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ABSTRACT

Polymer blend electrolyte comprising of poly (vinylidene fluoride-co-Hexa
fluoro propylene) (PVdF-HFP), poly (methyl methacrylate) (PMMA) ashost
polymersand lithium per chlorate (LiClO,) asthe complexing salt were pre-
pared by solution casting technique. The polymer ratio conducive for pre-
paring polymer electrolytesfor lithium battery applicationsisoptimized based
on the characterization studies Viz. X-ray diffraction (XRD), Fourier trans-
forminfrared spectroscopy (FTIR), Differential scanning cal orimetry(DSC)
and electro chemical impedance analysis. These studies confirm the forma-
tion of polymer- salt complex and miscibility of polymers PVdF-HFP and
PMMA. Theroom temperature electrical conductivity isfound to be of the
order of 10° S cm? and temperature dependence of ionic conductivity of
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INTRODUCTION

Booming microe ectronicindustry and thedectric/
hybrid car market that depend on power packs with
high energy and power densitiespaved theway towards
theimprovement in energy sources4. Secondary bat-
teriesbased on lithium represent an excellent choice
for electrochemical power sources characterized by its
high energy densities, good cyclability and reiability>8.
Lithium polymer batterieswerefound aspotentia can-
didatefor theaforesaid applications, astheuseof poly-
mer el ectrolytemakesthe battery highly safeand flex-
ible™. Technological significanceof polymer eectro-

lytes reported by Fenton in 1973 was unappreciated
until thefindingsreported by Armand et d .18, Pioneer-
ingwork based on dry solid polymer el ectrolytesoffer
appreciableionic conductivity only above 80°C®9, the
poor ionic conductivity of such electrolytesat ambient
temperaturelimitstheir practical usage. However most
of thesolid—state polymer electrolytes (SPE) have low
ionic conductivities(lessthan 10° Scm* a room tem-
perature) effected by low mobility of thecharge carri-
ersinthe polymer matrices. Thismagnitude of conduc-
tivity isfar from the adequate level for practical room
temperature gpplications. Themost promising aterna
tiveisgel-typee ectrolytes prepared by theimmohili-
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Figurel: XRD Spectraof (a) PVdF-HFP (b)) PMMA (¢) LiCIO,.
(d) PVdF-HFP(100)-PMMA(0)-LiCIO,(8), (e) PVdF-
HFP(75)-PMMA(25)-LiClO,(8), (f) PVdF-HFP(50)-
PMMA(50)-LiClO,(8), (g) PVdF-HFP(25)-PM M A(75)-
LiCIO,(8), (h) PVdF-HFP(0)}-PMMA(100)-LiClO,8)
zationof an gproticliquid solution of alithium sdtina
polymer matrix. Theresulting gel polymer e ectrolytes
haveionic conductivitiesof theorder of 103Scm™ at
room temperature, dmost ashigh asthat of liquid el ec-
trolyted®y,

A variety of polymers, such aspoly(ethylene ox-
ide) (PEO)1*213 poly(acrylonitrile) (PAN)X4,
poly(methyl methacrylate) (PMMA ), poly(vinyl chlo-
ride)d, poly(vinylidenefluoride) (PV dF)[*" etc. has
been used asthe polymer matrix to lodge the liquid
electrolyte. Further, various approaches have been
madeto modify thestructure of polymer dectrolytesin
order toimprovetheir eectrical, el ectrochemical and
mechanica properties. These gpproachesinclude: syn-
thesizing new polymers?*®; cross-linking two poly-
mers™; blending of two polymerd?!; addition of plas-
ticizerd?Y; inorganicfillersetc..

Amidthevarious polymers, PVdF and itscopoly-
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Figure2: FTIR Spectraof (a) PVdF-HFP (b) PMMA () LiCIO,.
(d) PVdF-HFP(100)-PMMA(0)-LiClO,(8), () PVdF-
HFP(75)-PMMA(25)-LiClO,(8), (f) PVdF-HFP(50)-
PMMA(50)-LiClO,(8), (g) PVdF-HFP(25)-PMMA(75)-
LiClO,(8), (h) PVdF-HFP(0)-PM M A(100)-LiClO,(8)
mersarevery important because of their high strength
and good stability!'"?24, Most impressiveresultshave
been obtained on poly(vinylidene fluoride-co-Hexa
fluoro propylene) (PVdF-HFP). Of thetwo different
blocks, VDF block hasastronger tendency than HFP
block to undergo crystdlization. Theamorphous HFP
phase aidsionic conduction deemed dueto the entrap-
ping liquid eectrolyte, whereasthe crystallineregions
maintai n freestanding films!. Authorshave made se-
riesof studies on PV dF-HFP membranes prepared by
phaseinversion techniquewith different non-solvents
as porogenic agents?6?, However themorphology and
cycling performance of themembranesarefoundto be
poor. In order to circumvent the above said drawback
andincreasing theionic conductivity, blending PMMA
to PVdF-HFPwascarried out. Blendingismoreuseful
because of easeof preparation and can control the prop-
ertiesof polymer el ectrolytes by changing the compo-
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gtion of blended polymer matrix. Thereareseverd rea
sonsfor choosing PMMA to blend with PV dF-HFP:
(i) PMMA isoneamong thewidely used polymer ma-
trix for gel eectrolytesd® asit iscompatiblewith most
liquid eectrolytes; (i) PMMA-based gel eectrolytes
haveshown excdlentinterfacia sability towardslithium
meta?¥, and may improvetheinterfacial stability of
(PVdF-HFP)-based systems; (iii) PMMA isan amor-
phous polymer that could decreasethe crystdline phase
in (PVdF-HFP) and in turn benefit ionic conductivity.
Onthebasis of conductivity PMMA based polymer
gd dectrolytesarefound to have highionic conductiv-
ity, closetothat of aliquid electrolyte, but difficult to
form apolymer membranewith stabledimensionsand
good physical properties=y,

Inthe present work, solvent free polymer e ectro-
Iytesconsisting of PVdF-HFP and PMMA at fivedif-
ferent weight rati osand with constant weight of LiCIO,
asthe complexing salt were prepared so asto optimize
the appropriate blend ratio which could suit well for
lithium battery applications. Thisoptimizationisbeing
substantially ascertained by XRD, FTIR, Impedance
spectroscopy and DSC studies.

EXPERIMENTAL PROCEDURE

All polymer dectrolyte sampleswere prepared by
solution casting techniquel®2®l, The polymer
poly(vinylidene fluoride — Hexafluoro propylene)
(PVdF-HFP) (average molecular weight 4 x 10°),
poly(methyl methacrylate (PMMA) (average molecu-
lar weight 12 x 10%); dkali meta sdt : lithium per chlo-
rate(LiCIO,) al bought fromAldrich USA were used.
The polymers and the Li salt were annealed under
vacuum at 90°C, 120°C respectively for 10 hrs and
each component wasdissolved in pre-distilled Acetone
(E-Merck, Germany). Thedissolved polymer and salt
werestirred continuously for 24 hrsat room tempera-
ture and at 50°C until homogeneous slurry was ob-
tained. Thethusobtained durry wascast onto Teflon
bushesand Teflon covered glassplates. Thecast films
were alowed to dry under argon atmosphere at room
temperaturefor 3 hrsand then they weredried under
vacuum at 60°C for 3 hrs for the evaporation of re-
sidual solventsif any. Thethicknessesof the obtained
filmswereabout 0.1mm. Thephaseandysisof thepoly-
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mer was performed with X-ray diffractometer (XRD)
[Bruker (D8Advance)] at room temperature. The Fou-
rier transforminfrared (FTIR) spectrumintherange
4000400 cm™* was recorded using Jasco FTIR 460
plus (Japan) spectrophotometer.

The conductivity measurementswere carried out
with thus obtained films obtained by the casting tech-
nique. Thedectrolytefilmwasplaced betweenthestan-
less steel electrodeswith aspringload arrangement of
aspecially designed conductivity jig to ensure proper
el ectrode-electrolyte contact. Electrical conductivity
measurement was carried out using Aurbin FRA2
pAutolab-111 withsgna amplitudeof 10mV inthefre-
guency range 100Hz—500 kHz. Variation in conductiv-
ity withincreaseof temperatureisrecordedintherange
302-373 K. The films were subjected to Differential
scanning cdorimetric studiesusing Mettler ToledoDSC
822ewith aheating rate of 10°C / min.

RESULTSAND DISCUSSION

XRD studies

X-ray diffraction pattern of pure PVdF-HFP,
PMMA, LiCIO, and complexesare showninfigure
la-h. Thefollowing observationsare made

Figure 1a-c showsthediffraction patternsof pure
PVdF-HFR, PMMA and LiCIO,. Thesharp crystaline
peaks at 18°, 20° and broad diffraction peaks at 26°
and 38° in figure 1a is due to the presence of the crys-
talline PVdF in PVdF-HFP+%8 and the sharp peaks
infigure 1c depictsthecrystallinenature of theakali
metal salt. Absenceof sharp peaksinfigure 1b shows
completeamorphousnature, diacriticto PMMA.

Figure 1d-h showsthediffractograms of (PVdF-
HFP)-PMMA-LiCIO, complexesat constant salt con-
tent with different polymer ratio. Figure 1d showsthe
XRD spectrumof (PVdFHFP)-LiClO, complex where
the crystalline peak corresponding to PVdF-HFP is
found to reduceto asingle peak indicating the reduc-
tion of crystallinity in the system. Figure 1e-h showsa
chronologicd increaseinamorphicity asthe concentra-
tion of PMMA isincreased. Thehighest amorphicity is
seen for the film bereft of PVdF-HFP (i.e. film with
PMMA-LiCIO,) but does not show highest conduc-
tivity which could beduetothefact of thedifferencein
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Figure3: Impedancediagramfor PVdF-HFP-PMMA-LICIO,
(75-25-8wt.%) at 302K
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Figure4: Arrheniusplot of theconductivity for PVdF-HFP-
PMMA-LiCIO, polymer complexesfor different concentrations

dielectric congtant of thepolymersie. PV dFHFP hav-
ing higher did ectric congant thean PMMA,, further more,
higher concentration of PMMA reducestheionic con-
ductivity in polymer dectrolyteswhichisa so observed
by otherd®. From the aspect of conductivity thefilm
with 75% of PV dF-HFP and 25% of PMMA isfound
to exhibit higher conductivity when compared with other
complexeseventhoughthefilm hasabit higher crysta-
linity thantheothers. The higher conductivity despiteits
crystdlinity could beattributed to the presence of larger
amount of PVdF-HFP,

Thesharp crystalline peaks pertainingto LiCIO,
(Figure 1c) are found to be absent in the complexes
whichindicatesthe completedissolution of lithium sdts
inthepolymer matrices.

TheXRD studies confirmed thefact that thereexist
adefinite complex coordination between PV dF-HFP,
PMMA andLiClO,

FTIR studies
Infra-red spectrum isanindispensablerecord which

= Fyl] Peper

givessuffident information about thegtructureof thecom-
pound. Inthe present study FTIR techniqueisused asa
tool toidentify theinteraction between thehost polymers
andthelithium salt. FTIR spectrawererecorded inthe
range 400-4000 cm* at room temperature. The data
areandyzed onthebassof theliteratureavail ablefor the
lithium salt, C-H stretching of PVdF, C-F, CF, stretch-
ingregionsof PV dFHFP, scissoring vibration of thevi-
nyl group and C-H rocking vibrations.

Figure2a-c & 2d-h showsthe FTIR spectraof pure
PVdF-HFP, PMMA, LiClO, and complexes (TABLE
1) respectively. Thevibrationa bandsinfigure2aat 1072,
976, 763 (o phase), 614 are characteristic of thecrys-
tallinephase of PVdF-HFP, and bandsat 879, 841 crmr
1 (B phase) correspondsto amorphous phase of PV dF-
HFPEY, Thegroup frequenciesat 1403 isattributed to
CH, deformationwhich hasmoved to higher frequency
regionaround 1412 cmt inthe complexesindicating the
weskening of interaction between H atomsof CH,, group
and Fatomsof CF, groups®.. Theband corresponding
to 1278 cm* assigned to symmetrical sretching of CF,
isfoundto beshiftedtoalower sideindl thecomplexes
which could be dueto theinteraction of polymer and
lithium sdlt. Thisresultisin accordancewith theresult
obtained by Saikaet a.*4. Thisshift may beattributed
to theionic associ ation through redissociation of charge
accompanying theformation of ionic pairsand aggre-
gates and is in close agreement with other work-
erg¥3340 Thevibrationd frequency at 1179 cm as-
signed to asymmetrical stretching vibrationsof CF, is
found absent inthecomplexes.

Thecharacterigticfrequenciesat 2952, 1733, 1437,
1388, 1242, 1195, 988, 752 cm™ assigned to CH,
asymmetric stretching, C=0 stretching, O-CH, defor-
mation, CH, symmetrical bending, C-C-Ovibrations,
CH, twigting, CH, wagging, CH, rockingof PMMA is
found to undergo changes due to the addition with
PVdF-HFP and LiCIO,. The peak corresponding to
CH, stretchingisfoundto undergo ahierarchicd incre-
ment in frequency asthe concentration of PMMA is
increased inthecomplex. The C=0 stretching frequency
suffersachangeinfrequency to 1722 cnr* which could
be due to the interaction of this carbonyl group be-
tween PVdF and PMMA inthebinary blend. Thisre-
sultisbeing substantially supported by thefindings of
Colemannet a.*, CH, wagging and CH, rocking vi-
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TABLE 1: Conductivity valuesof PVDF-HFP-PMMA-LICIO,
sysemswith different polymer ratio

Concentration Conductivity ¢ (x 10° Scm™)

Sample PVdF-HFP- 302K
PMMA-LiCIO, (RT) 318K 333K 353K 373K
A 100-0-8 5.248 9.997 23.450 38.025 77.690
A, 75-25-8 2.341 3.387 7.080 11.487 26.890
Az 50-50-8 0.537 1.000 2.531 4.467 11.213
A, 25-75-8 0.208 0.331 0.812 1.656 4.898
As 0-100-8 0.089 0.151 0.347 0.631 1.660

brationsof PMMA arefound to be shifted around 982
and 750 cm in the complexesindicating theinterac-
tion between the polymersand thesdlt. Thevibrationa
bands corresponding to C-C-O vibration and CH,
twisting arefound to be absent in the compl exes.

The characteristic absorption peaks of LiClO,:
1150, 1080, 941 cmrt and 627 cnmrt assigned to sym-
metrical vibration of ionic pairsbetweenLi*and CIO,
and stretching vibrations of ClO, respectively.

Apart from the above there are some new peaks
appearing inthe spectrafor the complexes (434, 718,
883, 1557, 2048, 2299, 2596, 3028 cm™). The above
andysisegtablishestheformation of polymer salt com-
p| ex[42-45]

Conductivity studies

Assiduoususeof acimpedance studiesisto estab-
lishtheconductivity mechanism; participation of thepoly-
mer chain mobility and carrier generation process. The
impedancestudiesof PVdFHFP—PMMA blend poly-
mer electrolytesfor different compositionswere car-
ried out at different temperatures. Figure 3 showsthe
ac impedance spectrum of polymer electrolyte with
highest conductivity.

Theconductivity of the polymer dectrolytewasca-
culated using theformulac = I/R A, whereR, isthe
bulk resistance obtained from theisotherm (2’ vs Z”)
for thefilmwith known area ‘A’ and thickness ‘I’. The
disappearance of semicircular portionintheimpedance
curveleadsto aconclusionthat thecurrent carriersare
ionsand thisleadsoneto further concludethat thetotal
conductivity ismainly the result of ion conduction(“e!,
Conductivity valuesof thecomplexesinthetempera-
turerange 302K to 373K areelucidated in TABLE 1.
Itisevident from thetablethat asthe concentration of
PMMA increasesabove 25% the conductivity isfound

(a)

(b)

()

Exo up

(d)

(e)

1 I | 1 I 1 1
S50 0 40 80 120 160 200 240 280

Temperature (°C)

Figure5: DSC spectra of (a) PVdF-HFP(100)-PM M A (0)-
LiClO,(8), (b) PVdF-HFP(75)-PMMA(25)-LiCIO (8), (c)
PVdF-HFP(50)-PM M A(50)-LiClO,(8), (d) PVdF-HFP(25)
PMMA(75)-LiClO(8), (e) PVdF-HFP(0)-PM M A(100)-
LiCIO,(8)

to decreasewhichisin accordancewith thefindings of
Agnihotry et a.[“7,

Theimpedance plot for the PVdF-HFP— PMMA
-LiCIO, (filmA.) isshowninfigure 3 and the conduc-
tivity of thissystemisfound to be 2.341x10° Scm? at
302 K and 2.689x10* Scm* at 373 K. It isevident
fromTABLE 1that, thereisanincremental changein
conductivity with theraisein temperature, for which
Free-volume model®! could be considered theratio-
nale. Asthe temperature increases, the polymer can
expand easily and produce free volume. Thus, ions,
solvated mol ecules, or polymer segments can move
generoudly into thefreevolume. Thisleadstoanin-
creaseinion mobility and segmenta mobility that assist
iniontransport and virtualy compensatefor theretard-
ing effect of theion clouds.

Figure4 showstheArreheniusplot of theionic con-
ductivity for al compositions. Thetemperature depen-
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denceontheionic conductivity isnot linear which sug-
gest that theion conduction followstheWilliam-Landell-
Ferry (WLF) mechanismi, that is, ion transport in
polymer electrolytesiscorrel ated with polymer seg-
mental motion“., Thisresult ascertainsthat the poly-
mer electrolytes prepared are bereft of plasticizer and
theresdua solvents.

DSC studies

In the present investigation the miscibility of the
polymersand thecomplexing satisconfirmed fromthe
DSC measurement. The DSC dataof the complex sys-
temscontaining PVd~HFP- PMMA indifferent weight
ratios(TABLE 1) isshowninfigure5. Theinability in
determining theTg (theglasstrangtion temperature) of
PV dF-HFPduetoitssemi-crystdlinenatureisevident.
However, the position andintensity changeof the melt-
ing peak of the samples can be observed. The fact of
margina shiftin T, of polymer salt complex toahigher
sideduetotheaddition of lithium salt**5Y issubstantial
from thethermogram. Figure5a& 5eand figure5b-d
showsagradual increasein T, which could bedueto
theincreasein PMMA concentration in the complex.
Themelting temperatures of the polymer matrices suf-
fer the samekind of strategy because of the effect of
salt on physica property of the polymer. It isevident
that themelting temperature of the polymer eectrolytes
hasreceded fromitsorigina metingtemperatures. The
combineds ngIeTg and negative-shift of melting peak
indicatesthe compatibility of the polymer hosts, which
isin accordance with theresults published®.

CONCLUSION

Complex formation and miscibility of PV dF-HFP-
PMMA-LiCIO, polymer complex hasbeen confirmed
fromFTIR, XRD and DSC studies. Thefilmwiththe
concentration PVdF-HFP (75): PMMA (25): LiCIO,
(8) is optimized to have high ionic conductivity
2.341x10° Scm't (at room temperature) with appre-
ciablemechanicd gability. Thetemperature dependence
of ionic conductivity isexplained on thebasisof free
volumemode . Henceit isascertained from the afore-
said propertiesthe polymer € ectrolyte based on PV dF
HFP—PMMA - LiClO, could be utilized in thefabri-
cation of lithium batteries.
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