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Electrochemical and Spectroscopic Properties of Electrospun
PAN-Based Fibrous Polymer Electrolytes
S. W. Choi,a J. R. Kim,b S. M. Jo,b,z W. S. Lee,b and Y.-R. Kima

aDepartment of Chemistry, Yonsei University, Seoul 120-749, Korea
bPolymer Hybrid Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea

Microporous fibrous polymer electrolytes were prepared by immersing electrospun poly~acrylonitrile! ~PAN!-based fibrous mem-
branes into lithium salt-based electrolytes. They showed high ionic conductivities of up to 1.03 10−3 S/cm at 20°C, and sufficient
electrochemical stabilities of up to 4.5 V. Their ion conduction depended on the physicochemical properties of the lithium
salt-based electrolytes trapped in pores, as well as on the interactions among the Li+ ion, the carbonate, and the PAN. From the
Fourier transform-Raman data, lithium ion transport was mainly achieved by the lithium salt-based electrolytes in pores via the
interaction between the Li+ ion and the C=O group of carbonate molecules, and was also affected by the PAN through the
interaction between the Li+ ion and the C;N groups of PAN. Their electrochemical stabilities were enhanced by the swelling of
the electrospun PAN nanofibers because of the dipolar interaction between the C;N groups of PAN and the C=O groups of
carbonate in the lithium salt-based electrolytes. Prototype cells using electrospun PAN-based fibrous polymer electrolytes thus
showed different cyclic performances, according to the composition of the lithium salt-based electrolytes. The prototype cell with
1 M LiPF6-ethylene carbonate/dimethyl carbonates1/1d showed the highest discharge capacity and the most stable cyclic perfor-
mance among them.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1887166# All rights reserved.
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In recent years, phase inversion has been widely studied to
the microporous polymer membrane of polymer electrolytes.1-3 This
process is less sensitive to moisture than solvent casting bec
moisture-free environment is required only at the activation ste
addition, polymer electrolytes using a microporous polymer m
brane are more mechanically stable than gel polymer electro
using the solvent casting method, because the microporous po
membrane maintains its three-dimensional network structure.

Polyvinylidene fluoride~PVDF! and P~VDF-co-HFP! have bee
mainly utilized as materials for microporous membranes bec
they are physicochemically and electrochemically stable in a lith
ion polymer battery. The physical and electrochemical properti
the porous PAN membrane using the phase inversion method
recently reported.4 These show sufficient electrochemical proper
which means that the microporous PAN membrane can also be
as a polymer matrix for polymer electrolytes in a lithium ion po
mer battery.

In the gel electrolyte system, a PAN-based polymer electr
shows different forms of ion conduction behavior compared
PVDF- or P~VDF-co-HFP!-based polymer electrolytes contain
cyclic carbonate molecules, such as ethylene carbonate~EC!, propy-
lene carbonate~PC!, andg-butyrolactone. It has been confirmed t
PAN not only acts as a polymer matrix to maintain the frame
polymer electrolyte, but also participates in lithium ion transp
From their vibrational spectroscopic data, lithium ions interact
C;N groups of PAN chains as well as with cyclic carbonate m
ecules in an electrolyte solution. A vibrational band of Li+-EC com-
plexes generally appeared at 903 cm−1, whereas that of free E
molecules appeared at 893 cm−1.5 A new band was also observed
around 2,270 cm−1, due to the interaction between the lithium
and the C;N groups of PAN.6 Their intensities and positions vari
according to the composition of the PAN-based polymer electro
On the other hand, a PAN-solvent complex was formed from
dipolar interaction between the C;N groups of PAN and the C=
groups of cyclic carbonate molecules. When the nitrogen ato
the C;N group of PAN attacked the carbon atom of the C=O gr
of cyclic carbonate molecules, the electron density around the
bon was enhanced and the C=O bonding became stronger.7,8 More-
over, the related vibrational band shifted to a higher-frequenc
gion. Electrochemical properties were thus somewhat enhanc
the above mentioned interactions.9,10 As a result, the PAN-base
polymer electrolyte showed a high ionic conductivity and elec
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chemical stability in the range of the operating voltage. Only a
researchers, however, have studied the PAN-based polymer e
lyte using a microporous membrane.4 The effect of the porous PA
fibrous membrane on the chemical and electrochemical proper
polymer electrolytes is, in particular, not clearly characteri
Moreover, phase inversion may be an inappropriate techniqu
preparing the microporous PAN fibrous membrane because P
rarely dissolved by a solvent with a low boiling point, which
easily evaporate during drying. Thus, a microporous polymer m
brane by phase inversion may be an inhomogeneous membran
two kinds of structures, like honeycombs or finger-
structures.11,12

In a previous study by the authors, the electrospinning tech
was proposed for the first time for preparing a microporous pol
matrix for polymer electrolytes.13 Polymer electrolytes using t
electrospun PVDF-based nanofibrous membrane showed suf
electrochemical properties for application to a lithium ion poly
battery. This paper investigates the microporous electrospun
based fibrous membrane and the electrochemical properties o
mer electrolytes using such a membrane. Interactions betwee
PAN nanofiber, a lithium ion, and solvent molecules in electro
PAN-based fibrous polymer electrolytes were characterized
the vibrational spectroscopic technique, to investigate their influ
on the electrochemical properties of fibrous polymer electrol
The prototype cells of a lithium ion polymer battery using elec
spun PAN-based fibrous polymer electrolytes were then fabri
to investigate their cycle performances.

Experimental

A PAN solution was prepared by dissolving 12 wt % of P
~Polysciences, Mw = 1.53 105! in N, N-dimethylacetamid
@Merck, high performance liquid chromatography~HPLC! grade#.
Microporous electrospun fibrous membranes were prepared
the typical electrospinning method. A silver-coated stainless
needle was connected to a high-voltage power supply~Bertan, 230!.
The PAN solution was supplied to a needle using a syringe infu
withdrawal pump~KD Scientific, model 220!, and a high voltag
was applied to the end of the needle. The electrospun PAN fi
matrix was then deposited on a grounded, polished, stainless
plate. The thickness of the membrane was controlled at 30µm and
vacuum-dried at 60°C overnight.

Electrospun PAN-based fibrous polymer electrolytes were
pared by immersing electrospun PAN fibrous membranes
lithium salt-based electrolytes, such as 1 M LiPF6-EC/ dimethy
carbonate~DMC! ~2/1, wt/wt!, 1 M LiPF -EC/DMC ~1/1, wt/wt!, 1
6
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M LiPF6-EC/ethylmethyl carbonate~EMC! ~1/1, wt/wt!, 1 M
LiPF6-EC/diethyl carbonate ~DEC! ~1/1, wt/wt!, and 1 M
LiPF6-EC/DMC/DEC ~1/1/1, wt/wt/wt! ~Merck, battery grade! at
room temperature. This process was carried out in an argon
spheresH20 , 1 ppmd. A PAN-based gel electrolyte was also p
pared for comparison. The PAN-based gel polymer electr
consisted of PAN and a lithium-salt-based electrolyte
1 M LiPF6-EC/DMC s1/1, wt/wtd, whose composition is similar
that of the electrospun PAN-based fibrous polymer electrolyte.

The morphology of the electrospun PAN fibrous membrane
observed using a scanning electron microscope~SEM, Hitachi,
S-4200!. The average fiber diameter of each sample was calcu
using software~SigmaScanPro 5.0, SPSS! based on SEM image
The mean pore diameters were measured using a capillary flo
rometer~PMI, ver. 7.0!. The pressure range was from 0 to 30
The pore size was calculated from the wet and dry flow cu
Perfluoropolyether~called propene, 1,1,2,3,3,3 hexafluoro, oxidiz
polymerized! was used as a wetting solvent for this experimen

Porosity was measured fromn-buthanol uptake. The electrosp
PAN fibrous membrane was immersed inn-buthanol for 1 h, afte
which the mass of the electrospun PAN fibrous membrane b
and after its absorption ofn-buthanol was measured. The porosity
the membrane was calculated using Eq. 1

P =
ma/ra

ma/ra + mp/rp
f1g

wheremp is the mass of the dry membrane,ma is the mass of th
buthanol absorbed by the wet membrane,rp is the density of th
polymer, andra is the density of buthanol.

The vibrational spectra of the electrospun PAN-based fib
polymer electrolytes were obtained using Fourier transform~FT!-
Raman spectroscopy~Brucker, RFS-100/s! at a resolution of 1 cm−1.
The light source was an Nd-YAG laser with a wavelength of 1
nm. The spectra were collected over the range of 400-3500 cm−1 by
averaging 300 scans. Individual peaks in FT-Raman were fitted
a trial function consisting of a base line and a Gaussian fun
~PeakFit 4.0, SPSS!.
-

-

Ionic conductivity was measured using the impedance tech
over the frequency range of 0.1 Hz to 100 kHz, with an ac ampl
of 10 mV and a temperature range of −20 to 60°C using I
~Zahner Co., Germany!, and interfaced with a personal compu
The conductivity cell was assembled by sandwiching a given
trospun PAN-based fibrous polymer electrolyte between two s
less steel blocking electrodes in a glove box filled with argon g

Linear sweep voltammetry was used to determine the ele
chemical stability windows of the electrospun PAN-based fib
polymer electrolytes. The measurement was carried out us
three-electrode electrochemical cell consisting of a nickel wor
electrode and a lithium reference and counter electrode. An el
chemical analyzer~CHI, model 600! was utilized under the scan ra
of 1 mV/s and the potential range of 2-5 Vvs.Li+/Li.

By sandwiching electrospun PAN-based fibrous polymer ele
lytes between a mesocarbon microbead~MCMB! anode~SKC sup-
plied, Korea! and a LiCoO2 cathode ~SKC supplied, Korea!, a
lithium ion cell was assembled in a dry box filled with argon
sH2O , 1 ppmd. The theoretical capacity was estimated from
cycle performance at the 0.2C rate and the composition of the
ode~LiCoO2, conducting material; binder = 90:5:5!. The theoretica
capacity of the LiCoO2 electrode was about 145 mAh/g. This p
totype cell was then vacuum-sealed in an aluminum plastic p
and stored at 50°C to age, before the cycling test was perfo
The charge/discharge tests were conducted with a battery
~WBCS3000, WonAtech Co!. The cycling performances of the p
totype cells were measured at the cutoff voltage of 4.20-2.75 V
at a constant current~1.7 mA/cm2, about the 0.5C rate!.

Results and Discussion

As shown in Fig. 1a, the electrospun PAN-based fibrous m
brane consists of nanofibers with smooth surfaces and
controlled average diameters of 330 nm. It shows a th
dimensional network structure with fully interconnected pore
has a high porosity of about 90%, however, and a loose pore
ture with a large mean pore size of about 2.3µm, although it wa
prepared by the deposition of ultrafine fibers. This indicates tha
fibers are deposited by rapid evaporation of the solvent d

Figure 1. SEM images of~a! electrospun
PAN fibrous membranes,~b! after storag
in an electrolyte solution at 50°C for 12
~c! after 100 cycles at the 0.2C/0.2C ra
and ~d! after 150 cycles at the 0.2C/0.2
rate.
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electrospinning. Solvent evaporation in electrospinning can be e
controlled. Figure 1b shows the SEM image of the electro
PAN-based fibrous membrane impregnated with a 1 M LiP6-
EC/DMC s1/1d electrolyte solution at 50°C for 12 h. The elect
spun PAN-based fibrous membrane was partially swelled
lithium salt-based electrolyte, and the average fiber diamete
slightly increased by swelling even after storage for 1 week.
swelling of the PAN-based nanofibers was greatly enhanced,
ever, during the electrochemical reaction, like the charge/disch
Figures 1c and d are SEM images of the electrospun PAN-b
fibrous membranes in the prototype cells after charge/discharge
of about 100 and 150 cycles, respectively, were carried out. T
prototype cells were assembled with an electrospun PAN-bas
brous polymer electrolyte membrane impregnated with
1 M LiPF6-EC/DMC s1/1d solution at 50°C for 12 h. The charg
discharge tests were measured at a cutoff voltage of 4.20-2.75
at a constant current~1.7 mA/cm2, at about the 0.5C rate!. The
average fiber diameter of the electrospun PAN-based fibrous
brane after 100 cycles increased more significantly than that im
nated with the electrolyte solution. After 150 cycles, the ave
fiber diameter of the electrospun PAN-based fibrous membran
markably increased by about three times compared with that b
the cycling test. It is thus thought that the swelling behavior of
electrospun PAN-based fibrous membrane in the lithium-salt-b
electrolyte has some effects on the electrochemical propertie
cycling performance of the prototype cell with the electrospun P
based fibrous polymer electrolyte.

Figure 2 shows the X-ray diffraction~XRD! patterns of the elec
trospun PAN-based fibrous membrane, its fibrous polymer ele
lytes before and after 150 cycles, and the PAN-based gel elect
with 1 M LiPF6-EC/DMC s1/1d, for comparison. The electrosp
PAN-based fibrous membrane showed a strong peak at aroun
and two weak, broad peaks at around 28 and 55°, which are
similar to that of PAN powder with a hexagonal lattice. A sharp p
at 17° corresponds to the~010! plane with a d-spacing of 5.3
Å.14,15 PAN powder generally shows a small, sharp peak at ar
28°, but the electrospun PAN fibrous membrane showed a
peak because of its enhanced amorphous phase. The elect
PAN fibrous membrane, however, retained the crystal structu
the original PAN powder. In the case of the electrospun PAN-b
fibrous polymer electrolytes, their strong peaks at around 21° n
appeared, which is assumed to be due to the interaction betwe
PAN nanofiber and the electrolyte solutions. Although much o
electrolyte solution that penetrated the PAN nanofibers was cap

Figure 2. XRD patterns of the electrospun PAN-based fibrous membran
fibrous polymer electrolytes before and after 150 cycles, and the PAN-
gel polymer electrolyte with 1 M LiPF6-EC/DMC s1/1d.
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in the amorphous phase of the electrospun PAN fibrous membr
slight volume of the electrolyte solution also penetrated the cry
line phase of the PAN nanofibers. The lithium ion and C=O gr
of carbonate solvents then interacted with the C;N groups of PAN
The XRD patterns of the PAN-based gel polymer electrolytes u
the lithium salt-based electrolyte showed a single broad pe
about 20°.10 Therefore, the strong peak at 21° in the electros
PAN-based fibrous polymer electrolyte should be assigned t
disordered structure due to the interaction between the PAN
electrolyte solutions. The sharp peak at 17° remained, howeve
cause the crystal structure of the PAN was not seriously br
down by the swelling of the electrospun PAN-based fibrous m
brane, although the peaks at 28 and 55° were no longer obs
This may indicate that the three-dimensional network structure
the mechanical strength of fibrous membranes are maintained
their impregnation with the electrolyte solution.

In the PAN-based gel electrolyte, the peaks were shifted up
became much broader due to the enhanced swelling of the c
phase. After 150 cycles, the electrospun PAN-based fibrous po
electrolyte also showed very broad peaks compared with the
tion before the cycle test. This indicates the enhanced swelli
the electrospun PAN-based nanofiber due to the electrochemic
action during the cycle test.

In the PAN-based polymer electrolyte with the lithium-salt-ba
electrolyte, the interaction between Li+ and PAN was much weak
than that between Li+ and the solvent molecules, such as EC, DM
DEC, and EMC. As such, the associated Li+-PAN peak was ver
weakly observed in the FT-Raman spectra.16-19 Figure 3 shows th
FT-Raman spectra of the stretching mode of the C;N groups in the
electrospun PAN-based fibrous membrane, their fibrous pol
electrolytes that were aged for 12 h at 50°C, and the PAN-base
electrolyte with 1 M LiPF6-EC/DMC s1/1d. The associate
Li+-PAN peaks in the fibrous polymer electrolytes were very we
observed, but the expended spectra of Fig. 3b obviously sho
new weak peak due to the interaction between the lithium ion
the -C;N group of PAN, which weakly appeared at arou
2265 cm−1. The diameters of the swollen PAN nanofibers in
fibrous polymer electrolyte did not significantly increase even af
cyclic performance of about 100 cycles, as Fig. 1a-c shows.
indicates a low ratio of Li+:-CN in the solid fibrous phase of t
PAN-based fibrous polymer electrolyte membrane, unlike in
conventional gel electrolyte.

Figure 3. The FT-Raman spectra of the C;N stretching modes of PAN
the electrospun PAN-based fibrous polymer electrolytes before and aft
cycles, and in the PAN-based gel polymer electrolyte with 1 M LiP6-
EC/DMC s1/1d.
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Figure 3 also shows the FT-Raman spectra of the electro
PAN-based fibrous polymer electrolyte after about 150 cycles
of the conventional PAN-based gel polymer electrolyte, for com
son. For the fibrous polymer electrolyte, after 150 cycles, a s
peak of the Li+-PAN association was observed at around 2270 c−1.
This peak was shown in the PAN-based gel electrolyte was m
stronger than that of the electrospun PAN fibrous polymer ele
lyte. As shown in Fig. 1d, the electrochemical reaction during
cyclic performance of about 150 cycles remarkably enhance
swelling of the PAN nanofibers, after which the diameters of
swollen PAN significantly increased. From these results, it ca
said that the peak of the Li+-PAN association largely depends on
number of PAN chains associated with the lithium ion. A signific
swelling of the PAN in the case of both the electrospun fib
polymer electrolyte and the gel polymer electrolyte is though
induce an increase in the associated Li+-PAN. On the other han
the enhanced swelling of the solid phase of the PAN in the pol
electrolyte may result in a rapid decrease in the free CN peak a
increase in the association between Li+ and the -CN of PAN. Bot
the electrospun fibrous polymer electrolyte after 150 cycles an
gel polymer electrolyte showed an increase in their assoc
Li+-PAN peaks, but their free CN peaks did not decrease. In
PAN-based solid electrolytes, the intensity and position of the a
ciated Li+-PAN peak and -CN free band have been known to
greatly affected by the Li+:-CN mole ratio and the counter ani
type of lithium salt.20,21 The CN peaks at around 2244 cm−1 in the
pure polymer were shifted up to about 2275 cm−1 due to the asso
ciation with Li+. The lithium-salt-poor solid electrolytes showe
weak intensity of their associated Li+-CN peaks. The relative inte
sity of the associated Li+-CN peak in the LiCF3SO3/PAN sN:Li
= 1.2:1d electrolyte was more intense, however, than that of
free -CN band at around 2244 cm−1, whereas for the LiClO4/PAN
sN:Li = 1.1:1d electrolyte, the free band was dominant. This me
that the LiCF3SO3 salt is considerably more soluble in PAN co
pared with both LiClO4 and LiNsCF3SO2d2. For the PAN-based fi
brous polymer electrolyte, organic solvents dissociated the lit
salts and swelled the solid polymer. They also competed with
-CN of the PAN in the formation of a complex with the lithium sa
Therefore, the vibration mode of the -CN moieties for the elec
spun PAN-based fibrous polymer electrolyte may be less sensit
interaction with the cation of lithium salts than that of the PA
based solid electrolyte. Moreover, the content of lithium salt in
swollen fibrous polymer electrolytes may be very low. Theref
the above FT-Raman behavior of free CN and the associate+

-PAN after the cycle test were further investigated.
Figure 4 shows the FT-Raman spectra of the electrospun

based fibrous membranes impregnated with the EC/DMCs1/1d sol-
vent and the 1 M LiPF6-EC/DMC s1/1d electrolyte. In the
EC/DMC s1/1d solvent, two bands appeared at 893 and 916 c−1,
which were assigned to a symmetric ring breathing mode of fre
molecules, and to a CH3-O stretching mode of DMC molecule
respectively.22,23 When the electrospun PAN-based fibrous m
brane was introduced into the EC/DMCs1/1d solvent, the intensit
of the CH3-O stretching mode of DMC molecules remarkably
creased, but its position hardly changed. There was a strong d
dipole interaction between the C;N groups of the PAN chains an
the C=O groups of the EC and DMC molecules. The cyclic
strain of the EC molecule is thought to resist the dipole-dipole
teraction with PAN, however, although the DMC with a linear m
lecular chain interacted with PAN.

In the case of the 1 M LiPF6-EC/DMC s1/1d electrolyte, new
peaks were observed at around 905 and 931 cm−1, corresponding t
the Li+-O = C interactions of EC and DMC, respectively. The
molecule more easily solvated the lithium ion than did DMC
cause the dielectric constant of EC at 25°C is much higher tha
of DMC, as listed in Table I.24,25As such, the band for the Li+-EC
interaction is larger than that for the Li+-DMC.

The vibrational modes of the electrospun PAN-based fib
n

-

t

polymer electrolyte with 1 M LiPF6-EC/DMC s1/1d look like dif-
ferent bands from those of the above mentioned other samp
still, however, reflects a very low affinity of PAN towards Li+- that
is, that EC molecules solvate lithium ion and DMC molecules in
act with PAN. This also supports the Raman behavior of free
and the associated Li+-PAN peaks of the fibrous polymer electrol
after 150 cycles, as shown in Fig. 3. From these results, it ca
said that DMC molecules mainly penetrate into the PAN nano
and that swollen PAN nanofibers do not contribute significant
lithium ion transport. On the other hand, EC molecules interact
both lithium ions and PAN, and may thus have significantly in
enced the ionic conductivity of the electrospun PAN-based fib
polymer electrolytes.

Figure 5 shows the ring bending mode of the C=O groups i
EC molecules in the 1 M LiPF6-EC/DMC s1/1d solution and its
fibrous polymer electrolyte. The ring bending mode of free EC
associated Li+-EC, and the free PF6

− counteranion in the fibrous ele
trolyte were observed at about 717-718, 724-726, and 742−1,
respectively, whereas it generally appeared at 715 cm−1 in the pure
EC solvent.26 Table II shows the relative area ratios of the r
bending modes of the associated Li+-EC to the free EC in variou
electrolyte solutions and electrospun PAN-based fibrous pol
electrolytes. In the case of both electrolyte solutions
their fibrous polymer electrolytes, the relative area r
of the associated Li+-EC molecules to the free EC molecu
decreased in the order of 1 M LiPF6-EC/DMC/DECs1/1/1d
. 1 M LiPF6-EC/DMC s1/1d . 1 M LiPF6-EC/EMCs1/1d . 1 M
LiPF6-EC/DECs1/1d . 1 M LiPF6-EC/DMC s2/1d. The relative
area of the associated Li+-EC was highest in the 1 M LiPF6-
EC/DMC/DECs1/1/1d solution and lowest in the 1 M LiPF6-
EC/DMC s2/1d solution, because the 1 M LiPF6 in these electrolyt
solutions was almost completely dissociated. The 1 M LiP6-

Figure 4. The normalized FT-Raman spectra of the EC symmetric
breathing mode and the CH3-O stretching mode of 1 M LiPF6-
EC/DMC s1/1d and EC/DMCs1/1d in the presence of an electrospun P
fibrous membrane.

Table I. Physical properties of several carbonate solvents in
lithium salt-based electrolyte solutions.

Carbonate solvent EC DMC EMC DEC

Structure Cyclic Linear Linear Linea
Melting point ~°C! 36.4 4.6 −53 −74.3
Viscosity ~cP at 25°C! 1.93 0.589 0.648 0.75
Dielectric constant at 25°C 89.8 3.11 2.96 2.
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EC/DMC s1/1d solution had the highest relative area of the ass
ated Li+-EC among the same weight fraction of alkyl carbonate
to its highest dielectric constant. The -CN group of PAN a
showed a weak interaction with the Li+ ion and the EC, so that th
relative area ratios of the associated Li+-EC molecules in the ele
trospun PAN-based fibrous polymer were smaller than those i
electrolyte solutions themselves. The increase in the EC cont
the electrolyte solutions resulted in an increase in the free EC

Figure 5. The FT-Raman spectra of the C=O bending mode in the ele
lyte solution and the electrospun PAN-based fibrous polymer electrolyte
1 M LiPF6-EC/DMC s1/1d.

Table II. Relative area ratios of the ring bending mode of EC in
electrolyte solutions and electrospun PAN-based fibrous polymer
electrolytes.

1 M LiPF6
electrolyte solutions

Relative area ratiosALi+-EC/Afree ECd

Electrolyte
solutions

Fibrous polymer
electrolytes

EC/DMC s2/1d 1.48 0.75
EC/DMC s1/1d 2.05 1.13
EC/EMC s1/1d 2.01 1.06
EC/DECs1/1d 1.85 0.99
EC/DMC/DECs1/1/1d 2.38 1.35
ecules and in a complex number of EC molecules to Li+, indicating
a decrease in the mobility of the associated Li+-EC molecules, or a
increase in electrolyte viscosity.

The associated Li+-EC molecules are thought to have dire
affected the ionic conductivity of the electrolyte solution beca
these complexes moved through the interconnected pores of
brous electrolyte membrane. It is supposed that the ionic cond
ity increased with the increase in the molecules’ mobility.

The ionic conductivities of electrospun PAN-based fibrous p
mer electrolytes are shown in Fig. 6. In addition to a slow
conduction path in the swollen PAN nanofiber phase, the sol
lithium ions moved through interconnected pores of the electro
PAN fibrous membrane. The size and tortuosity of the pores i
polymer electrolyte can be very important factors in determining
effectiveness of ion conduction. Therefore, the ionic conductiv
of the electrospun PAN fibrous polymer electrolytes were lower
those of the electrolyte solvents themselves because of their
conduction path in the swollen fiber phase and the tortuosity o
pore structure of the PAN fibrous polymer electrolytes. The i
conductivities of the electrospun PAN-based polymer electro
increased with temperature and was above 1.03 10−3 S/cm at room
temperature. Their behavior in the low-temperature regio
−20 to 10°C depended, however, on the freezing property of
bonate solvents in the electrolyte solution, and decreased wi
increase in the EC content in the electrolyte solution, becaus
crystalline part of EC hinders lithium ion transport. The fibr
polymer electrolyte with 1 M LiPF6-EC/DMC/DECs1/1/1d
showed the highest ionic conductivity, whereas that
1 M LiPF6-EC/DMC s2/1d showed the lowest ionic conductivi
As shown in Table I, the solidification temperature of the sol
mixture was expected to decrease in the order of EC/D
. EC/EMC . EC/DEC at the same weight fraction of EC, beca
the linear carbonate solvent suppressed the solidification of th
In the case of the electrospun PAN-based fibrous polymer ele
lytes, therefore, which contained linear carbonate solvents o
same weight fraction, the ionic conductivities also decreased i
order of EC/DEC. EC/EMC . EC/DMC.

Electrolyte solutions in the high-temperature region~20-60°C!
fully formed liquid phases. The ionic conductivities of the elec
spun PAN-based fibrous polymer electrolytes showed high
conductivities of above 1.03 10−3 S/cm above room temperatu
and decreased in the order of 1 M LiPF6-EC/DMC/DECs1/1/1d
. 1 M LiPF6-EC/DMC s1/1d . 1 M LiPF6-EC/EMCs1/1d . 1 M
LiPF6-EC/DECs1/1d . 1 M LiPF6-EC/DMC s2/1d. The ionic
conductivity depended on the mobility and the number of assoc
Li+-EC molecules. The electrolyte solutions with a higher EC

Figure 6. Ionic conductivities of electrospun PAN-based fibrous poly
electrolytes.
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tent had a lower ionic conductivity due to their higher viscosity
the fibrous polymer electrolytes, the lithium ion was mainly solv
by the EC solvent, whereas the linear carbonate solvent swelle
PAN polymer, as shown in Fig. 4. Thus, the mobility of the ass
ated Li+-EC in the fibrous polymer electrolytes was depressed
significantly than that of the electrolyte solution itself. The fibr
polymer electrolyte with a higher EC content showed a lower i
conductivity because the mobility of the lithium ion was depre
due to the high viscosity of EC. From these results, it can be
that the ionic conductivities of the electrospun PAN-based fib
polymer electrolytes depended mainly on the physicochemical
erties of the electrolyte solution filled with pores.

Figure 7 shows the electrochemical stability of the electro
PAN-based fibrous polymer electrolytes. Although the electro
PAN fibrous membrane has large pores and high porosity, th
brous polymer electrolytes showed a high electrochemical sta
of up to 4.5 V. The gel phase of the polymer electrolyte gene
allowed an increase of the anodic limit voltage to up to 0.6 V c
pared with that of the electrolyte itself.27 In the case of the electr
spun PAN fibrous membranes, they showed a high affinity with
a good swelling ability for the electrolyte solution. The swo
phase of the electrospun PAN-based fibrous polymer electroly
cluded complex components, such as the associated Li+-N;C-
group, the associated Li+-O=C group, and the associa
C;N-Li+-O=C group. The electrochemical stability of the resul
fibrous polymer electrolyte is thought to have been greatly enha
by its complex formation with the lithium ion and the dipole-dip
interaction between the C;N groups of PAN and the C=O groups
the carbonate molecules. Therefore, electrospun PAN-based fi
polymer electrolytes are expected to be stable within the oper
voltage of a lithium polymer battery.

The discharge capacities of graphite/electrospun PAN-bas
brous polymer electrolytes/LiCoO2 cells are shown in Fig. 8. Th
cells were cycled between 4.20 and 2.75 V at a constant cu
~1.7 mA/cm2 at the 0.5C rate!. The prototype cells were subjected
preconditioning with a cutoff voltage of 4.20-2.75 V
0.67 mA/cm2 ~at the 0.2C rate! for the initial five cycles before th
cycling test. In this experiment, it is estimated that the theore
capacity of the LiCoO2 electrode is 145 mAh/g. Solvent molecu
have been known to cointercalate as the associated form of Li+ into
graphite layers during charging.28,29 Such solvent cointercalatio
took place more extensively in the EC/DEC system than in the
DMC system because the DEC molecules enhanced the cointe
tion of the solvent. The cointercalated solvent molecules were
easily released from the graphite electrode, and were transfo
into inactive materials that formed a passivation layer during

Figure 7. Electrochemical stability windows of electrospun PAN-base
brous polymer electrolytes.
e
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-
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-

d

charge/discharge performances. Irreversible capacities of the
DEC system in the first and second cycles were thus larger
those of the other system because the EC/DEC system sho
more inhomogeneous passivation layer than did the EC/DMC
tem. In the case of the EC/DMC electrolyte system, the proto
cell is expected to show a cycle performance superior to that o
EC/DEC system.

In an experiment conducted in relation to this paper, the p
type cell with 1 M LiPF6-EC/DMC s1/1d showed the highest di
charge capacity and the most stable cyclic performance amo
the electrolyte solvents. It showed an initial discharge capaci
145 mAh/g and 94.1% of the initial discharge capacity after
cycles at the charge/discharge rate of 0.5C/0.5C. The prototyp
with polymer electrolyte containing 1 M LiPF6-EC/DMC s2/1d
showed a very good cyclic performance and retained 98.5%
maximum discharge capacity after 100 cycles. It was, howev
lower discharge capacity of 129 mAh/g compared to that
1 M LiPF6-EC/DMCs1/1d. This might have been due to the low
mobility of the lithium ion compared to that of the polymer elec
lyte with 1 M LiPF6-EC/DMC s1/1d, indicating a low ionic con
ductivity. On the other hand, the prototype cells with other ele
lyte solvents showed a low discharge capacity and an unstable
performance because the DEC readily cointercalated
the graphite negative electrode. The prototype cell
1 M LiPF6-EC/DECs1/1d showed the worst cyclic performan
and 62.5% of the initial discharge capacity after 100 cycles. In
case of the prototype cell with 1 M LiPF6-EC/EMC s1/1d, its dis-
charge capacity was similar to that with 1 M LiP6-
EC/DMC s1/1d in the first few cycles, but decreased during
cycle test, like that with 1 M LiPF6-EC/DECs1/1d. It has thus bee
confirmed that EMC is less cointercalated than DEC. As such
prototype cell with 1 M LiPF6-EC/EMC s1/1d shows slower capa
ity fading than that with 1 M LiPF6-EC/DECs1/1d and 81.7% o
the initial discharge capacity after 100 cycles. The prototype
with 1 M LiPF6-EC/DMC/DECs1/1/1d showed a lower dischar
capacity than that with 1 M LiPF6-EC/DMC s1/1d but a cycle per
formance similar to that with 1 M LiPF6-EC/DMC s2/1d. Although
its discharge capacity very slowly decreased during the cycling
because the amount of its DEC was relatively low, its disch
capacity slowly faded and showed 89.2% of its initial disch
capacity after 150 cycles. From these results, it is thought tha
cycle performance of prototype cells with electrospun PAN fib
polymer electrolytes is also influenced by the properties of ele
lyte solutions. The electrospun PAN fibrous polymer electro

Figure 8. Cycle performances of graphite/electrospun PAN-based fib
polymer electrolytes and LiCoO2 cells at 0.5C/0.5C rate of charge/discha
condition.
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with 1 M LiPF6-EC/DMC s1/1d after 150 cycles showed the m
probable cycle property for lithium polymer batteries.

Conclusion

An electrospun PAN fibrous membrane is an attractive po
polymer matrix that has three-dimensional network structures
micropores and large porosity. The average fiber diameter o
electrospun PAN-based fibrous polymer electrolyte in the proto
cell after 150 cycles remarkably increased by about three times
pared with before the cycling test. The swelling behavior of
electrospun PAN-based fibrous polymer electrolytes had som
fects on the electrochemical properties and the cycling perform
of the prototype cell with the electrospun PAN-based fibrous p
mer electrolyte. In the vibrational spectra, the PAN intera
mainly with the linear alkyl carbonate molecules, and then form
gel phase that enhanced the electrochemical properties of fi
polymer electrolyte. On the other hand, the lithium ions pred
nantly associated with the ethylene carbonate molecules, after
the Li+-solvated EC became a major path of lithium ion transp

The ionic conductivities of the electrospun PAN-based fib
polymer electrolytes were above 1.03 10−3 S/cm at room temper
ture. The ionic conductivity depended on the interaction of Li+ and
the C=O group of EC molecules and their mobility in the liq
phase. It was also partially enhanced by the interaction betwee+

and the C;N group of PAN.
The interaction of Li+ and the C=O group of carbonate m

ecules and that between Li+ and the C;N group affected the oth
electrochemical properties of fibrous polymer electrolytes. The
trochemical stability was also enhanced by the swelling of the
trolyte solution due to the dipole-dipole interaction between
C;N groups of PAN and the C=O groups of the carbonate
ecules. Therefore, electrochemical stability windows are stable
4.5 V and are suitable for applications of lithium-ion polymer b
teries.

In the lithium salt-based electrolyte solution, solvent molec
have been known to cointercalate as the associated form of Li+ into
graphite, and to form a passivation layer during their cha
discharge performances. The prototype cells based on the e
spun PAN fibrous polymer electrolyte with 1 M LiPF6-
EC/DMC s1/1d showed the most stable cycling performance a
150 cycles because their DMC molecules might have been
cointercalated into the graphite anode during the charging step
were the EMC or DEC molecules. The prototype cells showe
initial discharge capacity of 145 mAh/g and 94.1% of the in
discharge capacity after 150 cycles at a charge/discharge r
0.5C/0.5C.
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