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Abstract

Highly porous membranes composed of poly(vinylidene fluoride-co-hexafluoropropylene) [P(VdF-HFP)] and poly(ethylene oxide-co-
ethylene carbonate) [P(EO-EC)] were prepared by a phase inversion method. The existence of viscous P(EO-EC) in the membranes not
only contributed to the flexibility and high porosity but also led to a decrease in the mechanical strength. In an attempt to enhance
the mechanical properties of porous membranes, a thermal annealing technique was considered a promising approach. When the mem-
branes were annealed at X for 2h in an ordinary vacuum oven, they showed a highly ordered pore structure (i.e., honeycomb-
like structure) and had a smaller pore size than unannealed membranes. This contributed to enhancement of mechanical strength in the
membranes. Instead of organic solvent, viscous P(EO-EC) complexed with 3@ Rvas added to the pores of annealed and unan-
nealed membranes, thereby producing solvent-free polymer electrolytes. Polymer electrolytes based on annealed membranes exhibited ¢
high uptake value of the P(EO-EC)/LigEO; mixture and had a maximum conductivity value of 280°°Scnt! at room tempera-
ture, which is similar to that of unannealed membrane-based polymer electrolytes. Their conductivities were observed to increase with
increasing P(EO-EC) content in the membranes due to this high uptake. Considering the foregoing facts, the mechanical properties of
porous membranes can be improved by the thermal annealing without risking any deterioration of porosity, uptake, and electrochemical
performance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a lithium salt (LiX) with a polyether such as poly(ethylene
oxide) (PEO) have received considerable attention due to
lon-conducting polymer electrolytes have contributed to their advantages in terms of the ease of fabrication, flexibility
the development of lithium battery technology by replac- in dimensions, good mechanical properties, safety features,
ing the liquid electrolyte and thereby enabling the fabrica- and excellent stability at the lithium interfa¢2-5]. How-
tion of flexible, compact, and laminated solid-state structures ever, their low ionic conductivities have been the reason for
free from leaks of the electrolyfé]. Among these, solvent-  them not being used in practical applications in rechargeable
free polymer electrolytes (SPEs) formed by complexes of lithium batteries that require a value of above 4@ cnm®
at room temperature.
* Corresponding author. Tel.: +82 2 8808365; fax: +82 2 8851748. The ion transport of the SPEs is induced via their rapid
E-mail addresssykwak@snu.ac.kr (S.-Y. Kwak). segmental motion combined with strong Lewis acid—base in-
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teractions between the cation and the donor atom presen?. Experimental
in the amorphous phase. In addition, it was initially assumed
that an ion transport mechanism is associated with crystalline2.1. Preparation of porous membranes and polymer
domains because ions move along the PEO helices. Howeverglectrolytes
it was soon established that ion transport only occurs in the
amorphous regions of the materials, associated with poly- P(EO-EC) was synthesized through ring opening poly-
mer segmental motiof6]. Therefore, most approaches for merization. After 1 mol of EC (Aldrich Chemicals) as a
enhancing the conductivity of PEO systems are focused onmonomer and 1 mmol of potassium methoxide GCH,
lowering the degree of PEO crystallinity or reducing the glass Aldrich Chemicals) as an initiator were added to an argon-
transition temperaturelg, through the modification of the  purged three-neck 250 mL round-bottomed flask, the mix-
polymer structurefr,8] and the incorporation of plasticizers ture was stirred at 180 for 15 h. Next, in order to remove
[9-11] or ceramic fillerd12—-14] the monomer, which remained the reaction mixture was dis-
The highest conductivity of ca. 18 Scnt?, which is solved in ethanol (200 mL) and the resulting solution was
close to that of liquid electrolytes, was achieved by gel poly- poured into ether (2L). Viscous polymer precipitated while
mer electrolytes (GPEs). GPEs encapsulate a large amount ofhe monomer was dissolved in ether. After the ether layer was
organic solvent such as ethylene carbonate (EC) and propy-decanted from the solution, the resulting polymer was washed
lene carbonate (PC) into the porous structure of polymer host,with ether several times untilno monomer was leftin the poly-
resulting in useful conductivity values of over 10S cnm L. mer. Then it was dried under vacuum at°&for 2 days. In
This has met with success but still has some drawbacks suctprder to replace all the hydroxyl groups with chlorine atoms,
as the addition of organic solvent promotes deterioration of 10 mL of thionyl chloride (SOG)) was added to the polymer
the mechanical properties of electrolytes and increases itsand refluxed for 48 h under argon. The final polymer was dried
reactivity towards the lithium metal anoff£15]. These sys-  in a vacuum oven at 10@ for 24 h in order to remove all
tems also retain a significant volume of the volatile liquid the volatile components and then was stored in a glove box.
trapped in the gel pores, resulting in a large increase in vapor  Porous membranes were prepared by a phase inversion
pressure as the temperature is raised. Lastly, the sealing ofnethod. P(VdF-HFP)M, = 4.6 10°, Aldrich Chemicals)
battery cells still remains a problem. Therefore, only SPEs and P(EO-EC) were dissolved by stirring at°&8Dfor 5h
with high ionic conductivity can ensure an efficient perfor- into the mixture of volatile solvent (acetone) and non-solvent
mance. (ethylene glycol). To prepare porous membranes with struc-
Our strategy in developing solvent-free polymer elec- tural rigidity and high uptake of electrolyte materials, the
trolytes for rechargeable lithium batteries is as follows. First, weight ratio of polymers, solvent and non-solvent was op-
poly(ethylene oxide-co-ethylene carbonate) [P(EO-EC)] is timized at 10:80:10. The composition of polymers was
synthesized using EC, which is normally used as organic sol- [(10 — x)wt% P(VdF-HFP}xwt% P(EO-EC)] where=0, 1,
vent in GPEs. Due to the high polarity of carbonate groups 2, 3, 4, and 5. When a completely homogenous mixture was
linked by ether moieties, the dielectric constant of the P(EO- obtained, the resulting viscous solution was cast with a doc-
EC) and free ion content in the polymer electrolyte should tor blade on a glass plate. Ethylene glycol was then removed
be higher than those of PEO-based systems. These polar suddy washing with methanol. After the solvent was allowed to
units also help reduce the crystallinity of the polymer. Then, slowly evaporate at room temperature, it was completely re-
porous membranes consisting of poly(vinylidene fluoride- moved by heating under vacuum at§D for 24 h, thereby
co-hexafluoropropylene) [P(VdF-HFP)] and P(EO-EC) are producing porous membranes. In order to improve the me-
conveniently obtained by a phase inversion method, which chanical properties of the porous membranes, they were an-
is known to be effective for producing a porous structure. nealed at 110C for 2h in an ordinary vacuum oven. All
The introduction of P(EO-EC) into the membranes improves porous membranes had a thickness of 180480
their flexibility and produces larger pore sizes than the pure  To prepare polymer electrolytes, P(EO-EC) was first dis-
P(VdF-HFP) membrane. However, it also leads to the de- solved in acetone. When completely homogenous solution
terioration of the mechanical strength of the membranes. was obtained, an appropriate amount of lithium trifluo-
Among the various methods that can be used to overcomeromethane sulfonate (LiGB0;z, Aldrich Chemicals) was
this shortcoming, we proposed the thermal annealing tech-added and then was further stirred until the Li-salt was com-
nique in this study. Viscous P(EO-EC) complexed with Li- pletely dissolved. The resulting solution was left to evaporate
salt is filled into the pores of porous membranes, thereby the residual acetone under vacuum at 80 After perfect
producing solvent-free polymer electrolytes. This method evaporation of the acetone, the porous membrane was filled
provides a new approach for preparing polymer electrolytes for several times with the heated P(EO-EC)/LESI©; mix-
that combine both the concepts of SPEs and GPEs. In thisture by using a vacuum filter equipment, thereby producing
study, we focused on solvent-free polymer electrolytes basedsolvent-free polymer electrolytes. The mixture remaining on
on annealed and unannealed porous membranes, and thethe surface was wiped with filter paper. In this study, MEY
characteristics and performance are presented and discusseahd E-\WKEy shall denote the porous Membrane with blend
herein. composition of P(VdF-HFP)/P(EO-ECYY by wt%) and the
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polymer Electrolyte filled with the P(EO-EC)/LIGBG;s in- 3. Results and discussion
side pores of its membrane, respectively.

3.1. Characteristics of P(EO-EC) copolymer
2.2. Characterization of porous membranes and
polymer electrolytes P(EO-EC) copolymer was synthesized by ring opening

polymerization of EC. From the beginning of the reaction,

The chemical structure of synthesized P(EO-EC) was elu- gas (CQ) was evolved vigorously from the reaction mix-

cidated by'H NMR spectroscopy employing a Bruker DPX  ture and gas evolution continued for 15h. Thus, the evolu-
300 spectrometer with the tetramethylsilane (TMS) proton tion of the CQ made some ethylene oxide units, thereby
signal as an internal standard in CRCThe FT-IR spectra  producing P(EO-EC) copolymer. It was reportdd] that
were recorded on a Perkin-EImer GX IR spectrometer atroom the evolution of the C@made entropy changeaS,, posi-
temperature by squeezing in a thin film between two plates of tive, so this polymerization became thermodynamically pos-
KBr. The molecular weights and molecular weight distribu- sible at high temperature. On the other hand, the color
tion were obtained using a Waters model 410 gel permeationof the reaction mixture changed during the reaction. Ini-
chromatography instrument (GPC) connected to a Waters 410tially, the reaction mixture was transparent liquid, but as
differential refractometer. Three styragel columns connected soon as the reaction began, the color changed to light yel-
in series were used with chloroform as solvent. The glasslow (1-8h), to darkened yellow (8-13h), and finally to
transition temperature of P(EO-EC) was determined by dif- brown (>13h). P(EO-EC) with hydroxyl end groups was
ferential scanning calorimetry (DSC) with a TA instruments replaced by non-reactive polar chlorine atoms since it re-
DSC 2920 at a heating rate of 10 min~! under nitrogen  acts easily with lithium metaJ17]. The resultant P(EO-

atmosphere. EC) eventually became brown in appearance and very vis-
The porosity of porous membranes was measured by im-cous.
mersing the membranes intebutanol for 1 h and then cal- The chemical structure of synthesized P(EO-EC) was
culated using the following equation studied by NMR.Fig. 1 shows the'H NMR spectra of the
_ Wa/pa samplesin CDGI The singlet peak of EC is clearly observed
porosity (%)= x 100 (1) at4.54 ppm, but its peak becomes invisible after the polymer-

Wa/pa+ Wp/pp ization for 15h. Thus, the molar composition of P(EO-EC)

whereW, is the weight of dry membrane®/, is the weight can be calculated by comparing the area of the multiplet at
of n-butanol absorbed in the wet membranggs the density 3.5-3.7 ppm, assigned to the ethylene oxide (EO) unit, with
of n-butanol angy, is the density of membranes. The uptake those of two triplets at 3.7 and 4.3 ppm, assigned to the ethy-

of viscous P(EO-EC) was calculated by lene carbonate (EC) unit. On the basis of the integrations
W — W, obtained from*H NMR spectra, the monomer conversion

uptake (%)= x 100 (2) and P(EO-EC) composition can be calculated as follows

whereW andWolare the Weights_of the wet ar!d dry mem- . -version (%)= Ap + Ac+ Ag « 100 3)

branes, respectively. Morphological examination of porous Ag+ Ap+ Ac+ Ay

membranes was made by a field emission scanning electron

microscope (FE-SEM, JEOL, JSM-6330F). The loss of elec- EC content (mol%)= _ActAd % 100 (4)

trolyte solution was measured from isothermal thermogravi- Ap+ Ac+ Ad

metric analysis (TGA) plots. The polymer electrolytes were EO content (mol%j)= 100— EC content (mol%) )

heated at 40 and 7@ for 12 h under a flow of argon and the

weight change was monitored as a function of time. Mechan- whereA,, A, Ac, andAq are the intensities of the a, b, ¢, and d
ical properties of porous membranes were measured at roonproton peaks, respectively. From these results, we could con-
temperature with a strain rate of 20 mm miraccording to  firm that monomer conversion was 100% and P(EO-EC) was
the ASTM 882 procedure with a LLOYD LR10K universal g mixture of monomeric unit (EC units) and the correspond-
testing instrument. ing EO units. Soga et a[18] and several authofd9,20]

The ionic conductivity of polymer electrolytes was mea- reported that EC could be polymerized using Lewis acids,
sured by the acimpedance technique in the temperature ranggansesterification catalysts, or bases as initiators or catalysts.
of 5-95°C and frequency range from 0.1Hz to 1 MHz us- \When Lewis acids or transesterification catalysts were used,
ing a Zahner Electrik IM6 impedance analyzer. The samples the resultant polymers generally contained ca. 40-50 mol%
for conductivity measurements were prepared by sandwich-of EC units (150-170C, 70—-100 h). When bases were used,
ing the polymer electrolytes betweentwo k1.7 cnf-sized the resultant polymers contained ca. 10-20 mol% of EC units
stainless steel (SS) electrodes. Each sample was allowed t@ca. 150°C, 72-98 h). In this study, EC was bulk polymerized
equilibrate for 30 min at each temperature prior to taking mea- py using CHOK as a base at 18 for 15 h, resulting in a
surement. All assemblies and testing operations of samplesp(EO-EC) copolymer consisting of ca. 30 mol% of EC units
were performed in a dry room. and ca. 70 mol% of EO units.
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Fig. 1. 1H NMR spectra of (a) EC and (b) P(EO-EC) in CQ®ith TMS as internal reference.

Fig. 2 shows the FT-IR spectra of EC and P(EO-EC) in ated by randomly introducing spacer groups in the polymer
the wavenumber range from 4000 to 400¢émThe char- host. Therefore, this amorphous nature allows P(EO-EC) ma-
acteristic band of carbonate five-membered ring at aroundterial to be successfully used as an ion-conducting polymer
1850 cnt! was observedHig. 2(@)). This band was absent electrolyte because amorphous regions mainly contribute to
in the P(EO-EC)Kig. b)), which clearly demonstrates the the ionic conductivity.
occurrence of ring opening polymerization. The number av-
erage molecular weights and molecular weight distribution
of P(EO-EC) were 1800 and 2.39 g mé) respectively. An
interesting feature of P(EO-EC) with a loly of ca.—44°C
was the lack of crystal_linity, which s_ho_wed no melting points In order to investigate the effects of annealing on porous
in the thermal analytic traces. This is probably due to the

. membranes, they were annealed in a vacuum oven &td.10
random structure of ethylene oxide and ethylene carbonatefor 2h. The porosity and uptake of annealed porous mem-

units. We expect that the current I_imitation at temperature . oc increased generally with increasing P(EO-EC) com-
above 35C due to the crystallization of polyether chains position in the membranes and showed similar values with

(e.g., PEO and poly(ethylene glycol) (PEG)) will be allevi- unannealed porous membrangalfle 7. This indicates that

the introduction of viscous P(EO-EC) in the membranes re-
sults in the high porosity because the evaporation of non-
@) solventin flexible membranes s easier than thatin rigid mem-
branes. It also means that thermal annealing dose not have a
great influence on porosity and uptake of porous membranes.
On the other hand, despite the addition of a large amount of

3.2. Porosity, uptake, and morphology of porous
membranes

(b) Table 1
Porosity and uptake data of annealed and unannealed porous membranes

Samples Porosity (%) Uptake (%)

Annealed Unnnealed Annealéd Unannealed

M-V10EO 542 543 361 364

M-VOE1l 56.8 574 440 444

N N N L N N L M-V8E2 589 591 487 482

4000 3500 3000 2500 2000 1500 1000 500 M-V7E3 616 618 553 563
Wavenumber (cm™) M-V6E4 64.2 64.6 611 613

M-V5E5 624 629 541 552

Fig. 2. FT-IR spectra of (a) EC and (b) P(EO-EC) af25 a porous membranes annealed at 1¢dor 2 h.
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Fig. 3. Typical SEM micrographs of the surface of porous membranes and a polymer electrolyte: unannealed (a) MM6B) (b) M-V6E4 &5000);
annealed (c) M-V6E4x1000), (d) M-V6E4 &5000); (e) unannealed M-V5EX6000); (f) E-V6E4 & 3000).

P(EO-EC), both annealed and unannealed M-V5E5 showedfeature of P(EO-EC) near pores. It is thought that this con-
slightly low porosity compared to that of M-V6E4. Here, we glomeration feature is a result of the inversion effect of host
should say that the porous membranes with above 50 wt%matrix from a P(VdF-HFP)-rich phase to a P(EO-EC)-rich
of P(EO-EC) in the membranes exhibited a sticky prop- phase, which consequently leads to the decrease of porosity.
erty, which means that it failed to obtain a self-supporting Fig. 3(f) shows that a viscous P(EO-EC)/LigFO; mixture
film. is well filled into the pores of M-V6E4, thereby producing
Fig. 3shows the surface SEM micrographs of afew porous a solvent-free polymer electrolyte, E-V6E4. From these re-
membranes before and after thermal annealing. The mem-sults, we could confirm that the morphology of the mem-
branes displayed a homogenous porous structure in the surbranes can be tailored by modulating the relative polymer
face and a pore size in the range of 1410. Their sur- composition in the blend system and by thermal annealing
face pore size increased gradually with increase of P(EO-as well as by other experimental factors such as the polymer
EC) composition in the membranes. Interestingly, annealed concentration in the cast solution, the nature of the solvent,
membranesKig. 3(c) and (d)) showed a highly ordered pore and the precipitation raf@2,23]
structure (i.e., honeycomb-like structure) and had smaller
pores than unannealed membrartég.(3(a) and (b)). Ingen- ~ 3.3. Mechanical properties of porous membranes
eral, polymer chains in unannealed membranes are fixed as a
form of the very loose structure. However, they arerearranged  Tensile tests have generally been used to investigate the
as a form of the very tight and highly ordered structure by mechanical properties of polymer electrolytes. However, be-
thermal annealing, resulting in reduced pore §48. These cause porous membranes play effective roles as a supporter in
structures may contribute to the substantial enhancement ofpolymer electrolytes, their mechanical properties are also an
mechanical properties. IRig. 3e), the image of M-V5E5  important factor that must be considered in the battery man-
containing 50 wt% of P(EO-EC) showed a conglomeration ufacturing process. In this study, stress—strain measurements



224 J.-D. Jeon et al. / Journal of Power Sources 143 (2005) 219-226

3.0}
100 (a)
90 |
o) s 80
E =z (b)
‘é .'ED 70 b
@ %
Z (d) Z el
50 F
(c)
40}
0'0 2 1 2 L i L 1 i I i 1 1 1 "
0 10 20 30 40 50 60 70 80 0 2 4 6 8 10 12
Strain (%) Time (hour)

Fig. 4. Stress—strain curves of annealed and unannealed membranes witfig. 6. Isothermal TGA curves for solvent-free and gel polymer electrolytes:
different P(EO-EC) compositions: unannealed (a) M-V10EO, (b) M-V9E1, () M-V6E4 filled with P(EO-EC)/LICESGC; at 70°C; (b) M-V6EA4 filled
(c) M-V8E2, (d) M-V7E3, (€) M-V6E4, (f) M-V5ES5; annealed (g) M-V8E2,  With EC/PC/LICRSQ; mixture at 40°C and (c) 70C.
(h) M-V6EA4.
3.4. Loss of electrolyte solution

were undertaken on dry porous membraifég. 4shows the Fig. 6shows the isothermal TGA curves of polymer elec-
stress—strain curve of annealed and unannealed membranq$o|ytes_ Gel polymer electrolytes were used as counterpart
prepared by a phase inversion method. In the case of unansamples. The polymer electrolytes was heated at 40 an@ 70
nealed membranes, the M-V10EO sampig(4(a)) prepared  for 12 h under a flow of argon, and the weight change was
with pure P(VdF-HFP) had amaximum stress of 2.7 MPa, but monitored as a function of time. As soon as it was exposed
had a low elongation-at-break value of ca. 13%. When the g 5 flowing atmosphere of argon, the weight of gel polymer
P(EO-EC) composition in the membranes increased, unan-g|ectrolytes Fig. 6b) and (c)) consisting of EC/PC (1:1 by
nealed membranes showed a dramatic decrease in maximuro‘,eight) and LiCESO; as electrolyte solution started to de-
stresses but a steady increase in elongation-at-break valuegyrease. We believe that this loss is attributed to the partial
except M-V6E4 and M-V5ES. When the thermal anneal- eyaporation of the solvent mixture. After 10 h, gel polymer
ing process was applied to porous membranes at@¥0r glectrolytes lost 52 and 100% of the solvent confined in pores
2 h, their tensile strength and modulus increased significantly ¢ porous membranes at 40 and°TT) respectively, whereas
(Fig. 4(g) and (h)). This is due to the highly ordered structure, the |oss of solvent-free polymer electrolyt&sg 6a)) con-
as shown inFig. 3 The increase of tensile modulus corre- taining viscous P(EO-EC)/LiG#S0; did not occur even at
sponding to this result is shownfig. 5. Overall, the thermal  7g°c_|twas reportef24] that the hybrid polymer electrolyte
annealing technique can be said to be an efficient method forcontaining EC/PC and LiN(GFS0y)-, lost ca. 20 wt% of the
enhancing the mechanical properties, such as tensile strengtlé|ectro|yte solution when thermally treated af&5for 12 h,
and modulus of porous membranes. causing the ionic conductivity to decrease by 1-2 orders of
magnitude. The result indicates that if the organic solvent is
used in polymer electrolytes, some of them will be lost dur-
e Annealed membrane ing preparation and storage of the gel polymer electrolytes,
40| e Unannealed membrane thereby regultlng in deterioration of electrochemlcal pelrfor—
mance. This drawback may be overcome by introducing a
viscous ion-conducting polymer instead of organic solvent.

30

3.5. lonic conductivity of solvent-free polymer

201f electrolytes

Tensile modulus (MPa)

lonic conductivity of the polymer electrolytes was evalu-
ated by ac impedance with a symmetric cell, having the poly-
mer electrolyte sandwiched between two stainless steel (SS)
0 T T eIgctrodesEig. 7showsthe pehavior oftheionic conductivi'ty
P(EO-EC) composition (wt%) in porous membranes ywth the Li-salt concentration for E-V6E4 prepared by fill-

ing P(EO-EC)/LICRBSG; into the pores of the M-V6E4. The

Fig. 5. Tensile modulus variations of annealed and unannealed membranedN@Ximum conductivity was found at 1.5 mmol-Lig&0s/g-
as a function of P(EO-EC) composition. P(EO-EC). The conductivity of polymer electrolytes in-

10}
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Fig. 7. The ionic conductivity vs. the lithium salt (LiG60;) concentration . o .
for E-V6E4. Fig. 9. Temperature dependence of ionic conductivity for polymer elec-

trolytes. Data were fitted using the Arrhenius equation (solid lines). Asterisks

. . mean the polymer electrolytes prepared using annealed porous membranes.
creased as the salt concentration increased up to 1.5 mmol- poly vies prep g P

LICF3S0s/g-P(EO-EC), and after continuously adding the

salt, the conductivity began to decrease. It was rep¢2&(d on annealed and unannealed membranes. Interestingly, even
that the ionic conductivity increased initially with increasing though there was a slight curvature in some of the plots, all
salt concentration as the number of charge carriers increasedthe polymer electrolytes showed a linear enhancement of the
but at higher salt concentration, the ionic conductivity was ionic conductivity when the temperature was increased, but
observed to decrease due to the increasing influence of ionmuch less than that observed in similar plots for conventional
pairs, ion triplets, and higher ion aggregations that reduces theSPEs. This behavior is known as Arrhenius behavior. This
overall mobility and number of effective charge carriers. This means that the ion conduction mechanism of these polymer
behavior is also similarly observable in polymer electrolytes electrolytes was not due to the dynamic configuration of the
that are dependent on salt concentra{®®,27] Thus, the polymer matrix but rather due to the conduction path that was
optimum salt concentration of 1.5 mmol-LigE0s/g-P(EO- formed by filling the pores of porous membranes with P(EO-
EC) was used for all subsequent series of measurements ifEC)/LICF3SO; [28]. On the other hand, the conductivity of
this study. The ionic conductivity changes of the polymer E-V6E4 based on unannealed M-V6E4 having the highest
electrolytes as a function of P(EO-EC) contents (i.e., P(EO- P(EO-EC) content was 37 10> S cnt* at room tempera-
EC) uptake) confined in pores of unannealed porous mem-ture, which is similar to that (3.5 10> S cnt %) of polymer
branes at various temperatures are showFign8. The con-  €lectrolytes based on annealed M-V6Halfle 9 and these
ductivity gradually increases with increasing P(EO-EC) con- values are still lower than that of most gel systems. Itis wor-
tent. This is related to the enhanced ion mobility and the in- thy to note that this value is higher compared to the prototype
creased number of charge carriers, which in turn is due to theSPES[29,30] Furthermore, ionic conductivity of these sys-
addition of a large amount of P(EO-EC) contefig. 9de-  tems was much higher than that of P(VdF-HFP)/P(EO-EC)
scribes the Arrhenius plots of the polymer electrolytes basedblend systems complexed with LigEO; by 1-2 orders of
magnitude, indicating that Li-ions had very high mobility in
pores of porous membranes.

32} The slope of the Arrhenius plots is related to the activation
energy,E,, for ion transport. Thusk, can be determined by

-3.6}

Table 2

-4.0} //\‘/

L The ionic conductivity and activation energy data for polymer electrolytes
44} based on annealed and unannealed porous membranes
asf 4s°C / Samples  o(Scm?) at 25°C Ea (kJmot™)

Log o (S )
b
o]

Annealed Unannealed Annealéd Unannealed

S21 25°C E-V10EOQ 54 x 1076 50.1
sl . . . . . . E-V9E1 92 x 107 487
3340 45 50 55 60 E-V8E2 1.3x107°  13x10°° 45.0 452
P(EO-EC) content (wt%) E-V7E3 17107 422

E-V6E4 35x10° 37x10° 43.1 412

E-V5E5 24x10°° 437

Fig. 8. The ionic conductivity of polymer electrolytes as a function of P(EO-
EC) content at various temperatures. @ polymer electrolytes prepared using annealed porous membranes.
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Arrhenius equation through Hyperstructured Organic Materials Research Center
(HOMRC).
o = 0o EXP _Ea (6)
° RT

whereo is the ionic conductivityg, is a constantiz; is the References

activation energyR is the gas constant, andis the tem-
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