC) [148]. If the thermal runaway happens, an
increase of internal temperature will trigger flammable liquid
electrolytes ignited, eventually leading to fire and explosion.
An effective and direct way is to add flame retardant additives
to the existing electrolytes or to use non-flammable elec-
trolytes instead of flammable electrolytes [102,149—153].
These flame-retardant additives are usually based on phos-
phorus or halogen molecules, and exhibit flame retardancy
through physical isolation mechanisms or chemical free-ra-
dical scavenging processes. However, this strategy often
requires considerable flame retardants, which will increase
the viscosity of the electrolyte and reduce the ionic con-
ductivity as well as the capacity of batteries. Another pro-
posed strategy to solve this problem involves incorporating
the flame retardant such as triphenyl phosphate (TPP),
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polyphenylene sulfide (PPS), PBI or inorganic non-flam-
mable ceramic additives inside the protective polymer shell
of microfibers, avoiding the flame retardant from directly
contacting with the electrolyte, which would not deteriorate
the electrochemical performance of LIBs [74,145,154-156].

Cui et al. [157] developed a novel “intelligent” non-woven
separator with thermal trigger flame retardancy (Figure 10
(a)). The flame retardant TTP was encapsulated in a pro-
tective polymer shell (PVDF-HFP) to prevent the flame
retardant from dissolving directly into the electrolyte. In
addition, PBI possessed outstandingly inherent flame re-
tardancy and good electrolyte wettability due to the existence
of rigid structures and the polar nitrogen atoms of imidazole
rings. As mentioned before, Sun ef al. [74] prepared a novel
core@sheath nano-fiber membrane with the PI nanofiber as
the core material and PBI as the reinforced sheath material
via the self-bonding and self-compression technique. The PI/
PBI-2% membrane also displayed outstanding self-extin-
guishing ability when it was exposed to fire and showed
better thermal stability than the pristine PI membrane due to
the existence of the PBI sheath material. Recently, Zhao et al.
[158] designed a heat-proof and fire-proof bifunctional se-
parator by coating ammonium polyphosphate (APP) parti-
cles on a ceramic-coated separator modified with phenol-
formaldehyde resin (CCS@PFR) (Figure 10(b—d)). APP
served as a flame retardant by the physical isolation me-
chanism. When the temperatures were above 300 °C, APP
decomposed, forming a dense polyphosphoric acid (PPA)
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layer, which acted as a barrier to isolate the combustibles
from the highly reactive oxygen released from the cathode.

Inorganic ceramic, one of the most eco-friendly and che-
mically inert refractory materials, has been incorporated with
organic frameworks to function as separators. Kong et al.
[140] reported a novel method by in-situ forming silica@-
silica-imbedded PI (in-situ SiO,@(P1/Si0,)) nanofabric as a
new high-performance inorganic-organic hybrid separator
(Figure 11(a, b)). The PAA/TEOS nanofiber membrane un-
derwent a thermal treatment, during which the PAA was
converted into PI and TEOS migrated uniformly from inside
to the surface of the nanofiber. After that, the PI/TEOS na-
nofabric was subjected to in-sifu hydrolysis and formed the
SiO, shell. Therefore, the hybrid separator showed good
thermomechanical stability at 300 °C, and fire resistance.
Jing et al. [159] reported a non-woven ZrO, ceramic mem-
brane with flame-resistant performance via polymeric elec-
trospinning followed by a high-temperature organic burn-off
(Figure 11(c)). After firing the precursor membrane in air at
800 °C for 3 h, the membrane well maintained the appear-
ance of the defect-free precursor membrane. The pure ma-
terial ZrO, separator not only exhibited a remarkable
flexibility, finely tailored porosity, but also showed much
greater thermal stability and fire-resistance than the com-
mercial Celgard separator (Figure 11(d)).

3.4.2  Intelligent protective separators

Although many thermal stability separators have been de-
veloped, their thermal shutdown performances are moderate
and the inner electrochemical reactions under thermal run-
away conditions still go on. These side-reactions subse-
quently accelerate the temperature increasing through a
dangerous positive feedback mechanism, producing ex-
cessive heat and flammable gas within a very short time.
Eventually, this extreme condition leads to fire or explosion
of the cells. Currently, smart strategies to enable stimuli re-
sponsiveness and active protection against thermal runaway
have been reported.

One of the targets to design smart separators is to avoid
internal shorting. Employing multi-layer membranes with
shutdown function as a separator is a promising and effective
method. In general, a multi-layer separator with the shut-
down property usually includes a fusible interlayer sand-
wiched with two robust outer layers. If temperature rises, the
robust outer layers with high thermal stability can be strong
enough to prevent shrinkage and avoid the short circuit of
electrodes. Meanwhile, the fusible interlayer will melt to
block the membrane pores, terminating the reactions by
completely inhibiting the transfer of lithium ions. For ex-
ample, commercial three-layer composite PP-PE-PP and
PP—PE are commonly used as a thermal shutdown separator
[160,161]. A 35 °C-buffer between PE shutdown and PP
melting (165 °C) is obviously not enough to protect large
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Figure 11 (a) Schematic of the fabrication strategy for the in-situ SiO,@(P1/SiO,) hybrid separator by combining electrospinning and inverse in-situ
hydrolysis. (b) Illustration of preparation of the cross section of in-situ SiO,@(Pl/SiO,) hybrid nanofibers for SEM imaging. (c) Schematic of the
electrospinning device and low/high magnification SEM images. (d) Fire-resistant tests of the ZrO,. (a, b) Reprinted with permission from Ref. [140],
Copyright 2019, American Chemical Society. (c, d) Reprinted with permission from Ref. [159], Copyright 2020, Elsevier (color online).

LIBs from thermal runaway. Thermal inertia after PE shut-
down can easily increase the temperature to the melting-
point of PP, resulting in serious short circuit. The PP outer
layers are not strong enough due to low melting-point and
deformation temperature. The most common method is to
use a polymer with a high melting-point, such as PBI, PI,
polyetherimide (PEI) to enlarge the difference between the
melting-point of the thermosensitive materials and the sub-
strate, so that the composite separator can perform thermal
shutdown behaviors, avoiding worse situation [162,163].
Replacing the PP outer layer of the commercial separator
PP/PE/PP with high melting-point polymers can achieve
safer battery systems. Li et al. [164] designed a sandwich-
like composite membrane with a porous PBI layer in-
troduced on both sides of a PE separator by a typical phase
inversion method. This composite membrane exhibits super-
high thermal stability. The PBI/PE/PBI (referred to PBIE)
showed no dimensional shrinkage up to 200 °C and the
prepared PBIE membrane could easily shut the battery down
at about 140 °C (Figure 12(a—d)). Besides, Sun et al. [165]
reported a new and practical tri-layer separator fabricated via
in-situ welding technique, using PBI@PI nanofiber mats as
the structural support and melt-processable PEI non-woven
mats as the cross-linking interlayer (Figure 12(e)). The
melting-point of the inner layer increased at approximately
235 °C. When the PEI interlayer started melting and the
melting-point of PBI@PI was much higher (Figure 12(f, g)),
ensuring that the battery stops working at high temperature.
Li presented a tri-layer membrane featured with double
amido-functionalized PEEK outer layers and a PMMA in-
terlayer [166]. The fusible PMMA interlayer could melt to
block the pores of separators when the temperature increased
to higher than 100 °C and the out layer ensured high max-

imum operating temperature (350 °C). The wide shutdown
temperature window (100-270 °C) of the separator im-
proved the high temperature safety of the batteries.

Another target to design smart separators is to avoid
overheating. This separator can ensure the ion channel cut-
ting off at relative lower temperatures (often lower than the
melting-point of the polyolefin separator) when overheating
occurs. In other words, if the thermal shutdown can occur
earlier, the dimensional stability of the separator can be kept
for a longer time. Some high thermal sensitivity and low
melting-point materials like EVA, or PE microspheres are
good choices [14,167,168]. Jiang et al. [169] successfully
prepared a poly-(lactic acid/poly-(butylene succinate)
(PLA@PBS) core-shell separator with thermal shutdown by
using a simple coaxial electrospinning process (Figure 13
(a)). PLA was used as the core material because of its ex-
cellent thermal dimensional stability and mechanical
strength, and PBS was used as the shell material because of
its strong affinity to liquid electrolytes and suitable closing
(melting) temperature (Figure 13(b)). The PLA@PBS
membrane did not shrink after treating at 170 °C for 15 min,
showing good dimensional stability (Figure 13(c)). Jiang et
al. [95] prepared a temperature-dependent switching
PVP@TiO, separator by the electrospinning method (Figure
13(d)). The PVP@TiO, separator could work at 180 °C. The
battery could be reversibly closed at 60 °C through the re-
action between PVP and electrolytes, and then revived like a
new battery after being brought back to room temperature
(Figure 13 (e, f)).

Developing a smart, self-protection separator in response
to the inner risk is a promising strategy to expand the ap-
plication of LIBs. However, except for the high cost, further
improvements are needed to be made before the practical
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applications of these lab-scale smart devices.

3.4.3 High thermal conductivity separators
Electrochemical reactions in a LIB generate heat, which in-
fluences the temperature distribution. And the temperature
distribution in turn governs the electrochemical reaction ki-
netics and ionic charge transport, and thus affects the per-
formance of batteries. As described above, the uniform
temperature distribution inside the battery can reduce the
growth of lithium dendrites to a certain extent. Un-
fortunately, the commercial polyolefin separators exhibit low
thermal conductivity (<1.0 Wm ' K'). The polyolefin se-
parator modified with thermal conductivity materials might
achieve uniform heat diffusion, which efficiently suppresses
the Li dendrites and stabilizes the redox reactions.

Boron nitride (BN) is regarded as one of the most im-
portant thermally conductive materials, mainly owing to its
high thermal conductivity (750 W m ™' K "), electrically in-
sulating properties, as well as its outstanding mechanical

strength (Young modulus of 80 GPa) [41,97,121,170,171].
The BN-coated separator with good thermal conductivity can
provide a more homogenous temperature distribution to
enable uniform nucleation. Liu ef al. [172] designed a novel
and safe separator by integrating thermally management BN
nanosheets into PVDF-HFP via an advanced extrusion-based
3D printing technique (Figure 14a). When the local heat
source was incident on the separator, the localized heat can
be diffused effectively along the BN-separator, yielding a
low central temperature. Compared with the commercial
separator, the BN separator provided a more homogenous
temperature distribution and showed a stable Coulombic
efficiency of 92% after 90 cycles at 1 mA cm ~ in Li/Cu cells
(the control cell decreased to 70% after 30 cycles). Luo and
co-workers [121] also presented a thermally conductive se-
parator coated with BN nanosheets with a high thermal
conductivity of 82 Wm ' K. From the detection of the
temperature distribution on the infrared camera, it could be
seen that the BN-coated separators enhanced heat spreading
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with the coating of BN nanosheets and created a more uni-
form thermal distribution (Figure 14(b, c)). By using BN-
coated separators, the Coulombic efficiency maintained at
92% after 100 cycles at 0.5 mA cm ” and 88% after 100
cycles at 1.0 mA cm °.

Rahman et al. [173] synthesized a high-performance in-
organic nanomaterial boron nitride nanotube (BNNT) with
nanosized diameter along high thermal conductivity.
Through double-side coating with BNNTs, the BNNT se-
parator exhibited superior thermal tolerance at the tempera-
ture of 150 °C, ensuring the safe operation of LIBs at
elevated temperatures. Most importantly, long and fine
BNNTs did not block the porous channels of the separators
for Li-ion diffusion. The BNNT-coated separator can absorb
extra heat and spread it during the cycling process, and thus,
the cell with a BNNT separator not only obtained a high
reversible capacity at high charge/discharge current rates of
5-10 C, but also operated normally at 50 °C and 70 °C
(Figure 14(d, e)). In addition, some researchers have com-
bined BN with other thermal conducting materials to further
improve the performance of the separator. Rodriguez et al.
[170] presented a boron nitride-graphene (BN,Gr,) layer
including layered graphene and BN flakes. Few layered
graphene had a thermal conductivity of 1,300 W m ' K" and
a Young’s modulus of 20 GPa. The synergistic effect be-
tween physicochemical properties of Gr and BN ensured
high heat dissipation and mechanical stability of the se-
parator. These properties inhibited the growth of sharp Li
dendrites, reduced the polarization and impedance, and sig-
nificantly improved the performance and stability of Li/Cu
semi-batteries (Coulombic efficiency of 83.5% after 100
cycles at 0.5 mA cm ).

3.4.4 Chemically active separators
During battery cycling, the transition metal (TM) cations’

dissolution from oxide materials, shuttle and followed side
reactions at both anode and cathode interfaces in LIBs with
LiPF¢-based electrolytes highly affect the durability and
safety of batteries. In addition, the hydrofluoric acid (HF)
produced by LiPF4-trace water reactions will promote the
dissolution of TM ions. All of these phenomena might ac-
celerate the thermal runaway process of the battery and cause
more serious safety problems. In order to prevent the shuttle
of TM ions and side reactions between electrodes and elec-
trolytes, researchers conducted extensive studies on different
components such as anodes, cathodes, electrolytes and se-
parators [174,175]. In terms of the separator, the chemical
active separator with the function of acid-scavenging and
trapping TM cations promotes the further research and de-
velopment of novel separators.

Acid-scavenging separators inhibit the root cause of the
dissolution of Mn ions from the positive electrode. Xu et al.
[176] developed a multifunctional polymer separator coated
with Li-zeolite. The coated zeolite could adsorb trace water
to reduce the formation of HF and act as HF scavengers to
mitigate its attack on the positive electrode. Compared to
commercial alumina-coated separators, the cells with
lithium-zeolite-coated separators had higher capacities and
longer cycle lives at 50 °C, and less transition metal elements
were detected on the recycled graphite electrode. Banerjee
et al. [98] reported a separator coated with a commercial
resin, which consisted of a 25% cross-linked divinylbenzene
backbone functionalized with 4-vinylpyridine (DVB-4VP).
The 4-vinylpyridine functional group prevented acid-
induced parasitic reactions by removing acidic protons from
the solution phase to reduce parasitic reactions. After
cycling at 55 °C for 4 weeks, LiMn,0,/graphite and LiNi, ¢-
Mn,,Co,,0,/graphite cells with functional separators re-
tained higher capacity than the cells with commercial se-
parators.
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By means of chelating between TM cations and polymers
functionalized with disodium iminodiacetate (IDANa,), PEI,
amino-bismethylpyridine (BPA), or tetrasodium ethylene-
diaminetetracetate (Na,EDTA) in the chemically active se-
parator can trap TM cations [177,178]. Aurbach’s group
[177] introduced a commercial resin consisting of imino-
diacetic acid disodium salt functional groups on a styrene
divinylbenzene polymeric matrix into the commercial se-
parator. IDANa, achieved chelation through electrostatic
interactions with the anionic sites on the chelating func-
tionality. After 100 cycles at C/5 rate, cells with chelate-
filled separators retained more than 20% and 55% capacity
than the cells with commercial separators at 30 °C and 55 °C,
respectively. They also proposed that the introduced mac-
roporous ion chelating resin incorporating electron-donor
nitrogen functionalities was effective for capturing TM ca-
tions [178]. After cycling at 55 °C, the high-frequency re-
sistance in LMO-graphite cells with functional separators
only increased by 10%—40%, which is much lower than that
of the plain separator (increased by 80%). Furthermore, the
Mn contents in the graphite from cells with poly-BPA or
poly-PEI are obviously reduced.

The designed chemically active separators can not only
improve the capacity retention, but also further reduce the
electrodes’ interfacial resistances with the decrease of TM
ions damaging the anode surface, which benefits to form a
uniform SEI film. The more uniform SEI enables a more
homogeneous current distribution, thus avoiding the partial
over-charge and over-discharge of the electrode in the pro-
cess of free discharge, and increasing the durability and
safety of the battery [179].

4 Summary and outlooks

Nowadays, LIBs have become one of the most widely used
energy storage equipments. However, frequent safety-acci-
dents have caused people to worry about the safety of LIBs.
Their safety has become an important factor restricting their
developments and applications. As an important part of
LIBs, although separators do not participate in the electro-
lytic reaction, they greatly affect the electrochemical per-
formance and safety of the battery. However, the traditional
polyolefin separators cannot meet the increasing market
demand due to their poor electrolyte affinity and poor ther-
mal stability. Therefore, developing separators with high
thermal stability, high mechanical strength and inhibition of
lithium dendrites is an important way to improve the safety
of LIBs.

The researchers adopted different modification methods to
improve the safety of the separator. For example, in terms of
improving the thermal stability, polymeric and inorganic
nanoparticles are usually introduced into polyolefin separa-
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tors, and used to design separators with high heat-resistant
skeleton through electrospinning, phase inversion, filtration
and other methods. In the aspect of inhibiting the formation
of lithium dendrites, lithium-ion nucleation can be promoted,
or the uniform transmission of lithium ions can be adjusted
by changing the pore size distribution and enhancing the
wettability of the separators to reduce the formation of li-
thium dendrites. In terms of mechanical strength, there are
development directions such as dendrite-proof separators,
high tensile strength separators and stretchable separators. In
addition, for some novel separators, new functions such as
flame retardancy, thermal shutdown capacity and high ther-
mal conductivity are introduced to improve the safety of
batteries. In a word, for an ideal high-safety separator which
meets the basic requirement for fast lithium-ion transport, we
hope that it can have the following advantages: (a) high
thermal stability and flame retardancy to ensure that the se-
parator can operate stably at elevated temperature; (b) good
lithium dendrite resistance which promotes uniform lithium-
ion transport and ensures that the battery will not be pierced
by lithium dendrites during the cycle, resulting in internal
short circuit and potential safety hazard; (c) high mechanical
strength which is conducive to the mechanical integrity of
the separator during winding and battery assembly; (d)
thermal shutdown ability which can timely shut down the
battery when it is over-heated to avoid thermal runaway of
the battery. However, there is no separator that can fully meet
these requirements so far, so it is important to balance these
different requirements to achieve the best performance.
Therefore, in the future research, we need to make more
efforts to improve the overall performance of the separator.
Some possible development directions and challenges of
battery separators in the future are proposed as below:

(1) Modified polyolefin separators. At present, introducing
a coating layer on the polyolefin separator is a commonly
used strategy which can improve thermal stability, electro-
lyte wettability and benefit for large-scale production.
However, the weight and the thickness of the modified se-
parators are highly increased to achieve high thermal stabi-
lity of above 150 °C, which is not conducive to the
development of high energy density batteries. Based on this,
ultra-thin separators composed of ultra-thin coating layers
and thin polyolefin membranes could reduce the weight and
occupation of the internal space of the battery, and meet the
requirements of high energy density batteries to a certain
extent. In addition, with the diversification of the market’s
requirements for separators, it is imperative to expand new
multifunctional modified separators by introducing func-
tional coating layers (such as thermal shutdown, flame re-
tardance, thermal conductivity and dendrite warning
functions) on a polyolefin separator to meet the needs of
batteries working in different application situations.

(2) High heat-resistant separators. Although introducing
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traditional coating layers can improve the thermal stability of
polyolefin separators, but limited by the characteristics of
polyolefin materials, the modified polyolefin separators are
difficult to be stable at higher temperatures (>200 °C).
Therefore, high thermal-stable separators with a high heat
resistant skeleton have attracted much attention. For ex-
ample, high heat-resistant polymer nanofiber (PI, PBI, ara-
mid, cellulose, efc.) or inorganic metal oxide (Al,Os, SiO,,
etc.) porous membranes by electrospinning or filtration or
other methods could sustain thermal stability at the tem-
perature higher than 200 °C. However, in addition to high
production costs, the development of these new types of
separators is still limited due to their own defects, such as
lack of thermal shutdown function, too high porosity and low
mechanical properties which might not be resistant to the
lithium dendrite puncture, and low tensile strength which
could not meet the requirement of winding operation used
during battery assembly. All these disadvantages restrict
their large-scale applications in LIBs. Therefore, these pro-
blems need to be improved to meet the application require-
ments of high-safety separators.

(3) Solid-state electrolytes. The solid-state electrolytes
with the functions of separators and electrolytes without
using the flammable and leaky liquid organic electrolytes
have the advantages of high thermal stability, flame re-
tardance, efc., which can solve battery safety issues well, and
the corresponding solid-state lithium batteries are considered
as an ideal power source for high energy density and high-
safety energy storage devices [180—182]. In addition, since
the solid electrolyte has no flow, solidification and volatili-
zation problems, it can be applied in multiple temperature
zones, which broadens the battery’s operating temperature
range. The widely studied polymer electrolytes are flexible
and easy for the large-scale production but still face the
problems of low ionic conductivity and poor mechanical
strength [183,184]. The inorganic solid-state electrolytes
have higher ionic conductivity and mechanical strength, but
there is still an urgent need for improving the thin-film
fabrication to meet the requirements of practical applications
[185—187]. On the other hand, the brittle and mechanical
flexibility of inorganic solid-state electrolytes are not con-
ducive to the assembly of solid-state batteries. Therefore, the
development of thin solid-state electrolytes with high ionic
conductivity and mechanical flexibility is also one of the
most important development directions.
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