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wich polysulfonamide/
polyacrylonitrile/polysulfonamide composite
nanofibrous membranes for lithium-ion batteries

Xu Tian,a Binjie Xin, *a Zan Lu, a Weihong Gaoa and Fuli Zhangb

The demands for novel approaches that ensure stability in lithium-ion batteries are increasing and have led to

the development of new materials and fabrication strategies. In this study, sandwich structure-like

polysulfonamide (PSA)/polyacrylonitrile (PAN)/polysulfonamide (PSA) composite nanofibrous membranes

were prepared via an electrospinning method and used as a separator in lithium-ion batteries. The spinning

time of each polymer nanofiber layer of the composite membranes was respectively and precisely

controlled to maximize the merits of each component. It was found that the PSA/PAN/PSA composite

nanofibrous membranes exhibited superior thermal stability and excellent porosity, liquid electrolyte uptake

and ionic conductivity, showing obvious enhancement as compared to those of the commercial

microporous polyolefin separator (Celgard 2400), pure PSA and pure PAN membranes. In addition, they

were evaluated in the assembled Li/LiFePO4 cells with an electrolyte solution, and good cycling

performance and C-rate capacity were obtained; especially for the case of the PP6P membrane, the first

discharge capacity of the battery reached 152 mA h g�1, and the discharge capacity retention ratio was

85.94% from 0.2C to 2C; moreover, the battery displayed highest capacity retention ratio after 70 cycles,

which was found to be 96.2% of its initial discharge capacity. Therefore, the PSA/PAN/PSA composite

nanofibrous membranes can be regarded as a promising candidate for application in lithium-ion batteries.
1. Introduction

Lithium-ion batteries (LIBs) have gained signicant market
opportunities and industrial applications due to their high
operational voltage, high energy density, low self-discharge rate
and excellent cycling performance;1–4 moreover, with the mass
use of electronic devices, such as cell phones, portable laptops,
and electric vehicles, and especially with the introduction of
green concepts, the practical applications of LIBs have signi-
cantly increased.5 In lithium-ion batteries, a separator is one of
the critical components as it provides a certain degree of
protection to the battery against short circuits caused by contact
between positive and negative electrodes and maintains the free
conduction of ions in the liquid electrolyte throughout the
internal microporous structure.6,7 Recently, polyolen separators,
including polyethylene (PE), polypropylene (PP) and their
compounds, have been widely used in LIBs due to their excellent
electrochemical stability, mechanical strength, and thermal
shutdown properties.8–10 However, poor thermal dimensional
stability and electrolyte incompatibility will increase the risk
factor of LIBs and cause explosions. Therefore, it is necessary to
develop a new type of separator with good thermal dimensional
iversity of Engineering Science, Shanghai

anghai 200433, China
stability and electrolyte compatibility to improve the safety of
lithium-ion batteries.11–13 The electrospinning technique has
been widely used to prepare nanoscale ber nonwovens when
compared with other preparation methods;14,15 moreover, the
separators can be developed using nonwovens that possess
excellent porosity, smaller pore size and greater wettability.16,17

Currently, a number of polymer nanober nonwovens, such as
poly(vinylidene uoride) (PVDF),18,19 poly(vinylidene uoride-co-
hexauoropropylene) (PVDF–HFP),20 polyimide (PI),21–23 poly(-
methyl methacrylate) (PMMA),24,25 polyacrylonitrile (PAN)26 and
polysulfone-amide (PSA)27,28 nanober nonwovens, have been
investigated for application in lithium-ion batteries; moreover,
a number of polysulfone-amide-based separators have been
developed for potential applications in LIBs. As an excellent
material for developing lithium-ion separators, polysulfone-
amide (PSA) has excellent thermal stability, chemical stability,
high electrolyte uptake and ame-retardant properties. However,
PSA nanober nonwovens endow inferior mechanical properties,
which to some extent limit the development of lithium-ion
separators. Yue et al. prepared heat-resistant silica
nanoparticle-enhanced polysulfone-amide nonwoven separators
via an electrospinning technique followed by a dip-coating
process. It has been demonstrated that these composite
nonwoven separators when installed in LiCoO2/graphite cells
display superior thermal dimensional stability, signicant ionic
conductivity, better rate capability and longer cycle life than the
This journal is © The Royal Society of Chemistry 2019
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Celgard 2500 separator.29 Wang et al. reported a novel sandwich-
structured composite separator developed by electrospinning the
PSA brous membranes on both sides of polyethylene tere-
phthalate (PET) nonwovens; this novel composite separator
possessed better thermal stability and electrolyte wettability than
the commercial PP separator, and the sandwiched nonwovens
endowed the separator with an improved mechanical strength as
compared to that of the pure electrospun PSA separator.30

Moreover, polyacrylonitrile (PAN) has been studied as a separator
material, and PAN-based separators show promising properties,
including excellent thermal stability and good mechanical
properties. However, the PAN nanowoven has unsatisfactory
electrolyte wettability. Yanilmaz et al. prepared PMMA/PAN
membranes with different blend ratios via centrifugal spinning.
It has been demonstrated that the centrifugally spun PMMA/PAN
membranes possess higher ionic conductivity and lower inter-
facial resistance than microporous PP membranes; especially,
the Li/LiFePO4 cells containing centrifugally spun PMMA/PAN
separators show excellent cycling and C-rate performance.31

Aydın et al. reported new hexagonal boron nitride (hBN)/
polyacrylonitrile (PAN) nanobers fabricated by electrospinning
for application in lithium-ion batteries; in addition, PAN was
used as a matrix polymer, and hBN was used as a ller in the
preparation of composite nanobers. The results indicate that
the electrospun 10 wt% hBN/PAN composite bers have better
thermal stability, largest electrolyte uptake, highest ionic
conductivity, and best electrochemical stability.32

In this study, the PSA/PAN/PSA sandwich composite nano-
brous membranes were developed by electrospinning. Consid-
ering the abovementioned advantages and disadvantages of PSA
and PAN, the PSA/PAN/PSA sandwich composite nanobrous
membranes may integrate the benets from different compo-
nents and address the problems of each of them individually. On
the one hand, the outer PSA nanobrous nonwoven layer could
maintain thermal dimensional stability at high temperatures to
avoid short circuit and increase the uptake amount of the liquid
electrolyte; on the other hand, the middle PAN nanobrous
nonwoven layer could improve the mechanical strength of the
PSA/PAN/PSA sandwich composite nanobrous membranes.
Fig. 1 Schematic of the preparation process of the PSA/PAN/PSA comp

This journal is © The Royal Society of Chemistry 2019
2. Experimental
2.1. Materials

The polysulfone-amide (PSA) spinning solution (mass fraction
of 12 wt%) was obtained from Shanghai Tanlon nanober Co.,
Ltd. (China). Polyacrylonitrile (PAN) (with the relative molecular
mass of 9 � 104 g mol�1) powder was purchased from Weifang
Yaxin chemical Co., Ltd. (China). N,N-Dimethylformamide
(DMF) was provided by Sinopharm Chemical Reagent Co., Ltd.
and mainly used to dissolve the PAN powder. Commercial
microporous polypropylene separators (MPP separator, Celgard
2400) were purchased from Celgard Company (USA) and used
for comparative analysis. Lithium iron phosphate (LiFePO4),
Super P, N-methyl-2-pyrrolidone (NMP) and lithium plates were
supplied by Shenzhen Tiancheng He Technology Co., Ltd.
(China). Moreover, 1 M lithium hexauorophosphate (LiPF6) in
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/1, v/v)
was supplied by Sinopharm Chemical Reagent Co., Ltd.
2.2. The preparation of PSA and PSA/PAN/PSA membranes

The schematic for the preparation process of the PSA/PAN/PSA
composite nanobrous membranes was shown in Fig. 1. The
PAN powder was vacuum dried at 60 �C for 12 h before use. The
PAN spinning solution with the mass fraction of 12 wt% was
obtained by dissolving the PAN polymer powder in the DMF
solvent followed by mechanical and ultrasonic stirring at room
temperature (RT) for 30 and 50 min, respectively. In our study,
the PSA/PAN/PSA composite membranes were prepared by
a double needle using the RES-001 rotary dynamic electro-
spinning device. The preparation process was as follows: the
PSA spinning solution was transferred into two syringes
(diameter: 0.6 mm), and then, these syringes were placed on the
drive device of a spinning machine for spinning the bottom
layer. Aer a certain period of time, the PSA spinning solution
in the two syringes would be replaced by the PAN spinning
solution for interlayer spinning. Aer this, the outermost layer
of the PSA nanobers was sprayed on the surface of the inter-
layer PAN nanobers in the same way. Note that the total
osite nanofibrous membranes.
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spinning time for this process was 180 min. The PAN spinning
time of the interlayer was 40 min, 60 min and 80 min as the
control variable, whereas the spinning time of the PSA solution
on both sides was changed to 70 min, 60 min and 50 min as the
spinning time of the PAN solution changed, and the sandwich
PSA/PAN/PSA composite nanobrous membranes were abbre-
viated as PP4P, PP6P and PP8P in this study, respectively.
Moreover, herein, the pure PSA and pure PAN nanobrous
membranes were spun. The spinning conditions were as
follows: the receiving distance and spinning voltage were set to
15 cm and 30 kV, respectively. The pushing rate of the drive
device was set as 0.005 mm s�1. The electrospinning tempera-
ture was maintained at about 25 � 5 �C, and the humidity
during the preparation was kept at about 20 � 5%. The cylin-
drical receiver coated with an aluminum foil was used to receive
the PSA/PAN/PSA composite nanobrous membranes, and the
rotation speed was set to 50 rpm. A white uniform composite
nanobrous membrane with a certain thickness and strength
was obtained on the surface of the aluminum foil. Then, the
abovementioned membranes were punched into circular pieces
(d ¼ 19 mm). Aer this, they were dried under vacuum at 60 �C
for 12 h to remove the residual solvent. Finally, the composite
membranes were hot pressed at 120 �C under the pressure of
2 MPa for 5 min before further use.

2.3. Physical characterization

The membrane morphology was examined using scanning
electron microscopy (SEM, S-3400N, Japan). The molecular
structure and chemical information of the nanobrous
membranes were investigated using the Fourier transform
infrared (FTIR) spectroscopy (Spectrum-two, America). The
stress–strain test of the nanobrous membranes was performed
using a singer-nanober testing machine (YG006, China) at the
crosshead speed of 100 mm min�1 at RT, and the width of the
sample was 1 cm. The thermal characteristics of the
membranes were evaluated by a thermogravimetric analyzer
(TGA, TGA4000, America) at the heating rate of 10 �C min�1

from 30 �C to 800 �C under a N2 atmosphere. For thermal
shrinkage examination, the samples were treated for 1 h in an
oven at 180 �C, and the following equation was used for the
measurement of dimensional changes.

Shrinkageð%Þ ¼ A0 � A

A0

� 100 (1)

where A0 and A represent the initial and nal areas of relevant
membranes, respectively.N-Butanol uptake tests were carried out
to determine the porosity (P) of the resultantmembranes, and the
uptake values were calculated by the following equation.

Pð%Þ ¼ Wf �Wo

pV
� 100% (2)

whereWf andWo are the weights of the wet and dry membranes,
respectively; p is the density of n-butanol, and V is the apparent
volume of the membrane. The weight differences of the dried
and electrolyte (1 M lithium hexauorophosphate (LiPF6) dis-
solved in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/
1, v/v))-soaked membrane indicated the electrolyte uptake
11222 | RSC Adv., 2019, 9, 11220–11229
capacity of the membranes that was calculated using the
following equation:

Electrolyte uptakeð%Þ ¼ Ww �Wd

Wd

� 100% (3)

whereWd andWw are the weights of the membranes before and
aer soaking in the electrolyte, respectively.
2.4. Electrode preparation and cell assembly

To evaluate the performance of the cells with separators, a 2025-
type coin cell was assembled by sandwiching a separator
between the LiFePO4 cathode and the Li-metal anode. The
LiFePO4 cathode was prepared by slurry coating a mixture of
LiFePO4, acetylene black, and PVDF at the weight ratio of
8 : 1 : 1 on a high-purity aluminum foil. The LiFePO4 cathode
was dried at 80 �C for at least 12 h. All the cells were assembled
in a dry box lled with argon gas, and the water and oxygen
contents were lower than 1 ppm.
2.5. Electrochemical characterization

The ionic conductivity of the separators was measured by
assembling the cells with liquid electrolyte-impregnated sepa-
rators sandwiched between stainless-steel blocking electrodes
(diameter: 14 cm). The ionic conductivity (s) was calculated by
employing the following formula:

s ¼ L

ARb

�
S cm�1� (4)

where L is the thickness of the separator sample and A is the contact
area between the separator and the electrode. The ionic conduc-
tivity was determined from bulk resistances (Rb), which were
measured by AC complex impedance analyses using an impedance
analyzer in combination with the electrochemical workstation
Autolab Pgstat 302 (Metrohm, Switzerland) in the frequency range
from 0.01 Hz to 105 Hz with a 0.005 V of scan amplitude.

The electrochemical stability of the separator was deter-
mined by a linear sweep voltammetry (LSV) test. The separator
was sandwiched between a stainless-steel working electrode
and a lithium metal reference electrode at the scan rate of 10.0
m V s�1 from 2.0 V to 6.0 V vs. Li+/Li to check oxidative
decomposition. The charge/discharge rate capability and cycle
performance of the cells were determined by the LAND battery
test system using 2025 coin-type cell consisting of the LiFePO4

electrode as a cathode, lithiummetal as an anode and 1M LiPF6
as an electrolyte. The discharge current densities were varied
from 0.2 to 8.0C to investigate the C-rate capability in the
voltage range between 2.75 V and 4.20 V at room temperature.
The cells were cycled at the xed charge/discharge current
density of 0.5C/0.5C for cycle performance testing in the voltage
range between 2.75 V and 4.20 V at room temperature.
3. Results and discussion
3.1. Morphology

The morphology and the ber diameter distribution images of
the pure PSA and PAN nanobrous membranes were shown in
This journal is © The Royal Society of Chemistry 2019
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Fig. 2. It was observed that the pure PSA nanobers exhibited
a large diameter distribution range, and the surface of the
nanobers was rough, as shown in Fig. 2(a), because the 12 wt%
PSA spinning solution had a higher viscosity, and the gravity of
the spinning droplet dominated over the electrostatic eld forces
at the spinneret. Although the spinning solution could accumu-
late more charge to increase the electrostatic eld force at the
high voltage of 30 kV, the spinning process became extremely
unstable at this time; this resulted in an uneven diameter of the
PSA nanobers. As illustrated in Fig. 2(b), the surface of the PAN
nanobers was smooth, and their diameter was more uniform
and ner when compared with that of the PSA nanobers; this
was because the viscosity of the 12 wt% PAN spinning solution
was lower than that of the PSA spinning solution such that the
diameter of the nanobers decreased under the tension of the
electrostatic eld. Another reason was that the PAN polymer had
better solubility in the DMF solvent; this made the polymer chain
more extended and would promote the growth of nanobers with
a smooth surface and smaller diameter distribution. Fig. 2(c)
showed the cross-sectional image of the PP6P composite nano-
brous membrane. It could be clearly observed that the
membrane had a three-layered structure, and each layer was
substantially consistent in thickness. Moreover, each layer
provided a larger space for storing the electrolyte, providingmore
effective channels for the passage of lithium ions. Fig. 2(d) and (e)
showed the ber diameter distribution of the pure PSA and PAN
nanobrous membranes, respectively. It could be concluded that
the diameter of the PAN nanobrous membrane was smaller,
and its uniform distribution was better than that of the PSA
nanobrous membrane.
Fig. 2 SEM images of the (a) pure PSA nanofibrousmembrane and (b) pure
PAN/PSA composite nanofibrous membrane. (d) The diameter distribution

This journal is © The Royal Society of Chemistry 2019
3.2. Fourier transform infrared analysis

The Fourier transform infrared (FTIR) spectra of the PSA, PAN and
PSA/PAN/PSA nanobrous membranes were shown in Fig. 3. The
FTIR spectrum of the PSA nanobrous membrane showed char-
acteristic peaks at 3368 cm�1, 1614 cm�1, 1528 cm�1 and
1147 cm�1, corresponding to the stretching vibration of the
amide bond N–H, C]C double bonds, C–N bond, and –SO2

�,
respectively.33 Moreover, the absorption peak of 1321 cm�1 was
attributed to the in-plane bending vibration of C–H, and the peaks
685 cm�1 and 821 cm�1 resulted from the C–H out-of-plane
bending vibration absorption. The FTIR spectrum of the PAN
nanobrous membranes shows a peak at 2233 cm�1 that corre-
sponds to the CN group. Moreover, the peaks at 2929 cm�1 and
1461 cm�1 were attributed to the stretching vibrations of the C–H
bonds and bending vibrations of the C–H2 bonds.34 In the FTIR
spectrum of the PSA/PAN/PSA nanobrous membranes, all the
typical peaks of PSA and PAN were clearly recognized, which
indicated that the nanocomposites PSA/PAN/PSA were success-
fully obtained.
3.3. Mechanical properties

The mechanical properties of the LIB separators are important
during the winding and cell assembly processes.35 The tensile
properties of the Celgard 2400 separator, PSA, PAN and PSA/PAN/
PSA composite nanobrous membranes were presented in Fig. 4.
It was found that the maximum stress and elongation at break of
the Celgard 2400 separator reached 70 MPa and 3%, respectively,
whereas themaximum stress of the PSA nanobrousmembranes
was 6 MPa with a deformation of 30%, which was lower than that
PAN nanofibrousmembrane. (c) The cross-sectional images of the PSA/
of the pure PSA fiber. (e) The diameter distribution of the pure PAN fiber.

RSC Adv., 2019, 9, 11220–11229 | 11223

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10229e


Fig. 3 FTIR spectra of the PSA, PAN and PSA/PAN/PSA nanofibrous
membranes.

Fig. 4 Stress–strain curve of the Celgard 2400 separator, PSA, PAN,
PSA/PAN/PSA composite nanofibrous membranes with various gra-
phene concentrations.

Table 1 The data of the porosity of the Celgard 2400 and PSA, PAN
and PSA/PAN/PSA composite nanofibrous membranes

Samples Average thickness (cm) Porosity (%) Uptake (%)

Celgard 0.003 33.5 95.3
PSA 0.003 92.7 1290
PP4P 0.003 81.78 1150
PP6P 0.002 87.74 921
PP8P 0.003 62.57 503
PAN 0.002 98.22 161.5
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of the other prepared membranes. Obviously, the maximum
stresses of the PP4P, PP6P and PP8P composite nanobrous
membranes were better than that of the PSA nanobrous
membrane, which could reach 15 MPa, 20 MPa, and 22 MPa and
the elongation at break were 34%, 25%, and 10%, respectively.
The enhanced mechanical properties were ascribed to the
sandwiched PAN nanobrous membrane, which had the
maximum stress of 41.2 MPa and provided a skeleton well in this
sandwich structure. On the other hand, due to the smaller
diameter of the PAN nanobers, the contact between bers
became more uniform and dense; this led to the formation of
more bonding points that made the PAN nanobrous membrane
more resilient and strong. Moreover, the tensile strength tended
to improve with an increase in the PAN thickness. Note that the
PP8P composite nanobrous membrane suffered the tensile
11224 | RSC Adv., 2019, 9, 11220–11229
strength drop twice: the rst drop was due to the longitudinal
fracture of the outer PSA nanobrousmembrane, and the second
drop was due to the fracture of the intermediate PANmembrane,
which indicated that there was no good interfacial compatibility
between the two polymer membranes.
3.4. Porosity and electrolyte uptake

Table 1 presents the average thickness, porosity and the liquid
electrolyte uptake of the Celgard 2400 separator, PSA and PAN
nanobrous membranes and PSA/PAN/PSA composite nano-
brous membranes. Each membrane was measured at 5
different places to achieve an average thickness. It can be seen
that the PSA and PAN nanobrous membranes exhibit high
porosity. The PSA nanobrous membrane had large amounts of
nanobers with larger diameter, resulting in a large pore size of
the nanobers; thus, they had high porosity. In addition, due to
the ner diameter of the PAN nanobers in the PAN nano-
brous membranes, more pores were interconnected between
the nanobers aer membrane formation, and the porosity was
higher. Moreover, the porosities of PP4P, PP6P and PP8P were
81.8%, 87.7% and 62.6%, respectively, which were higher than
that of the Celgard 2400 separator (33.5%). The high porosity of
the PSA/PAN/PSA composite nanobrous membranes was
necessary to hold sufficient liquid electrolyte for better ionic
conductivity.

The Celgard 2400 separator displayed the lowest electrolyte
uptake performance of 95.3% due to its low surface energy and
hydrophobic surface.36 However, the PSA membrane exhibited
the highest liquid electrolyte uptake performance of 1290%.
This super liquid electrolyte uptake performance of the PSA
membrane was attributed to the interaction between the polar
groups of liquid electrolyte molecules and polar groups in the
PSA molecular chains such as –CONH–, –O]C–OH, and –C–N–
.37 On the other hand, the PAN membrane showed the electro-
lyte uptake performance of 161.5%, which was much lower than
that of the PSA membrane and its composite membranes; this
could be assigned to the closely arranged nanobers that
caused the PAN membrane to have more small pore sizes and
increased the curvature of the pore channels, resulting in
increased internal resistance. The electrolyte uptake values of
the composite nanobrous membranes PP4P, PP6P and PP8P
were 1150%, 921%, and 503%, respectively, which indicated
that with an increase in the PAN thickness of the middle layer,
the internal curvature of the pore channels in the composite
membranes increased continuously; this led to a decrease in the
liquid electrolyte uptake. On the other hand, the PSA
This journal is © The Royal Society of Chemistry 2019
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component contributes to the absorption of the electrolyte by
the composite nanobrous membranes.
Fig. 6 TG curves (a) and the DTG curves (b) of the Celgard 2400
separator and PSA, PAN, PSA/PSA/PSA composite nanofibrous
membranes.
3.5. Thermal stability performance

Thermal shrinkage of the separator is a signicant factor for the
safety characteristics of a battery. A separator should prevent
direct contact between two electrodes at high temperatures.
Therefore, its shrinkage at elevated temperatures needs to be
minimized. Fig. 5 showed that the Celgard 2400 separator expe-
riences signicant shrinkage aer exposure to 180 �C for 1 h,
whereas no signicant change was noticed for the PSA, PAN,
PP4P, PP6P and PP8P nanobrousmembranes; this could be due
to the outstanding thermal stability performance of the PSA
material. This implied that the PSA/PAN/PSA membranes offer
superior thermal stability than the Celgard 2400 separator;
therefore, they could offer higher resistance to internal short
circuits of a battery that might occur during the cyclic charge
discharge events.

The TG and DTG curves of the Celgard 2400 separator and
the as-prepared PSA, PAN, and PSA/PSA/PSA composite nano-
brous membranes were demonstrated in Fig. 6. For the Cel-
gard 2400 separator, there were two stages of decomposition:
the rst stage was observed from 400 �C to 460 �C. In this
range, there was a severe weight loss that was almost 100%,
which was due to the loss of HCl (dehydrochlorination). The
second stage was from 460 �C to 800 �C, there was no weight
loss in this range, and mainly the residual alkanes and olens
were le aer the thermal decomposition of the Celgard 2400
separator. For the PSA nanobrous membranes, there were
three stages of decomposition. The rst stage was observed in
the temperature range from 50 �C to 470 �C; the weight loss in
this range was mainly derived from the volatilization of bound
water that the hydrophilic amide groups on the PSA macro-
molecular chains had absorbed easily when placed in air. The
second stage was observed in the temperature range from
470 �C to 600 �C; the weight loss in this range was mainly due
to the continuous cracking of the PSA polymer backbone
Fig. 5 Effect of heat treatment on the Celgard 2400 separator and the as-prepared PSA/PSA/PSA composite nanofibrous membranes (a) before
and (b) after thermal exposure at 180 �C for 1 h.
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having strong electron-withdrawing sulfone groups38 with an
the increase in the bond energy under the effect of double
bond conjugation in the benzene ring, the last stage was from
600 �C to 800 �C. The decomposition occured mainly at the
C–N site of the amide group, and based on the bond energy
analysis and the inference of the PSA structure, the weight loss
in this range may be due to the generation of SO2, NH3 and
CO2 gas.39 In addition, it could be seen that there were three
stages of decomposition for the PSA/PAN/PSA composite
nanobrous membranes. The PP4P membranes had the same
thermogravimetric temperature range as the PSA membrane,
whereas the thermal stability of the former was worse than
that of PSA. The thermogravimetric temperature ranges of the
PP6P and PP8P membranes were roughly the same. The rst
stage was observed in the temperature range from 50 �C to
330 �C. The second stage was observed in the temperature
range from 330 �C to 500 �C. The last stage was observed from
500 �C to 800 �C. It could be observed that the thermal stability
of the PP6P and PP8P membranes is lower than that of the PSA
and PP4P membranes because the low decomposition
temperature of the PAN components decreases the thermal
decomposition temperature of the composite membranes. For
the PAN nanobrous membranes, the rst stage was observed
in the temperature range from 50 �C to 310 �C. The second
stage was observed in the temperature range from 310 �C to
500 �C; the content of carbon increased during PNA pyrolysis,
whereas the content of hydrogen and nitrogen gradually
decreased. Nitrogen in macromolecules mainly escapes in the
form of NH3 and HCN, some of which is precipitated in the
form of N2.
Fig. 7 Impedance plots of the Celgard 2400 separator and PSA, PAN, PS

11226 | RSC Adv., 2019, 9, 11220–11229
3.6. Electrochemical performance evaluation

3.6.1 Ionic conductivities. Ionic conductivity is an impor-
tant parameter that affects the conduction of ionic carriers. The
ionic conductivities obtained from the z0 axis of the high-
frequency intercept of Nyquist plots using a cell ((stainless
steel)|membrane|(stainless steel)) were shown in Fig. 7. Table 2
provided the intercepts on the real-axis and the ionic conductiv-
ities of the electrolyte-soaked Celgard 2400 separator and PSA,
PAN, PP4P, PP6P, PP8P composite nanobrous membranes. The
ionic conductivity of the PAN nanobrous membrane was lower
than those of the compositemembranes and the PSA nanobrous
membrane; this was because small pore sizes and higher curva-
ture of the pore channels increased the resistance for ion trans-
portation. The improved ionic conductivity of the PSA/PAN/PSA
composite nanobrous membranes was attributed to the well-
modied nanoporous structure. However, the ionic conductivity
of the PP4P and PP8P membranes was smaller than that of the
PP6P membrane; this might be due to the higher thickness of the
PP4P and PP8Pmembranes (in Table 1) that would lead to greater
ion transport resistance. As abovementioned, the outer PSA
nanober nonwoven layer with large pore sizes allowed the
lithium ions to pass freely, whereas the middle PAN nanober
nonwoven layer with small pore sizes could block the electrode
particles and effectively isolate the electrodes.

3.6.2 Electrochemical stability. Fig. 8 showed the linear
sweep voltammetry curves obtained for the cell (stainless
steel|separator|Li) with different membranes. All current
densities of the LIBs with different membranes should be
remained at around 0 A cm�2 when the scanning voltage was
below 4.5 V. Note that the stabilities of different separators were
A/PSA/PSA composite nanofibrous membranes at room temperature.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Bulk resistance and ionic conductivity of the Celgard 2400
separator and PSA, PAN, PSA/PSA/PSA composite nanofibrous
membranes

Samples Bulk resistances/(U) Ionic conductivity/(S cm�1)

Celgard 18.434 0.11 � 10�3

PSA 0.36023 5.41 � 10�3

PP4P 0.6463 2.01 � 10�3

PP6P 0.53373 2.43 � 10�3

PP8P 0.96392 2.02 � 10�3

PAN 16.055 0.12 � 10�3

Fig. 8 Linear sweep voltammetry curve of the cell (stainless steel-
|separator|Li) with the Celgard 2400 separator and PSA, PAN, PSA/PSA/
PSA composite nanofibrous membranes as separators.

Fig. 9 Comparison of discharge rate capacities of the Li/LiFePO4 cells
using the PSA, PAN and PSA/PAN/PSA composite nanofibrous
membranes at different C-rates.

Fig. 10 Cycling performance of the Li/LiFePO4 cells using the Celgard
2400 separator, PSA, PAN and PSA/PAN/PSA composite nanofibrous
membranes at 0.2C at room temperature.
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quite different when the voltage was over 4.5 V. The results
indicated that the oxidation potential for the PP6P composite
nanobrous membrane was around 4.5 V, whereas the oxida-
tion potential for the Celgard 2400 separator, PSA and PAN
nanobrous membranes was observed in the range of 4.7–4.9 V,
and the oxidation potential for both PP4P and PP8P was 4.6 V.
The higher oxidation potential demonstrated that the prepared
PSA/PAN/PSA composite nanobrous membranes possessed
better electrochemical stability and could be used as high power
LIBs.

3.6.3 C-rate performance. The C-rate performance of the
PSA, PAN and PSA/PAN/PSA composite nanobrous membranes
at room temperature was shown in Fig. 9. The cells were
charged in the voltage range between 2.5 V and 4.2 V. It was
obvious that the cell with the PP6P membrane showed highest
discharge capacity as compared to those with other membranes
at varied rate. The discharge capacity was about 152 mA h g�1 at
0.2C, and the capacity retention ratio was about 93.19% at 0.5C,
85.94% at 2C and 40.67% at 8C. The cells with the PSA and PP4P
membranes showed the capacity of about 146.83 mA h g�1 and
140.23 mA h g�1, respectively. The capacity retention ratios were
about 93.65% and 94.13% at 0.5C, 75.6% and 74.89% at 2C, and
37.46% and 37.08% at 8C. The cells with the PP8P and PP4P
membranes showed the capacity of about 141.81 mA h g�1 and
139.91 mA h g�1 at 0.2C, respectively. The capacity retention
ratios were about 93.93% and 93.12% at 0.5C, 71.4% and
This journal is © The Royal Society of Chemistry 2019
74.95% at 2C, and then decreased rapidly to 26.54% and 33.8%
at 8C. The different performances in different types of
membranes can be mainly attributed to the difference in the
porosity and liquid electrolyte uptake. The higher porosity and
liquid electrolyte uptake of the PSA and PP6P membranes (in
Table 1) lead to highest ionic conductivity (as shown in Fig. 5)
and an increase in the charge and discharge capacity at a certain
rate. Correspondingly, the cycle performances of the PP4P,
PP8P and PANmembranes were inferior to those of the PSA and
PP6P membranes. Note that the PAN membrane had the worst
cycle performance with an increase in the rate; this could be
attributed to its low liquid electrolyte uptake; in addition, the
strong polar groups –CN on the PAN molecular chains had poor
compatibility with the lithium cathode and higher porosity,
resulting in a signicant increase in the internal resistance,
which had a very important inuence on the rate performance.
RSC Adv., 2019, 9, 11220–11229 | 11227
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3.6.4 Cycling performance. Charge–discharge curves and the
capacity-retention ratios of the Li/LiFePO4 cells using the Celgard
2400 separator, PSA, PAN and PSA/PAN/PSA composite nano-
brous membranes were depicted in Fig. 10 at the C-rate of 0.2.
The cell using the PP6P membrane showed the highest capacity
retention ratio aer 70 cycles that was 96.2% of its initial discharge
capacity when compared with the cells using the Celgard 2400
separator (74.7%), PSA (91.9%), PP4P (90.5%), PP8P (87.9%) and
PAN (81.6%) membranes. The remarkable discharge capacity and
cycle performance of the cell with the PP6P composite nanobrous
membrane could be assigned to the suitable porosity and liquid
electrolyte uptake of the membrane that would lead to highest
ionic conductivities and low interfacial resistance. As above-
mentioned, the PAN nanobrous membrane exhibited weaker
cycle performance when compared with the other prepared
membranes. In addition, it could be concluded that the PSA
component and its structure in the composite membranes can
improve the cyclic performance and compensate for the short-
comings caused by the single PAN component and its structure.

4. Conclusion

In conclusion, the sandwich structure-like PSA/PAN/PSA
composite nanobrous membranes were prepared success-
fully via the electrospinning method. The PSA/PAN/PSA
composite nanobrous membranes exhibited superior
thermal stability, excellent porosity and liquid electrolyte
uptake when compared with the commercial Celgard 2400
separator. The PAN component improved the tensile strength,
and the PSA component increased the ionic conductivity of the
PSA/PAN/PSA composite nanobrous membranes obviously;
especially, the outer PSA nanober nonwoven layer with large
pore sizes allowed the lithium ions to pass freely, and the
middle PAN nanober nonwoven layer with small pore sizes
could block the electrode particles and effectively isolate the
electrodes. The oxidative decomposition potential of the
composite membranes was above 4.5 V. In addition, they were
evaluated in the assembled Li/LiFePO4 cells with electrolyte
solution, showing good cycling performance and C-rate
capacity; especially for the case of the PP6P membrane, the
rst discharge capacity of battery reached 152mA h g�1, and the
discharge capacity retention ratio was 85.94% from 0.2C to 2C;
moreover, it displayed the highest capacity retention ratio aer
70 cycles that was found to be 96.2% of its initial discharge
capacity. Thus, the PSA/PAN/PSA composite nanobrous
membranes could be regarded as promising candidates for
application in lithium-ion batteries.
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