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Microporous fibrous polymer electrolytes were prepared by immersing electrospuagwglgnitrile) (PAN)-based fibrous mem-

branes into lithium salt-based electrolytes. They showed high ionic conductivities of up xo 103* 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 it 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 Liion and the C=O group of carbonate molecules, and was also affected by the PAN through the
interaction between the Lion and the GN groups of PAN. Their electrochemical stabilities were enhanced by the swelling of
the electrospun PAN nanofibers because of the dipolar interaction betweer=tNegt®ups of PAN and the C=0O 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 LiPF4-ethylene carbonate/dimethyl carbonéiél) showed the highest discharge capacity and the most stable cyclic perfor-
mance among them.
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In recent years, phase inversion has been widely studied to makehemical stability in the range of the operating voltage. Only a few
the microporous polymer membrane of polymer electrolyt&Shis researchers, however, have studied the PAN-based polymer electro-
process is less sensitive to moisture than solvent casting becauselyte using a microporous membrah@he effect of the porous PAN
moisture-free environment is required only at the activation step. Infibrous membrane on the chemical and electrochemical properties of
addition, polymer electrolytes using a microporous polymer mem-polymer electrolytes is, in particular, not clearly characterized.
brane are more mechanically stable than gel polymer electrolytedMoreover, phase inversion may be an inappropriate technique for
using the solvent casting method, because the microporous polymegreparing the microporous PAN fibrous membrane because PAN is
membrane maintains its three-dimensional network structure. rarely dissolved by a solvent with a low boiling point, which can

Polyvinylidene fluoridePVDF) and RVDF-co-HFP) have been  easily evaporate during drying. Thus, a microporous polymer mem-
mainly utilized as materials for microporous membranes becausdrane by phase inversion may be an inhomogeneous membrane with
they are physicochemically and electrochemically stable in a lithiumtwo kind? of structures, like honeycombs or finger-like
ion polymer battery. The physical and electrochemical properties ofstructures:.”
the porous PAN membrane using the phase inversion method were In a previous study by the authors, the electrospinning technique
recently reported These show sufficient electrochemical properties, was proposed for the first time for preparing a microporous polymer
which means that the microporous PAN membrane can also be useaatrix for polymer electrolyte¥’ Polymer electrolytes using the
as a polymer matrix for polymer electrolytes in a lithium ion poly- electrospun PVDF-based nanofibrous membrane showed sufficient
mer battery. electrochemical properties for application to a lithium ion polymer

In the gel electrolyte system, a PAN-based polymer electrolytebattery. This paper investigates the microporous electrospun PAN-
shows different forms of ion conduction behavior compared with based fibrous membrane and the electrochemical properties of poly-
PVDF- or RVDF-co-HFP)-based polymer electrolytes containing mer electrolytes using such a membrane. Interactions between the
cyclic carbonate molecules, such as ethylene carbd&&lg propy- PAN nanofiber, a lithium ion, and solvent molecules in electrospun
lene carbonatéC), andy-butyrolactone. It has been confirmed that PAN-based fibrous polymer electrolytes were characterized using
PAN not only acts as a polymer matrix to maintain the frame of a the vibrational spectroscopic technique, to investigate their influence
polymer electrolyte, but also participates in lithium ion transport. on the electrochemical properties of fibrous polymer electrolytes.
From their vibrational spectroscopic data, lithium ions interact with The prototype cells of a lithium ion polymer battery using electro-
C=N groups of PAN chains as well as with cyclic carbonate mol- sSpun PAN-based fibrous polymer electrolytes were then fabricated
ecules in an electrolyte solution. A vibrational band of-EC com- 10 investigate their cycle performances.
plexes generally appeared at 903 ¢émwhereas that of free EC
molecules appeared at 893 i A new band was also observed at Experimental
around 2,270 cift, due to the int.eraction. .between th'e. lithium .ion A PAN solution was prepared by dissolving 12 wt % of PAN
and the G=N groups of PA_I\ﬁ Their intensities and positions varied (Polysciences, Mw =15 10°) in N, N-dimethylacetamide
according to the composition of the PAN-based polymer electrolyte.[Merck, high performance liquid chromatograptyPLC) gradd.

On the other hand, a PAN-solvent complex was formed from theyjicroporous electrospun fibrous membranes were prepared using
dipolar interaction between the=N groups of PAN and the C=0  the typical electrospinning method. A silver-coated stainless steel
groups of cyclic carbonate molecules. When the nitrogen atom of,cedle was connected to a high-voltage power sufBytan, 230.
the C=N group of PAN attacked the carbon atom of the C=0O group The PAN solution was supplied to a needle using a syringe infusion/
of cyclic carbonate molecules, the electron density around the caryjthdrawal pump(KD Scientific, model 229 and a high voltage
bon was enhanced and the C=0 bonding became strbfiddore-  \as applied to the end of the needle. The electrospun PAN fibrous
over, the related vibrational band shifted to a higher-frequency rematrix was then deposited on a grounded, polished, stainless steel
gion. Electrochemical properties were thus somewhat enhanced byjate. The thickness of the membrane was controlled atr8Gnd
the above mentioned interactio?%q As a result, the PAN-based \acyum-dried at 60°C overnight.
pared by immersing electrospun PAN fibrous membranes into
lithium salt-based electrolytes, such as 1 M L{EC/ dimethyl
2 E-mail: smjo@Kkist.re.kr carbonatgDMC) (2/1, wt/wt), 1 M LiPFg-EC/DMC (1/1, wt/wy), 1



A990 Journal of The Electrochemical Societys2 (5) A989-A995 (2005

Figure 1. SEM images ofa) electrospun
PAN fibrous membranesb) after storage
in an electrolyte solution at 50°C for 12 h,
(c) after 100 cycles at the 0.2C/0.2C rate,
and (d) after 150 cycles at the 0.2C/0.2C
rate.

B

15.8kV X5.08K 6.88rm

M LiPFg-EC/ethylmethyl carbonatdEMC) (1/1, wt/wt), 1 M lonic conductivity was measured using the impedance technique
LiPFg-EC/diethyl carbonate (DEC) (1/1, wtw), and 1 M over the frequency range of 0.1 Hz to 100 kHz, with an ac amplitude
LiPFs-EC/DMC/DEC (1/1/1, wt/wt/wh (Merck, battery gradeat of 10 mV and a temperature range of —20 to 60°C using IM6e
room temperature. This process was carried out in an argon atmoZahner Co., Germanyand interfaced with a personal computer.
sphere(H,0 < 1 ppm. A PAN-based gel electrolyte was also pre- The conductivity cell was assembled by sandwiching a given elec-
pared for comparison. The PAN-based gel polymer electrolytetrospun PAN-based fibrous polymer electrolyte between two stain-
consisted of PAN and a lithium-salt-based electrolyte with less steel blocking electrodes in a glove box filled with argon gas.
1 M LiPFg-EC/DMC (1/1, wt/wi), whose composition is similar to Linear sweep voltammetry was used to determine the electro-
that of the electrospun PAN-based fibrous polymer electrolyte. ~ chemical stability windows of the electrospun PAN-based fibrous
The morphology of the electrospun PAN fibrous membrane wasPolymer electrolytes. The measurement was carried out using a
observed using a scanning electron microsc¢BEM, Hitachi, three-electrode glegtrochemlcal cell consisting of a nickel working
S-4200. The average fiber diameter of each sample was calculate@lectrode and a lithium reference and counter electrode. An electro-
using software(SigmaScanPro 5.0, SPSBased on SEM images. chemical analyzefCHlI, quel 600 was utlllzed'und.er the scan rate
The mean pore diameters were measured using a capillary flow podf 1 mV/s and the potential range of 2-5ué. Li*/Li.
rometer(PMI, ver. 7.0. The pressure range was from 0 to 30 psi. By sandwiching electrospun PAN-based fibrous polymer electro-
The pore size was calculated from the wet and dry flow curves.lytes between a mesocarbon microbéstCMB) anode(SKC sup-
Perfluoropolyethefcalled propene, 1,1,2,3,3,3 hexafluoro, oxidized, plied, Korea and a LiCoQ cathode (SKC supplied, Korea a
polymerized was used as a wetting solvent for this experiment.  lithium ion cell was assembled in a dry box filled with argon gas
Porosity was measured frombuthanol uptake. The electrospun (H20 < 1 ppm. The theoretical capacity was estimated from the
PAN fibrous membrane was immersedrifbuthanol for 1 h, after ~ cycle performance at the 0.2C rate and the composition of the cath-
which the mass of the electrospun PAN fibrous membrane befor@de(LiCoO,, conducting material; binder = 90:5:5The theoretical
and after its absorption af-buthanol was measured. The porosity of capacity of the LiCo® electrode was about 145 mAh/g. This pro-

the membrane was calculated using Eq. 1 totype cell was then vacuum-sealed in an aluminum plastic pouch
and stored at 50°C to age, before the cycling test was performed.
_ my/pa The charge/discharge tests were conducted with a battery cycler

T my/p, + my/pp (1] (WBCS3000, WonAtech Qo The cycling performances of the pro-

totype cells were measured at the cutoff voltage of 4.20-2.75 V and

wherem, is the mass of the dry membrang, is the mass of the  at a constant currerfi..7 mA/cn?, about the 0.5C raje
buthanol absorbed by the wet membrapg;is the density of the . .
polymer, andp, is the density of buthanol. Results and Discussion

The vibrational spectra of the electrospun PAN-based fibrous As shown in Fig. 1a, the electrospun PAN-based fibrous mem-
polymer electrolytes were obtained using Fourier transff)- brane consists of nanofibers with smooth surfaces and well-
Raman spectroscofirucker, RFS-100jsat a resolution of 1 cit. controlled average diameters of 330 nm. It shows a three-
The light source was an Nd-YAG laser with a wavelength of 1064 dimensional network structure with fully interconnected pores. It
nm. The spectra were collected over the range of 400-3508 byn has a high porosity of about 90%, however, and a loose pore struc-
averaging 300 scans. Individual peaks in FT-Raman were fitted withture with a large mean pore size of about @18, although it was
a trial function consisting of a base line and a Gaussian functionprepared by the deposition of ultrafine fibers. This indicates that dry
(PeakFit 4.0, SPSS fibers are deposited by rapid evaporation of the solvent during
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Figure 2. XRD patterns of the electrospun PAN-based fibrous membrane, its

fibrous polymer electrolytes before and after 150 cycles, and the PAN-basedFigure 3. The FT-Raman spectra of thes@ stretching modes of PAN in

gel polymer electrolyte with 1 M LiPF~EC/DMC (1/1). the electrospun PAN-based fibrous polymer electrolytes before and after 150
cycles, and in the PAN-based gel polymer electrolyte with 1 M kiPF
EC/DMC (1/1).

electrospinning. Solvent evaporation in electrospinning can be easily
controlled. Figure 1b shows the SEM image of the electrospun
PAN-based fibrous membrane impregnated with a 1 M EiPF in the amorphous phase of the electrospun PAN fibrous membrane, a
EC/DMC (1/1) electrolyte solution at 50°C for 12 h. The electro- slight volume of the electrolyte solution also penetrated the crystal-
spun PAN-based fibrous membrane was partially swelled in aline phase of the PAN nanofibers. The lithium ion and C=0 groups
lithium salt-based electrolyte, and the average fiber diameter waf carbonate solvents then interacted with theNCgroups of PAN.
slightly increased by swelling even after storage for 1 week. TheThe XRD patterns of the PAN-based gel polymer electrolytes using
swelling of the PAN-based nanofibers was greatly enhanced, howthe lithium salt-based electrolyte showed a single broad peak at
ever, during the electrochemical reaction, like the charge/dischargeabout 20°% Therefore, the strong peak at 21° in the electrospun
Figures 1c and d are SEM images of the electrospun PAN-baseAN-based fibrous polymer electrolyte should be assigned to the
fiborous membranes in the prototype cells after charge/discharge testiisordered structure due to the interaction between the PAN and
of about 100 and 150 cycles, respectively, were carried out. Theselectrolyte solutions. The sharp peak at 17° remained, however, be-
prototype cells were assembled with an electrospun PAN-based ficause the crystal structure of the PAN was not seriously broken
brous polymer electrolyte membrane impregnated with adown by the swelling of the electrospun PAN-based fibrous mem-
1 M LiPFs-EC/DMC (1/1) solution at 50°C for 12 h. The charge/ brane, although the peaks at 28 and 55° were no longer observed.
discharge tests were measured at a cutoff voltage of 4.20-2.75 V andihis may indicate that the three-dimensional network structure and
at a constant currentl.7 mA/cn?, at about the 0.5C rateThe the mechanical strength of fibrous membranes are maintained after
average fiber diameter of the electrospun PAN-based fibrous memtheir impregnation with the electrolyte solution.
brane after 100 cycles increased more significantly than that impreg- In the PAN-based gel electrolyte, the peaks were shifted up and
nated with the electrolyte solution. After 150 cycles, the averagebecame much broader due to the enhanced swelling of the crystal
fiber diameter of the electrospun PAN-based fibrous membrane rePhase. After 150 cycles, the electrospun PAN-based fibrous polymer
markably increased by about three times compared with that beforglectrolyte also showed very broad peaks compared with the situa-
the cycling test. It is thus thought that the swelling behavior of the tion before the cycle test. This indicates the enhanced swelling of
electrospun PAN-based fibrous membrane in the lithium-salt-basedhe electrospun PAN-based nanofiber due to the electrochemical re-
electrolyte has some effects on the electrochemical properties andction during the cycle test.
cycling performance of the prototype cell with the electrospun PAN-  In the PAN-based polymer electrolyte with the lithium-salt-based
based fibrous polymer electrolyte. electrolyte, the interaction between*land PAN was much weaker
Figure 2 shows the X-ray diffractiofKRD) patterns of the elec- than that between Liand the solvent molecules, such as EC, DMC,
trospun PAN-based fibrous membrane, its fibrous polymer electroDEC, and EMC. As such, the associated-BAN peak was very
lytes before and after 150 cycles, and the PAN-based gel electrolyt@eakly observed in the FT-Raman specfta’ Figure 3 shows the
with 1 M LiPFg-EC/DMC (1/1), for comparison. The electrospun FT-Raman spectra of the stretching mode of tFeNCgroups in the
PAN-based fibrous membrane showed a strong peak at around 17&lectrospun PAN-based fibrous membrane, their fibrous polymer
and two weak, broad peaks at around 28 and 55°, which are verglectrolytes that were aged for 12 h at 50°C, and the PAN-based gel
similar to that of PAN powder with a hexagonal lattice. A sharp peak electrolyte  with 1 M LiPE-EC/DMC (1/1). The associated
at 17° corresponds to th@10 plane with a d-spacing of 5.30 Li*-PAN peaks in the fibrous polymer electrolytes were very weakly
A5 pAN powder generally shows a small, sharp peak at aroundobserved, but the expended spectra of Fig. 3b obviously shows a
28°, but the electrospun PAN fibrous membrane showed a wealew weak peak due to the interaction between the lithium ion and
peak because of its enhanced amorphous phase. The electrosptire -C=N group of PAN, which weakly appeared at around
PAN fibrous membrane, however, retained the crystal structure 02265 cm'. The diameters of the swollen PAN nanofibers in the
the original PAN powder. In the case of the electrospun PAN-basedibrous polymer electrolyte did not significantly increase even after a
fibrous polymer electrolytes, their strong peaks at around 21° newlycyclic performance of about 100 cycles, as Fig. 1a-c shows. This
appeared, which is assumed to be due to the interaction between thedicates a low ratio of L%i:-CN in the solid fibrous phase of the
PAN nanofiber and the electrolyte solutions. Although much of the PAN-based fibrous polymer electrolyte membrane, unlike in the
electrolyte solution that penetrated the PAN nanofibers was capturedonventional gel electrolyte.
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Figure 3 also shows the FT-Raman spectra of the electrospun

i Electrospun fibrous polymer electrolyte
PAN-based fibrous polymer electrolyte after about 150 cycles, and /N with 1M LiPF,-EC/DMC (1/1)
of the conventional PAN-based gel polymer electrolyte, for compari- ﬂ
son. For the fibrous polymer electrolyte, after 150 cycles, a strong A ISARNAN

peak of the LT-PAN association was observed at around 2270%cm Lithium-based electrolyte solution
This peak was shown in the PAN-based gel electrolyte was much with 1M LIPFe-EC/DMC (1/1)
stronger than that of the electrospun PAN fibrous polymer electro-
lyte. As shown in Fig. 1d, the electrochemical reaction during the =< —

cyclic performance of about 150 cycles remarkably enhanced the Electrospun fiorous membrane
swelling of the PAN nanofibers, after which the diameters of the with ECIDMC ¢1/1)
swollen PAN significantly increased. From these results, it can be
said that the peak of the 1-PAN association largely depends on the
number of PAN chains associated with the lithium ion. A significant
swelling of the PAN in the case of both the electrospun fibrous
polymer electrolyte and the gel polymer electrolyte is thought to L S __ D>

induce an increase in the associated-RPAN. On the other hand, . — . .
the enhanced swelling of the solid phase of the PAN in the polymer ggq 880 900 920 940 960
electrolyte may result in a rapid decrease in the free CN peak and an
increase in the association betweeri ahd the -CN of PAN. Both

the electrospun fibrous polymer electrolyte after 150 cycles and th igure 4. The normalized FT-Raman spectra of the EC symmetric ring
gel polymer electrolyte showed an increase in their associate(:freathmg mode and the GHD stretching mode of 1 M LiPF
Li*-PAN peaks, but their free CN peaks did not decrease. In theec/DMC (1/1) and EC/DMC(1/1) in the presence of an electrospun PAN
PAN-based solid electrolytes, the intensity and position of the assofibrous membrane.

ciated Li"-PAN peak and -CN free band have been known to be
greatly affected by the Ei-CN mole ratio and the counter anion
type of lithium salt®* The CN peaks at around 2244 chin the
pure polymer were shifted up to about 2275 ¢rdue to the asso-
ciation with Li*. The lithium-salt-poor solid electrolytes showed a
weak intensity of their associated*tCN peaks. The relative inten-

Mixed solvent with EC/DMC (1/1)

Wavenumber (cm'1)

polymer electrolyte with 1 M LiPEFEC/DMC (1/1) look like dif-
ferent bands from those of the above mentioned other samples. It
still, however, reflects a very low affinity of PAN towards*Lithat

. . . : ; ) is, that EC molecules solvate lithium ion and DMC molecules inter-
sity O.f the associated LiCN pgak in the LICESO;/PAN (N:Li act with PAN. This also supports the Raman behavior of free CN
=1.2:) electrolyte was more intense, however, than that of the g the associated -PAN peaks of the fibrous polymer electrolyte
free -CN band at around 2244 chwhereas for the LICIQPAN after 150 cycles, as shown in Fig. 3. From these results, it can be
(N:Li = 1.1:1) electrolyte, the free band was dominant. This meanssaiq that DMC molecules mainly penetrate into the PAN nanofiber,
that the LICRSO; salt is considerably more soluble in PAN com- and that swollen PAN nanofibers do not contribute significantly to
pared with both LiCIQ and LIN(CF;SO,),. For the PAN-based fi-  Jithium ion transport. On the other hand, EC molecules interact with
brous polymer electrolyte, organic solvents dissociated the lithiumboth lithium ions and PAN, and may thus have significantly influ-
salts and swelled the solid polymer. They also competed with theenced the ionic conductivity of the electrospun PAN-based fibrous
-CN of the PAN in the formation of a complex with the lithium salts. polymer electrolytes.

Therefore, the vibration mode of the -CN moieties for the electro-  Figure 5 shows the ring bending mode of the C=0 groups in the
spun PAN-based fibrous polymer electrolyte may be less sensitive tEC molecules in the 1 M LiPFEC/DMC (1/1) solution and its
interaction with the cation of lithium salts than that of the PAN- fibrous polymer electrolyte. The ring bending mode of free EC, its
based solid electrolyte. Moreover, the content of lithium salt in the agsociated I-EC, and the free FFcounteranion in the fibrous elec-
swollen fibrous polymer electrolytes may be very low. Therefore, {rolyte were observed at about 717-718, 724-726, and 742,cm
the above FT-Raman behavior of free CN and the associated Li respectivelg,ewhereas it generally appeared at 715 émthe pure

-PAN after the cycle test were further investigated. EC solvent’ Table Il shows the relative area ratios of the ring
Figure 4 shows the FT-Raman spectra of the electrospun PANpenging modes of the associated-EC to the free EC in various
based fibrous membranes impregnated with the EC/ON) sol-  electrolyte solutions and electrospun PAN-based fibrous polymer

vent and the 1M LIPEEC/DMC(1/1) electrolyte. In the electrolytes. In the case of both electrolyte solutions and
EC/DMC (1/1) solvent, two bands appeared at 893 and 916'cm their fibrous polymer electrolytes, the relative area ratio
which were assigned to a symmetric ring breathing mode of free ECGof the associated HEC molecules to the free EC molecules
molecules, and to a GO stretching mode of DMC molecules, decreased in the order of 1 M LIpEEC/DMC/DEC(1/1/1)
respectively’>*® When the electrospun PAN-based fibrous mem- > 1 M LiPFg-EC/DMC (1/1) > 1 M LiPF&-EC/EMC(1/1) > 1 M
brane was introduced into the EC/DMQ@/1) solvent, the intensity LiPF-EC/DEC(1/1) > 1 M LiPFg-EC/DMC (2/1). The relative

of the CH;-O stretching mode of DMC molecules remarkably de- area of the associated ‘tEC was highest in the 1 M LiRF
creased, but its position hardly changed. There was a strong dipoleeC/DMC/DEC(1/1/1) solution and lowest in the 1 M LiRF
dipole interaction between the=EN groups of the PAN chains and  £c/pMc (2/1) solution, because the 1 M LiRf these electrolyte

the C=0O groups of the EC and DMC molecules. The cyclic ring gojytions was almost completely dissociated. The 1 M EiPF
strain of the EC molecule is thought to resist the dipole-dipole in-

teraction with PAN, however, although the DMC with a linear mo-
lecular chain interacted with PAN.

In the case of the 1 M LIPFFEC/DMC (1/1) electrolyte, new Table 1. Physical properties of several carbonate solvents in
peaks were observed at around 905 and 931! coonrresponding to lithium salt-based electrolyte solutions.
the Li*-O = C interactions of EC and DMC, respectively. The EC
molecule more easily solvated the lithium ion than did DMC be-  Carbonate solvent EC bMmC EMC DEC
cause the dielectric constant of EC at 25°C is much higher than that  sirycture Cyclic  Linear Linear Linear
of DMC, as listed in Table f#?°As such, the band for the tiEC Melting point (°C) 364 46  -53 -74.3
interaction is larger than that for the*'tDMC. Viscosity (cP at 25°C 1.93 0.589 0.648 0.753

The vibrational modes of the electrospun PAN-based fibrous Dielectric constant at 25°C  89.8 3.11 2.96 2.81
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Figure 6. lonic conductivities of electrospun PAN-based fibrous polymer

electrolytes.

Electrospun PAN-based fibrous polymer electrolyte (b)
with1M LiPF-EC/DMC (1/1)

ecules and in a complex number of EC molecules tq Irdicating
a decrease in the mobility of the associatettEC molecules, or an
increase in electrolyte viscosity.

The associated F4EC molecules are thought to have directly
affected the ionic conductivity of the electrolyte solution because
these complexes moved through the interconnected pores of the fi-
brous electrolyte membrane. It is supposed that the ionic conductiv-
ity increased with the increase in the molecules’ mobility.

The ionic conductivities of electrospun PAN-based fibrous poly-
mer electrolytes are shown in Fig. 6. In addition to a slow ion
conduction path in the swollen PAN nanofiber phase, the solvated
lithium ions moved through interconnected pores of the electrospun
PAN fibrous membrane. The size and tortuosity of the pores in the

) ) ) ) ) ) ) ) polymer electrolyte can be very important factors in determining the
640 660 680 700 720 740 760 780 800 820 effectiveness of ion conduction. Therefore, the ionic conductivities
Wavenumber (cm™) of the electrospun PAN fibrous polymer electrolytes were lower than
those of the electrolyte solvents themselves because of their slow
Figure 5. The FT-Raman spectra of the C=0 bending mode in the electro-conduction path in the swollen fiber phase and the tortuosity of the
lyte sqlution and the electrospun PAN-based fibrous polymer electrolyte withpore structure of the PAN fibrous polymer electrolytes. The ionic
1 M LiPFg-EC/DMC (1/1). conductivities of the electrospun PAN-based polymer electrolytes
increased with temperature and was aboveX.00™3 S/cm at room
temperature. Their behavior in the low-temperature region of
—20 to 10°C depended, however, on the freezing property of car-
bonate solvents in the electrolyte solution, and decreased with the
increase in the EC content in the electrolyte solution, because the
crystalline part of EC hinders lithium ion transport. The fibrous

EC/DMC (1/1) solution had the highest relative area of the associ-
ated Li*-EC among the same weight fraction of alkyl carbonate due
to its highest dielectric constant. The -CN group of PAN also
showed a weak interaction with the*Lion and the EC, so that the polymer _electrolyte  with 1 M LIPEEC/DMC/DEC (1/1/1)
relative area ratios of the associated-EC molecules in the elec- shoywed the hi ?llest ionic conductivity,. whereas that  with
trospun PAN-based fibrous polymer were smaller than those in th M LiPF -EC/DI\%C(Z/l) h d the | Y, t ioni ductivit
electrolyte solutions themselves. The increase in the EC content i& IPFet showed the lowest lonic conductivity.

s shown in Table I, the solidification temperature of the solvent

the electrolyte solutions resulted in an increase in the free EC mol- h
v mixture was expected to decrease in the order of EC/DMC

> EC/EMC > EC/DEC at the same weight fraction of EC, because
the linear carbonate solvent suppressed the solidification of the EC.
In the case of the electrospun PAN-based fibrous polymer electro-

Table Il. Relative area ratios of the ring bending mode of EC in

electrolyte solutions and electrospun PAN-based fibrous polymer lytes, therefore, which contained linear carbonate solvents of the
electrolytes. same weight fraction, the ionic conductivities also decreased in the
order of EC/DEC> EC/EMC > EC/DMC.
Relative area ratiéA,.cc/Aree £J Electrolyte solutions in the high-temperature regi@®-60°Q
fully formed liquid phases. The ionic conductivities of the electro-
1 M LiPFg Electrolyte Fibrous polymer spun PAN-based fibrous polymer electrolytes showed high ionic
electrolyte solutions solutions electrolytes conductivities of above 1.& 1072 S/cm above room temperature,
EC/DMC (2/1) 148 075 and decreased in the order of 1 M LIPEC/DMC/DEC(1/1/1)
EC/DMC (1/1) 2.05 113 > 1M LiPFe-EC/DMC(1/1) > 1 M LiPF&-EC/EMC(1/1) > 1M
EC/EMC (1/2) 2.01 1.06 LiPFg-EC/DEC(1/1) > 1 M LiPF4-EC/DMC (2/1). The ionic
EC/DEC(1/1) 1.85 0.99 conductivity depended on the mobility and the number of associated

EC/DMC/DEC(1/1/1) 2.38 1.35 Li*-EC molecules. The electrolyte solutions with a higher EC con-
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Figure 7. Electrochemical stability windows of electrospun PAN-based fi- Figure 8. Cycle performances of graphite/electrospun PAN-baged fibrous
brous polymer electrolytes. polymer electrolytes and LiCoQxells at 0.5C/0.5C rate of charge/discharge
condition.

tent had a lower ionic conductivity due to their higher viscosity. In
the fibrous polymer electrolytes, the lithium ion was mainly solvated charge/discharge performances. Irreversible capacities of the EC/
by the EC solvent, whereas the linear carbonate solvent swelled thBEC system in the first and second cycles were thus larger than
PAN polymer, as shown in Fig. 4. Thus, the mobility of the associ- those of the other system because the EC/DEC system showed a
ated Li*-EC in the fibrous polymer electrolytes was depressed moremore inhomogeneous passivation layer than did the EC/DMC sys-
significantly than that of the electrolyte solution itself. The fibrous tem. In the case of the EC/DMC electrolyte system, the prototype
polymer electrolyte with a higher EC content showed a lower ionic cell is expected to show a cycle performance superior to that of the
conductivity because the mobility of the lithium ion was depressedEC/DEC system.
due to the high viscosity of EC. From these results, it can be said In an experiment conducted in relation to this paper, the proto-
that the ionic conductivities of the electrospun PAN-based fibroustype cell with 1 M LiPR-EC/DMC (1/1) showed the highest dis-
polymer electrolytes depended mainly on the physicochemical propeharge capacity and the most stable cyclic performance among all
erties of the electrolyte solution filled with pores. the electrolyte solvents. It showed an initial discharge capacity of
Figure 7 shows the electrochemical stability of the electrospuni45 mAh/g and 94.1% of the initial discharge capacity after 150
PAN-based fibrous polymer electrolytes. Although the electrospuncycles at the charge/discharge rate of 0.5C/0.5C. The prototype cell
PAN fibrous membrane has large pores and high porosity, the fiwith polymer electrolyte containing 1 M LIRFEC/DMC (2/1)
brous polymer eIectrontes showed a hlgh electrochemical Stab”ityshowed a very good Cyc“c performance and retained 98.5% of its
of up to 4.5 V. The gel phase of the polymer electrolyte generally maximum discharge capacity after 100 cycles. It was, however, a
allowed an increase of the anodic limit voltage to up to 0.6 V com- jower discharge capacity of 129 mAh/g compared to that with
pared with that of the electrolyte itsélf.In the case of the electro- 1 M LiPF6-EC/DMC (1/1). This might have been due to the lower
spun PAN fibrous membranes, they showed a high affinity with andygpjlity of the lithium ion compared to that of the polymer electro-
a good swelling ability for the electrolyte solution. The swollen lyte with 1 M LiPF;-EC/DMC (1/1), indicating a low ionic con-
phase of the electrospun PAN-based fibrous polymer electrolyte ingctivity. On the other hand, the prototype cells with other electro-
cluded complex components, such as the associateNHC- | 4o solvents showed a low discharge capacity and an unstable cyclic
group, the associated 1-O=C group, and the associated performance because the DEC readily cointercalated into
QEN-L|+-0=C group. The glectrochemlcal stability of the resulting {pe graphite negative electrode. The prototype cell with
flbr_ous polymer electr_olyte is thoug_ht_to hgve been gregtly enhanceq M LiPFs-EC/DEC (1/1) showed the worst cyclic performance,
by its complex formation with the lithium ion and the dipole-dipole 54 g7 504 of the initial discharge capacity after 100 cycles. In the

interaction between the=EN groups of PAN and the C=0 groups of f th tot Il with 1 M LIRFEC/EMC (1/1). its dis-
the carbonate molecules. Therefore, electrospun PAN-based fibrou%?:lfgg czga:?:itc;/yp'\?vgs V\sI:miIar tcl)% tﬁellt \c/:vi(th/ )’1I|\j E::DF

polymer electrolytes are expected to be stable within the operatin%C/DMc (1/1) in the first few cycles, but decreased during the

voltage of a lithium polymer battery. . i .
The discharge capacities of graphite/electrospun PAN-based ficycle test, like that with 1 M LiPEEC/DEC(1/1). It has thus been

brous polymer electrolytes/LiCoQrells are shown in Fig. 8. The confirmed that I_EMC is I(_ass cointercalated than DEC. As such, the
cells were cycled between 4.20 and 2.75 V at a constant currenprototype cell with 1 M LiP-EC/EMC (1/1) shows slower capac-
(1.7 mA/cn? at the 0.5C rate The prototype cells were subjected to 1ty fading than that with 1 M LiPR-EC/DEC(1/1) and 81.7% of
preconditioning with a cutoff voltage of 4.20-2.75 V at the initial discharge capacity after 100 cycles. The prototype cell
0.67 mA/cn? (at the 0.2C ratefor the initial five cycles before the ~ With 1 M LiPFs-EC/DMC/DEC(1/1/1) showed a lower discharge
cycling test. In this experiment, it is estimated that the theoreticalcapacity than that with 1 M LiPFFEC/DMC (1/1) but a cycle per-
capacity of the LiCo@ electrode is 145 mAh/g. Solvent molecules formance similar to that with 1 M LiPFEC/DMC (2/1). Although
have been known to cointercalate as the associated form'* dftoi its discharge capacity very slowly decreased during the cycling test
graphite layers during chargirf§?® Such solvent cointercalation because the amount of its DEC was relatively low, its discharge
took place more extensively in the EC/DEC system than in the EC/capacity slowly faded and showed 89.2% of its initial discharge
DMC system because the DEC molecules enhanced the cointercal@apacity after 150 cycles. From these results, it is thought that the
tion of the solvent. The cointercalated solvent molecules were notycle performance of prototype cells with electrospun PAN fibrous
easily released from the graphite electrode, and were transformegolymer electrolytes is also influenced by the properties of electro-
into inactive materials that formed a passivation layer during theirlyte solutions. The electrospun PAN fibrous polymer electrolyte
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with 1 M LiPFg-EC/DMC (1/1) after 150 cycles showed the most
probable cycle property for lithium polymer batteries.
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micropores and large porosity. The average fiber diameter of the
electrospun PAN-based fibrous polymer electrolyte in the prototype
cell after 150 cycles remarkably increased by about three times com-1-
pared with before the cycling test. The swelling behavior of the
electrospun PAN-based fibrous polymer electrolytes had some ef-3’
fects on the electrochemical properties and the cycling performances.
of the prototype cell with the electrospun PAN-based fibrous poly- >
mer electrolyte. In the vibrational spectra, the PAN interacted
mainly with the linear alkyl carbonate molecules, and then formed a
gel phase that enhanced the electrochemical properties of fibrous.
polymer electrolyte. On the other hand, the lithium ions predomi- 8
nantly associated with the ethylene carbonate molecules, after whic
the Li*-solvated EC became a major path of lithium ion transport.

The ionic conductivities of the electrospun PAN-based fibrous 10.
polymer electrolytes were above 1X010°2 S/cm at room tempera-
ture. The ionic conductivity depended on the interaction d¢fdnd
the C=0 group of EC molecules and their mobility in the liquid 12.
phase. It was also partially enhanced by the interaction betwéen Li13.
and the G=N group of PAN. "

The interaction of Li and the C=O group of carbonate mol- s
ecules and that between*Land the G=N group affected the other 16.
electrochemical properties of fibrous polymer electrolytes. The elec-
trochemical stability was also enhanced by the swelling of the elect”
trolyte solution due to the dipole-dipole interaction between the g
C=N groups of PAN and the C=0 groups of the carbonate mol-
ecules. Therefore, electrochemical stability windows are stable up tdo-
4.5V and are suitable for applications of lithium-ion polymer bat-
teries.

In the lithium salt-based electrolyte solution, solvent molecules
have been known to cointercalate as the associated forn* éftoi
graphite, and to form a passivation layer during their charge/
discharge performances. The prototype cells based on the electro-
spun PAN fibrous polymer electrolyte with 1 M LigF 24
EC/DMC (1/1) showed the most stable cycling performance after 25

11.

21.

22.

150 cycles because their DMC molecules might have been less
cointercalated into the graphite anode during the charging step thapy.
were the EMC or DEC molecules. The prototype cells showed an
initial discharge capacity of 145 mAh/g and 94.1% of the initial 2%
discharge capacity after 150 cycles at a charge/discharge rate of
0.5C/0.5C.
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