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Abstract Electrospun nanofibrous separators, despite lacking superior mechanical strength, have gained widespread attention with high poros-
ity and facile processing. Herein, utilizing the fact that thermal imidization temperature of poly(amic acid) (PAA) into polyimide (Pl) coincides with
the pre-oxidation temperature of polyacrylonitrile (PAN) into carbon fiber, we proposed a new cross-electrospinning strategy to obtain a com-
posite nanofibrous separator (PI/oPAN) randomly interwoven by Pl and pre-oxidized PAN (oPAN) nanofibers, via synchronously electrospinning
the PAA and PAN onto the same collector and then heat-treating for 2 h at 300 °C. The resultant PI/oPAN separator was able to preserve high
porosity (71.7%), electrolyte wettability and thermal stability of PI nanofibrous membrane, and surprisingly exhibited high mechanical strength,
being 3 times of Pl, which mainly because of the numerous adhesion points generated by the melting of PAN in the pre-oxidation process. Mean-
while, the polar groups of oPAN and 3D fibrous network enhanced the PI/oPAN separator’s ionic conductivity and Li* transference number, ren-
dering the corresponding cell with more stable cycling performance than cells assembled with pure PI, PAN or commercial PP separator. There-
fore, this work might provide a new avenue for the ongoing design and further development of LIB separators capable of high safety and high

performance.
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INTRODUCTION

Lithium-ion batteries (LIBs), a kind of essential energy storage
equipment, have been applied in the field of electric vehicles
and mobile devices on account of their strong points of high en-
ergy density, high power, excellent cycle performance, no mem-
ory effect, and low environmental pollution.l'! LIBs contain a
cathode, anode, electrolyte and separator. Among them, the
separator is a kind of thin membrane featuring a microporous
structure that isolates the cathode and anode in the battery and
simultaneously acts as a channel for the transport of Li*, thus
having a major contribution to the performance and safety of
LIBs.4!

Currently, most commercial LIBs use microporous poly-
olefin separators, whose main materials are polypropylene
(PP) and polyethylene (PE), with low separator thickness and
the merits of strong mechanical strength, high chemical and
electrochemical stability as well as low cost.[®l However, when
a large amount of heat is generated by the battery during the
thermal runaway process, the battery’s internal temperature
will keep rising and the polyolefin separator will begin to
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shrink and melt, leading to short circuits or even explosions
inside the battery.”] On the other hand, the microporous
polyolefin separators face problems like low porosity
(40%—-60%)!8 and poor wettability, which may contribute to
the formation of lithium dendrites inside the battery,® which
not only cause irreversible loss of active material at the an-
ode and drastically diminish the battery’s capacity, but also
penetrate the separator, triggering a short circuit and creat-
ing a potential safety hazard. For the further development of
LIBs, research and development of new separators is there-
fore of great importance.

Compared with the traditional nonwoven mats, the elec-
trospun nanofibrous membrane has a finer diameter and
smaller pore size, which is beneficial to alleviate the self-dis-
charge phenomenon of the battery.l'@ Meanwhile, the
nanofibrous membrane with high porosity (70%—-90%) and
three-dimensional (3D) network structure also forms a good
channel for the migration of Lit.''2l Currently, many poly-
mer materials such as polyimide (PI),l'3'4 polyacrylonitrile
(PAN),['5161 poly(vinylidene fluoride) (PVDF),[17.81 poly(vinyl
alcohol) (PVA),['9 poly(ethylene terephthalate) (PET),29 etc.,
have already been prepared by electrospinning for LIB sepa-
rators. Representatively, electrospun Pl or PAN nanofibrous
separators have drawn increasing concern because of their
better thermal dimensional stability, mechanical properties
and electrolyte wettability than polyolefin separators,[21-23] as
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well as those PI/PAN composite separators prepared by the
hybrid solution of PAN and PI24 or PAN blended with the
monomers of P|.125.26]

Pl nanofibrous membrane is usually prepared by first elec-
trospinning its precursor poly(amic acid) (PAA) solution, sub-
sequently turning the PAA nanofibrous membrane into PI
nanofibrous membrane by thermal imidization at around 300
°C.13271 Meanwhile, PAN undergoes pre-oxidation during the
formation of carbon fibers, and the pre-oxidation refers to ob-
taining the pre-oxidized PAN (oPAN) at a temperature of
200-300 °C,[28 during which cyclization, dehydrogenation,
cracking and oxidation reactions occur,2! thus converting
the linear PAN macromolecules into a more stable ladder
structure which provides high thermal stability to the
oPAN.B% Since the pre-oxidation temperature of PAN is con-
sistent with the thermal imidization of PAA, Pl has already
been combined with oPAN. Cao et al.B"! fabricated a sand-
wich composite separator via press-laminating two layers of
PAA membranes formed by non-solvent phase separation on
one layer of electrospun PAN nanofibrous membrane, and
then stepwise heating to 250 °C for producing the PI and
oPAN composite separator. Compared with pure PAN and PI
separators, the resulting composite separator has the highest
tensile strength, high thermal safety stability and excellent cy-
cling performance retaining up to 94.3% of its capacity after
100 cyclesat 1 C.

However, the PI/PAN composite membranes obtained by
the above-mentioned methods have some inevitable prob-
lems. For the hybrid solution electrospinning method, (1) be-
cause the electrospinning solution concentration is limited by
the mixing of the two components, it’s difficult to achieve the
optimum concentration to get the best fibrous property of
each component; (2) it is impossible to select a uniform and
suitable spinning condition including voltage and collection
distance for both components; (3) there are compatibility
problems with the components resulting in more weak joints,
which, in turn, will affect the membrane’s general mechanical
properties. For the phase separation and lamination method,
unstable surface bonding and falling off during use possibly
occur besides the relatively complex fabrication process.
Therefore, if the two spinning solutions are spun separately

but collected to form a membrane, the respective perfor-
mance advantages of the two components may be fully uti-
lized, but few relevant studies have been reported so far.

Therefore, different from the hybrid solution electrospin-
ning and lamination methods, in this work, we proposed a
novel method called cross-electrospinning combined with
heat treatment process to fabricate the PI/oPAN nanofibrous
composite separator. As shown in Fig. 1, cross-electrospin-
ning means that the PAA spinning solution and PAN spin-
ning solution are controlled respectively by two sets of
propulsion pumps and then spun onto the same target rotat-
ing collector where fibers are crossed and stacked to form a
membrane. The obtained PI/oPAN separator had high porosi-
ty due to the porous network structure generated by the ran-
domly interwoven nanofibers, the Pl component ensured its
thermal dimensional stability, and the adhesion points gener-
ated during the pre-oxidation step of PAN improved the me-
chanical properties of the composite separator, while the as-
sembled Li/LiFePO, coin cells exhibited better cycling perfor-
mance and rate capability compared to the one with PP sepa-
rator.

EXPERIMENTAL

Materials

4,4'-Diaminophenyl ether (ODA), pyromellitic dianhydride (PM-
DA), polyacrylonitrile (PAN), N,N'-dimethylacetamide (DMAC), n-
butanol, poly(vinylidene fluoride) (PVDF) and N-methyl-2-
pyrrolidone (NMP) were purchased from Aladdin Chemical
Reagents Co., Ltd., China. Lithium iron phosphate (LiFePO,),
lithium metal (Li), acetylene black (AB), and lithium hexafluo-
rophosphate (LiPFs, 1 mol/L) in ethylene carbonate, ethyl-
methyl carbonate, and dimethyl carbonate (ECEMC:DMC=1:1:1
by volume) were purchased from Ferro Corp. The commercial
PP separator (Celgard 2400) of approximately 25 pm in thick-
ness was chosen as the comparator. All chemicals were used as
they were received and not further purified or reconstituted.

Preparation of Cross-electrospun Pl/oPAN Composite
Nanofibrous Separator
As illustrated in Fig. 1, the cross-electrospun PI/oPAN composite

Cross electrospinning

N

PMDA + ODA

A 2
PAN + DMAC ’\/ —_ 4 3 +DMAC
~N A
A N 4

PAN solution

Heat treatment

300°C for2h

PI/oPAN separator

PAA solution

Fig. 1 Schematic illustration of manufacturing process of the PI/oPAN composite separator via cross-electrospinning and heat treatment.
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nanofibrous separator can be fabricated via the following two
steps. Firstly, the PAA/PAN nanofibrous membrane was cross-
electrospun. Some amount of ODA was dissolved in the DMAc
by agitation for about 1 h, and then drop added a certain
amount of PMDA powder with stirring for 12 h until this reac-
tion was finished to obtain a 25 wt% PAA spinning solution. A
10 wt% PAN spinning solution was obtained by dissolution of a
quantity amount of PAN powder in DMAc with constant agita-
tion for 24 h. The spinning voltage and receiving interval for
each solution were set as follows: (1) PAA: 18 kV and 18 cm; (2)
PAN: 15 kV and 15 cm. The pushed rates of both solutions were
the same and fixed at 1 mL/h. After spinning for 2 h, the electro-
spun membrane was kept in an oven to remove residual sol-
vent for 4 h at 60 °C. Secondly, the obtained PAN/PAA nanofi-
brous composite membrane was heated at 300 °C for 2 h. This
heat treatment can make the imidization of PAA and per-oxida-
tion of PAN, so the PI/oPAN composite separator was obtained.
For the sake of comparison, electrospun pure Pl and PAN
nanofibrous membranes were made under the above condi-
tions, and the PAN membrane was without heat treatment.

Characterizations

The morphologies of the upper surface of the nanofibrous
membranes were investigated with a field-emission scanning
electron microscope (FE-SEM, 54800, Hitachi). The chemical
structure changes during the imidization of PAA and per-oxida-
tion of PAN process of the membranes were reflected in the
range of 450—-4000 cm™~' from Fourier transform infrared spec-
troscopy (FTIR, Nicolet 5700). The porosity of the nanofibrous
membranes was measured by soaking the dry membrane in n-
butanol for 2 h. The excess n-butanol on the membrane’s sur-
face was slightly absorbed with weighing paper and each kind
of membrane was tested for five times. The porosity was then
calculated using the equation:

= % x 100% )
where p stands for n-butanol’s density, V represents the round
membrane’s volume based on its diameter and thickness, and
W, and W, are respectively the membrane’s masses before and
after being soaked in the n-butanol.

The contact angle of the nanofibrous membranes was
monitored using an optical contact angle testing instrument
(Dataphysics OCA100, Germany) and the full spreading times
after a drop of electrolyte placed on the membrane were also
recorded. The electrolyte uptake (EU) was figured out by dip-
ping each kind of membrane for five times 2 h in the liquid
electrolyte following the equation:

Porosity (%)

W- W,
EU (%) = — % % 100% @)
0

where W, and W stand for masses of the membrane before and
after infiltrated into electrolyte, respectively.

An Instron 3369 Universal Strength Tester was used to de-
termine the mechanical properties. The tensile strength was
performed at a stretching speed of 20 mm-min-' with a
clamping length of 20 mm and a gauge breadth of 10 mm.
The puncture resistance was undertaken by piercing the
membrane at a steady rate of 50 mm-min~' with a 2.5 mm di-
ameter needle. For both tensile and puncture tests, the data
was averaged from five specimens per sample.

For thermal stability analysis, a thermogravimetric analyzer
(TG, SDT-Q600) was utilized to subject the sample to heating
under nitrogen at a rate of 10 °C-min~' from 30 °C to 600 °C.
Meantime, after heat treatment at room temperature, 100,
150 and 200 °C for 30 min, the membrane’s dimensional sta-
bility was investigated by observing its heat shrinkage.

Electrochemical Measurements

An electrochemical workstation (BioLogic SP-300) was used to
test the electrochemical properties of separators. To evaluate
the separator’s electrochemical stability window through the
linear sweep voltammetry (LSV), coin cells were assembled by
putting the separator infiltrated with liquid electrolyte between
the stainless steel and Li. The LSV tests were all taken between
2.5 and 5.2 V versus Li/Li* at a scan rate of 10 mV/s. The bulk
impedance of different separators was investigated through the
electrochemical impedance spectroscopy (EIS) with an ampli-
tude of 5 mV and a frequency range of 0.1 Hz-0.1 MHz by as-
sembling corresponding cells, via putting the separator infiltrat-
ed with liquid electrolyte between two stainless steels. The ion-
ic conductivity (o) of different separators was then calculated via
the equation:

o=—9

R, XS

where R, is the bulk resistance deprived of the Nyquist plot, S

stands for the cross-sectional area, and d represents the separa-
tor’s thickness.

The lithium-ion transference number (t;+) was figured out
via alternating current (AC) impedance and direct current
(DQ) polarization techniques with coin cells assembled by
placing the separator soaked with liquid electrolyte between
two Li metal sheets using the question:
_ Is (V= IoRo)

IO (V_ IsRs)
where I, and /; respectively stand for the initial and steady-state
current values, Ry and R, denote to the cell’s resistance before
and after polarization, and V represents the applied voltage.

CR 2025 coin cells with PI, PAN, PI/oPAN and PP separators
were used for measuring cycling performance and rate capa-
bility with a charge/discharge cycle tester (BTS 5 V 10 mA,
Neware Company, China). The separator immersed with lig-
uid electrolyte was laid between the LiFePO, cathode and Li
anode. The LiFePO, cathode was made in advance, in which
PVDF (polymer binder), AB (conductive additive), and LiFePO,
(active material) were added in sequence with a mass ratio of
8:1:1 into NMP. After sufficient mixing, the pole piece ob-
tained by knife coating was put into the vacuum for drying at
110 °C for 8 h. Firstly, the cell was activated at 0.2 C for 5 cy-
cles with a potential range from 2.5 V to 4.2 V. After that, the
cell's cycling performance was characterized at 1 C for 100 cy-
cles. Rate capability measurements were performed by charg-
ing and discharging at diverse current densities of 0.2, 0.5, 1, 2
and5C.

(€)

4

Li*

RESULTS AND DISCUSSION

Morphological Analysis
The photographs of single-component and bicomponent
nanofibrous membranes prior to and subsequent to heat treat-
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ment are displayed in Figs. 2(a)-2(f). It can be observed from
Figs. 2(a)-2(c) that the unheated membranes are smooth and
flat, the PAA and PAN membranes display light yellow and
white, respectively, and the PAA/PAN composite membrane ex-
hibits a color that was comparable to PAA. After 2-h heat treat-
ment at 300 °C (Figs. 2d—2f), the appearances of these three
membranes change evidently. The PI/oPAN composite mem-
brane appeared brown in between the yellow and black ap-
pearances of the individual Pl and oPAN membranes. These col-
or changes are inseparable from the change in chemical struc-
ture, which will be discussed later.

Figs. 2(g)-2(l) display the typical surface SEM images of
these membranes. As depicted in Figs. 2(g)—2(i), the electro-
spun membranes without heat treatment were all composed
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of randomly oriented fibers, which were piled together to
build a 3D porous network structure. The smooth surface of
the PI nanofibrous membrane obtained after heat treatment
resembled that of PAA (Fig. 2j), whereas the obtained oPAN
membrane exhibited irregular bubbles and holes on its sur-
face and no longer had a fibrous structure (Fig. 2k). This was
because 300 °C exceeds PAN's glass transition temperature
(104 °C) and nearly as high as PAN’s melting point (317 °C),
causing fibers to contact, adhere together and melt. Conse-
quently, the PI/oPAN composite membrane obtained after
the heat treatment retained the fibrous network structure of
its surface because of the supporting Pl nanofibers, but there
were also clear adhesion spots referring to the oPAN compo-
nent (Fig. 2I).

Fig. 2 (a—f) Photographs and (g—I) SEM images of nanfibrous membranes before (a—c, g—i) and after (d—f, j—I) heat treatment: (a, g)

PAA, (b, h) PAN, (c, i) PAA/PAN, (d, ) P, (e, k) oPAN, (f, I) PI/oPAN.
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Fig.3 (a) FTIR spectra of PAA, PI, PAN, oPAN, PAA/PAN and PI/oPAN membranes; (b) Chemical structure changes during the imidization of PAA

and pre-oxidation of PAN.
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Chemical Structure Analysis

The main chemical structure changes of single-component and
composite nanofibrous membranes experienced heat treat-
ment were further explored after figuring out the morphologi-
cal changes. Fig. 3(a) displays the FTIR spectra of PAA, PI, PAN,
oPAN, PAA/PAN and PI/oPAN membranes plotted in the spec-
tral region from 2500 cm™ to 500 cm™'. The C=0 vibration at
1641 cm™' and the C—N—H stretching vibration at 1541 cm™'
are the most important characteristic bands of PAAB" and
these two bands disappear from the spectrum of Pl obtained af-
ter 2 h treatment at 300 °C. Meanwhile, there are apparent
bands respectively appearing at 1775 and 1719 cm™, which
were caused by the asymmetric and symmetric stretching vibra-
tions of the C=0 derived from the imine ring. Other new band
values at 1375 and 723 cm™' are respectively on behalf of the
C—N stretching vibration and C=0 formation vibration.??
These above findings were evidence that the PAA had been
successfully imidized to Pl after heat treatment.

PAN will be pre-oxidized upon heating under high temper-
ature, e.g., 200-300 °C, for a long period, and a series of cy-
clization, dehydrogenation, oxidation, cross-linking, etc., reac-
tions will accompany during the pre-oxidation process.33!
When compares the spectra of PAN and oPAN, it can be

f
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: Inga sl B
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found that the absorption band of C=N at 1587 cm~' has a
distinct rise in intensity, while the absorption band of C=N at
2241 cm~! gradually decreases (Fig. 3a). This suggested that,
during the heating process, a cyclization reaction had taken
place, resulting in the C=N being cyclized to form C=N and
the PAN linear molecular chain gradually changing into a ring
ladder network structure (Fig. 3b). Meanwhile, the —CH, ab-
sorption band intensity at 1451 cm~' was significantly weak-
ened, which also indicated that a dehydrogenation reaction
occurred, converting the —CH, to the —CH and forming a
C=C conjugate structure. However, the C=C stretching vi-
bration absorption band created an overlapping band with
the N—H and C=N stretching vibration absorption bands
since they all were present at approximately 1587 cm~'. Fur-
thermore, the appearance of conjugated C=0 absorption
band at 1651 cm~' suggested an oxidation reaction
occurs.34351 As per the aforementioned findings, PAN has al-
ready undergone pre-oxidation to become oPAN after the
heat treatment.

For the PAA/PAN and PI/oPAN composite membranes, the
variations of the characteristic peaks in the spectra almost
combined the changes of both components, demonstrating
that PAA had been converted to Pl and PAN had been pre-

¢]
351
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Fig. 4 (a) Photographs and (b—e) SEM images of composite membranes after heat treatment under different temperature-time
conditions: (b) 200-2, (c) 300-1, (d) 300-4 and (e) 400-2; (f) FTIR spectra and (g) typical stress-stain curves of the composite membranes

after heat treatment under different conditions.
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oxidized to oPAN in the composite membrane. Moreover, the
appearance color of the membranes varies dramatically
throughout the heating process due to the production of
these groups including C=C, C=0, and C=N.

Effects of Heat Treatment Conditions

We are aware of the impact of heat treating a material to 300 °C
for 2 h based on the analysis above. Indeed, we have also inves-
tigated how various heat treatment conditions affect the com-
posite membranes’ morphologies, structure, and properties
(Fig. 4). The membrane, heat treated at a temperature of x for
hours of y, was recorded as x-y. It was found that the color un-
der different heat treatment conditions was clearly distinct (Fig.
4a), and the adhesion degree between fibers in these mem-
branes was also slightly different (Figs. 4b—4e), which was close-
ly related to the change of their chemical structure. As present-
ed in Fig. 4(f), the typical bands of PI (at 1775, 1375 and 723
cm™") were clearly visible after 2 h of treatment at 200 °C,
whereas the oPAN’s feature bands (at 1651 and 1587 cm™)
were not. Both in the composite membrane (300-1) were no-
ticeable when subjected to 300 °C for 1 h. The characteristic
peaks of Pl did not change significantly when the temperature
or time of the heat treatment increased, but the characteristic
peak intensity of oPAN did, suggesting that increasing the tem-
perature and time would increase the degree of pre-oxidation
of PAN. These structural variations played significant roles in the
mechanical properties of the composite membranes (Fig. 4g).
When the temperature was not greater than 300 °C and the du-
ration was not more than 2 h, the tensile strength and elonga-
tion at break progressively improved as the temperature or time
increased. While the strength and elongation of 300-4 mem-

100
a
80.5
80+ 744 71.7
S 60f
2
z 40.8
2 -
20+
0
PI PAN PI/oPAN PP
b
Pl
PAN
PI/0PAN
PP

brane were drastically decreased possibly due to the deteriora-
tion and degradation of fibers at high temperature for long
time. In particular, the 400-2 sample had become extremely
brittle, easy to break and then presented a very poor mechani-
cal property. Therefore, taking the chemical structure and prop-
erty into account, the heat treatment condition of 300 °C for 2 h
was selected for the following PI/oPAN composite separator
fabrication and performance measurements.

Porosity and Wettability

Fig. 5(a) displays different separators’ porosities. It was worth
noting that the porosities of Pl and PAN membranes were
greater than PP (40.8%), at 74.4% and 80.5%, respectively. This
could be attributed to the nanofibrous membrane’s 3D porous
network structure generated by electrospinning technique. The
PI/oPAN separator’s porosity was 71.7%, lower than that of Pl
and PAN, which was because a number of adhesion points be-
tween fibers can be found in the composite separator due to
the pre-oxidation of PAN. It should be pointed out that the PAN
rather than oPAN is selected for the following performance
comparison, because the mechanical properties of the pure
oPAN membrane treated at 300 °C for 2 h were so poor that it is
easily broke upon touch, and thus it is inappropriate for the
porosity, wettability, thermal, mechanical and electrochemical
properties tests.

The separator’s electrolyte wettability has an appreciable
impact on the assembled batteries’ electrochemical perfor-
mance.3® The changes over time of electrolyte contact an-
gles of different separators were presented in Fig. 5(b). As
seen, the PP separator exhibited the highest contact angle
and its electrolyte did not spread out after 100 s. The Pl and
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Fig.5 (a) The porosity, (b) the electrolyte contact angle changing over time and (c) the electrolyte uptake of diverse separators (PI, PAN,

PI/oPAN and commercial PP).
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PAN separators’ electrolyte contact angles were 37° and 29°,
respectively, and their complete spreading times were very
short, only 1.8 and 1.2 s. This could be explained by the elec-
trospun separators' good pore structure, which allows elec-
trolytes to diffuse rapidly, together with the fact that the
imide groups of Pl and the C=N of oPAN improved the sepa-
rators’ electrolyte affinity. The wetting time of the PI/oPAN
composite separator was 4.2 s longer than that of the single
component, while having the least contact angle of 21°. The
full spreading time increase could be ascribed to the pre-oxi-
dation partially destroying the PAN fiber morphology and
limiting the electrolyte diffusion on oPAN. The contact angle
decreased as a result of the adhesion between oPAN and PI
fibers changing the pore size distribution.

Moreover, the electrolyte uptake behavior was illustrated in
Fig. 5(c). The electrospun separators all had greatly elevated
electrolyte uptake values of over 200%, when compared with
the PP separator (154%), which was because their 3D porous
structure could absorb a huge quantity of electrolyte. It can
be found that the electrolyte uptake value of PI/oPAN separa-
tor was lower than that of PAN, which could be attributed to
the reduced porosity and the reduced polarity caused by the
changed chemical structure of PAN after pre-oxidation.

Thermal and Mechanical Properties
Different separators’ thermal and mechanical properties were
investigated and presented in Fig. 6. The composite PI/oPAN
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separators exhibited nearly the same thermal stability as PI (Fig.
6a), starting to decompose at a temperature of around 500 °C
and losing roughly 20% of its weight at 600 °C. While the PAN
separator began to lose weight from 300 °C, and it lost approxi-
mately 62% of its weight at 600 °C. Fig. 6(b) displays the optical
images of various separators that were heat-treated at different
temperatures. Benefiting from Pl and oPAN, the PI/oPAN com-
posite separator demonstrated good thermal dimensional sta-
bility, which could maintain dimensional integrity within 200 °C.
In contrast to commercial PP, which experienced significant
shrinkage at 150 °C, and PAN, which curled at the same temper-
ature due to its nonuniform thermal shrinkage, the Pl/oPAN
separator proved advantageous for LIBs’ safe use in environ-
ments with high temperatures.

Figs. 6(c) and 6(d) show the tensile and puncture proper-
ties of single-component and composite separators. Here, the
commercial PP separator is not selected for comparison due
to its dry unidirectional stretching manufacture process that
is totally different from the electrospinning. As compared to
the pure Pl membrane which had a tensile strength of 12.5
MPa with elongation at break of 5.1%, and puncture load of
1.17 N, the PI/oPAN separator had nearly 3 times enhance-
ment of which the tensile strength reached up to 36.6 MPa,
elongation at break improved to 12.8%, and puncture load up
to 3.58 N. Such great improvement in mechanical perfor-
mance could be attributed to the adhesion phenomenon re-
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Fig. 6 (a) Thermogravimetric (TG) thermegrams, (b) photographs under a series of temperatures (room temperature, 100, 150 and 200
°C) for 30 min, (c) stress-strain curves and (d) puncture load-deformation curves of single-component and composite separators
(PI/oPAN-M was fabricated by hybrid solution electrospinning rather than the cross-electrospinning).
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sulting from the pre-oxidation of the PAN fibers at 300 °C. The
decrease in the elongation of the PI/oPAN separator, com-
pared to the high elongation (32.2%) of the PAN separator,
was created by the ladder structure generated during the
PAN pre-oxidation process, which weakened the slip and
stretching ability between molecules.3

Meanwhile, the tensile properties of the PI/oPAN-M mem-
brane prepared by solution hybrid electrospinning were test-
ed for comparison. The solution hybrid electrospinning is a
frequently used method which means mixing PAA and PAN
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solutions together and then electrospinning it to get the
Pl/oPAN-M, while the PI/oPAN is produced by simultaneously
electrospinning the separate solutions using two sets of spin-
ning equipment. Results showed that the PI/oPAN-M’s tensile
strength and elongation at break were only 5.1 MPa and 4.1%,
respectively, quite lower than those of PI/oPAN created by
the cross-electrospinning technique. Therefore, it can be con-
cluded that the cross-electrospinning method did significant-
ly improve the composite membrane’s mechanical proper-
ties.
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(a) LSV curves of stainless steel/separator/Li coin cells; (b) Nyquist plots of stainless steel/separator/stainless steel coin cells; (c)

Chronoamperometry profiles and (d) the related EIS analyses (before and after polarization) of Li/separator/Li coin cells with PI, PAN,
Pl/oPAN and PP separators; () Schematic illustration of the transport capacity of Li* between Pl and PI/oPAN separators.
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Electrochemical Properties

The separator’s electrochemical stability during the voltage
range of battery system’s operating is of great importance in
practical applications.?” The voltammetry curves of Pl, PAN,
PI/oPAN and PP separators were presented in Fig. 7(a). When a
sharp increase occurs in current, it marks the onset of the de-
composition of the electrolyte, which decides the limitation of
electrochemical oxidation.83% As shown, the PI/oPAN compos-
ite separator presented an anodic stability value up to 4.11 V,
which was similar to that of PI, PAN and PP. This result indicated
that they all had favorable interfacial compatibility and could
ensure the stable operation of LIBs in practical applications.

The ion transport capacity of separators was explored,
since one of the separator’'s main functions is to provide ac-
cess for Li* transport. Fig. 7(b) shows the Nyquist plots of the
stainless steel/separator/stainless steel coin cells. The bulk re-
sistance was determined from these plots, and then the ionic
conductivity value was calculated. The bulk resistances of P,
PAN, PI/oPAN and PP separators were 1.73,4.19, 2.28 and 1.39
Q, respectively, and the related ionic conductivities were re-
spectively 1.20, 0.69, 0.88 and 0.63 mS-cm~". The lithium-ion
transference number (t;+) is another key indicator of a sepa-
rator's Li* transport ability besides ionic conductivity, which
reflects the effective electrochemical processes resulting from
Li+ transport. A low t;+ is more likely to trigger severe con-
centration polarization, lead to discharge capacity loss and as-
sociated negative consequences.l*® The chronoamperome-
try profiles and corresponding EIS analyses of Li/separator/Li
coin cells with PI, PAN, PI/oPAN and PP separators were pre-
sented in Figs. 7(c) and 7(d), which provided the t;+ values.
The t,;+ values of PI, PAN, PI/oPAN and PP were 0.45, 0.52, 0.60
and 0.29, respectively. The separator’s ion transport capacity,
as reflected by values of ionic conductivity and t;+, is illustrat-
ed in Fig. 7(e). The pre-oxidation of PAN reduced its porosity
and electrolyte uptake, so its number of ions via PI/oPAN sep-
arator was less than that via the Pl separator. Meanwhile, the
conjugated systems of the C=N generated in the oPAN com-
ponent and the polar groups in the oPAN conjugated system
had high affinity with the cations and thus could promote Li*
transporting through the separator, resulting in a large
amount of Li* transported by the PI/oPAN separator and
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highly effective electrochemical processes.

Battery Performance

In order to prove the prepared separators’ application in LIBs,
Li/LiFePO, coin cells assembled with single-component and
composite separators were operated at a rate of 1 C, with the PP
separator also tested for comparison. The relationships of the
coin cell's discharge capacity and coulombic efficiency with cy-
cle number are displayed in Fig. 8(a). It could be noticed that the
discharge capacity decreased and the coulomb efficiency re-
mained almost constant at above 98.3% with increasing num-
ber of cycles. In particular, the coin cell using the PI/oPAN sepa-
rator had an initial discharge capacity up to 138 mAh-g™' and a
capacity retention ratio of 91.0% after 100 cycles, well above
that of cells with PI (129 mAh-g™', 96.6%), PAN (110 mAh-g™’,
87.8%) and commercial PP (110 mAh-g~", 85.2%).

The rate capabilities of these assembled coin cells under-
lain PI, PAN, PI/oPAN and PP separators were studied by oper-
ating several current densities 0.2, 0.5, 1, 2 and 5 C and then
down to 0.2 C, respectively, for 5 cycles. From Fig. 8(b), it was
shown that the cells’ discharge capacity gradually decreased
as the rate increased. At 0.2 C, the cell that used the PP sepa-
rator had the lowest discharge capacity of about 129
mAh-g~1, and then reduced to 23 mAh-g~' at 5 C. By contrast,
the cell using the PI/oPAN separator showed a greater dis-
charge capacity up to 137 mAh-g~1 at 0.2 C, decreasing to 57
mAh-g-1 at 5 C. On the other hand, the discharge capacities of
cells with PI, PAN and PI/oPAN separators were quite near the
original capacities as the rate returned to 0.2 C, while the ca-
pacity of cell using the PP separator was diminished by about
16.3%. This good battery performance could be explained by
the PI/oPAN separator’s good electrolyte wettability and Li*
migration capability.

Table 1 lists the materials, preparation methods, and sepa-
rators’ properties of other work, including work on the com-
posite of PAN and PI, and some recent reports on Pl or PAN.
The comparison revealed that the PI/oPAN separator pre-
pared in this work by cross-electrospinning combined with
heat treatment process had the highest tensile strength and
acceptable other comprehensive properties, thus presenting
great potentials as the separator for lithium batteries with
high performance.
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(a) Cycling performance and corresponding coulombic efficiency and (b) rate capabilities of the coin cells (LiFePO, cathode, Li
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Table1 Performance comparisons between Pl or PAN composite separators with PI/oPAN separators.
Dimensionally . . Cycling
- - - e Tensile lonic Battery
: Processing Thickness  Porosity Electrolyte  stability . .. performance
Materials strength conductivity : (cathode/  Reference
method (um) (%) uptake (%) temperature . (capacity
°C) (Mpa) (mS-cm™") retention) anode)
Blend 4 . .
PAN/PI electrospinning 30 87 487 200 7.01+0.82 18.77x10 / LiFePO,4/Li [24]
95.57% after .
PAN/ODA/ Blend LiCoO,/
PMDA electrospinning 25-30 73.36 558.63 250 325 2.39 1008);clces at graphite [25]
SiO,/ Blend 93% after 200  LiCoO,/
PAN/PI  electrospinning 30 70 491 160 189 27 cyclesat1C graphite [26]
Electrospinning,
non-solvent 94.3 % after ) )
PI/PAN/PI phase separation 75 88.7 554.2 200 18.12 0.69 100 cyclesat  LiFePOg/Li [31]
and pressed 1C
lamination
Blend 80%at10C '
PI/PS electrospinning 24 81 540.2 250 26.4 1.1 after 1600 LiFePO,/Li [41]
cycles
PI/%?\:I):PE/ Phase inversion 18 81 192 200 254 0.45 / LiFePO,/Li [42]
Coaxial 90.7% at5 C ) )
PAN/PVDF electrospinning 60 81.61 804.3 170 3.6 1.62 af§§£|1e§5 LiCoO,/Li [12]
PAN/PVDF- Blend 95.4%at0.5C  LiCoO,/
HFP/PVP  electrospinning 38 70.7 >84.2 200 20.05 178 after 50 cycles  graphite [431
. 933%at0.2C
PAN@PVDF Coaxial : :
"HFP/BM electrospinning 120-150 85.2 872.8 130 5.8 3.98 afct;éli(s)o LiFePO,/Li [44]
Cross- 91.0%at1C _ .
PI/oPAN electrospinning 45 717 228 200 36.6 0.88 after 100 LiFePO,/Li  This work
cycles
CONCLUSIONS ACKNOWLEDGMENTS

In summary, a new strategy for the preparation of PI/oPAN sep-
arator by cross-electrospinning combined with heat treatment
process was proposed, and the impacts of heat treatment con-
ditions were investigated upon the morphologies, structure,
and properties of the composite membranes, and an optimal
treatment process (300 °C for 2 h) was selected. Thanks to Pl and
pre-oxidation of PAN, the composite membrane maintained di-
mensional stability at 200 °C, and the tensile and puncture
properties were about 3 times of neat Pl. The adhesive structure
generated during the pre-oxidation of PAN optimized the pore
size and distribution, while the polar groups in the oPAN conju-
gated system interacted with Li*, thus improving the Li* migra-
tion capability of the composite separator and making the cy-
cling and rate performance of the cell more excellent than cells
with Pl or PAN nanofibrous separator. Therefore, this research
offered an advanced approach for accelerating the creation of
LIBs separators with desirable electrochemical performance and
robust mechanical strength.
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