Recent advances on polymer based separators for lithium-ion batteries
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Abstract:

Lithium-ion batteries stand out among the different energy storage systems, increasingly
important in modern society. The separator membrane is one of the main components of
battery systems, it is placed between the electrodes, represents the medium for the transfer
of lithium ions and it is typically based on a polymeric membrane soaked with the
electrolyte solution.

This chapter focuses on the recent advances on polymer-based separators for lithium-ion
batteries. It is divided by the processing techniques of the membranes, such as, solvent
casting, electrospinning, surface modification and coating process. In addition, the recent
advances based on natural and biopolymers are presented. Finally, the main conclusions

for each membrane are presented, as well as the future trends in the area.

Keywords: battery separators; polymer membranes; processing techniques; lithium-ion
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1. Introduction

The development of environmental friendlier and efficient energy storage systems for
portable electronic devices and electric vehicles is an increasing need in a technological
society heavily dependent on both mobility and energy [1]. The most used energy storage
systems are lithium-ion batteries with a global market growth of 8.5% [2]. Despite this
success, further developments are needed to improve the properties and characteristics of
their different components: electrodes and separator/electrolyte.

The electrodes are the anode (negative electrode) that should show low potential to
provide a high cell voltage, and the cathode (positive electrode) which determines the
battery capacity [3]. In relation to the separator, it is placed between both electrodes and
serves as the medium for transfer of lithium ions during the charge and discharge
processes [4].

Typically, the separator membrane is soaked with a conventional electrolyte solution or
ionic liquid (IL), and has a strong influence in the performance of the battery [5, 6].

A conventional electrolyte solution is composed by a lithium salt, lithium
hexafluorophospate (LiPFs), lithium hexafluoroarsenate (LiAsFs), lithium perchlorate
(LiClQOg4) or lithium bistrifluoromethanesulfonimidate (LiTFSI), in a mixture of one or
more solvents, typically ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC), diethyl carbonate (DEC) or ethyl methyl carbonate (EMC). The main
requirements of the electrolyte are a large electrochemical stability, low viscosity, high
thermal stability, low vapor pressure and high ionic conductivity [7]. lonic liquids (IL)
are also being used for lithium-ion battery applications. These are typically formed by an
inorganic/organic anion (TFSI™, PFs", BF4~, FSI7, and etc) and quaternary ammonium
cation (imidazolium, pyrrolidinium and piperidinium) [8]. In addition to the conventional
electrolyte solution or ionic liquid, the main characteristics/parameters that affect the
performance of a separator are permeability, porosity/pore size, electrolyte absorption
and retention, chemical, mechanical and thermal stability [6, 9]. Among the different
parameters affecting battery separators, a key factor is their morphology (porosity and
pore size), as it not only affects the battery performance but also the efficiency of
assembling through the mechanical properties [10]. The main processing techniques used
for tailoring porous membranes for this application are dry and wet processes [11, 12],



electrospinning [13], pre-irradiation grafting [14] and solvent casting with thermally
induced phase separation (TIPS) [15, 16].

The most common polymers used for battery separators are poly(ethylene) (PE) [17],
poly(propylene) (PP) [18], poly(ethylene oxide) (PEO) [19, 20], poly(acrylonitrile)
(PAN) [19, 21], poly(vinylidene fluoride) and its copolymers (PVDF-co-
trifluoroethylene, PVDF-TrFE and PVDF-co-hexafluoropropene, PVDF-HFP) [22-26],
poly(tetrafluoroethylene) (PTFE) [27], poly(vinyl chloride) (PVC) [28] and poly(methyl
methacrylate) (PMMA) [29], among others.

Further, synthetic and natural polymers such as polyimide [30], cellulose [31], lignin [32]
and silk fibroin [33] have recently been used for separator membranes in lithium ion
batteries.

In this chapter, the current status in separator membranes for lithium-ion batteries is

presented and the future trends in the area are discussed.

2. Polymer types and characteristics

Separator membranes can be produced from different polymers, and the main properties
of the most common polymers used for this application are shown in Table 1.

Typically, commercial separator membranes are based on thermoplastic polymers (PP
and PE) due to their excellent chemical and mechanical properties, and the possibility of
preparing porous membranes through different processing techniques [34].

The values for each property in table 1 are indicative, as they depend on the processing
method of the polymer, polymerization conditions and additives used in their production.
In particular, it is essential to know the glass transition and melting temperature values of
the polymers since the ion transport within polymer chain is affected by the glass
transition temperature [35] and the safety of the lithium-ion batteries is related to the
melting temperature [36].

The mechanical properties of the separators are also a subject of intense research interest

as they have an impact on battery performance, assembly and stability [37-42].



Table 1 — Values of some relevant properties of polymers used as battery separators.

Polymer Glass temperature Melting Tensile Dielectric
/°C temperature/ | strength/MPa | constantat 1
°C MHz

PE -125 (LDPE) and - 115-135 12-15 2.3

110 (HDPE)

PP 6 160 31-41 2.2-2.6
PEO -51 66-75 12-30 10
PAN 80-145 322 150-450 4.2
PVC ~70 170-190 20 5

PTFE -110 330 10 2.0
PMMA 85- 165 160 70 33
PVDF -40 160-175 45-55 8-10
P(VDF-HFP) -35 130-140 30-35 8-10

The physical properties (thickness, porosity, pore size and distribution, tortuosity) of the

separators affects their electrochemical performance and the normalized Gurley number

and ionic conductance are strongly related to the electrochemical performance and, in

particular, with the rate capability [43]. For the same thickness of the separator, the

electrochemical performance increases with increasing the degree of porosity, which is

related with the wettability of the membrane [43, 44].

Finally, the electrical properties (dielectric constant and ionic conductivity) of the

polymer matrix are very relevant as they support ionization of lithium salts and improve
their diffusion (table 1) [4].




3. Separator types

The separator is a key component of the batteries. Typically, it is a porous membrane,
that allows the ion flow between the two electrodes (anode and cathode), while avoiding
physical contact between them, preventing the occurrence of short circuits [9]. A good
separator must have high electrochemical and thermal stability, mechanical strength, high
ionic conductivity and must be a good electrical insulator [45]. In this chapter, the recent
advances on battery separators for lithium-ion battery applications will be classified into
five major types, four of them related to their processing technique (solvent casting,
electrospinning, surface modified membranes and coating) and the latter related with
environmental issues

For each separator type, the polymer matrix and electrolyte solutions will be presented as

well as the ionic conductivity value and electrochemical performance.

3.1.  Solvent casting

Solution casting and its variations are among the most used techniques in the production
of separators due to their simplicity, no need for complex equipment and low production
costs [46]. Table 2 shows the most recent advances in battery separator membranes
produced by solvent casting technique for lithium-ion batteries. It is to notice that some
membranes are formed by a single polymer, while other are based on polymer blends or

particle reinforced polymers to improve specific characteristics of the separators.

Table 2 - Battery separator membranes prepared by solvent casting and their main

characteristics.

Porosity Conductivity
) ) Processing and (S/cm) and

Materials Fillers ] Electrolyte ] Ref.

technique Uptake capacity

(%) (mAhg)

PVDF-HFP/ _
LiPFs EC/DEC (1:1
PEGMEMA/ ZnO doctor blade ) 30/182 1.4x107%/145 | [47]
viv
MMA/OVPOSS




LiPFs EC/DMC (1:1

1.6x1073/137

PVDF-TrFE ZnO doctor blade 70/- [48]
vIv) (C/10)
Doctor blade and
Silica NIPS (non- LiPFs EC/DMC (1:1 9x10%/118
PVDF ) 65/214 [49]
nanospheres solvent induced vIv) (20)
phase separation)
LiPFs 7x10%
PVDF-HFP Al2O3 Doctor blade -/372 [50]
EC/DMC/EMC (20°C)/140 (C)
LiPFs EC/DMC (1:1
PVDF-HFP | Poly(IDANay) NIPS M) /- -/50 (C) [51]
viv
7.2x10%/126.2
PE SnO2 Doctor blade - -/- [52]
©)
Doctor blade and | 1x10°3
_ _ ) LiPFs EC/DMC (1:1
PVDF SiO; phase inversion ) 43/340 (25°C)/176 [53]
viv
method (C/10)
] LiPFs EC/DMC (1:1 7.48x10
PSA SiO2 NIPS 83/430 [54]
v/Vv) 4/130.5 (C/2)
LiPFe
4.9x10*
) DEC/EMC/DMC/EC
PVDF-HFP TiO2 Doctor blade -/164.5 (20°C)/156.95 | [55]
(20:35:15:30
(C/10)
A
) LiPFs
Papermaking 9.6x10%/134
PVDF ZrO> EC/EMC/DMC 77.69/523.3 [56]
process (C/2)
(1:1:1 wiw/w)
LiPFs 1.22x107
PVDF TEOS NIPS EC/DMC/EMC -/200 (25°C)/148.6 | [57]
(1:1:1 viviv) ©




LiPFe
9.2x10%/150.6
6FAPB/ODPA - NIPS EC/EMC/DMC 67/420 5) [58]
(1:1:1 viviv)
LiPFe
1.45%x10*
Sl - Doctor blade EC/DEC/EMC -/30 [59]
(25°C)/-
(4:3:3 viviv)
LiPFe
HTPB-g- 3.2x107%/122
- NIPS EC/DMC/EMC 56/390 [60]
MPEG/PVDF ©
(1:1:1 viviv)
LiPFe
6.53%10°
PEI/PVP - Doctor blade EC/DMC/EMC 80.0/332.0 41436 [61]
(1:1:1 viviv) '
PVDF-HFP LiTFSI, EC Doctor blade - 65.05/- 5.21x10%/110 | [62]
LiPFs EC/DMC (1:1 2.3x10°3
PVDF-HFP - -/- [63]
A% (25°C)/-

The effect of ZnO nanoparticle size and concentration in a complex blend of PVDF-HFP,
PEGMEMA, MMA and OVPOSS was studied, proving that 30 nm is the optimal
diameter for forming a microporous structure [47]. High concentration of ZnO
nanoparticles in PVDF-TrFE structure also presented good ionic conductivity and cycling
performance [48]. PVDF/silica nanospheres composite membranes showed potential for
application in LIBs [49]. The inclusion of different fillers into a PVDF matrix proved to
increase the ionic conductivity of the membrane, its thermal and mechanical stability, as
well as the rate performance of the batteries. Al,O3 [50], Poly(IDANay) [51], SnO:2 [52],
SiO2 [53, 54], TiO2 [55], ZrO2 [56] and TEOS [57] are some successfully used fillers for
this purpose. Complex membranes of blended polymers as 6FAPB/ODPA [58], SII [59],
HTPB-g-MPEG/PVDF [60] and PEI/PVP [61] can also be processed by solvent casting,
combining the merits of different polymers and improving the properties of the separator.
Gel polymer electrolytes of PVDF-HFP, LiTFSI and EC prepared by solution casting
methods result in enhanced battery performance and high cycle life [62, 63].




3.2.  Electrospun separator membranes

Electrospinning technique consists in the application of a high voltage in a polymer
solution to form nonwoven fibers [64, 65]. It is a simple, cheap, efficient and high
reproducible technique for the development of separators for LIBs applications. Table 3
shows the most recent advances in separator membranes produced by electrospinning for

lithium-ion batteries.

Table 3 - Battery separator membranes prepared by electrospinning and their main
characteristics.

Materials Fillers Electrolyte Porosity and Conductivity (S/cm) Ref.
Uptake (%0) and capacity (mAhg)
Pl AIOCOH LiPFs EC/DEC 65.8/337.5 2.18x10%/157 (C) [66]
(1:1 wiw)
PMIA OPS LiPFs EC/DMC 90.27/1171 1.93x10%/122 (2C) [67]
(1:1 viv)
PVDF- - - 93.75/~900 1.27x10%/153.8 (C/2) [68]
HFP/PMIA
PMIA/PVDF - LiPFs 72.9/753 1.7x10°%/143.6 (C/2) [69]
EC/DEC/EMC
(1:1:1 viviv)
PVDF-CTFE Sh203 LiPFs EC/DEC 72/356 2.88x10°%/172 [70]
(1:1 wiw)
PVDF-TrFE AlzO3 LiPFs EC/DMC 81/375 5.8x107 (25°C)/154 [71]
(1:1viv)
PVDF ZSM-5 LiPFe 80/378 1.72x107° (25°C)/128 (C) | [72]
EC/DMC/EMC
(2:1:1 viviv)
PVDF-HFP SQ-T10 - 80.17/406 3.97x107%/~140 (C) [73]
PVA SiO2 LiPFe 80/633 1.58x10%/110 (C/2) [74]
DMC/EC/DEC

(1:1:1 viviv)




PVDF-HFP Al2O3 LiPFs -/~230 1.24x103/~140 [75]
EC/DMC (1:1
v/IVv)
PET/PP - LiPFe -1293 7.82x10* (25°C)/161 [76]
EC/DMC/DEC
(1:1:1 viviv) (C/10)
Pl - LiPFe 69.8/138.5 8.29x10"/~100(C/2) [77]
EC/DMC (3:7
VIV)
PAN - LiPFe 83/650 2.95x10%/130 (C/10) [78]
EC/DMC (3:7
v/IVv)
PVDF/PMMA - LiPFe 87/290 1.5x10* (25°C)/150.3 [79]
EC/DMC (1:1
VIV)
PU GO LiPFe 90.7/733 3.73x10°%/130 (C) [80]
EC/EMC/DMC
(1:1:1 wiwlw)
PEEK - LiPFe -/215.8 1.3x10 (30°C)/~170 (C) | [81]
DMC/DEC/EC
(1:1:1 viviv)
PEEK - LiPFe 88/524 3.81x10°%/160.9 (C/10) [82]
EMC/DMC/EC
(1:1:1 viviv)
PTFE - LiPFe 80/320 1.87x103/142 [83]
EC/DMC (1:1
v/v)
FPI - LiPFe 81.3/711.8 1.50%x107%/132 [84]
EC/DMC/EMC
(1:1:1 viviv)
PEI - LiPFe 84.5/343.9 3.41x10°%/143.4 (C) [85]
EC/DMC/DEC
(1:1:1 viviv)
PVA SiO2 - 73/405 1.81x10%/137.8 [86]
PVDF/PS - LiPFs 71.8/333.9 1.58x107°/159.9 (C/5) [87]
EC/DEC/EMC
(1:1:1 wiwlw)
PEEK/PMMA - LiPFs 64.1/172.8 1.03x107 (30°C)/~190 [76]
EC/DMC/DEC
(2:1:1 viviv) (C/10)
PPESK/PVDF - - 75/650 1.69x107/157.6 (C/5) [88]
PEI/PVDF - - 89/475 -/- [89]
PVDF/PMMA SiO2 LiPFs 77/406 4x1073 (25°C)/158 (C/5) | [90]




FPEEK

LiPFs
EMC/DMC/EC
(1:1:1 viviv)

88/559

3.12x10%/150.3

[91]

Pl

LiPFe
EC/DEC/EMC
(1:1:1 wiwiw)

87.9/479.1

1.74x10%/122.1 (C)

[92]

PAN/PU

SiO;

LiPFs
EC/DMC/EMC
(1:1:1 viviv)

90.4/767.8

-/147.3

[93]

Pl

SiO»

LiPFe
EC/DMC/DEC
(1:1:1 viviv)

73/296

1.67x107/164.5 (C/10)

[94]

PAN/PVDF-
HFP

LiPFe
EC/EMC/DEC
(1:1:1 viviv)

-1420

1.74x107%/144.1 (C)

[95]

PVP

TiO2

LiPFe
EC/DEC/DMC
(1:1:1 viviv)

71/252

1.41x103/~145 (C/5)

[96]

PVDF-HFP

LiPFe
EC/DMC (1:1
VIV)

-/-

2.3x10 (25°C)/-

[63]

A membrane with a Pl matrix and an AIOOH coating was produced by electrospinning
techniques. This membrane presented high thermal stability and flame retardant capacity
[66]. Electrospun separators synthesized with a PMIA matrix and OPS nanoparticles also
showed high ionic conductivity, mechanical strength and improved battery performance
[67]. A PVDF-HFP/PMIA composite electrospun membranes revealed potential for gel
polymer electrolytes, with high porosity and electrolyte uptake [68]. The use of PVDF
[69] and its copolymers [70, 71] (Figure 1) has been extensively explored, presenting
suitable results in terms of battery performance. The addiction of zeolites [72] and
silesquioxanes [73] into the PVDF matrix also improves the thermal and electrochemical
characteristics of the membrane. SiO porous fiber membranes with high thermal safety

and excellent electrolyte uptake can also be produced using electrospinning [74].




BAT:
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High Voltage Electrospun Fibers 20kV X1,000 10pm

Figure 1 —a) Preparation of PVDF-TrFE/ Al2O3 electrospun membranes and SEM image
of PVDF-TrFE/AI2Os3 electrospun fibers with 10% Al203 [71].

Al;O3 fillers were added to electrospun PVDF-HFP nanofibers by atomic layer
deposition. The obtained membrane showed fire resistant properties and high
electrochemical performance [75]. The coating of a PP membranes with electrospun PET
fibers resulted in a separator with improved electrochemical properties and a shutdown
function [76]. P1 [77], PAN [78], PMMA [79], PU [80], PEEK [81, 82], PTFE [83], FPI
[84], PEI [85] and PVA [86] can be also successfully used in the fabrication of
electrospun membranes. Polymer blends, as PVDF/PS [87], PEEK/IPMMA [76],
PPESK/PVDF [88], PEI/PVDF [89] and PAN/PVDF are also effective options for the
production of functional electrospun membranes for LIBs. The crystallinity of a PVDF
electrospun membrane can be limited by adding PMMA and SiO, which increases
thermal stability and electrolyte uptake, and consequently improving the cell performance
[90]. The inclusion of fluorinated groups into the PEEK structure, proved to effectively
increase the battery performance [91]. A variation of electrospinning, called solution
blow spinning proved to be an efficient method to produce nanofibers, without the need
of high-voltage equipment, when compared to the conventional electrospinning. This
technique was successfully used with PI membranes [92]. SiO2/PAN layers were applied
in electrospun PAN/PU membranes using sequential electrospraying, leading to improved
electrochemical properties [93]. A SiO.@(PVDF/SiO2) hybrid structure (Figure 2) was
produced by combining electrospinning and inverse in-situ hydrolysis, presenting

improved mechanical and thermal stability, and a high battery capacity [94].
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Figure 2 - Schematic representation of the (SiO.@PVDF/SiO) structure (a); comparison
between the (SiO2@PVDF/SiO) separator and a conventional polyolefin separator (b)
[94].

3.3.  Surface modification
Surface modification was performed by modifying the surface of the porous membrane
in order to improve the specific properties for the separator, such as wettability,
mechanical stability, ionic conductivity and etc. Table 4 shows the most recent advances

on surface modified battery separators.

Table 4 — Surface modified battery separator membranes and their main characteristics.

Materials Fillers Processing Electrolyte Porosity Conductivity Ref.
technique and (S/cm) and
Uptake capacity (mAhg)
(%)

PVDF-HFP SiO2 Hot-pressing - -/- 1.22x10° (25°C)/- | [97]
PP TMB-5 | Meltblending | LiPFs EC/DMC (1:1 45.1/- 1.58x10%/141 [98]

VIv) (C/10)
PP - photo-induced LiPFe -I- 7.3x10%/110 (C) [99]

functionalization EC/EMC/DMC
(2:1:1 viviv)
PVDF-HFP BN 3D printing LiPFs EC/DEC (1:1 -/- -/147.3 (C/5) [100]
vIv)




PVDF-HFP - Doctor blade LiPFe -/114 3.27x107 [101]
EC/DMC/EMC/DEC (25°C)/104.8 (5C)
(30:15:35:20
wiw/wiw)
PP/PE - Multilayer LiPFs 46.8/148 1.35%x107/135 [102]
coextrusion EMC/EC/DMC
(1:1:1 viviv)
PEEK - Novel vapor LiPFs 84/340 1.68x10°/145.6 | [103]
induced EC/EMC/DMC
demixing (1:1:1 wiwiw)
method
Chemical LiPFs EC/EMC (3:7
PE - -1~85 8.9x10%/- [104]
treatment v/V)
PP Cotton | Wet nonwoven | LiPFs EC/DMC (1:1 65/180 1.76x107/169.9 [86]
papermaking vIv)
method
NFC/PSA/NBSK - Wet-laid process | LiPFs EC/DMC (1:1 | 63.8/333 1.58x10%/118.2 [105]
vIv) (C/2)
Pl PAA Hot-press LiPFe 41.5/61.2 -/~120 (C) [106]
treatment EC/DMC/DEC

(1:1:1 viviv)

PVDF-HFP/SiO2 nanoparticles membranes were produced by hot pressing in which SiO>

increases the ionic conductivity. The presence of the nanoparticles improves the

electrochemical performance of the cell, specially at high charge/discharge rates [97]. The

presence of the nucleating agent TMB-5 in a PP structure presented a high cycling

stability performance [98]. Photo-induced functionalization was used in PP membranes

to improve their electrolyte affinity, leading to an increase in the electrochemical

performance of the separator [99]. 3D printing techniques can be successfully used in the

production of composite PVDF-HFP/BN membranes [100]. Hierarchically-constructed

PVDF-HFP separators were developed by adding a warm PVDF-HFP solution into a




partially dissolved PVDF-HFP skeleton. The obtained porous structure showed good
wettability, electrolyte uptake and ionic conductivity [101]. Multi-layered PP and PE
separators produced using multilayer coextrusion and CaCO3 template methods exhibited
an interconnected spherical submicron porous structure that improves their
electrochemical properties [102]. The use of vapour induced demixing methods to prepare
PEEK separators allowed a better control on the por size and structure, leading to
improved wettability, uptake and electrochemical properties [103]. The introduction of
oxygen containing functional groups in the PE structure via chemical treatment with
benzoyl peroxide proved to enhance the wettability and ionic conductivity of the separator
[104]. Wet nonwoven papermaking methods were used to prepare PP/cotton separators
with high wettability and uptake and improved ionic conductivity and cycling
performance when compared with commercial PP separators [86]. These methods were
also successfully used in the synthesis of a PSA/NBSK/NFC composite membrane [105].
Imidazation of PAA nanofiber sheets to Pl membranes leads to a performance comparable

to that of the commercial separators, using simple and cheap methods [106].



3.4.

Coating process

The coating process of a previously fabricated membrane can significantly improve its

thermal, mechanical and electrochemical characteristics. Table 5 shows the most recent

advances in coated separator membranes for lithium-ion batteries

Table 5 - Battery separator membranes modified after a coating process and their main

characteristics.

Materials Coating Electrolyte Porosity and | Conductivity (S/cm) Ref.
Uptake (%) | and capacity (mAhg)
PVDF/ Ethyl A-SiO2 LiPFs EC/EMC (1:3 -/- 7.9x10%/131.6 (C/5) [107]
cellulose/ PE VIV)
PP SiO2 LiPFs EC/DMC (1:1 | 37.25/438.29 4.33x107%/135 (C/2) [72]
VIV)
PG/PEI/PP Ethylsilicate LiPFe -/165 6.6x104/125.4 (C) [108]
EC/DMC/EMC
(1:1:1 viviv)
PE SiO2 LiPFe -/- 8.52x10%/146.25 (2C) | [109]
EC/DEC/EMC
(1:1:1 viviv)
PVDF-HFP/EC/PE PA LiPFs EC/DMC (1:1 -/130 9.6x10%/- [110]
v/v)
PTFE/PE - LiPFs EC/DEC (1:1 66/190.6 9.6x10%/141.9 (C/2) [111]
v/v)
PP SiO2/PVA - 50.5/201.2 1.26x10°%/125.5 (C/2) | [112]
PEI/PP TA LiPFe 61.6/140.4 9.5x10 (25°C)/~100 | [113]
EC/DMC/EMC
(1:1:1 wiwiw)
PP TA, NalO4 LiPFe -/187 9.1x10%/125.3 (C) [114]
EC/DMC/EMC
(1:1:1 wiwlw)
PE TA, PEPA LiPFe -/128 4.2x107%/133.7 (C/5) [115]
EC/DMC/EMC
(1:1:1 wiwiw)
PP Boehmite | LiPF¢ EC/DMC (1:1 -/454 7.2x10%/133.1 (C) [116]
v/v)
PET/PMPI - LiPFe EC/DEC (1:1 55/- 1.35x107°%/154 [117]
V/V)
SBR/ PEG Al2O3 LiPFs EC/DEC (1:1 56/- 1.64x10%/152 (C) [99]

w/w)




PP SiO; - -/130 5.5x107/- [118]
PP AA LiPFe -/300 -/139.3 [119]
EC/DMC/EMC
(1:1:1 wiwlw)
PEI(PAA/PEO)3/PE - LiPFe 56.4/201 4.5x10* (25°C)/~120 | [120]
EC/EMC/DMC ©)
(1:1:1 viviv)
PPS/ PVDF-HFP SiO2 LiPFs EC/DEC (1:1 57.3/230.1 1.02x10%/~145 (C/2) | [121]
v/Vv)
PE SiOxCyH; LiPFe -/103.1 3.61x10%/143.2 (C) [122]
EC/DEC/DMC
(1:1:1 viviv)
PE SiO2 LiPFs EC/DEC (1:1 -/- 8.4x10™ (25°C)/156 [123]
viv) (C/10)
PE Al;,O3, PDA | LiPFs EC/DEC (1:1 -/~450 -/90.1 (5C) [124]
v/V)
PE SiO2/ LiPFe -1269 4.5x10% (25°C)/~110 | [125]
Oraanic EC/DMC/EMC ©)
g (1:1:1 viviv)
components
PE/PVDF- AlzO3 LiPFs EC/EMC (3:7 -/- 8.55x10%/145.3 [126]
HFP/ePOSS vIv)
PP/PPTA - LiPFe -I- 1x107/~130 (C) [127]
EC/EMC/DMC
(1:1:1 viviv)
PP/silicone - - -/96 -/137.6 [128]
PP/PVDF SAC LiPFse EC/DMC (1:1 -/346 6.3x10%/154 [129]
V/IV)
Pl TiO2 LiPFs EC/DEC (1:1 86.2/455 1.47x103/~160 (C/2) | [130]
V/IV)
PVDF/PET - -/- -1259.7 9.8x10%(25°C)/150 | [131]
(C/5)
PE/PVDF-HFP BN LiPFe 50.8/348 4.4x10™ (25°C)/120 [132]
DEC/EMC/DMC/EC (20)
(20:35:15:30
vIVIVIV)
Cellulose PPy LiPFs EC/DEC (1:1 59/- 8x10#/257 [133]
V/V)
PI/PE/EtC SiO2 LiPFe EC/DEC (1:1 78/575 9.41x10%/162.4 [134]

V/V)




Different coatings were studied, including PVDF-ethyl cellulose composite filled with
SiO2 nanoparticles [72, 107-109], PA [110] and PTFE [111], PVA [112], PEI/TA [113],
NalO; [114], PEPA [115], boehmite [116], PMPI [117] and Al>Oz [99]. The coated
structures are usually commercial membranes of PE [107, 110, 111] or PP [112, 113, 118]
and coating can be successfully applied using atmospheric glow discharge plasma jet
[119]. The coating of PE with a polymer multilayer PEI(PAA/PEQO)3z improved the
separator/electrolyte interface, increasing the ionic conductivity, Li* transference number
and electrolyte uptake [120]. PVDF-HFP coating in a nonwoven PPS matrix is also
reported [121]. Roll-to-roll methods were used to fabricate a SiOxCyH, coating to a PE
membrane, using a reactive atmospheric pressure plasma. The polar groups present in the
coating caused an increase in the separator’s thermal stability and electrolyte uptake
[122]. Silica nanoparticles were chemically grafted in PE membranes, improving their
adhesion strength, thermal stability and electrochemical performance [123]. Dual coating
of PE membranes was applied using atomic layer deposition of Al.Os followed by PDA
coating (Figure 3). The obtained separator presented increased safety and higher capacity

than the typical PE separators [124].
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Figure 3 - Schematic representation of a dual coating process [124].

A hybrid coating of inorganic SiO> and different organic components was applied in a PE
separator by UV curing techniques. The fabricated membrane showed improved uptake,
ionic conductivity and battery performance [125]. The application of ePOSS as co-binder
with PVDF for coating of PE membranes showed high electrochemical stability and
cycling performance [126]. Coating layers of PPTA in PP substrates present performance

comparable to those of commercial PP separators [127]. The coating of a PP membrane



with silicone lead to a better electrolyte affinity, which results in better battery
performance [128]. Hydrophobic silica aerogel composite coating lead to high thermal
stability and good electrochemical performance at high current densities [129]. TiO:
coatings were applied in Pl membranes using a green surface-alkaline-etching and in-situ
complexation-hydrolysis technique. The produced separator presented improved ionic
conductivity and cycling performance [130] (Figure 4).
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Figure 4 - TiO2 coating process by alkaline etching and complexation hydrolysis [130].

A multisided pore structure can be obtained by creating a sandwich membrane with PVDF
and PET nonwoven fabrics using a nonuniform cooling process (Figure 5) [131]. A
PVDF-HFP and PE-BN bilayer membrane with highly interconnected porous
microstructure was created by wet chemistry methods. The separator was able to supress
the formation and growing of lithium dendrites [132]. A bilayer cellulose separator was
also fabricated, enhancing the capacity of the tested LIBs. The redox active layer,
containing PPy can also work as cathode, increasing the theoretical capacity of the device
[133]. A complex sandwich-like membrane was constructed using two layers of
electrospun PI/SiO. and a conventional PE separator coated with ethyl cellulose. This
separator presented superior mechanical properties and thermal shutdown at temperatures
above 131°C [134].

& PVDF/DMSO2/
Glycerol

% TIPS at 288 K

.-Nonwaven Fabrics

Melting at 433 K Extraction

Figure 5 - Schematic representation of a sandwich structure composite separator [131].



3.5.  Natural and biopolymers

The increasing concern on environmental issues leads to a constant search for more
sustainable and more environmentally friendly materials to replace the most used
synthetic polymers. Table 6 shows the most recent advances on battery separators

containing or based on natural and biopolymers.

Table 6 - Battery separator membranes based on natural and biopolymers and their main

characteristics.

Materials Fillers Electrolyte Porosity and | Conductivity (S/cm) Ref.
Uptake (%) | and capacity (mAhg)
PVDF- - LiPFs EC/DMC 80.03/310 1.89%x10%/171.08 [135]
HFP/cellulose (1:1viv) (C/5)
PVDF- - LiPFs 63/238 1.3x10%/166.2 [136]
HFP/CAP EC/EMC/DEC
(3:5:2 wiwiw)
PE/cellulose - LiPFs EC/DEC 26/- 2.2x10%/~145 [137]
(1:1 viv)
PE/PVDF(HEC) - LiPFs EC/DEC -/- 7.8x1072 (25°C)/133 [138]
(1:3 viv)
POM/CNF - LiPFs 80/412 1.39x10%/161.9 [139]
DMC/DEC/EC
(1:1:1 viviv)
Cellulose Titania LiPFs EC/DEC 78/- 6.2x104/120 [140]
particles (1:1viv)
SF - LiPFs EC/DMC 68/1738 1x107 (20°C)/126 [141]
(1:1 viv) (CI2)
RESM - LiPFs EC/DEC 48/340 -/138 (C/2) [142]
(1:1viv)
pCSA - LiPFs EC/DMC 58.43/385 1.34x107 [143]
(1:1 viv) (30°C)/104.1

Studies on the application of cellulose in LIB separators showed to be a good candidate
to replace the most common polymers [144] The addiction of cellulose to PVDF-HFP
[135, 136], PE [137, 138] and POM [139] membranes proved to enhance their porosity
and electrolyte uptake, consequently leading to higher ionic conductivity. The addiction
of titania particles to the cellulose matrix further improves battery performance [140].
The use of silk fibroin structures produced by electrospinning and lyophilization as
separator membranes leads to membranes with high wettability, excellent thermal

stability and good cycling performance [141]. Eggshell membrane is also a suitable




material for LIB applications with effective suppression of lithium dendrite growth. The
regeneration process allows the production of large area and flat eggshell membranes
[142] (figure 6).
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Figure 6 - Structure of an eggshell (a); extraction and regeneration processes [142].

PVA, cellulose and styrene-co-acrylate composite membranes were prepared by phase
inversion methods in a simple and cost-effective process. This separator presented high
thermal stability and good electrochemical properties [143].



4. Summary and outlook

This chapter summarizes the recent advances for the main types of polymer based lithium-
ion battery separators. Each separator type produced with different processing technique
shows advantages and disadvantages, being essential the separator to show excellent
mechanical and thermal stability, high wettability and high ionic conductivity.

The main advantages of separators produced by solvent casting are the low cost and
simplicity, the main challenges in this battery separator type are the control of relevant
properties such as the degree of porosity and pore size in natural and hydrophilic
polymers, as well as in thermally resistant polymers.

Electrospinning is an emergent technique that allies its low cost and simplicity to the
ability of producing nonwoven fibers with high controllable and easily reproducible
conditions. Future applications in battery separators consist in the search for new
composite materials to be used in electrospinning, allowing an improvement in their
properties.

Surface modification techniques allows the alteration of the properties of a membrane by
modifying the structure and composition of its surface, leading to an improvement of the
performance. The main challenges in this area are the precise determination of the
conditions to improve properties as ionic conductivity, or thermal/mechanical stability.
The coating process of a previously fabricated membrane allows a wide range of available
processing techniques and materials with variable costs and efficiencies. Its main
advantage is the ability to combine the properties of different materials in one
multilayered membrane. Research is focused in study the interface between different
layers in order to optimize the performance of the separators.

All the above-techniques must take into account the environmental issues. The use of
natural polymers or fillers and less hazardous solvents will lead to increasing the
sustainability of the membrane. However, most of the available natural materials do not
have the adequate performance when compared with the synthetic ones, and therefore
research must be carried out to reduce the environmental impacts without compromising
the performance of the separator.

Beyond these specific issued for each battery separator, it is essential that the separator
presents excellent compatibility with the electrodes. For proper comparison of the
electrochemical performance of different works it is important that electrodes also show
a similar degree of porosity, active mass loading and thickness. Also, for each type of
separator it is essential a relation between cost/benefit considering its applicability.



Considering the relevance of the separator membranes in the battery systems, important
scientific and technological advances are needed and expected in the next years.
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List of symbols and abbreviations

6FAPB 1,4-Bis(4amino-2-trifluoromethylphenoxy)benzene

AA Acrylic acid

A-SiO: Amino-functionalized nano-SiO>

BN Boron nitride

CAP Cellulose acetate phthalate

CNF Cellulose nanofibers

DEC Diethyl carbonate

DMC Dimethyl carbonate

EC Ethylene carbonate

EMC Ethylmethyl carbonate

ePOSS Polyhedral oligomeric silsesquioxane with epoxy functional
groups

EtC Ethylcellulose

FPEEK Fluorinated poly(ether ether ketone)

FPI Fluorinated polyimide




GO Graphene oxide

HEC Hydroxyethyl cellulose

HMDSO Hexamethyldisiloxane

HTPB-g-MPEG Hydroxyl-terminated polybutadiene grafted methoxyl
polyethylene glycol

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide

MMA Methyl methacrylate

NBSK Northern bleached softwood kraft

NFC Nano-fibrillated cellulose

NIPS Non-solvent induced phase separation

ODPA 4,4'-Oxydiphthalic anhydride

OPS Octaphenyl- Polyhedral oligomeric silsesquioxane

OVPOSS Octavinyl-T8-silsesquioxane

PA Polyacrylate

PAA Poly(acrylic acid)

PAA Polyamic acid

PAN Polyacrylonitrile

pCSA Polyvinyl alcohol modified cellulose/ styrene-co-acrylate

PDA Polydopamine

PE Polyethylene

PEEK Poly(ether ether ketone)

PEG Polyethylene glycol

PEGMEMA Poly(ethylene glycol methyl ether methacrylate)

PEI Polyetherimide

PEO Poly(ethylene oxide)

PEPA Polyethylene polyamine

PET Polyethylene terephthalate

PG Pyrogallic acid

Pl Polyimide

PLT Polyester

PMIA Poly-m-phenyleneisophthalamide

PMMA Poly(methyl methacrylate)

PMPI Poly(m-phenylene isophthalamide)




Poly(IDANa)

Disodium iminodiacetate

POM

Polyformaldehyde

PP Polypropilene

PPESK Poly(phthalazinone ether sulfone ketone)

PPR Polypropilene copolymer

PPS Plastic polyphenylene sulfide

PPTA Poly-p-phenylene terephthamide

PPy Polypyrrole

PS Polystyrene

PSA Polysulfonamide

PTFE Polytetrafluoroethylene

PU Polyuretane

PVA Poly(vinil alcohol)

PVDF Poly(vinilidene fluoride)

PVDF-CTFE Poly(vinylidene fluoride-co-chlorotrifluoroethylene)
PVDF-HFP Poly(vinilidene fluoride)-hexafluoropropylene
PVDF-TrFE Poly(vinylidene fluoride-trifluoroethylene)
PVP Polyvinyl pyrrolidone

RESM Regenerated eggshell membrane

SAC Silica aerogel composite

SBR Styrene-butadiene rubber

SF Silk fibroin

Sl Poly(styrene-block-isoprene-block-sulfonated isoprene)
SQ-T10 Decakis(methacryloxypropyl) silsesquioxane
TA Tannic acid

TEOS Tetraethyl orthosilicate silane

ZIF-67 Zeolitic imidazolate framework-67

ZSM-5 Zeolite Socony Mobil-5
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