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A novel and facile core-shell structured polyacrylonitrile@poly (vinylidene fluoride-hexafluoro propylene)
(PAN@PVDF-HFP)
electrospinning, which was used as a separator in lithium-ion batteries. Poly(vinylidene fluoride-co-
hexafluoro propene) (PVDF-HFP) and polyacrylonitrile (PAN) were used as the shell (outer) layer and core
(inner), respectively. Structure, surface morphology, porosity, and thermal properties of the core—shell
structured microfiber membranes were investigated. Compared with the traditional commercial porous

microfiber complex membrane was designed and fabricated via co-axial

polyethylene (PE) separator, the PAN@PVDF-HFP microfiber complex membranes exhibited higher
porosity, superior thermal stability, better electrolyte wettability and higher ionic conductivity. As
a consequence, batteries assembled with the PAN@PVDF-HFP microfiber complex membrane display

rsc.li/rsc-advances

1 Introduction

With the increasing demands for energy storage systems and
equipment, rechargeable lithium-ion batteries (LIBs) have
received considerable attention. They have been applied widely
in a variety of electrical devices and equipment, even automo-
tive vehicles, owing to their relatively higher power density/
energy density, longer cycling life, and lower memory effect.*”

As one of the main components in LIBs, the separator is used
to separate the anode and cathode to avoid electrical short
circuits, and permit the transportation of ions between them
during the charge/discharge procedure.**® At present, micro-
porous polyolefin separators, such as polypropylene (PP) and
polyethylene (PE) fabricated by the dry or wet processes, are
widely used owing to their outstanding mechanical strength
and stability.*'*** Whereas the polyolefin separators usually
show huge dimensional shrinkage at an elevated temperature,
which may result in a serious internal short circuit, leading to
battery thermal runaway.”*"* In addition, the poor wettability
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better cycling stability and superior rate performance compared to those with the PE separator.

caused by the distinct difference in polarity between polar
organic solvents and hydrophobic polyolefin separator can
result in high ionic resistance. So, selecting a suitable separator
is essential for ensuring battery safety and achieving desired
battery performance.'*"*®

To address these problems, many efforts have been devoted
to improving the wettability and thermal stability of the sepa-
rators.”* 7' One of the most common ways is to coat inor-
ganic nanoparticles (SiO,, Al,Os, etc.) on the surface of
polyolefin membranes (PE, PP, etc.).?***° Unfortunately, the
solution coating method suffers from poorly bonded nano-
particles and decreased porosity. The other one strategy is to
fabricate polymeric nonwovens from heat-resistant resins.
Kinds of groups have demonstrated separators using different
polymers, such as polyethylene terephthalate (PET),*® polyimide
(P1),* polyvinylidene fluoride (PVDF),*?* and poly(vinylidene
fluoride-co-hexa fluoropropylene) (PVDF-HFP)*>** with high
electrolyte uptake, porosity, ionic conductivity, rate perfor-
mance and better cycling performances. Sun et al.** have proved
that through adopting complex materials to prepare separators,
it is possible to improve the battery safety. In summary, it is
effective to prepare complex separator utilizing the comple-
mentary advantages between different materials.

PVDF-HFP has been proved to be an excellent polymer
electrolyte material with relatively high ionic conductivity. It is
inert with common anode and cathode materials in electrolytes
for lithium-ion batteries. Meanwhile, it is insoluble and stable
within the reductive/oxidative electrochemical environment

This journal is © The Royal Society of Chemistry 2018
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inside the battery. Nevertheless, its melting point is only
130 °C,* which is relatively low for LIBs separator. PAN is a kind
of polymer with excellent flame retardant property and high
resistance to effect of heat.***” It also shows a wide electro-
chemical stability window. So recombination of PAN and PVdF-
HFP may form an excellent LIBs separator. Anantha Gopala®*
and Prasanth Raghavan® prepared electrospun membrane by
blending PAN and PVDF-HFP. However, PAN has a great
swelling phenomenon in the electrolyte, this work is aimed to
prepare a core-shell structured microfiber complex membrane
via coaxial electrospinning technology with PVDF-HFP as shell
material for its stability in electrolyte and PAN as core material
for its thermally stable mechanical property.

Electrospinning has been regarded as an effective technique
for the fabrication of polymer microfibers, which can form
porous membrane with high porosity, specific surface area and
absorption rate of liquid.****3**** In addition, it is easy to
prepare complex polymer microfibers, such as a core-shell
structured one, through coaxial electrospinning technology.

In this work, a PAN@PVDF-HFP core-shell structured
microfiber complex membrane was fabricated via coaxial elec-
trospinning technology. Here, the thermally stable PAN acts as
a mechanical support which will contribute to decreasing the
thermally induced dimensional shrinkage of the complex
nonwoven separator. And PVDF-HFP was chosen as the
protective shell because of its stability in electrolyte and the
reductive/oxidative electrochemical environment in the battery.
As a result, the core-shell structured PAN@PVDF-HFP micro-
fiber membranes exhibit a higher absorption rate of liquid,
higher heat resistance, higher ionic conductivity, excellent rate
performance and cycle stability compared to the traditional PE
separator.

2 Experimental

2.1 Chemical and equipment

PAN (M,, = 90 000) was purchased from KunShan Hongyu
Plastics Co., Ltd. PVdF-HFP (PVDF 75130) was supplied by Sol-
vay S.A. Dimethyl Formamide (DMF) (99%) was from Tianjin Fu
Chen Chemical Reagent Factory. N-Butanol was purchased from
Sigma Aldrich. Commercialized polyethylene (PE) separator (25
pm) was from Green, China. And all the chemicals were used as
received. Electrospinning Equipment (ET-2335H) was bought
from Beijing Ucalery Technology Development Co., Ltd. Injec-
tion syringes was ordinary 10 ml plastic injection syringe for
temporary use.

2.2 Fabrication of the PAN@PVdF-HFP microfiber complex
membranes

A schematic diagram of the fabrication course of the core-shell
structured PAN@PVDF-HFP microfiber membranes was pre-
sented in Fig. 1, 1 g PAN or PVDF-HFP was dissolved in 10 ml
DMF solvent (10 wt%), which was used as core or shell material,
respectively. The solutions were enclosed in the syringes and
exported at a flow rate of 0.04 mm min~ ' for PAN and 0.06
mm min~ " for PVDF-HFP, respectively. Between the collector
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Fig.1 Schematic diagram of the fabrication course of the core—shell
structured PAN@PVDF-HFP microfiber complex membranes.

(aluminum drum) and the nozzle of the syringe, a potential
difference of 20 kV was kept at 25 °C. The distance between the
collector and the syringe tip was kept 20 cm. The thickness of
our complex separator is 70 pm. As contrast, pure PAN and
PVDF-HFP membranes were fabricated with a single needle at
a flow rate of 0.10 mm min " with a potential difference of
20 kv.

2.3 Physical properties characterization

The morphology of the separators were examined using a field
emission scanning electron microscope (FESEM, JSM-6700F).
The structure of the separators were observed by a Trans-
mission electron microscope (TEM, JEM 2100) with an accel-
erating voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) analysis was performed using a Kratos Axis Ultra spec-
trometer with a monochromatic Al Ko radiation (hv = 1486.6
ev).

Porosities (P) of the separators were evaluated with n-butanol
uptake tests, which was calculated based on the following eqn
(1):

Wi

Mo =W 100% (1)

P =
PV

where wy and w,, are the weight of separator before and after
immersing with n-butanol, V is the volume of the membrane
respectively, and pp is the mass density of pure n-butanol
liquid.

Electrolyte uptake (EU) of the separator was measured with
the following eqn (2):

EU = "0 100% )
Wo
where w, and w, represent weight of the separators before and
after soaking in the electrolyte (1 M LiPF6 in ethylmethyl
carbonate  (EMC)/diethylene  carbonate  (DEC)/ethylene
carbonate (EC) (1: 1 : 1, v/v/v)) for a certain time.

Contact angles between separator and liquid electrolyte were
measured using 6 uL electrolyte droplet with a Contact Angle
Analyze (OCA40 Micro, Dataphysics company in Germany).

Thermal dimensional stability of the separators was
measured after certain heat treatment process for 30 min.
Thermal shrinkage (TS) rate was calculated from the area
change before and after the heat process based on the following

eqn (3):
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S

TS = x 100% (3)
where S, and S are the area of the samples before and after
heating treatment at certain temperature. The temperature was
selected from 90 °C to 160 °C with an interval of 10 °C. The
membranes were cut into wafers with a diameter of 16 mm.
Mechanical property of the separators was carried out on an
electronic universal testing machine (CMT4104, China) at
a stretching rate of 1.0 mm s~ '. Size of the tested samples is
about 10 mm in width and 80 mm in length. The result is
the value of three times

determined from average

measurements.

2.4 Electrochemical measurements

Ionic conductivity (o) of the membrane was measured by Elec-
trochemical Impedance Spectroscopy technique (CHI-760, CH
Instruments) with the frequency range from 0.1 to100 kHz. And
the AC perturbation is 5 mV. The electrolyte impregnated
separator was placed between two stainless-steel (SS) plates
(diameter: 1.60 cm). The conductivity was calculated based on
the following eqn (4):

d

= RS (4)

g

where d and S represented the thickness of the separator and
the contact area between stainless steel blocking electrodes and
the separator, respectively.

The electrolyte soaked separator placed between a stainless
steel (SS) and a lithium metal was assembled in a coin cell. Then
linear sweep voltammetry (LSV) measurement was conducted
with an electrochemical workstation (CHI-760, CH Instruments)
with a scan rate of 1.0 mV s~ ' from 3.0 Vto 6 V.

Electrochemistry performances of the as-prepared films were
tested in CR2032 type coin cells, with metal Li as the anode and
LiFePO4 as the cathode. The cathode was composed of LiFePO,,
polyvinylidene fluoride (PVDF) and conducting agent (Super-P)
in a weight ratio of 8:1:1 with N-methyl-2-pyrrolidinone
(NMP) as solvent. 1 M LiPFg in ethylmethyl carbonate (EMC)/
diethylene carbonate (DEC)/ethylene carbonate (EC) (1:1:1,
v/v/v) was used as electrolyte. For comparison, commercialized
PE separator (Green, China) was tested in the same condition.
All the batteries were assembled in a glove box (Mbraun, Ger-
many) filled with argon gas. Continuous current discharge-
charge experiments were conducted in the voltage range of 2.5-
4.2 V with a program-controlled battery test equipment (LAND
CT2001A, China).

3 Results and discussion

Typical SEM images of the PAN@PVDF-HFP and commercial PE
separator are presented in Fig. 2a and b. The complex
nonwoven membrane (Fig. 2a) exhibits a 3D network structure
with interconnected pores formed by smooth and uniform
microfibers (about 400-500 nm), whose porosity is about 75%.
While the commercial PE separator (Fig. 2b) of shows an ellip-
tical hole structure with a porosity of only 35%. Membrane with
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Fig. 2 Morphologies of PAN@PVDF-HFP microfiber complex
membranes (a) and commercial PE separator (b), TEM of PAN@PVDF-
HFP (c) and (d), XPS survey spectra of PAN@PVDF-HFP membrane
surface.

relatively larger porosity can accommodate more electrolyte,
which is benefit for the transportation of Li". TEM image of the
microfiber from the complex nonwoven membranes is given in
Fig. 2c and d. The core-shell structure with the clear contrast
between the dark center and the gray edge of the microfiber is
found. Diameter of the microfiber in TEM was about 400-
500 nm, which is in accordance with that in FESEM. Elemental
information of the complex membranes surface is shown in the
XPS survey spectrum (Fig. 2d), which confirms the existence of
element C (287.8 eV, 290.8 eV) and F (688.15 eV). And there is
not any N peaks, inferring that the majority of the microfibers
show the formation of PAN core-PVDF-HFP shell structure. In
this structure, the thermally stable PAN will act as a mechanical
support to improve the thermal dimensional stability of the
complex separator. And PVDF-HFP with good compatibility as
shell material will contribute to the stability of the membrane.

An ideal separator of lithium ion battery should be wet easily
with the liquid electrolyte and hold the sufficient electrolyte for
along time, which made more emphasize on the lyophilic of the
membrane. Contact angle images with liquid electrolyte droplet
on the PAN@PVDF-HFP complex nonwoven and PE separator
are shown in Fig. 3. The contact angle of PAN@PVDF-HFP
complex nonwoven was 43°, lower than that of PE separator
(97°). The lower contact angle implied that the PAN@PVDF-HFP
complex nonwoven is more lyophilic to liquid electrolyte, which

Fig. 3 Contact angle images with liquid electrolyte droplet on the
PAN@PVDF-HFP complex nonwoven (a), and PE separator (b).

This journal is © The Royal Society of Chemistry 2018
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was beneficial to increasing the liquid absorbability of
membrane. Fig. 4 compared the diffusion rate and the electro-
lyte immersion height of different separators. After being
dropped onto the surface of the after 60 s. Analogously, the
PAN@PVDF-HFP complex membrane exhibited higher electro-
lyte immersion-height (28 mm) than the PE (10 mm), which was
ascribed to the hydrophobicity of polyethylene, which caused
low affinity with the electrolyte. Fig. 5 displayed the electrolyte
uptake of the PAN@PVDF-HFP and PE membranes as a func-
tion of time at room temperature. The initial electrolyte uptake
of PAN@PVDF-HFP was 505%. And it stabilized to 420% after
60 min in the ambient atmosphere at room temperature, which
falls in between that of pure PAN and PVDF-HFP (Table S17).
While that of PE changes from 210% to 130%, suggesting the
excellent liquid absorbability of PAN@PVDF-HFP membrane.
The superior liquid electrolyte wettability and high retention
rate of the complex membrane may result from the unique
structure of the nonwoven and the excellent affinity between
electrolyte and PVDF-HFP, which will contributed to improving
the cycle and rate capability performance of lithium ion
batteries.

Thermal shrinkage was a crucial element to evaluate the
thermal stability of separators. As seen in Fig. 6 a and b, after
heating at different temperature for 30 min, PE separators
showed obvious shrinkage at 120 °C. And it transformed from
white to transparent at 130 °C, which meant holes in it have
shut off at this temperature. While PAN@PVDF-HFP separators
showed no obvious changes until 150 °C. The comparative
picture of PE, PVDF-HFP, PAN@PVDF-HFP and PAN is provided
in ESI Fig. S1.f The thermal shrinkage of pure PAN is better
than that of PVDF-HFP and PE. After the combination of PAN
and PVDF-HFP, the thermal shrinkage performance is obviously
improved. It revealed that the PAN@PVDF-HFP separator
showed better heat resistance than PE separator, which can
improve security performance of lithium ion batteries.

In consideration of the security issue, high mechanical
strength is a vital factor for ideal separators. Stress-strain
curves of the PE and PAN@PVdF-HFP membranes are depicted
in Fig. 7. The commercial PE separator exhibits a tensile
strength of 34.6 MPa and a deformation of 29%. However, the

Fig.4 Photographs of the PAN@PVDF-HFP and PE membranes taken
immediately after dropping of electrolyte (I, II, lll, IV); contrast of liquid
electrolyte immersion-height between PAN@PVDF-HFP and PE
membranes (V).

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The electrolyte uptake of the PE and PAN@PVdF-HFP
membrane as a function of time at room temperature.

maximum tensile strength of PAN@PVdF-HFP complex
membrane is 18.9 MPa and its deformation is up to 51%,
implying that the stress performance of the complex membrane
is slightly weaker than that of the PE separator but its strain
performance is excellent. Such mechanical performances could
meet the technical requirements for most conventional winding
machines used in battery fabrication.

Ionic conductivity of the separators was determined by the
Electrochemical Impedance Spectroscopy. Fig. 8a showed the
Nyquist plots for the electrolyte-soaked porous PE and
PAN@PVDF-HFP complex membranes. No semicircles were
observed in the high frequency region, implying that the total
conductivity results from the ionic conductivity. Nyquist plots
exhibit almost vertical lines, suggesting near pure resistive
behavior at high frequency. The bulk resistance of PAN@PVDF-

a
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< 80-
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e
g 60+
R=
= 40-
w
=
g 20
5
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80 90 100 110 120 130 140 150 160 170
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Fig. 6 (a) Relationship of thermal shrinkage with temperature, (b)
photograph of the PE and PAN@PVDF-HFP membrane after heating at
different temperatures for 30 min.
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Fig. 7 Stress—strain curves of PE membranes and PAN@PVdF-HFP
complex membranes.

HFP is 2.0 Q, while that of PE is 5.0 Q. The ¢ values calculated
based on eqn (3) are 1.74 mS cm ™~ ' and 0.52 mS cm ™', respec-
tively. The o values of PVDF-HFP and PAN are 1.73 mS cm™ " and
1.29 mS em ™" which is provided in ESI Fig. S2.7 Obviously,
higher ionic conductivity is beneficial to decrease the polari-
zation and enhance the rate performance of cells. The electro-
chemical stability windows of different separators were
observed from the linear sweep voltammograms experiment.
Fig. 8b shows that the electrolyte decomposes at about 4.4 V (vs.
Li'/Li) with PE separator. While there is no obvious decompo-
sition below 5.0 V (vs. Li'/Li) with PAN@PVDF-HFP complex
separator. This superior stability may be attributed to the
superior interfacial compatibility and better electrolyte reten-
tion of the complex nonwoven.

Fig. 9a depicted the rate performance of batteries with PE
and as-prepared PAN@PVDF-HFP separators, respectively.
When the current density increased from 0.2 to 10C, the dis-
charging capacities of the cell with PE separator declined from
148 to 68 mA h g~ ' rapidly, with a capacity retention of 46%. But
relatively, that with the PAN@PVDF-HFP separator exhibited
remarkable rate performance. Its capacity declined from 151 to
98 mA h g~ with a relatively higher capacity retention of 65%.
What's more, when the current density comes back to 1C, the
capacity of PAN@PVDF-HFP recovered to 145 mAh g~ ', which is
still higher than that of PE (136 mA h g™ "). The excellent rate
performance can result from the relatively higher electrolyte

0.0¢

0.05 b

0.

—o- PAN@PVDF-HFP s
12000 o PE e —PE

—— PAN@PVDF-HFP

=
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s
2

0 N
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Fig. 8 (a) Nyquist plots of the batteries (SS/separator/SS) for the liquid
electrolyte-soaked porous PE and PAN@PVDF-HFP complex
membranes. (b)Linear sweep voltammograms of PE and PVDF-HFP at
a scan rate of 1.0 mV s~* between 3.0-6.0 V.
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uptake and electrical conductivity, which come from the feature
of polymer electrolyte PVDF-HFP and the higher porosity of the
membrane.

For cycling stability test, the batteries with the complex
separator and the commercial PE separator were measured at
a current density of 0.1C for 100 cycles with a voltage range of
2.5-4.2 V. From Fig. 9b one can find that discharging capacities
of the cell with PE membrane drops gradually from
154.9 mA h g ' to 149 mA h g, with a capacity retention of
96.2% after 100 cycles. In contrast, the battery with PAN@PVDF-
HFP separator showed relatively higher initial capacity
(159.4 mA h g~ "), and the capacity retention reaches 99.4% after
100 cycles. The rate and cycling discharging capacity compari-
sons of PE, PAN, PVDF-HFP, and PAN@PVDF-HFP are provided
in ESI Fig. S3 and S4,t respectively. The discharging capacity of
PAN and PVDF-HFP is lower than that of PAN@PVDF-HFP, but
higher than that of PE. The improved capacity and stability of
LIBs with the PAN@PVDF-HFP separators may be attributed to
its relatively higher electrical conductivity and electrolyte
uptake.

Fig. 9c and d shown the charge and discharge profiles of the
cells assembled with PAN@PVDF-HFP complex nonwoven and
PE separator. Capacities of the former at 0.2C, 1C, 2C, 5C and
10C were 151.3 mA h g7', 1441 mA h g ', 1348 mA h g™,
116.7 mA h g " and 96.3 mA h g ', respectively. While that of
the latter were 147.4 mAh g™ ',136.2mAhg ", 110.5mAh g7,
101.4 mA h g ' and 67.2 mA h g, respectively. In addition,
with the increase of current density, the charge and discharge
voltage platform of cell with PE separator shown larger polari-
zation than that with PAN@PVDF-HFP complex membrane,
inferring the better ion transportation performance of the
latter.

To investigate whether or not the PAN@PVDF-HFP
membrane has the ability to block particulates and dendrite
growth, cells with PE and PAN@PVDF-HFP membranes were
disassembled in a glove box. EDS analysis was taken on the
membrane surface facing the metal lithium after 100 test cycles
at 1C rate. The result is shown in Fig. 10. Element C, O, F and P
can be found on the surface of separator facing the metal
lithium. These four kinds of elements derive from separator,
liquid electrolyte and LiPF, respectively. Because PAN@PVDF-
HFP is rich in F element, the mass percent of F element on
PAN@PVDF-HFP is more than that on PE. Element Fe can't be
found, which means that there are no traces of the cathode
material both for the PE and PAN@PVDF-HFP membranes,
implying that they can block the cathode particulates effec-
tively. This may result from that although the pore size in the
complex membrane seems relatively bigger than that in PE
membrane, the pores in the complex membrane are super-
imposed. When the membrane is thick enough, it can also
block particulates effectively. In addition, lithium slices after
cycling were examined using a field emission scanning electron
microscope. And the results are displayed in Fig. 11. Lithium
dendrites are found on the surface of lithium anode with PE
after 100 cycles. While surface of that with complex membrane
is grainy which is covered by a relatively uniform SEI
membrane, implying that the complex membrane has the

This journal is © The Royal Society of Chemistry 2018
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Fig.9 C-rate performance (a) and cycle performance (b) of Li/LiFePO4 batteries with PAN@PVDF-HFP and PE membrane. Charge and discharge
profiles of the batteries assembled with PAN@PVDF-HFP (c) and PE (d) separator at different current densities.
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Fig. 10 EDS of different separator facing Li metal anode after 100
cycles test at 1C rate, (a) PAN@PVDF-HFP, (b) PE, element content of
different separator, (c) PAN@PVDF-HFP, (d) PE.

ability to suppress the dendrite growth to some extent. This may
be attributed to the relatively higher porosity and the excellent
liquid absorbability of PAN@PVDF-HFP membrane, which is
benefit for the uniform distribution of lithium ions.

Fig. 11 FE-SEM of lithium anode with PE (a) and PAN@PVDF-HFP (b)
after 100 cycles test at 1C rate.

This journal is © The Royal Society of Chemistry 2018

4 Conclusion

Compared with the PE separator, the PAN@PVDF-HFP complex
membranes exhibited higher porosity, superior thermal
stability, higher ionic conductivity and better electrolyte wetta-
bility. The improved properties can be attributed to combining
the merits of both PAN and PVDF-HFP, in which the former
contributes to the improved thermal stability, while the latter to
the better electrolyte wettability and higher ionic conductivity. It
was also demonstrated that batteries assembled with the
PAN@PVDF-HFP complex separator displayed better cycling
stability and rate performance than those with PE separator,
which suggesting that the PAN@PVDF-HFP complex
membranes are very attractive for high performance LIBs.
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