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Abstract. Separators are one of the most critically important components of lithium-ion batteries to ensure the safe performance of the battery. Commercial polyolefin separators have high thermal shrinkage and low electrolyte uptake, which
confines the application of the battery. By using the thermally induced phase separation (TIPS) method, we successfully
prepared HDPE/sepiolite nanocomposite separators with high thermal stability and electrolyte wettability. The sepiolite
nanofibers are modified with the Vinyltriethoxysilane (VTES) as a coupling agent for better dispersion and interaction in
the HDPE matrix. The purpose of fabricating this separator is to decrease the thermal shrinkage and increasing electrolyte
uptake of the HDPE separator. The separator electrolyte uptake increased from 86% for pure HDPE separator to 120% for
HDPE/sepiolite separator. The thermal shrinkage results indicated that the sample with 3 wt% of sepiolite after remaining
for 30 min at 150 °C had only 5% shrinkage compared with 93% of pure HDPE. The results of electrochemical performance
showed that the ion conductivity of the separator increased from 0.36·10–3 S·cm–1 for the pure HDPE to 0.9·10–3 S·cm–1 for
the nanocomposite separator. The results of cyclability and rate performance showed that the cell assembled with a separator
having 3 wt% modified sepiolite has a higher discharge capacity than the cell assembled with a pure HDPE separator.
Keywords: nanocomposites, polymer membranes, battery separators, sepiolite nanofibers

1. Introduction
Increasing global demand for energy on the one hand
and warnings of declining fossil fuels and non-renewable energy sources on the other have increased
the necessity for green and renewable energy sources
such as solar energy, wind energy, geothermal energy, etc. [1–6]. Furthermore, the pollution increment,
which mainly originated from CO2 content in the atmosphere, has attracted technological researchers to
substitute combustion-engine cars with hybrid vehicles. Technical successes have led to energy storage
systems such as electrochemical batteries [7–12].

Among the various types of batteries, lithium-ion batteries lead the way due to their high power and energy
density, high open-circuit voltage, high capacity, low
self-discharging, biocompatibility, and long cycle life
[13–16]. These batteries are widely used in various
mobile electronic devices, cell phones, laptops, and
more recently in electric and hybrid vehicles [1].
Lithium-ion batteries consist of four main components, including anode, cathode, electrolyte, and separator [17, 18]. In polymeric lithium-ion batteries, it
is a membrane separator that is placed between the
anode and the cathode and is a vital component [19,
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20]. The first application of the separator is to effectively transfer electrical charge carriers (ions) between two electrodes as an efficient ionic conductor
and to prevent electrical contact between the electrodes as a good electrical insulator [20, 21].
Microporous separators are manufactured by various
methods, the most important of which are: 1) extrusion melting-extension process and 2) phase separation process. In the extrusion melting-extension
process, the intended polymer is melted along with
the additives in the extruder and removed as a film.
Then biaxial stretching is applied to the film, and the
desired membrane is created [22–24]. In the phase
separation process, polymer, lubricant, and other additives are mixed to form a homogeneous compound
inside the internal mixer or by solution melting in a
glass reactor above the polymer processing temperature over a period of time. The mixed melt compound is then turned into a film by utilizing different
methods such as hot pressing. Finally, the microporous membrane is prepared through phase separation and extraction of lubricant [25–27]. One of the
phase separation techniques is the thermally induced
phase separation (TIPS) method. In the TIPS process,
the homogeneous polymer/diluent mixture was prepared by melt mixing at a relatively high temperature, then the resulting mixture was pressurized using
a press and cooled to obtain a polymer/solvent mixture sheet. The TIPS method has the following advantages relative to other methods: a) the porous structure of the separator can be easily controlled, b) the
separator is produced with high porosity, and c) different types of modifiers and additives can be added
to the polymer compound in the first step [28–30].
A vast volume of micro-porous separators is manufactured using polyolefin polymers [17, 31, 32]. Polyolefin separators, including polyethylene (PE) and
polypropylene (PP), have suitable mechanical properties, high electrochemical stability, ease of processing, and low cost. They are compatible with cell
chemistry and can withstand several charge-discharge
cycles without significant reduction in physical and
chemical properties [21, 33, 34]. However, these separators have some drawbacks, such as low thermal
stability and poor wettability with the electrolyte,
which reduces the battery performance [35, 36].
Therefore, these separators are usually modified by
surface coating, surface grafting, and blending techniques. In surface modification by coating and grafting methods, the modified sites usually deprive the

pores inside the separator because of the limited diffusion ability of the modifying agents into the separator pores. By bulk modification method, both the
surface and internal pores of the separator have a
chance to be modified at the same time. However,
to date, studies on the bulk modification of polyolefin separators have rarely been investigated [7,
16, 32, 34, 37]. As a pioneer work, Yoneda et al. [38]
manufactured a polyethylene separator with the PE,
Silica, and DOP component by phase-separation
method. Liao et al. [23] prepared a hydrophilic microporous separator of polyethylene/methylcellulose
composite by utilizing a thermally-induced phase
separation method to be used in lithium-ion batteries. To reduce interfacial resistance, Jeong and Kim
[39] applied acrylonitrile methyl methacrylate coating to the polyethylene separator by using immersing and phase inversion methods. Zhu et al. [40] prepared the ceramic (SiO2)-grafted PE separator by
electron beam irradiation to improve thermal stability and wettability of the commercial PE separator.
Sepiolite is a hydrated magnesium silicate. Having
a high specific surface area and being porous, with
the unusual shape of the particles, this clay causes
high absorption capability and colloidal properties
[41–44]. Unlike other clays, sepiolite particles have
needle shape morphology, and a high specific area
(300 m2/gr), also a high density of silanol (SiOH)
groups, which justifies the considerable hydrophilicity of this clay [45–48]. Sepiolite, as a porous needleshaped ceramic reinforcement, can simultaneously
increase the thermal stability of the separator and
form a better wettability of the separator [49–51].
In the present study, an attempt has been made to develop and evaluate separators with improved thermal
and mechanical properties and electrolyte uptake
using the potential of sepiolite nanofibers. These separators are made by the thermally-induced phase separation method, which is one of the best methods to
make separators with high porosity and suitable
porosity size. To the best of our knowledge, Polyethylene/sepiolite nanocomposite separators, which have
not yet been manufactured, have a combination of
the excellent chemical stability of polyethylene and
the high hydrophilicity and suitable mechanical
properties of sepiolite. A key point in polyethylene/
sepiolite nanocomposite separators is to create good
compatibility between hydrophobic polymer and hydrophilic sepiolite by modifying the sepiolite nanofibers with vinyltriethoxysilane.
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Table 1. Sample designation information.

2. Experimental
2.1. Materials
High-density polyethylene (HDPE-EX3, melting flow
rate index = 0.45 g/10 min, melting point = 127 °C,
density = 0.945 g/cm3, yield stress = 22 MPa) manufactured by Amir-Kabir petrochemical company
(Iran) was used as separator matrix. This polymer is
a raw powder from a reactor that has no history of
thermal treatment after the polymerization process,
and no additives have been added to it to improve
the ease of processing. The sepiolite nanofibers used
in the project were manufactured by Dorkav mineral
company, which extracts sepiolite from a mine
around the city of Fariman in northeastern Iran. The
company-produced sepiolite has passed through the
325 mesh sieve and has been acid-washed to remove
impurities. Distilled water, isopropanol, methanol,
vinyltriethoxysilane (VTES) as a modifier of sepiolite nanofibers, dioctyl phthalate (DOP) as a second
phase, and ethanol as extractor without any additives
were sourced from Ghatran Shimi Company. VTES
and DOP are manufactured by Merck Company in
Germany. The lithium hexaflourophosphate (LiPF6)
electrolyte solution was dissolved in ethylene carbonate (EC), diethyl carbonate (DEC), and dimethyl
carbonate (DMC) in a weight ratio of 1:1:1, all of
which were sourced directly from Sigma-Aldrich
Company.

2.2. Sepiolite nanofibers modification
Sepiolite powder was first passed through a 500 mesh
sieve. To purify the sepiolite powder, 10 g/l of the
sepiolite was mechanically stirred in distilled water
for 24 h. After 2 min, the supernatant suspension was
filtered, and the solid sample was dried at 105 °C for
24 h. The purified sepiolite was modified by VTES.
The sepiolite (5 g) was first dispersed in isopropanol
(400 ml), and mixed with a mechanical stirrer in a
glass reactor, and then hydrolyzed VTES (0.12 M)
was added drop by drop at room temperature. The
mixture was stirred at 60 °C for 2 h. The resulting
mixture was filtered and then washed with methanol.
The modified sepiolite was dried at 50 °C in a vacuum oven for 24 h, and sieved for subsequent use.
2.3. Preparation of the HDPE/sepiolite
nanocomposite separators
HDPE/sepiolite microporous separators were fabricated through melt mixing followed by phase separation and extraction of the dispersed phase (TIPS).

Sample
name

HDPE
[wt%]

Modified
sepiolite
[wt%]

DOP
[wt%]

Purified
sepiolite
[wt%]

PE

40

0

60

0

PE-3PS

40

0

57

3

PE-1MS

40

1

59

0

PE-3MS

40

3

57

0

PE-5MS

40

5

55

0

Before use, sepiolite and polyethylene powders were
heated in a vacuum oven at a temperature of 80 °C
to remove moisture. Modified sepiolite (MS), HDPE,
and DOP with certain percentages were poured simultaneously into the compartment of the internal
mixer (Brabender PL2000). The samples codes and
compositions are given in Table 1. The melt mixing
was carried out at 180 °C and 70 rpm for 10 min to
achieve a good dispersion of sepiolite nanofibers and
DOP droplets in a polyethylene matrix. It should be
mentioned that HDPE and DOP are thermodynamically immiscible pairs and phase-separated morphology is expected after their melt mixing. To form the
film, the HDPE/MS/DOP melt mixed compound
was placed between two mirror-polished stainless
steel plates that were covered with two polyester
films and an aluminum foil used as a mold. To obtain
50 μm film, the sample was compressed under
20 MPa pressure at 170 °C for 10 min. Subsequently,
the stainless steel plate containing the membrane
was detached and cooled at room temperature for
30min. The membrane was then immersed in ethanol
for 24 h in order to extract the DOP phase and subsequently dried at 70 °C temperature in the oven. The
schematic of the steps for the preparation of the
HDPE/sepiolite nanocomposite separator is shown
in Figure 1.

2.4. Characterizations
To visually examine the sepiolite nanofibers, the fibrous shape of the sepiolite, the length of the sepiolite nanofibers, the pores of the HDPE/sepiolite membrane, images were taken from the surface and
cross-section of the sample using FESEM (TeScanMira III model, Czech Republic). The separators
were previously freeze-fractured in liquid nitrogen
and sputter-coated with gold.
The FTIR, Spectrum RXI model, PerkinElmer, USA,
in 4000 to 400 cm–1 wavenumbers was used in order
to determine any physical and chemical bond between the components.
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Figure 1. Schematic showing the preparation of the HDPE/Sepiolite nanocomposite separators.

The XRD (PANalytical Company X'Pert PRO MPD,
Netherlands) was used to determine the characteristic peaks of the sepiolite and crystalline structure of
samples in 2θ range of 2–70°.
Two methods were utilized to determine the effect
of sepiolite nanofibers on the hydrophilicity and wettability of polyethylene separators: In the first method,
the separator contact angle test using water droplet
was used. The separator contact angle with distilled
water (4 μl) was measured using the sessile drop
method at room temperature (OCA 15 plus, Dataphysics company). In the second method, to evaluate
the absorption behavior of the electrolyte on the separator surface, about 25 μl of electrolyte was poured
on the surface of the samples and an image was taken
immediately from the surface of the sample [52].
The tensile properties of the samples were evaluated
according to ASTM D638 standard using Hounsfield
H10KS model with a strain rate of 5 mm/min and a
10 KN barometer. An average of 5 measurements
was reported.
The thermal analysis of the sample using non-isothermal Differential Scanning Calorimetry (DSC)
test was evaluated by Q100 (model) device manufactured by TA Instruments. The samples were heated at a rate of 10 °C/min at a temperature range of
40–200 °C in an N2 atmosphere.
In order to measure the porosity, prepared separators
were immersed in ethanol for 24 h. In this method,
samples with dimensions of 2×2 cm2 were prepared.
The weight of the samples was measured before and

after immersed in ethanol. The porosity of the separators was obtained from Equation (1) [53]:
P=

Rw0 - w W t h

t h w0 + Rt e - t h W w

$ 100%

(1)

where P indicates the porosity of the separator, w is
the total weight of the dry separator, w0 is the weight
of the wet separator, ρe represents the density of the
ethanol, and ρh indicates the density of the HDPE.
To measure the electrolyte uptake of the separator,
the weight of the separator was measured before and
after floating it for 24 hours in the electrolyte solution (1 M LiPF6 in EC/DEC/DMC 1:1:1). The electrolyte uptake (A%) of the prepared separators was
obtained from Equation (2) [54]:
A% =

W2 - W1
W1 $ 100%

(2)

where W2 is the weight of the separator after floating
in the electrolyte solution, and W1 is the weight of the
separator before floating in the electrolyte solution.
The thermal shrinkage of the separator was determined by measuring the change in sample dimensions after storing it at 150 °C for 30 min. For this
purpose, samples were prepared in the dimensions
of 3×3 cm and then kept in the oven for 30 min. The
percentage of thermal shrinkage is obtained from
Equation (3) [55]:
Shrinkage [%] =
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where A2 is the area of the separator after being placed
in the oven and A1 before being placed in the oven.

2.5. Electrochemical measurements
The electrochemical performance of the separator
was investigated by 2032 coin-type half-cells. In
which the separator was placed between the lithium
metal anode and the cathode of lithium iron phosphate (LiFePO4) (LiFePO4/Acetylene black/PVDF
= 80/10/10), and soaked with the liquid electrolyte
(1 M LiPF6 in EC/DEC/DMC 1:1:1). The tests were
performed on a battery cycle tester (Neware BTS3000) at a voltage range of 2.5–4.2 V. The resistance
of the interface and the stability of the separator with
the electrodes were evaluated. Charge-discharge cycling tests were performed for 50 cycles at a current
density of 0.2 C. C-rate capability measurements
were conducted at current rates of 0.2–2 C.
The electrochemical stability window of the separators was determined by performing linear sweep
voltammetry (LSV) at 5 mV·s–1 over a voltage range
3.0–6.0 V vs. Li+/Li. The separator was tested using
stainless steel and Li foil as the respective working
and counter electrodes. The ionic conductivity of the
separator was measured by electrochemical impedance spectroscopy (EIS). The coin-type test cells
were assembled by placing the separator between
two stainless steel electrodes and soaked with the
electrolyte solution (1 M LiPF6 in EC/DEC/DMC
1:1:1) to measure the AC impedance. Impedance
data were obtained in the frequency range of 10 Hz–
100 kHz with an amplitude of 10 mV at room temperature. The ionic conductivity was obtained from
Equation (4) [40]:
d
t = R$A

(4)

where d is the thickness of the separator, A is the surface area of the lithium electrode, and R is the electrolyte resistance measured by the AC impedance.

3. Results and discussion
3.1. Characterization of modified sepiolite
Figure 2 shows the FESEM images of the Sepiolite
nanofibers. Figures 2a and 2b show purified nanofibers, and Figures 2c and 2d show modified nanofibers using VTES. The needle-like and fibrous structure of the sepiolite is vividly seen in the images, and
unlike the platelet clays, sepiolite has a linear structure.
Sepiolite nanofibers are between 100 nanometers

and 2 micrometers long and range in diameter from
20 nanometers to 100 nanometers. Figures 2a and 2b
show a large number of intertwined sepiolite nanofibers. Sepiolite nanofibers are usually aggregated
into bundles due to surface bonds. Prior to modification, the sepiolite nanofibers have a smooth surface
and are joined together by surface bonds to form agglomerates. After modifying the sepiolite with VTES,
the surface of the nanofibers becomes coarse and
rough due to the formation of an uneven VTES layer,
the surface bonds weaken, and the nanofibers become
spaced apart, as shown in Figure 2c and 2d.
Figure 3a shows the FTIR spectrum of purified and
modified sepiolite nanofibers. The medium-intensity
band in the range of 3700–3300 cm–1 is related to
the symmetric and asymmetric stretching of O–H,
and also its bending vibration band observed in the
range of 800–650 and 1650 cm–1, which indicates
the existence of different types of water in the structure of sepiolite nanofibers [42]. The stretching vibration of 1230, 1020, and 970 cm–1 and the bending
vibration of 450 cm–1 are related to the Si–O group.
The band associated with Si–O–Mg group is observed at 430 cm–1. In general, the absorption bands
seen in the range of 1300–400 cm–1 are specific
bands of silicate minerals that are mostly related to
the bond between oxygen and silicon groups in the
tetrahedral layer as well as oscillations of oxygenmagnesium groups in octahedral mineral planes
[48]. The VTES-modified nanofibers show all bands
related to purified sepiolite. Moreover, we also see
a new symmetric and asymmetric stretching vibration attributed to the C–H2 groups at 2970, 2880 cm–1,
and a bending vibration at 1390 cm–1, which confirms the reaction of sepiolite nanofibers with VTES.
Figure 3b shows the results of the X-ray diffraction
test for purified and modified sepiolite nanofibers.
As mentioned earlier, sepiolite is a crystalline silicate
with a strong characteristic peak at 2θ = 7.1°, which
is also clear in Figure 3b, and shows that the crystal
structure of the sepiolite is mostly formed by crystalline plane of (110). The next characteristic peak of
the sepiolite has appeared at 2θ = 26.67°, and the
next one has appeared at 2θ = 7.6°. In addition to the
characteristic sepiolite peaks in the diffraction pattern,
two intensive peaks are seen at 2θ = 31 and 41°,
which is the sub-phase and is related to the dolomite
mineral [56]. The diffraction pattern and characteristic peaks related to VTES-modified sepiolite are
similar to those of unmodified sepiolite so that even
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Figure 2. FE-SEM micrographs of (a, b) purified and (c, d) modified sepiolite nanofibers.

the distance between the crystalline planes remains
unchanged. Table 2 illustrates the results of the XRD
test data. As shown in Table 2, the d-spacing of the
modified and unmodified sepiolite structures is approximately equal. This indicates that during the
modification of sepiolite by VTES, only the surface hydroxyl (O–H) groups of the sepiolite react
with the silanol (Si–O) group of VTES, and the
main structure of the sepiolite remains unchanged.
Based on the FTIR and XRD results, the schematic

of the modified sepiolite (MS) nanofibers is shown
in Figure 4. The silanol groups of vinyl triethoxy
silane (VTES) react with the hydroxyl groups of
sepiolite, and its vinyl moiety reacts with the polymer matrix.

3.2. Morphology and surface properties of
HDPE/sepiolite nanocomposite separators
Figure 5 demonstrates the FE-SEM surface images of
the separators. The porous structure is a key feature

Table 2. XRD results of the purified and modified sepiolite.
Peak number Crystallinity plane

Peak angle, 2θ d-spacing of purified sepiolite
[°]
[nm]

d-spacing of modified sepiolite
[nm]

Intensity,
I/I0
78.43

1

(110)

07.10

1.21

1.22

2

(261)

26.67

0.37

0.38

27.40

3

(040)

07.60

1.06

1.07

03.77
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Figure 3. (a) FTIR spectra and (b) XRD patterns of the purified and modified sepiolite nanofibers.

Figure 4. Schematic illustration of modification of the Sepiolite nanofibers.

in the separators of lithium-ion batteries [57]. As it
is clear in all Figures, the separators have porous surfaces, and the pores are approximately ellipsoidal in
shape. Because TIPS-manufactured membranes usually have large porosity sizes that may not be suitable
for use as a separator, thus the PE-3MS sample has
a more suitable porosity size. In this sample, as
shown in Figure 5g and 5h, the average size of the
pores is less than 500 nm. Pores being small in size
and uniformly distributed are suitable for inhibiting
the diffusion of particles from the cathode to the
anode in the separator and on the suppression of
lithium dendritic [57]. As a result, the size of the
pores being in the sub-micron range can help ionic
conduction balance and electrical insulation in the
separator. There are almost no aggregates in

HDPE/1MS and HDPE/3MS separators. The sepiolite nanofibers are uniformly dispersed, mainly because of suppressing the interactions between sepiolite nanofibers and enhancing the interaction
between sepiolite and HDPE matrix via the formation of physical interactions and entanglements between VTES molecules and HDPE chains. Dispersion and distribution of nano-filler in the polymer
mass play a vital role in the physical and mechanical
properties of obtained nanocomposites. In the image
related to HDPE/5MS separator, Figure 5i and 5j, it
can be seen that the sepiolite nanofibers accumulate
on the pores and create a dense, almost nonporous
surface. The agglomeration of nanofibers at higher
concentrations is usually seen in polymer nanocomposites [45].
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Figure 5. (a–j) FE-SEM Surface micrographs of the pure HDPE (a and b), PE-3PS (c and d), PE-1MS (e and f), PE-3MS (g
and h), and PE-5MS (i and j) separators in two magnifications.

Figure 6 shows the FE-SEM cross-section images of
the separators. According to the TIPS method and its
mechanism, because the DOP phase and HDPE are
immiscible blends with phase-separated morphology
after DOP phase extraction, the cell porous structure
having interconnected pores is formed, as shown in
Figure 6. This means that porous structure is formed
in both the presence and absence of sepiolite nanofibers; however, sepiolite nanofibers affect the size
and shape of the pores. With the increase of sepiolite
concentration, they will distribute in both of DOP
and HDPE phases, and the viscosity will increase,
resulting in the change in the morphology of HDPE/
DOP blend and final structure of the separators. During the DOP extraction, the sepiolites in the DOP
phase will remain and agglomerated and fill the
formed pores; as a result, the porosity decreases
(Table 3), so does the size of the pores, as shown in
Figure 6i and 6j and Figure 5i and 5j by adding more
sepiolite, the porosity is more reduced, so that in the
PE-5MS sample minimum porosity and pores size
were obtained.
The FTIR spectra for pure HDPE and HDPE/sepiolite
nanocomposite separators are shown in Figure 7a.

The characteristic HDPE bands associated with C–H
stretching vibration are observed at 2960, 2870 cm–1.
Bending vibration related to (–CH2) group has appeared in 1460 and 720 cm–1. The FTIR spectrum
related to the nanocomposite shows the combination
of HDPE and sepiolite bands. The appearance of the
Si–O bands in the range of 1100–1000 cm–1 and the
O–H band in the 3600–3400 cm–1 range confirms
the addition of sepiolite to the HDPE matrix. Furthermore, the intensity of the sepiolite characteristic
peaks increases with sepiolite concentration. Moreover, the absence of new peaks indicates that no
chemical reaction has occurred between polyethylene chains and sepiolite modifiers.
Figure 7b shows the XRD pattern for pure HDPE
and the HDPE/sepiolite nanocomposite. As illustrated, the polyethylene characteristic peaks are well
visible in all diagrams pointing out the semi-crystalline structure of HDPE. The characteristic and
strong peak corresponding to the (110) crystalline
plane of polyethylene has appeared at 2θ = 21.62°.
The next characteristic peak of polyethylene is at
2θ = 24.03° and corresponds to the crystal plane
(220) of polyethylene [42]. The third peak, which
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Figure 6. FE-SEM cross-section micrographs of the pure HDPE (a and b), PE-3PS (c and d), PE-1MS (e and f), PE-3MS (g
and h), and PE-5MS (i and j) separators in different magnification.

has a low intensity, corresponds to the plate (020) of
polyethylene and appears at 2θ = 36.32°, which decreased with the increase of sepiolite content. So, in
general, three characteristic peaks of polyethylene
appear in the diagram; all three peaks are belonging
to polyethylene orthorhombic unit cell structure [50].
A strong characteristic peak of sepiolite has appeared
in the nanocomposite spectrum with lower intensity
at 2θ = 7.21 and 26°. The reason for their low intensity is low concentration relative to the matrix (semicrystalline polyethylene). It is worth mentioning that
the intensity of PE-3MS is higher than PE-3PS, which

shows good dispersion of sepiolite in PE-3MS.
However, the higher concentration of the sepiolite,
the higher intensity at 7.21° is observed, in agreement with FTIR results.
Figure 8a shows the contact angle of the separators
with the water. As can be seen in figure, the contact
angle of the membrane made of pure polyethylene
is 118°, while by adding sepiolite nanofibers, the contact angle has been significantly decreased. This is
due to the following reasons: (1) the porous structure
of the sepiolite nanofibers and (2) the hydrophilicity
of the nanofibers, which is attributed to the presence

Figure 7. (a) FTIR spectra and (b) XRD patterns of the pure HDPE, and nanocomposite separators samples.

1071

Mohammadzad et al. – eXPRESS Polymer Letters Vol.15, No.11 (2021) 1063–1080

Table 3. Mechanical and thermal properties of the pure HDPE and nanocomposite separator samples.
Sample name

Yield strength Elongation at break Melting temperature Crystallization temperature Crystallinity content
[MPa]
[%]
[°C]
[°C]
[%]

HDPE

1.3

41

127.2

113.7

70

PE-3PS

3.9

12

127.5

112.7

62

PE-1MS

5.6

38

128.1

112.4

60

PE-3MS

7.3

30

130.0

111.3

55

PE-5MS

6.5

20

128.5

112.1

58

Figure 8. Photographs of (a) the water contact angles and (b) the liquid electrolyte wetting behavior of the pure HDPE, and
nanocomposite separator samples.

of OH groups on them [36]. Among all the samples,
the PE-3MS has the lowest contact angle of 79°,
which is due to the better dispersion of the sepiolite
nanofiber and its proper amount in this weight percentage. Also, comparing the contact angle of PE3MS and PE-3PS samples, the critical role of sepiolite modification with VTES is highlighted.
Figure 8b shows the wettability behavior of the separators with the electrolyte solution. As can be seen,
in terms of wettability, samples containing sepiolite
nanofibers are significantly more effective in the electrolyte solution than pure polyethylene samples. It has
been observed that for the PE-1MS and PE-3MS
separators, the electrolyte solution is completely
dispersed on the separator surface, indicating improvement in wettability and hydrophilicity of the
separator with sepiolite nanofibers. Interestingly, the
comparison of PE-3MS and PE-3PS qualitatively
confirmed the better dispersion and interaction of

modified sepiolite with polyethylene chains and in
good agreement with other results. In the PE-5MS
sample, because of the high concentration of sepiolite and its agglomeration, the contact angle is increased, and wettability decreased compared with
the PE-3MS samples, as shown in Figure 8.

3.3. Thermal and mechanical properties
Mechanical properties are one of the most important
features of the separator that are essential to maintain
its stability in the battery during the manufacturing
process and during the transportation and movement
of the battery [23]. Figure 9a shows the stress-strain
diagram of the separator with different percentages
of sepiolite nanofibers. We see a clear increasing trend
in yield strength and modulus, as the slope of stressstrain curves in low strains, of the samples with the
addition of sepiolite nanofibers, so that the mechanical strength of PE-5MS and PE-3MS samples shows
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Figure 9. (a) Stress-strain and (b) DSC curves of the pure HDPE, and nanocomposite separators.

a significant increase compared to other samples.
The yield stress, tensile modulus, and elongation at
break are calculated in Table 3. The PE-3MS sample
has the highest yield strength (approximately 7.3 MPa)
and toughness (estimated as the area below the
stress-strain curve), which is due to the following
reasons: (1) sepiolite nanofibers act as a hard phase
in the polyethylene, and (2) the dispersion of nanofibers occurs well [44]. Also, because the sepiolite
nanofibers are physically bonded with polyethylene
by VTES, the transfer of stress from the matrix to the
nanofiber is well carried out. All of these reasons
combined have led to such high mechanical properties. The PE-3PS sample shows a yield strength of
3.9 MPa, which is less than the sample with modified sepiolite, and the reason for this is that due to
the lack of sepiolite modification, firstly, the sepiolite nanofibers are not well dispersed, and secondly,
due to the weak bond of the material with the nanofiber, the transfer of stress from the matrix to the nanofiber is rarely occurring [58]. Therefore, the elongation at break for this sample is the lowest. Considering the higher sensitivity of tensile modulus to the
filler concentration rather than the dispersion [58],
the highest tensile modulus in the PE-5MS sample
is due to its highest sepiolite concentration.
Figure 9b shows the heating cycle diagram for different samples. As can be seen in the figure, the melting temperature of the samples has changed significantly. The melting temperature, crystallization temperature, and crystallinity content are presented in
Table 3. The melting temperature of the PE-3MS
sample is approximately 130 °C, which is 2.8 degrees higher than the melting temperature of the pure
HDPE sample. This suggests that the interaction of
the sepiolite nanofibers to the HDPE chains is well
done, which increases the thermal stability of the

separator. The melting temperature of the PE-3PS
sample is approximately equal to that of pure HDPE,
pointing to less interaction between unmodified sepiolites and polymer matrix than expected.
Figure 10 illustrates the dimensional changes of the
separators after being placed in an oven with a temperature of 150 °C for 30 min. Pure HDPE separator
has the highest thermal shrinkage of 92%, and the
PE-3MS sample has the lowest thermal shrinkage of
5% at 150 °C, show its highest dimensional stability
at higher temperatures. The high thermal stability
and low shrinkage of the PE-3MS sample are attributed to the fact that the sepiolite nanofibers as the
mineral filler with high thermal stability are uniformly dispersed in the polyethylene. The PE-1MS
sample shows a 45% thermal shrinkage, and the reason is that although the sepiolite nanofibers are uniformly dispersed in the sample, their amount in the
matrix has been low. The PE-5MS sample also
shows 8% shrinkage due to partial agglomeration of

Figure 10. Photographs of the pure HDPE and nanocomposite separators (a) before and (b) after storage at
150 °C for 0.5 h.
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the sepiolite nanofibers. These results clearly
demonstrate the key role of the sepiolite nanofibers
as mineral filler on the thermal behavior of separators which is crucial for battery performance at elevated temperatures [59].

3.4. Electrochemical measurements
The electrochemical stability window of the bare
HDPE and HDPE/sepiolite nanocomposite separators were investigated by a linear sweep voltammetry experiment, as shown in Figure 11a. The current
changes only slightly in voltages lower than 4.5 V
(vs. Li+/Li), indicating that HDPE/sepiolite nanocomposite microporous membranes can be used in
lithium-ion batteries. The ionic conductivity of the
separator is one of the main parameters in the electrochemical performance of the battery. The Electrochemical impedance spectroscopy (EIS) was used to
measure the ionic conductivity of pure HDPE separator and HDPE/sepiolite nanocomposite (Figure 11b, 11c). According to Equation (4), the ionic

conductivity of the pure HDPE separator and PE3MS was measured to be 0.36·10–3 and
0.9·10–3 S·cm–1, respectively. Table 4 shows the
ionic conductivity of the separators, along with the
porosity and electrolyte uptake. The high ionic conductivity of the PE-3MS separator is originated from
its high wettability and uniform porous structure,
which provides a smooth ion diffusion path. In addition, it is expected that the addition of sepiolite into
the polymer matrix enhances the amorphous region;
and the increase of the amorphous region in the polymer complex is beneficial for achieving a higher
ionic conductivity of the electrolyte system [60]. It
is worth mentioning that the decrease in porosity of
the samples is low, while the highest value is observed in PE-5MS sample is also expected based on
FE-SEM images in Figure 5i and 5j.
The compatibility of the electrodes and the separator with interfacial resistance was also measured by
the EIS method. Figure 11b shows the Nyquist plots
of lithium/separator/LiFePO4 cells in open circuit

Figure 11. (a) Linear sweep voltammograms of pure HDPE and nanocomposite separators and (b) Nyquist plots of the
Li/HDPE/LiFePO4, the Li/HDPE-PS/LiFePO4, and the Li/HDPE-MS/LiFePO4 cells at the open circuit potential
and equivalent circle (inset) , and (c) the ionic conductivity of the pure HDPE, and nanocomposite separators.
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Table 4. The porosity, electrolyte uptake and ionic conductivity of the pure HDPE, and nanocomposite separator samples.
Sample
name

Porosity
[%]

Electrolyte
uptake
[%]

Ion
conductivity
[·10–3 S·cm–1]

Rct
[Ω]

Bare PE

60

84

0.36

850

PE-3PS

59

90

0.41

588

PE-1MS

59

110

0.73

387

PE-3MS

58

120

0.90

310

PE-5MS

55

102

0.56

416

potential. The first intercept in the high-frequency region on the real axis shows the electrolyte solution
resistance (RS). The diameter of the semicircle represents the overall interfacial resistance (Rint), which
takes into account the resistance of the charge transfer (Rct) through the interface and that one associated
with the interfacial passivation layer (solid electrolyte interface (SEI) layer) growing on the lithium
surface [61–64]. As it is clear from the diagram, the
interfacial resistance decreases with the addition of

Sepiolite nanofibers. The equivalent circuit is depicted in Figure 11b inset. As can be seen, the fitting result coincides with the experimental one. As shown
in Table 4, the cell containing PE-3MS separator has
the lowest resistance value (320 Ω) compared to the
HDPE separator sample that has the highest resistance value (850 Ω). This indicates an increase in the
ion exchange rate between the separator and the
electrodes. This is because by adding sepiolite nanofibers, the separator is swollen more by liquid electrolyte and provides strong adhesion of the interfaces
with the electrodes, which leads to less use of the resistance layer in the battery.
Figure 12a shows the initial charge-discharge curves
of Li/LiFePO4 half-cells at 0.2 C by using the pure
HDPE and HDPE/sepiolite nanocomposite separators. Compared to the electrode with a bare PE separator, the LiFePO4 electrodes with the HDPE/sepiolite nanocomposite separators have a slightly higher
initial reversible capacity, which can be attributed to
the higher ionic conductivity and lower interfacial

Figure 12. (a) Charge-discharge curves at the rate of 0.2 C, (b) the cycling performances and (c) the rate performances of
the pure HDPE and nanocomposite separators samples.
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impedance [65]. The resulting polarization value
(0.07 V) between the charge and discharge plateaus
of HDPE-3MS is considerably lower than those of
the HDPE (0.24 V), HDPE-1MS (0.09 V), HDPE5MS (0.19 V), and HDPE-1PS (0.23 V). This low
polarization value (0.07 V) is indicative of the enhanced ionic conductivity (Figure 12a) and lower the
electrochemical impedance of the HDPE-3MS nanocomposite separator interface (Figure 11b).
Cycling performance is used to evaluate the stability
of the battery. Figure 12b shows the change in capacity retention with the cell cycle numbers for different separators at a current density of 0.2 C. All
separators show stable performance with a slight
degradation of performance after 50 cycles. As can
be seen, the discharge capacity of the battery increases with the addition of sepiolite nanofibers to the separator, and the differences between the capacities increase with an increasing number of cycles. This
difference is explained by the high affinity of the liquid electrolyte and the high ionic conductivity of the
separators due to the addition of sepiolite nanofibers,
which sufficiently wet the electrode material, increasing the intercalation and de-intercalation of lithium ions on the cathode, resulting in high discharge
capacity. In addition, the cellular and microporous
structure of the separator can contribute to the sealing of the electrolyte over a long period of time and
result in better reversibility [57]. The Coulombic efficiency (CE) diagram during the first 50 cycles for
bare HDPE and different HDPE/sepiolite nanocomposite samples is shown in Figure 12b. CEs of approximately close to 100% is observed for all samples during the 100 cycles at the discharge current
rate of C/2, regarding good reversibility and stability
during charge-discharge cycling.
Rate performance is also an important parameter in
lithium-ion batteries. Figure 12c compares separators’ behavior with increasing C-rate from 0.2 to 2 C
for all five cycles. It is observed that the cell with PE3MS separator shows a higher discharge capacity at
different discharge C-rates, which results in high
cathode utilization and high discharge C-rate capability. This improved capacity rate is attributed to
high porosity and electrolyte uptake, which is suitable
for facile Li+ transport and good electrolyte uptake
during cycling. The difference between the separators
in the high current density is greater where the effect
of ionic transfer on ohmic polarization is extremely
essential. For all separators, the discharge capacity of

Figure 13. Schematic illustration the ionic conductivity of
the pure HDPE and the PE-3MSseparators.

the cells gradually decreases as the discharge current
density increases [66]. When the C-rate drops to
0.2 C, the capacity of the cells containing different
separators is restored to the initial value, which is a
requirement for lithium batteries. In general, the ability to discharge essentially depends on the transfer
of ions. Figure 13 shows the schematic of cell
charge-discharge in the presence and absence of sepiolite nanofibers. As can be seen, the presence of
sepiolite nanofibers has increased ionic conductivity.
In a pure HDPE separator, the PF6– ion hind the
movement of Li+ ion, while in the PE-3MS separator
hydroxyl group in sepiolite forms a hydrogen bond
with PF6– to improve the movement of Li+.

4. Conclusions
In this study, a new HDPE/sepiolite nanocomposite
separator was prepared and characterized for use in
lithium-ion batteries by utilizing the thermally induced phase separation method (TIPS). The addition
of sepiolite nanofibers improved the thermal stability, hydrophilicity, and wettability of the separator.
FESEM test results showed porous separators with
a cellular structure that have ellipsoidal pores. It was
also observed that the sample containing 3 wt% of
VTES modified sepiolite has the best dispersion of
nanofibers and has a uniform porous structure with a
suitable porosity size. The FTIR test results showed
that the sepiolite nanofibers were well modified with
VTES and compatible with the polyethylene matrix
due to the presence of the C–H absorption band. The
results of tensile, DSC, and thermal shrinkage tests
showed the excellent effect of sepiolite nanofibers
on mechanical properties enhancement and thermal
stability, so that yield strength of PE-3MS sample
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is almost 5.5 times higher than pure polyethylene
sample, and the melting point of PE-3MS is about
2.8 °C higher than that of pure HDPE. Moreover, the
PE-3MS sample had only 5% shrinkage and dimensional change after remaining at 150 °C for 30 min.
The results of contact angle, electrolyte uptake, and
ion conductivity tests showed that sepiolite
nanofibers caused hydrophilicity in polyethylene, resulting in increased wettability and electrolyte uptake of separators. Also, the separator ionic conductivity increased from 0.36·10–3 S·cm–1 for pure
HDPE sample to 0.9·10–3 S·cm–1, which indicates a
decrease in the resistance of the separator interface
with the electrodes. Cycling and rate performance
test results showed that the cell assembled with PE3MS separator has a higher discharge capacity in the
number of high cycles than the cell assembled with
pure HDPE separator. Results of this work pave the
way for the production of nanocomposite separators
with higher efficiency and workability at higher temperatures using low-cost mineral nanofibers.
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