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a b s t r a c t

In view of the safety concerns and the requirements of high energy density lithium batteries, the
room temperature ionic liquids (RTILs) are being investigated as suitable candidates to substitute
organic electrolytes in polymer electrolytes. In this article, we report synthesis, characterization, and
electrochemical properties of nanocomposite polymer electrolytes (NCPEs) comprising of a RTIL [n-butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide (BMITFSI)] and nano-sized ceramic fillers
eywords:
ithium batteries
omposite polymer electrolytes
lectrospinning
eramic filler
oom temperature ionic liquid

(SiO2, Al2O3 or BaTiO3) hosted in electrospun poly(vinylidene fluoride-co-hexafluoropropylene) [P(VdF-
HFP)] membranes. The addition of BMITFSI and ceramic fillers in polymer electrolytes results in high ionic
conductivity at room temperature. The cells prepared with BMITFSI and different NCPEs show good inter-
facial stability and oxidation stability at >5.5 V with the highest value of 6.0 V for the NCPE incorporating
BaTiO3. The cell with the NCPE containing BaTiO3 delivers high initial discharge capacity of 165.8 mA h g−1,
which corresponds to 97.5% utilization of active material under the test conditions, and showed the least

onged
% capacity fade after prol

. Introduction

Lithium polymer batteries (LPBs) possess many desirable prop-
rties such as flexibility and high energy density [1]. Their
erformance in electronics devices is largely dependent on the
roperties of polymer electrolytes (PEs) which are expected to
atch the high conductivity of liquid electrolytes and show good

ompatibility with electrodes. Most polymer electrolytes have
ithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC),
imethyl carbonate (DMC), propylene carbonate (PC) or diethyl car-
onate (DEC) or their mixtures of various compositions. Despite
he contribution of these solvents to improve the performance of
PBs, there are safety concerns due to high vapor pressure and
ow flash point. The electrolyte leakage is another serious problem
ssociated with the use of PEs. A solid polymer electrolyte (SPE)
Please cite this article in press as: P. Raghavan, et al., Electrochem
hexafluoropropylene)-based nanocomposite polymer electrolytes in
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

s free from the limitations intrinsic to gel PEs. A highly conductive
oly(oligo[oxyethylene] oxyterephthaloyl)-based SPE supported by
microporous membrane has been recently reported [2]. Even so,

he poor ionic conductivity limits the use of SPEs at low temper-

∗ Corresponding author. Tel.: +82 55 751 5388; fax: +82 55 753 1806.
E-mail address: jhahn@gnu.ac.kr (J.-H. Ahn).

013-4686/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2009.05.025
cycling.
© 2009 Elsevier Ltd. All rights reserved.

atures [3]. The dendrite formation is another major impediment
that limits the use of SPEs in lithium batteries [4]. On the other
hand, SPEs are more useful for large battery systems such as electric
traction and backup power that are operated at high temperatures
(80 ◦C) [1]. In order to make PEs more useful in room temperature
power applications, the problems related to the safety and trans-
port properties of PEs can be addressed by substituting organic
carbonate solvents with room temperature ionic liquids (RTILs).
The latter has many intrinsic properties for useful in power appli-
cations. These include non-flammability, high ionic conductivity,
high thermal stability, and wide electrochemical window.

RTILs have been used as electrolyte components in lithium
rechargeable batteries [5–7], electric double layer capacitors [8,9],
fuel cells [10,11] and solar cells [12,13]. The electrochemical proper-
ties of a RTIL depend on the structure of anion and cation comprising
it. RTILs have electrochemical stability in a broad range from 2 to
6 V with the most common value around 4.5 V. The RTILs based on
tetraalkylammonium cations have electrochemical stability in the
ical performance of electrospun poly(vinylidene fluoride-co-
corporating ceramic fillers and room temperature ionic liquid,

range of 4.0–5.7 V [14].
In the last few years, it was successfully demonstrated by many

research groups that the electrochemical stability and ionic conduc-
tivity of PEs are enhanced by the addition of RTILs. In our earlier
studies, we reported high ionic conductivity and electrochemical

dx.doi.org/10.1016/j.electacta.2009.05.025
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:jhahn@gnu.ac.kr
dx.doi.org/10.1016/j.electacta.2009.05.025
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tability of PEO-LiTFSI electrolyte incorporating three RTILs based
n 1-butyl-3-methylimidazolium (BMI) cation at low tempera-
ures. The best results were obtained in the presence of BMITFSI.
ts addition (80% by weight) to PEO-LiTFSI resulted in ionic con-
uctivity of 3.2 × 10−4 S cm−1 at 25 ◦C [15]. The nature of counter
nion (TFSI or BF4) significantly affected the electrochemical per-
ormance of the cell, as BMITFSI incorporated PE delivered a high
ischarge capacity of 149 mA h g−1 for a Li/LiFePO4 cell at 0.1 C-
ate and 25 ◦C [16]. The addition of 1-butyl-4-methylpyridinium
is(trifluoromethanesulfonyl)imide [BMPyTFSI] to P(EO)20LiTFSI

ncreased the ionic conductivity (up to 6.9 × 10−4 S/cm at 40 ◦C),
he electrochemical stability and interfacial stability, though the
ithium ion transference number was reported to decrease with the
ncrease of BMPyTFSI amount [17]. The addition of a RTIL consist-
ng of quaternary ammonium cation and imide anion to PE had a
ositive effect on the cycling properties and Coulombic efficiency
f a Li/LiCoO2 cell. Introduction of asymmetric nature to the anionic
pecies improves the viscosity and the conductivity of the RTIL,
owever, the rate properties of the cell are not enhanced much [10].
he asymmetric structure of anion [6] and cation [18] is reported to
mprove the viscosity and the conductivity of a RTIL. A large increase
n ionic conductivity and a decrease in interfacial resistance

ith lithium metal anode have been reported on the addi-
ion of a RTIL to PEO-LiTFSI [4]. N-Methyl-N-propylpyrrolidinium
is(trifluoromethanesulfonyl)imide (PYR13TFSI) was reported to

mprove reversible cycleability with a low capacity fade [19]. An
mide-based high molecular weight poly(ionic liquid) has been
eported to improve cycle durability and enhance discharge per-
ormance of a LPB, as it retained 83% of its discharge capacity at a
urrent density of 3 C at 40 ◦C [20].

The high crystallinity of the polymer membranes is the one of the
ajor factors of the low ionic conductivity of polymer electrolytes,

nd it thus limits their use in lithium batteries. This problem can be
ddressed to a certain extent by the addition of nano-sized ceramic
llers in to the polymer electrolytes. Even a small amount of these
llers can affect mechanical strength, ionic conductivity [21] and

nterfacial resistance of the PE [22]. In this study we are comparing
he influence of different nano-sized ceramic fillers on the elec-
rochemical properties of polymer electrolytes comprising room
emperature ionic liquid. We selected nano-sized fillers because
hey offer potential to improve mechanical properties, thermal
roperties, barrier properties and flame retardant properties due
o the exceptionally high surface to volume ratio of the reinforcing
eramic fillers [23,24].

In this article, we report nanocomposite polymer electrolytes
NCPEs) incorporating ceramic fillers and BMITFSI in the electro-
pun P(VdF-HFP)-based microporous membranes. The electrospun
oly(vinylidene fluoride-co-hexafluoropropylene) [P(VdF-HFP)]
icroporous membranes have been widely used as host matrices

o prepare PEs for LPBs [25,26], and nano-sized ceramic fillers in PEs
ere incorporated to enhance the electrochemical properties of PEs

27–29]. We have earlier reported high ionic conductivity and elec-
rochemical performance for a series of PEs containing BMITFSI and
iO2 [22]. BMITFSI has electrochemical stability window of 4.6 V
14], and thus, has a cathodic limit of −2.0 V and an anodic limit of
.6 V versus Ag/Ag+ [30], which is equivalent to 1.2 and 5.8 V versus
i/Li+. On its incorporation in PEs by blending with PEO-LiTFSI [31]
nd P(VdF-HFP)-LiTFSI [16], a reduction stability well below −1 V
as reported. The positive cathodic limit of the RTIL with respect

o lithium suggests that it is unsuitable for use in lithium metal
atteries, as reported for ethyl-methylimidazole (EMI)-based RTILs
Please cite this article in press as: P. Raghavan, et al., Electrochem
hexafluoropropylene)-based nanocomposite polymer electrolytes in
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

32]. However, our earlier studies [15,31] have shown that when
MITFSI and BMIBF4 are incorporated into PEO-LiTFSI blend, the
esulting PEs were capable of exhibiting a well-defined lithium
eduction process at −0.5 V and were stable up to −1.0 V versus
i/Li+. In the present article, we report unique NCPEs incorporat-
 PRESS
a Acta xxx (2009) xxx–xxx

ing BMITFSI and nano-sized ceramic fillers (SiO2, Al2O3 or BaTiO3)
hosted in electrospun P(VdF-HFP) membranes for use in LPBs. The
addition of BMITFSI and ceramic particles in NCPEs resulted in high
ionic conductivity. The cells prepared with different NCPEs showed
good interfacial and oxidation stability (at >5.5 V) with the highest
value (6.0 V) obtained for the cell prepared with NCPE incorporating
BaTiO3.

2. Experimental

2.1. Preparation of NCPEs

A 16 wt% solution of P(VdF-HFP) (Kynar 2801) with and without
6 wt% of ceramic fillers was prepared in a mixed solvent of ace-
tone and N,N-dimethylacetamide (7/3, w/w), and electrospun by
applying an electric voltage of 18 kV at room temperature [33]. A
thin film of 150 �m thickness was collected on an aluminum foil.
The membranes were vacuum dried at 60 ◦C for 12 h. BMITFSI was
synthesized by following a procedure reported earlier [34]. The
ceramic fillers used were SiO2, Al2O3 or BaTiO3 having the par-
ticle size of 14 nm, 40–47 nm, 30–50 nm, respectively. The NCPEs
were prepared by the immersion of electrospun membrane in a
0.5 M solution of LiTFSI in BMITFSI at 50 ◦C for 30 min, followed
by cooling slowly to room temperature. Activation of the NCPEs
was carried out in an argon-filled glove box under the condition of
<10 ppm moisture level. These were designated as PE-0 (without
filler), and NCPE-Al2O3, NCPE-SiO2, and NCPE-BaTiO3 to highlight
their respective composition.

2.2. Characterization of NCPEs

The surface morphology of the membrane was observed with
a field-emission scanning electron microscope (FE-SEM: Hitachi
S-4800), and their average fiber diameter (AFD) was calculated
from the micrographs taken at high magnification. The differen-
tial scanning calorimetry (DSC: 2010 TA Instruments) behavior of
the membranes was studied under nitrogen atmosphere at a heat-
ing rate of 10 ◦C/min over a temperature range from 50 to 200 ◦C.
X-ray diffraction (XRD) patterns of the samples were recorded on
X-ray diffractometer (XRD, D8 Discover with GADDS Bruker AXS)
over a range of 5–80◦ at room temperature.

The porosity of the membranes was determined by the
n-butanol uptake method [35]. The electrolyte uptake was deter-
mined by soaking a circular piece of the membrane (diameter
1.5 cm) in the electrolyte solution at 50 ◦C for 30 min. A higher
temperature was employed to facilitate the penetration of the
electrolyte solution through the pores of membranes. The wet
membranes were slowly cooled to 25 ◦C. The excess electrolyte
remaining on the membrane surface was removed by wiping with
a tissue paper. The electrolyte uptake (�) was calculated using the
relation [35]:

� (%) = M − M0

M0
× 100

where M0 is the mass of the dry membrane and M is the mass of
membrane after soaking in electrolyte.

2.3. Electrochemical evaluation of NCPEs

The ionic conductivity of all the NCPEs was measured by the
AC impedance method over the temperature range from 0 to 80 ◦C
ical performance of electrospun poly(vinylidene fluoride-co-
corporating ceramic fillers and room temperature ionic liquid,

using stainless-steel (SS) Swagelok® cells with an IM6 frequency
analyzer. The interfacial resistance (Rf) between the NCPE and
lithium metal electrode was measured by the impedance response
of Li/NCPE/Li cells. The ionic conductivity and the Rf measurements
were carried out over the frequency range from 10 to 2 MHz at

dx.doi.org/10.1016/j.electacta.2009.05.025
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in the crystallinity, the melting points of these membranes were
also decreased. The melting point of the pristine P(VdF-HFP) mem-
brane is 159 ◦C, and the membranes containing BaTiO3, SiO2 and
Al2O3 have melting temperatures of 153.4, 153.8 and 154.9 ◦C,
respectively.
Fig. 1. SEM images of electrospun membranes of P(VdF-HFP);

n amplitude of 20 mV with PE having an area of 2 cm2 and Li
etal having an area of 1.8 cm2. Cyclic voltammetry (CV) of the
CPE sandwiched between lithium electrodes was measured at

oom temperature at a scan rate of 0.1 mV s−1 between −1 and
1 V. Electrochemical stability was determined by the linear sweep
oltammetry (LSV) of a Li/NCPE/SS cell at a scan rate of 1 mV s−1

ver the range of open-circuit voltage to 6.5 V. Laboratory type
wo-electrode coin cells were fabricated by sandwiching the NCPE
etween a lithium metal anode (300 �m thickness, Cyprus Foote
ineral Co.) and a carbon-coated lithium iron phosphate (LiFePO4)

athode. LiFePO4 was prepared in-house by mechanical activa-
ion followed by solid state reaction at high temperature [36] and
he cathode was prepared in a blend with conductive carbon and
VdF binder in the weight ratio of 80:10:10. Electrochemical perfor-
ance tests of the Li/NCPE/LiFePO4 cells were carried out using an

utomatic galvanostatic charge–discharge unit, WBCS3000 battery
ycler (WonA Tech. Co.) between 2.0 and 4.5 V at 25 ◦C at a current
ensity of 0.1 C.

. Results and discussions

.1. Characterization of electrospun membranes

FE-SEM images of the electrospun membranes are presented
n Fig. 1. The P(VdF-HFP)-based membrane consists of nanofibers

ith smooth surfaces and well-controlled fiber diameter. In the
lectrospinning process of polymer solution, the molecular chain
ntanglements prevented the break-up of the electrically driven
et into individual droplets, and the electrostatic stress causes the
et of solution to elongate and be deposited as ultrafine fibers.
he interlaying of the fibers formed a three-dimensional network
tructure with fully interconnected pores, multi-fibrous layers, and
nterstices between the ultrafine fibers. The zig–zag interlaying of
Please cite this article in press as: P. Raghavan, et al., Electrochem
hexafluoropropylene)-based nanocomposite polymer electrolytes in
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

he fibers imparts sufficient mechanical strength for handling the
embrane. The AFD of the membrane without filler was 630 nm,
hile it was higher for the membranes containing nano-sized

eramic particles of SiO2, Al2O3 and BaTiO3 with values of 940, 680
nd 770 nm, respectively. These membranes have a high porosity
thout filler, (B) with Al2O3, (C) with SiO2, and (D) with BaTiO3.

of ∼85%. The high porosity and fully interconnected pore struc-
ture of the membranes make them ideal hosts for impregnating
electrolytes. The blending of ceramic fillers and polymer increased
the viscosity of the solution, which in turn affected the volume of
the ejection from the needles that resulted in larger AFD of the
membranes incorporating nano-sized ceramic particles [35].

A decrease was observed in the melting enthalpy and crys-
tallinity of the membranes incorporating ceramic fillers as shown
in Fig. 2. The percentage of crystallinity values obtained from the
DSC data follows the order: BaTiO3 (47.1%) < SiO2 (47.9) < Al2O3
(49.2) < membrane without filler (74.5%). Consequent on a decrease
ical performance of electrospun poly(vinylidene fluoride-co-
corporating ceramic fillers and room temperature ionic liquid,

Fig. 2. XRD spectra of electrospun membranes based on P(VdF-HFP) with different
ceramic fillers.

dx.doi.org/10.1016/j.electacta.2009.05.025
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ticles and the polymer chains. Hence, these particles might function
as plasticizer and electrolyte dissociator, and thus facilitated the ion
transport.
ig. 3. AC impedance spectra of polymer electrolytes based on electrospun P(VdF-
FP) membranes with different ceramic fillers and room temperature ionic liquid
t 25 ◦C.

Fig. 2 shows XRD spectra of the membranes. The weak peak cen-
ered at 2� = 18.3, the sharp peak at 2� = 20 and the broad peak
t 2� = 25 are characteristic peaks of planes (1 0 0), (0 2 0), (1 1 0)
nd (0 2 1) of PVdF crystallites [37–39]. The broadening and low-
ring of the intensity of diffraction peaks on incorporation of the
ano-sized ceramic fillers indicated a decrease in the crystallinity
f P(VdF-HFP). The reduction in crystallinity results from the for-
ation of a weak acid–base complex between the polar C–F bonds

f P(VdF-HFP) and the nano-sized ceramic fillers, which retards the
rdering of the crystalline regions in P(VdF-HFP) [39]. The orga-
ization of polymer chains may be hindered by the cross-linking
enters formed by the Lewis acid group of ceramic filler (e.g. –OH
roup of alumina surface) with polar group of the polymer (–F
tom of the polymer chain). As a result the degree of crystalliza-
ion of the composite matrix decreases with the addition of ceramic
anoparticles [40]. The nanoparticles are far more receptive to the
egmental motion of the polymer chain, and such interaction stabi-
izes the amorphous structure and enhances the ionic conductivity
f the polymer electrolytes [41]. The sharp peaks in the diffrac-
ogram Fig. 2(d) of the membrane with BaTiO3 centered at 2� = 31.5,
8.8, 45.23, 50.9, 56.3, 65.7, 70.5, 74.8 and 79.2 are the characteris-
ic peaks of the crystal planes (1 1 0), (1 1 1), (2 0 0), (2 1 0), (2 1 1),
2 2 0), (2 2 1), (3 0 0) and (3 1 0) of BaTiO3 tetragonal crystal struc-
ure [42].

These membranes are porous in nature as can be made out from
he SEMs of these membranes. A porosity of 84% was found for
he membrane without filler, while it was higher to be ∼87% for
he membranes comprising ceramic fillers. It is considered that the

ore porous network in the latter resulted from the loose packing
f fibers in the layers of the membranes. The high porosity of the
embranes was also reflected in their high uptake of electrolyte

olution with 650, 725, 740 and 750% obtained for the membranes
ithout ceramic filler and with Al2O3, SiO2 and BaTiO3, respectively.

his high level of electrolyte uptake is due to the high surface area
nd porosity, the fully interconnected pore structure, and also the
eduction in crystallinity for the membranes containing ceramic
llers.

.2. AC impedance and ionic conductivity
Please cite this article in press as: P. Raghavan, et al., Electrochem
hexafluoropropylene)-based nanocomposite polymer electrolytes in
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

The impedance data obtained at 25 ◦C for PE-0 and NCPEs are
hown in Fig. 3. The straight lines inclined towards the real axis were
btained for all the cases, representing the electrode/electrolyte
ouble layer capacitance behavior. This response is typical of the
Fig. 4. Ionic conductivities of polymer electrolytes based on electrospun P(VdF-HFP)
membranes with different ceramic fillers at different temperatures.

electrolytes with a major contribution towards total resistance
from bulk resistance (Rb) and only a minor contribution from the
grain boundary resistance. The intercept on the real axis represents
Rb of the electrolyte. The lowest and the highest Rb values were
obtained to be 1.8 and 7.7 � for NCPE-BaTiO3 and PE-0, respectively,
at 25 ◦C. A smooth and linear enhancement in ionic conductiv-
ity was observed with an increase in temperature from 0 to 80 ◦C
as shown in Fig. 4. From the impedance data, the ionic conduc-
tivity (mS cm−1) values of 2.3, 3.6, 4.4 and 5.2 were obtained at
25 ◦C, respectively, for PE-0, NCPE-Al2O3, NCPE-SiO2 and NCPE-
BaTiO3. The enhancement in ionic conductivity by the addition of
the nano-sized fillers results from a combination of factors that
include the role of the filler as a solid plasticizer [26] and as an
electrolyte dissociation promoter [43]. In the present study, the
conductivity enhancement can be attributed to the increase of
amorphous content due to the presence of the inorganic filler, the
Lewis acid–base interactions between the filler particles and polar
groups of the electrolyte, and the association between the filler par-
ical performance of electrospun poly(vinylidene fluoride-co-
corporating ceramic fillers and room temperature ionic liquid,

Fig. 5. Anodic stability by linear sweep voltammetry of polymer electrolytes based
on electrospun P(VdF-HFP) membranes with different ceramic fillers (Li/NCPE/SS
cell, 1 mV/s, 2–6.5 V).

dx.doi.org/10.1016/j.electacta.2009.05.025


ARTICLE IN PRESSG Model
EA-14641; No. of Pages 8

P. Raghavan et al. / Electrochimica Acta xxx (2009) xxx–xxx 5

F spun
B

3

e
t
(
h
i
t
l

a
L
A

ig. 6. Variation of AC impedance behavior of polymer electrolytes based on electro
aTiO3 with storage time (Li/NCPE/Li cell, frequency range 10 mHz to 2 MHz).

.3. Electrochemical properties

NCPEs have good oxidation stability at the anode from their
lectrochemical stability window as shown in Fig. 5. Their elec-
rochemical stability follows the order: PE-0 (5.5) < NCPE-Al2O3
5.7) < NCPE-SiO2 (5.9) < NCPE-BaTiO3 (6.0). These values are on
igher side of the spectrum of electrochemical stability values cited

n the literature [14]. Such a high anodic stability should render
hem potentially compatible with high voltage cathode materials
Please cite this article in press as: P. Raghavan, et al., Electrochem
hexafluoropropylene)-based nanocomposite polymer electrolytes in
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

ike LiCoO2 and LiMn2O4, and LiCoPO4.
The compatibility of the NCPEs with lithium metal has been

nalyzed by evaluating the impedance variation of symmetrical
i/NCPE/Li cells over storage up to 7 days as shown in Fig. 6.

semi-circle was observed from the impedance spectrum of
P(VdF-HFP) membranes (a) without filler, (b) with Al2O3, (c) with SiO2 and (d) with

each NCPE that is typical of electrolytes with contributions from
bulk electrolyte resistance (Rb) and electrode/electrolyte interfacial
resistance (Rf). Such a pattern is generally shown by liquid/gel elec-
trolytes that have high ionic conductivity. The real axis intercept at
the high-frequency end corresponds to Rb of the electrolyte. Rb has
low values, and it did not change much with storage time. The val-
ues are in agreement with low Rb observed for these electrolytes in
SS/NCPE/SS cells as described above in Section 3.2, and these sup-
port high ionic conductivities of the NCPEs. This again confirms that
ical performance of electrospun poly(vinylidene fluoride-co-
corporating ceramic fillers and room temperature ionic liquid,

the fully interconnected porous and fibrous structure of NCPEs can
function as efficient ion transport media between the electrodes,
and this property is even maintained on storage. Rf was found to
vary with storage time from 500 to 1100 �. Initial Rf in the case
of PE-0 (666 �) was higher than that of NCPE-SiO2 (545 �), but

dx.doi.org/10.1016/j.electacta.2009.05.025
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ower than that of NCPE-Al2O3 (730 �) or NCPE-BaTiO3 (724 �).
uch trends in Rf values are also reported in the literature [44]. Rf
ontinuously increased for all NCPEs with storage time and reached
he maximum of 1040 � for PE-0 after 5 days. The initial increase
n Rf with time is inevitable in lithium metal batteries as it indi-
ates the formation and growth of the passivation layer on the metal
urface by reaction with the electrolyte components, impeding the
assage of ions [45].

The PE-0 without ceramic filler shows the tendency to form
stable solid electrolyte interface, as time proceeds, but rather

lowly. On the contrary, for the NCPEs with ceramic fillers, Rf
nitially increased during 5 days, and then decreased thereafter.
he impedance behavior of the NCPEs after a storage time of
days is shown in Fig. 7. NCPE-SiO2, NCPE-Al2O3, and NCPE-

aTiO3 show initial increase during 5 days to reach 767, 979 and
000 �, respectively. After 7 days, Rf values reached 739, 888 and
38 �, respectively, for NCPE-SiO2, NCPE-Al2O3, and NCPE-BaTiO3
hich are only 16–36% higher than the initial values, and are

7–43% less than the corresponding Rf of PE-0. Hence, the NCPEs
ith ceramic fillers demonstrate a much better compatibility with

ithium electrode on continued storage, which could be considered
s equivalent to repeated cycling of the cell. Similar interfacial sta-
ility of lithium metal electrode was reported for P(VdF-HFP)-based
Please cite this article in press as: P. Raghavan, et al., Electrochemical performance of electrospun poly(vinylidene fluoride-co-
hexafluoropropylene)-based nanocomposite polymer electrolytes incorporating ceramic fillers and room temperature ionic liquid,
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

el electrolyte incorporating Al2O3 [37], and for P(VdF-HFP)-based
el electrolyte with in situ generated SiO2 filler [28]. The enhance-
ent in interfacial stability is attributed to the high surface area of

ano-sized filler particles that effectively holds the electrolyte solu-
ion by capillary force, which decreases the interactions between

Fig. 7. AC impedance spectra of polymer electrolytes based on electrospun P(VdF-
HFP) membranes with different ceramic fillers after a storage time of 7 days
(Li/NCPE/Li cell, frequency range 10 mHz to 2 MHz).

ig. 8. CV profiles of polymer electrolytes based on electrospun P(VdF-HFP) membranes with different ceramic fillers activated with 0.5 M LiTFSI in BMITFSI (Li/NCPE/Li cell,
can rate 1 mV/s, voltage range −1 to +1 V); (a) without filler, (b) with Al2O3, (c) with SiO2 and (d) with BaTiO3.
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ig. 9. Cycle performance (discharge capacities) of NCPEs based on electrospun
(VdF-HFP) membranes activated with 0.5 M LiTFSI in BMITFSI (Li/NCPE/LiFePO4

ell, 0.1 C-rate, 25 ◦C).

lectrolyte and lithium metal, and gradually stabilizes the interface
37]. The formation of passivation layer prevents further reaction
f the electrolyte with lithium, helps enhance the cathodic limit of
he electrolyte, and thus improves cycling properties. One of the
ontributing factors to improve the compatibility of NCPEs with
ithium electrode can be the rigidity of the membranes that results
n a better adhesion with lithium electrode during cycling [28].

.4. Evaluation of Li/FePO4 cell

CV studies of Li/NCPE/Li cells with BMITFSI exhibited well-
efined anodic and cathodic peaks as shown in Fig. 8. The oxidation
nd reduction peaks between 0.51 to 0.71 and −0.48 to −0.77 V,
espectively, for the NCPE containing BMITFSI resulted in a bet-
er, reversible redox behavior with a lower peak separation of
.99–1.48 V. The reduction current was minimum for NCPE-BaTiO3
0.35 mA) and maximum for PE-0 (0.48 mA). On cycling, there was
o substantial change in the redox peak voltages. Following the ini-
ial stabilization, the PE-0 and NCPEs were able to support fully
eversible redox process. Even on repeated cycling, the cathodic
rocess also occurred at the same voltage. On cycling, the cell
howed overlapping CV curves, which indicated the occurrence of
eversible redox processes. The anodic and cathodic peak current
alues were also nearly the same, which indicated high Coulom-
ic efficiency of the redox process. Another important observation
hat follows from the CV data is the stability of the NCPEs against
ecomposition at −1 V which is even lower than the lithium plating
oltage. The improved cathodic stability resulted from the effec-
ive suppression of the reduction of cation of BMITFSI by forming a
table, Li+ ion-conducting passivation layer on the lithium surface
hat prevented further reaction of BMITFSI [46]. In Fig. 8b and d,
he catholic peak position was slightly shifted with cycle numbers
nd this may due to the weakening of filler–polymer interaction.
he peak currents slightly shifted during the initial cycles and stabi-
ize afterwards. This indicates that following the initial stabilization
eriod, the PE is able to support fully reversible redox process [29].

The electrochemical performance of NCPEs was evaluated
n Li/LiFePO cells at 25 ◦C and 0.1 C-rate (corresponding to
Please cite this article in press as: P. Raghavan, et al., Electrochem
hexafluoropropylene)-based nanocomposite polymer electrolytes in
Electrochim. Acta (2009), doi:10.1016/j.electacta.2009.05.025

4
.07 mA cm−2), and their cycling properties are presented in Fig. 9.
harge and discharge reactions occurred at 3.5 and 3.4 V, respec-
ively, with the characteristic flat charge–discharge profile of
iFePO4 cathode-active material arising from the LiFePO4/FePO4

[

[
[

 PRESS
a Acta xxx (2009) xxx–xxx 7

two-phase redox reaction [44,47]. The initial discharge capacities of
cells with PE-0 and NCPE-Al2O3, NCPE-SiO2 and NCPE-BaTiO3 were
168.5, 165.0, 168.1 and 165.8 mA h g−1, respectively. The high dis-
charge capacities can be attributed to the high electrolyte uptake
by the PE-0 and NCPEs. After 20 cycles, the discharge capacities of
164.6 and 163.5 mA h g−1 were retained by the cells having NCPE-
SiO2 and NCPE-BaTiO3, respectively, while NCPE-Al2O3 and PE-0
showed lower discharge capacities of 155.1 and 156.9 mA h g−1,
respectively. The percentage fade in the discharge capacities after
20 cycles was the maximum (0.34%) for the cell having PE-0 and
the least (0.07%) for the cell having NCPE-BaTiO3. The observed
cycle performances are comparable to the results that we obtained
earlier for Li/LiFePO4 cells under similar test conditions (at 0.1 C-
rate) using the liquid electrolyte 1 M LiPF6 in EC/DMC (∼0.08% per
cycle evaluated over 100 cycles) [36], and PE based on electrospun
P(VdF-HFP) activated with 1 M LiPF6 in EC/DMC (∼0.04% per cycle
evaluated over 100 cycles) [33]. The remarkably good cycle property
of the cell can be attributed to these NCPEs enabling free passage
of ions between electrodes, and good compatibility between the
electrolyte and electrode, especially with lithium metal.

4. Conclusions

The electrospinning of P(VdF-HFP) with and without nano-sized
fillers resulted in intense interlaying of the fibers and membranes
with a well-interconnected porous structure. The unique structure
of these membranes contributed to the high electrolyte uptake
and high ionic conductivity, interfacial and electrochemical sta-
bility of NCPEs. The presence of BMITFSI also contributed to the
enhancement of ionic conductivity of the PE and NCPEs by acting as
ions-reservoir. Among three fillers studied, the NCPE incorporating
BaTiO3 exhibited the highest electrolyte uptake, ionic conductivity
and electrochemical stability. It also showed better compatibility
with lithium metal, and also the maximum charge and discharge
capacities with the least % capacity fade. The results in the present
study have shown that the presence of safe and non-volatile BMITFI
and nano-sized ceramic fillers when hosted in P(VdF-HFP)-based
electrospun membranes produces promising polymer electrolytes
for lithium metal batteries.
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