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conpositions useful in the preparation of separator menbranes and hybrid
electrolytes for electrolytic cells.  For exanple, such a filmmaterial may
be used in a rechargeable battery cell 25 as an internedi ate separat or

el ement containing an el ectrol yte-solution through which ions froma source
el ectrodeSmateri al nove between cell el ectrodes durirg the char ge/ di schar ge
cycles of the cell. The invention i R4 Ul arly for cells in which
the ion source is lithium a |ithi trrtompotid 230 material capabl e of
intercalating lithiumions. In that systen1 the filmmaterial may conprise
a polynmeric matrix which is WD 95/ 31835 : '
PCT/ US95/ 05881 ionically conductive by virtue of, for exanple, the
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Field of the I .
20 _

The invention relates to crosslinked elecﬁrolytic £film
compositions useful in thé preparation of separator membranes
and hybrid electrolytes for electrolytic cells. For example,
such a film material may be used in a rechargeable battery cell

25 as an intermediate separatdr element contaihing an electrolyte
solution through which ions from a source electrode material
move between cell electrodes during the charge/discharge cycles
of the cell. The invention is particulariy ﬁsefulifor cells in
which the ion source is lithium, a lithium compound, or a

30 - material capable of intercalating lithium ions. In that system,

the film material may comprise a polymeric matrix which is



~provide ionic nobility. One advantage of the present invention is the
limted thyggﬂggbility of the crosslinked material at 5 el ed '

t enperature gn ancing the cell capability and decreasing tﬁgxﬁ%ﬁﬂgﬁ@§ to N
short circuit at high tenperature, yet preserving its high ionic '
conductivity. Background of the Invention 10 Early rechargeable |ithium
cells utilized lithiumnetal electrodes as the initial ion source in

conj unct i orPmviaal ko stenduc e th delt tas f si frf compeirls Ea@abl e of
intercal ating the lifhiumions w.thi ' Iruc Ihg 15 . . di scharge
of the colACRaRFatidh YE | B e dbid b E GOl Mo by b OETR S
or menbr angsowidE i ghis s 1A wontcrie eshvariesgelr €f ofhd | pit sk &h©Ciivéyt fon
usually in the formof a solution of |ithiumsalt, as well _as providing a

means for ifF ekt il R FIRY iGAPARInk e detthe Fiorskinked Jurkenial hat
1. gSh ¢?§ggéﬂg§; éﬂ%ﬂ %égg- § .t
gfot h 5t oeen%lc%?gag:oer%ﬁ{se ol yol efl né 1 n%ér!%lrgI L%?]g\/\%/églrslff% ri Cl%%%%%%)ﬁpg;t 8; at ed

with sol utdemseaxirmy [tHditendaidy tuchast [Errduiterat nigh etenperatwre,
organi c solvent, e.g., propylene carbonate,_diethoxyethane, or dinethyl
car bonat e ¥&% Rziﬁsrﬁ"g‘{ﬂd'f‘ﬁpﬂsyg @@;hr’aﬂ%c AWV fluid el ectrol yte
bri dge thus established between the el ectrodes has effectively provided the
necessary Li[err] ion nobility at conductivities in the range.of about
10[err] S o im ving well in thisrole of ion :
condq&}or, t hese separator elenents unfortunately conprise sufficiently -2-

- Early rechargeable li;hium cells utilized lithium metal ‘
electrodes as the initial ion source in conjunction with
positive électrédes comprising compounds capable of
intercalating the lithium ions within their structure during

15 discharge of the cell. Such cells relied, for the most part, on
separator structures or membranes which physically cbntained a
measure of fluid electrolyte, usually in the form of a soclution
of lithium salt, as well as providing a means for preventing
destructive contact between the electrodes of the cell. Sheets

20 or membranes ranging from glass fiber filter papér or cloth to
microporous polyolefin film or nonwoven fabric have been |
saturated with solutions of a lithium salt, such as LiC10,,
LiPF; or LiBF,, in an organic solvent, e.g., propylene
_carbonaté, dietﬁoxyéthane, or dimethyl carbonate; to form such

25 separator elements. The fluid electrolyte bridge'thus '
established between the.electrodes has effectively provided.the
necessary Li* ion mobility at conductivities in the range.of

about 10-3 S/cm.

30 ' Although serving well in this role of ion conductor,

these separator elements unfortunately comprise sufficiently
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.solution-cqaﬁﬁgg@ﬂg voi ds so that continuous avenues may maﬁ%%@ﬁ&mﬁ d
ec 10N

bet ween the e rodes, thereby enabling lithiumdendrite forna uring
chargi ng cycles which eventuall'y leads to internal cell short-circuiting.
U S. Patent No. 5 5,196,279 achi eved some success in conbatting this

probl em t hr qughyet 381438 Bl okl WAKEOR s alsl Sol Bnuki ebnkehlictlkeallatd’s may

conprise intercalation material, such as lithiated nmanganese oxi de and
car bon, thebebesébbiighetingetWeeh| tihe i ectaddedi dhgrehpwiteemblisg lithium

del et eri ous dendr.ite _grow h. il e proyiding 10 effici.ent power urces,
these |ithi 'ﬁtEng§m€§ﬁ98¥g§Fﬁ§Bncﬁﬁgg& aE?F%eErHgﬁﬁgdégﬁgﬁpﬁﬁﬁgm
netal el ect nedes. t8NghkarnalPeeathsherecptk-ellicidgt he. dendaikacPighl em has
been the use of continuous filns or bodies of polyneric 15 nmaterials
whi ch pPovi 8e 1Pt 278 srhisvednsirmaosucress pat kombakswngi §basi pyobllemd in

T e e

conductivit yohipriBe interpalation mphtarsall, suyhi asl Lythiktkl mEhgahkssuch
as 20 [err] cor the like. A range of practical ionic_conductivity, i.e.,
over about 9P#fEer pngr cagbenr| thegrbywad iBApgtingarhgbild thiup mﬁééi Wi ¢her
conposition e C Ltions: nie s atu agueyer .

S, pat ont PREmeESg05 b7 §al ek s 2yt bR IKE LOGULRETRALTE BEoVIAIRLS
properiDes effiifieidht powent sburegssuthesecttthdameionndetllsvicanpnot abeadnre
popul ar poliﬁgthylene oxi de) ,conposition by radiation induyced cross-

|i nki ng, whiFP& E2Bacpi¥ecRroNdded by1lizbipp,Beted PABFEYEAEAt by neticul ous
bl ending with exotic ion solvating pol ynmer conpositioens. Each of these
attenpts achieved limted success 30. due to attendant expense, chem cal
instability and rasbtheredpprphaehenbatbourpilingnehei dendratei problem has

béen the use of continuous films or bodies of polymeric

15 materials which provide little or no continuous free path of low
viscosity fluid in which the lithium dendrite may propagate.
These materials may comprise polymers, e.g., poly(élkene
oxide), which are enhanced in ionic conductivity by the
incorporation of a salt, typically a.lithium salt such as

20 LiCl0,, LiPF,; or the like. A range;of practical ionic
conductivity, i.e., over about 10*.or 10-3'S/cm, was only
attainable with these polymer composition at ambient conditions
well above room'temperature, however. U.S. Patent No. 5,009,970
reported some improvement in mechanical properties while

25 maintaining sufficient ionic conductivity of the more popular
poly(ethylene oxide) composition by radiation induced cross-
linking, while U.S. Patent No. 5,041,346 reported improvement
by meticulous blending with exotic ion solvating polymer
compositions. Each of these_attempts'achieved limited success

30 due to attendant expense, chemical instability and restricted

implementation in commercial practice.

-
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Sone ear | ipgh 934849 nati ons of poly(V|nyI|dene fluoride) polhﬂgﬁuﬂgﬂﬂkglated
fl uorocarbon copol yners with trifluoroethylene or tetrafl uoroethylene

reveal ed enhancenent of ionic conductivity by a sinple incorporation of
l'ithium?5 salts and sol vents conpatible with both the pol yner and the

sal t conponents sﬁhbsemmaﬁehyeiamahbddoes alf. p@E@d&mmmmudenelﬁmunrfdd) 28
(1983), No. 5, . 591-595 and . 833- i ndi cat ed, however, that
t he preferP@&YEGFyéﬁﬁnfﬁﬂéﬁﬁ #ﬂﬁ&FP&égge G N%ﬁ% SWw¥E R apabl e of |

EXh'b't'ngtEQQHEO}Qeth§Q@ﬂ§CBkVtEir@QQﬁ%r@Q@H&l@QEe%@be@T@@‘@ﬂﬁéd@ement

el evated tenperatures feportedly due to the inability of the conposition to .
remai n honodeneundas, cpnduptﬁweeyobydeletepneusns@tpoaaalpnlpﬁbdlthlum

crystallites, _at_or om1roon1te u mtations arent | ed
7t heSanaRabRReARS T L Par i R T e i PR EhBLbBLuREE SRR aHe iaa e
practical eempanagableThaek! GorR by TeREkika Htsalpaugﬂbéﬂbchénﬁ%@ %%&aby
the instant inventors devel oped a stable sel f-supporting fi In1conp05|t|on

which is aVedpoR$ndl98B) ¢ plby) Bi npbi-d8A&-FRPBoande N@i-t 1§.8P0 B38-237) by

he 8% I nEnabeERRe P HeuBF o€, o FhRF) EheoPE ERBryrd: RYLYUSHEVIEGE R0 per it s

resul ting EQubklide)i aenpablieishssubkectapablpt afeexhibie iagedbnakyt e
sol ution, and _above 25% HFP the formation of a sel f-supporting filmmay not

possi bfe. QenducFﬁéB'étEoﬁbPYﬁ"e?-l@mp’ér?-Q)rsrﬁ/s"é! iFHat By iqhEvarad Aerperasaresy

up to 70?C a Clh s el d

oPectr ol ycEoBtFEdly 808 BooEherhpeli 1300 ERknes cafpRLeioh b rendih
homogeneous, i.e., free of deleterious salt and polymer
crystallites, at or below room temperature. Such. limitations
apparently led to the abandonment of attempts to implement

15 these compositions in practical rechargeable cells.

Prior work in U.S. Patent No. 5,296,318 by the instant
1nventors developed a stable self- supportlng film com9051tlon
Whlch is a copolymer of (poly)v1nylldene fluoride with 8 to 25%

20 by weight hexafluoropropylene (HFP). The material is self-
limiting as below the 8% limit on HFP the crystallinity of -
(pely)vinylidene_fluoride persists resulting in films incapable
of sufficient uptake of the electrolYte solution, and above 25%
HFP the formation of a self-supporting f11m may not p0551b1e

25 These copolymers perform satisfactorily even after heating up

-to 70?C; however, the plasticized copolymer is soluble in the

liquid electrolyte at temperatures higher than 80-95?C. Melting
of the electrolyte film under constant stress may result in the
flow of the electrolyte and an internal shorting of the battery

30 with the resulting fast dlscharge and heating.



of the electrolyte fil munder constant stress may result in the flow of the

el ectrol yte nternal shorting of the battery 30 wit ) ting
fast di scha?ﬁ‘g ang AJ‘neati ng. -4- WO 95/ 31835 " assRS

PCT/ US95/ 6881 It is well known that while the majority of fluoropolyners
whi ch do not contain specific functional groups undergo degradation by

sci ssion, rather thap féosﬁéil%&ﬂrlvﬂ%‘t%ﬂﬁedtﬁ@ h@foZieg sadiation, PVdF
is an exception to the rule. It has been found in U S. Patent No.

3,142, 629 t hafluercpidlymens oWhmielece et deertain sspecifbe fRRet homaMegroups
electron bean1| creas S 'téatﬁ% aglgg. §go:§rt£§§hé% E% +f%%§fi§f{€¢uwﬁ§n

by crossllnklﬁﬁ stl'ose y conposTiy ons

cont ai ni ng MéxpdHed %%&Mz&eigghhdehtﬁzvﬂF avarlis aﬁw:tcf&ﬁtﬁdmrtoetheaﬁtle
crosslinking. Elastoneric copolyners of vinylidene fluoride an

hexaf | uordpr opy| ka® Resw HEound Ié-ﬁb\% Sun&atenfeNg; ténléﬁ)aﬁ%ﬁt )'—haFLUG:&@{-%H‘]’n
(3M, Technol onpgef ] \presal o Ech 385ka. lth 0= B¢ Elods on (SEkci 1

tradenanes are chemcally cross tenperatures

(160- 190[err]jncreaéesrﬁtsumnnhaﬁ;ddﬁapﬁdpenuiesoatbeiphanea-tgmpeadduréseby
These additives cou] d pot be tolerated in, the L|-|o q;*; due to S|de
reactions w tf?® ¥ oS NPRERR t BlYas

_ 1%
thus 20 Suresdsdee 18 ééﬁé‘&ﬁ IR6Fke ofndp! o %/'w'wéf‘é@tféf*%wﬁ)afé

its copolymer w uoroprop ene, crosslln ed W th dicinnanylidene
hexanedlbm1nGSQiIthwaércwﬁbeqmeqmnﬁslimkknu) in nmethyl ethyl ketone, and
plasticized with a saturated solution of [err] in propylene carbonate were
found by G Feuill ade and

Elastomeric copolymers of vinylidene fluoride and
hexafluoropropylene which are knéwn under- the Viton® (DuPont),
FLUOREL® (3M), Technoflon® (Montecatini Edison), and DAI-EI®

15 = (Daikin) tradenames are chemically crosslinkable only at high
temperatures (160-190°C) in the presence 0of the diamine- or
bisphenol—typé additives. These additives could not be .

. tolerated in the Li-ion battery due to side reactions with the
active hydrogen atoms (-NH and -Ph-OH groups). It was thus

20 surprising that films composed of poly(vinylidene fluoride) or
its copolymer with hexafluoropropylene, crosslinked with
dicinnamylidene hexanediamine (DIAK® curing agent, DuPont) in
methyl ethyl ketone, and plasticized with a saturated solution
of NH,C1l0, in propylene carbonate were found by G. Feuillade and

25 Ph. Pefche, J. Appl. Electrochem. 1975, 5, 63~-69, to be suitable
separators for Li/FeS cells. In these systems, MgO or Ca(OH),
are added to the fluoropolymer elastomer as an HF scavenger.
These additives, however, may be deleterious .to the performénCe
of the Li-ion cell. |

30 |
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t he fl uoropo

separ at Or%vé?imhjssl FeS cells. In these systens, MJO or Ca( O—Q&,@gggﬁg%ged to
yner owever,
WO

Ph. Perche, J. Appl. Electrochem 1975, 5, 63-69, to be suitable

ner el astomer as an HF scavenger. These additives,

may be deleterious to the performance of the Li-ion cell. 30 -5-

95/ 31835

PCT/ US95/ 05881 The present

nvention provi dgg, fEAEh e AR bl Al AU P g i g che

rechargeabl e lithium™battery conpositions an

constructi ons

ready and etigudattdagusepd girviar ofecHamyepblid dxitiismpdatmesre 5 _
el ectrolyte material which function qver ran extending we|l above and
bel ow r oom YRR IHAAE W@Wﬂ%@%?ﬁ%%ﬁé%ﬂ%ms of
the invent ignnilcie Rlpddtiford b PHrddy ! e deserd Pd3metich fol | ows

and in part will be apparent fromthe description, or may be [earned by
practi ée ofeleetralyre mageriied. wihehadunatigosovert Acramge nextoendinyg beell

realized a
particul ar

nd attai y_means of the instrumentalities and conbinations
IaePoﬁ'cﬁ r?[r‘ﬁr‘ég%(ﬁ?’tmf ﬁcioﬁb%fﬂl?&f@é:&‘ra‘ai ms. To achi eve the foregoing

advant ages and in according with 20 t he purpose of the invention, as
enbodi ed and broadly described herein, there is disclosed: A copolyner of
vi nyl i dene fluoride and hexafl uoropropyl ene which i-s crosslinked in the

presence of a 25 crosslinkin

an
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Further advantages of the invention will be set forth in

part in the description which follows and.in part will be

apparent from the description, or may be learned by practice of

the invention. The advantages of the invention may be realized
and attained by means of the instrumentalities and combinations

partiCularly pointed out in the appended claims.
To achieve the foregoing advantages and in according with
the purpose of the invéntion; as embodied and broadly described

herein, there is disclosed:

A copolymer of vinylidene fluoride and -

‘hexafluoropropylene which is crosslinked in the presence of a

crosslinking agent selected from the group-consisting of an
acrylate ester, a di- or triallyl ester and a di-'or triglycidyl
ether and a plasticizer.

There is further disclosed:

A method of making a copolymer of'poly(vinylidene

hige group consisting of

i

y enabling the

A



acrylate ester, a di- or triallyl ester and a di- or triglycidyl ether and

a plastici e is further disclosed: 30 A nethod of WQ&hﬁ%
copol yrer gﬁﬁﬁ%ﬁggiinylidene - 6- WO 95/ 31835 505581

PCT/ US95/ 05881 fl uori de) and hexafl uoropropyl ene which includes
pol yneri zing vinylidene fluoride and hexafl uoropropylene to forma
copolyner, treating the copolyner with a_crosslinking agent selected from

. Y . ] 2T,
the group céddosice) endahegafjrgrepespyteng yhich ingludesappyymesigingnd

a di-or trigipchiten! thoxdnd s Jﬁgkaﬁsubpgﬁggg9&sﬂeceeokxgﬁrato actinic

radi ation to cause crossl I ng of the copo in the presence of a
pl asti ci zer copodymerrs a&breatdngcitheedopdlyhezotvitiheheckrpskitinking agent

rechargeabl e Lithiym_.intercal ation battery . cell which cogprises a ,
substant | al FRLEGHESS E508r £PRIFPRR GPPSIEEHBOyREr 3B AFTHYREReRELFFuoR B

and hexaf | ugkop-9RYh§MCe¥hEeNa QPO JIERSr NESi PRR RFIOSHHIK Ednid shBﬁ elting
presence of an extractable plasticizer and a crosslinking agent selected

fromthe grthe toeetetd ngproflymeratrykaténést cadiatdeon &p tausgel yl ester and
a di- or triglycidyl .ether, _.and having distributed therein_.20 to_70%b

Net ght “of ACEBFSLIBBE B FBB.FOBRVEN Lint L8 BEPROBRSoPSaR BLBSPIERESH
said salt. 20 There is further disclosed: A rechargeable lithium .

i ntercal ation battery cel
. There is also disclosed:

10
A solid electrolyte for a rechargeable lithium

intercalation battery cell which comprises a substantially
self-supporting £ilm of a copolymer of vinylidene fluoride and
hexéiluoropropylene which copolymer has been crosslinked in the

15 presence of an extractable plasticizer and a crosslinking agent
selected from thé group consisting of an acrylate ester, a di-
or triallyl ester and a di- or triglycidyl ethér, and having'
distributed therein 20 to 70% by weight of a solution of at
least one lithium salt ih an organic solvent of said salt.

20

There is further disclosed:

A rechargeablé.lithium intercalation battery cell

including a positive electrode, a negative electrqde and an .-
25 ionically conductive solid.electrolyte disposed between the

electrodes in which the electrolyte is characterized by a

substantially self-supporﬁing £ilm of a copolymer of vinylidene

fluoride and hexafluoropropylene which'copolymer has been

croéslinked in the presence of a cfosslinking_agent selected
30 from the group consisting of an acrylate ester, a di- or

triallyl ester and a di- or triglycidyl ether, and the £ilm

-



including a positive electrode,” a negative electrode and an 25 lonically
conduct i Veygg¥gighse! ectrol yte di sposed between the el ectrodgs ?;a% dgp the
electrolyte is characterized by a substantially self- supportlng m of a
copol ymer of vinylidene fluoride and hexafl uoropropyl ene whi ch copol yner
has been crosslinked in the presence of a crosslinking agent selected 30
fromthe gheumngodsssrl.hgted tinexeily | atbamate 08 toaabputoFIO&rbﬁldrqigletst@E and
a di.- or tri ¢idyl ether, and the film-7 WO 95/ 31835 ,

PCT/ US905/ 88 BélﬁavaﬂgaEll 1¢255 029 +HHEM %ﬁ)lo%tlr?@% CFIRAG G SRISERF \ﬁéﬁrght

of a soluthﬁg ghjat least one lithiumsalt in an organic solvent for the
salt. 5 There is still further disclosed: A separator nenbrane for
an electrolytic cell characterized in that the menbrane includes a

substaptially self-supporting.fil f _a.copol r of vinylidene fluoride
and 10g hexaflu%%ﬁﬁ?ogﬁlﬁhég&h?ggkﬁﬁg 8&5%9 ¥g§$Iihked in the presence of
a plasticizer and a crosslinking agent selected fromthe group consisting

of an acrylate ester, a-di- or triallyl ‘'ester and a di- or triglycidyl
et her. A sanaéatgramgmbuaselégédanAekechﬁglwtlﬁazeAé a separator

renbr ane TBAEELRLALPL AN 8! PEREOLKLI SRBLLoLNELUSLAgShXL0BSE R0RRINTET Of

vi nyl i den exa uoropro ene edn—cr

20 the pgekfrseppdbrBifgosiimnsENg agpanyﬁefeefedlhymmﬁéhe glavpide and
consistinghof an acrylate_ester, .a di- or triallyl _ester and a di- or
trigl @i dy e%%ﬁ%?°ﬁ??ﬁ°@ﬁbﬁPeZUbﬁFB baSubeenorpgSRaighed in the presence

of a plasticizer and a crosslinking agent selected from the ' !
' group'consisting of an acrylate ester, a di- or triallyl ester

and a di- or triglycidyl ether.
15 _ There is also disclosed:

A method of making'a separator membrane material for an
electrolytic celi-including mixing a cepolymer_of vinylidene
fluoride and hexafluoropropylene which has been crosslinked in

20 the presence of a crosslinking agent selected from the group
consisting of an acrylate ester, a di- or.t;iallyl ester and a
di- or triglycidyl ether with about 20% to about 70% by weight
of a high-boiling plasticizer compatible with the copolymer and
subjecting the mixture to actinic radiation to croeslink said

25 copolymer and.said ctosslinking agent te form a'seif-supporting
film.

There is still further disclosed:

30 A rechargeable battery cell assembly 1nc1ud1ng a p051t1ve

electrode, a negative electrode and a separator membrane



01: a high-boiling plasticizer conpatible with the copol ynmer and subjecting

the m xt ure‘vpagglg{a'b?i c radiation to crosslink said 25 copol%(gﬁf,s%;bg ﬁiai d
[ ur? i

ctosslinking agen o forma self-supporting film There is s er
di scl osed: 30 A rechargeabl e battery cell assenbly including a
positive el ectrode, a negative electrode and a separator nenbrane WO

95/ 31835 disposed therebetween which membrar¥CH B8R AR ibsdosed
t her ebet ween which nenbrane is characterized by a substantially

sel f - suppor t isupstantisfl ly egld-yauppasttiponflildené @l copoivmandof vinylidene
hexaf | uor opr gpyl ene, whi ch .has been crossl. nked.i.n.the presence of -a .
pl asti ci zer aﬁdlofltqeoseg’r rhﬁ’?%ga“boéﬁp rsc’(ﬁye]'cet%ed @lcq‘ Ir}’oafﬁ0 thf%a%grcdi?ps sclplr%_ esq ilr]i-’g
of an acryl atthePralsentdicf @ plhktit¥keesifd andrdssiinieing ragdncishllected
ether. The acconpanying drawi ngs, which are incorporated in and constitute
a part of>t hErgredle @raumnm cansighing of &1 asrvigte f87@R s HAiher

I nvention andg,.it h : scr tl': $ r t |l ain the

pri nci pl es o%ﬁ%ag"q"s}nlv:én %@%%@%E%Eéﬁl E NG 15 The
present invention will be described with reference to the acconpanying
drawi ng of which: 20 FIG 1 is illustrates-the relationship between
strain and stress HRSHIGPFVILNHIAFAWIATSys WHIY ahf) IQeRna&ad in and
sanmpl es. Fl Gohddl : QY S QLTI - i85S ol 1RRLN
uncrossli nkeé: anéglceﬁe{sla% %%ertcg]goarrp ée'ss. 25 lFI é Cﬁ?ﬁl ulstrat es the 5§'pa0| ty
of batt &l es seapmantt xf tthe invention and, together with- the description,

serve to explain the principles of the invention.

15
The present invention will be described with reference to
‘the accompanying drawing of which:
20 FIG. 1 is illustrates the relationship between strain and
stress at 25°C for both uncrosslinked and crosslinked samples.
FIG. 2 illustrates the nonisothermal creep resistance for
both uncrosslinked and crosslinked samples.
25 |
FIG. 3 illustrates the capacity of batteries according to
the present invention. ' '
30 o ' DESCRIPTION OF THE INVENTION



the present invention. 30 DESCRI PTI ON OF THE 1 NVENTI ON
-9-  \OMIEYSRIRES5 | | BeTiL59a4sRp 881
The electrolytic filmof the present invention, which can be used in

el ectrolytic cell separator elenents and as conponent polyneric

el ectrol ytes, conprises the conmbination of a poly(vinylidene fluoride)

copol yner natri xrh@nePé@etsDtyid CEflm hithe Piésertoipsentlieonsowneeh agd a
finely divided inorganic filler which maintains a honbgeneous conposition
in the forbeotsedfirxebeetrselYrigppetli sEPRTREPr TRECEERES yaBE @8npri ses

Uhe pr ecorcafiett SOREIAL | LLLOPFORNERD cdlibE SR8 hE o PRSI LAREES

the'grorp 83@?1§t%ﬂ@ybi%@@e?ﬁlq&tﬁ&eBS¢?plem$&-ﬂatfikalAuleBétEfoBﬁﬂid di -
tri ' t. T ti ilm r nt _i nvention i

or gyl etpers Mo sadio e imol the presenl apention s

copol ymer f‘i‘i%'v&z%&‘ﬁf’qé’!&é‘ A g@mﬂmﬁ]@%ﬁs&%&w&hn@hegeem%kch

itself crosslinks under actinic radiation. e copolynmer 1s also conbi ned

with a pl astfbéxibletrself +suppyrteing atilbl Thel cepvlymenatcempriseasi ch when

added to the | yneg. maint ai ns. sufficjent nmenory to allpw introduction 20
of an el el IO S1ITAR Gt HRTHHS AR TR FhEpRIPEaRe ens e o ithy B rheen

radi cal payoes] Zaté@ i HiHd giz@s%ncﬂﬁ%fc BOP3IhRk cRge208RE ANErb881inking
pl.asticizer can either be added to the copol ynmer similtaneously or

succeli vaigenppelected friom tbpotyowp/conststirg f an acrylate ester, a

agent /bl asis G2 6L/ {1} 1 61 /o SULL U NS, | - DA EGRI SEbE L actinic
radi ation €.g., =
The electrolytic film of the present'inventioh is
prepa:ed from a vinylidene-fluoride (VdF):hexafluoroprppyléne
15 (HFP) copolymer which is coﬁbined with a polyfunctional
crosslinking agent which itself crosslinks under actinic
radiation. The copolymér is also combined with a plasticizer:
which is any extractable solvent or material which when added to
the copolymer maintains sufficient memory to allow introduction
20 of an electrolytic solution, and with proper sensitiZers_aﬁd/or
free radical polymerization initiators. The crosélinking-agent
and the plasticizer can either be added to the copolymer

simultaneously or successively.

25 The copdlymer/crosslinking agent/p;asticizer/filler/
additive mixture is than treated with actinic radiation e.g.,
an electron beam, thermal energy or UV radiation to facilitate

the crosslinking of the copolymer.

30 A number of commerciaily-available polyvinylidene

fluoride (PVAF) polymers and copolymers were investigated for

.o
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H

an el ectron beam thermal energy or UV radiation to facilitate the

crossl i nki ngvads/3iss copol yner. 30 A nunber of PCT/US95/05881
conmerci al | y-avai | abl e pol yvi nyli dene fluoride (PVdF) polymers and

copol ymers were investigated .for -10 WO 95/ 31835

PCT/ US95/ 05881 utilization.in preparing the polyneric el ectrolyte/separator

films of theupieseatibAvent pp8patingeth8epdtaflyrior 8bétofodyte/separator
sel f - supportlng films or l'ayers of polymeric electrolyte is of paranmount
mn

i mport ance i Aipmacefcthecpresentyinverkions %bﬂ%?rﬁh?lEﬁadhti%ﬁE?ElQBr@f
d t
0 ssol uti on Greh sabRer oA Einhcoa Lap0Es B! SIviEbEL | cRBSLr 1 e 1L

layer wi t houpacamesstvempopeassenin pﬁabtﬂsabxéwdeﬂonadiata:@m or
anneallng Céganlc casting solvents, such as acetone, t et rahydr of ur an,
hyl

met hy BF BHBCtH?Pret AGFeRRFSONare, marfetAoket h%%se nFREGFERN$HT At he
above, and thsagbﬁsbﬁéeaﬁmé&@'@oné\fgiaﬂs is Lhe Pf&ﬁeaifgof@éiéﬂgﬁgﬂévx?

Acetone is a common castlng solvent for the PVdfF materi as wel
t he hi gh boihong shauemOéeratepheatlngZEOsﬁormabeomn@br@osamndy dsy layer

preferably S|nu%taneous on the basis of it de5|rabl %gtln and
drying propéVfF B“tvFﬁ9?¥%é He ?F%%??ﬁ%nQOp%? 7S\ F¥te PyPEne

for use in thenBsesRG! HRYERLEOBaseIndesObyahPsd §Qﬁﬂﬁé§'£ééﬂb39 from
At ochem North Anerica. The vinylidene fluoride copolyner preferably has a

mol ecul 19 wetghrahmdmfuangesmétwl abolayl Tketenea 0| @iméthyl abrxivonde x

10[err]. erab t he cop h a_,opl ecul a . of fron1200
Xx 103 to 4OO§§83€§ %ﬁ%??ednlx s of gﬁe above, é &Eegf ke ar

suitable. Acetone is the preferred casting solvent. Acetone is

a comhon casting solvent for the PVAF materials, as well as for

the high boiling solvents, or plasticizers, to be incorporated,
15 preferably simultaneously, on the basis of its desirable

solvating and drying properties.

Vinylidene fluoride cbpolymer with hexafluoropropylene
for use in the present invention can be obtained commercially
20 from Atochem North America. The vinylidene fluoride copolymer
pteferably has a molecular weight which ranges from about 100 x
10° to about 500 x 103.'More preferably, the copolymer has a
molecular weight of from 200 x 103 to 400 x 103. Preferred
- copolymefs-are those having an intrinsic viscosity in acetone
25 of 1.1-1.6 dL/g at 25°C.

A group of PVAF copolymers has been discovered which
meets the requirements for successful polymeric electrolytic/
separator membrane materiél particuiarly for use in lithium

30 battery cells. The undesirable high crystallinity of the PVAF

homopolymer may apparently be suppressed to an optimum degree

- 11 -



copolynmers are those having an intrinsic viscosity in acetone 25 of
1.1-1.6 dlwgesBigdS[err]. A group of PVAF copol yners has beepctiugosnsasicd
whi ch neets the requirenents for successful polyneric electrolytic/
separator nmenbrane material particularly for use in lithium 30 battery
cells. The undesirable high crystallinity of the PVdF honopol yner may

apparent | y R At 1 IR dedneR g2l |
PCT/ US95/ 0 1 byt ggnetzlqynerli zat | onlo?g'\}l nﬁe ene%fsll uo?’?gg \?\nb? ¢ u?r8% .
or nore hem:}md[@;&ﬁh;dmc@mne BGHEE\) & r&elmethélhtDWerthmrtysthél [ n| ty
~of the primr rm orrer él}sf}és result | n_unmanageabl e co

i

sol utions, REGNARY cgner KT ¥ Rt aiH”?%dm
hi gh- boi | i ﬂﬁu%&ia\ﬁ'éa r@t&@ﬂﬁ{g SNAE AROULNZ 3 RenkloH SR1LRPYERBEreCing e

ot her hand, although the solutions remain fluid at anbiéent roomtenperature
and belDw, smmhofandnelmtﬁd dcsmn-rirgmlelmgl%olw@ry: reentien . fAlbdeeto
film_,10 l.n order

result int e d I,on a self- Sy ort|

facilitate I8 tl'f%f*?‘%]f chf;fﬁo@eY osr?o%? %té?%rtf?ré p?]a%k[‘?‘i%}'l‘ the
ener gy Ieveé@,uﬁcgus %ﬁﬂ&'ﬂﬁi@%@méﬂtﬁ&%éﬁa{é@eﬁ&&e ténbdi e, at
4.5 MeV), and a network that would provide the required nechani cal

stability twemeyal ehithe yaianigeating Mehicive ids MILMINE di fxblutton

t enper at ur fferent Vs nds were
conpar ed. k2 e result{ orﬁo%gsleg%toﬁl egé)éalp%;gﬁoﬁﬁof%el ow and form

one bagxw s for the presently clained invention. . Preferred
crosslinking agents according to the present_i nvent lon are selected from

the group ConS|sﬂ4u?§§e§ﬂ§%HQQQ¥lltate the formation of a three-
dimensional network at practical energy levels, e.g., with

electron beams (less than or equal to 20 Mrad at 4.5 MeV), and a
network that wouid provide the required mechanical stability to
15 a highly plasticized film ébove its melting/dissolution
temperature, the a_.ddition of different polyfuﬁctional compounds
were compared. The results qf these studies appear in Table 1

below and form one basis for the presently claimed invention.

20 Preferred crosslinking agents according to the present
invention are selected from the group consisting of acrylate
ester, a di- or triallyl ester and a di- or triglycidyl ether.
More preferably, the crosslinking agents of the present
inﬁention are selected from trimethylolpropane trimethacrylate,

25 trimethylolpropane triacrylate, glycerol triaérylate; and |
Qlycerol trimethacrylate. '

Crosslinking is carried out in the presence of actinic
radiation which may be, for examp'le, electron beam, thermal
30 energy, or ultra violet light. Crosslinking may preferably

carried out with an electron beam of from about 100kV to about
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ester, a di- or triallyl ester and a di- or triglycidyl ether. Mre

preferably,m&ﬂﬁ- sslinking agents of the present invention ed
fromtri nmet hyl ofsgérsgpane. trimethacrylate, 25 trinmet hyl ol pro;l)’glril.@ﬁﬂs‘;glt ,

triacrylate, glycerol triacrylate, and glycerol trinmethacrylate. :
Crosslinking is carried out in the presence of actinic radiation which may

be, for exanpheowe§l 8c140R08E S0%PBY 3P 1805 BY afF. UMbEE ML8kEabigh! .

Crosslinking may preferably carrired out w an el ectron beam rom about
100kV t 0o abothe-ddRe-of tH SHESDMBAD beam is at less than 10 Mrad, and most

PCT/ US95/ 05881 10 MeV at a dose of 20 Mad or less, in air. Nbre
preferably, PReIgERI¥: Ehe eleqirdh SsahiPeeger H%PP”_’L'E) Magd akeytnbl:

preferably, {pgqel 8hEON-REATBHS1 PhePCLPOERe PLEerit 2EvEROUEN 105 M ad.
Thus, the copolymer of the present i1nventioni1s 5 crosslinked at

t enper at 8r escrosshinkedgat of emiBexat WO, in rthe adnge o4l LShéat 7A§Cduindygced

irradiation jn aif. .Th ‘of_the invention.is subjected t
cr oas! | nki ngPHi THbG ISR 4 2 SHARRATIRS A8 ol FRPBLVERE BF( Fhe

subsequent e{gGehel¥hi £sastibybbled Nes coFosd DihRidy PWEERbEEIsEBDOSHFEAL BF
the present invention, the copolymer conprises about 75%to 92% by wei ght

vinylidene ffeavergenndthabucogist bneeolere5vi texanbseaeerbpgleatrobytafge
copol yrer 1 oReCHESPLe B Eensur 65 good fi11n strengt h hi l e enabling  he
retentipm of about 40 to about 60% of a solvent for the electrolyte salt.

Wthin this range of sol vent :

In a preferred embodiment of the present invention, the
copolyme: comprises about 75% to 92% by weight vinylidene
fluoride and about 8% to about 25% hexafluoroprqpylene, a range

_ in which the latter co-monomer limits the crystallinity of the
15 final copolymer to a degree which ensures good'film strength
while enabling the retention of about 40 to about 60% of a
solvent for the électrolyte salt. Within this range of solvent
content, the 5% to 7.5% salt contained in a hybrid electrolyte'
_ membrane promotes an effective ionic conductivity of between
20 about 10~ and 1072 S/cm, more preferably between about 10-* and 3
x 107 S/cm, yet the membrane exhibits no evidence df solvent
exudation which might lead to cell leakage or loss of

conductivity.

25 In a most preferred embodiment, the'copolymer comprises 3
parts of_vinylidene_fluoride with 8 to 17% hexafluoropropylene,
5 parts of a plasticizer, 2 parts of a filler, a crosslinking -

agent as described above, and a casting solvent.

30 . Elgctrolytic cells, such as rechargeable battery cells,

may be constructed by means of in situ preparation of the

- 13 -



content, the 5%to 7.5% salt contained in a hybrid electrol yte nenbrane
pronotes avoe§31838 i ve ionic conductivity of between 20 abetrgsosogdsn] and
10[err] S/cm nore preferably between about 10-4 and 3 x 10[err] S/cm yet
the menbrane exhibits no evidence of solvent exudation which mght lead to
cell | eakage or loss of conductivity. 25 ' In a nost preferred
enbodi nent elekeredeobydeelectpplyts 2leamenssof uriidyilzideneokitailiede with 8
to 17% hexafl uorgpropyl ene, 5 parts_of a plasticizer, ,2_parts %T a filler,
a crosslinﬁpﬂaoiééﬁpnésCGEQEﬁﬁgﬁg 5B& eoPRiyMeT. Beterdads) pénftheypresent

Electrolytkﬁvgﬁkkgn_such as rechargeabl e battery cells, nay be constr.ucted
by means of in situ preparation of the - 13 - WO 95/ 31835
PCT/ US95/ 05881 el ectrode and el ectrolyte el enents, utilizing coatable

conpositions conprising the copolyner materials of the sent_invention. 5
For exanple, batt&Fi 8§gﬂﬁgebeb%55éﬁﬁ§t%ﬁy@et‘f‘fb“%tei}%ﬁ%%)i% rtlt]Pﬁ iS6R 3SR Hhe -
el ectrode ebemBEion BY €fat kNEceio8kthelvmadtsf OblOWwedthngasserikherafi skhe
resulting el ectrodes with an internedi ate separator nenbrane prepared

acco[ding ﬁ@lﬂh@eérBYeﬁSwabéMtPénth¢h§e§ué§§ngnEéﬁcﬁﬁydsé wdghd ano LEF 10 |
copol yter 300 lgh G gsSLbRklol! HURL-RELOD- kB0 Ao URRBUERL L3 gageTtly

At this asSé e separator nenbrane i's su oi d of

t he hygrospepsenel gaveakiba.sehe. cOokyldtikepgmhpebki addelatberheseal i ng
operation when_the electrolyte salf, solution is introduced into the battery
cel | $8 thepeoiymer anpdectheR Frogshinked Ryl Bl RORE deh@n iStiRs eqentaFobe

assembly. At this assembly stage, ;he separator membrane is
substantially devoid of the hygroécopic electrolyte salt. Only
during the final battery sealing operation when the eleétrolyte
salt solution is introduced into the battery cell is there

15 concern for maintaining anhydrous conditions, as.may be
effectively'achieved in an atmosphere of dry, inert gas. Once in
contact with the assembled separator body. the salt solution
readily migrates throughout the membrane matrix to provide
substantially the same conductivity enhancement as achieved by .

20 a preformed hybrid electrolyte £film.

Preferred lithium electrolyte salts include LiPF,, LiAsF,,
LiCl0,, LiN(CF,S0,);, LiBF,, LiCF,SO, and LiSbF,. Preferred
solvents include ethylene carbonate, prdpylene carbonate,
25 dimethyl carbonate, diethoxyethane, diethyl.carbonate, '

dimethoxyethane, diprobyl carbonate and mixtures thereof.

The preéent separator/electrolyte £ilm is generally
prepared from a composition comprising the vinylidene fluoride
30 (VdF) :hexafluoropropylene (HFP) copolymer and a compatible

high-beoiling plasticizer, and an inorganic filler. This
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effectively achieved in an atnosphere of dry, inert gas. Once in contact
with the asggydalfghsseparator body, the salt solution readily pgirfisssGsms:

t hr oughout the nmenbrane matrix to provide substantially the same ,
conductivity enhancenment as achi eved by 20 a preforned hybrid electrolyte
film Preferred lithiumelectrolyte salts include [err] [err] and [err].

Preferred sopygatdciBekufgyeblybapeogathanaheionsopybansccaphpdands 25
di met hyl carbonate, diethoxyethane, diethyl carbonate, dinethoxyethane,

di propyl car bommpalandseidxasr polynereplasthcipessentrsdparherodralesolsl pee
filmis generall repared fr a osht.l.an risi t L,hylidene
f:uor:deg30 t%ﬁv§ﬁ§Yﬁ§§§f%BBr§§%08§§gﬁgg?htg)sggggr;%éggangggﬁggﬁéétib|e

hi gh-boi | i ngcakr@%hiatescethgldnancapbbgate; brbbglenéhcarbohdte andWehe
95/ 31835 ) i ' PCT/ US95/ 05881 pl asti ci zer
may be afy oflikge @&rwWedd 8sgmAKEUEBApEHnEEeEENABRPPUNLEd AsPpstiqFEiarly

plasticl zers y3tabiel Beolilabe’ 8LenA3pilental Lel! A GALLEB1T1RE! pouKitcizer
salts, e.g., propylené carbonate, ethylene carbonale, propylene carbonate
and the 5 Eokeouadsyekbluchsas dibueglophthaiateonpribdsoxgephyiphoksahbye

sui tabl e group .of such solvents, are higher-boilin | astici zer .conmpoynds,
SUch as di buEPS BRENAL 56 o T4 AEILOAR: A PHBSERELE SHULPHE (T4 afha Lonina
addi tion of b?%@&&hﬁz&lﬂ' Eﬁfnéﬁ §?!§§c§5 ghHEhBRsOEnd! bAYsied 1 ueRdngthi 68 a
enhances the physical strength of "a 10 menbrane, especially at elevated
t enper allQr esmemblranent eapegiadiyeaseeleratedbsenpenatizes, efibetantisliye

absorption. An comon, procedure for_casting ot formng fi]ns of .
P intreases the subseguent leve o% eiecgrgiyge aLsorpglon.

Any common procedure for casting or forming films of
polymer compositions may.be employed in the preparation of the
15 present membrane material. Where casting or coating of a fluid
| composition is used, e.g., by spin-coating or with meter bar or
. doctor blade apparatus, the viscosity of the composition will
normally be reduced by the addition of a low-boiling casting
solvent; such as acetone, tetrahydrofuran (THF), methyl ethyl'
20 ketone (MEK) or the like. Such coatings may be air-dried at
émbient to moderate temperature to yield self-supporting films
- of a homogenous, plasticized copolymer. The membrane material
may also be formed by obtaining the copolymer in commerciéliy
available form, i.e., pellet or powder, to swell in a
25 proportionate amount of plasticizer solvent and crosslinker énd
then pressing the swollen mass between heated (e.g., about

1130°C) plates or rollers, or extruding the mixture.
The plasticized fiim'material may be used in that form to

30 fashion cell separator membranes, after layer fusion, it may be

- reduced to. a "dry” film by extraction, or leaching, of the
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pol ymer conpositions may be enployed in the preparation of the 15 pr esent "

menbr ane wolbsesisds . \Were casting or coating of a fluid conpesikésiRgs:s used,
e.g., by spin-coating or with neter bar or doctor bl ade apparatus, the '
viscosity of the conposition will normally be reduced by the addition of a

| ow- boi l i ng casting solvent, such as acetone, tetrahydrofuran (THF), nethyl
et hyl 20 pleattne AdvEl§olorerithef ank echeSurdpaigatiamn gsa teix el tth ra dyo et -

anbi ent Mzmﬂemuetmmmatreto¥H%QSmt-a£§NHh filns of a :
homgenousl,nemta&ﬁtaafé:&n@oﬁeﬁyﬁatz EnBRLALREDKAL BFRGF - nR§*3ReS: HEF R med
by obtai ning t het¢RRAI1Y AR kReCQIRB! CEath¥r W¥aHhabk et O Bt tefy /1 R ASte OF
powder, to swell 1n a 25 proportionate amount of plasticizer solvent and
crossl i nkeravaine siterredr ansingassembherl éntaesstbraleehetentdytie. gell about

130[ ers]) plates. ot roll 300 extruding the mxture. The plastigcized
i et eeat Ty be S8R oph Ry FoFFRE o0 ot Es Lttt fiffsa
menbr anes wiafd ¢/1dst4ei Jdés iniinbrdndatdiriaduaed i reridepdrdtBbYana
extraction, or |eaching, of the - 15 - WD 95/31835 _
PCT/ US95/ G3¥TRGHien Wiithesodgtepdnita hhadme ac i memeldatrix with a

pol yner- inert extracting solvent, such as-diethyl ether, hexanes, Freon
113, nethanol and the |like. Either formof the battery/lam nate nay be

stored until asspwnl dhtriductifomaf @lecitrellyite sadld sAUtioadtdmn be
assenbl ed by form ng two opposite electraodes filled with plasticized

menbriéne AESEMPHehSed bi RdPlASISIAS e dembranco Wil Hukiheeihe o
20 eSS R IR SRR st e 1o

10 assenbl'e frimnmenbrane w
plasticizer. A "dry" membrane, on the other hand, will readily

absorb the electrolyte solution to substantially regain the
extraéted plasticizer. An advantage realized with this latter
15 form of separator membrane material arises from the fact that
all impurities present in.the-sepa:ator'membréne including
retained moisture and extractable residues from crosslinking,
are removed. A further advantage of'the'“dry" £ilm embodiment of
the invention over prior separator membrane materials is the
20 lack of voids which were usually dispersed throughout a sheet or
film, either naturally due to fiber interweaving or |
intentionally as a result of mechanical prdcessing of some
polyolefin film materials. Such voids ﬁqtﬂonly lead to
dangerous dendrite growth in cells such as rechargeable lithium
25 batteries, but also prevent a naturél abgsorption of electrolyte
solution into assembled cell structures due to the air
entrapped within the voids. This latter problem could
previously only be alleviated by additional cell assembly
operations requiring;evacuation of the_éell to remove air from
30 the separator material and introduction of electrolyte under

pressure prior to sealing the cell. A dry separator membrane of
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sol ution t hroughout the matrix, in effect displacing the plasticizer. A
“dry” menbr 3pges ﬁs%he ot her hand, will readily absorb the el §51
sl ution to substantially regain the extracted plasticizer. An advantage
realized with this latter 15 form of separator nenbrane material arises
fromthe fact that all inpurities present ‘in the separator nenbrane

I ncl udi ng retained Isture a ract e .J.es] fr.o crq?ﬁli B Jhe
renoved. A furan?erenrh{%\pz ei;g:é Q(r)E t-Tei%%e p%s;elﬂtf iﬁn%%ergn%'gbéll’neln{g of e flyr?\}!g%ﬁlglh
over prior sepMeatiofi diRiIb s tiRd ifdd|so liverithhad) bedradleafhed)i dm Wheclother
were usual |y dispersed throughout_a sheet or film either naturally due to

fiber interwedAttly @ossrsses owmaldiscarniblesields, REORGH df PRREESITRYY of
a

sonme pol yol ef i il s t.erq raled i) d |yl :ﬁ]?q;%n DOYSq
dendrite growth |lr#lcreelr$ssec'rslt}€éhr&as recﬁ\gg}geg!b e itt‘]’%ulr]?ggut ttg%lres, i e
al so prevent aoatesdilyalmygb an eincelsec toblgiter tymltieosalnttd aas senbl ed
cell structures due to the air entrapged wthjn the vojds, Thjs,|latter

~ probl em coul d PRAFBUSIALBhiSAUR 01 EBR&t 88 bSatiit1d _aH’l‘?:%tH'c’a%%renb#rt/ this
operations IeGiidddig e AP I & AR iR TR foff WY abddt® 3 x

separator matertal and intro on of electrolyte under pressure prior to
seal ing the celd-? Skcdr issepaditlyr achilevads of - 16- WD 95/ 31835

PCT/ US95/ 05881 one enbodi ment of the present invention, i.e., one from
which the initial plasticizer solvent has been | eached, on the other hand,

possesseg o di scer nj bh&- e aavaiitiRfe iIdf HMIGRSMPAINEHDIE &10livRiintion

recovery "nmenory" which pronpts the nenbrane 5 to readily absorb an

amount of el eciwext wnicolsepayrator materials is the limited flow capability
of the crosslinked material at elevated temperature enhancing
the cell capability and decreasing ‘the tendency'to short
circuit at high temperature, yet preserving its high ionic

15 conductivity.

The following examples are not to be construed as

limiting the invention as described herein.
20 ' Examples
Example 1

A composition was prepared composed of 3 parts of Kynar
25 FLEX 2'822, 2 parts of silanized fumed SiO,, and 5 parts of DBP
and 20 parts of acetone. A crosslinker was added at 5 wt.% based
upon the level of DBP. The crosslinkers tested are listed below:
A) l,4-butanediol dilecidyl ether
_ B) triallyi 1,3,5-benzenetricarboxylate
30 C) 1,3,5-triallyl triazine-2,4,6-(1H,3H,5H) -trione
D) triglycidyl glycerol

-

- 17 -



substantially equal to that of the initial plasticizer. In this manner, the .
desired iwpoe@pgdycti vity range of up to about 3 x 10[err] SteRish dily

achi eved. 10 A further advantage of this enbodi nent of ﬁ“sgﬁa

i nvention-over prior separator -materials is the linited fl ow capability of
the crosslinked material at el evated tenperature enhancing the cel

capability and d?..?rEi‘ifn@ﬂhﬁr[ﬂ@lﬁ:%ﬂﬁﬁ@yti:@aé?.gi&té' rcui t at high

tenperature, yet preserving its ionic conductivity. The fol | ow ng
exanpl es are not Fﬁotbéxmbhyilohpdopsnﬁ trimaghebeyilaventi on as described =~ |
herein. 20 Exanpl es Exanple A conposition was -

prepared conposed of 3 parts of Kynar 25 FLEX 2822, 2 parts of silanized
fumed S 2, and $nhpaEbgo HymEBE ﬁf@hz&é’%ﬁo%éﬁnﬁé“@ﬁé)%ﬁideﬁ WS [y e RS
added at 5 wt.% based upon the | evel of DBP. The crosslinkers tested are
|i stedSbel agetopelintputabndi vhicdhgvgredyl meélaed0B) mmi ghigk) using a

1, 3, 5-benzgpeLric xyl at trial

Lo e 2200kor TBL SRR LRREEi A8 pmgra g S TRy BdASe . The £ilns pere
95/ 31835 dried for 15 minutes in a stream of air Rz PIMILDBEtwRen 0.075
trimethyl ol pr ﬁane triacrylate F) trinmethylol propane trinethacrylate The
copol yner st EhickeM¥iastishaals widmneviite demiid reapppnenteetiiamint o

filns whick, X‘géf?élﬂbl }%Q 'fjlﬁ]rﬂns%gwpq.@s Htgﬁ:‘ggeﬁpgggh%o béaéjes RS/ e&%ctron

appar atus on ass- pla
10 beam from a Dynamitron® machine to radiation doses of 5, 10, and

20 Mrads. A 2.5 Mrad dose per single pass was used to prevent an ‘

excessive heating of the samples.

The film sampleS'weré then tested to determine.the effect -
15 of added crosslinker on film solubility..The film-samples were
immersed as small coupons (7 x 35 mm) in acetone with gentle
shaking and stirring. The resulté are summarized in Table 1,
below. Also reported in Table 1 is the solubility of both filled
and unfilled samples of plasticized P(VdF-HFP) copolymers.
20 _ S . _
| These results indicate that both the triacrylate and
trimethacrylate_esters of trimethylolpropane efficiently
polymerized under the low doses of e-béam irradiation used,
i.e., abouﬁ 5 Mrad. The plasticized electrolyte formed in E and
25 F does not flow under moderate stress at temperatures above the
melting/diésolution point. The fact that such films were
insoluble in acetone indicates that the plasticized copolymer
is constrained by a three-dimensional network formed by the
radiation induced grafting and/or polymerization of the
30 methacrylate gSters. The methacrylate ester crosslinking'agents

should not contain or generate any electrochemically active
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dried for 15 minutes in a streamof air and pl aced bet ween 0.075 nm t hi ck

Myl ar[err] %gg,ﬁssg) prevent |iquid conmponents from evapor at igegyysh
sanpl es were exposed to a 4.5 MeV el ectron 10

machi ne to radi ation doses of 5, 10, and 20 M ads.
si ngl e pass was used to prevent an excessive heating of the sanples.
filmsanples were then tested to deternine the effect 15

of added

!

beam from a Dynam tron
A 2.5 Mad dose per

I m
err]

The

crosslinker on filmsolubility. The filmsanples were i mersed as .snal |

coupons (7 x 35 mp@infacejong| wi th gentle shaking-and stirring. The
results are summﬁi%ed n Tabl l,v-abel-'ow. Al'so reported in Table 1 ig|the
solubility of bot il ljed and Junfi kal ed sanpl es of plasticized P(VdF-PHP)
copol yners. 20 ThB$% re ul {2ijhei c&t eft hat both the triacrylate and £
trimethacryl ate e§t®rs [of {ri npwhylpol propane effici ently pol yneri zeda nder
the | ow &oses of -Qearfp i rnadijpti o uged, i.e., about' 5 Mad. The .o
pl asticized el ecteadytd| fogmed]in amd 25 F does not fl ow under erat e
stress at tenperasuwjes [pBovye tlhe nelting/dissolution point. The fact tfhat
such films were igslull & iin qbe_to',r_,re Lndicates thal the plasticized
copol ynmer is constr%indd by affhre didrensi onal negwork forned by t
radi ation i nduceogggaft Qo agd| ar EOl ynerization o the 30 met hacrdlflat e
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generate any el ecan@chdmical | yjj act Evedr 18- WO ¢/ 31835 a
PCT/ US93005881 [&‘gr%" [er%] o 9 o e
@ o Y
N = . .
g ~ — —
B @ : g g
. g ..8 w |3 oA -
H b 0 N oy
E ﬁ u
B o 0 o
15 0 i -('2 L @ w
=0 ) . it
T8 ! | 4y
83 -‘ 8 3 |
o B e 5 + f
n 2 N2 D : ﬁ
2 w 4
'§ rj 2 o ”
-
20 :"."l..q . "
il S
20 5 o
-in o R
“,.0 I 8 v o v v - 0 B A o 0 0o ©
g% X 2 |
Ax g
o o0
W —
25 + *
3"
=P 5 |3
-g ori [ o — mfl ©
P o5 ~ 2 %"
0 Q ct)\l ~ . D
a § T - <{ o
"l et o < o
30 oo kS £ el .
T ™ 0 9O &
9w - g Z
BN -

- 19 -~



[err] WO 95/ 31835

PCT/ US95/ Yeob1d3¢nct i onal groupé t hat woul d substantially il’&tl‘ﬁ{sgﬁﬁsﬁsw th
the performance of alithiumion battery. The crosslinked copolyneric

materials were evaluated in 5 the following manner. As in Figure 1, the
‘stress-strain relationship was neasured at a constant stress rate for an
uni rr adi at dtinsaiphal( groups0 tiha tFwgwle Bubsftan tdaiilye s moerfsre g tidothe
X-linhkers E and F from Tabl e ,1, ,above, at exposure doses of 5, 10 and 20
Mad. 10 APSXECTMERCR of Bi ddtBizm-don RatitsIdher mal creep resistance of
the crosslinked sanples were conpared. In Figure 3, the capacity of a
battery incorporating the copolyner of the present invention was not
substantial |y i nffhier edosig liinkets copolovenic ohterdedls miexes evadnatiedatint he
5% | evel v P..and _this performance_j.s_expect t o . nprove at, | oner
crossl Snke?hggﬁf’&&f’?’lﬁgh@?ng‘ﬁ%dﬁ%ﬁps E&Pufﬁeii'ngg‘rﬁ = S%E@lé‘ppar ent to
20 those sl bed ohBhiibewakt meh@irednaitdar don@tadft e eBRe Haltie #droarand
practice of the invention disclosed herein. It is intended that the

speci fi cat WoArzadiakedpsasple deHEVEePednaFiguaeplary foul wamplEs a true

scope: and gL 0ot B ADYSRRLOD LU0 ¢ BAEH1DY1t NGl OL! oM sl AT

doses of 5, 10 and 20 Mrad. ' , ' :

10 | | |

As set forth in Figure 2, the nonisothermal creep

resistance oﬁ the crosslinked samples were cdmpared. In Figure
3, the capacity of a battery incorporating the copolymer of the
preéent invention was not substantially impaired by the

15 presence of crosslinkers E and F at the 5% level vs. DBP, and
this performance is expected to improve at lower crosslinker

content.

Other embodiments of the iﬁvention will be apparent to
20 those skilled in the art from consideration of the
specification and practice of the invéntion disclosed ﬁerein.
It is intended that the specification and examples be
‘considered as exemplary only, with a true scope and spirit of
the invention'being indicated by the following claims.

25

30
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APP789PC What is claimed is: 1. A solid electrolyte for a rechargeable
lithium5 i h&! ation battery ceH—econprising a dissoci alcgnishébysim
salt dispersed in a polyneric matrix Characterized in that said electrolyte

conprises a substantially self¥suppof“" "uﬂ ﬂﬂlﬁuuobolynnr-nf vinylidene
fluoride and hexafl uoropropyl ene, 10''% H il havi TﬁgggJE:rHAQEE;N
crossl i nked What his prlsaned 0d: both an extractabl’e plasticijger am&;@ig{;;? -
crossl.inking agent selected fromthe group consisting of a -8 ast
adi- or triallyl ester and a 'di- or triglycidyl ether, said filmhaving
honogeneously distributed therein .20 to 70% by weight of a 15  solution of
at least one lithiumsalt in an organic solvent of said salt. 2. An

electrolyte bf Aaolild elererolyte fownwssireddiangessle Pirhius an acryl ate

t ted f th | St f_trinmethyl.ol ) tri.acryl ate,
i ot byl of LAY T THRT ST oigh YO 10 A S AT
trimethacrylgde: dbsperddn eiredd g hterdfc @atid, Wherein said lithiumsalt

is selected fromthe group consisting of [err], [err] and [err 30 -21-

].
characterize in that

- said electrolyte comprises a substantially self-supporting film
of a copolymer of'vinylidene fluoride and hexafluoropropylene,

10 said copolymer having been crosélinked in the presence of an
extractable plasticizer and a crosslinking agent selected from.
the group consisting of'an_acfylate ester, a di- or triallyl
ester and a di- or triglycidyllether, said film having
homogeneously distributed therein 20 to 70% by weight of a

15 solution of at least one lithium salt in an 6rganic solvent of

‘said salt.

2. An electrolyte of claim 1, wherein the crosslinking agent

20 is an acrylate ester selgcted from the group consisting of
trimethylolpropane triacrylate, trimethylolpropane
trimethacrylate, glycerol triacrylate, and glycerol
trimethacrylate. o

25
3. An electrolyte of claim 1, wherein said lithium salt is
selected from the group consisting of LIPF,, LiAsF,, LiCloQ,,
LiN(CF,S0,),, LiBF,, and LiCF,SO0,. '

30
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APP789PC 4. An electrolyte of cI a4 solvent is selected
from t he wo®spisssnsi sting of et h [pr bpy| enepepfuroixis:

di et hyl car bonat e, diethoxyethans g di net hoxyet hane,

di propyl carbonate, and m xtures”© Tef ectrolyte of claim1l,
wherei n said copol yner contains greater t han 896by wei ght
hexafluoro@ropymeﬁbecﬂxpkytsAQﬁuﬁiﬁigeébl@hBIBHMUﬁandtépéubatl@ﬁ baleetgd
cel | conpri smqah positive electrode tive el.ectrode and ap_ i |on|caIIy
‘conduct i ve IR SUE T of be‘f FRE T RPRRYT o RECRYEL e

¢ h ar adcatbéhdte, Zil@néi:hy*ld‘arﬁorih@ t d3_ithoveehaoley ! 8i68APLEESBoAAt e,
substantially self- supportlng filmof a copolyner of vinylidene fluoride

and hexaf |digtehopieEiane s £EPXOH \FAFPIRAT S IR MIFYsESS nikeereef ¢ he
presence of a crosslinking agent selected fromthe group consisting of an
20 acrylate ester, a di- or triallyl ester and a“di- or triglycidyl

et her, said filn1having honngeneously distributed therein 20 to 70@6by

wei ght of sol ution of at ast one ljthiumsalt in_a solvent. 7. A
separ at or ierrtﬁ‘hr?el? %]ri\’"e? fH3Am L yhereIn 531G copolymer ‘io%t%Prnls n t

h at sai ¢; EBdUANG, L0864 I1RF GHAD #8ldo ortlng filmof a
copol ymercbof vi nyl 1 dene f1| dor |%le an?%aﬂ uor%{)é%py en whi ch
copolyner has been crosslinked in the presence of both a plast|C|zer and a

crosid nki ng agent selected fromthe group -22-

6. A rechargeable lithium 1nterc§latlon battery cell -
comprising a positive electrode, a negative electfqde and an
ionically conductive solid electrolyte disposed between said
electrodes |

15 : character ized in that
said electrolyte comprises aISubstantially self-supporting film
of a copolymer of vinylidene fluoridé and hexafluoropropylene,
said cdpolymer having been crosslinked in the preseﬁce of a
crosslinking agent selected from the-grdup'consisting 6f an

20 acrylate ester, a di- or triallyl estér and a di- or triglycidyl
ether, said film having homogeneously distributéd therein 20 to
70% by weight of a solution of at least one lithium salt in a

solvent.

25
7. A separator membrane for an electrolytic cell
'  charact erized in that
said membrane comprisés a substantially self-supporting film of
a copolymer of vinylidene fluoride and hexafluorqpropylene,
30 which copolymer has been crosslinked in.the presence of a

plasticizer and a crosslinking agent selected from the group

- ‘ i ﬁffllﬁiif




consisting of an acrylate-ester, a di- or triallyl ester and a di- or
triglycidyl ether. 5 8. A “ m M‘ a separator terial
for an el e¥OEPI3Fc cell ¢ h\“ﬂl ﬁ““ 3 Yz edi nt hn§E¥ﬁ§¥§

copol ymer of vinylidene fl uori*de “anl hexaf | uor opropyl ene in the presence of
a crosslinking agent 10 selected fromthe group consisting of an acryl ate

ester, a di-_aqr.tri.all t ka0l Lr R9Lygldyl-s ! h-X Lt h
20 {0 70% b OREISHAgr 58 ARCEITrag SFasti & Sar comsatiBlE ur Tk sardo o
copol ymer, and by sehiglyciByleethesubjected to actinic radiation or 15
thermal energy to crosslink said copolyner and forma self- supporting
film- 9. A rechargeable battery cell assenbly conprising a positive 20

el ectrode, a negative el ectrode, and a separator nenbrane di sposed
therebetween c har act er i zedi nt hat sad nenbrane conprises
a subst anti 8l.l yasekthedppér makdngi bnmsepazatopompgmbrane mahbgkidéndofk] aori de
and hexaf |l uoropropyl ene 25 whi ch has been crosslinked in the presence of
a pIasticiz@ﬁe&ﬁa°iYEF85§F#ﬁking agent selected fromthe group consisting

of an acrylate ester, ag.dy- 504 hrkakl gl restaereand @ i - £on &rikgl yci dyl
ether. 30 - 23 - _ _ S
a) a copolymer of wvinylidene fluoride and
.hexafluoropropylene iﬁ the presence of a crosslinking agent
10 selected from the group consisting of an acrylate ester, a di-
or triallyl ester and a di- or triglycidyl ether is mixed with
20 to 70% by weight of a high-boiling plasticizer compatible
with said copolymer, and _
b) said mixture is subjected to actinic radiation or

15 thermal energy to crosslink said copolymer and form a self-

supporting film.

9. A rechargeable battery cell_assembly comprising a positive_.
20 electrode, a negative electrode, and a separator membrane '
disposed therebetween
characterized in that
said membrane comprisesla'sﬁbstantially self-supporting £ilm of
a copolymer of vinylidene fluoride and hexafluoropropylene
25 which has been crosslihked in the presence of a plasticizer and
a crosslinking agent selected from the group consisting of an
acrylate-ester,_a di- or triallyl ester and a di- or triglycidyl

ether.

30
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WD 95/ 31835 ___——— PCT/US95/ 05881 10. The

" battery c ool aim9, wherein the b ileang agent is e
ester sel gtég%}slf?gom t he group c\mm\s\mbma‘\!“m t hyl ol prOpg‘glé’ﬁﬁs?bgg‘t}lyl ate,
trimethyl ol propane trimethacryllatsdit 'O ot triacrylate, and glycerol 5
trimethacrylate. 10 15 20 25 30 - 24 - .

10. The battery cell of claim 2, wherein the ctosslinking_agent.
is an acrylaté ester selected from the group consisting of
trimethylolpropane triacrylate, trimethylolpropane '
trimethaérylate, glycerol triacrylate, and glycerol

5 trimethacrylate.
10
15
20
25

30

- 24 -



