A comprehensive review of separator membranes in lithium-ion batteries
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The widespread adaptation of lithium-ion batteries for consumer products, electrified vehicles and grid storage
demands further enhancement in energy density, cycle life, and safety, all of which rely on the structural and
physicochemical characteristics of cell components. The separator membrane is a key component in an elec-
trochemical cell that is sandwiched between the positive and negative electrodes to prevent physical contact
while permitting ionic conduction through the electrolyte. Though it is an inactive component in a cell, the
separator has a profound impact on the ionic transport, performance, cell life, and safety of the batteries. Today
there are numerous types of separators in use or being considered, including polyolefin separators, modified
polyolefin separators, nonwoven separators, and ceramic composite separators. This review summarizes the state
of practice and latest advancements in different classes of separator membranes, reviews the advantages and
pitfalls of current separator technology, and outlines challenges in the development of advanced separators for

future battery applications.

1. Introduction

Lithium-ion batteries (LIBs) have been the leading power source in
consumer electronics and are expected to dominate electric vehicles and
grid storage due to their high energy and power densities, high oper-
ating voltage, and long cycle life [1]. The deployment of LIBs, however,
demands further enhancement in energy density, cycle life, safety, and
reduction in cost, all of which rely mainly on the structural and physi-
cochemical characteristics of cell components. Commercial lithium
(Li)-ion cells consist of several key components: positive and negative
electrodes, metallic current collectors, an organic liquid electrolyte, and
a porous polymeric separator. Fig. 1 shows the basic components of a
LIB’s cell. While these components play a vital role in a cell, the volatile
and flammable organic electrolytes and the high oxidation potential of
Li-transition-metal-oxide cathodes make LIBs susceptible to fire and
explosion [2]. According to the Federal Aviation Administration, there
have been numerous battery-related accidents, which are closely related
to the failure of cell components [3]. Therefore, a rigorous examination
of the physical/chemical characteristics of cell components is of para-
mount importance to prevent LIB failures.

The separator is a porous polymeric membrane sandwiched between
the positive and negative electrodes in a cell, and are meant to prevent
physical and electrical contact between the electrodes while permitting
ion transport [4]. Although separator is an inactive element of a battery,
characteristics of separators such as porosity, pore size, mechanical
strength, and thermal stability influence the ion transport, cycle life,
performance, and safety of the batteries [5]. Thus, the separator repre-
sents one of the key components in LIBs.

Porous separators face multiple challenges in the electrochemical
cell, affecting the safety of the cells. The oxidation of metal oxide
cathodes and the reduction of the negative electrodes during a charge/
discharge processes often lead to the decomposition of organic liquid
electrolytes, which can block the pores and affect the separators’ func-
tion [6]. Further, repetitive charge/discharge processes can lead to
lithium dendrite (Li-dendrite) growth, which can penetrate through the
separator, leading to physical contact between the electrodes and in-
ternal shorting. The occurrence of mechanical/electrical/thermal abuse
scenarios during battery operation can physically damage the separators
[7,8]. All of these factors induce separator failure, which can eventually
lead to battery failure. In extreme cases, these failures may trigger fires
or explosions [9]. Designing a separator membrane with ideal
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Abbreviation

LIBs lithium-ion batteries
PE polyethylene

PP polypropylene

PTFE polytetrafluoroethylene

PVDF polyvinylidene fluoride
PVA polyvinyl alcohol

PAN polyacrylonitrile

PET polyethylene terephthalate

PI polyimide

PEI polyetherimide

PEEK poly (ether ether ketone)
EC ethylene carbonate

PC propylene carbonate

DMC dimethyl carbonate
PMMA  polymethylmethacrylate
PDA polydopamine

PBI polybenzimidazole

PMIA phenylene isophthalamide
BNNT  boron nitride nanotube
ALD atomic layer deposition
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Fig. 1. Schematic illustration of the key components of LIBs.

characteristics is a way to maximize the charge transport kinetics,
mitigate separator failures, and prevent premature battery failures.
Arora et al. [10] summarized the fundamental characteristics and
manufacturing process of polyolefin separators. Zhang et al. [11] dis-
cussed the characteristics and electrochemical performance of separa-
tors in association with liquid electrolytes. Waqas et al. [12] described
the overview of methodologies that are employed to manufacture
numerous separators, including polyolefin separators, nonwoven sepa-
rators, and ceramic separators. Lee et al. [13] discussed the advance-
ment of polymer and ceramic functionalization of separator membranes
and their significance toward the improved Li storage performance.
Lagadec et al. [14] described the characterization techniques that are
useful to evaluate the characteristics of separator membranes. This re-
view provides a comprehensive overview of the full array of separator
membranes that are associated with LIBs. The review starts with an
overview of the key properties separators, introduces the different types
of separators, and discusses the conditions that induce the failures of
separators. Through an assessment on the structure-property relation-
ship and its influence on electrochemical performance, the advantages

and disadvantages of the current separator membranes including
modified polyolefin, nonwoven, ceramic composites, redox-active, and
shutdown functional separators are summarized. Finally, the challenges
and perspectives that are important for the development of advanced
separator membranes are presented. Fig. 2 shows an overview of the
wide range of separators covered in this review.

2. Characteristics of separator membranes

The separator properties must ensure ionic transport, cell life, and
the safety of the batteries. The following characteristics that are key to
develop separators for LIBs.

2.1. Chemical stability

Separators must be chemically and electrochemically inert against
the cell components including the electrolyte, active materials, carbon
black, and binders subject to reductive and oxidative environments.

2.2. Thickness

Separators must be thin but be mechanically strong and flexible
enough to withstand stress and strain induced during cell fabrication
and operation [13]. The separator thickness for the consumer electronics
market is generally set below 25 pm to minimize both cost and size [15].
Thinner separators (<20 pm) have low ionic resistance and high rate
capability due to efficient Li ion diffusion; however, they suffer from
weak mechanical strength [16]. Thicker separators (>25 pm) show
greater mechanical strength, which is essential during cell assembly;
however, the thicker separators diminish the ionic transport kinetics,
resulting in poorer charge/discharge capacity [17].

2.3. Porosity

Porosity is defined as the fraction of the voids within a material,
which helps to hold the liquid electrolyte and facilitates efficient Li-ion
diffusion between the electrodes. The porosity of the separator depends
on the manufacturing process [13]. Separators with large porosity can
reduce the internal resistance and facilitate fast ionic transport [18]. For
commercial LIBs, the recommended porosity is around 40% [19]. A
suboptimal porosity is detrimental to battery life, since the electrolyte
intermediates or dendrites can block the small pores, which reduces or
even terminates the electrochemical reactions [20]. Porosity beyond the
optimal level, however, can reduce tensile strength and degrade the
separator during the electrochemical reaction [21]. Further, high
porosity makes the separator susceptible to electrical shorts due to the
formation of Li-dendrites [13]. Porosity can be measured using the
liquid immersion or gas adsorption method.

2.4. Pore size

Pores must be smaller than the size of the electrode material par-
ticulates and conductive additives. Pores with a uniform size distribu-
tion are desirable to ensure homogeneous current distribution. The
average pore size of commercial separators is 30-200 nm and less than 1
pm [13]. The large pore size affects the shutdown process since the large
pores are impossible to close effectively during shrinkage or melting of
the membrane [22]. The pore structure of separators can be analyzed
using a capillary flow porosimeter and scanning electron microscopy.

2.5. Tortuosity

Tortuosity describes the tortuous state of the pathway within the
separator. The tortuous structure of the separators can suppress Li-
dendrite growth. However, high tortuosity reduces the effective
charge and mass transfer process. The tortuosity of separator can be
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Fig. 2. Overview of separator membranes discussed in the review.

calculated by the following equation [23,24]:

e x 0,

@

Tortuosity =
O.S

where ¢ is the porosity and o, is the ionic conductivity of electrolyte, and
o5 is the ionic conductivity of the separator.

2.6. Permeability

Permeability is defined as the time required to pass a specific amount
of air through a set area of a given separator under a set pressure. It is
expressed in terms of a Gurley value. Separators with uniform perme-
ability promote efficient ionic transport between the electrodes. Air
permeability is the standard measurement technique employed to
measure permeability, and is closely related to the porosity, thickness,
pore diameter, and tortuosity of the separators. The microporous single-
layer polyolefin separator has Gurley values of around 250-570 s and
trilayer polyolefin separator has Gurley values of around 300-600 s
[25].

2.7. Mechanical strength

The mechanical properties are characterized in terms of tensile
strength along the machine and transverse directions, tear resistance,
and puncture strength. Separators must be mechanically strong, espe-
cially in the machine direction, and robust enough to withstand the
stress induced during battery assembly as well as the continuous charge/

discharge process [26]. Tensile strength is a measurement of the force
required to pull the separator membrane to the point where is breaks.
Tensile strength of 100 MPa has typically been the minimum require-
ment for commercial applications [27]. Tear resistance is the resistance
level of a separator membrane that can withstand the effect of tearing or
cracking. Separators with high puncture strength are needed to avoid
penetration by particulates in the electrode materials and any
needle-like Li-dendrites. Puncture strength is defined as the maximum
load required for a given needle to puncture a separator, and it can be
measured with a tensile tester. Puncture strength of 300 g has been the
typical minimum requirement for commercial applications [27].

2.8. Wettability

High electrolyte affinity/wettability and retention of electrolyte are
fundamental requirements for separators to enable homogeneous ionic
transport and cycle life of LIBs [28]. The contact angle measurement is
used to investigate the wettability of the separator.

2.9. Electrolyte uptake

Electrolyte uptake indicates the amount of liquid electrolyte absor-
bed by the separator film; it can be calculated from the equation:

Electrolyte Uptake % :% x 100 (2)

where W, is the weight of the separator film after immersed in liquid



electrolyte and Wy is the weight of the dry separator before immersed in
liquid electrolyte. Electrolyte uptake impacts the ionic conductivity of
the cell and, in turn, the specific capacity, rate performance, and cycle
life of LIBs. The higher the electrolyte uptake, the higher the electro-
chemical capacity [29].

2.10. Thermal shrinkage

A separator with low melting temperature tends to melt and shrink,
which causes pore blockage and eventually terminates the ion transport
between the electrodes [30]. Thus, a separator with a shrinkage of <5%
for 60 min at 200 °C has typically been desirable for LIBs [31]. The melt
integrity is measured by thermal-mechanical analysis [23].

2.11. Shutdown characteristics

A shutdown function is one of the most important safety aspects of
separators. When the cell temperature increases to the melting range of
the separators, the micropores of the separator are closed by the melted
parts, which blocks the ionic transport pathway between the two elec-
trodes and terminates the electrochemical reactions [32].

2.12. Cost

The separator is one of the most expensive components in LIBs [33].
Choosing cost-effective materials and easy manufacturing process are of
vital importance to reduce the cost of separators. The cost breakdown of
the separator market is estimated to be 7.7%, as shown in Fig. 3.

3. Classification of separators

Separators are classified into microporous polyolefin separators,
nonwoven separators, and ceramic composite separators. The synthesis
process and structural characteristics such as porosity, pore-size distri-
bution, thickness, electrolyte affinity, and mechanical properties of
these separators differ significantly. The general characteristics of these
separators are given in Table 1.

3.1. Microporous polymer separators

Microporous polymer separators represent state-of-the-art separators
in commercial LIBs. Polyethylene (PE) or polypropylene (PP) are
exemplary candidates in microporous polymer separators. Single-layer
PE or PP separators are predominantly employed in commercial LIBs
[10]. Fig. 4 shows the scanning electron microscopic image of PE and PP
separators, both of which exhibit an open porous structure. The porosity
of PE and PP separators is calculated to be around 40% with an average
pore size of 50-100 A. These separators are characterized with various
thicknesses ranging from 18 to 25 pm, ionic resistivity of 1.5-2.5 Q cm?,

Anode 13.4%

Fig. 3. Cost breakdown of the separators in commercial LIBs.

puncture strength of 300 g/mil, high mechanical strength, and high
structural and electrochemical stability [34,35]. Trilayer

(PP/PE/PP) separator is also being used in LIBs [11]. Shutdown
function is one of the most prominent aspects of trilayer separators to
ensure safety of LIBs [32]. For instance, when the cell temperature be-
comes close to the melting point of PE (130 °C), the inner PE layer melts
down, converting the porous layer into a nonporous structure and thus
terminating the ion transport between the electrodes, while the outer PP
layer remains stable until the cell temperature reaches the melting
temperature of PP (160 °C) [36]. The characteristics of various micro-
porous polyolefin separators are given in Table 1.

Microporous polyolefin-based membranes are manufactured
through both dry and wet processes [10]. The dry process involves
melting polyolefin resin and extruding it into a film. The resulting film is
then thermally annealed to increase the size and amount of the lamella
structure and is subsequently stretched into a porous structure [22].
Separator manufacturers such as Celgard LLC and Ube Corp. Ltd. prefer
the dry process to prepare PP and PE separators [10]. In the wet process,
hydrocarbon liquid is mixed with polyolefin resin and heated to melt the
mixture. The resulting melt is extruded into a sheet with an orientation
into machine direction and then extracting the liquid with volatile sol-
vent [10]. Separator manufacturers such as Asahi Kasei, Tonen, Mitsui
Chemicals, and Entek prefer the wet process to manufacture porous
separators [37]. The large-scale production of polyolefin separators by
dominant manufacturers and their target applications is given in
Table 2.

3.2. Nonwoven separators

Nonwoven separators are fibrous mats, webs, or sheets manufac-
tured from directionally or randomly oriented fibers [38]. The macro-
porous fibrous matrix is manufactured via a dry laid, melt blown, or wet
laid process [12]. The wet laid method is similar to the paper-making
process, and the fibers are bonded together by chemical or thermal
coupling. The melt blown method is a binder-free process wherein the
polymer web fibers are extruded [10]. Electrospinning, an alternate
technique, is widely employed to fabricate a wide array of nonwoven
membranes such as cellulose [39], polytetrafluoroethylene (PTFE) [40],
polyvinylidene fluoride (PVDF) [41], polyvinyl alcohol (PVA) [42],
polyacrylonitrile (PAN) [43], polyethylene terephthalate (PET) [44],
polyimide (PI) [29], polyetherimide (PEI) [45], and nylon [46]. Some of
the nonwoven membranes such as PEI [47] and poly (ether ether ke-
tone) (PEEK) [48], polybenzimidazole (PBI) [49], poly (phenylene iso-
phthalamide) (PMIA) [50], polyphenylene sulfide [51], and
polyphenylene oxide [52] are fabricated via the phase inversion
method. These separators possess high porosity (up to 80%), high
thermal stability (200 °C), and large electrolyte affinity. The general
characteristics of nonwoven membranes are given in Table 3.

3.3. Ceramic composite separators

Ceramic composite separators are made up of inorganic particles,
either bonded together using a small amount of polymeric binder or
coated on polymer or other porous membranes. Various studies examine
the ceramic separators such as CaCOs [53], Aly03 [54], SiO, [55],
MgAl,04 [56], LiAlOy [57], boehmite [31], ZrO, [58], glass fiber [59],
and hydroxyapatite [60]. These separators show fibrous structures with
high porosity and large surface area. Due to their hydrophilicity, these
separators exhibit good wettability in organic electrolytes, especially
those containing cyclic carbonates such as ethylene carbonate (EC),
propylene carbonate (PC), and butyrolactone with high dielectric con-
stant [53,61]. Moreover, these separators show good dimensional sta-
bility even at an elevated temperature (200 °C) [62]. The characteristics
of ceramic separators are given in Table 4.



Table 1
The characteristics of microporous polyolefin separators.

Manufacturer ~ Product name Materials Process  Thickness Porosity Pore size Gurley number ~ Melt temp Puncture strength
(pm) (%) (pm) (s) [§9) (€]
Celgard Celgard 2730 Single layer PE Dry 20 43 - 22 135 -
Asahi Kasei Hipore Single layer PE Wet 16 41 - 21 138 -
Asahi Kasei Hipore Single layer PE Wet 25 40 - 21 138 -
Tonen Setela Single layer PE Wet 25 41 - 26 137 -
Entek Teklon Ultrahigh molecular Wet 13 54 - - - -
weight PE
DSM Solupur Single layer PE Wet 28 - 0.07 120 132 510
Celgard Celgard 2400 Single layer PP Dry 25 41 0.043 620 165 >450
Celgard Celgard 2500 Single layer PP Dry 25 55 0.064 200 163 >335
Celgard Celgard A273 Single layer PP Dry 16 40 0.039 345 163 >300
Celgard Celgard 3400/ Surfactant coated PP Dry 25 41 0.043 620 - >450
3401
Celgard Celgard 3500/ Surfactant coated PP Dry 25 55 0.064 200 - >335
3501
Celgard Celgard 2340 Trilayer PP/PE/PP Dry 38 45 0.035 780 135/163 >550
Celgard Celgard 2325 Trilayer PP/PE/PP Dry 25 39 0.028 620 135/165 >380
Celgard Celgard 2320 Trilayer PP/PE/PP Dry 20 39 530 0.027 135/165 >360
Celgard Celgard C500 Trilayer PP/PE/PP Dry 25 35 0.041 515 135/165 >320
Celgard Celgard C480 Trilayer PP/PE/PP Dry 21.5 50 0.038 320 135/165 >400
Celgard Celgard C300 Trilayer PP/PE/PP Dry 20 36 0.032 560 135/165 >300
Celgard Celgard C250 Trilayer PP/PE/PP Dry 18 35 0.032 500 135/165 >300
Celgard Celgard C200 Trilayer PP/PE/PP Dry 17 35 0.032 450 135/165 >245
Celgard Celgard C212 Trilayer PP/PE/PP Dry 16 35 0.032 435 135/165 >220
Celgard Celgard M825 Trilayer PP/PE/PP Dry 16 39 0.026 435 135/165 >300
Celgard Celgard M824 Trilayer PP/PE/PP Dry 12 38 0.026 425 135/165 >225

Fig. 4. Scanning electron microscopic image of (a) PE and (b) PP membranes manufactured by Celgard.

4. Separator failure mechanisms

The failure of LIBs is strongly associated with the failures of cell
components through structural, chemical, or mechanical failures [63,
64]. The failure of separators is one of the most crucial mechanisms that
leads to cell and battery failures. In extreme cases, separator failure may
trigger thermal runaway [65]. Separators are designed to perform safely
without failing; however, thermal/mechanical/electrical abuse sce-
narios can induce separator failure [66].

4.1. Physical characteristics of separators

Physical characteristics such as thickness, porosity, electrolyte af-
finity, and mechanical properties of separators can affect cell perfor-
mance and battery life. The alignment of separators affects the
performance as well as the safety of the cell. Cells comprising separators
with nonhomogeneous, wrinkled, or unnoticeably damaged surfaces
instantly lead to short circuit [67]. Further, the diameter mismatch
between the separator and electrodes—especially in the case of a coin
cell—shows a high probability of premature failure due to imperfections
at the edges. Separators with wider width provide more repeatable data,

whereas the smaller-width samples result in premature failure [26].

4.2. Swelling and softening of separators

A vast number of studies have witnessed that the mechanical prop-
erties of dry separators are reduced upon immersing them in electrolyte
[68,69]. Separator membranes such as polyolefin and PAN can interact
with liquid electrolyte such as dimethyl carbonate (DMC), resulting in
softening or swelling of the separator and thereby diminishing the me-
chanical properties [11]. Immersion of PP separator in organic elec-
trolytes often causes softening up to 50%, resulting in a reduction of
Young’s modulus (51.8% in the machine direction and 90.3% in the
transverse direction) [68,70]. However, the characteristics of PP remain
unchanged in polar solvents such as water, PC, and acetonitrile due to
strong repulsive interaction [71]. The penetration of DMC molecules
into the PP chain resulted in swelling, affecting the mechanical prop-
erties of the separators [71].

4.3. Lithium dendrite-induced failure

The charging/discharging process is associated with the formation of



Table 2
The large-scale production of polyolefin separators by leading manufacturers.

Manufacturer Country Product Type Material Process Target Application
name
Asahi Kasei Corp. Japan HIPORE Microporous Polyolefin Wet Consumer electronics
Toray Industries Inc Japan SETELA Microporous Polyolefin Wet Consumer electronics, electric
vehicles
SK innovations Co. Ltd. South CCS Microporous Ceramic coated Wet Consumer electronics, electric
Korea polyethylene vehicles
Celgard LLC USA Celgard Microporous Polyolefin Dry Specialty batteries,
Automotive,
Consumer electronics
Celgard LLC USA CELGARD Microporous Ceramic/Polyolefin Dry Specialty batteries,
Automotive,
Consumer electronics
Ube Corporation Ltd. Japan UPORE Microporous Polyolefin Dry Electric vehicles, plug-in hybrid
vehicles
Ube Maxwell Kyoto Co. Ltd. Japan CPORE Microporous Ceramic/polyolefin Dry Electric vehicles, plug-in hybrid
vehicles
Sumitomo Chemicals Co. Ltd ~ Japan PERVIO Microporous Aramid/polyolefin Dry Electric vehicles
Mitsubishi Chemical Corp. Japan SEPALENT Microporous Polyolefin Dry Electric vehicles
Mitsubishi Plastics Inc. Japan SEPALENT Microporous Coated polyolefin Dry Electric vehicles
Entek International LLC USA TEKLON Microporous Ultrahigh molecular Wet Consumer electronics
weight PE
Evonik Industries Germany AEROXIDE Ceramic-based microporous Al,03/PE Dry Electric vehicles
LG Energy Solution South SRS Ceramic-based microporous/ Polyolefin - Consumer electronics
Korea nonwoven Glass fiber
Teijin Japan LIELSORT Coated microporous Aramid coated PE Wet Consumer electronics
Shandong Gelon LIB Co. Ltd China GELON Microporous Ceramic coated polyolefin ~ Dry Battery applications
Soteria Battery Innovation USA Soteria Nonwoven Aramid nanofiber/PET Electro E-bikes
Inc spinning
Dreamweaver USA Silver’s 20 Nonwoven Nanofiber/microfiber Electro Electric vehicles
spinning Consumer electronics
Cangzhou Mingzhu Plastics China - Microporous Ceramic coated polyolefin ~ Wet Electric vehicles
Co. Ltd Consumer electronics
Senior Technology Materials ~ China - Microporous Ceramic coated polyolefin ~ Wet Electric vehicles
Jinhui High Tech Co. Ltd China - Microporous Polyolefin Wet Consumer electronics
Shnagai SEMCORP China - Microporous Functionalized Polyolefin Wet Consumer electronics
SENIOR China - Microporous Functionalized Polyolefin Wet/Dry Consumer electronics
Table 3
The general characteristics of nonwoven separator membranes.
Separator material Thickness (um) ~ Porosity (%)  Ionic conductivity (mScm ')  Electrolyte uptake (%)  Tensile strength (MPa) ~ Melt integrity (Temp °C)  Ref
Cellulose 27 65 1.04 280 50 200 [39]
PTFE NR 70 1.87 320 NR 300 [40]
PVDF NR 84.1 1.83 400 3.25 161 [41]
PVA 28 62 1.2 230 11.5 180 [42]
PAN 25 54 0.76 174 32 200 [43]
PET NR 89 2.27 500 12 250 [44]
PI 40 72.4 2.15 250 17.5 180 [29]
PEI 45 84.5 3.41 343.9 14 300 [45]
Nylon 6,6 65 66 2.8 260 18 260 [46]
PEEK 28 70.3 1.57 374 124 250 [48]
PBI 30 81 0.13 328 36.4 200 [49]
PMIA 35 63 1.51 173 10.3 400 [50]
Polyphenylene sulfide 29 73.5 1.69 409 119 280 [51]
Polyphenylene 33 50 1.8 115 NR 200 [52]
Table 4
The general characteristics of ceramic separator membranes.
Separator material Thickness (pm) Porosity (%) Tonic conductivity (mS cm B Electrolyte uptake (%) Mechanical strength (MPa) Shrinkage Ref
Rate at Temp °C
Al,05 37 68 0.93 - - 150 °C [54]
SiO, 200 45 0.35 140 29.3 - [55]
Glass fiber 25 59.2 1.22 - - 180 °C [59]

tree-like Li-dendrites on the surface of the negative electrode [72].
Li-dendrites could penetrate the solid electrolyte interface layer that
formed on the negative electrode and eventually grow further to pierce
the separators, causing internal shorting [73,74]. This effect becomes

more prominent with the cell operating at a higher temperature, where
the elastic stiffness of the separators decreases significantly [75].



4.4. Thermal failure

Thermal shrinkage is one of the major causes of separator-induced
battery failure [76]. The commercial polyolefin membranes work effi-
ciently at room temperature. However, when the temperature of the
batteries becomes abnormally high due to the exothermic reaction
occurring within the cell components [77], the separators begin to melt
down (130 °C for PE and 160 °C for PP) [78]. This often leads to closure
of the pore structure and eventually blocks the ionic transport between
the anode and cathode, terminating the electrochemical reactions. With
a further increase in temperature, the separators melt down completely,
allowing direct contact between the anode and cathode and causing
internal shorting [79]. The entire failure of a separator can trigger a fire
or even an explosion.

4.5. Mechanical failure

During the electrochemical reaction, separators face mechanical
stress from the cathode/anode due to Li intercalation/deintercalation
reactions [80]. Under mechanical abusive scenarios, separators tend to
tear or even split into multiple fibers [27]. Although mechanical
strength and puncture strength measurements may be sufficient to
address the integrity of separators, they do not provide a full under-
standing of the mechanical failure of the separator membranes. A better
understanding of the mechanical failures of separators is required,
especially when considering the behavior of the battery under external
mechanical loading, such as in the event of a crash [81].

5. Recent advances in separator membranes

State-of-the-art polyolefin separators have been widely employed in
commercial LIBs; however, low electrolyte affinity (due to their hydro-
phobicity) and low melting temperature (130 °C for PE) are major
limitations associated with these separators. Although single-layer PP
can function up to 160 °C, the electrolyte affinity remains a hurdle. Due
to these limitations, there has been a tendency to develop advanced
separators for LIBs.

5.1. Trends in polyolefin separators

Modification of conventional polyolefin separators is one of the most
prominent strategies to improve electrolyte affinity and thermal prop-
erties while maintaining the separator’s intrinsic properties.

5.1.1. Surface treatment of polyolefin separators

High-energy radiation approaches such as gamma ray, e-beam ra-
diation, and oxygen plasma treatments were employed to improve the
surface properties of separators [82]. The oxygen plasma treatment has
improved the inherent porosity and electrolyte affinity of conventional
separators due to the formation of oxygen functional groups [83]. The
gamma ray and e-beam irradiation approaches have induced
cross-linking within the PE backbone, which resulted in enhanced
thermal properties [82]. As a result, the surface-treated separator
sandwiched Li/LiMnyO4 cell delivered capacity retention of 85.4% even
at 55 °C, whereas the Li/LiMnyO4 cell comprising pristine separator
showed capacity retention of 53.7% under similar conditions [83]. Note
that the surface treatment time and radiation dose have showed signif-
icant impact on the characteristics of the base separators. The surface
treatment beyond optimal time led to the complete destruction of the
porous structure, resulting in reduction in ionic conductivity as well as
mechanical strength [84]. Further, the high radiation dose has destroyed
the inherent porous structure due to the melting of the polymer back-
bone, diminishing the porosity of the separator [85].

5.1.2. Polymer functionalized polyolefin separators
Polymer functionalization represents one of the prominent

approaches to mitigate the inherent drawbacks of polyolefin separators.
Various polymer matrices, including polymethylmethacrylate (PMMA)
[86], polydopamine (PDA) [87], and cellulose derivatives [88], were
coated on the conventional separator through a solution phase dip
coating method. Functional polymers such as PMMA [89], polyethylene
oxide [90], and polyacrylic acid [91] were covalently coupled to the
pristine membrane via atom transfer radical polymerization and
radiation-induced techniques. The characteristics and electrochemical
performance of the polymer functionalized polyolefin separators are
listed in Table 5. Note that the physical and chemical characteristics of
the functionalized polymers influenced the properties of the pristine
separators. For instance, polymer matrices such as PVDF [92], poly-
sulfonamide [93], and polyampholyte [94] preserved the inherent
porosity of the pristine separators owing to their open porous network.
As a result, the functionalized separators showed comparable ionic
conductivity to that of pristine separators. However, these separators
exhibited thermal shrinkage of ~30% at 150 °C due to their low melting
point [92]. The functionalization using thermally stable polymers such
as PI [95], PBI [96], polyhexavinyldisiloxane [97], poly m-phenylene
isophthalamide [98], phenylene terephthalamide [99], and phenolic
resin [100] showed negligible thermal shrinkage up to 150 °C due to the
incorporation of a thermally stable polymer backbone. The polycations
functionalization such as polyethyleneimine repelled the migration of
dissolved metal cations from cathodes (such as Mn®* ions from LioMnO4
cathode) and thereby prevented the migration of dissolved cations to the
negative electrodes [101]. Aramid nanofiber functionalized PE and PP
separators displayed high tensile strength and high heat resistance as
compared to pristine membranes due to their mechano-thermal prop-
erties [102]. The functionalization of polyolefin separators using gel
polymer electrolytes such as poly(acrylonitrile-co-methyl methacrylate)
and polyelectrolytes such as polyethylenimine, polystyrenesulfonate,
and poly-i-lysine/polyethylene glycol through a layer-by-layer assembly
approach resulted in ultrathin coating (around ~2 nm) on the base
separators [103,104]. The ultrathin coating preserved the surface
morphology and porosity of the base separators, resulting in ionic con-
ductivity of 2.06 mS cm ! [104]. Note that the grafting degree of
polymers affected the characteristics of the separator. Although grafting
degree beyond the optimal condition exhibits improved mechanical and
thermal properties, the porosity of the separators is reduced, which af-
fects the ionic transfer process [86,89].

In summary, polymer functionalization of polyolefin separator
shows great promise in improving surface wettability, electrolyte
retention, and thermal stability. Nevertheless, the ability to control the
polymer thickness is the most crucial aspect to maintain the inherent
porosity and ionic conductivity of the base separators.

5.1.3. Ceramic-coated/deposited polyolefin separators

Ceramic functionalization has been widely investigated to improve
the electrolyte affinity and thermal properties of polyolefin separators. A
variety of ceramic materials such as Al;O3 [105], SiOy [106], TiO,
[107], metal organic framework [108], ZrOy [109], boehmite [110], Al
(OH)3 [111], and Mg(OH)y [112] were deposited on the polyolefin
separators. Oxide derivatives of metals such as niobium, hafnium,
tantalum, lanthanum, and yttrium were deposited on commercial sep-
arators [113]. The characteristics and electrochemical performance of
various ceramic functionalized polyolefin separators are listed in
Table 6. In this approach, ceramic particles were homogenously mixed
with polymeric binders and the resulting slurry was then coated on the
base separator. In an alternate approach, the base separator was exposed
to the ozone or oxidation treatment in order to improve the adhesion
with the ceramic layers [113]. The incorporation of ceramic particles
partially reduced the pore size and thereby improved the electrolyte
retention of the separator. The size of the ceramic nanoparticles showed
an impact on the characteristics of the separators [106]. For instance,
smaller SiO nanoparticles (40 nm) deposited separator showed porosity
of 68%, thermal shrinkage of 23% (at 140 °C), and a uniform ionic



Table 5

The characteristics and electrochemical performance of the modified polyolefin separators.

Separator Thickness Porosity Ionic Electrolyte Mechanical Gurley Shrinkage Cell Electrolyte Capacity Ref
(pm) (%) conductivity uptake (%) strength number Rate at retention
(mScem b (MPa) ) Temp (°C) (%)
PMMA/PE - 21.4 1.19 183 69.8 157 - Graphite 1 M LiPF¢/ 95% after [89]
/LiFePOy4 EC/DMC/ 110 cycles
DEC
Polysulfonamide/ 50 65 0.80 200 - 26 Nil at Graphite/ 1 M LiPFe/ 90% after [93]
PP 150 °C LiCoO, EC/DMC 60 cycles
PI1/PP 24 40.2 0.35 207.6 137.8 273 Nil at Li/NMC 1 M LiPF¢/ 79.8% [95]
150 °C EC/DMC/ after 200
EMC cycles
PBI/PE 28 54 0.59 225 - - Nil at Li/ 1 M LiPF¢/ 97.7% [96]
140 °C LiFePO4 EC/DMC/ after 100
EMC cycles
Phenolic resin/PE 24 57 0.60 227 105 282 6% at Li/ 1 M LiPF¢/ 86% after [100]
145 °C LiFePO,4 EC/DEC 450 cycles
Table 6
The characteristics and electrochemical performance of ceramic functionalized polyolefin separators.
Separator Thickness Porosity Tonic Electrolyte Gurley Shrinkage Cell Electrolyte Capacity Ref
(pm) (%) conductivity (mS uptake (%) number (s) Rate at retention (%)
cm 1) Temp (°C)
Al,03/PSS/ 30 - 0.83 248 - 4.5% at MSCB/ 1 M LiPF¢/EC/ 88.1% after [105]
PE 105 °C LiCoO, DMC 200 cycles
PE/ZrOy/ 29 57 0.61 120 210 17% at Li/LiCoO 1 M LiPF¢/EC/ 97% after 100 [109]
120 °C EMC cycles
Al(OH)3/PE 32 84 1.001 127 352 6.6% at Graphite/ 1.15 M LiPFe¢/ 63% after 300 [111]
140 °C LiCoOy EC/EMC cycles
Mg(OH),/PE 18.5 - 0.73 103.8 234 Nil at Li/NCM 1.15 M LiPF¢/ 77.8% after [112]
200 °C EC/EMC/DMC 1000 cycles
SiO, aerogel/ 31 - 0.63 346 - Nil at Li/LiFePO4 1 M LiPF¢/EC/ 87.4% after [114]
PP 160 °C DMC 100 cycles
Zeolite 4A/PP 35 58 2.25 270 - 14.4% at Li/LiFePO4 1 M LiPFe/EC/ 96.2% after [115]
160 °C DEC/DMC 100 cycles
PE/Si- - - 0.68 268.7 348.2 Nil at Li/LiCoO4 1 M LiPF¢/EC/ 54.1% after [116]
oxyborate- 200 °C EMC/DMC 1000 cycles
Al,03
Al,03/PE 23 - 1.12 70 - 2.5% at Graphite/ - 94.7% after [117]
145°C LiCoO, 50 cycles
transfer process due to the homogeneous distribution of particles over and resulted in constant capacity degradation [121].

the separators. The larger SiO» nanoparticles (530 nm) deposited sepa-
rator showed porosity of 50% and thermal shrinkage of 67% (at 140 °C).
The reduction of porosity by the large particles also affected the charge
transfer process [106].

Note that the dimensional structure of the ceramic materials showed
influence on the characteristics of the base separators. For instance, the
deposition of one-dimensional SiO, nanotubes over the base separators
resulted in random distribution and partial pore closure, while the SiO,
spheres were uniformly distributed and blocked the pores of the base
separator. Due to the different distribution, the SiO, tube/PE separator
demonstrated higher ionic conductivity and electrolyte affinity than the
SiOy sphere/PE separator [118]. Mesoporous SiO aerogel (meso/-
macroporous) coated separator displayed negligible thermal shrinkage
(up to 160 °C) and large electrolyte affinity (346%) due to the large
surface area of SiO, aerogel [114]. However, the Li/LiCoOy cell
comprising meso/macroporous SiOy/PE separator resulted in constant
capacity degradation upon cycling (capacity decay of 18% up to 100
cycles), due to the large electrolyte consumption by the meso/-
macroporous structure [119]. Besides Al;03 and SiO», some of the other
ceramic materials displayed interesting properties. For instance, TiO5
nanoparticle functionalized PE and PP separators showed high electro-
lyte affinity and flame-retardant properties [120]. Porous zeolite
frameworks functionalized PP separator displayed an open porous
structure, large electrolyte uptake (270%), and high ionic conductivity
(2.25 mS c¢cm 1) due to their large surface area [115]. However, the
existence of a porous structure led to the large electrolyte consumption

Silica-oxygen-borate (Si-O-B) coated AlyO3/PE, a ternary separator,
manifested a puncture strength of 759.1 gF mm 2 and dimensional
stability (at 200 °C), owing to the strong Al-O-Si-O bonding interaction.
Further, the Si-O-B moiety showed scavenging ability toward HF owing
to its Lewis acidic character. Due to these merits, the Li/LiCoO cell
comprising Si-O-B/Al;03/PE separator exhibited stable cycling per-
formance with the capacity retention of 54.1% and the NMC/graphite
cell comprising the separators showed the capacity retention of 42.8%
after 1000 cycles (in 1 M LiPFg in EC/EMC/DMC electrolyte) [116]. The
borides of metals/nonmetals coated polyolefin separators exhibited high
water absorption capability and thereby reduced the acidic impurity
generated by moisture presented in the cell, which prevented electrolyte
deterioration. Moreover, the cell comprising the boride coated separa-
tors showed heat resistance up to 150 °C due to the separators’ high
thermal stability [122]. Ceramic hydroxides such as AIOOH, Al(OH)s,
and Mg(OH), coated PE separators exhibited zero thermal shrinkage at
200 °C. Further, these separators showed flame-retardant properties due
to the dehydration behavior (2AI00H — Al,03 + H,0), which is an
important safety aspect for future LIBs [110-112].

Optimization of the ceramic content is the most important aspect to
achieve intriguing characteristics as well as remarkable electrochemical
performance. The ceramic content beyond the optimal level affected the
characteristics of the separator due to blockage of pores [123]. Further,
high ceramic content required large binder content to facilitate strong
binding adhesion. However, the large binder content blocked the pores
of the separator, affecting the ionic transfer process. The large binder



content also resulted in significant thermal shrinkage due to the thermal
decomposition of the binders [105]. Thickness of the ceramic layer is
another parameter that influences the characteristics of the separators.
For instance, the AlyO3 functionalized PE separator with the Al,03 with
the thickness of 9 pm showed dimensional shrinkage of 2.5%, Al,O3 with
the thickness of 6 pm exhibited the shrinkage of 12.7%, and Al,O3 with
the thickness of 3 pm displayed dimensional shrinkage of 29.3% at
145 °C [117]. While dry approaches demonstrated acceptable properties
owing to the formation of thin ceramic layers, the weak adhesion be-
tween the ceramic layer and base substrate was the substantial barrier.
As a result, the weakly adhered ceramic layer could be desquamated
from the base substrate, leading to capacity degradation. To improve the
surface adhesion between the separator and ceramic layer, a covalent
coupling strategy was demonstrated, which utilized silane analogues as
a coupling agent [124]. Coating both sides of the separator is an
important aspect to minimize the thermal shrinkage of base separators.
For instance, boron nitride nanotube (BNNT) functionalized both sides
of the PP separator (BNNT/PP/BNNT) manifested high thermal stability
at 150 °C, whereas the BNNT coated on a single side of PP (BNNT/PP)
separator showed severe thermal shrinkage at 150 °C. Due to its high
thermal stability, the Li/LiFePO4 cell comprising BNNT/PP/BNNT
separator functioned up to 70 °C, while the BNNT/PP operated only at
50 °C, and the pristine PP did not function at 50 °C [125]. Nevertheless,
coating on both sides can reduce the porosity and diminish the ionic
diffusion process.

Characteristics of polymeric binders influence the properties of the
separators. Various binders such as poly(lithium 4-styrenesulfonate)
[105], carboxymethyl cellulose/styrene butadiene [117], PVA [126],
poly(acrylonitrile-co-methacrylate) [123], and PVDF [127] were
employed to prepare ceramic layers. Due to high elasticity and the
presence of hydroxyl and carboxyl groups, carboxymethyl cellulose/s-
tyrene butadiene binder showed better adhesive properties as compared
to other binders [117]. However, ceramic functionalized separators
comprising these binders exhibited significant thermal shrinkage, which
stems not only from the base separators but also from the decomposition
of these binders [127]. Notably, ceramic functionalized separators
comprising thermally stable polymeric binders such as PI [128], poly-
urethane [112], polyetherketone [129], and cellulose diacetate [130]
exhibited zero dimensional shrinkage even at 200 °C. Besides the
characteristics of binders, content of the binders also affected the
properties of separators. Binders with large content and high molecular
weight substantially blocked the pores of the separator and thus reduced
the ionic transport kinetics, which were verified by large Gurley value
[105,126,130]. Thus, binders that exhibit high adhesive property—even
with small content—are required to maintain the inherent porosity of
the separators.

Ceramic functionalization is performed mainly through a dip coating
process. Using this approach, various ceramic layers were coated on the
base separators [106,109,116,123,131]. Although this method is easy,
controlling the layer thickness is a tedious task [106,123]. Ceramic
functionalization through dry approaches such as radio frequency
sputtering [132], atomic layer deposition (ALD) [133], physical vapor
deposition [134], and chemical vapor deposition [135] were performed.
Prior to the ceramic deposition, surface treatment such as oxygen
plasma was performed on the bare polyolefin to strengthen the adhesion
between the ceramic layer and bare separator [107,135,136]. Due to the
formation of oxygen-functional groups, the hydrophilicity of the sepa-
rators increased, resulting in conformal coating on the base separator
[107,136]. Among various dry approaches, ALD has been widely
employed owing to the precise ceramic layer thickness and small envi-
ronmental impact without involving chlorinated solvents. This tech-
nique guaranteed the formation of a thin ceramic layer (up to ~6 nm)
over the substrate, which can preserve the porosity and pore structure of
the bare separator [137]. A wide range of ceramic oxides such as AlOs3,
SiOg, TiOg, and zinc oxide with thickness ranging from 20 to 100 nm
were deposited on polyolefin separators through the ALD method [138].

Note that the ALD cycle numbers showed strong impact on the charac-
teristics of the separator [139]. For instance, Al;03/PP derived from the
50 cycles led to the formation of an Al,0g3 layer with a thickness of 6 nm,
which preserved the inherent porosity of the PP separator. ALD for 100
cycles led to the formation of an Al,03 layer with the thickness of 12 nm,
which reduced the porosity of PP from 55% to 26%. Although the
porosity is markedly reduced, the Al;03/PP showed negligible thermal
shrinkage up to 160 °C, whereas Al;03/PP (50 cycles) showed shrinkage
of 24% and bare PP showed shrinkage of 50% at 160 °C [140].

In summary, incorporation of ceramic layers significantly improved
the electrolyte affinity and ionic conductivity of the polyolefin separa-
tors; however, some of the ceramic materials such as TiO», ZrO», and the
metal organic framework incorporated polyolefin separators still
exhibited thermal shrinkage, even at 150 °C. Choosing an ideal binder
with high adhesive property and high thermal stability is crucial to
achieve separators with high dimensional stability. The ceramic depo-
sition beyond optimal content can result in severe blockage of pores and
impede ionic transport between the electrodes.

5.1.4. Ceramic-polymer functionalized polyolefin separators (ternary
hybrid)

One of the substantial challenges of ceramic/polyolefin separators is
the weak interaction between the ceramic particles and the base sepa-
rator. Under any abuse scenarios, the dispersed ceramic particles can be
desquamated from the hydrophobic separator. To mitigate this issue,
ceramic nanoparticles were coated on the polymer functionalized
separator. Various polymers such as PDA [141], poly 3,4-ethyl-
enedioxythiophene-co polyethylene glycol [142], PEI [143], PDA/PEI
[144], PMMA [145], and polyacrylic acid [146] were used as an inter-
facial layer to facilitate the strong coupling interaction between the
ceramic layer and base separator. In an alternate method, the PDA was
coated on the SiO; deposited PE separator to prevent the delamination
of the ceramic layer from the base separators [147]. As a result, the
ternary separator (PDA/SiO,/PE) preserved the dimensional stability,
even at 200 °C. In an alternate appraoch, an insulating ceramic layer and
microporous polymer layer were sequentially deposited on PE or PP
base separators, and the resulting separator showed negligible
shrinkage, even at 200 °C. The inclusion of a microporous polymer layer
induced pore closure during overheating, ensuring the safety of the
batteries [148].

The ternary separator comprising polyolefin separator, ceramic
particles, and a polymer layer presents a promising approach to mitigate
delamination issues. Nevertheless, the optimization of ceramic content
and control over polymer thickness are the key aspects to preserve the
porosity and pore size of the base separators.

5.2. Nonwoven membrane separators

Nonwoven separators were widely investigated in LIBs owing to their
open porous structure, large electrolyte affinity, and high thermal sta-
bility. The nonwoven separators were functionalized with various
polymer matrices and ceramic materials to reduce the porosity and large
pore size.

5.2.1. Cellulose-based separators

Cellulose nonwoven separators showed ultimate thickness (25 pm),
large electrolyte uptake (340%), high ionic conductivity (1.75 mS
cm 1), and outstanding thermal stability (up to 200 °C) [149-152]. The
high electrolyte affinity of the cellulose-based nonwoven membranes
was attributed to the strong interaction between the electrolyte mole-
cules and abundant oxygen functional groups on a cellulose backbone
[153]. Nevertheless, high porosity (75%) and large pore size (>2 pm)
were the major limitations that may induce physical contact between
electrodes and cause internal shorting [39]. To alleviate these limita-
tions, a variety of polymers such as PVDF [39,154], polysulfonamide
[155], PDA [156], and styrene-co-acrylate [157] were coated on the



cellulose separator. The overall characteristics and electrochemical
performance of the cellulose-based nonwoven membranes are given in
Table 7. After functionalization, the inherent mechanical strength and
electrolyte affinity of the cellulose separators were remarkably
improved. For instance, the chemically cross-linked cellulose/PI mem-
brane displayed the tensile strength of 34.2 MPa, which is nearly five
times larger than the pristine PI and electrochemical stability window up
to 5.1 V [158]. Attapulgite clay and ammonium polyphosphate func-
tionalized bacterial cellulose membrane exhibited flame-retardant
properties [159,160]. Various ceramic materials such as Al,O3 [161],
SiO4 [162], and halloysite nanotube [163] were incorporated onto the
cellulose membrane. The ceramic dispersed cellulose separators
exhibited high ionic conductivity (5.13 mS ecm !) and electrolyte af-
finity of 625%. Despite their intriguing properties, the polymers and
ceramic materials functionalized separators show high porosity (<70%)
and large pore size (~3 pm), which are not favorable characteristics for
commercial applications [157,161,162]. More importantly, the pres-
ence of abundant oxygen functionalities can react with Li* ions,
resulting in poor reversibility and capacity decay.

5.2.2. Fluorine-containing polymeric separators

Fluorine-containing polymers such as polytetrafluoroethylene
(PTFE) and PVDF were employed as binders and as skeletons for gel
polymer electrolytes in LIBs [64]. In addition, fluorine-containing
polymers have also been employed as separators in LIBs. The PTFE
membrane fabricated through an electrospinning approach displayed an
open porous structure, good ionic conductance, and high mechanical
strength [164]. Nevertheless, the PTFE membrane showed poor elec-
trolyte affinity due to its hydrophobicity, affecting the electrolyte af-
finity. More importantly, the high melting point of the PTFE (300 °C)
membrane affects shutdown function, posing a severe safety risk [40].
The PVDF membrane, an exemplary candidate in fluorine-containing
polymers, exhibited open porous structure, high ionic conductance,
large electrolyte affinity, and shutdown function at 150 °C [41]. To
further improve the electrolyte affinity and thermal properties, various
functional polymers—including PTFE, PDA, and cellulose—were
incorporated into PVDF membranes [165,166,177]. The overall char-
acteristics and electrochemical performance of the PVDF-based
nonwoven membranes are given in Table 7. These functional polymers
reduced the high porosity and large pore size and improved the thermal
shrinkage up to 170 °C [166]. A variety of ceramic particles, including
SiO3 [20], Sby03 [167]1, montmorillonite [168], zeolite [169], halloysite
nanotube [178], and layered double hydroxide nanosheets [179], were
incorporated on the PVDF membrane via electrospinning, phase inver-
sion, and dip-coating processes. Due to the improved thermal property,
the LiFePO4/Li cell comprising Al,O3 incorporated PVDF membrane
demonstrated stable cycling profile with the capacity retention of 87.5%
after 500 cycles at an elevated temperature of 80 °C [180]. The ceramic
dispersed PVDF separators manifested high electrolyte affinity (up to
646%); however, porosity and pore size were still remarkably high,
which affects the safety of LIBs. Further, the gel formation or even
complete dissolution of PVDF in organic electrolytes such as PC is a
major concern associated with PVDF-based separators.

5.2.3. Polyvinyl alcohol (PVA) separators

PVA membrane separators were manufactured through an electro-
spinning approach, and the resulting separator membrane demonstrated
porosity of 60% and high electrochemical stability up to 5.0 V [42]. The
PVA membrane showed high electrolyte affinity (170%) due to the
presence of hydroxyl groups. The cellulose functionalized PVA fabri-
cated through the phase-inversion method displayed negligible thermal
shrinkage, even at 200 °C, and ahigh Li" ion transference number (0.54)
[181,182]. A zirconium-based metal organic framework was covalently
coupled to the PVA separator through an electrospinning approach. The
strongly coupled separator showed the ionic conductivity of 2.9 mS
em 1, electrolyte uptake of 230%, and dimensional stability at 200 °C

[183]. Impressively, the metal organic framework/PVA separator
sandwiched NCM/graphite cell containing 1 M LiPF¢ in EC/DEC elec-
trolyte delivered a capacity retention of 73% after 1000 cycles. Never-
theless, the large surface area of the metal organic framework/PVA
membrane (1140 m? g 1y could be a detrimental factor, accelerating the
constant capacity degradation [183]. The overall characteristics and
electrochemical performance of the PVA-based nonwoven membranes
are given in Table 7.

5.2.4. Polyacrylonitrile (PAN) separators

PAN nonwoven membranes were fabricated through an electro-
spinning approach, and the resulting membrane exhibited a thickness of
25 pm, pore size of 0.25 pm, and porosity of 60%; these membranes are
also low cost, showing great potential as separators in LIBs [43,184].
Because of its high thermal stability (200 °C), the PAN nonwoven
membrane remained stable during the hot oven test conducted at 130 °C
[43]. Further, the Li/NMC cell comprising the PAN membrane exhibited
a lower self-exothermic reaction rate (0.78 °C min 1) than the PE
separator (159 °C min 1), verifying the safety of the cell [184]. The PAN
separator showed high affinity in electrolytes with high dielectric con-
stants such as EC, PC, and DMC and also with ionic liquid electrolytes
[185]. The organic and polymeric materials such as lignin and poly-
sulfonamide functionalized PAN separator exhibited thermal stability
up to 180 °C [186,170]. The dihydro phosphaphenathrene oxide func-
tionalized PAN showed ionic conductivity of 6.49 mS cm *, which is the
best ionic conductivity reported for PAN as well as other
nonwoven-based separators. Further, the dihydro phosphaphenathrene
moiety reduced the thermal stability of the PAN base material from
250 °C to 130 °C, indicating that the dihydro phosphaphenathrene
moiety promptly shut down the battery [187]. A gel polymer electrolyte
based on a PAN/PVA blending membrane displayed electrolyte affinity
of 585%, thermal stability up to 160 °C, and a wide electrochemical
stability window exceeding 5.2 V (in 1 M LiPF¢ in EC/DMC/EMC elec-
trolyte). With these key merits, the Li/LiCoO; cell comprising PAN/PVA
gel polymer membrane exhibited stable cycling performance with the
capacity retention of 96% after 200 cycles [188]. Mussel-inspired
functionalization of PAN demonstrated high heat resistance, an elec-
trochemical stability window of ~5.25 V, and fire-retardant properties
[189,190]. Notably, the PDA/PAN membrane displayed stable voltage
performance with a small overpotential (10 mV) for 700 h [171]. The
ceramic materials such as SiOp [172], AlyOs [191], and lithium
lanthanum titanate [192] functionalized PAN separators exhibited high
ionic conductivity, high thermal stability, and electrochemical oxidation
stability (up to 5.7 V). The overall characteristics and electrochemical
performance of the PAN-based nonwoven membranes are given in
Table 7.

5.2.5. Polyethylene terephthalate (PET) separators

The PET nonwoven membranes are of great interest owing to their
good structural and mechano-thermal properties. The fibrous PET
membrane fabricated through an electrospinning method displayed
porosity of 40%, ionic conductivity of 2.27 mS cm !, and large elec-
trolyte uptake of 500% [44]. Despite these merits, large pore size (~2
pm) is the major concern that may induce internal shorting. To
circumvent this issue, polymeric materials such as PMMA [193], PVDF
[194], and PI [195] were incorporated into the PET separator, and the
resulting separators showed moderate pore size (~1 pm) and thermal
shrinkage of 2% at 180 °C. The ceramic particles such as SiO, [196] and
Aly03 [197] were incorporated into the PET-based separators, and the
resulting separators showed pore size of 1 pm and thermal stability up to
200 °C. Overall, PET-based separators exhibit impressive thermal
properties and shutdown capability (130 °C) [198]. The ceramic func-
tionalized PET separators are currently under the large-scale production
for commercial applications. The characteristics and electrochemical
performance of the PET-based nonwoven membranes are given in
Table 7.



Table 7
The characteristics and electrochemical performance of different polymer matrices and ceramic materials functionalized nonwoven membranes.

Separator material Thickness Porosity Tonic conductivity (mS Electrolyte uptake Mechanical strength Shrinkage Cell Electrolyte Capacity retention Ref
(um) (%) em ) (%) (MPa) Rate at (Temp (%)
°C)
Cellulose/PVDF 27 65 1.04 280 50 Nil at 200 °C Graphite 1 M LiPFs/EC/DMC 83% after 100 cycles [39]
/LiCo0,
Cellulose/PSA 40 66 1.2 260 - Nil at 200 °C Graphite 1 M LiPF¢/EC/DMC 85% after 100 cycles  [155]
/LiCoO4
Cellulose/PDA 40 62 0.95 200 21 Nil at 200 °C Graphite 1 M LiPF¢/EC/DMC 84.9% after 100 [156]
/LiCoO4y cycles
Cellulose/Al;03 30 74.7 4.91 625 140 Nil at 180 °C Li/LiFePO4 1 M LiPF¢/EC/DEC/ 89% after 50 cycles [161]
DMC
Cellulose/SiO, - 75 1.54 250 14.3 Nil at 200 °C Li/LiFePO; 1 M LiPF¢/EC/DEC 98% after 100 cycles  [162]
Cellulose/Halloysite 30 83 5.13 369 84.4 Nil at 180 °C Li/LiFePO4 1 M LiPF¢/EC/DMC/ 95% after 100 cycles  [163]
DEC
PTFE/PDA/SiO, - 56 1.33 242 - Nil at 300 °C Li/LiFePO4 1 M LiPF¢/EC/DEC 89.8% after 200 [164]
cycles
PVDF/PDA - 85 0.96 1160 - Nil at 150 °C Li/ 1 M LiPF¢/EC/DMC 95.8% after 200 [165]
LiMn,04 cycles
PVDF/Cellulose 49 60.2 1.26 370 14.3 Nil at 200 °C Li/LiCoO5 1 M LiPF¢/EC/DMC/ ~99% after 50 [166]
DEC cycles
PVDF/SiO, 83 85 0.74 646 - Nil at 160 °C Li/LiFePOy4 1 M LiPF¢/EC/DEC 99% after 50 cycles [20]
PVDF/Sb,03 42 72 2.88 356 - Nil at 160 °C Li/LiFePO4 1 M LiPF¢/EC/DEC 99% after 100 cycles  [167]
PVDF/ 58 84 4.20 333 2.39 Nil at 150 °C Li/LiFePO4 1 M LiPF¢/EC/EMC/ 99% after 150 cycles  [168]
Montmorillonite DEC
PVDF/Zeolite/ - 80 1.72 378 3.2 Nil at 150 °C Li/LiFePO4 1 M LiPF¢/EC/EMC/ 93.8% after 200 [169]
PMMA/ DEC cycles
PAN/PSA 20 87.7 0.24 921 15 Nil at 180 °C Li/LiFePOy4 1 M LiPFs/EC/DMC 90.5% after 70 [170]
cycles
PAN/PDA 50 83.3 1.39 341 13.9 Nil at 200 °C Li/LiFePO4 1 M LiPF¢/EC/DMC/ 66.8% after 105 [171]
EMC cycles
PAN/SiO, - 72 3.6 310 - - Li/LiFePO4 1 M LiPF¢/EC/EMC 99% after 50 cycles [172]
PI/PEO 80 90 3.83 170 - Nil at 350 °C Li/LiFePO; 1 M LiPF¢/EC/DMC 96.4% after 100 [173]
cycles
P1/SiO, 20 90 2.27 2400 - Nil at 250 °C Li/ 1 M LiPF¢/EC/DEC 99% after 100 cycles [174]
LiMn,04
PEI/PVDF 35 64.6 1.38 235 12.1 5% at 180 °C Li/LiFePOy4 1 M LiPF¢/EC/DMC/ 99% after 75 cycles [175]
EMC
Fluorinated PEEK 25 88 3.12 559 27.7 Nil at 150 °C Li/LiFePO4 1 M LiPFs/EC/DMC/ 93% after 300 cycles [176]

EMC




5.2.6. Polyimide (PI) separators

The PI nonwoven membranes were fabricated through an electro-
spinning approach, and the resulting membrane exhibited porosity of
72%, ionic conductivity of 2.15 mS cm ®, and thermal stability up to
180 °C, showing potential as a separator for LIBs [29,199]. Because of its
high dimensional stability, a Li/LiFePOy4 cell comprising PI separator
displayed stable charge/discharge behavior, even at 140 °C [200,201].
A cross-linking PI membrane showed mechanical strength of 90 MPa
and flame-retardant properties [202,203]. Various polymer matrices
and ceramic materials were incorporated into the PI-based separator,
and the functionalized separator exhibited intriguing characteristics.
The characteristics and electrochemical performance of the PI-based
nonwoven membranes are given in Table 7. For instance, PEG func-
tionalized and fluorinated PI separators showed flame-retardant prop-
erties due to the fire extinguishing property of PEG and trifluoromethyl
groups [204,205]. The polyethylene oxide functionalized PI separator
displayed ionic conductivity of 3.83 mScm ! owing to the efficient ionic
conduction of the polyethylene oxide gel matrix. As a result, the Li/L-
iFePOy4 cell comprising polyethylene oxide/PI separator recovered 75%
of its initial capacity at 10C even at 0 °C, while the PI separator showed a
rate performance of 53.3% and Celgard 2400 separator showed a rate
performance of 3.8%, under similar conditions [173]. The PI/PBI cor-
e/sheath nanofiber membrane was fabricated through a combined
electrospinning and dip coating process, and the core/sheath membrane
exhibited superior thermal stability with zero shrinkage at 300 °C.
Because of the high dimensional stability, the Li/LiFePO4 cell
comprising PI/PBI membrane demonstrated a stable cycling profile,
even at 120 °C. However, the ionic conductivity of the PI/PBI membrane
was remarkably low (0.17 mS cm 1) [206]. SiO, dispersed PI membrane
sandwiched Li/LiMn3O4 cell displayed good cycling performance with
the capacity retention of 99.1% after 100 cycles, even at 55 °C [174].
The remarkable performance was linked to the existence of the SiOy
layers, which captured the detrimental water and HF in the electrolyte
and thereby suppressed the Mn dissolution from the LiMnyO4 based
cathodes at an elevated temperature [207]. The Al,O3/PI membrane
sandwiched cell displayed a stable OCV profile (4.2 V) during the hot
oven test conducted at 160 °C, while the voltage profile of commercial
separators reduced instantly [208]. The TiO, reinforced PI separator
showed fire-retardant properties and stable cycle performance for the
Li/LiFePOy4 cell (99% after 100 cycles in 1 M LiPF¢ in EC/DEC/DMC
electrolyte) even at (120 °C) [209]. The ZrO, functionalized PI mem-
brane displayed dimensional stability up to 300 °C and stable electro-
chemical performance, even at an elevated temperature [210]. The
silicon nitride (SisN4)-coated PI showed a much lower heat release rate
(HRR) 97 W g 1) than the commercial Celgard separator (1142W g h.
The low HRR value could delay the rate of combustion during a fire
accident, which is an important safety aspect of the separators [211].

5.2.7. Polyetherimide (PEI) separators

The PEI membrane showed porosity of 78%, low Gurley value (34 s),
thermal stability up to 180 °C, and inherent flame resistance [45,212].
To improve the surface properties, the PEI membrane was functional-
ized with other polymeric materials and the resulting separators
exhibited high electrolyte affinity (306%) [175]. Para-phenylenedi-
amine functionalized PEI membrane showed high thermal stability (up
to 220 °C) and remained stable after being soaked in 1 M LiPFg in
EC/DMC/DEC electrolyte for 21 days at 55 °C. As a result, the graph-
ite/NMC pouch cell comprising functionalized separator displayed sta-
ble cycling performance with capacity retention of 89% even after 1000
cycles [213]. The halloysite nanotube incorporated PEI membrane dis-
played high ionic conductivity of 5.3 mS cm ! [214]. A ternary mem-
brane based on the SiO,/PEl/polyurethane showed the highest ionic
conductivity (6.25 mS cm 1y [215]. Despite their high ionic conduc-
tivity, the large pore size (2 pm) and weak mechanical properties are
major drawbacks of the PEI-based separators. The characteristics and
electrochemical performance of the PEI-based nonwoven membranes

are given in Table 7.

5.2.8. Nylon 6,6 separators

Nylon 6,6, a type of polyamide membrane, was fabricated through
an electrospinning approach. The resulting separator exhibited porosity
of 67%, ionic conductivity of 2.80 mS cm !, and dimensional stability
up to 150 °C [46]. The SiO, nanoparticles dispersed nylon membrane
showed good compatibility with different cathode materials such as
LiCoO4 (capacity retention of 93% after 50 cycles in 1 M LiPFg in
EC/EMC electrolyte) and LiFePO4 (capacity retention of 98% after 100
cycles in 1 M LiPFg in EC/EMC electrolyte) [46]. More research efforts
on nylon membranes are necessary to understand their potential as
separators in LIBs.

5.2.9. Polyether ether ketone (PEEK) separators

The PEEK membrane separators were investigated due to their
porosity of 88%, ionic conductivity of 2.80 mS cm !, and electrolyte
affinity of 524% [216]. The highly porous PEEK membrane exhibited a
wide electrochemical stability window up to 5.5 V [217]. The
ultra-strong PEEK membrane fabricated through the phase inversion
method displayed zero shrinkage at 300 °C, high tensile strength (124
MPa), and flame-retardant properties due to a high limiting oxygen
index (37%) [218]. The fluorinated PEEK membranes displayed an
electrolyte affinity of 559%, ionic conductivity of 3.12 mS cm 1, and
thermal stability up to 150 °C. The Li/LiFePOy4 cell comprising fluori-
nated PEEK showed stable cycling performance with capacity retention
of 85.4% after 300 cycles (in 1 M LiPF¢ in EC/EMC/DMC electrolyte) at
60 °C [176]. Polyarylene ether ketone, a derivative of PEEK, exhibited
high thermal stability up to 200 °C [219]. Despite these advancements,
the large pore size (2 pm) remains a challenge for further development.

5.2.10. Polymethylmethacrylate (PMMA) separators

The PMMA-based membranes were investigated as separators in LIBs
owing to their high ionic conductivity and high electrolyte uptake [220].
Nevertheless, low thermal stability (160 °C) impeded their large-scale
application. Although polymers and ceramic materials were incorpo-
rated into the base PMMA separator, the resulting separators still
exhibited significant thermal shrinkage (29.6%), even at 140 °C [220,
221].

5.2.11. Polybenzimidazole (PBI) separators

The porous PBI membrane exhibited porosity of 81%, electrolyte
uptake of 328%, and flame-retardant properties [49]. Due to their
thermal and chemical stability, the Li/LiFePO4 cell comprising PBI
membrane showed good cycling performance with negligible capacity
decay up to 100 cycles, even at 55 °C (in 1 M LiPFg in EC/EMC/DMC
electrolyte) [49,222]. Further, a porous PBI separator sandwiched
Li/LiFePOy4 cell delivered excellent capacity retention with the recovery
of 92.1% of initial capacity after 1000 cycles [223]. Nevertheless, large
pore size (2 pm), low mechanical properties, and absence of shutdown
functionality limit their feasibility as separators for future LIBs.

5.2.12. Poly(para-phenylene benzobisoxazole) separators

A porous poly(para-phenylene benzobisoxazole) membrane was
employed as separator in LIBs due to its outstanding mechanical
strength (525 MPa) and high shear modulus (6.7 GPa) [224]. It is
theoretically predicted that a separator with such a high shear modulus
(7 GPa) could effectively suppress Li-dendrite growth [225]. The
Li-based cells comprising poly(para-phenylene benzobisoxazole) sepa-
rator displayed steady voltage profile (0.025 V) for 700 h, suggesting the
effective suppression of Li-dendrites [224]. The Li/LiCoOy cell
comprising a poly(para-phenylene benzobisoxazole) separator exhibited
capacity retention of 85.7% after 65 cycles, even at 150 °C [224]. More
research endeavors on poly(para-phenylene benzobisoxazole) based
separators are necessary to understand their effectiveness as separators
in LIBs.



5.2.13. Poly (m-phenyleneisothalamide) (PMIA) separators

The electrospun PMIA membrane showed high porosity (60%), high
thermal stability up to 400 °C, and electrical insulation capability [50,
226]. The fluorine doping of PMIA improved the electrochemical sta-
bility from 4.7 to 5.7 V [227]. The core-shell structure based on a pol-
yurethane/PMIA structure exhibited flame extinguishing properties
[228]. The incorporation of SiO; layers further improved the electrolyte
affinity and ionic conductivity of the pristine PMIA [229]. Nevertheless,
the inferior mechanical properties (18 MPa) and shutdown function
(180 °C) are not conducive to develop long-term and safe batteries
[228].

5.2.14. Polyphenylene sulfide separators

The polyphenylene sulfide separators were employed in LIBs owing
to their high thermal stability and large lithium transfer number (0.57)
[51]. Glass fiber functionalized polyphenylene sulfide membrane
exhibited high thermal stability and flame retardant properties, which
are a prerequisite for developing safe LIBs [230]. The ceramic materials
such as SiOy and polymers such as aramid nanofiber and cellulose
functionalized polyphenylene sulfide membrane showed electrolyte
uptake around 230%, thermal stability up to 250 °C, and
flame-retardant properties [231-233]. The weak mechanical property of
the functionalized polyphenylene sulfide (20.5 MPa) is a key limitation
of the polyphenylene sulfide-based membranes [232].

5.2.15. Polyphenylene oxide separators

Polyphenylene oxide was employed as a separator owing to its high
electrolyte wetting, thermal stability (up to 200 °C), and flame-retardant
properties [234]. The SiOz incorporated polyphenylene oxide chain
displayed zero thermal shrinkage, even at 260 °C [235]. However, the
poor ionic conductivity is the major obstacle that hinders further
applications.

5.2.16. Polysulfone

Polysulfones and their copolymers were employed as separators in
LIBs due to their high thermal stability, chemical resistance, high elec-
trolyte affinity, and high mechanical strength. The polysulfone/PEG
copolymer membrane exhibited low thermal shrinkage (2.5%) at a high
temperature of 150 °C [236]. The cross-linked microporous polysulfone
membrane tends to swell instead of dissolving in the electrolyte during
high temperature operation, which ensures the safety of the battery
against overheating and fire. Due to the microporous feature, the
swelling occurred within the pores of the membrane, maintaining bulk
volume of the separator [237].

5.2.17. Polylactide

Polylactide was employed as a membrane separator for LIBs owing to
its heat resistance and good electrolyte affinity. The biodegradable
property of polylactide makes it easier for recycling after use, which is
one of the key merits of polylactide-based separators [238]. Various
biocompatible membranes comprising polylactide/cellulose derivatives
were prepared via coaxial electrospinning and spin-coating approaches,
and the resulting membranes demonstrated improved electrolyte affin-
ity and high thermal stability up to 170 °C [239,240].

5.3. Ceramic composite separators

Ceramic separators based on SiOg, Al;03, CaCO3, MgAl;04, LiAlOo,
boehmite, montmorillonite, and ZrO, were examined [31,53,56-58,
241]. Because of their brittleness, inorganic separators could be easily
broken during the cell winding and assembly process. Thus, a small
amount of polymeric binder was used to improve binding strength be-
tween particles and flexibility [56]. A self-standing and flexible mem-
brane based on CaCOs/Teflon with ionic conductivity of 2.4 mS cm !
was employed as a separator for a graphite anode and Li-containing
cathodes [53]. The size of the ceramic particles showed great

influence on characteristics as well as electrochemical performance. For
instance, Al,O3 separator with the smaller size (0.01 pm) showed higher
electrolyte affinity than Al,O3 separator with a larger size (0.3 pm),
resulting in improved cycling performance. The thermal analysis indi-
cated that the separators with smaller-size particles exhibited less
thermal shrinkage, as the smaller particles required less binder content
to fabricate separators. In contrast, the separators with large-size par-
ticles resulted in high thermal shrinkage due to the decomposition of
polymeric binders, as larger particle size required high binder content to
fabricate separators [54]. The graphite/LiFePO4 cell comprising an
Al;,03 membrane showed higher coulombic efficiency (77.9%) than the
cell comprising Celgard 2400 separator (75.6%), which is attributed to
the capturing of a trace amount of water and acidic impurity in the
electrolyte by the AlyO3 membrane [242]. The graphite/LiFePO4 full
cell comprising Al;03 and SiO, membranes displayed acceptable ca-
pacity retention (~60%) even at the low temperature of 20 °C [243].
The Al,O3 separator was prepared by coating an Al;O3 layer on com-
mercial paper through spray coating technology. The resulting separator
manifested stable cycling performance for the graphite/LiCoO full cell
with capacity retention of 90% after 65 cycles in 1 M LiPFg in EC/DMC
electrolyte [244]. Glass fiber mat was fabricated through a wet-laid
process using porous PVDF binder, and the resulting separator exhibi-
ted good cycling performance for the graphite/NMC cathode [245]. The
Li/LiCoO, cathode comprising TiO, nanoparticles dispersed glass fiber
displayed outstanding cycling performance with a capacity retention of
80% after 1500 cycles [246]. The pure AlpO3 nanowires-based mem-
brane was fabricated through a filtration approach without using binder,
and the resulting separator immersed in Li/LiFePOy4 cell exhibited stable
cycling performance at 120 °C [247]. Ceramic membrane separators
such as Aly03 and zeolitic imidazolite framework (ZIF) were directly
coated onto the electrode materials, and the resulting electrode
exhibited stable electrochemical performance [248,249]. Although
ceramic-based separators show acceptable performance, their poor
mechanical property and low ionic conductivity are major drawbacks.
The characteristics and electrochemical performance of the ceramic
composite separators are listed in Table 8.

5.4. Nature-inspired separators

Considering the environmental impact and cost of synthetic poly-
mers, naturally occurring polymers were employed as separators
because of their low cost and environmental friendliness. Various nat-
ural cellulose derivatives such as cladophora cellulose [250] and com-
mercial rice paper [251] were employed as separators for LIBs. These
membranes exhibited porosity of 46%, electrolyte uptake of 250% due
to the existence of hydrophilic OH and COOH groups, and thermal sta-
bility up to 150 °C. The graphite anodes and LiFePOg4, LiCoO,, and
LiMny04 cathodes comprising these membranes demonstrated good rate
performance and cycling performance, which are comparable to the
cells comprising commercial separator [251]. Lignin, an organic poly-
mer fiber, showed ionic conductivity of 3.73 mS cm !, electrolyte up-
take of 230%, and an outstanding electrochemical stability window up
to 7.5 Vin 1 M LiPFg in EC/EMC/DMC electrolyte. Due to these
intriguing properties, lignin gel polymer electrolyte exhibited excellent
compatibility with both anodes and cathodes [252]. Prawn shell-derived
chitin nanofiber membrane exhibited stable voltage profile for a Li/L-
iFePOy4 cell in 1 M LiPF¢ in EC/DEC electrolyte, even at 120 °C [253].
Silk fibroin membranes demonstrated high porosity (60%) and large
electrolyte affinity (1111%), and the Li/LiFePO4 cathode -cell
comprising silk fibroin membrane showed stable cycling performance
with the capacity retention of 99.5% for 50 cycles [254]. Sisal
fiber-based separators were produced through a papermaking process,
and the resulting separators exhibited high electrolyte affinity and a
large electrochemical stability window up to 5.2 V [255]. Although
natural polymeric separators showed intriguing characteristics, the
large pore size, low ionic conductivity, and weak mechanical properties



Table 8

The characteristics and electrochemical performance of ceramic-based membranes.

Separator material Thickness Porosity Tonic Electrolyte Mechanical Shrinkage Cell Electrolyte Capacity Ref
(pm) (%) conductivity uptake (%) strength (MPa) Rate at retention
(mS cm 1) Temp °C %
Al,03 supported 48 56 1.64 - 5.3 Nil at Graphite/ 1 M LiPFs/ 99% after [244]
paper substrate 130 °C LiCoOy EC/DMC 60 cycles
Glass fiber/PVDF/ 65 58 3.45 330 - Nil at Li/LiCoO, 1 M LiPF¢/ 80% after [246]
TiO, 150 °C EC/DMC/ 1500 cycles
EMC
Glass fiber/PI 46 49 0.38 210 10.4 Nil at Li/LiFePO4 1 M LiPF¢/ 86% after [59]
200 °C EC/DEC 50 cycles
Hydroxyapatite/ 56 81 3.07 253 13.2 Nil at Li/LiFePO4 1 M LiPFg¢/ 97% after [60]
cellulose fibers 200 °C EC/DMC 150 cycles

are major limitations.

5.5. Redox-active separators

Redox-active functional materials have gained significant interest in
batteries owing to their additional redox reactions, contributing to the
additional specific capacity [256]. The redox-active groups were teth-
ered on active electrode materials [257], electrolytes [258], polymeric
binders [259], and separator membrane [260]. Redox-active poly-
pyrrole was coated on the cellulose separator through a papermaking
process, and the resulting separator showed high thermal stability with
zero thermal shrinkage at 200 °C. The Li/LiFePO4 cell poly-
pyrrole/cellulose separator manifested the higher specific capacity (276
mAh g 1 at 0.2C) than that of commercial PE (152 mAh g 1y due to the
additional capacity contributed by the oxidation and reduction of pol-
ypyrrole [PPy + PFg = (PPy") PFg+e ] [261]. The redox-active PDA
functionalized cellulose membrane showed high ionic conductivity of
1.06 mS cm ! and thermal stability up to 150 °C. The Li/Li4Ti5O12 cell
comprising PDA/CNT/cellulose separator manifested higher specific
capacity (110 mAh g ! at 5C) than the PE-based cell (70 mAh g Lat5Q)
[262]. Despite the enhancement in specific capacity, the incorporation
of bulky redox-active groups increases the overall weight of the cell,
which in turn reduces the energy density of the cell, inhibiting their
potential for real applications. More importantly, the investigation of
the chemical stability of redox-functional groups against the electrolyte
and electrode components under oxidative/reduction conditions is of
great importance.

5.6. Shutdown functionalized separators

Shutdown functionality is an important feature for developing safe
LIBs. The state-of-the-art PP/PE/PP multilayer separators shows shut-
down function in the temperature range between 130 °C and 165 °C.
However, after the pore closure of PE at 130 °C, the temperature of the
cell may still increase, causing the melting of the PP layers and the
shrinkage of the whole separator, leading to internal shorting. In some
cases, the increase in temperature may lead to catastrophic thermal
failure. Due to the critical buffer temperature (35 °C), preventing cata-
strophic battery failure is a tedious task. Various shutdown functional
separators with wide buffer temperature were reported. For instance,
the PBI/PE sandwiched structure showed shutdown function at 140 °C
due to the melting of the inner PE layer, while the outer PBI layer
remained porous and maintained dimensional stability up to 200 °C
[96]. The PE/PI and PE/PET separators showed shutdown function at
130 °C and remained stable up to 200 °C [263,264]. Multi-layer sepa-
rator comprising PE/Al;,O3/PP and boehmite/PE displayed shutdown
function at 130 °C, ensuring promising shutdown functionality [265,
266]. A core/shell PAN/poly(butylene succinate) exhibited shutdown
function at 110 °C due to the melting of the PBS layer, while the PAN
layer preserved the thermal integrity of the membrane up to 250 °C
[267]. The poly(butylene succinate) functionalized polylactide

membrane demonstrated prompt shutdown function at 130 °C and
preserved the dimensional stability of the membrane up to 170 °C due to
the thermal stability of the polylactide backbone [268]. The PVDF/PET
hybrid membrane exhibited shutdown function at 130 °C and main-
tained the physical dimensional stability until 250 °C due to the pres-
ence of a thermally stable PET backbone [198]. Some of the
nonwoven-based shutdown functionalized membranes such as PAN/-
polyurethane [269], PVDF/poly (m-phenyleneisothalamide) [270], and
PEEK/PMMA [271] demonstrated shutdown temperature over 170 °C.
The characteristics and shutdown functionality of various separator
membranes are listed in Table 9.

6. Overall trend of separator membranes

The substantial research efforts on separator membranes have led to
the development of wide arrays of separator membranes such as func-
tionalized polyolefin separators, polyolefin/nonwoven multilayer sep-
arators, nonwoven separators, and ceramic composite separators. The
polymer and ceramic functionalized polyolefin separators showed
electrolyte affinity up to 250% and thermal stability at 150-170 °C. The
nonwoven membrane displayed large electrolyte uptake up to 500% and
high thermal stability up to 250 °C. The polymer and ceramic func-
tionalized nonwoven membrane exhibited shutdown function at 130 °C
and high ionic conductivity up to 5 mSem . Nevertheless, the polymer
and ceramic functionalization showed negligible effect on pore size and
porosity reduction. Ceramic composite separators exhibited good elec-
trolyte affinity (150%) and better thermal properties (~150 °C); how-
ever, weak mechanical strength and large pore size are the major
limitations. The multilayer separators based on polyolefin and
nonwoven membranes showed prompt shutdown function at 130 °C,
maintained separator integrity until 200 °C, and demonstrated larger
buffer temperature (70 °C), indicating their great potential as separators
for future applications. The categorization of evolution of different types
of separator membrane and overall advantages and disadvantages of the
separator membranes are shown in Fig. 5.

7. Conclusions and future perspectives

A separator is located between the positive and negative electrodes
in a LIB cell to physically isolate the two electrodes while permitting
ionic conduction via the electrolyte. The characteristics of separators,
such as thickness, porosity, pore size, electrolyte affinity, mechanical
strength, and melting point, influence the charge/discharge behavior,
rate performance, cycle stability, reliability and safety of LIBs. Single-
layer and trilayer polyolefin microporous separators have been
employed in commercial LIBs. Polyolefin separators are characterized
with various thickness ranging from 18 to 25 pm, high porosity (40%),
pore size (50-100 10\), and mechanical strength of 120 MPa. Neverthe-
less, the low electrolyte affinity (<100%) and thermal shrinkage even at
low temperature (120 °C for PE and 150 °C for PP) affect the efficiency
as well as safety of LIBs. Various approaches have been employed to



Table 9

The characteristics, electrochemical performance, and shutdown functionality of various separator. membranes.

Separator Thickness Porosity Tonic conductivity Electrolyte Mechanical Shutdown  Cell Capacity Ref

material (pm) (%) (mS cm 1) uptake (%) strength (MPa) Temp (°C) retention

PE/PBI 28 54 0.59 225 NA 140-200 Li/LiFePO4 97.7% after 100 [96]
cycles

PE/PI 26 60 1.34 400 NA 120-200 Li/LiMn;04 96.4% after 100 [263]
cycles

PE/PET 22 65 0.58 60 NA 140-200 Graphite/ 97.1% after 90 [264]

LiCoO4 cycles

PAN/PBS NA 59.3 2.1 665 NA 110-250 Li/LiFePO4 93.2% after 100 [267]
cycles

PVDF/PMIA 45 72.9 1.7 753 NA 180 Li/LiCoO, 93.6% after 100 [270]
cycles

PEEK/PMMA 12.7 64.1 NA 172.8 NA 270 Li/LMNCO NA [271]

Fig. 5. Categorization of the evolution of separators and the overall advantages and disadvantages of various types of separators.




mitigate the challenges associated with polyolefin separators. Of them,
radiation techniques such as electron beam irradiation, oxygen plasma,
and gamma radiation techniques have been employed to tune the sur-
face characteristics of the rigid polyolefin separators. While these
treatments can improve the electrolyte affinity, the high-energy radia-
tion can penetrate several nanometers deep from the surface of the
pristine membrane, which can reduce the tensile and puncture strength
of the polyolefin separators. Controlling the radiation dose and reaction
time is critical to achieving reasonable electrolyte affinity without
affecting the inherent porosity of the separator membrane. Furthermore,
although radiation approach has been used to improve the electrolyte
affinity, it showed a negligible effect on the thermal stability of the
polyolefin membrane.

Functionalization of polyolefin separators using organic molecules or
polymeric materials can improve the electrolyte affinity as well as
thermal properties. The functionalization using a porous polymer skel-
eton such as PVDF and PEI led to the thin porous coating, preserving the
porous structure of the pristine separator membrane. In contrast, func-
tionalization using high molecular weight polymers such as PMMA, PI,
and PET resulted in a dense coating layer, which blocks the pores and
increases the overall thickness of the separator, affecting the ionic
transport kinetics of the cell. Achieving a coating thickness (up to few
nanometers) is critical to preserve the porous structure of the base
separator. Polyelectrolyte is one of the most important coating mate-
rials, which led to formation of thin coating (less than 10 nm) and
improved the electrolyte affinity without affecting the inherent char-
acteristics of polyolefin separators.

Incorporation of ceramic layers onto the base separator is another
effective approach, resulting in significant improvement in electrolyte
wetting and thermal dimensional stability. Characteristics of ceramic
materials play a dominant role in dictating the properties of the ceramic
functionalized polyolefin separator. The ceramic layer comprising zero-
dimensional nanoparticles can be homogenously distributed over the
base separator, resulting in partial blockage of pores and preserving the
intrinsic characteristics of the base separator. In contrast, the deposition
of one-dimensional nanowires/nanorods and three-dimensional spheres
resulted in random distribution and led to severe blockage of pores.
Besides, the size of the ceramic particles influences the characteristics of
the separator. Nanoparticles with the size in the range of 20 nm-100 nm
can be distributed homogeneously, while the larger particles resulted in
random distribution and blocked the pores.

Numerous approaches have been employed to facilitate polymer and
ceramic functionalization on the base separators. A solution phase dip-
coating strategy has been widely employed to deposit various poly-
mers and ceramic materials. The dip-coating approach led to the for-
mation of polymer or ceramic coating on both sides of the separators.
Although coating on both sides of separators can enhance the thermal
stability and improve tensile strength; however, it can lead to significant
pore blockage, affecting the function of the separators. The polymer-
based dip-coating approach can be involved without using additives,
whereas ceramic functionalization required polymeric binder, which
helps to produce a homogenous ceramic coating slurry and improves the
adhesion strength between the ceramic layer and base separator. The
polymeric binder with a high melting point is critical to maintain the
thermal stability of ceramic modified polyolefin separators. Although
dip-coating approach has been widely employed, controlling the thick-
ness of the functional materials is a challenging task. Layer-by-layer
assembly and self-assembly are the alternate approaches, both of
which can yield specific control over the thickness of the functional
coating materials. A dry approach such as ALD is an effective approach
to deposit ceramic materials due to its control over thickness. The ALD
technique can provide a thin coating (~6 nm), which preserves the
porosity and pores of the base separator. Overall, the modification of
polyolefin separators with polymeric and ceramic materials improved
electrolyte affinity, thermal stability, and ionic conductivity.

Nonwoven-based separators exhibited open porous structure with

the porosity around 80%, ionic conductivity up to 5 mS cm !, and high
electrolyte affinity up to 500%. Despite these merits, the large pore size
(over 2 pm) and high porosity (above 80%) are the major limitations.
The high porosity can reduce the tensile and puncture strength and the
large pore size allows physical contact between the negative and posi-
tive electrodes, causing internal short circuit and cell failure. Further,
nonwoven membrane cannot shut down the battery promptly due to
high melt integrity (over 200 °C), posing a severe safety risk. Modifi-
cation of nonwoven separators using polymer matrices is a promising
approach, resulting in porosity below 50% and pore size less than 1 pm.
In addition, functionalization of nonwoven membrane using polymers
with low melt integrity (150 °C) such as PVDF promptly shut down the
battery within the safe temperature limit (~130 °C). The ceramic
deposition on the nonwoven membrane occurred at the surface of the
fibrous structure, showing negligible influence on reduction of porosity
and pore size. The ceramic functionalized nonwoven separators showed
high electrolyte affinity and shutdown functionality. However, dimin-
ishing the large porosity and pore size is crucial to prevent internal
shorting and ensure safety of a cell.

Ceramic separators showed high ionic conductivity, high porosity,
and high thermal stability. Despite these merits, the large thickness (up
to 200 pm) and low mechanical properties (less than 20 MPa) impede
their large-scale applications. Moreover, the ceramic separators showed
significant thermal shrinkage over 20% even at 150 °C, which is
attributed to the decomposition of polymeric binders. Choosing ther-
mally stable binders is a key criterion to enhance thermal shrinkage of
the ceramic separators. The nature-inspired polymers exhibited large
porosity and high electrolyte affinity; however, the large thickness over
100 pm and poor mechanical strength are the major hurdles. Redox-
active separators showed improvement in specific capacity due to the
additional contribution through redox-reaction; however, the incorpo-
ration of redox-active groups onto the base separator is a tedious and
time-consuming task, limiting their possible implementation for large-
scale applications. More importantly, the investigation of chemical
stability of the redox-active groups against the electrolyte under
oxidative/reductive conditions in a different temperature range (from
0 °C to 60 °C) is critically required. Any possible dissolution of redox-
active groups can block the porous structure of the membrane and
thereby diminishes the ionic transport between the electrodes.

Overall, recent advances in separator technology have shown sub-
stantial advances in both polyolefin and non-polyolefin separators.
Nevertheless, most of these advancements are still in the laboratory
scale. Ceramic modified polyolefin separators are under large-scale
production to target electric vehicle applications. Nonwoven-based
separators also provide an opportunity for mass production.
Nonwoven membranes such as PI and PET considered promising due to
their high structural stability, low-cost, high thermal stability, present-
ing great potential as separators for commercial applications. Evonik
Industry has manufactured the ceramic functionalized PET membrane
(Separion P20) for large-scale consumer electronics applications.
Further, research advances on separator membrane technology are
performed mainly at room temperature and occasionally at elevated
temperature (up to 120 °C); however, investigation of the separator
membrane at a lower temperature has been rarely carried out. The
electrochemical investigation of separator membranes at low tempera-
ture (from 0 to 20 °C) may provide guidance for developing batteries
to be used in cold geographical regions. The Al,O3 based ceramic
composite separators can work efficiently at low temperature (20 °C),
showing great potential as separator in LIBs for low-temperature
applications.

One of the concerns with the current separator technology is that
advancements are limited to graphite anode and lithium-based cath-
odes, which are approaching the specific capacity limits. The develop-
ment of separator membranes for most promising electrode materials for
future battery technology such as high-capacity cathodes (NMC, NCA,
and sulfur) and high-capacity anodes such as silicon, germanium, and



tin is of paramount importance.
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