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Lithium-ion batteries with high energy density and environmental friendliness have attracted
considerable interest for reseachers in recent years. However, the conventional polyolefin separators
with poor electrolyte wettability and low thermal stability limited the further development of lithium-
ion batteries. Here we designed a porous poly(m-phenylene isophthalamide) (PMIA) layer, embedded
with high-dispersed TiO2-P(MMA-AA-BA) (TP) nanohybrid, on both sides of a polyethylene (PE)
membrane by a facile nonsolvent-induced phase inversion process to improve the electrolyte wettability
and thermal stability of the PE separator. The TP nanoparticles can disperse uniformly in PMIA layer.
Due to the inherent high-heat resistance and good affinity to the liquid electrolyte of PMIA and
nanohybrid, this (TP-PMIA)-modified PE (TP-PMIA@PE) membrane exhibits high porosity, high ionic
conductivity, improved thermal resistance and superior interfacial stability, which can endow the
composite membrane-based Li/LiFePOs cell with good capacity retention and superior rate capability.
The as-prepared composite membrane can serve as a promising separator for high-safety and high-
performance lithium-ion batteries.

Keywords: Poly (m-phenylene isophthalamide); Nanohybrid ; Phase inversion process; Separator;
Lithium-ion batteries

1. INTRODUCTION

In the past decades, lithium-ion batteries (L1Bs) have been widely applied in portable electronic,
electric vehicles and energy storage systems due to their high energy density, excellent cycle life, low
self-discharge rate and environmental friendliness [1,2]. A traditional lithium-ion battery is mainly
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composed of cathode, anode, separator and electrolyte [3,4]. The separator is a key component in a
lithium-ion battery, which is used to prevent short circuit by separating the cathode and anode and allow
lithium-ions transport between the electrodes during the charging and discharging processes. Therefore,
the property of separator is vital for the battery performance [5,6].

Up to now, the commercial microporous polyolefin separators, such as polypropylene (PP),
polyethylene (PE) and their composite membrane (PP/PE/PP), have been widely used in LIBs, due to
their good chemical stability, excellent mechanical strength as well as the acceptable cost. However,
some inherent drawbacks of polyolefin separators, including low porosity, inferior thermal stability and
poor electrolyte wettability, may hinder their application for advanced LIBs to some extent [7]. The low
porosity and poor electrolyte wettability of polyolefin membranes are derived from their intrinsic
nonpolar properties, which may lead to low ionic conductivity, high cell resistance and poor rate
performance of the LIBs. In particular, the low melting point of polyolefin separators makes them suffer
great thermal shrinkages when the batteries work under high temperatures, leading to internal short
circuit and even ignition or explosion [8]. To solve the abovementioned shortcomings of polyolefin
separators, extensive efforts have been devoted to surface modification of polyolefin separators. One
effective method is to introduce inorganic nanoparticles coating layers onto the membrane surfaces, such
as silicon dioxide (SiO2) [9,10], aluminum oxide (Al>0Os) [11], zirconia (ZrO2) [14] and titanium dioxide
(TiO2) [12,13] etc. The nano-sized inorganic particles can significantly enhance the thermal stability and
electrolyte wettability of separators. For example, Kim et al. introduced an amino-functionalized SiO>
particles to the surface of PE separator. The obtained composite membrane exhibited good electrolyte
wettability, high ionic conductivity and enhanced thermal stability, which showed superior cycling
stability and thermal safety of LIBs [9]. Zhao et al. developed a ceramic coating separator by introducing
Al>O3 powder and thermal stable polymer binder (polyimide) onto the surface of a PE membrane,
leading to the improved safety and high capacity retention for LIBs [11]. Although the composite
membranes with ceramic coating possess excellent electrolyte wettability and good thermal stability, a
certain amount of ceramic nanoparticles will aggregate and inevitably block the pores of the polymer
matrix. Moreover, the applied binders are easily swelling and gelling in the liquid electrolyte, resulting
in shedding of particles from the substrate. The polymer-based coating is another strategy to modify the
polyolefin membranes, including aramid nanofiber (ANF) [15], polybenzimidazole (PBI) [16],
polydopamine (PDA) [17]. By introducing the polymer onto the surface of polyolefin membranes, the
prepared composite membranes exhibit high thermal stability and good affinity with liquid electrolyte.
Nevertheless, this method may also lead to some drawbacks, such as pore blocking and multistep
operations.

It is well known that the aramid possesses high strength, high flame resistance, superior heat
resistance and high electrical insulation, which is widely used as electrical insulating materials, special
protective apparels, high temperature filter materials, etc [18-20]. Poly (meta-phenylene isophthalamide)
(PMIA), also widely known as meta-aramid, exhibits high mechanical property and superior thermal
stability (up to 400 °C). In addition, the PMIA polymer may have superior wettability with liquid
electrolyte due to the polar carbonyl groups in it [21]. In recent years, some researchers have used PMIA
or PMIA-based composite membranes as separators of LIBs, such as the PVdF/PMIA/PVdF nanofibrous
composite membrane [22], F-doped PMIA nanofibrous membrane [23], the SiO2/PMIA nanofiber
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membrane [24]. All of these preparation methods are sophisticated, time-consuming and high
manufacturing cost, which are not desirable for the large-scale application. Zhu et al. prepared a
microporous PMIA separator by phase separation process [25]. Although the PMIA separator showed
high thermal stability, which was beneficial for the safety of batteries, it exhibited no thermal shutdown
function and the cost was relatively high.

In this paper, we designed a composite membrane with the three-dimensional (3D) porous TP-
PMIA layers on both sides of a PE membrane by a facile phase inversion method with low cost,
combining the advantages of polymer and inorganic nanoparticles. A small amount of TiO2 nanoparticles
are distributed uniformly and 3D porous structure can avoid pore blocking of PE matrix effectively.
Compared with the bare separator, the obtained porous composite membrane exhibits excellent
electrolyte wettability and higher dimensional thermal stability. Thus, the cells assembled with the
composite membranes perform high interfacial stability, stable cycle performance and superior rate
capability. In addition, the composite membrane shows a shutdown function at high temperature due to
the low-melting PE layer. The characterization of the composite membrane was investigated in this

paper.

2. EXPERIMENTAL

2.1. Materials

Poly(m-phenylene isophthalamide) (PMIA) was obtained from Teijin Ltd., Japan. N, N-
Dimethylacetamide (DMACc) and Lithium chloride (LiCl) was supplied by Aladdin Industrial Co., China.
Methyl methacrylate (MMA), acrylic acid (AA) and butyl methacrylate (BA) were provided from
Sinopharm Chemical Reagent Co.,Ltd., China. The potassium persulfate and tritonX-100 were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., China. TiO2 nanoparticals were
purchased from Hangzhou Wanjing New Materials Co., Ltd., China. The microporous polyethylene (PE,
thickness 12 um) membrane were purchased from Shenzhen Xingyuan Materials Technology Co., Ltd.,
China., which were used as commercial separators of lithium-ion batteries for a contrasting test. All the
chemical reagents were used directly without further purification.

2.2. Synthesis of TP nanospheres

In this experiment, a certain amount of TiO> nanopaticals were dispersed in deionized water by
ultrasonication. The mixture of methyl methacrylate, acrylic acid and butyl methacrylate (MMA-AA-
BA) was added to the aqueous solution with mechanical stirring (MMA-AA-BA: Ti0O.=80: 20, in mass).
Then, the emulsifying agent (tritonX-100) and the initiator (potassium persulfate) were also added
slowly to the solution. The emulsion polymerization was carried out in oven for 4 h at 85 °C. Then the
TiO2-P(MMA-AA-BA) (TP) nanospheres were obtained successfully.
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2.3. Preparation of the composite separator

The 3D porous composite membranes were fabricated through non-solvent induced phase
inversion process. The complete graphic illustration for the preparation process of composite membrane
can be seen in Scheme 1. First, the PMIA solution was prepared by dissolving PMIA and LiCl in DMAc.
Then, a certain amount of TP aqueous solution (2 wt %) was added into DMAc. Next, the mixture was
stirred at room temperature to form a homogenous solution. The mixed solution was dropped slowly into
PMIA solution (the mass ratio of mixed solution and PMIA solution was 1:1) with stirring for 12h,
followed by sonicating for 0.5 h to obtain a homogenous casting solution (8 wt %). The obtained casting
solution was uniformly coated on both sides of PE membrane by using doctor blade and then transferred
to deionized water bath for 10 min at ambient temperature Then the TP-PMIA coatings were formed on
both sides of PE membrane. Finally, the as-prepared TP-PMIA@PE composite membrane was further
dried in a vacuum oven at 60 °C for 24 h. For comparison, the pristine PMIA-modified PE (PMIA@PE)
membrane was prepared by the same procedure without adding of TP nanospheres. Meanwhile, a
commercial PE separator was also investigated as a contrasting test in this study.

Castingsolution Coatingon PE membrane

DVVIEIZWW
- 47,-—> TP_PM IA : y

Sandwich-structured membrane Inmmersing in water bath

PE

Scheme 1. The main fabrication procedure of the composite membrane.

2.4. Separator Characterization

The surface morphologies of the membranes were investigated by a field emission scanning
electron microscope (FE-SEM, HITACH SU8010) at an acceleration voltage of 5 kV after sputtering
with platinum. The micro-structure of the TP nanospheres was observed by a high-resolution
transmission electron microscope (HR-TEM, FEI TECNAIG2 F30). The thermal property of membranes
was studied by thermogravimetric analysis (TGA) at 10 °C min™* from 50 to 800 °C under N2 gas flow.
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The thermal shrinkage of the membranes (size:3 cmx3 cm) was investigated by measuring the
dimensional change after storing them in an oven at different temperatures (100 °C, 110 °C, 120 °C, 130
°C, 140 °C, 150 °C and 160 °C)) for 0.5 h. The thermal shrinkage percentage (area-based) was calculated
by the following equation.

Shrinkage (%) = (Sy — S1)/So X 100% Q)

where the So and S: represent the area of separators before and after the heat treatment,
respectively.

Liquid electrolyte uptake measurement of the membranes was performed by immersing
membranes in the electrolyte (1 M LiPFs in EC/DMC/EMC (1:1:1)) at 25 °C for 2 h in a glove box and
then measured the weight change between the dry state and the soaked state of the membranes. The
electrolyte uptake (U) was calculated according to the following equation.

U (%) =W, — W) x 100% (2

where the W1 and Wy refer to the mass of the soaked and dry membrane, respectively.

To study the wettability of the membrane, the electrolyte contact angle measurement of the
samples was carried out by a contact angle goniometer (DSA30) in air atmosphere, where a droplet of
electrolyte was dropped onto the surface of the membrane.

For the porosity testing, the membrane was immersed into n-butanol for 2 h until the equilibrium
was achieved, and then the weight of the saturated and dry membranes was measured, respectively. The
porosity was calculated by the following equation:

P (%) = (M; — Mp)/(p x V) x 100% ©)

where P represents porosity of the membrane, M1 and Mo are the weight of the soaked and dry
membrane, respectively, p is the density of the n-butanol, and V stands for the volume of the membrane.

2.5. Electrochemical performance

lonic conductivity (o) can be calculated according to the following formula:

o=d/(R, XS) (4)

where Ry is the bulk impedance (ohm), d indicates the thickness (cm) of the membrane, S
represents the effective contact area between stainless steel discs and membrane. Ry was obtained by
electrochemical impedance spectroscopy (EIS) using an electrochemical working station (Bio Logic
Science Instruments) at room temperature.

The liquid electrolyte soaked membrane was sandwiched between the two stainless steel discs.
The EIS tests were conducted at scanning frequencies ranging from 0.1 Hz to 100 kHz, with an amplitude
of 5 mV.

The electrochemical stability window of the prepared membrane was investigated by linear
sweep voltammetry (LSV) test. Before the measurement, the coin cell (lithium/separator/stainless steel)
was assembled and sealed in the argon-filled glovebox. In our test, the stainless steel was used as the
working electrode, while the lithium electrode as the reference and counter electrode, and the potential
range was from 2.5 to 5.5V (vs. Li*/Li) at 1 mV s,
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A LAND battery testing equipment (Wuhan, China) was used to evaluate the charge and
discharge properties of the assembled button cell at room temperature. The coin-type half cell was
assembled in a glove box filled with argon gas with the moisture and oxygen content below 0.01 ppm.
The prepared membrane was used as separator, 1 M LiPFs in EC/DMC/EMC (1:1:1 vol), lithium metal
and LiFePO4 were employed as electrolyte, anode and cathode respectively. The LiFePO4 cathode was
prepared by mixing LiFePO4 powder (80 wt%), Super P (10 wt%) and PVVDF binder (10 wt%) in the N-
methyl-2-pyrrolidone (NMP) solvent, then casting the slurry on the aluminum foil and drying at 60°C
for 24 h. The charge/discharge cycling test was performed at a constant current density of 0.5 C for 100
cycles in a voltage window of 2.5 to 4 V at room temperature. For the rate performance measurement,
the battery was charged and discharged at varied current densities of 0.2 C,0.5C,1C, 2 C and 5 C for
5 cycles respectively and finally returned to 0.2 C. Both cycle performance and rate performance
measurements of the battery were activated at 0.1C for 3 cycles to form a stable solid electrolyte interface
(SEI).

3. RESULTS AND DISCUSSION

3.1 morphology analysis

Figure 1. SEM images (a, b) and TEM micrographs (c, d) of the TP nanospheres

The core-shell structured TP nanospheres were synthesized. Fig. 1 shows the SEM images (a, b)
and TEM micrographs (c, d) of the as-prepared TP nanospheres. As can be seen from Fig. 1a and b,
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these nanospheres exhibit a good monodisperse distribution and have a uniform spherical structure with
an average diameter of 100 nm. The size and the core-shell structure of the TP nanospheres are obtained
from the Fig. 1c and d, which are consistent with the SEM images. Such core-shell structure is similar
to the structure of SiO2-PMMA sub-microspheres reported by Yang [26] Every TP nanosphere is
composed of the P(MMA-AA-BA) shell (light area) and several TiO, core particles (dark area)
surrounded by P(MMA-AA-BA). TEM micrographs indicate that the TiO, particles are well
encapsulated by P(MMA-AA-BA).

The pore structure of the separator plays an important role in the transportation of lithium ions,
which further affects the electrochemical performance of the separator. The morphologies of the
different membranes and the elemental mapping of TP-PMIA@PE composite membrane are shown in
Fig. 2. It can be seen from Fig. 2a that the commercial PE separator possesses a large number of
nanometer-size porous structure on the surface, which can prevent the penetration of electrode
component particles and guarantee the migration of lithium ions. Compared with the PE membrane, the
PMIA@PE membrane (Fig. 2b) and the TP-PMIA@PE composite membrane (Fig. 2c) show a
homogeneous and smooth surface with similar pore size.

Figure 2. Surface SEM images of (a) the bare PE membrane, (b) the PMIA@PE membrane, (c) the TP-
PMIA@PE composite membrane, (d) the element mapping images of Ti of TP-PMIA@PE
composite membrane

Moreover, a highly interconnected network-like porous structure of blend membranes can be
observed, which is formed during the mutual diffusion process between the solvent and non-solvent
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[27,28]. It is consistent with the previous report [25] that the membrane exhibited numerous
interconnected pores, which was beneficial for the storage of liquid electrolyte and migration of lithium
ions [29]. This special structure is helpful to avoid blocking the pore structure of matrix. A uniform
distribution of element Ti in the TP-PMIA@PE composite membrane is observed in Fig. 2d, suggesting
that the TiO. nanoparticals in the membrane are distributed uniformly.

3.2 separator properties analysis

Various physical and chemical properties of the PE, PMIA@PE and TP-PMIA@PE membranes
are summarized in Table 1. The thicknesses of the two kinds of composite membranes are 20 um and
24 umrespectively, thicker than pristine PE membrane (12 um). However, the thickness of the composite
membrane is suitable for separator of LIBs in portable electronic devices and electric vehicle
applications [30]. The porosity of a separator is a crucial factor for electrochemical properties of LIBs.
As shown in Table 1, the porosities of the PMIA@PE (58%) and TP-PMIA@PE membranes (67%) are
higher than pristine PE membrane (40%), owing to the interconnected porous structure formed by non-
solvent induced phase inversion process [31]. The addition of TP nanospheres affects the formation of
pore structure to some extent. The TP-PMIA@PE composite membrane with high porosity possibly
exhibits high liquid electrolyte uptake, further leading to a high ionic conductivity, which is consistent
with the paper in Cao [32].

Table 1. Physical and chemical properties of different membranes

Sample Thickness Porosity Electrolyte  Electrolyte contact  lon conductivity
(um) (%) uptake (%) angle (deg) (Scm?)
PE 12 40 105 36 6.42x10*
PMIA@PE 20 58 202 10 6.00x10*
TP-PMIA@PE 24 67 254 8 7.90x10*

It is acknowledged that thermal stability of the separator is another vital parameter to evaluate
the safety of batteries. A separator with good thermal stability can prevent internal short circuit of
batteries at elevated temperature [33]. Fig. 3a and b show the photographs of PE, PMIA@PE and TP-
PMIA@PE membranes before and after treating at 150 °C for 0.5 h, respectively. The PE membrane
shows a serious dimensional shrinkage with obvious color change from white to transparent due to its
inherent low melting point (130 °C) [30]. In contrast, the composite membranes of PMIA@PE and TP-
PMIA@PE maintain the original dimension due to the introduction of high heat-resistance TP-PMIA
coatings onto the both sides of the PE membrane [34,35]. The above results indicate that the composite
membranes of PMIA@PE and TP-PMIA@PE can suppress thermal shrinkage effectively, further to
prevent internal short circuit of batteries.
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The dimensional shrinkage percentages (area-based) of PE, PMIA@PE and TP-PMIA@PE
membranes at various temperatures for half an hour are shown in Fig. 3c. The commercial PE membrane
exhibits a visible thermal shrinkage of 11% at 110 °C for 0.5 h and shows a remarkable dimensional
shrinkage close to 100% when treated at 130 °C. In contrast, for PMIA@PE and TP-PMIA@PE
membrane, there are almost no dimensional change until 150 °C and only have a shrinkage of 6% and
9% of the original area even at 160 °C, respectively. The dimensional shrinkage percentage of the TP-
PMIA@PE membrane is a little higher than that of PMIA@PE membrane, which can be attributed to
the higher porosity of TP-PMIA@PE membrane (Fig. 2b and c). The improvement of thermal stability
by introducing coatings onto the membrane surfaces has been studied by many researchers. For example,
Xi et al. prepared a composite membrane by coating PE membrane with TiO.-PMMA nanoparticles.
The thermal shrinkage is 29.6% at 140 °C for 0.5 h [36]. Ryou et al. fabricated the polydopamine-treated
PE membrane that dimensional shrinkage is only 16% after treated at 140 °C for 1 h [17]. Remarkably,
the PMIA@PE and TP-PMIA@PE membrane possesses good thermal stability compared with the
aforementioned modified separators. The PE layer in the composite membranes can be also served as
thermal shutdown layer, which is beneficial for enhancing the battery safety [37].
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Figure 3. Photographs of the different membranes before (a) and after (b) treated at 150 °C for 0.5 h. (c)
The dimensional shrinkage percent of different membranes at different temperature.

The thermal properties of TP-PMIA@PE membrane, PMIA-PE membrane and PE separator
were further evaluated by thermogravimetric analysis (TGA) at 10 °C min™ from 50 to 800 °C under N2
gas (Fig. 4). For TP-PMIA@PE membrane and PMIA@PE membrane, a sharply weight loss can be
observed at about 460 °C owing to the decomposition of the polyethylene backbone, and the remains
(about 20%) are the coating layers on the composite membranes, which is confirmed by Wan [37].

The electrolyte wettability of the separator is also important for battery performance because
good wettability can not only improve electrolyte uptake of the separator but also facilitate the migration
of lithium ions between cathode and anode [38]. The wettability of the TP-PMIA@PE membrane,
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PMIA@PE membrane and bare PE membrane is evaluated by the contact angle test, respectively. As
shown in Fig. 5a, a certain amount of liquid organic electrolyte was simultaneously dropped onto the
surface of each membrane and then the diffuse phenomenon of the electrolyte was observed.
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Figure 4. TGA curves of the bare PE membrane, the PMIA@PE membrane, the TP-PMIA@PE
composite membrane.

The electrolyte droplet on the TP-PMIA@PE and PMIA@PE membranes spread quickly and
became transparent due to the absorption of liquid electrolyte, whereas the electrolyte droplet was kept
for a long time on the bare PE separator. Fig. 5b depicts that the electrolyte contact angles of the
PMIA@PE and TP-PMIA@PE composite membranes are 10° and 8° respectively, which are much
lower than that of the pristine PE membrane (36°), indicating a strong affinity towards liquid electrolyte
of the composite membranes. The superior electrolyte wettability of the composite membranes can be
ascribed to the presence of polar carbonyl groups and amine groups in PMIA and the TiO2 nanospheres
[25,34]. The inherent hydrophobicity of PE membrane results in poor wettability with liquid electrolyte.

The electrolyte uptake of the separator was measured by immersing membranes in the electrolyte
in a glove box, summarized in Table 1. The high electrolyte uptake will facilitate the migration of lithium
ions and is beneficial to improve the ionic conductivity, leading to superior rate capability of batteries.
The TP-PMIA@PE and PMIA@PE membrane exhibit a high electrolyte uptake of 254% and 202%,
respectively, which are much higher than that of PE membrane (105%). Therefore, the composite
membranes possess the high electrolyte uptake, which is attributed to their excellent wettability with
electrolyte and high porosity [39]. Moreover, the electrolyte uptake of the TP-PMIA@PE membrane is
higher than that of PMIA@PE membrane due to the high porosity and the P(IMMA-AA-BA) shells of
TP nanospheres. The special structure of shells becomes gelled in the electrolyte after adsorbing a certain
amount of electrolyte in the coating layers. [40].
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Figure 5. (a) Photograph of the wettability of PE membrane, PMIA@PE membrane and TP-PMIA@PE
membrane with liquid electrolyte. (b) Electrolyte contact angles of different membranes.
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The ionic conductivity of the membrane was studied by EIS tests at room temperature. The bulk
resistance (Rp) was obtained from the Z' axis intercept in the Nyquist plot shown in Fig. 6a. Although
the Ry, of the pristine PE separator is a little lower than the PMIA@PE and TP-PMIA@PE composite
membranes, the calculated ionic conductivity (0.79 mS cm™) of the TP-PMIA@PE (shown in Table 1)
is higher than that (0.64 mS cm™) of PE membrane due to the higher thickness of TP-PMIA@PE
membrane. By comparison, Li et al. developed a PBI/PE/PBI composite membrane with the ionic
conductivity of 0.6 mS cm™ [37]. And the ionic conductivity of TiO.-grafted PE separator proposed by
Zhu was 0.5 mS cm™ [13]. Therefore, the TP-PMIA@PE membrane exhibits the high ionic conductivity,
which should be ascribed to its high porosity with interconnected porous structure and the high
electrolyte uptake due to the introduction of the PMIA and nano-TiO; hybrid [41]. The enhanced ionic
conductivity of the TP-PMIA@PE membrane can facilitate the migration of lithium ions and further
improve the rate capability of battery.

From Fig. 6D, it can be seen that AC impedance spectra of Li/LiFePO4 cells with the bare PE,
PMIA@PE and TP-PMIA@PE membranes after the 100th cycle at 0.5 C, are used to analyze the battery
impedance. The left crossover point of the semicircle with the Z' axis represents the bulk resistance (Rp),
which includes the resistance of electrodes, electrolyte and separator. The semicircle and straight line
refer to the charge transfer resistance (Rc) between the electrode and electrolyte and the Warburg
impedance (Zw) about the lithium ion diffusion in LiFePO4 cathode, respectively [42]. The Ry of the
PMIA@PE and TP-PMIA@PE membrane are slightly larger than that of the PE membrane because of
the high thickness of the composite membrane. In contrast, the R¢t of TP-PMIA@PE membrane is far
smaller than that of the bare PE and PMIA@PE membrane. The lower charge transfer resistance of TP-
PMIA@PE membrane is mainly attributed to its excellent liquid electrolyte wettability and high
porosity, facilitating the lithium ions migration and further improving the battery performance [43,44].

Electrochemical stability of the as-prepared membranes is a vital parameter for the application
of battery, which was evaluated by linear-sweep voltammetry (LSV) tests [45], as shown in Fig. 6c. It
can be observed clearly that the commercial PE membrane, PMIA@PE and TP-PMIA@PE composite
membranes are all stable with no obvious anodic currents until around 4.5 V vs Li*/Li. However, there
is a considerable rise in current flow when the potential exceeded 4.5 V, which should be related to the
oxidative decomposition of the membranes. Some reported research showed similar results [32,33,34].
The above result indicates that the composite membranes possess good electrochemical stability and can
be applied to practical LIBs [34]. The rate capability of Li/LiFePO4 batteries with different membranes
was measured and shown in Fig. 7. The discharge capacities of all batteries with the different membranes
gradually decrease with the increase of current density (Fig. 7a-c), ranging from 0.2 C to 5 C and finally
returning to 0.2 C every 5 cycles. At relatively low discharge rates of 0.2 C, 0.5 C and 1 C, the discharge
capacities are all very close for the three kinds of batteries (Fig. 7d). However, the difference in the
discharge capacities increases obviously at high current densities of 2 C and 5 C, especially at 5 C rate,
the cell with TP-PMIA@PE membrane exhibits a higher discharge-specific capacities of 128 mA h g
than that of the cells with PMIA@PE (114 mAh g*?) and pristine PE membrane (116 mAh g?). The
discharge capacity retention of the battery with TP-PMIA@PE membrane at 5 C is about 82% of that at
0.2 C, which is much better than that of batteries with PMIA@PE (75%) and PE membrane (72%). The
excellent rate performance of the Li/LiFePO4 battery with TP-PMIA@PE membrane is mainly attributed
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to its excellent interfacial compatibility and its high ionic conductivity, which are favorable for lithium
ions transport.
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Figure 7. The discharge curves of LiFePOa/separator/Li cells with (a) PE membrane, (b) PMIA@PE
membrane and (c) TP-PMIA@PE membrane. (d) Rate performance of LiFePOua/separator/Li
cells with different membranes at the current densities of 0.2 C, 0.5C, 1 C, 2C and 5C.
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Figure 8. Cycling performance of the cells (LiFePOua/separator/Li) with PE membrane, PMIA@PE
membrane and TP-PMIA@PE membrane at 0.5 C.
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Fig. 8 compares the cycling stability of Li/LiFePO4 coin cells assembled with three kinds of
membranes at 0.5 C under 2.5-4.0 V. For the cell with the TP-PMIA@PE membrane, the discharge
capacity retention is up to 100% after 100 cycles and almost maintain its initial capacity, which is higher
than the capacity retention of both PMIA-PE membrane (98.6%) and PE membrane (93.5%). The high
capacity retention and stable cycle performance of the TP-PMIA@PE membrane are attributed to its
highly developed nanoporous structure and superior affinity between membrane and electrolyte, which
are favorable for lithium ions transport and interface stability.

Various physical and electrochemical performances of different composite membrane separators
are listed in Table 2. It can be observed that the thermal stability, electrolyte uptake, ionic conductivity
and specific capacity of the cells with TP-PMIA@PE membrane in this work are excellent or comparable
to that of the cells with PE modified membranes in previous studies.

Table 2. Comparison of the various performance of other modified PE membrane separators

Sample Thickness  Electrolyte Thermal lon Specific capacity Ref.
(um) uptake shrinkage (%) conductivity (mAh g1
(%) (Scm™)

PDA-coated PE 25 126 16 4,10x10* 139 [17]
(140°C,1h) (0.1C, Li/LiC00y)

SiO2-PMMA@PE 25 89.5 13 10.8x10* 107 [26]

(130°C,0.5h) (0.1C,

graphite/LiFePO4)

TiO.-PMMA/PE 20 202 30 8.70x10* ~130 [36]
(140°C,0.5h) (0.5C, Li/LiFePOy)

PBI/PE/PBI 28 225 0 5.96x10* ~148 [37]
(200°C, 1h) (0.5C, Li/LiFePOy)

TP-PMIA@PE 24 254 0 7.90x10* 154 This

(150°C,0.5h) (0.5C, Li/LiFePOs)  work

4. CONCLUSION

In this work, we successfully prepared a sandwich-structured TP-PMIA@PE composite
membrane by a facile nonsolvent-induced phase inversion process. Compared with PE membrane, the
obtained composite membrane possesses the improved physical and chemical properties by introducing
nanoporous TP-PMIA coating layers onto both sides of PE membrane. The TP-PMIA@PE composite
membrane shows high porosity (67%), excellent wettability with liquid electrolyte, high electrolyte
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uptake (254%), low interfacial resistance and high ionic conductivity (0.79 mS cm™). In addition, due
to the introduction of high heat resistance TP-PMIA coating layers, the TP-PMIA@PE membrane
exhibits no dimensional shrinkage even at 150 °C. The battery assembled with the TP-PMIA@PE
membrane shows excellent rate property and cycle performance. In summary, the experimental results
clearly indicate that the TP-PMIA@PE composite membrane may be a promising candidate as separator
for high-safe and high-rate LIBs.
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