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Porous Polyacrylonitrile Membrane for Lithium-Ion Cells
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A highly porous polyacrylonitrile~PAN! membrane was prepared and characterized. Polymer electrolyte was prepared by soaking
the porous PAN membrane in an electrolyte solution, and its electrochemical characteristics were investigated. Ionic conductivity
exceeding 13 1023 S/cm at room temperature was obtained, and the use of this membrane assured an electrochemical stability
of at least 4.5 V. A lithium-ion cell employing the porous PAN membrane was assembled, and its charge/discharge cycling
performance was evaluated.
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Many studies have been performed on rechargeable lithium
polymer batteries using gel polymer electrolytes in which the liq
electrolyte has been immobilized by incorporation into a ma
polymer, such as polyacrylonitrile~PAN!, poly~vinylidene fluoride!
~PVdF!, poly~methyl methacrylate! ~PMMA!, poly~vinyl chloride!
~PVC!, and poly~ethylene oxide! ~PEO!.1-7 These gel polymer elec
trolytes are usually prepared by casting a mixture of the electro
solution and a matrix polymer in a low-boiling-point solvent. Whi
many gel polymer electrolytes prepared by the casting method
hibit high ionic conductivities exceeding 1023 S/cm, most of them
have various deficiencies preventing their use in commercial lith
batteries. The casting process requires a moisture-free environ
because of the higher water sensitivity of the lithium salt. In addit
their mechanical properties are often poor, and the films have t
hardened by either chemical or physical curing. To overcome th
difficulties, an activation process in which a porous polymer film
soaked in electrolyte solution has been investigated.8-12 Compared
with the casting method, this procedure requires critical moist
control only during the last activation step. Among the various po
mers which can be used for this purpose, PVdF and its copolym
have been most extensively studied, as the polymer electrolytes
pared with them satisfy most of the properties required for bat
applications. However, the polymer electrolytes based on po
PAN membranes have received little attention, though PAN has b
used in preparing gel polymer electrolytes by conventional cas
methods. Note that gel polymer electrolytes based on PAN sho
high ionic conductivity exceeding 1023 S/cm at room temperature.1

In this study, we attempted to prepare highly conductive polym
electrolytes by selecting PAN as a matrix polymer for the prepa
tion of porous membranes. PAN was chosen because it is expe
that an uptake of the electrolyte solution may result in swelling
gelation of polymer rather than dissolution. This would contribute
the mechanical stability of the membrane after soaking in electro
solution. To the best of our knowledge, this is the first study t
demonstrates the realization of PAN as a porous membran
lithium-ion cells. The porous membrane is prepared by a pha
inversion method, which has been shown to be effective for prod
ing a porous structure.13 With the PAN membrane, polyme
electrolyte is prepared by soaking in electrolyte solution. Its elec
chemical characteristics are reported, and the electrochemical
formances of lithium-ion cells composed of a mesocarbon mic
bead ~MCMB! anode and a lithium-cobalt oxide cathode a
presented.
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Experimental

Preparation of membrane and electrodes.—Porous PAN mem-
branes were prepared according to the procedure shown in Fi
PAN ~Aldrich Chemicals! was dissolved in dimethylformamide
~DMF! with a concentration of 10 wt % of PAN in DMF. After
complete dissolution, the resulting viscous solution was cast wi
doctor blade on a glass plate. The cast film was then immersed
pool of excess deionized water for 6 h to induce phase inversion
After exchange of organic solvent and water, substantial amoun
pores were formed in the film. The resulting membrane was was
with running water and immersed again in a pool of deionized wa
for 24 h. The membrane was then vacuum dried at 40°C for 24
The morphology of the porous membrane was examined usin
scanning electron microscope~SEM, JEOL, JSM-6300!. Cross-
sectional views of the membranes were obtained by breaking t
in liquid nitrogen. To calculate porosity of the membrane, the d
sity of the porous membrane was measured by a standard pycno
ric method. The carbon anode was prepared by coating the slur
MCMB ~Osaka gas!, PVdF, and super-P carbon on a copper fo
The cathode contained the same binder~PVdF! and super-P carbon
along with LiCoO2 ~Japan Chemical! cathode material, which was
cast on aluminum foil. Electrodes were roll pressed to enhance
ticulate contact and adhesion to foils. The thickness of electro
ranged from 50 to 65mm, and their active mass loading corre
sponded to capacity of about 2.4 mAh/cm2.

Electrical measurements.—The dried membrane was transferre

Figure 1. Schematic diagram for preparing the porous PAN membrane.



-
t-

en
ts.
d
en
ze

am
an
. A
m

l ce
as
ere
en

f
d.
pe
th
em
se
ge

a
th
sk
ts
so
in
th

as

ou

an

a

ak-
ilib-
ec-
4.0

N
he
rge
reas
n is
ns.
ion
that

he
e
er

ount

oor

was
elec-
ing
4a

oom
the
be

a
the
re-
vely.
ane
he

the
in
ch
of

long

Electrochemical and Solid-State Letters, 5 ~4! A63-A66 ~2002!A64
into a glove box and soaked in 1 M LiPF6 in ethylene carbonate
~EC!/dimethyl carbonate~DMC! ~1:1 by volume, Samsung Cheil In
dustries, battery grade! for 2 h, to activate the membrane. The we
ted membrane was cut into 4 cm2 squares and sandwiched betwe
two stainless steel~SS! electrodes for conductivity measuremen
The cell was enclosed in an aluminum plastic pouch and seale
permit testing outside of a glove box. AC impedance measurem
were performed using a Zahner Elektrik IM6 impedance analy
over the frequency range 10 Hz to 100 kHz. Linear sweep volt
metry was performed on a SS working electrode, with counter
reference electrodes of lithium, at a scanning rate of 1.0 mV/s
lithium-ion cell was assembled by sandwiching the wetted me
brane between a MCMB anode and a LiCoO2 cathode. The cell was
then enclosed in a metallized plastic bag and vacuum-sealed. Al
assemblies were carried out in a dry box filled with argon g
The charge and discharge cycling tests of lithium-ion cells w
conducted galvanostatically using Toyo battery test equipm
~TOSCAT-3000U!.

Results and Discussion

Figure 2 shows a typical SEM image of a cross section o
porous PAN membrane prepared by the phase inversion metho
exhibits a large number of short fingerlike cavities beneath the up
layer. The size of pores is observed to increase from the top to
bottom of the membrane. In the phase inversion process, the m
brane is formed by polymer precipitation, which occurs as a con
quence of concentration variations following diffusive interchan
between the solvent~DMF! and the nonsolvent~water!. Because
PAN in DMF solution abruptly coagulated and became immobile
the skin layer when the casting solution contacts with water,
dense layer is produced at top of the membrane. The upper
layer should be formed in very short times, and consequently ac
a barrier against subsequent interdiffusion of solvent and non
vent. The retardation of water penetration results in slow phase
version and, consequently, the large cavities are developed in
bottom of the membrane that is formed in contact with the gl
plate during the precipitation step. Porosity~w! of the membrane
was measured to be 0.64 by the equation given in previ
studies10,14

w 5 1 2 rm /rp @1#

whererm andrp are the apparent density of the porous membr
and the density of PAN, respectively.

The porous membrane was soaked in LiPF6-EC/DMC, and up-
take of electrolyte solution was measured with soaking time,

Figure 2. Cross-sectional SEM of the porous PAN membrane.
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shown in Fig. 3. Uptake of electrolyte solution increased with so
ing time during the early stage, and eventually reached an equ
rium value. After attaining an equilibrium state, the amount of el
trolyte solution absorbed in the porous PAN membrane is about
times the weight of the polymer~81% based on the total weight!,
which indicates a high solvent retention ability of the porous PA
membrane. High affinity for electrolyte solution results from t
presence of polar functional groups in PAN. Moreover, a la
amount of pores in the PAN membrane enlarges the contact a
between polymer and solvent such that the electrolyte solutio
well retained in the membrane by the polymer-solvent interactio
However it should be noted that the amount of electrolyte solut
to be encapsulated in the porous PAN membrane is lower than
in the conventional PAN gel electrolytes. In previous work, t
amount of LiPF6-EC/DMC trapped in the gel-type PAN electrolyt
was about 90 wt % based on the total weight of the gel polym
electrolyte composed of LiPF6 , EC, DMC, and PAN.15 For com-
parison, the microporous polyethylene~PE! separator~Asahi Kasei,
thickness 25mm, porosity 40%! used in a commercial lithium-ion
battery was also soaked in the same electrolyte solution. The am
of electrolyte solution absorbed~52%! is lower than that~81%! ab-
sorbed by the porous PAN membrane. This result is due to the p
affinity of PE separator for liquid electrolyte.

Ionic conductivity of the polymer electrolyte~PE! prepared by
soaking the porous PAN membrane in the electrolyte solution
measured from ac impedance measurements. After soaking in
trolyte solution, the porous PAN membrane showed self-stand
film characteristics with excellent mechanical strength. Figure
shows a typical ac impedance spectrum of the SS/PE/SS at r
temperature. In this figure, the intercept on the real axis gives
electrolyte resistance. The ionic conductivity was calculated to
1.0 3 1023 S/cm from the electrolyte resistance with thickness~65
mm! and surface area (4 cm2) of polymer electrolyte. Here, ionic
conductivity of the electrolyte solution (LiPF6-EC/DMC) used in
soaking is 1.13 1022 S/cm. Ionic conductivity was measured as
function of storage time in the sealed cell. Figure 4b illustrates
time dependence of the ionic conductivity for the electrolytes p
pared with porous PAN membrane and PE separator, respecti
Note that an electrolyte prepared with the porous PAN membr
exhibits a higher ionic conductivity over time periods measured. T
difference in ionic conductivity between two systems arises from
difference in the quantity of electrolyte solution encapsulated
them. Ion conduction behavior with time was also different for ea
parent membrane. A gradual decrease in the ionic conductivity
the PE separator may be related to the solvent exudation upon

Figure 3. Uptake of electrolyte solution as a function of soaking time.
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storage, or it may arise from poor compatibility with the electroly
solution, as described above. After ac impedance measurement
uid electrolyte exuding from the PE separator was observed in
cell. A constant value (1.03 1023 S/cm) of ionic conductivity for
the porous PAN membrane for a long period of time suggests
the electrolyte solution is well encapsulated in the porous P
membrane, which gives no solvent exudation in the closed sys
However, the porous PAN system also undergoes solvent evap
tion upon long storage under open-atmosphere conditions, as
served in gelled PAN electrolytes.

The electrochemical stability of polymer electrolyte was eva
ated by linear sweep voltammetric measurements. Voltammogr
for cells prepared with a porous PAN membrane that contains
electrolyte solution of LiPF6-EC/DMC are presented in Fig. 5. Th
decomposition voltage was sufficiently high, which is acceptable
high voltage cathode materials, such as LiCoO2 , LiNiO2 , and
LiMn2O4.

Figure 4. ~a! AC impedance spectrum of the SS/PE/SS cell prepared wi
porous PAN membrane containing LiPF6-EC/DMC. ~b! Time evolution of
the room-temperature ionic conductivity of the porous PAN membrane
the PE separator containing LiPF6-EC/DMC.
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To demonstrate the usefulness of the polymer electrolyte
pared with the porous PAN membrane in lithium-ion cells, we fa

Figure 6. ~a! Charge and discharge curves of lithium-ion cell with repea
cycles at C/5 rate~first, fifth, tenth, and twentieth cycle!. ~b! Discharge
capacity of lithium-ion cell as a function of cycle number at C/5 rate.

a

d

Figure 5. Linear sweep of the cell prepared with a porous PAN membra
containing LiPF6-EC/DMC ~scan rate 1 mV/s!.
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ricated a MCMB/PE/LiCoO2 cell. The assembled cell was subject
to the cycle tests in the following order: preconditioning with cuto
voltages of 4.2 V for the upper limit and 2.8 V for the lower limit
C/10 rate (0.24 mA/cm2) for the first preconditioning cycle and
subsequent C/5 rate (0.48 mA/cm2) cycles. Figure 6a shows th
repeated charge/discharge cycles of the lithium-ion cell at C/5
after a preconditioning cycle. It is a plot of the voltage profiles af
the first, fifth, tenth, and twentieth cycles. This cell initially deli
ered a discharge capacity of 145 mAh/g based on LiCoO2 active
material in the cathode. The cycling characteristics are regarde
good because the cycling efficiency is high. The discharge capa
vs.cycle number for a cell subjected to 25 cycles is shown Fig.
Although the discharge capacity displayed slight decay in the co
of the cycling, the results suggest that use of porous PAN memb
as a polymer electrolyte allows stable cycling characteristics to
reached.

The rate capability of a MCMB/PE/LiCoO2 cell was evaluated.
The discharge curves obtained at different current rates are g
Fig. 7. The cell delivered a discharge capacity of 143 mAh/g a
0.5C rate. The discharge capacity slowly decreased with current
due to polarization. The discharge capacity dropped to 117 mAh
a 2.0C rate, which is 81% of the discharge capacity at a 0.2C
This result is not sufficient as a high-rate performance of lithium-
cell, and must be improved further. However, the preliminary res
reported in this work are promising as a basis for further stud
Further research is being conducted in the author’s laborator

Figure 7. Discharge profiles of a lithium-ion cell. Charge rate is 0.2C w
4.2 V cutoff.
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improve the cycle life and high-rate performance for the lithium-i
cell using the porous PAN membrane. A soaking of the porous m
brane with highly conductive electrolyte solution, an optimization
porosity and pore size in the porous membranes, and a synthes
PAN-based copolymers for better interfacial contact between e
trodes and polymer electrolyte are several approaches to enhanc
battery performance.

Conclusions

Highly conductive polymer electrolytes were prepared by so
ing porous PAN membranes in an electrolyte solution. High io
conductivity is attributed to the high volume of pores formed in t
porous membrane and its high affinity for an electrolyte soluti
The porous membrane encapsulated high amounts of an electr
solution, which corresponds to 4.0 times the weight of the polym
A lithium-ion cell employing the porous PAN membrane was a
sembled, and its charge/discharge cycling performance was ev
ated. The cell showed a high initial discharge capacity of 145 mA
based on active LiCoO2 material at a 0.2C rate. At a current rate
2.0C, the cell retained 81% of its discharge capacity at 0.2C. W
further efforts to improve the cell performance, the polymer elect
lyte prepared by soaking the porous PAN-based polymer memb
in an electrolyte solution is believed to be a good candidate as
electrolyte material for rechargeable lithium-ion batteries.

Acknowledgments

This work is supported in part by the Ministry of Informatio
and Communication of Korea~‘‘Support Project of University Infor-
mation Technology Research Center’’ supervised by KIPA!.

Information Technology Research Center assisted in meeting the p
cation costs of this article.

References
1. D. Peramunage, D. M. Pasquariello, and K. M. Abraham,J. Electrochem. Soc.,

142, 1789~1995!.
2. G. B. Appetecchi, G. Dautzenberg, and B. Scrosati,J. Electrochem. Soc.,143, 6

~1996!.
3. H. Y. Sung, Y. Y. Wang, and C. C. Wan,J. Electrochem. Soc.,145, 1207~1998!.
4. D. W. Kim and Y. K. Sun,J. Electrochem. Soc.,145, 1958~1998!.
5. J. Y. Song, Y. Y. Wang, and C. C. Wan,J. Power Sources,77, 183 ~1999!.
6. H. Wang, H. Huang, and S. L. Wunder,J. Electrochem. Soc.,147, 2853~2000!.
7. C. S. Kim and S. M. Oh,Electrochim. Acta,46, 1323~2001!.
8. J. M. Tarascon, A. S. Goztz, C. Schmutz, F. Shokoohi, and P. C. Warren,Solid State

Ionics,86-88, 46 ~1996!.
9. B. Oh and Y. R. Kim,Solid State Ionics,124, 83 ~1999!.

10. T. Michot, A. Nishimoto, and M. Watanabe,Electrochim. Acta,45, 1347~2000!.
11. H. Huang and S. L. Wunder,J. Electrochem. Soc.,148, A279 ~2001!.
12. A. Magistris, P. Mustarelli, E. Quartarone, P. Piaggio, and A. Bottino,Electrochim.

Acta,46, 1635~2001!.
13. A. Bottino, G. C. Roda, G. Capannelli, and S. Munari,J. Membr. Sci.,57, 1 ~1991!.
14. A. Magistris, P. Mustarelli, F. Parazzoli, E. Quartarone, P. Piaggio, and A. Bott

J. Power Sources,97-98, 657 ~2001!.
15. G. B. Appetecchi, F. Croce, P. Romagnoli, B. Scrosati, U. Heider, and R. Oe

Electrochem. Commun.,1, 83 ~1999!.


