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ABSTRACT

Solid polymer electrolyte films consisting of poly (vinylidene fluoride-co-
hexa fluoro propylene) (PVdF-HFP), poly (methylmethacrylate) (PMMA)
with varying concentration of LiClO, are prepared by solvent-casting tech-
nique. Thestructural € ucidation, complex formation and morphological prop-
erties are studied by X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy and Scanning electron microscopy (SEM). The tem-
perature dependent ionic conductivity of the polymer films seems to obey
WLF equation. The conductivities of PV dF-HFP-PMMA-LiCIO,, complexes
are determined at different salt concentrations. The highest ionic conduc-
tivity of 1.659X 10° S cmis obtained for 8 wt.% LiClO, in the polymer
complex at 302K. Thethermal stability of the electrolyteisascertained from
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INTRODUCTION

Theexponential growth in portabledectronic de-
vices such as cellular phones and laptop computers
during the past decade has created enormousinterest
incompact, light weight batterieswhich could provide
high energy density compared to itscontemporary. Such
questslead to thefabrication of solid polymer eectro-
lytes which could also be used efficiently in
el ectrochromic devices and chemical sensors. Solid
polymer el ectrolytes (SPE) are advantageousover its
contemporary intermsof shape, geometry, mechanica
strength and the capability of strong electrode e ectro-

lyte contact!. Sincethen, substantial research activi-
tieshave been carried out to devel op polymer e ectro-
lyteswith al required qualities?d.

Despiteextend veresearch on lithium polymer con-
ductors, the conductivity of puresolid éectrolyteswere
insufficient for practical applicationsat room tempera-
turd™¥, Theinvestigationson solid polymer eectrolytes
have shown that the improved conductivity can be
achieved by theincreasein the volumefraction of amor-
phous phase. Thereforeinvestigationswere carried out
todisrupt the crystalline phase by, synthesis of copoly-
mers, comb branched polymersand cross-linked poly-
mers, or addition of inert ceramicfillersand blending of
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Solid polymer e ectrolyteprepared by blending two
polymershave severa advantagesover theother meth-
ods, such aseasy control of composition, easeof prepa-
rationand alargevariety of polymerscanbeused, more
notably theimprovement of eectrical, mechanica and
therma propertiesof SPE can beachieved by blending
of polymerd?d.,

Of late studies has proved poly (vinylidene fluo-
ride-co-hexafluoro propylene) (PVdF-HFP) asapo-
tential component for the preparation of polymer elec-
trolytefor rechargeablelithium batteriesdueitshigh
solubility, and thelow crystallinity and glasstrangition
temperature. The successof PV dFHFP polymer elec-
trolyteisnow broadly confirmed by thedevelopment in
lithium polymer batterieg”18,

Theuseof poly (methylmethacrylate) (PMMA) as
ahost polymer wasfirst reported by lijimaet al.[*¥ and
followed by others?*23, PMMA based polymer el ec-
trolytesexhibit high ionic conductivity closeto that of
liquid eectrolyte, but suffersfrom poor dimensiond and
physicd properties?.

Inthe present investigation the effect of concentra-
tion of inorganic sat onthe preoptimized blend rati 02
isbeing investigated and reported. Structura elucida
tions, complex formeation, thermd stability, morphologica
propertiesand el ectrical studieswerecarried out using
XRD, FTIR, DSC, SEM and ac impedance anaysis
and arediscussed indetail.

EXPERIMENTAL

Poly (vinylidenefluoride-co-hexafluoropropylene)
(PVdF-HFP) (average molecular weight 4 X 10°) and
poly (methylmethacrylate) (PMMA) (averagemol ecu-
lar weight 12 X 10%) bought from Aldrich, USA were
dried at 373K under vacuumfor 10 h; LiClO, (Aldrich)
wasdried at 343K under vacuum for 24 h and used.

Theé ectrolyteswere prepared by solution casting
technique. Appropriate quantities of (PVdF-HFP),
(PMMA), LiClO, (TABLE 1) weredissolved by add-
ing in sequence to pre-distilled acetone (E. Merck,
Germany). The sol ution was subjected to magnetic stir-
ring for 24 hrsat room temperaturefor thorough mixing
and at an elevated temperature (60 °C) for 2 hrs, be-
foretheelectrolytewas cast onfinely polished Teflon

supportsor Teflon covered glassplates. Thefilmswere
dried in vacuum oven at 333K at a pressure of 103
Torr for 24 hto evaporatetheresidua solventsif any,
thus obtained filmswere dry and free-standingin na-
ture. The phase analys s of the polymer was performed
with X-ray diffractometer (XRD) [Bruker (D8 Ad-
vance)] and Fourier transforminfrared (FTIR) spec-
trumswererecorded inthe range4000-400 cm* using
Jasco FTIR 460 plus (Japan) spectrophotometer re-
Spectively a room temperature.

TABLE 1: Conductivity valuesof PVDF-HFP-PMMA-LICIO,
systemswith different salt concentrations

Concentration

Conductivity ¢ (x 10° Scm™)
PVAF-HFP —

Sample

PMMA-LiClo, 302K 318K 333K 353K 373K
B, 72-24-4 0028 0037 009 0.148 0.709
B, 70.5-2356 0089 0100 0417 0708 1.662
Bs 69238 1659 2236 9121 11.200 25.081
Bs 675-22510 0408 0502 1646 2174 6.225

The conductivity measurementswere carried out
with specialy designed conductivity jig, wherethefilm
Issandwiched between the stainless steel el ectrodes
with aspring load arrangement to ensure proper elec-
trode— electrolyte contact. For electrical conductivity
measurement, Aurbin FRA2 n AUTOLAB - 111, was
used with signal amplitude of 20mV inthefrequency
range 100Hz-500 kHz. Temperature dependence of
ionic conductivity isrecorded intherange 302-373 K.
Thefilmsweresubjected to Differential scanning cao-
rimetric studiesusing Mettler Toledo DSC 822ewitha
heating rateof 10°C/min.

X-ray diffraction analysis

X-ray diffraction (XRD) studiesprovidewiderange
of information on crystal structure, crystal orientation,
crystalinity and phase changes of materidswhich are
characterized by the presence of sharp diffractionrings
or pegks. Inamorphous materids, thereisnolong-range
order present; however, thenon-crystdlinesamplesare
characterized by one or two broad “halos”. In the
present case, the X-ray diffraction method has been
used toducidatethechangein crystdlinity andincrease
of amorphousnaturein the complex upontheincreas-
ing salt concentration, which would be amenablefor
theincreasein conductivity.

XRD patternsof purePVdFHFP, PMMA, LiCIO,
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and complexesareshowninFigure1(ag). Figure 1(a
c¢) showsthediffraction patterns of pure PVdF-HFP,
PMMA and LiClIO,. Thesharp crystallinepesksat 18,
20° and broad diffraction pesksat 26 and 38°in Figure
1(a) areduetothe presenceof thecrystallinePVdFin
PV dF-HFP%28, Fgure 1(b) exemplifiestheamorphous
nature of PMMA with one wide peak at about 15°.
The sharp diffraction peaksindicatesthe crystalline
phaseof LiClO, (Figure 1(c)).
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Figurel: XRD spectraof (a) PVdF-HFP; (b) PMMA; (¢)
LiClO,; (d) PVAF-HFP(72-PMMA(24)-LiCIO (4); (€) PVdF-
HFP(70.5-PMMA(23.5)-LiCIO(6); (f) PVdF-HFP(69)-
PMMA(23)-LiCIO,(8); (g) PVdF-HFP(67.5-PMMA(22.5)-
LiCIO,(10)

Itisevident from Figure 1(d-g) that the sharp crys-
tallinepeskspertainingto LiClO, (Figure1(c)) arefound
amogt absent inthecomplexes, indicatingthecomplete
dissolutionof lithium satsinthepolymer matrices, which
isinaccordancewith the statement that complexation
between the salt and polymer takes placein theamor-
phous region?’. The presence of excess saltsforms
ion clouds(ion agglomeration) which could betherea
sonfor thelower conductivity of thefilm B, whichcould
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be ascertained from the reappearance of the rough
morphol ogy of thesurface (Figure6d).

FTIR studies

FTIR spectroscopy isavery sensitivemethod for
studying theloca physicd and chemicd environment of
chemical groups and the changes associated due to
complexation. The FTIR spectra of the pure PVdF-
HFP, PMMA, LiClO, and polymer complexes are
showninFigure2(a-g). Figure 2(a) indicatesthe char-
acteristic group frequencies corresponding to virgina
PV dF-HFP, for example-CF=CF-skeletd bending at
1688 cm'?, -C-F stretching at 1408 cm'?, -C-F and -
CF,- stretchingsat 1267 & 1164 cm* respectively, C-
C skeletd vibration at 1074 cm®, Vinylidenegroup at
880 cm*, CH, rocking at 839 cm?, CF, stretching at
772 cm*, CH, bending at 684 cm', CF, bending at
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Figure2: FTIR spectraof (a) PVdF-HFP; (b) PMMA; (c)
LiCIO,; (d) PVdF-HFP(72-PMMA(24)-LiCIO (4); (€) PVdF-
HFP(70.5-PMMA(23.5)-LiCIO(6); (f) PVdF-HFP(69)-
PMMA(23)-LiClO,(8); (g) PVdF-HFP(67.5-PMMA(22.5)-
LiCIO,(10)
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511 cmr*and CF, wagging at 484 cmr* whichissimilar
to those obtained by other researcherg®-34,

Thegroup frequenciesat 1403 cm! isattributed to
CH, deformationwhich hasmoved to higher frequency
regioninthe complexesindicating theweskening of in-
teraction between H atoms of CH,, groups and F at-
omsof CF, groups. Thegroup frequencies correspond-
ing to -CF=CF-skeletal bending (1688 cm), CH,
rocking (839 cm?), CF, stretching (772 cm) and CF,
wagging (484 cm?) frequencies of PVdF-HFP are
foundto beshiftedto alower sdeinal thecomplexes
irrespective of the salt concentration which could be
dueto theinteraction of polymer and lithiumsalt. The
frequencies corresponding to carbonyl group C=0
(1733 cm), CH, scissoring (1485 cm't), CH, wag-
ging (988 cm*) and CH, rocking (752 cm?) vibrations
of PMMA arefoundto beshifted indl the complexes.

The C-C skeletal vibration (1074 cm™?) of PVdF-
HFPisfoundto beshiftedto ahigher sdeinthecomplex
containing 8wt.% of LiClO, The O-CH ,deformation
(1451 cmt), C-C-O bending vibrations (1242 cm™) of
PMMA and-C-Fand -CF,- tretching vibrations (126 7-
1164 cm?) of PVdF-HFP are found absent in al the
complexes. TheCH, twisting (1388 cm™) of PMMA is
found at 1393 cmt in the complex containing 4wt.% of
LiClIO, and absentindl theremaining complexes. The
characteristic absorption vibrations of LiClO, (1150,
1080, 941 and 627 cm™) are assigned to symmetrical
vibration of ionic pairsbetweenLi* and CIO, and stretch-
ingvibrationsof CIO, respectively. Inadditiontothis
some new peaks are observed at 2301, 2207, 2047,
1973, 1805, 442 cm™, Hence, the complex formationis
confirmed fromtheabove anadys §%4.

Conductivity studies

Thedectrochemica impedance spectroscopy isan
excdlent tool to characterizemany of thedectrica prop-
ertiesof themateria and their interfaceswith theelec-
trodes. The conductivity sudieswerepreformed using
ac impedance technique employing Aurbin FRA2 n
AUTOLAB - l1l. Theconductivity of the polymer elec-
trolytewascaculatedusingtherelations =L/ (A.R)
whereR isthebulk resistance, Aistheareaand L the
thickness of the polymer membrane. TABLE 1 shows
the conductivity values of the complex with different
wt%of LiCIO, intherange 302-373k. Itiswell known

that lithiumionsmigrateintwoways. (i) moveaongthe
molecular chainsof polymer, and (ii) moveinanamor-
phous phase of polymer el ectrolyte“ll. Theformeris
dow transport whilethelatter isfast.

Fromthetableit isevident that asthe salt concen-
tration increasesthe conductivity isfound to increase
up to 8wt% and decreasesfor further increase of salt
content (10wt %). Thismay be dueto the combined
effect of ion aggregation dueto the presence of excess
undissolved salt, whichisevident from SEM studies
and dsotheincreasing valuesof Tg, asindicatedinthe
DSC studies. Theincreasing vaue of Tgwhich could
be dueto the polymer clustering seemsto nullify the
increaseinthenumber of carrierionsat higher sdt con-
centrations dueto theincreasein cohesiveforcesbe-
tweenthemolecules.

Amongthevariousfilmsprepared inthiswork, the
conductivity value of PVdF-HFP(69) - PMMA(23)-
LiClO,(8) hasthe maximum value of 1.659X 10°S
cmrat room temperature and corresponding imped-
anceplotisshowninFigure3. Figure4 representsthe
Arrheniusplot of theionic conductivity of the polymer
electrolytefilms. Thetemperature dependant ionic con-
ductivity of the polymer electrolytes seemsto obey
Williams-Lande-Ferry (WLF) mechanism describing
theionic motion dueto the polymer segmenta motion.
Asthetemperatureincreases, theionstend to diffuse
through thefreevolume produced dueto theexpansion
of the polymer segmentsensuing conductivity.

DSC studies

Inorder toinvestigate quantitatively the evolvement
of crygdlinity of thepolymer filmsand thecomplexation,
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Figure3: Impedancediagramfor PVdF-HFP-PMMA-LICIO,
(69-23-8wt.%) at 302K
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Figured: Arrheniusplot of the conductivity for PVdF —
HFP-PMMA -LiCIO, polymer complexesfor different salt
concentrations

DSC studieswerecarried out with the samples prepared.
The DSC dataof the complex systems containing con-
stant PVdF-HFP - PMMA ratio and different weight
raioof LiCIO, (TABLE 1) areshowninFigure5(a-d).
Itisevident that the T, of thepolymer electrolytesare
foundtoincreaseastheconcentration of LiClO, incresses
(from 71°C to 95°C) ascertaining the concept of increase

—= Pyl Paper
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Figure5: DSC spectraof (a) PVdF-HFP(72)-PM M A(24)-
LiClO,(4); (b) PVdF-HFP(70.5-PMMA(235)-LiCIO,(6); (c)
PVdF-HFP(69)-PM MA(23)-LiCIO (8); (d) PVdF-HFP(67.5)-
PMMA(22.5)-LiClO,(10)
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Figure6: SEM photographsof polymer electrolytesamplesat 2000 magnification (a) PVdF-HFP(72-PMMA(24)-LiCIO (4);
(b) PVdF-HFP(70.5-PMMA(23.5)-LiCIO,(6); (c) PVdF-HFP(69)-PMMA(23)-LiCIO,(8); (d) PVdF-HFP(67.5-PMMA(22.5)-
LiClO,(10)
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inT, withtheaddition of lithium sat“?. Themeltingtem-
peratures of the polymer matrices suffer anincreasein
melting temperaturewhen the salt content isincreased
from4to 10wt% but thefilm suffersarecedinginmeting
temperaturefor thefilm containing 8wt%indicating the
higher amorphicity dueto theinteraction persisting be-
tween the salt and the polymer matrices, which could be
ascertained for the higher conductivity at thisconcentra-
tion. Hence, theeffect of sat concentration onthe poly-
mer matricesishbrought out.

SEM studies

Scanning e ectron micrograph sudieswerecarried
out to e ucidate the surface morphol ogy of the polymer
electrolytes prepared. The photographs of the samples
with 2000 magnification are shown infigure 6(a-d). It
isevident from the studiesthat asthe concentration of
salt isincreased the roughness of the surface reduces
which may beduetotheincreasein amorphicity of the
polymer electrolytes. Further from Figure 6(d) itisevi-
dent that the white spots could be due to the excess
salts present in the case of e ectrolyte with 10% of
LiClO, Thus, the presence of excess undissolved salt
inthe polymer electrolyte could bethereason for lower
conductivity asdiscussed earlier.

CONCLUSION

Theprepared polymer el ectrolytes are character-
ized by XRD for e ucidating theamorphicity, FTIR for
confirmingthecomplex formation, DSCtofind thether-
mal stability, acimpedance studiesto find the conduc-
tivity and SEM to study the surface morphology. The
acimpedance studiesare carried out at different tem-
peraturestofind the temperature dependenceof ionic
conductivity, and arefound to obey WLF relation. The
highest ionic conductivity 1.659X 10° Scnrtisob-
tained for the polymer complex PVdF-HFP(69)-
PMMA(23)-LiClO, (8) at 302K. Hence, from the
aforesaid propertiesthe polymer el ectrolyte based on
PVdF-HFP - PMMA — LiCIO, could be efficiently
used inlithium battery applications.
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