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priority frowoai/m3swi sional application filed on January Fcyusg®sibeari ng
serial nunmber 601175, 893. TECHNI CAL FIELD This invention relates to

el ectrode Nt eri al ELECYRODETORPUSITIONS HAVING INPRGVEBTY GOING BACKGROUND

OF THE | NVENTI ON Two cl asses of materials have been proposed as anodes for
secondary lithiumbatteries. One cl aBEHAY¥IQRes naterials such as graphite
and other forns of carbon, which are capable of intercalating lithium
While the intercal ati on anodes generally exhibit good cycle life and

coul onbi c efficiency, their capSTATEMENTOF ERIORVEYy I ow. A second cl ass

i ncl udes meta | s that t al |l oy-type
anodes gener aIIy eth%l{lp%él Othrac% g’é‘?ﬁb@mﬂ {';?IAJFQ’VOEl E" lgepgf]l on- type
anodes, they suIaﬁm:ryle,cﬁOOObhmnlg\saiatnpmbdsr60;11654893.| fe and coul onbi ¢
efficiency. One reason is that the alloy-type anodes undergo | arge vol une
changes during 20 charge and di scharge. This results in the deterioration
of contact between the active par TECHENIGAEFEEQuUctive diluent (e.g.,

carbon) particles ty caII L ned | the . act articl to formthe
anode. The deteri ora f)ﬁ“’% 5%% %&0 elﬁcﬁ”owﬁtenal§|és§h¥&§) ??dali-yr}] "

cycling rate bebateries.. SUMMARY OF THE | NVENTI ON 25 The invention prow des
el ectrode conpositions suitable for use in secondary lithiumbatteries in

whi ch the el ectrode conpositjions have high initial capacities that are
retained evéd after repeat edBAWGRQUND@FMINUEEHONWpom tions, and

Pf‘t teries incorporatig f.0eo6 AR hdve B0y préfictedtsHRodes 3 stdonall§" uf actured.
lithium batteries. One 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

15  relatively low.

A second class includes metals that alloy with lithium metal. Although
these alloy-type anodes generally exhibit higher capacities relative to intercalation-
type anodes, they suffer from relatively poor cycle life and coulombic efficiency.
One reason is that the alloy-type anodes undergo large volume changes during

20  charge and discharge. This results in the deterioration of contact between the
active particles and conductive diluent (e.g., carbon) particles typically combined
with the active particles to form the anode. The deterioration of contact, in turn,

results in diminished cycling rate behavior.

SUMMARY OF THE INVENTION
25 The invention provides electrode compositions suitable for use in
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

manpufactured.



1°3 JUL 2004 WO 01/52336 PCT/ USOL/ 00151 To achi eve these objectives, thn;ﬂ,}L 2004
I nvention features an el ectrode conposition that includes a plurality ©

conposite pawbiogkmss adm xed with a plurality of el ectricapdyusisieeti ve
di luent particles (e.g., electrically conductive carbon particles). The

conposi tion nmay furtf@&ﬂg&%?ﬁ?o@ﬁﬁyﬁgﬁ% b fiGhurdsGn SlectrGe?

pol yvi nyl i dene fl uori de e conposite particles and
di l uent parti ctespaitondha pehslesia pltalitoeftpmpodite padictes adlmixed mithade an

FLoctroonerm ) bl o et R Bpeft i s B € AR oRRE LY
presenlt in anf aaﬁg?ﬁpaﬂﬁcﬁéﬁ).lemﬁémﬁﬁwﬁ' oft by furter itclulie Qbolyhﬁriaﬂindﬁrmg,sha e
particle. Prefer V,..the layer .is present in an anount no _greater than
about 50 wt .9 oP° Yle%nf)@g?%@%%%rhw@}crﬂéwqwsmaﬁl%@éﬁﬁgﬂman amount no
greater than abgticié®ardldisye:9éd.t he conposite particle. In a second aspect,
the layer 1is present in an anpunt no greater than about 75 vol.% of the

conposite particle, Thiepmpositapariiclesinciude an elactrachstmially actijednntal partislen about
50 Vol %o 25 yg aihuiddlg chitnEORRARL bR bdyelifle cnd Beud BBELe! EPGRVES L he
efficiency of t%gdaeﬂ ectro Z yre ugﬁlg tgﬁié ete%tlhoratdllgn of" el ectrical
cont act bet ween asiect, the dayer isphesentdmbd ymount he greater thin atwmt 73 wt.@ofdlred t he
el ectrically,co A i4.uen tic .during. cycling. A
"el ectroche Ocap%ﬁél%tg ﬁ@dﬁé éﬁtfqrgl?}g’ dée iﬁi%égplief% mRade oggtvﬁot |rtﬂ?ﬁnum under
condi tions typi abhitH0enSooithecanpadite partcle had giag de predent irsanhamayntuyp i n a 20
lithiumbattery. | ontra "electrochem cglly inactive elenental
retal 1o a B AP aRBLES hP o ConREE PRS- A A A PRRSE BGORE ¢ i ons.
In both cases, tdyesehtiniinafidtmino gréatdr U AboA 76 Vobfof Hiedbmpssikipitielen t hat
are sonetinmes referred to as, "netalloids." An "electrically copductive
Tayer~ s a I ay8hd FY PABSILIA 10 WL Eepters b ABRH o e G 2ol L 1 ¢ he
sem - conductisng compéite pertigle. THE ldyBEimRFclRS the feffRRMdY ofl e Blecte)daiby réditihgOr
greater. The expression "partially covering"” neans that, the |l ayer, when the
conposi te parti deAetesiopion abeledrici! coptagh bepeen the Plpeteechrraicallyadilia@etah | t hi um
e: eCE rol Kt € sa: fpam%lieh aNwthe BRcIBLAB1 doRfuttife difueaChRdes dGiny BetdingYi N
el ect rochem ca
y An "electrochemically active metal” is a metal that reacts with lithium
under conditions typically encountered during charging and discharging in a
20  lithium battery. In contrast, an "¢lectrochemically inactive elemental metal" is a
metal that does not react with lithium under those conditions. In both cases, the
term “metal” includes materials such as silicon that are sometimes referred to as
“metalloids.”
An “electrically conductive layer” is a layer having a bulk electrical
25  conductivity at least in the semi~conducting range, e.g., on the order of about 10°°
ohm™ cm™ or greater.
The expression “partially covering” means that the layer, when the
composite particle is contacted with an electrolyte that includes a lithium
electrolyte salt, allows the electrolyte to access the underlying electrochemically
30 active metal particle. In some cases, this involves an arrangement in which the
layer is in the form of a discontinuous coating on the particle such that the

underlying metal particle material is detectable using x-ray photoelectron
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30 acti've netal particle. In sone cases, this involves an arrangem&*n{| i‘&
which the layer is in the formof a discontinuous coating on the pa 13i L 004
such that th@oowstes| ying netal particle material is detecpablySoiaisng X-ray
phot oel ectron -2 13 JUL 2004 1 WD 01/52336 PCT/ US01/ 00151 spectroscopy

(XPS). In other }EFé&E a | ectrol yte
to penetrate thS ayecr’pl}aeﬁ‘sg'c%ﬁgt%&? g@’,ﬁ%&é@?{}ﬁ aX;&r@t&Z’PL“Fﬁ%ﬁr&pﬁé\‘% The
]E)erCﬁnt por(ﬁsi t7le@ft11ﬁhBJM|§1thslaj%erm%ﬁcmdﬁﬁam?crwbmﬁetalpmmr'ﬂmedure Sﬁt
orth in the Ex -he L Preferably,. the.laye as _a poresity on the
order of about gé}g%,&/ﬁg Wgn(’fﬁﬁéclgﬁf&é% tiged aﬁcqrﬁhf'gilou'#heﬁﬁ’?féﬂ’%ﬂf%@’ | ect rode
conposi tion pr ted@xainples,delowhiRrefefably, the$@REhdsiaposaspineh the cdderaf abom@ist about

100 mAh/ per grg@*}of active nmetal for 30 full charge-di scharge cycles and
(b) a coul omdic ficiency of at |least 99% (preferably at |east 99.5%

nore preferably at |vwaeh indSrpdfded'if b lidfurh Bhtter) GhEdadidRe Bhimpdiioge cycl es when
cycled to realize about 100 mAh/per gram of active netal of the

conposi tion. Pr gfeiaraly gxhibitsi(a) 4 spoeific sapapity ¢t least@boytd 00 ly perprag of 500
cycles, nore pr : I %‘&td . i@gap i ment ,
the el ectrode c?%?%%gﬁ%ﬁ@%ﬁ@%ﬁﬁg m@iﬁuﬁn&%@gﬁe y&l
exhibits (a) a syewst 3% (prefsrabiy at leskt 5% gnwe peticrably atll§ass 9R9Ffor3@ifulhr am of
active netal.for Ul e-gdj s Qe cl a _cou i C

ef ficiency é? at h geéélgé h@fé/(? |£olrgse anact%}@d m%%s&@éb@%mﬁﬁaﬁéﬁ%gg%l y at
| east 99. 9% f ome8of the cornpasitypn: Prefabblyghisdevel efperfhamncy sl redizedfarsad i ze

about 500 nmAh per gram of. aciiyve tal, of the conposition. Preferably,
this level of B%‘i‘?so%%f agfyrfgﬁ}@ééfc r 200 cycles, more preferably for

500 T:ycl es. I20 Exarrlphgﬁmmrer p‘qdfeha@bm_bdlmma:htsthéerccmkﬂe ceinpﬁiiﬁ@f;h@?@ cally active
met a partlce .l ncl ude, .a .nu Siiicon .g.,.anor pnou 111 con), tln,
o o 1 S incord i RS et i, 25 o Jgeisie Fap Ay SR AR 08 | i

The parti cl @smapo0 alahter B siacenaméhl BP3EfulllcBaké-antiRmadiley ald@Fhi Ve
el emental netals. Exanple

S
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
mAh per gram of active metal of the composition. Preferably, this level of

performance is realized for 200 cycles, more preferably for 500 cycles.

20 Examples of suitable metals for the electrochemically active metal particle
include aluminum, siﬁcon (e.g., amorphous silicon), tin, antimony, lead,
germanium, magxxeéium, zinc, cadmium, bismuth, and indium. The particle may
also include one or more electrochemically inactive elemental metals. Examples
of suitable electrochemically inactive elemental metals include Group IB through

25  Group VIIB elemental metals, as well as group VIII and rare earth elemental
metals. Specific examples include Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Y, Zr, Nb, Mo,
La, Hf, Ta, W, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu, Be, and Sm. Of this
group, molybdenum, niobium, tungsten, tantalum, iron, nickel, manganese, and
copper are preferred.

30 In one embodiment, the metal particle consists essentially of at Jeast one
electrochemically inactive elemental metal and at least one electrochemically

active elemental metal in the form of an amorphous mixture at ambient
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of suitable electrochemcally inactive elenmental netals include Groupieal .IﬁJL 2004
through 25 Goup VIIB elenental netals, as well as group VIII and rar

earth el emerw@bi/szomt al s. Specific exanples include Ti, V, rerushwonde, Co,

Ni, Cu, Y, Zr, Nb, Mo, La, H, Ta, W Ce, Pr, Nd, Eu, &, Th, Dy, Ho, Er,

Yb, Lu, Be, ' i st ddbenll] ’
u, Be, an %H&uge: Pﬁfa én;dz?%feg’{ﬁg i ﬂgf%%t &kéﬁhhl%f sﬁ]ibgg,%xeﬁnd

tantalum iron, ese, copper are preferred .30 I'n one
enbodi ment, t heopper.aThemixtire resmainsrasnosphous whemthie glectyodsfcogposibersis one

el ect rochem cal. '  ye € . I

el ectrochem calll}%érﬂog@ﬁ f\fl}éo ae%%}yﬁ%? téﬁéxc%ﬁg%@)gh o‘?‘?ne’sa%tf&g?'ﬂg%af ous

m xture at anbidischargSeyrh at binb2GOdmpédatiid. YR8 HmdrfhbhiISAdteR4) 164 materiger at ur e.
For exanple, the m xture may consi.st gessential l. f silicon,.tin, and
copper - The i Xttt e bast ans quler ErP st TR AR i on i s

i ncor por at ed i rybSerded Byl Nitay Aifradtion Wamdhssion eletGbeMidrébcopiost dffertr@ast one ful |
charge- discharge cycle at anbient tenperature. An "anorphous" material is

a material 5 tﬁm&a@ww ong range atomc order characteristic of
crystalline materi alphe @Ry U@L DY 12%er Yy dikd { hitfiler 8P forfnk. 2RURE S ST ON

el ectron microscopy or differential sCanni'ng calorinmetry. The electrically
conducti ve | ayembedimen the layen ineindes electfieallywondustiveearbomypaditlesdispersedhe | ayer

i ncl udes elgctr.j tiye partd cl.es .di 10 in a

pol yneric blfandedr1 Q?Le’f.ﬁgh.egggglg%l g%’éi’ %@? {’ﬁ@%]é@%leyg%%}l‘g#enggﬁ)%a% n ot her

enbodi nent s, t lrembodipemts, the Jayexis almdtal gyer sich las asoppecobenmiom lgyer.ocliaim | ayer .
In a particularl r,ef err ed enbodi t, the .comosite partj.cl feature a
| ayer of el ectqﬁf'}clcg]oaflil’ ng?ﬁ%ceﬁ%‘%%ﬁ@ynwﬁf’?%& e if%'ﬁfgg%%f%sa

pol yvi nyl i dene eecaibally cminttivelchibon partitlendispdisedas b polgvinplidene pimdér cl e, and
the el ectrode co sition i.s 15 prepared. by nbi ni ng the conposite

parti cl os wi t h EEUALY EPYSHE the AR Fmetel Rartels gal e glectiadh compophel Bs | 1y

s gc ond . pol ymb néﬁréllsmwyf dotifbiniskoth® chifipdsite biﬁiﬂhﬁﬁltb alb&tﬁbél@&ohmitﬁudédﬂ'ﬂ)_d he
above-descri bed. el ectrode.conposjtions .  nmay be used as power supplies in a
variety of appldiugntparicles i asapudpolynylijen %‘%RH@‘F%’é’gﬁrpl ies for notor

vehi cl es, conput er s Lifh@itehatieAed iScludiffl the above-described electrode compositions

may be used as power supplies in a variety of applications. Examples include

power supplies for motor vehicles, computers, power tools, and
20 telecommunications devices.
Other features and advantages of the invention will be apparent from the
following description of the preferred embodiments thereof, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1A illustrates the cycling performance, in terms of reversible specific

25  capacity, of electrodes with and without electrically conductive layers, as described
in Example 1.

FIG. 1B illustrates the cycling performance, in terms of coulombic
efficiency, of electrodes with and without electrically conductive layers, as
described in Example 1.

30 FIG. 2 is an x-ray diffraction profile for the silicon-tin-copper sample
having an electrically conductive layer described in Example 2, obtained prior to
cycling.
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20 tel ecommuni cations devices. Other features and advant ages of the

i nvention will be apparent fromthe follow ng description of the pr(l.fjeeremm
enbodi nent s wbetremss and fromthe clains. DESCRI PTI ON OF OGRrRAVEsYGo0olkd G | A
illustrates the cycling performance, in ternms of reversible specific 25
capaci ty, of el ect r g5 widsfjualile HAARWLGLERL ol dikcor QAL EmbRY o7 5.  as
described in Exanple 1. FIG 1Be gk%at es the cyé |0ng g&?%rna ce, in
terms of coul orasddbe %mqnctilwmersempbltmemg@uebcwauyc@ndbwclm:tdeectxﬂ:sdr| cally
conductive | ay Q'}ER! 2 s an x-ray

di ffraction prg’m%xaﬂ@cﬂ?he Si ?l CO 1%&& c%pag‘rin%%cﬁagﬂ tP{aw ng an
electrically conductE'IGe&tlimuerragldﬂfmq:thm rofile Boralmgdikicon sanple haviaglapr i or to

cycling. -4 J 0 G, 3 illustrates the
Syl i ng per for DR PHISLT ks Aot R B e plech fPained frosin gyeliie
silicon-tin-copper Sﬂ@ﬁﬁlﬂ@&%ﬂﬁe@ﬁlﬁb%ﬁéﬂnﬁﬂ&dMtﬁ@ﬁﬁwﬁtshﬁiﬁldaﬁ&ﬁfe descri bed
in Exanple 2 in _ternms of charge rest voltage and trickle capac FIG 4
%351

is an x-ray di fyihcoasagRlelaypg P%CIFGFCWé’oﬁ@Qq“(Y%HY?

electrically cqeﬂﬁ%ﬂcnﬁgkeesﬁoﬂgésﬂmeﬂeb Efsfmp'e 3, Obt ai ned prior to
cycling. FIG 5 illustrates the cycling g’erformance of the silicon sanple

and the silicon sarfffGeiran xmysiffiactiontproide forghetlinpnsanple havipgan descr i bed
EXx | FIG 6
0 P o Oy e Bl e B LPl AR b ploriRRATEY |

is an x-ray di avin
electrically conductﬂ(k?magﬁe‘atedéscyﬂing@eifmmthc silicomlshmpleedd fei or to

cycling. FIG 7 t erfo f Si | | on sanpl e
and the silicon lslé?r?ﬁ#&%}\??% agﬁleé%g%l{ytgggqﬁtve @gﬁdﬁéﬂ%\? kﬁwp] Yribed in
Exanpl e 4 in termsofaharphassgeoltags andmikcklagapaaingl tri ckl e capaci ty FI G 8is

an x-ray diffractio fllefor e.siligo ehaV|n an
electrically conduct I’sa?le’fraéféiéé’l’?%(f'? %{éﬁ%?’fé Yf@ﬁa’brlor to

cycling. 15 electrically conducnve layer described in Example 5, obtamcd prior to cycling.

FIG. 9 illustrates the cycling performance of the silicon sample and the
silicon sample having an electrically conductive layer described in Example 5 in
terms of charge rest voltage and trickle capacity.

FIG. 10 is a series of optical micrographs comparing pre- and post-cycling

20  bebavior of samples prepared with and without an electrically conductive layer.

DETAILED DESCRIPTION
The electrode compositions include composite particles admixed with an
electrically conductive diluent such as carbon black. The composition may further
25  include a polymeric binder such as polyvinylidene fluoride in which the composite
particles and diluent particles are dispersed. The composite particles have the
chemical composition and microstructure described in the Summary of ﬂie
Invention, above. They may be prepared in the form of thin films using techniques
such as chemical and vapor deposition, vacuum deposition (i.e., spuitering),
30  vacuum evaporation, melt spinning, splat cooling, spray atomization,

electrochemical deposition and the like, and then pulverized. They may also be



FIG 9'illustrates the cycling performance of the silicon sanple and&j‘ngaUH 200
silicon sanple having an electrically conductive |ayer described in anpl e
5in terns wOorkssge rest voltage and trickle capacity. P&usodoss: a

series of optical mcrographs conparing pre- and post-cycling 20 behavior

of sanpl es prep%(_izﬁgedq,gnl;g egg_QHtasgmﬁh cand er
DETAI LED DESCRI ON The el ec rode conposi tﬁllgéoars]ﬂs&l?ﬁcmude cg{f}rtp?{g]lg?ée@%art I cles

adnmi xed with anme@l.ectrical | y conductive diluent such as carbon black. The

conposi tion may furt %hk ')MEP

pol yvinylidene fl uor-h%{a I'n V\% gﬁg&scg.gn% oSl m%]ggrmﬁ{ es angggmf &Rt
particles are dle pepared bailtry, the cpoisite ppticled andedechivally tdnauctivh difhend bre
conposition and_ni.c tructure descri of, t.he venti on,
Sbove: They Ty cBUSHECHEhiRAG Efa S pobimshdioh Afonte Halchobh s o Rifos
such as cheni cai slafy whidhds ﬂﬂﬂﬁ@ﬁd:ddrmlababkﬁiglﬂiingeﬂﬂ%&hﬁéﬁhﬂcdahnftechmques
sputtering), 30 va uum evaporatlon mel t. spi.nning, splat cooling, spray

atom zati on, o Earmcthe electrode Theslectioge jsiihen qombined wtithian glec rized.
They may al so bﬁ:&a’i:olmt% elddrodd04 WO 01/52336 PCT/ US01/ 00151 prepared using
techni ques such as ball mlling or chem cal reduction of the active netal.

The el ectrode corrposThq deptroliitempy be 2 salidpr liguid slerwuolyten Expmplesiof sobié
batteries. yJo deIecIricaIIy
conductive d| I uglnt a e ccon%&ﬁ%dnéaﬁ&%%%ﬁ&@gcwy%hggﬁg 'yvi nyl i dene
fluoride bi nderPolmn‘aﬂlmmhulerteoﬂlﬁmmcomingrqopolydnmmnds:omhmanmat ed onto a
backi ng using c dr| t he

el ectrode. The %Q @%@%&%@%&%ﬁ@ﬁc&nﬁg 7 & o{ y?‘ lg]nd a
counterel ectr odearb&iam piopghn@d:a]bcmateagndbmmmﬂbnsdhmeoﬂ The eldetedl@e isr ol yt e.

por ot hyl ane. ox PR b PR Rp b ExBoo Tovanke Sl el s " °°

copol yner s, 1S indLiBRjunddiiCins t her eof . Exanpl es of liquid electrolytes

i ncl ude ethyl ene carhonate, ca bo .Qpyl ene rbonate, and
conbi nati ons t her eof " &R e‘?féE‘Pﬁ’E‘%/ Sppptefe, ode Complbs3as 51 iguifercctrafyne

containing batteries include LiCoOj, LiCog2Nig 302, and LiMn;04. Examples of
suitable counterelectrode compositions for solid electrolyte-containing batteries
include LiV30g and LiV20s.

20 The invention will now be described further by way of the following

examples.

EXAMPLES
A. Electrode Preparation
25 Electrodes were prepared in the form of thin films either by sputtering

according to the following procedures.

Sputtering Procedure #1
' Thin films were prepared by sequential or single target sputtering using a
30  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
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provided with a lithiumelectrolyte salt. Exanples of suitable sal tSHJUL 2004
I ncl ude Li PF6, 15 LiBF4, and Li ClO4. Exanples of suitable

count er el ectwodps@ssmpositions for liquid el ectrol yte- contmiTidagodigiteries
i ncl ude Li CoQ2, Li Co0.2Ni o0.802, and Li Mhi2O4. Exanples of suitable

counterel ectro AT d | - Ma) tteries

i ncl ude Li V3OS%gﬁgﬂ%‘.rﬂg%‘%ﬁ%ﬁ&%\?#‘g&%&ﬁ#hﬁg%ﬁggﬁggiggﬁr ed fulrt her
by way of the fMbdedMD¥-10akkapyitecng pedeivRpilies dperiingdn ropenfruseat modeon 25

El ect rodes wer re d,in.the.fo f Lhin fil ei.t her sputterin
according to tﬁ@f%‘?’% q\’debl%gg@ﬁké%&xﬁﬁ?{ne“r’arsﬁg’ﬁﬁfgévgﬁﬂrsg%%rp%%’rn fi?ms
wer e prepared hyispoverdutivh speed3anpglagd tainht TiRBystesy wastputped with an 30

nodi fi ed Perki n-El ner 1dex Model, 2400- SSA Sputtering System The original
8 inch di arre{er“nHPP%"BL?EIt S PR bagkedPY 50n%; ﬂ%?tﬁgava?f%wmi anet er dc

magnetron sputtering M%q,sasg,gﬂmdai fhrdo¥n Brésduted i & oMo m@ne Sci ence
of -6 1 3 JUL 2004 V\B§01/ 2336 PCT/ Ugoéflgi%g?fm San clerft[an(ggo HCS _Theiuzputteri ng
sources were p@@r%%mnmm@ﬁ e theesop fomyin combigation witlea i ng
power supplies agtﬂliﬂa-sfyih Jote]s AN ac‘éﬁ‘“&{‘?ﬁ&gm&% dimﬁgré g,%ﬂlg.abl e drive

unit of the Randex System was rep st epper to i nprove
rotati on speed rangeA eeppeciodi(thidknest ).l dnawas borpled pretdie wiatencealed unt r apped

oi | diffusi pu ck b onventi.onal. rat .V an ttering
vas pertor i AUSRrESRHuOY: Be RANKE S ER Think Sbis B Bl Phuve OB |20 1O,
was mai nt ai ned Bynd ¥9415) kbmnmgrcidily assitble fidno 3Mi Compmnd ohStt Paud, MIN).hThe
venetian blind-style conductance liimter placed, over the diffusiog punp. A
Copper foi | (t ek cosed s purmen oy eviesliydn bisg Proserrsehiela® LadPed” 10
substrate turntBt @hébast prsdanpifor tSEosifon BindgcriiRub! Thesaglesarthesi ve tape
%—ﬁgﬂ Brand Y94135tt’:heﬁ%nn{>r}3troc e%clmli on%%%gltl?eb'lsgu{tér%h% I\élmgg gpgg)f{aggexsg}fstcﬁlau' - MY

15  with 13.56 MHz power applied to the substrate turntable and an argon pressure of

8 mTorr in the sputtering chamber. This procedure caused the copper foil surface -

to be bombarded with moderate energy argon ions (100-150 eV) to further clean

the copper and insure good adhesion of the sputtered film to the copper surface. A

typical cleaning cycle was 150W for 30 minutes, with the substrate table rotating *
20  during the cycle.

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

25 deposition initiated. After a suitable deposition time, one or both sources were -
turned off.

Sputtering Procedure #2
Films were prepared using a sputtering coater consisting of a conventional
30  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 plasmé and defined the exposed area of the
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system was cl osed and punped down, typically to base pressures bel owh X
10-5 Torr (the base pressure prior to deposition is not critical). T e'U”UU"

sanpl es wer ewopei/ghnsgd prior to deposition using the "Sputtepctisiioo®pde of
t he Randex System 15 with 13.56 MHz power applied to the substrate

turntabl e and ag, Qb PES Sdaf : ﬂgi-p_g %EH@I? _Eitﬁ(%r. This
procedure caused_ofihg copper foc?lvg"éﬁ‘r!%g%%pﬁ%%é, e 1(§nbar e Sv% noder at e
egﬁrgy ar g](c)n LM@?@MMMPM&WM@‘@&WK;M@W%?i nlsure good
adhesi on of t ' t ] [ . A_ tynical cleaning
cycl e was 150We?ao?é%%ﬂm&%ﬁ{ﬂe§?{hvﬁ8 ?M%é&%ﬁger%a{ eetgt%gﬁpé)wref)%ég) iaﬂg 20 during
the cycle. Fol | ABVANGEEDR ENERGY MDX ILdd paiwen suppiyoperatedin EonstinBpdwad up usi ng

a nechanic shutter between the sources_and the copper ,substrate. This
r emoved coﬁ an %té"“f‘?%’fﬁ‘ﬁfé"’?g tgﬁ?‘?ﬁ‘&é“%ﬂ?ﬁ% - A tREem on

the substrate @ehiefing PO¥r.and tlelwebipesontibiled thd Ahdudd ot depadited
pre-determ ned current %,evel s _and 25 deposition initiated. After a suitable

deposi tion ti nematsHd (eeatiBgMeighbur ces were turned of f. Sputtering Procedure
#2 Filnms were prepared using a sputtering coater consisting of a
conventional 30 web handling systemdriving a 6 inch wide web over a
wat er - cool ed chPputterbig Proggshyyeidg t hree 6 inch | ong water-cool ed sputtering

ol e and W01 | ned 1 Wb B Bk Rl P B BB ol R RRN BN 2

PCT/ USOL/ 00151 banei Spyttevaig SySteen. (Thetsputteniag sawres warepbweseduging AatiedOCENI CS
ON- BORDO hi gh Macuu r and a.leybol d high vacuum turb u nodel
750 backed by Hoah s ARB Pttt piner Sopickbot e R fonisil sRHE | b
ADVANCED ENERGYmMEX THe sgstemnovis ipusipgbhsingsie CI1-CR YOGENICS QNtBOREB@®high node.
Sputtering was perfornmed at 30miQr.r in an n_at nosphere. jjusting the
sputtering powe?acawa W@%ﬁ%%'&e@ nt%ﬂﬂ@ﬂ%ﬂ%%@“ﬁﬁ@ﬁrﬁcweégbosi t ed
material (comti QBickisgR0)001 inch) was taped to the 24 inch chilled roll of the sputtering

system. The system was closed and pumped down, typically to base pressures

below 3x10° Torr. Next, both sources were started up with a 2 minute power ramp
to the final power level and deposition initiated. After a suitable deposition time,
the silicon was tumed off, and a copper or chromium target was tumed on to create

20 atopcoat.

B. X-Ray Diffraction
Diffraction patterns were coﬂwted using a Siemens Model Kristalloflex
805 D500 diffractometer equipped with a molybdenum target x-ray tube and a
25  diffracted beam monochromator. Samples were mounted on the sample holder.

C. Porosity

Porosity is defined in the following equations:



Sputtering Procedure #3 10 Thin filnms were prepared using individual 1.3 J0L 2004
sputtering targets in a P4 MII Lane Sputtering System The sputterlnzg
sour ces wer ewpowsngg usi ng Advanced Energy Model NMDX- 10 dectaseidedsi ng
power supplies operating in constant power node. The system was punped

usi ng six CM CRYOGENI CS ON-BORD(r) high vacuumcryo punps (one 10 in. punp
and five 8 in. punps). A copper foil 15 (thickness = 0.001 inch) was taped
to the 24 inch chilled roll of the sputterfpg_"yat em T_ge syst em was

cl osed and punped down,_ t ¥} | Iy, -7, e Hk eSSl W Torr.

Next, both sources Werc-lP 1-%'%&2 Ma%m—n%— MO the final
power |evel and deposition %hiti ate‘d’5 Afte —ﬁg‘éﬁtabl e déplsition tine,

the silicon was turned of f, and a copper or#eheedi umtarget was turned on
to create 20 a top coat. B. X- Ray Diffraction Diffraction patterns were

col l ected usin Sih,enen t e 805 i f.fr nmet er

equi pped with g‘”ﬁ?ﬂ“ B%@ﬁﬁ%mf dlf’%g?m? ?fe tg)ﬁgnvc??uém’ 4 Sﬁ’?‘éi‘f Ted beam
monochr omat 08. fﬁdﬁgﬂe%&hﬁd‘oﬁ;ﬂﬁfﬂdﬁf&ﬁm ainofg the Wplutelud ibqroresChe Bsened t y /
Porosity is defined in t Q tions: -8 1 U 4V\001 52336
PCT/ USO1/ 00151 VRIBRe: Obfychd 1 JWB*% V8 E’emﬂféﬁl‘:ﬂc‘%ﬂfmi’ llgfd‘gﬂs Fobs -1 -
Fi deal fobss Vomhés rﬁBfﬁEiWﬁéb@bh&ntl by e B&Rity £ ITHM B4sSesRf lifteredt obe aheul at ed

porosity, Vrefers to the volune, the subscripts for V indicate which

volume is ref eridsel 478 equualepts thus the pereeitysen be ealpplated frompbe Qhseedad  vol une,
obs, and the idggrh déﬁé:ﬁ%onyo‘rﬂé"ﬁeﬂ%d Qﬁ‘se%h Qbﬂsﬁfeﬁgre%xwd\ét flotps 5 mss

mof a given conmponent i by its density r. The nmasses of interest, obs and
i deal , are equi Vayserfhe idegljis calpelated ppipflpyys: can be cal cul ated from the
observed and ideal densities alone. The ideal and observed densities are
arrived at two different

Pideal =17 V7 = mr/z";i "[Z%

10
where T refers to the ideal, total, non-porous layer containing i parts,' and w; refers
to the weight percent of the total layer due to a given part i. The weight percent of
each part of the layer is known when the layer is produced. The density of each
part is that supplied by the manufacturer or determined experimnentally, and

15  assumnes zero porosity of the ideal part. The observed density is calculated as

follows:

} Fobs = MTobs Vrobs = MTobs / [‘ATob.stTobs ]

where to refers to the observed values for the total porous layer, A refers to the
area, and t refers to the thickness. The masses of a set of large area layers are

20 averaged. The thickness is an average of a set measured with a micrometer.

We now describe the preparation and characterization of specific electrode

samples.



ways. The ideal is calculated as follows: Ff deal - nT AT - nl 10 ];:|I

where T refers to the ideal, total, non-porous |ayer containing i paﬂt3sJ,U|- 2004
and w, refengooisestsne wei ght percent of the total |ayer dugThuZegoegéiven part

i . The wei ght percent of each part of the layer is known when the layer is
produced. The dgnsi of each part is that supplied by the manufacturer or

det er m ned expe‘r‘r‘néztrl%lly, and 15 assunes zero porosity of the ideal part.

The observed densi t \A sisgle &irgat lofisleniinmm-sificinl (64wt. ZdtmpinumMNodS6 Malds - i obs A
"f bslnbs where.t refers to the observed | ues t he. t.ot 0 | ayer,
A rorers tort nailoshEREs Suhidted pip 8RS Soolé 1l bt BB B1F ' 2V

of Iargg ar 1(Zaa I@pmgaﬁ?gmlfaﬂseﬁmlj/n }Ihgohh}.cypmﬁngﬁas?acmrsggp of a set

nmeasur ed w cro er, now gescri e preparation an

characteri za{]i ?HWB‘F%E&WW_ ?%&Fggﬂné%iﬁﬁ}@?& OB ysing)p sERsHAC\\O 01/ 52336
PCT/ US01/ 00151 Gi&bR ke Jf 33 xﬁin%liﬁrﬁtélbﬂﬁ an%ﬁmfﬂnmﬁi&m'ﬂiclﬂo%ﬂwésﬁs‘*kwt . %

al um numand 36 w.% silicon) was sguttered onto a cleaned, cooled, 1 ml,

fully anneal ed,anddbeforabspudgring ime wagrhbours abhe smytiqralepessed im Bdgoki yn Hts.
Cni o). SPU“ef'@%ﬂé@%ﬁ&ﬁﬁﬁ%ﬁéﬁﬁ%ﬁmmAo%%d]ﬁs@t%@&a OJ;. g gure #1

under 12 nilorr gon using a substrate rotation rat rpmand a
rate of 24 angst r onsYeawa layer ofeoppenbaringashigknewy of drimickans twas sputisput t er i ng

time was 4 hour - ' ' had. a...t hiekn

m crons andme)x hifeﬁ’f’%te}'g °§%§ﬂ+ﬁf§’5 nggﬁ%ﬁé%gﬁs{@ écj}éoﬁé'?;gssllﬁ%gt Ya g%@ ém% | ayer
of copper havi ngcamplishekmaies 12MTorrdf aigon osisg asubstge tdt@ionkite dEPforpnt ed ont o
hal f of the sputt.er-de L ted al yanumsilicon fi Sput teri ng, . was
nccompl i shed untRSA i a0 SRS e SRk 2 Ry hthd Gl Bt o g
rpm and a rat etié wad0.5wogst Abmshknviilicon Fihes withvend witisuPthic\Yépgperd t he t ot al
Sputtering

overlayer were then separately peeled off the thick copper backing and converted
15  into flake by pulverizing each film using a mortar and pestle. '
A 10% solids dispersion was prepared by combining 2.4 g of each
pulverized film with 0.26 g of polyvinylidene fluoride bind;:r and 0.14 g of Super S
conductive carbon in N-methyl-2-pyrrolidinone. Each dispersion was then milled
with ceramic media in a roller mill overnight at 100 rpm, followed by coating onto
20  acopper foil and drying under vacuum for several hours to remove residual
solvent. The resulting coated samples were then used to construct 1225 coin cells
using a lithium foil {(about 300 micrometers thick, available from Aldrich Chemical
Co. of Milwaukee, WI) as the counterelectrode. The cell was constructed using 2
50 micrometer thick polyethylene separator. The electrolyte was 1 molar LiPFg in
25 a1:1 v/v mixture of ethylene 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. Cycling was done by constant current charge and discharge
" between 1.0 V and 0.0 V. The reversible specific capacity and coulombic
30 efficiency of the cell are shown in Figs. 1A and 1B, respectively. The results
demonstrate that the electrodes having an electrically conductive copper layer

partially covering the active aluminum-silicon particle exhibit superior coulombic
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time was 0.5 hours. Alum numsilicon filnms with and w thout the coppﬁr

overl ayer were then separately peeled off the thick copper backing ahd JUL 2004
converted 15wowmw/s23Bd ake by pul verizing each filmusing a rprheoenst pestl e.
A 10% sol i ds di spersion was prepared by conbining 2.4 g of each pulverized
filmwith 0.26 | Ldene f s ' _Super S
conductive car b%ﬁgh}d%ngyﬂ%k-pgﬁpyr r%ﬁ%%ﬁg]&ggéﬁ%qu%g%ﬁ%ms t hen
mlled wth cetiligsngartistesthat lackasucblallayer.ni || overnight at 100 rpm fol | owed
by coating onto 20 a copper foil and drying under vacuum for several hours
to renove residual solvent. The resulting coated sanples were then used to

construct 1225 BEximple2l|s wusing a lithiumfoil (about 300 m croneters
thick, available fro | dri ch. mcal... Co,_ of M| wapkee, W) as the
count er el ect ode. T&@BF?“%@%@H@%ﬁ}k‘f%%%ﬁ’d’ﬂaaﬂ%wﬁ?ﬁ%&@t@ﬁ t hi ck
pol yet hyl ene se?apmyspﬁh&&b@m(ﬁ;%wf&n SputteBhEProbddifeti2i dasctibed 1:1 V/V

m xture of ethyl ene carbonate and diethyl carbonate. Copper spacers were
used as curr ent 2R0¥¢ puRg b} EWAatal pasver for|the threg individual tasgets)  he spytteriyp was

el ectrocheni cal cdaghdied SRIBESD ATodx 'aﬁﬁgsﬁ hﬁmweﬁﬁﬁau& Sfb.ﬂrﬁdfvgrlﬁré.g"ﬂm%m

cycler. Cycling was done by constanf” current charge an charge between
1.0 V and 0.0 \targeiseof idepticat silican/tindenppér compasitier were aputter deplositediat 2 e

efficiency gf thEnGHA ﬁ%{i@'{(ﬁg‘)g\oi C g%c%gépgﬂéﬂg%ﬁg?ﬂémﬁ&%'a}(%ey The

results denonstrate t ectrodes ctricalTy conductive
copper |ayer phbackingl The spwtter depgsited Silmbed v thickhensiofislrous$ inicrons apdat i cl e

exhi bit superio HFEB' Cy ot 1/ 52336 JUL 2004, .PCT/ USO / 00151
ef ficiency and %}%ﬁ’é}g p{étr“]‘%?r%rgnﬁg@gl‘g%iwegdoé%? g’gtcf’%égm "é‘ig{glfrrﬁ'?é
al um num  si | i cblade gulverided santl sizved widg S2#0Mmehisizye (U.SEtadpkaicRe Sizd) fil m

cont ai ni ng 30 9% S | i , 66 W.%tin, and 4 wt.% copper was prepared by
sputter deposi%g'rfm;%ég{ﬁg?ng to Sputtering Procedure #2 described above

using 11 kW3iotal pdierrefuitingtdoerderwasasedwdiconsinial a 2326 geingell Idreydipgt t eri ng
vas _conducted ynder 0 RTOLL QL AL ST b gisd SPu R GeSaRes7 4 bt/ M 1
Super-P carbon (MMM Carbon, Belgium), and 18 wt.% polyvinylidene fluoride"

binder in N-methyl-2-pyrrolidinone. The dispersion was then coated onto a second

copper foil and dried under vacuum for several hours to remove residual solvent.
20  The resulting coated foil was used to construct the 2325 coin cell using a lithium

foil (about 300 micrometers thick, available from Aldrich Chemical Co. of

Milwaukee, WI) as the counterelectrode. The cell was constructed using a 50

micrometer thick polyethylene separator. The electrolyte was 1 molal LiPFg in a

1:1 v/v mixture of ethylene carbonate and diethy! carbonate. Copper spacers were
25  used as current collectors and to fill void areas in the cell.

The electrochemical performance of the cell, in terms of trickle charge
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 mAb/g to
lithiate the electrode. The cell was then charged at a rate of 350 mA/g to a voltage

30  of 1.2V to extract lithium from the electrode. Next, the cell was allowed to rest
(zero current) for 15 minutes, after which the cell voltage may drop below 1.0V.
The potential at the end of this rest period was recorded as the “charge rest
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térgeté of identical silicon/tin/copper conposition were sputter depj 'jlﬁvad@m
at a rate 10 of about3 grans/kwh. A 10 mcron thick copper foil (Jap Sr%
used as the wbagkispg. The sputter deposited filmhad a thisdgngesoats about 5
m crons and a density of about 4 g/cnB. The filmwas scraped fromthe
copper foil usi Reltde R Blovideh U asuPbMBS hrk @mﬂj ﬁ]‘%ﬂudﬁh fg @ 270-nmesh
sieve (U S standztiar%d Si gve si ze; aSASTM E 11- 61 u@‘% ul'ti ng powder
was used to conSieftde. 5}1&@2@1éhﬁlngheékhefﬁlmge!gswaﬁgea@apemomtﬂbknﬁ
di spersi on was RLERAk % Super-P
carbon (MW Car bon, g@ﬁé&ﬂﬁn 1“&13%80 %ﬁc/&lg%}yhm?yw:\&ﬁ[ 8%‘(%"%‘& uori de binder
in N-net hyl - 2- pyrrolAﬂﬂlnondaoft]ihmsdpmpé,rthccmlm&hhﬂgedmtcadaﬁ;eﬁte(ﬁﬁﬁla second
copper foil nd & er, ,va for sever hours to ve residual
sol vent. 20 he re ??ﬁ%my&ﬁoé%*%%mgégﬂm§%ﬁﬁ?¥?%&o Mehesre o n
cell using a li (SﬂOngBdr]hctﬁaheuharﬁcﬂ&pmmyﬁ@ﬂEIeﬁuﬁe dethedatenulithal] € from
Al drich Chem cal | waukee, Wzllpas t he counterel ectrode. The cell
“S?ﬁag‘?gGH%Pé‘P

was construct ed%"ﬁ’g"‘“g 1% mbjaeiiciencyy iy pcoprl dhednerst or . The
el ectrol yte waslithilf® kéthovel Binéng dppBcatibn efﬂ‘néﬁdiﬂc@h 5‘3 Hé 18¢ dyecfEme ar bonat e

and di et hyl carbonate. Copper spacers were used as current collectors
and to fill voi 8legFqdgds stEipguRk m@mgéhee@shmmgeaﬁcwdmwnmwe of the
cell, in tengs afsitabletkinGnimbR trri hd m t nWas
measur ed Usi ng a MACCOR cycl er. F W}‘f Irs gﬁ'éf’%&r é A" hi gh

rate of 350 mA §lewptricklejchaige é%ﬂ?a’é? %@er Gfpeﬁt@i)cmm ngnaIGSUItstﬁmtht &;hadnem-
el ectrode. The ¢ gat a rate of 350 MV g to a voltage 30
of 1.2V to ext ra%ﬂef‘y&ﬁﬁ um Fh&‘t@he ‘€l ectrode. Next, the cell was allowed
to rest (zero currelNe}t, the pbavs-desaribed procaduteewaswbpeatedicheepeiblal pricokd age may
a5 the " char ge. PEhfe IR ERb T G Nt it S etpibed Win B8 o[ Cage
It providesla npreparcéd frofm 40wet. % SopertP carbdni anH 60 mat Fepalyvinyligehaflddride iNect r ode.
|0, Senerl e et 0508, 45500y SRR EREORE L T
end of the rest baeandatien drivd undér varmen athePQ@ foat f@tr haurks Gve@iesdlVent.i Thel e
dried binder thickness was about 8 microns and the sputtered film thickness was 5
microns. The volume % of the binder layer in the composite, therefore, is 60%.
20  The binder layer had a porosity of 90%, determined according to the procedure
described above. The combined binder/sputtered film composite contained 87
wt.% silicon-tin-copper film and 13 wt.% binder,
The x-ray diffraction profile of the sample is set forth in Fig. 2. Itis
| characterized by the absence of crystalline tin and silicon. The large peaks are due
25  to the copper foil current collector.
The composite was removed from the copper backing using acetone,
followed by scraping it from the copper foil. The scraped material was pulverized,
sieved, combined with a carbon-containing binder layer, and coated onto a second
copper foil to form an electrode as described above. The final dried coating
30  contained 50 wt.% active silicon-tin-copper particles, 32 wt.% Super-P carbon, and
18 wt.% polyvinylidene fluoride, where the amounts of Super-P carbon and

polyvinylidene fiuoride represent the sum total of these materials in both the layer
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5 charge") of 35 mA/g to 1.2V to renove any lithiumnot renoved at tPS

hi gher rate (350 mA/g). The trickle charge capacity is a neasure of L 2004
extent of |iwdbisesssr enoval and is thus anal ogous to coul owpgraisefdoisi ency.

In general, the nore Ilithiumrenoved during application of the trickle
charge, the |35&1|ﬁ£§1ﬁl§6ﬂ-&§c<§]ﬁ€r a?ﬁ&gstaﬁﬂgﬁdls'i)eﬁfon%éﬂtﬂgoﬁlpthl:'f'hsl' um during
the high rate charge. Accor mgﬁ) Is 10 °desirable to mnim ze the
trickle charge degyadé-ty for a gi ven cycle and to maintain a low trickle
charge capacity aft%eefé@ﬁ@t'i_e s‘hé&it:%gg?su%%ﬁaiﬁg%ﬁ% %dt% gd Es'cickcq'l%n tin-
copper sanple are shown 1 n ove- escr procedure was

r epeat ed exceptabpivmtﬂprqyohngmsultspwnnse:fmme dhiarze cagapity axfdnhhrgwatst sol ution

Carbon and 60 WO, BB S ReB e Rl Srdms st mone.

The bi nder was wmmcel&mchm&neu&uvuuyeg 'mas&nplbbrepewhmhbﬁd and then
dri ed under vacyum.at, 60C for four hours tao renove solvent. The dried

bi nder t hi cknes % GonHuctveJpyer srhubited p higher ehargerrest ¥oltage apd JoeE kness was 5
m crons. The vodlmec%rgé %Eﬁwtﬁveﬂ@ﬁuﬂ:&k‘ﬁcycﬁstd%ﬁoﬁm&thh arfidlg efore, is

60% 20 The bi nder er porosity of 90% determ ned according to the
procedur e desc‘PqVE’é'Eﬁ f Siligon-tinreo wih arlelegteeallycepdugtive laysr@bnposi t e
cont ai ned 8fp WarluHidpe e B kB8 Hifovts welcnaDbARhey Jfife X7 2Y -
diffraction profile o\‘pk‘:Fs 1sﬂarrp |scset ’?éoﬁ'%.n Flgﬁg cy fifie
characteri zed bgleqtigde.absence of crystalline tin and sili con The | ar ge
peaks are due 25 to the copper foil current collector. The conposite was
renoved fromthe copper backing using acetone, followed by scraping it
from the copperEfasgle3 The scraped material was puI veri zed, sieved,
conmbined with a carb Y. n second
copper foil to form}gﬁ 1@19 r%gg%tgdﬁggéwp%ag lﬁ%ﬁgl%gle%a?@ ?a
coating 30 bi)ntﬁlmentt@ﬁngvﬂw/&fa%tammplmm slhmn Wasrsplntcpﬂqms:mlrdmthé qu 32 wt . %
Super - P car bon, % uori de, t.he .a unts of
Super - P car bon %ngf'r fOIiLOIQW %@H“%H%% & ngPf‘lé%}nés eaﬁtac‘ioﬁrg’llgher%"flg?r

t hese materi al smIl‘nnhnﬁmigon heing a;tmsn-até&)tzinoﬁ ratbbf 2.0 tpn Wid DiatecdfABA 0

PCT/ USQ1 /00151 angstroms/kWmin. The power was 5.2 kW and the total sputtering time was 3

e

hours and 48 minutes. The sputter deposited film had a thickness of 4.8 microns.
20  The binder thickness was 8 microns. Accordingly, the amount of binder relative to
the total composite (i.e., sputtered film plus binder) was about 25% by weight and
about 60% by volume. The composition of the sputtered film was determined by
inductively coupled plasma using a Perkin Elmer Optima 3300 DV.
After sputtering, the composite (sputter deposited silicon film plus binder)
25  was removed from the copper foil using acetone, followed by scraping it from the
foil. The scraped material was pulverized and sieved to form a powder.
The x-ray diffraction pattern of the powder is shown in Fig. 4. Itis
characterized by the absence of crystalline silicon.
The powder was combined with a binder and coated onto a second copper
30 foil to form an electrode following the procedure of Example 2. The final dried
coating contained 50 wt.% amorphous silicon, 35 wt.% Super-P carbon, and 15
wt.% polyvinylidene fluoride, where the amounts of Super-P carbon and
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on the silicon-tin-copper particles and the dispersion used to form {BelUl 2004
final electrode. The el ectrode was used to construct a 2325 coin cell and
tested as degebi/edsk above. The cycling results, terns of jdd/gdhBacharge
capacity and charge rest 5 voltage, are shown in Fig. 3, alongside the

results of 't Ne gofhyRRL ddkidPfBRALR the il BANEr hAE nthdifldih §8lui figgduct T ve

| ayer. The sanpl€ prepared wth the electrically conductive |aye
exhi bi ted a hi ginghe ghieangén-cepper papiclesgad thedlispewenn used fodkinethelfimrlye capacity

over a nunber ' th ial | coveri t he
silicon-tin- co%%egﬁx%éé?ﬁecﬁq%%gfﬂ&%éggecg %uggﬁ??%/ﬁ%énr\%ﬁgtapégﬁ#gg%r of 10
car bon di sper saldsdrived irbExyamphey/ 2 ivith tte ekbepnion det theeeld wasdisdtarseb & gfixef fi ci ency

of the electrode. ,Ex C r | s coated with binder as

described in BFARGHE °gﬁ@gﬁara8¥§&f’? It’ﬁ[} E’@Wéf‘?ﬁ'ﬁ’@t"l‘bﬁdﬁﬂ%aﬁ? phous

silicon was spuiytkig €afli8steiniho f%ﬂ%&%icgshcit?imgfmgﬁhmw@@,a'i@bﬁdvﬁfi ng
she

Procedure #3. Sputtering was acconpli under 13 niforr of argon using a
substrate rotatiPsiEPate of 3.8 rpmand a rate of 40.10 angstrons/ kWi n.

The power was 5.2 k\§ppg s%&ehaﬁﬁp,%teﬁcha&ﬁ#@ﬁ@%c Ritliss §5d 48

m nutes. The sputter deposited filmhad a thic _ m crons. 20 The
bi nder t hi cknessamgef Bnerphous sdicondews Thin dlilyns, Aes, dAbwith 2 bindpi gentaining| at i ve-

to the tot [ s r [ ' bout 25% by
wei ght and AR aag%%t"@f%?%“ﬁef.ﬁlg%}eﬁ‘gﬂp%#tg}’gér’{%zﬁah*"ﬁg’?@%“d Bd il mwas
determ ned by pymelidinonetoyforma dispuisiel. dBwedispersivg wasReatkd on Ebopper 19iit i ma 3300
bi nder) . 25 wa P SRE%H M SRFPR20 b anR ha otERRS S B B POt by
scraping it fr dThetfiml diied doating@nained 50 vt Faimoriphdus\silivon B5war% Seperdnd si eved
to forma powder., The x-ray, diffr lon patte f the powder is shown in
Fig. 4. It is %ﬁ%ﬂaﬁ%ﬁ%‘ﬁ%{ﬂ?@%@z&ﬁ% '&E@%&Fé’fnaqepi% li con. The
powder was rpmhisgemiblod ind testdd follewing (hid preeiare dedttibedatoe€ OTHE reampgh 30 foi |

to forman el ectrode fqllow ng the procedure of Exanple 2. The final dried
coating cont ai ntﬁﬂm'a%‘ﬂf%%q?ﬁﬁcﬁ%% thapgsfest ysltage, yp thavayin Big 3r A%, and 15

W . % pol yvi nyl i s&ipe prepiéd €lih theBRE@icAlcondmuiRe fayeX of 2u6H dispéraddien and
polyvinylidene fluoride exhibited a higher charge rest voltage and lower trickle

charge capacity over a number of cycles, demonstrating that partially covering the
20  amorphous silicon core with the electrically conductive layer improves the charge

efficiency of the electrode.

Example 4
j A layered film containing 8§2.0 wi.% amorphous silicon and 18.0 wt.%

25  chromium was prepared by sputter deposition following Sputtering Procedure #3
using a silicon target and a chromium target. The silicon was sputtered under 13
mTorr of argon onto a copper foil using a substrate rotation rate of 3.8 pm and a
rate of 40.10 angstroms/kWmin. The power was 5.5 kW and the total sputtering
time was 2 hours. The sputter deposited silicon film had a thickness of 2.65 '

30  microns.

The chromium was sputtered onto the silicon film under 3 mTorr of argon

using a substrate rotation rate of 3.8 rpm and a rate of 55 angstroms/kWmin. The
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-13 13*JUL 2004 WO 01/52336 PCT/US01/ 00151 pol yvi nylidene fluoride 13 JuL 2004
represent the sumtotal of these materials in both the layer on the
silicon-tin-woppsmsgarticles and the dispersion used to fqigfdsapocisinal

el ectrode. The el ectrode was used to construct a 2325 coin cell and tested
as described igowr¥IP5S KAV hd fe (A sBHERAL AR Wb 2 mlikiRe Gk Y di schar ged
to a fixed 5 caﬁbaci_ty of 1400 mAh/g;sﬁi?&at h%r t han 700 mAh/ g, ® 0 fithi ate the
el ectrode. The dted ghroppwy iy had a thigkness of Pi3andirrens hErecpanayabefci ty and
charge rest vol iage: Woa | 2kf C J.son, an
el ectrode was prepapggh%ﬁ%g’nb?snlloﬁl%gﬂo. urﬁ%‘r’éﬁ%c%:ﬁgogmrp '8&%3 %ﬁf@%g%n (I owa
Thin Filns, Amedf thd sputieved bompdsite il wenddteiminaddy iddicG@lycoidedglagmiany| i dene
fluoride and:. 70 . 9% P .carb ' met hyl -2 pyrrolidinone to forma
di sper si on. heus‘éﬁggp%%ﬁ%m%ép%g@ ri)o‘}r\il-a copper foil backing (0.5 ml)
using a 20 mil knif eAftaapstteringnble ebmppeitefildewasreRiovsd fiah thé copper foit bylhe fi nal
dried coating contai neg 50 V\f'(y ﬁm)rrghgus silJicon, 35 wt.% g(ﬁer car bon,
and 15 wt . % pol SFAPHA 1 HeRdhe 0{]0?1‘ gierraped smateEial was pulverized and siexedtofema senbl ed

and tested fol | gywdesl THEx-FiiyARmBdbtion pAREE of BRPoRRGSshohGn FRSH] ftgs IN terns
of trickle char y_and charge rest voltalﬁ%sbare shown in Fig. 5.
i

e capacjt st v

The sanple pr Tiggd by the absgnceof eystalling sidigem WP pagksaregiue Opiviien
di spersed ifp PHromivgy! | dene fluoride. exhibited a higher charge rest
vol tage and lower trickle charge capacity over a nunber of cycles,
denonstrating that pHetroMdexwasspmbined witha bpglenanskqonied ontoial seennd coppee Wi t h
the el ectrical |l 4169 i ' g{ga ekl &l of the
el ectrode. Exan%lﬂe_ %C#%%Fé?ﬁ]?%ﬂgg%@?cﬁ% OgE'. .Z%He-{ér:rgir)%%éds silicon
and '18.0 wt. % <Bungeandingd Shat.% sibipen-caominng 36wt & SepepPsatbionanfld5| owi ng
Sputtering Proc r iﬁ,ﬁ.] US| I sl C t hr.om arget. The
silicon was spu‘??zorpg’l ur}’clilggﬂe?gmﬁ%%oﬁe eg%“é%%% uggt?% %"%8‘6%%?%8%’ i cﬂ’@l ng a
substrat e rbi at angrtestert as doscridedinrExample? with thaegcepfionlhatltbe ealigeasr ons/ KW n.
The power was 5, d the t I terl i our.s.. The
sputter deposi t%l hé%%lagoo%h?%c#?%%&Ogﬁ)ﬁ?i%‘grgmgﬁg%)gg)smg‘h}]’m]ﬁh‘m

the electrode. The cycling results, terms of trickle charge capacity and charge rest

voltage, are shown in Fig. 7, along with resuits for the amorphous silicon electrode
prepared as described in Example 3 for the sake of comparison. The sample
20  prepared with the chromium layer exhibited a higher charge rest voltage and lower
trickle charge capacity over a number of cycles, demonstrating that partially
- covering the amorpbous silicon particles with an electrically conductive layer of

chromium improves the charge efficiency of the electrode.

25 Example 5 _
A layered film containing 75.3 wt.% amorphous silicon and 24.7 wt.%
copper was prepared by sputter deposition following Sputtering Procedure #3
using a silicon target and a copper target. The silicon was sputtered under 13
mTorr of argon onto a copper foil using a substrate rotation rate of 3.8 rpm and a
30 rate of 40.10 angstroms/kWmin. The power was 5.5 kW and the total sputtering
time was 3 hours and 2 minutes. The sputter deposited silicon film had a thickness

of 4 microns.
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I .
30 mcrons. The chrom um was sputtered onto the silicon filmunder '?Tﬂf
of argon wusing a substrate rotation rate of 3.8 rpmand a rate of 5% L 2004
angstrons/ k\Wipwoass2ie -14 1 3 JUL 2004 WO 01/ 52336 PCT/ USO¥cifisbiesaaner was
5.5 kWand the total, sputtering tinme was 10 m nutes. The sputter

deposi ted chrom um fﬁe%bﬁlﬂvﬁs&ﬂﬁttﬁx‘éﬂ%ﬁ@tﬂimﬂco% fiin@n@&S3 of1'@r IR of
chrom um therefore, was 10% by vol unme of the conposite film e

conposi tion of UsiNER SHsTAEIORon Hi9esl-8 m mda wieof 380 apssirorayk Wminn T t i vel y
coupl ed plasi. Rouis 323 NPkl the Kl e 100 Bl 1k sk o719, the

conposite filmwas renoved fromthe foil by scraping it fromthe
foil. The scrap@om@mﬁMba@Mmeﬁmom &he dmountfof coppar, powder. The

x-ray diffracti f i

characterized b@&ieﬁ%%gaégn%e YI‘FS cryst ﬁr?&m}e Si |éo%“kfﬁgosg?1°é]r°g%eaks are
due only to lospmttem&nomposatc Tihe wpodelamine dydnddstivedylcouplel ptasimiamsiag aand
coated onto a s er o forman electrode follow ng the
procedure of Exg"r’fgﬁ“i‘ #ﬂtgn?{’%llj\%rl ed coating contained 50 wt.%

si |'i con-chromi um  35Afuér. shottering, thcondoRiefiluawes rtmoveld frofa el cppp dﬁYdll wiene

fluoride. The el ect,rodteI was used to construct a 2325 coin ce 15 and
tested as descriTRPPEH M‘bﬁ’@ gh%?‘@#l?@‘%ﬁﬁ?‘%ﬁ“?ﬁ%ﬁ“dtsﬁ@%@ PR A s

di scharged i@ a?évbdeed'rs@:a A diffraBonlhREn B HePowiatiO Sownha Rig/ 801N/ g, to

lithiate the electrode. The cycllng results, ternms of trickle charge
capacity and ch@ligrsterized by the pbsghae of srystallingdilicem Fig. 7, along with results

for the anorphous S'ﬂ%ﬁ@&t&%&ed%ﬁ%ﬁﬁr% &%éﬁ%t@ea%édﬁd%é le 3 for

the sake of conparison.” The san&ie 20 prepared h t he chrom um’l ayer
exhi bi ted a hi gfdkto &oray apcelectrede pvargéheechqdm@fExamplem dhefinfl gded apacity

over @ nunber’ OfostielRaind IS MobiliodrbRss RRAGH Sl ol GE 1S 9P

anor phous silicon p es wth an e ricall nductive [ ayer of
chrom um i np¥ ovedyvihgidenhefluenidef The eleetrode wias nsed t@t@!@ﬂ@d@ﬂmlﬂlﬁrmﬂe 5 A

layered film copai i Adefeadn ﬁ&aﬁ@l@@ﬂé]@éﬁnfkkﬁl&?ﬂnm wéaed cﬁM‘ge%

capacity and charge rest voltage, are shown in Fig. 9, along with results for the
amorphous silicon electrode prepared as described in Example 3 for the sake of
comparison. The sample prepared with the copper layer exhibited a higher charge

20  rest voltage and lower trickle charge capacity over a number of cycles,
demonstrating that partially covering the amorphous silicon particles with an
electrically conductive layer of copper improves the charge efficiency of the
electrode.

25 Example 7
Samples were prepared both with and without an electrically conductive

layer as described in Eiample 2. Electrodes based upon these samples were
prepared and cycled at 1 mA/cm? to a fixed capacity of 700 mAh/g. Optical
micrographs were taken of the electrodes both before and after cycling. The

30  results are shown in Fig. 10. The micrographs show that without the electrically
conductive layer, the active metal particles push past the polyvinylidene fluoride
binder easily, moving almost independently from the binder, with the result that

-16-



co'pper ‘was prepared by sputter deposition follow ng Sputtering Pr oceﬂgrﬁ ﬁfﬂ
using a silicon target and a copper target. The silicon was sputtere Wil POt

13 niforr ofwekgensonto a copper foil using a substrate roﬁ@ﬁmmlafe of
3.8 rpmand a 30 rate of 40.10 angstrons/ kWrn n. The power was 5.5 kW and

the total sputt _ ]H%%]% heuiks 1 The eposited
silicon film haﬁéggfiﬁ# ess a{fsh4 m ?Er: %&9&?&%@8@—%@% %H}IS "L‘igm/ 00151
The copper was byhe sammdeiwith ths eldgtrically cerdnctiviellapey hdwevet,3hefiior andgfostar gon

usi ng a substra . t f .

angst r ons/ k\Whi néﬁ]fﬁg}n%%%ﬂs eg' ﬂﬁ}g\%‘ 'gb’?sﬁgu%ot!% tﬁ%%ﬁ't“f%%%mr’l%mwcrge was 10
m nutes. The spuﬁryhttlerelamnsmtcmh mm;betauﬁaﬂhahﬁ&dmtdlbmmes@elrﬁnﬁhﬁﬁlm ons.
The anmount o co er, t herefore, Sﬁ, vol ume of the conposite film
The conposit ta{’ y“E‘BﬁW?%PB‘H"@' ViRt iy Lansiates i by

i nductively coum;edvdalemﬁﬁadmgnﬁm%r kin Elmer Optima 3300 DV. After
sputtering, the corrp05|te filmwas renpved fromthe copper. foil by

scraping it from t heOthgs smbogipenisqre wathinthe ssopeef the followingslaimed and si eved
to forma 10 powder. The x-ray diffraction pattern of the powder is shown
in Fig. 8 It is characterized by the absence of crystalline silicon. The
powder was conbined with a binder and coated onto a second copper foil to
forman el ectrode follow ng the procedure of Exanple 2. The final dried
coating contained 50 wt. % silicon-copper, 35 wt.% Super-P carbon, and 15

Wt . % 15 pol yvinylidene fluoride. The el ectrode was used to construct a 2325
coin cell and tested as described in Exanple 4. The cycling results, terns
of trickle charge capacity and charge rest voltage, are shown in Fig. 9,
along with results for the anorphous silicon electrode prepared as
described in Exanple 3 for the sake of conparison. The sanple prepared
with the copper |ayer exhibited a higher charge 20 rest voltage and | ower
trickle charge capacity over a nunber of cycles, denonstrating that
partially covering the anorphous silicon particles with an electrically
conductive | ayer of copper inproves the charge efficiency of the
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el ectrode. 25 Exanple 7 Sanples were prepared both with and w t hout ?B
electrically conductive |ayer as described in Exanple 2. El ectrodes all J004
upon these sanples were prepared and cycled at 1 mAcnR to a fixed

capacity of 700 mAh/g. Optical mcrographs were taken of the el ectrodes
both before and after cycling. The 30 results are shown in Fig. 10. The

m cr ogr aphs show that w thout the electrically conductive |ayer, the

active nmetal particles push past the polyvinylidene fluoride binder

easily, novi i dently fromthe binder, with the result that

13 JUL 2004 W%%“%?B’%?PCT/ US01/00151 the post-cycling m crograph

| ooks very differgnt fnameiiGieRbfipsich SsdhlAMARN bandd) JilGistP! © Wi th
the pre- and’ post-

the electrically conductive I aéer, however, 3

) C ! _ ycling
i crographs are vi@y s?pliuradity o ite gaiticlpst ¢ngh of Wbighanomprises({ihave noved

very little | ve. ch other because.the active netal particles swell
and shri tr%k é [%Jlﬁ%éfggﬁ&c%@x ?@‘vﬁﬁ‘i‘?@rwqﬁ Biﬁgfelq]er’f Ka Hicg“‘iﬁﬁéﬁrﬁﬁf in turn,
transl ates igatally doRedyEchiepafitlcode performance. Ot her enbodinents are

within the scope of the follTowing clains. 13 JUL 2004 1 3 JUL 2004 WHAT IS

CLAIMED | S: 1. Arwhareintseiddeyer esypressnt ian dmpunise greater third w75 an. Haft er y

conpri si ng: a) a plurality of conposite particles, each of which
conpri ses (is)"&ja(')ﬁ"?og'lt%@flpochem cally active nmetal particle and (ii) an

el ectrically conqupt i VeepthAYi® of diédittiéHy dbonBOM el die A ath; I erein
said layer is present Valepn _an%{atrmunt lno )Jgrgat er ct ﬁaﬁ%oﬁ@&?@%%@% sai d
conposi t18; &said compositoparticles t y of el ectrically conductive diluent particles
adm xed with 10 said conposite particles

2. An electrode composition for use in a lithium ion battery comprising:

(@  aplurality of composite particles, each of which comprises (i).an
electrochemically active metal particle and (ii) an electrically conductive layer

15  partially covering said particle,

wherein said layer is present in an.amount no greater than about 75 vol.%
of said composite; and

(b) a plurality of electrically conductive diluent particles admixed with said
composite pérticles.

20

3. An electrode composilion according to claim lor 2 whercin said

metal particle comprises a metal selected from the group consisting of aluminum,

silicon, tin, antimony, lead, germanium, magnesium, zinc, cadmium, bismuth, and

indium.
25
4. Anelectrode composition according to claim | or 2 wherein said
layer comprises electrically conductive carbon particies dispersed in a polymeric
binder.
30 3. An electrode composition according to claim 4 wherein said

- polymeric binder comprises polyvinylidene fluoride.
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2. An el ectrode conposition for use in a lithiumion battery conprising:
(a) a plurality of conposite particles, each of which conprises (i).hhJUL 2004
el ectrochem cally active netal particle and (ii) an electrically conductive
| ayer 15 partially covering said particle, wherein said |ayer is present
in an anount no greater than about 75 vol.% of said conposite; and (b) a
plurality of electrically conductive diluent particles adm xed with said
conposite particles. 20 3. An el ectrode conpgsition according to claiml or
2 wherein said mftal pPHrelearade compesider agrorfing o elaim oy Whewin said gr oup
consi sting of_alum nu i.licon, tin, antinony, |ead, germanium
magnesi um z#ﬂ@?cggﬂwgﬁﬁfa%ﬂsnuth, and indium 25 4. An el ectrode
conposition according to claiml or 2 wherein said |ayer conprises
el ectrically conductive carbon particles dispersed in a polyneric binder.
30 .5. An el ectrode codpotieatioga campositipmacaoediag i ehnian Wiee e bereiaisdid
polynericsbi der. conpri ses_polyvinylidene fluoride. 1 3 JUL 2004 6. An
el ect r ode’® cotf¥EEABE" 5&ding to claimfor 2 wherein said |ayer
conprises a netal. 7. An el ectrode conposition according to claiml or 2
wherein said 5 layer is non-graphitic. 8 An electrode conposition
according to clai bl oAnxléardhecmpositipn achondjng tgpdhiymed or & fortheter i n whi ch
said conmposite particles and.sajd.diluent., particles are dispersed. 10 9.
A el eot T odeCUBRIES § PORTIRTESNEHo it OB 14 AOR RS BrHeles Y SPRHER o
bi nder conpr p5fsiep ateVditgddeddene fluoride. 10. An el ectrode conposition
according to claiml or 2 wherein said

10

9. An clectrode composition according to claim 8 wherein said

polymeric binder comprises polyvinylidene fluoride.

10.  An electrode composition according to claim 1 or 2 wherein said

15 layer is porous.

11. A lithium ion battery comprising:
(A) - afirst electrode comprising:
(@) a plurality of composite particles, cach ol which comprises
20 (i) an electrochemically active metal'par‘ticlc and (ii) an clectrically conductive
layer partially covering said particie,
wherein said layer is present in an amount no greater than about 75 wt.% of
said composite; and
(b) a plura.litjr ofr'e']cctrically conductive diluent particles
25 .admixed with said composite Qartic!cs;
(B)  acounterelectrode; and

‘(C)  an electrolyte separating said electrode and said counterelectrode.

2. Alithium ion battery comprising:

30 (A). afirst electrode compriéing:
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15 layer is porous. 11. Alithiumion battery conprising: (A a fi rit‘{

el ectrode conprising: (a) a plurality of conposite particles, each o WL 2004
conprises 20 (i) an electrochemcally active nmetal particle and (ii) an

el ectrically conductive |ayer partially covering said particle, wherein
said layer is present in an anmobunt no greater than about 75 wt.% of said
conposite; and (b) a plurality of electrically conductive diluent particles
25 adm xed with sai d(E}OWDQLSplBﬁh%ftd Sitc pArkicd oo Rhrheehippres and (C)
anel ectrol yte separating-said el'ectrode and said counterel ectrode. 12.
lithiumi orﬁx)taatcteetrgcfmmmllysaqugc meB0 p@mclcami (i} na elestrisatly comductingr i si ng: 1 3
JUL 2004 (3% ﬁ_gg#allt of conposite particles, each of which conprises
(i) an el ect¥°bR Y-CRYeing St $al partlcle and. (ii) an electrically
conductive |ay I | ayer is
present in an a%‘ﬁ%ﬁ %\dcl)&é;al aﬁgyrrgééﬁan about 7g5\;?+£%%m§??ﬂsug7%%§£%pom te;
and (b)5a pfsaidtorhyosite; addctrical ly conductive diluent particles adn xed
with said conmposite particl counterel ectrode; and_ (C) an

el ectrol yte separati @@ saia® ?Mﬂﬁﬁtqrﬁ%clfMYﬁﬂéu‘EB’ﬁrﬁl@F@m ¥de. 10

admixed with said composite particles;
(B) acounterelectrode; and
(C)  an electrolyte separating said electrode and said counterelectrode.
10 |
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