WD 01/52337 PCT/ US01/ 00163 AMORPHOUS ELECTRODE COWVPOSI TI ONS STATEMENT OF
PRI ORI TY This application derives priority froma provisional application
filed on wo @Rs3dry 13, 2000 bearing serial nunber 60/ 175539350l /61a0 CAL

FI ELD This invention relates to electrode materials useful 1 n secondary
lithium batteries. BACKGROUND OF THE | NVENTION 10 Two cl asses of materials
have been proposed as anodes for secondary lithiumbatteries. One class
includes material s sucAMORPHOUS ELECTRODE COMPOSITIONS bon, which are
capable of intercalating lithium Wile the intercalation anodes generally

exhi bit good cycle life and coul onbic efficiency, their capacity is
relatively low. A second cl asSTAEEMENT Q¥ BRIORIAY a1 1oy with 1ithium

netal. 15 Althoug o . : Lbit ~hi;gher
capacities relati \k/l“éﬁst iﬁfﬁoé%g}% (I)C%R?%%Zn gﬁ%‘g@ﬁ%@l&gﬁ@ felfr&i% rom
relatively péaruacyt3,@000 bearmpcserialuduomber 60/185f808i ency. SUMVARY OF THE

| NVENTI ON The i nvention provides el ectrode conpositions suitable for use in
20 secondary lithiumbatteries in which the el ectrode conpositions have
high initial capacities that araEeHNIOXl. PYENDafter repeated cycling. The
el ectrode conpositions, and batteries incorpaorating these conpositions,
are al so readily Thisgveriogrelgtes toelgeradepatetials aseipl 18 seqopdaty lithisn} nvent i on
features an glggtrode 25 conposition that includes an el ectrode material
consisting essentitally of at least one electrochenically inactive

el emental netal and at | east one electrochemically active elenental netal

in the formof an anorpho EJI';% (?fﬁ?[f]@ Xﬁ@% ture. The el ectrode
material is essentially frﬁe‘% 0 #Eﬁjeﬁfr?e al |ch?:I mpounds. The m xture of
el ement alonet al s MevEdlaseasrhabals hiheheeh peoised by addes for W0Rd4H2337
PCT/ US01/ 00163, cor;gos,i tion is incorporated into a lithiumbattery and
cycl ed t hr oudjfhigi haggrgs. e class includes materials such as graphite and other forms of

carbon, which are capable of intercalating lithium. While the intercalation anodes

generally exhibit good cycle life and coulombic efficiency, their capacity is

relatively low. A second class includes metals that alloy with lithium metal.

15  Although these alloy-type anodes generally exhibit higher capacities relative to

intercalation-type anodes, they suffer from relatively poor cycle life and coulombic

efficiency.

SUMMARY OF THE INVENTION
The invention provides electrode compositions suitable for use in
20  secondary lithium batteries in which the electrode compositions have high initial
capacities that are retained even after repeated cycling. The electrode
compositions, and batteries incorporating these compositions, are also readily
manufactured.
To achieve these objectives, the invention features an electrode
25  composition that includes an electrode material consisting essentially of at least
one electrochemically inactive elemental metal and at least one electrochemically
active elemental metal in the form of an amorphous mixture at ambient
temperature. The electrode material is essentially free of intermetallic compounds.

The mixture of elemental metals remains amorphous when the electrode
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full charge-di scharge cycle at anbient tenperature. Preferably, the m xture
remai ns anor phous after cycling through at |east 10 cycles, nore preferably

at | eastywHifj,6y@l es, and even nore preferably at |east 1QRG,GN¢hESs 2 An
"el ectroc}yerri cally active elenental netal” is a netal that reacts wth

l'i thi um under_condj.tions typical.l oun ed dyri har gi nd

di schar gi ng Ic%mp%m{@q ﬁi%‘fﬂ%&?&gﬂp aﬁﬂﬁmgf ]té%{e%ﬁrffg C@'%ll tF‘EPuigﬂé‘E%F%@ngl enent al
netal” is a Al elargdiaischAQESydit A&t ihpdratuld. NProferabidane HpaeR conditions.
An "anorphous mxture" is a mxture that 1acks the |ong range atom c order

10 char act er FeR3ias anowphus affqrichielingathenighlat lexic Osyiclos aneie myetesablastor phous
mxture can jbe G cfegeﬂld%%'eﬂgr@gﬁ%%%gﬁ% RUGN 0B C%g%hrasgy diffraction,

transm ssion electron M Crosco erentral™”scanning cal orinetry.

Wien i ncof por at ed An'efectriot imitalbeidiiet Ylenidheil eletd! saoe@DMankhéts Qfith
preferably exhibits (a) a specific capacity of at |east about 100 mAh per
gram of 15 Heymandes conditipns typigalily eneoptesad dyudnhehageing yad dischisgingy a

coul onbi ¢ ef {6l I 9 . 9 re
preferably a% hl%elgfs;,htety aétgl%%n f%?a%oﬁﬂ%ﬁcﬁﬂg; @i?gég"te){’%?@%‘ﬁja@g@ clg/c%; F%es{glt en cycl ed
to realize aboestnotdéhctrwinthpretiivgraider thbsaednduensmet al of the conposition.
Preferably, this |evel of performance is real iégd for 500 cycles, nore

preferably for 1008 GRARROUS FXiURe oA BEHERIDHEE RPkLle dongoaneetpmiq prder
el ectrodgy C0Eﬁﬁ’é}%téﬂi&ﬂ’of‘ﬁ@}]&&éltiﬁé’ﬁl‘&{eﬂgi aﬁ@dexhggedge '%ghﬁﬂ bR RfiYtureipRi DI ts

(a) a specific capacity O | east about per ‘gram of active netal

for 30 full bheegfendidsshartgehntyek sschaask-(aly)difiractonyltambinsssehfeiecirency of at

| east 99% (preferably g ast. 99. 5% re preferably at least 99.9% for
30 full char B’é‘?rﬂfcé’@ﬁa?@tel il SRAUHRE GAPRCEY real | ze about 500 25 mAh per

gram of active ”EwenQBcérB&aféarIH%Slitﬁihﬁfbatt@fﬁfﬂf‘erééﬂt%detcbhl?oéiﬁ&?| of
performance is realized for 200 cycles, nore preferably for 500 cycles. The

el ectrode copfedepblysahiban (be dpacifiasapasitphod it lgast abeutfiO0mAh per grevddr .  Thi n

and ol 15 spPReO el A e L PR BT R e B BS BR B o

netal s 30 i nel ldake 9abakprdTeiablySdt 1¢8090.5%) horéprefdiEily at le@R®9.IYEY fGRBO QL]
magnesi um zinc, cadm um _bisnmuth, and indium Exanples of suitable

el ect rochem eRArBg disphares G¥clesevhsrenitclad trratadig aboitt| 108 enddh pererrB of BEéYRgh Group
VI'1 B el enent gl.. ek ﬂlesconﬁ)%sﬁ\f%h.l Préfgrably, this level of performance is realized for 500

cycles, more preferably for 1000 cycles.

20 In another preferred embodiment, the electrode composition, when
incorporated in a lithium battery, exhibits (a) a specific capacity of at least about
500 mAh per gram of active metal for 30 full charge-discharge cycles and (b) a
coulombic efficiency of at least 99% (preferably at least 99.5%, more preferably at
least 99.9%) for 30 full charge-discharge cycles when cycled to realize about 500

25  mAh per gram of active metal of the composition. Preferably, this level of
performance is realized for 200 cycles, more preferably for 500 cycles.

The electrode composition can be in the form of a thin film or a powder.

Thin films can be prepared using a number of techniques, including sputtering and
melt spinning. Examples of suitable electrochemically active elemental metals

30  include aluminum, silicon, tin, antimony, lead, germanium, magnesium, zinc,
cadmium, bismuth, and indium. Examples of suitable electrochemically inactive

elemental metals include Group IB through Group VIIB elemental metals, as well
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WO 01/52337 PCT/ US01/ 00163 as group VIII and rare earth el enental netals.
Specific exanples include Ti, V, C, M, Fe, Co, N, Cu, Y, Zr, Nb, M,
La, Hf, TaooVs2$@, Pr, Nd, Eu, Gd, Th, Dy, Ho, Er, Yb, LypctassoremdszSm O
this group, nolybdenum niobium tungsten, tantalum iron, nickel,
manganese. and. GABRATT ALGRIGHELI G 0! Y AM LERLSS, hOGhegLRg the
above- descri betf ef ect rode corrp05|et| oNns = may Usedas power suppl’ies in a

vari ety of applMeaaFd, @w NiFRay)asNonMoytle, HRTWW, Tep P, iNeG FuoGdnob dDy,
vehi cl es, conputers, power tools, and teleconmunications devices. O her

feat ures andHafanttdesBsra i RAEhis igERPWOlYbdenWpHPRIHD, 18R CRhe 10

foll ow ng de hpti . r i hereof, and fromthe
clainms. DES F%%&&@E&g%ﬁéﬁﬁeéﬁ% cﬁgp %Cy{g?%%%ﬁetdk- ray diffraction
profile f®r the allithiumubatsdries dabadingtigabesedssaripddeldasnicicdoaghositiokxanpl e 1,
obtained prior to cgcgl ing. FIG 2Aillystrates.the cyﬁl i ng perfqrmance, in
terms of revEa¥PDEIUECEBLRTTISUPRLSs A yatiety of gppligauons. “Examples include

al um num si I's&&gagpﬁég%%mmhm&,eé&ﬁﬁ&&@, bwdPtePlapgl. FIG 2B
illustrates the cycling performance, in ter of coul onbic efficiency, of

t he al um numedédonmmmicaivgadeseessanpl e described in Exanple 1. FIG 3 is a

differential voltage curve obtained for_the alumn silicon-. mapganese
sanmpl e descri bed | “E&‘éﬂﬂi“’é aﬁaa Fopees OfAftthFénVa?Hu%W ?jPI?HaF%EEﬁO&hH‘gr ofile

for the ger mdigwThgsdesbtish bi €8 PrefBredTtAbEAiARAR Eer66IS hd RER thdclENANP! € 2,
obtained prior to cycling. FIG '5is a TEMdiffraction pattern for the
ger mani um ni ckel -silicon- alum num sanpl e descri bed in Exanple 2, obtained

rior to cycling. FIG 6 is i t he
p y g %aﬁﬁkWGfgﬂ%&WhN@fs

ger mani um ni ckel -silicon- 25 um num sanp escribed in Exanple 2,

obt ai ned prior toFtg.clisagl iskhG-ray difftagsen mofike fohtheahohimng-pécémr mance, in
terms of reversible specific ..c it f the X .

ger mani um ni GRBEARER FagRle SetirioRd i Exnbls LuoktePed ot R @it e 2. Fics. sA
and 8B are differentizA imatbhegehldices F&%lﬁiaﬂ@g ifh R9rmk BE revdible specific

ger mani um ni ckel -silicon-al um num'sanpl e described in Exanple 2. -3
15  capacity, of the aluminum-silicon-manganese sample described in Example 1.
FIG. 2B illustrates the cycling performance, in terms of coulombic
efficiency, of the aluminum-silicon-manganese sample described in Example 1.
FIG. 3 is a differential voltage curve obtained for the aluminum-silicon-
manganese sample described in Example 1.
20 FIG. 4 is an x-ray diffraction profile for the germanium-nickel-silicon-
aluminum sample described in Example 2, obtained prior to cycling.
FIG. 5 is a TEM diffraction pattern for the germanium-nickel-silicon-
aluminum sample described in Example 2, obtained prior to cycling.
FIG. 6 is a TEM photomicrograph of the germanium-nickel-silicon-
25  aluminum sample described in Example 2, obtained prior to cycling.
| FIG. 7 illustrates the cycling performance, in terms of reversible specific
capacity, of the germanium-nickel-silicon-aluminum sample described in Example
2.
FIGS. 8A and 8B are differential voltage curves obtained for the

30  germanium-nickel-silicon-aluminum sample described in Example 2.



WO 01/52337 PCT/US01/00163 FIG 9 illustrates the results of a
differential scanning calorinetry test performed using the

ger mani unwigy @ks@k37si | i con-al um num sanpl e described in ExgmhesooolsG 10
is an x-ray diffraction profile for the alum numsilicon-copper 5 sanple
described in Exa Lned prior to.cycling FIG - .11 is a
differential vol '?%@' %H}u\%ﬁr&%ﬁh{%rﬁ u&%s (gra %r&gt a&rsngar?l%rﬂlr Clahr%:%?gy t(%%)tpper sanpl e
descri bed i npkfempdeusing tht @erndahinrh!niciel-siliesn-bhenifyialshmglenRséribedamnce, in
terms of reversible specific capacity, of the alum numsilicon-copper

sanpl e descr E¥é@Pler?-Exanpl e 3. 10 FIGS. 13(a)-(d) are in-situ x-ray

diffraction scans t g i : LALC - Usi ngk L h

silicon-tin- copperl:?garf}%ﬁgﬂdzega?;ql %agﬁ#%pgﬁgé;ﬁé%fﬁgfﬂ@ %%C%’]F??P&ef ates the
cycling pérf eampledescribedtie Exsmple 3; bbtaged peist tovgictiage and tri ckl e charge,

of the silicon-tin-copper s | e having an e]ectrically conductive |ayer
described in Exarr%llé Eflsl l%mlil‘s"q\{@g%ﬁlrx@ P%?mﬁflff?rrt&%ﬁugﬁmﬁpéﬂ}qoé" for the
silicon-tin-¢ LS Al ReSeritaah BYa@Pes ectrical |y conductive |ayer
described in %ﬁpﬁleﬁa eog% ai neg pr gr to cycling. FIG 16 illustrates the
cycl i ng perfor nand¥G. 1hillusratss tike ciyclirg/par&irinhece, onfeans virevakiblcwpeaificeal ed

and unanneal ed silicon-tjin-co r sanpl es described .i.n_ 20 ampl e 6.
DETAI LED DESERASHY 3 Ui BBy B iteen CORRO SPEP BilssHiked it FEOBREr cal
conposi tijgn and 'FI_GSQF:*(E}J&%)%@in@?t%ﬁ-\ta%l?fﬂia@ﬁérh&ﬁgal%ﬁﬁfn}éd ®font &1l Nventi on,

above. They may be in the formo in filnms or powders. The thin filns
may be prepaceestuisiedgsivg thesiindmtinsoppes sampleieseribedlin Enamplggor deposi ti on,

vacuum deposi ti on (L. utteri vacuum evaporatiqn, melt i nni ng,
ap ot coor i no.  spFIg Bt R b O REtH EORRRERE ShrselRet ol e

l'i ke. The pow@fr&m@?, Bf gRafledndin esppbysanitié Aviheshdletides]ysuch as
ball-mlling or chemi cal reduction of active netal. Alternatively, the

powders may KengicEpateyar described indixgmple T+hin filnms and then 30 pul verized
to form ppwders. The f4RGHLOME SAIRASE bloPlSto? it SR EHEGS Y sdtsgLy! 10

secondary |ithium
having an electrically conductive layer described in Example 4, obtained prior to

cycling.
FIG. 16 illustrates the cycling performance, in terms of irreversible
capacity, of the annealed and unannealed silicon-tin-copper samples described in

20  Example 6.

DETAILED DESCRIPTION
The electrode compositions have the chemical composition and
microstructure described in the Summary of the Invention, above. They may be in
the form of thin films or powders. The thin films may be prepared using
25  techniques such as chemical and vapor deposition, vacuum deposition (i.e.,
sputtering), vacuum evaporation, melt spinning, splat cooling, spray atomization,
electrochemical deposition, and the like. The powders may be prepared directly
using techniques such as ball-milling or chemical reduction of active metal.
Alternatively, the powders may be prepared in the form of thin films and then
30 pulverized to form powders.
The electrode compositions are particularly useful in secondary lithium

batteries. To prepare a battery, the film containing the active material is used
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batteries. To prepare a battery, the filmcontaining the active material is
used -4 WD 01/52337 PCT/US01/00163 directly as the el ectrode.

Al ternat i we) oiys2887 the active material is in the formof apdousdeneicshe
powder is conbined with a binder (e.g., a polyvinylidene fluoride binder)

and Solvent g7 mid LU WOlG 21yt DSR: SARLGHERLS, A RERkhngr wisi ng

conventi onal coa ecnni ques an oft1Torm e

el ectrode i spbwiidietheqomidicnBdtonibinedaritieh biadeole)d. & poldviaylkdenefiabgiect r ode.
The el ectrol g,te may be a solid or  liquid electrolyte. Exanples of solid

y liquid
el ect r ol yt esPinden gad splypnttaforam a plupy raich isdhen cagtedonie p hasking wiee oxi de,
pol ytetraflu . L Ne- L , jnations
Pherof . - Exanl chiidfPhuire fuahdles SREMALIN M E BRPUMIELS: TR00EA0R 1
di et hyl 19 cérheoabmedpridpyt doeralgehodatcountaretbcroddi nati ons t hereof . The

lectrolyte i ided with a lithi | ectrol yt | t. Exanpl f
Ui tabl e sal (5 i nRGEESEppiesay bs ipobd ChiGET ele Ve SBTIeSe SR t abl e
counterel ect IRRShdd L CHIH r i ning batteries
i ncl ude Li c:o%z??@(il?%oo 2|\c|iiéoﬁ, %5@&11%1@%%5&@%((4%32%&cﬁ%&yﬁ%}@%&%ﬁ% ot abl &
count er el ect pogetinposihyleansfliaomeswhiathieg ecpalphers camclovndiimitiogs bat t er i es

i ncl ude Li V3 and_Li V205. . The i nvention wll w be described further by
way of the fBFIGN REAaEs Apiagd s tekimtite i AEpe PO BREpHr at | on
El ect r odgy mat&bbiihs, ph&FyBed QPRIAR, hill ddMSoihIdms Aerddt Mhbicld¥BoRtd Rer by
sputtering or by melt SFI nni r;g@accor ding to the foll ow ng procedures.

1

Sputtering Pprvededvetiyag lifgumletastrolytresalt iExanpldsed sniddble alis indlndesLiREs.e

prepared by entjal~@r single target sputtering using a nodified
Per ki n- El rreri%%f‘d%&d %occ}@f‘ 2400-8SA Sputtering System The original 8 inch

di ameter of sputt Bkamplk @ﬁmi%le&dhﬁﬁk@Mde%ﬁqPoﬁtibﬁbCf@r dip@aeicetroge:-
magnetron sputtering sources comercially available from Mterials Science

of San Di egoc@Aainipgdasipries eiuAg Licrlix b4CaeNb spovitndddMmsPngEstnplayahced
Energy Mpglel o NR¥elQuidfersiBiiddag rcbﬂl%oﬁam?sr for SRR élgaro(?ﬁg-rc%}lfaﬂﬁné Batteries

include LiV3;0g and LiV,0s.
The invention will now be described further by way of the following

examples.

20 EXAMPLES
A. Electrode Preparation
Electrode materials were prepared in the form of thin films either by

sputtering or by melt spinning according to the following procedures.

Sputtering Procedure #1

25 Electrodes in the form of thin films were prepared by sequential or single
target sputtering using a modified Perkin-Elmer Randex Model 2400-8SA
Sputtering System. The original 8 inch diameter of sputter sources were replaced
with 6 inch diameter dc magnetron sputtering sources commercially available from
Materials Science of San Diego CA. The sputtering sources were powered using

30 Advanced Energy Model MDX-10 dc sputtering power supplies operating in
constant current mode. The turntable drive unit of the Randex System was

replaced with a stepper motor to improve rotation speed range and control. The
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constant current node. The turntable drive unit of the Randex System was

replaced with a stepper notor to inprove rotation speed range and control.
The -5 WOWQld133837 PCT/ US01/ 00163 System was punped w th por/ukeioegeped oi |
di ffusion punp backed by a conventional rotary vane punp. Sputtering was

perforned at kg Iﬁﬁlﬁbgd 5 e pressure was
mai nt ai ned byi‘,(g:o%[k)rv%g I ng ﬁﬁlttaﬁ%%%%@?@%ﬁidﬁ%%%mﬁﬁéﬁm%b?% a 5 venetian
bl i nd-styl e comdmtibaaicetatyi vanegumpl. aced over the diffusion punp. A copper

foil (thickness =_0.001 inch S bonded to the wafer-coo suybstrate
turnt abl e of the FRHISRIES)S G GOP gl GobPE-Sttl hGHESr 0b LagR RBM - Br and

Y9415, comernge %&és&’u@\()gés hn@higinkl %Sr}cléMr&ﬁHg WarPn Bbw iP8MnbinkMdn wihG System

was cl osed and punped down, typically to base pressures below 1 x 10-5 10
Torr ('t heS bayengtiapdindetybe candutiencielpoger placedi aventhe diffudiorcpipp. The sanpl es

were etched prior, to deposi.t.ion usi t.he "Sputter. FEtch" de .of the
Randex System wi ﬁmcﬁpy?%%%cmr O;tg)ﬁllfl‘ga Vf%li’toﬂgeds‘i?t}g? Ve eé'cf’?}Fﬂt abl e and
an argon pr esgbsiRtedimtsbidbOhe RandéNSysiaHubRkidagble Rareihesi tapdragedur e
caused the copper foil surface to be bonbarded wi th noderate energy argon

i ons (100- 15Brend YP4LY, gpmmerciellyeatrailabletiroan d¥pgempandof Yisbaw, Mdod Thehesi on

of the sputter filmto.the cq surf ac A. typical gl eaningoycle was
150W or 30 A aPeLs Geeh e fRiatEiiont St badriengro s thg X HE cycl e.
Fol | owi ngo et QldkmEhe B3 prepsiire Eﬁbﬂ@ ®PUSIHES st BribéA). Bk dammplivige @

mechani cal shutter between the sources and the co(g)ﬁper substrate. This
removed 20 EkRedRTiENISPPTidon eHes teuSpette fitelydrodd efitbeRaadgsosistethg t hem on

t he substrate,. f : r - erm ned
current Ievelggﬁlgfr?d% %I%%qrgﬁﬁl?% tt%?}e{é gug)%tr%?tt@&%%%ﬁg%%éﬁd%%%sgﬁﬁn time,
one or both SanTaesn wersputtdringrehdmbéf, . TiSp pidcedira galded cettopper#dil 2orfhdd M5 wer e
prepared using a sputteri ntg coater consisting of a_conventjonal = web

handl i ng systehy B‘!’IPWrHE)d ¥ e irrasaEoB el (A00re@FYe BolvEaeHran 1ol |
PP L S i R ot T S
exposed ar eatygfical keaning cycle was 150W for 30 minutes, with the substrate table rotating

during the cycle.

Following etching, the sputtering sources were started up using a
mechanical shutter between the sources and the copper substrate. This removed -
20  contaminants from the source surface without depositing them on the substrate
surface. Next, both sources were started up at pre-determined current levels and

deposition initiated. After a suitable deposition time, one or both sources were

turned off.

Sputtering Procedure #2

25 Films were prepared using a sputtering coater consisting of a conventional
web handling system driving a 6 inch wide web over a water-cooled chill roll
opposing three 6 inch long water-cooled sputtering targets. A multitude of water-
cooled shields confined the sputtering plasma and defined the exposed area of the
moving web. The coater was evacuated using a CTI-CRYOGENICS ON-BORD®

30  high vacuum cryo pump and a Leybold high vacuum turbo pump model 220
backed by a conventional roughing pump. The targets were powered by an

ADVANCED ENERGY MDX II dc power supply operated in constant power
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novi ng web. The coater was evacuated using a CTIl-CRYOGEN CS ON-BORD(r) 30
hi gh vacuum cryo punp and a Leybol d hi gh vacuum turbo punp nodel 220

backed byuyg G@Rygntional roughing punp. The targets were RBRYWeESToH¥;an
ADVANCED ENERGY MDX |1 dc power supply operated in constant power -6 WD

01/ 52337 PCT/ US01,00163 node.. Sputteri was performed at 3Qmlor.r in an
ar gon at mos RS, SR i erREReh b s Fort P RO AR R e AL bl
control | ed t e spimletiiy wdQROHic web §FrEE Lomtollca RS AHGuIVRE Béasited Mel t

Spi nning Procedure 5 I n preparation for nelt spinning, ingots of the netal

m xt ure wer emgfeaighfcegtingwefzdt) ows. A nmixture of nmetal pieces was placed in
a 50 nL alumna crucible (Vesuvius MDaniel, Beaver Falls, PA). The

cruci bl e V\as{\g‘%‘ﬁgng‘{%ﬁ&e&ﬁﬁphi te fiber-wound susceptor and the

cruci bl e-con ceptor was placed into the copper coil of a Mdel
2030 GCA 3/acuum | hopiepamatiofformastespizang, angovaofhmniddal iImicttist megsspreplasdua,

NH). The furnace was evacuated tq a vacuum of about 0.05 mlorr, the radio
f requency po%ﬁ’?@ﬁ’ﬁpﬁym\’/ﬁgret P pigees &’ﬁﬂglaﬁ%dm%( Qmd- nayEugilg and

nel ted for ap@illyyihsMUDardiQ, BEAKE E?l§’ m' e ACIRE v&ﬁg’giah&gint& Qg%a{;)ﬁﬁé’l ting

i ngot was renoved tfromthe cruci broken w th anmer o smal |l er
pi eces to fofiesaomdsyscaptasanfiche cratibles@imanmg.suscepbh evasplaced pitmthieng

process was conduct.ed.as, fo A stand uartz nozzle for nelt

b i ng. nes CatBLA b6t MpdebbSUReR LB CF et MO VR ac ¢ e
tip measyyi Nehdds®i36, NaGha, NHA Aiefufiace Avab biRehte@fto 8 38R BF £8B008T €
inserted into the nozzl e and suspended in a copper coil inside a vacuum

chanber. Tha'lyuathezadiodecqruarcycrayries stply tias tuwbehgn.tand thesmpgiieehspr essur i zed
nitrogen to th 0 nozzl The nqzzl e was_adj usted so that hei ght of

0. 048" neh waStestind REReips A0t PR & S350y e i bilis B diha o

i nch di anet efngbtivBeremBel frohlithe celtiBIb@nid biskeR waGUAkREmEOnfOsnEIREr and an
overpressure of 30 nm Hg was_ obtai ned between a nitrogen storage tank and

the inside oPieeofcovary smplaaiases for muleSPRiRg./ bel t driven Cu/Be wheel was
e e S e U
field. Wien hbelepfeasdt dpathihg guegioand using 10QR Prig@aadp@sr to create an orifice
at the tip measuring 0.030 inch in diameter. A number of sample pieces were
inserted into the nozzle and suspended in a copper coil inside a vacuum chamber.
The quartz tube was connected to tubing that supplied pressurized nitrogen to the
20  nozzle. The nozzle was adjusted so that a height of 0.048 inch was obtained
between the nozzle tip and the surface of an 8 inch diameter Cu/Be wheel. The
chamber was evacuated to 66 mTorr and an overpressure of 30 mm Hg was
obtained between a nitrogen storage tank and the inside of the vacuum chamber.
The motor/belt driven Cu/Be wheel was rotated at a speed of 2500 rpm and a
25  sufficient radio frequency power was supplied to the copper coil to melt the alloy
pieces in the induction field. When the pieces had liquefied, nitrogen gas was
applied to the nozzle to cause the molten metal to be ejected onto the surface of the

rotating Cu/Be wheel. The process produced a ductile ribbon having a width of 1-

2 mm and a thickness of 0.0012 inch.
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cycling, sanples were prepared fromnelt spun filnms by cutting the filmin
random di r ecthesigmicraleqwdeskzigh resslugion electrem néerioswps (HREMNMBgotgchcast TM 15
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m croscope WY Biseoaabsisythagis copmplepensiy ta therigfopmptienyeonsdingbmp thg 1t i s
capabl e of a-IB% t-to-point resolution of 1.75 angstrons and a m croprobe
resol ution of ‘angstronms for x-ray mcroanalysis. The mcroanal ysis

i nstrument at iPgior eonglisg,edmples avdNORANadDYATEReltIsbun Birieby cuttify thedilindilh | mage
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Di ffracti on andultramicrotomed to obtain slices thin enough for TEM examination. Slice

thickness was nominally 24 nm.
The TEM instrumentation used to obtain microstructural data was a
HITACHI H9000-NAR transmission electron microscope which operates at an
20  accelerating voltage of 300 kV. It is capable of a point-to-point resolution of 1.75
angstroms and a microprobe resolution of 16 angstroms for x-ray microanalysis.
The microanalysis instrumentation consisted of a NORAN VOYAGER III. Direct-
to-digital image acquisition and quantitative length measurements were performed
by a GATAN slow-scan CCD (charged-couple device) camera. Z-contrast images
25  were generated using a JEOL 2010-F field emission TEM/STEM having a

resolution limit for both imaging and microanalysis of 1.4 angstroms.

C. X-Ray Diffraction
Diffraction patterns were collected using a Siemens Model Kristalloflex
805 D500 diffractometer equipped with a copper or molybdenum target x-ray tube
30  and a diffracted beam monochromator. Approximately 2 cm” samples of the thin
film were mounted on the sample holder. All the sputter-deposited samples were

on a copper substrate which gives rise to a series of identifiable diffraction peaks at
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separator and a |i am ne ve electr The el ec %I%/)he was nol al

LiPF6 in a 1%# WQ}Sthﬁe IB{CI'WP%tﬁIet IB’(?F](%PtOéOLQ i° S@B?rBE?ﬁat e.

The coin cel ipgani@s nﬁagétl\}%%'lectﬂ@)ﬁgV‘I‘H@Qle«\ﬁ'rélgite&véé' 1rﬁaia§lellﬁaqelaser ng 18
mmin diameter. A 21 nmmdianeter 10 beryllium w ndow (thi ckness = 250

m cr omet er s) mikreadffetixdenet erbanate andi digthyifcatpmateh dibe caii ged can prag Seuihes

sensitive adhesi 0S om Rosc of Port Cheste . The
el cci oo PR R ERARAhalt B Rhe A S e ke e Kl 10
. % SUPED - SbeFIIReN witk K (thidsCarisonnicRehdén)Was afited dthe Yasid ofthey! | dene

quorlde to forma coatable conposition, and then coating this 15
conposi ti on HPlagA RFpIsEre weasiive adwsiye{BescopendaemdRqsae B Hoxt 6?hpﬁer,can The

| I
Costed ai i s e BUHEaL IRRHEY A Bilohiea ) SRR bRl MR, |1, oS
bet ween fi xedO®agasupst-3 tarbdisblask MIMMNBCRER Beygit@),. andSewd.%r st di schar ge

was to a limt of 660 mAh/g. The first charge was to 1.3V,  and over 600
mAh/ g of 20 PPltymnaHsiw&sﬂlmd@é%f@al aqfr?éahkmmmsstmaﬁ@émﬁagowgﬁée mAh/ g. The

cel | s 50uBb S o AT, FEOARIS bERCH AR bRIcheaRluRlaan! v i schar ged
Ty iR DR W pf

and charged between O X-ray ractoneter was repeatedly
scanned every t hr d@ge hdlimss a§l§hmbte&isandmgnrpad chsed o aredretilled ghooe bhat Itt he

di sch to 600 h/. | d tak bout .20 hours hour X-r
G TTracet on’ 35S fstaap G tat it fe St cateanrrae 30 Bl Bhpd Wehnar ge and

di scharge.  petween fixed capacity limits using a MACCOR cycler. The first discharge was to
a limit of 660 mAh/g. The first charge was to 1.3V, and over 600 mAh/g of
20  lithium was extracted. The next discharge was to 720 mAh/g.

The cell was mounted in a Siemens D5000 diffractometer, and slowly
discharged and charged between 0.0V and 1.3V. The x-ray diffractometer was
repeatedly scanned every three hours. The testing current was selected so that the
discharge to 600 mAh/g would take about 20 hours. Two hour x-ray diffraction

25  patterns were collected sequentially during the charge and discharge.
We now describe the preparation and characterization of specific electrode

samples.

Example 1
An amorphous film containing 54 wt.% aluminum, 28 wt.% silicon, and 18

30 wt.% manganese was prepared by sputter deposition according to Sputtering
Procedure #1 described above from a single target using a current of 1 amp for 120

minutes under 15 mTorr of argon and a sample rotation rate of 38 rpm. The
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W now describe the preparation and characterization of specific el ectrode
sanpl es. Exanple 1 An anorphous filmcontaining 54 wt.% al um num 28 w.%

silicon, agbh1k333730 W . % nanganese was prepared by sputterpcdepmsiodic®n
according to Sputtering Procedure #1 described above froma single target

using a curr fes 1 1T f argon and a
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according to the 5 procédure descri bed above using a nol ybdenum t ar get

x-ray tubg amdodedursalesdribetiabpye ushgya mplybilheup dargeirnraytobesantois pesdkeh firor

crystalline a.uminym silicon, or anes or crystalline internmetallic
conpounds of %Jﬁ@g: Ir\))H’.e pﬁ?tfmpsé‘gﬁ@ nﬁpgglésnﬁ?’g k Fﬁ"‘gi”ﬁé‘i‘ﬂmf“%ﬁ’nf%lfiﬁ%é’( used in the
sanpl e backi mgangliRe CoterystalliReiesthmefalled cdniigouintls BT WESSME SAIE PeAS pk@bhtows. AN
el ectrode was O cut fromthe sputtered filmwith a die neasuring 7.1 mm

The test cel lorigegtesfromicopparaised inthopampletrekingl m f or med the cat hode and a
lithiumfoil (abo 300Q.. Mmcr t thi ck, Ll able friomAldrich Chem cal
%RF)&QF%%”%&%{% of 2 Vgarls tg&%(gﬁ%faolﬂows A eilf_:ctni)ﬁté Wasi | was

Co. of M | waukee, € anode o coln ce

constructied et fRgmaheShutlefdddiat @ith bllicep@king t7nyma eTHOeiepR Mak @rhalfThe
electrolyte was.1 nolal] LiPF6 in a 1:1 v/v mxture of ethylene carbonate

and di et hyl €gH Bbwhick theihmp fermed dbepashogderand adihivasfodl (ab@K3080] | ect ors  and

to fill void ' . ; I } gal n of the cell
was neasured n%é&%getggm%%%@%ﬁgﬁmﬁgﬂ@ g@?%?gc%ﬁﬁggag fﬁ\g)cell was a
const ant cur femiedths elvatege acit228 cbin 0. mMA/ cn2 down to 5 nV and then a
constant voltage di scharge until the current fell to 50

i cr oanps/ cn®. Thé&"i"mw@s canstpRisdising 3 %er@ﬁt)er %QWSIY?,‘hYIE%"paCi ty was
about 1499 M Latod MERCALANRE R MEMEL B BEEr wORdktOBFeBAENd OF

constant current charge and discharge at approximately a C 3 Tate (0.5
my cnR) carbonate and diethyl carbonate. Copper spacers were used as current collectors

and to fill void areas in the cell.
The electrochemical performance of the cell was measured using a MACCOR
cycler. The first discharge of the cell was a constant current discharge at 0.5

20 mA/cm® down to 5 mV and then a constant voltage (5 mV) discharge until the
current fell to 50 microamps/cm®. The initial discharge (lithiation) specific
capacity was about 1400 mAh/g. The cell was then cycled under conditions set for
constant current charge and discharge at approximately a C/3 rate (0.5 mA/cm?)
with cutoff voltages of 5 mV and 1.4 V. The reversible specific capacity and

25  coulombic efficiency of the cell are shown in Figs. 2A and 2B, respectively. The
results demonstrate that the electrode film will reversibly cycle at greater than 450
mAbh/g for at least 450 cycles with a coulombic efficiency that is greater than
99.0%.

The differential voltage curve for the electrode is shown in Fig. 3. The

30  curve shows that there are no significant changes in the electrochemical behavior

of the electrode during cycling, indicating that no large crystalline regions

developed upon cycling.
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with cutoff voltages of 5 nvV and 1.4 V. The reversible specific capacity
and 25 coul onbic efficiency of the cell are shown in Figs. 2A and 2B,
respecti veloy1/stk® results denonstrate that the el ectrode gdtugowodiss
reversibly cycle at greater than 450 nmAh/g for at |east 450 cycles with a
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a crystadli eecystihghtérdind td BV Rbcddars desaiearovs TONTEM diffgactibn | | kew se

| acks features characteristic of _a crystalline material. The cycling
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fromtwo strij t | t i Eng. 15. ] g by 1.15
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a half cell foatwhs clarddoisticlofiafcoystadline inetedalt hode and a lithiumfoil (about

0.015 inch thick_and 17 mmin dianmeter) forned the anode of a 2325 coin
cell. The cell wd eezs?]lgxgrta?é@‘élar A dilm vasdested %?efﬁﬁw-cgnegqcaa%wem

separ at oj 5 ( Cﬁ%#ﬁfeq fRm ]g?vQ% t@ﬁ@% Io?ﬁfe‘?r&eé{?—%)un f1RE ofd ﬁﬁ:ﬁﬂrﬂgtl%.mﬁm]ioxtqg bal LiPF6

inal:'1lvlv xture o ene onat e and di et hyl carbona
1.15 mm wide and the other measuring 7.76 mm by 1.15 mm wide. The test cell

D
o=

was a half cell in which the film formed the cathode and a lithium foil (about 0.015
inch thick and 17 mm in diameter) formed the anode of a 2325 coin cell. The cell
was constructed using a 0.001 inch thick Celgard LLC separator (Celgard of
20  Charlotte, NC). The electrolyte was 1 molal LiPFg in a 1:1 v/v mixture of ethylene
carbonate and diethyl carbonate.
The electrochemical performance of the cell was measured using a
MACCOR cycler. The first discharge of the cell was a constant current discharge
at 0.5 mA/cm? down to 5 mV and then a constant voltage (5 mV) discharge until
25  the current fell to 50 microamps/cm®. The initial discharge (lithiation) specific
capacity was about 800 mAh/g. The cell was then cycled under conditions set for
constant current charge and discharge at approximately a C/3 rate (0.5 mA/cm®)
with cutoff voltages of 5 mV and 1.4 V. The reversible specific capacity is shown
in Fig. 7. The results demonstrate that the electrode film will reversibly cycle at
30  greater than 400 mAh/g for at least 20 cycles.
The differential voltage curves for the electrode are shown in Figs. 8A

(cycles 0-5) and 8B (cycles 6-10). The curves show that there are no significant
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The el ectrochem cal performance of the cell was neasured using a MACCOR
cycler. The first discharge of the cell was a constant current discharge

at 0.5 MMy ®/sdemn to 5 nmv and then a constant vol tage (5 pofyusdiselaar ge
until 25 the current fell to 50 m croanps/cn2. The initial discharge
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changes in the el ectrochenjcal] hehavior of the el ectrode ring i ng,
i ndi cating PHEFATRBCY FSERRPG 23@@%%&%0 HE%P%;%‘&T&%‘BHIQ{?% 4%

ceanning oal oy T e e dnd iGuleo PP RoRCHREC A% e 8 e Eere““ *
brogr amed {0 ScAbL] 12 %ﬁiﬁg‘t‘é‘%?ét o e B T
programed to stabilized a or m nut es en ranp from o]
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rate of rln | e chanber was fl ooded with
ar gon ga% aﬂ&f}ﬁ?‘i‘% rer erﬁ"’d‘.%& d denonstrate that the sanple
has a 10 crystal lization terrperature of greater than 150EC. Exanple 3 An
anor phous fi Egh@gRtAI ning 74 wt. % al um num silicon (50 wt.% al um num and

24 wt.%silicon) and 26 wt. % copper was prepared by sputter deposition
according to Sput ﬁ@r&lwpmlb‘cfédmoéltmmﬂééﬂtl%@hlrmb@mélhmﬁﬁaﬁvt175

al um num si | i foYo) r ase taI anal ysi s,
the alum nuﬁ}ﬁm 1 con ?4%1 %1(1:18?1 az}%r(liezt(?a% °WPPEs E%nqr arec%?(’j

silicon. DeﬂQﬁsitidﬁmcE@ﬁl@QG(S@mtér&igeﬂoUéﬂﬂl@é #naesair Béd attfve dFado Ain USI ng a
substrate rotation rate of 38 rpm The sgutter rates were 180

angst r ons? i AGPENYMsilioe t%ﬁrﬁnﬁl@rﬁopm tagggh Based spomplgmentahapdysio s mi nut e
for the COppqurrhﬁﬁrg-%ghco;qQgrgétpéétn{a%edmts.% #ininum and 32 wt.% silicon.

Deposition was accomplished under 12 mTorr of argon using a substrate rotation
rate of 38 rpm. The sputter rates were 180 angstroms/minute for the aluminum-
silicon target and 18 angstroms/minute for the copper target. The sputter-deposited
20  film had a thickness of 4.61 microns and a density of about 3.13 g/cm®. The
| sample also had a 300 angstrom thick pre-layer of copper and a 300 angstrom thick
post-layer of aluminum-silicon.
The x-ray diffraction profile of the film was measured according to the
procedure described above using a copper target x-ray tube and is set forth in Fig.
25  10. All peaks present originate from copper used in the sample backing. This is
demonstrated by the fact that an x-ray diffraction profile taken of a film prepared
according to the same procedure but with the copper backing removed does not
exhibit these peaks.
The cycling behavior of the film was tested following the procedure
30  described in Example 1. Fig. 11 illustrates the differential capacity of the sample
measured during the first 6 cycles of charge. The differential capacity is smooth

and featureless, consistent with the absence of crystalline material. The reversible
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20 filmhad a thickness of 4.61 mcrons and a density of about 3.13 g/cnB.
The sanple also had a 300 angstromthick pre-layer of copper and a 300

angstrom g @ks23post -1 ayer of alum numsilicon. The x-ray pdithfdoaeéis®n
profile of the filmwas nmeasured according to the procedure described

above using e - r t i fAQ, i 3 25 10. Al
peaks pr esen? a@?ﬁg?ﬁ%&%{lg‘r %l%é%ugg%%tr@}égé‘ggﬁd%botﬁ hzﬁds%lr?'%’%}q%@?&ﬁgtw"rh| sis
denonst r at ed rdthatgeeylast At bledwiin Rigl 8 titH Jahipie tetnedos odpabey bbdnt 660 a film
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tested followi ng the procedure 30 described in Exanple 1. Fig. 11

illustrates EQngif{ erential capacity of the sanple nmeasured during the
first 6 cycles o < arge. The differential capacity is snoboth and
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reversible -12 WO 01/52337 ,PCT/ USOCFl?/ 0Q163 capaci t% 0{6 1 h% film asur ed
at C/ 40, was C%ﬂf”aslﬁf?l’ﬁ{é?ﬁ/bg SPBILen GPROFIPR RCOENE Fuepiicyase §%‘168‘§,r.e shown

inFig 12, H%ri%%&eﬁﬁfr%‘ ﬂW@oﬁPﬁ@ﬁ&tf?r ik BReUtdiGARal ¢ sgTher over 100
ous |

cycles at ¢ 10. Exanple 4 5 An anorp | mcontaining 30 wt.%silicon,
66 W . % tin, sputteringwtas Yondustasemdan30 priopoefcdgdyusngie teb spegdaditd4don

power for ¢ ndbi ok rsst iR a Qe ERES P e PRET i UEE BT e under
30 mTorr10f aegRRcd sl NetPoM®BuSP REhsAwI). RA0 thictdH thick dobp& fhbaBShs) Of

identical silicon/tin/copper conposition were sputter 10 deposited at a
rate of aboutodedwithg/binger Was Peechascthe hagking kI eoppskingfvois prepraghPy  coat ed

wi th a binder CcKi:RY.4: } r d coating
the foil wit ﬁ"%%% t&ff‘g%‘gr;“fl%@Q?’ssgggg?lé?@%?g%hgwg’.qv%\gﬁ%%r %?%‘g’r%@mand 60
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Pk, 852V, ok By DRyl il Mg ety 0 o
mat eri al was habt ghicleess of about 5 microns and a density of about 4 glem’.

The x-ray diffraction profile of the silicon-tin-copper material was obtained
using a molybdenum target x-ray tube and is set forth in Fig. 15. It is characterized -
by the absence of crystalline tin and silicon. The large peaks are due to the copper

20  foil current collector.

With the help of acetone, the film was scraped from the copper backing
using a razor blade, pulverized, and sieved using a 270-mesh sieve (U.S. standard
sieve size; ASTM E-11-61). This material was then used to construct a 2325 coin
cell for in situ x-ray diffraction measurements. To prepare the coin cell, a

25  dispersion was prepared having 86 wt.% of the material, 7 wt.% Super-P carbon
(MMM Carbon, Belgium), and 7 wt.% polyvinylidene fluoride binder in N-methyl-
2-pyrrolidinone. The dispersion was then coated onto a copper foil and dried
under vacuum for several hours to remove residual solvent. The resulting coated
foil was to construct the 2325 coin cell using a lithium foil (about 300 micrometers

30  thick, available from Aldrich Chemical Co. of Milwaukee, WI) as the

counterelectrode. The cell was constructed using a 50 micrometer thick
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usi ng a nol ybdenum target x-ray tube and is set forth in Fig. 15. It is
characterized by the absence of crystalline tin and silicon. The |arge

peaks ar ew@dua/sess7t he copper 20 foil current collector. Wpdridegotehp of
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The resul 5i nd36hHahews theanitialpestetrooftthn stecuiade hdfere2BEBiscluirge aetdnt was ng a

lithiumfoil .(aboyt 300 mcroneters 30 thick vailable fromAl drich
Cheni cal Co. 115}&%31 @iﬁ%e@m#ﬁl  priEem op gl PRcoRBaETTRETE BT (s
const ruct edts}yngd, SOyIUR SR 6 el iflfow ) WEhAL3AIT0 RETHARL 00163

pol yet hyl ene separator. The electrolyte was 1 nolal LiPF6 in a"1:1 v/v
m xture of entipg erge anddisctaegeankhedireadhgdaks aettienad near 26mndid3udegraesgre

diffraction asurenents were perforned as described above wusing a copper
t ar get x-rayEﬁﬁﬁ%{hegﬁgopé%?qugﬁ?lgg?ﬁgm in Figs. 13(a)-(d). Fig. 5 13(d)
shows theoinitial matied)Rheks iHas-RlyekiFLE6n Paien fichiiRedhBGBOGEARMIITENt Was
initiated. Al sharp peaks in the pattern originate from conponents of the
cell (e.g., litepmhasbagn inepsporatedvok itlpeelenirodne Anishesnin dedigpre, eese peaks
do not chang uri ch and di.schar The,.bro eaks, cent ered near
26 and 43 dogredPeabehRgabt e RodlPr AR M ey FAEuRr SN aREE, ThcBRSE R o

13(c) shows trhaaix-bicad. N Evidedde@ cpatdledafionasiserddal t er 660 mAh/ g of
l'ithium has been incorporated with the el ectrode. As shown in the figure,

the broad peaks Ha&d3&nishows therigiosf thestrciade piterthelirsbsarevahoball thet hi um
1300y anave. (Raudy R HpepReRABHR R ncrintah A2l O B BRPIRST | T e
15 lithium HAmipabteeidencedfinpsallivatidnat obdertdde ori gi nal material shown in
Fig. 13(d). Agai r}-E'ig. nl%(asvshg\sg t % s(t)fIte 8 Sete elcltrio éa zggte(%Qitliligmolpass %regnegfserted

again to the level of 720 mAh/g. Once again, no evidence of crystallization is

observed.

20
Example 5
An electrode was prepared following the procedure of Example 4
except that the final dispersion used to prepare the electrode was made by mixing 1
gram of the sieved powder and 16 grams of a 4.5% solids dispersion of Super P
25  carbon and polyvinylidene chloride (70:30) in N-methyl-2-pyrrolidinone. The
final dried coating contained 50 wt.% active silicon-tin-copper, 35 wt.% Super P
carbon, and 15 wt.% polyvinylidene fluoride. The electrode was used to construct
a 2325 coin cell as described in Example 4.
The electrochemical performance of the cell, in terms of trickle charge
30 capacity and charge rest voltage, was measured using a MACCOR cycler. The cell
was first discharged at a high rate of 350 mA/g to a fixed capacity of 700 mAh/g to
lithiate the electrode. The cell was then charged at a rate of 350 mA/g to a voltage
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Fig. 13(a) shows the state of the electrode after lithiumhas been inserted
again to the level of 720 mAh/g. Once again, no evidence of crystallization

is obserwehi/szss7Exanpl e 5 An el ectrode was prepared fol | @p@mngsol o163
procedure of Exanple 4 except that the final dispersion used to prepare

the el ectr 905e 4% R tuft] Rintne SRATIAL NAE (L EXPIDANIRN B0d, 16 orams

of a 4.5% soli di'spersion on an vi nyl'T dene

chl oride (70(&9) cmmeﬂw fmﬂﬁylhmﬁtcp,)alfﬂemﬁihdihrthdﬂeell Wdlege inalyalropibetled Ic@¥t i ng
contai ned 50 % active silicon-tin-copper % Syper P carbon, and
15 wt . % pol yJ\iﬁ%ymeaBﬁléﬂfhwWémSmép@F AR B S AT e

2325 coin ce %gu,ﬁ eper fornmance
of the cell, IVl)lt ér%rs;ﬁ)?lla?éfj?g&f Egrhgeaﬂm:l?%p@falgg%ﬁ{/ an H%Egtlrhge rest

vol t age, fas eh:easaler €ld geseml) tire NAREER chacgerest Vihege atd thewase fiabletit @i schar ged
at a high rate of ed. c ity.aqf .700 mAh/g to lithiate
the el ect rodé(ers‘f?]‘éycieeil‘m% tthFI’i%?fe@ S?tbvégpﬁ ‘fosgtfeén%rfe%édm g to a vol tage
-14 WO 01/52337 PCT/ M§@113/e9913§§1e r@it p@ngd/ thOcQKWh@ardddta b Uo T4OF thbl@e

el ectrode. Next, the cell was allowed to rest (zero current) for ‘
m nutes, af t ehangkiDelf 36 meA bl 1. 2Mota rgwveayy Hthopm et wmovedat theh@lepmt@nti al

at the end of r er.i,od, was reco rded as the rest voltage."
" provi des. SHCESE TR ShEER eAGET TR RGO s

el ectrodey | Reri®nREaAd is dnBR B ORoulIADIE Bﬁfc%c¥ i getietall afe nandllithign Mor e
stable it is versus cycle nunber, the nore etfectively lithiumis being

removed. At femoveddiusingepplication of thei tiekle charge.dhe lewagff@ﬁlaﬁ deckleatrogel liow rat e

("trickle n | renoved at
t he hi gher ra?ég%(gﬁgﬁthn%?n W%&gt}lilghzr\é“% rge%glgap%l%i'ty |dlségga{%?r%té1)sure of
the extent oOfmihintilé thetdiOkle eh@gakapaody fer aadiadngRlS ahdtCbingi®h tovef f i ci ency.

In general, the nore lithium renoved during application of the trickle
charge, the [idde ghargeeappeity Mieraersaiedsaeling  at gi vi ng up lithiumduring

the highggate char geThéAf:eglﬂEsdfopﬂ{e%amgieddxé SIS fn@?eli hdTefifdl 2 the trickle
cle, n

charge capacity for a given cy to mainta ow trickle charge
capaci ty aft demoeqped edt thygeleactrgde performs well, both in terms of trickle charge and

charge rest voltage.

Example 6
An amorphous film containing 30 wt.% silicon, 66 wt.% tin, and 4 wt.%

20  copper was prepared as described in Example 4, and cycled according to the
protocol described in Example 5. The irreversible capacity of this film was
calculated as the difference between the discharge and charge éapacity after each
cycle. For the sake of comparison, three other films were prepared but they were
annealed at 150°C for 24 hours in a vacuum oven prior to measuring its irreversible

25  capacity as a function of cycle number. Annealing results in the production of a
semi-crystalline film. The results for all four films are shown in Fig. 16. The
amorphous film is labeled “A” in Fig. 16 and was cycled at a four hour rate. The
annealed films were labeled “B”, “C”, and “D”, and were cycled at rates of six,
two, and four hours, respectively. The results demonstrate that the amorphous film

30  had an irreversible capacity that was significantly lower that that of the annealed
films.

Other embodiments are within the scope of the following claims.
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15 The results for the sanple are shown in Fig. 14. The results
denonstrate that the electrode perforns well, both in terns of trickle
charge ango @xasmge rest voltage. Exanple 6 An anor phous fidagwgeoaispi ng 30
w.%silicon, 66 wt.%tin, and 4 w.% 20 copper was prepared as descri bed

i n Exanpl e 4% Rglgxﬁlmgﬁtﬁgrdi ng to the protocol described in Exanple 5.

The irreversible capacity of this filmwas calculated as the difference

bet ween t he di scharge aucklehaxdgeomppsiton yomaptigng:each cycl e. For the sake of

conparison, three other filns were prepared but they were annealed at 150C

for 24 hours in a2Y§EEENOPaKRTAlGopFistiBe AeaRiyRy of teastionp slpsireshsmicallys

capacity as ﬁmaﬁﬁf&élbﬂ@?a{ mEdE arkd 5’:‘1@3%?51‘16 é@&?&:h%eﬂ%aflfﬁlfﬁ&eselérﬁeﬂtﬁ ghpduction
IIm T a ou i

of a sem -crystalline e results for nms are shown in
Fig. 16. Yhein tedoyhofisn dmbrphbss inaiveleat] athBient mnffegpturdGhanemaias cycl ed at a

four hour rate. The nneal.ed filns were, |l abeled "B",."C',..and "D', and
were cycl ed Bforhogs wieh §i1¢ elecirgde comppsitign s fsgrrorated it a fifkyum patigiye

resul ts denppsd El& thbdghlah fad BTN Yharkb ldiBcBA b G180t dhbigMaESbYaRir&apaci ty
that was significantly l'ower that that of the annealed filns. O her

enbodi nents are within the scope of the following clains. -15 WD 01/52337

PCT/ US01/ 00163 T | AIMNED |S: 1.. An electrode ¢ QsSi.ti on conpri sing:
an el ectrode matefl al 28%?%’%\/"5850@88%?‘? Vo {Oa?qa%gg{}‘e{ﬁ%sald

el ectroch@n erbiryde hmARELI ddsils RERAtAlly Bitatastbitk AbcttRBShicANE inactive

el ectrochem cally active elenental netal 5 in the formof an anorphous

m xture at aflsmeptal metpdende urleralitize! elesiwchemisally ptivieslamentel segtalsel ect r ode
conposition is incorporated into a lithiumbattery and cycled through at
| east one full charge-discharge cycle at anbient tenperature. 2. An

el ectrode conposi Bi on agcsédiodd composidomudcondifg e ¢laisal vhfkigbadt r ode
mat erial consjsts essentially of at |east one electrochemcally inactive

el ement al nmeflrredidnaleppl goasise psentigheet Platatibhricdeqtipcherpicoldy Brgtiint al
ol ot rodk” maf SPAR Esnas afCNRRBL P e AR BH ISy AR MR HFHE e cal 1y
i nactive
4. An electrode composition according to claim 1 wherein said
electrochemically active elemental metal is selected from the group consisting of
aluminum, silicon, tin, antimony, lead, germanium, magnesium, zinc, cadmium,

20  bismuth, and indium.

5. An electrode composition according to claim 1 wherein said
electrochemically inactive elemental metal is selected from the group consisting of
molybdenum, niobium, tungsten, tantalum, iron, nickel, manganese, and copper.

25
6. An electrode composition according to claim 1 wherein said

electrochemically active elemental metal is aluminum.

7. An electrode composition according to claim 1 wherein said

30 electrochemically active elemental metal is silicon.
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15 elenmental netals and at | east one electrochemcally active el enental
netal. 4. An el ectrode conposition according to claiml wherein said

el ectrochgigg @ahbyy active elenmental netal is selected frompdieuwioeies
consisting of alumnum silicon, tin, antinony, |ead, germani um
magnesi um zinc, gadm i . i.hdl | .ect.rode
conposi tion according ?g}%?%%%Qfaﬁéggﬁggg:@%méﬁ (1)c an%JHgg%l{iy i nactive
el enent al netlkttrocherdatistaedvé elemehtfabmgrabigxirconsi sting of nol ybdenum

ni obi um tungsten, tantalum iron, nickel, manganese, and copper. 25 6. An
el ectrode conposition according to claim1 wherein said electrochemcally
active el enent al tal A 1 » . L accordi ng
to claim1 wherei ?sai @ﬁ%gét%ggﬁﬂggﬁg%&%@@ﬁ%gggggfﬁg%géﬁ%g &Imat al is
silicon. 516coMOp@ritiaPB3T tRAbHSH2/MAIABR. 8. An el ectrode conposition
according to claim1 wherein said electrochemcally active el enental netal
is tin. 9. An electrode conposition according to claiml1l wherein said 5
conposi tion is iniphe A dp@lodd chhipBsifibh Bcotding McIfne s WA §9gPOSI tion
according to claim1l wherein said "conpositionis in the formof a powder.
10 11. A |it hompediiden isan therfprooipposidey: (a) a first el ectrode conprising
an electrode material consisting essentially of at |east one

el ectrochem cally inactive elenental netal and at |east one

el ectrochem cally active elenmental nmetal in the formof an anorphous

m xture 1@t anbi ent. te@mrgﬁ@ibalég(&ﬁn@j@ﬁgmt erel ectrode; and (c) an

el ectrol yte separating said el ectrode and said counterel ectrode, wherein
sai d el ectrode nmaf®ri ak fHEplechoda FOMPHENS ak lesirodeapateak qoapistitgas been

cycled thr Ougge%aﬂyecﬁpsatt le%&eoge%lléctx%gﬁt{ngﬁélw ﬁlﬁgfwe%?erﬁyxﬁlﬂ%etéll%d at least

one electrochemically active elemental metal in the form of an amorphous mixture
at ambient temperature;
15 (b) a counterelectrode; and
(©) an electrolyte separating said electrode and said counterelectrode,
wherein said electrode material remains amorphous after sa.id battery has been

cycled through at least one full charge-discharge cycle.
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