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APPLI CATI ONS 100011 This application is entitled to the benefit of and

i ncorporates by reference essential subject matter disclosed in Provisional
Pat ent Application No. 60/975,973 filed on Septenber 28, 2007. FIELD OF THE
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can be acconplished by mnimzing the volunme in the cell taken up by the
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[0003] Lithium batteries (batteries containing metallic lithium as the negative electrode
active material) are becoming increasingly popular as portable power sources for electronic
devices that have high power operating requirements. Common consumer lithium batteries
include lithium/manganese dioxide (Li/MnQ,) and lithium/iron disulfide (Li/FeS,) batteries,
which have nominal voltages of 3.0 and 1.5 volts per cell, respectively.
[0004] Battery manufacturers are continually striving to design batteries with more discharge
capacity. This can be accomplished by minimizing the volume in the cell taken up by the
housing, including the seal and the vent, thereby maximizing the internal volume available
for active materials. However, there are practical limitations on the maximum internal
volume. For example, the Li/FeS; electrochemical system results in a volume 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.



Lithiumbatteries are often used in high power devices, since they are
capabl e of excellent discharge efficiencies on high power discharge. [0006]
In general, battery discharge efficiency decreases rapidly with increasing
di scharge power. Therefore, for high power, providing high discharge
efficiency is a priority. This often nmeans using designs containing |ess
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[0007] Reducing cell active material inputs in order to maximize high power performance is

less desirable for batteries that are intended for both high and low power use than for batteries
intended for only high power use. For example, AA size 1.5 volt Li/FeS; (FR6 size) batteries
are intended for use in high power applications such as photoflash and digital still camera as
well as general replacements for AA size 1.5 volt alkaline Zn/MnO; batteries, which are often
used in lower power devices. In such situations it is important to maximize both high power
discharge efficiency and cell input capacity. While it is generally desirable to maximize the
electrode input capacity in any cell, the relative importance of doing so is greater in cells for
lower power usage.

[0008] To maximize the active material inputs in the cell and mitigate the effects thereon of
increasing the electrode interfacial surface area, it may be desirable to use separator materials
that take up as little internal volume in 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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[0008] To maximze the active material inputs in the cell and mtigate the
effects thereon of increasing the electrode interfacial surface area, it
may be desirable to use separator materials that take up as little internal
volume in the cell as possible. There are, however, practical limtations
to doing so. The separator shoul d be able to withstand the cell
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characteristics of the cell. [0011] Just as battery manufacturers are

cont i rAvEhey agtikimgeris with the\EeSai Suehaciive calbade materials include CuO, Biz 03,
Pb,Bi;0s, Pb304, CoS;, and mixtures thereof. However, adding other active materials to the

cathode mixture can affect the electrical and discharge characteristics of the cell.

[0011] Just as battery manufacturers are continually trying to improve discharge capacity,
they are also continually working to improve other battery characteristics, such as safety and
reliability; making cells more resistant to internal short circuits can contribute to both. As is
clear from the above discussion, changes made to improve resistance to internal short circuits
can be counterproductive in maximizing discharge capacity.

[0012] The pyrite or iron disulfide (FeS,) particles utilized in electrochemical cell cathodes
are typically derived from natural ore which is crushed, heat treated, and dry milled to a
particle size of 20 to 30 microns. The fineness of the grind is limited by the reactivity of the
particles with air and moisture. 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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they are also continually working to inprove other battery characteristics,
such as safety and reliability; making cells nore resistant to internal
short circuits can contribute to both. As is clear fromthe above

di scussi on, changes nmade to inprove resistance to internal short circuits
can be counterproductive in maxi m zing di scharge capacity. [0012] The
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to problems such as internal shorting and other defects in batteries. Some of the impurities

are soluble in the non-aqueous electrolyte and deposit on the negative electrode as dendrites.
The total concentration of various impurities in natural pyrite ore varies from lot to lot, and is
often at least about 3% by weight.

[0015] Synthetic pyrite has been manufactured, and may be produced having an average
particle size less than 5 pm and even may be produced with an average particle size on the
order of tens of nanometers. While synthetic pyrite can be produced with little or no metal-
based impurities as found in natural pyrite, synthetic pyrites typically contain iron sulfides
having forms other than FeS,. For example, synthetic pyrite may also contain iron sulfide
(FeS). Iron sulfide impurities in pyrite may also be represented as FeS, Fe,.yS (where y =0
to 0.2), and/or FeS; 3. As used herein, FeS encompasses FeS, Fe,.,S, FeS, 3, and the like.
FeS species are lower voltage materials as compared to FeS; and may affect the discharge

capacities and/or rate capability of Li/FeS; cells.

SUMMARY OF THE INVENTION
[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.



[ 00141 Pyrite particles derived fromnatural ores also contain a nunber of
impurities. In particular, natural pyrite typically contains netal -based

i mpurities containing netals such as Si, Mh, A, Ca, Cu, Zn, As, and Co.
Impurities are believed to decrease inputs and contribute to problens such
as internal shorting and other defects in batteries. Sone of the irrpurities
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arc):cor ance “Lrlith t]ie present inventio; pr0v1des a process for forming high purity FeS; that

may be carried out at relatively low temperatures. Depending on the sample size, the
sulfidation process may also be a relatively fast process. Further, the sulfidation process
provides a clean method for 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
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125C to about 400C for a sufficient period of time to formsynthetic FeS2
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BRIEF DESCRIPTION OF THE DRAWINGS
[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;
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synt heti c, Fe prepared by a, sy|.fidati
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of synioaddli Figdes agkRPattcrnaf synthetig FeSspriepardd by esulfidaties pracessincor dance
a_di,schar of il e conparing

n eh . aser =it
the s pteoRIeRag Mo A GrR Bivenfin i whigh p Srash et eCate e L pyr ¢ o
and sypbispt Fig. Fes@ voltpedlitalpy profildchifpating thePfola s distiard€ clra@bificwiofh t he

present invention; . . . .
natural pyrite to the voltage discharge characteristics of synthetic FeS; prepared utilizing a

sulfidation process in accordance with the present invention;

[0036] Fig. 8 is a discharge profile comparing the specific discharge capacity, at different
currents, of natural pyrite and synthetic FeS; prepared by a sulfidation process in accordance
with the present invention;

[0037] Fig 9 is a discharge profile comprising Li/FeS; cells using natural FeS, or synthetic
FeS, prepared by a sulfidation process in accordance with the present invention, with the cells
being discharged under current densities of 20 mA/g and 200 mA/g;

[0038] Fig. 10 is a graph comparing the specific energy density of natural FeS; to the
synthetic FeS; from Example 2;

[0039] Fig. 11 is a XRD pattern of synthetic FeS, prepared by a milling process in
accordance with the present invention;

[0040] Fig. 12 is a SEM image of FeS; particles produced by a milling process in accordance
with the present invention; and

[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:



[0037] Fig 9 is a discharge profile conprising Li/FeS2 cells using natural
FeS2 or synthetic FeS2prepared by a sulfidation process in accordance with
the present invention, with the cells being discharged under current
densities of 20 InA/g and 200 mA/g; [0038] Fig. 10 is a graph conparing the
specific energy density of natural FeS2to the synthetic FeS2 from Exanpl e
2; [00 Fi Qs e S A . | mlling
proc esi‘%ﬂl‘ﬁ%l é% (%'ré adrté%ﬁv'\n&%?o rﬁﬁéﬁegt{he@ggéafl %?%g@ﬁrﬁs%ﬁﬁ‘ﬁ%g%??ﬁeéﬂs%@s a SEM

i mage oéactHobaf paell amd esntiiunel tocehe chll dischargk icapacity pineBslingingmxities and small t h
the present invention;, and [0041] Fig. 13 is a SEMinmage of a cross section
of FeSmeS’HPttsi#P CHMRHCEBTeIY™a i | 1 i ng process in accordance with the

Pr €S enjqgisf)V Aive atdefal ﬁﬁtﬁR-Qﬁﬁ%‘:‘Uf%ﬁi@ﬁJ bl RRREL RBRPL TSNS [ 0042]

Unl ess ot herw se speci as used herein the ternms |1sted below are

def i nedoliectdrs ahdelectrode(l64is 3that\oaritaiss thetededtzide actiee watenigl.e cheni cal
a ntribute

conpounds,_.that,are part of the_dischar eact | of, a cell..and c
Lo L he g ARelrepBan caflentiont ki amnig es otne PeBbelnfe effioniBint s o
ot her HRtRtd @§stBNli@EYound together.

[0046] Average particle size--the mean diameter of the volume distribution of a sample of a

composition (MV). Average particle size can be measured by any suitable method. An
example of a suitable method includes using a Microtrac Honeywell Particle Size Analyzer
Model X-100 equipped with a Large Volume Recirculator (LVR) (4 L Volume) Model 9320.
The measuring method utilizes sonification to break up agglomerates and prevent re-
agglomeration. A sample of about 2.0 grams is weighed and placed into a 50 ml beaker. 20
m! of deionized water and 2 drops of surfactant (1% Aerosol OT solution prepared from 10
ml 10% Aerosol OT available from Fisher Scientific in 100 mls deionized water with the
solution being well mixed). The beaker sample solution is stirred, such as with a stirring rod.
The Large Volume Recirculator is filled to level with deionized water and the sample is
transferred from the beaker to the Recirculator bowl, A wash bottle is used to rinse out any
remaining sample particles into the Recirculator bowl. The sample is allowed to recirculate
for one minute before measurements are started. The following parameters are input for FeS;
particles: Transparent Particles--No (absorbing); Spherical Particles--No; Fluid Refractive
Index--1.33; Run Time--60 seconds. It will be appreciated by those skilled in the arts that the
above method may not be suitable for evaluating nano-size materials and that other methods
may be used to evaluate the particle size of nano-sized materials.
[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
mAb/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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[0044) Active material mxture--a mxture of solid electrode material s,
excluding current collectors and el ectrode | eads, that contains the

el ectrode active material. [0045] Agglonerate--a collection of discrete
particles bound together or a collection of discrete crystallites bound
together. |low Average particle size--the nmean dianeter of the vol une

distri L f £ a Shil ( | e size can
be- meadasodond mAECRY SRy B0 o3k Aty P02 B e o

| ncl uderb,B05e293. 901lv had FEOIS 2.1 n&li/g).cl € Size Anal yzer Mbdel X-100
equi pped with a Large Volune Recirculator (LVR) (4 L Volune) Mdel 9320.

The nmed@MPh feppagitn s8ll interfacials-thessmaller of the megddivsrangdipositivs gigctade sanacitynd

t LOR. ; | 2 ' ' d pl aced
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Fi sher Cl tifirc | S, dgelonl z . ter w{ the so| ution belng we
i xed) el BB‘&REW%&H?S? malesy f%%é?‘f%&&?@&é}ﬁ%%@@%@%ﬂimw%ﬁs rod.
The Lapgmcef k&H&i\B@ﬁétéﬁ&'iﬁft}fHorgp?ﬁifté $1b&fbdeOadstitfile efaxﬁﬁleté%amoﬁ%%n%tfﬂk and

the sanple is transferred fromthe beaker to the Recirculator bow wash
bot t | e agtivematgrialpgenenally expresaed/inrAhrar middg(vdenpordy pae of tedso major surfaces

Recirc r..ho .The sanple .is allowed.to recirecul ate far one .mnute
bef or egﬁégglﬁ?tg?gw graéijsascfngtratcgaf.’ m?ﬁeé"% ths @PROSt acﬁ?fﬁré’fig’r‘gﬁ&flbe 4eHXEt for
FeS2 paiatdrial 66 thaf kidd 9P eHeashctiddel-titHep he hibtefialasinthbt $18¢ of DEOIRT &virRdnt _
Particles--No; Fluid Refractive |Index-1.33; Run Tinme--60 seconds. It wll

be appfelaciorsheaspr thas matesial in kalf the thipkness pEan elaetradeavishot @ selid kbtentay not
b woctoitctor sficet S anclAddd S R BRARGISTY hicPabiaP Uibal AR O1 NP0 ORGSRV

be used to evaluate Icl'é st ze of nano-Si z 100471
Capaci toys1] dCsytedligean ehtityaohtairing a pherhicylly hbmugeredubdyolid kalihg & vepetitng,

di scharge, .generally expressed, in - hour s h) or mllianp-hours (mAh).
[0048]°‘%8’|E99%F‘1‘9‘F gqm Méh%tﬁeb?f@‘fwﬁﬁ%' Sﬁg’&Fa@n el ec{nr)ode, eqt(JaI %o
in . . ) . . : tical

e Wejosd| OfyseMid s?z@%-hi‘i@ of BLB/staftlite a8 cﬁlgﬁafaeh%ﬁ{gqgﬁ gElf[lﬁgeg r%{a,g%%‘lf!eor etica

specific capacity o at acti've nateri wher specific
capaci [0953bf Electrédesass¢mblysrittestonshinationcithe mégative electwods, pgositive tleetrddd, hadv ng

lculation: 1 [(96, 487 - ds/ ol nmbey _of /| pole of
et | vCHRRE BT S S R s BB, Sy PkRdsyPadtatpee femered /(3600

secondhére®ith) but ekdMBfhg'd ’lglsggdme lefechRIAl Rad ARBEed O OhE dctive rRateridll atRe2- O
mAh/ g, S=1672.0 rnAh/g, FeS2=893.6 rnAh/g, CoS2-871.3 mAh/g, CF.=864.3

mAh/ g, magalgriztige opaprent CQﬂ@-i@_?B. 0 tnAh/g, 8 FeS=609.8CuS=560.7 inAh/g,
B 203:[3\)%5]‘ ]Elgmd%’gayn&%:d%%c% ﬂe%ehe/ngddjacent negative and positive electrodes.

[0055] Electrode loading--active material mixture dry weight per unit of electrode surface

area, generally expressed in grams per square centimeter (g/cm?).

[0056] Electrode packing--active material dry weight per unit of electrode surface area
divided by the theoretical active material mixture dry weight per unit of electrode surface
area, based on the real densities of the solid materials in the mixture, generally expressed as a
percentage.

[0057] FeS; crystallite size--size of a FeS; crystallite as calculated using the Scherrer
Equation and the X-Ray diffraction peak width 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.



Pb2Bi 205=293. 8 i nAh/ g and FeCuS2=292.1 znAh/g). 100491 Capacity, cell
interfacial-the smaller of the negative and positive el ectrode capacity.

[ 0050] Capacity, electrode interfacial-the total contribution of an

el ectrode to the cell theoretical discharge capacity, based on the overall
cell discharge reaction nechani sn(s) and the total anount of active

mater! GhosHP hirAeH VoibdreibifodHsbenly AneV3furfie Wit (58 Bl hdhsifig i by
adj acent to active naterial I1n the op[‘;osMe el ectrode, assum ng conpl €éte
react i ahe cossabdctionaltahen, perpendicuint terthe longifediaabaxiy ofthp cell,sat the imngtsurfacenih

wh | f.th ' f .an electr, trip is adj t
ot | ve G saningt gideriatl i the elsptded embly RErBHETAGERY ot br | a1 “on ¢ hat
si de ofjogshye Ndinbl-20R&], shRifidd 6y R nSdrufdcngbr, thalis fepftfemhtive SOWh4t calibeent

col |l ector sheet or that ] terial” in half the thickness of an el ectrode
wi t houtexpectesl for that characteristicl arropertyheet - -i s i ncl uded in the determ nati on

of interfacial,.capacity). .[.0051 S lLite-an entit | R

chem ci‘folﬁg Hﬁ&ﬁbcg"é‘ﬁae%‘g °)§8 ' n%ﬁ\?héjg %‘y%'%g%%{"ne%‘g" Oro@é}ee re ap 0 m'cg ‘L’%?craglP{genent
that cobahdigktheli ffracts an X-ray beam [0052] Crystallite size-size of -a
crystallite _as calculated using the Scherrer Equation. [00531 El ectrode
assenbll9psdl; Rercentdisshargeothepereemtagrrfthe tatedeapacity Frmovsgd from g cel durng o de,

and Sea?sﬁﬁ‘ﬁrgé’ as well as any insulating materials, overwaps, tapes, etc.,
that are I ncorporated therewith, but excluding any separate electrical |ead
af fi xeqhot4) Roensetpemtured-betivetn abmiti208C and abow 25fC.xt ure or current

coll ector. [0054] Electrode gap--the disiance between adjacent .negative and
posi t i {863 E’_f‘?]o‘!ﬂ%‘g‘.d ‘ﬁ?ﬁﬁ@g S‘Iﬁqg‘ﬁqdﬁég‘ﬂs giargee E’E’F&éﬂt @?qe&tblﬁsgt ure dry
wei ght witiling'Bloh %'ﬂ}ﬂ%&d@im o3 CarBuiPa mARARY 8f tont@kBgreSsed in grans per
square cent rret%r zg C . [ 00561 El ectrode packi ng--active material dry

wei ght [op66] Yioid valime)] eledtradd@ssambilpetheaobumel pf/théstechpde hssembboveids pedl acti ve

T i Bl P e b e plind L LREE W PB BBl
expr esgigéraiie Rscnely eaﬁx§e§ent§ ARPAE sbBSRokionS bitHe gorousi eléttrode asseaiblyp FeS2
crystallite as cal cul ated using the Scherrer Equation and the X-Ra

di f f r acompameptsontainediwidtin thesinferfioial beight fromdhe plersege assemblydnterforigbd

o o FRa 5 s Hbr AL AL PPE e P BRI Rkl 09
and non-compressible, and volume of a porous electrode is determined using the real
densities of the components and the total actual volume), generally expressed in cm’/cm.
[0067) A battery cell in accordance with the invention has (i) an anode comprising metallic
lithium as the negative electrode active material, and (ii) a cathode comprising an active
material comprising synthetic FeS;. The anode and cathode may both be in the form of
strips, which are joined together in an electrode assembly to provide a high interfacial surface
area relative to the volumes of the electrodes containing active material. The higher the
interfacial surface area, the lower the current density and the better the cell's capability to
deliver high power on discharge. The cell also has 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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[ 0059] Interfacial height, electrode assenbly--the average hei ght, parallel

to the longitudinal axis of the cell, of the interfacial surface of the

el ectrodes in the assenbly. [0060] Interfacial volune, electrode _
assenbly--the volume within the cell housing defined by the cross-sectional
area, perpendicular to the longitudinal axis of the cell, at the inner
surfac g, £ | (el iR BEcdre VAl the PosparifGion. Th
interfggtlgg hgi ght . %%%%Mn@r?a --e{ﬂva ue, speC|tP| ggps y tﬁze}l n ©

manuf acelirl@ris an ARG type cydindeical dtiAeSy battdry vstiib.t TheB.CElbll.iO baspelvdusihgf that inblades I
h i St C. : 0062] Parti 5 - i.d containi a.single
cryst a1 207ty 6ed ol and a8 Gben toRend R drie) "whA6el Beer HdehdEo0as,
Per centgasliet §5ATHE carl PhCs BEILRIEARED UlEndtét B feaPafeitby eﬁ@fme(gﬁghr fn a cel |
during di scharge. [0064] Room tenperature--between about 20C about 25C.
[ 0065] gapket 46 andooner df e dihe gdshet 16 iscamprassed between theatanal2candthe conemt li4rtgo Fm
nbl . ndi hei,r, | hs. | dt . rQund, a re
o contilh b1 £ BB 2DARY blecafte FiuBin Bt LTe Pt pnofi B SURSHEEET ¢ e

el ect r aflé a 3emeAtbl 36 ¥rei sPiralde wouid togethek Hit6 ah dkcRbdd\@s@iibly. F{eatioag2oby

subtracting the sumof the_ volumes of the non-porous el ectrode assenbly

conpon&at 3 el cupentcgllecton2, whiel exsendsifeom theiop ead of thelectrpsie @pgsmply
conpo nﬁﬁa fsnct%gg§&ém6% b Eurg}s of BleSdovar | Ayt @lact §;§};‘n§{§k§ tﬁqegﬁ}olﬁgﬂg

assenb acl al volune (‘m croporous separators,
t apes, isstlectrically consentatitot the mensurfgrerod tise cand 2riyna metad tabs@obitowrnAnvol une

of a pﬁlrs%ﬁng lcc%:et 46’ g?oci:a%edd a%%&xg t.hré%%rigﬁei:rglgp(;[rtqgn E)F t?lle top of the electrode
assembly to prevent the cathode current collector 22 from making contact with the can 12,
and contact between the bottom edge of the cathode 20 and the bottom of the can 12 is
prevented by the inward-folded extension of the separator 26 and an electrically insulating
bottom disc 44 positioned in the bottom of the can 12. The cell 10 has a separate positive
terminal cover 40, which is held in place by the inwardly crimped top edge of the can 12 and
the gasket 16. The can 12 serves as the negative contact terminal. Disposed between the
peripheral flange of the terminal cover 40 and the cell cover 14 is a positive temperature
coefficient (PTC) device 42 that substantially limits the flow of current under abusive
electrical conditions. The cell 10 also includes a pressure relief vent. The cell cover 14 has
an aperture comprising an inward projecting central vent well 28 with a vent hole 30 in the
bottom of the well 28. The aperture is sealed by a vent ball 32 and a thin-walled
thermoplastic bushing 34, which is compressed between the vertical wall of the vent well 28
and the periphery of the vent ball 32. When the cell internal pressure exceeds a
predetermined level, the vent ball 32, or both the ball 32 and bushing 34, is forced out of the
aperture to release pressurized gases from the cell 10.
[0069] The cell container is often a metal can with an integral closed bottom; though a metal
tube that is initially open at both ends may also be used instead of a can. The can may be
steel, that is plated with nickel on at least the outside to protect the outside of the can from
corrosion. The type of plating can be varied to provide varying degrees of corrosion
resistance or to provide the desired appearance. The type of steel will depend in part on the
manner in which the container is formed. For drawn cans the steel can be a diffusion
annealed, low carbon, aluminum killed, SAE 1006 or equivalent steel, with a grain size of
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densities of the conponents and the total actual volune), generally
expressed in cnB/cm [0067] A battery cell in accordance with the invention
has (i) an anode conprising nmetallic lithiumas the negative el ectrode
active material, and (ii) a cathode conprising an active materi al
conprising synthetic FeS2. The anode and cat hode nmay both be in the form of
Stri ps, ASTWIOIoAr 1CaridXiqhiRsted &Qﬂléhﬂ?' eldhgBfed AR ShARE GhELABIIY, sibh B QYinfigs a
high interfacial surface area refative to the volumes of the electrodes
cont ai rstasls, ean beusedde meetspecinhnedds.gFer exampl¢, whenfthe ran isdn elegtricabeentactt he

| ower th rren ensi ngd the better .the call'. abi ity to deliver
i oh ot (8 Bl d3pRbels A0 i el R sitioiA sk RapRiB prblibn b he

i nt er f aathalle ampélettiolyfeo el ectrode assenbly interfacial volune. This neans
that the volunme of active materials in the electrode assenbly is high, to

pr ovi dd0030lhiThe cgll severigtypicalyanetgl. Nipkelplaged steelungy be useds buta siginless steel can
b ) . Sy it O EER TR oo
€ ac '1?81?{11 @égﬁt?atcéasgé&a _Fi%d‘ti{)é’t%gfveﬂﬁ inf gtre&@i%ec%{l%c{%d{%@%th&&‘? fﬁfef]'eo 0

interfacra acity 1 I 'nput capaci e volune o
cat hodeomplexitpof thel dosert shiape Wik also be arfh¢tat inanatefialaselection.c Thé oelbcontdr etidyal 1 n

t he cathode .,m xtyre, and the .ol . 0of separator in the e]eci{rode assenbly.
100681 "g?s‘@l’%%g\ﬁge’aﬁ‘fg}_éﬁ%% e a?‘é‘wsﬁaordé. Ay .V%%EWGS%'BJ% #P% Reclpisont
| nvent Wibovdt oWt ih Fi@ 1l SWhbn ¥PRas@Yddniléd Sabpe ik FPin bg.) 4e4 #pggghénThe

cell 10 has a housing that includes a can 12 wth a closed tto
open t sft anntated stainlesscoitend aithvA $ EMaS-Q@rain sizeanaylbe used, @ mavidetheldesirtie can

gasker CHEHIreRglaFe i corhof el Eorigk; EGsd si¥ets B Mo EpE¥han(3 ang
t he cowgitable/méiterigiesath as) for@@ehplé nickekat hode 20 and el ectrolyte within the
cell 10. The anode 18, cathode 20 and a separator 26 are spirally wound

t oget h#p71] nThe termirniak eoves ghould bavibhggod repistapes t9eerosion by water in the ambient
environment, good electrical conductivity and, when visible on consumer batteries, an

attractive appearance. Terminal covers are often made from nickel plated cold rolled steel or
steel that is nickel plated after the covers are formed. Where terminals are located over
pressure relief vents, the terminal covers generally have one or more holes to facilitate cell
venting.

[0072] The gasket may be made from any suitable thermoplastic material that provides the
desired sealing properties. Material selection is based in part on the electrolyte composition.
Examples of suitable materials include, but are not limited to, polypropylene, polyphenylene
sulfide, tetrafluoride-perfluoroalky- | vinylether copolymer, polybutylene terephthalate, and
combinations thereof. Particularly suitable gasket materials include polypropylene (e.g.,
PRO-FAX® 6524 from Basell Polyolefins, Wilmingtén, Del., USA), polybutylene
terephthalate (e.g., CELANEX® PBT, grade 1600A from Ticona-US, Summit, N.J., USA)
and polyphenylene sulfide (e.g., TECHTRON® PPS from Boedeker Plastics, Inc., Shiner,
Tex., USA). Small amounts of other polymers, reinforcing inorganic fillers and/or organic
compounds may also be added to the base resin of the gasket.

[0073] The gasket may be coated with a sealant to provide the best seal. Ethylene propylene
diene terpolymer (EPDM) is a suitable sealant material, but other suitable materials can be
used.

[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
12



has a netal current collector 22, which extends fromthe top end of the

el ectrode assenbly and is connected to the inner surface of the cover 14
with a contact spring 24. The anode 18 1is electrically connected to the

i nner surface of the can 12 by a netal tab (not shown). An insulating cone
46 is located around the peripheral portion of the top of the el ectrode
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e : . . th
22!852*2:.%’3;? E@g@ﬁ“ﬁi%ﬁ?ﬁﬁ%ﬂ%%%as %‘ﬁ%‘ﬂa’mﬁ;gaﬁﬁ°@§%‘i’con?§£?ﬁ% °
t I ngb erpydersesil I dt an kthalamdde. CTiwer 40
aﬁ(r:lmt Eg ggll cover.flﬁ I S g.npos'l?idgnq?;gpheraﬁa?g}c)gef.fti)fiygntéb .TC?) Cabe irce 42
Chat - t5g san fempqined by a2 hitm stebilrand lérn SEvide & yrd bubking piftcize
condi t desifed séAltngcAld vehfing bhaadtBidties 86high MrRparufes! GheVushifiPtan BE fj&iion
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SAE 1006 i val.ent . it h i n_si f ~ASTM.9 d
equi agg&m?:&ﬂixﬁ%%ﬁﬁ?xaﬂ%ﬁ%%%%&e%e lgff{%;geg_c%@zﬁgﬁgg P@%ﬁ"@’s‘ﬁ%‘rﬁggg t ai nl ess
st eel 3007¢pMHeanéde thadythaVe aicufreRCdoflectof Sfithin bP bn ehetipfaBe oM@ Indthlficcan is in

electrical contact with the cathode, a stainless steel may be used for
i npr oilupe A insthe eell én Eigr 1 oxseparats curraat sollesteranampotdieaeedesd, yinge litfiga701

h ' ' | ' | o b
ot nisa AEed cdrkBhARylty Bl ourbhCSilectl S heThOBed 1 BamfiEly 11 2
el ect maimtainceledteical conhtifuitywithiatthe aifode dueing @igeharge] s thé lithiemdov&rsuiiedpe Wil |

al so a factor jn material selection. The cell cover may have a sinple
s hape%ﬂhe g8ode ingludgs a pyrzent gplectory jt may benade oEcappgbbecatisngfiitsc shape,

such b, 124: 1 pe like
Chat ForquegvRG R ofiar byt therts cl VR el s RNEH: (RBP SRR TAE "
grai ncel.ze may be used, to provide the desired corrosion resistance and

ease of netal .formng, Formed covers nm so be plated with any suitable
mat er [94781s A thin,metal § EVeS 35 an E‘e."m\ilsﬂgiﬂé; OFH@P’FQFPH%‘&S theAngde & oul d

have GROGF HESLR téHififald Rhé el e Baddor R FRG LIl LRGWAIPERNT). CTH hogRp. 900

el ectrical conductivity and, when visible on consuner Datteries,
at t r atstdfies madedzommickel Tenickelgilatedsteelsandraffixdd directipde ther lithiuni.c Khis npdyat ed

ld yolled st tegl that,is,nickel.nlated.after th
? or b adspipls ! b FmPedfing i Bl oEne IS0 wighn Buborish o e RS Y Smely”
ter mﬁl@bsiﬁiéférﬁM@ﬂ@dd'dht@ﬁié%uﬁﬁ@e@ﬂ'thewﬂﬁuﬂ%ﬁ.s to facilitate cell

venti ng. 0721 The gasket may be made from any suitable therneglastic
mat er 08191 t Fhe cagtheda may be inethé¢dform ofla sieipl thatcomprises aicugentiiallectonands@| ect i on

is b ' rt..on.the electrolyte c osition. EX | es of suit,able

rat o ede oA SR el RS bbby mreCPR e iy S TEmBteril JHURGR cne

sul f i gheticulgte Fédm. UThé 6athedy form@latish ¥hich ié/tgﬂiﬂa_ﬂ& RturfH RBMpIBEs syRfHleiBut y1 ene
terephthal ate, and conbi nations thereof. Particularly suitable gasket

mat eriraq disylfide (keS:pas gpacsivemeaterigle The actronakxial nag Somprise gredtes than

Pol yol ef ms, W/ m ngton, Del., USA), poI%buterne terephthal ate (e.g.,
CELANEX(r) PBT, grade 1600A from Ticona<US, Summt, N.J., USA) and

pol yphenyl ene sulfide (e.g., TECHTRON(r) PPS from Boedeker Plastics, Inc.,
Shi ner, Tex., USA). Small anounts of other polyners, reinforcing inorganic
fillers and/ or organic conmpounds may al so be added to the base resin of the
gasket .




100731 The gasket may be coated with a sealant to provide the best seal.

Et hyl ene propyl ene diene terpolyner (EPDM is a suitable sealant material,
but other suitable materials can be used. 100741 The vent bushing nay be
made froma thernoplastic material that is resistant to cold flow at high
tenperatures (e.g., 75C). The thernoplastic material conprises a base resin

such a | - .
Cor ephiitpaf 0 FERhdioert P, T JoilyE Maskill Bty Donfglie aP Ralf D5 Weighepercent

et hyl erfeSh) aviteast 99 weight pertént [FeSg and i ome)embcsdmnn Fbﬁwisehesole active cathode

per fl uoroal koxyal kane, . fl uorinated perfl uoroethyl ene [ d

pol yet HB#t swﬁeﬁn RER GRBOdipept, the Fes tlmozﬂasmat?r@i Fﬂ%‘PPg%ﬁ Yathet Lre; he

et hyl e f kel PS),
ol ybut st s o e acti iglepil a¢ s%%?f’%ﬁﬁ“ chfe SThpa; FEOP] £ Rhived S8l L
modi f i edturgl mddAltgmatWéiy,rttm [FeS3 afthk iagtivegmatetiblomay be poroprists of ondnsyrishetis ng

wth tg% desired sealing and venting characteristics at high tenperatures.
The bu ﬁﬁg can be injection nolded fromthe thernoplastic nmaterial.

TEFZEL (g0ojHT#R4thold bdn 418$ bontiindhe D2 nYdRt 48ditiBRdl @6five marpPRRIdgiendmg dd | €r)

is an exanple of a suitable thernoplastic material. [0075) he vent ball

calnl be thedrsired esH elastrisali andislischagge tenn@tfs Theadditional activesathede i t h t he
char ac AT Fred W B QHSE olole AR TG EXERPI AR BB U Mbhepiats

100761 indhedeabitdee aovIihitedmd, Bi;) CpF,dF,l (CH, LﬂrosneCaO CaBE¢S, Re€ulgfMnOgd t o
as lithiumfoil. The conposition of the lithiumcan vary, though for

bat t er ¥beBiadeS) ermixtires W“P?fei@er&f’@vays hi gh. The lithiumcan be alloyed
with o | ectrical
perforwgnée gi"?gr ﬁ%ﬁl@% uma Eh%a%x?né/#r&lfé con g"?#ﬁg“@a} Io\tkgi ght
percentne&dlmbasm,lofatslemabdmm% éxrd)mmf:beamwl%%fmdugh@omps preidonsly Mbunt ai n,

1 The, anode, may have .a curren | ectar, wthin n the
Sur f acHeFibeh ekl bt Enpiriis Ghay TREIOAR mall sy, B0 imited 6. B &L (&
curr eneyCa | £CTCQ adtbihe k. lﬁ?oﬂ@@ﬂﬁgdmﬁénf‘(iﬁeidtél'&bh@@nhﬁﬁoﬁobhﬂ&l%ﬁﬁﬁﬁ éscal

conduct|V|ty ’but a current collector may be included, for exa
mai nt abylmighcofﬂleaynthdm Fcﬁm is 9bwttll% or less im amlhercmmqugndn@tbl@at @é% o5 the

lithiu is ons gtg% gl\Qhﬁ Q e }nc:ludes a current collector, it may be
made o gmbogiment 2b J‘&]ct"l‘)\? ©§. but other conductive netals can
be usefdm D@ii& S ite FelRha FMRIVEEy fobecdiRbhiratichOTERS iphbitiss, Bt

strip often serves as an electrical |lead, or tab connectlgg the anode to

one of onerrsbagimentetheisymiheti¢ Fel hasa Fa$ comtent by aveight of therfFeS2 08 mboufiSeer i n

Fi g. The taI SEI | st eel
and afll%fsk égmbyd%gqtﬁgoﬁlltﬁﬁt?ﬁgghl sa%%h%k ésé%%#g?%ﬁ Jtl);%z%‘%’eddl ng
an enchrﬁflnfah&hbxe@ﬂbdumbmrhb@upom?/mleis the anode or by sinply pressing an
end of the | ead onto _the surface of the lithiumfoil,. [00791 The cat hode

may bel0983] ¢ Hhe systhetig Fed. mayihgve aselativaly Fmﬁléé"%fa%l?%ﬁle sz Elestrgrhemigaly

rat or CoNs Brepite iR} Hard 168 1iiSe QRRE R aELtE SRR SRR thdreBi 1D
t ypi cadellwoltagd atrany givenrdeptisefdischatdee irrespective oficell bi‘zed dh¢ spahgtiaBe®Hn acti ve

material , The active materi al rise te
particles may have an average partlcrimsxze ?engthan abg 16}) pm, }ess Hlan about 5 pm, or

less than about 3 um. In one embodiment, the synthetic FeS;, may have an average particle

size in the range of from about 1 to about 5 pm. The synthetic FeS; may even have an
average particle size in the sub-micron range (<1 pum) 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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about 50 wei ght percent FeS2. The active material may conprise at |east 95
wei ght percent FeS2, at |east 99 wei ght percent FeS2, and in one

enbodi ment, FeS2 is the sole active cathode material. In one enbodi nent,
the FeS2 of the active material conprises synthetic FeS2. The FeS2 of the
active material may conprise a mxture of synthetic FeS2 and FeS2 derived

conpr | SUidioy plicess, th AEHEH ealfidimehy Crfeic 1RS, bid§ 1R Toinié 04 Bt TEY
or nor eréudss. t Thwsa pravessey eremmivedésatibed iajeeailli ng on the desired cell

el ectrical ,and discharge characteristics. The additional active cathode
mat er | SUIAAUOBLTAGESS suit abl e active cathode material. Exanples of ot her

active en R ) 13 ' CuQ,
Gus, | FATBZIAZRS chREUHRa o Fedithay betdritd b o spldon pricetOet et
100811 cdinprisssredmting (i) Ferdiz axide @lei@:)f (@) eleseental sulfer, amd (iiichydrogen sulfideny have
a purity, a tal s basj s... of I t ut 97% and be .about 99% or
i bher (% Yy & offBeng periietainic o Tham 3751 B0 el sk Eie TRboSRABY BB et o s
such agheopy thd\Rhctidns beleved to Mroceéd as fellowsl, Zn, As, Co, and the like. In
one enbodinment, the total concentration of netal inpurities by weight of

the synthetic FeS2 i Fea@out 3HSot 1/88s—mmaFe8s +adHéli ment about 0. 1% or
| ess, and in_ anot her enbodi nent about 0.01%or |ess. 100821 Desirably, the
synt hel6086] Fdbe fersig oxideanat beproyided as nennperticles; whichgnay-alsp begeaferred tosas | n one

enbodi I 7<) LG E ' he FeS2 of
about ﬁ%ﬁér tés ’S[”ﬁé’ ?&nﬂghg@ﬁggﬁéﬁﬁ?ﬁhﬂiﬁgﬁﬁ{lg ?&852% Sﬁnﬁéupi%d anot her
Ierrbodi mﬁgm‘gréaéém (ntri]m)). Thé fﬁtrrid eside gglﬁdle's lﬂ;}@ﬂm&b erpalﬂidbe)siizfmﬁfromhzlmut DiddBeuor

ess. 1l The synthetic Fe By hayv relatiy S ayer age
parti cl@O amy i one; esalodypent;the farrig eglﬁg Pﬁﬁ"&fﬁ?‘é&e mlﬁwfee%ae &zi%r?m@%egtaﬂm ng a
reduce, . hfotifer MATR PN : gi ven
dept h %l%&g?ggggraggm | rreg%ﬁ?%&é@%@f&éﬁ%?%ﬁ%&g:%é{’élg%?igl ezsegtg%art icles

may hafremaboat/teeabeup B hinc | Applicants hewsfauhd tha ifthe fdrfic uitle paeticles dramo@bout 5
m or, |l esg than about 3 gm I|In pne enpodi t he .synthetic .FeS2,,
P HatEs, e o tioR el 68,10 oMl 1 ARG ae. Rt 4t fitoric Gude Batichs | m

The sygpt sy lia%e',: ﬁﬁ%eWnﬁ!x%ﬁu&%@y @d?nﬁYs%rﬁgﬁuéh%’fédi (FESO3 £8R HalirgEFeRib- m cron
range (<1 p. dto, |

L range 1 ncluding, but not limte , l'ess than about 500 nm
| ess tdeatingpothe ABer sunfacd.ess t han about 100 nm even | ess than about 10 nm

In on I mgnt . _the nt heti c EeS2may have ver. rtiecle in the
r ange(a]?)@glJ ?ﬂl}ﬁ%ﬁlgﬁ?mgsu%@ FRmRRRHY E@dﬁ”ﬁﬁ? Py Eﬂf? %sal sé!%g? §8ﬁ$ ﬂﬂ&" %%P?‘I etic
FeS2 rpyvided fif iy shideble Yo ercRidin® fer daniphs nisleasalfas The decof harekd W th t he
present invention. In one enbodinent, FeS2 may be formed by a sulfidation

pr oc e$ylfur partiplgs ifcot pantisularkydimited, dnioae embodipentsthe selfyrgnapbe prpvidedias| i ng
ProcesanicldaRhinY LETTR LA T BN CH3BbLOE A, N detail.
[0088] Hydrogen sulfide (H,S) is provided as a gas. In one embodiment, the H,S may be
provided as 100 volume percent of H,S. In another embodiment, the H,S may be provided as
a volume of H;S in a carrier gas. The carrier gas may be an inert gas such as, for example,
nitrogen (N). For example, in one embodiment, the H,S may be provided as a gas
comprising from about 1% by volume to about 99% by volume of H,S in a carrier gas such as
N,; 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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Sul fidation Process 100851 In one enbodi nent, synthetic FeS2 may be forned
by a sulfidation process that conprises reacting (i) ferric oxide (Fe203),
(ii) elemental sulfur, and (iii) hydrogen sulfide (H2S) for a sufficient
period of time to form FeS2. Wile not wishing to be bound by any theory,
the reaction is believed to proceed as foll ows: Fe203 + 3H2S + 1/8 S82FeS2
+ 3H20 rad HHon] BBt AR5°C tPIBAE 4008 ; Rird B M6HSES b didadin Bdh AbduR 325t h MRy

al so be refer‘r)ed to as "nano rust." The ferric oxide particles may have a
parti clabouti 308°C.e fvandther embodimdrntha acastion eray hercarriedaut g fengpesaturiein the

bbod e QAR bt 556 rcatiput e e Te TEPERE preed B BH o el wouc s
t o aborodde FES, patticles ofdidfehait si2ed) Mt r pirGicles being pryduted ehighet es have a

particle size of fromabout 3 to about 10 nm Appljcants have found that if
t he feredcionjanepergures; Elomplete sulfidatiomtogieS: may heargalizedat relgtivaly loyw t o

conpl et . | | h C re too

| ar ge, E%ﬁ%’%@%%%?%?%&%&?@%g%ym%ﬁépug lgggg%dlﬁlﬁ?&e(gg@ﬁ%%?& '%)ﬁheg’oée havi ng
a FeS2 temysdratuges meatehto the nteltingipdiaces sulfio Ge(d,. dloand 1 257N} the resullting FeSanponent

i) may b rovided as a_soli1d. Solid sulfur npy be provided in an
su %abpﬁrtlpﬁff%ar/ﬁelqaﬂmlnamlépfi&mr@w%{aésf%\lf%ﬁr.ea?he si ze of the sol i d
sul fur jdg?dgf/ ifrgk Seactants Wby Bf‘géﬂnﬁh'xleaﬁﬂ ¥bdut 1L $0.125 %&&eraﬁg’%g#b{ﬁagﬁ%sﬁbe sul fur

may be ed as partic aving a particle size of abou o0 about 5
gm [ Tbesulfidgtibrogrecess mdyi biecafti@iS)utiby finstreacting the FeoQpeand dlemental sulfioodt nent |

t he H2S b i d . 100, t H2 h .
oou: ReRRergt ke ik meing point 9t B tar § Sflbried pitiodef PnELAREF fepgting, o
The caieimbO9AR §Bbr B6 Adesired P&ﬁﬁgﬂ%ﬁé hthé $5,S ity RXiatiBGced b tKeOgBRn N2) -

For exanple, in one enbodi nent, t H2S ﬂrrg%g be provided as a gas conprising
f r om a@wsthe reaction wsly preceed febaperigionftime suffigient o completesulfidatiorn terocgus such

as N2; ,in_angther emhodi t f out 3% b | . t 70% b

ol unet ArRbn ErnsErRr. R T E fharmeler ol s BR R e Brooe by
vol urrelessl@iaB BBoub vk ihoant depbidifig hpsshniplakizEe B on®embediflhe itieFe,0;afdt he

di scl osed sul fidation process at relatively |ow tenperatures, e.g., below

about the@dfuraagebeimiyed atadisHigmPEHIaeELHabeus 4 4o & and he tgmperaturema) ke above

t he ”B&Eﬂ.e?.&dtpa#ep deﬁI,% S }f{%gayﬁ g@ﬁ g% Pﬂ;ﬂ%@ateﬁ”tﬂaﬁﬁé PYARP HLed Y be cb{?ﬂ%@gd

enbodi nent , € reaction out at a tenperature 1n range

of fr canaahmplé tefripfetatine. FHop skardpleéGhe a¢adtion neaydie teild atndofickt temmperdtarenforbout 125C
to aboui 300C.. I.n _anot her S’rpodi réggt, t he reaction ma% be carried ouf at a
t enpersgicsted nerod REUme(8&- 251G and then @ tempgratugs rapp map be Bsediigdngreassdhe, ur e
may b | ' | Gl £5 ' rant sizes,
Wit neRpldRired: Aacsted i th b Sedthll SHEER AR @ attr 00T A °

Conpl alescriheidfabde, ihigher cenies@turas ymayebe desirabledo ptovids latger #e§, partickesnper at ur es

such as fraqm above, the nelti int of sulfur to about 125C. Further, at
* enpenBot dbmaN B PSP eCaRSREd B Te361PR AR LerelRoRets SR AS R 125), t he
gﬁf?;tgg&gygﬁoﬁ,%hbg&ﬁ%r HeAike. Ghdnk ERIbGdAG tha Fe, oM shifufhialbeel y | arge
charged to the system, and the system is flushed with an inert gas at least prior to the addition
of the H,S.

[0092] The sulfidation process provides FeS; particles having a particle size of less than

about 1 um. The sulfidation process may provide particles having an average particle 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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100901 The reactants may be conbined in about a 1:3:0.125 nolar ratio of
Fe203: H2S: S8. The sulfidati on process nmay be carried out by first reacting
t he Fe203 and el enental sulfur at a tenperature above the nelting point of
sul fur for a selected period of tine. After reacting the Fe203 and sul fur
for a desired period of tine, the H2S may be introduced to the system and

the re | : . | f ti e for | et e

Sul 1 o] Sacr SR et i Partles By nubliBFLT Viblelohl sipBr RS )
conpl etRe;Qupdrticlas andionthy tanperaturdat! veltich tHeasadtioaus rin (with latges patioRl Gefig UPON
sanpl e Z?i Ze. Igliélne enbodi ment, the Fe203 and the sul fur may be m xed at a
first tODHRGAAtRigher gagtion iemperatureslc  and the tenperature may be increased

ft \ | : ' ; ' . d t b
conduc IR el prack kel pdricles ARPYE Rty b Shycrti HEPES, SBES 101 4"
a fi r sobtaineddrom thessulfidationpedcess. eSinteringanayobe adcomplishegl. by Heafifiy thend t hen a

tenperature r may be used to increase thedenperatyre at a desired rate
to a seetistrs el ltiRite 93RS rngs of Gog: aboul AT CIBelow e Serdbepibea whishe.
hi gher %Wbﬂ%ﬂé@f(aw 726°Cie Fok e%@&%e Fe8) patities Y beQideredht hC! €s.
100911 It may be desirable to conduct the reaction in an inert atnosphere

such atempegptureinths wnge pfiom about HYLE, to about YOO Kar.a sufficiert pemiod @i tisret to t he

it airefoastHedoily s of HRFASE phiteled TSEHAY O Blebilf sRHpRS g oo

sul fi dautiwdepvavaamsat @rpesssaebef@dbatriosphérid presdute ajorinarihért hendsphéreof | ess
than a m . The sul fidation process nmay. provide particles having an

t, 1
aver aggg‘g"ﬁf"tgi "8"[%""3\‘359 te finczease theerpstallite sizg ekthe Fapypartioles fiem &ns pEss, about
100 | t
n nﬁzﬁfon}e?é“@ to thY¥ E)'Pdéf‘ e Hhndrdd 8t x%ohﬁ?e?T, or @vél{'?evgfﬁg B'g%r?ﬂ% Olsottn érk%m{)\}% | ch may

FeS2particles may have an average particle Size o
i ndi cathe FeSapartibles majydwave g coyfstallite sifestfiframiabaurt 36 ain ® dbeund em afeut 70 nm

d about .600 - di nent . th i.des FeS2 particl
o o ere froons espbufieny Fesh patitles obepel BOm e BIHIOAREPoFH MROPher
enbodi gifeiedfat Q%raﬁaﬂﬁ]éoﬂ RordABht @bosm td 'ilfcréﬁ@?heé}%’f{iélg 3&% O i‘%‘%ﬁs a

crystallite size in e range of fromabout 5 to a 0 nm
descr insagmatess/te, framabputr k50e209snra i(the FelSy particles maydiaved cigstalbtessize ofdrarhe si ze

of th | rédcl es and/.or, the tenperatuyre whi.ch th

react ?dg?l’ﬁﬁgsé {ro 3‘% OFW"‘B; %‘8?@5&’?’6#@% b, Bred g0 ABFEASH g%e E%Zrﬂ ¢ 51?8;’&’} on

t enpertadswrdmhdreds 0PB&bnidterd €5 aBRA 1 thabg@r3 InaSByating bes temipertfirdyfoduced by
sintering the FeS2 particles obtained fromthe sulfidation process.

Si nt er2PAY THNC padercaswyn; s evamplenEeS2i nagticleschaying 3 partislesize:ofiabape2Qd ure in

the r t I rature at which FeS2
decorrpqlggg)s&; 3%%&?%8%@ %g%deé)%rﬁp%f’g&q 1§pf&rgig%§barticl es may be sintered at
a t empaoodit (He8; partitles praduged by tHe sulfidution prédeSmiap erbibittbolPritk @hd a
sufficient,perio foti to jncrease the particle size of the FeS2

parti E’Paé%a.s"gﬁﬁ’ls Pﬁ?s,es-t c EqSH]pt’é‘lgiFﬁ&Z prodyctaasts B“B’éﬂb‘am_rthéa}’@@tplﬁﬁﬂj@t vacuum
al 2RSS RELRN HADRROCEsfalR " WISt AR o/H2 ik B6 'ahy MdRRBIEL:

Sintering may be used to I ncrease the cry te size O
part i beessfofind that simtering the FeSoparticles may alsocodeert tife tharcaiedsystils capyicet er s,

| m . For . l.e, t FeS2 ticl h )
O o R P E SE d BeSered  e he, 1.
one efHequSHBaYticlesSsuéh A3 by isfilt@ Ot phRRksik A RhpGatute {BHR LB AJ°EGRg MY be

sintered at a tenperaturée of from about 400-500C to increase the particle
si ze beloynabewts749 Cn Xooaxample, the nfarcasitabrystals B8y be Gonverteglith pyfeS2ysialst i cl es

ma 6 3. .Cl llite size,of about of,0 about 200 ri . Sinterin
maz a s’:nﬁgﬁgég%??n&pﬁrﬁtgfee%esa@o héé(g?éﬁ %’Nttébilé’ size from tenrsr) or hundredg
of najoesspt Bhesilfidaiaiprodess 9@3@&%@ pm?y sgmiaﬁarksgpa{icles.t W&?wje of

e e

about  700C under_ vacuum_ for exanp S ﬁ?rtlcl es having a particle size

of abBasynthetic Fefizthes athigh paity on mesplsthasisht BheakeS rmayhaveracpwity,aeh mar t i cl es.
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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[ 0094] FeS2 particles produced by the sulfidation process nmay exhibit both
pyrite and marcasite crystal phases. The resulting FeS2 product exists
primarily in the pyrite phase but may include traces of marcasite crystals.
Whil e not wishing to be bound by any theory, it has been found that
sintering the FeS2 particles may al so convert the marcasite crystals to
Py € ohirehid Fes, € 8o 1908t foss, il EndiREARIIdTmErit 4BOR 1 AR 188, GA ity ©
pyrite crysta szby eat i ng the Fesy particles, such as by sintering the
parti cleasbodimenttaboytd.@1% 0f lesbove about 400C and bel ow about 740C. For
exanpl e, the _marcasi,t rystal s.may be_.converted to rite crystal s by
¥t or TG6LTHE Syatheti ey Brogioed e SISEHQD BIDGRFS MRS boeT{dersibas

sul fi d%v&g aﬂﬁ%? Eﬁ%tymnqn& 085 Of ©bh Rutndd éFefS? Hhpgides. Fr%%%esg bdduk&Pby tHe One
aspect, the syhnt

) etrc FeS2 has a high purity on a netals basis., The FeS2
may hawelfslation ptoggssanayshawvetlessshamationt 3Y%rbyaweight ordroradidfide dupuritias, ateki r abl vy,

havi ng a .pur i f gpeater. thap. about. 99% |n one enbodi ment h t al
concendpatatiylcss Bandk By ightBFind BYhge imhyrls” I b BRbhdiRiny. dhetfes, el
about  {fnQuifidRSMmputifies?sraiboar 0. evhedessamnt in Bavtherbmbédiehtsbout 8.00% & 1880t her
enbodi ment about 0.01% of |ess. [00961 The synthetic FeS2 produced by the

sul f i d#opUn Asiditianally thy synthetickeS predused by thessulidation prosasy mayalsoke on t he
b ar ; g ¢ -
asl! s g@?sg%ﬁglrlg?gé g?‘%@g cxés”?.gé 's{:irgé‘tés. xy’b e egfpﬁg)f}ﬁ%@ﬁﬁeg hhd'Rss

sulfid ve'l e an abou I'ron sulfide
| mpur i abas 3% by waight bfibkide kpetest INunoIPéSh Yormid iyt the kulifidatioss prdceshetypically

i mpurifies. In one enbodi nent, the Fe has irqn sulfide inpurities of
about Basiagedptivelyslargs HEBD(H&r a@%ié? mjﬁ“em T) gnymgy bemeres . 100971
Addi ti gnal {6« | tF‘%iS s Sddl TA ' I may
al so be ngg’tl%nt | aﬁi&hpgéedeﬁ% oé%%ggéggegzggg%étﬁ ﬁgfpgg&e?r??gﬁ%&n
enbodi omenano-siked FefiZohkisprbeide ok iderimphrities iddthérange ioff Abouwt 0 toxabdet H)3e byes.

Nano- FeS2 . f d.by.th |.fi.dafi.on. t ypi cal has. | ativel
v ge. Seiehh LRGP R, ey B desireblesd it Ppostietgnar F e Bas s seoRue
SUS CepPdrtdiRing@nPifbstatit® AntiNtaBy Bt B RIrmBMidd iftcd catBE B foriaRtoRdE binfdred- A

nmono | ayer of oxygen on nano-sized FeS2 could provide oxide inpurities in
t he r ategwovitle dsgertFeS; partigtesuFon exanle,iemgitbe desicabls tor siorej the nayo-BeSadesi r abl e

to limt.exposure . of n - FeS2 particl t.0, 0X n ntad nin vi ronment s
unt 1 RSEREE B s o e s o orBufEiediBtorg s R Bao b AndY o f o
provi dsrepatt @S cakitod? forpiilatdti a d9bokxanpl e, it may be desirable to store

t he nano-FeS2 particles in a dry box until they are to be fornulated into a

cat hod8098br Fig methed r@m{lw ingludp gpatingthe FaShparticles witly asprotactive ceatingy box.
10098 i ' ' '
100 AT IR SRRl ALK SR Mrd I8, T6 TR e S

part i Beastempora?y Costingathat is Hiveoloabit i g cabiyddformultivp@hairynmeny ilngndthet i s
di ssol vable in a cathode fornul ation environnent. xlazﬂ %not her enbodi nent,

the coabodgmentythscortingmay be dormeddenm acondustivg mate blgisorductivauct i ve
R , . et _ il .

ot or (e ErilS Fole; bt AOCUAALA b b mbfiriR] Bl ARG ltergl Tids and

oxi deorgani¢ catelucfive matesiais! Suitableahdtaloxidss, inchadeg foreaniple,dobaltogidehe | i ke.

Sui t abl e organi ¢, conductjve materials.include, for .exanpl e, pol yphenyl ene
dor | v ARAGERERE R, REARE Jkey SUROIS DrE ISR N e 81 B1uge, DU, he
coat i ?)alypﬁxﬁﬂex}éd&iv%ﬁc&@m S%fchﬁag SUIEbIE ROMRIRLVE nRitdril fOBYseGR MY doafing f OF

exanmpl'e,”"acetyl ene ack, graphit carbon black, mxtures of two or nore
t her eddyer tsraicarben ¢aatieg. The canboh axatenial ntayadommpyiseafos examplepacetylphé black.o t he

FeS2 icl i j t abl i | i i . di i e
b ueh BT rhar Ik, gt s drors dhereot; PuREY Y prits B eting o vy
be applyeffhaybeRPpRR! @XhOFESY padidles i dhy! uitahle desnef irﬁﬁﬂiﬁé‘ﬂx&ﬁh@ﬁi{:gi&g} he

protective Coatl ngﬁl aigr may be sel ected as desired for a particular

pur pobmishing; andthd die u feondrembediment] threprotestivy contingpysrananbe applisdagingt el y
protect the FeS2 particles against oxidation. 0099 g suffidation

bt oceStay BFplysi. o e bicnes o $hatiis wliebt oL g et Necomd@ Bt sy 38, | ona
separ gdlécéd ﬁdé&ir@@mrfbg)a?ﬁ&ﬂ& puRpéetotiiftchdi ise Bt sheHd gehefuUytbe sWifilerithe
process utilizes solid sulfur as a starting material, the process nay be
run wiotddequatelyypretetitbe FeSz partiches againsteyidatienr enoval or cl ean up. Further,
the only other product of the suffidati process is water (H20). The

wat er, however, evaporates because the action is carried out a

t enperature above the nelting point of sulfur (about 113C), which is also
above the boiling point of water. MIling Process




[ wool I n another enbodi nent, synthetic FeS2 nay be prepared by a process
conprising (i) mxing iron powder and sul fur powder to provide a
substantially honbgenous iron/sul fur powder m xture, and (ii) treating the
powder m xture under conditions sufficient to formFeS2. 101011 M xi ng of
the iron and sul fur powder may be acconplished by any suitable techni que

h hani cal, m |l i.ng. ,Mechani cal, mlli .
e conpfeEhle Tt Shpalig PRGArs pacayety oo roae® i o oy T RalRnal ¢ o
to, rolskpdfatidnsor idadiisl s8épse obiain the flial FeSyY prbduct"WWhen the prodesshtitizessdlids,

head mlls, and the Iitke. MIling and intimate m xing of the iron and

sul f ur spiéurasrasstartipg materiad,che proshsscmays begpnawighen any selxents that weuldrenuire

? el udi oo | . = . L q
the | Eafoyd] 8 up Bl @ oply Gfpr pbfid e RBTon BrOGRNSudtit 2 1
i ron. QdsD). ' Fheowamenhoweger, évtiporftésisdcagseahe teactian isicattiedrduy asethperbuee as t he

mlling media. The m|[ling nedia nmay be provjded in a syj. tabl e unt as
desi r oaboyeghe EekiAg ROk ofulf Ghout L G)ofhiel fAlsa Apoxe I hOULALRRIR o i | 1 1 ng
medi a be, for exanple, in the range of fromabout 1:4 to about 1:10, in

the range of fromabout 1:5 to about 1:10, or in the range of from about
1: 7 t oMilimgtPrbces®. | n one enbodi ment, the weight ratio of iron and sul fur

powder to ml|li nedi a. may be .abo 1:7. 0102],.The iron and sul fur
Povelor 1531 et Eboim et SBHALE e SEimBY Se BESPores Y CProk B R E Uy

al so bgifif} fohPdwider ARl sulfik PERAET 0Dra€idd b substiiftially BoRDEe AU ifod/subent i s
not particularly limted except that it should be substantially free of
oxy genpowisrtmiztuse.randdii) aeatingshe pawder mixdars unden qonditiogs sefficieat toorm

hydr ocgéé)ons such as, for exanple, al kanes including but not limted to
pent ane; “hept ane, hexane, octane, nonane, decane, conbinations of two or
nor et jaes1¢ OMixing G ticirdr &Rl sulfue ppivdemay be aédoniplishedby aosuitbleae¢hmgent in

an amount sufficient to facilitate formng a ,hom)gengus powd_ege i xture from
the i r Bishasdorexampleuoghenicabmiliing Meshanicalimilling Hay be acqomplisheq psing o

roces l..-&ee i , . onsuned
byt heRySatiE oyt levice BIRRARL, but B} BRREE RS rip BAAG pritifng Bl M S LS
t he pomilis; me:immﬂb{ bead amills (lead mill@sjl"?gdptbe\ﬂfle:._slvi_iﬂipga;ld a'mhrr:ate niikimgweithes of t he
m X1 Ng Vvessge esul tin | poor Jlrng.erticl e .such tnat 0 nous
mi xt urign %“d_rﬁS‘tl"r“BBP‘Xfi?Fég‘.‘ayl aA0mBliBsd i an HEARIF SUDE et ing mﬂa&"ﬂ?‘? may
be preffMmited tﬁ,trhtwﬁiemﬁf glﬁﬁﬂré&ﬁyhseglia% gtrldiﬁfélﬂke.l% BRé Eﬁﬁbdi?ir?nﬂ@ha ht of

the total weig I ron powder, powder, and mlling nedia. In

one enbilingmmedia is bubspantioly free ofiiron) Degpitet cantaiping sromt steel shot i padiculasly fr om
about 7.ta abqut ergent, by i ght ,of t t ot al weight . i ron powder,
sul f ursuﬂﬁ%(?? &eénéﬂﬂé)ﬁeﬁﬁgmdvﬁfmgg Pgdigamay ‘?1%%{}4‘39 m eSLP%gF %@Hﬁ?‘s and
sul f urdeBipdd eForxamptt, BR WEiBRE tio of irdh ah€ 86lfurdpowdér ndlling Aiddix @by beOfort 0

sul fur (i.e., at least a stoichionetric ratio of Fe to Sto formFeS2.) It
nmay bexample ibthe rangemnfdiamabautd :4 ta ghout hd@eisvthe range of figpmabaup | Sdeabeubf

H U od H NS . . . o
arountl B LB P feted S RRORTT ) fpacs®. 1B oRE SHbGiAL, e Bt faBle. |
t he mikdnidng suHdt powddi@o Mibing ey nidiyde abpushIe iron fromthe mlling nedia,

which may result in the formation of a small anount of FeS during the

t r eat h82) Jiheriran and sulfur powderg are miceddn tag presance pf g Prossescontrabagspt r a sul fur
can r ' N o p I }ldopo nedi a.
101043@%3%5 oanlggﬁﬁ%s%# u{ro a%oql e{r’i‘ésq iﬁ gE@)'mﬁ‘gégmch;rs a sgpﬁeg} iesr#toreperi od of
time partigakviydimidedexvepiatharis shoubd be sibstentipiyvfier offoxygene Sultableinhdterdiads
appreciated that the tinme for, m xing may var ependi ng gn the m.Iling

o b o 4 The Brpcers Roniph 88531 inchide BySFOARES SHch 4, eRmP e Alkanss B udingn  and
sul fu Pﬁlﬁ‘i i A BBnE ocknke! AdiangEfEcane, bORbINMAENOSS tHd dr NI
medi a,Buan ﬁéeﬁtﬁ%g?ﬁgﬂgﬁ%@b% rea’é)lc%‘ Hecertalned’ by a person skilled in
t he amtore therenfcardthe tikereThe ptdeess controhagens shduld bp pradentsn anemourted by bal |
mlling.for a period_.of about five hours, To proyide, a.high ity,

synt natfetenLBEAitAE Armiag A GomogrRqysRgWHSE FERS Kemihs iR 40l BB, S noul o be
carri gowadts dHAf quﬂﬂﬁ ' ¢ NtooditHE PYesd CtintdoPh g i ofreftint, WPpRAEE S such
as odees and s%lﬁ}i es.é%§%f I(’)Ireo, It ?ayesbe desi réaaglﬁeﬂg}g garrybout t he

m Xi nepontpd agernt mmay be comsumed by thepopdar(s), the phwders niayr agglemerate, ard{onr gon

at nosphere. [01051 Following m xing of _the iron and sul fur powder, the
substantially honbgenous mi xture is tre&ed under sufficient conditions to
form FeS2. Typically, the process control agent is renpbved prior to
treating the powder mxture to form FeS2. The process control agent may be
removed by any suitable nmethod including, for exanple, evaporation. In one
enbodi ment, the powder mixture is treated by annealing the powder mxture

o Y Y - M r o Y Y o Y M v L g e~




I n one enbodi ment, the powder m xture is annealed at a tenperature of from
about 450C to about 500C. Heating nay be acconplished using a tenperature
ranp or gradient to reach the desired annealing tenperature. In one

enbodi ment, the iron/sul fur powder m xture is heated using a tenperature
ranp of fromabout 1 to about 3C per mnute up to 450C, and then hol di ng
the t enh@hale'thiRifEéiehé ?Bwaé}@ Way ot bicuri(¥.8., e piviters May ahdie thewllsey be
desirable to take the tenperature through the nelting point of sulfur at a
rel at i the sixingwessel resulting frspeas milling efficicagy)isueh that » hpmogeraus mixtuse isroti r on

f i d. for i . -
heat | nUHAgPa, dA e B Pafiniit Thl Brolidt A6 decdl oy B2 pisiah in W Griinf ofhom,
For exaBputss totdbout W?@ééﬁt byavélpht dfehd toeil ersghi ofithedrdr powderpsulfur poordel; t he

melting point of sulfur and then increased at a faster rate until the final
t enper andmillise medie. fyoneembogdiment, the pragsss conirol 4gen{ds Preses dn AR amountf

powder gm i Lest | SEQ loSddfe to
a subséd%‘g%wlﬁgltﬁfhé&gﬁgﬁ%%?%aﬁ ng ?ﬁggﬁ%%%gwf;%)%wgng tEuerrﬂl ronf’and
sul f ur apdwilingtmediar m t he powder m xture, the processing agent may be

for m P01 Heoeaub ot HoRavdst aisb i GBS DRI e L Bt prlce mer ©
sui t ablgigad i{'dr{‘llgisgg{mﬁ.‘i lap fabtdi RGichidAREICRES Eaif'llﬁ(i'o 8116 ¥6rm FeSLP imbeHe

formed by a m 1g et Rod 1 n accordance with the present invention may
have adesixabletgeronide thel sulfur pewddr if ap ameboiin excessiof thad bequired by the

ot Aepdaehe Faiet e prS R s Bt E el S B 1T B b e " BBfe Vo
vol umegxanipld Gé &tfeagi?%lsm &cHe aflifyg rhéia, the !aisf&n filypick fyssorie froh ififoyn then a

metal s basis, 0 east about 97% and desirably has of at | east

a rit
About  oBHing Phedon aviehymay weswi in thecformetion ol emal AT PeS A therpur | ¢ 1 oo

b . o F . o . . di
about ooty SREao IRR S R o s AR df i, e R SuofSpe1 higpteoc e
Addi t i extrd iron thateidy e pesserfrént thowilling hieds. met hod cont ai ns about 3% by

wei ght or less of FeS inpurities and desjrably_ about 1% by weight or |ess
of Fedoi¢#puihe jres and sulfipoxvdsemar he mixedfora szﬂf%\t PFEed eﬁmﬂa% PIOWdR 3t es

of aboﬁﬂmg%ekg%%fr{?llr\/gﬁl rPoy deP 6 m@qgﬁgigteﬁ%&tthg ti %bpfm)gﬁg §1$y101091

Some process may becone entr In the FeS2 pro by the
m | | i nearprdependinglérethe muitlépsprocess uséd, dwpesize oftthe bystame.gn thefotal dmount ofe

duct f AR he i d fur. d/ ' h
B neal FoyaShuth porideny e cpareniauonet pillinb R Riecos REmilipE et and o
agent tﬁ@gxkp,%ﬁrﬂi‘a fe@&ﬂﬁgﬁdeggfgg?bgé?grsomﬁiiﬂﬁ% fEo0t. AR dnifimbRe

hydr ocar bon procéss contT escape or be driven off during the
anneal the ronpad stlfurposders aramhiaed by bald milling ford period of atteut fizshoursy Toout

bei ng bound particular th th b : t i
var | SOuRe p e e HsSh PO yeink 2 BREBE el e BVRRE ety apni ¢ e
car bi dgouldHé caftiddowt ¥nér c‘bﬂditibfn?tﬂ%g diskfb# te fohRatiePeMbyRbdwct kR agnt r ai ned

in the FeS2may be a function o mlling time and the anmount of process
cont r gixidegand sulfidgs.i Therefare,ritymay be desirablete carnyrawt theoniéng operaliomingiint  of

entrai.ned carbpn general.ly increas Wi er mlling tinmes. For a given
mlli H’&e ?%qspﬁ?{gggﬂbﬁn{o%thg%@n&&@g@%&mm rol agent (and,

t her efigios), FoMowing miXias o8 8RSirov Add sulfiepowaer, the subBntiallyf hamegeasss cont r ol
agent added to the initial charge_ of iron and sul fur powder. [0111] The
anountmigfure is tratedoinden prBigienhcenditigns g fern BeSaa popically, the nracess sontigdi ght  of

he F . ; \ . oder i
about 28015 e Ea IR HERing he BoffiR i «f Bitf Fed S Biciifocsl opalfolnTINEE 2
car boagérnt ntdyRdreniovet) by paydeitable methodtin€ludingy for ekasplehyvaperaion. dh onbe FeS2.

I n one enbodi nent, the apount, of carbon r?,t ained in th.enﬁomder |.s. about
0. 159Fmbodiment Fhe pawder mptureris treateg by annea e at a sufficient

ing the powder mix
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



[0112] If desired, additives or dopants could be added to the initial
charge of the mlling nethod to provide FeS2 having a particular additive
or dopant concentration. The dopant additive could be, for exanple, one or
nore netals, graphite, or carbon black. [0113] In addition to the active
material, the cathode m xture typically contains ot her materials. For
exanp! an che Rinlbd@iment, e PEivaLi it s hhdRitht b MenBAAIEH Ao BBEAIIPE S0

t oget her and adhere the m xture to t current o

conductabeut 5400Er mgngmabr besacomnplished ruaqnglattempetdnmardmmObgmdienpwﬁmls may

oroant 1he a8iRA bk TRhrRtrS. Bt sibaginggy Bh Mor e ROV e TBPEATE G e,
for exammes usinB@ tenperahirs ddmg 6P fuat dbout yt@abauh 3"@5&:‘ Hui@hSd #ocenghdi nder,

the thickness of the m xture on the current collector, the curren
col | ectthen hpdding the tgmperatarel45QIC f@rabont fontycfinesmintutesarA heatingdainpimaysberay al so

Fol 1 o shPaR YB3 T ot RE bAoAl ed PRy sl g

cell ca blmﬂﬁsthaﬁlhpfmhbexﬂfiﬁ&eﬁctandth'ﬁhé/ﬂﬁiﬂté foﬁﬁ@{szqmﬁﬁ@ﬁnéfd}hhﬁél c graphite
from Tincal Anmerica, \Westlake, Chio, USA. Carbon bl ack: G ade C55 acetyl ene
bl ack PyPRefesis seasHisS)) The rate ﬁﬁammsmam@@qyﬁpd apcesired fosuitg) partigular

et hyl e @ﬁ%ﬂs’ e 9)9%113( H%Péj‘? Ansly

(for ma?Féd% &% Pﬁpc gﬁ’dthg\?gﬁ%% e rgrxﬁe I‘WI Ltséagﬁggdrtgﬁﬁg&séhﬁhﬁut i on
Cor p. , n&ltmgrpoﬂnfcsulﬁxﬁmd them inopedsed atod fastes edtelbhité the)ﬁylelt thyiperacure vf Heat{ngEQ ) :
PO.YOX&% fr m Dow Chem cal Conpany, Mdland, Mch., 22 USA; and Gl1651

gr ade - et hyl ene/ but yl enes-styrene (SEBS) bl ock copol ymer from Kraton
Pol yrmey 0306f] Hisdother ehfbodiniélft] the \PaWder ifeutdlit trkatdll %6 RIMZESS, b subjectmg the

pol ytetrafl uoroet hyl ene (PTFE) "manufactured by Mcro Po |y

Tar r yt Bawidermhixture mmslqhsg@m uuﬁing)opamnohalm particdar, Bfier Milling Ithm:uon @dvel and,

pi et gAeo 70 Hid Rovide? pANUGS the e Sing sl mBg bPECTtEymige
di sposgelvder imikfuréand mt&p&e@brlﬂihkané RfayRiMNRE t6 Pdrﬁﬁpész qrhetsta&)rﬂ%hﬁﬁg

m xture may be coated onto one or both sides of a thin netal strip.

Al uni rRReFationnLbgescomplished wringanyasuitapleamilling mathod dn¢luding these desoribedd
beyoncdiabtobg portion of the cathode containing the cathode m xture. This
extendi ng portion of the current collector can provide a convenient area
for nykionp KeSstfomiedbyt dimiliagahethod incadcotdanck with decpreskntt invichtio fifalythave
terminal. It is desirab to ke t he vol upe of the. extendlﬁgportlon of

the caYgtase particls size ohfram abaptd vm te abgrel mAdditignally othe FeSy paticles| une
of theokfdd b fé(ﬂidlﬁ:g tﬁaa uﬁ&bya%na@h%'tﬁ% uﬁeﬁﬁaﬁﬂl Wl ehibtOshhmet. FeS2
be ma rry 0

cat hodes nmma y roll coating a active'material mxture
 mat er iperasity fared éxhgti ;omc)ivamil\foéumepani c solvent (e.g., trichloroethylene)

he. s QT8 eSe Brodhedt Py eniling method e Bugite GhpBeatssBoa 2 Hgrst Shavk | ng
the coavpshd dEsiraE]? hra@ﬁ pass) 684 l&is@&lgbut 99% CIHtotnb @Hib%ﬁﬁh&ﬁ @k dee slit

cat hode materi al he désired length. It 1s desirable to use cathode
mat er ceneenightion @frmeﬂal pwmttﬂsebyswmgbt Qfdhmynthntv_cel’eSh@s abiosk 1%f ordessciur i ng t he

61 The | t al | t
v AftherentiokiRgnyBBur 0190 clens afd i sadha ebodoRT ahom B BT IRSS ead ©
of ten Aldﬂltiolﬁalli' FeS), QProdudel by tﬁ@hﬂnmgtrﬁémo@éomalﬁpabdm 396y WMl of lesEof. 1.

The lead, is often nmade from ni ckel plated stainless steel.
FeS impurities and desirably about 1% by weight or less of FeS impurities. In one

embodiment, the FeS; has iron sulfide impurities of about 0.1% or less and in another
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

21



[01171 The separator may be a thin m croporous nenbrane that is

I on- pernmeabl e and el ectrically nonconductive. It is capable of holding at

| east some electrolyte within the pores of the separator. The separator is
di sposed between adj acent surfaces of the anode and cathode to electrically
i nsul ate the el ectrodes fromeach other. Portions of the separator may al so
I nsul a ﬁﬁg@g | ﬁﬁi‘]%l}!’ : éﬂ&fhdﬁr‘ﬁ?g 8lahn inals to
preven%ﬁ%ﬁ% o?%gtglalrlﬂ(rzﬁia%. gg%hg‘fc%ég&ivepar ator often ée@'thg‘ d beyond
t he edgperatibn atithl cactin beireg leftdehindde theoFéShs Withaut deinglbound by enp particatanode do
not make electrigcal contact even if, they. are, not..petfectly aljgned with
each oftoF the carbon may bs pressp i at‘@“ﬁfyrf?f%:ﬁo?@s W&%&H&n%ﬂ@%gator

ext endiRgriiRug BatbbhSeahift ERURR,; andblidkollRioRiRFeSe good high power

di scharge ‘performance 1t nay be desirable that the separator have the
char ac{e10]s {The emopot eficarbanrentragred|ih ¢yt Fefi, maydieanfupetion of the millingaose gnd and a

| dj ' f 5 1.1M ity inth f
30 Lo s ABLAL ProgresspnloLagenl B i e TRE €58 pod I Bobigkens e ndBT S
t or t UOSF éntrdiiScat Bt ehicRally Fhdr64ses QGthi 16ngér milllta! timé) . Fd? a3filerfhilling Gisiegd Mar .

1, 1994, and hereby 1ncorporated by reference, Suitable separator materials

shoul dthgiampustofentrairedarecays consraliagprit(@nd thaseforgngatboat ingreases Withaesses as
N ' di sch
¢ houReoPE ot Bt pREss AonGSPAdeREatibd O BeIEARS Bhdfe B oAt flurd, BT D

an i ntpéwddr. short circuit. [01191 To minimze the total separator volune
in the cell, the sepagrator should.b thin_as possible, but at |egst
about B1Hi She appun cafbﬁﬂﬁFE‘QFgHéﬁ}eﬁ:sé’%%yﬁF@QE?&ﬁ'ﬁQffﬁ’é%ﬁyﬁ‘ﬁéglgé‘?ﬂt?de and
anode fggp ﬁﬁﬂ@&mb%ﬂe%?#%%&ﬂB&t%f%%h Setaihedin ﬁﬁgagvswdepﬁ a%%?t?%@b%r or

t hi ckness may range out 1 to about 50 gm I rably m about 5 to
about 28 ynweightiofithe FeSa binyonkrembodimerit, the ampuabofitarlich wtaindsointth® fowder The

required. thic ss,will depend .. rt on th trepngth of the separator
ator | AOSHICATYE OFdh by NFALHE o R U Ot Bt S syt GE cBBBR, o on
the sepaimlddh \ﬁdértis%dﬁft’b?ig%6§E§§15)‘ﬁ@ight8§ﬂ%%59n- 101201 A nunber of
characteristics besides thickness can "aff ect separator strength. One of

t hese [PH2t diidesireds additives ox dopants cowlditieadded tosthe iinjtialahargesifdhe millingas, f or
exanpl e, .at. | east i | ogr ans,.of, force per, s [ Jeter (kat7cnR),
and 6eetpl o SYde 1S, e SRS HarAaReRR opA Rofie ALY T8¢ dbre
pr ocesgdhiiveXBukidd, Yorlexample) ofiEmdtmenty, griphitearcaibdndbladkensi e stress is
typically ghrFeater in the machine direction (MD) than in the transverse

(

di r ectlfddl (Impylditipdo theractivematerial) the sathadesmixtyie typigalby gofaipeather n part on
the di_anetar |l FQr E . Lo d
t o, 1A Por AL o bipdeio SR Ruosh 6 hAIATRY phtBlafetectil SIBET |

| east ahd@Ahétg thecmiBktin® tb it duifens velledtord ORWrintore candudtive neatérBsuchpe cel |
the preferred tensjle strengths in the nmachine and, transverse directions

are 1%esalagaprhitoandearbemblack pawdersmay ke added t,providedmproed, ¢d too | ow

manuf ks i a t . In
gener apheletitiy B el bR e Bdoub(BEERAGAN BRI B2H SuPhe BlreRlIaBR- 1
st r endidtors sinsheass for dxhimiples theasladttieal condrsdivity of dee dvitiyh materied andl biden the
propert.ies of the separator nmay be adversely affected., .[012 Tensil e

st r es SigkPsspkGemix 59@9&%%@%96%*% A eaTioB0t et aad e o
tensi kaftanfsiitd 6 VediohS Bidilt¥es by hRb B MSed fd%enhatdedatibde b RRRiRY &d
thickness in cm Tensile stress 1n kgf/cmis also useful for identifying
desi r e¢ll perforumece.i The fadloatinglatecexamplasaf active metegiahmiXthes abterials for nay be

or of CRAEFS: Safl cplhbdes CORRRYE KR e TREREEMEE (8508 siihedf Bovhirediatd (o |
bot h Trhfcdraehéd@, Wéitl&ﬁé@ﬂﬁ@%ﬁlxﬂgaﬁ?&d Blask: (rade CS5 betyiehd bRERFRNE! S

greater than about 0.45°inch (11.4 nm, a tensile stress of at least 2.0
kgf / cEhewonPbillips €ompaty bP, Hopgor Texaldi Ae Bindedi ethylene/propyiepacapelymer r engt h

is it Ll ectrni r eak .voltage. Preferably the aver. ielectric

br e kT P Byl mprpe g ics e tormseti A e Tnby End G BB AORL | ey

2200 Meatwisk Sﬁﬁaﬂa&b’ﬂ)isﬁﬁdﬁ%ﬁb&?], Iakro, (Ohié, WS ADBéRior#E Ratepolubrn about 0. 45
el ectric breakdown voltage is nost preferably

in (11.4&;?, the average di \ :

at | epadyethylege oxide PED): ROLY O® from Dowhemisalfiompanys ddidiand; Mich.ow, it is
difficult to reliably renove cells wth,defective or danmaged separators by
electrical testing (e.g., retention of hi gh vol tage applied to the

el ectrode assenbly before the addition of electrolyte) during cel
manufacturing. It is desirable that the dielectric breakdown is as high as
possi ble while still achieving other desirable separator properties.




101231 The average effective pore size is another of the nore inportant

I ndi cators of separator strength. Wile large pores are desirable to
maxi m ze ion transport through the separator, if the pores are too |arge
the separator will be susceptible to penetration and short circuits between
the el ectrodes. The preferred maxi numeffective pore size is fromO0.08 gm

to 0.4 p. e r_than BET
speci fIIé@‘éMIe&alrég&l %@%Ilg'gﬂl&é%%?@gﬁf TS5 89%@&%&)&0%{@%% IIﬁgorﬂunber
of por ératdnPajgmenspHousten, I Testi Adinives RIAIO ¢IT® asicrohized polytetiadluded en
the sep {_?gor(gﬁg a I)\i gher specific surface ar eao but %I)h)ge separ aEIﬂ?IIe
strengt(ﬁ heranyfactyred by Micro Powdersdas: TanyiowngN. Y &SAetcosyaercially surf ace

area t 6 , t ok @gﬁi Lt be at

| east %gaﬁae%ﬁg%’r at 7%2@?-’ gge%g’ 0{?1{818?514) @ ?(‘?\%q%r ea %%gdé%%dgﬂ%ggéstance
may be siliegifronbDegissa CpomdtatiorgPigneneGeoup, Ridgefipk\diJ.cel | di schar ge

per formance..Thi nner separators fend to. have.l resi stances, byt the
separ atr@r‘f]s HoG cyrrenteollg OEFI_aX_rI’ﬁ %PBE@I]‘?MII*FWW%&I‘FS\AP‘PHF'%% %‘?"s &tBr can
be. Degid ciiade miRné Rty Beohiel OniEoredrofesiles &% MifAbAl stipa i mindh & 2,
nore preferably no greater than 4.0 ohntn®, and nost preferably no greater

t han 3asommaniyiesed mgenid] Thesarmgnirolieetod maysxtend be tha poitidn ofitheat t eri es
f . | ene, t hyl . ul hi gh I I i ght
o y ot FaiMediEbhfihinB the' SR BiRurel ik B nctiof pt 68 Lt Bn B ek 8, 5 €

si ngl eptoxjdera @nvbniant ftd forMdkenmyg Schtaot Svithhe eledtritRhlehd B6nnedtedityfthedr NI €
| ayers can be lamnated fogether to provide the desired tensile strengths

in ort POYRYRLE clt issiesirable £ kegpathe yolumefithe extending pastion afithe ewzent

Sui t ab ' . | axi ' ' separ at or

s avartenl T ¥ oS B BEkans Bh PSRl Vol G5 BLCK ARRRRIS: °

Cheni caitiveEmaterificantbeleetroliteY. , USA. Setel a F20DH grade separator has a 20

gm nonj nal | ckpess, and Setela 1§ MVS grade has a 16 gm nom nal

t hi canéIygI Ig%lﬂ@*??ﬁ%my fi Sopde bé’a’?ﬁ&ﬁ@}“%%“%ﬁgﬁ%ﬂ‘@rmé PAEIXE ¢ onbi ned

t oget b el spirall
get hahtetiRls 3 a i {lmﬁleacﬁrgé‘rﬁ@ Eé/l_veﬂgi@.&, tﬁ&ﬁﬁfggglyf’e%%by &%%oﬁﬁéﬁfl@oiﬂa p y

wound desi gn, such ‘as that Shown in ing alternating
st ri psshe¢t dfalumisem Hdpdryingthe spatingrodemone thesepant calendering tiic zoated ik |

whi ch ,is extracted from.the,.electr assenbl v, wh wi.ndi.ng i.s conpl ete. At
onct B RambhlIhé Sning Ui el lendO S R WSHE A SGheih sitos' iR
i ns u! alit ogthddd tﬁhtéﬂaﬂo,thé)@ési'&m&ﬂtﬁnﬁ)is &siABRAb aké Iz’atl%diﬁﬁ@tériﬁrs%ﬂgsxﬁilﬁ
outside of the electrode assenbly. This serves a nunber of purposes: it

hel ps PaBicle sifes tadniaimize thestisk elpunghuinghe srpataterd t o adj ust the width or

di f . ' i i,on.. f th
epar Jer THelEARaE T Redtribh (fnrdEed i theiBoTRVR i o, ot 4l TRmRpe ©' "¢
adhesiaveorhplished withyanhsetriced #dd) Often {r0the $drnRaf Hehin et sy dith §Ringahd y wound,

t he elﬁctrodﬁigfssenbl y.may_ be formed by folding the el ectrode and separat or
st ri pShewy &t higr 1. Theolead is oftenmydemom nigked platadospjniesesteel engt hs and then |
f ol degh,l ' f W, . e trip may be
[ ai d (ot o3G0} Blky R miBbndrs ARARFR Y rdpdikbRisnd " N

el ect eledrrally nemcomtlattive! itlisl eapableofinriding at leastaomereldotrolyte gdthin the porésent ed) ,

in both,cases forying a stack of glternating anode and, cat hode | ayers.
[01292P*ﬁée%ﬁ‘é@f’_ﬁfé%a%f§m ispased pebreea pdvens auﬁicm%mw@gi %er. In
the CasBodd tollidally idsulRE Rt SbQFdeS HDrReRAYthot; PURBHhSH theRefarbidt hagr | cal

or prismatic container, the major surfaces of t he el ectrodes’ are
per pealdd nsulate other ¢nmpingatsia lelectrjcabtonthet withnthaicald terfriimale tpreventrintsrnal he

I .of.th d nb [ 1 el I i tydi I [
of "t 1ehorCqifeieS Edes of ecisiatos SHEE Eishe bev Sl giees it teaStithe aléteiie rar | ¢
cel | Sto ihsurt it GRSM0AE aAd cAREEE @6 ABE Ak QB ACOhBRERASLIHRY are hite assenbl y

is oriented so that the flat electrode surfaces at opposité ends of the

st ac kpesfecty elignasbiwith agalr ethen: dt miydealesirable tpminimize the dowuot of separatort ai ner .
In th lguratigns the majority of the total area of the major

surf aﬁ%@&%‘ﬂ%@ﬁ&@%@%ﬁj acent the majority of the total area of the

maj orjoasy f Be provide gderd High pewer aibéwgébéﬁtﬁm%ﬁ@@ﬁ M3 be di3Hablehat'ther nost
portions of the electrode major surfaces are adjacent to the side wall of

t he cparatondiave thg chatagteistics (peresmitlom swallesh dim¢nsinm ofas least@ABS untard 2 0 an

i ncrease in the conbi ned thicknesses of, the anode and cathode is
constrai ned by the contai ner side malk&?. 101301 A nonaqueous el ectrol yte,
containing water only in very small quantities as a contam nant (e.g., no
nore than about 500 parts per mllion by weight, depending on the

el ectrolyte salt being used), is used in the battery cell of the invention.
Any nonaqueous el ectrolyte suitable for use with lithiumand active cat hode

e —— o . . T ] o o o o o o o o "

-




Li/FeS2 cell, exanples of suitable salts include |lithiumbromde, l[ithium
perchlorate, |ithium hexafl uorophosphate, potassium hexafl uorophosphat e,

l'i thi um hexafl uoroarsenate, lithiumtrifluoromethanesul fonate, and |ithium
i odi de; and suitable organic solvents include one or nore of the follow ng:
di mret hyl carbonate, diethyl carbonate, nethylethyl carbonate, ethylene

car bon ; %ﬁ A I ; BRNah

car bong%%?“%?ﬁﬁl&?gtr‘%@, y- gt@‘? (%f lgckzgt’g e?&ggﬁifiol anege %ﬁ?;e(}?%omq l)rk%rlaée},ﬁ’an

3, 5- di raseadspecifioesistance of fromi2rte fl i phmiamhand altortuasity les$ithas 2. S)héschased frs ol vent

conducty-5r ParNe: 52504} frdseid Ma, £ oal il oy, inSorRP U5 efsretore uiteble
t enper akpirgtor AlARialdFHORIdSalY Be ffdmRend8sH foabitistiRCa@NSAaRifadtifhg pAREAEShY ¥

| ow viscosity, good wetting capability, good |ow tenperature di scharge

per f or vealkas pressuredbat may)be exarted dinghé sapgeatoreduringregH cischange svithouptears, cul ar | y

cat noadultisyiieLoriheralE BENUIGhibe ol bOIG PosliTn AR e BB AR ' 'ucte, but
ar e nofoi9MToadidimizzake total sepdiatos volugie i shelcell, thegephrator shild ®e as thin as

1, 2-di et hgoxyet hane, di (net hoxyethyl)ether, triglyne, tetraglyne, and
di et hyPossiblgybut ahleagtyaboutcl wmirmorg so @ physialharrigrds present betwieandhg satbeds an,

2. et Db e $6 Rt nfnal Qe BB Yol s O LB i heinby Fiee | Y

sui t abl'e non-aqueous electrolyte 1s an electrolyte conprising um
i odi defrom abombll veabout SOumi,slesmyabtly floenatioud fdo ebde25gemdindqirefeeably frohd S.

Pat ent : .5l1l4,491, t ti ' I f whi. ' I, ted h [
by o 80080 At 1 on Bt ghy 1he Srquied eRasss il doashg iR BRRRR R vt e ot 5
and or giadtgeh §th¥ QEBal‘iatﬁﬁﬂlaﬁ?ia}%ﬂd thé SthghRud Q4 ToBaidl FabFRb We® nfa9'be

el ectrochenical cells. The nolar concCentration of the electrolyte salt can
be var éxagted onithelsdparatorowhese duprovides gledtpealtinadatisin. t he el ectrol yte. Exanpl es

of sui e ,ngngague el ectrolyt.es containin e _or re electrol yte

Oni o R AR OF HiarhiyiiiieR i RR S daR Al SeRial®R Sferieehy Ohcot o 4 4
nol e pesd is tisile Slras8N A Bigh¢&ai3ile sirsdns @dsirableNiudi ds| fok exahplebitlede 80 f onat e
(14.60% by weight) in a solvent blend of 1, 3-di oxol ane, 1, -dlethgxyethane,

>
and 3,5lagrarms of for¢epsr square cemtimeter Gaf/am’) apd desisablyeatdens 10Qhikecma)” a

dustivi _ _ i . ¢
PE i cbctbta/gthe byl e ocks s THEANP Heq b bt BRLCRIIS ARERAES, | OF 1
1, 3- ditendilearess i$ typicdllyegrostsymt the rmachias dirdctiordiMDP) thahiin thexzaseerse

(23.10;,56..30; 0. 20% by .wei ght),. which has conductivity of 3.46 nS/cm and
a 0. 7:lirggtien EEP)-meeﬁmrgm%wmmﬁmaW@Wenepém Pp thediamgter ob, by

i ghtphe | , ' , 2-diet: S 23, 5-
it oy g AL PO, FEIERO bypk i MOHRIGRA ervife el B A KA 100 kg5, O
of 7. (R theShachindllieextionlant] &t leasti 1]2i09é:(gf/'cm2 imtheatansversecdiesttion) amclefot 8§ FR03t he

resent inyention have conducti vi.t neral ] reater than abput 2.0
S/ o miREea e, preterredteapiic sizeneths dnhe machine YeTEe FHSPCtiAnS 2 0ag abl
" i bl de.
gr eat qpod Réﬂcrﬁl )8 eﬂﬁavél?.thleﬁtenﬁfe, SERQUS tc?do %%ﬂgf%em%ﬁ%z{é gel‘?no €

cat hode, and el ectrol yte conpositions an to
provi dercesheanchagse tedrsoor|dthardnolels aln generady, the bigher the tensjle atresssho bettpr from

characgteristics. For | e, t.he cell he desi gned t rovi de an anode
C o caticAm PRt of stnelh ROy Sies if s jensils Siben 3 6 et Sfher fesfipltoieoeffien 3
A cel bfﬂie&@p@rﬂto@ﬂ%}%etﬂvﬁﬁki}%c{dapm ratio of less than 1.0 may be said to
have an anode under-bal ance, and a cell with an anode to cat hode i nput

r at i oltd21]gdensilerstressieanalep bagxpressed inkgfiennavkich gamhe ddlcwated fhoah tenside 1t nay

be degi ' . I ' de .t t hode t ti f

ess S B Felfnohy g fnd 1Bt by theBRpR oy Bt T BRC ZeRBIRRY ot o
ey  bRgfih &d1ss skialstof Mehtfiag H6:iaBle OssHc RRAG io/scBaratdrishedithl nch: [ 0134]
(foil _thickness) x (interfacial electrode width) x 1 inch x (density of

i t hi Gherefore, ibmay beylesirgble that the:sepasatgy havas tengile Suws of atlpest ) keflam,35]

1 oBERR9 ) e S KR T PRFE prBaRBle W72 SRR R a1
(fi nadndapdngosiee diredtions. Por eiRtvigiediatheteds greakr hin AWOUCEAS ilthiA) . 4mi)e4 cent

purity FeS2) x (FeS2 ener density, 893.58 mAh/gm
tensile stress of at least 2.0 kgl/cm is most preferable.
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[0137] Anode/cathode input ratio = anode capacity per |inear inch/cathode
capacity per linear inch [0138] "Interfacial electrode w dth" as used
herein is the |linear dinension that shares an interfacial area between the
cat hode and the anode. "Final cathode coating thickness" refers to the
coating thickness after any cal endering operation or other densification
processj 0 . » Elopal | o h o the
ol 1 d e ERLAIGF 6 scpial sl B MBHIUrERIERR BiEge, PR LD

densi f itheoavepagelicleqris brakdown veltegeuwilbbecattledso2AMM0vais) more prefesably heleusti d

vol unme rcent age af.ter any.ca) endering operation or ot her nsification
proces@gﬁejvﬁlﬁs-t cagv‘ﬁmiﬁiﬁm‘@lﬂleﬂ%%%gﬁe : g}é‘ﬂ’élot 'mr(leggr'gms’dh? he

addi ti J f I SIS0 thR Ui 9] The
ool o ArelEedielotnflbrtdlRioRa) JihagO IIARE Mrtelibly dReBPIMATRIGOH R Uelt e ]
may i nbreakidowivwoltageds tomt low, itiis difficwlt tocrelialply memoveeetllawrithgdefeativieetri ng, and
conbi nations, t hereof, For, ex lLe, for the cell.in Fig. 1 .a.bead is fornmed
ot ho CemAgS SeBiaforn by PR IR (560 relerte ot & bied veltils AiplBRdR R g 1 pe
gasket cRBFodCKSEMBIY TRIGHE Yhe(dd&?ﬁéiﬂ&fﬂeéﬁb?ﬁ@ﬁddﬁxfg@éﬁrmaxﬁﬁ&ﬁﬁ{ .#&i ng and

vent bushi nP) are placed in the open end of the can. The cell is supported

2t t hodewsbiohal the dielectinshroakdavn 565 Bighcassonsibly vnls sslkebisving/@ihen ' agai nst
t he beggsggﬁgﬁsfg%g@g}fdaeﬁieS?S the top of the can above the bead is reduced

with a 0" hold the gasket and cover assenbly in place in

t he celo123) AThe averthgedffertiyé poiessizh 8 paothetof the mdré impartant indicaugh of he
apertures in the vent bushing and cover, a vent ,ball is ins&;te into the
bushi nifParidstengthe Whils largepares amg desigable togpaximize iondrageRare ‘&ng the t er ni nal

cover ?e{gﬁra?&raﬁ‘i‘ﬂe @d}{e?attquo fa?#é th%‘r%gﬁad%{g‘? tvsgﬁ‘ hg g&tgﬁtgbla gd;ﬁeéfeﬂﬁti&i’&u?ﬁﬂ)?t of | the

can is bent inward with a crfnpi t, cover assenbly,
PTC deciranits hatveer ths ¢ledtraziey.e The prefersstnexiennt effediveipore size isfeom P08 j|@nd  of

t he can t he gasket. . 101401 The ahqve description is particularly
ol ev a0 A by FRACPELRbIY e BE D203 as ER6 and FROB types. xS

def medjgy, | ’ﬂﬁ@BE?ts'Eleéiﬁ& sﬁﬁldéédjﬁlaHEQeﬁ%_@gkr@ﬂﬁe, laE Q% Aumbitfi shed by

the I nternationa ectrotechni cal Comm ssi Geneva, Switzerl and.
Howev epores. e gé¢neval nesllodischaygespesformancaitepd et hedbettehwhercthielseprratos haswel shapes

N
t her e BER&fecifi¢ §ubfice atdats be abgiedtér thie 46 ) Butig ny bEdesizablé thbé Rlbelxanpl es
least 15 m2/g, or at least 25 mZ/g.
[0125] A low area specific resistance may be desirable for good high rate and high power cell
discharge performance. Thinner separators tend to have lower resistances, but the separator
should also be strong enough, limiting how thin the separator can be. Desirably the area
specific resistance is no greater than 4.3 ohm-cm?, more preferably no greater than 4.0 ohm-
cm?, and most preferably no greater than 3.5 ohm-cm?,
[0126] Separator membranes for use in lithium batteries are often made of polypropylene,
polyethylene or ultrahigh molecular weight polyethylene, with polyethylene being preferred.
The separator can be a single layer of biaxially oriented microporous membrane, or two or
more layers can be laminated together to provide the desired tensile strengths in orthogonal
directions. A single layer may help minimize the cost. 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 pm nominal
thickness.
25



[0143] Conparative Exanple 1 [0144] Synthetic FeS2 is prepared by reacting
Fe203 and excess hydrogen sul fide (H2S) at 300-400C for 8-24 hours as
descri bed by Tarmura et at (Electrochimca Acta, 28 (1983) page 269). In a
typi cal reaction, 5g of oxide was | oaded into a porcelain boat that was
subsequently | oaded into a glass tube. The tube was placed in a high

bt or o RUEHr (HREPAE cptife I RERARhE iy it Sohitifd BRael HEM olickbag 10"
t enper assemblya NThd-Electeddecissuinbly ntayrtiel aspidally wdund debign,sylbas thahshoveaitt | on

time. At the end of the reaction, the tube was again rged, with inert gas
and coéigd, madg gy W‘i‘n& ﬁ{twtagg $rips Pg‘aﬂi"?ﬂ?’ %grzs)oﬁogﬁea‘ﬂ' $BYRIOTpr oduced
in thi . \ie ] | Q. ' : FeS2
ve. shotro IR RIEATR b irackR F6H e LBFOd psdombly SuleR YRR PEAHHIRS
X-ray ditléastare layer df separator arstionat l¢dstone lagernfeteetricallyonsuldting fimaed.2 al so

d d FeS vid d by t Kk t. 450,..51..5 , 84 9 1.50
P07 45) PoRBY Bhs) isqanpf ATUppeR ApbRLTe Byisile o letradeiastaihiy fhis,ar oq
USi NG gerfed 4 dAbdrUT pRfpses $t HelpsHol@ iHEUISIY tddtie? aRd sy Be UsBd €9adja&t as

follows: 2.6 granms Of nanorust (nano particles of Fe203) from Al fa Aesar

havi ngtherwidtheordjametgr of die@ssembly tsf thgdesired3limensian. §he outermestend of &ieent al
| fur f Al fa A ' i ¢l i z . .. d
Co a1 epapyor ol e RIS oty RS UGuE Wifh £hisPO Bt danksife B By AR O°

pur gedsgatihg. ar gon before the introduction of H2S is started. The flask is

heated to the desired tenperature_using an oil bath. drogen, syl f| de gas
( about [0828) v Bpthertha beingispirallnwpund, the elesrrdeassembly wgg%fwmm by E%%‘%Egen

sul fi f t td J b %M
reachgﬁeteLeg%g%Xr}dg P g%@%ﬁ?%%%Z%&%ﬂ%tﬁéeéﬁﬁegmg% %Bl?l ate exgosure
time othetfoldebimransaccdidien fashion; orihéanvalerand fone eldetrodostrig maystseknid i st ed
above, the fl ask s raised . out of the oil bath and the head pressure bl ed
of f arRPrRHdiculardo theckathade and aRothonelpetiade st R plechRies TS Talds it
was ¢ ' ; AV oo | higgan X-ray
i 11 ¢ S theUiheifinb ANy SFEff), i Bolf ANS formin Moot eralife °F
Exanplanode avdbcathoderlayersFi g. 3, the product froma sulfidation process in

200" RGP e B SR B BBl 3 Refe W .
104 usidithd(eledirddk atdefibly, Rilbthe? ifth SlimdHaB of PresnR4tRSNEAne?] the deorurfaesd t €
crystals in the FeS2 prioduct as evidenced by the peaks at 39, 59, and 81.
Pyr i t @f shedeleetradss arecpespendicularie the side wall(shef theeantainer Gingthey wards the oduct
does g Itm_‘ﬁ%g}ea(i) g gyecggdqé assembly is parallel to a longitudinal axis of the cell). Folded
electrode assemblies are typically used in prismatic cells. In the case of an accordion-folded
electrode assembly, the assembly is oriented so that the flat electrode surfaces at opposite
ends of the stack of electrode layers are adjacent to opposite sides of the container. In these
configurations the majority of the total area of the major surfaces of the anode is adjacent the
majority of the total area of the major surfaces of the cathode through the separator, and the
outermost portions of the electrode major surfaces are adjacent to the side wall of the
container. In this way, expansion of the electrode assembly due to an increase in the
combined thicknesses of the anode and cathode is constrained by the container side wall(s).
[0130] A nonaqueous electrolyte, containing water only in very small quantities as a
contaminant (e.g., no more than about 500 parts per million by weight, depending 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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[01481 Fig. 4 is a noderate magnification SEM i mage of synthetic FeS2
prepared in accordance with Exanple 1. As shown in Fig. 4, the particles
appear to have a particle size in the range of from about 30 to about 60
nm Fig. 5is a field em ssion SEM (FESEM i mge of FeS2 prepared in
accordance with Exanple 1. As shown in Fig. 5, in sone instances, the

Pavi ng L ee) b RS ot SRl s FenBHTaRE Soiide. 1R oSl fitfom' * °°

physi ¢ dexsffudpspHoksifate) potadsiumyitixaftiorephesphate,Tithiube hexaiflubedardeadié, Rthdurs onpar ed

in Table 1. The average BET surface area of the FeS2 particles in this

Exanpl drifluoramethanesyifonste candiithiuen ipdize; prd sujtablepraanic solvents inglydegrecor )

Nat ur al, fe §?th'g%ﬁ6\9%n§ ﬁh%e?h)(l Q@bo%gfe?&ethyl carbonate, methylethyl carbonate,
ethylene carbonate, propylene carbonate, 1,2-butylene carbonate, 2,3-butylene carbonate,
methyl formate, y-butyrolactone, sulfolane, acetonitrile, 3,5-dimethylisoxazole, n,n-dimethyl

formamide, and ethers. The salt/solvent combination will provide sufficient electrolytic and

electrical conductivity to meet the cell discharge requirements over the desired temperature
range. Ethers are often desirable because of their generally low viscosity, good wetting
capability, good low temperature discharge performance and good high rate discharge
performance. This is particularly true in Li/FeS; cells because the ethers are more stable than
with MnO; cathodes, so higher ether levels can be used. Suitable ethers include, but are not
limited to acyclic ethers such as 1,2-dimethoxyethane, 1,2-diethoxyethane,
di(methoxyethyl)ether, triglyme, tetraglyme, and diethyl ether; and cyclic ethers such as 1,3-
dioxolane, tetrahydrofuran, 2-methyl tetrahydrofuran, and 3-methyl-2-oxazolidinone. A
particularly suitable non-aqueous electrolyte is an electrolyte comprising lithium iodide in a
solvent comprising at least one ether as disclosed in U.S. Patent No. 5,514,491, the entire
disclosure of which is incorporated herein by reference.

[0131] Accordingly, various combinations of electrolyte salts and organic solvents can be
utilized to form the electrolyte for electrochemical cells. The molar concentration of the
electrolyte salt can be varied to modify the conductive properties of the electrolyte. Examples
of suitable nonaqueous electrolytes containing one or more electrolyte salts dissolved in an
organic solvent include, but are not limited to, a 1 mole per liter solvent concentration of
lithium trifluoromethanesulfonate (14.60% by weight) in a solvent blend of 1,3-dioxolane,
1,2-diethoxyethane, and 3,5-dimethyl isoxazole (24.80:60.40:0.20% by weight), which has a
conductivity of 2.5 mS/cm; a 1.5 moles per liter solvent concentration of lithium trifluoro-
methanesulfonate (20.40% 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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19,000 Crystallite Size (nm 10 -- BET Surface Area (e/g) 105 0.7 Neutron
Activation (% Oxygen) 0.93

generally greater than about 2.0 mS/cm, desirably greater than about 2.5 or about 3.0 mS/cm,
and preferably greater than about 4, about 6, or about 7 mS/cm.

[0132] Specific anode, cathode, and electrolyte compositions and amounts can be adjusted to
provide the desired cell manufacturing, performance, and storage characteristics. For
example, the cell may be designed to provide an anode to cathode input ratio of less than 1.0,
equal to 1.0, or greater than 1.0. A cell with an anode to cathode input ratio of less than 1.0
may be said to have an anode under-balance, and a cell with an anode to cathode input ratio
of greater than 1.0 may be said to have an anode over-balance. It may be desirable to provide
a cell having an anode to cathode input ratio of less than or equal to 1.0. As used herein, the
anode to cathode input ratio may be calculated as follows:

[0133] Anode Capacity Per Linear Inch:

[0134] (foil thickness) x (interfacial electrode width) x 1 inch x (density of lithium foil at
20°C) x (lithium energy density, 3861.7 mAh/gm).

[0135] Cathode Capacity Per Linear Inch:
[0136] (final cathode coating thickness) x (interfacial electrode width) x 1 inch x (cathode

dry mix density) x (final cathode packing percentage) x (dry weight percent FeS;) x (percent
purity FeS;) x (FeS; energy density, 893.58 mAh/gm)
[0137] Anode/cathode input ratio = anode capacity per linear inch/cathode capacity per linear
inch
[0138] "Interfacial electrode width" as used herein is the linear dimension that shares an
interfacial area between the cathode and the anode. "Final cathode coating thickness" refers
to the coating thickness after any calendering operation or other densification processing of
the cathode. "Final cathode packing percentage" refers to the solid volume percentage after
any calendering operation or other densification processing and is equivalent to 100 percent
less the void volume percentage after any calendering operation or other densification
processing of the cathode. The "cathode dry mix density" refers to the additive density of the
solid components of the cathode coating.
[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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1. 54 Nunber of Trace Metals > 1000 ppmO 11 (A, As, Ca, Co, Cu, K, My, M,
Pb, Si, Zn) [01501 Exanple 2: Sulfidation Process 101511 Synthetic FeS2
of Exanple 1 is sintered at 462C for two hours. Sintering causes the FeS2
particles to grow and produce FeS2 particles having a particle size of

about 150 mm and . a crystallite size of about 73 nm Fig. 6 illustrates
the X-r ' | : ' L ray
diff ractt&?(f)drilj {)ﬁé{' tégédnéﬁg‘ve??lete%g é%’;%dﬁxgﬁ %@%F@Hi& ?&llé&%ﬁb%th?ga%ﬁﬁaéﬁ nposed

over t lvovetassemblyfih place imthewatlt After elécttdipte 3 dispensead FeGthe cElldhmiugh ¢hheed FeS2
apertures in the vent bushing and cover, a vent ball is inserted into the bushing to seal the
aperture in the cell cover. A PTC device and a terminal cover are placed onto the cell over the
cell cover, and the top edge of the can is bent inward with a crimping die to hold the gasket,
cover assembly, PTC device and terminal cover and complete the sealing of the open end of
the can by the gasket.
[0140] The above description is particularly relevant to cylindrical Li/FeS, cells, such as FR6
and FRO3 types, as defined in International Standards IEC 60086-1 and IEC 60086-2,
published by the International Electrotechnical Commission, Geneva, Switzerland. However,
the invention may also be adapted to other cell sizes and shapes and to cells with other
electrode assembly, housing, seal and pressure relief vent designs.
[0141]} Features of the invention and advantages thereof are further illustrated in the

following examples:
[0142]) Examples

[0143] Comparative Example 1
[0144] Synthetic FeS, is prepared by reacting Fe,03 and excess hydrogen sulfide (H,S) at

300-400°C for 8-24 hours as described by Tamura et al (Electrochimica Acta, 28 (1983) page
269). In a typical reaction, 5g of oxide was loaded into a porcelain boat that was
subsequently loaded into a glass tube. The tube was placed in a high temperature furnace.
The atmosphere in the tube was purged with argon before starting the hydrogen sulfide. The
furnace was then heated to temperature and HS allowed to continually flow throughout the
reaction time. At the end of the reaction, the tube was again purged with inert gas and
cooled. Fig. 2 is an X-ray diffraction pattern of the product produced in this Comparative
Example. As shown in Fig. 2, the reaction produced FeS; as shown by the peaks at 43°, 50°,
56°, 62°, 73°, 89°, 94°, 99°, and 104°. The X-ray diffraction, however, shows that the process
from this example also produced FeS as evidenced by the peaks at 45°, 51.5°, 68°, 84°, and
91.5°

[0145] Example 1: Sulfidation Process
[0146] Synthetic FeS; is prepared using 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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sanple is represented by the pattern having the sharper, nore intense
peaks. In Fig. 6, the asterisk synbols by the peaks at 30, 59, and 81 in
the pattern for the FeS2 product of Exanple 1 indicate the presence of
marcasite in the unsintered product. As shown in Fig. 6, the sintered FeS2
does not exhibit any peaks attributable to marcasite crystals. Thus, the
mar casievgpotityst ThesyppeRpuiged aith afpoa befura der inrdduatiopof 8 is stagtedi| The
101521 El ectrical perfornmance of the synthetic FeS2 prepared in,Exanple 2

i s analflpsleis heated do thedepixgs] temngrature using an ol ‘i’?éh'aﬁé’%@fnts o i Eﬁ?&'}t e test
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relative I "and cont’ai ning a scaled anpbunt of 'FeS2 as active
mat er i deford h&iihigor afi@l the dilfbath Radyeached thé désiredeaingieyatoresd @51260°08 Afteronds.

This cycle is repeated nj ne re tine The [l.is th al,l pwed tp recover
under )It(kP IRPERPTIal:T CXPOSYFE ﬁ'ER"e%‘f[I%@F‘Eﬁeé SPf@eV\ﬂhtEﬂ“ti gﬁgr hours torﬁge ?‘&5@%&? Hsl‘ﬁ&s
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to a 1. cutoff are reported. The anount of active FeS2 in the cell is
about ©8er20 argpnf Wherethe flask ahdiceriterys werecagl, ipwes capped gad aviskly transerred f or
tests ?val uating the synthetic FeS2. Fig. 7 shows the voltage discharge
char ac cé‘?fig' P¥s of a natural FeS2 sanpl e enpl oyed in typical Energizer
fact or yp19] 0FUL B i Bl XSpaR difftactiofr paiterh 0O thefsyathietie FES, pepabdimadcordange 7, the
di fference between the 55 m nute rest OCV and tg%hi %fx}%gomer result is

ar ound withExsmple}. Asishewn in Figr 3, the produgt frompesulfidation nracess Iuafeardanceour s)

and th%%eaﬁxﬁgédst¥%\{c:{e§éxl?§ﬁ)§/gc§§%§§gﬂam Qﬁh&ecrgg%n frﬁféké,%g%vﬁgnéedqg’\fhel n the

cell s using repare acc e wth Exanpl'e 2, the
pol ar i pedks and3°s50% 56%629, 33°, 390, 94, 998 ngel F0a° usingCrahdiatien.t Eigt 3 alsb stowsn' t
begin to increase until a . test tipe around 60 hours, and, doesn't. ingrgase to
a fi natheiessRee,ofSoBI¢ mArcasits Gt in fhe FieSuRmpinet %&Yﬂ@?"%gy g&ﬁﬂeﬁ'& RIFeso of
EXANP! ool 1o AR RN RY J wilini3Y. 3,Ghe pRAuEL dERkf the
t est, %’1? e %érpﬁg%ﬁra ?g%%{ﬁ%gﬁe%]%{?ggggndﬁg%%v lnFi g 7 %Pso shows t hat
t he syndthehiain &yFeSof Exanple 2 minics the known two pl ateau di scharge seen
at | ow constant ,current rates.and/q t. el evated te ratures,. [ 0153] Fig.
8 conpldt4st %‘Igeabq L ERLFgle %?@Pﬁ?@‘oﬁfé]%@t‘ma& og@@gheéwgip e%ﬁgr%qdﬁ& ic FeS2 of
Exanpl &cérdahceMNExamplean)t AS Whdwiin Fign4, tht BartiSles appess €5 hah s particle siieof i | es
at 20mA and 31 200mA constant current. As shown Iin Figs. 8 and 9, at room

t enperiatthe mnge hEfrograbout 3¢ tocomt 60 nmx Jrigl Bisia Bsld epissiorSEMY(FRSEMh U

di scharge at..low power. (20 and.also _appear Ehi pl at eau
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density val ues of the natural FeS2 and the synthetic FeS2 of Exanple 2. As
shown 8 erystallite sige obatiopt 1 amstprabaut 1XnmeS? of Exanple 2 has a significant

ener gy, Lt 4\ : ' ' r [:0156]

Syt Aol FC PR b Hies b B ERLRES, glio i hau A FeSflaBlcdfaRea il 00
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FeS2 pa{/éi cl es having an average particle size of about 1 to about 2 gm
m‘/g.

Table 1
Synthetic FeS;
Property (Example 1) Natural FeS,
Particle Size (nm) 30-60 19,000
Crystallite Size (nm) 10 -
BET Surface Area (m‘/g) 105 0.7
Neutron Activation (% Oxygen) 0.93 li514
Number of Trace Metals > 1000 ppm 0 (Al, As, Ca, Co, Cu, K,
Mg, Mn, Pb, Si, Zn)
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[0157] Exanple 4: Sulfidation Process [0158] Synthetic FeS2 is prepared by
a sulfidation process as described in Exanple 1 except that the reaction is
carried out at tenperature of about 200C. The FeS2 in this Exanple has an
average particle size in the range of from about 100 to about 150 nm
[0159] Exanple 5: MIling Process [0160] Synthetic FeS2 is prepared by a

mllin CESsmpie 2f cglﬂm powder and iron powder are charged to a
SPEX v?g‘ltw{)n a%’é‘g a OP%&%&%I o of sulfur to iron. The total anopunt of
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56, 62, 73 99, and 104. The X-ray diffraction pattern also shows a
snal | B?ﬁ(i?slé? Cfé’gtafs\mpgﬁtm ?)33%"[(’?“’?)'@& %%W&es in the product. Such
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pr oductig ANSEdieitalgtilcamera (DS E) testnrethpd. eThd' test jsamn,iat Fewn hemperatoreuer age
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amount of FeS; as active material, 1.5W is applied for 2 seconds followed by 0.65W for 28

seconds. This cycle is repeated nine more times. The cell is then allowed to recover under
no load for 55 minutes before the whole process is repeated. This nested loop is repeated to
some low voltage. The total minutes under load to a 1.05V cutoff are reported. The amount
of active FeS; in the cell is about 18-20 mg for tests evaluating natural pyrite, and about 7-10
mg for tests evaluating the synthetic FeS,. Fig. 7 shows the voltage discharge characteristics
of a natural FeS, sample employed in typical Energizer factory product and synthetic FeS,
from Example 2. As shown in Fig. 7, the difference between the 55 minute rest OCV and the
high power result is around 300 mV for slightly more than half the test time (around 40
hours) and then gradually increases to 400 mV by the cut voltage of 1.05V. In the cells using
the synthetic FeS, prepared in accordance with Example 2, the polarization is in the low 200
mV range for most of the test but doesn’t begin to increase until a test time around 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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[0164] Fig. 13 is a SEMimage of a cross-section of FeS2 particles produced
I n accordance with this Exanple. Fig. 13 shows that the particles possess
sonme void volune and, therefore, exhibit sone porosity. The FeS2 of this
Exanpl e has a BET surface area of about 2.7 nR/g. the FeS2 al so has a
carbon content of about 0.15% by weight of the FeS2- [01651 Exanple 6:

Sul fi d200mA Rnstapteurrdnd 1468 shaymihBigsc8 &b, at soqm tamapesaturss thegsyathstic Fe8at i on

A o ABtERamBls F b A By Rep R BS By e R BaiiAs g KB Bbnteb ) v oF

el ementhibftdl tvepldteAldistHaPge MM IBOmMRVi Ng a particle size of about 1-2 pmare
charged to a flask. The systemis purged with argon before the introduction

of H2SIa184]sSpecifie energy densityicesultsiase deriveddror therdisghargedata obtained at of
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tenmperature_ (e.g., about 200C). After the appropriate exposure time of
hydr oga siggificptenergydansity aboNe k4Vor the solid nasses |isted above, the

flask j ai ' th and the head pressure is bled off and
switch o?issgvggggg%#g%%ﬁ%éﬁh{oﬁgegflask and contents are cool, it is capped
and t r pnss] e SymttletioFeS,dibydined frpmithe processof EXafipleat is sinterdd at 7007 futPodays

mat eri al ., showed peaks consjistent wth FeS2 pyrite. (43, 50 .62, 73, 89,
04, © ooundes fackim Bt HESre Shaout 18 hjoriippdds hEid e nerises Biyingam o)
101681, )b deSrattitde BizE€ L ABOUL TUEAbOGD @S been described herein with reference
to various exenplary enbodi nents thereof, the invention is not intended to

be |i nfo1554 Ewampicid: SbbdatiomRrecesFurt her, upon readi ng and under st andi ng the
I cat | difi [ . ch killed
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such nodifications and, changes. _The invention clainmed is: 1. A nethod
of pr naverage Particiesize irthezangsaffrom about 100 to abgus 460 NAY Fe203, el enent al

sul f“ﬁms@l‘%ﬁ%&%@@?%ﬁﬁﬁéi’%‘ée&” an inert atnosphere, the

[0160] Synthetic FeS; is prepared by a milling process as follows: Sulfur powder and iron
powder are charged to a SPEX vial in about a 2:1 molar ratio of sulfur to iron. The total
amount of iron and sulfur powder is about 13 grams. Carbon steel balls, which are used as
the milling media, are also charged to the vial. The total weight of the milling media is about
89 grams. 13 grams of hexane, which is utilized as the process control agent, is charged to
the vial under an argon atmosphere. The powders are mechanical milled for about five hours
to provide a powder mixture. After milling, the vial is opened in a glove box (inert Ar
atmosphere) and the hexane is allowed to evaporate.
[0161] After the hexane evaporates, the powder mixture is vacuum encapsulated in quartz
and annealed to form FeS,. The powder mixture is annealed by heating at a temperature 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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Sreaction being conducted at a tenperature of from about 125C. to about
200C. for a sufficient period of time to formsynthetic FeS2 particles.

2. The nethod according to claim1, conprising (i) reacting the Fe203,

el enental sul fur, and hydrogen sulfide at a tenperature of about 125C. for
a selected period of tine, and (ii) losubsequently&rml ng the terrperg_ture
of the roe6ajt Figd 12 s NSENT inddgeof tiophrfiéles proddédd in accordandeSyitfethiiPExafsRr di NY
to clai[ 623} W?Ier i n thgrsel ected periodf)of time is less than 5 hou@g.

4. The B¢ RBHClEs bayeanayerage preticks size afehast A-3 wa apd aGBystallitessizeanfabay1 60
particl gusize of about 151 nmto about 100 nm 5. The nethod according to

claim1, wherein the Fe203 has an average particle size of about 3 nmto
about 1[016#in Fig083 isEth8EMEriage ofia crusslisegtidnwfHeS) particles praduced aceBlantdg a

protect \Im%g this gcalmnl eF %xgt qg shows that the particles possess some void volume and, therefore,
exhibit some porosity. The FeS, of this Example has a BET surface area of about 2.7 m?/g.
the FeS; also has a carbon content of about 0.15% by weight of the FeS,.
[0165] Example 6: Sulfidation Process
[0166] Synthetic FeS; is prepared using a sulfidation process as follows: 17.5 grams of
nanorust (nano particles of Fe;03) from Alfa Aesar having an average particle size of about 3
nm and 3.5 grams of elemental sulfur from Alfa Aesar having a particle size of about 1-2 pm
are charged to a flask. The system is purged with argon before the introduction of HsS is
started. The flask is heated using an oil bath. A flow of hydrogen sulfide gas (about 40
volume percent H,S in N,) is started at the same time as the heating of the oil bath. The
reaction is allowed to proceed for about an hour at 125°C before ramping up to the final
desired temperature (e.g., about 200°C). Afer the appropriate exposure time of hydrogen
sulfide, about 5 hours for the solid masses listed above, the flask is raised out of the oil bath
and the head pressure is bled off and switched over to argon. When the flask and contents are
cool, it is capped and transferred to a drybox.
[0167) X-ray diffraction of the product material showed peaks consistent with FeS, pyrite
(~43°, 50°, 56°, 62°, 73°, 89°, 94°, 99°, and 104° using Cr radiation) and FeS, marcasite (~39°,
50° and 59°).
[0168] While the present invention has been described herein with reference to various
exemplary embodiments thereof, the invention is not intended to be limited to such
embodiments. Further, upon reading and understanding the present application,
modifications and changes may occur to those skilled in the art without departing from the
spirit of the disclosed technology. It is intended that the disclosed technology be considered

as including all such modifications and changes.
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synthetic FeS2. 7. The nethod according to claim6, wherein the protective
coating conprises a conductive material. 25 8. The nethod according to
claim7, wherein the conductive material conprises a carbon material, a

nmet al naterlal a netal oxide, or an organic conductive material. 9.

The nethg@lﬁgﬁﬁﬁgbﬁgn&pmclaln16 wherein the protective coating is applied
by spray 30pyrolysis. 10. The nmethod according to claim1, wherein the FeS2

particles have a particle size of from about 5 to about 600 nm 11. The

met hod accord n the FeS2 has an average particle size
of abouﬁ'%ﬁ %W$8EPV@§9ngsyﬂﬂ£¥g¥é§2“ﬁnpﬂmng ge p

reacting Fe,O3, elemental sulfur, and hydrogen sulfide in an inert atmosphere, the
5  reaction being conducted at a temperature of from about 125°C. to about 200°C. for a

sufficient period of time to form synthetic FeS; particles.

2. The method according to claim 1, comprising (i) reacting the Fe;Os, elemental sulfur, and
hydrogen sulfide at a temperature of about 125°C. for a selected period of time, and (ii)

10  subsequently raising the temperature of the reaction to no greater than about 200°C.
3. The method according to claim 2, wherein the selected period of time is less than 5 hours.

4. The method according to claim 1, wherein the Fe, O3 has an average particle size of about

15 1 nm to about 100 nm.

5. The method according to claim 1, wherein the Fe,O3 has an average particle size of about

3 nm to about 10 nm.

20 6. The method according to claim 1, comprising applying a protective coating to the

synthetic FeS,.

7. The method according to claim 6, wherein the protective coating comprises a conductive
material.

25

8. The method according to claim 7, wherein the conductive material comprises a carbon

material, a metal material, a metal oxide, or an organic conductive material.

9. The method according to claim 6, wherein the protective coating is applied by spray

30  pyrolysis.

10. The method according to claim 1, wherein the FeS, particles have a particle size of from
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5 12. The nethod according to claim 1, wherein the FeS2 has an average
particle size of about 200 nmor |ess. 13. The nmethod according to
claim1l1, wherein the FeS2 has a crystallite size of fromabout 5 10 to
about 100 nm 14. The nethod according to claim1l, wherein the Fe203,

el ement ajposi8 follbodt¥hoydr ogen sul fide are provided in about a 1:3:0.125
nol ar ratio of Fe203: hydrogen sulfide: el emental sul fur when the el enental

sul fur is provided as S8. 15 15. The nethod according to claim1l,

conpri singsinteri.n e Fe rticles.a erature of about. 400C. to
Sbont | 00T Befio A riifed SRR 1L Mg bri ik 1 Sigs Parpie S8 OF ait e
met hod as0ehrglbnigsst 0 cl ai m 15, wherein, after sintering, the FeS2 has a
crystallite size 20 of fromabout 35 nmto about 3 Rm 17. The net hod

accoPding to claim1, wherein the hydrogen sulfide is a gas conprising from

b i) ; b d
gas. 2518 T et b BREH0 R ndRE FES, AR AN M Rt P BBy
partlclémOmnn@wk§£ | ess t han

13. The method according to claim 1, wherein the FeS; has a crystallite size of from about 5

10  to about 100 nm.

14. The method according to claim 1, wherein the Fe,Os, elemental sulfur and hydrogen
sulfide are provided in about a 1:3:0.125 molar ratio of Fe,O3:hydrogen sulfide:elemental
sulfur when the elemental sulfur is provided as Ss.

15
15. The method according to claim 1, comprising sintering the FeS, particles at a temperature

of about 400°C. to about 700°C. so that the FeS; consists essentially of pyrite.

16. The method according to claim 15, wherein, after sintering, the FeS; has a crystallite size

20  of from about 35 nm to about 3 um.

17. The method according to claim 1, wherein the hydrogen sulfide is a gas comprising from

about 6% by volume to about 99% by volume of hydrogen sulfide in a carrier gas.

25  18. The method according to claim 1, wherein the synthetic FeS; particles comprise less than

1% by weight of metal impurities.

19. The method according to claim 1, wherein the synthetic FeS, particles comprise less than
3% by weight of oxide impurities.

30
20. The method according to claim 1, wherein the synthetic FeS, particles contain less than

3% by weight of iron sulfide impurities.
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1% by wei ght of netal inpurities. 19. The nethod according to claiml,
wherein the synthetic FeS2 particles conprise |less than 3% by wei ght of
oxide inpurities. 30 20. The nethod according to claim1, wherein the
synthetic FeS2 particles contain |less than 3% by wei ght of iron sulfide

i mpuritigs: oy, 4l ' ' : etic
FeS2 parthi’g %g%élgg}g?or{aﬁgggglta ag%%%gl t&ﬁf’gﬁét@fe |S? Wéﬁ% ? ?lgglﬁilgr%glﬁ%ﬁti es.
22. The ebhoecigt obirdn mgfittoimpwitiesl, wherein the synthetic FeS2 particles

contain |l ess than 50.1% by weight of iron sulfide inpurities. 23. The
met hod according to claim1l, wherein the synthetic FeS2 particles contain

I ess than, GnddHdY &8k t8tlalh ANwhHe 1HE sy ARYCIHeS 8 Barticles contain less than
5  0.1% by weight of iron sulfide impurities.

23. The method according to claim 1, wherein the synthetic FeS, particles contain less than

0.01% by weight of iron sulfide impurities.
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