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| NVENTI ON [ 0002] The present invention provides one or

nor e proceCROSSREFERENCETDO RELLAEEDAPPLICATKONS i de

(FeS ), and particularly FeS having a pyrite crystal

[0001] Sﬁﬁé«'%&ﬂfcﬁtioﬂ— ReenPit1ed &' the BRHEM dfARd FDPpITaRY b @&fefence essential
~ cathode conprising synthetic FeS and an

subjectanatter disshasei tmPrdyasioral Patest Applieation Nay 076973 filed on September
28. 20 t hode. BACKGROUND OF THE | NVENTI ON [ 0003[ Lithium
’ atteries (batteries containing netallic lithiumas
the negative el ectrode active naterial) are becom ng
i ncreasingly popul ar as portabl e power sources for
el ectroni c devi ces tHgf D@rerdt aivRRBDNPEr ati ng
requi renents. Conmmon consuner [ithiumbatteries
iacl ude |ithiunl manganese dioxide (Li/MO 2) and ..
ooon) Tl RSP ERTRRR 856 pr EBE Bpedatd A prtoc{ifsypthetic iron
disulfilea(Fe S0 srd partivalalf Fes, Rivisz Hpi@ clystal sGutGird ETheprebent
. respectively. [0004] Battery manufacturers are )
inventign atsppneyifdes & egthedagpmpyisingiygtheis Fe8y andsangleetreghemical battery
l.schar hty. This can be acconplished by
ceuco%?ﬁ%n fgﬁbg?ﬁggé%lune in the cell taken up by the
housi ng, including the seal and the vent, thereby
maxi m zing the internal vaolune available for active
mat eri al s. WMVBACKQEWQ%IH&MNWWt ations on
t he maxi muminternal volume. For exanple, the Li/FeS 2
(0003] dlithtum dattemésbhtteriastcontaining inetalliglithiwm las the negatieaelectrode

. upon di scharge and the formati on of r.eaction products. .
active HRBallaif PEGRERE Rereatinghtbdles ) st Ue Sober S dhe 1og pRetronic
devicey hat ha el gl pSWEMBEAdtRh e bifdindnis: F Cahifon doBS\HAdr IARRIMDBAtteries
aﬁ&roach to increasing discharge capacity is to nodif

include iiurmengancse dianidrdiidnQrendiitisnmiren dipkfide 6LisBeY:) batieries
. | ' | ' th
which REVEHIREycidkth 8200 BER Il poEBTL eBelely- 00 e by

[0004] tButtebainhfifaCtirerk-are chaving£lB seivihg te@desdgybitteries with more discharge
.requirenents, the quantity of active nmaterials tends
capacityo Tihis qaprie acrpplished byipinpizing thg olusssiniihe gelhiafan up by the

housing{giﬁ@hfii{;}g%é E&'FE:E&Ii f}ﬁ_\%? AL Pmakiligihg @lgé ﬁ%exﬁzﬁ'l%hlhﬂe Béailable

ortant. ium’batteries are-often use
for actilve giat¢riale r Hdeeveargtheresara peactibalylimitations pathemakimum internal

volumeg Té(glﬁalé%g)tg_le? It}Ic’eCﬂ?IE e%% e efc];rlogtlle%lnl(c:zliles‘;"stgr% rQISI.ﬂths i %V\\%liume increase upon
discharge and the formation of reaction products. Thus, cell designs should incorporate
sufficient void volume to accommodate volume increases.

[0005] Another approach to increasing discharge capacity is to modify the internal cell
design and materials. How to best accomplish this can depend at least in part on the
discharge requirements of the devices to be powered by the batteries. For devices with low
power requirements, the quantity of active materials tends to be very important, while for

devices with high power requirements, discharge efficiencies tend to be more important.



[0006] In general, battery discharge efficiency

decreases rapidly with increasing discharge power.
wab@peiase, for high power, providing high di SBOEHU§®08/011041

efficiency is a priority. This often nmeans using

Llﬂuutgzagil%lqsé@?% 2l gq{x é)lg@rpq%d%}?\xggtf{%a ?llPegfvgr% g{{pZable of excellent
dlscha@b%fﬁ@é&eesdfgh P@ﬁ:@} @ischargh interfacial surface area

bet ween the negative el ectrode (anode) and the
[0006] JBLen¢rale beﬂtmtdrssb@rge cHfidienty)decrepsasirgpidlyowith énayeasingedisgharge

I
poer e FFE SEHER ponl oA bR R BRARy N Sl
often nna:nsl tgsuig lsesllgred doyltetnl?ug (vesle |ae?'¢rd ngdenalssﬂmb |salcr1ﬂdithg!pahty on low
atli ve on 1IN electrode re woyn
powerIr : lovnate alﬁclalr&eoulfor CHAMpLSs htahén@rfséenaf éfﬁ?gger\t/?e@ﬁbe
negatl\téae\{éactl%dg %d zﬁfdt §6£1t19991@9&6de cﬁﬁ'lodé)l{‘afﬁtlllvg Bthe V3liine of the

electro require a current” coll ector
electroded is ﬂdslr@leaﬂocmblenu gbodhighlpowee ldg;bhargn dffwiiettcly. dhisikeften

el ectrode. strip... The hi erf acj surface area,of )
accompben PE et g acelrall e gonas Heotik assgnals up thish gFiafigigddhg thin
electroﬂ§ st?i?@ drdwbthdabgghsd il dofl. ITRKsARE efebﬁo&o&hﬁ]ﬁdéﬁloﬁg Have a high
ative electrodes fromeach other. Because the

elecmm;wndumlm snelulongi thimelectnadea typicdllyanquiee a farent Iqellector

extend&%le?g(idgorsl {:lhh St tgsgeﬂ;gﬂg/arg{m@ﬁ Pﬁ&ﬁ? ieo%rﬁag a{ﬂh % r;@‘,?zh? Mterfacial

surfacd 4164 8Pk REcirb@esall &Finkattahatthérelseparator mutdragd & me@ed & dléctrically
means havi ng to reduce the anmbunt of active el ectrode

insulatgrsheepasitive anf aegativie elrstigdesifromaoly pthredBe¢avge theimaximum external

cimenf 5 LG O Suh0 13 80 D B Y o e
batteryl ddngjagtaténtsin eh@ibfheht Ghcréddihd e efewode it&fidid @ulffWe area also
batteri es i ntended for only high power use.

means bavingterednge die amonntof agtive eleptrade materigisthst Q?thF disehs
[0007] Zige%ghigx%gc?ﬁ g?l‘teg‘ﬁafég‘?lgf.“ii {%119 Br Y\?ﬁlaﬁﬂﬁ’i&é I%a éyff&mance is

st | canera as
less degieabde fir batgriesahatand mtémied Ady lmth high amdJowtpoatek abd then for batteries

) Mh i ch djn. .
et S B LA TSk TR ED s
are intdHRIEH Brafe l?ﬁ)hﬁhlﬂo%r Qﬁﬁlﬁ:"atlghssﬁﬁﬁrag %h%hhﬁi H Ffw@tlﬂ%la}nera as

I nput capaci ty. I's generally desira
well asngexkral raplackments efolt AAdseze hpwoltedipdior 2n/MnOa hgtterisis] whichare often

used ] 58 e Bk HE S8 S B0108 palh ek Bblhien pover
dlscha!%te?ﬁéléﬁcy' 'Jﬁﬁl&:ﬁ input kh}ﬁacﬁ?' iwRdit 1§ dengallle debieatdd {e@hsimize the

ereon Of increasing the electrode interfacial
electrode irfpait eapacignin 4ny qedly theaelative importance of deing 69 i greager in cells for
lower teerrlales that take up as little internal volune in
RRET &8 as possi bl e. There are, however, practi cal

[0008] | TdminaRini@é thetadti GOmagriaDinphiz€n Wladrﬂrmﬁigﬁtﬂtﬂe bffecddihereon of
to withst and the cell manufacturi ng processes w t hout
increasipg,thg electrade ndgstacial surfateaueal itnay, bp Aesiale tadisesrpagator materials

that tal&:I lfpcésr lﬁtﬁ@ hntéx%ﬁluxllo%fng% the cell as possible. There are, however, practical

limitations to doing so. The separator should be able to withstand the cell manufacturing
processes without damage. The separator should also provide adequate electrical insulation
and ion transport between the anode and cathode and, desirably, do so without developing
defects resulting in internal short circuits between the anode and cathode when the cell is
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and ion transport between the anode and cat hode and,
desirably, do so w thout devel oping defects resulting

WO poovisephal short circuits between the anode BETUS2008/011041
cat hode when the cell issubjected to both normal and

s S o P 3R o, psporion,

storagepmﬁpm”etl es can be m)dlfl ed in a nunber of ways to
I mprove the stren and resistance to dam

[0009] ESEPAAIIPraptiss gaa r@a difigd in snumper of\ways tg @B&ovme strength and
resistaflceX8 Stanthge g %ﬁgle? %:egdlea 818 02s 33, N#“ 5@3231% S@Gk‘ 742:

I nCor por te el n y rererence In t hel ent
5,667,9blvwndet,602; 525 gﬂﬁchmnd:e:atlmncnmoeai&teherbmdngleferm in Ithmr entirety.

N L A TR U M T I —
based 6h Bidr®SRhIRSidd réxﬁﬁﬂlef 641 Hefiistrif @lectrBBOYEREL atd f%gtures cell
process, | ntended use, ant’icipated storage and

manufmmg)pp@pcssongended @ell psfo gajcqxucd storaggiand ge¢ ¢onditions, etc.
tari maxi, n zi hg. t.he unts .of .a
oot01 XA ehPRis ks Madinti2ine Uit ot pf Atie Mptprials in the cell
can belmdrdidiffichitt trielith®em batiéries! Wherthela¢ve edthedéamareiisl readts with the
... reacts with the lithiumto %mduce reaction products
lithiumy g, praduce reastion preduatehayinga wialveliang grgatepthapiibat of the reactants,
swelln%(gﬁbgglteé (o} e"‘@s&ﬁmﬂﬁl c?%%é&%dﬂo%%?&% 1$ﬁ§eeéml. YTHeEERNES can
rona orces ’n e cell. eSeé Torces can cause

cause Bulpiniof tief cellNeousiigland hisit dgcuindhrigh thecdepartatdrs A possitddisolution
the separator. A possible solution to these prohlens

to thesp mcrh!faa% 11\9&44@@ uglpg steng (oftep thicksry materialefor ﬂ}eaqe§ hoyping and inert
compobsgﬁts W‘?ﬁlh QU3N gjsﬂ%dﬂ'nf&gf afeﬁgﬂo vy Vﬁﬂtﬂ%ﬂltﬁﬁ?ﬂféqh{emal
I'ng thicker a

vvevef urther Timts
volumé atalabll fov attiveemarerials abtalsfwith achiactvermateriab compared to cells

cells, with Suchatlv ared tq ceJls ..
with loyyer yojumgreachin pro P%&%Wﬁ%ﬁ@é Mﬁlﬁpé@iuﬁm disclosed
in U. SCFAtl ﬁo 4"‘3‘?’9 9135 1PR)SI§dl£Hc% cambid éﬁﬁms&ih 2A4 8864 ddtrkktion by mixing

I's to bal ance cat hode expansion
anothea actl\@nn@ten@lomth &@th“ eSo. Bychactivagathnde meterialstinelade CuO, Bir O3,

Pb2B12 % Q%é ne tfx?q%ﬁ%eé? l'%cIi-[oaC\l}ggit[yeéead at h T agﬁt errnaiaerlals to the

cathod@‘niﬁkﬁ&@&aﬂ 4TRce e el&dMEal @hd dﬁglﬁjdr@é}cl%m&ns@&& b¥ the cell.
materials to the cathode m xture can affect the

[0011] glustasrhattaty marnfactyrannargsontinually teingto impreve dipehargsl gapacity,
they a:%%?s%lég E] ﬁ&z}ll a&orkf(% t%r me%tﬁ‘e%tb%{tg f/chg{aﬁtee?@ﬁ& 0 Agysafety and

rove ISC arge capacl are"a

reliabiligy) iriaRifigl dels WK kddihtdn® td inperaalahoit kircuibadah @oitribute to both. As is
characteristics, such as safety and reliabilit

clear frpgk thebes discyssian, ehasiest made dem?\@rrﬁaptag%ﬁotmémaé ghars circuits
can begzﬁﬁnt&g)%c{dcﬂ% hx Rt ed%%hbx%e‘&g&ityf romthe above

sl on n es na resistance to
[0012] | THeepyriaé osiron tllsulﬂdEL(FéSg) tpamclm utitived Brgdeabehérmical ¢ebl cathodes

MR RIS SO T
particl? kg€ bE @@Bﬁ}? fifidrofié! 'i'h BhdHREEST thE hegmtﬂ RifRIdd b el r¥§<§i|1v1ty of the

rom nat ore which i's crus heat treated,
particlelr withrairland mastare. As the particle size is reduced, the surface area thereof is
increased and is more susceptible to weathering. Weathering is an oxidation process in
which the iron disulfide reacts with moisture and/or air to form iron sulfates. The weathering

process results in an increase in acidity and a reduction in electrochemical activity. Small
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particle size of 20 to 30 microns. The fineness of the

grind is limted by the reactivity of the particles
WaWRar/0#205 and noi sture. As the particle size iBCT/US2008/011041

reduced, the surface area thereof is increased and is

.. hor.e, susceptihle . hari.ng. ) hering {s a ey
pyrite §3ifies FRT Eetabe SufiRieht et AtiRg oxaRbe e hebealbus fires within
the prodkdsihg@pesdtione Iesicdiglfidé partieles @idhav®beenliltilize@ $n cellR@an have

weat hering process_ results in an increase in acidit

particlegsizes that @pproagh thefinal sathpde-enating shickrass of agout 80 microhs due to
. L [ L al. enerate sufficient heat
the 1nc§ﬁ§¢%§éf%§xc§t§l§€?%’n}n?lgﬁggﬁcg:gs hazardous fires within the
[0013] PTleCcdrs Milighgoprecess iof iron ldisnifidd is wyfically peafoimed &g atrhiaing company
.have heen utilized in cells can, have particles sizes .
or an iptgppedialp MhEsin darge angnnitics gt matesiat arghredpicedi dRp gracessed iron

T SIS O 0hd edo
the battarp indiissyl Thos dusing yhei stadage peréod, tienabe vieapotednixidatipn and

conmpany or, an inte di ate erein_ large.quaptifLies aof .
weathegiRedr i andr B AL BEErogtio NP EGrs Y 16 o iR iRarfigle sizes
can im?_Qét RR&R s RB duPRdabdridéring, Vatéing QubstratecisteioRSEbRY 18 ubstrate

Ime before it can be uSed by the battery industry.

bond didruptiond as el as failusesofiremseparatondamage: above- not ed
i dati on, and .weat herin ccur, and the materi al .
oora) it e gL oS Al LB A B i AR o Famppeifes. In
particuldrZ RftufaP Py ilRPsitalBf SSiRSASMeILbAscASnipatieBsledrtaifing metals such as
causi ng substrate distortion, coati gig to substrate

Si, Mnp &hCadiCax, dipt Asranddso. wlmpurities aeg balicwed fordpereaspimputsgind contribute

oo ESEn L P RERBLEAR L5 L St Hetbpusie

are sol@bletin €hél roh-aquebuy électilytetafd dypositedn the aogutiaeRtectrode as dendrites.
net al - based 1 npurities containi n? netal s such_as Si, .
The totgh congentratipn of yaripys impurities dn pgfurg iptite; Qe yaries fzom lot to lot, and is
' Hs,e,g .ease inputs and contribute to problens
Oﬁenaggéc tea\af\)gq% %?oe na%lggﬁorti ng and ot her defects in
[0015] DSytritlesticeyyritSvasebeeh nidnafactyred,iahd asayabecprodhiaeld |having antaverage

. ,hon-aqueous_ el ectrol yte and deposit.on the negalive
particlg F’é&?ﬁia BN H AR Ve may Porodiesd Vb OAerage @pgﬁw size on the
I . . -
order c%fgfdst i ahoblets I'Whilé E{reﬁﬂ;étg PArite¥ad Bﬁpl%ﬁﬁcéﬂad'vitﬁﬁttfer dri]"ﬂo metal

ot, and Is o | east about 3% by wei ght.
based inQifitBies Sy fuuindtin oatuyal ipyeteh agnthesirpyrites typically eontaiaritbnsafides
it 9 PR For g R R, AR ik o 5 Bl HPR R
(FeS). STrafsuMidd MEpR{tRS in Pyrite @y Ao PERPIBERES as FBS /R |.,S (where y = 0

synthetic pyrite can be@Sproduced with little or no )
to 0.2)pandéortFeSes Aspsed hirein, BeS ennompabses kgbuFealySphaSipeand the like.

s o8 R RSB e s
capaciti®y dridfor ¥t capalis@TIaFeS) edls. sul fide (FeS). Iron

sulfide inpurities in pyrite may al so be represented
as FeS, Fej.yS (wherey =0 to 0.2), and/or FeSu. As

used herein, FeWWTHE%VﬁQ%IdI@' FeS 1 , and

the Iike.
[0016] The present invention provides methods/processes for forming high purity, synthetic

iron disulfide (FeS;). The processes provide synthetic FeS, that has reduced levels or is

substantially free of impurities that can affect the electrical performance of Li/FeS; cells.



FeS species are lower voltage materials as conpared to
FeS2 and nay affect the di scharge capacities and/or

wo 2a000/0¢2pabi | ity of LiZFeS cells. SUVMARY OF TRET/US2008/011041
| NVENTI ON [ 0016] The present invention provides

The LI GRL AP0 A bR Bl | P ghtof U Bt anr
less thayL%h:@th_ﬁgliEleﬁo?lk@ﬁmb?ﬁt_iéﬁﬂnhe_d%ﬁdﬁbm'iﬁns. i sf]c )
sybstanti a ree or | urities that can affect t
[0017) cFheqrpgessas r@%}wrewmmths ¢ Feyrpattidlesrangingin élzﬁrcf{?é’éég%‘g
. r i 0 1, o
micon 84115 B Al R AT PR A MY e cuic
area. other inpurities such as FeS inpurities. [0017] The

rocesses rovide synthetjic Fe .particle .
oors) o3G5 agpeeh B ESER UeaTOR RROi4es & BRT PEpepy G Broducing
syntheﬁ@P@SEQhﬁr&mﬁﬁ‘ﬁe§éﬁcﬂ%&kﬁ@oﬁﬁ§(ﬁezb§)\,’ eReheRtal ShIRkr, & Nydrogen
| arge surface area. 018] In one aspect, the present
sulfidei(Hz$)htoi form PeBx i Deesmethod Iniaydse ¢apriehow abeve thermeltinglpeinhgf sulfur.

synthetic FeS that. conpri.ses _reacti ferric.oxidaofFe
The praget gy F shFied U PERCATIAIG 3 7P DRURICE PF o PR30 6 about
400°cform FeS . The nethod may be carried out above the

mel ting point of sulfur. The process may be carried
[0019] othe sulfidatien prasiess may pepvidawanoaiade having ph gierage partickesiee of

[ t1i.0 .

from abfy 516 Sboid Mnmn| bt pabBlctles o HeUbh O g eagyion
temperafuddd. Fugthtr, thd svetdpRPart?dlO sizemalydbedfcreed by Glrterdng e particles at

may be obtained at hjgher reaction tenperatures

a tempegryre it the rangeaf dosm abRAOP to Bslow ahayt 199" G n Simberingmay be used
o eS8 B R Bl ST B 4 B 8 v

up to abeuyt 1 abeat pm.i ncrease the particle size fromtens of

t t | dr.ed J
00201 {15 CRB STRPORIr . BEROS BB STRNHT H5Ne CRRBBEERREFe:0s
’elemeﬂci)ﬁtshﬁgr, Qhd ﬁ?c?x%h&lgsﬁﬁﬂé hedd i?}lefd%%%oﬁﬁ%r {h268actioR DeldpLonfucted at

el énental sulfur, and hydrogen suffide in an inert
a tempetatwe pfifrom, aboht 1286 ¢ iaboutti0RQ faransifificient period of time to form
th éeﬁ%?rature of from about 1250C to about 400 OC for a
syntheli¢, ey heri od of tinme to form synthetic FeS2
[0021] P3likeGh&Sy oth&0xhinetiB prdcRsd¥8 For RAKIRE FESY) thedulfidation process in
processes for making FeS2, the sulfidation process in
accordancsovithathe @resenhinyentiqw rawides @ prasassi fonfqrmang ﬁl@b parity FeS; that

[.0C for form L gh purity FeS.th .
oy oEGFERE 0L PR, PR oot
sulfida€ibn bfReSsafiwy &81s6 be @ relativel$ st pebatsso Fupthes elxssulfidatidngRocess

. be a relatively fast l:process. Further, the sulfidation |
provides aeleasmethod fof making FeS; because solvents are not required and the reaction

does not produce by-products that must be removed or separated from the FeS,. Generally,
the only by-product is water, but this is typically driven off as a gas during the process.
[0022) In another aspect, the present invention provides a method for producing synthetic
FeS, comprising intimately mixing iron powder and sulfur powder in the presence of a
process control agent and a milling media to form a substantially homogenous iron/sulfur
powder mixture. Annealing the powder mixture to form FeS, may be accomplished by

heating the powder mixture at a temperature of from at least about 400°C to below to about



provi des a clean nethod for maki ng FeS because

sol vents are not required and the reacti on does not
w@e@mdoeedby- products that nmust be renoved or SPEEHDS10081011041

fromthe FeS2. Generally, the only by- product i's

a0 s By BB 5k YR OPR b i estiog

mixtur®hR§ Bave bdt€ porosity oravidiesiumeyret hod for produci ng
synthetic FeS2 conprising intimtely Xxing iron

[0023) Jowik anether assppcftuﬂlem@setrmthm@r@wég%e@ of fgmes&Sz

compngﬂggpfgéﬁrrﬁg\%{gﬁ ﬁjulﬁng]ohéﬂaﬁr ogf?g]ulfi‘?{ljg uftﬂﬁv\%é ? 1ron powder

and sulfiipavden éh ﬁh@r@;@nﬁiﬂsf mpmt:esls eontpolfagent Eﬁ%&nﬁh&g htedla to form a
acconpl i shed by heatin owder m xture at a
substantiafhy HPHIOGEREAYS PPVERR X oY the ReRseBenirobaee; ad
t d :
g e e
fora sdfﬁmenspnrmdmfrtmm bfo(rnFeSpl d volume). [ 0023] In still

O T ANV SR -

inventiBh llﬂdyrtﬂ: 3B& hethn AiveQRRENAIRE tpbﬁh'vETEIeQ{rUdé“vOHlélgmhf' 88 used in an
wdér and sul fur powder in the presence of a process

electrodmmnlpailbaagemelland amlling nedia to forma
ubstantl ene xture I.eNDVi
00251 J1 356 B8peh e rESarh Aencom oSS 5 sAnbe ESuRbg ¥ i pul:
synthe@PRESA Sih &Qﬁ@Féva?adweH Ibly B8e bh thof®@DMe MitsthisdsiI¥éEtted herein.
m xture for a sufficient period of time to form FeS2.
The pr¢sgopinyersion dlen providesan elseisephearical pattery cell comprising such a
cathod™ et hods/ processes in accordance with the present
i'nvention may be used as an active material in a
[0026] [High puriey, elreheticORES, prépacst Wob@sswm(hcbdﬁdam‘ce with the present

] el ectrochenical battery cel [ 0025 ghe a
inventipp alsg peavides 3 Wéﬂtcpeﬁol;y%tw@ég exalyg ﬁb%ff%ﬁmf? & gfﬁwgt aetive
matenehé G0mBts H%ant oM %Jﬁﬁ&nﬁﬁé o Lﬁé@? ﬁélg StB gyg Segfﬁ?%eg By providing

oduced one or nore of the nme
high plh'ﬁy #leB; thahis spbeariallyifreeefitmetal- lmlsezbmmunmeslasd ReS impurities, it is

possiblg 46 fRieiats Gesdeyel POPIRATEy v B ebe] BTUAT SoBtBlehapaypts of
other a@?fv%%ﬁﬁ}%gyz me%al%g%@ ahe evamatts hbWRubK fafiHald 40475t | on

SO provi S a us control material to eval uate
concentatons ¢fesutls ntater'dails‘ sz&cethe mdbnnmwmfehe @atbodv)randmrdvlattery cells.

This 4397 G 3 05 ol PR oy B e B o
[0027] 31%§é A bRk ﬁéaﬁﬁ-&%f%e ﬁ@&éﬁ 1mﬁﬁsln WillP Beddneesppanst e the

inmpurities, it is possible to fornul ate (cathode)
followingdstaslied desesiptian imeprdensition withnie etachsdfigyresed anount s
of other active materials or netal dopants and
eval uate how such nmaterials and/ or concentrations of
such mat er i §RIEEHESCRIFEONOFOTHE DRA WINGS cat hode

and/ or batt er}/ cells.
[0028] The invention, including other features and advantages thereof, may be better

understood with reference to the detailed description and the figures.
[0029] Fig. 1 is an embodiment of an electrochemical cell in accordance with the invention;
[0030] Fig. 2 is an x-ray diffraction (XRD) pattern of synthetic FeS, produced by a

comparative synthetic process;



Thi s cannot be done with natural pyrite where the

purity level varies fromlot to lot. [0027] These and
worhensf2ent ures of the present invention wll PETUS08/011041

apparent fromthe follow ng detailed description in

o) IR-EPSKER b 4G L R B e s o

accordarmelwidmr@peésbﬁﬁnf/a&tdﬂ es and advant ages thereof rray
fter understood with referencetot det a

[0032] cfé%d’r Hiystrases 4 AEM ﬁécvpg@eh@gZ Ped e magnificafign g Ghtvnthetic Fes,
partlcléasrmﬁ tc%g 'ﬁ}l}]lgt.fg ?ﬁgﬁ#&?@%%ﬁ@% ﬁlaz{cc&lﬁéﬁcaén&l;ﬁ?{e?rg%? fhvention;
[0033] ﬁxg 15 dlostrates 4 RBld)emiatibr SEM nierpptapbiat 200563 times ovgoditation of
conpar at i n heti Cc ess; [ 0031] Fi 31is
synthe By aries Rpdssrrhtiiens selfid bt it arcotipnfeih e
presenﬁh@@rﬁﬁfﬁ in accordance with the present invention;

032] Fig. 4 illustrates a SEM micrograph at 20,000
[0034] t theé IS IRD pattern off smth@wﬁd&mmpa@tﬁw @aﬂﬁd@t@sprocess n

odu utilizing.a sulfi.da s_in rdance
accordieEipHfifhe frésehinV ey PariiuhioR fhs sy PRAGRS ar v, ot o
[0035] Fif.iBisth Wiage RChavEd/profilé 6¢hpatthgithe 'A’IeﬁagéQﬁsdhbj‘@Scharactenstlcs of
magni fi cation of synthetic FeS particles_produced

naturalmym t0j the veltage) dischargeharactssisties ofisyathetie Hapurrepared utiliging a
n@ XRD pattern of
Sulﬁda%r?? ﬁ)@%ss 1ﬂ‘é§§§h%¥&g élgggé §@§gtsln§?ﬂt§)afl on process in
[0036] Hig.® Wardischatdelprofie qohgReEng thdspealt‘ﬂcm'schﬁrgunap&clﬁyha différent
particles are sintered; [0035] Fig. 7..S a volta

currenfaq of iaEHrglPypie ARd yibsHsdicSa grapresd Ry & spid adtogldﬁa?e@@ in accordance
cs of natural pyrite to the voltage
Mththggbzésﬁﬁélg{éé@ gf acteristics of synthetic FeS prepared
[0037] (Hig I9|19:a dischargel bfoﬁ]at:ompnsmg MsSi cellamsingohatural KaSs lor syrghetic
res i nyent.i on 8Jsad|schar . .

FeS, p%%qe ¥ acyHisiation grqctff e dm'eﬂ&rpgsseeswagmp with the cells
being cﬁéd‘hfaﬁg’eﬁ%dé‘ﬂ{ﬁﬁl%ﬁ{ §ensﬁfes%¥99h% gindiZ08 nflGg; synt hetii ¢

S prepared by a sulfidation process in accordance
[0038] vﬁ ighlGtine gmﬂsmmnparmgehc specifid Oeaz] demsigy of nasural FeS; to the

rof > conprising Li/FeS 2 cells using
Syntheﬂ%\f&%”%@ gnt heti c FeS2 prepared by a
[0039] g f1108%IXORDPaREMSST syitheG€ PESApESaréd b} akifliny HHE83k in
invention, with the cells being discharged under

accordangerveith thgresent isvensionz0 mNg and 200 mA g; [0038] Fig.

[0040] ]I-O Iulria? gE%ﬂém%g@‘gﬁﬁé%}a)a%th 8@%9%;%&%1%%&@&2&{ a&t,ordance

mthtt{e(iﬁéi;eﬂmﬁv@tlohiams a XRD pattern of synthetic FeS

prepared by a mlling process in
[0041) Fig. 13 is a SEM image of a cross section of FeS; particle produced by a milling

process in accordance with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0042] Unless otherwise specified, as used herein the terms listed below are defined as

follows:



accordance with the present invention; [0040] Fig. 12

is a SEMimge OFeS 2 particles produced by a mlling
WEe@eme$R93I n accordance with the present i nventPCRHUS208011041

[0041] Fig. 13 is a SEMimge of a cross section O FeS

ooss) Rl RUZEHE 5 it Chetl Db Rl RETPR L PR P Uy Yiaree

reaction IWEa CEIE efrdRESH o BB ¢TI Ti§ harbe] capliditys inchidigy ismeities and small
speci fied, as used herein the terns |isted bel ow are

amountsesyfiothes mojetiesnresgat. [0043] Active material-one or nore
[0044] CMWe%teﬁa?%QHﬂ?na i %ﬁoﬁgutec%dé Hlatéiliéag‘f Pﬁ{l&ﬁng current

reaction of a ce contr e to
collectoisant ategﬁodakeads that comains dhmgecu'qzicractwe matarchl.smal |

ouss) RGP e Aol ISR 9 ke PRI oo fodeteBae s ellection of

discretgﬁgﬁfallﬁlﬁboﬁ?&%%é’t’h&g current collectors and el ectrode
| edds, that contains the el ectrode active material .

[0046] [ADG:tage paglitlo sizeathe meanalidmeter oﬁthefvommdletr@upan of zaeple of a

o th | | t f .
compog B VY VAT el et et b Pgonesd BY B Sutaplemetpd. An
examplel FQ-sultebleBdthsl iAERdes usﬁﬁ% b VB crdtad Feorily &kl 'PEHIdl@S'lz@fAlﬁlyzer

|l e of a conposition Average article si

Model Sk sauippesh s bpgsrjolsime Resirsulsiari b RO LoX ahwpies Madel 9320,

t I
The mfgfifhd ALGATEIRELDRLAER o BRI Rl R
agglorﬂe@dtﬂfn O katfiple B¢ abdut 2| Bfzins(ib Wisighed ahd YRicedrinto Ws0ehl beaker. 20
9320. The neasuri ng met hod utilizes sonification to

ml of dgjosiged yaterdondrpns eksusfagtapt E\Pe derpsoh G sswetromreparedxfrom 10

i o3RS B BEAP 80610 0B BRR Ny

solutiof beingovelhinixellyo Flaee beadder §ainjsle solution igstieted| suthfas O\mh]zOstn‘hng rod.
O% erosol .OT. avail agl e fromFi 3?15{314%@' entifi c in

0.
The Lagge; Vg scirpulatards filled fo lewel with yateg apd th ¢ sample s
transfefpeEf ﬁ%}n thHRalRe 3K &e I@&Tﬂ%hﬁt&@o%' Awhsh BYHIE {s8fed BHGHseut any
ha stirring rod. The Large Vol une Recirculator is
remaming slampld: particles intmﬁhdRcmncumczrdm)wA/aﬂbn samgletif ellwrbﬂoereclsculate
Reci rcul at or

for gt DT ES BB AP S Efhs A HLSKIGE PRIETIGFR e Mt for FeS;
particl&s2 MhSspRrht Pﬂtl@fésJ-Nb‘(a&J%?blﬁgﬁ' ?ﬁéﬂl@ﬂ PhrtRRRL-Nol PRiid Refractive

sanple’is allowed to recircula for one minufe before

Index-rte¥ds Ruarkintes-6fisecondar Htewll bm@pfqﬂated/\byw@wpgslqﬂed ertbe artgthat the

above idfH0 Yl 52 AN} forie¥aup e PRR-REE meRfiels a8 Rp AR apethods
may bd ié@Xo dvahtite e patiidl® siB0 of A&Isised Miatetdals, be

aé) preciated by those skilled in the arts that the
[0047] Capacity, discharge--the actual capacity delivered by a cell during discharge,

generally expressed in amp-hours (Ah) or milliamp-hours (mAh).
[0048] Capacity, input--the theoretical capacity of an electrode, equal to the weight of each
active material in the electrode times the theoretical specific capacity of that active material,
where the theoretical specific capacity of each active material is determined according to the
following calculation: 1 [(96,487 ampere-seconds/mole) / (number of grams / mole of active
material)] x (number of electrons / mole of active material) / (3600 seconds/hour) x (1000
milliampere hours/ampere-hour) (e.g., Li=3862.0 mAh/g, S=1672.0 mAh/g, FeS;=893.6
mAh/g, CoS,-871.3 mAh/g, CF,=864.3 mAh/g, CuO=673.8 mAh/g, C;F=623.0 mAh/g,
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above nethod may not be suitable for eval uating

nano-size materials and that other nethods may be used
wo eooepe2omt e the particle size of nano-sized nBCBEUSRDS011041

[ 0047] Capaci ty, discharge-the actual capacity

b h I
Fes=6858 rURNECIY-S0F Al Hidfly 45T AR RO Yl
Pb,Bi>D96203] 8 feA18g hhd FeCupE292 NenAhRYr et i cal capacity of an

el ectrode, .equal to the weight of each active nater.i al
[0049] jGapagity,<ell dnterfadiak itheamalies of thegtegati veandspasitivej glectrode capacity.

\Y {
joosor (CRAEIY. 1 dtirolb Ferdbcil e TotaP bdributbifStan ctrode to the el
theoretical dstlearpe camiciay,dasel ogthe@veral detlldlsﬂmw reaa:ltlonlrmqhamsm(s) and
96 4 anper e- seconds/, ml. e nunbe rans /. )
the totg] ghiovg} OL4ativg AIEHA SPRAMES R, TS HoMA & (bE Py fmpterial mixture
adJacel'imb %cﬁ’\f'e ﬁﬁfeh‘éﬁmr{ﬁé Sg}%&ht} electrd@? gss%?rﬁﬁé‘ gérﬁ &w l)eaé'tu(nl&ocﬁ)l of the

anmper e hour s/ anper e- hour) g., /g,
active @amala goenerally gxpressgd 188B.08 Mh(\ghere:osla' @mqu:%herm major surfaces

oo A R, R o B s v

materidDV tHat A I3h8 ORcBods\vitlier the ARitetthl om 493 sﬁle'BNA/ sBlidRdrrent
FeCuS 2=292.1 nﬁhggmfééoow Capacity, cell

collectpmh@pif erchafi metgdalg e Bickmpss of@gldoirede witheuta selidecurrent

collecsy Fgbt 38 oeFF3h 1o AL SARAIPACT, o o

[0051) tmsﬁﬂité--irh&ﬁftﬁbbmimrig # eHendi gl yCltmaedenYoustsatid thaOingta epeating,

overall cell discharge reaction mechanisn(s) and the

ordered glogic awmgwne@f that cohegentlyrdiffragts anoXtray Reamawi t hi n t he
[0052)] gé’x{ygéaﬁﬂe Qe Ll 8‘?& &Q&Etaﬂﬁé &l éaﬁ‘%ulﬁk gﬁ{ng gge%&l%ﬁ%} Ehfation.

rve materl a opposi assum'ng
[0053] dﬁﬁmcﬁieeisﬁaﬂﬂy-#-ﬁn cofnbindtionfof theenegativevelectredder p@dmve electrode and

separaidps(vibl e S B RS BN BB bR, Son 5t A incorporated
therewgﬁ{ @lﬁ?ﬁ&lu ? Z %&% lefctridal fel@ aﬁﬁ&g% [123 eﬁ:ltﬁe tRd$l, active

e ac erial on that side of
materidmpixturo decwir¢rteplledtar. mat eri al on that si de of a solid

oosa R SRS e IR e kPR Bt i,
[0055] Oﬂle&r&rde%acﬁﬂg-eaaﬂv@ maéridl ﬂﬂfétuk ddriyReeigift ok thil 3 ERBtréde surface

interfacial capacity). [0051] Ciystall Lte- an entity
area, genpmaldy enpressed ghgraing et squatesgtimstanég/snr).d havi ng a

at ordered at.oni,c arrang ement.
oosel JFIBGiRIdet iR SERE i Sf il BT B o e QR Shrte
divide®@by thethysreaddl h&t@e&ﬁa&ﬂhﬁﬂix@i&@rﬁ%@t &erﬁﬁ&ﬁlé&‘fode surface
Equat i on. a5/0053 El ect rode assenbl e conbi nati on of

area, b@wé ondbarqal densitiastof dapesolig guatenialgine ewme geaerglly expressed as a
percen&ggar ator, as well as any insulating materi al s,
€rw aps, tapes, etc., that are incorporated

[0057) tHeSk exyistalllite Bive--size bfidFo§, aypstalitpay alailstd asing drd Sdhendr
to the active naterial, active material

affi xed
Equation gquqig XsRay ¢iffagtion psakawidgh of the {200} of pyrite in FeS,.
{0058] Folded electrodes--electrode strips that are combined into an assembly by folding,

with the lengths of the strips either parallel to or crossing one another.
[0059] Interfacial height, electrode assembly--the average height, parallel to the longitudinal

axis of the cell, of the interfacial surface of the electrodes in the assembly.



[ 0054] El ectrode gap-the distance between adjacent
negati ve and positive el ectrodes. [0055] El ectrode

wo cadiosgoact i ve material m xture dry wei ght pePCT/IE1008611041
el ectrode surface area, generally expressed in grams

[0060] 33{%5 ﬂnﬁf‘ Ya@ Centl'ﬁg{e f e%&t}:ly @g §510056 ]?ggusing defined by

the croSd-§ctibRsl el 5&?61@(11@51&&00&11& u&@ﬁumﬁat £s bm@ Icell, 4 e inner surface
active materi m xture dry weight per unit of

of the @r@mmr@rte wa,ll(sham the els:ctrb@swem lytinterfagial heightsi ti es of
[0061] ¥ 12@3 eg ue, g{)%cz{i%dew 213&[96%%%? 'J_‘.h%gp e S{:tha 1v<i of what can be

expectéd fcﬁﬂsatzna@éteﬁstﬁe& prop @-tya\l lite as cal cul at ed using the
Scherrer Eguation and the X-Ray diffraction peak w dth

[0062] (;Rartth{g--g gqjgi} cqualwg@tsgmgle, cqyégllge of %81 MAER ¢ustallites chemlcally
odes- el ectrode strips that are conbined into an
bound%éﬁ{r?%'ly by folding, with the Iengths of the strips
[0063] ierdear disaliaxpé-cthe percentage ofthie nated naparity rérroved| fdih @]cell during
) Interfacial height, electrode assenbly-the average
dischanggi ght , parallel to the |ongitudinal axis of the cell,

(0064 GRodferh z?cﬁfea-%'eﬁv{/eeﬁ%f)ﬁ‘tcﬁf@fanﬁt&ﬁo@tl Beerodes in the

assenbl y. [ 0060] Interfacial volune, electrode
[0065] a&mmlmaloyﬁdl blectvadestrelevirods stnphélatm‘clcombumdngtocbafasmblmw

winding oyt 5 JERE s SO - o & Jandet) & shral 865 ace of
[0066] [VEIdGRRIAY, %Wctr@d@@ss%b%‘-iﬂe %l%fehﬁ’ thd ﬁ@étf&!é%s&%ﬂﬁ?bbﬁds per

i nterfaci al hei ght Nom nal -a val ue, speci

unit ofbmetfhealrimhtatettmne b mbttagtmeﬁneemfahﬁ: velunes wf the non-porous

n ected or .t racterdstic or npro
electrofipthsdinbB. Rpgnts A e EIIRATAIT Ui fgf elebPOR ditemby
compofiént§ tethint@ withirt thie 1ﬂértﬁﬁﬁﬁ1&glﬁiﬂo’iﬂ1 thiet dectolde aiseaibly interfacial

bound together. [0063] Percent discharge-the

volume)@RiCEINOSQHS SEPargigEs, i ing£Hmnsi tapes; eepE @sFumAd tg bhediop-porous

s s B 88 9l R ORL By S o

dens1tle§ @thhé Odmﬁendﬂtmtdr thel eotalt afctlnﬂs vbhﬂte),ageaemdmxpﬁdsednh omifem.
‘tiy wi ndj ng al, their Ien%ths or w dths
[0067) e‘\gaﬂera.cs HuaceoFAaRes Blithdhe inERtien hasden qnode eqmeRine metallic

lithium' ass egglf%a? hECcldcRdGe 2&&%@&%@12&&; (?120I A h%E &ﬁl{)ﬁélﬁg% Qcve

voi ds per unit o
materiglebarprisingdyhthetic e $a cFheramotib end uath@de mag bmchl bene sheofform of
non orous el ectrode assenbl

strips, gvgfq quotﬁge ¢t ingn electrode asse )fté) 8}2’ gt@ 1nterpac1al surface

area refh@i% %‘ﬁ{étv%hﬁﬁébt(ﬁ‘tﬁ@ Qle@ﬂr&n’!s Qoﬁﬁﬁuﬁ%‘ﬁ&fv@ Qﬁét@tllal hehe higher the
fromthe el ectrode assenb interfacial volune

interfa¢ini surfape arzasthe étpmrah@ pm;rent misuma't andgh¢ betez the eaiésscapability to
dehverahlgh ggwgrnc?nddlts charge "t &N als6has a high ratio of cathode interfacial capacity
to electrode assembly interfacial volume. This means that the volume of active materials in
the electrode assembly is high, to provide a high discharge capacity. The high volume of
active materials can be achieved by controlling a number of variables, including: the ratio of
interfacial input capacity to total input capacity, the volume of the cathode current collector,
the concentration of active cathode material in the cathode mixture, and the volume of

separator in the electrode assembly.
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and non-conpressi ble, and volune of a porous el ectrode
is determ ned using the real densities of the
weorposess s and the total actual vol une), genePGl/U§2008/011041
expressed in cnB/cm [0067] A battery cell in
r | e i . . .
jooss) F3E 180 Sl It R1 1 ol il 102 Bt ipvamtion. The
cell 10acan FR6 nptecuylialrical 1d/ReSh bateeryg atlholke calh1l has slowsing that includes
ctive material conprising synthetic FeS . The anod

a can 13 pith el boftam ged an peen KPERd thay islgredyith pgell §Pveer|4 and a

gasket 36 T-hg gé}g f’% Ihg%%éhﬁrorifrgdlﬁ‘:@fi Qldprdté QS RSP ﬁi@%g eh@to support the

provi Interfacial surface area relative t
gasket | hand cbvardd. dihetgasketll 6d¢ conlprsssed betwaen e cant 12/and the cover 14 to

seal anjagogs | Gycaltie d0ngeisPop anathynenel Tl THR gadds s, chthode 20
and a sglzefilﬁtm lbs e dprafl§ #o‘ﬁﬁxﬂ rtg%eﬁfér RXORh R trdilS a83emBBy. ThEcathode 20

al so has a hig io of cathode interfacial

has a mgga) gurreyt qodleetor 82.rwhich gxtendbfrgmithe tapfendiofithe/eleetrade assembly

and is ch]):é%?t?% gog%gé%géﬁsﬁ%aeﬁe\éoqjﬁﬁgﬁ?v%g 628&1@&}6 %Oén{%c% H)lgllhgs ZJI.nTBQ &node 18

is electéicalbhedr@ected pathetidner E0Eady ¢thy GA IEbPh nitalitale (not shown). An
materi al s can be achi eved by controlling a nunber of

insulatipg coe 46 5 lorsied arsind tha Prainberal GoBIoniaf s Rt Ae Sipgsinde
asserntiF Rk ony e SMGTe PR oRBRE D2 rorh B et e can 12,

and comtaétitetecetithe bodmiedgé bethedhthode 20iand thethottdntof the can 12 is
vol unme of separator in the electrode assenb]y.[00

68 .
prevented py the wyard-falded gxtsnsinn af therseparater 26 apd g E@FH’E&HH% illsulatmg

ot 5 5T RAGH B 2 3010t i

termindl @oserrdf), whidh isheldidgdaca byahe irdvasdlytcrimpeiddspe ddgroef thecan 12 and

nd open top end that is closed with a cell cover
the gasfoi 141 AT g RoPriEs 3s Pcegafiveioo s ik DG PossefiRfaen the
periphé%'hﬁl‘ﬁ%@ lof ¥leARrRal cdver4d Bid 813¢ellRoP4PIRGE & PolSRive adSirature
16 and cover 14. The gasket 16 is conpressSed between
coefficieme (REQ) deicer thalssubstantiallydlimiss theflovaof curremé undsr abusive

cletricGf i RGor. T3 sl STbrodm eyt sk e 1Bp opllFpypr 14 s
an apetfée %Gmbﬁgi@ig%rinww(})raj%cﬁﬁfé“édhﬁd St Wity with ARRnCiRd1030en the
20 has a nmetal current collector 22, which extends

bottomfafdhe wakd 280 g he apertire incaladdu a v bald 3&mnd ¢ thingvalled
termofPRREEFid 2 15k RIS AUELER Gl WS SERAT g b e 2

and theCsetiphetyast thovédidall 30eWheir thaeell ditetnhEpressurelexdeydsta
nmetal tab tjanot shown). An_insul ati ng cone

I 46 |
predetqriginaddevale banentchall 17 pr ofbiths babie Rhbusing i, fsforesd out of the
aperturte Qﬁ?rgéagg%,feggg?&a%gg@ ﬁ’orﬁ hlPl VRNt t he cat hode current

collecto o

maki ng contact with the can 12, and
[0069] Clthietcelltcolmainese éyoftenen total can with an ddtegrabclosedbadiont Ghaugt a metal

the.hqottom of the can 12 i.s prevented by. the
tube thpt 1o HElG PR SRS SRS Botsed JaeRdgit e sgna Tite gan may be

steel, it %%l'éieﬁ it pit 3 Ynt 1t the bhdftedb ot iROGUidE 08 thel dn from
the bottom of the can 12. The cell 10 has a separate
corrosipmsThe 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
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term nal cover 40, which is held in place by the
inwardly crinped top edge of the can 12 and the gasket
wasoIkedtan 12 serves as the negative contactPCT/US2008/011041
term nal . Disposed between the peripheral flange of
S e cell,cov .
ASTMEE, 1700 BT NT ity Aihebleh i sy Gpbli' sy Juph g stanles

steels, 8atblsd asetlit@inlegt spedial fieddse Fbt eintile OMidnethe carnitan ehdetiial €ontact
el ectrical conditions. The cell 10 al so includes a,

with the,cathede.a stainlesy stgelpay bayased doy impsoyad resistange tgrforrosion by the
nprising an i nward projecting central vent

cathOd\é/\I/eaﬁ Elgéﬁo fth a vent hole 30 in the bottomof the well

[0070] ZFhe cEHeosnges typiealiyametahl Iénbkbjyplaed stet] fhay be 8&dabuakt astainless steel

thin-wal |l ed ther | astic buyshjng. 34, which.i
is often. desiyablesespeti gﬁgﬁlﬁecqys? 1silp glectfical Contact P@ﬁ\fgﬁfa‘\k@ﬁi? The

comple%é‘ﬁyzyf hd &fveP %ég@ Rl bel J‘ﬁctﬁ? i mBakial sfectidfi® rThte e cover may

i nt ernal Fressure excee predeterm ned | evel
have a simple eha'pebalctl a8 2, thisk, fastdisk; beit Imayl ha:?ﬁ aamre moaipﬂﬁmshﬁm, such as

the coye? Wi RIS o e the BVer BiLSromples e TIBBa 1 15 a type 304

soft anfédl&NstAnlE8S SteelGith WSTIM 81Y krdirCGréina flb@ aséd, B ItOQme the desired
though a netal tube that is initially open at both

corrosign d@lme and gasgofumetal forminga & opned covens mram @lsede platgd wath any
ni ckel on at | east the

S““ablsmag"rr&‘és?c ar?ir&rgé?mP%em(g[ﬁ?nSi de of the can from

[0071] CKHeltOhi@al coVBﬁsHo)ﬁREhzﬁfe gobarésidarid o bErrysidn By water in the ambient
ees of corrosion resistance or to

rovi de varyin @%{
enviroppenti grod;glectieal icprepcaiviiy anditien visibleapronsumer kasterigh jap
p
attractlgg Qﬁé‘%ﬁnﬁo %gﬁlg\%ﬁl écogf%%s gﬁé {é@ Ca%h%l Péi p‘f Eci g(gl?g%llédssteel or
steel thaniRandiet] platedvifen theasove Rl auafmredk Wheeel terﬁiﬁﬁlﬂ% Gocated over
equj, val ent st eel W|tha nS|ze ofASTM9to 1.and

pressur@q&h%f%@at% thedermyinal IC;QV%‘lchﬁg“éP ¥ hayeqns ormgye holgsiie aciltate cell
teels, such as stainless steels, can be used to neet
pecial needs. For exanple, when the can is in
[0072] €T Masl’mt aﬂlaydmrmm fromtdmytshi&ahiatl’rmdeplasticsmaterihb&at mbeielles the

. e _use roved. res nce to corrosi
desired FoHlRE PRB et AL S s PRso70 Dork A8 (R FFcg Ve omposition.
Examp‘léémf%ﬁitéﬁle HRtcials iNtRlE! bup hﬁ:trﬁﬁ’ ll%hﬁ’ﬁ' to/Polypiepiess poBﬁbhenylene

a stainless steel is often desirable, especially
sulfidet terafluaride-pegflivoroalkyel vinylether @npdymewpplybméemmhﬁlalate and

. Thy | exity. of th Wi l.l al b
combinip efeptr petetlarty iR Bank S TRErElnipo FoS B Riepiems o -
PRO-FAX® 53b 4 ﬁ%haB@seusBmyolaﬁnﬁ Wilknfigtord, Ilm Uisal, palybiitylefidy

have a nore conpl ex sha such as the cover shown in

terephthalgte (¢.g.,\WRIPANE QBB& gwdg 160@4 digine Xiconagh &S, |Surunit, 44, USA)
o o By 0, FECHTRONE Y 8 SRR 91554 1) Svinr

Tex. U&@) Seallciduats cfﬂbthaspo:a)trﬂér@ GreinfiskcihasSiforghniddilkks and/or organic
orm ng.. Formed cove may .al so be plated with any

compowi&ra@r alsprhe added tomla@sagesm of the,gaskste ni ckel .

[0073] The gasket may be coated with a sealant to provide the best seal. Ethylene propylene

venting

diene terpolymer (EPDM) is a suitable sealant material, but other suitable materials can be
used.

[0074] The vent bushing may be 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
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[0071) The term nal cover should have good resistance

to corrosion by water in the anbient environnent, good
we@k@ensi2eml conductivity and, when visible on PCHESR00$/011041

batteri es an attractive appearance. Term nal covers

sch £ Bt SR QAL R S L Syt
sulfidef pdsly‘ﬁhihalwiﬁde; ethyleneckibro-aifloraetinylent, ohbrotpﬂaemeﬂglene
reljef vents, the t erquq] nal covers gener

I
perflugspalkeyryallnge uqrinatedperilyorpethylene PORRFDY, ne[aegvz yethggether
ketone02 ﬁhﬁ&u %Iﬂﬁbl@?gs‘?nsf meMdaeth 'eitét%ﬁu&r{i‘eﬁﬁ lyfmer (ETFE),

teria rovi des the desired sea erties.
polyphhhylene aﬂﬁd@(f&tﬂ); polybwyleas taulephthalate t(PB), tahd pel)qe)htlralﬂrlylﬂe The

cein o5 PRSP A oo BB, B i e
desueds‘si!:'aflhéj §md V&ith n?fclhkiﬁEteﬁ%&%flﬁ ghoeRpelatured VIRY bigshiH can be injection
copol | ene tezﬁ{wt hal ate, and

moldectfrnm thatthemmgplahm mferlal?grﬁﬁ ® HTR2004 (EEBE aesin 9125 weight

percenf b afiet Bl FERERAC R4 gl mentidepisha. ©°21

[0075] PRHeyVent BalBosh E@lhﬁ@é"frbﬁlﬂ aySulteble mat@ﬂlm $tablEBlcontact with the
grade 1600A from Ticona-US, Sunmt, N.J., USA). and

cell coplgntsand pyovaskes the Hesired cell sealingpmdiverting eharaperistico Elasses or
metals,Ssqnlgg%Fgauﬁé ?Leel:%an })Qﬁsed Shiner, Tex., USA). Small

nmer s, relnforC|ng i nor ganic

[0076) fTHeI diotle amlbﬁges@r@ﬁp bﬁhmﬂm@ muals sometindssefdmedael del:ithﬁum foil.
the base resin of the gasket. [0073] The gasket may
The compesitigngf the I&hgeap?arh’(mwhavevfoa@aﬁ% ghadet 11t the purlty is always

high. ﬁié“ﬁrﬂhg][}g th(?}’%ﬁ vgi't}?@tﬁflt Iﬁ%ut B ras(aﬁﬁah{glg}, 20 frovide the desired

Sea ant” materia er sult
cell elavtical pefarnmane. bBamy @radeQidiiAin- allummmltfob usﬂmmglgﬂay wedght

de.froma t tlc erigl t resis t
percent fJugiRym 43 gilable i 1ORISOPe. ngs %o'esa %ﬁ@ USA.
[0077] tﬁﬁrdﬁ%ﬁe ﬁﬁ&'lﬁvﬁ'&:ﬁﬁbﬁ' coﬂ@éﬂ%f hwiftin 8r Qﬁﬁfe SuPREOSHEE ntallic

for exanpl &, ethylene-tetrafluoroethyl ene,

lithiump oalxy nuthy icelhen Iglgr bmsdplhmeequﬁmt yqilﬁg:n?f: mapenq;djefnegl@d since lithium
has a nigh PelipeePafefoghy P et R Bateb e oo ¥ examle, o

maintafd éleétHBatRatiR@hf WitRinQRE AydRRiridg!difonize! £'8e Hflfum is consumed.
pol yet her et her ‘ketone. Particularly sul tabl e resins

When th«?@mgdielreiuqiyas enerr@@tqoblccrt% itgaahhe made eﬁgmpy gcapseTgH)s,
condu‘iqgflltégl?ﬁp%l?e%ng c? gr(f.“ ggr%PP o?%/ Oelfiyag %ﬁ/ g s}aé)ée 1r1]151de the

cell. can be nodified by addi ng a thernal -stabl lizing filler
provi de a vent bushing with the desired sealing and
[0078] v%mm metalsimetien sesygsas apelastrigel leadyer tab, soagectipg dhe anode to

one of A GnfiAls e o e 3t B RS shOin M FIEET P ot stip

is ofterpmiade ﬁbnmlilomexﬂ nigkabplafedIsteel énd affiaad directlyl te the lithium. This may
| ast t
be aCC(?I‘i‘Jl}I)IIS%Cd %y HRP %?1 eln 0 eel{3'<|1da within a portion of the anode or by simply

pressing an end of the lead onto the surface of the lithium foil.

[0079] The cathode may be in the form of a strip that comprises a current collector and a
cathode formulation that includes one or more electrochemically active materials, usually in
particulate form. The cathode formulation, which is typically a slurry, comprises synthetic
iron disulfide (FeS,) as an active material. The active material may comprise greater than
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[0075] The vent ball can be made from any suitable
material that is stable in contact wwth the cell

W@ eowesn235s and provi des the desired cell seal i NRBCHDOS2008/011041
venting characteristic. Gasses or nmetals, such as

avout S FHBhEREoGH 8553 PR ol i S o RBE yeighgrrcn

FeS,, a& (ba§t399 weight/pertetit IFesJ had e@ BROEmbbditetf, FeBeislthé bile attivdcathode
vary, though for battery tg%lade ['ithi umthe purity is

materig| \hayge emgodmrpnb thg FeSaphthesctive materia} camprises syflﬂﬁlc FeS,. The
res, o e, A4 Pad LURGENST o Rl SRR AP Byt oo

naturalfode.| Attetifadivély e FeS, mﬁt}@hbtlwmmhl mhy be comptised of only synthetic
avai | abl e from Chenetall Foote Corp., Kings Muntain,

FeS:. N, C. , USA. [0077] The anode may have a current

[0080] fﬂelhcl%g{r??é Xsaf{vlhfﬁg't ntdin ﬁ}: Jrnﬁoréléﬁﬁﬁ%ﬁalojctlbg Fhaliaf, Idbﬁendlng on

e ce . 1, a separate current
the desired] celt ebcmwmlsﬂmgae@mw;erstw& €The additionahactiva dathgide

maten%ér%:ytnlraei %}aylesdl(l:o du@%ﬁ%hﬁﬁ%debﬁéteﬁﬁc remleesl é{ﬂ}eqcrgig{lven%terials
mclud@ %ﬁtm@tﬁbt Mmied b rBlsdjﬁ \%%FOQF dar),NGo9, CHIRICARS, FaS, RdtRIS,, MnO,,

hiumis consuned en the anode includes a current
szBlz&slsl enmxmrqspfﬁwqobmmd@r@f copper because of its

d ' b b
oosn) TRl s giap B 0F o 8 U 60t Fodfind] i P i om
metals‘bﬁélﬁ JTat RlastsdbouP9 Pl afd nSf BettboaS9BR of hipher.i A8 prdvansily
or tab, connecti ng the_ anode to one of the cell

describedy metalrbasedtimpurities may ingdudeametalsisuehes, brenatdimiteshgwMn, Al, Ca,
in.F ) I Sa.Qf
Cu, 2t gy, TRE Bt oS PR D o
by weighttdfithdsynilidtie FeSy idboac t2gi lesshincanothee simbddintegt abow 10 % or
of the lead within a partion of the anode or by sinply
less, a‘ﬁ’f‘éﬁpﬂ’@rﬁfﬁb%ﬂale&alf%oioéa/ﬂ%ﬁ% the surface of the

[0082] 'Ibés'ﬂjaﬂlg‘ ﬁﬁabrn theBOFES, HAAG feRkiber g?oxgg% Stdafloh BPFES‘;’{rﬂblﬁftles In

conprises a curre f'ector and
one embatiimeie, the synthetid FeS,thast Felicbnéesbyweight ofthe & eSz of about 3% or

s, e S Mo L0 S e Sl o 474 or e
and 1nhﬂ&h&aé)rﬁﬁ/od?m§ﬁt%6ﬁtogmr'l§s%3 synthetic iron disulfide

as an active material. The active material my
[0083] cBrepynthetigFeS may hhmamimveiisosmsll gveragsepariéele size Electroghemical

| east 95 we
cels ppiet UL PR PG G FRE Bt e SAhib pcrspsed
cell voﬁﬁ'%%ea?'%h;? iERepth $Y]igchiafget Hﬁbs?éﬂti@ze JELEIY §iz€aThOSmnthetic FeS,

|

I n ohe enbodi nent he FeS 2 of the active
particlefemay haye mvprags@grtmmneleiss:tmesbgut Hrumpdgsypthan abopt 5 pm, or

less th%mé%l&@ gﬁgﬁ Ie:%’é)arlf ﬁyl Veg}?tf myﬁthn m%sr h%%‘LJPS%r&ge particle

size infhe RhPEDS ft6inYabohh B td66ou? 5 @im.t The @Qﬁhétﬁ Rest ﬁ{aly&lveﬂhyvm
conprised of only synthetic FeS2. ) . ..
average particle size in the sub-micron range (<1 pm) range including, but not limited to, less

than about 500 nm, less than about 250 nm, less than about 100 nm, even less than about 10
nm. In one embodiment, the synthetic FeS; may have an average particle in the range of from
about 5 nm to about 200 nm.

[0084] Higher purity, synthetic FeS; may be provided by one or more of the processes in
accordance with the present invention. In one embodiment, FeS; may be formed by a
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[ 0080] The cat hode can al so contain one or nore

additional active materials, depending on the desired
waeedob/og2ext ri cal and di scharge characteri sti csPCTE82008/011041

addi ti onal active cathode material may be any suitable

[ t 1 j a1
i R ASHBPL i e EXOIRL R, W AN s v
proces§FRhese Processes @eSiyw Gesoribédiin ddtadib, FeCuS 2, MO 2,

Pb2Bi 20 S, or m xtures of two or nore thereof. |008l]
Sulfidafion F9¢fsheti ¢ FeS 2 suitable for use in the active
[ : t t i
(0085 T8'6BE foolltterf S RURGP HES] thay B fm{FRUY Pouffidion f2hoct that
comprisesreactirg (§) fterscoite (Fe.O) Gi)-dasadali sutfur,iand ¢8i) hpgrogen sulfide

ncl uge.netal.s, such as_. b ot . Jimted t.0 Al
(135) o3& seffcint paEa SEiGme B3 fprin e WEhil OBl hlid by any
theory [t rdaRlign isHRNiefeH ©orbQRAQE féYRIvA: 1 Npurities by wei ght
of the synthetic FeS 2 is about 1% or |ess, in another
enbodi ment Febhut 3HBstol /8 SyssT—amt 2eSanbBHe®
enbodi ment about 0.01% or |ess. [0082] Desirably, the
[0086] shhetfemid exidemay bp providedsdsananoparticles\whioh oy talsethegafested to as

« FeS, i It hi..on diment.  th nthetic Fas 2

nano L TR Seil s Pl R R BV R BY T hbi 190,

nanomefers . The féerfietoxéde piticled Mg havddpirtitleQaet ftods abouitM to about
anot her enbodi nent about 0.1% or | ess, and in anot her

100 nngrip 9ae gmbedimsat thederyipxide pastigles haxsgnpartiele sizgof hom about 3 to
2., [P at i vel . . rticl .

o G5y A AL AT OHEE it s o

from abautt3 tolabsuthldviii g Appliedtits kavedvandighat {fahé fectieoside particles are too

exhi bi.t increased cell, voltage at _an i ven depth of .
large, the $RAcHPR E12YINOE &S HREQMRIE!RRH todor FSaeRathen Isthe f¢raiejoxide particles

. N . i . .
e o3 LRIl oIRGB ARBRAH Lo Mg e,
coatingiotite alitersurflée. one enbodi nent, the synthetic FeS2, may
ve an average particle.size in the . range.of from

10087) ofhe plermenty) splifE eormpanent Gidandi s Frovided g 8 SSlidrp SOl ffur may be
providS@MFar3 SufNRE 36teh RRIUdirg, Foréxample) mdlRnSHlForT TeXize GHHE solid

(<1 mm range including, but not limted to, |ess than
sulfur pdsticles 50®t pantichilagly linhited. dbone embodimgnt,| the sulfuramayabroprovided as

. 7100 n ev | ess .t ha bout nm hi one enbodi nent,
pamd?sﬂ??vé‘%ﬂ p]aé'ﬁ{:]lg sEESS apr%’é} lﬁtg\?g’oggﬁ{?erage particle in the
[0088] 'Y WS sul i@ (RSP i provided hoa ghoUn o R@nibdirhéfi St H,S may be

Hi gher purity, synthetic FeS 2 rraéqge provi ded by one

providet anHilvalpme percpntoafdd:Se dnjapotherenbedimentitherHShmay be provided as
. n ) H

o voluffe SRS i TR P s A L B s R s Tan et

nitrogeh(Nz J) EF orCexb@Ple) iy omeerhBidiient) theat S mby be ppuvidedss.a gas

These processes are now descr iobed in detail .. .
comprisingrfremabent 1% by aglme to about 99% by volume of H,S in a carrier gas such as

Nj; in another embodiment from about 3% by volume to about 70% by volume; and in
another embodiment from about 6% by volume to about 40% by volume.

[0089] Applicants have found that FeS, may be obtained with the disclosed sulfidation
process at relatively low temperatures, e.g., below about 400°C. Generally, the reaction may
be conducted at a temperature above the melting point of sulfur (about 113°C) and below

about 400°C. In one embodiment, the reaction may be carried out at a temperature in the
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[0085] In one enbodi nent, synthetic FeS2 may be forned
by a sulfidation process that conprises reacting (i)

wo 2opiogs2exi de (Fe O ), (ii) elenental sulfur, BeTUS$1008/)11041
hydrogen sulfide (HS) for a sufficient period of tine

ot P ETE k RECAAT e  BAU Rif o 25 o
about J00PC Ohﬁanolfl@éi%bbdﬁh@ﬁ the }é4¢1i08 nifyete carred3bit @t b @h¥fdrature in the

The ferric oxide may ﬁrow ded as nanopart| cl es,

range aftfrasm abesy 135 %S tarboue 200°Ce (Thegemperatip gay bsradjustedas desired to
produch 5 BB GE B 152 Bt S v A Bl

reactiof &rhperhtagesMiConkysivte salfidation e Eeszin?i&y 5] rehhzmi athelatively low
about 100 nm in one enbodi ment ?Lp_fer %jééie

temperg%lrfﬁ surl as Famabevp the meltiag pout OSF“ JRRae ¢ Burther, at

temper {neafr eahqglﬁhg g@fﬁpbhﬁflﬁﬁ@gd L%R4 19?"23 { fle rkﬁlltlrég FeS,

e particles article~size of m ab
particletscstayaralmvél? snmall mdpﬁalve anelatxhdy darposurtacehaada. i f t he

o B S B R ok B PR BB, Y,

The suffﬁfaﬁbﬁ Pﬂiéb%emﬁ’ﬁbé L&ried ofif By HiRP réa@ﬁﬂ%thet 5 S&Pél%ﬂn@ﬁtal sulfur at
pro uc may conprl se an unreact ed core havi ng

a temperafigSaboatthe melting pmnmftselﬁlsﬁqrfaescbcte[i ®e80q oftime. After reacting

e e RSBy B SRR S, b o R g v

and thd RaEInNBAY Pideeed fopa pRBABF AmeFafficiéht Foul édﬁﬁpletzkalfmaﬁ& to occur.
of the solid sulfur Sartl cles is not i)artl cularly

Ata rea¢tmnttempeqaﬂ1r@ abakaytt d 35 e der example gpmpleterayfidatiqnmey eleqyr in

i C Vi a rti e.Siz
ess it B ity OB bR ff e Bl B g and
the sulfig nﬂaygﬂ:&mxbﬂ aba €irst ﬂ&ﬂﬁérﬁﬁi’é ,e d. ot B 3%@y altbthp ténipetatire may be
as 100 vol une percent of I n anot her enbodi nent

increased aftepadiding thg dlogy dt/vilkbe @m)r@pl%tsqi that therrepction;need not (be conducted
ata smgger tE@%%raggg.nggg& nf 11%,'&556 f]&?ﬁ?mﬁ BE hefd dt Qq{rgt tgﬁ’liel%ﬂﬁg for a

exanpl e, 1 n one
selected Ipbndd Gﬁﬁlm;e (¢.55 1RIF€)rand then aptempet&mieaamp ngaysbe used to increase the

r| s rom about %bé/ olune to abou
tempergigpe e Tte 1p 3,5¢cqpd sele t@%&?@&&tﬂ%ﬁﬁz o‘%fh s
desmbsgragﬂgm%af.n S P B s

[0091} \It)inagbe Elesweﬂndmto om%dgthrtflaum in[200i8&r} athpesphersrstich ﬁﬁi\f@'
FeS2 I d
exampleo BB BECT Ot B dtkenin 08¢ SbodEnt s FEchapd siiiumay be

charge& tdthe s?ﬁleﬂwaﬁcpﬂl'éts 408 19 BusieAneitRhn IhertldaS af RAGPriR tdfﬂa)é addition
be conducted at a tenperature above the nelting point

ofthe BfS.sul f ur (about 1130C) and bel ow about 4000C In one
o2 TSl prot e PSR P Harte SRR L i pop s than
about 400 TheatHidatioR pRicesy meyprsidepirtidlePhavikioat avierdge(pakticle size of
about 250 nm or less, about 200 nm or less, about 100 nm or less, even about 10 nm or less.
In one embodiment, the FeS, particles may have an average particle size of about 200 nm
(which may indicate that the majority of the distribution falls between about 70 nm and about
600 nm). In one embodiment, the process provides FeS; particles having a particle size of
from about 5 to about 600 nm; and in another embodiment from about 5 to about 200 nm.
The FeS, particles may have a crystallite size in the range of from about 5 to about 100 nm.
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about 3000C. In another enbodi nent, the reaction may

be carried out at a tenperature in the range of from
W@bwman4e250C t o about 200 OC. The tenperat ure PElUR®08/011041

adj usted as desired to produce FeS particles of

s desElibed B, B BEFicich'siog mal opBBNbd By SEcctflo e BB il hariing
Fe,0; parti€leSandraythe @erhpehiuzest walkich eexrehdtidinyis haw(witdiaggen partictes being

such. as from above the nmelting point of sulfur to
obtainegh highep sraetionrtgmneeaturest t enper at ures nearer to the

ooss) TEUGsiR8, BRCEECS: piticibt oy e rod PR ) Sinieilibe FEdEparticle

obtaineal frarh ahe sxﬂﬁgtatiomr;gecesw Smtennymay b¢ mﬁiplfﬂml byehesting ttise

parict 3 fmamaet S P i o A0 TG e bliPebre t wich
FeS, déu&nﬂa%esf (abSit 749°9€). I MG e&Q& fee Ao FRRY pahRI® %@J besgihﬂeferd aata

mperat ure above the nelfing p0|nt of sul fur
temperemreanttbd rqugeiof droof altomréOO‘iﬁ toearboné’é(lﬁ°(3rfgr 2 hld‘ﬁlﬁentnermbbf time to

Nj d
inereas? i< ATIIRBTR 5" ER Sy FEIA G 0 PV e e Oy R so i e carried
out unde?Wa@uid€ i DpreSdurd bETBwSdtbEHesia tprdstiire @AM & £n inert atmosphere.
sulfidation to occur. At a reaction tenperature of

Sinteringymay beasesto ingreasedhepiystallitesizeof @%Eﬁ&zup@atqleﬁrfrqmyens of
nanom@ERID thoLERSt i HAR AR e O I dE PSR G ME Y example,

the Fe&tﬁaf’twlemay heved eeg@tanite gizé bf fbml £HORESB ﬁhmrte abéut® um after
about 1250C,  and the t err?er ature may be increased
smtemw tlerona&mhqglmm h¢Sg particlegiqbtaiped fxom the sulfidefianprocesy aay be

e SR G, D OAIRSE el 9 e o e o
nanometefsi to §tonti ehm& N404200 nino (the Fe®J pticles pmay ihacb mf:rystalilie size of from

about 5o ALt SRS MDA DR U do T AL e parfel size from
tens or?ﬁﬁ@x@:gs SEh&fohReert RIRRIURY Y6 bdi 3%im. BYHEhROR Pei%ure of

descri bed above, higher tenperatures nay be desi
about 7106°@ uodérdactumglor eFaspl2, Efzﬂztpadi@es ha[vﬁwpartlclersmp af@bout 200

bl t duct. th t t
nm to %’PH}oégHb&’éyg’ﬁé’ﬁ&Hﬁ“% ff(?}?%ésr{gg%f: Eﬁan Inln?: ogen, or
[0094] tljész Ehﬂﬁ@les bFodaed WH&CBuWHtlontﬂP&egﬁm eRRBitDetH pyriteand

arged'to the si/stem and the systemis fl ushed
marcasme ctystal phassst Thesesn tmlg&p&z pmdugt exigss primapibjtintthe pymte phase but

009 The fi roces ides F
may inbfifi HaS%s drmmarfdeisd afysils | Bt D bRt B e ol B Rgt Fepry, it has
been fouid tHdiirkeridg tﬂ@FbSﬁpaﬁﬁ@l@@ ﬁfayw don otk te archdi! @Fstals to pyrite
havi ng an average particle size of about 250 nm or

crystals.cBer examplg, thromarncasitegirystals snayiesronvantgs tonyrite ciystgls by heating
the Fesg;:,%ﬁi& OWfchk bE“ntQﬁ né ankdiesoz{l%tgﬂ’p&q{di@%o J%gufﬁ)%ac and
rtrc éSI’TH avea rae artlceS|zeo

below attut 740PQ. V%rcdxaﬂﬁpk, tlfﬁihmﬁsi‘tetdﬁﬁtalﬁ heaayrbej cohiéryedab pyfie crystals

distribution falls bet out _7Q _nm and about
by sintering at a temperature of about C to bbout SOOQ’

[0095] The sulfidation process provides high purity synthetic FeS, particles. In one aspect,
the synthetic FeS; has a high purity on a metals basis. The FeS; may have a purity, on a
metals basis, greater than about 97% and desirably, having a purity of greater than about

99%. In one embodiment, the total concentration of metal impurities by weight of the
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600 nnm). In one enbodi ment, the process provides FeS2
particles having a particle size of fromabout 5 to
W@bwan40 nm and in anot her enbodi ment from BGDUS2088/011041
to about 200 nm The FeS2 particles may have a
synthe@gggﬁ%g kf%&g é??: r&le e%@ il Elg o%fimé gtg(?g‘tlﬁzé lﬁ%ygtgdgfﬁtanother
embodﬁﬁéﬁtrabbuhte(mm ofﬁs&Ct ing t he SI ze of t he starting Fe O
articles and/or the tenpe ure at which the react
[0096] Blersomthew FeS1 predused by the é‘i‘@é‘a%%f} PrgceBmaAlee be cwsgké«?d as
Rty il £ AR fles € pel
having Iglg?gllﬁ E 1 ggg&% E)o %J% 3 c} Ey @sei hflm ﬁrﬁﬁést ﬁl;he F’Ugg g)[‘odﬁgéi by the
sulfidafien p'racleﬂsnwjbhwedest tharoabdult 8%sby erght onmoxp suiﬁds smpuntles, and

. .Sintering, be .acco heat n artic
desiraty s haf oF BY weceht 41 FAB SHEEAmBIifiso,tn 456 G 0RBENN: e Pes: has

iron suﬁ?d&ﬁ’l;ﬁﬁﬁe§ SFRRIuRD 486 oPfesMHdGH aﬁ@t‘ﬁ@r &ﬁﬁ@dﬁﬁﬁ?ﬁ)&@b@‘l% or less.
For exanple, the FeS2 particles may

[0097] s%ddmomlyatheayn@npeFa‘l‘»mredmwdtbbréhfr sulfjdatixin prpgtws zmﬁowlso be

40 C b 700 OC f ff
substaialy ige od o R taecieh ik eiteiedc T prc FnB Bl Ry g E5s than
about 3P% %Q@éléht,ofbﬂﬁiess'peé@s' I NaehSFes) fohfed By BR subfidatiofl peotess typically

under vacuum at a pressure bel oy at nospheric pressure
has a relatiyaly large sifdcperaa (axgmbpwew m'%g gt bighay) apd ynayeba mmers

e e 58 B SERGHL DAL RSl el o prer ot o

on nanbiwdd &ds, eduld gftﬁﬁ@ &ide impurities in fRVBHE offiboLON fo afoRt 10% by
exanpl e, the FeS particles may have a crystallite size

welghtofThfereé%ea%mW weﬁmbl@ ¢ Bt pxpasurerpbpanerFespagiglesgo oxygen

contauﬁ{x? Fﬁ‘\ﬂrb ? QniR rff)ﬁl‘flhgt%d ARhA c'aﬁ%d% R Ron or sintered
sutfidaton proces may bé sintered at a tenperatur

to provide largeFa®opHrtidles)- Béiexafiple) it may badesitable tp atore dieenaao-zReSz
fromtens of noneters to from about 150-200 run (the

particlgsdn aﬂfav R P@gﬂﬁﬁrp afedQ be aforara%tfg] ftp @é:aghoge fymulatign and/or

prepar@ﬁﬁtétaﬂl%ée (ﬁnﬁﬁzﬁign iRQQrPBbx, Sintering may al so be used

increase the FeS 2 particle size fromtens or
[0098] Hl‘hedneﬁisd nfayradmoneludc so&tmg&b@ﬁesszattdnclmowilh aprotectiycoating

.heat i at a te out. 700QC under uum.
materigl§5 el B ptvel G RO P L (PSS prisTeg. T phf aihsct A cddling may
be a teRipBrAry Mm@rﬂlét(is éﬁ%lbatﬁe 1 E@dodefonhiRtibe envifdient. In another

nano-si zed particles. [0094] FeS2 particles produced

embodfsyenthibe sgatingdraay be fgymed dun aegnduckive matesial h Spigable eondugtive

h The re uIt|n S2. pro
materi {5 Rl By PG ROTRES e e BRbbea el et fhices. and
organié E@fd@an{zé m&ﬁhﬁﬂs iSuetalle Yedtall ckidedhhdl6de) Gér enlasipie) Gobalt beide,
bound é)pt heory, it has_been found that sinter| ng

mangang¢se qxgb andsthetlike) Suitably organis candyetive materials irclude, for example
polyphr%ﬂy?’lgﬁeah ivafvey rA #)grtl%{.l}/aﬁé/asluﬁablg QB?cﬁgﬁ?P }r‘aterf ??or use 11% t]’16 coating

casl cry st'a e converte pyrite cry

layer 1@% cdibad b(ﬁmlngh %Ee&%oﬂaﬁdtbﬁdleﬁay am;fhsasfobyxanpleemquene black,
the particles at atenperature above, abqut 400 0C a
graphmse%ﬁ%blae}f nyixtyses ofwio oraens thereqt) hén%l@g it emﬁgﬁtme@atmg

layer n{@ybeba%pﬁg@i’oeﬂé %@S% Barﬂweb hieaxﬁlr Hi¥taBle Snanner including spraying, dipping,

brushing, and the like. In one embodiment, the protective coating layer may be applied using

spray pyrolysis. The thickness or coating weight of the protective coating layer may be
selected as desired for a particular purpose or intended use, but should generally be sufficient
to adequately protect the FeS; particles against oxidation.
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by sintering at a tenperature of about 400 OC to about

5000C. [0095] The sul fidation process provides high
wWEepnys28ynt heti ¢ FeS 2 particles. I n one aspeRtT/Us1v68/011041

synthetic FeS2 has a high purity on a netals basis.

. V. Lt ) s | S, . .
o099 G pEReb ol ombaric “SoBbiunly” i, Bl PEEherroquis gpaiiona
separatién or cledning $tbgsto abeainh th9fhal FeSppredectb dheretht pradess utilizes solid
total concentration of netal inpurities by weight of .
sulfur 33A-84HE SRateniateibe procestmay %@mn&rtéggﬂ any solygBEH would require
removﬁ% QftiaHRB! FARALL (- (ﬁﬁ/g/gfhfel‘ ?ﬁﬁlucta&Qhé SulB@RidMprocess is water
0

embodi ment abouf 0.01% o ess. [0096] The synthetic
(H20).FEl: patedoscvey eviporates beaauss the reaction sscardgd entsiemperature

above figGHe16 5k PPES ity (oo PRalhichds BRadfsdfeksiiB pripsof
water. Sul fidation process may have | ess than about 3% by

_weight or iron sulfide inpurities, and desirably |ess
Milling Reagesso by wei ght of iron sulfide inmpurities. In one

mbhodj, nent . S ' ' i rit] ‘i e
oo JEFEOHEF Shpaditial St FESTIBH bRy E o Hmprising ©
mixingiréhl powederla@d SulflrGidWder Asipiovidedubgtantidlyy kombdepbucirbw/Sulfur

2 produced by the sulfidation process rray al sg_he
powdek gixtuEs, andy (iDyireating ther pPayydes anixwise prder candjtionssyuffigientdo form
Fes, | N one enbodi ment, the FeS 2 has | ess than about 3% by

2 wei ght of oxide species. Nano-FeS 2 forned by the

[0101] sMixinglaf iheliroprand sauit yypivdazinhay beeaccamphslakibyeiny suaatde technique

surface area (e.qg., about 100 n2/g.g9r higher) and.may .
such ag, dorgxampls; saespanigal anillings Maehanissl Mﬁwgﬁa%%gccwpll{%d using
any suftiblt il éi%giggsz &%Md?@, it ndt AR 2% mflfs, & QRfin@Rills, ball

nano-si z coul d” provide oxide inmpurities in
mills, madigenidi§, tbebd utill§) head adibisjtand G86 Inke. \Mdiltihg andrintinetoméxing of the

. e desirable to limt exposure of nanos.FeS 2. . .
ron angRU PRTrs R P e B Sher RGE Y P AT R Lng e inplgine, but
not linfiRA t&StdedeHindit SfladsN¥iPcohiL MeBadend BE Ttk ald Okt @hbodiment, the

. sintered to provide | arger FeS particles. For exanple,
milling mediayis Bubsthotinllpfeeof wort Despiternontrining Fes steq) shotiig particularly

RN dry,.box until they are.to he forpul ated jnt
suitable o s it s A Syt Ry o amount as
desired. OF dRéxamp¥) tHewélghliniti® O iroh @R Sl furtppwiet tvodillily n@dRanay be, for
i nclude coating the FeS 2 particles with a protective

example it theganggrfifraam abant letitacaboyt 113Pelpdhe rasgr ahirrarabont {Rdo about
1:10, oF?ﬂSa’xeF}%é/é ortlch?n a{% tQF 1 Y t1:10t I'1‘1? ﬁ@ %b@&n{gﬁg tll?eew@ight ratio of
trerrporar coalnglfha I'S di Ssolvabl'e in a cat’hode

iron arfdasubfut pdwdet te millingedia mayibeabothRf. enbodi ment, the
coating may be fornmed froma conductive _naterial .
(0102] STheizest andosihirr peWOers 367 Wies 18 thepresrgse oby Progess Gegtrol agent

e . ’ o g '
(i B LRGPl ) P RIS e o

particutetyalimited ebecept that it dkould be sebstarpially fieopfibkygeni Bajtable materials
for the GERRRRR EOrUEs| ARETRIRINGE THHEPSAIBSTSrBEh i Aohyp@Iple, afkanes including

but not limited to pentane, heptane, hexane, octane, nonane, decane, combinations of two or

more thereof, and the like. The process control agent should be present in an amount
sufficient to facilitate forming a homogenous powder mixture from the iron and sulfur
powders during the milling process. If too little process control agent is present, the process
control agent may be consumed by the powder(s), the powders may agglomerate, and/or
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pol yphenyl ene derivatives. A particularly suitable
conductive material for use in the coating |layer is a

W@ 20000452¢Dat i ng. The carbon material may conprPGEUST008/011041
exanpl e, acetyl ene bl ack, graphite, carbon bl ack,

- ' e r r.eqf ' T
i ph B8 B 2L e il i wats o
the mixiag vessebesulting iy psoti thillgeeflivieney) suok thatda hgmogerotsmgixture is not
. dipping, brushing, and the |like. In one enbodj nent, :
obtaingd, elgmnSF rirent ot PRRFepS:GPBErohagenb B1ay He Aresgnt & angmount of from
o 2 BuPIS el RS 00R T 56 OMRE s povde,
and mitlagy mediaf tn oxe grabodimeht theppropess eontroliagemtris preserstan ab amount of

R R e —

and mi3id le@hi on process is a relatively "clean" process
and does not require additional separation or cleaning
[0103] SGenpesallyothetiren powder ahd salfurfos/der shiwdd be presenttinat least a 1:2 molar

. tili lid.sulfuyr. as. td i al
raio of ¥ P GuAlE i<, 65803 ifichitm e Pliefprdiso s Do PREES D g e be
desirabl€ fHproSide SR ¥afur Powde Linantinount irf HR%ss dftBatGBdvirdd hiethe
product of the sulfidation process is water (H Q. The

stoichigmetwric ratio feensure thabdtficient arpeuns of sulfy is presentdo fors FeS,. For

atd i .0 . re. i i
cxamp 3 SEART W s VETREAL e AR USAS IR U8 B oo e
millingd@edia, WhichahB restit inl the Joriatien 9§ a [sthh(lAmdunt 8N B¢ diiring the
enbodi nent, synthetic FeS may be prepared by a process

treatmens OppragPRgL(a slight exasss o wHupinmsed thaextsasullir capimset With the
extra il%h%%[?%}%%@%n??}ok,@{ﬂexning{g;ﬂ%gus i ron/ sul fur powder

reatin e powder m xture under
[0104] CThedirdn adssulfut powdems mdydbef mixed FaSPsuffiCitttijeridd aftigneoto provide a

the iro d sul fur, powder be accoppl i shed by any,
homoggmqsamnmﬂle RAVEERMERIS- _ifswl% ap@i%ﬁ@ﬂﬁ@mgm !m&mg may
vary dé”aﬁehhin@%n t%gﬁgnﬁgliﬂ)ce% hdelNhe Tpr¥ #%@sﬁéf&ﬁp{e‘. éhﬁtg tétal dlount of

ny sduit abl I ng devices I ncl udi but™ no
iron andismiftiepowder),ithé toneehtratjongnfamilling medjanthe e dfahilling inkdia, and
L media mlls, .bead m.l| head m.l.|,s,.and the |ike. .
the likqyan gy bergadil Fheransd by AgeTPn HLS4 5 © 8ty 18 gp§ gnbodiment,
the iroR @@ SUlfur RWJRR RE AR byPhAPmufihg Sord Perivdi dfABb& fi¥e Hduhd To
_media including, but not limted to, steel, ceramc,
providey b hégh purity coynthgtiedFdBaproduet using a miling methpdethe mixing process

oS b5 Bl B SRR o8

oxidesPad kulfidea Thersford, 38y BS désiabli tb Ichity otiBthe dnixikpeoperation in an
) mlling media may be provided in any suitabl e anount
inert atgrosphere sueh as-fnr exaapls, an argen aiiaospherer ati o of iron and

ovost TP BIURE of el ey P bR i Sybog o Hflcend
mixturé isgeataf urfdep suffibient cornditidng té st FeS,. Typically, the process control

agent is removed prior to treating the powder mixture to form FeS,. The process control

agent may be removed by any suitable method including, for example, evaporation. In one

embodiment, the powder mixture is treated by annealing the powder mixture at a sufficient

temperature for a sufficient period of time to form FeS,. For example, FeS; may be formed

by annealing the iron/sulfur powder mixture at a temperature in the range of from at least

about 400°C to a temperature below the decomposition temperature of FeS, (about 740°C).
20



1: 10, or in the range of fromabout 1:7 to about 1:10.

hi one enbodi nent, the weight ratio of iron and sul fur
wpowdess20 mlling nedia may be about 1:7. [0l1PQf/USives/011041

iron and sulfur powders are mixed in the presence of a

In one %BS&’iﬁ?egg g@és ng %ﬁ%%g@égg ?P(Fﬁ%gﬁ&erﬁ%bb& 450°C to

about Mf’ Cp Hehimglhmy Ibg accomplisheéd xisiagta télhﬁératl.tre smnpjbdgﬂadlent to reach

aII free of oxy Swt bl e |aI for
the deshig SRS L NRSTRTES. A geTMGIERS B droB a5 e agrcRvxture s
heated %§m aQEmpeatRe ?amﬁ‘bfﬂ'ﬂﬁlsalioﬁ?i Wéﬁlﬁlt et pBOhidutdThp &7450°C, and
pentane, heptane, hexane, octane, nonane, decane,
then hcﬂdmglthﬁatenmesatmfe 4560C Gor abontfortyefieominuesd A heatirighemphay be

. _.proc ntrol agent shoul d be pr.esent in an unt
desivatft R ERS R A pEpuR T budti P ol PR oy alR sl stow rate

to ensdffé tﬁau 418 of therSulflifreat Wit e Hionfts ForRPPERS! Endlbvdid @‘oxtn'ilﬁ%

mlling process. If too little process control agen

byprodugts pu@s@snlf eS)t Hhepate of beatingrmaybe azjémd asdesired @bﬁsuwwular

need of bl T REkBle terimBRALRE Ml 4P 0B B SR g phroueh the
melting Poifit of Sulfr aﬂd\ﬂﬁhﬁnﬁaﬂsedfat afddtérQate hatileefhabfenipeature of heating
m xi ng vessel resulting in poor mlling efficiency)

isreachgdeh that a honogenous m xture is not obtained. In one
01061 I BGEHEFGhbodifint ST AR iAREN R Re8t 6 lHicctin the
powdevmiixghie tofa shbfeqheﬁtahllli@ gipdratidn. tllnq;a‘rtmnlarp@ﬁuienulnsydhé ifon and
powder, and mlling nedia. In one enbodi nent, the
sulfur m‘%‘éé‘é %Bh‘thfv‘ FPVHGEmIXtHEe, fleduecRssing agent Mayq regroved Giom the
frekhe
pOWderjthr\/\E| S %%%g&&é}?ﬁf&ﬁ?# bpﬁgmg{%nﬁ 5%9 'IITLQEé%lond milling
operatiop thay. be[a@&ﬁ)ﬁ]ahmdeusmgl any suihtable moHingouethod acthding fhose described
powder should be present in at least a 1:2 nolar ratio
above.qt i ron to sulfur (i.e., at |east a stoichionetric
[0107) "E&S) Porfed®y 4 Milfing ﬁlé‘tﬁﬁd‘ih%%&rdindetwﬂﬁﬁleQﬁeééﬁﬁin'i/é‘xmcﬁl &y have
provide thé sul fur powder in an anmount in excess of
an avetage partigtpsizesef fhgmtaheutsl windhiabeust10i wm. r Addgionellyrtbe FeS; particles
at suffi nt a unt of u fur RLesent Lo
formed % i i {hacBAR ¢ frbieat BuRpfar ey RpipR sOmne
porosﬂ@@ﬁh@exlﬁlblﬁscﬁﬂ&r@i@%n@ﬂ Ck up sone iron fromthe
nmedi a, which may result in the formation of

[0108] &@&u prqd.mdqby the rmdkingimethod hapa purita orarpetalsdasis ofit lq%st about
97% afdl Sasirdby h%%‘%iaﬁﬁpﬁ&f a%‘f%is%bdu? oo Cip ohé %mg)’éhf rt Lih% Hal

can rea e extra tron resen

conceritﬂaﬁoﬂifbf et nﬁpd'ilt&s HyO#€ight dittke i;)ﬁﬂlibtﬁﬂ&S& i éhmut prvetdess, in
m xed for suff cient period of ti

anothewlawca@eat meér(e geless, g yumqsherﬁamé}m?ntggaﬁt@-ol% of less.
Addltl(‘(fji‘la!llg pe%z 51§&|de 1 FH\ﬁfngtrH&hBél B8nthink aﬁ&ﬁ'ﬁg Fg?éé)%m{bﬁ éess of

on th process used
FeS m’@yﬂnes‘ar(daieglrably laboutolt%a Ibyamghttor déss iof BeS ampluritidsf Un one

embodg'{:e% th: F ﬁgzh%gaglcs axlrrlqg)ur}ltl%]; 0 allxluit qug ie%é artlcl1 in atr%c/)&%r

embodiment about 0.01% or less.

[0109] Some process control agent may become entrained in the FeS; produced by the

milling method. The process control agent may become entrained in the product from milling
the iron and sulfur powders and/or during the annealing operation. More particularly, carbon
from the process control agent may become entrained in the FeS,. The hydrogen atoms from
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the like, and may be readily ascertai ned by a person
skilled in the art. In one enbodi nent, the iron and

waeiobes2powder s are mixed by ball milling for BCPES10081011041
of about five hours. To provide a high purity,

ntheti ¢ FeS2 pr.oduct RN t,hod, ,th
the hy OGS RrOEesS SanBHIoEEa: Be ks afibe Vel AT s e Mingaling
operatib® Q’ithqﬂaﬁf(ﬂl\/&'in% R HeAlndBh R F&S,. WRh&OH being touad bR eny particular
oxi des and sultides. Therefore, it ma(%/ be desirable to

theory,dhe earbemmaytbe m¢szntng aoypeietht ofoferme inghnding but petimiedtoe

such far an_ar ere. [0105J
amorpl}gélf F%R?&"Hggrﬁli"}a g%fde H%J]§Qaggs%§ﬁg)tr’gﬁ|%§§% powder, the
[0110] STHeShivtint 8f édﬁ‘b&ﬁéﬂiﬁxﬁw&ﬁ thé RéSymeayi e 4 fidatienl ofithdaiiilling time and
suffl cient conditions to form FeS2. Typ| cally, the

the ameym @6 pEocesRONEP! agpahbsqdsinmifiigdhe opgp ts‘élf'tlrr@ét‘fqehsg Thgeamount
of entrﬁg%/&j%{é‘b% éo aglyt 1ﬁcieg§ép\)ﬁlﬁf1§ggé£}ﬁn%f?§%§ | ﬁc?% %18’& ?%@%E time,

the amew bﬁtraiﬁwcapmbessloontrol zrgenn(eané,rlhenéfom,marbmi) énqrenseiewith a

m xture is treated by anne he er m.xture, at
decreaging gnpyRt; of proge aganteg d;t%gf,? @ﬁvﬂﬁrgﬁ@f 798 apd sulfur
pOWdelti me to form FeS2. For exanple, FeS 2 may be forned by

anneal ing the iron/sul fur powder mixture at a
{0111] tTheparmmtofcarbort maimdg,'e thd FéS,omayabe dboas 1 Yeadrdess byogeigls of the

Fe, 0nl s RREREH DS AR S BRI e PSS

less by'ﬁléci%}i{r tl'leSFéS}n?ﬁbﬁéj eﬁbodﬁrﬁeﬁf"@ﬁé ahsirf o?larboR %tﬁiﬂ@&' in the powder
C to about 0C. Heating may be acconplished

is abou¢|942§%, ar lﬁmwalgbt eftnhaerSanngmmmlm@t; thg @mountof carbon
b di h
retalneg I“bh’le fn FS??(?\RHEQ § %a%tg S eﬂ%@t %E%E{%O i ment, the

[0112] tlﬁa&%at Addetives BP dgﬁaﬁti SoldBotddel th theiaxidl cﬁzﬂge Bfthe mllllng
m nut e u% to 4500 and then hol ding the tenperature

methodsquovide FeSihbaving 8 pesticuiar adgitive oedopant pengentrations fhherdppant
.. i |
s REp ! A bl ol Mo AR Bt PPEGNIROIAE,

[0113] dnaddi¢ioh @ theaictiveomatdiial,ahid Edthodeanidtsre wypitallynentainsother
form FeS (and avoi d form ng b

duct
materiaf, cF orgxample, gbaider és grngradly us tohold teparicylite an%t?ﬁ%m%ether
and adl?er@ e th to e ht E311eRR% € OnE QL nﬁﬁ-@ g&kcﬁmtl{/@ ate nals such as

enperature may | ncreased at a rst rate roug
metal, gﬂaphmehﬁd cegbqnoblaek powders inay teradded mwpnomdleem;m:d/edteleamcal

ot e S ST A5 0 S BB on
factors 'Ehé(ﬁ 5 Gorl &ah{lpf@ﬁl%delécﬁnéﬂrcﬁh&ﬁ:ﬁzlt?)bf MeicBGE h¥erldM8nd binder, the

wder mixture to a subsequent nilling operation, hi
tmcknqsa of thcumature ahtley curienk coldectdnethi currentraollsetor designoané the like.

smal 480085 5 D SR Y 5 B BRSSP S Blring and
cell peffbrthaice. TRY f&lﬁnﬂh}g hfedeﬁampi@rdpamma%ﬁm MPaeRInAfHals fer

operation may be acconplished usi g&any sui tabl e

Li/FeSpt¢l] ¢atlodest @pmchM and TAGBEXG:VEX | Herades synthetic graphite from
Timcal America, Westlake, Ohio, USA. Carbon black: Grade C55 acetylene black from

Chevron Phillips Company LP, Houston, Tex., USA. Binder: ethylene/propylene copolymer

(PEPP) made by Polymont Plastics Corp. (formerly Polysar, Inc.) and available from

Harwick Standard Distribution Corp., Akron, Ohio, USA; non-ionic water soluble

polyethylene oxide (PEO): POLYOX® from Dow Chemical Company, Midland, Mich.,
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above. [0107] FeS2 fornmed by a mlling nethod in
accordance with the present invention may have an

w@a@pagedparticle size of fromabout 1 mmto aboOUUSZO8/011041
mm Additionally, the FeS2 particles forned by a

. in
UsA; fid 61651 JERSSFrehB RRISIARRE hehd BB SRk copolymer from
KratonViRolgme| Hewston,[Tek0 alddftines: FINGO ULES nhigrdnivedrpolytetigfluoroethylene
nmet hod has a purity, on a netals basis, of at |east
(PTFE} panutagtusgdbyMaersi Foyyslers Ings Tarnytowym, \N. 85, URA (eomamercially;
: ogh I i
availabic Hopd Da Dt 800 €1 RN, DA, L4/D ocl H0ELOSI0 1200 ghide fumed
silica fadim Ilegi¥éa CTorparation Pignaemd Greup, Ritbgefiebd;MN.J.about 0. 1% or

s 5 B R RO i s

the cathSU¥ Bixtgre R Me OAdDoitE bAEbr BSth sRIRS 0P tHif heltdIRMiP. t ARSninum is
and desirabl’y about 1% by wei ght or |ess of FeS

a comromdy used materiah Bleecuardnod dolhastar mayhextetsideyiond therpastion of the
sul fide | uriti.es.of abgut 0.1% or l.ess .and in
cathod et ind R Shhn i TS elsdipe patthyedigifhas gallector can
provid® b @6fveniénd Bfeadbr maRIAL COBRMCORRR iR @edtfied] M&d dofnédied foethe
produced by the mlling nmethod. The process control

positiva derminatat ib desirableiorkegp theavalume pé therextanding pastiemrdf thieeyrrent
collectg% 4 %ﬂﬁmﬁﬂldtosrﬁ eds MMt the f[‘[i(?r/(x:lu r\é{)?%é Bgthter}:%ll a]y'fl%ar%])le for

anneal 1 ng operati on. re pa carbon

active ffagrialsa@dstectohtté. 0ol agent may becone entrained in the
FeS2. The hydrogen atons front he hydrocarbon process

[0115] EsiSe eethodgsahay hanade by pell epating arlyrienf astive materia) mixgire

o EGFELBY GPENESH OB R AR b s ot
sheet of abmtiyumtfbd, drgingche oBatingeo pernewntheisolvanty ealerdeyingfthe coated foil
to comgicy i SR im e b he cARed 69 19 6 gt I RBS Cattig BUgRy of the
slit catl%[&f‘e RARHA to he §R1RE Terfptd. " Rid&dirhe th GsdEthodleRMtefifls ith small

unction of the mlling tinme and the anount of process
particle sig¢s tolmiageize thesmsk ofpumcturingghe $eparatam and sul f ur

wder,s., Th nmount of entraj,ned carbon.gener.al | .
oniel PRREGRge 5 e e oring et 1 e Pa B¢ Ppung Ffsell. This may be
accomplished RGthi dnBectfidA 18 ¥ftén R the Férndb e thiP iR S&ipt@ Y §pPing, as
agent (and, therefore, carbon) increases with'a
shown de Ege 4 s Theyleadninuefienonady Gemgucked platesl staigless steglded to
the initial charge.of .iron an | fur, powder. [0111]
on17) 70 scRishicl m WP Bih midhp Rt R e RIS permititland
electﬁ@gglibn&%dﬁl&tiﬁﬁ $6is le¥pakié ftiol@ingtab RaktesSihe didct@ife within the pores
enbodi nent, the amount of carbon retained in the

of the yepagatar. The sapetatords dpppind hepyeendiagentyvrfages afithe praglezand
cathod{e Ebeag%\gggeippﬁ'sﬁg&tthe LI er8RY#tm ChchCth8OPohthe bl sEBa:ator may
also insulate other components in electrical contact with the cell terminals to prevent internal
short circuits. Edges of the separator often extend beyond the edges of at least one electrode
to insure that the anode and cathode do not make electrical contact even if they are not
perfectly aligned with each other. It may be desirable to minimize the amount of separator
extending beyond the electrodes.

[0118] To provide good high power discharge performance it may be desirable that the

separator have the characteristics (pores with a smallest dimension of at least 0.005 pm and a
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Is about 0.25%or |ess by weight of the FeS 2. hi one

enbodi nent, the anmount of carbon retained in the
w@owdess20s about 0. 15% or | ess by wei ght of theCHESD08/011041

[0112] |f desired, additives or dopants could be added

i al _charae of the
tangestflatdHioh B e ors 83 3R apton o T 4 b3 @UY0 cens, an
area sm&mﬁeilﬁtaﬁde&ff frobth @ 16/9p dhin-adtiakd ¥ eraositg ld@ethah(ﬁ 5) disclosed in
one or nore netals, ? aphite, or carbon

US. Pgy hlekS 2P@,ﬂ‘§] isqued Aders 14 1994 4 IaCkIICOROFRIELPY @ﬂfereme Suitable
separa@?h{h?&falgl}%w ﬁgc? ﬁ% gtr?(ﬁ'#é éﬁé)gglg rcg*vpﬁstglté&]egéll mtnﬁ%gﬁbﬁg processes as
well aqqareisuwihat mayrbé exérsddsont thg e&ﬁmtoadumwchsdﬂaegmhmn gears,

o the current, cqll.ector. ll(lﬂ Jmore con t|ve

splits, hele PF affer gaps devloniog ghat cgyld spebitn gadniEmal Sipri sizeut
[0119] PEYREHimirSihe Q&%ﬁ%t&r@oﬁﬁﬁ’é’in%e AP RY S§haft&ChblikBe as thin as

conductivity e mxture he anmount of conductive
possibleabuetrat édasudmdt t am berndsqwrmlptmmoabbamﬁmstmq:snsbmweasthe cathode
electric tIVI of, .t.he active

and anfyd 1o TR EY it Fitesgab short CuieniS KhaieR #rhio? igkiGsSmgy range

from ab&\& 1CteabB 0 SOC@M| 86siAbly fréif aBblﬁtr%tab@ﬁ{ 2% [i0 bnd!Bf@Ably from
and the like. Small anmounts of various additives nmay

about ) @cﬁbbut L@@mhoyt %01 hah cBhecrgguisebthigknessawilldapand anpareen the

e Oy T UL PR ST BE L e
exertedHREHY s‘eparafé&nﬂleﬁeﬂﬂ prdvididsX¥{¢ciriddKinsblagibades synthetic

graphite from Tincal Anerica, Westlake, Ohio, USA
[0120) cépsmbebp%@arac@r@aes besirles dhicknesh eamatieat senasP T Rt One of

these 1? %Ll}léeﬁge/spr b etne(lg.\l?lcl:eo T §°’/ ir?gr sx(%:gépgucy% foﬁéﬁ%ﬁﬁ% at least 800

kilogrdthsosit fofce pfep squard émmtd:r}(kgﬂd:m aand dd?.n'ablyain tbaaNHj()IOE(hg@cm ).
frorRlHarvvl k Standard Di stri utl‘g& . Akron, Ohio,

Becauggf the, manplgptuging prosesses rymisallygise "eﬂ’échR?THES sepRERfOTS,
tensile's Mggﬁ(?%(@cillg?b%g?kg%glghe grerpRMD) BhadMihe transverse
directien QTIB)J eFlet injrimuoey tonsild stressreguiyedecan dePEBEIn prrbok the diameter of

the celﬁ\glgq q&%{gl L or@ﬁ@% ol cgﬁ@/ner ﬁegfﬁ"%éf’s'il% rétress is at least 1500 kgf/cm?

in the MAtHASHTEM N ANA G 145tE260 kBTER) idThe lﬂxfaﬁg&e%eecﬁré@ﬁoﬁfl #nd%or a FRO3
Powders Inc., Tarrytown, N Y., USA (comerci all

type cell/the prdfered tepsileTirengths fin ﬂmnaclmheeamll teangyershiligectiggapre 1300 and

1000 KEREC st i e R ol A gl et

forces Gatl E13¢ teafy drasthétholesY IPgendiat ihe ﬁiﬁhﬁt thBitéhsile strédaanélBetter from
into the cathode surface, or_ the cathode m xture may
the stapdposnsafstrength Howeves: if K tinsileciiigssis tep highnothes dgsirable properties
Q{mnl y used material. The
of the sc‘ebaxlal?()rﬂe”ﬁ ect §ei5y£’ff§c? end beyond the portion of the

rrent or ‘may ex

[0121] CBetnlsﬂd Stréx0 BhmalkRo by ekpressed il Rgficrii) which&an bé bslcelutearffhm ensile
ortiog of the current collector can provid

stress ledqgﬂsm onmuylhplyingthe fatter By thesseparator thickngss én @me diepsijegtress in
kgf/cnl S Ao RERE f&rqgerftﬁ'yltng Qesirable properties related to separator strength.

Therefore, it may be desirable that the separator have a tensile stress of at least 1.0 kgf/cm,

preferably at least 1.5 kgf/cm and more preferably at least 1.75 kgf/cm in both the machine
and transverse directions. For cells with diameters greater than about 0.45 inch (11.4 mm), a
tensile stress of at least 2.0 kgf/cm is most preferable.
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positive termnal. It is desirable to keep the vol une
of the extending portion of the current collector to a
worzevo/asws o make as nmuch of the internal vol uneCDiUS100&011041
cell available for active materials and el ectrol yte.
. . . |
orz21 [ o i5eRoF et BRGETy Win R IS Bl Mrealf B0k Mhafe. Prefersbly
the avenagghdiglesteic dréakdown yaitage will beattlegse 2000 volts, more preferably at least

o I S8 Ao o
averagg gleth%ﬁlio breRlRRALY 1 eti?ﬁloﬁoﬁteﬁgablfl?hﬂ leds? 2400 VAEL dlfhfe dielectric

ating, slitting the coated foil” to the desire
breakdwivd tvioltagenid teautow, nigis sifficpl tofeliably reimiove celtshwitte defactive arl

damagfDsepprastts By el R sting € 8. esSTERDER A uet QRS 2EPHe00 The
electrofit 8dseRblyPbuTsiclthé BaUitiBE of Slrééﬁél?fé ufifg déi mmﬁa&_aﬁhgqﬁs

d
is electri cal_li/’ connected to h?e positive term nal of
desirabi¢ that the|dielguirie braakdem dcasdigh pspessiblg while stilbachieving gther
desi t;ead, (t)fteg ﬁiﬁgethe formof a thin netal strip or a
es1ra§%§qpﬁ51,0ré)§g W in Fi g. 1. The lead is often nade
[0123] fTHREvVetagk effetivalgide Siza indrdtiter 9F @R moleGhbéttarktifdicators of
separator_may be a thin mcroporous_ nenbrane that is

separaiop sirengtive While large peres@re desimblg to maxna den yanspext through the
| . . re
sparaS PRl 16 44t She ARko PO SEEMp SHLALR o shor

circuitbbdtweenthe djlezaredés. SThe preéfesred mdxipumnftbeti o pore aideds roin00.08 um
el ectrically_ insulate the el ectrodes from each other.

to 0.40pypy memréﬁe_r%hlaén@, éff’éfeét‘%%n MY vy so insul ate ot her
[0124] W%&iﬁ@sﬂa%g LidaGe l(1158 9&%@8&0 }r%lrerg:lztebgs wal LsEtéle number of
termnals to t

prevent internal sho circults. ges of
pores. Ihgensmbareltdischafge eerfoxmans terelsao de borerodgashe tepatator has a

. | east one electrode to insure that fhe anode and, .
higher spg < st Pulibe STRaEALPY wpg@-&m%& bg Jewer; i lggjrable for the
BET spicflid\QifaP€hfe8 84 b¥ nd gk i@ dhaM 40'mPRCHutqt AAY be bsiFMYe thGt it be at

de32| rable to mnz}l m Ze the anount "of separator
least 1 2t fdi atdedrePOmi/g.he el ectrodes. [01 18] To provide

A e N R K —
discharge %@ﬁ%nﬂ&ﬂc@. ThitiRt s&patatélis 1B Have fovddr réseagices) B the'Beparator
an

al argest di nensi on of no nore than 5 mm across, a

shouldrgdﬂodﬁs.pyng ﬁngu@, limi@@g; b?w Soinithe sepagatarcanbe. Digsizabdythe area
e REFAAE 7RO DEATE, b e Bl g 40 o

cm?, ald AB&, phéférablyspelgfbatdthan3.5 dA@dem&and her eby
i ncorporated by reference., Suitable separator

[0126] rRepatatosmaerBbrangsfon Msbingithism bafterien enanagerd olypaopylene,

e TR A £SR30 4 Lol et
The Seﬁ’]rg?o gigb ?eéﬂ r&igglljzlsltaj’ért(ﬁ' JbidxidlBsorientedt hizropmams remblaap orgwo or

more eyt e e OpRYide Hhe deSieibiensls Yispeisiin orthogonal
directiélt® A SRBfedhtr YN nfifinfiSe tHiBst?Suitable single layer biaxially
oriented polyethylene microporous separator is available from Tonen Chemical Corp.,
available from EXXON Mobile Chemical Co., Macedonia, N.Y., USA. Setela F20DHI grade
separator has a 20 um nominal thickness, and Setela 16 MMS grade has a 16 um nominal
thickness.
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possi bl e, but at |east about 1 nmor nore so a

physi cal barrier is present between the cathode and
W@r@de4205 prevent internal short circuits. ThaPCHHB2H08/011041

t he separ ator thickness may range from about 1 to

esi rab f rom about
onz7). 5ot Ao “FalsRPartior 69 AROCmbtnt C1oeBY i
assembiyn TH@ eleteodd &@&nbl@hﬁé’;ﬂ%ﬁé spitdlly Wl@ﬁﬂrdiasigrrl, ﬁ&htas Qllib.ttsh@wn in
strength of the separator material and the nagnitude

Fig. 1, mede byvanding afermating stsips phcathede, 5@%@@@?@5@% apebseparator
oundsbgg%c?glo (Nh\l%giér%xg%ct@iﬁwnq éeﬁk?&ié’ &hbl H%rﬁ“n&ih& is complete.

arac eristi cs eS|
At leas¢ ane haféreeft sepapmr ahd)’br sttlem ghé layenef décmbzdbelnslﬂaﬁmlﬁhh C.g.,

stres A hi tens ss i s, de such as, )
polwr?rzyrlereiamﬂnsr WIRBS |°&§%l%%f5 tb @stre%e ?fé?mgl This
serves 3 g%‘b?ll‘(g Rl 5@% St hélggﬁélﬁ%@%sseﬂﬂﬂl deSthEARlIMAY bé §&3tto adjust

1000 cause of the'ma uf acturing
the wxchh oc émsesertof plnecalsd:mblwste thet desired diménsiomp dflmlmltennost end of the

separatﬁﬁ tgro{tﬁs ter eé Lr(e W%tf {)? ﬁgllq qs hw{ \ﬁgﬁ i %}gg)résaléeswei tape oreby heat

sealingd rect| on (TD). The minimumtensile stress required
can depend in part on the dianeter of the cell. For
[0128] d&mhmltgan being a)lraﬂis waund, thelelectriode p$seménbr wdy be fetmed by folding
str s _at 0] [cm2 in
the elegiddi 3 sipdtigr SFBG tostier s 2b¢ R ol Ser e RE MR irdenghs end
then fotliedqf ah @Bcordiod fhshiond of RAnbYEnd 61d elbdifodersfiPmag be laid

tensile strengths in the machi ne and transverse
perpengdicplas {q e sathoge abanaiher elevtrode gtripandhe elegtsedesaltemetely folded
one acJofsi {étlg%ﬂﬁe“? g&{ﬂ:megroﬁal c}e 8§%ﬂ§§d)é ak&éﬂ}é’%sg??&%ﬁtﬂ%%%ﬁrcﬁ %g ?lgési-tlatmg

anodezhfaicgﬂmleahyers he hi gher the tensile stress the better
m t he st andpoi nt, of strength. However, he

[0129] tﬂml%rog@ passmblisistipsried gpo thy BRSINEON AT It; tlt?pvéﬁt plaspirally
wound%iechjaﬁe a$sEAbRE WhetlRY xpa?c%lﬁtfﬁfcﬁﬁl) rﬁs a?i%tcSﬂtﬁl{ep]tﬁ%ﬁa%Oﬁ surfaces

ensi e stress can al e expre
of the e:leutrddes sl pevpeatiedldr ltmthetsahswdill(s)sd)ﬁths somtamlcg(lﬁ othe? woyds, the

central e ofhé pefinadt assbiy inralelip & TR B B s o B o). Poldea

electro&i@I SAREmbledste ‘i‘ﬁﬁbaﬂ@hﬁs@d R PRGhAtERIIEE i@ﬂﬁ@a&@oﬁﬁ%&@ﬁd%n-folded
strength. Therefore, it may be desirable that

electrode ps;spmbbr tiecasserably dneti¢nsed sa thetthefflag tlerwodst su_r_faoes at opposite

ends o o3Pk P e FdaterS repite o AP ST AT iR In these

config@Bors' tAE Mafdrt§ of tHeQbtal ARE of ﬁfb’m Ip@l‘ Eirfatle’ Bf GhealBd&isdjacent the
greater than about 0.45 inch atensile

majoriyrqf ghestogl agga qfdhe;major @unf@qep @ﬁ{heg:aﬂngip bugh the separator, and the
outennB ego% sI oq‘tﬁep %I%gthoqug%]?F £urf gr% 8 OL%:Q& (}ﬁ ?lgeggé&é QA1 of the

reng 'Sl SITEUPH TS

contatrEf efrethdoly, leRparusy ¢fgke dlleedr@ibt dsbembliy &k do di mceéatsagethe
will be at |east 2000 volts, nore preferably at

| eas
combined$hickagsses ofithe angdejand ﬁa@aﬁe seqonstryipedhby the; caﬂetrtqr side wall(s)

or301 3 GGGt B AR, con BB ok bnfy Hery LRI BRUARE os o

contamlieas (e.24 06 moré tian abbuﬁﬁm piilrtslper:lmlﬂlon by welght dependmg on the
electrolyte salt being used), is used in the battery cell of the invention. Any nonaqueous
electrolyte suitable for use with lithium and active cathode material may be used. The
electrolyte contains one or more electrolyte salts dissolved in an organic solvent. Fora
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breakdown voltage is too low, it is difficult to

reliably renove cells wth defective or danaged
wGeepanaes s by electrical testing (e.g., retene¢DESWNS/GN1041

hi gh voltage applied to the el ectrode assenbly before

. t .14 . e . i =1 PR epe
LirFeSt B8 Bbbie? B Aiaple b Bofbat i) By iy preblgrte, lithium
hexaflinrephodphae,ipotasiubi lggxafiaofopheiphbte, lithiwe hexafliorearkenate, tithium
tifluorg e e LIon A, AL B 9 g SIANGREB SpEniapelude one or

more OF RYGI8Rng: aﬂh&ﬁ%lgga?l?dg%fez ﬁ{ég{ﬁtc%oﬁét&erﬂgﬁlpleﬂ}% ichl%ro{late,

arge pores are maxi m ze ion"transpo
ethylerternachophate; hepylkepecatbonatej ,2ibutylgmeraasbanate, £ Sebutylege catbenate,

separato i1l be s eptible t eLrati on and shori.
methy 3P RR¢1F EOWRTQlRsRe AT aABG apoRitlelrh 3 ey firefoNs n aitimethy!
formarfifdt Sl &(KerR MR saitZ&BIvesit EdrbhatiddBwilproide stfficieht elRfr6lytic and

preferably no greater than 0.20 mm [0124] The BET

electricap eenductivitytof mees the eell dischargeorequirements pvergbe desiteddempgrature

|l as the nu r. of pores.. In ral.. cell .
range. {fers &5 oRe8 aPEPdao i ateir sthsBiGabRerisiRiy, qapd weting
capabiB§ P26t 10k temperatite diRharpp peHbintanss bhd g6odhigh ratedischige

separator strength tends to be lower. It is desirable
performagicet Hlais Bamartpdanly frue in L/ Be% gHe heqayspihe gthegy arginagre stable than

wit MR8 b (50t B Bl Bl € by are o
limitedstp@eydliccetheds bsdhadsdlg2 -dintethex ybtisine AR @idthoxygdmtie hi gh
te and hi gh power cell discharge Eerfor mang

dimethasisheetiep Angbis twatme and distnd aiersapd cyelietbers speh as 13-
dioxol o\?\}e?rﬁﬁﬁdrt@ﬁﬂﬁn %ﬂ%iggl M};&Egﬁ&r&a{é? Egrgf’tgl{gftlﬁ-o&hfﬂlfdiﬁ&e. A

e Separator ca e area
particutgpbycsuithble neaiaguenuselécirolyte g amadientrol yta coripfising hitliom?ipdide in a

solvengq.ooré%éfsixtegf %e}rl?ﬂglt peggtpg{ aestacﬁgpaostg: gr? Ufﬁnq’@?ﬁ% Ho[ éﬁg%ﬂ?&l‘é entire
disclosafPSrvaieh iS TRERpERES] ARlinbyTefeferlck t hi um batteries are
of ten made of pol ypropyl ene, pol yet hyl ene or ultrahigh

[0131] rxtceudingly, variags combinativhy dfelectrolyte Isaltsangdairggrie nel viats ngn be

- eferred.. Th arator .can be i ngl e | ayer of.
wilize o R el AT A O HEE RSB i PRI SPACRagpn of the
electrog% Sall @eSvafied t& modayitheé dut®esiropértieoPihe ¢ledfoly® Examples

esired tensile strengths in orthogonal directions. A

of suitahl¢\ponaquegusreleptiplyiey gontdiningione or mere eleetrolgigi salip dissolved in an
.sinale.l r.hi axi .V. 0ok | ent.ed pal n .
ongani g . o1 8F BLUHi 8 A6 Ao Pel PSR YOS congeration of

lithiunG@ifiorontetBarlestilféhate A EBYKEONwNL) i@ adodvent Blendof 1,3-dioxolane,
Macedoni a, N.Y., USA. Setela F20DH grade separ at or

1,2-diefhexyethate. aad Acniimathylisorerels £24.80160 4810406 b Waghty vehigh has a
condulfiy 135 ROEE D SIS0 TR iy vior-
metharesulédracd (20d®% by weight) in a solvent blend of 1,3-dioxolane, 1,2-
diethoxyethane, and 3,5-dimethylisoxazole (23.10:56.30:0.20% by weight), which has a
conductivity of 3.46 mS/cm; and a 0.75 mole per liter solvent concentration of lithium iodide
(9.10% by weight) in a solvent blend of 1,3-dioxolane, 1,2-diethoxyethane, and 3,5-
dimethylisoxazole (63.10:27.60:0.20% by weight), which has a conductivity of 7.02 mS/cm.

Electrolytes utilized in the electrochemical cells of the present invention have conductivity
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assenbly. The el ectrode assenbly may be a spirally
wound design, such as that shown in Fig. 1, nade by
wowremdiosgoal t ernating strips of cathode, separ ap@r/E$2008/011041
anode, and separator around a mandrel, which is
¢ c o > .
generaffy pilfy Bhn 8L 0/ G G161 IRRE iy AR 23 OF48 5 mS/em,
and préfalabty giearﬂ thye abait 4ehbmtt:ﬁl, onabont VrmﬁdS:’bmt ing film(e.qg.,
pol ypropyl ene) is general|y w apped aroynd the outside
(0132] (Sipetil 2804, tcaéleee,e?gg frolyterferapasitionsang A coB e adfusted to
. , i it e
providB HeRRSESY ocl i Bl e O Fm AR HolopO Ehl Al TR
exampkes thervbll yndyobet desigihed ito prbvitlensmnaiode to Jatkodelinputreise ofless than 1.0,
of the separatar.or, other outer filmlayer may be. hel d
equal 19 dyfl Of AR Uiandc® Breellhity i anads fa cifhods inputialio o5 ¢35 fian 1.0

may bd QiPR] havaah @hodd iR Bangcs Rhd alckl WitidthnoliB & &4tR6de iBP8 ratio
assenbly may be fornmed by foldi n-?bat he el ectrode and

of greates thanat.0 maythei s9id todyare Ba anodenevestbrlapse. nkiynayeeadesigadel to provide

al ong their lengths and thepn folded in cqrdi o .
a cell Ry @ hg o 1o G SAANTAN S e et P el 5 Ay S perein, the
anode foadathode iffit #Atfd thay bé ealchiRtedals foulewvand anot her

el ectrode strip and the el ectrodes alternately fol ded

[0133] ohodgdrapaeity Rer Ianeasdnglsr t hogonal |y oriented), in both

ses.: f ) 0Q: t i . c
b R e B R G R
20°C) % {tithhad Shagy densiey, 3861.7 mAb/Mgm)case of a spirally wound

el ectrode assenbly, whether in a cylindrical or

[0135] {rathodeiGapagisy,Per ldear Ingle maj or surfaces of the
. ! S
e AT AT S o Kb sl oo

dry mie dessityp s €fined catholy packipapaténthgd) & (dryt waight patcem [Fe8xixs(percent
. of the cell). Folded electr ssenblies are
purity G5 XAF¢Sp sty eﬁ“ﬁﬁi@%&%i‘ﬁ%&"ﬁs. In the case of an
[0137) Yafddeftaftiddl Hle il gﬁﬁc;d%q_‘%gi?czéfﬂr‘g? hi¥earlinGy GRREIEapadify per linear

. oritented so that the ftlat ode surfaces at
inch opposite ends of the stack of electrode |ayers are

o SRR QaRRRRDE o b e TR e s o

interfaéiBl #Ea Bétivear it cathodbandfRdfods. BthAC@odk RBatiRy tAidkh¥ss" refers
of the total area of the nmajor surfaces of the cathode

to the qoating titickniess aftgsany calendering apeationtos othes densafication pregessing of

e, 40 BT R G RGBS b el e

any caRh@eéinpgQRraiva@idther dugsificatidvh processiag end 13 dqifvateptty N#percent
t hi cknesses of the anode and cat hode is constrained by

less the yieid yehumg preeeniageaficn any sglendening wperatinn ergthepdensification

| c i i ) :
procesShE 19 e AL IR PR ORI IO 0 kv oppy of e
solid coOMPorkmts of the tathddd ¢oatingy wei ght, dependi ng on the

[0139] 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. 1, a bead is formed in the can after the electrodes and insulator
cone are inserted, and the gasket and cover assembly (including the cell cover, contact spring
and vent bushing) are placed in the open end of the can. The cell is supported at the bead
while the gasket and cover assembly are pushed downward against the bead. The diameter of
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el ectrolyte salt being used), is used in the battery

cell of the invention. Any nonaqueous el ectrolyte
waiovak2es f or use with |ithiumand active cat hpciEUS2008/011041

mat eri al nmay be used. The el ectrolyte contains one or

e s SRR AT LS P CPHAT L8 ot

cover ®adrhiblyiin placel én thetcell LATter eledtridytelis dispersed énte khieoeditthrough the

apertus S iHE SR RBBHBOOVEA B NPEhBAIoR MSFLIEH 549 Ui baling to seal the
aperture né Ifﬂeudpllt Ell WOP PETIDRE %.ﬁél‘ 'aft&ﬂ-ﬁﬁaﬁ co@&thrb biddbd BhioGHE Qéll over the

sui t abl e ‘organi ¢ sol vents 1 nclude one or nore of
cell coVérearid)thlemop edge ofi thecdnylls belambwaat withdiceinpihg deertb hokd tbs: gasket,

cover aggérgh% {’Jgéé df%l%[: gﬁ e %’%gﬁgtcér%rpga?%ﬂﬁ&??ﬁ (gtythe open end of

the carCBY thepasiet. met hyl f_orrrate g- but yrol act one, sul fol ane,
acetonitrile, 3,5-di mst;%el soxazol e, n,n-dinet hyl

[0140] fTheraboivel descanpdoeisrmr@'cul releyiant tosiyliadrical Meﬁaeqllsnsuch as FR6
and FRYf3 o rOVﬁi%@eﬁ 1 e 8o BB YL G 0bRE- IS4 ATEC Eflss-2,

arge requirenents

publisiédddy thé Enteh@atised BlevtpedchhicheComigsion; Geatta, udtzeflared) However,
desirabl e because of their generally |ow vi SCOSI t.

the invgasarn mey elsade adpripd 1q ether eellgires ond sBanss aad t eells with other

@2 & discharge
elecmgé igéﬂ{b ﬁél gﬁ&ﬁ% Sgalrhgﬁﬂﬁ g%gl C u?g?ilni/eghi% I'nh Li ZFeS cells
[0141] tlmaamssaoﬁthe irvehiors amd sdvantagesthaleo€ atelfarthey illasthdiéd in the

cat hodes, so higher ether |evels can be used. Suitable
following examplesc | ude, but are not limted to acyclic ethers

3:55%51 1, 2- di et hoxyet hane, 1, 2-di et hoxyet hane,
101421 [ né?ﬁsoxyethyl)ether, triglynme, tetraglynme, and
[0143] dCahparhtied Bxampladd cyclic et hers such as 1, 3-

1461 Ry e RS BY A EErn A FRp A IOpeR S () a

300-40000 faCB108 HouR!aS AbEIbEl By Tanitia & aqureehwﬁmwmm,swg 983) page
thiumiodide in a solvent conprising at |east one

269). ht mtezpmlsraactsm dgad okidelwas. lowmmo amprc@amimanmt wahe

B BB EE 5 B 1 B R0 BBy gpece

The at@b§sHefOithe nfbalvias pwghdowmatg@nmfdte eﬂaﬁu@acﬂe Bg élll Slilﬁde The
to formthe electrolyte for el ectrochem cal cel

furnaceypiag thep disatied o temperatare andd1aS| allowed|tg cantinuall Yékmv @éoughout the
reactiof Hn | ed f &te %Bg g?(ﬁletrhgﬁl%?lnﬁillé%l% A ?sggg%.gxﬁg&"gg& w?tfh 1}1&'? gas and

elec ro es of “sul eous

cooledeFRE 1Xi® |aM D& faycdiffifetion pattenef die pf@dﬁctqirﬁhicéd) lirythés Sainparative
di ssolved in_an organi ¢ solvent_ include, but are not

Example.nf\s ghowm in Bigs2, ¢ Ecagtien produsedskath an ehonsm by the paeknat 43°, 50°

5, 2173 4% 805 ASDTERIRSSPMABGEE, MK it e process

from tHis 2xathple hivoypeoduwed Felad edidbacdidrbytthy beaksau(di"o 5&.5°, 68°, 84°, and
o (24.80:60.40:0.20% by weight), which has a
91.5% conductivity of 2.5 nS/cm a 1.5 noles per liter

ot LR R PS8 00 by vei ght) 11 a sol vent bl end

[0146] SyntheicdieSx i prapared ngng a sulfidation process in accordance with the present
invention as follows: 2.6 grams of nanorust (nano particles of Fe;O3) from Alfa Aesar having
an average particle size of about 3 nm and 0.5 grams of elemental sulfur from Alfa Aesar
having a particle size of about 1-2 pm are charged to a flask as part of a Labconco rotary
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di et hoxyet hane, and 3, 5-di net hyl i soxazol e
(23.10:56. 30: 0. 20% by wei ght), which has a
w@ondiedvity of 3.46 nS/cmp and a 0.75 nol e pRET/UE1008/011041
sol vent concentratlon of lithiumiodide (9.10% by
g ve |.end
evaporlfSs S pielef TSR R Sttork 1ok BB A1 is stated. The

flask i eatelQo 2he &edirbd %ﬁ?@dﬂé&uﬂ&lsﬂ‘fg an 01‘ll\bathh Hydgogen sulfide gas (about 6%
conductivity of 02 5/ cm Electrolytes tilize

volume percentar Nebis maweéamo&ér pystern. tThe hydrogemsulfidg S rah‘/ y be started

t 0
tor UYL OAEIB RSO G401 23 R v
the app?ﬁbmme expudusertahe ofhydrogeresai fide, abaut Sab bors for thbsolid Masses listed

sbove, e ki ralied AT o botpa ot P reirued it e fohed

over to é?gdﬂ{ OWhER the Bast @Rl cBRkeiRWer8RHS] A4 chPisbd and quickly transferred
formance, and storage characteristics. For exanple,

u)adUMmg cell may be deS|gned to prOV|de an anode to
t hpde ipput ..r.atio of han 1.0 qual 1.0 r
ona7) g0 En Ry diFGACRDarp Rt ehe e FeSF Bpated i accorthnee
with Ek&Rple 11 A4 shohn ihgss 3, hﬂ:: Pr&d&:t FRon B Sulfidhtbr Probéséan aécordance
anode under - bal ance, a cell wth an anode to

with the preseateinyversion nravlri@:b BS: dhasingar pyrite arystabphasy, @eevmnéed by the
peaks 345, 90 7068, RSk 205 b FAEGERRIGTR, B 3 tp shovs

the pre@éncb @% Sorhé afarakite Gyyslaldia the PeSAstodisotds Beidended biyhke peaks at 39°,
o?e to cathode input ratio may be cal cul ated as

59°, ang oferitefapd gmycase gearcapsak atSPe Asishawann Fige A; thepradyct does
[ ckness) x (interfacial electrode width) x 1
“°t°°‘|(t%‘g‘r?l“%%?§'ensity of lithiumfoil at 200C) x (lithium

[0148] eFigr4is adnoderaty mapdficatiomSEM ithagd éflsyhihetiaF bS)ﬁprepared in

Capaci t Per. Li near, | nch: 36 i.nal cath
accordgRsgOT LA Ehes%% shown inFd s isIE tRrsAE e pypagticle size
in the ﬂaH%{of(ﬁ&ﬁ%&‘i’tdﬁ) faraxsom ) ﬁﬁ”%ﬁ% Wis% fleid aﬁissi%ﬁtsm RFESEM)

I ng percentage) x (dry weight percent FeS
image @bEeS:qmtpapﬂzdr intagcérd e witlf Ez@npleck. gis stervai inyF; 1g853 311 5@me

) mAh J0137] An t hode i t = ) .
instanch e PR l58 APRGERB20C FEHS B ER BE TSR tqn?fgf SEESIaf Shygalites having
acrysthl‘ﬁ?é‘s&@éisa%]out10‘%%?&54)@'15%“r°de wi dth" as used

herein is the |linear dinension that shares an

[0149] | Theephlysicaloproperties oithesyntheticcF efatand tlee nataral KeS:zate gempared in

Table o0 s il F 08 O PR By Bl ot 105

2/g ot her densification proceSS| ng of the cathode. "Final
cat hode packi ng percentage” refers to the solid vol une
percent age after any cal e"ﬁ%ié?’llng operatl on or other

UUIIDI | I bd.ll UIT PJIroLtessi Ty ul Vd.l ent—to J.UU
per cenPrapssy the void vol %%rg%gnt age afNNaturahkgS:

(..EU’FMEICISi& (HIJ&)T atriom o Ol rg&g6@enb| fTatd Oflg 000

Crystallite Size (nm) 10 --
BET Surface Area (m“/g) 105 0.7
Neutron Activation (% Oxygen) 0.93 1.54
11
Number of Trace Metals > 1000 ppm 0 (Al, As, Ca, Co, Cu, K,

Mg, Mn, Pb, Si, Zn)
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processi ng of the cathode. The "cathode dry m x

density" refers to the additive density of the solid
weowposens s of the cat hode coating. [0139] TherPCEUS200&011041

be cl osed and seal ed using any suitabl e process. Such

(0150] Q:jx%& éSSS Gdaltlgglpyoc%éobut are not limted to,

CTl m raw n Il eting, and conbi nati ons

[0151] tSyammE FeSQ of Exaﬁplba is Gimkerédat 452PC fomtwd lgpursl Slﬂtdﬁmgd:auses the
is forned in the can_after_ the e] ectrodes and

FeS; partigles 4o groveaprbpraduce Fas pagisl esaﬁau\gr?epagfa%lﬁ size of gbewg\Jgp nm and
a crystﬁﬁf]e%ﬂ%éu 430{1;:4734%” 931 éﬁ%&tei@ggf (re o#m?n%féé@g)r{ #Wsintered

| ng) are nt
FeS,. Inéigce)|the D(Srayuhﬂﬂttleld palterh bﬁtﬁcdﬁﬂz ﬂmni Exmhplega(skeflga&)jis

superinipRseq P RCRE K- IETRHR BRUTRAT Lok B Sopre THE SR Fes
sample'i§ %ﬁ@s@nwﬂ@ the PRKTR RhGirlg @R dHabpet, %Bl‘%l iftehfiep RS KR FigNG, the

cover assenbly in place in the cell. After electrolyte
asterisk syrabalp by shsipaaks at 301e558’eand 8 Hrin @@pﬁhm fop éhet EnSas)roduct of
E ﬁhf.vd?nt ushin cove{ vent bad cf tn% HQ‘ Fig. 6,
Xampis,t P BN “‘t margpsiten e wsiniFediprodugl, £3shown in Fig.
the sin&%ﬂqfesz/&ogTEotQ&m&@rﬁrﬁéal@s itﬁ{HiitdbfPé toCANRhsi Y @y§hI8C THus, the

onto the cell over e cell cover, and the top edge of
marcasith erysils appepeiethava heericouveredtapyripingtali.e to hol d t he

s 1518001 BB RSO Yy TF 5t Ra0 T AL i
the ANSTQigieas$ kel carh&a4DSC) et glethod. ddeaést i tudatirdom temperature, as
particularly relevant to cylindrical Li/FeS 2 cells,

follows ylarp tgst vehilesraledmtvavn sefative te 3 fiy bAiAnesll gnd containing a scaled
ol NSRS R LR8BSR0 AU AT BT 2

secondSoThissyleris re(ﬁemted aineSmbiezmésarithe detliethen allbwed to recover under
ti.on o he adapted to ot cell sizes, and

no loaiﬂagggmaﬁ@ 6@3%&1%"’1%! l¢ Rragessds reéaeeteg This nested Ry is repeated to

some 15R9 Yolthge. FrifotA HHnRESERdET Fodddblal 0948 BhtofiERE rtedl OFfid hmount

Featurés of the 1 nvention and advant ages thereof are
of activeufetSaan thel dellss abaut d 8i20 mp dorftests evelwagingxamphlasyrité,Gihd 2pout 7-10

mg for i BrafehR I alf5 FeCach i, PRV Tl ekt SeChaHgh T ppsristi

ofa naﬁit'élfF e@g S gﬁ%@ erﬁélo?’&pm‘k%cglqiﬁe?élz&faétoﬂ%%ﬁué}sand s§nthet1c FeS,

descri Tanmur a et El ectrochi mca Acta,
from E(camat;ﬂ pAg ehoamam ann7,ah¢ si ecerice betisen dhe SHyimite tet @V and the

ded b h
high pq'5 e i e ciof B e Bl 8RR et B 3L BB TG na Yo
hours) Bild)ﬂleh%iﬁlﬁiaﬂy iricRedsed 40D mVIy the bRSWIRES of D.05We Th thecells using

purged wth argon before starting the hydrogen
the synﬁmnf:.F@Sz prepared in aecosdangs withdixamnle ddthe polasizpiéomisin he low 200

mV ra@%‘%ﬂ%%staéfl tﬁgv?egt bt foR8H: { 9&@% oi mf:lleggg Juﬁfl %LEQJ? e Jrgﬁnd 60 hours

and doesn’t increase to a final polarization of 400 mV until around 70 hours. The synthetic

FeS; of Example 1 has an average voltage on rest of about 1.75V for about half the test, while
the natural FeS; averaged around 1.55V. Fig. 7 also shows that the synthetic FeS, of
Example 2 mimics the known two plateau discharge seen at low constant current rates and/or
at elevated temperatures.
[0153] Fig. 8 compares the discharge profile of natural FeS; and the synthetic FeS; of
Example 2 at 20mA constant current, and Fig. 9 includes discharge profiles at 20mA and
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reaction tinme. At the end of the reaction, the tube

was again purged with inert gas and cooled. Fig. 2 is
w@eooyoseys di ffracti on pattern of the product pPCHUSZAS/011041

inthis Corrparative Exanple. As shown in Fig. 2, the

ZOOm%eaC%QP s rn?d $ sgavﬁg 3@ 1ggh€a11\'\%ab¥ E‘S}{p eak tu?e tﬁ'e Synﬁ\e’tlc FeS,
of Exasipfe 1 @ﬂﬁblm twtowateeﬁ disshange at Ioaf pdvie (20829 &ﬁd falso mEpéurs to
a

exanpl e al so produced FeS as evi denced by the peaks at

exlnbﬂ@atwoaiatsau dischagge atdnoh. 5. [0145] Exanple 1
orsa Sfebiffehbd dehanFRRu4E Bl R E afBiRede i BpRBRIH
200mApr Biged compares the mpasﬁé ehérgyﬂenﬁw&agreamsﬂmfnambﬂ:satand the
(nano particle e20,) _from Al fa Aes n
synthetig, k¢St Faaffmlecf eA§|S avBin Eigod0: enly fhe Sy eac Sﬂgﬂ@(a&plﬂhas
| fa Aesar having a particle
amgm%@?%%%%%u&gl{y%g(’%mgﬁe charged to a flask as part of
[0155] EXaaiplodic Sulfulatioy Bvaresy at or . The system is purged with
n .befqre the,i.ntroduction .Starte 5
jovss) NyBieee Fefe Shiaiped o e peasesnal Biammele 315 RGeS a7 QEC for 2 days
under wichuat B préd¥iste %ﬁﬁo@ttﬂoﬁ'tgﬁ t8 Bx‘-’ov(l(‘1’33.43'lrﬁhe@l%/ol"\éS%\I pébeicles having an
percent in N) is flowed into the system The hydrogen
averagsparltlp&@lifemfwbnug/l meabwazm before heating or after

b eached the desired tenperature
10157] (gf]‘?g‘ Sﬁgfﬂﬁ?rﬂgf O appropri ate exposure tinme of
[0158] fsyﬂme mesyisfprétmre@bpu SulfrdetibiPprosteds @k dedteibedlin Ex&fﬁﬁl%qsexcept
| i'sted above, the flask was ralsed out of the oil bath

that thexreactioneis amied put atampersiuse of about 280G T}N’]E%Szdv dhis £gample has
an avex%gg gyrgcmef ﬁlqﬁ {an@? Ke ﬁn% S ?@) a"B‘é it was

qui Ck ransterred 0147]

[0159] I-E;gmp‘Be 551\/ﬁnm>g-prayes§| ffraction pattern of the
nthetic FeS 2 prepared _in accordance with Exanple 1.
[0160] AynthesigdeSnismrepared by pmiflingpiecess A Fallawsi, Sl gk pper and iron

powdegétg\‘?/:lﬁ%%gﬂ E)eégﬁﬁkd\ﬁgﬁﬁ abblith 3: ri‘?ndﬁ[ner%ﬁptof hﬁl‘ﬁﬁ"ﬁ) iQR. The total

aving a pyrite crysta ase
amountvf idenaeisubfjir pbwdercia Iabowttl34g’iam§OCaﬂﬁn s&21 ball, vx&ﬁ;h B4 used as

the milgi?lg ggﬁgae aln%ralg(gﬁ@ggpgteég diaj! fgfgftog{l g\}qiéatal 2 Sg@ﬁg mtegl% is about
89 gramis. Oﬂygfanﬁ%ﬁ\ékgﬁéq @ﬁﬁjchtﬁ uhnﬁecpfsathé pﬁ;ces?sgoonﬁ%l a%éﬁ i$ éharged to

rit and narcasite share a pea

the v1al=urgier an atgma apnosplncte dﬂm@mers:mnmctnamngl rﬂlélsd f{noabm] five hours

to providh ok e By KT BT E GO ASRSBo0sT R ERYS AT imget Ar

atmospﬁére?ﬁﬂd%e'lféxﬁhegls aflowbdl @ Bdpbtdié.€s appear to have a
icle size in the range of from about 30 to about

[0161] e@ﬁmhe hﬂage esgaposates, thepewdarimigiuse isSRVNWRRSEA)sulatadga quartz
and anmﬁﬂe'ge t8 %a% dﬂ'}ﬁr;pow errn% EE 1svﬂnnea1§d( g)rmeaﬁmjg at Asterﬁpgrmxe of

450°C; the mixture is heated by increasing the temperature 2°C per minute up to 450°C and

holding the temperature at 450°C for forty-five minutes to form FeS,.

[0162] Fig. 11 is an X-ray diffraction pattern of the product formed in this Example. As
shown in Fig. 11, the product is FeS; having a pyrite crystal phase, as evidenced by the peaks
at 43°, 50°, 56°, 62°, 73°, 89°, 94°, 99°, and 104°. The X-ray diffraction pattern also shows a
small peak at 68°, which may be attributed to some FeS in the product. Such an impurity
may be due to a small excess of iron in the system from the steel milling media.
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i nstances, the particles appear to be fornmed by an
aggl oneration of several crystallites having a
w@eapgsi2bit e size of about 10 run to about 15 PEA/US2008/011041
[0149] The physical properties of the synthetic FeS 2
I. N
ot Hg: 178 oM g SEine pBAFISTRAEA if JockRnEe bt 1 Example.
The pattitles Havaaplaeerage partivle sizétoflabbgat 2-Faimh end & OfystallitExzaplf about 160
2: Sulfidation Process [0151] Synthetic FeS of Exanple
nm. 1 js sintered at 462 OC for two hours. Sintering
[0164] Cf"‘lg.s rﬁhl\'i‘?ﬁg OBf § blosEs &Bn%‘f@és 191%9 HrfRcdEin accordance
particl es aV|n a partlc e size o out 150 nm and
with this Kixanaplei Fig. 43 shows thabthetpanilemposhisg soxﬁe ivbiduatlurae esd, therefore

exhibitSOge RToR e e 292 Bf 1S ERATEN HE5e B hoislact AESEL 9yt dn] m e
the Fe AR akaffRohtedt oBabdut 098PEbY W@%‘hﬁ df al\éqtesg he X-ray

fractlonfpattern of the sintere The sintered
[0165] F%’@nmiﬂéi Sulfulatiep Pearestt ed by t he pattern havi ng the

ool S3RORFG g7 meernel g & fioain profess s AHGHE 15 ey of
nanorukO(nahdpartieles Bf Be@s) from Klfamusar Havi ateegetpenwleﬁe@ 6£about 3
of marcasite in the unsintered uct shown in

nm an¢-3.§ grgns phelemppfabsulfur from Al @o‘e@ah@t"llé&h Pﬁﬁtltcleaﬁ*%ﬁ qfabpryt 1-2 pm
|
e L L UBAR, Tk B BRI20lGa b bt iifigon of s

startedp Yt tflask fsjtebd uisingGihd] bdth e at flow af hpdrogear sufidegsf(absa 40
synthetic FeS prepared in Exapple 2 i s anal yzed u5|n

volume BerespietlzSdn &i2d i started) at thesamedippagshetheaing,ef the gil beifl Th

t 0
reactloh%c‘ﬁlldﬁ dr td '})rocg%% &?ﬂg&%&e@ g.tt':i€5e (?.gbfél% frhxl‘ﬂpﬁllgAdf)' tothe final
desuechnempemtura i(eghabaut2007@d Ayl afipfrémiate egsosarettime of hydrogen

terial, 5 I|e for 2 seco ol.| owed .
sulfidegalssns fghrsTar e oK Beste sty pbous 16 Pls raisrd et firalt bath
and thé héﬁﬁ%)res-ﬂﬁ% i§Blel offarld k‘i‘ﬁt&l‘:b @V)@tdtota?%dne OWHER tHTESk aR®contents are

55 m nutes before the whole process is
cool, ltrlepameé@ndﬁhnﬁemed;toeaidtybop is repeat ed to sone | ow

| t The al_m.,nytes un a 1. .05V
o671 Kty A po el R A Moy ik <Bped yifh Fe pyrite
(~43°, 664, 564, $22179%1894. 842 399¥DarldOT04° @Sing @mlu%mmdmy iddrcasite (~39°,

pyrlte and ‘about 7-10 ng for tests evaluating the
50° andyp¥fet i ¢ FeS 2. Fi g 7 shows the vol tage discharge
e BRI Fo8 BB, BBl AR Bl

exempfdry) Bﬂnﬁﬁﬁmh& tBered tl&fm%htidm iEingt m?endédhfb bt fiinfted ticsuch
between the 55 mnuyte rest OCV and the hltg power
embodjraents.t Fyrthes, upondeasting and vedersianding the nrgsea @npélﬁatrfmf

oS58 35 B4R 9 U S DA b o e

spirit of lie: disdlosedusdhnglogy. It is intended that the dlsclosed technology be considered

as including all such modifications and changes.
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the synthetic FeS 2 prepared in accordance with
Exanple 2, the polarization is in the [ ow 200 nV range
wo oo09neRds of the test but doesn't begin to i NnCPEHBES2008/011041
until a test time around 60 hours and doesn't increase
to a final polarization ?LA} nv until around 70
hours. The synthetic FeS OAf anpl e 1 has an average
vol tage on rest of about 1.75V for about half the
t est, Whl |l e the natural FeS 2 averaged around 1.55V.
Hi.g. 7Amethpdofomeduding symthetis\FeSneomprisiag? of Exanpl e 2
mmc 0 t
b
above the msiting poiasof $ubfub Br FpegiodDf cingpsufficientite foins phritege
profile of natural FeS 2 and the synthetic FeS2 of
Exanple 2 at 20mA constant current, and Fig. 9
incl udgg, rﬁéﬁ%ﬁ AAFARE uaﬁﬁ éa@vhng(HAth@ RELRORs CfaRERAkt a
current. own I n room
temperatangef fromrabout t%°€)tmbhlew aboRe40SE. Exanple 1 exhibits a
two plateau di scharge at | ow power (20m) and al so
appears to exhibit a two plateau di scharge at 200mA.
[90154] ThNREthbi Gc&r@ing Yo BRI 1T WheRfHhE FeatiBn §LEINdGEted at a
fromthe di scharge data obtained at 200mA. Fig. 10
temperatunpef ahout h25°Cte@bditc2Mer gy density val ues of the
natural FeS 2 and the synthetic FeS2 of Exanple 2. As
shown in Fig. 10, only the synthetic FeS of Exanple 2
h1as a Fiediibtho@ abdor@ng t@ ¥laff N$ tdnipdine @) feadting (HEF23(0;, elemental
nple 3: Sulfidation Process [0156] Synthetic FeS
sulfur, gm hydféaelf sulfide atea tsmpstature of aboyt P C forjasselgcipdanesigd of time,

éc about
and i 83Guefly FiflRY Tt OB Berat e HE BetadiaR S BBH OB " 2V g
an average particle size of about 1 to about 2 mm
[0157] Exanple 4: Sulfidation Process [0158] Syntheti.c
Fes 2 The rp%sé@e@rwgao shaimlgwhersin the geactign gscarried out in an
: ped in Exanple 1 except that the reaction is
mertatggwlr%?l ed out at tenperature.of about 2000C. The FeS 2
in this Exanple has an average particle size in the

armp! Thegnefiot Apsniding o lein fo v Beneeipe e hasagavaragg particle

Slzeoﬂ%gﬁalrﬁgtggb@nmoblmpg pr ocess as foI | ows: Sul fur
wder and 1ron powder are charged to a SPEX vial in

about a 2:1 nolar ratio of sulfur to iron. The total
and,sul fu

unt,.of 0 wd 13 grans. .
i borTymehof afiteainge pi 1. Hieirs8 RHY it (o e particte
size of ABEHtB ndt€ aBO A 0GIMr ged to the vial. The total weight
of the mlling nmedia is about 89 grans. 13 grans of

hexane, which is utilized as the process control
ehgent Tl'lesmg 34 ggcor}img to claim 1, comprising applying a protective coating to

the resulting pyrite.

9. The method according to claim 8, wherein the protective coating comprises a

conductive material.
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the vial under an argon atnosphere. The powders are
mechanical mlled for about five hours to provide a
w@owdess2o8 xt ure. After milling, the vial is opkCEUSI008/611041
gl ove box (inert Ar atnosphere) and the hexane is
ld o ] gi@Re .
21\5i ap\gfgtleergetﬁ?g Qgé&ggg t6 Ql]aﬁfx ug P eafhlg'%ﬁrb acu 8 ﬂ] enca r%alﬁnatl eqrprsesa
carbonimatejtialy 4 meeah mmm,ad metal oxidey an drgni2 coﬂ'dm:tlpemnal, ora
m xture i s anne by heating at a tenperature of
combulf’é’% f“f'ﬁermom@wf’fs heated by increasing the
tenperature 20C per mnute up to 4500C and hol di ng the
tenperature at 4500C for forty-five mnutes to form
FldSZ Tiereethodacrordingite claim 8, whyredhi thepaotective qeating isapplied by
he product fornmed in this Exanple. As shown in
sprayqylr%ly the product is FeS2 having a pyrite crystal
phase, as evi denced by the peaks at 43, 50, 56, 62,
73, 89, 94, 99, and 104. The X-ray diffraction Eattern_
dZ%so shsmethod pedardipgar claimdg whesein therFie$: partigles hayn a particle
n.t oduct. Such an inpurity may be
Slzeoggpona??g%at\ﬁ(?at’? e@?eé&é of iron in the systemfromthe
steel mlling nedia.[0163] Fig. 12 is a SEMinmage of
the particles produced in accordance with this

Banp| Ehe method, a?qqrémgéo Rleie lawheiedt igd'egahas 2 ayemegparticle
1&%? and a crystallite size of about 160
Slze()t%go &[’f 'E_leggﬂ 13 is a SEMinage of a cross-section
O‘FeS particles produced in accor dance with this

Exanpl Fig. . 13 shows that parti S, possess sone

Vidi d v qme%aﬁacwm@sé? 6 e PSR ﬁ@?ﬁg Bey dsaverage pagicle
sizeofzaﬁ&tzzdéfmﬁ%&sﬁxa”p' e has a BET surface area of about

.7 nRlg.

e FeS2 al so has a carbon content of about
0.15% by wei ght of the FeS2. [0165] Exarrpl e 6:

| fidation Process. [016 hetl 2.1 S
g AP SR ng o et Ta P (edeSs basa G SRRl fize of
from abGt 3 't AbodtN@OGRarti cl es of Fe20) from Al fa Aesar
havi ng an average particle size of about 3 nmand 3.5

grans of el errent al sulfur from Al fa Aesar having a

DL oy DieRkEa Broatle Pafm T bRei BRE4th, eofbtal itfur and
hydrog'eﬁ s Gid pravm%d Iri?.&omﬂ aslt :aotles molferafib a8 KeiGy: lyadadged

sing an oil bath. A flow of hydrogen sulfide gas

SUIﬁde(eé@@mtal@Gf%l ume percent H2S in N2) is started at the

sanme tinme as the heating of the oil bath. The reaction

is allowed to proceed for about an hour at 1250C

bieft or eThieapthod acording td elafrh atortpdsing sinteingahaFeS articles at a

(e about 200 0C). At,ter the appropriate exposure
temperf‘?“ﬁ%ogq ot 40CGA abavt 79eC. about 5 hours for the solid

masses |isted above, the flask is raised out of the

oil bath and the head pressure is bled off and

shi t c HEek method tecordiggrto clirarl, whereid, atkr sin@riagthe ieS; has a

crystalﬁtreesize of from about 35 nm to about 3 um.

19.  Synthetic pyrite formed according to the method of claim 1.
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cool, it is capped and transferred to a drybox. [0167]
X-ray diffraction of the product material showed peaks
weongisent with FeS 2 pyrite (-43, 50, 56, 62PCTBS2089011041
94, 99, .and 104 using Cr radiation) and FeSZ mar casite

(39, n 1 the ent invention

2027, oo hrbanaing SHipelitRsS; EREPBRERST, Lor T ous
exenplraidtingHeo0|, R éntdlRaIfeQ nd h?&ogéwaﬂﬁd@fh axslneﬁtaunosphere
intended to be linmted to such enbodi ment

the reagtipmbaingenndycied @ta frepesatyreieffsom ﬁbo%]@ée(ﬁ 1to about 400°rC fora
suffiidtf Pbii6 b (e WRIHT SRR sapdapRanaes may occur to

se's e ar departing fromthe
spirit of the disclosed technology. It is intended
that the disclosed, technol o be consi dered as
ilel u&qwgn?ﬁlpd a5FORling &0 PlaEmehonBershihe FeATHes Iqordnmed at a
temperétu@&f‘ﬁé’m% Uﬁ't&‘?b&ﬁf%b“é' c FeS conprising:

reacting Fe emental sul fur and hydrogen
sulfide at a tenperature above the nelting point of

| fur.for eriod of tine.qufficient tg . formp
2. TheMeaneiBal Bidonmag o et 2D avherein Gy £ s Wa Berane parcicle
s1zeofrﬁ‘%ﬁk§ﬁlbdmlh§1t6%6&’tclt0©ﬁnﬁt a tenperature of from about
50C to bel ow about 4000C. 3. The nmethod according to

cI aim1l, wherein the reaction is conducted at a

R hoa tsdnging AfFoRahe b P 20, SRR In AR B Fele Bertigles have o

particld £12e 6£26/8,abBLETEMIt3labswt 00'nm.and hydrogen sul fide at a
tenperature of about 1250C for a sel ected period of

time, and (ii) subsequently raising the tenperature of

tﬁe r eﬁl%tlﬁ&ﬂ% g‘r’%?‘%ﬁ% tg 91%1? 291 COJ};}?sug&H@gag rreglhﬁg% FeS,

to'claim he reacC rrie out

particlésii atterapdracuphef ﬁom@boﬂmm@&@ abown 7007Cifora pesiod lofitimelsufficient
wherein the Fe2@3 has_an average_particle size of
to (i) ingrense the sizgrpfithe Eedand/gn(ineonvert Fene hayingaymarcasitesirygal

strucnﬁeotocfle%%[{&%o%\é"f,gﬁ g}?,gnl;lesb fedk has an average particle

Sl ze O out 10 nm 8. The nethod
accor di ng to cl ai m 1 conpri sing applying a pr otective

o or ahhenetbod péordin ' IaPE P4, Sireorisind SRt tie e pgeicles

under £HBALMSRE té}nperature of about 700°C.

26.  The method according to claim 24, wherein, after sintering, the FeS; particles

have an average particle size of from about 35 nm to about 3 um.

27.  The method according to claim 20 further comprising applying a protective
coating to the FeS; particles.

28.  The method according to claim 27, wherein the protective coating comprises a

conductive material.
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conductive material.10. The nmethod according to claim
9, wherein the conductive material conprises a carbon
woreqoesrby a netal material, a netal oxide, anP@F/{s2vg011041
conductive material, or a conbination of two or nore
tyaere c dj l.a | .
A ol o T 55 e g SRy MR Bomprcs
a carbohdnatéiisl, aeidtdldnatedall dlietal bride] @i ofganicwbadestive infeerfad,Sor a
.particles have a particle size of fromabout 5 to
combingtign of &¥9 of mere thereofhe net hod according to claim 1,
wherein the FeS has an average particle size of about
250 run or less. 14. The nethod according to claiml,
Vlder ei Thetthethbe 3econding am chaim 23 geonyarising dpplying ¢heoproteiotiug coating
200 run, or |ess. 15. The nethod according to claim 1, '
by spragRyrly®ist he FeS2 has a crystallite size of from about
5 to about 100 run. 16. The method according to claim
1, wherein the Fe2Ch, elenental sul fur and hydrogen
Sl f i deheamethpd acdodding iter clabo 24, eonprising (ipsinteping the BeSarticles,

..0f Fe20 :hydr.ogen suj fj.de: el.enent.al ulfur., 17. The
and Gi bR BT B el R S Ee S BEISS e g 1 he
FeS2 particles at a tenperature of about 4000C to

about 7000C. 18. The net hod accordirﬁg toclaiml, |
wWRer ei The methed aegordiagite glaim 26, wherpinthe hydrogen sulfife isea vapor

compr T B OB REYE IR B ORI g R

carrierg@é. hod of producing synthetic FeS conprising: reacting
Fe2(3, elenental sulfur, and hydrogen sulfide in an
i nert atnosphere, the reaction being conducted at a

tgnper : 0, . 0
BT e sLdBE pP Lhink 347 AP K Bbhnghi fitur and
hydrogeaktlifide age pravided veabmit AdcB:0426 mtblagratio of FeiOxtlddrogen
V\/nereniég t[}rcue&reacti on is conducted at a tenperature of
sulfideel gAY SR 250C t o about 2000C. 22. The net hod
according to claim 20, wherein the Fe O has an average
particle size of fromabout Inmto about | OOnm 23.
Bde nelheadethod ecabirding to claimi2 ®wbereinttbe eynthetineFeS; particles

comprirsg gll)Jcl)utt i3l;]/ogor':leessszb}P évéfgh% cl)falg' egji%\{peun%ies.

35.  The method according to claim 20, wherein the synthetic FeS; particles

comprise about 3% or less by weight of metal impurities.

36.  The method according to claim 20, wherein the synthetic FeS; particles

comprise from about 0 to about 10% by weight of oxide impurities.
37.  Synthetic FeS, formed according to the method of claim 20.

38. A method for forming FeS; comprising:
intimately mixing iron powder and sulfur powder in the presence of a process
control agent and a milling media to form a substantially homogeneous powder mixture, and
annealing the powder mixture for a sufficient period of time to form FeS.
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particle size of fromabout 5 nmto about 600 nm 24.
The nmet hod according to claim 20, conprising sintering
wo b@neros ti ng FeS particles at a tenperature PET/US908/011041
about 4000C to about 7000C for a period of tine
sufficient to (i) increase the size of the FeS ,
and/or (ii) convert FeS2 having a narcasite crystal
39 u Ctllieemémoffa&%raiag it gladn 3B[ Wherefil ataiealingsthe poivdeemixture
25. The net hod according to claim 24, conprising
comprisesheating he pawdes Suxiyse et actlegperate of gt \?ﬁ%}ggﬁ%ﬁooac toa
out 7000C. 26. The nethod according
temper%@@?%%ﬁ?ﬁv%@?éi n, after sintering, the FeS2
particles have an average particle size of from about
35 nmjo about 3 um 27. The nethod according to claim
2 1 urfhfeme@eﬁﬁfqogﬁhng t%.ﬁbrlyﬁ"ﬁgw eRSHANRERREIE Pavdarmyxjure
. L . . i m
compriz i U Bhxnud ot | SRpERIISErCRANALGQ d0c o
temperatmel belomabonw3®PCal . 29. The net hod according to claim
28, wherein the conductive material conprises a carbon
material, a nmetal material, a nmetal oxide, an organic
cANduCtie/BethBd BEdoding ¥ cRiri 38DivhareiPahnehlidg'he PowdBF Mixture
thereof. 30. The nmethod according to claim 27, . )
compriseqaising thy temppergturapatiaratenimbeut | teaboyh3 idagreps/perpmiayte until the

. rolysis. 31. The t hod gceor di to clai 4,1 . .
desire YRl Gmopprl B aAR EpE i einBefl Bt ¢ depirsd anncaling
temperatidgequent |y applying a protective coating to the FeS2

particles. 32. The nethod according to claim 20,

wherei n the hydrogen sulfide is a vapor conpri sing

f fsom 0 0 ¢ - .

({7 g toeéh Qoo Bhif 5 chitn38°herdh P ni i Rerpprarure s
achieved by raising tHeGembedatur@ 4t a wikcofabout heo HetDO3,degleespart minute through

| f d hyd | fid i ded i t
the meitijng: Rl;)_rirltgg sHlﬁl/ra ;u(l)(? &%SQ@%&E@%@H@%&&%@%&J& about 450°C at a rate

e el Efég r. 34. The nethod according to
greatet(s:trlgrli ?n%%g & erl;)e?éhr tlhﬁgtégynt hetic FeS2 particles
conprise about 3% or |ess by weight of FeS inpurities.
3. T matgggg acc&.rdi nglto l aim 20, wherein Ehg ¢
st nethemeibed agcqiding o Elarg 3, Wherelfy g profsst sontrol asepy
comprid€d HhYdreéarbEi Ad s ¥abYtAdtiaBS free of an oxygen moiety.

44,  The method according to claim 43, wherein the process control agent
comprises pentane, heptane, hexane, octane, nonane, decane, or a combination of two or

more thereof.

45.  The method according to claim 38, wherein the amount of process control
agent initially charged to the system is from about 5 to about 12 percent by weight of the total

weight of iron powder, sulfur powder, and milling media.

46.  The method according to claim 38, wherein the iron powder and sulfur powder

are provided in a 1:2 molar ratio of iron to sulfur.
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36. The nethod according to claim?20, wherein the

synthetic FeS2 particles conprise fromabout 0 to
W@bwman4®9o by wei ght of oxide inpurities. 37. BynUkmn$/e11041

FeS fornmed according to the nethod of claim?20. 38. A

hodf or ] £FeS2 co ising: hnti.mately..m. xj
on pitias B R RApERS chitfan. FheintEriliatyfistien from a
steel mRAAC Eamicomedial a glasynediada 2irdOnid medial'® tlingstef/cbbaltinadia, or
. substantially honpgeneous powder m xture, and
mixturg§ 3o ergnersdhesedleler ni xture for a sufficient period
of tinme to form FeS2.39. The nethod according to claim
38, wherein annealing the powder m xture conprises
H8at i rithet thethpdackerdinge téd vlaém 38, whéreinpthe atillirg médiatomprises a
| east about 4000C to a tenperature bel ow about 7400C
steel m&g’.a- The nethod according to claim38, wherein
anneal i ng the powder m xture conprises heating the
powder m xture at a tenperature of at |east about
4500 C The methedpevanding ¢o blaim w8 awbereirbihe Gdfurjgowdeh és provided in
nmet hod acc ing.to claim 38, wherej nneal i t he
an amfigh et pe Aot Shanas e Or BREREFETe ar o
rate of about 1 to about 3 degrees per mnute until

the desired annealing tenperature is reached and
K& di nbhetmethpd pgrording te clatm BB ewhersin the weight gatingf iron powder

enperature...42. The. net.hod accogrdi ng to ¢l aim 38,

and sulfREIFY B R a6 BSIn8aht) 38y Tono
raising the tenperature at a rate of about 1 to about
3 degrees per mnute through the nelting point of )
Ut f urTheanethed pecasdiagite glapm 38; ftheneompnisieg milling aidgpant with

. 4 r greater than about 3 degrees per

the 1r°€r?§ﬁ{ieer.a§1?§.ﬁ:e %gﬁl?é)%igrd according to claim 38, wherein

the process control agent conprises a hydrocarbon and

is substantially free of an oxygen npiety. 44. The .
et hodl hecpethad agcardingtarlsim 31, Wherein the dapany copipsiges a conductive

materidl Wbied! frAHEP feagt‘ygg HRS g}‘o%?ﬁitté RGrbod DU ENEr 2 BENBREtion of two or

oct ane, nonane, cane, a conbi nation of two or
more thyeaf. t her eof . 45. The met hod according to cl ai m 38,

wherei n the amount of process control agent initially

charged to the systemis fromabout 5 to about 12

PRI CenfhelietBl 9dor@ing t&'6lalR 58! whrefthe FES] Ediprie¥egbon
sul fur powder, and m'lling nedia. 46. The nethod

entraingd frondthe greasseéaritrol 8gsntwher ei n t he i ron powder and
sul fur powder

54.  The method according to claim 53, wherein the FeS; comprises about 1% by

weight or less of carbon.

55.  The method according to claim 53, wherein the FeS; comprises about 0.15%

by weight or less of carbon.

56. Synthetic FeS; formed by the method according to claim 38.
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are provided in a 1:2 nolar ratio of iron to
sul fur.47. The nmethod according to claim 38, wherein

wo b@on#d2bi ng nmedia is chosen froma steel nedi BCT/US2008/011041

and su

ceramic nedia, a glass nedia, a zirconia nedia, a

o7 ook PPt (RN ESCBIFMES O ol S 35, wher el n

t he m perfonginpeafist anllingiopemtian sbmptising diutimatdly. mikimg iron powder

nmet hod. accqQrding to ¢laim48, wherein the | fur .
Ier Ravyder &n the presgaee ﬁﬂ?? PI9CesHSQRtrok %ee%@sasmﬁﬂns fedia t form a

t.@i G ' : uired for formng FeS . 50.
substar?, ,aﬂ&%hﬁggﬁ%dgg gr@g?%l{tﬁ&

ne- met ng to claim38, wherein the weight
rati o refovingrthpprudess conttobagehtirandowder to mlling

nedia is.in.the range.of from.about 1:4 ta,about,1:10.
51, THSTIODPIREP SECRY BYi e cBoraHan spBrising mifife the homogeneous

powdetpﬁﬁsaﬁf oPd sifficidn BerfoOPRAE toMdrih Iidss. i ron powder and

he sul fur powder. 52. The nethod according to claim
51, wherein the dopant conprises a conductive nateri al

chosen,fro | east .qne, net al raphi te, ;carbon
ok Svgpiliedsss Fied BN tof Hefiod OGRS BirlfBit” s
The nethod according to claim 38, wherein the FeS2
conpri ses carbon entrained fromthe process contro
agent. 54. The nethod according to claimb53, wherein
the FeS conprises about 1% by wei ght or |ess of
carbon. 55. The nethod according to claim53, wherein
the FeS2 conprises about 0.15% by wei ght or |ess of
carbon. 56. Synthetic FeS2 fornmed by the nethod
according to claim38.57. A nmethod for form ng FeS
conprising: performng a first mlling operation
conprising intimately m xing iron powder and sul fur
powder in the presence of a process control agent and
amlling nediat forma substantially honbgeneous
powder m xture; renoving the process control agent;
and performng a second mlling operation conprising
mlling the honobgeneous powder m xture for a
sufficient period of tine to formFeS . 58. Synthetic
FeS2 formed by the nethod according to claim57.
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