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Abstract. Tape-casting method has been employed to prepare poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF–HFP)-based porous membranes with different microstructures. The prepared porous membranes are characterized
by scanning electron microscopy, differential scanning calorimetry and tensile strength to analyse their morphological,
thermal and mechanical properties. Polymer membrane with equal amount of urea and PVDF–HFP weight ratio is found
as best membrane due to its high porosity, high liquid uptake, excellent thermal and mechanical properties. Owing to
above-mentioned properties, the highest porous film (PM66) shows improved electrochemical properties with flexible
carbon nanotube-based composite electrode, which makes it a potential candidate as a separator for the flexible Li-ion
batteries. The discharge capacity of flexible lithium titanate electrode with PM66 was found to be *142 mAh g–1 at 0.1 C
rate and was stable up to 100 cycles.
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Introduction

Lithium-ion battery (LIB) is a significant energy storage
device to store energy from renewable sources. However,
issues such as low energy density, low ionic conductivity,
short circuits, safety, reliability and mechanical stability
associated with LIBs need to be resolved [1–5]. The separator, a non-electrically conductive porous membrane
sandwiched between the two electrodes, is considered a key
component in LIBs. It acts as a physical barrier between
cathode and anode and serves as the electrolyte reservoir.
Thus, it helps in preventing short circuit and controlling the
transport of lithium ions during charge and discharge processes [6–8]. Overall, the membrane separator can determine the internal cell resistance, charge and discharge rate,
operating temperature range, cell life and stability of the
battery [9–13]. Hence, optimizing the membrane can play a
major role in improving the performance and safety
requirements of LIBs.
The prerequisite for a good separator material is to provide a homogenous transport of ions between the electrodes
to minimize the degradation and boost the performance of
the battery. The key factors that influence the performance
of the separator are porosity, wettability, thermal, chemical
and mechanical stabilities [6–13]. In addition to this, the
separator should be porous and thin while maintaining good

mechanical separation between the electrodes; hence, porous polymer membranes have attracted great consideration
as a prospective material. Other advantages of porous
polymer membranes include robust fabrication methods and
various porous structures. The preparation method of a
porous membrane plays a significant role in optimizing its
performance, as different methods create different pore
structures. Until now, various methods have been used for
the preparation of polymer membranes, such as solution
casting, drop casting, wet processing and phase inversion
[6,8–10]. Compared to other preparation techniques, tapecasting method has several advantages like scalability,
smooth and uniform thickness, homogeneous distribution of
pores, low cost and simplicity [14].
Most of the membranes used in batteries technology are
made from organic polymers, such as polyethylene,
polypropylene, poly(vinylidene fluoride), poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF–HFP). Among
them, PVDF–HFP has been recognized as a prospective
separator material because of its relatively lower crystallinity owing to the copolymerization effect between VDF
and HFP compared with PVDF, its low chemical resistance,
high thermal stability and large dielectric constant (e = 8.4)
[15,16].
In the present study, PVDF–HFP-based polymer membranes have been prepared by tape-casting method using
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urea as pore-creating agent. The morphological, thermal,
and mechanical performance of prepared separator membranes were analysed. Here, we are also investigating the
electrochemical performance of PVDF–HFP-based polymer
membranes with flexible and freestanding carbon nanotubesupported composite electrode for flexible Li ion batteries.

2.
2.1

Experimental
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Table 1. Description
compositions.
Urea:PVDF–HFP
0:6
5:6
6:6
6:5

of

the

prepared

sample

and

its

Urea (mg)

PVDF–HFP
(mg)

Sample name

0
750
900
900

900
900
900
750

PM06
PM56
PM66
PM65

Material preparation and characterization

Firstly, specific amount of urea was dissolved in 15 ml
dimethylformamide (DMF), using magnetic stirrer for 1 h.
Later, PVDF–HFP was added in the above solution to form
a viscous polymer solution. Then the mixture was stirred
overnight and tape casted on a clean glass plate with 1 mm
blade gap and dried at 120°C for 6 h to obtain a polymer
membrane, shown in figure 1. The porous membrane was
de-attached from the glass plate and acted as separator for
coin cells. Four different samples with and without urea
were prepared for different urea to PVDF–HFP ratio, shown
in table 1.
The lithium titanate (LTO)-based flexible electrodes were
used as working electrode for the electrochemical analysis
[17]. For the preparation of the electrodes, commercial
LTO, multi-walled carbon nanotubes (MWCNTs) and carboxymethyl cellulose were used 70:25:5 (wt%), with
water:ethanol (volumetric ratio 50:50). A detailed procedure of the experimental condition is illustrated in previously published paper from our group [17].
The morphological characterization of polymer membrane was carried out by using scanning electron microscopy (SEM, Nova Nanosem, FEI). Fourier transform
infrared (FTIR) spectra of PM06, PM56, PM66 and PM65
membranes were recorded on Thermo Nicolet Nexus 670
spectrometer with resolution setting at 4 cm–1 and range of
400–4000 cm–1. Volume porosity was measured by gravimetric method using 2 9 2 cm2 sample soaked with a liquid

of known surface tension (Silwick, Porous Materials Inc.,
USA), and the weight was measured before and after wetting. The porosity of the membranes was calculated by
following the below equation [9,10,18]:
Volume porosity ð%Þ ¼

ð1Þ

where W f and W i are the weight of membrane before and
after wetting. Vdry and qb represent the volume of the dry
sample and density of Silwick (20.1 dynes cm–1),
respectively.
The thermal properties of membranes have been performed using Discovery TGA by TA instruments from 25 to
600°C at a heating rate of 10°C min-1 under nitrogen
atmosphere and NETZSCH high-temperature differential
scanning calorimeter (DSC) from room temperature (RT) to
200°C at 10 K min–1. The mechanical properties were
analysed by an Instron 2519-107, USA universal Testing
machine (UTM) using a 100 N load cell and 10 mm min–1
crosshead speed. The specimens were in rectangular shape
of 4 (width) 9 27 (length). The tensile strength and elongation at break values correspond to the average of five
samples.
Coin cells of 2032-type were assembled in half-cell
(LTO-MWCNT/polymer membrane/Li) configuration using
different polymer membranes with 1 M LiPF6 in EC:EMC
(1:1 vol%) with 2 wt% FEC electrolyte. Galvanostatic
charge–discharge (GCD) at different C-rates (0.1, 0.3, 0.5
and 1) and cyclic voltammetry (CV) at a scanning rate of
0.1 mV s–1 was evaluated from 1 to 2 V vs. Li/Li? by using
multi-channel potentiostat/galvanostat (Princeton Applied
Research PMC-1000). The impedance was analysed by
electrochemical impedance spectroscopy (EIS) method
using multichannel potentiostat/galvanostat (AUTOLAB,
MAC-80039) from 100 kHz to 10 MHz.

3.

Figure 1. Schematic diagram illustrating the preparation of
PVDF–HFP porous polymer membrane.

Wf  Wi
;
Vdry  qb

Results and discussion

The morphology of polymer membranes is shown in
figure 2a–d. The polymer membrane without urea (PM06)
showed non-porous structure. After mixing of urea, the
surface morphology of membrane is changed and varies
with the amount of added urea. Compared to pristine
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Figure 2. SEM images of top view of (a) PM06, (b) PM56, (c) PM66
and (d) PM65.

PVDF–HFP membrane, the membrane having urea shows
interconnected pores, which can provide easy pathways for
Li ions during charge–discharge process due to more electrolyte trapping. The pores in the membranes were formed
due to the evolution of gases through decomposition of urea
into ammonia and carbon dioxide while drying process
[19,20]. It can be seen that more micropores can be formed
by increasing the amount of urea up to certain amount. The
pore size for highest porous film PM66 is found to be
around 10 lm, which can allow easy percolation of Li ions
while charge–discharge due to large amount of electrolyte
uptake [19,21]. When the amount of urea is further
increased for PM65, the surface morphology and porosity of
membrane was decreased. The possible reason for the
decrement of the porosity in the membrane is due to excess
amount of urea, which hinders the creation of the pores
while drying process, as the available amount of polymer is
less. Among all prepared samples, PM66 membrane contains interconnected pores with highest pore size, volume
and smooth surface. To support the results from SEM
investigation, the gravimetric analysis was conducted to
find the volume porosity.
Figure 3a shows the FTIR spectra for PM06, PM56,
PM66 and PM65 membranes. The absorption peaks at 879
cm–1 is attributed to the amorphous phase of PVDF–HFP,
whereas 481 and 603 cm–1 were assigned to the a-phase
[22–24]. The absorbed peaks at 1073, 1170 and 1399 cm–1
are assigned to C–C–C, –CF2– and –CH2– groups,
respectively [22–24]. The porosity and liquid uptake of
various membranes are shown in figure 3b. The membrane
without urea, PM06, showed lowest porosity and liquid
uptake about 8.18 and 33.33%, due to its non-porous
structure. It can be observed that the amount of urea added

to the membranes directly affect amount of liquid uptake by
membrane. Moreover, it is well known that more pores
result in more liquid uptake [7,13,14]. PM66 membrane
shows highest volume porosity and liquid uptake, i.e., 42.69
and 150% compared to other membranes. Further increase
in urea for PM65 film attributed to lower liquid uptake due
to lower porosity. These results are consistent with the
findings from SEM images. Along with morphological
properties, it is important to examine the thermal properties
of separator. Hence, thermal characteristics of membranes
were examined using thermogravimetric analysis (TGA)
and DSC, and are shown in figure 3c and d. Figure 3c shows
the TGA curves of PM06, PM56, PM66 and PM65 membranes. It can be seen that the thermal stability is reducing
by increasing the urea content. The initial weight loss
observed between 160 and 250°C is mainly associated with
urea vaporization and decomposition [25]. The second
weight loss can be observed around 460°C because of
PVDF–HFP degradation [26]. The residual amount (%) of
membranes at 500°C were found to be 24.32, 19.99, 17.02
and 10.11. The lowest residual amount was obtained for
PM65 membrane, indicating the lower thermal stability
compared to other membranes due to the presence of some
unreacted urea. DSC curve in figure 3d indicates an
exothermic peak at around 80°C, which is mainly due to the
removal of moisture trapped in the polymer film. Further, an
endothermic peak was detected at around 140°C, which
represents the melting point of crystalline form of polymer
films.
For industrial and practical application, mechanical
properties are also one of the important factors. Figure 4a
and b represents the mechanical properties of PM06, PM56,
PM66 and PM65. The tensile strength and elongation at
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Figure 3. (a) FTIR spectra of PM06, PM56, PM66 and PM65 membranes. (b) Porosity and liquid uptake vs. weight ratio
of urea and PVDF–HFP. (c) TGA curves of PM06, PM56, PM66 and PM65 membranes and (d) DSC curves of PM06,
PM56, PM66 and PM65 membranes.

break (%) of PM06, PM56, PM66 and PM65 are found to be
36.17 ± 1.2, 35.84 ± 3.7, 34.52 ± 1.9, 34.05 ± 2.1 and 57.1
± 4.6, 55.30 ± 3.4, 41.3 ± 2.9, 35.49 ± 5.3, respectively.
The corresponding values obtained from figure 4 are
reported in table 2. PM06 shows high mechanical strength
equated to other membranes because of its tightly packed
structure without any pores. It can be observed that the
tensile strength is in almost similar range. However, there is
a slight decrease in tensile strength due to different concentrations of urea. In addition, the percentage of elongation
at break decreased with increasing the urea concentration.
This could be attributed to the porous structure of membrane, which leads to decrease the mechanical strength.
Electrochemically, the porous structure of the polymer film
is desired for the easy motion of Li ion during charge–
discharge process. In the present work, PM66 exhibits good
mechanical performance even though it has highest pore
size and volume compared to other membranes. After
examining morphological and mechanical properties, it is
crucial to inspect the electrochemical performance of these
polymer membranes as separator. As our aim is to use the
prepared membranes as separator for flexible Li ion battery,
the electrochemical performance of these polymer

membranes was analysed by CV, EIS and GCD. Figure 4c
illustrates the CV curves of different polymer membranes
with flexible LTO electrode. A pair of cathodic and anodic
peak due to lithium insertion and extraction can be clearly
seen in all the membranes between 1.3 and 1.8 V [27]. The
peak potential difference between redox peaks are 0.48,
0.50, 0.25, 0.34 V for PM06, PM56, PM66 and PM65,
respectively. The lowest peak potential difference for PM66
membrane indicates its outstanding electrochemical
reversibility and stability during Li-ion exchange, due to the
presence for high porosity and electrolyte uptake [28]. Also
highest current peak of PM66 membrane compared with all
other membranes illustrates its lowest internal resistance
and excellent Li ion transportation through it. The presence
of highest amount of micropores in PM66 facilitates easy
percolation of Li ion through it during the reversible electrochemical reactions. To further complement our results,
EIS test has been performed. Figure 4d exhibits the Nyquist
plots for all membranes consisting a semicircle and an
inclined line in high frequency and middle to low frequency
region, respectively. The fitted equivalent circuit comprising electrolyte solution resistance (Rs), charge transfer
resistance (Rct), constant phase element (Q) and Warburg
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Figure 4. (a) Stress vs. strain curves and (b) tensile strength and elongation at break percentage of PM06, PM56,
PM66 and PM65 membranes. (c) Cyclic voltammograms at scan rate of 0.1 mV s–1 of PM06, PM56, PM66 and PM65
membranes. (d) Impedance spectra at AC amplitude of 10 mV and equivalent circuit (in inset) of PM06, PM56, PM66
and PM65 membranes.
Table 2. Mechanical properties of PM06, PM56, PM66 and
PM65 membranes.
Sample name

Tensile strength (MPa)

PM06
PM56
PM66
PM65

36.17
35.84
34.52
34.05

±
±
±
±

Elongation at break (%)

1.2
3.7
1.9
2.1

57.1
55.30
41.3
35.49

±
±
±
±

4.6
3.4
2.9
5.3

impedance (W) has been presented in figure 4d and
respective values are listed in table 3 [29,30]. The Rs and Rct
values were observed for PM66, i.e., 8.12 and 181 X,
respectively. The Rct was found lowest for PM66 due to
high amount of Li? ion percolation at the interface. Additionally, the exchange current density [31,32] can be estimated from the following expression:
i 0 ¼

Table 3. Potential difference of cyclic voltammogram and
equivalent circuit parameter of different polymer membranes.
Sample

DV (V)

Rs (X)

Rct (X)

PM06
PM56
PM66
PM65

0.482
0.508
0.256
0.345

8.31
15
8.12
12

301
235
181
232

i0 (mA cm–2)
8.53
1.09
1.42
1.10

9
9
9
9

10–5
10–4
10–4
10–4

RT
nFRct

ð2Þ

where R is gas constant (8.314 J mol–1 K–1), T the absolute
temperature (K), n the number of electrons involved in the
redox process (assumed n = 1 in this case), F is the Faraday
constant (96486 C mol–1). Table 3 explains the estimated
values of 
i 0 and equivalent circuit parameters. It can be
seen from table 3, PM66 membrane exhibits the smallest
resistance value and the highest exchange current density
owing to its superior internal properties over others.
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Figure 5. (a) Rate capability of LTO composite electrode with PM66 membrane and voltage profile at 0.1 C rate
(inset). (b) Cyclability at 0.1 C rate for 100 cycles.

From the above-discussed results, PM66 was found to be
best membrane among all in terms of morphological, thermal, mechanical and electrochemical properties. Hence, to
further explore its electrochemical stability, rate capability
and cyclability were investigated. Figure 5a represents the
rate capability of PM66 membrane with flexible LTO
electrode from 0.1 to 1 C rate. The discharge capacity was
found to be *142, 131, 122 and 104 mAh g–1 related to 0.1,
0.3, 0.5 and 1 C, respectively. The LTO electrode showed
good reversibility as again switched to 0.1 C rate, illustrating the stability of membranes at low and high scan
rates. The voltage profile at 0.1 C rate for PM66 is shown in
inset of figure 5a. The voltage plateau showed the excellent
kinetics and electrochemical reactivity of LTO electrodes
with PM66 membrane, illustrating its excellent compatibility with flexible LTO electrode. The cyclability of flexible LTO electrode with PM66 membrane at 0.1 C rate for
100 cycles is shown in figure 5b. The initial capacity for
first few cycles was found around 155 mAh g–1 and get
stabilized at 143 mAh g–1 showing good electrochemical
and mechanical stability of membranes even after several
cycles. It is well known that the initial irreversible capacity
loss is found due to the formation of solid electrolyte
interface layer [17]. Further, the Coulombic efficiency was
observed *99% after 100 cycles. The improved electrochemical performance of PM66 illustrates its mechanical
and electrochemical stability ascribed to its large amount of
microspores, enabling easy percolation of Li ions through it,
which results in its enhanced interfacial properties and
makes it a prospective separator material for flexible Li ion
batteries.

4.

Conclusion

The PVDF–HFP-based polymer membranes were prepared
via tape-casting method using urea as a pore-creating agent.
The highest amount of pores and its volume was obtained in

PM66, which facilitates highest electrolyte uptake resulting
in improved electrochemical performance. Further, good
thermal and mechanical properties were confirmed with
DSC and DMA analyses. To investigate electrochemical
performance and compatibility of polymer membrane with
flexible LTO electrode, GCD, CV and EIS were performed.
The improved electrochemical performance of PM66
affirmed its role as a potential separator material in flexible
Li ion batteries.
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