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HIGHLIGHTS

o Thermally stable temperature above 800 °C.

e Pure inorganic ceramic flexible separator was synthesized.

o Excellent wettability and high ionic conductivity at high temperature.
o Stable cycling of 200 cycles under a rate of 20C at 120 °C.

e Greatly shorten the charging time.
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More and more application scenarios of rechargeable batteries like lithium-ion batteries are set up in high-
temperature environments, such as large-scale energy storage, aerospace, oil extraction industry, etc. Besides
of electrolyte, the separator is also a vital part of the battery’s sustainable operation at high temperature working
condition, however traditional polyolefin separators and even ceramic-coated polyolefin separators have poor
thermal stability. This article provides a fiber-supported aluminum oxide separator with improved flexibility and
thermal stability because of the introduced flexible SiC fiber network skeleton. The ceramic separator exhibits
electrochemical performance equivalent to commercial separators at room temperature. What’s more, with high-
temperature electrolyte system, its conductivity at 120 °C reaches 5.12 mS cm ™!, which is 3 times higher than
that at room temperature, so that the LiFePO4 half-cell has excellent rate performance that still maintains a
specific capacity of 140 mAh g~ for 200 cycles under a rate of 20C at 120 °C. Specially, the half-cell containing
the high temperature stable fiber-supported aluminum oxide separator realizes cycles of charging at a high
temperature with high rate as 20C and discharging at a room temperature with normal rate of 1C, which is of
great guiding significance to practical application.

1. Introduction environments at present, such as aviation, petroleum industry,

large-scale energy storage and electric vehicles in tropical regions.

Lithium-ion batteries are widely used in all aspects of our life, such as
digital field and electric vehicles due to their high energy density, high-
rate charging/discharging capability, long cycle life, and environmental
friendliness [1,2]. However, there are more and more application sce-
narios of lithium-ion batteries in high-temperature operation

Furthermore, the kinetics of the electrochemical reaction as well as the
ionic conduction of electrolyte could accelerate with the increase of
operation temperature. It is reported that compared with the conduc-
tivity at room temperature, it will increase in multiples when the tem-
perature increases above 100 °C [3]. In this way, the lithium-ion battery
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can operate at a higher rate meaning the high temperature lithium-ion
battery also provides the possibility to further improve the power den-
sity and energy density of the battery. However, there is no doubt that it
is important to develop novel materials capable of high performance at
both ambient and elevated temperature operation condition. In the
lithium ion battery, separator with high electronic insulation property,
which separates the positive and negative electrodes, could keep apart
the electrochemical reaction with gain and loss of electrons. This func-
tion not only works as the basis of the energy conversion between
chemical energy and electric power of the cell, but also considered as a
key issue of the safety to prevent the direct contact between the elec-
trodes which could lead the energy conversion into producing heat [4,
5]. Traditional polyolefin separators, such as polypropylene (PP),
polyethylene (PE) boosted the commercialization of lithium-ion batte-
ries because of their excellent mechanical properties, electrochemical
stability and low cost of raw materials, but due to the low melting point
(PE at 120 °C and PP at 160 °C) and the mechanical stretching
manufacturing process, the thermal and dimensional stability of poly-
olefin separators at elevated temperature is not good enough for their
broader application due to the limited operation temperature region and
possible safety hazard [6]. It is well known that the thermal-induced
shrinkage or melting of polyolefin porous membrane could cause
direct contact of the two electrodes. And the resulted internal short
circuit would accumulate heat and increase the temperature of the cell
to initiate kinds of exothermic side reaction, finally leading to a thermal
runaway. Additionally, the non-polarity of polyolefin separators exhibit
poor wettability in the polar carbonate-based electrolyte solution [7,8]
which also limits its performance of lithium-ion battery nowadays.
Among kinds of strategies, coating inorganic material such as Al,03
[9], SiO4 [10,11], TiO2 [12] with high thermal tolerance onto the sur-
face of a polyolefin separator to form a thin functional coating layer was
regarded as a simple and effective method for improving the heat
resistance and wetting performance [13-15]. A typical preparation
process was coating nano-sized oxide powder with adhesive like CMC
(Carboxymethyl Cellulose)-SBR (Styrene Butadiene Rubber) [9] or poly
vinylidenefluoride-hexafluoro propylene copolymer (PVDF-HFP) [16]
on both sides of polyethylene separator. Due to the presence of
heat-resistant oxide particles with a high surface area in the coating
layer, the composite membrane shows better thermal stability and
improved wettability to organic liquid electrolytes compared to poly-
ethylene separators. Furthermore, it is also possible to use a more
heat-resistant polymer as a base film in combination with inorganic
ceramic particles to improve heat shrinkage, coating a layer of Al,O3
ceramic on the surface of a polyimide (PI) membrane to improve high
temperature stability [17]. In addition to coating with inorganic parti-
cles, polymer materials can also be used as a binder to make inorganic
particle-based composite separators. The inorganic composite separator
with coating layer composed of 94 wt% Al;O3 and 6 wt% polymer
binder was kept at 130 °C for 40 min without almost any shrinkage [18].
Similarly, MgAl;04 (magnesium aluminate) based porous ceramic
membrane was prepared by using PVDF-HFP as a binder [19]. Electro-
spinning technology is also a suitable choice in the field of composite
membranes [20]. PVDF-HFP fiber membranes were firstly obtained by
electrospinning method, and then the composite separators obtained by
coating the surface of the membrane with a layer of Al,O3 by ALD
(Atomic layer deposition) technology, while this composite separator
exhibited excellent thermal stability and fire resistance [21]. However,
the above-mentioned ceramic coated separator or the separator modi-
fied by the ceramic filler has a large part of organic components, and it
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will still shrink to a certain extent under high temperature processing,
especially in operando condition with a large amount of electrolyte
which remains a great challenge to the safety performance of the battery
and the sustainable operation of the battery at high temperature. Pure
inorganic separators can completely ignore the effect of heat on the
dimensional stability as well as the swollen effect of liquid electrolyte.
But it is easy to notice that pure ceramic separators usually suffer from
the poor flexibility, which brings a lot of inconvenience to battery
manufacturing process and hinders the further commercialization.

Here, we introduced SiC fiber with both high flexibility and thermal
stability as the matrix for Al;03 nanoparticles to develop a novel flexible
ceramic separator and applied it in a high temperature lithium ion
battery. Firstly the AloO3 slurry was casted onto the SiC fiber mat, and
then remove organic binder at high temperature to obtain the SiC fiber-
supported alumina separator (A@S ceramic separator). Here, A@S
ceramic separator not only exhibits electrochemical performance
equivalent to commercial separators at room temperature, but also
shows excellent high-temperature stability. Additionally, it shows flex-
ibility because of its flexible SiC fiber network skeleton, which also
benefits to actual battery production. The A@S ceramic separator with
high thermal stability provide a possibility to operate the electro-
chemical reaction of the cell at high temperatures to obtain a much
better charge/discharge performance [6]. Further investigation
revealed that the conductivity will increase greatly with the temperature
increasing when it used together with a typical high temperature elec-
trolyte system 1 M LiDFOB (Lithium difluoro (oxalato) borate)/PC
(propylene carbonate). It exhibits excellent cycle performance at high
temperatures of 120 °C with high rate. In particular, the half-cell battery
realized cycles of charging at a high temperature of 20C and discharging
at a room temperature of 1C. This should be a great guiding significance
to practical application. On one hand, the battery can be used with
further improved safety, on the other hand, the battery also could be
discharged at room temperature and charged at high temperature which
would greatly shorten the charging time and provide a new mode for
promoting electric vehicle application.

2. Experiment
2.1. Preparation of the A@S ceramic separator

0.081 g of pre-dispersed SiC staple fibers was added in a 500 ml flat-
bottomed beaker, then uniformly disperse the SiC fibers in the 250 ml
ethanol solvent with ultrasonic for 25 min. After removing of superna-
tant, the SiC short fiber support network was obtained by keeping in
blast drying oven at 80 °C for 12 h. Then, 2.619 g AlyO3 powder (TAIMEIL
CHEMICALS CO., LTD) with diameter about 200 nm was added to a
mixed solution of 3.2 g ethanol and 3.2 g N,N-dimethylformamide
(DMF), 2 to 3 drops of triethanolamine were added dropwise as the
dispersant, and then dispersed by magnetic stirring for 8 h. After that,
0.48 g polyvinyl butyral (PVB) and 0.18 g polyethylene glycol (PEG)
were added as the binder and plasticizer respectively, and stirring was
continued for 12 h to obtain a homogeneous slurry. Next, the slurry was
gradually added to the square groove with flat bottom covered with SiC
support network, after the slurry flowed smoothly, the square groove
was laid on a flat-plate heater at 60 °C for 2 h to evaporate the solvent.
The obtained SiC short fiber supported Al,O3 film was moulded into a
round film with 18.5 mm in diameter. Finally, the round film was kept in
a muffle furnace at 600 °C for 12 h to obtain A@S ceramic separator.
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Fig. 1. a) A@S ceramic separator. b) The bending test of A@S ceramic separator.

2.2. Electrode preparation and cell assembly

The cathode material, including LiFePO4 (Guoxian co. LTD China),
acetylene black, and a polymer binder (9 wt% polyvinylidene fluoride
(PVDF)), mixed with a weight ratio of 8: 1: 1, then used an automatic
coating machine (Shanghai Modern Engineering Technique Co., Ltd)
with a coating bar (150 pm) to coat the mixed slurry on the aluminum
foil and dried under vacuum at 80 °C for 12 h. The thickness of the
obtained coating layer is about 35 pm. The positive electrode material
was cut into a 1.2 cm diameter wafer for assembling a coin cell, the
loading of the LFP active material is around 2.68 mg cm ™2, and Li foil
was used as the negative electrode when the battery was assembled. In
room temperature experiments, commercial 301 electrolyte (EC/DMC
= 1:1 (weight ratio) 1 mol L™} LiPF, Zhangjiagang guotai huarong
chemical new material co. LTD) was used. And 1 M LiDFOB dissolved in
PC was used as the electrolyte in high temperature tests. All batteries
were assembled in a glove box under an argon atmosphere.

2.3. Characterization of the A@S ceramic separator

The surface of the SiC fiber skeleton as well as the surface and cross-
sectional morphology of the A@S ceramic separator were investigated
by a field emission scanning electron microscope (FE-SEM, s-4800,
Hitachi, Japan). XRD (MiniFlex 600, Rigaku, Japan) was used to
monitor the phase of A@S ceramic separator. The porosity of A@S
ceramic separator and Asahi PE diaphragms was tested by the n-butanol
uptake method and calculated as follows:

Porosity % = Mpyon /(PBuoH X (MBuoH /PBuoH + M /pp) X 100%

where ppyon and pp represent the density of n-butanol and the separator,
while Mpyon and My, represent the mass of n-butanol uptaked and the
initial separator, respectively. A contact angle goniometer system
(Powereach JC2000C1, Shanghai Zhongchen Digital Technique Equip-
ment Co. Ltd., China) was used for the static contact angles text of A@S
ceramic separator and Asahi PE separator. Thermogravimetric (TG)
analyses of A@S ceramic separator and Asahi PE separator were per-
formed using a STA 449 F3Jupiter thermal analyzer in air at a heating
rate of 10 °C min~! from 30 to 800 °C. The ionic conductivities of A@S

Fig. 2. a) d) The SEM image of SiC fiber network. The SEM image of A@S ceramic separator b) e) surface c) f) cross-section.
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Fig. 3. a) The shrinkage of three different separators in different environments at 130 °C for 1 h. b) Separators sealed in an aluminum-plastic film bag. c) Ther-

mogravimetric (TG) analyses of A@S ceramic separator and celgard PP separator.
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Fig. 4. Photographs of different electrolyte contact angles of A@S ceramic
separator and Asahi PE separator.
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ceramic separator and Asahi PE separator soaked with 301 electrolyte
were investigated by electrochemical impedance spectroscopy using
electrochemical workstation (Solartron, SI-1260, England) with the
frequency range of 0.1 Hz-100 kHz. The linear sweep voltammograms
(LSV) of Li/separator/stainless steel (SS) cell at a scan rate of 10 mV st
from 0 V to 6 V was measured in order to test the electrochemical sta-
bility of A@S ceramic separator and Asahi PE separator. Cells with A@S
ceramic separator, Asahi PE separator and Celgard PP separator were
prepared to investigate the cyclic and rate performance using the elec-
trochemical test equipment (Newel, China). The cells were charged to 4
V and discharged to 2.5 V vs. Li/Li* with different rate from 0.2C to 5C
and different temperature at room temperature and 120 °C. The high
temperature battery cycling test was operated in an oven, and the bat-
tery was kept in a 120 °C incubator for 40 min before cycling, then
charged to 4 V and discharged to 2.5 V vs. Li/Li" with different rate from
0.5C to 34.5C at 120 °C. In fact, as the most commonly applied sepa-
rators in both commercial LIBs and academic research, Asahi PE and
Celgard PP separators were treated as comparison of our ceramic sep-
arators throughout the experiment, and we explored the performance of
both types of polyolefin separators and chose the better one to compare
with our ceramic separators at room and high temperature respectively.
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Fig. 7. a) Rate performance in the LFP battery of A@S ceramic separator under 120 °C. b) Discharge capacity and coulombic efficiency of the A@S ceramic separator
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3. Result and discussion

Fig. 1a exhibits the appearance of A@S ceramic separator made of
SiC fiber buried in Al;03 nano powders. The A@S ceramic separator is
even white in colour and the SiC fiber could not be identified which
means Al;O3 nano powders and SiC fiber were dispersed inside the
separator. Furthermore, the obtained A@S ceramic separator could be
bent over 90° without breakage as shown in Fig. 1b, which represents its
excellent flexibility. It is undeniable that it apparently improves the poor
flexibility of conventional inorganic ceramic separators which could be
attributed to the introduction of SiC fiber network as the skeleton of the
separator. A@S ceramic separator can maintain the integrity of the
membrane after bending without peeling, crumble away and cracking,
which is a prerequisite for its application in battery assembly process.
The XRD pattern of the SiC fiber can be found in Fig. S1, the fiber is
composed of p-SiC crystalline phase. SiC fiber network is composed of
uniform SiC fiber with diameter of 10 pm and length of 2.5 mm which
can be clearly identified from Fig. 2a and d. The aspect ratio of every
single SiC fiber is as high as 250, and once formed a three dimensional
network structure, it is easily to gain excellent flexibility due to the stress
evenly distributed through the whole network. This could be also the
fundamental reason for the overall flexibility of A@S ceramic separator
by introducing SiC fiber as the skeleton of A@S ceramic separator. In
addition, as a kind of atomic crystal, §-SiC itself also has excellent
thermal stability with the decomposition temperature as high as 1600 °C
which is much higher than polymer binder usually applied in ceramic
separator. Both the high decomposition temperature of the -SiC crystal
and the three dimensional network structure make SiC fiber deal choice
as the skeleton for construction a ceramic separator with superior flex-
ibility and high thermal stability. Fig. S2 is the XRD pattern of A@S
ceramic separator. It can be identified that the separator shows a pure
a-Al,O3 phase without peaks of SiC fibers appearing. This may be due to
the interior of the SiC fiber network embedded in the Al,O3 nano-
particles which are consistent with SEM image shown in Fig. 2c. Fig. 2b
and e exhibit the surface morphology of the A@S ceramic separator. It
can be seen that the surface is even and the nanoparticles are uniformly
distributed while porous structure was formed by the Al,O3 nanoparticle
stacking with the diameter about 200 nm. The porosity of 42.6%
calculated by the n-butanol uptake method is very close to 43.1% of
Asahi PE separator. On one hand, the porous structure could increase the
electrolyte uptake of the separator leading to much more Li ions for ionic
transport, while the channels through the interconnected pores would
also promote Li ion conduction. Based on the large number and high

mobility of charge carrier (Li ions) in the separator, it should gain a
higher ionic conductivity when the separator is applied in the cell. On
the other hand, the porous structure also enlarge the contact area be-
tween the AlpO3 nanoparticles and the polar solvent of the electrolyte
which resulted the enhanced interaction between the separator and
electrolyte. This may improve the electrolyte retention ability of the
A@S separator which is also important for further improving the elec-
trochemical and safety performance.

These pores and Fig. 2¢ and f shows cross-sectional morphology of
A@S ceramic separator, the thickness of A@S ceramic separator is about
200 pm, and the SiC fiber is evenly distributed in the whole membrane.
The thickness of the A@S ceramic separator could be optimized by
adjusting the amounts and particle size of the Al;03 powder (keep the
mass ratio of Al;03 and SiC constant), as shown in Fig. S3, adjusting the
amount of Al;O3 to 3.492 g (Fig. S3a) and 2.328 g (Fig. S3b) to prepare
A@S separators with different thickness. The amounts and proportion of
Al,O3 powder given above in experimental section are the result of
optimization in pre-experiment.

Whether a battery can work safely and continuously at high tem-
peratures deeply depends on whether the separator can maintain
dimensional stability at high temperatures. To investigate the thermal
shrinkage of different separators including A@S ceramic separator,
celgard PP separator and Al,Os-coated PE separator, they were all kept
at 130 °C for 1 h. In particular, in order to be closer to the work envi-
ronment of the battery, three types of separators were also impregnated
with commercial 301 electrolyte and sealed in a bag of aluminum-plastic
film, as shown in Fig. 3b. The thermal shrinkage results of three different
separators in different environments with or without electrolyte soaking
at 130 °C for 1 h is shown in Fig. 3a. It can be seen that Celgard PP
separator has only one direction of shrinkage in the presence or absence
of electrolyte infiltration. This result of the PP separator is related to the
polypropylene material with a melting point higher than 130 °C and
mechanically stretched manufacturing process. The Al;O3-coated PE
separator exhibits more severe shrinkage when wetted by electrolyte
than without electrolyte which may be due to the polymer binder used in
the ceramic coating layer was swollen by the electrolyte solvent. By
contrast, A@S ceramic separator in different environments shows no
dimensional change. It can be concluded that the pure inorganic ceramic
separator could completely overcome the high temperature resistance
and even tolerate the high temperature resistance under the electrolyte
infiltration. This improved thermal stability is very important for sepa-
rator when practically applied in the lithium ion batteries.

For further studying the high temperature thermal stability of A@S
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ceramic separator, we performed a thermogravimetric analysis from
room temperature to 800 °C, as shown in Fig. 3c. A@S ceramic separator
exhibited excellent high-temperature thermal stability which has no
mass change in the range of 800 °C. This is because it is composed of
high-temperature stable Al,O3 powder and SiC fibers. It can theoreti-
cally withstand even high temperatures of 1200 °C; While the Celgard
PP separator began to decompose at about 400 °C.

The electrolyte wettability is an important parameter for battery
manufacturing. Conventional polymer separators have poor wettability
with commercial polar electrolyte due to their non-polarity character.
Poor wettability could also lead to low conductivity in the interface
between electrode and electrolyte, which limits the electrochemical
performance of lithium-ion batteries. The pure inorganic powder
ceramic separator has excellent wettability due to the high affinity of
oxide [6], which is an advantage for separator of lithium ion battery.
Fig. 4 shows photographs of different electrolyte contact angles of A@S
ceramic separator and Asahi PE separator. Commercial Asahi PE sepa-
rator shows different affinity for different electrolytes, and the contact
angles with the commercial 301 and 1 M LiDFOB/PC electrolyte are
60.2°, 70.3°, respectively. Specially, there was a larger contact angle
with the electrolyte of the high temperature system due to use of pure
high polarity solvent, which indicates that the wettability of the poly-
olefin separator towards high temperature electrolyte was even worse.
In contrast, A@S ceramic separator had no selectivity to the electrolyte
so that it can quickly absorb any electrolyte. Therefore, it can be
concluded that it provides excellent wettability, which also helps to
improve the interface characteristic to gain better electrochemical
performance.

The linear sweep voltammograms (LSV) test of A@S ceramic sepa-
rator and Asahi PE separator with stainless steel and Li electrode was
used to investigate their electrochemical stability shown in Fig. 5a. The
decomposition voltage of Asahi PE separator and commercial 301 sys-
tem is about 4.3 V vs. Li/Li*. In comparison, the decomposition voltage
of system consisting of A@S ceramic separator and commercial 301
electrolyte is 4.5 V, which may be related to the removal of residual
groups on the surface of the separator material through high-
temperature calcination and the adsorption of impurities in the elec-
trolyte by the AlyO3 nanoparticles. Fig. 5b shows the Nyquist plots for
both liquid electrolyte-soaked Asahi PE separator and A@S ceramic
separator. The ionic conductivity can be calculated by the equation: ¢ =
L/SR, where R, S and L are the total resistance of the electrolyte across
the separator and the area and thickness of the separator, respectively.
The results show that the Asahi PE separator’s ionic conductivity is 6.04
x 107*S em ™! at 25 °C while the A@S ceramic separator is 4.21 x 107>
S em ™. The higher ionic conductivity obtained by A@S ceramic sepa-
rator can be ascribed to two main reasons: Firstly, the porous structure
formed by the AlyO3 nanoparticles could on one hand increase the liquid
electrolyte uptake thus increasing the number of the charge carrier for
ionic conduction, on the other hand the pores with sub-micro diameter
could also enlarge the contact area between the liquid electrolyte and
the Al,03 nanoparticles in the separator which enhances the interaction
between them. Secondly, as well known that oxide nanoparticles such as
Al»03 normally used as the filler in polymer electrolyte could promote
the ionic conduction through the interaction between the lithium salt
and oxide nanoparticles [22]. It is believed that there is faster ionic
conductive pathway on the surface of oxide nanoparticles. As a result,
the A@S ceramic separator exhibit much higher ionic conductivity
compared to the traditional polyolefin separator.

Before exploring the cycling performance in a LFP half-cell, we firstly
made a pre-test of its rate performance in the battery, which is shown in
Fig. 5c. For A@S ceramic separator, the specific capacity is 158.2 mAh
g1 at 0.2C. As the rate increases, the specific capacity decreases, and
the capacity retention rates are 92.4%, 82.9%, 75.9% at 1C, 3C, and 5C,
respectively. In addition, it can be found that it has a similar rate ca-
pacity as Asahi PE separator. Fig. 5d compares the cycle performance of
the A@S ceramic separator and Asahi PE separator. The first cycle
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reversible efficiency of A@S ceramic separator and Asahi PE separator
are 85.5% and 81.1%, respectively, which are related to the formation of
SEL It is caused by the reduced interface resistance due to the excellent
wettability of the ceramic separator. In the subsequent cycles, the bat-
teries with the two separators have similar cycle performance at 2C.
After one hundred cycles, the capacity of 141.2 mAh g~ is still main-
tained and the coulomb efficiency of each cycle is about 99.0%.

A@S ceramic separator is a stack of Al,O3 particles, so that porous
structure acting as the channels for lithium ion conduction was formed
between the particles. Because of the affinity of inorganic particles with
liquid electrolyte, the conductivity of the A@S ceramic separator/301
electrolyte system is much higher than that of the Asahi PE separator/
301 electrolyte. In the half-cell test at room temperature, the A@S
ceramic separator is comparable to commercial polyolefin Asahi PE
separators in the rate performance and cycle performance at 2C. In
general, A@S ceramic separator has almost the same electrochemical
performance as commercial Asahi PE separator at room temperature,
which makes it possible to apply it to lithium ion batteries.

Even so, A@S ceramic separator shows more significant value by its
remarkable performance at high temperature. Polyolefin separators
have poor dimensional stability at high temperatures, especially under
electrolyte soaking. It has been hoped that the introduction of ceramic
particles can improve the high-temperature dimensional stability of
polyolefin separators, but coating a layer of high-temperature-resistant
ceramic particles does not significantly improve the heat resistance of
polyolefin separators. Pure inorganic ceramic separators have attractive
heat resistance, but their use is limited by poor flexibility. A@S ceramic
separator, pure ceramic separator composed of Al;03 and SiC solves the
flexibility problem, which greatly helps its promotion and application.
Obviously, A@S ceramic separator composed of high temperature
resistant inorganic ceramics exhibits excellent high temperature
dimensional stability, which provides solid foundation for the high-
temperature lithium-ion batteries application.

Higher ionic conductivity is one of the advantages of high-
temperature lithium-ion batteries. Fig. 6a shows the conductivity of
A@S ceramic separator in 1 M LiDFOB/PC at different temperatures. At
120 °C, the conductivity (5.2 x 103 Sem™Y) of the system is 3 times of
that at 30 °C (1.8 x 1073 s cm’l), and the conductivity in this tem-
perature range increases with temperature increasing. The apparent
activation energy Ea = 11.64 kJ mol~! is obtained from the calculation
from Arrhenius formula, in an other word, the lithium ion conduction in
the A@S ceramic separator@l M LiDFOB/PC electrolyte requires
slightly lower energy than that of PP@1 M LiPF¢—EC/DMC electrolyte
(Ea = 13.757 kJ mol ™) [23]. Futhermore, the 0.5C rate cycling per-
formance of the high-temperature half-cell is shown in Fig. 6b. In order
to ensure the battery’s activity before high temperature, we first did 4
cycles of charging and discharging at room temperature. As can be seen
from the figure, celgard PP separator in 1 M LiDFOB/PC, the coulomb
efficiency of the first cycle of the system at room temperature is 72.9%
and the capacity of the first cycle is 100.2 mAh g2, the capacity of the
fourth cycle is only 119.1 mAh g~!. This is related to the low conduc-
tivity caused by the high viscosity of the PC at room temperature and the
poor electrolyte wetting of the polyolefin separator. To make matters
worse, when the battery is subjected to a high temperature cycle after
being held at 120 °C for 3 h, the charge and discharge capacity of the
battery where the celgard separator is located were reduced to zero due
to a short circuit caused by the thermal shrinkage of the separator. In
contrast, the battery where A@S ceramic separator was applied
exhibited a coulomb efficiency of 83.1% on the first cycle at room
temperature and a capacity of 125.5 mAh g~ in the four cycles due to its
excellent electrolyte wettability. The capacity increased to 161.4 mAh
g1, and the coulomb efficiency remained at about 98.0% at 120 °C,
which is due to the high conductivity of the electrolyte at 120 °C.

Furthermore, at the same time that the conductivity of the electrolyte
is greatly improved at high temperatures, the kinetics of the electro-
chemical reaction during charge/discharge will also be accelerated,
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which provides conditions for high-rate charging and discharging of
lithium-ion batteries. And our A@S ceramic separator provides a prac-
tical basis for the stable charge and discharge of lithium-ion batteries at
high temperatures. In order to further explore the rate limit of the bat-
tery where A@S ceramic separator is located, we used a cathode ma-
terial with a mass ratio of LFP: acetylene black: PVDF = 7: 2: 1 to reduce
the low electron conductance effect of the LFP electrode material. The
rate performance of a half-cell (loading of positive electrode 1.72 mg
em2) at 120 °C is shown in Fig. 7a. 0.5C, 1C, 3C, and 5C did not have a
significant decrease in capacity with the rate increasing, and remain at
about 163.2 mAh g~!, which is due to high conductivity and faster
electrode reaction dynamics at high temperatures. At 10C, 20C, 30C,
34.5C, the capacity is 153.3 mAh g1, 139.4 mAh g}, 106.6 mAh g,
and 70.5 mAh g_l, respectively, and the capacity can be restored to
165.4 mAh g~ ! after the rate is returned to 0.5C. Fig. 7b is the cycle
performance of a battery containing A@S ceramic separator at a rate of
20C at 120 °C. The battery was activated at a low rate (2C) before. The
capacity is maintained at 140.3 mAh g~ ! at 20C and coulomb efficiency
was above 99% through the whole cyclic process. It is true that these
amazing results are not only due to the accelerated dynamics of elec-
trode reaction at high temperature, but also related to the efficient and
stable ionic conduction of the A@S ceramic separator and 1 M LiDFOB/
PC system at high temperatures. But in a word, the superior thermal
stability provide the solid foundation for the lithium ion battery oper-
ated at high temperature to gain faster ionic conduction and dynamics of
electrode reaction thus promote this excellent electrochemical
performance.

In the practical application scenarios, fast charging ability of the
lithium ion battery should be paid more attention which could reduce
the charging time for the electronic vehicle. Here we charged the battery
at a rate of 20C at 120 °C and discharge it at 1C at room temperature to
fit with an actual application scenario. The cycle results are shown in
Fig. 8. The coulomb efficiency of the first cycle is 85.6%. Because the
battery was not activated and charged and discharged directly, the ca-
pacity increases with the number of cycles. It reaches 139.8 mAh g~ at
the tenth cycle and remains stable with coulomb efficiency close to
100%. In the tenth cycle, the charge process only took 2.8 min to reach
139.8 mAh g~ ! at 20C, and the discharge lasted 56.8 min at a rate of 1C.
Fig. 8 also shows the relationship between voltage and capacity in the
first and third cycles. The 120 °C charge voltage platform is 3.58 V at
20C, and the 1C discharge platform voltage at room temperature is 3.33
V. Here, we provide a probability to operate the lithium ion battery with
high-temperature high-rate charging and normal-rate discharge at room
temperature, combining high-temperature lithium-ion batteries with
actual use, and the excellent performance of A@S ceramic separator is
the key to achieving continuous battery stability.

4. Conclusion

In general, we have successfully fabricated a SiC fiber-supported
AlyO3 ceramic separator, which exhibits excellent thermal stability,
flexibility and electrolyte wettability. The lithium ion batteries with this
ceramic separator show outstanding rate capability and cycle life at both
room temperature and high temperature. In particular, at a high tem-
perature of 120 °C, the LFP half-cell including the A@S ceramic sepa-
rator system shows amazing rate performance and cycling performance
at high rate. Moreover, the half-cell system achieves the cycle of 20C
charging at 120 °C and 1C discharging at room temperature, which
provides a feasible method for batteries with a wide range need of fast
charging. In a word, A@S ceramic separator provides reliable compo-
nents for the battery to work stably and continuously at high tempera-
ture condition as 120 °C. This benefit would greatly shorten the charging
time and provide a new mode for promoting electric vehicle application.
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