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Abstract: With the global effort to reduce fossil fuels and to use eco-friendly energy, interest in Li-ion
batteries (LIBs) is rapidly increasing. In the LIB system, the separator is an important component
for determining the rate performance and safety of cells. Although polyolefin separators are com-
mercially used in LIBs, they still suffer from inferior electrolyte wettability and low thermal stability
issues. Here, we introduce a chemical surface modification for polyethylene (PE) separators using a
poly(ether ether ketone) (PEEK) coating. The separators were pretreated in a tannic acid solution to
enforce the adhesion of the coated layers. Then, PEEK was coated onto the PE surface by a doctor
blading method. The separators were examined by infrared spectroscopy, and the surface properties
were characterized by electrolyte uptake and contact angle measurements. The treated surface was
hydrophilic, and the ionic conductivity of the cell with the modified separator was significantly
improved. As a result, the corresponding rate performance was significantly improved. The surface
modification strategy proposed here can be applied to polyolefin-based separators as well.

Keywords: surface modification; Poly(ether ether ketone); hydrophilic; separator; Li-ion battery

1. Introduction

Li-ion batteries (LIBs) have been widely used in various applications such as electric
vehicles and energy storage devices because of their advantages, which include a high
energy density, long cycle life and moderate cost [1]. LIB cells consist of four major
components: an anode, a cathode, an electrolyte, and a separator. The separator is placed
between the cathode and the anode to prevent physical contact between the two electrodes
and to enable ion transport through the electrolyte. To improve battery performance such
as cycle performance, power density, and safety, upgrading the separator is considered
an effective method. The physical and chemical properties of the LIB separator include
high strength, good porosity, chemical resistance to electrolyte, wettability, and thermal
durability. Among these properties, an excellent electrolyte wettability is essential to
secure the electrochemical properties of cells [2–5]. Polyolefin-based separators such
as polyethylene (PE) and polypropylene (PP) are commonly used in LIBs because of
their excellent electrochemical stability and low costs; further, these separators can be
mass produced by an optimized process. However, the wettability of these separators
to electrolyte is not enough due to a low surface energy, which leads to poor electrolyte
compatibility and rate performance. In addition, PE and PP separators have low melting
points of 130 ◦C and 150 ◦C, respectively, which cannot protect the cells when thermal
runaway occurs in LIBs [6,7].

Thus far, numerous methods have been reported to overcome the limitations of the
PE separators. Surface modification methods with inorganic particle coating, such as
Al2O3, SiO2, and TiO2 [8–10], and polymer coating, including the polyvinlylidene fluoride-
hexafluoropropylene co-polymer, polyimide, and poly(methly methancylate) [11–13], have
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been used to modify the separators. Although these coating methods can effectively
improve the electrolyte compatibility, mechanical strength, and thermal stability of the
separators, several shortcomings related to the coating process still remain unresolved.
In particular, ceramic coating is a complex and costly process, and because of the weak
adhesion between the inorganic coating particles and the separator, the particles detach
from the separator when mechanical stress is generated during the cell assembly process.
This may block the pores of the separator, interfere with the transfer of the Li ions, and
degrade the cell performance. In the case of polymer coatings, extra processes such as
heating and ultraviolet radiation are required to enhance the adhesion by an additional
cross-linking procedure [14–16].

In this paper, we propose a facile poly(ether ether ketone) (PEEK) coating method to
modify PE separators. PEEK is a kind of semi-crystalline polymer, which exhibits excellent
intrinsic characteristics such as high chemical and thermal stability. In addition, the PEEK
polymer may strongly interact with carbonate-based electrolytes, which are widely used
in commercial LIBs, because of the existence of oxy-ether and polar carboxyl bonds in
PEEK [17–19]. Tannic acid (TA) was introduced to improve the adhesion between the PE
and PEEK layers. TA is an inexpensive polyphenol, which is synthesized from plants
in abundant quantities and can self-polymerize in an alkalescence aqueous solution like
dopamine. Further, it has five gallol groups and five catechol groups, and can thus form
non-covalent bonds with various molecules through hydrogen or hydrophobic bonding.
Based on these characteristics, TA was adopted as an intermediate layer or coating layer as
reported in previous studies [20–23]. To modify the PE surface, the separator was pretreated
with a TA solution using the dip-coating method, and a thin PEEK porous membrane was
coated by a phase inversion process. After the surface modification, the wettability of the
PE separator improved significantly, which in turn enhanced the electrochemical properties
of the cell with the PE separator.

2. Experimental

Materials preparation: Before pretreatment in a TA solution, a commercial PE sep-
arator (16 µm, Tonen F16BME) was cleaned with ethyl alcohol in an ultrasonic bath for
30 min. Then, the cleaned separator was immersed into a tris-HCl buffer solution (pH 8.5)
of TA (2 mg mL−1, Sigma Aldrich, ACS reagent, Burlington, MA, USA) for 10 min. After
the treatment, the separator was rinsed with deionized (DI) water several times and dried
in a vacuum oven at 60 ◦C for 24 h. For the PEEK coating, poly(oxy-1,4-phenyleneoxy-
1,4-phenylenecarbonly-1,4-phenylene) (PEEK, Sigma Aldrich, Burlington, MA, USA) was
dissolved in a mixture solution of sulfuric acid and methyl sulfonic acid (weight ratio, 2:1)
to prepare 12wt% casting solution. The solution was cast onto the pretreated PE separator
using the doctor blade method. Subsequently, the PEEK-coated separator was immersed
in DI water for 24 h. Finally, the prepared separator was dried in a vacuum oven at room
temperature for 12 h.

Material characterization: The morphology of the separators was observed by field-
emission scanning electron microscopy (FE-SEM, JEOL JSM-7401F, Japan). Fourier trans-
form infrared (FT-IR, Bruker Vertex 70, Bruker, Germany) spectra of the separators were
collected in the range of 1000–1800 cm–1. The electrolyte contact angle was measured
by a contact angle goniometer (CA, DSA30S, KRÜSS GmbH, Hamburg, Germany). The
electrolyte uptake was calculated by measuring the weight of separator after dropping 1M
LiPF6 in an ethylene carbonate (EC)/diethyl carbonate (DEC) solution (3:7 by volume ratio,
Panax Etec, Busan, Korea):

Electrolyte uptake (%) =
Me − Mo

Mo
× 100 (1)
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Mo and Me represents the weight of the separators before and after dropping the electrolyte,
respectively. Thermal shrinkage was calculated by measuring the area of the separator after
the heat treatment at each temperature for 30 min:

Thermal shrinkage (%) =
So − S

So
× 100 (2)

So and S indicate the areas of the separator before and after heat treatment, respectively.
Electrochemical measurements: The electrochemical stability of the separator was

evaluated by linear sweep voltammetry (LSV, BioLogic VSP, Grenoble, France) in the volt-
age range of 0–5 V at a scan rate of 1 mV s–1. The cell was assembled by sandwiching
a separator between stainless steel (SS) and a Li metal foil (SS/separator-electrolyte/Li).
Electrochemical impedance spectroscopy (EIS) measurements were performed in the fre-
quency range of 1 MHz to 100 mHz [24]. For the EIS measurements, a symmetric cell with
a separator sandwiched between SS plates (SS/separator-electrolyte/SS) was assembled,
and the ionic conductivity was calculated using the following equation:

Ionic conductivity (σ) =
h

RbS
(3)

where σ represents the ionic conductivity, Rb is the bulk resistance, h is the thickness of
the separator, and S is the surface area of the separator. For the electrochemical cycle tests,
coin-type cells (CR2032) were assembled in an argon-filled glovebox. The pristine or treated
PE separator was sandwiched between a Li metal foil anode and a LiNi0.8Co0.1Mn0.1 O2
(NCM811) cathode with 1M LiPF6 in EC/DEC (3:7 by volume) as the electrolyte. For
the cathode preparation, the active material (NCM811, 92wt%), a polyvinylidene fluoride
binder (PVDF, 4wt%), and a conducting agent (i.e., carbon; Super P, 4wt%) were dissolved
in an N-methyl-2-pyrrolidone solution. The slurry was coated onto an aluminum foil
current collector. The electrode was roll-pressed and dried at 80 ◦C for 12 h. Galvanostatic
charge and discharge cycling was performed within the potential window of 2.75–4.2 V (vs.
Li+/Li) at specific currents of 20–400 mA g–1 (1 C = 200 mA g–1).

3. Results and Discussion

Figure 1 shows the schematic for surface modification of the PE separator. First, the
pristine PE separator was pretreated in a TA solution. Then, the PEEK solution was cast
onto the PE separator, and a thin PEEK layer was coated on the separator surface. In this
process, self-polymerization possibly occurs between the TA and PEEK layers with aid
of hydrogen bonds because of the TA pretreatment. The molecular structure of TA and
sulfonated PEEK and the possible polymerization mechanism of the two substances are
depicted in Figure 1. The pyrogallol or catechol group type phenols in TA can react with
the sulfated PEEK [23], and based on this reaction, it can be expected that the PE surface
was well coated with the PEEK layers. Figure 2 presents the FE-SEM images of the pristine
and surface-treated PE separators. The samples pretreated in the TA solution and coated
with PEEK are named as TA-PE and PEEK@TA-PE. After the TA treatment, the morphology
of the PE separator did not show any significant changes. However, the surface of the PE
fibrous structure was transformed into a smooth surface after the PEEK coating (Figure 2c).
To confirm the coating, we performed the coating procedure five times. Then, the FE-
SEM image was obtained (Figure 2d). From the image, the thicker PE fibers are observed,
indicating that the PEEK coating was well conducted. The Gurley numbers of the pristine
and PEEK@TA-PE separators were measured to be 214 and 223 s/100 mL, respectively,
which supports that the porous structure of the PE separator was not significantly changed
after the coating.
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Figure 1. Chemical structures of TA and sulfonated PEEK; schematic of surface modification of the
PE separator and possible reaction mechanism of TA and PEEK.

Energies 2023, 16, 627 4 of 10 
 

 

 

Figure 1. Chemical structures of TA and sulfonated PEEK; schematic of surface modification of the 

PE separator and possible reaction mechanism of TA and PEEK. 

 

Figure 2. FE-SEM images of the (a) PE, (b) PE-TA, (c) PEEK@TA-PE, and (d) PE separators after the 

PEEK coating five times. 

To confirm the effects of the TA pretreatment and PEEK layer, FT-IR spectra were 

collected, as shown in Figure 3, which shows few characteristic peaks corresponding to 

TA. The characteristic peak at approximately 1213 cm–1 could be attributed to the C–O 

stretching vibration of polyols [23,25], and those at 1607 and 1710 cm–1 correspond to the 

C=C and C=O stretching vibrations in TA, respectively [23,26]. The spectrum of the PEEK-

Figure 2. FE-SEM images of the (a) PE, (b) PE-TA, (c) PEEK@TA-PE, and (d) PE separators after the
PEEK coating five times.

To confirm the effects of the TA pretreatment and PEEK layer, FT-IR spectra were
collected, as shown in Figure 3, which shows few characteristic peaks corresponding to
TA. The characteristic peak at approximately 1213 cm–1 could be attributed to the C–O
stretching vibration of polyols [23,25], and those at 1607 and 1710 cm–1 correspond to
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the C=C and C=O stretching vibrations in TA, respectively [23,26]. The spectrum of the
PEEK-coated separator is distinct from that of the pristine PE separator. The characteristic
peaks at 1031 and 1081 cm–1 can be ascribed to the S=O stretching and symmetric O=S=O
bond in sulfonated PEEK, respectively [27–29]. The prominent peaks at 1224 and 1600 cm–1

correspond to the ether group stretching vibration and carbonyl stretching in PEEK, respec-
tively [29,30]. From these FE-SEM and FT-IR analyses, it can be confirmed that the PEEK
layer was well coated onto the PE separator.
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Figure 3. FT-IR spectra of the pristine PE, TA-PE, and PEEK@TA-PE separators.

Figure 4 shows digital photographs, which indicate the wettability of the separators.
We dropped 1M LiPF6 EC/DEC (electrolyte) on the pristine PE, TA-PE, and PEEK@TA-PE
separators and measured the degree of wettability for 10 min. The corresponding results
show that the PEEK-coated separator rapidly absorbed the electrolyte over the entire
area after 1 min, whereas the pristine PE and TA pretreated separators exhibited much
smaller wetted areas. These results indicate that the wettability of PE was enhanced by the
PEEK coating because of the presence of several surface functional groups such as phenol
group in TA and sulfur–oxygen and carbon–oxygen bonds in sulfonated PEEK. Upon
surface modification, the surface of the PE separator became hydrophilic, and therefore, the
improvement in the wettability can be attributed to the enhanced hydrophilic properties of
the separators.
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the electrolyte.
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Figure 5 presents the electrolyte uptake and contact angle measurement results. The
calculated electrolyte uptake of the pristine PE, TA-PE, and PEEK@TA-PE samples are
46.1%, 62.1%, and 293%, respectively. The measured contact angle of the pristine PE sample
is 28.4◦, which decreases to 25.2◦ and 13.5◦ for the TA-PE, and PEEK@TA-PE samples,
respectively, which support the previously mentioned calculated electrolyte uptakes of
the samples. After the pretreatment in the TA solution and the PEEK coating, the surface
became further hydrophilic; additionally, the electrolyte impregnation ability was greatly
enhanced. These observations can be attributed to the physical properties of PEEK. The
results of the aforementioned wettability tests confirmed that the surface of the PE separator
transformed from hydrophobic to hydrophilic, and the electrolyte uptake was improved.
Because of these two characteristics, the treated separators can be easily used in LIBs.

Energies 2023, 16, 627 6 of 10 
 

 

46.1%, 62.1%, and 293%, respectively. The measured contact angle of the pristine PE sam-

ple is 28.4°, which decreases to 25.2° and 13.5° for the TA-PE, and PEEK@TA-PE samples, 

respectively, which support the previously mentioned calculated electrolyte uptakes of 

the samples. After the pretreatment in the TA solution and the PEEK coating, the surface 

became further hydrophilic; additionally, the electrolyte impregnation ability was greatly 

enhanced. These observations can be attributed to the physical properties of PEEK. The 

results of the aforementioned wettability tests confirmed that the surface of the PE sepa-

rator transformed from hydrophobic to hydrophilic, and the electrolyte uptake was im-

proved. Because of these two characteristics, the treated separators can be easily used in 

LIBs. 

 

Figure 5. Electrolyte uptake and contact angle measurement results of the PE, TA-PE, and 

PEEK@TA-PE separators. 

Further, we investigated the thermal properties of the PE separators. Figure 6a shows 

the digital photographs of the samples tested for thermal stability. A Thermal shrinkage 

test was performed to evaluate the thermal stability of the separators at high tempera-

tures. The pristine PE, TA-PE, and PEEK@TA-PE samples were heated at 100 °C, 120 °C 

and 140 °C for 30 min, respectively. Even after heating at 100 °C and 120 °C, all the sepa-

rators well maintained their shapes. However, a difference was observed at 140 °C; the 

PEEK@TA-PE sample retained its original shape after heating at this temperature, but the 

other two samples showed shape deformations. To examine the thermal properties, the 

area ratio to the samples that were not treated at high temperatures was calculated. Figure 

6b shows the thermal shrinkage ratio obtained using Equation (2). The PE and TA-PE 

samples exhibit approximately 75% and 69% shrinkage, respectively. However, the PEEK-

coated sample shows a shrinkage of only 43%. These results confirmed that the thermal 

stability of the PE separator can be improved by applying the PEEK coating process. 

 

Figure 5. Electrolyte uptake and contact angle measurement results of the PE, TA-PE, and PEEK@TA-
PE separators.

Further, we investigated the thermal properties of the PE separators. Figure 6a shows
the digital photographs of the samples tested for thermal stability. A Thermal shrinkage test
was performed to evaluate the thermal stability of the separators at high temperatures. The
pristine PE, TA-PE, and PEEK@TA-PE samples were heated at 100 ◦C, 120 ◦C and 140 ◦C
for 30 min, respectively. Even after heating at 100 ◦C and 120 ◦C, all the separators well
maintained their shapes. However, a difference was observed at 140 ◦C; the PEEK@TA-PE
sample retained its original shape after heating at this temperature, but the other two
samples showed shape deformations. To examine the thermal properties, the area ratio to
the samples that were not treated at high temperatures was calculated. Figure 6b shows the
thermal shrinkage ratio obtained using Equation (2). The PE and TA-PE samples exhibit
approximately 75% and 69% shrinkage, respectively. However, the PEEK-coated sample
shows a shrinkage of only 43%. These results confirmed that the thermal stability of the PE
separator can be improved by applying the PEEK coating process.

Figure 7 shows the EIS measurement results of the PE and PEEK@TA-PE separa-
tors. The Nyquist plots of the cell (SS/separator-electrolyte/SS) assembled with the PE
and PEEK@TA-PE separators are shown in Figure 7a. The resistance values (x-axis in-
tercept data) were used to calculate the ionic conductivity of the liquid electrolyte, and
the corresponding results (obtained using Equation (3)) are shown in Figure 7b. The
ionic conductivity values of the pristine PE and PEEK-coated separators are 4.3 × 10–4 and
6.3 × 10–4 S cm–1, respectively, and this increase in the conductivity values can be attributed
to the PEEK coating. The coating significantly changed the electrolyte wettability and also
increased the ionic conductivity.



Energies 2023, 16, 627 7 of 10

Energies 2023, 16, 627 6 of 10 
 

 

46.1%, 62.1%, and 293%, respectively. The measured contact angle of the pristine PE sam-

ple is 28.4°, which decreases to 25.2° and 13.5° for the TA-PE, and PEEK@TA-PE samples, 

respectively, which support the previously mentioned calculated electrolyte uptakes of 

the samples. After the pretreatment in the TA solution and the PEEK coating, the surface 

became further hydrophilic; additionally, the electrolyte impregnation ability was greatly 

enhanced. These observations can be attributed to the physical properties of PEEK. The 

results of the aforementioned wettability tests confirmed that the surface of the PE sepa-

rator transformed from hydrophobic to hydrophilic, and the electrolyte uptake was im-

proved. Because of these two characteristics, the treated separators can be easily used in 

LIBs. 

 

Figure 5. Electrolyte uptake and contact angle measurement results of the PE, TA-PE, and 

PEEK@TA-PE separators. 

Further, we investigated the thermal properties of the PE separators. Figure 6a shows 

the digital photographs of the samples tested for thermal stability. A Thermal shrinkage 

test was performed to evaluate the thermal stability of the separators at high tempera-

tures. The pristine PE, TA-PE, and PEEK@TA-PE samples were heated at 100 °C, 120 °C 

and 140 °C for 30 min, respectively. Even after heating at 100 °C and 120 °C, all the sepa-

rators well maintained their shapes. However, a difference was observed at 140 °C; the 

PEEK@TA-PE sample retained its original shape after heating at this temperature, but the 

other two samples showed shape deformations. To examine the thermal properties, the 

area ratio to the samples that were not treated at high temperatures was calculated. Figure 

6b shows the thermal shrinkage ratio obtained using Equation (2). The PE and TA-PE 

samples exhibit approximately 75% and 69% shrinkage, respectively. However, the PEEK-

coated sample shows a shrinkage of only 43%. These results confirmed that the thermal 

stability of the PE separator can be improved by applying the PEEK coating process. 

 

Figure 6. (a) Digital photographs of the (i) PE, (ii) TA-PE, and (iii) PEEK@TA-PE separators after
heat treatment at each temperature; (b) thermal shrinkage calculation results.

Energies 2023, 16, 627 7 of 10 
 

 

Figure 6. (a) Digital photographs of the (i) PE, (ii) TA-PE, and (iii) PEEK@TA-PE separators after 

heat treatment at each temperature; (b) thermal shrinkage calculation results. 

Figure 7 shows the EIS measurement results of the PE and PEEK@TA-PE separators. 

The Nyquist plots of the cell (SS/separator-electrolyte/SS) assembled with the PE and 

PEEK@TA-PE separators are shown in Figure 7a. The resistance values (x-axis intercept 

data) were used to calculate the ionic conductivity of the liquid electrolyte, and the corre-

sponding results (obtained using Equation (3)) are shown in Figure 7b. The ionic conduc-

tivity values of the pristine PE and PEEK-coated separators are 4.3 × 10–4 and 6.3 × 10–4 S 

cm–1, respectively, and this increase in the conductivity values can be attributed to the 

PEEK coating. The coating significantly changed the electrolyte wettability and also in-

creased the ionic conductivity. 

 

Figure 7. (a) Nyquist plots of the SS/separator-electrolyte/SS cells with the PE and PEEK@TA-PE 

separators; (b) calculated ionic conductivity results. 

Figure 8 shows the electrochemical test results of the cells with the pristine and PEEK-

coated separators. The LSV profiles of the cells with the PE and PEEK@TA-PE separators 

are shown in Figure 8a. Evidently, the profiles are flat for both the cells, implying that the 

cells with the separators are stable in the voltage range of 0–5 V. Figure 8b presents the 

galvanostatic discharge–charge curves of the cells with the PE and PEEK@TA-PE separa-

tors for the first two cycles. For both the cells, the initial charge and discharge capacities 

are approximately 200 and 170 mAh g–1, respectively, and the initial Coulombic efficiency 

is 85%; the curves show the typical features of high-Ni layered cathodes. Figure 8c shows 

the cycling performance of the cells with the PE and PEEK@TA-PE separators, indicating 

even after 150 cycles, the capacities are well maintained for both the cells. Figure 8d pre-

sents the rate performance of the cells with the separators. At low rates of 0.1–0.2 C, the 

capacity difference is negligible. However, as the C-rate is increased to 0.5, 1.0, and 2.0 C, 

the reversible capacity changes. When the PEEK-treated separator was incorporated in 

the cell, the capacity was well maintained. The capacities of the cells with the PE and 

PEEK@TA-PE separators at a high rate of 2 C are 95 and 113 mAh g–1, respectively. The 

improved rate performance can be assigned to the surface modification by the PEEK coat-

ing. After the coating, the surface becomes hydrophilic, and the ionic conductivity in-

creases, which in turn significantly enhances the rate performance. Therefore, it can be 

concluded that the surface modification of the PE separator is effective to enhance the rate 

performance of the cells. 

Figure 7. (a) Nyquist plots of the SS/separator-electrolyte/SS cells with the PE and PEEK@TA-PE
separators; (b) calculated ionic conductivity results.

Figure 8 shows the electrochemical test results of the cells with the pristine and PEEK-
coated separators. The LSV profiles of the cells with the PE and PEEK@TA-PE separators
are shown in Figure 8a. Evidently, the profiles are flat for both the cells, implying that the
cells with the separators are stable in the voltage range of 0–5 V. Figure 8b presents the
galvanostatic discharge–charge curves of the cells with the PE and PEEK@TA-PE separators
for the first two cycles. For both the cells, the initial charge and discharge capacities are
approximately 200 and 170 mAh g–1, respectively, and the initial Coulombic efficiency is
85%; the curves show the typical features of high-Ni layered cathodes. Figure 8c shows the
cycling performance of the cells with the PE and PEEK@TA-PE separators, indicating even
after 150 cycles, the capacities are well maintained for both the cells. Figure 8d presents the
rate performance of the cells with the separators. At low rates of 0.1–0.2 C, the capacity
difference is negligible. However, as the C-rate is increased to 0.5, 1.0, and 2.0 C, the
reversible capacity changes. When the PEEK-treated separator was incorporated in the cell,
the capacity was well maintained. The capacities of the cells with the PE and PEEK@TA-PE
separators at a high rate of 2 C are 95 and 113 mAh g–1, respectively. The improved rate
performance can be assigned to the surface modification by the PEEK coating. After the
coating, the surface becomes hydrophilic, and the ionic conductivity increases, which in
turn significantly enhances the rate performance. Therefore, it can be concluded that the
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surface modification of the PE separator is effective to enhance the rate performance of
the cells.
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4. Conclusions

We propose a facile method to modify the PE separators used in LIBs. In this case, the
separator was first pretreated in a TA solution, and the sample was coated with PEEK; the
PEEK coating was confirmed by FT-IR analysis. Because of the chemical modification by
PEEK, the hydrophobic PE surface became hydrophilic, and the electrolyte wettability of
the separator was significantly improved. The changes in surface property were examined
through an electrolyte uptake test and contact angle measurements. The results showed that
the ionic conductivity of the cell with the modified separator was significantly improved.
The electrochemical test results demonstrated that the rate performance of the cell with
the treated separator was greatly enhanced. These results can be attributed to the surface
modification of the PE separator. Therefore, the proposed chemical treatment strategy can
be applied to perform surface modification of polyolefin-based separators for LIBs.
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