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MULTI - PHASE, SI LI CON- CONTAI NI NG ELECTRODE FOR A
LI THE UM | ON BATTERY TECHNI CAL FI ELD Thi s i nvention

WO edoae®2¢ o el ectrode conpositions useful in PCT/US2004/024971
[ithiumion batteries. BACKGROUND Vari ous netals,
netal | oi ds, and all oys have been investigated for use
as active anode conpositions for lithiumion
batteries. These materials are attractive because they
potentially have higher gravinetric and volunetric

MEDRTEHPH LSE ! $91TCONRONTAININ G EETRODE FORW LQ'PHQUB/I-ION
currently used as anodes BlIﬂT'I‘EEiYum' on batteries.

problemw th these materia owever, is that they
experi ence | arge vol une expansi on durlng battery

operation as a resul t TBHCHNIGABRKIERDand del i t hi ati on.
Thi s vol ume expansi on, in turn, causes the materials

to thﬁ tfnGrel Ee@'t'@elle&t%cfe'ce SMEBI?S deefil i flﬂﬁétgﬂ-ﬁ%% biferies.

t he S use to prepare these materi
al vvays I end thensel ves readily to | arge-scale

manuf act uri ng. SUMVARY ﬂ'& F(E#%fr#ﬂn provi des

el ectrode conpositions Sul use in lithiumion
bat t\earios mietalsyimetdlctidee ami ﬁtnys heaee hnenmmﬁgmsdsfoe xibg & dctive
hlgh capaci ti 3 ﬁnd go §,|Ife addi ti on, % e
angf Qe I0RS I LT HS Do fessrnaterialy ks Backive geause they
poEJﬁﬁH]ly A ng?éi' Ik atiBR faﬁ@ VoeliriclQpaGhéausn t468Eand graphite,
objectives, the invention features, in a first aspect,
boginolelkich rxscwrreotiy nssdtas enodels dit hthmuhmtelsatpam | @heproblem with

th%%n\ﬁ%z{t] %Flg}\g{g{/eﬁgl% 6]23?11:1?6&/' eé(ﬁerielélﬁg qrrgeg | ﬂx%e expansmnrgunng %attery
opetafi6h b8 Rl 6Rlith¥atimtand e RNaSi8n AMHisddlume expansion, in turn, causes
el ectrochem cal ly inactive phase that share at | east

themategislio detsriarsec, Bow rlmahyg cyohelits) de additem themethpds used to
pr%? %ﬁr%%églﬂét%ﬁaﬁ% {31%% ? eﬁgﬁﬁa elv%é J'éaﬁ? toaiﬁ -{églgs )

emn cal I hact conpr
mintbacoming. el errents in the form of an i nterrretal lic

SUMMARY

The invention provides electrode compositions suitable for use in lithium-ion
batteries in which the electrode compositions exhibit high capacities and good cycle life.
In addition, the electrode compositions, and batteries incorporating them, are readily
manufactured.

To achieve these objectives, the invention features, in a first aspect, an electrode
composition that includes particles having an average particle size ranging from 1 pm to
50 pm, in which the particles comprise an electrochemically active phase and an
electrochemically inactive phase that share at least one common phase boundary. The
electrochemically active phase comprises elemental silicon and the electrochemically
inactive phase comprises at least two metal elements in the form of an intermetallic
compound, a solid solution, or combination thereof. In some embodiments, the
electrochemically inactive phase further comprises silicon. Each of the phases is free of

crystallites that are greater than 1000 angstroms prior to cycling. Moreover, the
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conmpound, a solid solution, or conbination thereof. In

sone enbodi nents, the el ectrochemcally inactive phase
w0 eooshesoze€onpri ses silicon. Each of the phasesP¢BHUS2084024971

of crystallites that are greater than 1000 angstrons

pri or to cycli ng Mor eover , theel ectrochemcal ly

R B R e bS5 RS e

oné ﬁﬂmhafgel-cﬁﬁbhiaﬁget@blﬁ in Erlmlﬁemabh ibattér?leP&lfﬁﬁbly,ahh e]ettm@hbmlc ally
active phase rerral ns am)r @ﬁgs during addition

aciEyephges WMeEAnBPRayE duEng AL tIon chasee-digeharge eya zfét“é‘}ﬂn the
VO@% éx?ﬂ%{}’l%&?'ﬂﬂ\kbs ’LIW Endpé e?érﬁh#%‘r&fe?%&%m% Li/Li*.

el eétrochem ca active
mat émi ‘&lec’treclzenntaalbr aciive’t materinldia atrmtmatl thatt r¢alatsumithuliitismm under

CO]E(? E%&%ﬁ?%&; ¥ %{%ﬁuﬁﬁgr %{g%gt%pg :ﬂgflc %gﬁlgafﬁ g 1it ur%glgn battery.
An ‘IRebiRelieCiahdtve RRedriay B'a ARERAAL tAdt dods RotBAE kiifl lithium
t hat does not react wth |ithiumunder those

underribioseiconditiosh " anor phous” rmterl al is a mat eri al that

| ac scthelo range, at oni.c har
i G
ch@hctefi@sdT cS)?dta)Dn@ﬂn@féhﬁlQ Bs dSBs@fv@& GYRYray 'Hﬁﬁraahcﬁpdirr t@dlemlssmn

conposi tion may be prepared according to a process
elactan Ni¢iesa9i¥s (a) mel ting together el emental silicon

d
B
(a)aelting tdgetherrolplratabsiticort zﬁfdmw@ orohdre additioweA met4] @lements in an

. rapidly quenching.the lten streamon the surf
inggt @tmoawheﬁ@twﬁ%ré|antlla;goﬁodg?2¥r1§ﬁmlgﬁ%wgofalﬁan(lmﬁ m%@?qr% fofgrm a

mdiR§ sfrle%m,o@ I‘agucil&" gl ot r@'tﬁé ﬁl%lt@ﬁ?‘é’tké&ﬂl é}pth%‘éﬁffé‘&eof a rotating wheel

partic roml mto m. The details
to ﬁcﬁrrmmnbhmn and &) pubedzimgthesrildfontth éommparnclﬁ@ha\angals axterage

forth in the acc npany; drawi ngs and the description
pagg;ﬁ%we@%gﬁf Jéyédc:‘g‘]“‘tacts and advantages of the

| NV efeigeildof bnd6r ABRAihERI L thE iflRAGH RkisefoARth the

draw ngs, and fromthe clains. DESCRI PTI ON OF DRAW NGS

acso@anymgsira\nmgs ang theidesaription balopr dPthpwfertyrest plects, and

advantages R¥ the 1nven%%ﬁ v%il %@aggaq‘éntrf?om the description and drawings, and from

the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is an x-ray diffraction profile for the melt-spun silicon-aluminum-iron
powder described in Example 1.

FIG. 2 illustrates the cycling performance, in terms of capacity vs. cycle number,
for half-cells based upon the melt-spun and non-melt spun silicon-aluminum-iron powders
described in Example 1.

FIG. 3 is a scanning electron microscope (SEM) photograph of the melt-spun
silicon-aluminum-iron powder described in Example 1.

FIG. 4 illustrates the differential capacity vs. voltage for a half-cell based upon the

melt-spun silicon-aluminum-iron powder described in Example 1.
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powder described in Exanple 1. FIG 2 illustrates the
cycling performance, in terns of capacity vs. cycle
wmeoose1802¢ or hal f-cel |l s based upon the nelt- speReT/E8104/024971
non-nelt spun silicon-alum numiron powders descri bed
in Exanple . FIG 3 is a scanning electron m croscope
(.‘Q“E%(}.wﬁtaﬂgf—ﬁglaiﬁfactﬁ&gor leloF elt-spup silicon-aluminum-iron
silicon-alum numiron powder descri b%cfll n Exarrrrr)]lle .
pofil& dedcribhddis Fxameks t préordo tydingand afiec3paciasy vs.
vol e for | f-cell based op the nelt-spun ..
071 RS it Al r e Vo aa e oatet Fr e o E e in Exemple
2 1.FIG 5 is an x-ray diffraction profile of the
mel t-spun silicon-alum numiron powder described in
Ex adpkeerefergndesymbolsdy diei viagoandrawings indeate like elsmems G 6
is a plot of capacity vs. cycle nunber for the powder
described in Exanple 2. Like reference synbols in the
vari ous draw ngs i MUEEATEEDIINES GREEIQN.

DETAl L SCRI PTL. ON El ect r.ode, conposi.ti.ons. ar

dos CHTHIG EREPOSH s SRCRS g L ORFIAEY uiHidas speges for
lithiudnbioH Bait&iesb aht eleb@6de cHASosHiBAS fcafife SO8BASIChbANSILY active

feature an el ectrochem cally active phase that

phpsedhaideeludssehanenad! siicon eahampldctearhemecetly sraiting plasp fhat includes
inactive ‘ [ WO 0
twg oL Hox rsneglﬂ gﬁﬁ%ﬂeéf%é(ri, a;g‘%}aﬁ%gﬁ |S%h\0é'§rrlf. E@‘gﬁg? gfggugljgble metal elements
indtdd iadHl, aluifhadn, gicképniseanese| cubalt] ¢opper, 8ilvst) dahdrehromium, with
. nickel, manganese, cobalt, copper, (ﬁi | ver ,Oc@}nd
ircun pREts AR flUaHNyp Sing papisalarly aiefered ni r i aghases have the
| ' . r e phases have the
ml%%%{rrg@ﬁeﬁc%tg %}H&a eg{ce rsﬁ]gnelgi?hat{o\gg' Summary, above. The
el eciheeitetrodepanpdsitoms asr peforablyepmpirgd py e philBldotlymalt spinning

chill_block nelt spinning process. Such processes a .
Drogsst, TUSUPIRRERES 419 JPSCT 50 EERABY ot FYRmDlrR pBGEPhouS Metalli

ald ¢ i u
MRS A Exf a0 o, B S 13

Adchidingtodbisggocess) giagots cootrining siigows pid rororaneretmgialglements are

R S SRR BB L L B S e o

rofath§ 8l ¥fhedl (e.g., a copper wheel). Because the surface temperature of the copper

wheel is substantially lower than the temperature of the melt, contact with the surface of
the wheel quenches the melt. Quenching prevents the formation of large crystallites that
are detrimental to electrode performance.

The electrode compositions are particularly useful as anodes for lithium-ion
batteries. To prepare a battery, the electrode is combined with an electrolyte and a cathode
(the counterelectrode). The electrolyte may be in the form of a liquid, solid, or gel.
Examples of solid electrolytes include polymeric electrolytes such as polyethylene oxide,
polytetrafluoroethylene, fluorine-containing copolymers, and combinations thereof.
Examples of liquid electrolytes include ethylene carbonate, diethyl carbonate, propylene
carbonate, and combinations thereof. The electrolyte is provided with a lithium electrolyte
salt. Examples of suitable salts include LiPFs, LiBFy, and LiClO,4. Examples of suitable
cathode compositions include LiCoO,, LiCog2Nip30;, and LiMn,Oy.
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rotating netal wheel (e.g., a copper wheel). Because

the surface tenperature of the copper wheel is
waamsooeé al |y | ower than the tenperature of tPET/Isi004/024971

contact with the surface of the wheel quenches the

melt. Quenching prevents the formation of |arge

crystallites that are detrinental to el ectrode

performance. The el ectrode conpositions are

particul arly useful as anodeXAMPLESt hi umion

batbﬁrief. To prepare a battery, the electrode is

co th an electrolyte and a cathode (the
coury Rf ebeahiaie) shoTh1ez i) gsf ﬁﬁédﬁtﬁak@mn@% 516rg & thiGor! LK (all
of a liquid, solid, or ge Exanpl es "of solid
9961% et bestey pusity) W@rmt@gb@d eraew«mghleg dishrapd yhe@solwdm ais arc furnace.
}%%&%IQWag &e%tgd( AP J ISE)/ e 1f§1I gﬁ%geé*ih 0 ng'il P%%l oxygen getter to

["UOrT he-con

yidlhep @ff an Ei%g'mﬂhﬁﬁg ﬂfe doh@uklﬁoﬁ SeCAL(Heys federtdl andtfuints are in
et hyl ene carbonate, diethyl carbonate, propylene

atQIpicpsiFalle, and conbi nations thereof. The el ectrol yte
|s provided with a lithiumelectrolyte salt. Exanples

etlﬁ'ézdt ]§7s/a§ @Hk% 1111{8 Y&E fgkf than 15 4t aidRget! ﬁl) g)f this

SUIta ['e e conp 03|t|ons I nc
mdleﬁii@fa,s plac@d) m%m aadeXAMELeE&ingxm aPl08 5 Inib ((BEO gm()fdlameter nozzle.

l.u um shot ilicon flakes, and 6.56
A Byt B i chgotos i modtedp S R Permainireapoiesoupler  initae
méBhgbele! hr%g@ Td BBk ks Pladbd Ande ERRLP RS BRI PirRer MoTe a 200
furnace. e mxture was nelted in an Ar atnosphere in

mmbametesenper whechsith thadhe distapenirgetherozels oyifekdo vgheel
' h ti
s DG SRR RS bR e RS i e

to R0 TBE. ITRS $nddf@nas MBninlelffl 3B rRtio frdqhcy AER. MRheH ﬂhalmelt had
| aced inside a quartz tube ending in a 0.035 m |

re%@eégl-‘rﬁﬁ e araltea diqniswasesiected 34i8A Toar Be averpessiee wafg o the copper
wl?égfll%rt]%lit{}x%g# é@%{g%c{%lshge% c%f%@qn@g’c u%ﬁi(%bhthg %neeg%%ﬁ Y ﬁ%’é

thé T hgo was p aced

fragmeitse Apacdisiatedf 9 g offEibbors fhginélts abuwsllacted0 mm
di anet er copper wheel such that the distance fromthe

noz zihe rébpn figgments prree HEwIzed hytball @nilimng ipsn aqpgous slurry ina
pla@mﬁ?ﬁ? E%ll WS e o fo\ffﬁcﬁ%\?&rﬁ an8P alpjgﬂﬁﬁg AHobE K vaén? the

powder was classified by sieving through sieves having pore sizes of 53 microns, 32

microns, and 20 microns. The fraction between 32 and 53 microns was selected for
further investigation. Its x-ray diffraction pattern was collected using a Siemens Model
Kristalloflex 805 D500 diffractometer equipped with a copper target x-ray tube and a
diffracted beam monochromator. The results are shown in Fig. 1. Analysis of the peak
widths suggests a crystallite size of 494 angstroms for the elemental silicon phase and 415
angstroms for the iron and aluminum-containing phase.

Fig. 3 is a scanning electron microscopy (SEM) photograph of the classified
powder. As shown in Fig. 3, the microstructure of the powder features discrete regions of
elemental silicon that share a phase boundary with regions of the silicon-aluminum-iron

ternary alloy.
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to 200 Torr. The ingot was then nelted in a radio

frequency field. Wien the nelt had reached 150C, the
woriosemoké qui d was ej ectedat 80 Torr He over pr eBGIIDE2004/024971

onto the copper wheel rotating at a surface speed of

35 msec to quench the nelt and formribbon fragnents.

2oDELIRAS Y 18 PR FLERTHIL P IS i v

ag veri ze

sirhifarBrpvdvgtized so Rirra powder andélasséfieds yndithl k-rbhpdiffrabfodrpatiern of
forma_ powder. After air-drying a OC ip an aven, the

theyBation birireer P48 PP scIps QeagTTh éﬁlﬁﬁwﬁﬁp gqag\wgt%ﬁ Avggeg's @

o 12 e LR 29 e el om0 722 PO the

rethaininfgLootipenenits vt tispating thekdferexresaljeddn flie facmatoon of materials
. at.teﬁn S c%l | ected using a Sienens Mbdel

Wi S Fantly) smallenery¢ia W ract onet er equi pped with a
COP P& pré@rd Blectfoded Yorl él&ﬁro@ﬁ%i'ni@aldﬂﬁrﬁﬁﬁg? gtge%) p@a@lg‘p owder was

nmonochromator. The results are shown in Fig

suspeasing ©of Ninaethplakpyirolidinons (@ERk Next.}-§ go8RI6% eolids

' f 494 t of f h | N h
ool PSR R N =,
pobRasgideld Quoridlel (Kydarsean Avdilgblelfeei EMAOtIGhOs Cay WSEN were

phot ograph of the classified powder. As shown in Fig.
added for{Be pewdes shsneatione The rasplEing syspensionsyas staecdAt ar for 5

SR 10y SR AL 12 600 HIARoBRTR SBARRch o o provi
ant3haotive gl 0% polhdnylidemd iciige) 1056 tupeaPehibah, couting: NTHwawating
not . heen subjected to_ ne i nni ng, [

| il arl
waslrigd i yaawodh 13§ frns aswaté? R he plagteg | + dipe clgsiogifwas then
usgc}]g)a(éélgﬁ‘licjt h3ss AR P %&%@ﬁﬂ% &yt ?ﬁfg'éagﬁb %ﬁ%l%‘}ﬁ gﬂocﬁ:,ztwo layers

m crons neasur Sis o
of Sletigardt2d06 as theseperhtof,end i1 2d LaPFcliR43 :2mgsureorfetiiydenctdaghonate

lenental silicgn an 2 angstrons for the remaining
mﬁé‘ﬁ%@ﬁéﬁwg?ﬂﬁ/@?ﬁl@?&cﬁ‘ﬂﬁ@, therefore, resulted in the
f or MBel Qs RerdBeRUBING MATCHR Bl d1ECAR CbYst TR utBAL of 0.125 mA
crystallite siZzes. To prepare electrodes for

ety et D¢ hedrD 25V dycthie figst cpels, apd et a eerstand ovidient of@SmA between

o RUFREOEE ofbgh & lpsl, Al ¥eatpmcidie ofREfup ¥ dowm in i
2.CA¢ BRAm(ia VR figlbaht perfordvibe Srthgémspud nthdriah (Black triangles),

with its smaller crystallites, was superior to the performance of the non-melt spun material

(black diamonds). In addition, enhanced performance was observed for voltages above
about 50mV. Specifically, the melt-spun material exhibited an average coulombic
efficiency of 99.3% when cycled to 50mV (black triangles). However, that value dropped
to 98.2% when the material was cycled to SmV (open squares).

The differential capacity curve of Fig. 4 contains three curves. Curve (a)
represents results obtained after one cycle. Curve (b) represents results obtained after two
cycles. Curve (c) represents results obtained when lithiation was limited to 50mV. The
results illustrate that the amorphous silicon phase of the melt-spun material remains
amorphous when lithiation is limited to about 50mV. Values below 50mV, on the other

hand, result in the formation of crystalline silicon.
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pol yvi nyl i dene fluoride (Kynar 4 available froméElf

Atochem), :1 by weight, were added to the powder
waempemeon. The resul ting suspensi on was sti rPEHUS1004/024971

hi gh shear for 5 mnutes, and then coated onto a 12

ml| (0.305 nmm)copper foil with a notch bar to provide

an % Sac%Eﬁ \é?es tﬁg ){ 1"%9 Jh¥i¥éc'?1¥h ggﬁé}ﬁ o&” l(h Oa%ﬂ)ge pnolrot(g 31? sl cycle

P cardon c

(trd&z@@))fuat afidn o8 rcgclég (tfaoe (b)p hAs shovat mcttie ﬁgﬁhﬁatb&restdyeleethe silicon
was then used to construct 2325 coi.n cells by
phagswsnpgphqusypytihecryspllit size of the, siligonsalyganurivigen physsremained

(8 400 as the separator, and 1IMin a 1:2
Sur%ftartur e%ﬁg}gng%yl ene carbonate and di ethyl carbonate as
the electrolyte. The cells were cycled using a MACCOR
cycl gr ai ? constant current of 0.125 A between 0.9V
and for the first cycle, and at a constant

cur ngat s & 5@‘19%‘(5?%1%93 Y ﬁ)@&fj plivieRgsd, An@eR¥ifEd as described

0. 005V for Itional cyc The results are
in Exampleiln ’]Fhegfraczon Agm@h@m ang 29 h@crbnsgwasglsohated A portion of this

i, TR i B e Ly Phe BRoEing o BB iigure described in

Kraugeest aIUSE. Nheo/Bes. 863 fIRAJEn®T8, 2061 AtNediRlet “BRidfiode
mat erj al (bl ack di armnds) In addjti on, enhanced

Caosepopions Fesingdmpetyed Gyshing Behayinr aukish srsvignetiohe same
S s PSR s LS BT B S

pattivléseve (ishaséd inrhehgl ahx)l kefdﬁwamemrthéhﬁracwa LT 3ir opped

t.o 98. 2% when t h cledt
afrga‘mi?@é h@ﬂ?lﬁ%‘f@nﬁé@{r} glc ©9 %?1 e@f:r fzgg)f pgwder) by

ee curves. Curve (a) represents results

Sh&lﬁt%l nggl&lﬁer one cycle. Curve (b) represents results

obt &l h&etta’&ﬂtpewdbmas:gﬂeﬂetspreﬁ}amwlfc(rodesras plegesibed $n Example 1

res |ned enllthl tion was |inmted o 5 :
exqepd ¢ Ul?aé?fm aderivag adpisree ?lﬁgta??lﬁ%maﬁwaﬂ & g pipepn LLC under
thePHzﬁﬁ@F@fz 179 echg%ﬂaoﬁ R}éﬁ‘ S{lﬁérejda%onr Qﬁ@fh@%nﬁﬂ&faﬂﬁ Hém ﬁbn

hiation"is limted to about 50nV. Val ues befo

cootalrtetléo%’ct zmwe pawder, i €% datboinnartd o bordent Thmperformance of half cells

. on.Fig. 5 co ar es t

indirpdipos 8% JesiioPhat e SESRRETNTS SYPG IR fs sbpvm in Fig. 6

Tl fRelld WefespréFardRideaé IR ERXEpRS . (A4 sovn(iB)Fig.ASS the cells
shownin the figure, after 35 cycles the silicon phase

exiibited gendyensling ppiermanee.crystal i te sizeof the
silicon-alum numiron phase remi ned

Example 3
6.98 g of aluminum shot, 14.80 g of silicon flakes, and 8.22 g of copper shot (all

99.9% or better purity) were weighed in a weighing dish and then placed in an arc furnace.
The mixture was melted in an Ar atmosphere in the presence of a Ti pool oxygen getter to
yield a 30 g ingot having the composition Sis7Al,sCui4, Where all amounts are in atomic

percent.

The ingot was broken into pieces less than 15 mm in diameter. 10 g of this
material was placed inside a carbon tube ending in a 0.030 mil (0.76 pm) diameter nozzle.
The tube was placed in the chamber of a melt spinner above a 200 mm diameter copper

6
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substanti ally unchanged. Exanple 2 Melt spun ribbon

was prepared, pulverized, and classified as descri bed
WO pooEssopd e . The fraction between 32 and 20 nPCT/U8R04/024971

was isolated. A portion of this fraction was coated

with a porous |ayer of Ag according to the procedure
e R S R Ploge e b 0 YRR b Fhmm. The
Ch&mbelmg;aSI then evesdatey t $Ghg TBatrad back fHlledivwitthe s 260sTgnethe ingot

wisdpdgrine Tl et Sl eagoncs e s e el Bod el dodleS me
mVRI iU ERES éé&edl Bt STy He%tvbbblresgﬁte QHR B8 @oﬁﬁ& WE@dl rotatlng ata

reacted with 3- am nopropyltrimethyoxysilane rich
surfhespeed 9»f I60/sgc & queneh fermelt apdoform aikbien ﬁa@ynestha%pp@mmately

9%? en];f\ger% @écgedd powder was used to prepare

s degcr I'n Exanple 1 except that the

bi ndlﬂre nmnarafgmeﬁfswdaepmahzealb@%&maﬁfg invidhoréRlafid hERIR The
Dyneon LLC under the nanme FC-2179, the carbon was

Poﬁiﬁiﬁ’éwa%c asifirhby sigvang Meoughisigves batingpore sirgoef 13 wicrons, 32
m%%%%nﬂ%?}hrg&@r@afhg ?ra@f?éﬁp?é' eer;]IfS/? ﬁﬁ ﬁolﬂicr@rﬁqvas steleﬁted for

erfor mance i'ncor porati
ﬁltt]lmfshevesﬁ @Iiolno dsx-raiy i fli@ction witetapacidliécted usiay @|$emens Model

in Fig. 6. The half cells were
gg’gﬂé &0395%3@@&5@816?% egigpes) with a KepRGH dAwACt anamt@be ad a
dlfffi'@teﬁ%%&lﬁ M@c@o%@ q9d )%hhtgkgn RESHEH tﬂF?&%en g)ethe
ot | ake

al um num sh con
pham S$ a:tdeA@Colf Ammsrofs}mpea(camth@ Qu%w fa copstdlbite sperdf 39y

anfe e 51 om0 ks 2o B F Al-Cu phase.
at nogRhRGRet Shnifle whs ﬁfaa@ fiffo Qt:oa:%ecir LleRARde, ﬁ%bﬁ%fhtaﬁh{oearn
to yield a 30 g i ngot having the conposition where al

elegtrotirraicalicelli andzyoleil @s deactibert for me@qw@osam;ds ihExdceple 1
C}'/c'ﬂl‘lg v&%‘s ﬁgr?esbgf gos’nsétamtI gu%e%? (d% m&) chgrgg atd disc]:ha?ée lgetg\iwvg’en 0.9V and
0.05 V for the first cycle, and 0.9V and 0.070 V for all additional cycles. The cell had a
first discharge capacity of 1680 mAh/g and had a differential capacity curve showing only

the characteristics of fully amorphous silicon after the first cycle.

To confirm that the Al,Cu phase was electrochemically inactive, 9.18 g of
aluminum and 10.82 g of copper (all 99.9% or better purity) were placed in an arc furnace.
The mixture was melted in an Ar atmosphere in the presence of a Ti pool oxygen getter to
yield a 20 g ingot having the composition Al,Cu. The ingot was ground with a mortar and
pestle, and classified by sieving through sieves having pore sizes of 53 microns, 32
microns, and 20 microns. The fraction between 32 and 53 microns was selected for
further investigation. Its x-ray diffraction pattern, which was collected as described above,
corresponded to that of the Al,Cu phase. |

The powder sample was made into a coated electrode, incorporated into an
electrochemical cell, and cycled as described above. Cycling was done by constant
current (0.25 mA) charge and discharge between 0.9 V and 0.005 V. The cell showed no

capacity from the Al,Cu phase, esta‘blishing that it was electrochemically inactive.



material was placed inside a carbon tube ending in a
0.030 m!l (0.76 m) dianeter nozzle. The tube was

wpb@seloese t he chanber of a nelt spinner abovePEI/BSDO4IR4971
di anet er copperwheel such that the distance fromthe
nozzle orifice to the wheel surface was nm The

Chambaumiersflehdinan ol inelriventh HVe becrr ok hidyefilolcss, i
to 200 Torr. The ingot was then nelted in a

.t h

will-he undersigod dbat yaripus raodifipations may bemads adthostdépeding2oem the

i I L Ol ' O.Tarr He ...

Pt b SRy B Ry QA M0 SR, Bl BRupRRG afffwifhin the scope of

the fplosting dpiesd of 35 misec to quench the nelt and form
ri bbon fragnments. Approximately 9 g of ribbon
fragments were collected. The ribbon fragnments were
pul verized by grinding in a nortar and pestle. The
powder was classified by sieving through sieves having
pore sizes of 53 microns, 32 mcrons, and 20 m crons.
The fraction between 32 and 53 microns was sel ected
for further investigation. Its x-ray diffraction
pattern was coll ected using a Sienens Mde
Kristallofl ex 805 D500 diffractonmeter equipped with a
copper target x-ray tube and a diffracted beam
nmonochromator. The XRD pattern showed the presence of
only the phases Si and A*Cu. Analysis of the peak
wi dt hs suggests a crystallite size of 395 angstrons
for the elenental silicon phase and 270 angstrons for
t he phase. The powder sanple was made into a coated
el ectrode, incorporated into an el ectrochem cal cell
and cycled as described for the powder sanple in
Exanple . Cycling was done by constant current (0.25
mA) charge and di scharge between 0.9 V and 0.05 V for
the first cycle, and 0.9V and 0.070 V for al
addi tional cycles. The cell had a first discharge
capacity of 1680 mAh/g and had a differential capacity
curve show ng only the characteristics of fully
anor phous silicon after the first cycle. To confirm
that the phase was el ectrochemcally inactive, 9. g of
al um num and 10.82 g of copper (all 99.9% or better
purity) were placed in an arc furnace. The m xture was
nelted in an Ar atnosphere in the presence of a Ti
pool oxygen getter to yield a 20 g ingot having the
conmposition The ingot was ground with a nortar and
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pestle, and classified by sieving through sieves

havi ng pore sizes of 53 mcrons, 32 mcrons, and 20
wor@som26 The fracti on between 32 and 53 mi cr OPGT/WEZ04/024971

sel ected for further investigation. Its x-ray

diffraction pattern, which was coll ected as descri bed
WHOVES CEATVEEPQReded to that of the phase. The powder

sanple was made into a coated el ectrode, incorporated

into an electrochem cal cell, and cycled as descri bed
1. abovAs elegirqde sggmpasitiend fu adithisanion dettery comprisingpartBlesdipving an

. - di V and 0.005 V. The
avglleag% ggrﬁgl\%gggﬁo ég%ggﬁb@ﬁr}?ﬁgﬁ() € phase, establishing
t hatsaidtpanitdesadoagirisigraleabbhenicdBbi dctie phare AhE bn Of
enbo?ine ts .of the jnvention have been descri bed.
Nev &racHashegycally; inggtivie phase theshae gbleastioae commog phase boundary,

nodifi . . . ' e
i 1 B R B e BHin  SRA T b Y i
enbetictrecttesnieally inadtiviephtseeconpoismgaf leastawbahdtalvdldigents in the
cl airs. I 1S IMED | S: . el ectrode conpposition

For i 04 14 Are tfa%qrw@cﬁf@ﬂfi§?1Ha°1baartcpla%é@tlﬂ%mer@ﬂ

an ayprage particle size ranging from1l mto 50 m,

said particles conprising an el ectrochemcally active
phad® canltobsridphases sdtesmf cyyistajlitesthet dre graatea sfemt 1980 angstroms
share at |.east one comon phase boundary, said
eIe@PPBéH@ﬁﬁ%%fpg active phase conprising el enental

si | i(bysaiddlectforheinRhBg hétBehRaicGa bin¥rhdas hiidtehPBIR&Fode has been
conprising at least two netal elenents in the form of

an ich¢led Heeugh one fal whergadischarge pycde i lithiwwariorobattery.
conmbi nation thereof, wherein (a) each of said phases
is free of crystallites that are greater than 1000

2. ang A dledrade icompbsitiely eddofting RWaifrd), vARkdin said electrochemically
el ectrochem cal ly active phase i s anorphous after the
acyeRhp o ansanpBhousyhiriag additions) khagge-disgharge cycles when the

volt iggfe%{ef‘mr%\‘?%llﬁ/ﬂiﬂ alithiumion battery. 2. An
el®&ctFo i0

e conposition according to claim1, wherein
said el ectrochem cally active phase renai ns anor phous
3. dur ifgeleahaide icomabsitiia agperdings whdsigel ,oylekds saill etectrbéhemically

active phase remains amorphous during additional charge-discharge cycles when the

voltage is greater than 50mV vs. Li/Li".

4. An electrode composition according to claim 1, wherein said electrochemically

inactive phase further comprises silicon.

5. An electrode composition according to claim 1, wherein said electrochemically
inactive phase comprises at least two metal elements selected from the group consisting of

aluminum, iron, nickel, manganese, cobalt, copper, silver, and chromium.

6. An electrode composition according to claim 5, wherein said electrochemically

inactive phase further comprises silicon.



10

15

20

25

30

voltage is greater than 70nV vs. Li/Li . 3. An
el ectrode conposition according to claim1, wherein
W@ 200d/0ed0ect r ochem cal |y active phase remai ns aP@r/phmo$024971
during additional charge-di scharge cycl es when the
voltage is greater than 50nV vs. Li/Li . 4. An
el ec j
7.8 e Ada-fRUBABbY aBBEEh foggalhgl St daid GE SR mically
inaptinp phase somiplisesailicoh, aldmiraine ahd nrdne conposition
according to claim1, wherein said electrochemcally
i nacti ve phase conprises at |east two netal elenents
8.5el eql QecttdRPolpBsiabR MR ofRASIo1AiRD1, A heAdiH 'géuﬁlémctrb&fé&lcally
ni ckel , manganeSe, cobalt, TCopper, silver,
inaghive phasmcoBIprises aélllemumcamé coppgosi ti on accor d| ng to
claimb5, wherein said electrochemcally inactive phase
further conprises silicon.7. An el ectrode conposition
0. accqqﬁtmgnh@ngétwrmdmpﬁgw@g ein said el ectrochemcally
I nactive phase conprises silicon, alumnum and iron.
8. A® aén aede é%P%%%B@Tlﬁlﬁéha‘&%&m eNergemgrtidlesing anging from 1
wher gl g?l el ectrochem cal ly inactive phase
comﬁlrl ses um num and copper. 9. A lithiumion
bat tselmpaammraompﬂgmg(an)elarroamﬁealwmwe pharg apdbd i Cl es
havi ng an average particle size rangl ng froml mto 50
m , ek&irachearieslpiaactvsphrsedhaighars akleetitans cramaadibpge boundary,
act| I
o e B AL e B LA COARERe Shpl R BRSR
eI ecﬁlerctrodmmcaily maﬁnzblphesembﬁmsm(gnmrdasﬂtwg mételr&ahaits in the
siligcon al d el ectrochem c i.nactive, phase
conﬁPﬁf%Pﬁ fC P oBF SHHPS A SO PREAER Hegos
an iytepdipet al I i c conpound, a solid solution, or
conbi nation thereof, wherein (i) each of said phases
is free df) ceclystsald plases is frae obenystgiliéastibat arhigeattOG@n 1000

angstrong Esrtro%"ris ;Er?or 8;'611‘?18, an%nd

(i1) said electrochemically active phase is amorphous after the battery has

been cycled through one full charge-discharge cycle;
(b) a cathode; and
(c) an electrolyte separating the anode and the cathode.

10. A battery according to claim 9, wherein said electrochemically active phase
remains amorphous during additional charge-discharge cycles when the anode voltage is

maintained above 70mV vs. Li/Li*.

11. A battery according to claim 9, wherein said electrochemically active phase
remains amorphous during additional charge-discharge cycles when the anode voltage is

maintained above 50mV vs. Li/Li".

12. A battery according to claim 9, wherein said electrochemically inactive phase

further comprises silicon.

10
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(ii) said electrochem cally active phase i s anorphous
after the battery has been cycled through one full

W@ b@sgesoeé scharge cycle; (b) a cathode; and (cPCHIS2004/024971

el ectrolyte separating the anode and the cathode. 10.

A battery according to claim9, wherein said
13el ecA baxedie BtdoRdihY talhinY 9, WRASIH shif BB IRMREARCPHScti

durjing additi ona? char ge- di schz;lsr ge c?yclC es V\ﬂgﬁ tﬂlevephase
cogpEges af dgastiyie metahelpments selectetbiom HQamoup sondistingiof alubdinum,

: e ' o.claim9, wherein said
lrde%f g%%%lb@%lé@ ggﬁr’ ?Jfl%gt(‘: %?p\;’ ér, 6 Hya%real}de%?rﬂ%no r phous
during additional charge-di scharge cycl es when the
anode. vol tage i.s naintai ned above 500V vs. Li/Li . 12.
14n bt Pty actopting icleign &3, avheren sy elesirpcheaiienlly inactive phase
fufhRebmPABRIERh! ¥ i nactive phase further conprises
silicon.13. A battery according to claim9, wherein
said el ectrochem cally inactive phase conprises at

| easg net al. e| enent el ecte romthe graoup .
lsi:on é%%t?énﬁ)éac& rcg]il% ﬂ%m i Wsem ﬁﬁug lgf:@pt’roqp&%%pﬁ]élslg:}ctlve phase
conPHadstsilicoapaeminupi, lau@ironand chrom um 14. A battery

according to claim 13, wherein said electrochemcally
i nactive phase further conprises silicon. 15. A

bat t i: tQ. . im 9. wheregi ai d N
13 cefbARE AR Guf £ Tsin S0 BB FRuteativipasgiye phase
combprisasralimpinamcnidrcopper16. A battery according to claim
9, wherein said electrochemcally inactive phase
conprises alum num and copper. 17. A nethod for
17P" €PehbMed 26} BESEIE b R0 TAn ALV YWl
battery conprrﬁsi ng:% g%&;ms ?lédr%ﬁgﬁ Ot%gg’ﬁelt %?llglﬁéﬁnén@?t%w
cogpiisipgyn and two or nore additional netal elenents in
an inert..atposphere to forman ingot; (b) nelting the )
gD St RS ciGm el M g 178 Pring' e dianal P ements n

an inert atmosphere to form an ingot;

(b) melting the ingot in an inert atmosphere to form a molten stream;
(c) rapidly quenching the molten stream on the surface of a rotating wheel to form
aribbon; and
(d) pulverizing the ribbon to form particles having an average particle size ranging
from 1 pm to about 50 pm,

said particles comprising an electrochemically active phase and an
electrochemically inactive phase that share at least one common phase boundary,
said electrochemically active phase comprising elemental silicon and said
electrochemically inactive phase comprising at least two metal elements in the
form of an intermetallic compound, a solid solution, or combination thereof,
wherein

(1) each of said phases is free of crystallites that are greater than 1000 angstroms
prior to cycling, and

(2) said electrochemically active phase is amorphous after the electrode has been

cycled through one full charge-discharge cycle in a lithium-ion battery.

11



10

15

(c) rapidly quenching the nolten streamon the surface
of a rotating wheel to forma ribbon; and (d)

wW@ei03e18026 ng the ribbon to form particl es havi PGI/ES2004/024971
average particle size ranging from1l mto about 50 m,
said particles conprising an el ectrochemcally active
phase and an el ectrochem cally inactive phase that
share at |east one common phase boundary, said

182l ectmebhépeaading tactiny &7, phiesen sadsldcipehpnetalyenaciive phase
fm@}? con.and..sai d el ectrochem cally inactive phase
?rflgﬁl?? ]el&c Peast two netal elements in the form of
an |nternetaII|c compound, a solid solution, or
conmbi nation thereof, wherein (1) each of said pha

19i s #ymethef aggoydingre plata 17 rpdhereip dhegnefal elpmenfs ﬁrel@tf@ted from the
I ﬁ‘eﬁ%aﬁ
%l e@n{ajclz n;l/lﬁlé‘ér%éﬁi/%a%llfase | s‘%%m%o}% bﬁ EPt ?%‘?er alr}le

chﬁinﬁmtnrode has been cycl ed t hrough one fuII

charge-di scharge cycle in a lithiumion battery.18. A

nmet hod according to claim 17, wherein said
zoel eQf fefhidg rz{b&ﬁhllng td) B 1Y SwIRDES Raill W dRBELHABATY £EFe phase

ilicon. A net hod accor di ng to claim17, wherein
remiues amolavlhoes @n&m@damalscélla@@tcb@hﬁrg@wclhewgﬁmﬂw voltage is greater
ti oi alum num iron, nickel, manganese,

tha(’flooﬁ)s\? ?‘g/ silver, and chromium 20. A method

accor di ng to cI aim 17, wherein said electrochemcally

active phase remai ns_ anmor phous, during additjonal
21¢ hargetiod epearding g elosn 1%\@hpr@1ﬁéa\¢cﬁlqoafgéhqr%w@1}w1§? phase

o 0 oK bl opdt o RRL-RSES A0 ol Bt
tharrefrmnVis'samﬂnbhous during additional charge-discharge
cycles when the voltage is greater than 501w vs. Li/Li
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