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Abstract. Fibrous membranes of composites of poly(vinylidene fluoride) (PVDF)/thermoplastic polyurethane
(TPU)/poly(propylene carbonate) (PPC) are prepared with different concentrations by electrospinning method.
The physical properties of the films are characterized, such as morphology, porosity, thermal stability and
mechanical properties. After electrospun films with different concentrations are activated to gel polymer
electrolyte (GPE), we test their electrochemical properties. The morphology and the thermal stability of the
PVDF/TPU/PPC nanofibers (NFs) with a concentration of 12% are the best. It shows the high tensile strength
of 9.9 MPa and the maximum elongation of 110.8%. The ionic conductivity of its corresponding GPE is as high
as 5.32 mS cm−1, and the electrochemical stability window is up to 5.4 V at room temperature. In addition, it
shows a high initial charge capacity of 165.8 mAh g−1 and a high initial discharge capacity of 165.1 mAh g−1.
The excellent properties make the PVDF/TPU/PPC based GPE (12%) more suitable for lithium-ion batteries.

Keywords. Poly(vinylidene fluoride) (PVDF); thermoplastic polyurethane (TPU); ploy(propylene carbonate)
(PPC); electrospinning; gel polymer electrolyte (GPE).

1. Introduction

Lithium-ion battery (LIB) has been considered as a
major energy storage device due to its high energy den-
sity, long cycle life, and minimal memory effect.1–6

However, the safety problems caused by the leakage
and combustion of organic liquid electrolytes limit the
largescale application of LIB. GPE has been considered
as a promising alternative because of its thermal resis-
tance, the dimension stability and compatibility with
lithium electrodes.7–9 The technique of electrospinning
is a governable, uncomplicated and efficient approach
to produce GPE.

PVDF has good thermal stability, good mechani-
cal properties and excellent electrochemical stability.
The polymer chain of PVDF contains strong push
electron group of –CF2 and has a high dielectric
constant (ε = 8.4), so that the lithium salt in the
electrolyte system is fully dissolved and the number
of carriers is more.10,11 PVDF is a semi-crystalline
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polymer with high crystallinity and small amorphous
region, which leads to the limitation of Li+ conduc-
tion. Therefore, the ionic conductivity of PVDF based
electrolyte is not ideal.12 Moreover, the fluorine atoms
on polymer chains may react with negative lithium
and lithium salts, resulting in poor performance and
safety of batteries.13 Therefore, it is necessary to modify
the PVDF based electrolyte. Currently, some research
activities are based on copolymer like poly(vinylidene
fluoride) (PVDF)/poly(methyl methacrylate) (PMMA),
poly(vinylidene fluoride) (PVDF)/poly (ethylene oxide)
(PEO), poly(vinylidene fluoride) (PVDF)/
polyacrylonitrile (PAN) as GPE for lithium-ion bat-
teries.14–22 The results show that the mechanical and
electrochemical properties of the blend electrolytes have
been improved correspondingly. PVDF, with the best
comprehensive performance, is very suitable as matrix
material of GPEs. TPU is a polymer with good mechan-
ical properties. It is commonly used to improve the elon-
gation at break of other materials. It is a typical block
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polymer that contains two phases in the molecule.23,24

The hard segment provides support function, so that it
has good mechanical properties, such as tensile strength,
wear resistance, high elasticity, etc.25 The soft segment
can dissolve the cations in the lithium salts and facil-
itate the transportation of ions. When it is mixed with
PVDF, the amino group (–NH) in its molecular chain can
form hydrogen bonds with fluorine atoms, which makes
the two polymers better compatible. PPC, which when
synthesized with carbon dioxide and propylene oxide,
can effectively reduce CO2 emissions and mitigate the
greenhouse effect.26,27 It is completely biodegradable
and is a good substrate material for the preparation of
environment-friendly polymer electrolytes.28,29 PPC has
a good structure that is similar to carbonate plasticizer,
which makes it compatible with lithium salts and has
a good interface effect with common electrodes.30 In
addition, the polar ester group in its main chain struc-
ture can effectively capture and store liquid electrolyte,
so PPC often shows high electrolyte absorption. As an
amorphous polymer with a low glass transition tempera-
ture (Tg), the advantages of the three are complementary
to each other after blending PPC with PVDF and TPU.
So, the Tg of the whole electrolyte system decreased
and the amorphous area increased, where not only the
electrical conductivity has improved by facilitating the
conduction of Li+, but also the mechanical properties
have improved. It can be predicted that the obtained
GPEs will have superior performance and will be suit-
able for diaphragm materials of lithium-ion batteries.

Our group has done some research on studying
the PVDF/TPU/PAN-based GPE for lithium-ion batter-
ies.31 But poor compatibility between PAN-based GPE
and lithium electrode leads to the poor electrochemi-
cal performance of batteries, especially cycle perfor-
mance.32 This experiment is the first time when green
environmental protection materials (PPC) were used in
the ternary gel polymer electrolyte and the electrochem-
ical performance of it is better than PVDF/TPU/PAN-
based GPE. Therefore, PVDF/TPU/PPC based GPE is
more suitable for lithium-ion batteries in the society that
advocates green and environmental protection.

2. Experimental

2.1 Materials

PVdF (Kynar 760, from Arkema), TPU (1190A, from yan-
taiwanhua) and PPC (average Mw = 120 k, from Henan
Tianguan, China) were dried under vacuum at 80 ◦C for 24 h
before being used. A certain amount of LiPF6 was dissolved in
ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/1,v/v)

to produce a 1.0 mol L−1 electrolyte solution, which was
purchased from Tinci Materials Technology Co., Ltd. Acetone
and N, N-dimethylforamide (DMF) were analytical purity
with no further treatment and they were purchased from Baishi
Chemical Industry Co., Ltd.

2.2 Preparation of PVDF/TPU/PPC fibrous
membranes

The electrospun PVdF/TPU/PPC fibrous composite mem-
branes were prepared by the electrospinning technique as
follows. Mixtures of PVdF, TPU and PPC (4:4:1, wt./wt./wt.)
were dissolved in a mixed solvent of DMF/acetone (3:1,
wt./wt.) and magnetically stirred at room temperature for 24 h
at a concentration of 9 wt.%. Then 10 wt.%, 11 wt.%,12 wt.%
and 13 wt.% PVDF/TPU/PPC solutions were made respec-
tively in the same way. After that, the resulting homogeneous
mixture was transferred to a plastic syringe and electrospun
on a spinning machine (KATO Tech. Co., Japan) at ambient
atmosphere. A high voltage of 24 kV is maintained between
the tip of the nozzle and the collector (aluminum foil) with a
flow rate of 0.7 mL h−1. The electrospun films were received
on the collector plate, then dried under vacuum at 60 ◦C for
12 h to remove residual solvent and prevent the collapse of
the fiber structure.

2.3 Preparation of gel polymer electrolytes

At room temperature, the dried PVDF/TPU/PPC nonwo-
ven films were put into the liquid electrolyte solution of
1.0 mol L−1 LiPF6-EC/DMC in the glovebox to be active for
an hour, which was filled with argon. The electrolyte solution
was absorbed into the holes of the fiber film and the inside of
the fiber, and took them out and wiped the membrane’s sur-
face by filter papers, then the gel polymer electrolytes were
obtained.

2.4 Membrane characterization

The microstructure of the electrospun films was observed by
SEM (Hitachi S-3500 N, Japan). The conductivity of the sam-
ples is poor. It is necessary to spray gold on the surface of the
sample before testing in order to obtain a clear and high-
quality surface morphology. DSC (NETZSCH DSC-200PC
Instrument) measurements were carried out under the nitro-
gen atmosphere with a speed of 20 ◦C/min from 20 to 200 ◦C.

The crystallization melting temperature and glass transi-
tion temperature of electrospun membranes can be obtained
by DSC test and the crystallinity of these can be calculated
by the formula (1).

χc = ΔH f

ΔH∗
f ∅

(1)

where χc is the crystallinity, �H f is the enthalpy of fusion of
electrospun membranes, �H∗

f is the enthalpy of fusion for the
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totally crystalline PVdF, 104.7 J g−1, ∅ is the mass fraction
of PVDF in ternary electrospun membranes.

The chemical structure of the non-woven films can be
investigated by the FTIR spectra (Spectrum One, PerkinElmer
Instruments). The thermal stability of the electrospun films
was examined by using the thermogravimetric analysis
(model TQAQ 50, TA Company, USA). Under a dry nitrogen
atmosphere, the thermal analysis (TGA) method was carried
out range from 30–800 ◦C at a scan rate of 20 ◦C/min. The
dried electrospun film was cut into small fixed-size discs with
a drill. The thickness and diameter of the electrospun film
were measured. By immersing membranes into an n-butanol
solution for 1 h, the porosity of them was calculated by the
formula (2)

P = Ww − Wd

ρbVp
× 100% (2)

Among them, P is the porosity of membranes, Ww and Wd

represent the weights of the membranes before and after soak-
ing the membranes in n-butanol solution, Vp is the volume of
the membranes, and ρb is the density of the n-butanol. Then
membranes were immersed into the LiPF6-EC/DMC elec-
trolyte, the absorption of the them was measured by weight
gain and calculated by the formula (3).

Uptake = W − W0

W0
× 100% (3)

W and W0 represent the weights of the wet and dry mem-
branes, respectively. The ionic conductivity of the polymer
films was conducted with SS/GPE/SS blocking cells by AC
impedance measurement, and the electrochemical analyzer
(Zahner Zennium) was employed with a frequency from
0.1 Hz to 1 MHz. The ionic conductivity could be calculated
by the formula (4).

σ = h

RbS
(4)

σ is the ionic conductivity, Rb is the bulk resistance, h and S
are the thickness and area of the membrane, respectively.

2.5 Performance test of assembled batteries

Electrochemical stability was measured by the linear sweep
voltammetry (LSV), using an electrochemical analyzer (Zah-
ner Zennium) at a scanning rate of 5 mV s−1 with a potential
range from 0V to 8V.

The cathode material was composed of LiFePO4, con-
ductive carbon, and poly(vinylidene fluoride) (PVdF) (8:1:1,
wt./wt./wt.) with N-methyl-2-pyrrolidone (NMP). The cath-
ode mixture was coated on aluminum foil using the doctor
blade technique and dried at 60 ◦C for 24 h in vacuum for
further use. The manufacture of test battery was carried out in
a glovebox filling argon, the oxygen and moisture level were
lower than 0.1 ppm. The charge-discharge cycling tests of the
Li/GPEs/LiFePO6 battery were conducted between 2.0 V and
4.2 V by the Neware battery testing system (model BTS-51,

Shenzhen, China), under various current densities of 0.1, 0.2,
0.5, 1.0, and 2.0 C at room temperature.

3. Results and Discussion

3.1 Morphology and structure

The SEM images of the electrospun films prepared
by different concentrations (9 to 13 wt.%) of PVDF/
TPU/PPC polymer solution are shown in Figure 1. In
the electrospinning process, the main forces acting on
the droplets are electric field force, surface tension and
interfaces between different materials. There are many
factors that influence the morphology and structure of
the membranes, such as the distance between the nozzle
tip and the collector, the concentration, the applied volt-
age, and the dielectric constant of the blend. In this work,
the only difference is the concentration of the polymer
solution.

As can be seen from Figure 1, all the five elec-
trospun membranes show a three-dimensional network
composed of nanofibers with random orientation, which
lead to a porous structure. The porous structure in the
membrane can improve the adsorption capacity of liq-
uid electrolyte and provide a way for the rapid migration
of lithium ions. The appearance of electrospun mem-
branes with a concentration of 9% is the worst. The
fibers are uneven in size and diameter distribution. There
are some beads in the fibers. This is due to the low
viscosity of the spinning solution. The lower the vis-
cosity of the solution is, the lower the surface tension
is. Under the action of high voltage electric field, some
droplets of polymer down before they become filamen-
tous fibers completely, so the fibers of the electrospun
film (9 wt.%) are mixed with many beads. The elec-
trospun film (10 wt.%) has a slightly better surface
morphology than that with 9% concentration. There
are no beads in fibers, and the diameter distribution
of the fibers is relatively uniform. The largest diame-
ter of the fibers is 370 nm, the smallest diameter of
the fibers is 110 nm, and the average diameter of the
fibers is 210 nm. The average fiber diameter of 11%
electrospun films is the smallest of all samples, about
200 nm. However, the arrangement of the fibers is as
disorderly as the first two films, and the distribution
of the fibers is not uniform. The PVDF/TPU/PPC NFs
with a concentration of 12% is relatively uniform and
slender, the average diameter is about 300 nm, and
meanwhile, the distribution is very concentrated. The
NFs with a concentration of 13% have good morphol-
ogy and structure. The fibers themselves are uniform
in thickness, regular in the arrangement and narrow



49 Page 4 of 10 J. Chem. Sci. (2019) 131:49

Figure 1. SEM images of PVDF/TPU/PPC electrospun membranes (a) 9%, (b) 10%, (c) 11%, (d) 12%, (e) 13%.

in diameter distribution. However, it can be clearly
seen that the electrospun fibers with a concentration
of 13% are thicker, and the average diameter of the
fibers is the largest of the five kinds of films, about
360 nm. When the concentration of solution increases,
the electric field force is not enough to overcome the
increasing surface tension. The ability of droplets to be
stretched into fibers decreases and the diameter of fibers
(13 wt.%) increases accordingly. The diameter of the
five kinds of films are shown in Table S3, Supplemen-
tary Information. The structure impacts the properties.
So it can be inferred that the electrospun membranes
(12 wt.%) have the best mechanical and electrochemical
properties.

3.2 DSC analysis

The DSC analysis curves of the electrospun membranes
prepared of different concentrations (9 to 13 wt.%)
of PVDF/TPU/PPC polymer solution are shown in
Figure 2, and thermodynamic properties of them were
shown in Table 1. The enthalpy values of Table 1 are
calculated by the integral area of the crystallization
peak in Figure 2. The corresponding melting enthalpy
can be obtained by integrating the area of the crys-
tallization peak of the electrospun films. As shown
in Figure 2, when the concentration of the spinning
solution increases from 9% to 12%, the area of the
corresponding crystallization peak decreases gradually,
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Figure 2. DSC thermograms of different concentration of
PVDF/TPU/PPC.

Table 1. Thermodynamic properties of different concentra-
tion of TPU/PVDF/PS.

Sample �H f (J/g) Crystallinity
Xc (%)

PVDF/TPU/PPC (9 wt.%) 18.22 17.4
PVDF/TPU/PPC (10 wt.%) 17.67 16.9
PVDF/TPU/PPC (11 wt.%) 16.92 16.2
PVDF/TPU/PPC (12 wt.%) 14.55 13.9
PVDF/TPU/PPC (13 wt.%) 19.30 18.4

so the value of melting enthalpy and the crystallinity
of the obtained electrospun film decreases gradually.
When the concentration increases to 13%, the area of
the crystallization peak increases and the crystallinity
of the films increases. Therefore, 12% of the electro-
spun membranes have the smallest crystallinity (13.9%).
The crystallinity can affect the ionic conductivity of the
polymer. The lower the crystallinity of the film, the more
free space is available for lithium ion migration. It can
be inferred that the electrospun membranes (12 wt.%)
have the highest ionic conductivity.

3.3 Mechanical property test

Figure 3 shows the stress-strain curves of PVDF/TPU/
PPC based electrospun nanofibers with different con-
centrations and the mechanical properties of them were
shown in Table S1, Supplementary Information. In this
test, all the electrospun films were cut into 7 cm long
strips with a thickness of 150 nm. It is found that the
tensile strength of the NFs based on PVDF/TPU/PPC
(12 wt.%) is 9.9 MPa and the elongation at break of it
is 110.8% from the chart. To sum up, the PAN/TPU/PS

Figure 3. Stress-strain curves of different concentrations of
electrospun PVDF/TPU/PPC membranes.

NFs with a concentration of 12% had the best mechani-
cal properties. This is inseparable from its excellent fibre
structure, which is consistent with the results of SEM
analysis. Lithium dendrite is easily formed in the process
of charging and discharging of metal lithium negative
electrode, which pierces the battery separator and leads
to a short circuit of the battery. The electrospun films
(12%) have outstanding mechanical properties. When
they are used as GPE in lithium-ion batteries, they have
strong compression resistance and toughness, which can
effectively prevent film perforation and short circuit of
batteries, thereby improving the safety of batteries.

3.4 Porosity, electrolyte uptake, and ionic
conductivity

Table S2 (Supplementary Information) shows the poros-
ity for the PAN/TPU/PPC based fibrous polymer elec-
trolyte, the specifications of the films used in the
experiments are also detailed in this table. We can work
out the porosity amount according to eq. (2). The poros-
ity of the film depends on the diameter and density of
the fiber. According to the data in Table S2 (Supple-
mentary Information), the electrospun membrane with
a concentration of 11%, with the smallest average fiber
diameter, has the largest porosity (88%). The electro-
spun membrane with a concentration of 13%, with the
largest average fiber diameter, has the smallest porosity
(76%).

Figure S1 (Supplementary Information) shows the
electrolyte uptake of PVDF/TPU/PPC based fiber mem-
branes with different concentrations from 9% to 13%.
We can work out the electrolyte uptake amount accord-
ing to eq. (3). In two minutes, the absorption amount
of the electrospun PVDF/TPU/PPC NFs with different
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concentrations are 226% (9%), 258% (10%), 329%
(11%), 362% (12%) and 185% (13%), respectively.
After 20 min, the electrolyte absorption reaches satura-
tion, and the absorption percentages of the electrospun
NFs are 335% (9%), 379% (10%), 422% (11%), 449%
(12%) and 319% (13%), respectively. The electrospun
membrane (11%) has the largest porosity, but does not
show the largest electrolyte uptake. Therefore, films
with high porosity do not necessarily have high elec-
trolyte uptake rate, and the electrolyte inside membrane
with high porosity is easy to distribute unevenly and
leakage,33 so it is necessary for the film to have proper
porosity.

The electrospun membranes with different concen-
trations were assembled into SS/GPE/SS blocking cells
and tested for AC impedance at room temperature. The
AC impedance spectra for the PVDF/TPU/PPC-based
fibrous polymer electrolyte were shown in Figure 4. It
is a typical AC impedance spectra for gel polymer elec-
trolytes. In the range of test frequency, half-circle of
atlas disappeared in the high-frequency region and pre-
sented a straight line. The intersection point between the
straight line and the x-axis is the bulk resistance (Rb) of
the gel polymer electrolyte.34–36 Ionic conductivity of

Figure 4. Impedance spectra of the PVDF/TPU/PPC based
gel polymer electrolytes.

NFs were calculated by the formula (4) and the speci-
fications of the films used in the experiments are also
detailed in Table 2. The Rb values of PVDF/TPU/PPC
GPEs with concentrations from 9% to 13% are 3.43�,
2.28�, 1.63�, 1.31� and 3.62�. It can be seen from
Table 2 that the ionic conductivity of GPE increases first
and then decreases with the increase of concentration.
When the concentration is 12%, the ionic conductiv-
ity of the GPE reaches the maximum (5.32 mS cm−1)
at the room temperature. This is consistent with the
change trend of the electrolyte uptake rate. The more
liquid electrolytes are absorbed, the greater the number
of effective migration of Li+ is.37 So, the ionic con-
ductivity becomes greater. We can consider that 12% of
PVDF/TPU/PPC blend solution is more suitable for the
preparation of GPEs. Temperature can directly affect
the concentration and the migration rate of charged par-
ticles. Figure S2 (Supplementary Information) shows
the ionic conductivity of PVDF/TPU/PPC GPEs with
concentrations of 12% at different temperatures (0 ◦C,
18 ◦C, 25 ◦C and 40 ◦C) and the specifications of the
films used in the experiments are also detailed in Table
S4 (Supplementary Information). It can be seen that the
ionic conductivity of gel polymer electrolytes is directly
proportional to the temperature. Because the higher the
temperature is, the more charged the particles are, and
the faster the migration rate of charged particles is.

3.5 Evaluation in Li/LiFePO4 cells

Figure 5 shows the first charge-discharge capacity
curves of cells assembled by PVDF/TPU/PPC based
GPEs with different concentrations at room tempera-
ture at 0.1 C. It is observed that the charging voltage
platforms of all GPE cells are about 3.45 V and the
discharging voltage platforms are about 3.4 V. The
small voltage difference between charge and discharge
platforms indicates that there is good interface com-
patibility between PVDF/TPU/PPC based GPEs and
electrode materials. The changing trend of charge-
discharge capacity is consistent with that of ionic
conductivity and electrolyte uptake. When the con-
centration of GPEs increases from 9% to 13%, the

Table 2. Ionic conductivity of the PVDF/TPU/PPC based gel polymer electrolytes.

Sample Surface area (cm2) Thickness (cm) Rb (�) Ionic conductivity (mS cm−1)

PVDF/TPU/PPC (9 wt.%) 2.01 0.015 3.43 2.17
PVDF/TPU/PPC (10 wt.%) 2.01 0.015 2.28 3.27
PVDF/TPU/PPC (11 wt.%) 2.01 0.014 1.63 4.27
PVDF/TPU/PPC (12 wt.%) 2.01 0.014 1.31 5.32
PVDF/TPU/PPC (13 wt.%) 2.01 0.0155 3..62 2.13
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Figure 5. First charge-discharge capacities of different
concentrations of GPEs based on electrospun PVDF/TPU
/PPC membranes.

initial charge capacity of battery are 158.3 mAh g−1,
163.2 mAh g−1, 164.8 mAh g−1, 165.8 mAh g−1 and
157.5 mAh−1, respectively. The first discharge capac-
ity is 156.6 mAh g−1, 159.8 mAh g−1, 163.7 mAh g−1,
165.1 mAh g−1 and 154.2 mAh g−1, respectively. The
first discharge capacity of cells, which were assembled
by PVDF/TPU/PPC based GPEs with different concen-
trations, are more than 90% of the theoretical capacity
of LiFePO4. Due to its good morphology, proper poros-
ity, high electrolyte absorption and ionic conductivity,
the GPE (12%) also exhibits very high charge-discharge
capacity when assembled into cells.

The first charge-discharge capacity of the 12% GPE
has been tested at different rates. As is shown in
Figure 6, the charge capacity is 165.8 mAh g−1 and
the discharge capacity is 165.1 mAh g−1 at 0.1C rate.
The charge-discharge capacities are excellent, which is
about 97.5% of the theoretical capacity of LiFePO4.
At relatively larger rates of 0.2C, 0.5C and 1.0C, the
charge capacities are 160.16 mAh g−1, 154.75 mAh g−1

and 145.53 mAh g−1 and the discharge capacities are
159.34 mAh g−1, 151.57 mAh g−1 and 145.29 mAh g−1.
We all know that the degree of polarization is positively
related to the current intensity. Therefore, different
degrees of capacity attenuation of polymer batteries
appear. The first charge-discharge capacities at high rate
remain at a high level, which indicates that the GPEs
based on electrospun PVDF/TPU/PPC membranes have
excellent electrochemical performance.

Figure 7 shows a cycle performance diagram for
cells at 0.1C rate. As can be seen from Figure 7,
the cell, which assembled by PVDF/TPU/PPC based
GPEs with different concentrations, all show good

Figure 6. First charging and discharging curves of button
cells at different rates.

Figure 7. Cycle performance diagram of button batteries at
a 0.1C rate.

cyclic stability. After 50 cycles, the discharge capac-
ities were 148.4 mAh g−1 (9%), 152 mAh g−1 (10%),
156.6 mAh g−1 (11%), 159.4 mAh g−1 (12%) and
145.1 mAh g−1 (13%). The capacity retention rates of
these batteries were 94.7%, 95.1%, 95.7%, 96.5% and
94.1%, respectively. The cell with GPE (12 wt.%) has
the highest discharge capacity, and the process of charg-
ing and discharging is stable. The capacitance of GPE
(12 wt.%) is not obviously attenuated and the capacity
retention rate is 96.3%, so it shows its superior cycle
performance.

Figure 8 shows a cycle performance and coulombic
efficiency for the cell containing the PVDF/TPU/PPC
based GPE (12 wt.%) at different rates. When the current
densities are 0.1C, 0.2C, 0.5C and 1.0C, the first dis-
charge capacities are 165.1 mAh g−1, 155.30 mAh g−1,
145.31 mAh g−1 and 140.04 mAh g−1, respectively.
After 50 cycles, the discharge capacities are
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Figure 8. Cycle performance and Coulombic efficiency
diagram of the button battery at different rates.

157.62 mAh g−1, 143.48 mAh g−1, 131.29 mAh g−1 and
116.62 mAh g−1, respectively. The capacity retention
percentages are 95.47%, 92.4%, 90.4% and 83.3%,
respectively. From the experimental results, we can
see that the discharge capacities of the cells with
PVDF/TPU/PPC based GPEs decreases as the rates
increase, which is mainly attributed to the large cur-
rent density and the increase of battery polarization.
The volume of cathode materials will occur shrinkage
and expansion in the process of charge and discharge.
The larger the current density during the charge and
discharge process, the greater the stress. Therefore, the
particles of cathode material are more prone to rup-
ture due to the rapid change in volume, which leads to
faster cyclic decay. Their coulombic efficiencies (charge
capacity/discharge capacity ratio) are basically above
96%, which meets the requirements of lithium-ion bat-
teries.

3.6 Electrochemical stability

PVDF/TPU/PPC based GPEs with different concentra-
tions were assembled into blocking batteries. The results
of electrochemical stability tests of them by LSV are
shown in Figure 9. Figure 9 depicts the way to find out
the highest voltage of GPEs without electrochemical
decomposition. From Figure 8, their electrochemical
stability follows the order: 12%, 11% (5.4 V) > 10%
(5.0 V) > 9%, 13% (4.9 V). Obviously, all electrospun
films remain stable at the operating voltage (2.0–4.2 V)
of lithium batteries. The electrochemical stability of
GPE (11% and 12%) are the best, which may due to bet-
ter compatibility with liquid electrolyte and NFs with
less leakage of liquid electrolytes. Combining excel-
lent physical and electrochemical properties of them,
it can be concluded that the gel polymer electrolyte of

Figure 9. Linear sweep voltammograms of the gel polymer
electrolytes.

PVDF/TPU/PPC (12 wt.%) is best for applications in a
lithium-ion battery.

4. Conclusions

Five kinds of GPEs based on PVDF/TPU/PPC with dif-
ferent concentrations were prepared by the electrospin-
ning technique in this research. It has been observed that
the optimum concentration of novel high-performance
PVDF/TPU/PPC-based gel polymer electrolyte is 12
wt.%. The PVDF/TPU/PPC (12 wt.%) based electro-
spun film owns the longest elongation at break of
110.8%, and it can bear the tensile strength of 9.9 MPa.
Both the tensile strength and elongation at break are
excellent. In addition, the electrospun membrane (12%)
has the smallest crystallinity (13.9%) and high ionic con-
ductivity of 5.32 × 10−3 S cm−1 at room temperature.
The first charge-discharge capacities of the cells with
the PVDF/TPU/PPC (12 wt.%) based gel polymer elec-
trolyte are about 165.8 mAh g−1 and 165.1 mAh g−1 at
room temperature, and its capacity hardly drops after
50 cycles. The cells also show high discharge capacity
retention percentage under the constant voltage condi-
tions. The electrochemical stability of GPE (12%) has
a wide electrochemical steady window so it can remain
stable at the operating voltage (2.0–4.2 V) of lithium
batteries. In conclusion, the PVDF/TPU/PPC (12 wt.%)
based gel polymer electrolyte is very suitable for the
diaphragm material of lithium-ion batteries.

Supplementary Information (SI)

Figures S1–S2 and Tables S1–S4 are available at www.ias.ac.
in/chemsci.
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