CO EXTRUDED, MJLTI - LAYERED BATTERY SEPARATOR Field of the Invention
The battery separator disclosed herein is a co-extruded,

mul ti -1 ayeweaoiganssss y separator. One enbodi ment of thi SPCRARNEI82193AY
be used in lithiumion batteries. Background of the Invention

Mul ti-layered battery separators are disclosed in, for exanple, U S.
Patent Nos.: 4650730; 5240655; 5281491; 5691047; 5691077; 5952120;
6080507; 6878226; and U.S. Patent Publication No. 20020136945.

Wil e several of the foregoing references nention that nmulti-|ayered
separators may beoTREerBYEd, GRS TASFRBDPERSEESy 4XbAOMBN Ci al
practice, the co—exXtTusSTOM pProcess nas beemnm drfficutft—to Thpl enent on
a commercial basis. Particularly, the products of previous
co-extrusion trials have been fraught with uniformty issues that
have i nhi bited the comer crlgl |f€t|foq:% %f Igvglqgg&s made by that
process. These i ssues it mthe intricacies
associ ated wi &dg taneousI ext rudr fg%é 4 east t.wo d| ssr m | ar

pol ymers t hrotgh & ‘T’%\ﬁe@rﬁl 85 gi8c srein 1s

2008/ 063804PCT/ US2007/ 0O 193 ordin the prior_atte s t
produce SXEBUEREr JHEHEL éa%@FEﬁrga%/efW dpar S86r € ﬂ§5 lftf?fgi ded
non- uni form product. As such no co-extruded, rrultr-lagered battery
separ at oP§ 5R&S CIRRANAEN MPYabsi FaBfel™ 1ithipfetofoPBEtERteR is a
need for a co-extruded, nulti-layered battery separator having

uni f orm physi cal pr operti es. Summary of the Invention A battery
separator conprises a co-extruded, microporous menbrane having at

| east two | ayers made of Mﬂﬁﬂ&ﬁﬁe_ﬁoﬁl}ﬁréﬁﬁ’_&&égﬁavr ng: a uniform

t hi ckness defined by a standard deviation of <0.80 mcrons (pn); or
an interply aWhesiolayeratefiategrysappertions marydi SsE0sgaans. for
Description of the Invention The instant battery separator
shal | beegespléebed. v thrtreegatidst o 48207I0 sé&ddidaty PRBh&8HT i on
batteries (e.g., those used in cell phones, |aptop conputers, and

ot her degbke®s4? egib Fi0NY ;a H495ghowed ghos Charaps 826 ageddevs ceatdrtt

bei ng under st ood, however, that the invention is not so limted and
t he i nst @ablhait by weparmazonisaygsbe used in WO

2008/ 063804PCT/ US2007/ 082193 ot her battery systenms (e.g., N VH N Cd,
al kaline, primary lithium to nane a few). In general, battery
separators for use in lithiumion batteries are m croporous nenbranes
havi ng the folhow ngedamicals phgsireakgPraperdicasncebi RKAESSH -tHASS
than 5 mls (125pm), or less than 2 mIs (50 pm, or less than 1 m

(25 pm, whhes PLRGE &R sd RN JrisMinky | Be alRE Bl 3 Gol ekBrPsion puncture

strength - great er than 400 grans, or greater than 550 grans; average

pore si Zg’? s 00Dy T R00-13h B&a@t@ée {0 RMex@kuli - BrO4um
Gurley val ues (ASTM D/26(B)) - 5- 100 seconds, or 10-60 seconds.

The instant PaLfegys fl?ﬁretfgtg; 1'{nglém&9aea&tra1%%me%tgt Laygsed battery

separator.” Co-extru a process where polyners are

S} Uit aneoust X PLEHINt {OGBLARL e Lo AN I OB AL ARdoRXt i Jyom L he
diein a orm agen y pl an structure, having at [Teast two
drscretelaes nedtoe er_at the inte C d

| ayers b)lf‘a %{2 #ﬁﬁ a%c;tn%’muﬁé Orml%‘f @[%Jue%c)ﬁl?%;;r ég or%‘lﬁ(rf\t{beittt%d

i nterface_of the di sc et Ia er.s. eextr gberra be elther a
(1t sheghe( GPMSFOE S L 48 P ) BRRAFFTan THE S oT4F) PHPES e
co-extrusion process shal | g described. in reatgl det ail bel ow.

Mil ti-| ayOPER 18F8F% tF iF OEJAFYEYr RIS TA™ thFﬁbCEI“ajfesrs
Multi-layered may al so refer to structures with

nore | ay&E§OCERERG | %t ﬁ%“ltl&raﬁéauﬁ}Yae}s‘elﬁMeaﬁop-ﬁﬁﬁF 1f—"é‘ed stream
into the extrusion die. The |layers may be of differing thicknesses.
Mbst of t éigsanileaseolme st WreusBed [IFEUMSTAEA CEf A ssini | ar




WO 2008/ 063804PCT/ US2007/ 082193 pol ynet hyl pent ane, co- pol yners
t hereof, and bl ends thereof. Polyam des (nylons) include, but are not

i mted .t owOpessyesttde. 6, pol.yam-de 66, . Nyl on. 10,10, .pol BV TAEEIGS . . . ...

(PPA), co-polyners thereof, and bl ends thereof. Polyesters include,

but are not Iimted to: polyester terephalthal ate, pol ybutyl

terephal t hal ate, co-polyners thereof, and bl ends thereof. Polysulf

i des inc r i %ﬁhﬁp ubLEL =jpol ynmers

thereof,hggﬁr%ggﬁﬁg ﬁﬁgfgg?PgL%FgS?ﬁgfp%%cohoﬁgei%cF%dgstﬁﬁ?ag}e not

imted 1oy, oL ENes idilerd) GANOL. 60 ROlY TR ANCLERT un | ends
T crutle: b ot to,

t her eof . "B Yvi esters | ut are imite pol yvi nyl

acetate, ethylene vinyl .acetate, co- t.her a ds
thereof.PﬁBE@%thF%%é%%%Liﬁ% ﬁaé?xgﬁﬁgégg%%ot “ﬁﬁsgégdtggt?+§%rinated
pol yvinylidenes (e.q., polyvinylidene chlaride, polyvinylidene
quorideF?PEB%EWéﬁmé%?t é@éﬁ?}gghﬁ %Y%h@?gﬁﬁereof. Vari ous

materials my be added to the polyners. These materials are added to
nodi fy or enhance the performance or properties of an individual

| ayer or the overall separator. Such paterials include, but_are not
limited to: Theref@ier iHlers ¢5 BuBEFCEhE et tTHETEHTE at IFES 0T t he
pol ymer may be added. Typically, the multi-|layered  separator

i ncl udes laykagerbafest gh SPReEaEPssBay 89 pih e PRYSF-E@Et er ni ned
tenperature to block the flow of ions between the el ectrodes of the
battery. pThbertiwetion is commonly referred to as 'shutdown.' In one
enbodi nent, a trilayer separator has a m ddl e shutdown | ayer. To

| ower the shutdown tenperature of the layer, materials, with a
melting tenperature | ess than the polyner to which they are m xed,
may be added to the pol ynegumBuch afattéyei dhgenhedmde, but are not
limted to: nmaterials with a nelting tenperature |ess than 125C, for
exanpl e, pol yal shttsrorsqenaalcef compk i gesrex sco-Suthrudeteri al s i ncl ude,
but are not Iimted to: polyolefin waxes (pol yethyl ene wax,

pol ypr opylierepdsus pedntrirendawdxng andlédendsed Heweot) madhest
materials may be | oaded into the polyner at a rate of 5-50wt % of the
pol ymer. Qhutdomne teimpaiatdes hakowns 148 Gual forebtai edhkesi de bive=d
enbodi ment. Shutdown tenperatures bel ow 130C are obtai nable in other
enbodi MBS s standa MtV RltS dnO oENMRbORe hiterdt®d t(pntegki &y of the
menbrane nmay be added. Melt integrity refers to the ability of the
menbr ane ifngeh:'gg%t adtSsd Qs Olcdaheni Byak i previstrenghhy skcagrahgensi on
at elevated t eratures such that the el ectrodes remain physically
separated. Such materials include mneral fillers. Mneral fillers
include, but are not limted to: talc, kaolin, synthetic silica,

di at onaceous earth, i CanoDAROG] A ORI Abybhdeen Silicon di oxide,
titani um di oxi de, bariu ) ,al um num

nydr oxi de, magnesi ym lyrex s And. L0g. L kg, ANd Dlaads. LhaT ol Such

materials may als&™f he not Timted to, tine fibers. Fine
fibers includ | ass fibers and_ch o] f . Loadi ng rates
range frdimIts Ogﬁﬁuﬁﬁcﬁnt?ﬁ?ﬂﬁﬁ%fﬁegggggPﬂéL¥ayggﬁe%E%% é%fgfials may

al so include high | ti pQi nt or _high viscosity organic, materials,
e.g., PT#@O&ﬁdugFMPE C%Wq}%‘f&ri &F‘E’gﬁﬁy‘z%ﬁ‘%‘%ﬂ%xyﬁm ﬁ‘gg 8?%%54 i nki ng
or coupling agents. . . Materials to iq@&gve t he streggth o& Tt

t oughnes S8 CERe TREWHY HhR Gy & ¥G4ERT SRTEHat &y PEfs FReFate

el astoners. El astoners include, but are not limted to:

et hyl ene qiGEy MEARTPEPRY, haAvRISEne LhREpYIe B e EPDRFE S°

st yrene- but adi ene éSBR),_styrene i soprene (SIR), ethylidene |,

nor bor nenld.niERB) andpbly , ingirolpter HafdPaFE M &17ds PehEBFEEf 11 Such
materials may al so include, but are not limted to, fine fibers. Fine
fibers include glass fibers and chopped pol yner fibers. Loading rates




8/sec at a throughput of 18-100 |bs/hr (8.2-45.4 Kg/hr) per |ayer.

Al'l other paranmeters are those conventionally known. Exanples

The for egoM@popafsgssti on i-s further illustrated i.n.the fRIT/OYOINS2193 .
exanples. Table 1 illustrates 11 sanples nmade according to the

f oregoi ng discussion of the invention. Table 2 illustrates the use of
various materials to inprove the nelt integrity of the separator to a

separ at Ol Wk NGUESUP NI e Tabhewst bl de! rALES 1HRE Paemly Ot her

of the foregoing ma S to inprove various properties
separator,.., The te roced used in conmpiling the information in
t he Tabl &ét?;%ugétééu - eel%v%.re est Procedures Qurley: Gurley was

nmeasured by two nethods. In the first nmethod defined as the Japanese
| ndustrial Standard Gurley (JIS GQurley), Qurley is nmeasured using the
OHKEN permsabilit¥ tester. JIS CGurley s de%ined as _the tinme in
seconds requi r8dIFBF*300 %tftﬁryaisrep?%a 988 19T dtitth lgéﬁﬁV‘el?‘?‘lch of
filmat constant pressure of 4.8 inches of H20, In_th zﬁcond met hod,
Qurl ey i PAESEHPRABER OTHIRPIDSt RETREHF D- D6 1% SEEIGPEIKY™T s
defined as the_tinme in _W?2008/ 063804PCTVM52007/ 082193 seconds,

requi r ed BACROCEIBFIGAT RIPRFESL Fhr obRRCIEREE S quALESI KER"0P F115n at

constant pressure of 4.8 inches of 1120. Tensil e properties: M
and TD TdRgbbal st pentt¥e i afedsiiéd 8P ngl nAF eSbdepngdonil (25
according to ASTM 882 procedure. Puncture strength: Puncture

st rengt h bimg , mshs upeac tistaly Yavsar danibdes Faak HaSedidn (ASTM D3763.
The units of puncture strength are newtons. The neasurenents are nade
across t penwicdrl sfretgigt chargateduthannto @ haxranser agedrpaher uklkan
energy (puncture strength) is defined as the force required to

punct ur e stle gtrest ; savgtage pore sReek St e®@f L Oro0Adhesi on: 0.01-
Intra-1ayer adhesion is tested using the Chatillon TCD 200 Peel Force
Tester. 5.00 ubhronkages-Shrd nkageuriepraslued HSTIOC7R6KBBD i Hrut es
using a nodi fied ASTM D-2732-96 procedure. Thi ckness: The

menbr ane 1tohi eknesss vabteso -age geeandsed using the Emveco M crogage
210- A precision mcroneter according to ASTM D374. Thi ckness val ues
are reported in units of mcronmeters (pm. 20 individual mcroneter
readi ngs taken across the width of the sanple are averaged.

Porosity: Theqpar o8kt ¥n©fpdthe i ceprereyYs {iliands smasdead hy1oet hod
ASTM D2873. H gh Tenperature Melt Integrity: H gh Tenperature

Mel t | nt qgrityal BoPBASHN fcbisidag  Theb ekt MeghanicaRlsAR8l ¥Spsocdd
2008/ 06380 PCT/ US2007/ 082193 (TMA). The TMA conpression probe is

used to neasur ?Sggtﬁ%#g' &Meﬁ%lﬁ‘&%ﬂggugiyabﬁ@l@{@tt@’ge‘&ﬂggr 15 O4RT €ssi on

at a constant 125 gmas the tenperature is scanned from25 to

300C at . i : e g8; of s t hi S ajned at
250C s QARSI AR o e e o] 1 g Tt e g P ey
Wettability: dr of cal Lithi i e 0 LS. pl aced
on a sanﬁ e&% ? ‘h’epir;%n rrasraFel%'y u%%éhg%ggﬁ?nn&%%ea?rtaﬁé g#éﬁ%r%?e from
opaque tq nearly transparent is recorded. For t t par at or,
appear an Yﬁﬁugalﬁﬁgn'g%ﬁ ed:niaftog%et %%ﬁ% uE(L:‘geentoqu\‘?vit Er%%%%%%e ar eas.
A non-wettable sanple retai rﬁeci ts o[%aci t¥. c ER %EI ectrical

Resi st anc&YerFhBYunfP% M ot A CEMrBEF §7% e UFe POAXIERE. The
separator_resistance is characteri zed,.bﬁ cutting small gi eces of

separ at orfTHEG the Frresirce Rt &PFafiy ’ﬂe'f?le]rf‘}%rﬁci ng 't hBHT DT ten
two bl ocking el ectrodes. The separators are conpletely saturated with
the batt ek epgcbeofyElenia HIRORNEPPFECEaF1Otn EE BRCEsBLIERt FHim 3: 7
ratio by volune. The resistance, R (Q of the separator_is neasured by
4- probe ACY mpoddnce €b2hniHife CaO-FXEFHEROR PFXHTe SR InB&sur ement
error on the el ectrode/separator interface, nultiple neasurenents are
needed bylesddiibgdnbnegsepieatdntaidy bpdowBaddeloir ayerrdl FRHPES | &) er



resistance, R, (n) of the separator saturated with electrolyte is
then calculated by the fornula, pi A (1) where pg is the ionic

resi stivi tYyoepisaoseparator in-n-cm- -A-is the electroddTAHBWOR218HL.

and 1 is the thickness of the separator nmenbrane in cm The ratio
ps/Ais the slope calculated for the variation of separator
resistance (AR) with nultiple separator layers (6.8) which is given

by, p AR_sl =, =3 ) - JALso e Ll Pa LA j i

Seri b NG SRR ABEon R e PR S o St R A B
‘ionic resistance’, incorpaorated herein py reference, Pin
Renoval : aﬁ‘ﬁg 5?‘ eFe?‘r%vSaﬁ‘nch%Jtreg'i ﬁﬁ“?{ét l’é’s %heg'ceele’l i Ndi Tr‘?gcjr%r%a 557" Pin
Renoval force_is the force | rans_required to | th in fromthe
conter of 3Bl 15VEbI 15 Frated BN GEP A BaR (B Y hGRRG AEERFRE U
used to wind the separator around a pin (or core or nmandrel). The pin
is a two ) SBFERRt ey Hiftr i d&e &aﬁargm { 19 £%0 .46 TFREAYdi anet er and
a snmooth exterior surface. Each piece has a sem circul ar cross

secti on. UPHekBaaparat JIoSTi G edtberdRE FYO Ak dicupe6R TRESHIT. The
initial force (tangential) on the separator is 0.5 kgf and

t her eaf t éret RE JePRIBH AT IRPLNBGHE - at PaSFHILL BT RIAMEI0FeF R n
twenty four (24) seconds, During winding, a tension roller engages

t he separsilomebei hyviwd i seimiAarnghepetal MREunessi{iengr ol Perand
conprises a 5/8" diameter roller |ocated on the side opposite the
separ at oPPf, eett, PE 3tdl"a prrewrdyinercyEi Aderre codlyimelrs1hbuinaf air
pressure is applied (when engaged), and a 14" rod interconnecting the
rol | er addstheityticidenicalheasepasat oanddmsistlymer hawwigd)ti30 sane

(w dth) x 10" pieces of the nenbrane being tested. Five (5) of these
separ at okneat.eal esdetre tthe Kddselithslavepaged;tiasd (Ehe. avevagert sval ue
is reported. Each piece is spliced onto a separator feed roll on the
wi ndi ng maehhgeaw fér ind provetiaps Feom | hiedaies endlotulie
separator, i.e., distal the spliced end, ink nmarks are nmade atand 7".
The % ek ghssal hgnesh it Wvelibacf ais st deufordde bl by e. aadeiwide
adj acent the tension roller), the separator is engaged between the

pi eces of(cbRgoRi Pio@nchdyidydigagceschgaun &d h )t heichensionck®l | er
engaged. Wien the 7" mark is about 1/2" fromthe jellyroll (separator

wound on ReHBER) mat Nse SERATRBRRN okSi &t Alalt hat mark, and the free
end of tﬁe Separator is secured to the jellyroll with a piece of
adhesive tape (1" wi de, 14" overlap). The jellyroll (i.e., pin with
separator wound thereon) is renmoved fromthe w ndi ng machi ne. An

acceptabl e | elrhgrgé’)i%élg 2,191@@/ Q%?SBQPQ%%J%QQOQ%%%%PG‘&% i nkl es

and no tel escopin e jellyro I's p in a tensile strerigth

tester (i_._e. atj| d 00- il ,

G eensboro ?aﬁ@%‘]\f\j ‘Jﬁé %Oél\éa%d%% nggfgo%%%@@%ﬁ%?lgéﬁéhaﬁﬁﬁ%%% 50).
The strain rate_is_ 2.5 ingches_per. m nut nd, data fromthe | oad cell
is recor &é’@’lg?ﬁéyr]é?%e%?edﬁ%ﬁ S%I %P?rrﬁ%l?fasseclocnc?.ot“'fﬁ‘grﬁéakﬁ %mrpé?éarlys
reported as the pin remval force. Al 'sq see: U S, Patent .

6, 692, 86??1‘3?‘3‘88}%5‘?%‘{&? &itn 18%?%%3%%&“ not ﬁﬁ“ég%%{\% ©
Breakdown: Voltage is increased on a sanple until a dielectric

br eakdow®Ogk Ot RELREL T 'H2G5E30Hs PT P XML EPBP L akiofFTes
expressed in volts. A separator is placed between two el ectrodes and
a vol t ag@ALyeEHPFF e PUHVEL 10RE  ePREY Y HUES 2 APEOSI t BEYY ¥ Y er eased
until dielectric breakdown of the sggarat or_is observed. Strong
separ at oestersw angPLinvd igsneagel ot sfomsudrrérfaft yPetarfi%®ad to

a low failure voltage. Aquapore Size: Pore size is nmeasured
usi ng t heoAqdapdred avai Irdivetibldlengh (PMlydEaousornesaiples, ITRED,,
Pore size is expressed in mcrons, pm M xed Penetration: M xed

penetr at iLa@PES HABEf OTHEPRleqprigdropy termat od ydugryiepir ough a



first netal plate, on top of this plate is placed a sheet of cathode
material, on top of cathode is placed a separator, and on top of the
separ.at.or . W 20084587894 a . sheet ..of ..anode -mat-eri-al ....A -bal | ... tRQI/GH20B/0A1103 S
then provided attached to a force gauge. The ball tip is connected to
the first netal plate by a resistance neter. Pressure is applied to
the ball tip, which is recorded on the force gauge. Once force is

appl i ed, ther etgﬁéé%%a%a%oaﬁgﬁrg&é A&, Catbhade: BhYs ofh&iddier

si de of Pﬁeyrgeep ent sistance falls dramatically it

i ndi cate short thraugh.th r e s epefration.

M xed pe%gﬁfﬁrﬂl%ens rTCna};s):Lt??lesg ﬁﬁg‘%g??é?\%ﬁ %%t Ofa& ?églggggo?génd

resi stance. towards_ m xed penetrati Thi S nor e
accur at eP?lg?%‘ﬁ%tee’ tHie Y ra;il\'?i (lé)rg 0 %OI} gla ,12% Ip%%%ﬁ}h{:gga £eq%ﬁ er

i ndi cator _than puncture strength_of h a s ator _w | ehave in a
cell . Thi(gpf*}astg?‘spwrtso t%ﬁgffe& ea’f“ﬁ\gﬂteé-l’f%g%%?r&? £ $eplga?§feosratseqrtso

all ow short-circuits durin batter¥ asse%lryy. Al sg seehu-h%) Pac'; ent
Appl i cat FBALSER | PUNGETE BPRod 1R65SF | Fu 1952 S56BPRFMTEH AL ed
herein by reference. WD 2008/ 063804PCT/US2007/082193 11# |.ai dureS dd

%9 2d/ adPPybygyl  tereghaltipdpte: | compalpuexsotfergpgy aub 81

fi9l 01 1795 1 11" 5500 09< o
thereof. Polysulfides include, but are not limited to,

polyphenyl sulfide, co-polymers thereof, and blends thereof.
Polyvinyl alcohols include, but are not limited to:
ethylene-vinyl alecohol, co-polymers thereof, and blends
thereof. Polyvinyl esters include, but are not limited to,
polyvinyl acetate, ethylene vinyl acetate, co-polymers
thereof, and blends thereof. Polyvinylidenes include, but
are not limited to: fluorinated polyvinylidenes (e.g.,
polyvinylidene chloride, polyvinylidene fluoride), co-

polymers thereof, and blends thereof.

Various materials may be added to the polymers. These
materials are added to modify or enhance the performance or
properties of an individual layer or the overall separatoxr.

Such materials include, but are not limited to:

Materials to lower the melting temperature of the

polymer may be added. Typically, the multi-layered
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separator includes a layer designed to close its pores at a
predetermined temperature to block the flow of ions between
the electrodes of the battery. This function is commonly
referred to as ‘shutdown.’ In one embodiment, a trilayer
separator has a middle shutdown layer. To lower the
shutdown temperature of the layer, materials, with a melting
temperature less than the polymer to which they are mixed,
may be added to the polymer. Such materials include, but
are not limited to: materials with a melting temperature
less than 125°C, for example, polyolefins or polyolefin
oligomers. -Such materials include, but are not limited to:
polyolefin waxes (polyethylene wax, polypropylene wax,
polybutene wax, and blends thereof). These materials may be
loaded into the polymer at a rate of 5-50wt% of the polymer.
Shutdown temperatures below 140°C are obtainable in one
embodiment. Shutdown temperatures below 130°C are

obtainable in other embodiments.

Materials to improve the melt integrity of the membrane
may be added. Melt integrity refers to the ability of the
membrane to limit its loss or deterioration of its physical
dimension at elevated temperatures such that the electrodes
remain physically separated. Such materials include mineral

fillers. Mineral fillers include, but are not limited to:
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tale, kaolin, synthetic silica, diatomaceous earth, mica,
nanoclay, boron nitride, silicon dioxide, titanium dioxide,
barium sulfate, calcium carbonate, aluminum hydroxide,
magnesium hydroxide and the like, and blends thereocf. Such
materials may also include, but are not limited to, fine
fibers. Fine fibers include glass fibers and chopped
polymer fibers. Loading rates range from 1-60 wt% of the
polymer of the layer. Such materials may also include high
melting point or high viscosity organic materials, e.g.,
PTFE and UHMWPE. Such materials may alsc include cross-

linking or coupling agents.

Materials to improve the strength orxr toughness of the
membrane may be added. Such materials include elastomers.
Elastomers include, but are not limited to: ethylene-
propylene (EPR), ethylene-propylene-diene (EPDM}, styrene-
butadiene (SBR), styrene isoprene (SIR), ethylidene
norbornene (ENB), epoxy, and polyurethane and blends
thereof. Such materials may alsc include, but are not limited
to, fine fibers. Fine fibers include glass fibers and
chopped polymer fibers. Loading rates range from 2-30wt% of
the polymer of the layer. Such materials may also include
cross-linking or coupling agents or high viscosity or high

melting point materials.
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Materials to improve the antistatic properties of the
membrane may be added. Such materials include, for example,
antistatic agents. Antistatic agents include, but are not
limited to, glycerol monostreates, ethoxylated amines,
polyethers (e.g., Pelestat 300, commercially available from
Sanyo Chemical Industrial of Japan}). Loading rates range

from ¢.001-10wt% of the polymer of the layer.

Materials to improve the surface wettability of the
separator may be added. Such materials include, for
example, wetting'agents. Wetting agents include, but are
not limited to, ethoxylated alcchols, primary polymeric
carboxylic acids, glycols (e.g., polypropylene glycol and
polyethylene glycols), polyoléfin functicnalized with
maleic anhydride, acrylic acid, glycidyl methacrylate.
Loading rates range fxom 0.01-10wt% of the polymer of the

layer.

Materials to improve the surface tribology performance
of the separator may be added. Such materials include
lubricants. Lubricants include, for example, L[luoropolymers
(e.g., polyvinylidene fluoride, polytetrafluoroethylene, low

molecular weight fluoropolymers), slip agents (e.g.,
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oleamide, stearamide, erucamide, Kemamide®, calcium
stearate, silicone. Loading rates range from 0.001-10wt%® of

the polymer of the layer.

Materials to improve the polymer processing may be
added. Such materials include, for example, fluocropolymers,
boron nitride, polyoclefin waxes. Loading rates range from

100ppm to 10wt% of the polymer of the layer.

Materials to improve the flame retardant nature of the
membrane may be added. Such materials include, for example,
brominated flame retardants, ammonium phosphate, ammonium

hydroxide, alumina trihydrate, and phosphate ester.

Materials to facilitate nucleation of the polymer may
be added. Such materials include nucleating agents.
Nucleating agents include, but are not limited to, sodium
benzoate, dibenzylidene sorbitol (DBS) and it chemical

derivatives. Loading rates are conventional.

Materials to color the layers may be added. Such

materials are conventional.
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In the manufacture of the instant battery separator,
the polymers are co-extruded to form a multi-layered,
nonporous precursor, and then the precﬁrsor is procesgsed to
form the micropores. Micropores may be formed by a ‘wet’
process or a ‘dry’ process. The wet process (also referred
as: solvent extraction, phase inversion, thermally induced
phase separation (TIPS), or gel extraction) generally
involves: the addition of a removable material prior to the
formation of the precursor, and subsequently removing that
material, for example, by an extraction process to form the
pores. The dry process f{(also referred to as the Celgard
process) generally involves: extruding a precursor (not
including any removal material for pore formation);
annealing the precursor, and stretching the precursor to
form the micropores. The instant invention will be

discussed hereinafter with regard to the dry process.

To obtain the uniform dimensional properties of the
instant co-extruded, multi-layered battery separator, an
extrusion die having a specific shear rate was used. It was
determined that the shear rate of the die must be at a
minimum 4/sec at a throughput of 18-100 lbs/hr (8.2-45.4

Kg/hr} per layer. In one embodiment, the shear rate was >

10



/8Z0.0 09< 17# aidwks dd%%9 dd/3d/dd Cc |I 510 055 9" | 9 117/6L |

17-17 /179L5 S5LOZ 1751 59 0E1 501 LE1 17 1900 /M 0 09< E# ai dums
WO 2008/063804 . . PCT/US2007/082193 ..

8/sec at a throughput of 18-100 lbs/hr (8.2-45.4 Kg/hxr) per

layer. All other parameters are those conventionally known.

Examples

The foregoing invention is further illustrated in the
following examples. Table 1 illustrates 11 samples made
according to the foregoing discussion of the invention,
Table 2 illustrates the use of various materials to improve
the melt integrity of the separator to a separator without
such material. Table 3 illustrates the use of other of the
foregoing materials to improve various properiies of the
separator. The test procedures usad in compiling the |

information in the Tables i1s set out below.

Test Procedures

Gurley: CGurley was measured by two methods. In the
first method defined as the Japanese Industrial Standard
Gurley {JIS Gurley), Gurley is measured using the OHKEN
permeability tester. JIS Gurley is defined as the time in
seconds required for 100 cc of alr to pass through one
square inch of film at constant pressure of 4.8 inches of
H;O. In the second method, Gurley is measured according to

the ASTM D-726 procedure and is defined as the time in

11
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seconds required for 1lo0cc of air to pass through one square
inch of film at constant pressure of 4.8 inches of H;O.

Tensile properties: MD and TD Tensile strength is
measured using Instron Model 4201 according to ASTM-882
procedure.

Puncture strength: Puncture strength is measured using
Instron Model 4442 based on ASTM D3763. The units of
puncture strength are newtons. The measurements are made
across the width of stretched product and the averaged
puncture energy {(puncture strength) is defined as the force
required to puncture the test sample.

Peel Strength or Adhesion: Intra-layer adhesion is
tested using the Chatillon TCD-200 Peel Force Tester.

Shrinkage: Shrinkage is measured at 920°C for 60 minutes
using a modified ASTM D-2732-96 procedure.

Thickness: The membrane thickness values are measured
using the Emveco Microgage 210-A precision micrometer
according to ASTM D374. Thickness values are reported in
units of micrometers (um). 20 individual micrometer readings
taken across the width of the sample are averaged.

Porosity: The porosity of the microporous f£ilm is
measured by method ASTM D2873.

High Temperature Melt Integrity: High Temperature Melt

Integrity is measured using Thermal Mechanical Analysis

12
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{(TMA) . The TMA compressicn probe is used to measure the
thickness change of a separator under compression at a
constant load of 125 gm as the temperature is scanned from
25 to 300°C at a rate of 5°C/min. The percentage of
thickness retained at 250°C is defined as the high
temperature melting integrity.

Wettability: One drop of a typical lithium ion
electrolyte is placed on a sample of the membrane. The
change in appearance of sample from copague to nearly
transparent 1s recorded. For the wettable separator,
appearance should be nearly uniform translucent with no
opaque areas. A non-wettable sample retains its opacity.

ER (Electrical Resistance}: The units of electrical
resistance are ohm-cm?. The separator resistance is
characterized by cutting small pieces of separators from the
finished material and then placing them between two blocking
electrodes. The separators are completely saturated with
the battery electrolyte with 1.0M LiPF¢ salt in EC/EMC
gsolvent of 3:7 ratioc by volume. The resistance, R (Q) of

. the separator is measured by 4-probe AC impedance technique.
In corder to reduce the measurement error on the
electrode/separator interface, multiple measurements are
needed by adding more separator layers. Based on the

multiple layer measurements, the electrical (ionic)

13
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resistance, Ry (Q) of the separator saturated with

electrolyte is then calculated by the formula,

where p; 1s the ionic resistivity of the separator in Q-cm,
A is the electrode area in cm® and 1 is the thickness of the
separator membrane in cm. The ratio pg/A is the slope
calculated for the variation pf separator resistance (AR)
with multiple separator layexrs (Ad) which is given by,

Shpé=f£¢bé£. (2)
A A
Also see U.S8. Patent Application Serial No. 11/400,465 filed
April 7, 2006, test procedure related to ‘ionic resistance’,
incorporated herein by reference.

Pin Removal: The pin removal test simulates the cell
winding process. Pin Removal force is the force in grams
required to pull the pin from the center c¢f jelly roll after
winding. A battery winding machine was used to wind the
separator around a pin (or core or mandrel). The pin is a
two (2) piece cylindrical mandrel with a 0.16 inch diameter
and a smooth exterior surface. Each piece has a

semicircular cross section. The separator, discussed below,

is taken up on the pin. The initial force {tangential) on

14
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the separator is 0.5 kgf and thereafter the separator is
wound at a rate of ten (10) inches in twenty four (24)
seconds. During winding, a tension roller engages the
separator keing wound on the mandrel. The tension roller
comprises a 5/8” diameter roller located on the side
opposite the separator feed, a ¥” pneumatic cylinder to .
which 1 bar of air pressure is applied (when engaged), and a
¥" rod interconnecting the roller and the cylinder. The
separator consists of two (2) 30 - mm (width) x 10 pieces of
the membrane being tested. Five (5) of these separators are
tested, the results averaged, and the averaged value is
reported. Each piece is spliced onto a separator feed roll
on the winding machine with a 17 overlap. From the free end
of the separator, i.e., distal the spliced end, ink marks
are made at ¥* and 7”. The %" mark is aligned with the far
gside of the pin (i.e., the side adjacent the tension
roller), the separator is engaged between the pieces of the
pin, and winding is begun with the tension roller engaged.
When the 77 mark is about %" from the jellyrell {separator
wound on the pin), the separator is cut at that mark, and
the free end of the separator is secured to the jellyroll
with a piece of adhesive tape (1" wide, ¥" overlap). The
jellyroll {i.e., pin with separator wound thereon} is

removed from the winding machine. 2An acceptable jellyroll

15
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has no wrinkles and no telescoping. The jellyroll is placed
in a tensile strength tester (i.e., Chatillon Model TCD 500-
MS from Chatillon Inc., Greensboro, NC) with a load cell
(501bs x 0.021b; Chatillon DFGS 50). The strain rate is 2.5
inches per minute and data from the load cell is recorded at
a rate of 100 points per second. The peak force is reported
as the pin removal force. Also see: U.S. Patent No.
6,692,867, incorporated herein by reference.

Dielectric Breakdown: Voltage is increased on a sample
until a dielectric breakdown of the material is observed.
Dielectric Breakdown is expressed in volts. A separator is
placed between two electrodes and a voltage is applied
across the electrodes. The voltage 1ls increased until
dielectric breakdown of the separator is cbserved. Strong
separators show high failure voltage. Any non-uniformity
can lead to a low failure voltage.

Aquapore Size: Pore size is measured using the Aquapore
available through PMI (Porous Materials Inc.). Pore size is
expressed in microns, pm.

Mixed Penetration: Mixed penetration is the force
reguired to create a short through a separator and is
expressed in kilogram-force, kgf. Mixed penetration is the
force required to create a short through a separator due to

mixed penetration. In this test one starts with a base of a

16
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first metal plate, on top of this plate is placed a sheet of
cathode material, on top of cathode is placed a separator,
and on top of the separator is placed a sheet of anode
material. A ball tip of 3 mm is then provided attached to a
force gauge. The ball tip is connected to the first metal
plate by a resistance meter. Pressure is applied to the
ball tip, which is recorded on the force gauge. Once force
is applied, there builds up an anode mix and a cathode mix
on either side of the separator. When the resistance falls
dramatically it indicates a short through the separator due
to mixed penetration.. Mixed penetration measures the
strength of the separator and resistance towards mixed
penetration. This has been found to more accurately
simulate the behavior of a real cell. It is a better
indicator than puncture strength of how a separator will
behave in a cell. This test is used to indicate the
tendency of separators to allow short-circuits during
battery assembly. Alsc gee U.S. Patent Application Serial
No. 11/400,465 filed April 7, 2006, incorporated herein by

reference.
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The present invention may be embodied in other forms
without departing from the spirit and the essential
attributes thereof, and, accordingly, reference should be
made to the appended claims, rather than to the foregoing

specification, as indicated the scope of the invention.
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ref erence should be nade to the appended clains, rather than to the
f oregoi ng $P&dpEitcation, as indicated the scope of the invention.

Cl ai ns: 1. A battery separator for a lithiumion battery
conpri si ng:
1. A battery separator for a lithium ion battery
comprising:

a co-extruded, microporous membrane having- a
thickness in the range of 4-50 pm and at least two layers
one layer being made of polyethylene and the other being
made of polypropylene and having a uniform thickness

defined by a standard deviation of < 0.80 um.

2. The battery separator according to claim 1
wherein one said layer further comprising a material added

thereto.

3. The battery separator according to claim 2
wherein said material being selected from the group of
materials adapted to: lower the melting temperature of the
polymer; improve the melt integrity of the membrane;
improve the strength of toughness of the membrane; improve
the antistatic properties of the membrane; improve the
surface wettability of the separator; improve the surface
tribology periormance of the separator; improve the
processing of the polymer; improve the flame retardance of
the wmembrane; facilitate nucleation of the polymer; color

the layer of the membrane; and combinations thereof.

4, A method of making a polyolefinic wmicropeorous
multi-layered membrane having a thickeness in the range of
4-50 pm and a uniform thickness defined by a standard

deviation of < 0.08 um comprising the steps of:
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a co-extruded, m croporous nenbrane having a thickness in the range
of 4-50 pmand at least two |ayers one |ayer being nade of

pol yet hyl ene and the ot her being made of pol ypropyl ene and having a
uni form thickness defined by a standard deviation of < 0.80 pm

2. The battery separator according to claim1l wherein one said |ayer
further conprising a nmaterial, added thereto. 3. The battery
separator accordi ng £8-FEURIZGh et ei FORRALP Wt R YOLSERLRGC seM¥eted
fromthe group. Qf MBI&NAS adanhefh 19 |QWeNGBE MRl | Rgch ermenaLMr e
of the polyner; inprove the nelt Integrity of the nenbrane; inprove
t he strengtdhest tratighods¢ ofed heam®ndr Biveoudhmmto ks inge 18nP 86t gE"P"éhr
properties Qf .t r ;o Lapr th rtac t il

separat or; (l%rrﬁr g\‘%ég?%/ggff gggptl%&%gl'ogq?%ggﬁﬁo%%ﬁc%%%f %"{éel 8t Lhgd
separ at or ; poigpdefithe pudteskayegreaad phecpolomebeingpdofeetdre f Faom
retardance of the Hen‘pran ; facilitate nucleation of the pol yner;

col or the IPAPeP"8F the Hhbrane: and conbi nations t her eof . 4.
A et hod of nmaki ng appsdegdieli nithan cioperous Mpdlyolayéned meabtane
having a thickeness in the range of 4-50 gm and a uni formthicgness
defined by 12YEFSAJAEUETPAL iTh BPCD. 6B pMIGRBPF S fig RNECLPERIDF :
co- ext rudi pg18; NPAPOF QU meRBh¥akef i nic nulti-1ayered precursor through
an extrusion die wth mninmmshear rate of 4 sec-1 and a throughput
being 18-100 | bs/hr (8.2-45.4 Kg/hr) per layer, wherein at |east two

of said polyolefinic multi-]ayer ecursor being different from one
anot her; and 51N Gpdg BFB!&% sioﬁg ﬁ]%lrﬁo po‘?’l?)‘?fselg’bl é%?efsi g tate

mul ti-| ayepedngrecayfsay, to obtain the m eroporous polyolefinic
mul ti-layered nmenbrane. 5. The nmethod of claim4 wherein the
shear rate being > 8/sec. 6. The nethod of claim4 wherein

Dol yal of B ¢ Tt - I APariey bl oy iy gy VHRERLE b0 DERE ki Sney,
anneal ed noappr ks :pol yol efinic nmulti-|ayered precursor.
annealing the nonporous polyolefinic multi-
layered precursor; and
stretching the annealed nonporcus polyolefinic

multi-layered precursor.
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