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Abstract: The lithium-ion battery separator plays roles of separating the positive and negative elec-
trodes and providing ion channels, and at the same time, it can play a more important role in the
safety of the lithium-ion battery. In this work, a modified PP (polypropylene)/PAN (polyacryloni-
trile) / cotton fibers composite membrane with a thermal shut-off function was prepared by a wet-laid
process. The results are as follows: When the fibers” mass fraction was 50%, the composite membrane
had the best combination properties, with a tensile strength of 1.644 KN-m~!, the porosity was 63%,
and it had good wettability with an aspiration height of 39 mm and a liquid absorption rate of 269%.
The thermal shrinkage of the composite membrane was less than 4% after thermal treatment under
160 °C. More importantly, the DSC curve showed that the modified PP/PAN/ cotton fibers composite
membrane had a thermal shut-off function with the temperature between 110 °C and 160 °C. After
thermal treatment under 160 °C for 1 h, the ionic conductivity of the fiber membrane decreased to
0.32 mS-cm~! from 1.99 mS-cm™!. Electrochemical performance tests showed that the button battery
using the fiber composite membrane had a slightly better initial discharge, capacity retention and
cycle performance at different rates than the button battery equipped with the PP membrane. The
results show that the modified PP/PAN/ cotton fibers composite membrane improves the safety and
electrochemical performance of lithium-ion battery.

Keywords: PP fiber; PAN fiber; lithium-ion battery separator; thermal shut-off

1. Introduction

The lithium-ion battery has been recognized as one of the best energy storage devices
of the future and has been widely used in digital products, including cell phones [1],
laptops [2], wearable devices [3,4] and model airplanes [5] because of their high energy
density compared to other commercial rechargeable batteries [6]. However, their safety
performance and ionic conductivity remain two challenges for them to be used for large-
scale energy storage for electric automobiles and smart grids [7,8].

The separator, a pivotal part of a lithium-ion battery, plays a vital role in the separation
of the anode and cathode to prevent a short circuit inside the battery [9,10], but also, it
should have high wettability and good permeability to the electrolyte for efficient ion
transport [11-13].

Among the different types of separators, such as microporous polymer membrane [14,15],
modified microporous polymer composite membrane [16-21], nonwoven membrane [22-26] and
aerogel membrane [27-29], commercial polyolefin microporous membranes, such as polypropylene
(PP), polyethylene (PE) and PP/PE/PP, have been extensively applied to lithium-ion batteries
because of their superior mechanical strength and electrochemical stability [30-34]. However, their
lower ionic conductivity, lower porosity and higher thermal shrinkage limit their application [35-38].
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A nonwoven membrane with web structures is bonded together by entangled small
diameter fibers produced by melt-blown, wet-laid and electrospinning technologies [39-44];
therefore, it shows a higher porosity [45-47].

There are a significant number of -OH polar groups contained on cotton fibers, which
makes their hydrophilicity excellent; polyacrylonitrile (PAN) fibers have -CN hydrophilic
groups, and their melting point is high, up to 320 °C. It is proposed that modified PP
fibers [48], cotton fibers and PAN fibers are used as raw materials, the separator is prepared
with a wet-laid process, the thickness of the separator is controlled by regulating the
amount of fibers, and the porosity and wettability of the separator are also adjusted by
changing the fibers’ ratio. At the same time, the higher melting point of the PAN fibers
can be used as a skeleton material to improve the separator’s shape retention ability and
decrease its degree of thermal shrinkage. More importantly, the lower melting point
components are susceptible to melting and diffusion, which can block the pores of the
separator, thereby decreasing the porosity, decreasing the electrical conductivity and having
a “thermal shut-off” effect, thus considerably improving battery safety.

Through the above research, we expect to obtain a new production process for a
lithium-ion battery separator with a low cost and high level of safety to meet the sustainable
development requirements.

2. Materials and Methods
2.1. Experimental Materials

PAN fibers: 2~5 mm, Changsha Bosset Construction Engineering Materials Co., Ltd.
(Changsha, China); Degreasing Cotton: Premium grade, Hengshui Chaoshun Sanitary
Materials Co., Ltd. (Hengshui, China); PP fibers: 5 mm, Taian Tonghong Fibers Co., Ltd.
(Taian, China); polyethylene oxide (PEO): molecular weight 5 million, Jilin Global Fine
Chemical Co., Ltd. (Jilin, China); polyvinyl alcohol (PVA): analytically pure, Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China); ethylene carbonate (EC): analytical grade,
Tianjin Institute of Chemical Reagents (Tianjin, China); dimethyl carbonate (DMC): analyti-
cal grade, Tianjin Institute of Chemical Reagents; hexadecane: analytical grade, Tianjin City
Chemical Reagent Institute.

2.2. Preparation of Modified PP/PAN/Cotton Fibers Composite Membrane

PP fibers were modified by graft coating to improve the dispersibility and density
of the PP fibers in water. Using a wet-laid process, PP and PAN fibers were mixed with
degreased cotton fibers after pulping in a certain ratio, and the required amount of mixed
fibers was calculated using a separator having a unit weight of 30 g-m~2. Using a fibers
disintegrator to disperse, a certain amount of dispersant polyoxyethylene (PEO) and binder
polyvinyl alcohol (PVA) were added to the mixed slurry, and the slurry was evenly stirred,
and then formed into a sheet on a sheet former. Then it was hot pressed to form a separator.
The flow chart is shown in Figure 1.
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Figure 1. The process for modified PP/PAN/ cotton fibers composite membrane.
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2.3. Characterization Methods

Tensile strength was measured under the rate of 20 mm-min~! by WZL-300B tensile
strength instrument, and the test specimens were 15 mm x 100 mm in size. Since the
separator can be considered as a two-dimensional material, the tensile strength measured
in KN-m~! as a unit can be obtained by dividing the breaking length by the tensile force.

Surface morphologies of separator were studied by scanning electron microscopy
(SEM, FEI Quanta-200).

Porosity of the membrane was measured by absorption method of n-hexadecane [22,44].
Firstly, the septum samples were dried in oven at 100-105 °C for 2 h, taken out, cooled. After
that, they were soaked in n-hexadecane for 1 h, removed and remaining liquid on their surface
was wiped off by filter paper. Separator porosity (P) was calculated using Equation (1):

_ m—my o
P = v x 100% 1)
where m; and my are the separator mass after and before immersing in n-hexadecane for
1 h, respectively, p is the n-hexadecane density, V is the separator volume.

The electrolyte uptake was determined by weighing the separator before and after the

electrolyte. Separator electrolyte uptake (E) was determined by Equation (2):

mi — mo
mo

E= x 100% 2
where 1 and my are the separator weights after and before immersion in electrolyte, respectively.

Make a line at 5 mm from the end of the separator (15 mm x 100 mm), then hang
the upper end of the separator vertically on the iron stand, and slowly immerse the end
of the separator in the electrolyte solution until the mark is flush with the liquid level.
After 10 min, the liquid climb height is measured, and the average value is taken as the
electrolyte absorption height.

The melt peak and crystallization peak of the composite membrane were tested un-
der N, atmosphere with the temperature rise rate of 10 °C/min, by differential scanning
calorimetry (DSC) using a comprehensive thermal analyzer model STA449-F3 from NET-
ZSCH, Waldkraiburg, Germany.

In order to analyze the heat shrinkage behavior of separator, it was put in the oven and
heated at 160 °C for 1 h. Separator thermal shrinkage (T) was determined by Equation (3):

~ 51—=5p
1

T x 100% 3)

where S; and Sy are the separator area after and before thermal treatment, respectively.
The AC impedance was measured on an electrochemical workstation with the separa-
tor sandwiched between two stainless electrodes and soaked in electrolyte with a frequency
range of 1 Hz-100 kHz and AC amplitude of 5 mV at room temperature, while a saturated
glycerol electrode was applied as reference electrode. Thus, the ionic conductivity of the
separator was determined by immersion in an electrolyte (1 M LiPF6/ EC: DMC = 1:1 (v/v)).
In the AC impedance spectra, the impedance of the sample under test is the intersection of
the high frequency curve with the coordinate axis, and the impedance of the membrane is
the difference between the impedance common to the membrane and electrolyte system
and the impedance of the electrolyte [49,50]. Ionic conductivity () was determined by the
following Equation (4):
d
7= Ry % A

where d and A are thickness and effective area of the membrane, respectively, and Ry, is the
resistance of bulk electrolyte.

Ternary cathode materials LiNipgCog1Mng 10, 0.3200 g, polyvinylidene fluoride
0.0400 g and acetylene black 0.0400 g were added in the mass ratio of 8:1:1, mixed and

4)
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ground into black paste, coated on aluminum foil, dried and cut into 14 mm cathode sheets.
Button batteries consist of cathode sheet, lithium metal sheet, nickel mesh, electrolyte and
composite membrane prepared in this study or PP separator. The effect of membrane on
discharge capacity, cycling performance and rate capability of the battery was studied
using a LAND test system.

3. Results and Discussion
3.1. Mechanical Properties of the Separator

Figure 2 is shows the effect of the modified PP and PAN fibers and cotton fibers on the
tensile strength of the composite membrane according to different mass ratios. It can be
shown that as the mass fraction of the modified PP and PAN fibers increases, the tensile
strength of the fiber membrane also increases. This makes them more stable to improve
the quality of the membranes produced by the wet-laid process, and good experimental
reproducibility is indicated by the standard deviation of less than 0.048 obtained from three
repetitions of each group as shown in Table 1. Since the tensile strengths of the PP and PAN
fibers are larger than the tensile strength of the cotton fibers, they are mixed with the cotton
fibers; the fibers are interwoven and the cotton fiber chain contains a significant amount
of -OH polar groups. Hydrogen bonds are formed between the cotton fibers, thereby
increasing the tensile strength of the composite membrane. When the mass fraction of the
PP and PAN fibers in the membrane is 30%, the membrane’s tensile strength is greater than
1.5 KN'm~!. Continuing to increase the fiber content of PP and PAN does not contribute
much to improving the tensile strength of the composite separator. At the same time, the
hydrogen bonds formed are gradually reduced, and the interweaving force between the
fibers is also lowered. Therefore, the tensile strength of the fiber separator is not enlarged
much. However, the composite membrane’s tensile strength with fiber ratios of 30-70%
can achieve normal use in a lithium-ion battery.
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Figure 2. The effect of fibers’ ratio for tensile strength.

Table 1. Physical properties of composite membranes with different fiber ratios.

Standard Deviation of

The Ratio of Mean Value of Tensile Tensile Porosity/% Electrolyte Absorbent Thermal
Fibers/% Strength/KN-m 1 Strength/KN-m 1 Uptake/% Height/mm Shrinkage/%
0 1.051 0.0430 25 183 15 3.9
10 1.270 0.0333 32 192 20 3.45
20 1.413 0.0445 41 205 23 2.88
30 1.565 0.0434 46 234 26 2.53
40 1.599 0.0480 52 249 32 2.1
50 1.644 0.0321 63 269 39 1.95
60 1.658 0.0272 68 221 35 19
70 1.679 0.0362 72 180 38 1.87
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3.2. The Porosity of the Separator

Figure 3 shows the effect of the fiber ratio on the porosity of the fiber membrane. It can
be shown that the porosity of the membrane increases as the mass fraction of the modified
PP and PAN fibers increases. The cotton fibers are fibrillated and dispersed into fine fibers,
while the diameters of the modified PP and PAN fibers are relatively large. Because the
separator obtained is formed by the uniform and random accumulation of fibers, the larger
pores are formed by larger diameter fibers between them, and the corresponding porosity
is relatively larger. Therefore, as the mass fraction of the modified PP and PAN fibers
increases, the porosity also increases. When the mass fraction of the PP and PAN fibers
goes from 40% to 50%, it is significant to see the rise in porosity. However, the growth rate
of porosity decreases when the mass fraction of the PP and PAN fibers goes from 50% to
70%; their porosity is more than 60%, which can be used for a normal Li-ion battery. The
data on the membrane’s porosities that correspond to the different fiber ratios are presented
in Table 1.
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Figure 3. The effect of ratio of fibers on porosity.

3.3. The Liquid Absorption of the Separator

The contribution of the ability of the separator to be wetted by the electrolyte to the
separator conductivity is significant. The membrane absorption ability to the electrolyte
is reflected by the liquid absorption rate of the membrane, and the membrane absorption
speed to the electrolyte is reflected by the liquid absorption height. It can be shown from
Figure 4 that the liquid absorption rate of the fiber membrane increases as the mass fraction
of the modified PP fibers and PAN fibers increases. When the mass fraction is 50%, the
liquid absorption rate reaches a maximum of 269%. Then, the liquid absorption rate of
the composite membrane is gradually lowered. This is mainly because the PAN fibers
contain a significant amount of polar groups (-CN), and the surface of the modified PP
fibers is also grafted with a polar group, which has good hydrophilic properties and better
hygroscopicity. The cotton fibers can be used together to greatly improve the hydrophilic
performance and the liquid absorption speed of the separator. When the mass fraction of
the modified PP fibers and the PAN fibers is 50%, the aspiration height is 39 mm. However,
when the liquid absorption rate of the fiber membrane reaches a certain height, the liquid
absorption rate of the fiber membrane is gradually decreased as the cotton fibers gradually
decrease. It will also be reduced. When the mass fraction of the modified PP fibers and
PAN fibers is 50%, the liquid absorption performance is the best: the liquid absorption
rate is 269%, and the liquid absorption height is 39 mm. The other data on the electrolyte
uptake and absorbent height of the separators, which correspond to different fiber ratios,
are presented in Table 1.
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Figure 4. The effect of fiber ratio on electrolyte uptake.

3.4. Thermal Shrinkage of the Separator

Figure 5 shows the thermal shrinkage of the composite separators with different fiber
ratios after treatment at 160 °C for 1 h. It can be shown from the figure that the PP/PAN/
cotton fibers composite membrane has a shrinkage of less than 4% at 160 °C, and as the
content of the modified PP fibers and PAN fibers increases, i.e., when the content of the
modified PP fibers and PAN fibers is higher than 50%, the change in shrinkage tends to
be stable to less than 2%. This is mainly because the PAN fibers form a skeleton of the
separator, and the separator is not easily shrunk after thermal treatment. Relevant data
on the thermal shrinkage of fiber membranes that correspond to different fiber ratios are
presented in Table 1.

—mn— Thermal shrinkage / %
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1 1

Thermal shrinkage / %
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Figure 5. The effect of fiber ratio on thermal shrinkage at 160 °C.

We need the membrane to have the best hydrophilicity and thermal stability while sat-
isfying the premise of having good tensile strength and porosity. Therefore, the composite
membrane with a 50% ratio of modified PP fibers and PAN fibers was determined to have
the best overall performance based on a comprehensive analysis of data such as tensile
strength, porosity, hydrophilicity and thermal stability, and was continued to be analyzed
in the following tests.

3.5. Thermal Shut-Off Performance of the Separator

To achieve the thermal shut-off performance of the membrane, PP fibers and PAN
fibers with different melting points were mixed with cotton fibers. Cotton fibers were used
as the substrate of the separator, PP fibers were used as the low melting point component
and PAN fibers were used as the high melting point component and the skeleton material
of the separator. The thermal shut-off temperature range and thermal shut-off process of
the separator are discussed in terms of DSC, conductivity and SEM image.

Figure 6 is a DSC curve of the modified PP/PAN/ cotton fibers composite membrane.
It can be shown that the endothermic peak about 110 °C is the melting peak of PP, and
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the exothermic peak at around 160 °C is the crystallization peak of PAN. The endothermic
peak around 280 °C is the melting peak of PAN. In summary, the melting point of PAN
is considerably higher than that of PP. Thus, as the temperature gradually rises to 110 °C
and continues to rise to below 160 °C, PP fibers melt and flow first, blocking the pores of
the separator, and the interdigitation of the PAN fibers and cotton fibers can maintain the
structural integrity of the separator, thereby achieving the battery thermal shut-off function.
Therefore, the thermal closure temperature of the separator ranges from 110 °C to 160 °C.

——PP/PAN/Cotton
T Endothermic

l Exothermic

Heat Flow / mW

50 100 150 200 250 300 350
Temperature / 'C

Figure 6. DSC curves of modified PP/PAN/ cotton fibers composite membrane.

Figure 7 shows the AC impedance spectrum of the modified PP/PAN/ cotton fibers
composite membrane before and after treatment at 160 °C. In previous reports, the impedance
and conductivity of the PP membrane were 1.50 Q and 0.68 mS-cm~! at room temper-
ature, respectively [43]. From the figure, before thermal treatment, it can be seen that
the impedance of the fiber membrane was lower compared to the impedance of the PP
membrane, which was 1.03 (), and the fiber membrane conductivity obtained by calculation
was ¢ = 1.99 mS-cm~!, which was much higher than the conductivity of the PP membrane.
These results are due to the remarkable liquid absorption and high porosity of the fiber
membrane. After treatment at 160 °C, the impedance of the separator was 6.24 () and the
conductivity was 0.32 mS-cm~!. This is because the PP fibers in the separator melt and
block the pores of the membrane after thermal treatment, increasing the membrane resis-
tance and preventing the transport of lithium-ions. When the battery interior temperature
continues to rise, the thermal closure function of the membrane acts, the ionic conductivity
decreases, the reaction slows down and the temperature stops rising or falling, which can
avoid a series of subsequent safety problems.

40
™ o
a .
30+ . "
™ °
_g L ° Rﬂ Cdl
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Figure 7. AC impedance spectra of fiber membrane before and after thermal treatment.

Figure 8 shows a scanning electron micrograph of before (a) and after (b, c) thermal
treatment at 160 °C for 0.5 h of a modified PP/PAN/ cotton fibers composite membrane.
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In Figure 8a, the modified PP fibers, PAN fibers and cotton fibers are interlaced to form
uniform and orderly pores. The modified PP fibers are modified by graft coating, and the
surface has many fine particles. PAN fibers have a smooth appearance, and due to the
polar cyano group (-CN), the PAN fibers have excellent wettability; the intertwining of
the fibers increases the membrane tensile strength. As shown in Figure 8b,c, after thermal
treatment at 160 °C, the PP fibers melt and diffuse, blocking the composite separator pores,
and the membrane porosity is reduced, but the PAN fibers and the cotton fibers can still
interweave to form the separator. The skeleton ensures that the shape of the separator does
not change after the PP is melted at a high temperature, and the adhesion between the PAN
fibers and the cotton fibers can be increased after the PP is melted. In the battery, when the
temperature rises, the separator pores become smaller and smaller, which can prevent the
electrochemical reaction from proceeding and prevent thermal runaway.

Figure 8. SEM of modified PP/PAN/ cotton fibers composite membrane: (a) before thermal treatment;
(b,c) after thermal treatment.

3.6. Electrochemical Performance of the Separator

Figure 9 shows the initial charge—discharge curve of the lithium-ion batteries using
the PP membrane and the modified PP/PAN/ cotton fibers composite membrane at 1 C
rate, respectively. It is shown that the initial discharge capacities of the batteries with
the PP membrane and the modified PP/PAN/ cotton fibers composite membrane were
165.8 mAh-g~! and 166.7 mAh-g~!, respectively. Compared with the cell using the commer-
cial PP membrane, the cell using the modified PP/PAN/ cotton fibers composite membrane
had a slightly higher initial charge-discharge capacity, which is due to the improvement in
the electrolyte wettability of the composite membrane. Furthermore, the ionic conductivity
of the composite membrane is improved, which is advantageous for the improvement in
the charge and discharge performance of the battery.

45
——— PP/PAN/Cotton
— PP
4.0
>
2 3.5-
.
S
3.0
25 T v T
0 50 100 150 200

Capacity / mAh g'1

Figure 9. Initial charge-discharge curves of the cell using PP membrane and modified
PP /PAN/ cotton fibers composite membrane.

Figure 10 is the graph of the 100 cycle performance of Li-ion batteries using the PP
membrane and the modified PP/PAN/ cotton fibers composite membrane under 1 C rate.
The discharge capacity of the cell by the PP membrane after 100 cycles is 153.4 mAh-g~!,
and the capacity retention rate is 92.5%. The discharge capacity of the battery by the fiber
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membrane after 100 cycles is 156.5 mAh-g~!, and the capacity retention rate is 93.8%, which
is slightly higher than that of the battery using the PP membrane. This may be due to
an increase in the ionic conductivity of the composite membrane. Under the premise of
realizing the thermal closure function of the membrane, it does not affect the performance
of transporting lithium-ions of the separator at a normal operating temperature.

200

« PP
« PP/PAN/Cotton

-4
a8
[++]
o

-
D
o

Capacity / mAh g
S
o

0 20 40 60 80 100
Cycle number

Figure 10. Cycle performance of the batteries by PP membrane and modified PP/PAN/ cotton fibers
composite membrane.

Rate capability is shown by Figure 11 for batteries using PP membranes and the fiber
membrane at different rates of 1 C, 2 C and 5 C. Compared to PP membranes, the battery
with fiber membranes has a slightly higher rate capability at different C rates. The specific
energies of the cells with fiber and PP membranes are 166.7 mAh-g~! and 165.8 mAh-g !
at1C,153.2 mAh-g_1 and 151.0 mAh~g_1 at2 C, and 130.3 mAh-g_1 and 128.1 mAh~g_1
at 5 C, respectively. When the rate is back to 1 C again, the batteries with fiber and PP
membranes have capacities of 159.3 mAh-g~! and 156.8 mAh-g~!, respectively, which are
nearly the same as their original capacities. It is interpreted that this result is significant
for the effect on ion transport. The rate capability of the battery using the fiber membrane
is a bit better than the battery with the PP membrane. The enhanced rate capability is
attributed to the higher ion conductivity of the fiber membrane.

« PP
 PP/PAN/Cotton

0 5 10 15 20
Cycle number

Figure 11. Rate capability of the batteries with PP membrane and fiber membrane.
4. Conclusions

In this paper, the modified PP/PAN/ cotton fibers composite membrane with a ther-
mal shut-off function is prepared by a wet-laid process. Through the separator’s basic
performance test, it was concluded that the best overall performance of the separator was
achieved when the mass fraction of the modified PP fibers and PAN fibers was 50%. The
separator has the best electrolyte wettability with an absorption height of 39 mm and an
electrolyte uptake of 269%; meanwhile, the porosity of the membrane reached 63%, which
makes the membrane exhibit a high ionic conductivity of 1.99 mS-cm~!, and excellent
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mechanical performance was also achieved with a tensile strength of 1.644 KN-m~!. The
membrane has excellent thermal dimensional stability, and the thermal shrinkage of the
membrane under the optimal proportioning conditions is only less than 2% when treated at
160 °C for 0.5 h. Most important of all, the separator possesses a thermal shut-off function
under the temperature between 110~160 °C, and the ionic conductivity of the separator
decreases to 0.32 mS-cm ™!, which significantly decreases the battery’s reaction rate and
prevents a further increase in the battery’s temperature, thus improving the battery’s safety.
Meanwhile, the lithium-ion battery equipped with the fiber membrane had a better initial
charge, discharge capacities, capacity retention and cycle performance at different rates
compared with the battery equipped with the PP membrane.
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