THF- based El ectrol yte for Low Tenperature Performance in Primary Lithium
Batteri es BACKGROUND OF I NVENTION [001) This invention relates to a
nonaqueowsoehmatinokyte for a primary el ectrochen cal celpcr/somonas14@
lithiumiron disulfide cell. Mre specifically, an electrolyte including
THF is contenpl ated. (002] Batteries are used to provide power to many
portable el ectronic devices. In today's consuner-driven device market,
standardi zed prinmary cell sizes (e.g., AA or AAA) and specific nom nal
voltages (typically 1.5 V) are preferred. Mreover, consuners frequently
opt t o THIsbased Bleotrdinte for Low Tanpérature Parforansice i Prinearydlicsinuny Battexdes! i t y
and sustained shelf life as conpared to conparable, currently avail able
rechargeable (i.e., secondary) batteries. Primary lithiumbatteries (those
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correspondi ng increase in the conductivity and useful ness of that
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lithium-iron disulfide (or LiFeS,) battery, having the IEC designations FR6 for AA size and

FRO3 for AAA size. LiFeS; cells offer higher energy density, especially at high drain rates in
comparison to alkaline, carbon zinc or other primary (i.e., non-rechargeable) battery systems.
Such batteries use iron disulfide, FeS, (also referred to as pyrite or iron pyrite, which is the
preferred mineral form of iron disulfide for battery applications), as the electrochemically
active material of the positive electrode.

[004] As a general rule, the electrolyte in any battery must be selected to provide sufficient
electrical conductivity to meet discharge requirements over the desired temperature range. As
demonstrated by U.S. Patent No. 4,129,691 to Broussely, increasing the solute (i.e., salt)
concentration in a lithium battery electrolyte is expected to result in a corresponding increase in
the conductivity and usefulness of that electrolyte. However, other limitations—such as the
solubility of the solute in specific solvents, the formation of an appropriate passivating layer on
lithium-based electrodes and/or the compatibility of the solvent with the electrochemically

active or other materials in the cell—mabke the selection of an appropriate electrolyte system



active or other materials in the cell-nmake the selection of an appropriate
electrolyte systendifficult. As a non-limting exanple, U S. Patent No.
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sol vents such as propyl ene carbonate. Additional electrolyte deficiencies
and inconpatibilities are well known and docunented in this art,
particularly as they relate to LiFeS cells and lithiums reactivity with
many |iquids, solvents and common polyneric sealing materials. (005] Ethers
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[006) Other solvents not specifically containing DIOX or DME may also be possible, such as
those disclosed in U.S. Patent No. 5,229,227 to Webber (use of 3-methyl-2-oxazolidone with
polyalkylyene glycol ethers such as diglyme). However, because of interactions among
solvents, as well as the potential effects of solutes and/or electrode materials on those solvents,
ideal electrolyte solvent blends and the resulting discharge performance of the cell are often
difficult to predict without actually testing the proposed blend in a functioning electrochemical
cell.

[007) A wide variety of solutes has been used in LiFeS; cell electrolytes, including lithium
iodide (Lil), lithium trifluoromethanesulfonate (LiCF3SO; or “lithium triflate), lithium
bistrifluoromethylsulfonyl imide (Li(CF3SOz)2N or “lithium imide”), lithium perchlorate
(LiClOy), lithium hexafluoroarsenate (LiAsFs) and others. While electrolytes containing
lithium triflate can provide fair cell electrical and discharge characteristics, such electrolytes

have relatively low electrical conductivity. Furthermore, lithium triflate is relatively expensive.
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(LiAd O 4), lithium hexafluoroarsenate (Li AsSF 6) and others. Wile

el ectrolytes containing lithiumtriflate can provide fair cell electrical
and di schwogeloahamact eri stics, such el ectrol ytes have recatise@bopodsae

el ectrical conductivity. Furthernore, lithiumtriflate is relatively
expensi ve. Lithiumiodide (Lil) has been used as an alternative to |ithium
triflate to both reduce cost and inprove cell electrical performance, as

di scussed in the previously identified U S. Patent No. 5,514,491 to Wbber.
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low concentration of potassium salt additives to achieve a desired open circuit voltage in cells

with a cathode material including FeS;, MnO; or TiS,. U.S. Publication No. 2008/0026290 to

Jiang discloses the use of an aluminum additive to slow the development of a passivation film

on the surface of the lithium electrode. In each of these examples, the benefit of the additive(s)

selected must be balanced against any deleterious reactions or effects (in terms of discharge

performance, safety and longevity of the battery).

[0010] Finally, as mentioned above, it is believed higher concentrations of solute(s) normally
improve the conductivity of the electrolyte. However, certain systems (typically in
rechargeable lithium-sulfur battery systems where non-chalcogenic polysulfides are the
preferred cathode material) utilize a “catholyte” where portions of the electrode itself dissolve
into the electrolyte solution to provide ionic conductivity. In such systems, minimal to non-
existent concentrations of lithium ions may be provided to a fully charged cell without

compromising performance as taught by U.S. Patent No. 7,189,477 to Mikhaylik. Ultimately,
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rechargeable lithiumsul fur battery systens where non-chal cogenic

pol ysulfides are the preferred cathode material) utilize a "cathol yte"
wher e porwoans/mafiisthe el ectrode itself dissolve into thecehuseivobisse
solution to provide ionic conductivity. In such systens, mniml to non
exi stent concentrations of lithiumions may be provided to a fully charged
cell w thout conprom sing performance as taught by U S. Patent No.
7,189,477 to Mkhaylik. Utimtely, Li FeS and other |ithium el ectrochem cal

cel |'s 1dPeSi@hd Gttt Hithiurh BiestrédhepRes célls dndlefNibi ¢hib Brdpensigtd piowviddieas r odes to
the el ectrolyte, thereby elimnating the useful ness of this approach in
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bl i ndlyy | | ' t ' anot her,
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ot her veashingp fonf 4 givren electnechdmial systen. treanothenslissimidadyiteinow are defi ned and
used throughout this disclosure as follows: [0012] anbient (or room
tenperature - between about 200C and about 25C; unl ess ot herw se stated,

al | eXx@PPAHED OESTRIPTION QK BCVENTIQNI nf ormat i on wer e provi ded/ conduct ed at
anbi ent tenperature. [0013] anode - the negative el ectrode; re
spelifiical |‘\}9lewqthﬁrwseﬁee%, Ahsedheraithefermtidisted befaw argdefingdsandusedt i a1 | y

of i thidibhdt tfddRbibSife SORIRWI Ng at | east 90% | ithium by weight as the
primary elfectrochemcally active material. [0014] cathode - the positive

el egoinpde; nambiemgeciobin) atrhperatuiet -hbetwetreabvmb 20 andf abohe25°Qy emlesson, it
conprises iron disul fide as,the prinar | ectyrochem cally. active materi al,
al ong wi t h one °HETYSY éta}eﬁe%l g %Mm'éé‘étﬂﬂf'%f" 3‘6‘?%‘88'[‘\'&5% addi ti ves,
coated onto a pRsviddd/on8ubtéPattanttiédt Esrhiratufe0015] cel | housing - the :
structure that physically encloses the el ectrochem cally active material s,

saf &03ldevi canpdgndhenagative elestrodeomprsrpaeificalhy, svithinihe meaging of they y

functioni ng bat o tynical | ' [ : ygd,t he shape
of o cup, " oo T Efton, (¥ gERs clochiRAD) of ianfiln & &GP CBREN TaG I 10
openi ng of t he lithinmdaiyrvegighttag phecprirary etacgroehiemicdliyastivé mgtesiad seal i ng -

™ L SN e B b AT S one o
nmore |iquid, ofig&Rtién, it comprises iron disulfide as the primary electrochemically active

material, along with one or more rheological, polymeric and/or conductive

additives, coated onto a metallic current collector.

{0015] cell housing — the structure that physically encloses the electrochemically active
materials, safety devices and other inert components which comprise a fully
functioning battery; typically consists of a container (formed in the shape of a cup,
also referred to as a “can”) and a closure (fitting over the opening of the container,
typically consists of venting and sealing mechanisms for impeding electrolyte
egress and moisture/atmospheric ingress).

[0016) electrolyte — one or more solutes dissolved within one or more liquid, organic
solvents; does not include any electrochemical systems where the cathode is
expected to partially or completely dissolve in order to contribute ionic
conductivity to the cell (i.e., a “catholyte” such as those utilized in lithium-sulfur

batteries)
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sol vents; does not include any el ectrochem cal systens where the cathode is
expected to partially or conpletely dissolve in order to contribute ionic
conduct i Wwoyotonisive cell (i.e., a "catholyte" such as tirazarsoanolonsed in
lithiumsul fur batteries)[0017J jellyroll (or spirally wound) el ectrode
assenbly - strips of anode and cathode, along with an appropriate polyneric
separator, are conbined into an assenbly by wi nding along their |engths or
wi dths, e.g., around a mandrel or central core. [0018] nom nal - a val ue,
spegdois ed byjefi{yall '(@x“%fi:%ﬂ% WoBhd) dit#fodk assemBlyES &Hg%lif A#fddehnd\BahodedBlohg
expected for that characteristic or propertly. [OOL9[ percent discharge -

t he per cent age With antapprappiatsi pojymesiroseparator.care orobingd mgo an assembly byf i ts
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5 st m1 T or opsifiindy Midknied bettoiedsy o Mtlffacturel MR the cell more suitable

I nformati on r elfateedsumertuse enbodi nents di scl osed in the Exanpl es bel ow.

Oy, | e AR BB s S S o 727
shows a some other metal, dissolved in one or more solutes.
[0021] DIOX - 1,3-dioxolane
[0022] DME - 1,2-dimethoxyethane
[0023] THF - tetrahydrofuran
[0024] 2MeTHF — 2-methyl tetrahydrofuran
[0025] DMP - 1,2-dimethoxypropane
[0026) PC - propylene carbonate SRR
[0027] EC - ethylene carbonate
[0028] MA - methyl acetate
[0029] EA - ethyl acetate
{0030] LiTfSi or Li imide — lithium bis(trifluoromethylsulfonyl) imide
[0031] Figures 1 through 9 contain information related to the embodiments disclosed in the
Examples below. Figure 10 illustrates the components of a LiFeS; cell.
Cell Design
[0032) The invention will be better understood with reference to FIG. 10, which shows a

specific cell design that may be implemented. Cell 10 is an FR6 type cylindrical LiFeS; battery
cell, although the invention should have equal applicability to FRO3 or other cylindrical cells.
Cell 10 has a housing that includes a container in the form of a can 12 with a closed bottom and
an open top end that is closed with a cell cover 14 and a gasket 16. The can 12 has a bead or

reduced diameter step near the top end to support the gasket 16 and cover 14. The gasket 16 is
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specific cell design that may be inplenmented. Cell 10 is an FR6 type
cylindrical LiFeS 2 battery cell, although the invention should have equal
appl i cabiwotg10ta4BR03 or other cylindrical cells. Cell POTh®3000/0MIUEI NQ
that includes a container in the formof a can 12 with a cl osed bottom and
an open top end that is closed with a cell cover 14 and a gasket 16. The
can 12 has a bead or reduced dianeter step near the top end to support the
gasket 16 and cover 14. The gasket 16 is PageSconpressed between the can 12

and t h@nffR¥Red Bdwbéh thedhn fDaihe @owir 1386 84l 48 afddRWr hegRtive&lecioddl §lade or
positive el ectrode 20 and electrolyte wthin the cell 10. (0033] The anode

18, caqathede oppositive electrode 28 and elegrelyte wighin theioplll8und t oget her into an

el e de 22, which
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the side of the el ectrode assenblgl he | ead 36 nakes pressure contact with
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t he manufacturing ‘process, or the outer ehd of material (e.g., separator or
pol ymeFhef lead3omakes presspre3Bitactawitip thefinmer sufacedd thre, side/whik af theean i1 2gAfigt ui ng

f le. (003 ' | at,i 46 | d d th
er i prt Slectle SEHY 5 whind feay Be hA3sp@ier BelbrE Bucioh bv I BR TR 1 he 1
cat hodg@aufadterig rotdss,irdlic elierehd f Wkdriag (L Néepariatonior Poliyhirer Gl ohiidr wads

cont act_ bet weg!\ t he bottom edge.of the cathode 20 and the bottom of the can

12 is PH&orhe tagtensd dowwn.byhsatpealing ghingerdaringfopsxample.separ at or 26 and an

el eff(foagcal | Xn id%ﬁléliﬂ%'b&ﬂ- 4835 i&mediaﬁ&mﬂ{{h@@éipmﬁn ibfl of th t5Pbf BEeRLwrddE Can
12. [ 0035] Cell 10 has a separate positive termi nal cover 40, which is held
i n pl aaseerhily tpreventaheaxtaphase icnprent cpﬁppt@d@efr@n makéngcontacpwith ghe ¢ae 1@asidet 16
and has_on [ noge.,vent erture S The.gcan 12-serves t he
gt CupetvelPhE piibh BBEOE HE EnddiClo SXMEDenoh] S {8 ad f2 RGIKIGER TF
48, cathe irevagpdldedlettensidncofthdlsepamtdr 26fant lag elkamically insOldfifng bédtapdized4 bet ween

t he peripheral flange of the tﬁrm' nal cover 40 and the cell cover 14 is a
posi t i RRsitiaBad uy the pltorp 9theican dft  (PTC) device 42 that substantially limits

the (dosgw of CQUI G Rita separate positive terminal cover 40, which is held in place by the inwardly
crimped top edge of the can 12 and the gasket 16 and has one or more vent apertures (not
shown). The can 12 serves as the negative contact terminal. An insulating jacket, such as an
adhesive label 48, can be applied to the side wall of the can 12.

[0036] Disposed between the peripheral flange of the terminal cover 40 and the cell cover 14 is
a positive temperature coefficient (PTC) device 42 that substantially limits the flow of current
under abusive electrical conditions. Cell 10 also includes a pressure relief vent. The cell cover
14 has an aperture comprising an inward projecting central vent well 28 with a vent hole 30 in

"the bottom of the well 28. The aperture is sealed by a vent ball 32 and a thin-walled
thermoplastic bushing 34, which is compressed between the vertical wall of the vent well 28
and the periphery of the vent ball 32. When the cell internal pressure exceeds a predetermined
level, the vent ball 32, or both the ball 32 and bushing 34, is forced out of the aperture to
release pressurized gases from the cell 10. In other embodiments, the pressure relief vent can

be an aperture closed by a rupture membrane, such as disclosed in U.S. Patent Application
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under abusive electrical conditions. Cell 10 also includes a pressure
relief vent. The cell cover 14 has an aperture conprising an inward

proj ecti rgocertaadds4vent well 28 with a vent hole 30 in trhe/usetwomsad the
wel | 28. The aperture is sealed by a vent ball 32 and a thin-walled

t her nopl asti ¢ bushing 34, which is conpressed between the vertical wall of
the vent well 28 and the periphery of the vent ball 32. Wen the cel

i nternal pressure exceeds a predeterm ned |evel, the vent ball 32, or both
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I nsertion of the electrode assenbly into the can, preferably non-planar
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a spring-JJ ' I ast ' ing cell
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t owar cfttheeeladtoiele afsetribdy, @b facilitatel és asertival igto thecdnafillomtimg whichshe tegminhl on i nto

t he can, .f ol i ng which the. termn nal ttion . pf the | ead can spri.n

ot s o ataRe B s e mRRiAY HEF R it ket poh Hina ghers i PRSI o ot
parti gkdsy ﬁ&qmmy Esiipresse@ taipply a fort@icthe ikideNArfabtSéfdRe SidE Lanof e dahe si de
wal | of the can, thereby maki ng good physical and electrical contact with

t he cdhereby meking|gpedphysical and electrical contaet with thesatueous el ectrol yte,
containing water only in very small quantities as a contam nant (e.g., no
nore than about 500 parts per mllion by weight, depending on the

el ect rElegttadyteal t bei ng used), is deposited into the cell housing 'during

fact B he electrolyte is the.pri dia. for ioni
(T alofl, ] T noraReds sl Shrin ey onlf iy ol Foentdiss §hc "and sof ut e
conbi n@htagdindn® (££.1 hd Adke than abGut 0@ paxgs pdrenilR I WEBREdPending of ¢hd -

Moreover, the solute and solvents selected for the el ectrol yte nust possess
appr opecaolytesalichaing yseg). isdepgsiteddatorthe eell hqusimgdyripg swauigeturg Becausethe and

v oSSR bR bl W16 Sk e 1, RETORY! 8 e o
solvent and solute combination is critical to optimizing the performance of the cell. Moreover,
the solute and solvents selected for the electrolyte must possess appropriate miscibility and
viscosity for the purposes of manufacture and use of the resulting cell, while still delivering
appropriate discharge performance across the entire spectrum of temperatures potentially
experienced by most consumer batteries (i.e., about - 40° C to 60° C). Furthermore, the
electrolyte must be non-reactive and non-volatile (or at least possess a low enough boiling point
to be practically retained by conventional polymeric seals and closure mechanisms).

[0039) Miscibility and viscosity of the solvents and the electrolyte is key to the manufacturing
and operational aspects of the battery. All solvents used in the blend must be completely
miscible to insure a homogeneous solution. Similarly, in order to accommodate the

requirements of high volume production, the solvents must possess a sufficiently low viscosity

to flow and/or be dispensed quickly.
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experienced by nost consuner batteries (i.e., about - 40 Cto 60 C).
Furthernore, the electrolyte nust be non-reactive and non-vol atile (or at

| east poswesit@ikw enough boiling point to be practi calPCy/usetoionsdo by
conventional polyneric seals and closure nechanisns). |0039] Mscibility
and viscosity of the solvents and the electrolyte is key to the

manuf acturing and operati onal aspects of the battery. Al solvents used in
the bl end nust be conpletely mscible to insure a honbgeneous sol ution.

Si Mdoavj| V. AdUieraaY, the sGI0EREAMRIIAE elebislyteafitit pBSREE Sbdifing1paift approprtate to. -
production, the solvents nust possess a sufficiently |ow wﬁ;qom t)()oto flow
and/ orthptempesatura sange dm whichythe basteny. willimost likely. bgexpopgd andistared GeandVf fe -

el ectr & e ' ' ure
Fange D0 ol BEEEEAR, heghichits gk Bk sEFcleAly hah Solafli DI ATRER |

(i . e. storagk0an@.operati6f ofthe bittery vehice iHis stated yempenatusohngentSimjlariyghe be
sufficient]ly n-volatile to allow for saf t orage, and operation of the
batte rs;(?F"\ﬂ"t‘s ﬁf’a %Tefﬁ\f%‘;trglyé? st eé‘f’%l‘f’ﬁﬁ g‘erej?‘f%é’.%e ﬁ%ﬁ%r*ﬁ m@WS’ é"gf)ve nts and
the elRgtaded the Rledt6desdedversty afféctspdrivemah@dftheibat¥ty esonadischargea nManner

t hat degrades the el ectrodes or adversely affects perfornmance of the

bat t erSpitapleereanicsehyegts. thasliayebres asmppyrhecised i bIES: QeﬂahaYFéiVQIUS%?PQﬂr may be
used ifokioFaR f%l{&\gi_ngs 12 ﬁﬁgﬂﬁé;qgﬁ@ioﬁ?ﬁﬁm% g@@ﬁle&f(e.%yhfa!ﬁyg-lndéﬁ%l&ﬁy-

1, 3- di oxol ane; | oxol a ased et hers .g., al
al koxyssb@siuted INOX, BlabXs 2smethylak3 Rliorsidngl or 4imethyli- b3 aliewedangretd)nb2hy| - |

(oo Spipiydher] grpRenc g by i e o B UL PRaRaIA! "o
car borgyfie, ¢id.pRiHyRne cadoRNEPrepyldnecaibtingles N2-aylboy@irbunat; 3;30bitylersne

carbonate; vinylene carbonate;, nethyl formate; g-b rol act one; sul fol ane;
acet orfieftonpis; viRylpeIrarRenas: medhyliprmsie; w\'lwrafaﬁ@p%gﬂugeépssrﬁca@,m"ﬂe:

N, N- digRi-giddaty? Mﬁpﬁa@: @@N-éméuéla%etaﬁﬁ&é; N]ﬁkhiﬁktb&ﬁﬁ‘%ﬁ&{eﬁreerﬁm Mggnones;  beta

am noket ones; ‘net hyltetrahydr of drfuryl ether; diéth et X )
t et r attgtdaméthylarea( berapminoenonesstieid amimpkethyas methyletrahydrofurfuryl ether; diethyl

2- et h tetr.a of Ylarsnlg 2= Ji X ; .

2 T R S B T T TSR R el Mo,

1, I2- di 2]ﬁ-ﬂh?éth%ﬂy@¢lfﬂh9?xbﬁﬁﬁd m&?whfgldim((aio@b(f‘mmlu-gm&yﬁopen@. I) | 0?4)1]
Salts shoul d be near or co tely solu with the cted solvent(s
and, 6(st g’ %“ﬁe"%iagﬁ%lé‘?ﬁyBngFe‘g%?F@éﬂ‘PPEﬂgFZ%geF‘i‘ f‘%ﬁ%@v@fﬁw t hout any
degi@dRt i oS sRELIE bS Redtlyf o2 ChimpleketP SRILBR wath thi Béle@bd &ﬁ{/é&(s; b, abaute been or
may be used in LiFeS 2 célls include Lil ("lithiumiodide"), LiCF 3SO3

("1 t Hhediseyssionaf solyentich@pgieristics pbave, withpetranyi|dggradetion orjadyerse offops 2N
Examples of typical salts that have been or may be used in LiFeS; cells include Lil (“lithium
iodide”), LiCF3S0j; (“lithium triflate”), LiClO4 (“lithium perchlorate™), Li(CF3SO,);N
(“lithium imide”), Li(CF3CF,SO,):N and Li(CF3S0;);C. Other potential candidates are lithium

bis(oxalato)borate, lithium bromide, lithium hexafluorophosphate, potassium

hexafluorophosphate and lithium hexafluoroarsenate. Two key aspects of salt selection are that
they do not react with the housing, electrodes, sealing materials or solvents and that they do not
degrade or precipitate out of the electrolyte under the typically expected conditions to which
the battery will be exposed and expected to operate (e.g., temperature, electrical load, etc.). It
is possible to use more than one solute to maximize certain aspects of performance.

[0042] Ethers suitable for use in LiFeS; cells according to the invention were selected to
include the following criteria: (1) large usable liquid range, especially very low melting point,

(2) low viscosity, (3) good solvating properties for lithium salts, (4) good chemical and thermal
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("l'tthiumimde"), Li(CF 3CF2SQ2)2N and Li (CF 3SQ2)3C. O her potenti al
candi dates are lithium bis(oxal ato)borate, lithiumbromde, lithium

hexaf | uorwphosphatse, potassi um hexafl uorophosphate and IPCThiSEIM/004340

hexaf | uor oarsenate. Two key aspects of salt selection are that they do not
react with the housing, electrodes, sealing materials or solvents and that
they do not degrade or precipitate out of the electrolyte under the
typically expected conditions to which the battery will be exposed and

expectebilitg tRaESAL farlode dnd FESIRMRGH VAR (SFtoRdity!thatlis SifAldr to3drDelter than | S
possible to use nore than one solute to maxim ze certain aspects of

per f orlAMFcand DIGI oFigarenleshows @i tablp & thesplvignts cppsiddred aduding mgtigM9ing to t he

i tid O , tQql : ; | | e bl
|t chophafifts B6Q GRER" A1t dihe vaniticl b0 15h dehleR o ko ) 9° 80! ©
good sariteréd aboge.pr operties for lithiumsalts, (4) good. chem cal and

thermal stabjlity .t rd i.__anode and FeS2 t hode, .and ,(5). toxicity that
o R ar i g and ohvep SR Svliried e £ gnf £ miBR Sal- T BBpGaties, ne
sol venyére asdtin defeftining ¥hk Wlvere rafdst In36faPad Airfent, RBImepdlalPPavHilableNdFeS,

viscosity. Al of the solvents listed in Figure 1 are deened to neet the

cri t ergelfs Hlizea 65:30REPXTMHME blepdrly volume) pd/oeDME westeplaspdhlyithioneand L
L . e cone
i mde Sahd Sew &H&sgﬂ@ CORAD&S 1l @nblﬁ%qfﬂgg?rgﬁhe%%é Hfie §&b¥§§;§eprg§%' 0S

| nsof ar as current, commerci a avai cell's utl 5: 35
Dl 0X: DN thladdid céritain amoumtenf theDilExhative salverditolassal eqnk hiead 6DIGX SAPDME t he

new et hers_.and cells were.tested on | ow tenperature perfo ce., Thg second
Robr od WS Hhpronsh S epd Sk Efken BF of R G PhGd ivBly libeh {id f he
sol venjot lpHfenshyfifeCRonshakbns( e partithiass GiRREsAGProdétes AROshnimRArizgd iirc K
screening of many alternative solvents, although it did _not offer any

di r ect Figeepanridsihadot mumbersdegited thereia agplyita dheremapndsnefithe Figugesdhionghqued i n
Fi gur e, ?ﬁ‘g‘ﬁgﬁe | ot nunbers recited therein apply to the remai nder of the
Fi gures fﬁ oughout this application. |0044] For the solvent blends

conti®i4li ng Foatheosodtentblends containing sarbomdtes-and acetatds ondy Lisimide saltasvede wsedause

th i cal i t Lil. banat t Lt | ubl
L1 2CCBeeRGE e R P fiis R onn it AR oot Brie? EBRr R b e LGP based on
t hei r W6te@eat carbbiutes andaeétates wereSerigindlBr sgleciet basedrontheit @$dgs in Riwi hough as

shown bel ow, none were able to praqvide adequate service for primary lithium
cel | s.temperatyre saeandagy !ltlwam@h%qlﬁt 3lhquelyas showndelawy, nong peee ahlgtorRrowide at 0. 75

mol es LleqsRd $Hrfic® B prinfa?y lidium cells.

[0045] The salt concentration for all electrolytes was fixed at 0.75 moles of solute per liter of

solvent blends at ambient temperature. All solvents had relatively low moisture to start with
(5~50ppm) except for DMP, which had a moisture level of 2800 ppm for the as-received
sample. Therefore, DMP was stored with 4A molecular sieves to reduce its moisture. After
storage, the moisture of DMP was reduced to 197ppm.

[0046] The fill volume of the electrolyte dispensed was 1.47ml for all lots. Cells were pre-
discharged. All other aspects of the assembly and construction were consistent with the
disclosure contained herein.

[0047) The electrolytes utilizing THF showed substantial, unexpected and dramatically
improved performance at extremely low temperatures (i.e., -40° C) as compared to the
previously recognized best low temperature electrolytes, such as those disclosed in United
States Patent Publication Nos. 20060046152 and/or 20060046154. Significantly, these

publications document the well-known problem of “sudden death” of cells at extremely low
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solvent bl ends at anbient tenperature. Al solvents had relatively |ow

noi sture to start with (5~50ppn) except for DWP, which had a noisture |evel
of 2800 pupon2bovoisive as-received sanple. Therefore, DVP wra3/Gstavoosweth 4A
nol ecul ar sieves to reduce its noisture. After storage, the noisture of DWW
was reduced to 197ppm [0046] The fill volume of the electrolyte di spensed
was 1.47m for all lots. Cells were predischarged. Al other aspects of the
assenbly and construction were consistent with the di scl osure contained

her ei nempeatufe, altheughl iRl Bé dea8ity biprbdisted thal EfenSh eWRE pabIRationY noiable

unexpect ed and dramatically inproved performance at extrenely |ow

t enper @lytioagvasiknawn to provige substantinh seruige abextiemehy low tempesature audjhigh satehest

par SRR, el e 0o Bk GoutolRes 84 BE pHGEN bf priIdiRE s BAGFP
i) riar e ey e R T S
Chat - oPBAT e Eaakd, s e B i gieaies B blend Phl and et SRS e
subst apyst @hd perh¥psohlPtmérnk bE BEHidvih©iny RIVEE Allow LerApidatiied [FurtheAnork 48] 1 n

contrast, the invention solves the shortcom ngs of the prior art by
provi dinKentionppaintaing the sal congentratien af) 0. tMawhich sheuld assig i maintypingsaerar at ur e.

Mor eov, A reas the

or or - Empetalic forlancd In3hinf e TRIE dfed B mied clfectiFah e fRE P12 02,
(and pemipegaturenthsn waepnegioosly kobweywhide sillpreeidingadeqiatd, ifmat @amp seratica fer.
Furthermgre,.the i nvention Intains the salt concentration at 0.75 M

whi ch 'Eﬁ%&f‘{?‘eé‘é er%“re 'ﬂlrr%?shi ng roomtenperature perfornmance. In short,
the (goldy al | TMBOWhET thisul@OARAT dsid BTébnfinctioWRith bEITPES, attérgactdidingwd the
previously known, while still providing adequate, if not par, service for
nost aSABfighratipr deseribed ahoverextraordinagy iImprovemqntsrare ebsefyreat exremelydewr ol yte i s
used | BmaeRttLC th HanYehibodintdnES dotisit H{%raYnd%ﬁPQFélb&g?té&ntb Rxp@idd. gur ati on
descri bed above, ext aorglnary | nprovenents are obServed at extrenely | ow
t enperMoteower, these imprgvemdntitamdetrealizdd witheut sacrifigingiperfarmanegatcoey can be

por  or BReeey O G speb R B IE s R BRen R Elond) 50 IEENG o1 22
t he An@NSIRdightidl stihedmdévh puRatedt.l nstitute (ANSI) digitial still canera pul se
test. O her Cell Conponents

Other Cell Components

[0050] The cell container is often a metal can with a closed bottom such as the can in FIG. 10.
The can material will depend in part of the active materials and electrolyte used in the cell. A
common material type is steel. For example, the can may be made of steel, plated with nickel
on at least the outside to protect the outside of the can from corrosion. The type of plating can
be varied to provide varying degrees of corrosion resistance or to provide the desired
appearance. The type of steel will depend in part on the manner in which the container is
formed. For drawn cans the steel can be a diffusion annealed, low carbon, aluminum killed,
SAE 1006 or equivalent steel, with a grain size of ASTM 9 to 11 and equiaxed to slightly
elongated grain shape. Other steels, such as stainless steels, can be used to meet special needs.
For example, when the can is in electrical contact with the cathode, a stainless steel may be
used for improved resistance to corrosion by the cathode and electrolyte.

[0051] The cell cover can be metal. Nickel plated steel may be used, but a stainless steel is

often desirable, especially when the cover is in electrical contact with the cathode. The
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[ 00501 The cell container is often a metal can with a closed bottom such as
the can in FIG 10. The can material wll depend in part of the active

mat er i al swardioaliemstr ol yte used in the cell. A commopn naPETiBROWOPPLS4d S
steel. For exanple, the can may be made of steel, plated with nickel on at

| east the outside to protect the outside of the can fromcorrosion. The
type of plating can be varied to provide varying degrees of corrosion

resi stance or to provide the desired appearance. The type of steel wll

depencconiplBadytordme éohr@r mﬂawﬁn hiBo BOh FAttdrf nfasHaR bdlEdtionsS The ol Bover eHaydr awn
cans the steél can di ffusi on anneal ed, | ow carbon, alum numkill ed,

SAE 10vwe@rsimnple sh@ieeemch a8 adhick, flat disls, orritinay havea meresgmplax shape, suias

I | I
ctoe e chibrhORTINACE! 00 AR K RePhalPinp1 Y SHabe RkPBlaPim FUC B 5Bl ) 11 B8
el ect r30dadofiannésdet staihleks dtéed mﬁ:t/nS)’ﬂM, 8-9 gedimkiaé amyg bstueed tmmovhie thrsémhrbobr

I mproved resi stance t corr05| t cat.hode and ctral 1] The
ol | CGPORIOR aEP R BN PSS aF BRI oyl QT EICoN T T8 00t I, "ES]| oo s
steel fopeginiflel desirable, especially.when.the cover is. in el ectrica

contact with the cathode. Theconplexity of the cover shape will also be a

f aci®92li n nBhedemainalgovershpuld. hamgoqdenesls@m@p cRErgsinm by watesiinieandtente, such

as a té}i]%nmléﬁta oge?é%g)n&a\/\ﬁér{du 6y HE whh HWsﬁ;l& rﬁﬁm%{}lgagf;e F§‘Aﬁh as the

cover en the ‘cover has a conplex s 'ke that in
FI G muacalvbyappeawde sbénminal rewdre dresifenmhatedran erkelplathd cBdNOIBdStepl af n si ze

may be u e th desired n res stanc and, ease of neta
oy i e A el Beted Sy s 5D e Ph WP aRE Re oA diE e
[0052]przmré@nénmis &@Y@fnnﬁﬂ@WdﬂsQ@i&ﬁaEfqﬁde bAGoSharRdRIdsQo ERilitaicen by wat er
in the anbient environment, good electrical conductivity and, when visible

on con‘é‘l!iﬁ‘ﬁg batteries, an attractlve appearance. Term nal covers are often
nn-ré@k&' 8k fr8ihdn§ Qbitdik HLhH (L Hat&al AR brov el tfekfesirgd at ed

aft r the cove é a#e ?orn@h &ﬁgre tern1ﬁ% §Care z%catgﬁhofgr pregsure

r el i ef seakimg properties. t Materinkdelectiorisdhagrshiomattion thaelectrolte gompositiot oExamples

! LB B RGPS o 9ERESh bt R R Bt P

Mat er i vihylegheeedpoimdrspdistsigglendtefephthalite drddecomibimdtions thefeof. OPRESedi gasket

D S e ot BRSPS BESR A SOE o BRI EDY S7C 1 e

t er ephiyiRliasen ANE, GOAPARRIIIkendIBSE §itfide @I ETEE™ RRIHB or XE5030 from
Chevron Phillips in The Woodlands, TX, USA). Small amounts of other polymers, reinforcing
inorganic fillers and/or organic compounds may also be added to the base resin of the gasket.

[0054] The gasket may be coated with a sealant to provide the best seal. Ethylene propylene
diene terpolymer (EPDM) is a suitable sealant material, but other suitable materials can be
used.

[0055] If a ball vent is used, the vent bushing is made from a thermoplastic material that is
resistant to cold flow at high temperatures (e.g., 75°C). The thermoplastic material comprises a
base resin such as ethylene-tetrafluoroethylene, polybutylene terephthlate, polyphenylene
sulfide, polyphthalamide, ethylene-chlorotrifluoroethylene, chlorotrifluoroethylene, perfluoro-
alkoxyalkane, fluorinated perfluoroethylene polypropylene and polyetherether ketone.
Ethylene-tetrafluoroethylene copolymer (ETFE), polyphenylene sulfide (PPS), polybutylene
terephthalate (PBT) and polyphthalamide are preferred. The resin can be modified by adding a

thermal-stabilizing filler to provide a vent bushing with the desired sealing and venting
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materi al s i nclude pol ypropylene (e.g., PRO FAX(r) 6524 from Basel |

Pol yolefins in WImngton, DE, USA) and pol yphenyl ene sulfide (e.g.,
XTEL(tm) wB20B8%1er94 XES030 from Chevron Phillips in The Wodisamd®9433K, USA).
Smal | anmpbunts of other polynmers, reinforcing inorganic fillers and/or
organi ¢ conpounds may al so be added to the base resin of the gasket. [0054]
The gasket nmay be coated wth a sealant to provide the best seal. Ethylene
propyl ene diene terpolymer (EPDM is a suitable sealant material, but other

sui t alyharadRtiStidsat ﬁngﬁ@&nﬁ@atufeedmé 8(shdg ¢dn LR iRjettionnblded SrobSd, - t he vent
bushlgg is made from a therrmg_lastlc materlal that is resistant to cold

f1 ow emeQHSE"éWﬂ@Fl&l uTFé‘sZI%Ié@ T2004 GETFE 1esin with 2amysight percenhehapped glass
conpr 'ﬁﬁ)é?ol%ﬁaf@p 51, %i\ﬁo gﬁl" 190 N’Ptf'rﬂg 'sg%fag%d%%&ﬂ%lﬁﬂéﬁ(bm yl ene

t er epht ene su yph
et hyl dieustin, Xpand pcblyphengtehqkldﬁ@ (el ogotXrTlEiU HEBOBH K é(tEé030 from

per fl uqr oal al Kk rfl uo oet Iene ne and
ol yer e s i he WeplBhinmd > sare BRGEH N eP LS bR

pol yjebany! ere vehi bdlldeselfRRSbe maaé froni aHysarable hﬁwﬂtaheiaaisetabl%aii)comad wnth
pol ypht hal am de are preferred. ,The resin can be nodified by adding a

t her methe selbgnntenss ang W?Ylﬁ%srth? éesgﬂeéw'a gealing and vm@smgamlﬁlq H&lagpes P ed

seal i ISt te &g can be
oy eot AR R SEARROLAL, G s B & R e e e e T

r e5| n weint ballzssmbly Idt:scpbcd: ebuveafhgppersugitaekl §$.iPatept rxpphmhyn Hubﬂmmnl dofe. g.,

pol yp % 8hoVe Lefgrenced materigls may) Saproprigelyubdupled. 7 S0
héfﬁ%o?%‘ﬁo%gjlﬁ %l',v (I @ vay %vancgﬂbgol mQ‘rStFI géétotg? TX) and

Phillips in The Wodl ands, TX, USA) are preferred thernoplastic bushing
materials. [0056] The vent ball itself can be nade fromany suitable
mat er i BECHFEE is stable in contact with the cell contents and provi des the

desigogf| CeltheSfmdhd é&nﬁ&@sé{%&)'dﬂmﬁhﬁﬁﬁ&&ﬁdrﬁéﬂn@es rEfeAed €S aithiti} RS THRUCh as
stalnless steel, can be used. In the event a foil vent Is utilized in place

of t hecompositiba iof thedithinyl oan yarye tobghi fcaﬁ@vety(%adedlthlunp thesnuaity istabwaysdiglpat ent
200! i MR 3} i o0 B Sk bl Bl eyt o
conpr i de&srical pérformante ori Hahdling ¢usé,alithosghnthe hmeentrcﬁ”ﬂmmmdntamy alioyl sttobldu mfoil.
The COmmeSliLOR, Blute, L LU SeD A, LROUGD, Lor B ler garade i um
such agelghy BbintioR pur@1ithaY) 46 nbt\@nti@s14t88. Appropriate battery grade lithium-
aluminum foil, containing 0.5 weight percent aluminum, is available from Chemetall Foote
Corp., Kings Mountain, NC, USA.
[0058) Other anode materials may be possible, including sodium, potassium, zinc, magnesium
and aluminum, either as co-anodes, alloying materials or distinct, singular anodes. Ultimately,
the selection of an appropriate anode material will be influénced by the compatibility of that
anode with Lil, the cathode and/or the ether(s) selected.
[0059] As in the cell in FIG. 10, a separate current collector (i.e., an electrically conductive
member, such as a metal foil, on which the anode is welded or coated OR an electrically
conductive strip running along the length of the anode) is not needed for the anode, since
lithium has a high electrical conductivity. By not utilizing such a current collector, more space
is available within the container for other components, such as active materials. Anode current

collectors may be made of copper and/or other appropriate high conductivity metals so as long
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el ectrical performance or handling ease! although the anmount of lithiumin
any all oy should neverthel ess be maxi m zed and al |l oys desi gned for high
t enper at we 2applismat i on (i.e., above the nelting point eCTmseelon43nd um are
not contenpl ated. Appropriate battery grade |ithiumal um numfoil,
containing 0.5 weight percent alumnum is available from Chenetall Foote
Corp., Kings Mountain, NC, USA. [0058] O her anode materials nay be
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the sel ection of an appropriate anode material will be influenced by the
conpatanditherefprendlsq adkcoshiode with Lil, the cathode and/or the ether(s)
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nt

has a g dhipjmetal srip eanoectipgthe angde,op pegative elerirodety ope of
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t hey A exleAfl fm{iﬁl@‘aﬁ%%ﬁ&h‘o tﬁehﬁo é s gﬂ%%re'a Lon} ﬁﬁf&%ﬁ%&eﬁ{eg dnl¥ngcel |

(e.g., electro there oreaso ad ctrical
connecdfitilend piithinea paxtion af the dnddet ovdbyrsineplytpressing h@oetlicansunbdean emtlofithe

oPRot et orth ek ngoase I 6. g BhERR A it Syl 1S afifetiveifordfese anode

or neg@ﬂlgéﬂer@ilyasﬁlé@des t%’ﬂx‘fﬁ@ént’{xﬁ&s@@ldr cbn&édﬂb@ﬁ%‘én&ﬂdl@a&ﬁfd électiode winse of
the FR6 cell shown in G 10 en the anode includes such a lead, it is

or i entweldsharompenents fagetier n@%nqgeﬁw ¢legiradgmay.heproyidediwith @|leagh psiar t| ect r ode
asse"ﬁk?ﬁsﬁggnﬁ%@@géueaﬁﬁgﬂtk N8 Miwb forlnb&ed VR ?a? m§ b WalYs. be

acconp ng an end of the |ead Wlt In a port t he anode or
by gtosnl y pFlessetakptap pemprising thedéndz3s ianftemmadé fmtnend:l@édr ninke) pldted stealf ace of

the lit foil The Jjthi |1 t d
Comer Vit SiHicinti owregistapit (¢ enprelty 165 Hod SHLEs A Brtenbnen i, The
| ead ansme)&hy mi@er% Lllnowemcfenﬁtr&gfm@erat:élcalczﬁﬁreﬁa%ougﬂ%ﬂew&dmve

el ectrode may be provid a lead prior towndinginto a jellyroll
conf i guinamaloor. noTtmpa¢t@ac$em laﬂe obtheel o Arprefeandd wiateriabisr3®d stainless\stdetls. [ 0061]

-rl)_lhgt e )g l t r If%ther g}l){abfel r?e%a{“lve ele&%%e:feadl n%at(e)lfla}lse ﬂlcfr%(ej,ebuft répenﬂort] Ill%ht%ld tc()),r ni ckel

copper, copper alloys, for example copper alloy 7025 (a copper, nickel alloy comprising about

3% nickel, about 0.65% silicon, and about 0.15% magnesium, with the balance being copper
and minor impurities); and copper alloy 110; and stainless steel. Lead materials should be
chosen so that the composition is stable within the electrochemical cell including the
nonaqueous electrolyte. Examples of metals generally to be avoided but can be present as
impurities in relatively minor amounts are aluminum, iron and zinc.

[0062] The cathode is in the form of a strip that comprises a current collector and a mixture
that includes one or more electrochemically active materials, usually in particulate form. Iron
disulfide (FeS,) is a preferred active material although the invention is applicable to most
cathode materials that are stable with Lil and have a potential vs. Li that is less than 2.8V,
possibly including CuO, CuO; and oxides of bismuth (e.g., Bi;O;, etc.). Notably, MnO; is not
suitable because these cathodes have a potential that is too high when compared to the I,/T’

redox couple.
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with sufficiently |low resistance (e.g., generally less than 15mNW cm and
preferably less than 4.5mM¥cn) in order to allow sufficient transfer of

el ectri cavocurwoamto4t hr ough the | ead and have m ni nal or POD/USDE@ROV4300
service life of the cell. A preferred material is 304 stainless steel.
Exanpl es of other suitable negative electrode |ead materials include, but
are not limted to, copper, copper alloys, for exanple copper alloy 7025 (a
copper, nickel alloy conprising about 3% nickel, about 0.65%silicon, and
aboyjosd). 15%mEIARES delT) theaétivelhferdd | coRphiséSirEdleraRANSY weiptt peroeit FeSPUTHe | €S) ;
and copper. all oy 110; and stainless steel. Lead nmaterials should be chosen
so t hagathode camalpeontain ene er mergAdditignahactive matesialsanensionedaboye. dependingc| udi ng
the noRAfiLQOURd QLR ElelficXildnd d@éﬂ&@é Fﬁ%&&eﬁﬁﬁéﬂ ﬁ/[ogeeg.%?e?éﬂlz tﬂeoache? agirpd but
can be present as Inpurities 1n felatrvely mnor anounts are alum num iron
and zifoca LjKx862¢!l ddtkodeabimpdsesi at ldast 9weifgbt parceint BeSyt yétpnarh preferabhyrat deast a
curre cal ] ector a mxture that_ includes one or re el ect hem cal |l y
2ot | veoosihi et B o BiereP e s 6 S0k s retRRt mefest ESS ) o a
pr ef erfathgachirite level ¢fat eémtagﬁmqufpet&at.isrwsinubilmoﬂaava@mgmﬁbﬁns, Norfost
cathode materials that are stable with Lil and have a potential, vs, Li that

i s | esQrafteaM2, BSA; ShemretglyGmbld). Visnag Anstiia; apdKaaritoMiniag Cemp- Py (e, g. ,
Bi 20 ,yg&t : i S ; e a
ot ent &1 OF R R 4B e A o R AT P06
| n a Unkedadeding the hathodst is peovidedebelad. conpri ses greater than 50 wei ght

per FeS.. The cathode capn al so cont.ain one .or re addi tional active
ot SR < S RRCRBROEmET B isifseg YDl Re PliEeRie R Be RABbe RPes 251

di lsfhathﬂﬁatgb&hﬁﬁdt\ﬁé hﬁtyihe&o?twbmogfnefoebaﬁl s¥deslo€ a #iih imegalrsatperAlahmifim isa} Li F§|S
cell cathode conprises at |east 95 weight percent FeS , yet re preferably
at | eaommyoniyuseghnatprgle dhe cwaess collertoriaay exgend Reyand {hemoton otdhe pashads, e

act i Vecdnfiking theBatholé Mixtufe This él@éﬂd’i}&’%\forﬁbﬂ bf the L@¥&lt cBllectdr daR PrdvidiPa Wei ght
percent Is avallable fromWshington MIIls, North Gafton, MA  USA

Chenet converdensidrea for makiag comtacstwithothe glegtricablaad eoneetedity e ppsitivgiermingh, VA
USA. nor e. rehensive de i ptJ QR of . h |t | ation and a
ranner SO RGP M) FBE 86 BileRoR pohlbR ST\ 2En BB i Hne curr ant
col | eciminimumto heakeias paske of thee interabvolumb ef thedell av4ilablecfor adtive deatarinld ame, or
the cathode m xture may be coated onto one or both sides of a thin netal
strip.clogtatrum i s- a commonly used material. The current collector may

ext ¢gugsiPey ort dafifpdP Y dit@ficdlly chiifectedltb ¥tepositive terminal of the cell. This may be

accomplished with an electrical lead, often in the form of a thin metal strip or a spring, as

shown in FIG. 10, although welded connections are also possible. The lead is often made from
nickel plated stainless steel. Still another embodiment may utilize a connection similar to that
disclosed in United States Patent Application Serial No. 11/439,835, which should publish on
or after November 29, 2007, and/or United States Patent Application Serial No. 11/787.436,
which should publish on or after October 16, 2008, both of which are commonly assigned to
the assignee of this application and incorporated by reference herein. Notably, to the extent a
cell design may utilize one of these alternative electrical connectors/current limiting devices,
the use of a PTC may be avoided. In the event an optional current limiting device, such as a
standard PTC, is utilized as a safety mechanism to prevent runaway discharge/heating of the
cell, a suitable PTC is sold by Tyco Electronics in Menlo Park, CA, USA. Other alternatives

are also available.
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containing the cathode m xture. This extending portion of the current

col l ector can provide a convenient area for making contact with the

el ectri cavolesdbiedanected to the positive terminal. |t ipsTdssimwabizeoto keep
the vol une of the. extending portion .of the.current.collector to a m ni num
to make as much of the internal volune of the cell available for active
materials and el ectrolyte. [0065] The cathode is electrically connected to
the positive termnal of the cell. This may be acconplished with an

el ect rggtatgread, often in the formof a thin metal strip or a spring, as
shown in FIG 10, although welded connections are al so possible, The |ead

i s df0s@n nabhe Separatonisckibin piczepsgoustmembrane that isdon-pamenble and elestricalihodi nent

o . . pics _ opeey e o e
o | chipebfaufe HeRaball ot MIuBk ot RabcBne YRAPRAHIAN Gl bhieorthg 20 Paten
Novenbspardfr. ZHEFepamimt/ivdishsed betwstn bdjacdhatrficespfthe amidecind Sathddd toNo.
11/ 787..436, .whi ch d_pyblj sh frer Qctober 16, 2008, bot b of
ahi oh Srariad TS HeSE B o farhu@hsrs Roiags of MECeRASRIPT EaY Al5A RS

i ncor pghét @thpddert& il &Gl B&ftadt WithNRE 88l derminRlsith Prev¥htaniertal SR ciftegs.gn may
utilize one of these alternative electrical connectors/current limting

devi ceBdges Ethgsepasatopofiencextang tszond, b ¢dges of gt leps oag elestrede tojnsupmihipt ther r ent
limti ' r ' | L aechani sm
to pr cedf G4 Shod hol e SHANCA dnlalleveh 3ttt} pletEFodfechy BB T, F)
Tyco Etaehbtheni Hewever)Neis desiPdidkto miihimiiE4he hdnent ofiteperamatextendingbeyaidsthe

avail a Iegﬁe arator | 0066) The separator is a thin m croporous nmenbrane
that |®e§t S=ger nmeabl e and el ectrically nonconductive. It is capable of

hol déoegl at T&pelide@dBd BighGoet disehatbd pirforinBficelibisaiRsiedbld thet thepépadter . The
separator is disposed between adjacent surfaces of the anode and cathode to

el ect rhavaithgchappsterigties (pores with e smsdiest dimepsiemefnt depd} 00pypand adargestt he
separ afenlBY ofhShotd sl §ufn KrHE! FRBRNhS rane sm{?w@?ér hPBhafda Wi th the
to a? ts. Edge o?

cell termnals prevent "1 ntern short circu t he separat or
of t en spetificdedistanea of from 2wgdsohpi-caf ahdatirtuosity lebsthan 34 disolosedsinlbSt hat t he

per t ectngntafd. sl 408 e Rt RSt asiont:y DBy refpiel® o i i ze the
anoysues|of sSpabRseparaist Mattrial sheydathotbeatrbhg eidugH eswith&ifMd/dellTo provi de good
hi gh power_discharge performance it is desirable that the separator

manufacturing processes as well as pressure that may be exerted on the separator during cell

discharge without tears, splits, holes or other gaps developing that could result in an internal

short circuit. To minimize the total separator volume in the cell, the separator should be as thin

as possible, preferably less than 25 um thick, and more preferably no more than 22 pum thick,

such as 20 um or 16 pm. A high tensile stress is desirable, preferably at least 800, more

preferably at least 1000 kilograms of force per square centimeter (kgf/cm?). For an FR6 type

cell the preferred tensile stress is at least 1500 kgf/cm? in the machine direction and at least

1200 kgf/cm? in the transverse direction, and for a FRO3 type cell the preferred tensile strengths

in the machine and transverse directions are 1300 and 1000 kgf/cm?, respectively. Preferably

the average dielectric breakdown voltage will be at least 2000 volts, more preferably at least

2200 volts and most preferably at least 2400 volts. The preferred maximum effective pore size

is from 0.08 um to 0.40 um, more preferably no greater than 0.20 pm. Preferably the BET

specific surface area will be no greater than 40 m?/g, more preferably at least 15 m?/g and most

preferably at least 25 m%/g. Preferably the area specific resistance is no greater than 4.3 ohm-

cm?, more preferably no greater than 4.0 chm-cm?, and most preferably no greater than 3.5
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have the characteristics (pores with a smallest dinmension of at |east 0.005
mm and a | argest dinension of no nore than 5 nm across, a porosity in the
range of WO 20wm/oddi9per cent, an area specific resistance @®CTfusesmdoi3ao 15
ohmcm 2 and a tortuosity less than 2:5) disclosed in U S. Patent No.

5,290, 414, issued March 1, 1994, and hereby incorporated by reference.

[ 0068] Suitable separator materials should al so be strong enough to

wi t hstand cell nmanufacturing processes as well as pressure that may be

exer t eghnmt hEheéxe pAspRtRs afiddséibedah lgrediet €b@1 GEUVS. iPagut Piiaion KBl i t's, hol es
or ot her gﬁtgs devel oping that could result in an internal short circuit. To

m ni i 2095{04 $24634 whichdpherabywincomppratad bynrefasencee| | | t he separator shoul d be as
t hi POSS&i 3 . ' erably no
ror 0B 3B peftr nrh tvice i e e dtch nad Ut pERDFORAGES 2, Y
desi r glyethylerefernitdhyghamoleeulst waight palyetieylemes fvdthpol yethadenedeing préfefredi | ogr ans
of forge per square centineter . (kgf/fcm.2).. For an FR6 type cell the

bt ef or THESSPHROT Fill 85 § S0l Lpr Wasaly SHifted pkramrois RemHBRe R AVRE i rect  on
and atmérdsfersleibelsthinated2ogether B¢ prof RIRINECdsfred! tenSitd §t&ﬂ§th§ RflorftiugonalFRO3 type
cell the preferred tensile strengths in the machi ne and transverse

di r ectditegdonsr A 3inglg layen isuelorrd to minimizethesenst t Suitable single jayerdipxialy e aver age

di el ect tl | : : bl y
at 1 ooz oRRHIRAR nihdpBifs Mratarbits BhalsBitttork Tt Chiriioal C6rg, BUlaBIZD ¥
maxi muinore EXSXO@N WMol ter €henizal Gos, MacadooiaO¥ YnhiSto Setel@ F20Hhprade papafatorabl y no
greater than 0.20. .Prefera t speci fic, surface ea will be no
o eat dieserl b pomisALickages ptalel ARYIRAY sBEBec 4 56 iy RathEReS: ef or ably
at | easifitaBRe seifdratorsRuit sifrilat propértiefarRalsopegildblefromIinélamembraneslth gr eat er
than 4.3 ohncnP, nore preferably no greater than 4.0 ohmcm 2, and nost
preferlaﬂhag}o‘h -er than 3.5 Page | Sohmcm 2. These properties are
described in greater detail in U S Patent Publication No. 2005/01 12462,
whi ch is hereby incorporated by reference. [0069] Separator nmenbranes for
use i rnC¢ll Comstructben angrMasufagtereof t en nmade of pol ypropyl ene, pol yet hyl ene or

ul trahi gh | ecul.ar Lght. bal yet hvl ene, w.th no t hyl en e| ferred.
e 1ORDY ot T thisatiBhElo RReniEy BnS A ol piabiectfirapE Bl

menbr ani elévtrodeassemblyhgy bey spifallyavound desigh,satieas thagshbivarin FIG piogiade t he
desired tensil Ln ort onal directjons. A singl S

pr ef erPeyi B‘grﬁ?tﬁ%igggéiggOtﬁ’él?".de‘hs‘{)?%?ré&rea“é’pﬁ@? SOPARALAT apug iagl“’lf"@}/é: i ent ed
gsgiyle;\g?ﬁgﬁ exitabe® BBHPHE eRBRGIALE MBI whéa WirdheisfloaipletoN&hlethont taler COTP. |,
of separator and/or at least one layer of electrically insulating film (e.g., polypropylene) is
generally wrapped around the outside of the electrode assembly.. This serves a number.of . ..
purposes: it helps hold the assembly together and may be used to adjust the width or diameter
of the assembly to the desired dimension. The outermost end of the separator or other outer
film layer may be held down with a piece of adhesive tape or by heat sealing. The anode can
be the outermost electrode, as shown in FIG. 10, or the cathode can be the outermost electrode.
Either electrode can be in electrical contact with the cell container, but internal short circuits
between the outmost electrode and the side wall of the container can be avoided when the
outermost electrode is the same electrode that is intended to be in electrical contact with the
can.
[0071] The cell can be closed and sealed using any suitable process. Such processes may
include, but are not limited to, crimping, redrawing, colleting and combinations thereof. For

example, for the cell in FIG. 10, a bead is formed in the can after the electrodes and insulator
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from EXXON Mobil e Chemi cal Co., Macedonia, NY, USA. Setela F20DH grade
separator has a 20 mm nom nal thickness, and Setela 16MVS grade has a 16 mm
nom nal twoOckrars194Suit abl e separators with simlar propertisesmrs4@l so
avai | abl e from Entek Menbranes in Lebanon, OR, USA. Cell Construction and
Manuf acture [00701 The anode, cathode and separator strips are conbi ned
together in an el ectrode assenbly. The el ectrode assenbly may be a spirally
wound desi gn, such as that shown in FIG 10, made by wi nding alternating

stri pseot afeBhiode, an%Qﬁ)@Fﬁk&rand%BO&%séé'ﬂ%? BRALAME thedeldded comaelsping Whi ch
Is extracted fromthe electrode assenbly when wnding is conplete. At |east

one | aandrventbushing) are placad iy the open enskefitheean. | Eheaell ds supparted atthe Psadiwhilel at i ng
film( - paly 1S n ' t he
el ect 1 B ReketBOPL SN e ARRRIAerlaBIRG AU Tnf BRp SR G5 | )
assenbofithe¢ capedboes thebdadrByreduved withch segmaniied solléthehold dhehgasketdgind wevarr of t he
assenbly to the desijed dipgnsion. The puternast end th epar.at or or

ot her *E?Eﬁ'%ﬁyf’? Plars '&Qé‘? Cﬂgygﬁ%‘ %@Ugl%wﬁmepﬁggm&tg%%elgtﬁu%ﬁéliq %}’gnf"é?ﬁe or by
heat sgahd (&t bidhih2dHAdRvEr2R vBR ball§s RiYéreddThiv the beshingidRealabie sgeptore infhd-| G

10, or the cathode can be the outernost el ectrode. Either electrode can be

in el eesllrdoven ABREleviconda terminad cover gra plagedrontayihe celhowsrihs cedlfover. end cuit s
bet wee e t AR5t S QfredR&hE | R&Vercan be
avoi de@emﬁeerﬁ?hg&%tﬁﬁsen%ﬁ &gﬁéctrgégﬁr@lt %%h% erfectroge that Is intended
to be assereblecRTC deviceamd tambinal dolvert dnd completf 0@ AedlinEnd thedpencead o thelansed and
seal ed ufhi ng aPy sui tabl e process. Such processes may include, but are not
i mit ety 58 ?!‘re'npi ng, redrawi ng, colleting and conbi nations thereof. For

exanjghg, fowidhiespealtd thecatilode, the cathodieisdodted baoEfkthllic fbiecwrdent adlletort he
el ectrodes and insul atorcone are inserted, and the gasket and . cover

assenblypicallnan sluminpnm fail with p thigkness betwaemn 1§ and2Q wy. asamixsyre whidhsanipins, o

pl aced, | . | sk ile
he. o pb B o e R B Bt

di amet and wralefficiencyaff thdrepating Fhis eeatirigecaeiats primaridivieticen disulfide(anddtsent ed

Ilet. to hold the gask nbly.in place i |
ol cot r B hEsERR IR e RTNTRES Lo Fd B baftiodTe f i tobdfe i sl

bushi nghe afidtuetothie cirenetél1datdr] oriesor iniuie cbedlictivé materialsBucthasgethl) gmaphite t he
aperture in the cell cover. A PTC device dand a termnal . cover are epl aced

ont o t & caghon blackpomdersadded toRrayide ypproved electrical conductivity to the mixtur

although the amount of conductor depends upon the electrical conductivity of the active
material and binder, the thickness of the mixture on the current collector and the current
collector design; and various processing or rheological aids that are dependent upon the coating
method, the solvent used and/or the mixing method itself.

[0073] The following are representative materials that may be utilized in the cathode mix
formulation: pyrite (at least 95% pure); conductor (Pure Black 205-110 from Superior
Graphite Chicago, IL, and/or MX15 from Timcal Westlake, OH); and binder/processing aids
(styrene-ethylene/butylenes-styrene (SEBS) block copolymer, such as g1651 from Kraton
Polymers Houston, TX, and Efka 6950 from Heerenveen, Netherlands). Small amounts of
impurities may be naturally present in any of the aforementioned materials, although care
should be taken to utilize the highest purity pyrite source available so as to maximize the
amount of FeS, present within the cathode.

[0074) It is also desirable to use cathode materials with small particle sizes to minimize the risk

of puncturing the separator. For example, FeS; is preferably sieved through a 230 mesh (62
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the top edge of the can is bent inward with a crinping die to hold retain

t he gasket, cover assenbly, PTC device and term nal cover and conplete the
seal i ng olvothm/apma end of the can by the gasket. [0072pcWuskomwessect to

t he cathode, the cathode is coated onto a netallic foil current collector,
typically an alumnumfoil wth a thickness between 18 and 20 nm as a

m xture which contains a nunber of materials that nmust be carefully

sel ected to bal ance the processability, conductivity and overall efficiency

of thquﬁp@}éeﬂ%efowuﬁ: drR FeRY nfelbel il Ied BF proRédskd agdestritsed ifliLS) Fatele (and its
i nmpurities),; bi nder that is generally used to hold the partlcul ate

r nat erﬂ@llgattqad& 2805/823824 Anwhish isiacorpeiatadbyireferense heriene fPthergathedeanix one or
nor e wder s
B A R Ca L L R e
t he artmamdndcsfmﬂmrpdmcleemealhqsedld&chmdmfﬁmreismri cal conductivity of the
active mategial d _bi nder C f the mxture o current

col I%9¥or a WQQ%W’ftEWt'S 8@?'1 gcf?g'f'e fléﬂ G?‘F? réﬁngfgylnéfﬂ‘i’eb?t{(;sé’étg@l ng or

r heol qftb&eRtes2dudh aé thade ralleedeREOSME cumgg drhmcaadoh fi rrelﬁmet,hoah@f sol vent
used and/or the m Xxi ngl met hod itself 073 he follow ng a

r epr esoating deseribagiia U- 2 Ratent &pphﬁgnone%a@l NpzHe 913n3 ldnwhichiShenld Pﬁblxsh on or

f P 10

t rom daist MbuaRYIL, 608 A is iSipotiagd By tehdpndORE belddl O JR A bl 10
and bmfdnangEﬁSessthmgesas d:sro(lsbgtraasimryebﬁgdtwnmalwta}'mextas%matymdamQ%BBI) bl ock

Fr om 1A iAae SR R MOt R S BT et P ARt 2 1

pr eserthe bcshnaFyo fimdve éhexdoventiRalehddtake caute folllté corapace augdoaﬁ@g, ehsﬂheul d be
taken to utilize the highest purity p%hlte squr.ce avalmg g s to

maxi i spategd il tothe desired madthand cutstripg ofhe, sliticathode pgtssia g TS“lefi ¢ngthy| 5o
desir eeus% quénsme%lbe&@ lﬂmrﬁi&e ﬂ{esemélkhbysaﬁééoveﬁﬁg bchoRkAS SalithBugl i ze
the ris puncturing the separator. FOr exanple, FeS is preferably sieved
t hr ougwsabm@ unhmtb@zsmntsonel@dmaanwcalswgsedmommwlpesm onger tocrolticpated or
proces § tE desc srel}e govlé S. Patent Publication No. 2005/0233214, which
is inc ?6% %&e'}}'xb Tt gra nceé herein. O her cathode m x conponents shoul d be
car gowd)| y Sefier@ir eondvtreht wyledtﬁwwodembm@ainmmabmhtsi thy résahirigi catHode and t o
avoid simlar partjcle-size-bas mechani cal failure issyes 75] . The

cat hod¥ripis,depsified glagﬁlﬁm?eéwgt%%lékertelﬁm cPRpRgth i@ﬁt%p%ﬁwverﬁ&%@ﬁ eofn

sui t ablight of the fact that this strip will then be spirally wound with separator and a similarly (but not

necessarily identically) sized anode strip to form a jellyroll electrode assembly, this
densification maximizes loading of electrochemical material in the jellyroll electrode assembly.
However, the cathode cannot be over-densified as some internal cathode voids are need to
allow for expansion of the iron disulfide during discharge and wetting of the iron disulfide by
the organic electrolyte, as well as to avoid unwanted stretching and/or de-lamination of the

coating.

Example 1

[0077]  Cells were constructed in accordance with the information contained in Figures 1 and 2.
These cells were cooled down from 21° C to 0°, - 20° and — 40° C. The cell impedance data was
recorded by sweeping the frequency from 65kHz to 1Hz after 1 hour equilibration at each

temperature.
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processes, such as three roll reverse, comma coating or slot die coating.
The nmet hods of coating described in U S. Patent Application Serial No.

11/ 493, 310 20dwvaalmoghoul d publish on or after January 31pCZAB300a/0043i6

i ncorporated by reference, could be used. One preferred nethod of naking
FeS2 cathodes is to roll coat a slurry of active material mxture materials
in a highly volatile organic solvent (e.g., trichloroethylene) onto both
sides of a sheet of aluminumfoil, dry the coating to renove the sol vent,

cal qiosigr thg c%ﬁl?hﬁ‘ﬂ)nfte'tﬂe ‘tcﬁnﬁé’lm%&oiyﬁehmdmﬁmékl atndtﬂmcmtaaduﬁ)ﬁlok to

t he de5|red wi dth and cut strips of the slit cathode material to

desi r eBHF e HIF, and DR supprossed thel cell QA V slightlynwiilethe edditien ef PCapd K&y of
reCOV%E]{o”lSIéX%BaéQ\ ﬁ’gié&‘i%ms%%ﬂé&‘ég '@hé éeu' 6c9°s§ '.ﬂ?éaﬁtl&oc fs'ds ELn(?l{th%rhad
sol ven I ncl eous S; I'n or coat the
cat hodfhghtlxh@hexc(bCNetHaratnﬂsmsmh(]ﬁl?ﬁ]t a&fv&eélr or concurr ent WI th drying to

renpve any unwant ed vents, .the esul ting cat o nsified via
o I T Jn g el el plmied mrspney the St fotun ey 1o B0k EviE (P B T oqe.
I n | ghtesentedthefeid @etvolundd ratibé Blefddd! 40 rarh kenifetuRPsaiidinit Blend ha® tHedowkdth

separator and a simlarly (but not necessarily identically) sized anode
strip impefgcmwhen asing Lél salteTHE apd dMeJdHeimpregsedimpedanen slightlydf thssolyant ni zes

ooy et seRtiGd RET BRO Mg TRUE, HBlvel, IiabfFenii Jehy Il PP AR,

voi ds RI@X+1dH42MeTHF bendsasing{phsadti dn cortrast evhien thre sdit3siswitached dirom hi to

wel | SRS A ety G da Bofeg® el i BEF B AR Racof ey ef 1 T
Exanpl @itodghQd Z]les%'de%re\éﬁﬁvﬂl WONSWEIVGAtB i hrﬂm@swr&@amry\mtmum kRelld, nf or mati on

contai ned_in Figures and 2. These cells were cool ed domn from2l Cto O,

- 20 amswlyzrble@ theredfests|of ignigassagiationy HHaweyss thecasbonate- gyd aciiateibasgdt he
frequ

terpor ais GOh Saifik RighkEinfiuce iy, A LR AL ERI TSP ine b o
DI OX ainddQﬁIElicathgtlmﬂdiscosm mdy flkfa S@Wﬁ‘ﬁhﬁtrOMVEdUP suppressed the cell OCV
slightly while the addition of PC and EC into DI OX-containi ng sol vents

i ncreased the cell OCV significantly. Cells using Li imde had slightly
hlgherﬁithéban cells using Lil salt as well. [0079] In terns of cell ohmc

| npedance, the control |ot u5|(9 65:35 DIOXrDVE (all rati
[0080] A signature test was conducted with cells from Example 1 (mcludmg the cooling

regimen described therein) being continuous discharged at progressively lower drain rates, with
standardized rest periods after the cutoff voltage (for comparison’s sake, both to a 1.0 and 0.9
volt cut) is attained. The cell is then tested at the next drain rate and test is run until complete.
However, for the initial 1A discharge, a short current interrupt of 100mS for every 1 minute of
discharge was used, during which the cell ohmic resistance can be observed. For all the low
temperature tests, the test schedule also has a 5 hour delay built in to allow a minimum of 2-3
hour dwell time at the specified test temperature.

' [0081] Figure 3 summarizes the service on the 1A step of the signature test at three different
temperatures (21°, - 20° and - 40° C). When the salt was switched from Lil to Li imide, they
performed the same as or only slightly worse than the control solvent lot. This is mainly due to
the higher ionic dissociation of Li imide in the ether solvents than Lil. At—20° C, the
carbonate and acetate solvent blends gave essentially zero service on the 1A/-20° C test. At -

40° C, the majority of the lots, including the control (lot 1113), did not give any service time.

Page 19



presented herein are volune ratios bl ended at roomtenperature) solvent
bl end had the | owest inpedance when using Lil salt. THF and 2MeTHF

i ncr easedworrpaxdamme slightly if the solvent bl end cont aPogdsb@vhoBuOX and
DME. However, inpedance was very |arge for THF-DME and DI OX- THF- 2MeTHF

bl ends using Lil salt. In contrast, when the salt is switched fromLil to
Li imde, many ether solvents that do not work well with Li CF3SG8 and

Li C104 and even Lil (although to a | esser degree) will work well with Li

i m de Ambhg {HRMoRthdt@id/show dHol Reile! the sBREM BlendsEeftalning THF SferétHebedifini ONi C
associ ati on. However, the carbonate- and acetate-based sol vents gave

sonmewhgmsefgtyerall ifpperformaned@i? 13m20dand 10°di.her - based sol vents when usi ng
Li idse, iQRgi ' i ' L ani fi r .
Bl [ GaEReb bR THE PR o B bR as BRI AT,
(1 ncl udMiy 2Med Hioardi DI Prie ¢gérms of dalsingithe suddbe skaitddwib ssueg assooiateduwitis the

di sch _‘fhgi %)rogr.essivel. | ower drairC] r teqs, W th standardi zed rest

per i odate tettipad impigwine, tinedgmencs erdemmedetasfrate 8ia - 405th (o a 1.0 and
0. 900831t CUtor Lii smidelsalt, tRéluse T HICInhproSed the PeifEifidide 8h 1ANBONEXdst itBbi I at e
and test is run until conplete. However, for the initial |IA discharge, a

short @ysipgaRy negative impachben theperformance bethyat 20fand t 20°43- Theselysntddendss used,
durin ' ] € | .S : | ow

t orpor ST SN iPlow AN forl SF1eEh B R6ReE B 3% ARRAFHE: B okl S B2, 11

al | ow lgkehy duentorthelessteidenoy pf wnizl dssdciatndor Lihimidpthan fordd] saltsin theTHEmad ur e.

[ 0081] the service on the I A step of the signature test

= 5 :
at thr@géﬂﬁfgﬁt@ﬁm{%@sg’mﬁsm (21, - 20 and - 40 C). Wien the salt was

SW 6pBAd f rTH® datBonh@- hid Adtatebaskd €)ecRElyied) WRieh iifrovadtheasw @mpithures| i ght | y
wor se than the control solvent |ot. This is nmi niH_y due to the higher ionic
di ssocreatorpancsrof Li-igmeedls, shawes abysmad perfeympangg i kiffe$2 A4 cellgeven at-20° Ghe

car bo : | : I rvice on the 1
S0 ey SRR EBRINRR] relioiESEDRYEEs O Ml oS Ehemel U1 0O PR
(1 of008s}13) , Figures A throggh/ 2 ilbustyrate detailedsighatereAess dgtatfbmeal| lotssat 24 +2@j ahdshow good

Servi ey sal yvent bl ends_cont.ai,ni ng. THE. wer st.in ter.

over o1 10" G esp R Rt BrS e Snc OB ool oLt Ry S0 Wi bard oo, ¢ o
THF wethe eltetndliyfes echlaged tiindDS1-20 jedlrslisngassiely godd éxgeptdobiat €14, ohidE, 2MeTHF
and DVP in terns [ t he sudden. shut down i ssues associated with the

T - a0kt Dt Tabdisaain A 005 RN TPHEANET O sobant ke The e oot at
400 C. performance was very insensitive to the solvent used as can be seen from the gradual

convergence of the discharged capacity towards between 2800 and 3000 mAh as the current

was decreased to 10mA for all Lil lots except for lot 1114, which may have experienced

problems in its manufacture. All Li imide lots showed performance equal to or slightly better.

than the Lil control lot. At -20° C, none of the alternative solvents improved the performance of

Lil and Li imide electrolytes. However, at -40° C, some of the alternative solvent blends

significantly improved the performance of Li imide and more so of Lil electrolytes even at low

drains.

Example 3
[0086] Further tests were conducted with cells from Example 1 (including the cooling regimen
described therein) but this time with Lil electrolytes using DIOX:DME:THF solvent blend with

optimized compositions for best performance at low (-40°C) and ambient temperatures.
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[00831 For Li imde salt, the use of THF i nproved the performance on 1A/ -40
0O Ctest without causing any negative inpact on the perfornmance both at 20
and - 20 wo 20teen1sphvent bl ends using solvents with | ow eatriuseomwom3sel vati ng
power such as 2MeTHF can performwell very, likely due to the | ess tendency
of ionic association for Li imde than for Lil salt in the THF and

2MeTHF- cont ai ni ng et her solvents. [0084] The carbonate- and acet at e- based
el ectrol ytes, which inproved the | ow tenperature performance of Li-ion

cel ligos7)s hOWﬂﬁe Y fhis B8RS déﬁ%@trét@ a#hﬁ&&ﬁ@te&ﬁerfe? t b -40P€Mhs@bmpared t&,
Ilkely due to the formati on of very resistive &%llers on the lithium

anode Bravipugieachingsdep., seegfasence byhvlastugde ef al. UE&s]t3r1a2 det ai l ed signature

tes ta f Aol are
o8 ” e Bhvent Ehipdliohd werd il il Disigl Bhertd B B0 721 3 B e

el ect rBdsgjlas. Thad, theet fotHowmigroptim@l solent ebhpond;dmmﬂempbasys @ointpreving pow f or | ot
1 1 14, which us 0.75 Lil S THF sol vent
bl end. terREaREnpeTaRts obhEsibEas SL3 T, DK E irid DN ard 188MITht used as

can bergpen fromthe gradual convergence of the discharged capacity towards
bet ween 2800 and 3000 mAh as the current was decreased to 10mA for all Lil
| ot 4908%c e pt Mpesr genenally.ithe rangp o€ splvienf compesidgnsdhat car sel ve the b Qs ‘spdden; s

manuf agdybs 3 Gb}g% [RINCER, dghtly
better %a ?’?‘ﬁ%‘*‘ﬁ'“‘%@%%@%ﬁ%ﬁ égnone'ofaﬁ?@%{uﬂgfgnoaﬁ ve sol vents
i mpr ovEkkse Imlupnewémlemmmd fybémlai serienof dx'peniimbute, deceaented yit Bigurelowever, at -40
C, sone of ve. sol v. nt bl e |f| cant roved

o AP ane BRI SRR it D Tee Tufta ot irofany Lt BROUES By ar ai ns.
Exanpl BME (idHik Tlékbrtégaﬂic) {26 hiSo wsrsﬁ;l@ OSidUE thefFk.ivhb Buddeh ldeathigne Branpl e 1
(including the cooling reginen described therein) but this time with Lil

el ect r'@?@? gadt in DIPK: blondts, PIRXSBHE sakven systamspsing bpimide 28d THE RS t i ons
for begheP6f {RSIRDGE Jrﬂ&‘eﬁpré@erQang@gf 415 Q?T rﬁf@ﬁ&%&%ﬁédq%%gga The
ed ‘benefit ‘on -

cells |n this exanpl'e denonstrate an Gnexpect
conpar €d7% wt.pe eipossible eibdnbalg:ce(oé sgch, systems vefubd BnDEOXy Fiktbernsdppastingl . JES,

131, 2 1 00 Ivent corrp05| tions were optim zed using Design
Expert%%ﬂ \fjé’ fﬁ'ﬁldfnt}% y Stat- Ease, Inc. Thus, the follow ng optimal

sol vent conposition with enphasis. on inproving |l.aow tenperature perfornmance
of the cell was 57.3 wt.%DIOX, 23.8 wt.%DME and 18.9 wt. %
[0091) Features of the invention and its advantages will be further appreciated by those
practicing the invention, particularly with.reference to the Examples, Figures, Tables.and other.
information provided herein and any patent references above necessary to better understand the
invention are incorporated herein to that extent. In the same manner, it will be understood by,
those who practice the invention and those skilled in the art that various modifications and
improvements may be made to the invention without departing from the spirit of the disclosed
concepts. The scope of protection afforded is to be determined by the claims and by the

breadth of interpretation allowed by law.
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THF. [0089] More generally, the range of solvent conpositions that can

sol ve the -400C "sudden death" probleminclude DIOX at 25-70 w.% DVE at
0- 67 w . %endiofitiFat 10-80 wt.% These val ues were extr a&cram20000M3a0 Seri es
of experiments, docunmented in Figure 8. [0090] Binary DI OX- THF systens,
either entirely free fromor in very limted anounts of DVE (which is
Teratogenic), are also possible. Since there-is no sudden death issue for
Li imde salt in DI OX DME bl ends, DI OXr THF sol vent systens using Li imde
and THF in the range of 10-95 w . %cpdfMsa nore preferred range of 35-85
wt. % and nost preferred range of 45-75 wt.% are possi ble. The bal ance of
such sha2iBys woul d be DIOX. Further supporting data is docunented in Figure
9. [0091] Features of the invention and its advantages will be further
appreci ated by those practicing the invention, particularly with.reference
t o t hel.Exanfh electrochBmipat eal cohgdrisesg: and ot her i nfornmati on provi ded herein
and any patent references above necessary to better understand the

i nvention are i&%ﬁ‘ﬂﬁ?%ﬁé&"%‘éﬁeﬁ’aﬂ"{%ﬂ?ﬁg egg’t ent. In the sane manner, it

wi |l be under st ap@dp RiverlsbAm thdiperend | ce the invention and those skilled
in the art that various nodifications and inprovenents nmay be nade to the

i nvention wi t howjeagHelactrades assemblyddispepad inside of the centainen deejeledsrpdept s. The
scope i a i ! : i by the
by onat BerIf Eiaptiffe "o B ohdels BeenahPOFTRRH, B Ehfrkb AR BY

el ect rathvdricomsistinglof a oirpPomprisigg a@onductangds biodér andat keast80 wibsiofigroan open

i s po it A€ AT T nac o S B ofiRor A poteeer Eumind B AR an

anode fdnhké &dthdde; arissentially of lithiumor a lithiumbased alloy; a
cat hode consisting of a m x _conprisi n(I:;. a conductor, .a_ binder anod at | east
80 wt.% of iron aelestolyiehavdng 2epluent Slead sonsidingspsentipghly eht0-2yMt-&eehor; and a
separ akeinydrsian aHd BRIWGER JIrS-aiBRAGnERHY 4 Ruté 31BALPiroANH Ryt €
havi ng a s}gl vent %ﬁ?e?g consi sting esgenti a{bl y g‘% 10- 9(5) wt‘.3 70 8 ¢ Stlgtglg

of: lithium imide, lithium iodide and combinations thereof. . .

2. The electrochemical cell of claim 1, wherein the solvent blend consists essentially of
35-85 wt.% tetrahyrdofuran and 15-65 wt.% 1,3-dioxolane.

3. The electrochemical cell of claim .1, wherein the solvent blend consists essentially of
45-75 wt.% tetrahydrofuran and 25-55 wt.% 1,3-dioxolane.

4. An FR6 or an FRO3 battery comprising:

a cylindrical container having an open end;

a top cover sealing the open end;

a jellyroll electrode assembly disposed inside of the container, the electrode
assembly comprising: an anode consisting essentially of lithium or a lithium-based alloy; a
cathode consisting of a mix comprising a conductor, a binder and at least 80 wt.% of iron
disulfide coated onto a solid foil current collector; and a separator disposed between the anode
and the cathode; and

an electrolyte consisting essentially of a solute dissolved in tetrahydrofuran, 1,3-

dioxolane and 1,2-dimethoxyethane.
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tetrahydrofuran and 5-90 wt. % of 1, 3-di oxol ane and a solute selected from
the group consisting of: lithiumimde, lithiumiodi de and

conbi nat iwotomasmaf. . 2. The el ectrochem cal cell of ecaiusedoy/owdses ei n the
sol vent bl end consists essentially of 35-85 wt.%tetrahyrdofuran and 15-65
wt. % 1, 3-di oxol ane. 3. The el ectrochem cal cell of claim1l, wherein the

sol vent bl end consists essentially of 45-75 wt. % tetrahydrofuran and 25-55
wt. % 1, 3-di oxol ane. 4. An FR6 or an FRO3 battery conprising: a cylindrical
cont ai ner having an open end; a top cover sealing the open end; ajellyroll
el ectrode assenbly di sposed |n5|de of the container, the electrode assenbly
conpri $i ng: Thebastencef claimsd, scherein thesehute isiselected fiom the grauprcoasistingfiim based

al | oy; S| sing a conductor, a binder and
at Ieah&ﬂl@gmgaltﬁ@&l lf)(a){[rctiE |S§$?ﬁ3§1&é‘5§ﬁg£&%nto a solid foil current

col | ector; and a separ at or di sposed between the anode and the cat hode; and

an ele troI te consi entlal a solute di.s

ot rangr of IRSHHOR of SR, SIMea e F o TR SHARLO L IS SigKelans, of
clai mghd M@Jarrﬁétﬁowaﬁ.aﬁ@w e kSlufeRlonSikB @sdehRily b¥aitBiuALii8ANSI Sting of:
lithiumimde, lithiumiodide and conbinations thereof. 6. The battery of
claim5, wherein the electrolyte consists-essentialty of-oenly 1,3-dioxol ane
and 1, -d| ahl%fft mli‘ﬁ g:lSﬁf;Q{d' | um

i m de lé,»)l ery o aﬂq%h%&%%ﬁ’%v\%%?&gﬁ@ Zattzaect ro '?fdeft aaglglgllt Iﬁ}%}ast 30
wt . % of tetrahydrofuran 8. The battery of claim?7, wherein the electrolyte

oS TR | b B U P B L Bl T et

wt. % of 1, 2-di met hoxyet hane. 10 An el ectrochem cal cell conprising: a
cylindri cal _contai ner havin N%! pen end; a top cover sealing the open end,

a j el | 9r ol | Thy kateprfelaimsh epﬂlwtf@ﬁtﬁ;gelxtmlﬁ@haw leagtAbwhtonfdet, t he
| ect t tially of Iithi
el eC I‘& ﬁ,lﬁfﬁﬁagﬁm%wg 2- &%M@thgﬁé'lm sti Nng essen i a y O i I um

or alit

10.  An electrochemical cell comprising:

a cylindrical container having an open end;

a top cover sealing the open end;

a jellyroll electrode assembly disposed inside of the container, the electrode
assembly comprising: an anode consisting essentially of lithium or a lithium-based alloy; a
cathode consisting of a mix comprising a conductor, a binder and at least 80 wt.% of iron
disulfide coated onto a solid foil current collector; and a separator disposed between the anode
and the cathode; and

an electrolyte having a solvent blend consisting essentially of 10-95 wt.% of
tetrahydrofuran-based solvent, 5-90 wt.% of 1,3-dioxolane and 0-40 wt.% of 1,2-
dimethoxyethane and a solute selected from the group consisting of: lithium imide, lithium

iodide and combinations thereof,

11.  The electrochemical cell of claim 10, wherein the tetrahydrofuran-based solvent is
selected from the group consisting of: tetrahydrofuran, 2-methyl tetrahydrofuran and

combinations thereof,
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cat hode consisting of a m x conprising a conductor, a binder and at |east
80 wt.%of iron disulfide coated onto a solid foil current collector; and a
separ at orwdi2epuaed4bet ween t he anode and the cat hode; amdTas:@becisnol yte
havi ng a sol vent bl end consisting essentially of 10-95 wt. % of

t et rahydr of ur an- based sol vent, 5-90 wt. % of 1, 3-di oxol ane and 0-40 wt . % of
1, 2- di nmet hoxyet hane and a solute selected fromthe group consisting of:
lithiumimde, lithiumiodide and combi nations thereof. 11. The

el ect r prhenTiedlect@dcheritaldeBiofclhiin 1M Whétkih thé ElebtfdlyRlMVEY AftuhddddB3ed sol vent
is selected fromthe group consisting of: tetrahydrofuran, 2-nethyl

t et rah‘}‘memy%thaf&nd conbi nations thereof.12. The el ectrochem cal cell of
claim1l, wherein the electrolyte does not include 1,2- dinethoxyethane.

13. The el ectrochem cal cell of claim11l, wherein the electrolyte has at

| east BD wt Tké elextroahgmiicalfceH afi claim .1 1,Tiwhereineth¢ electhdytiehas atdeast 30fwtébai m 13,
wherein th el_JHect rolyte includes 2-nethyl tetrahydrofuran and has nore

2- et ht)';fralfy(éf? Wdr of uran, on a wei ght “percentage basis, than
tetrahydrofuran. 15. The el ectrochem cal cell of claim11l, wherein the

el ectrolyte has at |east 40 w. % of 1,3-di oxol ane and at | east 20 w. % of
1, 2- di Het ho];lyeeqlmé}_\emncal cell of claim 13, wherein the electrolyte includes 2-methyl

tetrahydrofuran and has more 2-methyl tetrahydrofuran, on a weight percentage basis, than
tetrahydrofuran.

15.  The electrochemical cell of claim 11, wherein the electrolyte has at least 40 wt.% of

1,3-dioxolane and at least 20 wt.% of 1,2-dimethoxyethane.
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