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bstract

Electrospinning parameters are optimized for the preparation of fibrous membranes of poly(vinylidene fluoride-co-hexafluoropropylene)
P(VdF-HFP)} that consist of layers of uniform fibres of average diameter 1 �m. Electrospinning of a 16 wt.% solution of the polymer in
cetone/N,N-dimethylacetamide (DMAc) (7/3, w/w) at an applied voltage of 18 kV results in obtaining membranes with uniform morphology.
olymer electrolytes (PEs) are prepared by activating the membrane with liquid electrolytes. The fully interconnected porous structure of the host
olymer membrane enables high electrolyte uptake and ionic conductivities of 10−3 S cm−1 order at 20 ◦C. The PEs have electrochemical stability
t potentials higher than 4.5 V versus Li/Li+. A PE based on a membrane with 1 M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC),

hich exhibits a low and stable interfacial resistance on lithium metal, is evaluated for discharge capacity and cycle properties in Li/LiFePO4 cells

t room temperature and different current densities. A remarkably good performance with a high initial discharge capacity and low capacity fading
n cycling is obtained.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolytes (PEs) have received considerable atten-
ion in recent years for application in rechargeable secondary
atteries since they can offer systems that are lighter, safer and
ore flexible in shape compared with their liquid counterparts.

n porous PEs, the polymer host in the form of a membrane
ith pores of nanometer to micrometer size is employed to

etain the liquid electrolyte [1,2]. The membrane should have
he capability to absorb the liquid electrolyte without leak-
ge, be chemically compatible with electrode materials and

dhere well to the electrode. Among the few polymers that meet
hese requirements, poly(vinylidene fluoride) (PVdF) and its
opolymer, poly(vinylidene fluoride-co-hexafluoropropylene)

∗ Corresponding author. Tel.: +82 55 751 5388; fax: +82 55 753 1806.
E-mail address: jhahn@gsnu.ac.kr (J.-H. Ahn).
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P(VdF-HFP)} have been found to be very promising as they
ave good electrochemical stability and affinity to electrolyte
olutions [3]. Porous membranes of PVdF/P(VdF-HFP) are gen-
rally prepared by: (i) a solvent-casting method [4]; (ii) an
xtraction method, in which a plasticizer such as di-n-butyl
hthalate (DBP) is extracted from a film constituting of the
olymer and DBP [1,5]; or (iii) a phase inversion method using
solvent/non-solvent system [2,6–8]. In the modified Bellcore

echnology developed for the first practical polymer recharge-
ble battery in 1996, the extraction method was used to prepare
he porous P(VdF-HFP) membrane [1]. Although these mem-
ranes possess good ionic conductivity and electrochemical
tability, their capabilities at high-discharge rates are limited
ue to the nano-scale pore size and low porosity (∼50%) of the

atrix. With the phase inversion method, microporous mem-

ranes (pore size: 0.1–1 �m) with >70% porosity can generally
e obtained and can contain larger amounts of electrolyte solu-
ion. Increasing the pore size in the matrix from the nano- to

mailto:jhahn@gsnu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2007.02.032
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he micro-scale can help to enhance the mobility of ions and the
onic conductivity. Moreover, the resulting PEs show lower bulk
mpedance and higher rate capability [9].

Electrospinning is an alternative, simple and efficient way to
repare thin fibrous mats [10–12]. Interest in this mature tech-
ology was revived in the 1980s when it was demonstrated that
he process could be used to fabricate ultrafine fibres and fibrous
tructures of various polymers with diameters down to submi-
rons or nanometers. In electrospinning, a high-voltage electric
eld is applied to a polymer fluid stream (solution or melt) that

s delivered through a thin nozzle. This creates a charged jet.
s the jet travels in air, the solvent evaporates to leave behind

he fibre which gets deposited on a charged collector [10–12].
ith proper control of the processing parameters, fibrous mem-

ranes with porosities of 30–90% and pore size in the range
f sub-micrometers to a few micrometers can be made. The
lectrospun membranes find various applications in composite
einforcement, filtration systems, tissue templates, medical pros-
hesis, electromagnetic shielding and liquid crystal devices [11].
he electrospun membrane appears to be particularly suitable for
se as a host matrix in microporous PEs because the fully inter-
onnected pores with large surface area can function as efficient
hannels for ion conduction. The first report of such an applica-
ion of the electrospun PVdF membrane for a lithium battery was
ublished in 2003 by Choi et al. [13]. Subsequent studies in this
rea were focused on the suitability of electrospun membranes of
VdF [13–16], P(VdF-HFP) [17] and poly(acrylonitrile) (PAN)
18] for lithium-ion battery applications. A few patents have
een filed on lithium secondary batteries that employ electro-
pun polymer membrane-based electrolytes [19]. By contrast,
here have been no reports of the suitability of electrospun

embrane-based PEs for lithium metal polymer batteries.
This study involves optimization of the process parameters

or preparing a P(VdF-HFP) microfibrous membrane with a
niform morphology. The PEs are prepared by activation of
he membrane with different liquid electrolytes and the elec-
rochemical properties are evaluated. The suitability of the PEs
ased on electrospun membrane for room temperature lithium
etal polymer batteries is also investigated.

. Experimental

.1. Preparation and characterization of electrospun
embrane

The P(VdF-HFP) co-polymer (Kynar Flex 2801, Mw = 4.77
105, VdF/HFP ratio: 88/12, Elf Atochem) was vacuum

ried at 60 ◦C before use. The solvents, acetone and N,N-
imethylacetamide (DMAc) (HPLC grades, Aldrich), were used
s received. Fibrous membranes were prepared by the typi-
al electrospinning method at room temperature, as described
n literature [10–12]. P(VdF-HFP) solutions of varying con-
entration (12–18 wt.%) were prepared in a mixed solvent of

cetone/DMAc (in varying proportions, 3:7, 5:5 and 7:3, w/w)
y mechanical stirring for 30 min at room temperature. The poly-
er solution was fed through a capillary using a syringe pump

KD Scientific, Model 210) and a high electric voltage (varied

s
S
m
2
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etween 11 and 24 kV) was applied to the capillary by means
f a power supply. A thin aluminum foil fixed on a grounded,
tainless-steel current collector in the shape of a drum rotating
t a specified speed was used to collect the charged polymer
n the form of a membrane. The electrospun membrane was
acuum dried at 60 ◦C for 12 h before further use. The surface
orphology of the membrane was observed with a scanning

lectron microscope (SEM-JEOL JSM 5600) and the average
bre diameter (AFD) was calculated based on micrographs taken
t high magnifications. The porosity (P) was determined by
he n-butanol uptake method, in which the dry membrane is
mmersed in n-butanol for 1 h, using the relation:

(%) = MBuOH/ρBuOH

(MBuOH/ρBuOH) + (Mm/ρP)
× 100 (1)

here Mm is the mass of the dry membrane, MBuOH the mass
f n-butanol absorbed and ρBuOH and ρP are the densities of
-butanol and polymer, respectively [17].

.2. Preparation of PEs based on electrospun fibrous
embrane

PEs were prepared by soaking the membrane for 1 h in liquid
lectrolyte solutions under an argon atmosphere in a glove-
ox (H2O < 10 ppm). Four different electrolyte solutions were
sed: (i) 1 M lithium hexafluorophosphate (LiPF6) in ethylene
arbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v); (ii) 1 M
iPF6 in EC/diethyl carbonate (DEC) (1:1, v/v); (iii) 1 M lithium

rifluoromethanesulfonate (LiCF3SO3) in propylene carbonate
PC); (iv) 1 M LiCF3SO3 in tetra(ethylene glycol) dimethyl ether
TEGDME). The lithium salts and organic solvents were sup-
lied by Aldrich. LiPF6 salt in mixed carbonate solvents was
elected for the study because these electrolytes are generally
mployed in commercial lithium-ion batteries [20]. LiCF3SO3
as selected based on its high dissociation constant among the
ifferent lithium salts, which enables it to perform well even in
omparatively low dielectric media like TEGDME [20].

.3. Electrochemical measurements

Electrolyte uptake by the membrane was determined by soak-
ng a circular piece of the membrane (diameter 1.5 cm) in each
lectrolyte solution. The weight of the wetted membrane was
etermined at different soaking intervals, taking care to remove
he excess electrolyte remaining on the surface of the membrane
y wiping softly with a tissue paper. The electrolyte uptake (ε)
as calculated using the relation:

(%) = M − M0

M0
× 100 (2)

here M0 is the mass of the dry membrane and M is the mass
fter soaking with electrolyte [14]. The ionic conductivities of
he PEs, over the temperature range −20 to 80 ◦C, were mea-

ured by the AC impedance analysis using stainless-steel (SS)
wagelok cells with an IM6 frequency analyzer. The measure-
ents were performed over the frequency range of 100 mHz to
MHz and at an amplitude of 10 mV. The interfacial resistance
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Rf) between the PE and lithium metal electrode was measured
y the impedance response of Li/PE/Li cells over the frequency
ange 10 mHz to 2 MHz. The electrochemical stability was deter-
ined by linear sweep voltammetry (LSV) of Li/PE/SS cells at
scan rate of 1 mV s−1 over the range of 2–6 V at 25 ◦C.
The prototype lithium cell was fabricated by sandwiching
he fibrous membrane based PE between a lithium metal anode
300 �m thickness, Cyprus Foote Mineral Co.) and lithium
ron phosphate (LiFePO4) cathode in SS Swagelok® type,

W
a
a
5

ig. 1. Scanning electron micrographs of electrospun P(VdF-HFP) membranes under d
wt.%): (A) 12, (B) 14, (C) 16 and (D) 18. Applied voltage: 18 kV, acetone:DMAc (7
olymer concentration: 16 wt.%, acetone/DMAc (7:3, w/w). (G and H) Effect of chan
6 wt.%; applied voltage, 18 kV.
urces 167 (2007) 491–498 493

ircular cells of 23 mm diameter. The carbon-coated LiFePO4
athode active material was made in-house by mechanical
ctivation followed by solid-state reaction at high temper-
ture [21]. The charge–discharge and cycling tests were
onducted in an automatic galvanostatic charge–discharge unit,
BCS3000 battery cycler (WonA Tech. Co.), between 2.5
nd 4.0 V at room temperature. The experiments were run
t different current density rates that ranged from 0.1 to
C.

ifferent processing conditions. (A–D) Effect of change in polymer concentration
:3, w/w). (E and F) Effect of change in applied voltage (kV): (E) 11 and (F) 24.
ge in acetone:DMAc ratio (w/w): (G) 5:5 and (H) 3:7. Polymer concentration,
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. Results and discussion

.1. Optimization of electrospinning process parameters

A number of parameters are known to influence the size
nd the morphology of the fibrous mat obtained by electro-
pinning process. These include: (i) system parameters such as
he molecular weight, molecular weight distribution and archi-
ecture (linear, branched, etc.) of the polymer; (ii) solution
roperties such as viscosity, surface tension and conductivity;
iii) process parameters such as applied electric voltage, flow
ate, concentration of solution, gap between the needle tip and
ollecting surface and motion of the target screen; (iv) ambi-
nt parameters such as temperature, humidity and air velocity
f the chamber [11,12]. In the present study, some of the pro-
ess parameters are optimized so as to obtain membranes that
onsist of bead-free fibres with uniform size and well-defined
orphology. Based on a few preliminary experiments, the fol-

owing process parameters have been optimized initially as:
ap between spinneret and collector, 22 cm; spinneret needle
ize, 0.6 mm; solution feed rate, 0.1 mL min−1; collecting drum
otation rate, 120 rpm.

The effect of varying polymer concentration, applied elec-
ric voltage and mixed solvent composition on the membrane

orphology is shown in Fig. 1. The variations in processing
onditions along with the fibre diameter range and AFD of the
embranes obtained under these conditions are presented in
able 1. The SEM images (A–D) show the effect of change in
oncentration of the polymer solution between 12 and 18 wt.%
n a mixture of acetone and DMAc (7:3, w/w), at 18 kV voltage.
olymer concentration is seen to influence strongly the fibre size
s well as the size distribution. AFD increases with increasing
olymer concentration. A similar increase in AFD with poly-
er concentration has been reported for an electrospun PVdF
embrane [14,17]. Since the solution viscosity is proportional to

he polymer concentration, higher solution viscosity leads to the
eposition of fibres with larger diameters [11]. At lower polymer
oncentrations (≤14 wt.%), a considerable amount of very thin
bres of 0.1–0.3 �m in diameter is observed. Uniform mem-
rane morphology with a narrow range of fibre diameter and
n AFD of 1 �m is obtained by electrospinning of a 16 wt.%

olution.

The applied electric voltage also affects the membrane mor-
hology to a considerable extent. Generally, a higher applied
oltage ejects more fluid in a jet and thereby leads to a larger

c
u
c
p

able 1
orphological characteristics of electrospun membranes of P(VdF-HFP) under diffe

ample ref. (as in Fig. 1) Polymer concentration (wt.%) Acetone:DMAc (w

12 7/3
14 7/3
16 7/3
18 7/3
16 7/3
16 7/3
16 5/5
16 3/7
urces 167 (2007) 491–498

bre diameter [11]. The morphologies obtained for the P(VdF-
FP) membranes with 16 wt.% solution in acetone:DMAc (7:3,
/w), processed under different voltages can be compared in
ig. 1C, E and F (18, 11 and 24 kV, respectively). 18 kV is found

o be the optimum for obtaining the most uniform morphology,
ith a narrow distribution of fibre diameters. Application of a
igher voltage of 24 kV results in the formation of a consid-
rable portion of large fibres with a wider range of diameter.
he change in acetone:DMAc weight ratio in the range 7:3, 5:5
nd 3:7 (Fig. 1C, G and H, respectively) has lesser influence on
he membrane morphology compared with polymer concentra-
ion and applied voltage. Uniform fibre morphology is obtained
ith a 7:3 ratio, i.e., with a slightly higher amount of acetone

n the mixture. Based on these results, the optimum process-
ng conditions were chosen to be 16 wt.% polymer solution in
cetone:DMAc (7:3, w/w) and 18 kV applied voltage. The mem-
rane thickness varies in the range 100–125 �m. The electrospun
bres are circular in cross-section with a smooth surface fin-

sh and the interlaying of the fibres generates the microporous
tructure with fully interconnected pores.

.2. Electrolyte uptake of membrane

The fibrous membrane prepared under the optimized condi-
ions was characterized for application as a host matrix for PEs.
he porosity of the membrane as determined by n-butanol uptake

s 59%, which is less compared with that reported (∼75%) by
im et al. [17] for membranes of AFD 1.3 �m. The differ-

nce might be due to the variations in experimental parameters
dopted for electrospinning. It is inferred that the fibrous mem-
rane in the present study contains more closely spaced fibres
eading to decreased porosity. The electrolyte uptake of the

embrane was determined in different electrolyte solutions over
period of 1 h and the results are shown in Fig. 2. The varia-

ion of electrolyte uptake is small with different electrolytes; it
anges from 165% for 1 M LiPF6 in EC/DMC to 210% for 1 M
iCF3SO3 in TEGDME. The uptake process is very fast for all
lectrolytes and the maximum amount of liquid penetrates into
he membrane within the initial few minutes. The fully intercon-
ected pore structure of the membrane is beneficial in achieving
his. Although TEGDME has a higher molecular size and vis-

osity compared with the other solvents (Table 2), the higher
ptake observed for 1 M LiCF3SO3 in TEGDME electrolyte
ould be the result of better wetting and compatibility of the
olymer with this solvent. An electrolyte uptake of ∼330% with

rent processing parameters

/w) Applied voltage (kV) Fiber diameter range (�m) AFD (�m)

18 0.1–1.2 0.6
18 0.3–3.0 0.8
18 0.6–1.4 1.0
18 0.5–3.1 1.5
11 0.1–1.8 1.1
24 0.4–3.8 1.5
18 0.3–1.5 0.9
18 0.3–1.5 1.0
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ig. 2. Electrolyte uptake (ε, %) of electrospun P(VdF-HFP) membrane with
ifferent liquid electrolytes.

M LiPF6 in EC/DMC/diethyl carbonate (DEC) (1:1:1, v/v/v)
as been reported for electrospun membranes of P(VdF-HFP)
ith AFD ∼1 �m [17]. The electrolyte uptake of the fibrous
embrane in the present study is comparatively lower, a direct

onsequence of the lower porosity achieved. Nevertheless, the
embrane has good wettability by the electrolytes and a higher

lectrolyte uptake compared with that reported for the Celgard
olyolefin separator (uptake ∼130%, porosity ∼40%) [13]. The
lectrospun membrane exhibits sufficient mechanical strength
nd self-standing properties even after being activated with the
iquid electrolytes.

.3. AC impedance and ionic conductivity

The ionic conductivities of the PEs were measured at differ-
nt temperatures by the AC impedance method. The impedance
esponses are typical of electrolytes where the bulk resis-
ance is the major contribution towards the total resistance.
n inclined straight line towards the real axis representing

he electrode|electrolyte double layer capacitance behaviour
s observed over the whole range of frequency evaluated.
his indicates that there is only a minimal contribution from

rain boundary resistance to the total resistance. Typical AC
mpedance spectra obtained at 20 ◦C for the PEs are shown in
ig. 3. Only the PE based on LiCF3SO3 in TEGDME shows an
rc portion in the spectra, which represents a minor contribution

f
t
L
c

able 2
hysical properties of organic solvents in electrolytes

roperties ECa DMCa

olecular weight 88 90
ormal melting point (◦C) 36.4 4.6
iscosity at 25 ◦C (cP) 1.90 (40) 0.59 (20)

ensity at 25 ◦C (g cm−3) 1.321 1.063
ielectric constant at 25 ◦C 89.78 3.107

uperscript values refer to temperature at which property is measured.
a Ref. [20].
b Aldrich catalogue for Product No. 24,116-4.
ig. 3. AC impedance spectra at 20 ◦C of PEs based on electrospun P(VdF-HFP)
embrane.

rom the grain boundaries to the total resistance. The real-axis
ntercept of the straight line represents the bulk resistance of the
iven electrolyte (Rb). At 20 ◦C, Rb varies between 2 and 19 �

or the PEs. The Rb of LiCF3SO3 in TEGDME is higher than that
f the other systems indicating a lower ionic conductivity for this
E. With increase in temperature, Rb is progressively reduced,
evealing a corresponding enhancement in ionic conductivity.

Variation of the ionic conductivities of the PEs with tem-
erature is shown in Fig. 4. The PEs under study comprise a
olid polymer fibre phase, a partially swollen amorphous fibre
hase and a liquid electrolyte phase encapsulated in the pores of
he membrane [6,13,14]. Two ion conduction paths have been
ostulated for porous membrane-based PEs: one is a high con-
uction path through the liquid electrolyte phase and the other
s a slow conduction path through the swollen polymer phase
6,17]. Studies reported by Saunier et al. [6] on the conductivities
f gel electrolytes based on PVdF show that the contribution to
he conductivity by the PVdF structure swollen with electrolyte

ay be neglected with respect to that of the porous volume filled
ith electrolyte. Hence, the overall ionic conductivity of the PE

s highly influenced by the liquid electrolyte phase. A linear rela-
ionship between ionic conductivity and temperature is observed

or all the PEs examined here. The variation of conductivity with
emperature is minimal for PEs with higher conductivity, namely
iPF6 in EC/DMC and EC/DEC. For these systems, the ionic
onductivities at 20 ◦C are 4.7 × 10−3 and 2.5 × 10−3 S cm−1,

DECa PCa TEGDMEb

118 102 222
−74.3 −48.8 −30

0.75 2.53 4.05
0.969 1.200 1.009
2.805 64.92 7.9
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resistance (Rf) are observed. The real axis intercept at the high
frequency end of the spectrum denotes Rb of the electrolyte and
is very low (between 5.6 and 6.5 �). These values agree well
with the low Rb observed for these electrolytes in SS/PE/SS cells
ig. 4. Variation of ionic conductivity with temperature of PEs based on elec-
rospun P(VdF-HFP) membrane.

espectively. The higher ionic conductivity is a result of the lower
iscosities of the alkyl ether solvents DEC and DMC at room
emperature and the high dielectric constant of the constituent
C in the solvent mixture, which is helpful by causing a high
issociation of the lithium salt.

Lithium-salt electrolytes with a mixture of the cyclic car-
onate EC and linear carbonates DMC or DEC are known to
rovide favourable properties to lithium batteries, which include
igh ionic conductivity [20]. One molar LiPF6 in EC/DMC is
eported to have an ionic conductivity of 10.7 × 10−3 S cm−1 at
5 ◦C [22]. The extent of conductivity loss for this electrolyte
ue to the presence of the electrospun membrane in the PE is thus
een to be very low (i.e., a loss factor of <0.5, compared with the
onductivity of 4.7 × 10−3 S cm−1 for the PE at 20 ◦C). Using
microporous PVdF membrane prepared by phase inversion as

he host matrix for PEs with 1 M LiPF6 in mixed carbonates as
lectrolyte solvents, a conductivity loss factor of ∼3 has been
eported [6].

In summary, it is found that the fully interconnected pore
tructure of the electrospun membrane used in the present study
llows easier passage of ions between the electrodes. The lower
onductivity for PE based on TEGDME solvent could be due to
ts lower dielectric constant affecting the dissociation of lithium
alt, and to the higher viscosity limiting the mobility of ions
n the electrolyte. Nevertheless, this PE has a conductivity of
.4 × 10−3 S cm−1 at 20 ◦C, which is considered to be sufficient
or practical applications in lithium batteries.

.4. Electrochemical properties

The electrochemical stability window of the electrospun
(VdF-HFP)-based PEs is shown in Fig. 5. The order of electro-
hemical stability is: 1 M LiCF3SO3 in TEGDME (4.9 V) > 1 M
iPF6 in EC/DMC (4.8 V) > 1 M LiCF3SO3 in PC = 1 M LiPF6
n EC/DEC (4.6 V). Thus, the PEs have good anodic stability,
bove 4.5 V versus Li/Li+, i.e., sufficient to be compatible with
ost of the common materials used for lithium battery cathodes.
arlier studies also have reported high electrochemical stability

F
P
a

ig. 5. Electrochemical stability by linear sweep voltammetry of PEs based on
lectrospun P(VdF-HFP) membrane.

or PEs based on electrospun PVdF [13,14], P(VdF-HFP) [17]
nd PAN [18]. Although ionic conduction is occurring mainly
hrough the entrapped liquid electrolyte in the porous structure,
he partially swollen fibrous matrix with large surface area con-
ributes significantly in enhancing the electrochemical stability
f the PE [13,14].

Compatibility of the electrolyte with the lithium metal anode
s an important factor that determines the cycle performance
f the lithium cells. The impedance behaviour of PEs based
n an electrospun P(VdF-HFP) membrane with 1 M LiPF6 in
C/DMC and EC/DEC on lithium metal is presented in Fig. 6.
he impedance characteristics at an initial stage and after stor-
ge for 7 days are shown. Impedance spectra in the form of
emicircles typical of electrolytes with contributions from bulk
lectrolyte resistance (Rb) and electrode|electrolyte interfacial
ig. 6. Impedance behaviour of Li/PE/Li cells initially and after 7 days storage.
Es based on electrospun P(VdF-HFP) membrane with 1M LiPF6 in EC/DMC
nd EC/DEC.
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2–3.5 �, detailed above in Section 3.3). There is no apprecia-
le increase in Rb with storage for 7 days. A similar observation
f a constant Rb with storage has been observed in the earlier
tudies with PEs based on electrospun fibrous membranes of
VdF [13,14]. This behaviour is indicative of a good retention
f the ionic conductivity of the PE consisting of a swollen fibrous
tructure. By contrast, the solvent composition has an apprecia-
le influence on the Rf of the electrolyte on lithium metal. The
nitial Rf value for an electrolyte with EC/DMC is nearly half of
hat for EC/DEC (458 and 904 �, respectively) and with storage
or 7 days, Rf increases to 475 � (i.e., by ∼4%) for the EC/DMC
ystem, and to 1130 � (i.e., by ∼25%) for the EC/DEC system.
he increase in Rf with time is the result of the formation of a
assive layer caused by a reaction between the aprotic solvents
nd lithium electrodes during storage [23]. The superior com-
atibility of the electrolyte based on EC/DMC compared with
C/DEC could be the effect of the lower viscosity of DMC with

espect to DEC. Electrolytes of low viscosity can provide bet-
er wetting over the electrode and facilitate easier penetration of
ons.

.5. Evaluation in Li/LiFePO4 cell

Based on its high ionic conductivity and better compatibility
ith a lithium anode, a PE comprised of electrospun P(VdF-
FP) with 1 M LiPF6 and EC/DMC was selected for evaluation

n a lithium metal battery with a LiFePO4 cathode at room
emperature. LiFePO4 has attracted much attention as the next-
eneration cathode material. It has a high theoretical capacity
f 170 mAh g−1, an operating potential of 3.4 V, and excel-
ent cycling properties [21,24,25]. Compared with the transition

etal oxides presently used as cathode materials in lithium-ion
atteries, LiFePO4 is non-toxic, cheaper and easy to prepare.

he initial discharge capacity at current densities of 0.1 and 1 C
f a Li/LiFePO4 cell with electrospun P(VdF-HFP) based PE is
resented in Fig. 7. Relatively high cathode utilizations corre-
ponding to 83.5 and 73.5% of theoretical capacity are achieved

ig. 7. Initial discharge capacity of Li/LiFePO4 cell using PE based on electro-
pun P(VdF-HFP) membrane with 1 M LiPF6 in EC/DMC at 0.1 and 1.0 C rates
2.5–4.0 V; room temperature).
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(VdF-HFP) membrane with 1 M LiPF6 in EC/DMC at different C rates. (Inset)
ycle performance of Li/LiFePO4 cell using liquid electrolyte 1 M LiPF6 in
C/DMC (2.5–4.0 V; room temperature).

t the 0.1 and 1 C-rates, respectively. The decrease in discharge
apacity at the higher C-rate is usually observed for LiFePO4-
ased cells and is attributed to the slow diffusion of lithium ions
cross the solid two-phase boundary of LiFePO4 and FePO4
24].

The cycle performance of the cell up to 100 cycles and at dif-
erent C-rates is shown in Fig. 8. The initial discharge capacities
t the 0.1, 1, 2 and 5 C-rate are 142, 125, 108 and 85 mAh g−1,
espectively. After 100 cycles, the corresponding capacities are
36, 117, 98 and 72 mAh g−1. Thus, capacity fading per cycle
s low, namely between 0.04 and 0.15% at the applied C-rates.
he remarkably good cycle properties of the cells, even at high
urrent densities, demonstrate the suitability of the electrospun
embrane based PE for this cell. In an earlier study [21] an

valuation was made of the performance of Li/LiFePO4 cells
nder similar conditions using a liquid electrolyte of 1 M LiPF6
n EC/DMC. The cycle properties of that cell at the 0.1, 1 and
C-rate are shown in the inset of Fig. 8. The initial discharge
apacities are 143, 134 and 125 mAh g−1 at the 0.1, 1 and 2 C-
ate, respectively. Thus, it is seen that the performance of PE
s as good as the liquid electrolyte at the lowest current density
f 0.1 C. At the 1 and 2 C rates, the discharge capacities pro-
ided by the PE are marginally lower than those obtained with
he liquid electrolyte. This probably results from the lower ionic
onductivity and hence slower reaction kinetics of the PE. The
apacity fading per cycle at all the C-rates is comparable for both
he PE and liquid electrolyte. This evaluation demonstrates the
uitability of PE based on an electrospun membrane for lithium
etal battery applications.

. Conclusions
P(VdF-HFP) fibrous membranes have been prepared by elec-
rospinning of the polymer solution in a mixed solvent of acetone
nd DMAc. The effect of spinning process parameters such
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s polymer concentration, applied voltage and solvent ratio on
he AFD and morphology of the membrane has been evalu-
ted. Polymer concentration has the largest effect, followed by
pplied voltage and solvent ratio. A fibrous membrane with uni-
orm morphology and an AFD of 1 �m has been prepared under
he optimized conditions of 16 wt.% solution in acetone:DMAc
7:3, w/w) at 18 kV. The PEs are prepared by activating the mem-
rane with different liquid electrolytes. High ionic conductivities
n the range of 10−3 S cm−1 at 20 ◦C are exhibited by the PEs.
his performance is attributed to the easy passage of the liq-
id electrolyte through the fully interconnected pore structure
f the membrane. The PEs have good electrochemical stability
t >4.5 V versus Li/Li+, and a reasonably stable Rf on lithium
etal. A PE based on electrospun P(VdF-HFP) with 1 M LiPF6

n EC/DMC has been evaluated in a lithium metal battery with a
iFePO4 cathode for discharge capacity and cycle performance
t different C-rates. The resulting good performance indicates
hat PEs based on electrospun P(VdF-HFP) membranes are suit-
ble for application in high-performance lithium metal batteries.
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