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ARTICLE INFO ABSTRACT

Keywords: This study features comprehensive physical and electrochemical properties of different polyolefin and non-

Separator membranes polyolefin separators. These separators include polypropylene-polyethylene-polypropylene (PEP), polyethylene

Eolnwlm;n (PE), Al,03-coated polypropylene (C-PP), polyethylene terephthalate (PET), and Silicon carbide mat (SiCmat).
olyolefin

The interaction of the different separators and the electrolyte was investigated in terms of ionic conductivity,
contact angle test, electrolyte uptake, and electrolyte oxidation. The full cells fabricated using the different
separators were also studied for charge-discharge performance, cycle performance, and internal resistance.
Results showed that the different separators demonstrated different physical and electrochemical behavior. The
non-polyolefin separators registered a small electrolyte contact angle due to their high porosity and structural
compatibility with the electrolyte. At 10 C-Rate, the specific capacity is in the order of PET > SiCmat > C-PP >
PE > PEP corresponding to 90 mAh/g, 85 mAh/g, 70 mAh/g, 60 mAh/g and 40 mAh/g respectively. After 100
cycles at 1.0 C-rate, the cycle performance is in the order of PE > PET > C-PP > SiCmat > PEP corresponding to
70 %, 65 %, 61 %, 51 % and 49 % respectively. Thermally, PET, C-PP and SiCmat showed better thermal stability
compared to the other separators. Therefore, Industrial production that requires high thermal stability may rely
on C-PP, PET, or SiCmat, while PET and SiCmat offer better cycle performance and may replace commercially
available PE and PEP.

Lithium-ion-battery
Physical properties
Electrochemical property

1. Introduction

Lithium-ion battery (LIB) technology has attracted a lot of attention
among secondary batteries due to its promising usage in electric vehicles
and power grids as a clean energy source [1,2]. The past decade has seen
a shift in the application of lithium-ion batteries from common con-
sumer electronics to sophisticated applications including the locomotive
industry. In the automobile industry today, LIB technology has been
used as an electrification system for vehicles including hybrid vehicles,
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plug-in hybrid electric vehicles and fully electric vehicles [3,4]. The
pursuit to enhance the electrification and performance derived from LIB
has stimulated myriad publications concentrating on cathode materials
with either high specific capacity or high potential window, and there-
fore higher energy density [5]. Among the cathode active materials
investigated so far, nickel-rich layered structured materials (LiNix-
CoyMnzO,) have been discovered to pragmatically find unquestionable
applications in the locomotive industry for the next decade [6]. These
cathodes with layered structures have attracted extreme attention as a
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result of their superior electrochemical property and structural stability
comparable to the conventional LiCoO; [7,8].

The separator just like the cathode, anode and electrolyte plays an
important role in the lithium-ion battery cell performance. The sepa-
rator partitions the anode from the cathode aiding charge separation
between the two electrodes. The movement of lithium ions in and out of
the anode and the cathode is accompanied by the movement of electrons
through the external circuit. During discharge, the electric current
generated in the external circuit powers the load. The separator addi-
tionally holds the liquid electrolyte between the anode and the cathode
[9]. To maintain the long operational performance of the cell, a standard
separator should be robust, chemically and electrochemically inert,
thermally stable and affordable. The tailored separator in addition
should be thin, porous and easily wet by the electrolyte solvent to allow
for easy diffusion of ions across its membrane. Battery separators can be
grouped into nonwoven separators, microporous separators, electrospun
separators, surface-modified separators, polymer blended separators
and composite separators depending on the composition, structure and
associated properties of the separator. A summary of the diverse types of
separators employed in lithium-ion batteries is shown in Fig. 1. The
commercial microporous separators for batteries are made from poly-
olefins. Although polyolefin separators are robust they have poor
electrolyte-wetting properties and poor thermal stability [10]. These
undesirable properties of polyolefins have been improved in many ways
by chemical treatment, polymer grafting, plasma treatment and surface
coating of the membranes with ceramic materials [11-15]. In certain
cases, polymer blends have been used as separators to offer structural
integrity and to enhance electrolyte adsorption [16]. Also, fabrication
processes such as melt blow [17], air and wet-lay [18], and melt and
electrospinning [19] have been introduced to increase the fiber content
and porosity of some separators to make them high-performing [20].
Carlos et al. summarized the different works done on different types of
separators employed in lithium-ion batteries [21]. In their review, they
discussed the materials used, the method of separator preparation, the
electrolyte employed, the ionic conductivity of the separator and the
capacity obtained for the different separators and concluded the
nonwoven separators as the best contender for the lithium-ion battery
[21]. In other literature, the electrospinning process was observed to
produce separators with large surface areas, high porosity and well-
developed interconnected pores [22]. This makes electrospun separa-
tors superior in terms of their mechanical strength, wettability and
electrolyte uptake which are highly recommended for the lithium-ion
battery [22].

Regardless of the number of publications on the different types of
separators fabricated for lithium-ion batteries, the comparative effect of
these separators on the electrochemical behavior of LIBs containing
nickel-rich cathode materials to the best of our knowledge is inadequate.
This kind of investigation is crucial for guiding in obtaining an ideal
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Fig. 1. Various type of separator materials for Lithium-ion battery.
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system for LIB for industrial manufacturing and applications such as
electric vehicles.

In this work, the impact of the physicochemical properties of
different separators on the electrochemical performance of LiNi; sMn;,
3Co1,302/separator/graphite cells in a non-aqueous electrolyte is
comparatively studied. The different separators consisting of micropo-
rous polyolefin separators (polyethylene (PE) and polypropylene-
polyethylene-polypropylene (PEP)), Al,Os-coated polypropylene (C-
PP), nonwoven separators (Silicon carbide mat (SiCmat), and poly-
ethylene terephthalate (PET)) where employed in this study.

2. Experimental
2.1. Materials

LiNi; sMn; ,3C07 /302 and Graphite (20 pm, SCMG-AR) were supplied
by Ecopro, Korea and Showa Denko, Japan. 1 M LiPFg (EC/DMC = 3:7)
was purchased from PANAX ETEC, Korea. Super P was sourced from
Imerys, Switzerland. Polyvinylidene fluoride (PVDF, Kreha, Japan, Mw
= 350,000) and N-methyl-2-pyrrolidone (NMP 99 wt%, Sigma Aldrich)
as dispersing agents. Polypropylene-polyethylene-polypropylene (PEP),
Polyethylene (PE), and Al;Os-coated polypropylene (C-PP) were pur-
chased from Celgard. Polyethylene terephthalate (PET) and Silicon
carbide (SiC) mat separators were donated by Kokam Company, South
Korea.

2.2. Separator characterization

A high-resolution SU5000 (HITACHI, Japan) Field Emission Scan-
ning Electron Microscope (FESEM) operated at 2.0 KV was employed to
probe the morphology of the various separators. The thermal stability of
the different separators was evaluated employing a Thermtest TGA-n
1000 thermal analyzer (Thermtest Instruments, USA) equipped with
the Infinity Pro Thermal Analysis software. 3.45 mg of the samples were
placed in an alumina (Al203) crucible (50 mg capacity), A temperature
range between 25 °C and 800 °C at a rising rate of 10 °C/min and a
cooling rate of 50 °C/min in nitrogen atmosphere was applied. The
thermal shrinking test was done by heating the different separators in an
oven at 140 °C temperature over 3 h. The membrane thickness was
determined using a digital micrometer (Model: ID-C112BS). The
wettability property of the different separators was determined by
electrolyte contact angle measurements. 1 M LiPFgs (EC/DMC = 3:7)
electrolyte solution was dropped onto the separators and the established
contact angles between the electrolyte and the separators were
measured using a contact angle analyzer (SEO, Phoenix 150, Korea). The
uptake of 1 M LiPFg (EC/DMC = 3:7) electrolyte by the separators was
estimated using Equation (1). To do this the dry mass (W,) of the sep-
arators was measured. After the separators were immersed in the elec-
trolyte solution for 48 h, the excess electrolyte on the separator surface
was wiped off with filter paper. The wet mass of the separators was
recorded as W,.

Wi Wo 100 8]

W,

t

Electrolyte uptake =

2.3. Electrochemical characterization of separators

Complex impedance spectroscopy was used to determine the re-
sistivity of the various separators soaked with the 1 M LiPFg (EC/DMC =
3:7) (v/v) on Autolab workstation (PGstat 100, Eco Chemie,
Netherlands) in a frequency range of 1 MHz — 0.01 Hz. The various
separators soaked in the electrolyte were sandwiched between two
nickel electrodes (1 cm x 1 cm) in an Al-pouch. The resistivity in the
separators soaked with the 1 M LiPFg (EC/DMC = 3:7) electrolyte was
estimated according to the Equation (2)
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Where Rs is the solution resistance obtained from the Nyquist plot
real axis in the high-frequency region, d is the thickness of the separator
between the two electrodes, and S is the area of the electrodes.

The electrochemical stability window of the different separators was
determined using linear sweep voltammetry (LSV). LSV was run on a
coin-type (2032) half cells consisting of stainless steel plates as working
electrodes, lithium metal foil as counter and reference electrodes, liquid
electrolyte and the different separator on an Autolab instrument (ECO
CHEMIE PGSTAT 100) in a potential window of 2 — 6 V at a scan rate of
0.1 mV/s.

(2)

2.4. Cathode and anode fabrication

LiNij sMn; /3C01,/302 (NCM-333) cathode was prepared by casting a
slurry consisting of 94 % NCM-333 (NCM-070, 10 pum, Ecopro, Korea) as
active material, 3 wt% Super-P as a conductive additive, 3 wt% poly-
vinylidene fluoride (PVDF, Kreha, Japan, Mw = 350,000) as a binding
agent in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) as a dispersing
agent. The viscous slurry was cast on an aluminum foil (15 um, San-A
Aluminum, Korea) via a doctor blade apparatus. The coated slurry was
dried at 120 °C for 2 h and then pressed with a roll pressing machine
(WV-60, Samyang 60, South Korea). The electrodes were punched into a
spherical disc with a diameter of 14 mm. The thickness and the loading
concentration of the electrodes were 42 um and 13.0 mgem ™2 respec-
tively. The positive electrode comprises 87 wt% natural graphite as the
active material, 7 wt% PVDF and 5 wt% Super-P was coated on copper
foil (10 um, Iljin materials, Korea). The cast slurry was dried at 100 °C
for 2 h, pressed and punched into a spherical disk with a diameter of 16
mm. The thickness and loading concentration were adjusted to 35 ym
and 5.2 mg respectively.

2.5. Full cell-type preparation and electrochemical investigation

Full cells were assembled as CR2032-type coin cells by sandwiching
the various separators between the cathode (NCM-333) and the anodes
(natural graphite) in an argon-filled glove box. The constructed full cells
with the various separators were aged for 24 h and then cycled at con-
stant current (CC) mode for charging and CC mode for discharging at a
C-rate of 0.1C in a voltage range of 2.8 V — 4.6 V using a cycler (Toscat
3000, Toyo systems). Subsequently, the cells were charged at a constant
current/constant voltage (CC/CV) mode at 0.1C-rate and discharged at
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CC mode at different C-rate (0.1C - 10), in the voltage range of 2.8 V —
4.6 V. Electrochemical impedance spectroscopy was used to measure the
total resistance of the cells in a frequency range of 0.01 Hz to 1 MHz at
open circuit potential (OCP). The cells were cycled 100 times at 1.0C,
between 2.8 V and 4.6 V to ascertain the stability of the cells.

3. Results and discussion

The morphological properties of the separators were evaluated using
SEM. The SEM images in Fig. 2 (a-e) of the separators provide infor-
mation for the comparison of separator porosities summarized in Fig. 2f.
The porosities of the polyolefin (polypropylene-polyethylene-poly-
propylene (PEP) and polyethylene (PE)) separators are comparable. The
polyolefin separators have relatively finer and uniform fibers as visu-
alized in the SEM images in Fig. 2a and Fig. 2¢c. In PEP and PE separators,
the cross-network of fine fibers form a membrane with uniform pore
structure and pore size distribution. A porosity value of 42.49 % and 41
% were recorded for PEP and PE respectively. Al;03-PP (C-PP) separator
recorded the least porosity. Al,O3 particles settled in the pores of the PP
separator and also coated the surface of the PP separator. This signifi-
cantly reduced the porosity of the C-PP separator. Fig. 2d shows that PET
separators have a relatively larger pore structure as compared to the
polyolefin and C-PP separators. PET separators have larger fibers that
are not cross-linked. The packing of these large fibers creates a porous
network of large pores in the separator membrane and accounts for the
higher porosity of 49.5 % for this membrane. A unique feature is
observed in the SiCmat separator as shown in Fig. 2b. SiCmat membrane
combines larger and smaller fibers to form a networked membrane that
holds and distributes electrolytes to facilitate quick ion transport. The
advantage that this membrane provides is seen as this membrane
recorded the highest porosity value of 66 %.

The composition or nature of any two materials that are in contact
(in this case the electrolyte and the separator) and surface properties
highly influence electrolyte adsorption and absorption. For lithium-ion
batteries, the properties of electrolyte adsorption and/or absorption
influence the battery’s performance. Whereas adsorption positively af-
fects battery performance, absorption may provide long-term negative
feedback on the battery performance [23,24]. Adsorption increases
wettability thus it improves ionic conductivity allowing for better bat-
tery performance at high C-rates [25]. Absorption on the other hand
impregnates the separator material with electrolyte which leads to
swelling in some separators. Swelling reduces separator porosity which
ultimately decreases the cycling performance of the battery [26]. The
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Fig. 2. FESEM images of the surfaces of a) PE b) SiCmat c) PEP d) PET e) C-PP, f) porosity value of the different separators.
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contact angles formed by a drop of the electrolyte on the surfaces of the
separators are provided in Fig. 3 (a-e). Hydrophobic materials have low
surface energy whereas hydrophilic materials have high surface energy.
The higher the surface energy of a material the higher its wettability by
polar solvents [27]. The chemical structures of the different separators
are depicted in Fig. 4. The electrolyte contact angle was highest for the
polyolefin separators followed by the SiCmat separator then the C-PP
separator and finally the PET separator. Polyolefin separators are
composed of carbon-hydrogen single bonds (C-H) which are responsible
for the low surface energy and the hydrophobicity of the separators. This
hydrophobicity reduces the adsorption and spreading of the hydrophilic
electrolyte on the surface of polyolefin separators leading to poor wet-
ting of the separator materials by the electrolyte. Therefore the estab-
lished electrolyte contact angles for PE and PEP separators were 45.21°
and 43.14° respectively, which were high. Al,03 has high surface energy
due to the presence of polar oxygen groups. The high surface energy of
Al,O3 allowed for the adsorption, spreading and wetting of the C-PP
separator by the electrolyte hence it demonstrated an electrolyte contact
angle of 10.75°. SiCmat is moderately hydrophilic and it also permits the
adsorption, spreading and wetting of the electrolyte on its surface.
Therefore the electrolyte contact angle recorded on the surface of SiC-
mat was 35.96° which is lower than the values recorded for the poly-
olefin separators. The electrolyte contact angle measured for PET
separator was 0° as can be seen in Fig. 3d. PET polymer has abundant
oxygen groups as part of the polymeric fiber structure (See Fig. 4). Due
to the high number of oxygen groups, PET separators have high surface
energies making them very hydrophilic. PET separators therefore adsorb
and spread electrolytes on the surface quickly which promotes wetta-
bility. The ester groups (-COO-) in PET provide them with a high affinity
toward polar solvents. This oxygen-rich group in PET allows for the
absorption of the electrolytes into the PET separator structure by polar
interactions. Electrolyte absorption by PET causes it to swell with
continuous usage [28].

A blend of good porosity and high surface wettability is necessary to
achieve high ionic conductivity across separator membranes. Fig. 3f
provides a summary of the ionic conductivity of the electrolyte solution
across the different separator membranes. The ionic conductivity
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Fig. 4. The chemical structure of the various separators used in this study.

measured across the PET separator was 2.586 mScm™! and that

measured across the SiCmat separator was 1.820 mSem ™!, PET sepa-
rator with its high surface wettability and good membrane porosity
makes it highly ionic conducting. Whereas SiCmat is more porous than
the PET separator the latter is easily wetted by the electrolyte. This al-
lows the PET separator to retain more electrolyte solution in its pores
than the SiCmat, explaining why the ionic conductivity was higher
across the PET membrane than the SiCmat separator. The ionic con-
ductivity values recorded for the PEP separator and C-PP were 0.713
mSem ™! and 0.960 mSem ™! respectively. These values were less than
half the value measured for the PET separator. Again both PEP separator
and C-PP separator are less porous than PET and SiCmat separators. PEP
separator is also less wetting than the nonwoven PET and SiCmat sep-
arators. Although coating the surface of the PP separator with alumina
improves membrane wettability, it reduces membrane porosity. There-
fore ionic conductivity recorded for the C-PP separator was slightly
higher than the PEP separator. The ionic conductivity measured for the
PE separator was 1.020 mSem ! and this is due to the better electrolyte
wettability and uptake compared to C-PP and PEP.
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Fig. 3. Contact angle pictures of a) PE b) SiCmat c¢) PEP d) PET e) C-PP, f) the ionic conductivity of the different separators.
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To compare the electrochemical stability of the separators the linear
sweep voltammetry of the membranes was studied against lithium
metal. The linear sweep voltammetry plots for the separators presented
in Fig. 5 provide comparisons for the electrochemical stability of the
different separators. All the separator membranes displayed good elec-
trochemical stability; above 4.5 V. Polyolefin separators have excellent
chemical stability and high mechanical strength [29]. The PE separator
was the most stable while the SiCmat was the least stable. It can however
be argued based on the LSV observation made that all the separators can
be successfully used in combination with high voltage cathodes with
minimum effect.

The effects of separator membranes on battery performance and
cycle life were investigated at room temperature and different char-
ge—discharge rates. The charge-discharge performance obtained at the
different rates is provided in Fig. 6 (a-€). The good electrochemical
stability of the separator membranes provided by the LSV analysis
eliminates the possible contribution to poor charge-discharge perfor-
mance by the separator membranes. Therefore any differences in the
charge-discharge performance of the batteries can be attributed to the
differences in membrane porosity and separator-electrolyte interactions
(absorption, adsorption and wettability of the separator membranes).
All the cells constructed with the different separators showed similar
discharge capacities (150 mAh/g to 180 mAh/g) at low C-rates (0.1C to
0.5C). At high C-rates, the differences in membrane porosity, electrolyte
adsorption and wettability greatly influenced the discharge capacities
delivered for each separator. Discharge delivery capacities obtained for
the polyolefin separators were the least (< 60 mAh/g) due to the poor
ionic conductivity of the electrolyte across the polyolefin membranes.
The discharge capacity of C-PP separators was greatly improved at high
C-rates compared to PE and PEP as shown in Fig. 6. This may be
attributed to the presence of the alumina. Alumina coated on PP sepa-
rators enhanced the electrolyte adsorption and wettability of the PP
membrane which allows for lithium ion transport across the membrane.
Again this observation suggests that electrolyte adsorption by separator
membranes greatly impacts battery performance more positively than
the porosity of the membrane. The PET and SiCmat separators showed
similar capacities at both high and low C-rates. Both separators deliv-
ered the highest capacities compared to the others (> 87 mAh/g and >
130 mAh/g at 10C and 5C discharges respectively) due to the combi-
nation of good membrane porosity and electrolyte wettability in SiCmat
and PET membranes as shown in the charge-discharge graphs for SiC-
mat and PET separators in Fig. 6a and Fig. 6d respectively.

Fig. 7a displays the EIS of the cells assembled using the different
separators before the cycle performance test at room temperature. The
inset describes the corresponding equivalent circuit fitting for the
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Fig. 5. Linear sweep voltammogram of the different separators using electro-
lyte consisting of 1 M LiPFg (EC/DMC = 3:7) at rate of 0.1 m/s and a potential
range of 2.5-6 V.
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impedance measurement. The Nyquist plots in both the high and me-
dium frequency regions are characterized by semicircles that represent
the sum of the charge transfer resistance across the cells. The Warburg
impedance (straight line portion) seen in the low-frequency region of the
Nyquist plot describes the lithium-ion diffusion process across the
separator membranes [30]. The first recorded value is interpreted as the
bulk cell resistance while the smaller semicircle in the high-frequency
region is associated with the establishment of the Solid Electrolyte
Interface (SEI). All the separators showed slight differences in their
charge transfer resistance. Cells assembled with PET, PE, and PEP sep-
arators show the least charge transfer resistance values of 42.007 Qcm,
44.656 Qcm and 45.658 Qcm due to the establishment of a good SEI
layer in these cells. The good SEI promoted the transport of lithium ions
across the membranes. In the case of C-PP and SiCmat separators, the
charge transfer resistances recorded were 49.804 Qcm and 46.605 Qcm
implying that the SEI formed were slightly poor performing. A summary
of the resistance values extracted from the plots is provided in Table 2.

Fig. 7b shows the life cycle performance of the different separator
membranes at 1C and room temperature. The first cycle discharge ca-
pacities are very high for all the separators (>150 mAh/g), showing a
similar cycling trend. Using the second discharge capacity to compute
the capacity retention of the cells employing the different separators, it
was observed that all the cells were fairly stable with the different
separators. The capacity retention is in the order of C-PP < PE < PEP <
SiCmat < PET corresponding to 85 %, 88.3 %, 88.5 %, 88.6 % and 88.9
% respectively after the 100th cycle. The nonwoven separators showed
higher capacity retention compared to the polyolefin separators. This
may be attributed to the high electrolyte uptake and hence the low so-
lution resistance observed in the Nyquist plot (See Table 1 and Table 2).
The SiCmat separator showed a second discharge capacity of 123.2
mAh/g and ended with 109.5 mAh/g. The cell with PET separator
started with 131 mAh/g and ended with a capacity of 117 mAh/g. The
PE separator started with a specific capacity of 137 mAh/g, ending with
a specific capacity of 121 mAh/g after the 100th cycle. The PEP sepa-
rator recorded an initial capacity of 137 mAh/g and recorded a capacity
of 120 mAh/g after the 100th cycle. Lastly, the C-PP recorded the least
with an initial capacity of 130 mAh/g and recorded a specific capacity of
110 mAh/g after the 100th cycle. Generally, all the LIB cells employing
the different separators showed good capacity retention after the 100th
cycle.

Separators are known to prolong self-discharge time which improves
battery capacity [31]. They are also advantageous in shutting down
redox channels that may form due to short circuits. In such events, the
batteries are protected from fires which may lead to battery ignition.
Thermo gravimetric analysis (TGA) experiments were done to evaluate
the stability of the separator membranes at high temperatures. Fig. 8a
shows the thermal shrinkage property of the graphs provided by TGA. As
seen from the TGA graph polyolefin separators have high thermal
shrinkages. This characteristic of polyolefin separators may trigger fires
because of internal shorts which make batteries unsafe for use at high
temperatures and high C-rate discharge conditions. However, coating
the PP separator with alumina (more heat tolerant) helps to improve the
thermal stability of the PP membrane. PET separators shrunk less due to
the high thermal stability of the aromatic constituent of the polymer
fiber. The SiCmat also showed less thermal shrinkage than the polyolefin
separators. Silicon carbide exhibits intrinsic properties such as high
tensile strength, high elastic modulus, excellent thermal stability and
excellent oxidation resistance [32]. The thermal shrinkage images of the
separators performed at 140 °C for two hours are provided in Fig. 8b.
The observation made from this test also supports the thermal stability
trend found in the TGA.

4. Conclusion

The influences of PE, SiCmat, PEP, PET and C-PP separator materials
on the electrochemical performance of LiNi; ;3Mn; ,3C07,302 (NMC-333)
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Fig. 7. A) Nyquist plot of the NMC-333/graphite cell with the different separator before charge-discharge cycle b) Cycle performance of the NMC-333/graphite cell

with the different separator.

Table 1

Physical properties of the different separators.

Separator  Thickness / Electrolyte uptake / Ionic conductivity /
(pm) (%) (mScm-1)

PE 20 120 1.020

SiCmat 43 150 1.820

PEP 19 92 0.713

PET 36 195 2.586

C-PP 16 112 0.960

cathode were investigated at room temperature. Electrolyte adsorption,
wettability, and membrane porosity impact ionic conductivity. How-
ever, electrolyte adsorption and wettability affect the ionic conductivity
and high C-rate performance of lithium-ion batteries more than the
membrane porosity does. For selectivity based on thermal performance

Table 2
Internal resistance characteristics of NMC-333/graphite cell with the different
separator.
Separator  Solution Resistance of Charge Warburg
Resistance SEI layer (Rsgr) Transfer Impedance
(Rg) / (Qcm) / (Qcm) Resistance (Rw (@)
(Rer) /(Qcm)
PE 6.630 45.795 44.656 0.108
SiCmat 3.181 56.287 46.605 0.104
PEP 7.641 48.263 45.658 0.109
PET 2.341 53.394 42.007 0.096
C-PP 5.303 53.603 49.804 0.110
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Fig. 8. A) photographs of the separators after heating at 25 °C and 140 °C for 60 min (b) Thermo gravimetric analysis of the different separators.

or cycle stability, there will be the need for trade-offs to achieve
maximum and superior performance based on desired performance. The
capacity retention of the different separators is in the order of C-PP < PE
< PEP < SiCmat < PET with corresponding values of 85 %, 88.3 %, 88.5
%, 88.6 % and 88.9 %, implying that the nonwoven separators worked
synergistically with the liquid electrolyte to maintain stable cycle per-
formance over the 100 charge-discharge cycle. C-PP, PET and SiCmat
are reliable separators for applications that require good thermal sta-
bility. In addition, PET and SiCmat also provided good cycling perfor-
mance thus making them suitable alternatives to the commercially
available PE or PEP.
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