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Abstract: Membranes of polypropylene (PP), PP coated with nano-Al2O3, PP electrospun with polyvinylidene fluoride-
hexafluoropropylene (PVAF-HFP), and trilayer laminates of polypropylene-polyethylene-polypropylene (PP/PE/PP) were
comparatively studied. Their physical properties were characterized by means of thermal shrinkage test, liquid electrolyte
uptake, and field emission scanning electron microscopy (FESEM). Results show that, for the different membranes as
PP, PP coated with nano-Al,O3, PP electrospun with PVdF-HFP, and PP/PE/PP, the thermal shrinkages are 14%, 6%,
12.6%, and 13.3%, while the liquid electrolyte uptakes are 110%, 150%, 217%, and 129%, respectively. In addition, the
effects on the performance of lithium-ion batteries (LiFePO4 and LiNi;;3Co;/3Mn;,302 as the cathode material) were
investigated by AC impedance and galvanostatic charge/discharge test. It is found that PP coated with Al,O3 and PP
electrospun with PVAF-HFP can effectively increase the wettability between the cathode material and liquid electrolyte,
and therefore reduces the charge transfer resistance, which improves the capacity retention and battery performance.
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1. Introduction

Transportation accounts for 20% of global carbon
emissions via the survey of International Energy Agency
(IEA), and especially, this proportion will double by 2050.
It has aroused much attention for developing electric vehi-
cles (EVs) and hybrid electric vehicles (HEVs) to solve the
serious environmental pollution problems [1]. Owing to the
technological maturity and long safety record, nickel-metal
hydride technology is currently the dominant battery solu-
tion applied in most hybrid electric vehicles. Compared
with other electrochemical power sources, a lithium-ion
battery is fast developed as the long term winner because
of its lightweight, higher energy, and higher power density
[2-5]. The separator is a critical part that is close related to
the interfacial characteristic, internal resistance, capacity,
cycling performance, and safety performance of batteries.

Generally, commercial separators for lithium-ion bat-
teries are made of polypropylene (PP), polyethylene (PE),
and trilayer laminates of polypropylene-polyethylene-
polypropylene (PP/PE/PP) due to their mechanical in-

tegrity and thermal shut-down under the severe abuse
conditions. However, the thermal shrinkage, mechani-
cal strength, and short circuiting due to the formation
of dendrites during the charge/discharge cycling of cells
are still concerned in realizing the application of lithium-
ion batteries for EVs and HEVs.

searchers propose that the thermal stability and wetta-

Recently, some re-

bility of separators can be improved by coating inorganic
particles on the surface of PP films [6]. In addition, to en-
hance the interfacial contact, the commercial microporous
membranes are coated with a thin polymer layer, such
as poly(ethylene oxide) (PEO) [7] and poly(vinylidene)
fluoride-hexafluoropropylene (PVdF-HFP) [8-9], which be-
comes a gel induced by the liquid electrolyte. However,
there is still lack of comparative studies on the effect of
different membranes on the batteries, which is vital to de-
velop new membranes in batteries for EVs and HEVs.

In the study, PP coated on both sides with nano-sized
Al;O3 and PP electrospun with polymer PVdF-HFP were
chosen to be compared with the commercialized PP and
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PP/PE/PP membranes.

2. Experimental

2.1. Preparation

Table 1 shows the composition and thickness of dif-
ferent membranes used in this study. For the electro-
chemical studies, cathode plates were prepared by coat-
ing the N—methyl pyrrolidone (NMP)-based slurry, con-
taining the active material, acetylene black, and binder
poly(vinylidienefluoride) (PVdF) at a certain ratio (80:15:5
for LiFePO4 and 83:10:7 for LiNi;;3Co;/3Mn;,302 by
weight) on an aluminum foil. The electrode thickness was
in the range of 40-50 um after doctor blade coating and
drying at 120°C for 20 min. The liquid electrolyte used
for battery assembly was 1 mol/L LiPFs¢ in ethylene car-
bonate (EC) + dimethyl carbonate (DMC) + diethyl car-
bonate (DEC) (1:1:1 by volume). Cells were assembled in
an argon-filled glove box with different kinds of membranes
as the separator and lithium foils as the counter electrode.

Table 1. Composition and thickness values of mem-
branes
Membrane type Composition Thickness / pm
a PP 25
b PP coated with Al2O3 37-38
PP electrospun
¢ with PVdF-EIFP 29-30
d PP/PE/PP 26

2.2. Measurements

The membrane areas (1 ¢cm in width and 3 cm in
length) were measured before and after oven storage at
different temperatures (80, 90, 100, 110, and 120°C) for 1
h and for different times (30, 60, 90, and 120 min) at 90°C
to analyze the thermal shrinkage properties. The shrinkage
of membranes was calculated using Eq. (1).

A

Shrinkage = % x 100% (1)

where A; and A; are the initial and final area of mem-
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branes, respectively.

The electrolyte uptake (A) of membranes was deter-
mined by weighing method. The membranes were im-
mersed in the liquid electrolyte (1 mol/L LiPFg in EC
+ DMC + DEC, 1:1:1 by volume) for 0.5 h. After being
taken out, the excessive electrolyte solution at the surface
was slightly absorbed by tissue, the soaked membrane was
weighted, and the electrolyte solution uptake was calcu-
lated as the following equation.

Wa —Wh
Wi

where W; and W3 are the mass of dry and wet membranes,

A= x 100% (2)

respectively. Each membrane was measured three times,
and then, the average value was obtained.

AC impedance of batteries was determined using an
electrochemical work station over a frequency range of
100 kHz to 0.01 Hz with an amplitude of 5 mV. Cy-
cling charge and discharge tests of batteries were inves-
tigated with 2032-type coin cells at room temperature at
1/5C rate for 100 cycles using a land battery test system.
The voltage cut-offs were fixed between 2.5 and 4.25 V
for Li/LiFePOy4 batteries and in the range of 3.3-4.35 V
for Li/LiNi; ;3Co0; /3Mn; /302 batteries, respectively. Mor-
phology of membranes was characterized by field emission
scanning electron microscopy (FE-SEM) at an acceleration
voltage of 5 kV.

3. Results and discussion

3.1. Thermal properties

Thermal shrinkage of membranes induced by heat gen-
erated during cell cycling contributed to the deterioration
of battery performance and safety. Fig.1 exhibits that all
the membranes can keep a stable thermal property below
90°C, and shrinkage in different degrees occurs with the
continued heating.

At 120°C, the thermal shrinkage rates of four kinds
of membranes are 14%, 6%, 12.6%, and 13.3%, respec-
tively, as shown in Fig.1(a). The PP membrane coated
with AlaOgs has the lowest shrinkage rate compared with
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Thermal properties of membranes: (a) different temperature for 1 h; (b) different times at 90°C.
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three other kinds of films. The PP electrospun with PVdF-
HFP exhibits the shrinkage rate of 3.3% at the initial heat-
ing, as shown in Fig. 1(b), due to the strong shrinkage of
PVdF-HFP fiber, which gradually elongates to the normal
length after 1 h; after that it shows a similar shrinkage be-
havior with the PP film. The PP/PE/PP film keeps a good
thermal stability when holding below 90°C; however, after
holding at 90°C for 120 min, it exhibits the largest shrink-
age of 3.3%, owing to the low melting point of polyethylene.

3.2. Liquid electrolyte uptake

It can be observed in Fig.2 that the electrolyte up-
takes of different membranes show the order of ¢c>b>d>a.
The PP coated with AlO3 and PVAF-HFP (150% and
217%, respectively) exhibit a much higher electrolyte up-
take than the PP and PP/PE/PP membranes (110% and
129%, respectively). Compared with some of the porous
gel polymer electrolyte membranes [10], both PP coated
with AloO3 and PP electrospun with PVdF-HFP show a
good performance of electrolyte uptake, which contributes
to the reduced soakage time and the improved wettability
between the cathode materials and electrolyte.

3.3. AC impedance spectra

The interfacial resistance of batteries assembled with
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Li/LiFePOy; (b) Li/LiNi; ,3Co;,3Mn; /30;.

In Fig. 3(a), it can be seen that the R of Li/LiFePOy4
batteries shows the order of a;d;b;c, which is diametrically
opposite to their performances in the liquid electrolyte up-
takes. Meanwhile, in Li/LiNiy ;3Co0;,3Mn;,302 batteries,
the battery assembled with PP coated with AloO3s exhibits
the lowest Rct (shown in Fig.3(b)). It suggests that the
high liquid electrolyte uptakes of membranes facilitate the
charge transfer process of fresh cells. Al,Os and PVdF-
HFP coated on the surface of the PP film can increase the
wettability between the cathode materials and liquid elec-
trolyte, which improves the interfacial contact and reduces
Res.

3.4. FE-SEM analysis

The surface morphology of different membranes is

the diverse membranes was different. The fitted results
at high frequency were obtained with a Randle equivalent
circuit using a constant phase element as the capacitance.
Diagrams in Fig. 3 are composed of a partially overlapped
semicircle and a straight slopping line at the low-frequency
end. Since the measurements were carried out with the
same cathode, the size of semicircles in these plots can re-
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AC impedance spectroscopy of batteries assembled with different membranes at room temperature: (a)

shown in Fig. 4. Both the PP and PP/PE/PP membranes
exhibit a uniformly interconnected submicron pore struc-
ture. In contrast to the uncoated PP membrane, close-
packed Al2Os nanoparticles are observed on the surface
of the PP substrate, as shown in Fig. 4(b).
that some large pores are formed in the coating layer of

It is obvious

the membrane, which leads to the immersion of the elec-
trolyte solution and the efficient uptake of the liquid elec-
trolyte. The PP electrospun with PVdF-HFP nanofibers
shows a porous structure, as seen in Fig. 4(c). PVdF-HFP
nanofibers on the surface exhibit a mean diameter of 400
nm, while the average pore diameter of electrospun PVdF-
HFP nanofibers is about 3 um. The special porous struc-
ture can improve the uptake property of the electrolyte



solution and is favorable for the liquid electrolyte to form a
gel electrolyte, which is in agreement with previous reports
[14-15].

3.5. Battery performance

The performances of Li/LiFePO4 and Li/LiNi; ;3Co4 /3-
Mn; ;302 batteries assembled with different membranes
were characterized at room temperature with the charge
and discharge current of 1/5C. Their cycling properties
are presented in Figs. 5 and 6.

As seen in Fig.5, the initial discharge capacity of
Li/LiFePOy4 batteries assembled with different membranes
are found to be 148.4, 143.5, 141.6, and 142.5 mAh-g~*,
respectively. The capacity of cells increases gradually dur-
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ing the first nine cycles, resulting from the gradual soakage
of electrolyte and cathode materials [16]. The capacity re-
tention of cells after 100 times cycle is calculated out to be
94.26%, 96.61%, 95.51%, and 94.50%, respectively. It can
be concluded that the batteries assembled with the PP film
deliver the highest initial capacity, while the batteries as-
sembled with the PP coated with AloOs and electrospun
with PVdF-HFP have the smallest polarization and the
highest capacity retention.

In Fig.6, the initial discharge capacity of batteries
Li/LiNi; ;3Mn; /3C0; /302 assembled with different mem-
branes are found to be 180.62, 179.32, 184.75, and 179.67
mAh-g~!, respectively. The capacity retention of batteri-
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Cycling performance of Li/LiFePO4 batteries with different membranes at room temperature: (a) charge/

discharge curves; (b) voltage-capacity curves of the 100th cycle.
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Cycling performance of Li/LiNi1/3Mn1/3Col/302 batteries with different separators at room temperature:

(a) charge/discharge curves; (b) voltage-capacity curves of the 100th cycle.

es after the 100 times cycle is calculated out to be 90.45%,
78.76%, 82.36%, and 72.00%, respectively. The batter-
ies assembled with the PP electrospun with PVdF-HFP
deliver the highest discharge capacity within 60 cycles.
Unlike the results in Li/LiFePO4 cells, Li/LiNi;/3Coy/3-
Mn; /302 batteries with the PP coated with AloO3 and
PP/PE/PP membrane show the same initial capacity as
those assembled with the PP membrane.

4. Conclusions

Different membranes matching with LiFePOs and
LiNi; ;3Co01/3Mn; /302 as the cathode materials were com-
paratively studied, including thermal stability, liquid elec-
trolyte uptake, surface topography, and electrochemical
performance. Results show that the inorganic particles
surface coating and polymer electrospun can improve the
interfacial property, increase the electrolyte uptake, reduce
the Rct, and enhance the safety issue of batteries. PP
coated with AloOgs and electrospun with PVAF-HFP are
very promising candidates for commercial separators in Li-
ion batteries for EVs and HEVs.
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