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Lithium ion batteries have shown great potential in applications as power sources for electric vehicles and
large-scale energy storage. However, the direct uses of flammable organic liquid electrolyte with commercial
separator induce serious safety problems including the risk of fire and explosion. Herein, we report the
development of poly(vinylidene difluoride-co-hexafluoropropylene) polymer membranes with multi-sized
honeycomb-like porous architectures. The as-prepared polymer electrolyte membranes contain porosity as
high as 78%, which leads to the high electrolyte uptake of 86.2 wt%. The PVDF-HFP gel polymer electrolyte
membranes exhibited a high ionic conductivity of 1.03 mS cm™' at room temperature, which is much higher
than that of commercial polymer membranes. Moreover, the as-obtained gel polymer membranes are also
thermally stable up to 350 °C and non-combustible in fire (fire-proof). When applied in lithium ion batteries
with LiFePO, as cathode materials, the gel polymer electrolyte demonstrated excellent electrochemical
performances. This investigation indicates that PVDF-HFP gel polymer membranes could be potentially
applicable for high power lithium ion batteries with the features of high safety, low cost and good
performance.

urrently, lithium ion batteries are the dominant power sources for portable electronic devices owing to

their high energy density and efficiency. It is also well recognised that lithium batteries are the preferred

system for electric vehicles and large-scale energy storage. Despite all efforts to improve the performances
of lithium ion batteries, safety concerns remain a formidable challenge, due to the use of flammable liquid organic
electrolyte and polymer separator'. Internal short-circuit and the combustion of the organic electrolyte could
cause fire and explosion, which is a major obstacle for large-scale applications of lithium ion batteries.

Solid-state electrolytes can overcome the safety problem of lithium ion batteries because they do not contain
flammable liquid chemicals®®. However, solid-state electrolytes based on inorganic Li* conductors usually have
low ionic conductivity. On the other hand, gel polymer electrolytes, which are prepared by gelling liquid electro-
lytes with polymer matrices, have advantages over both liquid electrolyte and ceramic (glass) electrolytes. Porous
gel polymer electrolytes (PGPEs) combine electrolyte and separator as an integrated membrane'>”-"*. Compared
with liquid electrolytes, polymer electrolytes can effectively prevent electrolyte leakage and reduce the firing
hazard, which leads to the high safety of batteries. Meanwhile, porous polymer electrolytes can provide high ionic
conductivity, good processability, a wide electrochemical operating window, and good thermal stability'*™"".
Especially, several efforts have been made to accomplish polymer electrolyte with enhanced thermal stability
towards high temperature'®". The porous structures in polymer membranes are also important because they are
responsible for the uptake of liquid electrolytes>”. Though, membranes with too large pores can induce an internal
short circuit, causing the failure of batteries. In order to solve this problem, several approaches have been carried
out to reduce the pore size, such as embedding inorganic nanoparticles and coating with other polymer
matrices>”*°,

The choices for polymer matrices are versatile. For example, poly(ethylene oxide) (PEO), polyacrylonitrile
(PAN), poly(methyl methacrylate) (PMMA), poly(vinylidene fluoride) (PVDEF), and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDE-HFP) have been intensively studied*'. Among these polymers, PVDF-HFP has
attracted particular interest because its semi-crystallinity, originating from the co-polymerization of amorphous
HEP, can trap liquid electrolytes, and crystal VDF can provide mechanical support®”. Therefore, PVDF-HFP can
offer not only high ionic conductivity, but also good mechanical properties. In this paper, PVDF-HFP membranes
with honeycomb-like regular porous structures were prepared by a breath-figure method. The as-prepared
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PVDF-HFP membranes have a unique porous architecture with
highly ordered multi-sized pores. When applied as the separator in
lithium ion batteries, PVDF-HFP gel polymer electrolyte membranes
exhibited a high ionic conductivity at ambient temperature, an out-
standing stability, and fire-proof capability. The as-developed porous
gel polymer membranes are attractive for lithium ion batteries with
enhanced safety.

Results

Figure 1 shows FESEM images of porous PVDF-HFP gel polymer
membranes. The membrane peeled from the glass substrate has two
different sides. For convenience, the side in direct contact with
humid air is defined as the front side, and the other side in direct
contact with the glass substrate is called the back side. In Figure 1(a),
an ordered honeycomb-like structure can be observed on the front
side of the membrane. The diameters of the regular pores are in the
range of 2 to 3 um. The high magnification SEM image shown in
Figure 1(b) indicates that there are also smaller pores inside the
regular pores on the front surface of the membrane. This unique
hierarchical porous structure could provide high porosity for further
absorption of electrolyte. However, on the back side of the mem-
brane, much less density of pores can be observed (as shown in
Figure 1(c) and 1(d)). The diameters of the pores are smaller than

1 pm. Although the size and amount of the pores have decreased,
these pores still interconnect inside the membrane (as shown in
Figure 1(d)), which can provide a path way for fast ion transporta-
tion. Figure 1(e) and 1(f) show the FESEM images of the cross-
section of the membrane. The thickness of the PVDF-HFP
membrane is around 8 to 10 pm, which is thinner than the separators
obtained by other techniques™*’. It is very interesting to find that the
porosity, diameters and regularity of pores decrease from the front
side to the back side of the membrane. The three-dimension struc-
ture of the front side is shown in Figure 1(e) and the structure of the
back side is shown in Figure 1(f). These results are consistent with the
observation shown in Figure 1(a) ~ (d) and Figure S1 (Electronic
Supplementary Information, ESI). The low porosity on the back side
can prevent the risk of short circuit when applied in lithium ion
batteries.

The formation of this unique porous structure could originate
from the breath-figure preparation method®”*°. The preparation
process is illustrated in Figure 2(a). When PVDF-HFP/acetone solu-
tion is naturally evaporated in an atmosphere with high humidity,
water droplets will deposit onto the surface of the solution because of
the decrease of the local temperature, owing to the endothermic
nature of the evaporating process. PVDF-HFP molecules will gather
and create a polymer shield around the water droplets. The water

Figure 1 | FESEM images of (a, b) the front side, (c, d) the back side, and (e, f) the cross-section of the PVDF-HFP honeycomb-like porous polymer

membrane.
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Figure 2 | Schematic illustration: (a) The preparation process of the PVDF-HFP porous polymer membrane. (b) The 3D architecture of PVDF-HFP
polymer membrane. And (c) the porous gel polymer electrolyte with the combination of two membranes as one integrated separator (two back sides are

exposed to the outside).

droplets will then further re-assemble and pack into a regular hexa-
gonal pattern owing to the capillary force on the solution surface,
which leads to the formation of the honeycomb-like architecture.
After the formation of the first layer, the water droplets in the second
layer are not facile to assemble into a regular porous structure
because of the geometry blocking effect from the first layer and the
decrease of humidity. This induces lower regularity, smaller size of
pores and lower porosity. On the bottom of the membrane, the
humidity is very low and the morphology is also influenced by the
flat surface of the glass substrate, which results in a flat morphology
with lower porosity and smaller pore size than that on the front side
of the membrane. Figure 2(b) shows the schematic structure of the
obtained PVDF-HFP porous membrane, which is consistent with the
SEM images shown in Figure 1.

In order to make better usage of the unique multi-porous archi-
tecture, we combined two membranes to make one separator. The
honeycomb-like front side was put inside together with the back side
exposed to the outside (as shown in Figure 2(c)). The thickness of the
double-layered membrane is similar to the separators. The large,
highly ordered pores inside the membranes are responsible for the
absorption of electrolyte, while the flat back side exposed to the
outside could help obstruct the transportation of electrode particles
and the growth of lithium dendrite during cell operation. All the
pores are interconnected and provide pathways for fast lithium ion

transport. This unique double-layered membrane is expected to
deliver good electrochemical performance when applied in lithium
ion batteries.

Figure S2 (ESI) shows the FTIR spectrum of the PVDF-HFP mem-
brane. The characteristic peaks of PVDE-HFP copolymer are clearly
presented in the spectrum. The peaks at 3028 and 2977 cm ™' origin-
ate from the stretching of -CH,- group and the peak at 1651 cm™" is
assigned to the ~-CH=CF- skeletal bending. The -C-F stretching
peak is shown at 1401 cm™'. The broad peaks near 1187 cm™' are
from the stretching of ~CF,-. The other peaks at 1065 (C-C skeletal
vibration), 877 (vinylidene group), 841 (-CH,- rocking), 757 (-CF;
stretching), 669 (-CH,- bending), 601 (-CF,- bending) and 489 cm™
(-CF,- wagging) are all characteristic peaks of PVDF-HFP
copolymer.

The stability of polymer electrolyte at high temperature is very
crucial for Li-ion battery application. Figure 3 shows the thermogra-
vimetry (TG) and differential scanning calorimetry (DSC) curves of
the PVDF-HFP membrane. As shown in Figure 3, the membrane is
thermally stable up to 140°C and only shows a slight decrease in
weight up to 350°C, which is consistent with the DSC curve shown
in Figure 3. There is an endothermic peak at 140°C, which probably is
related to the melting point of the PVDF-HFP. When the temper-
ature increases above 150°C, the membrane does not show endo-
thermic peaks in air atmosphere. This indicates that the PVDF-HFP
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Figure 3 | Thermogravimetry (TG, solid line) and differential scanning
calorimetry (DSC, dot line) curves of PVDF-HFP porous polymer

membrane in air. The temperature rising rate is 10°C min~".

membrane is stable in the air at high temperature. The conventional
separators usually shrink when the temperature reaches or exceeds
the melting point, which causes an internal short circuit. In order to
further investigate the dimensional stability of PVDF-HFP mem-
branes in high temperature, the membrane was stored at 150°C for
30 min. Figure 4(a) and (b) show the digital photos of the membrane
before and after heating. The PVDF-HFP membrane maintained the
dimensional stability. This unique thermal property can effectively
prevent the potential short circuit in lithium ion batteries.
Conventional separators easily catch fire, and cause an explosion.
Since PVDE-HFP is fire-resistant, PVDF-HFP polymer membranes
should be fire-proof. Figure 4(c) and (d) show the digital photos of
the membrane before and after being set on fire. Obviously, PVDE-
HFP membranes can resist fire. The high thermal stability of the
PVDF-HFP polymer membrane is desirable for lithium power
batteries.

The electrolyte retention capability of the PVDF-HFP polymer
membrane was evaluated by TG and DSC analyses. Figure S3 (ESI)
shows the TG and DSC curves of the polymer membrane saturated
with organic liquid electrolyte. The weight of the polymer membrane
gradually decreases before 60°C, which is probably related to the
evaporation of electrolyte on the surface of the membrane. When

i (a)

the temperature increases to 150°C, the polymer membrane with
organic liquid electrolyte shows 40% weight loss, which is from the
evaporation of the liquid electrolyte. However, compared with 86.2%
electrolyte uptake calculated by measuring the mass before and after
absorption, the content of retained electrolyte in the porous polymer
membrane is still very high and sufficient for electrochemical char-
acterization when heating to 150°C. Such good electrolyte retention
capability can ensure the lithium ion battery operation at elevated
temperatures.

Ionic conductivity of the polymer electrolyte is the most critical
factor in achieving good electrochemical performance of lithium ion
batteries. Figure 5 shows the ionic conductivity dependence on tem-
peratures of the PVDE-HFP polymer membrane and Celgard 2400
separator in the range of 25°C to 65°C. The ionic conductivities were
calculated from the a.c. impedance plots shown in the inset in
Figure 5. The resistance of the bulk electrolyte was obtained from
the intercept of the straight line on the real axis. The ionic conduc-
tivity of the PVDF-HFP polymer electrolyte membrane is 1.03 mS
cm™' at room temperature which is higher than the Celgard 2400
separator saturated with electrolyte (0.60 mS cm™), and increases
with a rising temperature*>*'. Such high ionic conductivity should be
ascribed to the high porosity of the polymer membrane. There are
three phases in the PVDF-HFP polymer electrolyte membrane,
including solid polymer matrix, swollen polymer and absorbed
liquid electrolyte solution. It is well known that polymer matrix is
the mechanical support of the polymer electrolyte, while the
absorbed liquid electrolyte solution is responsible for ionic conduc-
tivity. The PVDEF-HFP polymer membrane has a porosity as high as
78%, which leads to high percentage electrolyte uptake (86.2 wt%).
The pores in the membrane are also interconnected with each other,
which is a further benefit for delivering high ionic conductivity.

The dependence of the jonic conductivity on temperature can be
evaluated by the Arrhenius Equation,

o=A exp(—E,/RT) (1)
where A is the pre-exponential factor and E, is activation energy. The
calculated E, value is 12.05 kJ mol~". This value is very similar to the
activation energy of liquid electrolyte in Celgard 2400 separator
(11.12 kJ mol™"). This further explains the high ionic conductivity.

Discussion
The electrochemical stability of the PVDF-HFP polymer electrolyte
membrane was assessed by assembling Li-ion typed cells with the

(b)

Figure 4 | The thermal shrinking test of the PVDF-HFP porous membrane (a) before and (b) after heating to 150°C for 30 min, and the combustion

test of the membrane (c) before and (d) after set on fire.
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Figure 5 | The Arrhenius plots of the ionic conductivity vs. temperature.
The inset is the a.c. impedance spectra.

polymer electrolyte membrane sandwiched between a lithium metal
electrode and stainless steel electrode. As shown in Figure S4 (ESI),
there is no obvious reaction peak up to 5 V, which indicates that the
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polymer electrolyte is stable up to 5 V. Normally, a stability window
of up to 4.5 V is sufficient for the operation of lithium ion batteries*.

The electrochemical performances of the lithium ion battery with
PVDE-HFP polymer electrolyte were further tested in coin type cells.
Figure S5 (ESI) shows the cyclic voltammetry curve of the assembled
lithium ion cells. The redox potentials are 3.2 V and 3.6 V respect-
ively, corresponding to the intercalation and de-intercalation of Li*
in LiFePO, electrodes®. Figure 6 shows the electrochemical perfor-
mances of lithium ion cells with LiFePO, as cathode materials, using
PVDE-HFP polymer electrolyte membrane and Celgard 2400 as
separators. The cut-off voltage was set at 2 V for discharge and
42 V for charge. Figure 6(a) shows the typical charge-discharge
curves of the assembled lithium ion cells with PVDE-HFP polymer
electrolyte membranes at the current density of 0.2 C (1 C =
170 mA g™'). The charge and discharge plateaus are both around
3.4 Vand the voltage difference between charge and discharge curves
is smaller than 0.1 V, which is very similar to the direct use of liquid

electrolyte with commercial separator (as shown in Figure 6(b)

)44—47

The small over-potential maintains after 50 cycles, which suggests
the capability of PVDF-HFP polymer electrolyte membranes to sup-
port superior battery performances. Figure 6(c) shows the cycling
performances of lithium ion batteries with PVDF-HFP polymer elec-
trolyte and liquid electrolyte. The lithium ion battery with PVDF-
HFP polymer electrolyte could operate at least 50 cycles with no
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Figure 6| Electrochemical performances of lithium ion cells with LiFePO, as cathode materials: (a) Charge-discharge curves using PVDF-HFP

polymer electrolyte membranes, (b) Charge-discharge curves using Celgard 2400 separators saturated with liquid electrolyte, (c) Cycling performances.
The cut-off voltages are 2 V and 4.2 V. The current density is 0.2 C. (d) Rate behaviour. The current densities of discharge and charge are 0.2 C, 0.5 C,
1 C, and 2 C respectively.
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obvious capacity degradation. The reversible capacity of the lithium
ion battery with PVDF-HFP polymer electrolyte was about 145 mAh
g 'at 0.2 C, which is higher than that with a Celgard 2400 separator
(130 mAh g™"). The discharge performance of the lithium ion bat-
tery with PVDF-HFP polymer electrolyte at 1 C also showed good
cycling stability up to 100 cycles (Figure S6, ESI). When the cells were
operated under different current densities, the capacity slightly
decreased with the increase of the current density from 0.5 C to
2 C (as shown in Figure 6(d)). When the current density decreased
back to 0.2 C, the reversible capacity recovered to its original value.
The discharge and charge curves, shown in Figure S7 (ESI), indicate
the over-potential did not significantly increase when the current
density escalated. These results further illustrate the PVDF-HFP
polymer electrolyte membranes can support outstanding rate per-
formances. Such high performances of lithium ion battery with
PVDEF-HFP polymer electrolyte are related to the multi-sized porous
architecture of the PVDF-HFP polymer membrane. The large and
interconnected pores inside the membrane provide high ionic con-
ductivity, and the outside flat surface prevents lithium dendrite
growth and short circuiting, which eliminates the safety concerns
and ensures a long and sufficient cycle life of lithium ion batteries.

Methods

Preparation of PVDF-HFP polymer electrolyte membranes. PVDF-HFP based
porous membranes were prepared by a breath-figure method***. In the first step,
PVDEF-HFP (Sigma-Aldrich, Mw = 455,000) was dissolved in acetone solvent by
mechanical stirring to obtain a homogeneous 10% PVDE-HFP/acetone solution.
Then the solution was casted onto a flat glass substrate and allowed to dry under a
controlled humidity of 86%. After fully drying, the obtained membrane was peeled off
from the substrate and dried again in a vacaum oven at 60°C for 12 h. The polymer
electrolyte membranes were prepared by immersing the porous membrane overnight
into 1 M LiPFg in 1:1 ethylene carbonate (EC): dimethyl carbonate (DMC) liquid
electrolyte. The excess liquid residue on the membrane surface was carefully wiped off
with a tissue.

Characterization of PVDF-HFP membranes. A field emission scanning electron
microscope (FESEM, Zeiss Supra 55 VP) was used to investigate the morphology of
the as-prepared PVDF-HFP porous membrane. Thermal stability of the polymer
membrane was measured by Thermogravimetric analysis using a Mettle Toledo
TGA/DSC instrument. Infrared spectroscopy was conducted on a Nicolet Magna
6700 FT-IR spectrometer. All spectra were obtained using 4 cm™" resolution and 64
scans at room temperature.

The porosity of the polymer membrane was measured using n-butanol. The
membrane was immersed in n-butanol for 2 h. The porosity of the polymer mem-
branes was calculated based on the Equation 2.

p= (ma—my)/p, 2)
(my —mp)/p, +my/p,
where p is the porosity, m, and m,, are the mass of the membrane after and before the
absorption of n-butanol, respectively, while p, and p, are the density of #-butanol and
the polymer matrix, respectively.
The amount of liquid electrolyte uptake is calculated using the Equation 3.
W —W,
= ——— x100% 3

n=y, X 100% ()
where 1 is the uptake of liquid electrolyte, and W, and W, are the weights of the
membranes before and after absorption of liquid electrolyte respectively.

Electrochemical characterization of PVDF-HFP electrolyte membrane. Linear
sweep voltammetry measurements were conducted to determine the stability of the
PVDEF-HFP polymer membrane. The polymer membrane was sandwiched between a
lithium anode and stainless steel (SS) electrode. The electrochemical impedances at
different temperatures were measured by sandwiching polymer electrolyte
membranes between two stainless steel electrodes. The ionic conductivity was
calculated using the Equation 4.

o=d/(Ry xS) (4)

where G is the ionic conductivity, d is the thickness of the PGPE, Ry, is the bulk
resistance, and § is the area of the electrodes. All these electrochemical
characterizations were conducted using a CH Instrument 660D electrochemical
workstation.

The electrochemical performances of Li-ion batteries with PVDF-HFP polymer
membrane was conducted by assembling CR2032 coin cells with lithium metal as the
counter and reference electrode. LiFePO, prepared by conventional solid state
reaction was used as the working electrode active material. The working electrode was

prepared by first mixing PVDF (10%), carbon black (10%), and LiFePO, (80%)
together in 1-Methyl-2-pyrrolidinone (NMP, Sigma-Aldrich). The mixture was then
coated onto aluminium foil, dried at 80°C for 12 h under vacuum, and punched into
disks. All cells were assembled in an argon-filled glove box with water and oxygen
content lower than 0.1 ppm.
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