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ARTICLE INFO ABSTRACT

Keywords: Separators are of significance in the thermal safety and energy-storage performance of lithium-ion batteries
Lithium-ion battery (LIBs). Thermotolerant separators of electrospun polyimide (PI) fibers hold great promise as candidate to
Separator

commercial polyolefin-based separators due to their high thermal and electrochemical stability. However, their
applications in LIBs are limited by the undesirably large pore size (~2 pm) that will induce dendrite growth and
thermal runaway of batteries. Here, we demonstrate a facile and scalable strategy to prepare thermotolerant
separators of cross-linked PI fibers (c-PI) with a narrowed pore size (0.78 pm) via a blended electrospinning of
polyamic acid and polystyrene followed by a thermal imidization. The electrospun fibers in the c-PI separator are
ribborn-like and feature adhesion structure between adjacent fibers, while no such structures are observed for PI
separator obtained without adding polystyrene. In comparison with the PI separators, the c-PI separator exhibits
higher porosity, better electrolyte adsorption and higher ionic conductivity. In Comparison to the batteries with
PI and Celgard separators, the battery with c-PI separator shows greatly enhanced electrochemical performance
with a high capacity of 100.1 mAh/g at 10 C after 1600 cycles. This work offers a feasible and effective route to
develop advanced membranes of electrospun fibers for safe LIBs.

Thermal stability
Electrospun membrane
Polyimide

1. Introduction

Lithium-ion batteries (LIBs) have been widely used as energy-storage
devices in applications of portable electronics and electric vehicles,
owing to their high energy densities and long cycling life [1-4]. The LIB
is generally consisted of cathode, anode, electrolyte and separator [5,6].
Notably, the separator plays a vital role in the battery, it can not only
prevent internal short circuit via separating and avoiding electronic
contact between the cathode and anode [7], but also retain liquid
electrolyte and allow free transportation of lithium ions [8,9]. Currently,
the most commercialized separators are the polyolefin-based mem-
branes because of their good electrochemical stability and mechanical
property [10], which unfortunately show some inherent drawbacks
including poor electrolyte wettability, low porosity and thermal stability
[11-13]. For instance, owing to their internal low melting temperature,
the commercial separators of polyethylene (PE) or polypropylene (PP)
would shrinkage at high temperature (>140 °C), which would induce an
internal short circuit and eventually result in safety problems with fire or
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even explosion [14,15].

In this regard, great efforts based on advanced nanotechnology have
been devoted to overcome the aforementioned drawbacks of polyolefin-
based separators [16-19]. One of the widely-used strategies is coating
the polyolefin-based separators with ceramic materials (SiOs, TiOo,
Aly03, ZrOs, etc.) to promote their thermal performance and electrolyte
affinity [20-23]. Unfortunately, the coated ceramic materials would
easily detach from the separators due to the poor attachment, resulting
in pore blockage of separator and performance deterioration of battery
[24,25]. Alternatively, a feasible strategy to develop thermotolerant
separators is replacing polyolefin by other material with high thermal
stability [26]. Notably, polyimide (PI) is considered as a prospective
candidate because of its high thermal stability of ~450 °C, as well as its
good mechanical property and electrochemical stability [27]. However,
polyimide with aromatic groups is usually infusible and insoluble, which
increase the requirement of manufacture and limit its applicability [28].
To date, compared with the other two main methods to prepare PI
separators (template and phase-inversion method) [29-33], the
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Fig. 1. Schematic of the preparation process of cross-linked PI and PI separators.

electrospinning method is more facile and scalable, where the resulting
membranes with PI-fiber networks possess many advantageous features
including high porosity and large specific surface area [34,35]. Miao
et al. reported the design and fabrication of PI fiber-based membranes
through electrospinning method and their applications as separators in
LIBs, which showed higher thermal stability, stronger affinity with
electrolytes and higher ionic conductivity compared to polyolefin-based
separators [36].

Unfortunately, the electrospun PI fiber-based membranes usually
present large pore size (~2 pm) with an uneven pore-size distribution
[37]. A large pore size would prone to cause self-discharge phenomena,
and an uneven pore-size distribution would lead to an uneven flux of
lithium ions that can induce micro-short circuit derived from undesired
growth of lithium dendrites [38-40]. Li et al. applied the phase-field
simulations to study the influence of pore size on inhibiting lithium
dendrites, and they found that the maximum height of lithium dendrites
would drastically increases when the pore size increases above 1 pm
[41]. According to the operation standards of Li-ion batteries released by
the United States Advanced Battery Consortium, the separators with a
uniform pore size of <1 pm are required for robust and durable opera-
tion [42]. Dendrite growth in Li-ion batteries could induce thermal
runaway of battery at high current densities, which would remain a
safety hazard with their large-scale application in portable electronic or
electric vehicles [43,44]. Besides, under working conditions, a great
amount of heat will be generated that would also give rise to a thermal
runaway of battery, especially when the battery is subjected to me-
chanical or thermal abuse [45,46]. Thus, developing thermotolerant
separator of electrospun PI fibers with narrow pore sizes and good
dendrite inhibition is urgently desired.

Here, we report a feasible and scalable approach to prepare ther-
motolerant membranes of cross-linked PI fibers (c-PI) with adhesion
structure between the adjacent fibers via electrospinning of a mixed
precursor of polyamic acid (PAA) and polystyrene (PS), followed by
thermal imidization. The resulting c-PI membrane has a narrowed pore-
size of 0.78 pm, and it possesses a high thermal stability with no
shrinkage at 250 °C. Benefiting from the electrospinning method, the c-
PI membrane has an inherently high porosity of 81%, much higher than
the commercial Celgard separators. Furthermore, in comparison to the
Celgard separators, the c-PI separator exhibits higher electrolyte uptake
(540.2%), stronger affinity for electrolytes with a contact angle of
almost 0°, and higher ionic conductivity of 1.1 mS/cm. The electro-
chemical measurements reveal that the LiFePOy4|Li battery with c-PI
separator showed enhanced rate performance compared with that of
Celgard separator. Besides, the battery with c-PI separator shows good
cycling stability and retains a capacity of 100.1 mAh/g at 10 C after
1600 cycles, making it as a good separator candidate for applications in
LIBs.

2. Experimental
2.1. Chemicals

4,4'-oxydianiline (ODA), pyromellitic dianhydride (PMDA), dime-
thylacetamide (DMAc), polystyrene (PS) and n-butanol were brought
from Sinopharm Chemical Reagent Co., Ltd. Carbon black, poly-
vinylidene difluoride (PVDF) and lithium iron phosphate (LiFePOg4)
were brought from Aladdin Technology Co., Ltd. Celgard 2500 separa-
tors were purchased and used as control samples. The liquid electrolyte
used in this work is consisted of 1.0 M lithium hexafluorophosphate
(LiPFg) in mixture of ethlyene carbonate (EC) and diethyl carbonate
(DEC) with volume ratio of 1/1.

2.2. Preparation of the PI and c-PI membranes

As illustrated in Fig. 1, the PI and c-PI membranes were obtained via
a blended electrospinning of pure PAA and PAA/PS mixed solutions
respectively, followed by thermal imidization. The PAA solution (15 wt
%) was obtained by the polymerization of ODA and PMDA monomers
(Fig. S1). Typically, 7.9 g ODA was first dissolved in 100 mL DMAc in a
flask under Nj flow for 15 min, followed by adding 8.6 g PMDA by five
batches of an equivalent amount at 0 °C under continuous stirring for 12
h. The PS solution (15 wt%) was obtained by dissolving 16 g PS in 100
mL DMAc. The PAA/PS blended solutions (15 wt%) were prepared by
mixing these two solutions at a weight ratio of 2/1. The electrospinning
of PAA/PS mixed solutions were carried out using a spinning tower
syringe of 0.5 mm in diameter. The resultant PAA/PS membranes were
then subjected to a thermal imidization process, where the PAA/PS
membranes were heated up at a rate of 5 °C/min to 100, 200, 300 and
350 °C, and held for 60 min at each temperature stage. The as-obtained
membrane of cross-linked polyimide fibers is denoted as c-PI. Accord-
ingly, pure PI membrane was synthesized via a similar procedure
without adding PS. As shown in Fig. S2, the thickness of c-PI and PI
membranes are both 24 pm, which are similar to that of commercial
Celgard separator (25 pm).

2.3. Characterization and electrochemical measurement of separators

The porosity was calculated according to the following Eq. (1)

— Md

———— x 100
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@

Porosity =

where M,, and My are the weights of the wet membrane (immersed in n-
butanol for 2 h) and the dry membrane respectively, py, is the density of
n-butanol, and Vj is the apparent volume of the dry membranes.

The ionic conductivities of membranes were evaluated by using
potentiostatic electrochemical impedance spectroscopy (EIS) between
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Fig. 2. SEM images of (a, b) c-PI and (c, d) PI samples. (e, f) Pore-size distribution of c¢-PI and PI, respectively.

1.0 MHz and 0.1 Hz. The EIS experiments were measured at 25 + 2 °C
under symmetric configuration in CR2032 coin cells, using stainless
steel as blocking electrodes.
The ionic conductivities () were calculated with Eq. (2)
d

o= @

where d is the thickness of the membrane, Ry is the bulk resistance, and S
is the geometric area of the electrode, respectively.

The interfacial resistance of lithium metal and electrolyte was
measured in a similar cell with two lithium metal electrodes. The po-
tential window of separators was investigated by linear sweep voltam-
metry (LSV) measurement. The separators were placed between a
stainless steel and a lithium metal electrode. LSV was conducted from
open circuit voltage to 6.0 V vs. Li/Li* at 5 mV/s. Coin-type Li|LiFePOy4
cells were prepared to assess the battery performance of c-PI and PI
separators. Li metal and LiFePO4 electrode (LiFePOy4: carbon black:
PVDF = 8:1:1 by weight) were used as anode and cathode, respectively.
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The cycling performance of cell was investigated at 10 C at 25 + 2 °C.
3. Results and discussion

Scanning electron microscopy (SEM) observations of the c-PI and PI
membranes (Fig. 2a-d) show that the electrospun fibers are randomly
interconnected and constructed a three-dimensional network with
porous structures. Notably, the c-PI membrane features a morphology of
ribbon fibers with many groove-like nanostructures (Fig. 2a and b),
while the fibers in the PI membrane are cylindrical (Fig. 2¢ and d). The
pores of the c-PI membrane are smaller and more uniform than those of
the PI membrane, which would be advantageous for even current dis-
tribution that can prevent lithium dendrite and avoid internal micro-
short circuit of battery. The difference between the morphologies of
these membranes may be attributed to the cross-linking effect originated
from the different thermal properties of the two polymers (PI and PS).
During the thermal imidization process, the PAA phase would be con-
verted into PI while the PS phase would melt and decompose (Fig. S3).

c-Pl

o~ [-2]
[3.] [~
o (=]
L 1

300+

1504

Celgard

Electrolyte uptake (%)

0 10 20 30 40 50
Time (min)

100 -
80

60 -

Pl
40
20- Celgard

A A A A

Electrolyte retention (%)

0 100 200 300 400 500 600
Time (min)

Fig. 3. (a) FTIR spectra of c-PI and PI. (b) Electrolyte contact angles of c-PI, PI and Celgard. (c, d) Electrolyte uptake and electrolyte retention of c-PI, PI and Celgard,

respectively.
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Table 1
Property parameters of the c-PI, PI and Celgard seperators.
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Sample Porosity (%) Electrolyte uptake (%) Electrolyte retention (%) Contact angle (°) Tonic conductivity (mS/cm) Interfacial resistance (Q)
c-PI 81 540.2 74.1 0 1.1 225.5
PI 73 422.7 59.2 0 0.6 250.2
Celgard 55 141.3 12.3 43.7 0.3 361.6

Because of the intermiscibility between PAA and PS, the melting PS
would dissolve some PAA and lead to an adhesion structure between
adjacent fibers that would finally convert to cross-linked PI fibers after
the thermal imidization. Notably, the PAA/PS membrane before the
thermal imidization features a morphology of cylindrical fibers (Fig. S4),
which would finally convert to ribbon-like fibers with adhesion struc-
tures between adjacent fibers after the thermal imidization. The adhe-
sion structures of fibers become prominent as the amount of PS
component increases in the PAA/PS mixed solution for the blended
electrospinning (Fig. S5). In comparison, the pure PAA membrane fea-
tures a morphology of cylindrical fibers before and after the thermal
treatment (Fig. S6).

As shown in Fig. 2e and f, we further study the pore sizes and pore-
size distributions of c-PI and PI membranes using a PMI porometer. As
expected, the c-PI membrane presented a narrow pore-size distribution
ranging from 0.1 to 1.7 pm with an average size is 0.78 pm, which is
smaller than that for the PI membrane (from 0.5 to 2.4 pm, with an
average size of 1.63 pm). As displayed in Fig. S7, the synthesized c-PI
and PI membranes both exhibit good flexibility and structural integrity
when subjected to bending, twisting, wrinkling or unfolding. Besides,
when the amount of PS component in the PAA/PS mixed solution in-
creases, the mechanical property of the as-obtained c-PI membrane
enhances (Fig. S8). The c-PI membrane prepared with a PAA/PS weight
ratio of 2/1 exhibits greatly enhanced mechanical strength (26.4 MPa)
than that of the PI membrane (6.7 MPa) owing to its adhesion structure
between the adjacent fibers and the increased diameter of these fibers.
Comparatively, the mechanical property of c-PI separator outperforms
other reported electrospun Pl-based separators (Table S1), which would
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enhance the safety of battery by mechanically restraining the growth of
lithium dendrites.

We further carried out Fourier-transform infrared (FTIR) measure-
ments to qualitatively analyze the chemical structure of c-PI and PI
samples (Fig. 3a). The peaks at 1775 and 1720 cm ™! can be indexed to
the symmetric vibration and asymmetric vibration of C—O stretching in
imide structure, respectively. The peaks at 1500 and 1374 cm ™! can be
related to the bending vibration of benzene rings and the C-N stretching
of imide structure, respectively [47]. Such polar groups will enhance
their compatibility with the electrolyte. As shown in Fig. 3b-d, we
further investigate the absorption and retention capacity of electrolytes
for the c-PI and PI membranes, since such parameters are of significance
for their performance in batteries. For a separator, good electrolyte
wettability with high electrolyte uptake and retention would enable
efficient and durable transportation of lithium ions during the long-term
cycling process, leading in higher energy density and longer working life
of battery [48]. Generally, the observed droplet size and contact angle
can describe the affinity between the separator and electrolyte. As
shown in Fig. 3b, the droplets of electrolyte quickly spread over the c-PI
and PI separators, which can be attributed to their polar compatibility
and three-dimensional connected network with pore structures. In sharp
contrast, the droplet size of electrolyte on the Celgard separator was
retained without obvious changes. The Celgard separator has an
intrinsically poor compatibility with electrolyte because of its hydro-
phobic characteristic and low surface energy. As shown in Fig. 3b, the
Celgard separator shows a poor wettability to the electrolytes with a
contact angle of 43.7° while both the c-PI and PI separators exhibits
contact angles of almost 0°, thus verifying the superior electrolyte
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Fig. 4. (a) Digital images showing the flame-retardant properties of c-PI and Celgard. (b) Thermal shrinkage of c-PI, PI and Celgard kept at 25, 150 and 250 °C. (c, d)

TG and DSC experiments of c-PI, PI and Celgard, respectively.
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Fig. 5. (a, b) Nyquist plots of “stainless steel/separator/stainless steel” and (c) “Li/separator/Li” cells with the c-PI, PI and Celgard separators, respectively. (d) LSV
curves of “Li/separator/stainless steel” cells with the c-PI, PI and Celgard separators.

wettability of c-PI and PI separators.

Electrolyte uptake and retention are also crucial factors for high-
performance separators, which usually correlate with the porosity of
separators. We further investigated the porosities of the c-PI and PI
membranes using the n-butanol adsorption method, which is correlated
with the specific surface area of membrane. The c-PI membrane shows a
higher porosity of 81% in comparison with that (73%) of PI membrane,
which may be attributed to the larger specific surface area of c-PI
membrane (14.7 rnz/g) compared to that (6.9 mz/g) of PI membrane
(Fig. S9). Consequently, the electrolyte uptake of c-PI is higher than
those of PI and Celgard (Fig. 3c and Table 1). Specifically, the electrolyte
uptakes for c-PI, PI and Celgard reach 540.2%, 422.7% and 141.3% after
50 min, respectively. Furthermore, we investigated the electrolyte
retention of these separators (Fig. 3d) and found that the electrolyte
retention of c-PI, PI and Celgard stabilized at 74.1%, 59.2% and 12.3%
after being held at 25 °C for 10 h, respectively. The improved electrolyte
retention of c-PI separator may arise from its better affinity with elec-
trolytes and smaller pore size.

As shown in Fig. 4, we further study the flame resistance and thermal
stability of c-PI, PI and Celgard samples. The tests of flame-retardant
performance (Fig. 4a and S10) reveal that the c-PI separator exhibits
better flame-resistance and self-extinguishing property than Celgard
separator that got burned violently after ignition. Comparatively, the c-
PI separator with inherent thermotolerance show superior flame
retardancy, which can deliver satisfactory safety of battery at elevated
temperature. Fig. 4b shows the thermal-shrinkage behaviors of c-PI, PI
and Celgard at 25, 150 and 250 °C for 60 min under air atmosphere,
respectively. Notably, the c-PI and PI separators maintained their orig-
inal shapes and showed no obvious shrinkage when heated at 250 °C. In
comparison, the Celgard separator suffered from a large shrinkage at
150 °C and a total degradation when heated at 250 °C. The inferior
thermal property of Celgard separator would cause physical contact
between electrodes at elevated temperature [49]. We further carried out
thermogravimetry (TG) and differential scanning calorimetry (DSC)
experiments to explore the thermal properties of c-PI, PI and Celgard
samples. The TG results (Fig. 4c) reveal that the c-PI and PI separators

exhibit negligible weight loss at 450 °C while the Celgard separator has
decomposed completely before that temperature. As shown in Fig. 4d,
the Celgard separator shows an endothermic peak from 150 to 170 °C,
representing to its softening and melting. Whereas, no obvious melting
peaks below 250 °C are observed in the DSC thermograms for c-PI and PI
separators.

We further carried out EIS with stainless steel as blocking electrode
to investigate the ionic conductivity of separator (Fig. 5a and b). It can
be seen that the bulk resistances of c-PI, PI and Celgard are 1.2, 2.2 and
4.3 Q, respectively. The ionic conductivities for c-PI, PI and Celgard are
1.1, 0.6 and 0.3 mS/cm, respectively. The enhanced ionic conductivity
of ¢-PI can be attributed to its larger liquid electrolyte uptake and
retention that can promote the transport of lithium ions though the
separator [50]. Besides, the Nyquist plots were conducted using
“Li/Separator/Li” cells assembled with the c-PI, PI and Celgard separa-
tors. As shown in Fig. 5c, the interface resistance of the c-PI cell (225.5
Q) is much smaller compared with those of the PI cell (250.2 Q) and
Celgard cell (361.6 Q). These results, taken together, indicate that the
c-PI separator can enable rapid ion transportation with smaller resis-
tance, which may originate from its high structural porosity and large
electrolyte uptake. With such features, the c-PI separator could reserve
more quantity of electrolyte and promote the transfer of lithium ions
through the channels. Further LSV experiments (Fig. 5d) are carried out
to evaluate the electrochemical oxidation limits of separators. The PI
and c-PI separators exhibit anodic stability at 5.0 V (vs. Li/LiT"), which is
larger than that of Celgard separator (4.5 V), indicating their improved
electrochemical stability. To evaluate the dendrite resistance of sepa-
rators, we have assembled symmetrical Li||Li cells using c-PI and PI
separators and carried out morphological observation for the surface of
Li metal electrodes after 100 cycles of Li plating/stripping. The cycling
tests were performed at a constant current density of 5 mAh/cm? at 25
+ 2 °C. As showed in Fig. S11, the Li metal obtained from the cell using
PI separator features a rough surface with rod-like Li dendrites.
Comparatively, the surface of Li metal from the cell with c-PI separator is
more uniform and smoother with only a few small Li protrusions, indi-
cating its better dendrite resistance than the PI separators.



Y. Wang et al.

Journal of Membrane Science 662 (2022) 121004

b c

4.2 4.2 4.2

3.94 02¢ 3.9 1C 3.9
36 361 __ 36
2 2 2
g, 3.3 g’ 3.3 8, 3.3+
S . ]
$301 __ . p g 30 __.p S0 _ .

— Pl —PI —PI
274 __ Celgard 279 __ Celgard 27+ —Celgard
24 T T T T T 24 T T T t 24 T T T T T T
0 30 60 90 120 150 180 0 30 90 120 150 180 0 20 40 60 80 100 120 140
Specific capacity (mAh/g) Specific capacity (mAh/g) Specific capacity (mAh/g)
d 180 e
P 02C 0.2C = 210 —
05C o 100

g 160 {999%935358 :.;Eo P 999 a s
‘é 20099, 8330093000 200, E 180 [ r oy
<140 B0 e0a?009d), 5C = 75 8
2 R 93000 2 1504 c-Pl, @10C K-
§ 120 29250009110 C 8 £
s § 1208, Fo g

100 Y00

—o—c-PI 92000 o
= s 5 0] 25 §
2 804 —o— Celgard 5000, 2 capacity retention of 80% after 1600 cycles 3
) »n 60 o
2 . 3 : s * T T T T T T T 0
0 & 10 16 20 26 30 35 0 200 400 600 800 1000 1200 1400 1600

Cycle number

Cycle number
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different current densities. (e) Cycling performance (left axis) and coulombic efficiency (right axis) of the cells with c-PI separator at 10 C.

Fig. 6a—c shows the charge-discharge curves of the 3rd cycle at 0.2, 1
and 10 C, respectively. The cells all showed stable discharge plateaus
with specific capacities of 153, 161 and 166 mAh/g for Celgard, PI and
c-PI separators at 0.2C, respectively. When the current density increased
to 10 C, the capacities of the batteries with c-PI, PI and Celgard sepa-
rators all decreased to some extent. The trend of decrement in specific
capacity follows the orders of c-PI < PI < Celgard. The cell with c-PI
separator shows a discharge capacity of 118 mAh/g at 10 C, higher than
those of PI (105 mAh/g) and Celgard separator (74 mAh/g). Further-
more, the hysteresis of plateau potential in the charge/discharge profile
is extremely high (0.13-0.64 V) and unstable for the cell with Celgard
separator. In sharp contrast, the hysteresis of plateau potential in the
charge/discharge profile for the cell with c-PI separator is lower
(0.06-0.18 V) and more stable in spite of increasing the charge/
discharge rates. As displayed in Fig. 6d, the discharge capacity of the
cells with c-PI separator are higher at different current rates. And the
ratios of capacity retention (10C/0.2C) for the cells with c-PI, PI and
Celgard are 49%, 62% and 71%, respectively. As shown in Fig. S12, the
charge transfer resistance of half-cells assembled with the c-PI separator
is lower than those with PI and Celgard separators, which can promote
the ion transfer process and improve the charge/discharge performance
[51,52]. As shown in Fig. 6e and S13, the cycling measurement of the
cell assembled with c-PI separator were carried out at 10 C. The initial
discharge capacity of the cell with c-PI separator was 124 mAh/g and
retained 113.2 mAh/g and 100.1 mAh/g after 1000 and 1600 cycles
with retentions of 91% and 80%, respectively. During the stability test
(Fig. 6e), it can be observed that the Coulombic efficiency is nearly
100%. Compared with other reported separators (Table S1), the cell
with ¢-PI separator exhibits higher cycling stability, endowing the c-PI
separator as a promising candidate for application in battery. Besides,
the cell with c-PI separator exhibits a good cycling performance at
elevated temperature (65 °C) and the Coulombic efficiency is above 95%
(Fig. S14). Overall, the c-PI separator reported exhibited high electrolyte
adsorption and good ionic conductivity, which can enable high rating
capacity and cycling stability, thus endowing it as a prospective sepa-
rator candidate for application in LIBs.

4. Conclusion

In summary, we report a scalable approach to prepare thermotoler-
ant membrane of cross-linked PI fibers (c-PI) with narrowed pore size via
blended electrospinning of PAA/PS followed by thermal imidization.
The c-PI membrane features a morphology of interconnected networks
of fibers with adhesion structure between adjacent fibers. The c-PI
membrane presents a narrow pore-size distribution, and the average size
is 0.78 pm, which is much smaller than that of PI membrane (1.63 pm)
obtained without PS component. The c-PI separator exhibits higher
porosity (81%), electrolyte uptake (540.2%) and ionic conductivity (1.1
mS/cm) than those of PI and Celgard separators. More importantly, the
LiFePOy|Li half-cells assembled with c-PI separator exhibit superior
cycling stability and rating capacity compared with PI and Celgard
separators, which can retain a high capacity of 100.1 mAh/g after 1600
cycles at 10 C.
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