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This research paper as an article investigates electrochemical performance of poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene)
(PVdF-co-HFP) ﬂexible nanocomposite polymer electrolytes which have been prepared successfully with incorporation of zinc
oxide (ZnO) nanoﬁller. First, nanoﬁllers are incorporated in a polymer matrix to form the ﬂexible nanocomposite PVdF-coHFP polymer membranes (PI-CMPM), and it is obtained by phase inversion technique. Contact angles of PI-CMPM have
achieved a maximum of 136°. After this procedure, it has been activated by using a 1.0 M LiClO4 containing of DMC/EC (1 : 1 v
/v ratio) electrolyte solution to get ﬂexible nanocomposite polymer electrolytes (PI-CMPE). The optimized PI-CMPM has
increased the electrolyte uptake by 150%. It reaches the maximum ionic conductivity value of 2:47 × 10−3 S cm−1 at room
temperature. Optimized PI-CMPE achieved a maximum transference number of 0.61, which may be further evidence for the
ability to fabricate high-performance lithium ion polymer batteries.

1. Introduction
Several research groups are working and putting a lot of
eﬀort to fabricate lithium ion batteries. These batteries are
of great interest due to an increasing demand for safe, lightweight, high-energy density, geometry, no memory eﬀect,
high single cell voltage, and next-generation batteries [1].
Lithium ion- (Li+-) conducting polymer electrolytes are one
of the key interests to enhance the performance of batteries.
Lithium ion movements progress continuously in the polymer electrolyte/separator between anode and cathode electrodes during the charging and discharging process. In the
1970s, solid-state PEO with alkali metals salt polymer electrolytes have received huge consideration [2–4]. For the past
few years, PVdF-co-HFP-based polymer electrolytes such as
solid [5], gel [6], blended [7], porous [8], and composite [9]
are prepared to meet the electrochemical performance in

lithium ion batteries. Gozdz et al. [10–13] established the
process of a porous polymer membrane by the PVdF-coHFP polymer, and the electrolyte has been commercialized
in plastic lithium ion batteries (PLiON) by using Telcordia
Technologies. However, the prepared polymer membranes
have faced inconvenience due to extraction of dibutyl phthalate (DBP) which also increases the cost of preparation. The
porous polymer membrane has been activated by the liquid
electrolyte. In general, liquid electrolytes can be obtained by
dissolving the organic plasticizers, such as dimethyl carbonate (DMC), diethyl carbonate (DEC), ethylene carbonate
(EC), and propylene carbonate (PC), with lithium electrolyte
salts. These electrolytes show high conductivity in the order
of 10-3 S cm-1. But for long time usage, the organic liquid electrolyte solvents (DMC/DEC/EC/PC) may escape from the
polymer membrane electrolytes, which causes a fall in ionic
conductivity, and it is possible to damage electrodes and
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other components. To overcome this issue, additions of dry
inorganic ﬁller are used to enhance not only the structure
but also the conductivity and stability of the polymer [14].
Nanocomposite polymer membrane electrolytes prepared
by inclusion of inorganic nanoﬁllers such as TiO2 [15–17],
Al2O3 [18], ZrO2 [19], SiO2 [20, 21], MgO [22], and CeO2
[23] on the polymer matrix to enhance the electrolyte
performance.
This research article attempted to investigate a PVdF-coHFP-ZnO ﬂexible nanocomposite polymer membrane by a
phase inversion technique. The membrane has been activated
by soaking in a lithium salt (LiClO4-DMC+EC) electrolyte
solution to obtain a ﬂexible nanocomposite polymer electrolyte (PI-CMPE). Thus, ﬁnally, the physical as well as electrochemical properties of PI-CMPE have also been successfully
investigated.

2. Experimental Details
2.1. Materials and Its Pretreatment. Poly(vinylidene ﬂuorideco-hexaﬂuoropropylene) PVdF-co-HFP (M:wt > 500,000)
and lithium perchlorate (LiClO4) were purchased from
Sigma-Aldrich, USA. The polymer has been dried at 100°C
in a vacuum oven under 10−3 Torr pressure for 24 h. Lithium
perchlorate salt was dried at 100°C under vacuum condition
for 10 to 12 h. Dimethyl carbonate (DMC) and ethylene carbonate (EC) were purchased from Sigma-Aldrich, USA. Plasticizer was used without further puriﬁcation. N-Methyl
pyrrolidone (NMP) was brought from (E. Merck, Germany).
2.2. Preparation of Flexible Nanocomposite Polymer
Membrane and Nanocomposite Polymer Electrolyte. Flexible
nanocomposite polymer membranes (PI-CMPM) were
obtained by dissolving a conceived amount of PVdF-coHFP in N-methyl pyrrolidone with constant stirring to
obtain a homogeneous viscous solution. Nanoscale zinc
oxide (ZnO) (13 nm) ﬁller [24] is added to form a ﬂexible
PVdF-co-HFP-ZnOx nanocomposite polymer membrane.
Various samples with diﬀerent weight percentages of zinc
oxide (ZnO) (x = 2, 4, 6, 8, and 10 wt%) nanoﬁller were added
to the slurry; it was agitated constantly for 24 h. The doctor
blade method was applied for the nanocomposite viscous
slurry which was spread over a glass plate to make the desired
thickness. Various compositions of the nanocomposite
porous PVdF-co-HFP polymer membrane obtained by phase
inversion technique were described elsewhere [7, 23]. Thus,
ZnO nanoﬁllers resided in the PVdF-co-HFP matrix during
the phase inversion technique to form a ﬂexible nanocomposite PVdF-co-HFP polymer membrane (PI-CMPM). The
resultant ﬂexible membranes were dried up under vacuum
pressure at 80°C for 6-8 h. Finally, a mechanically stable
and solvent-free PI-CMPM membrane was obtained. It has
a thickness ranging from 60 to 100 μm; the PI-CMPMs were
soaked in a 1 M LiClO4 containing of DMC/EC (1 : 1 (v/v))
electrolyte for less than 6 h to obtain their corresponding
phase-inversed ﬂexible nanocomposite polymer electrolytes
(PI-CMPEs). The prepared membranes are optimized and
the physical as well as electrochemical characteristics are thus
investigated.
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2.3. Characterization of Flexible PI-CMPM by FE-SEM
Studies. FE-SEM studies were carried out by means of JEOL
Field Emission Scanning Electron Microscopy (FE-SEM)
with step-up voltage range of 20 kV to investigate the surface
morphology of PI-CMPM.
2.4. Contact Angle Studies of PI-CMPM. Water contact angle
measurements have been carried out by using the sessile drop
in dynamic mode at ambient temperature in a DataPhysics
OCA20 device using ultrapure water as the test liquid
[25–27]. Three measurements have been done in each
sample and were performed at diﬀerent locations, and
the average contact angles were determined.
2.5. Electrolyte Solution Uptake Studies. The electrolyte solution uptake of PI-CMPM was calculated with respect to
immersion time in 1 M LiClO4 containing of DMC/EC electrolyte for 6 h to obtain the corresponding ﬂexible nanocomposite polymer electrolytes [23]. The electrolyte solution
uptake by these membranes was calculated using the following equation:
Electrolyte solution uptake wt ð%Þ =

ðW f − W o Þ
× 100, ð1Þ
Wo

where W f and W o are the weight of the wet and dry
ﬂexible nanocomposite polymer membranes (PI-CMPM),
respectively.
2.6. Electrolyte Solution Leakage Studies. The electrolyte
solution leakages examined for these immersed ﬂexible PICMPMs were checked out by placing the ﬂexible PICMPE in between two ﬁlter papers and then squeezed by
pressing with a 100 g poly(tetraﬂuoroethylene) sheet [22].
Changes in weight of the ﬂexible PI-CMPM electrolytes
were observed at every 10 min time interval and applied ~
133:322 × 10−2 Pa pressure. The electrolyte solution leakage
of the ﬂexible PI-CMPE was calculated using the below
formula [23]:
Electrolyte solution leakage wt ð%Þ =

ðW i − W f Þ
× 100,
ðW i − W o Þ
ð2Þ

where W o is the weight of the dry PI-CMPM and W i and
W f are the initial and equilibrium weights of the PICMPM after absorbing the liquid electrolyte, respectively.
2.7. Ionic Conductivity Studies. The ionic conductivity of ﬂexible PI-CMPEs was investigated by sandwiching the PICMPE in between two stainless steel nonblocking electrodes
[22]. Conductivity measurements were carried out by using a
Hioki LCR HiTESTER at a wide frequency range of 10 Hz
to100 kHz at diﬀerent temperatures ranging from 25 to
80°C. The ionic conductivity of both these PI-CMPMs was
calculated using the conductivity equation [23]:
σ=

t
S cm−1 ,
ðA × R b Þ

ð3Þ
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2.8. Interfacial Stability Studies. The interfacial stability of
the PI-CMPE was investigated by assembling the cell as
Li/PI-CMPE/Li using an EG&G electrochemical analyzer
over a frequency range of 10 Hz~100 kHz, with an amplitude of 10 mV, for diﬀerent storage times. The electrochemical experiments were carried out under an inert
argon gas atmosphere.
2.9. Study of Electrochemical Stability. The electrochemical
stability window of PI-CMPE was determined by running a
linear sweep voltammetry. It was performed by using a
two-electrode cell in the conﬁguration of Li/electrolyte/SS
(stainless steel) in the potential range of 2.0 to 5.5 V versus
Li/Li+ at a scan rate of 1.0 mV s−1.

3. Result and Discussion
3.1. Mechanical Strength. Tensile strength of the PI-CMPMs
is measured by adding ZnO nanoﬁller content on a PVdF-coHFP matrix as shown in Figure 1. Mechanical strength of the
PI-CMPMs is enhanced gradually by ZnO nanoﬁller content.
Mechanism strength of optimized PI-CMPM (6 wt% ZnO) is
shown as 243 kPa. It is noted that it has increased gradually
from 131 kPa to 281 kPa. The reinforcement mechanism is
conﬁrmed by the sticking of the nanoﬁller to the macromolecular chain [28].
3.2. Morphology Studies. Morphology of the PI-CMPMs
was performed by making use of the FE-SEM technique,
and images of both cross-section views are shown in
Figures 2(a) and 2(b). It illustrates that the optimized 6 wt%
nanoﬁller-added ﬂexible PI-CMPM has a highly porous
structure with well-distributed honeycomb-like morphology
when it has an average diameter of around 4 μm generated
from the phase inversion technique (Figure 2(a)). In particular, these pores are highly open, continuous, and interconnected in the membrane, which is favorable for constructing
a continuous Li+ transport pathway [29]. Optimized ﬁllers
improve the pores and give smooth morphology [30]. In
contrast, the 10 wt% nanoﬁller-added PI-CMPM exhibits
randomly uneven-distributed porous morphology with the
average diameter of around 20 μm (Figure 2(b)). In addition, the self-aggregation of polymers is observed at the
10 wt% nanoﬁller-added PI-CMPM, ensuring the diminished compatibility of the interface between the electrolyte
and the electrode. The optimized nanoﬁller-ﬂexible PICMPE is signiﬁcantly beneﬁcial for better solvent uptake
and less solution leakage, subsequently enhancing the electrochemical performance in lithium ion batteries.
3.3. Contact Angle Studies of PI-CMPM. Figure 3 shows the
water contact angle of PI-CMPM with various wt% of ZnO
nanoﬁllers. The water contact angle is typically used as an
indicator of hydrophilicity of the membrane; the smaller
the contact angle, the higher the hydrophilicity and vice versa
[25, 26]. It is obviously observed that the PVdF-HFP (118°)
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where σ is the ionic conductivity, t is the thickness of the
PI-CMPE, and Rb and A are the bulk resistance and
cross-sectional area of the ﬂexible PI-CMPE, respectively.
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Figure 1: Mechanical strength of the ﬂexible nanocomposite
polymer membranes (PVdF-co-HFP+LiClO4+ZnO) at room
temperature with various wt% of ZnO (0, 2, 4, 6, 8, and 10 wt%).

membrane has a hydrophobic character. The water contact
angle further increases with the increase of the ZnO nanoﬁller (134°) on the nanocomposite membrane. In agreement
with the morphology results, PI-CMPM had excellent hydrophobicity with microporous morphology and also wettability
in EC and DMC.
3.4. Studies of Electrolyte Solution Uptakes and Electrolyte
Leakages. Figure 4(a) depicts the solution uptake of ﬂexible
nanocomposite polymer membranes. It is clearly seen that
adding nanoﬁller on the PVdF-co-HFP polymer matrix has
increased the solution uptake from 2 wt% to 6 wt%. Optimized (6 wt%) concentration of ﬂexible PI-CMPM was found
to have a high degree of solution uptake (210%) than the
8 wt% and 10 wt% ﬁller concentration (Table 1). It indicates
that higher electrolyte uptake was obtained at a better conductivity system saturated within 1 hr.
Figure 4(b) depicts the solution leakage of ﬂexible PICMPE with respect to time. Electrolyte uptake decreases with
the increase in nanofiller concentration > 6 wt% (Figure 4(b));
it aggresses with the change in porosity [22]. The solution
leakage also slightly varies with the nanoﬁller content and
showed nearly the same change as in solution uptake studies.
As seen from the ﬁgure (Figure 4(b)), the optimized ﬁller
(6 wt% ZnO) concentration PI-CMPM was found to have
less solution leakage of 28% even after 40 min. Pore size
and its distribution were the vital factors of solution leakage.
Hence, superior behavior of the polymer electrolytes exhibits
a low solution leakage when compared with other electrolytes
(>6 wt%).
3.5. Ionic Conductivity Studies. Ionic conductivity of the ﬂexible PI-CMPEs was evaluated at ambient temperature by
sandwiching between two stainless steel (SS) nonblocking
electrodes, and the bulk resistance (Rb ) was measured by
using the LCR HiTESTER (AC-impedance analyzer). Nanoﬁller content up to 6 wt% gradually increases the ionic conductivity value to about 2.73 mS·cm-1, higher than reported
by Padmaraj et al. [30]. The improvement of ionic conductivity would be expected due to ZnO which interacts with both
cations and anions thereby reducing the ion pairing and
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(a)

(b)

Figure 2: FE-SEM cross-section images. (a) PVdF-co-HFP nanocomposite polymer membranes with zinc oxide nanoﬁllers ((a) 6 wt% and (b)
10 wt%).

resistance between PI-CMPE (10 wt% ZnO) and the lithium
electrode is higher than that of PI-CMPEs as shown in
Figure 6 which may be due to changes in adhesion between
polymer electrolytes and the lithium electrode [23].
A higher value of interfacial resistance in the PI-CMPE is
due to growth of the passivation layer on the lithium electrode surface during the storage time which also indicates
the degradation of physical contact between the lithium electrode and the electrolyte [33].
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Figure 3: Contact angles of the PI-CMPM at room temperature.

increasing the number of charge carriers [23]. Further, addition of nanoﬁller content (8 wt%) decreased the ionic conductivity values and is shown in Figure 5(a). It indicates
that at a higher concentration (>6 wt% ZnO), dilution eﬀect
predominates and ionic conductivity is decreased [31]. A
similar result is also seen in the polymer electrolyte obtained
by combining poly(ethylene oxide) with lithium salt and
SnO2 nanoparticles [32]. Figure 5(b) shows the schematic
representation of lithium ion movement during the cell reaction and enhances the ionic conductivity during the electrochemical reaction.
3.6. Interfacial Stability Studies. Time dependence of the
interfacial resistance was measured between the ﬂexible PICMPE (PVdF-co-HFP+ZnO+LiClO4 (DMC/EC) and lithium electrodes at room temperature using the impedance
spectroscopy measurements. A cell was assembled for the
impedance studies with a symmetrical Li/PI-CMPE/Li nonblocking cell at diﬀerent storage times. It is evident from
Figure 6 that interfacial resistance of optimized ﬂexible PICMPE (6 wt% ZnO) increased from 355 to 847 Ω cm2 with
the storage time (720 h, i.e., 30days). However, interfacial

3.7. Transference Number. Figure 7 depicts the chronoamperometry proﬁle for the better ionic conductivity system of
the optimized ﬂexible nanocomposite polymer (PVdF-coHFP+6 wt% ZnO+LiClO4 (DMC/EC)] electrolyte. From the
ﬁgure, the initial current (I 0 , 39.9 μA) is measured, and it is
monitored with respect to time (sec) until a steady state current is obtained, and the steady state current (I s , 26.5 μA) is
then measured after 3800 s with application of 10 mV DC
polarization. This technique has proven to be applicable in
circumstances where correction for the passivation layer is
required [33]. The values of the lithium transference number
for the PI-CMPE are summarized in Table 2. The lithium ion
transference number of the PI-CMPE (optimized ﬁller content) is achieved at a maximum of around 0.61, and its corresponding initial interfacial resistance and steady state
interfacial resistance are determined by an AC-impedance
analyzer before and after the chronoamperometry and are
listed in Table 2. An increase in the interaction of the nanoﬁller and polymer and lithium salt electrolyte promoted a
local relaxation and segmental motion. Thus, lithium ions
migrated faster to form a favorable polymer network which
in turn enhanced the mobility of lithium ions resulting in
an increase of lithium ion transference number and also contributes to enhancement of ionic conductivity. Beyond this
ﬁller concentration in the polymer matrix, the transference
number decreased due to accumulation of ﬁller.
3.8. Electrochemical Stability Studies. Figure 8 shows the
current-voltage response curve of the optimized ﬂexible PICMPE. The potential is scanned between the ranges of 2.0
and 5.5 V vs. Li at the scan rate of 10 mV s-1. The onset
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Figure 4: (a) Electrolyte uptake of ﬂexible nanocomposite polymer membranes based on various wt% of ZnO (2, 4, 6, 8, and 10 wt%) on a
PVdF-co-HFP matrix. (b) Solution leakage of the phase inversion nanocomposite polymer electrolytes (PVdF-co-HFP+LiClO4+ZnO) at
room temperature with various wt% of ZnO (0,2, 4, 6, 8, and 10 wt% nanoﬁller).

Table 1: Physical properties of PI-CMPM based on PVdF-co-HFP-ZnO.
S. no

ZnO (wt%)

1
2
3
4
5
6

Solution leakage (wt%)

0
2
4
6
8
10

Nanocomposite polymer membranes
Electrolyte uptake (wt%)

37.2
29.7
29.1
28.0
32.6
33.2

90
165
198
210
178
170

Film strength
Good
Excellent
Excellent
Excellent
Excellent
Good

2.6
Discharge
Cell phone

2.4

e−

–
Charge

2.2

Li+ Li+ Li+

Li+ Li+ Li+

2.0

Polymer electrolyte (CMPE)
PVdF-HFP/ZnO-LiCIO4 EC/DMC
Li+ Li+

1.8
2

4
6
8
10
Filler concentration (wt% of ZnO)
(a)

+
Li+
Cathode

e−

Anode

Ionic conductivity (𝜎) (mS·cm–1)

2.8

Discharge

Li+

Li+ Li+ Li+ Li+

(b)

Figure 5: (a) Ionic conductivity of the PI-CMPEs at room temperature. (b) Schematic representation of a ﬂexible nanocomposite polymer
electrolyte in lithium ion polymer battery.

6

International Journal of Polymer Science
2500

40
35

2000

30

1750

Current (𝜇A)

Interfacial resistance (𝛺cm2)

2250

1500
1250
1000

25
20
15
10

750

5

500

0

250
0

2.0
0

100

200

300

400
500
Time (h)

600

700

8%
4%

6%
2%

Figure 8: Linear sweep voltammetry of the PI-CMPE.

when the voltage is 4.7 V. The stability of the PI-CMPE is
inﬂuenced partially by the weight percentage of the nanoﬁller
content in the polymer electrolyte.

Io

Current (𝜇A)

38

4. Conclusions

36

Flexible nanocomposite poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene) (PVdF-co-HFP) polymer membranes (PICMPM) were prepared by phase inversion technique using
N-methyl pyrrolidone as a solvent. Water contact angles of
PI-CMPM have achieved a maximum of 136° to identify
hydrophobicity. A ﬂexible nanocomposite polymer electrolyte was obtained from their respective PI-CMPM when it
was soaked in an electrolyte solution (1.0 M LiClO4 containing of DMC/EC (v/v = 1 : 1)]. The PI-CMPM mechanical
strength has been increased up to 281 kPa. The optimized
membrane increases the liquid electrolyte uptake of 150%.
It may be further evidence that the prepared electrolyte is a
good candidate to fabricate high performance lithium ion
polymer batteries.
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Figure 7: DC polarization curve of the optimum ﬁller-ﬁlled PICMPE.
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Table 2: Electrochemical properties of PI-CMPEs.
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Figure 6: Interfacial resistance of PI-CMPEs.

Filler
content
(wt%)

3.0
3.5
4.0
4.5
5.0
Applied potential (V vs. Li)

PI-CMPE (6wt% ZnO)

PI-CMPE (wt% of ZnO)
0%

40

2.5

800

Is
σ
Io
(mS·cm-1) (μA) (μA)
1.27
2.07
2.36
2.73
2.19
1.93

42.3
29.1
33.7
39.9
50.2
44.6

Ro
(Ω)

RS
(Ω)

26.7 258.93 497.86
20.5 188.1 341.9
24.3 181.5 324.0
26.5 172.4 281.5
20.6 153.5 289.9
25.1 185.3 363.4

Time
(sec)

T+

5100
4000
3960
3800
3800
3800

0.52
0.55
0.56
0.61
0.53
0.51

current ﬂow is associated with the decomposition voltage of
the polymer electrolyte [34]. From the magnitude of the current response, the decomposition voltage is attained, high
electrochemical oxidation does not occur when the voltage
is below 4.6 V (vs. Li/Li+), and the current sharply increases
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available from the corresponding author upon request.

Conflicts of Interest
The authors declare that they have no conﬂict of interest.

Acknowledgments
The authors wish to thank the Former Assistant Professor A.
Subramanian, Department of Industrial Chemistry, Alagappa University, Karaikudi, India, and the University
Grants Commission (UGC), New Delhi, for giving the constant support to carry out this work. The authors expressed
sincere thanks to Dr. K. V. Hemalatha (C.I.T.) and Dr. V.
Brinda Sree (TIPS Global Institute) for the thorough proofreading of the research article.

International Journal of Polymer Science

References
[1] P. Braun, C. Uhlmann, M. Weiss, A. Weber, and E. IversTiﬀée, “Assessment of all-solid-state lithium-ion batteries,”
Journal of Power Sources, vol. 393, no. 1, pp. 119–127, 2018.
[2] D. E. Fenton, J. M. Parker, and P. V. Wright, “Complexes of
alkali metal ions with poly(ethylene oxide),” Polymer, vol. 14,
no. 11, p. 589, 1973.
[3] P. V. Wright, “Electrical conductivity in ionic complexes of
poly(ethylene oxide),” British Polymer Journa, vol. 7, no. 5,
pp. 319–327, 1975.
[4] G. Feuillade and P. Perche, “Ion-conductive macromolecular
gels and membranes for solid lithium cells,” Journal of Applied
Electrochemistry, vol. 5, no. 1, pp. 63–69, 1975.
[5] P. M. Shanthi, P. J. Hanumantha, T. Albuquerque, B. Gattu,
and P. N. Kumta, “Novel composite polymer electrolytes of
PVdF-HFP derived by electrospinning with enhanced Li-ion
conductivities for rechargeable lithium–sulfur batteries,” ACS
Applied Energy Materials, vol. 1, no. 2, pp. 483–494, 2018.
[6] C.-H. Tsao, H.-M. Su, H.-T. Huang, P.-L. Kuo, and H. Teng,
“Immobilized cation functional gel polymer electrolytes with
high lithium transference number for lithium ion batteries,”
Journal of Membrane Science, vol. 572, no. 1, pp. 382–389, 2019.
[7] A. Subramania, N. T. K. Sundaram, and G. V. Kumar, “Structural and electrochemical properties of micro-porous polymer
blend electrolytes based on PVdF-co-HFP-PAN for Li-ion battery applications,” Journal of Power Sources, vol. 153, no. 1,
pp. 177–182, 2006.
[8] J. Y. Song, Y. Y. Wang, and C. C. Wan, “Conductivity study of
porous plasticized polymer electrolytes based on poly (vinylidene ﬂuoride) a comparison with polypropylene separators,”
Journal of the Electrochemical Society, vol. 147, no. 9,
pp. 3219–3225, 2000.
[9] F. Croce, G. B. Appetecchi, L. Persi, and B. Scrosati, “Nanocomposite polymer electrolytes for lithium batteries,” Nature,
vol. 394, no. 6692, pp. 456–458, 1998.
[10] W. Xu, K. S. Siow, Z. Gao, and S. Y. Lee, “Ionic conductivity
and electrochemical characterization of novel microporous
composite polymer electrolytes,” Journal of the Electrochemical
Society, vol. 146, no. 12, pp. 4410–4418, 1999.
[11] X. Qiu, W. Li, S. Zhang, H. Liang, and W. Zhu, “The microstructure and character of the PVDF-g-PSSA membrane prepared by solution grafting,” Journal of The Electrochemical
Society, vol. 150, no. 7, pp. A917–A921, 2003.
[12] H. Huang and S. L. Wunder, “Preparation of microporous
PVDF based polymer electrolytes,” Journal of Power Sources,
vol. 97-98, no. 1, pp. 649–653, 2001.
[13] A. S. Gozdz, C. N. Schmutz, J. M. Tarascon, and P. C. Warren,
“Lithium secondary battery extraction method,” 1996, U.S.
Patent No. 5,540,741.
[14] E. Quartarone, P. Mustarelli, and A. Magistris, “PEO-based
composite polymer electrolytes,” Solid State Ionics, vol. 110,
no. 1-2, pp. 1–14, 1998.
[15] H. Li, L. Li, S. Zheng, X. Wang, and Z. Ma, “High temperature
resistant separator of PVDF-HFP/DBP/C-TiO2 for lithiumion batteries,” Materials, vol. 12, no. 17, p. 2813, 2019.
[16] K. M. Kim, J. M. Ko, N. G. Park, K. S. Ryu, and S. H. Chang,
“Characterization of poly(vinylideneﬂuoride-co-hexaﬂuoropropylene)-based polymer electrolyte ﬁlled with rutile TiO2
nanoparticles,” Solid State Ionics, vol. 161, no. 1-2, pp. 121–
131, 2003.

7
[17] J. D. Jeon, M. J. Kim, and S. Y. Kwak, “Eﬀects of addition of
TiO2 nanoparticles on mechanical properties and ionic conductivity of solvent-free polymer electrolytes based on porous
P(VdF-co-HFP)/P(EO-EC) membranes,” Journal of Power
Sources, vol. 162, no. 2, pp. 1304–1311, 2006.
[18] Z. Li, G. Su, X. Wang, and D. Gao, “Micro-porous P(VDF-coHFP)-based polymer electrolyte ﬁlled with Al2O3 nanoparticles,” Solid State Ionics, vol. 176, no. 23-24, pp. 1903–1908,
2005.
[19] A. Subramania, N. T. Kalyana Sundaram, A. R. Sathiya Priya,
and G. Vijaya Kumar, “Preparation of a novel composite
micro-porous polymer electrolyte membrane for high performance Li-ion battery,” Journal of Membrane Science,
vol. 294, no. 1-2, pp. 8–15, 2007.
[20] A. DU Pasquier, P. C. Warren, D. Culver, A. S. Gozdz, G. G.
Amatucci, and J. M. Tarascon, “Plastic PVDF-HFP electrolyte
laminates prepared by a phase-inversion process,” Solid State
Ionics, vol. 135, no. 1-4, pp. 249–257, 2000.
[21] H. Huang and S. L. Wunder, “Ionic conductivity of microporous PVDF-co-HFP/PS polymer blends,” Journal of the Electrochemical Society, vol. 148, no. 3, pp. A279–A283, 2001.
[22] G. Vijayakumar, S. N. Karthick, R. Paramasivam, and
C. Ilamaran, “Morphology and electrochemical properties of
P(VdF-HFP)/MgO-based Composite microporous polymer
electrolytes for Li-ion polymer batteries,” Polymer-Plastics
Technology and Engineering, vol. 51, no. 14, pp. 1427–1431,
2012.
[23] G. Vijayakumar, S. N. Karthick, and A. Subramania, “A new
class of P(VdF-HFP)-CeO2-LiClO4-based composite microporous membrane electrolytes for Li-ion batteries,” International Journal of Electrochemistry, vol. 2011, 10 pages, 2011.
[24] S. Angaiah, S. Arunachalam, V. Murugadoss, and
G. Vijayakumar, “A facile Polyvinylpyrrolidone assisted solvothermal synthesis of zinc oxide nanowires and nanoparticles
and their inﬂuence on the photovoltaic performance of dye
sensitized solar cell,” ES Energy & Environment, vol. 4, 2019.
[25] D. P. Suhas, T. M. Aminabhavi, and A. V. Raghu, “paraToluene sulfonic acid treated clay loaded sodium alginate
membranes for enhanced pervaporative dehydration of isopropanol,” Applied Clay Science, vol. 101, pp. 419–429,
2014.
[26] D. P. Suhas, A. V. Raghu, H. M. Jeong, and T. M. Aminabhavi,
“Graphene-loaded sodium alginate nanocomposite membranes with enhanced isopropanol dehydration performance
via a pervaporation technique,” RSC Advances, vol. 3, no. 38,
pp. 17120–17130, 2013.
[27] S. P. Dharupaneedi, R. V. Anjanapura, J. M. Han, and T. M.
Aminabhavi, “Functionalized graphene sheets embedded in
chitosan nanocomposite membranes for ethanol and isopropanol dehydration via pervaporation,” Industrial and Engineering Chemistry Research, vol. 53, no. 37, pp. 14474–14484,
2014.
[28] R. B. Seymour, Reinforced Plastics, Properties and Application,
ASM International, Philadelphia, Pa, USA, 1988.
[29] C. Y. Chiang, M. J. Reddy, and P. P. Chu, “Nano-tube TiO2
composite PVdF/LiPF6 solid membranes,” Solid State Ionics,
vol. 175, no. 1-4, pp. 631–635, 2004.
[30] O. Padmaraj, M. Venkateswarlu, and N. Satyanarayana, “Eﬀect
of ZnO ﬁller concentration on the conductivity, structure and
morphology of PVdF-HFP nanocomposite solid polymer electrolyte for lithium battery application,” Ionics, vol. 19, no. 12,
pp. 1835–1842, 2013.

8
[31] X. Qian, N. Gu, Z. Cheng, X. Yang, E. Wang, and S. Dong,
“Impedance study of (PEO)10LiClO4-Al2O3 composite polymer electrolyte with blocking electrodes,” Electrochimica Acta,
vol. 46, no. 12, pp. 1829–1836, 2001.
[32] H.-M. Xiong, K.-K. Zhao, X. Zhao, Y. W. Wang, and
J.-S. Chen, “Elucidating the conductivity enhancement eﬀect
of nano-sized SnO2 ﬁllers in the hybrid polymer electrolyte
PEO- SnO2-LiClO4,” Solid State Ionics, vol. 159, no. 1-2,
pp. 89–95, 2003.
[33] G. B. Appetecchi, F. Croce, and B. Scrosati, “Kinetics and stability of the lithium electrode in poly(methylmethacrylate)based gel electrolytes,” Electrochimica Acta, vol. 40, no. 8,
pp. 991–997, 1995.
[34] G. Vijayakumar, S. N. Karthick, A. R. Sathiya Priya,
S. Ramalingam, and A. Subramania, “Eﬀect of nanoscale
CeO2 on PVDF-HFP-based nanocomposite porous polymer
electrolytes for Li-ion batteries,” Journal of Solid State Electrochemistry, vol. 12, no. 9, pp. 1135–1141, 2008.

International Journal of Polymer Science

