ANODE POWDERS FOR BATTERIES CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]This application claims benefit of U.S. Provisional Application Serial Number 61/041,150 filed

March 31, 2088yWriskvis herein incorporated by reference in its entirety. pigld {3k A5 INVENTION
[0002]Embodiments of the inventions relate to anode powders for batteries. BACKGROUND OF THE

INVENTION [0003]Materials used for construction of batteries determine ability to meet requirements
desired with respect to performait@REE SR RS GG B IMEREES include carbonaceous particles
such as graphite powder. However, such prior materials may not provide suitable protection from
hazardous situations caused by rapid discharge of the battery such as a short circuit. This potential
issue is especially true for lithium-ion batteries. While light weight, high power batteries are desired,
minimizing consequences of possible hazardous situations becomes a priority for battery designers

and manufacturers and n&g{@ C E]% ﬁfﬁg@&&ﬁ? g POVYRY, ies. Further, batteries used in
ee toézs%gﬁ easmuche 8D ssib ICAYIERS

electric drive vehicles n nergy as po e'in order to meet consumer
demands. Again, the prior materials often fail to meet these requirements. [0004]Therefore, a need

exists forgimpprpved batigly matesials eRtMEheds 2 imalong, e Al iiStion Serial Number
61/041,150 filed March 31, 2008, which is herein incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0602] Embodiments of the inventions relate to anode powders for batteries.

BACKGROUND OF THE INVENTION

[0603] Materials used for construction of batteries determine ability to meet
requirements desired with respect to performance and safety. Prior anode materials include
carbonaceous particles such as graphite powder. However, such prior materials may not
provide suitable protection from hazardous situations caused by rapid discharge of the battery
such as a short circuit. This potential issue is especially true for lithium-ion batteries. While
light weight, high power batteries are desired, minimizing consequences of possible
hazardous situations becomes a priority for battery designers and manufacturers and makers
of equipment that use high power batteries. Further, batteries used in electric drive vehicles
need to provide as much energy as possible in order to meet consumer demands, Again, the
prior materials often fail to meet these requirements.

[6004] Therefore, a need exists for improved battery materials and methods of making

the materials.



WO 2009/123984PCT/US2009/038827 SUMMARY OF THE INVENTION [0005]In one embodiment, a
process of producing a powder of coated carbonaceous material includes milling regular coke into

coke particlggpasghdeprsiting a coating of carbon residue forming materiapgqigssstidases of the coke
particles. The method further includes oxidizing the coke particles that are coated such that the

oxidizing provides stabilized coated particles rendered infusible and graphitizing the stabilized coated
particles to provide graphitized particles. The graphitized particles form the powder of coated

carbonaceous material in which a BENVBIMAXCArdAllh BB F8Y¥ers per gram is less than three

minus average size of a longest dimension of the graphitized particles in microns times 0.183.
[0006]Accord|ng to one embodiment, a powder of coated carbonaceous material includes

carbonact¥Similled pRrABRREPRATHECA CARRC I e D PHRCERR ARG TARE O JOHTLERHICRAS ized and
graphitizedeathondegiduaiiinminginaeial il adidipnitles padisipssitiin acamplingsbihe powder

ongest UGB BUTHL RGPS ThiEe B F o500 SO AU et Rhargeabl
battery mcsindie&@ﬂmmwebmmm pairtdlescr ot mm&leﬁbthgugpmk@ep seshiliced pratedial and a
carbon res formln ate |al oating ther on. The car due fo mi rlal has been
oxidative agfa e?lzea graphi P § ﬁﬁsur%%e%éeres@f%%ﬁ%%par? desti a]%nn A Sah Yﬁ% of the
powder |$tmﬂwtm¢dnp3q:ua«5e mEbergpehigrarm porbeideSothaththpewdainas ¢ha@l/eﬂdga@sz the
particles | iﬂe{%%i? Pﬂ?&ﬁi %% sﬁﬁ%%aﬁéﬁc%“%giﬂ% jR.one getﬁlpgx%}nthsei%sgs ﬂ%%g ﬂd% cess,

comprising: mi |ng regu ar coke into coke particles depo a coating o n- res ue-forming
material @iegega figeed vfahecsokemprgioeles the graphitized pa:rt}cles in microns tzmes 0.183.

[0006] According to one embodiment, a powder of coated carbonaceous material
mcludes carbonaceous milled particles having a coating layer. The coating layer is formed of
an oxidized and graphitized carbon residue forming material. In addition, the particles within
a sampling of the powder have a BET surface area in square meters per gram that is less than
three minus average size of a longest dimension of the particles in microns times 0.183.

[0067] For one embodiment, a rechargeable battery includes anode powder formed of
particles from milled regular coke precursor material and a carbon residue forming material
coating thereon. The carbon residue forming material has been oxidatively stabilized and
graphitized. A BET surface area of the particles within a sampling of the powder is defined
in square meters per gram to be less than three minus the average size of the particles in

microns times (.183.



oxidizing the coke patrticles that are coated, wherein the oxidizing provides stabilized coated particles
rendered infusible; and graphitizing the stabilized coated particles to provide graphitized particles
forming a powder of coated carbonaceous material in which y < -0.183x + 3, where y is BET surface
area in square meters per gram and x is average size of a longest dimension of the graphitized
particles in microns. [0007b]Iin another aspect, there is provided a powder of coated carbonaceous
material, comprising: carbonaceous milled particles havigg a coating layer, wherein the coating

layer is FAREH of an SERSLR SN BAIREH-CAFEDI-RERAdRI R RTARG nSRBRIISIRg the particles within

a sampling of theipewvdenhaveia BT csudfasaiarea in square meters per gram that is defined by y <
-0.183x + 3, where y is the BET surface area and x is average size of a longest dimension of the

particles in miciERSTHBYA FAHIRGOf SHORF Sifsefomung R PR R A TBGrs bR S5 ery,

comprisigicles;anode powder formed of particles from milled regular coke precursor material and a
carbon-residue-fogning material coating thereon that has been oxidatively stabilized and graphitized,

wherein y < -0 P88 BRGIHaRE HaLis BERL AP S A BRIHE P RaSATRFP NI dansnE St the

powder glefigeddnisiib aEpdnetersfpabRramiand x is average size of the particles in microns. BRIEF
DESCRIPTION OF THE DRAWINGS [0008]The invention, together with further advantages thereof,
may best be uSHREEHEDFefahliveed gt Bﬂawiﬁﬁta@geﬁw%ﬁm%ﬂ BEieicR AR the
accomppaying dranings.dA00alkiguredidsd ghattitiustrating garticle sre distsipwippefae

tati
represegrgal\i/I? square meters per gram and X 1s average size of a longest dimension of the graphitized

particles in microns.

[0607b] In another aspect, there is provided a powder of coated carbonaceous material,
comprising:

carbonaceous milled particles having a coating layer, wherein the coating layer is
formed of an oxidized and graphitized carbon-residue-forming material and the particles
within a sampling of the powder have a BET surface area in square meters per gram that is
defined by y < -0.183x + 3, where y is the BET surface area and x is average size of a longest

dimension of the particles in microns.

[0007¢] In yet another aspect, there is provided a rechargeable battery, comprising:
anode powder formed of particles from milled regular coke precursor material and a
carbon~residue~fénning material coating thereon that has been oxidatively stabilized and
graphitized, wherein y < -0.183x + 3, where y is a BET surface area of the particles within a
sampling of the powder defined in square meters per gram and x is average size of the

particles in microns.
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example of anode powder useful for producing batteries, according to one embodiment of the
invention. [0010]Figure 2 is a chart illustrating the particle size distribution depicted in Figure 1 along

with particlexsizsyeligtibsiiions of the anode powder prior to de-dusting ang-otrgiesiea:zgaderial,
according to one embodiment of the invention. [0011]Figure 3 is a chart illustrating relationship of

particle size and BET surface area of a number of anode powders including example anode powders,
according to one embodlment of the mventlon |OO ﬁ'f]‘"b igure 4 is an image from a scanning electron
microscope of powder partlcl E%ﬁn@ Wik Rvention. [0013]Figure 5 is an
image from a scanning electron m|croscope of powder partlcles made from a formerly preferred

precursop ierial. W 2009/123054PC [S2009/038527, DETAILED DESCRIETION,Of THE

understood by reference to the following description taken in conjunction with the
accompanying drawings. _

[6069] Figure 1 is a chart illustrating particle size distribution of a representative
example of anode powder useful for producing batteries, according to one embodiment of the
invention.

[06016] Figure 2 is a chart illustrating the particle size distribution depicted in Figure 1
along with particle size distributions of the anode powder prior to de-dusting and of rejected
material, according to one embodiment of the invention.

[06011)] Figure 3 is a chart illustrating relationship of particle size and BET surface
area of a number of anode powders including example anode powders, according to one
embodiment of the invention.

[0012] Figure 4 is an image from a scanning electron microscope of powder particies,
according to one embodiment of the invention.

[0013] Figure 5 is an image from a scanning electron microscope of powder particles

made from a formerly preferred precursor material.



[0014]Lithium-ion batteries store energy by intercalating lithium atoms into materials that are bonded to
a metallic foil. This metallic foil is in electrical contact with the negative electrode of the battery. These

materials thatssgobendeg to the metal foil of the negative electrode are referrashignagsagede materials.
Prior to being bonded, the anode materials are a fine powder and thus are also referred to as anode

powders. [0015]The anode powders may provide improved performance over currently existing anode
materials especially during rapid discharge or elevated temperature operating environments. While

aspects described herein Te s %gﬂé}%ﬁgg 5@5@2&1 Q}Qbe used independently of the

other. [0016]Anode powders may be manufactured by a process that generally comprises the steps of:
providin icles of a carbonaceQus material; providing,a coating.of. a fusible carfon-residue-forming
materialgé&?i e surf Eiley p%?ffgfé%g; SOBR ARG e Boa %r %ﬁg‘rgsu@{ﬁ%’ﬁjea W B particles
to an oxidatieate detiancusingednoaxidiziligedgintTharbenidinddih ésstatitizeidalcoatedt pettictes; and,
optionally, graphitizi #e t articles. The process may provi articles having supstantially
smooth éﬁgﬁﬁg%“f%étf Er?’?noﬁtgier%leﬁg ‘utﬁ?ﬁees%g} icles So?}:aar%onaoélé%%sg?n%l?eﬁlaﬁ%rﬁ(ggg%%ﬁicles may
be obtainegdfriom decanidey 0t sofinresd, texanpled: ofwibichsinclutie pitdlvesg hetrdddutheandodoal tar
cokes, synihstis.nd nairal graphies, ~oftcathons derived. fam rgagiand natural polymers as wel
as other SOUFCES of carbonaceous materials w?uch are known in t manufacture of prior art electrodes
although 88 sourcestarexmesteelpeidtasd haye P8viNee i uireErB oneEeBuE Pl ifAlSITINEE calcined

or un-calginggl (GRS AGIAIRLBLRAKES, M%'}ﬁﬁm&@kg@&%{%&ﬁ%&@%@%wmﬁgbonaceous

materials may be either graphitic or form graphite on heating to graphitization temperatures of 2200C
or highercriiiansgtisle Voils wsheatnteraidbut a6V BRR Rty NECBI #ifn G2t ISR nding or by
any othepmaaRsAkchde ryeedie provide a pulvurent carbonaceous material having particles of
dimensions which are suitable for use in the formation of electrodes. Although applicable to

carbonad¥8t8] particle & RAAPOECE &R RE AR Srsd B fiBERTSHS hal BT b0 6P itSes in some

embodimgaigda\«: aretaasatRsiFas @i bipiccaboHalbdpmroliamnabeubdngrofta R, 70 pm, or
in the range of abqut 3 pm fo about _4]'5
0,

m. Further, the particle size distribution within any ranges may
be such (HERTSTSHERE (R MEGHIRER (R pRFIETE<hre ShRiee Wi S Mot RS OTeFOn 10

weight Ypeftitiespastisitsearedasgier faaived gman\\RiR0i08/ 122984 AEThy) 52 000368 216400 18] For
some embadiments, the carbonaceous particles are provided with a fusible, carbon-re iaue-forming
material 8%%5086251 6%1%%?5?%)?3%%%% fé?%sgea%s’ tﬁ)eggg% ﬂiggrr’?%%lrlzé?%?eiec%or%g%- %Iiilc S%-forming

materialsivhipheanheyreacidd paiticb baitizing sigemtliE xewplacyatogpounds include those with a
mg?efi‘aelL‘f{i‘%%gﬁg@ﬁ@&‘nﬁ%{%ﬁ%@%%%%fe%f 91?&%5‘%:‘3%%?&1!5%!?%%?% Y, gpating
y aromatic residues from petroleum, chemical process pitches; lignin from pulp

industry; pheltelieddsims aantddatfcoydrereckameltalefsuis i dudas telws. reyskcon ard et Examples
for use ap,CBlg MARKAL AP peltalenmbaAd cosh (el BUahR. R0 HINNHBIGR alfrradiy avallable
and have been obsérved to be effective as fusible, carbon-residue-forming materials.

polymers as well as other sources of carbonaceous materials which are known in the

manufacture of prior art electrodes although these sources are not elucidated here. Sources of

carbonaceous materials include calcined or un-calcined (green) petroleum cokes, as well as

natural and synthetic graphite. Thus, carbonaceous materials may be either graphitic or form

graphite on heating to graphitization temperatures of 2200°C or higher. Fine particles of such

materials are conveniently provided by milling, crushing, grinding or by any other means

which can be used to provide a pulvurent carbonaceous material having particles of

dimensions which are suitable for use in the formation of electrodes. Although applicable to

carbonaceous particles of varying sizes and particle size distributions, carbonaceous particles

in some embodiments have average particle sizes of up to about 150 pm, from about 5 pm to

about 70 wm, or in the range of about 3 pm to about 45 um. Further, the particle size

distribution within any ranges may be such that not more than 10 weight % of the particles

are smaller than 5 wm, not more than 10 weight % of the particles are larger than 60 pm.



[0019]lt is to be understood that the carbon-residue-foiuiing material may be any material which, when
oxidized and then thermally decomposed in an inert atmosphere to a carbonization temperature of
850C or an gyemeigadgtemperature forms a residue which is "substantiglpyrgachaggsksis to be
understood that "substantially carbon" indicates that the residue is at least 90% by wt. carbon, or at
least 95% by wt. carbon.The carbon-residue-forming material may form at least 10%, at least 40%, or
at least 60®%d &arbon réiduema carbodiization, thasedtonatworigmtchasgoftwided with a
carbon-resigiye-forming Iierial.[002qlanY argenic.samponar et canpgxidzeand then thermally
decomposed 10 yie carbon residue can be used as the oating material. However, in coating
processeitingickdhial argaaioosonsibienisnaie digtoiakdvhich ke apasiraivido moviddehat include
various mgleeulat weights Ay he e aseNBesaMSS fh MUILA Qféﬁﬂg%@faﬁaeacm%mmwth the

solvent(s). Exemplary compounds include those with a high melting point and a high carbon yield after
~ thermal degdnritssitibearenly desetraresitiomndBoanplpitesrdy). sorpng amptedei elisighRe8r coating
the carbopacantsRAREIC S RALBFMRRS Ehéfﬂ@m%f&@s&irFsii&m@ﬁQameﬁoﬁ%qM&i%hﬂéwgs include

the steps of: liquefying the carbon-residue-forming material by a means such as melting or forming a

solution whePalisuTEsBIe B ERCHBNRBRRAE CHShAY SHepTSGar RSIEMCRRMY fe
carbon-regidue-farsaiminatesiaionte feadasipaaceans aasicles, andinpingwhecaroeaaiiBous
particles in the liquefied carbon-residue-fQrming majgrial and sybsequently drying out any solvent.
Further SGRANSCHT, B ek & ?S’Sfﬁae B)re%Fpi if?c?ﬂvf‘f &%aﬁﬁi‘ﬁ-re% %Qfg%%%'%’ﬁ%nr%al on the
carbonageausifarticles. [0022]A further technique which may be used includes providing a dry coating
of the carhgn-residue-fooning, mateyial onio,the carbopaceou ticles su mixing or tumbling
these AR untl 2 ContRg SRR A Sy ueciae MERAR M
2009/123884R4 Thisl2 08¢0 3888 7cthersuttiac sloftirdly skvongreed srpartiokss aaftespiiiciothe dry
coating is then fused %%H%%’é%%%%%&% %pa e %?g&léé%é%et eﬁ(?%ﬁ@é%ﬂﬁg%%ﬁ&?é Yales, \hile any of
escri

these cogﬁ%g()?lezc:%nlque may be practiced, method erein include those which provide a

relatively snbigentichatingd tnickieés tof thamedatstsrodetbi s foriantialn atshrn oindivates Behiteous
particles %Qgh‘%h@ minjgaize smAiRg of aggipmergtion; ofihe coiedipariigles, g amaygt of the

carbon-residue-forming material degosited on the carbonaceous particles may also vary widely, and it

is understebgnrasidie- frplnsruasardaH fare shleastd RS indldersiy e Gritb IRy O trid'd8iting and
the specifig;farm apgssiacss 0f4he canpenacsosRN ites Altheuakthe-anawteieaating may vary

from as little as 1 wt% to as much as 50 wt%, expressed as the percentage of the mass of the coating

relative tdM%01otal madSHPIEENGSPEpHHIdRE S8 Re SxifEh P R IR B MBS before and

after coating;dheampuretiaheealing iRomaenhadimentsimnurRwEwd) abaatiddpnddestesahout 25

wt%, or from about 5 wt% to about 20 Wtoéo_. . \ .
which the organic compounds are dissolved in solvent, aromatic compounds that include

various molecular weights may be chosen because of mutual dissolution of the compound
with the solvent(s). Exemplary compounds include those with a high melting point and a
high carbon yield after thermal decomposition (e.g., petroleum and coal tar pitches).

{6021} Any useful technique for coating the carbonaceous particles may be used. By
way of non-limiting examples, useful techniques include the steps of: liquefying the
carbon-residue-forming material by a means such as melting or forming a solution with a
suitable solvent combined with a coating step such as spraying the liquefied
carbon-residue-forming material onto the carbonaceous particles, or dipping the
carbonaceous particles in the liquefied carbon-residue-forming material and subsequently
drying out any solvent, Further useful techniques include selective precipitation of a
carbon-residue-forming material on the carbonaceous particles.

[06022] A further technique which may be used includes providing a dry coating of the
carbon-residue-forming material onto the carbonaceous particles such as by mixing or

tumbling these materials until a coating of the carbon-residue-forming material is provided on



[0023]One method of fooling a uniform coating of a carbon-residue-forming material by precipitating
the material onto the surface of the particles is provided according to the following process. First, a

concentrateg:gabgianpEihe carbon-residue-forming material in a suitable mefyetiisipuged. The
solution of carbon-residue-forming material is prepared by combining the carbon-residue-forming

material with a solvent or a combination of solvents. The solvent should be compatible with the
carbon-rakidusfoeminde icerbonatings paatielts) afet stiochididiskplventitimisdlsulfstedtianpoyiien of the

coating malerigh SSSIRINSle:PUEeRraanie samRRUAdRALS Mvie adlieraLsalyenle: The

choice of solven s) depends on the particular coating rial used. Suitable solvents for dissolving

the carboieebsiduesforairs meetiiadinorathodfor escatpysl ehersi éprivds|dbete, syliethe pernitslite,
tetrahydr?é}éﬁ%%waeﬁmﬁk?n@oﬁﬁ%maﬁd%kowacﬂ@, tiahvdronapiihaispefaaldhy SHRpat under

the trademark Teétralin), ether, water, methyl-pyrrolidinone, etc. When a petroleum or coal tar pitch is
used as tPRSREANASSACRe SIRIUELES rAfh g Whisk rainTor Ex SMPIBING |0 ASHREIFHENd ftdfferfe®ediene,

quinolinepfetaby drefuranuhelialipt apshnaphikalensing heaiatia et fosiealve ks dmbiAgeeous

carbon-residue-forming material in the solution and the temperature of the solution.is controlled so that
the carboPAFEfRSBFS HAG Rt Lo At WIARTIBRY (B ShiteRP O ofRe o RS oW ent.

Typically fib@:soinantiiaccaibonifesityeoR visingmatesial kb GiedERs than shdsaltauxs botless, and the
carbon-residue-forming materiaj js dissolved in the solvent at a temperature that is beloy the boiling
A i TR e satc

point of ti& RBREAUIEEITE SN AP HEE I ATEHY QeSS TRG AR St 8l JEL ¢ 4t oL i Tés

$€than about
2:1 are capimmhakiown’as dhpresalditionie Maoynpitehety e matar g siforvatog cehitiateth ¥440

2009/123984PCT/U &}009/(%? 827. flux solutions wherein the pitch.is highly sqluble when.mixed with
colvent o R B R S R SR 06 & PO SFIACE o e e e e o o
solvent ircodtingy the sanvohafbsistesforsimg endtedialdstioss sl divke roults.ihpdftiel gredigitation of the

carbon-re‘%gy%f?%%%&%%t@gﬂg%%{.2\6/@% _this dilution and precipitation occur in the presence of

a suspension of carbonaceous particles, the particles act as nucleating sites for the precipitation. The
result is dAB@3pecially Gigomstbodting Sithingatbbniinasidgeaisiniol skl St ParneNds.

[0025]Coging;af 40 e LRINPAREAAY SRRIHAIEHG AL QREHEO Y MHXIRAARR PRHICIGR A1 C5 G fhe solution

of carbon-residue-forming material directly. When the particles are added to the solution of

carbon-rébrofrbloBragRy Rt riBirdi e arcsuimirshenlstRe Al B sybrrTstituciRmibamaiaiiting
mixture toeffect pactiahRrpcipiation ohthe Sakoandesitbsxirming mmataiamAhe.pddiignatsolvent(s)

can be the same as or different than the solvents used to prepare the solution of

carbon-rd¥ideRBIHHIE gtRR ater b TS TR A G A sHE Pk As I BR D SR SO B atRB o ceous
material gaR-&aspraparesRyhamgaancosspaini et ehpartibes iaine Jamensolventusegto form the
solution of carpon-residue-fonning material, in a combination of solvents or in a different solvent to a
desired (GFFISEARS, M0 oL BIGG, TN b B QTR Rl PR (67 BB SRS
carbonaceelisipatielegisithemgumbined aviiix the séldititineaf sairleats.rédidubidemidgohatetial causing a
certain poftion of e, cubon sesidus forming matctialia deposit subsianaly yaforaily g he surface
of the carBonaceous par |c1es.fcf(5)5 he total amount and morphology of the ca%bon-resﬂlue-forming
material tieaidue-forming material include, for example, benzene, toluene, xylene, quinoline,

tetrghydrofuran, naphthalene, acetone, cyclohexane, tetrahydronaphthalene (sold by DuPont

under the frademark Tetralin), ether, water, methyl-pyrrolidinone, etc. When a petroleum or

coal tar pitch is used as the carbon-residue-forming material, for example, solvents may

inchude toluene, xylene, quinoline, tetrahydrofuran, Tetralin® and naphthalene. The ratio of

the solvent(s) to the carbon-residue-forming material in the solution and the temperature of

the solution is controlled so that the carbon-residue-forming material completely or almost

completely dissolves into the solvent. Typically, the solvent to carbon-residue-forming

material ratio is less than 2, or about 1 or less, and the carbon-residue-forming material is

dissolved in the solvent at a temperature that is below the boiling point of the solvent.

[0024] Concentrated solutions wherein the solvent to solute ratio is less than about

2:1 are commonly known as flux solutions. Many pitch-type materials form concentrated



precipitates onto the surface of the particles depends on the portion of the carbon-residue-forming
material that precipitates out from the solution, which in turn depends on the difference in the solubility

of the carboggesiduesiggming material in the initial solution and in the finghsplutans Wken the
carbon-residue-forming material is a pitch, a wide range of molecular weight species are typically

present. One skilled in the art would recognize that partial precipitation of such a material would
fractionatiuthepimatesatisuein thapited prégiplaselwbeldlise rafatilslifthighvenbiésolaeweightcnd high

melting ang (e Feraalp iﬁ;.%.S‘ié?%%%S Pl RerslavairiowmolgsUaRwEIahand lowmaling

comparetrja o the original pitch. The solubllity of the carbon-residue-forming material in a given

solvent owbisld eaikturecsidperfonrsncansigiiad ivfeaoinblp ensalisgnrrsprmsieriataedhthstion,
temperatyra, and piessHRASRiAiRg sarlien diyiien alcancesiraird ibialitionscrusagesolubility to

decrease. Since the solubility of the carbon-residue-forming material in an WO

2009/12398%RETYL FSPEDTIISB S Pashanrfeoys e FerdasuEtiRien 6hap aPlerEnB RiEHItLHBS of the
coating is,fiiheneahanted-bystating die Rracess:RkAN @avalesk temparstkre:aadaradually lowering

the temperature during the coating process. The carbon-residue-forming material can be deposited at
either aniﬁ%?ﬁ%%@ﬁé@&ﬁ%%sure and at a temperature of about -5C to about 400C. By adjusting the

total ratiojgzzyivent todiagtear bbid esitugafesmingriivaée tat anckihe sdldtignkiepapiykivires e total
amount and hardness of the pﬁecipitaéed arbon-residue- L

' orming material on the infusible, carbon
containing HAHIE BLHERT 58 CHREBTENI T80 90T e LHSH }6??%*0%38 @e?r%rr?gl:eesoat}g %@F@Ies in the
final dilutediseltiencal darhdbrresidine-forming rmuatdaibd genbratiditansd saticwf 9ok gertdaally
carbon-resjdue-forming material of greater.than abeut 2:. or great n u r le, where
petroleurﬁ% Fed2 :frlbl %ﬂ@gﬁgﬁgﬁgg %%%a? or??r %?81 ét-‘%(r)r%i‘%{ﬁn%%g?}%%;ﬁ%i%?ug%eg%gchosen as
the solventatthiarafihotdditiend tohtmigiichushoule Iseness tradiifrrenubinothdsetrninitsdssiution, but
may be greater than 1305, ng% iﬁlté’&?'ﬁ particles, carbon-residue-forming material,
and com frc?g%t%t(t) Sesﬁi?é (.;Iﬁ'g\;?v%ét?fg}gg%lngerscftooé{%y or_1e1 skilled in the art that the specific ratio of
solvent td@Ron-residuéstortiviely. naatesienatoth o Coatiakid wO RtIsrbeRANSaIS r6REeHaY S9BNRR on the

carbon-f g%ﬁﬂe‘cierﬁjﬂHSAE‘&%E%@%QM&%&E“ﬁa%elﬁiﬁ!ﬁ%oﬁmﬁe%‘aﬁﬁs%i%hp%eﬁa{bdf&hiﬁ desirable to

use as little solvent'as possible because of the cost of solvent, while on the other hand, enough
solvent isspifisireef sodpn-trddusrbomipe soaiginkided cambiagtienaka] yaninesdhantiiensblupon
completiqypthe PregipitaiioBsteptihne saated natislasamseRapaiad from thavaixtye ghsolvent,

carbonaceous particles, and carbon-residue-forming material using conyentignal methods, such as, for
example SESMPTTH S EPRPRAGTO SRS S HheR SAMEIRE ERRE SPHGRR \ﬁ%@ﬁ@fﬁﬁ/‘%‘feéolvent to
remove resighig) pitghrnrcathpl;cateanmasitua: o mingrrhaterisilsolutiamanchaiiad tssdegosiinventional
methOdS'substantiaHy uniformly on the surface of the carbonaceous particles.

[0027] The total amount and morphology of the carbon-residue-forming material that

precipitates onto the surface of the particles depends on the portion of the

carbon-residue-forming material that precipitates out from the solution, which in turn

depends on the difference in the solubility of the carbon-residue-forming material in the

initial solution and in the final solution. When the carbon-residue-forming material is a pitch,

a wide range of molecular weight species are typically present. One skilled in the art would

recognize that partial precipitation of such a material would fractionate the material such that

the precipitate would be relatively high molecular weight and high melting and the remaining

solubles would be relatively low molecular weight and low melting compared to the original

pitch.

[0028] The solubility of the carbon-residue-forming material in a given solvent or

solvent mixture depends on a variety of factors including, for example, concentration,

temperature, and pressure. As stated earlier, dilution of concentrated flux solutions causes

solubility to decrease. Since the solubility of the carbon-residue-forming material in an



[0031]The liquid remaining after separation of the coated particles includes solvent(s) and residual
carbon-residue-forming material. The solvent can be recovered from the solution by conventional
methods, sygh Asefoisaxample, distillation under reduced pressure or evaReraiiomehalgyvated
temperature. In some embodiments, the separation of solvent from the residual carbon forming
material is carried out at elevated temperature so that the carbon residue remains in liquid form. If
different sgieeintsolrentisettocprephreniperaatimgerintietiahsdltiton@ingnd firthprevipitatididsolution, a
multi-sta Istillati t _ A I d solvent
o be dﬁ%ﬁ@ fké% g{}ié/st% %@%@%&;@%‘}E%&%ﬁﬁ é&%ﬁ&u@ tRIS SO IS L TARFE GAVEE

reused in t rocéss, while the carbon-residue-forming

material ibaipsetaggaddessm Tihe proasstesivvo 00D 2RGSEP Gy USP0ESIBIes 21teus R some
embodimenis,tha FRANG Aldhe SRIRPHARRCYS MRMICIeT IS RRIRIRH R lirRmRIeHRYoRfusiDIe,

such as by oxidative stabilization. Thé coating of the carbonaceous particles is stabilized by subjecting

said partiéiés thsefy sxidniiscrabersrsidsmip anipg i barhthsrabries o T dbidatEonditions.
Generally Ray mild ia:merdetene astioparuadiions i maLsRAinkYRigRl! the exdafiemleaction is

satisfactorily performed by contactin%the coated carbonaceous particles with an oxidizing agent at
elevated SRIETARFRLE PRIPEERYAG $PRitelSTed carbonaceous particles with an oxidizing agent at
mild congiitigns and activatngehsiaxisizibgeaoenbeietavatesfienap af alsr isaCainiad withitie oxidizing
agent can occur at ambient temperatures (approx. 20C) or at moderately elevated temperatures, (up
by Rk A R A S R e e e
temperatutesriap do 4OH€r. fimsaimie o direeat shthesbenperdtore:ohthi oxitati geirekotonns
maintained below. the.instantanequs melting paint of the coating materigl, so to gnsure that melting
point of tﬁ%aggagt%tdz mlgtgsrrll%t s fo SXC%e‘HE%ﬁ%%?Fﬁgf’ ﬁ?ém&(}g%{ﬁlgﬁf?%%%%ﬁﬁ%&%? ﬁ%enrf%tsaﬁlr?er of
oxidationsdiepehdbeuptio the tioneneftththexidikrpade teutiizedawhichawdyihd dotidhiicuidadr gaseous

under th [0 itions. Li ISR, Y aKko idatio agti e nd ion.conditions
may be [‘)gé%%%;éﬂr}é%%qgég cgogn é%@e{]d ?cr)a"éeg\’/v:{ﬁir%)% e?%cg})%ogl"t?gl?r?\%ntlon. Ioo%g] or s&(?rsﬁe

embodinrathentrasidugbitivathe castatishinshenabinshartidat Drels utesdd bertidentpohie@nand/or
graphitizegglepenging ORReHDARERS Heed.MbeBIhe carionaceausMaleiahurediiapipduce the

stabilized coated particles is a high-carbon material such as calcined coke, natural graphite or
syntheticcgPapiias @l harserisarr o irdersngsaphitbe FihpwioarngEsidrngeisroni®4tion step.

Additionglly,svhendhe casbanacaessdnatsiiahis saphites UgaiwnEodugts areifarmasivewonly
carbonizing the stabilized, coated particles. When the carbonaceous materjal is a softer carbon such

as greenROSREIEDECaBtF 8§FB‘6ﬁ%&ﬁ@éﬂ??&h@ﬂ%ﬁﬂé‘%?@?ﬁﬂ?@ﬂc%%é?}?ﬁ’&l’ﬁn’&?&‘i‘ﬁﬁg Hclude
carbonizipg: tine stevlizedeopiestRarticles Mspaerdperatgelainabout 400C to about 2000C and then
graphitizing the particles at a temperatuge of about 2200C or higher. [QO35]According to this further
step, hee@ﬁé f the coarSd SREREHAN A% BEHRLASR %g?ti@?gscf)ﬁlégs%gh%ﬁﬁﬁ%?%’ﬁﬁ?‘%griate
reaction gonditiensitotinswe silvigih, degrescons qemilete aadbonizationifoerfofivftmeegaid to the
temperare reguired.io lnsure, sarbonization, desirably i 3 aghieved by rajsing e, lerpperature in a
controlled R&nTer Hom a star Ing temperdture, usugﬁ’/am ettt te erature, to the final carbonization
particles then are optionally washed with solvent to remove residual pitch (or other

carbon-residue-forming material) solution and dried using conventional methods.

[0031] The liquid remaining after separation of the coated particles includes
solvent(s) and residual carbon-residue-forming material. The solvent can be recovered from
the solution by conventional methods, such as, for example, distillation under reduced
pressure or evaporation at elevated temperature. In some embodiments, the separation of
solvent from the residual carbon forming material is carried out at elevated femperature so
that the carbon residue remains in liquid form. If different solvents are used to prepare the
coating material solution(s) and the precipitation solution, a multi-stage distillation system
may be needed to recover the multiple solvents. The recovered solvent can be directly fed
back to the system and reused in the process, while the carbon-residue-forming material is

discharged from the process.



temperature which falls within the above identified range of about 400C to about 2000C or within the
range of about 550C to about 1500C. [0036]With regard to the temperature rise, this can vary due to
the nature afthe,ssabiéged coated carbonaceous particles, as well as the peagtion@agitions and
apparatus used. With regard to the apparatus, conventional ovens are satisfactorily used, although
sealed ovens wherein a specific atmosphere can be maintained during the carbonization process may
also be U#6a2Sealed Bvessnaciudedhosaintiwhicrtageditbe dphosscreumpar tidantsineadeset such as
vacuum gvepns. [0037]With regar t t Hegaoditions for.the cq@g@;&ﬂ&p pragess, the
atmosphgre %a%% 6§%§%t%ﬁ%§%ﬁ) %%%u?g;%hq%r agp inert atn}loslphére at temperatures above about
400C. Ariblemaetois anrades itabibilitaddaphidtiecine sl @usiplreritsaegilytiois pracéendiimeg heating or
during hegling 4nd fa%a%{ae% FidRerL AR RRAIESHICldg il Gaiy 3N, heliugpaetc., which

are non-reactive with the heated'coated carbonaceous particles. [00; 8]With regard to the temperature
conditiorisatiencenditions A denpint gEraieally, the ssidabpraisstrniatisberimiertinensdbilized
coated C@;b%ﬂﬁ%ﬂﬂé Recticles-are swbierier{oRshiaue watbonizatipn theraptis an thevarser of

0.5C-20C/min. Such a controlled terggfrature rise insures that good carbonization results are

achieved FHEEGHRS SMBOARBAIRE AR Coatet CARoBAMS R AR LS A0 HE g 28 e

carbonizgligndnpermtme gracuallydandidiimatieashooraial Redatimheat Ceatmenitsdp where
prior to the final carbonization temperature used in aeE)Or(ocess, t#uﬁoéoated car on%ce usa[?aﬁiticles are
heated t& S HBGIARSHEARMBRTHE ALY S ISRERTTRIFE ARRItA e U TR BSHIEAtlFEst an interval
of time. Thajsisimediapedemperattreoy. thethexinad fdrtinhichiditing agtermedidtey parbe rature is
maintained may vary, and will be understood to from process to progess. It is to be.understood
that the OISR BT HE G T RAER HBS I 0o ARG TG Bar e E TR AT Gined a
such integsedirtaitenmpenidurésnsmbereficiabiovvatidithtingthe aolymédizatombodiherooedegng of the
coating present on the carbonaceous. particles. Indeed, the practice. of several intermediate heat
roatmenT SRRy OOTE HEnEH L Do T bk etirs B e i e
provisionoefdaire waaticene heat treatment steps in which the coated particles are maintained at a
o SR atre FPisiad o AR YA ARG Y R0 SR sodadisab aaceous
particles ‘over particles which have un ergone but one of no such heat treatment step. ITis further to
be understdieadhahithrimgstHe Hekitindiafithercasstcansondbe otrs pertietaditpaicdideaitehtion must
be paid tg.enure thakneiteribs iemReialuRs ARG dyringdishentino precess. fiar ihe rate of the
temperature rise during any part of the heating process be such that the instantaneous melting point of
the coatisghsissredie b@ﬂ%ﬁl‘ adbosropaaidissiiyeRi®eded. More simply stated, the thermal degradation

of the cogjipgys to be gffected-byarsantialied empsratig risawhreHRARepioCoasidRmngEatUre is
maintained at or below the instantaneous melting point of the coating where said melting goint is

generallyRheraasHy watRanad mdemesrbitized. drpondirsrridhegiateinntstbaitdstdiesses
include thegpubichexhibitislowen rajeprodiempry akdrairse. {0939] puttistguanktaifisaiainment of the
maximum temperatyre used, for, thel carboni ationg[irocess, e.coate?gcarﬁgnacec%)fjs rEarticg:les having
been carBGHPaH TR BCREHIEY (8 GmBIEHE ST TS ARTIfRTARIE R Aot BATASR A% Pe quirement.
Again, thgieeaiingripigricedesinably contiatednley, tarbenivithin abaut 3EddRRGEAIN. velithodigh, this
cooling rate has been observed to beh%)icall {ar less {imitingfast rate qf temgerature {}ilse during

18 grap , Il <

the carb 5&@8{}6??%1}6 Jagieria useful products are Yormed by orily carbonizing
stabilized, coated particles. When the carbonaceous material is a softer carbon such as green

coke or a soft carbon derived from a natural or synthetic polymer, methods may include
carbonizing the stabilized coated particles {o a temperature of about 400°C to about 2000°C
and then graphitizing the particles at a temperature of about 2200°C or higher. |

[0635] According to this further step, heating of the coated and stabilized
carbonaceous particles takes place under appropriate reaction conditions to insure a high
degree, or a complete carbonization thereof. With regard to the temperature required to
insure carbonization, desirably this is achieved by raising the temperature in a controlled

manner from a starting temperature, usually ambient temperafure, to the final carbonization



-[0040]Processes described herein result in a smooth coating upon individual carbonaceous particles.
For some embodiments, the stabilization of the coating is followed by controlled heating of the coated

stabilized pg¥ticies 5939 to effect carbonization of the coated particles withditiie;ahae:gimping or
self-adhesion of the individual particles. The desired results are coated particles with little or no broken

fracture surfaces of the type which are characteristically formed when the separate particles fuse and
must be emupheduer biddefbApaitimpheibeva fiestfiednggeaddeont4tdt € actbensDRACES@are

desirably minimized or ayojde 1 e helieyed to contribute to low electrochemical efficiency
when the‘@&’ﬁcﬁ%%r r%euogélé’ (éusg gsr?)a%i%gé r%lg'gaé% iﬁ'rechargeable electrical storage cells, particularly

in recharf{dble lithiunWioh bastetiés.fe0%tiftretstaiization stepvis cauieth dbe toaterdef the surface of

the coating iysbls o the suBsequens satbanzaam e Oxidaliye sighilzaian Algysfe smooth
surface produced in the coating process to bé preserved in thé final coated particles. as oxidative
stabilizatisadentétls teanslitfates ofntpar doatieapisiusibié cythe ssbeatiplertershrbeedzalibousiep.

0042Hegt 24t oF S nE OB ABRISE i sl SORGHISRINASARlse manner o

minimize fusi the particles. One skilled in the art will recognize that highly stabilized, infusible

coated phreesas Bay Heoharserre Ranjedy oxgnrdaivenlass GurRhiRh durfdyced rIGATHERIBYSY IRCcontrast,

relatively,millysialiligeds caatedhRpdigles require slower heating to avoid excessive melting of the
coating and fusion of the particles. Use of a WO 2009/123984PCT/US2009/038827 fluidized bed

during std¥i#Zhtion andt HB e &adFAdhE istmepRRsEn, coRHERERIM Pie ey diam pEshdision of the
coated pafticighel0043]IemesrRaging s MedupsiafigeHowirg-prvwaneef aopiapeRaiticles after the

carbonization and/or graphitization steps, which particles exhibit little or no fusion among the particles,

but can geRErARCBE Biken MHRbisHtcLis BhacsenirRl BymammBreenTaieTaiie PAgRAGS RIEEh as by use

of a Stirriﬁﬁﬂ%ge@ﬁﬁhm%tmﬁ% thedbymianshiareiingsrWosigsamesusienmadave
occurred between particles, and mechanical agitation is used tQ separate these particles which may
result in THEG8FM 268 oNAENIS 81w r & MG R AR SO EaRTE e Ml dhn dvifteth searsracathenatifiSes do not
compriseymgeg:¢han 10%, or no more than 2% of the total surface area of the particles. Such are

considered as being slllﬁpstantiall smo%th coatings. [0044]While tt&? carbonized coactiefi c r?onaceous
particleste grap ﬁ%d'f[g@f rdo the temperature conditions, these can vary widely bu

generally, the rate of temperature rise to which the stabilized coated carbonaceous particles
are subjected to achieve carbonization thereof is on the order of 0.5°C-20°C/min. Such a
controlled temperature rise insures that good carbonization results are achieved. For some
embodiments, the coated carbonaceous particles are heated to a final carbonization
temperature gradually, and with at least one intermediate heat treatment step where prior to
the final carbonization temperature used in a process, the coated carbonaceous particles are
heated to an intermediate temperature, and maintained at that intermediate temperature for an
interval of time. The intermediate temperature or the period for which such intermediate
temperature is maintained may vary, and will be understood to depend from process to
process. It is to be understood that the inclusion of one or more such periods of time during
which the particles arc maintained at such intermediate temperatures is beneficial in
facilitating the polymerization or other ordering of the coating present on the carbonaceous
particles, Indeed, the practice of several such intermediate heat treatment steps may provide
benefits over the practice of a single heat treatment step in that the provision of more than
one heat treatment steps in which the coated particles are maintained at a constant
temperature is believed to impart improved characteristics to the coated carbonaceous
particles over particles which have undergone but one or no such heat treatment step. It is

further to be understood that during the heating of the coated carbonaceous particies
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use, graphitization is not essential as the carbonized coated carbonaceous particles produced may be
used directly in various applications, including in the formation of electrodes, particularly anodes in
batteries, espgcikady; mggchargeable batteries. [0045]In some embodimenig;#hgsashanzed coated
carbonaceous patrticles are also graphitized by heating them to a still higher elevated temperature
which is in excess of the temperatures reached during the carbonization step. The advantage of
graphitizatiaividamateydotdrant m pstdsignifisantithecitap titzatigrproce ssthieed dntipmilows for the
generatign of a more ordered cryst ttice in the coated carbona rticles, A K.improved
crystal Iz;h?g%n&rgf}? %Sss’rﬁgrrgl%eerg%?a{?iﬁ%{alﬁgrr#ué rUc lfgrjuexm%g%%%g %e ?el\g/%(ﬁ § ﬁ%%%\%pcihe charge
capacity sich bistehy cusitaininguhmctiong goathdrthesvatpzaniole $hd aschipemg dwseharticiesaspecially

notewo ”@X_c‘zl}?faﬁ.‘l ENILED E&%%ﬁ FRAEHRARIERS JoWRIA, ANRCIYALY QWLPRIGHIALANE, G 10 0.5

volts. This is y advan ous In"making rechargeable batteries from these materials:

[0046]Grepivrigtdoarapssrein dise sTheprintias. PrRfsUBMRETHS e e Bipaedany oMparab/hen
impure carhons SUGH AsnALRRLaraphite AiMserhas theiseies0bdhe Garkananeans-partisles.

[0047]With regard to appropriate graphitization conditions, again these are to be understood to vary

according i RS JEEHE PaBFRcetha XIDBMEAHS CaREaTRERh JIFaHRE REI5aH I dEc RS BA%Ss the

reaction ¢apgitionsyiequiked ifebuineaberiihergephitization. Generally, the same apparatus used for
the carbonization step may also be conveniently used, it only %ﬁi}r@re uired that sf%cggde ice be
r

capable 614dtther eleVatEHRN N JoFaf TR HBE e P p RIS THE TSRS &rein the
effects otgraphitizationaraghservesdod ABL2RARSIL2RAB4RCTAIH2 088103882 inc iay Weically,

graphitizatio curs.in the temperature ran f.about 2200C-3200C, although lower. or higher
tormperat PR gL i ORI LSt Ao AT St o Ty IR by
graphitizatiolingerabtaintedichbiin gotitis litdp /. sudh Hreatathimgdrovedf ChEIingdapatityishadhieved.
looasWil JReRi o s Iosess condians anaal gt araniiicetion I etfarmed inan inert
atmosphére SUch as described previously. Graphitization can imimediately follow carbonization, in
which caderthge thadaohipedcoapectesrbonaceous particles are retained in a reaction apparatus, i.e., an

oven, anfumrfmpefﬁ%@eﬁﬁaias%%@ ALLARPIORRALE, draRBilisANQRIERP eI e, fpgard to the

rate of this temperature rise, desira his Is maintained in the same rate as that used for the

carbonizatitenesuithatiglesgriatsrtel estwdinrofthe rphiinaiernict haseadngmis fRilwEeddepending
upon theyapdg.Qfi thencathpiz ek GRAtes SaHPPRACEANSIPAICIES effect carbonization of the

coated particles with little or no clumping or self-adhesion of the individuai particles. The
desired resulis are coated particles with little or no broken fracture surfaces of the type which
are characteristically formed when the separate particles fuse and must be crushed or broken
apart to provide a free flowing powder. Such fracture surfaces are desirably minimized or
avoided as they are believed to contribute to low electrochemical efficiency when the
particles are used as an anode material in rechargeable electrical storage cells, particularly in
rechargeable lithium ion batteries.

[0041] The stabilization step is carried out to render the surface of the coating
infusible to the subsequent carbonization step. Oxidative stabilization allows the smooth
surface produced in the coating process to be preserved in the final coated particles, as
oxidative stabilization renders the surface of the coating infusible to the subsequent
carbonization step.

[0042] Heat treatment of the stabilized coated particles is desirably conducted in a
controlled manner to minimize fusion of the particles. One skilled in the art will recognize
that highly stabilized, infusible coated particles can be heated relatively aggressively and
quickly during carbonization. In contrast, relatively mildly stabilized coated particles require

slower heating to avoid excessive melting of the coating and fusion of the particles. Use of a
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[0049]In some embodiments, the pitch coating process, or carbon-residue-forming material coating
process provides uniform carbon-residue-fonning coating on carbonaceous particles regardless of
particle sizey g eatng can be accomplished in a number of ways but itjg-peResialysagvantageous
to precipitate the coating material in the presence of a suspension of the carbonaceous patrticles. This
coating method yields a uniform coating of controlled composition and produces a loose composite
particle ptvidesdbdhatuitey pitebilcasted pdrielestaatnehadgyameisie dac:ficidlihersnthriggprocess is
required igl &Q}e .suba%%1 Seg;tl %%qgggga%gp%%PSSO]For some embodiments, an oxidation reaction is
carried olit ON thE Coate particles pI’IOI‘?O carbonization of the coating. The oxidation reaction is
believed {633 vide cerainaectmidahben glitslubir st fieis elitgepamdtithé stabilizpadtodetedigarticles are
relatively j i [ idation.: Which. | h I ir Tl rocess
steps, anﬁ%%?%%ﬁ%ggﬁﬁ%%ﬁ%e%%ﬁ%%ﬁ %%Il?gn f}ﬂ—lt&:ésigée e%ﬁﬂ%ﬁﬁé@?ggﬁgﬁ%%ated

particles Hre ratdowedwitanssuraty Rhivakgeldshryfrestildeiny netaisie dimplarmecominak,
particularywhen HiesRblizad caated PRHIGRS & %fﬁ%iﬁ%k@&&ﬂ%@%ﬁ% D& fechageable

storage cell, particularly ina rechargeable Li-ion cell. [0051]The coated carbonaceous particles, also

referred t& Reiefeag fRdGumpone pastird hetrsmsnartidatetn aaehaniel agiiatinnly wied to
carboniz%ﬁafaﬂahﬁ&%%@&faeam@y KRsyveRer dhan: 22005 0hhis highiempe RivieeRt dhaatment after

oxidation results in both the very high capacity and charge efficienC)éfor the coated particle powders. It

is especiSTRPANAMEJEGTSHEITIN 6F Bt AIRPESHIIES Brath oS FLpRITASE Wilkéria’ occurs at
a low potgntiadtaf QifFieeOakey sthd 7009/ 12398 4R G200 YO B84 /s(B0kAlBumerspihodiments,
contemplate use of the carbonized and/or graphitized coated carbonaceous particles in electrodes,
particular‘f)‘?a&%ﬁ'es, of electrical storage cells, particularly in rechargeable batteries. For some
embodimp@dtetia methdlltie the mdnniactvretofl anrbieatiioak stataipe oelf hchidpkitiredripdgbating, into an
anode of the elec}tlrlical stona%% cell coqted gra itic m %rig,cls co §risingug9at 1clfinel ;O:grb‘c&)fgaceous

) Hse,.ﬁra% tlzaPon fs 1 Fss‘enti e carpohize ed car nac]@ ets iy
particles havifga coating layer formed of an oxidized, carbon-residue-forming mate 3]In some

embodime_ays,bmezmdatéewarbhﬁnmégus mﬁcﬂﬁsmod&b&ﬂﬁ@m the [ﬁouneﬁeesafe_@cdﬁe@baboye are
formed uiﬁgcm Bpg}/oed}g%%g{%%g|?ﬁﬁialgt%«;géﬁgggéﬁbpeagg%&l%gy anodes. While not described

with parti rity herein, it is contemf;) nown-art manufacturing techniques for the
assembldB®48] such eldctrsrresirbediaiings Keowatbaniawl keatedvhiehofsitivtiterirtihefeimalion of such

electrodensaithed B duRiRaTHeHIah AN RIRY IR ORIAIRALAY SR 8 e Leaieth.

carbonaceous particles tau% t herein lies in the fact that due to their coating, they rarely fuse together

thus resURMEHIEROVRSREPAWEBE S\cRaflRpEEoBofiRier nBtcoAly saEEea s SFRRNIAHHED 6Tt of the
coated cathonasiROuS M AiBEala Rrcaisy alkls inriPritmansdaptuiesef heriasirodrwings the.powder

provides a good degree of packing and uniformity. Such a good degree of packing of course very
favorablySFAPEERRGH thEUBIGHISERE Sapatit ittty Batertd sty ReEHegeabieBaitery of

which thesgeleatrogesfoimca patihs abipcegane dhagReakyiReitaRaIY PRt beilevelme of the

electrode permits for the decrease in the overall size of a battery while maintaining good performance
ch aracte?fgﬁgévﬁ‘] é go%tﬂlarge capac?ty of a battery contagn?ng &16 ycoatef ca?bonaceogsgpar% es

described herein. It is especially noteworthy that the graphitized coated particles show high

capacity at a low potential of 0.0 to 0.5 volts. This is highly advantégeeus in making
rechargeable batteries from these materials.

[0046] Graphifization also removes impurities. This purification step is especially
important when impure carbons such as natural graphite are used as the source of the
carbonaceous particles.

10047} With regard to appropriate graphitization éonditions, again these are to be
understood to vary according to the specific nature of the carbonized, coated carbonaceous
particles, as well as the reaction conditions required to bring about the graphitization.
Generally, the same apparatus used for the carbonization step may also be conveniently used,
it only being required that such device be capable of further elevating the temperature to a

temperature or range of temperatures wherein the effects of graphitization are observed to
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[0054]Another advantageous feature of the coated carbonaceous particles is that they have a very
high first cycle efficiency. First cycle efficiency of the coated carbonaceous patrticles are typically >90%
when the cagpnglgsisage is electrochemically cycled between 0 and 1 veligxgrsusdigisim metal. By
comparison, first cycle efficiency is as low as 50% in the carbonaceous particles before coating and is
typically 90% or less in coated particles produced by other techniques previously known in the art. In
some embagimentsidiity carbgnacsoms anticiesthentaipemtoatsdgnad stitbprQuRIE SRSt cycle
efficiency n rsar.for th r ce rticle | rial .sel t n initial
volatile ma té%%}grfﬁe&r%t{; Bgigﬁ%éﬁ%aéﬁ%ﬂﬁa %%%ﬁ%ﬁ@%ﬁﬁ%@%% éa?é@i%%ﬁ%do/% rggdtt:r than
15%, or greatisfattary 20%eT hé golkbitivataniabs whtiitssduping dhitagies. slob| diile andteeresdtent may
be coateq;@&gq%gﬁip&gjtpggémg‘;é@ay self coat as volatile matter is driven off during subsequent heat
treatments to carbonize’the particles. 100551Desirable attributes relate to particle size distribution of

the anodd¥8dflders. WHiléweageeil Bertieres e ensktiapie foishighitedetbrtoSapBiaén! itsturns out
that there, W&n200941 23984RC TiLdS2RAY/ARB82{ s dalinite.advanripgesdmpatibawng the particles

to be too small, Typically, the average particle size (based on a longest dimension) is selected to be

less than Sutlias Tor g R abpitatioifd! iS58 dbfedIDHEZS HRdEHhs BF WRIRMAverages
as describgéidlesei’ reayree PAsed@nRRNEN00f e Sampling, A0 iGE faRmeaents i ReVaH &Y., 100
grams or 10 grams) taken at random from a larger quantity of tgf% anodzh %Qé\sgder. For some
embodim&hPPNE G FHRgL s OB TR HHE v F e 1 S8 1 i I RBEH ESHEF10 microns
or about geRiigbivshiA s indedaniove, thardithesihedafiemivet fmakarsiban futivic s Attdupbre
specifically, particles that are smaller than 1. micron jn their maximum dimension may presepnt
problemsSS A b SHLAL i GRESHATSSY SRAe that e Le s 1 R B A A B ting o
some emthedmienigahaydial eatbonavachsquartidesarea for the volume of the particle. One theory
proposes igh surface area ers.i r tis in.an 2 1 re
conditionigirs%%rring rapflg éecl)sl%%gré&é}) %g%%g%glghde V\?llt%%gf?%c%é&%ﬁ%’&g%agg)(‘g)éz}%%r?%{%:g%%ﬁﬁ tions. Itis
believed _mattsﬁaégeaside pem@rmmddst@mﬁn‘m m_émcurw@éu@ﬁgmimg tratrgathpralolascTie greater
concern i5,pgh e Agiialside searlion butile desisiange 6 IReRRrisled siiacitsdopase more

reactive surface aréa to the electrolyte. Small particles are believed not to have as much inherent

structurabisisisnespeeisticadvaglagouseloT BrpFovide A pridadhawisietnat heerraserad the smaller

particle sizgRIRRGNbrIR RAWERISMALRRHIaSSITiRR BYapdhcaiiigicntysinenilassifiariip sbstantially
reduce the quantity of sub micron particles and near micron sized particles to reduce the population of

particles f9AFaHSdeamRaHtiP RO REOIFARRS i 1005k ifALPARLE RREigrROTdere that 208 mids indicated

at betweeg & apsticlanigronsaRehibeke A evanhée RBEH ClieIies Spidassd Micsguirkvan e population
of particles_less than 2 and 3 microns represents a small percentage of the overall population of
particles. SEBFAYRRHBFRSSHS Effire 2 provides data from the same sample of anode powder where the
powder froBoe manufactising prgeess eatidicatetiyoinecatiive abelattd andihkaemosed particles
indicated b%\él e curve Iabelgd 17t.CIeafr]E¥lba significqﬂt volume of pa ticles le thc?? 1 m‘i/c(rion was
produceop i & %é%u%g?ﬁrﬂazﬁr§@e%s andWaremoved (a)lf)’lno{/l ean lgngdgvﬁow%gf%évﬁng a
particle sizetalisteithuticsl bemeBtinditated Bypthevedritat dizctedhili8c{Q057ZFpr solkreaemiatimignts, the
precursor SIS U RIANRLIP SLIRASIEURLICD R AuieRs QURIBL SHUSI S FRIG g PrRGUIRT such as
needle coke materials, AS the powders are produced from the precursors, the substrate or underlying
particle tetegs, tengrapbstigestsuhandiifgrmithe lnageresy staerndhidalby bedisnian thabtlzmeabiliciders. The

precursoiz i Aiieie aft RISt 2 tAl: PR ERID RIBTUMM GRYS ARl ke materials.

Premium or ne okes tend to graphitize into significant crystalline structures that are quite suitable

for WO zbsgadsgedieiylySroodhe sedizehaenrd pertivhestds: wisdeisgnapede merebrdindry
operating,copdiions. Lpode pRWARES A W&Q%?gﬁqus% akg believed to have limited resistance

to further fracturing once the coaling has been breached by the electrolyte. The edges of long graphite

planes al®®ily openBeeRP s SADIBAHTR RATHASE dlsetisistErfelro ARrPnte rde aesiea for
further side@RCHORAers or coated particle powders, may be carbonized/graphitized at temperatures

higher than 2200°C. This high temperature heat treatment after oxidation results in both the
very high capacity and charge efficiency for the coated particle powders, It is especially
advantageous that nearly all of the high capacity of these graphitized materials occurs at a

low potential of 0.0 to 0.5 volts.
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[0058]Another issue that is believed to influence battery performance is the surface area of particles
regardless of particle size. Needle coke tends to create particles that are flat and have a high aspect
ratio. Someyhgyaesigssudhed the particles as chips or potato chips. It has beefdernddhabhy using
anode or regular coke as the precursor, the crystalline structure is much more disordered and tends to
provide a two fold improvement. For purposes of avoiding confusion, this material is hereafter called
"regular §@K&] althoudfotiametdbodikenis, acoutgrdatimess refnikeferthisidet widaterahiird simple

reason forgaling s, materil: A1 ROKE A DSGASRIRYCIShd SOFSIMRREINGs G BEroduce
anodes for aluminum smelti g

. Since the term "anode" is used in the current contexf of batteries,

referenceasitnéylidn coret gratdinbatioriss. cFeatage snoribnetosoprHop Sptichssmaagfasiig regular
coke pregprsais defadh QRYe RIMNGERIR D46 Oned 19 ndbHesBURRiRIR: Jernartiges made

from needle coke precursors). The particles thus agg)éear in a slightly plumper shape as compared to

chips. THeFedtmehiisrimaieiie sPmnsRbaarchibne FaPrpetstY RIS RS AN AUt iREhout the

coating theyemidd @ eiiRagesirdaeshedawss Asesiiratio provides equivalent particle
masses with lower surface area which is believed to provide higher effi iencyfgjr%g(g)f\f\f/%k eat evolution.

The imad@8fsented i BIGEEBIABRERS J0eorAuGh AP TRSISOHE B EES RTS shape as
comparegkégeaspiodesehtidikehsthape:ofdihecnasiie cokepartiiesrestnigekinifiguiedodéth the
coating, both shapes have s th outer coatings,,but the reqular coke.precursor er has a lower
surface %H%Era%saé’?’gﬁ%. [ %]Iﬂ%ﬁ%ﬂ%@ g" thap i%‘@@%?% e 3 SR %lg %\{l\é%f t%‘f‘]"ﬁfaoe areas
for varioltsdypesiohpowiiers:ids teehdidereifyrthizeBETesiifare df sashvelretdaterminedalisimy nitrogen
(N2) as adsqipiive fraietaland Galeialng (e BT aulacs aieR iealgadardl BET pigeedire. Most of
the data points are based on powders made from heedle coke precursor material and are represented
by circlegduicobmphristreovithifbuis queddmﬁpoim§ﬁﬂlmﬁi agyipovichons Mti@lffﬁdﬁwé‘gu!ar coke
precurso iefialAhadaional dau'driagglc abnpemdpiapr s spiesRRAMMeHARhavalable

anode powders, such as graphite anode materia as mesophase carbon micro beads (MCMB).

Each datBopaivie reprasentSusk dlsarable pamipes etprsbiufsdisen@pbyaenmnn tidhftratsdercentile of
the dimepgion, WQ, 2009LL2RO8AP G U2 GO HA3RReFinicadedirnibgsa@dmanehthgoavriage BET

surface area of the sample indicated on the y-axis. The anode powder made with regular coke

precursoP'RTAgERaIg98¢ Sasiwe pRkingrard undermtsh pieh Ariowd Pewterert Bk ESottiRg average
~ sizes. FofexampigsiheEclsu faes srancisileanban d asavate-metens e grartkagiahior powders

with average particle size between 7 and 9 microns. As shown by graphical depiction in Figure 3, the
square deAHEBISSE baih B GIFSTadeh & e Pt At AR P eRE S By B A SHIG %’%?égeae%n

combinatigns;efuave [AgBPaeitiedsi IRmandiBEResisiaesainase lovaradrsespsahgingrenatiiikatical
expression, the BET su fac? area of the anode derl'ﬁor some embodiments is the formula BET

0
surface dPETTHTHS AP rREETRERYFE f‘ﬂﬂﬁ@‘%%{?ﬁgo icrons multiplied by -0.183 plus 3 or BET
Surface freRM2/g <3An@HSA)Na0umenen®(ivee, dittequatiahciobtnecdashedtivies 24 imtdfiped as y =

“0.183x 4 3); 10064 %E‘%ﬂ%%? gt%[%ti%ﬁﬁ:?é’x%m.agﬁ]{%f E?%Q%%H&e%%g’%%r%{@ac%(?t@ﬁt%%gﬁ&%é ke
precursof Materaris 1esistanca 10 having graphite pfanes opened up by side reactions with the
electrolyterticissoyseypaa Hiyat Yo sdpothe exsbnradectrode feglskirabkmiseliyursdediuteraisthave a less

graphitc sliuc g, Ghe iRV e drBlal AR GRMRAIRG B aladeaanslsade,Tagypgedle coke

8]
precursor materials. € anode powaders otr sorne embodiments appear to have more entangled

crystals dheadadsmaonsdpstiidasrbefosm entte podviersisade A8m erekateieciatpieptitidesmaterials. It
is believed thathe smalerepsqrdera apdinRIR RRIANalRA £yStRISHIAY BREDeradRsISiNt than

more graphitic struCtures for revealing new surface area to the electrolyte. Perhaps shorter plane

lengths cRthengraphitieestidessomaim theopiarisnd stdl murede siStint it profigisnen Bhffactures so

that, to the.extent ihahthe.idee36l parsfeastirinadheRaricles @bdhe ABRAsNamERtosMRller portions
of new surface area are actually being exposed. As such, the destructive process is slower and less

potential 45 SRTGETE. OO XA RS Il FSrRaNeaHERi L b Rsals S & oI e tbrs and

needle 15%, or greater than 20%. The coke materials with these percentages of volatile matter
content may be coated as described herein or may self coat as volatile matter is driven off
during subsequent heat treatments to carbonize the particles.
[6655} Desirable attributes relate to particle si_ze distribution of the anode powders.
While very small particles are desirable for high rate anode powders, it turns out that there
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coke precursors. One such distinction relates to price and favors some embodiments described herein
since regular coke is less expensive than needle coke. For example, it is not uncommon for premium
coke to costiabaiabfiyegines per ton what regular coke costs. A person haying ondinesssskill in the art
would not confuse regular coke and premium or needle coke. Needle coke is denser than regular
coke, which is generally less than about 1.7 g/cc real density prior to calcining Also, regular coke has a
lower fixeskodrhoit:calvienddesiig i v §Ytherjedisnhite brantiimmadl. ndedicelpkiesaygsreslly higher.
The regular, coke, tilized inso | ffings.a. fed,eathonanient dhahisiesgihan 90%,
less tha@éﬁbo?éﬁfe{%é%noék% ot ggzgg e g009/1§3984PCT/U82009/038827 [0063]While in
some entigulintenpplitasipracarsdetedttribg Aagnieryeobsmalisiicifueragss 96 dsrariaedI8IAEd and the
properties, of galgined Goke.are CoMMARvIIOWR; I igaulake okBoesaUe Beadie grmkemivgn coke.

Premium coke is denser with real density for calcined premium coke being between about 2.12 to 2.17

g/cc whilerenigisdisragandeBiEonna BIeRnepaEigief Brreededswist: (59 105188 PRRERd
recognizegl RYAMALRT JAEdisHRGUIBDIREGRIRMIMIL ROKeSRMBdRauaRERkeIRY thenserfficient of

thermal expansion ("CTE"). Premium coke has very minimal dimension chan%e resgﬂckilse to heat and

would be?EBed mKrtaava PesEaSrEewEEA YA FFaArdhsurEs 18 &&Fegular coke

has a CTef @byl Qartided tRaahout3hNct Ot e/ erdn[GAGAMAS matteheariendisowithin the level of
skill in the art to usg any technique dﬁicribf%d herein to enhance th{e g%[fgrmancetofla ai'gt ry in the
rapid disEFERE BIO8IEed ?éﬂ?ozjeér BLtEGHS HYREDP! SRS EmbBtithents Comibin

Gaithents Combine echniques.
For exampieoadakBEhs facecaabahncepomudbivaadefrach surégalarcedke theecursar ofiaterial may

substantially exclude particles below a threshald size. [0065]T node I ibedl herein are
anticipate%e%aﬁ%‘g%tt & %ﬁ‘é’ﬁé%é’&"%?ﬁsg er{%a%é |ﬁ|ur%9Fo%r%ga e(}%gﬁ%%%géﬁvéﬂ%cﬁ%%%@pfwer tools,
hybrid-elesteic-and etegiepmehisieditandadrosgaeeidiischagdd ponelued mily grevigevsradr more of

gﬁs%!%5'%%1@%5@@%@&&%9%%%%% R 60kR igdgptified and

superior safety, rate capabili
processe%?gr‘yf)%@lscfggl %?ag’bll%;% e resulting graphite or anode powder is composed of singular

particles whbsbeastildn Sienaibtmbuitibes. (Tbe 'Hssensioerrfr i e pariidRE)acHes. coh s ied particle
size distfilegigﬂﬂoefszﬁﬁ&eﬁaﬁ%f@@@%r&émréoﬁggs{p%xe'ﬁlme ARgiRRNaREed thermalstakilislibe base

material also facilitates production of small, conductive, graphite particles that enhance performance in

high rate BasiéppsisisrcanbalicToo 56| Thaays g8 @ penRBFEEEEBraRE s st e FAEBEIHERS are

observedjgsagve a uniiorimehamagends. giaabitenanNwaphlie siage corling. baskipastiele may be
individually coated after the finalrgarticle,size is established. The surface ¢Qating technology produces

smooth paRTER: dhFrREBEHHIAT MfarrstligATsE, HgHIEFIReS SraistartiHeTiesSY cing the
surface aa@f the Qariele s THis. ifidlem pighetieved feaielddbaitetied hlidoproveditereal stability

and maximized first-cycle coulombic efficiency. The anqde powders may be.processed to yield
particles WPH%*%BSR?%H?F&&E%&E #8%@88 %3@8@%% St rﬁ%?b%}ﬁ‘g c}gglﬁo%g powder
particles tferceelgy ataddtnimtunabintegritytand ret udesBEhS vifac emreayHashppditickelesay be a
Srou oA SHi ST AR an e eplneu e e el
observatigmeeategthaf the overall population of particles. For comparison, Figure 2 provides data
from the same sample of anode powder where the powder from the manufacturing process is
indicated by the curve labeled 16 and the removed particles indicated by the curve labeled 17.
Clearly, a significant volume of particles less than 1 micron was produced by the
manufacturing process and was removed to provide an anode powder having a particle size
distribution curve indicated by the curve labeled 18,
{0657} For some embodiments, the precursor coke material itself is selected to have a
fess ordered structure relative to precursor such as needle coke materials. As the powders are
produced from the precursors, the substrate or underlying particle tends to graphitize, but not
form the larger crystals typically seen in prior anode powders. The precursors that have been

previously utilized are derived from premium coke or needle coke materials. Premium or

needle cokes tend to graphitize into significant crystalline structures that are quite suitable for
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the anode powders in the charged state evolve a lower amount of heat compared to other anode
materials. The anode powders may be a simple drop-in substitute for other anode materials or,
alternativelyy,mayfieyge better performance for cells that are designed tpdakafdbagypatage of the
anode powder performance. Such design considerations may include lower cost cell by reducing or
eliminating the need for vinylene carbonate (an expensive chemical to stabilize the Surface Interface
Layer at thetarnose. Thetmprovie annde:naterialsihave sporeidesicabildsufasacdetpbilifigrthereby
allowing fasaer fill times i}or @(%ells anl? atted'ifsh The.im e{gvegst%nocdte m; eeri S c%%\rlxidg Qieg&lgirst-cycle
efficiencm ?CW%Q%HW SrEGUEtion in the'size'd co%‘ny cathodes Tor afatery p%oélucers. Finally,
the improaediznbakepentiersrd gelkigh Grobte pdiieredaacef part aurtatijtaplevetempasakyire, which

enables 1eglisa 9. PA SasiR AN SN ARANLNOIGNS SR ngA . £0Pblng e agplcaton to

access more of the ce capacity at high rate. xamplé: Powder preparation - A green
petroleurrerstjoliar coke (85% fixed carbon content) was milled using a jet-mill to make a resulting

green coagyuder that hag an axerags. paclesiFe AhoUL il TR IER DG ghREn coke

powder was heated at 850C for 2 hours in nitrogen environment. [0069]Next, 500 grams of the powder

after beinydaezitbertivles apspaticatJhrpwadgFamsiirediciaked mimipreslix PRICleS &fiahless steel
vessel ang heaied i diRbauhilebeinarontinuaushiegiriesh-FUENgs <RER sramatefaipetraleum pitch

was completely dissolved in 500 grams of xylene to form premix B. The_premix B, was also heated to

140C and¥h&ReHJArEE thtd BreHingAnede SR dsirs SekR ARG BrRSHER e FRATEStTNG FHYSHE was
heated atisl GRQEforAS mintiesanddhendsaslebtadoarate e mbpievanidatnE srisiRas

continuously, agitated, A pitch-coated powder that formed in the mixfure was separated oyt by filtration
i wasHE e TR oD S S b A b SRR RO SRR P DAoL TR iy Boticer
product weighedobhograms: Givitdsl0%d pifchavsaithe Phwstarpbsadaon {Q0A]idherjsomsterigiroduct was
uniformly,s 5%@%&?@“5"”% and Iacegin a fur ace,?nd heated, in th foIIowiré%S%gu?nces under

TS S 1E5E, DAttt Reld' &t 250C for 2

15, bec, it S U
reduced alf pressure (aboutayf iNc I—?g). SEFmifu
hours, 1Ghwitinte t&id86Ehehtelanat 2BUE’ for Bshdumsthandithan covted o battbisrnst tefapecattve. During
the heating, oxyge s in the air reacted with.coated pitch such that, as a result, reacted pitch film of
the powde%%?o%%gt( ec%rr@rll]é ?n?ﬁé?bglree%n gs%%?gmtated yield of a desired crystalline structure upon

subsequdMEHrbonizatiba partddeaphitzatich .rméaeaﬂ@,m}pm eangrsubetevamdowyoaspect
2009/123984RCT14S2009/938R27 ipNie bR 0 IASCHOR HEDAGS, B0 feales 2], 2990C for one

hour in argon gas and then cooled to room temperature. [0071]Electrochemical test - The powder that

was prepbiettiatiesy appatednas thehiadennatchendas P rdrih abigred s d8rideNdsline lithium
metal f0i'ﬁ&mgthﬁra%@ﬁ@%eﬁﬁﬁlwﬂ@m%% esseddnteathindimoncorRs: subgtrate with a

composition of 7 wt% polyvinylidene fluoride (P . In preparing the electrode, a slurry mix was

prepared BYHETE UGB ELERS thei5olRwer amedt THHRBBIGESFedBitHSAt PHELRIMSHK WA cast as a

film on a geppefaitesiag alianddecieraladerckie iphbavingibasnadswas ibgrdsiedoan a hot

late at 1,10C. for 30 minutes, and subsequently was pressed to a density of about 1.4 g/cc through a
Eydrauli c ﬂiﬁaagpe%@éegteds n ?’gguye 2 o) gvx e)s{ \allvse ewhat representartlivleycxamp%uofl a tg{(ﬁ(er ug

shape as compared to a more chip like shape of the needle coke particles presented in Figure
5. With the coating, both shapes have smooth outer coatings, but the regular coke precursor
powder has a lower surface area to mass ratio.

[0060] In particular, a chart shown in Figure 3 illustrates BET surface areas for
various types of powders. As used herein, the BET surface areas were determined using
nitrogen (N;) as adsorptive material and calculating the BET surface area by standard BET
procedure. Most of the data points are based on powders made from needle coke precursor
material and are represented by circles for comparison with four square data points 22
identifying powders made from regular coke precursor material. An additional four triangle
shaped data points represent commercially available anode powders, such as graphite anode
material known as mesophase carbon micro beads (MCMB). Each data point represents a

separate sample of produced anode powder with the fiftieth percentile of the dimension
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[0072]Next, disks of 1.65 cm2 were punched out from the film and used as the positive electrode in a
coin cell for electrochemical tests. The other electrode was lithium metal. A glass mat and a porous

polyethylengyfijmng&eltggrd7m) were used as the separator between the ejqeffpgmanddsbmetal foil.
Both the electrodes and separator were soaked in 1 molar LiPF6 electrolyte. The solvent for the

electrolyte consisted of 40 wt% ethylene carbonate, 30 wt% diethyl carbonate, and 30 wt% dimethyl
carbonaténditwedetis there-fixst chdripechuerdee BEdhsiabtcwrrentiltie thmplellivditate reached 0 volt
and then q'éf’x‘ié‘.arg%‘% URger 250 e%ta”a{ﬁ%“”ﬁﬂtr%‘”ﬁﬂa@%o <§"8‘{8'ta St re%%@%‘i’ §s§ \E{Oﬂé%el«' pglectrical
charges f){assed uring charging and disc argmé were recorded and used to determine the capacity of
the powdeiréacd ahve Sl pnivsi erefficizavegefo 0é aehespolulingl avrags sizose rEcssrdupledtae Fiom

temperatyggs(236), The ik Shaias. CHBRRATLEPHITIDIG ARBEN AP SIvERgaiia Example i

Table 1. [0073]Theimal stability tests - Some of the cells were finally charged to 300 mAh/g and then
placed insi#s EATHSHM cnthP chissoper Whehe Wbt giprirenl depieidondntFdnsts dt focHse2i#aurs.

Subsequgpilys herneliawpredasoyerediam he ehatihe.andiseeeddoanbisntdempsiatire, and

discharged to 2.0 volts to determine the remaining capacity or capacity retention. [0074]For the

thermal sRABHABS S tistiotithe b BF s irsr &retiar et soRPRIRIg P afis el 4i8Bmbled and
the eI?ctﬁ?em)egﬁﬁfgﬁgmgdﬁmﬁrhﬁaaf%&&ﬁ%fh@ﬁéeﬁﬁ%mm@immiﬁiﬁhhmlaﬁeﬁ garﬁd@énless steel
capsules (0.1 cc) and hermetically sealed. ese operations were done | ove box with an
oxygen gHEbMMBILEIEISBML Ple S8 H N é%ﬁf%.‘?ﬁ@@éggﬁdg@%@\ﬁil%’ p“ﬁié%g}%ué if%rr “Calorimeter
and heatSd:rfictQGonintte<ron B0 1 0o eseltimgehead dofufthenitkedd pritd S dithg dhe
temperature ra[pqigggx WO 2009/123984PCT/US2009/038827 recorded. A total amount of

exothernilt heat wé&& carculated by integrating the heat flow from the onset temperature to 220C.
[0075]Cofapaihtive Exampberl pd0aiTa] Aadempar soi thetaolelenpooiier (8% fixel cagblon cdntent) was
used as precursor material to illustrate influence of-higher cok Bq%e h fact T surface
area 2 B e TR AR R e

regular cekstrOtterwiss, greparatibat anddesopriscediads fomtegtiompiaiveBxampiéctiand the
Examplelﬁ%ggﬁs@%gpﬂﬁ{@wﬂﬁ ik underlying material as compared to anode powders made

from needle coke precursor materials. The anode powders of some embodiments appear to
have more entangled crystals or a less ordered structure than anode powders made from
needle coke precursor materials. It is believed that the smaller, less ordered and more
entangled crystals may be more resistant than more graphitic structures for revealing new
surface area to the electrolyte. Perhaps shorter plane lengths of the graphitic sheets within the
particle are more resistant to the propagation of fractures so that, to the extent that the side
reaction is fracturing the particles of the anode powder, smaller portions of new surface area
are actually being exposed. As such, the destructive process is slower and less potentially
hazardous.

[0062] A number of factors distinguish between regular coke precursors and needle
coke precursors. One such distinction relates to price and favors some embodiments
described herein since regular coke is less expensive than needle coke. For example, it is not
uncommon for premium coke to cost about five times per ton what regular coke costs. A
person having ordinary skill in the art would not confuse regular coke and premium or needle
coke. Needle coke is denser than regular coke, which is generally less than about 1.7 g/ce
real density prior to calcining. Also, regular coke has a lower fixed carbon content being
about 95% or less while premium or needle coke is typically higher. The regular coke
utilized in some embodiments defines a fixed carbon content that is less than 90%, less than

80%, or between 85% and 70%.
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[0077]Comparative Example 2: [0078]A commercial graphite anode material was also evaluated for
electrochemical and thermal properties in accordance with procedures described for the Example. The

graphite anggds ;msiesiatwvas a powder made from spherical carbon beadgcwhishowarssddCMB.
Average patrticle size of the powder was about 10 microns. [0079]As shown in Table 1, the Example

exhibits a higher initial coulombic efficiency and higher capacity retention, and releases lower
exotherniibdfat than WaitompanatvedEdiareio thopraGompdeaalbaE raisidoecTisalsinpd powder
prepared, |3 N kX ApIE P APty Rreated PUBRION B OLIRR @7 ARAC MBI sEAuiar high
power and large tormat lithium ion battéries. With reference to Figure 3, the Example had a

combinatiokeBEFusurtadls araucaridravekage paviien wlke scloisaneitduseb damsExiteeiEnsetn the
Comparafivg EXPmplesih 288 ¢ 2adsampinalions PERE L s age e s and: ARA0R Raslke size that

were above the dashed line. Table 1 Property Example Comparative Example 1 Comparative Example
2 density of between 2.01 to 2.10 g/ee. "A second recognized parameter for distinguishing

premium coke from regular coke is by the coefficient of thermal expansion (“CTE”).
Premium coke has very minimal dimension change response to heat and would be expected
to have a CTE of between about 0 and about 5 x 107 em/em/°C where regular coke has a
CTE of about 9 x 107 to about 30 x 107 em/em/°C.

[6064)] As noted earlier, it is within the level of skill in the art to use any technique
described herein to enhance the performance of a battery in the rapid discharge or elevated
temperature situation. However, some embodiments combine techniques. For example, a
low BET surface area anode powder made from a regular coke precursor material may
substantially exclude particles below a threshold size.

[0065] The anode powders described herein are anticipated to meet the challenge of
high rate lithium-ion battery applications, including power tools, hybrid-electric and electric
vehicles, and aerospace, The anode powders may provide one or more of superior safety, rate
capability and cycle-life performance. As described above, coke is identified and processed
for physical stability. The resulting graphite or anode powder is composed of singular
particles of controlled size distribution, (not “assembled” from smaller particles). The
controlled particle size distribution produces batteries with longer cycle life and enhanced
thermal stability. The base material also facilitates production of small, conductive, graphite
particles that enhance performance in high rate battery applications.

[0066] The anode powders according to some embodiments are observed to have a
uniform, homogenous, graphite-on-graphite surface coating. Each particle may be
individually coated after the final particle size is established. The surface coating technology
produces smooth particle surfaces with minimal roughness, irregularities, or discontinuities,
thus reducing the surface area of the particles. This, in turn, is believed to yield batteries with
improved thermal stability and maximized first-cycle coulombic efficiency. The anode
powders may be processed to yield particles with a smooth surface and rounded edges. The
rounded morphology of anode powder particles offers elevated structural integrity and
reduces BET surface area. Dach particle may be a singular coated entity, less prone to
structural deterioration during cycling which may eliminate the need for costly electrolyte

additives. As described above, when subjected to high temperatures, the observations are that
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Average particle size (microns) 8 8 10 BET surface area (m2/g) 1.1 1.6 2.0 Specific capacity (mAh/g)
320 330 310

WO 2009/123984 PCT/US2009/638827

the anode powders in the charged state evolve a lower amount of heat compared to other
anode materials. The anode powders may be a simple drop-in substitute for other anode
materials or, alternatively, may provide better performance for cells that are designed to take
full advantage of the anode powder performance. Such design considerations may include
lower cost cell by reducing or eliminating the need for vinylene carbonate (an expensive
chemical to stabilize the Surface Interface Layer at the anode. The improved anode materials
have more desirable surface wetability thereby allowing faster fill times for cells and
batteries. The improved anode materials provide high first-cycle efficiency which may allow
the reduction in the size of costly cathodes for battery producers. Finally, the improved
anode powders provide high C-rate performance, particularly at low temperature, which
enables reduced cell pack costs and the corresponding weight savings by enabling the
application to access more of the cell capacity at high rate.

[0667] Example:

- [0068] Powder preparation — A green petroleum regular coke (85% fixed carbon
content) was milled using a jet-mill to make a resulting green coke powder that had an
average particle size of about § microns. The resulting green coke powder was heated at
850°C for 2 hours in nitrogen environment.

[0069] Next, 500 grams of the powder after being heated was dispersed in 2500
grams of xylene to form premix A in a sealed stainless steel vessel and heated to 140°C while
being continuously agitated. Further, 500 grams of a petroleum pitch was completely
dissolved in 500 grams of xylene to form premix B. The premix B was also heated to 140°C
and then poured into the premix A and thoroughly mixed together. A resulting mixture was
heated at 160°C for 10 minutes and then cooled to room temperature while the mixture was
continuously agitated. A pitch-coated powder that formed in the mixture was separated out
by filtration and washed twice with 1000 ml of xylene and then dried under vacuum. A
resulting dry powder product weighed 550 grams, giving 10% pitch on the powder product.
10070} The powder product was uniformly spread on trails and placed in a furnace,
and heated in the ‘following sequences under reduced air pressure (about —15 inch Hg)
5°C/minute to 180°C, 1°C/minute to 250°C, held at 250°C for 2 hours, 1°C/minute to 280°C,
held at 280°C for § hours, and then cooled to ambient temperature. During the heating,
oxygen gas in the air reacted with coated pitch such that, as a result, reacted pitch film of the
powder product became infusible and also facilitated yield of a desired crystalline structure

upon subsequent carbonization and graphitization. Thereafter, the powder product was
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transferred into an induction furnace and heated at 2900°C for one hour in argon gas and then
cooled to room temperature.

[0071] Electrochemical test — The powder that was prepared was evaluated as the
anode material for lithium ion batteries in coin cells with lithium metal foil as the other
electrode. The powder was processed into a thin film on copper substrate with a composition
of 7 wt% polyvinylidene fluoride (PVDF). In preparing the electrode, a shirry mix was
prepared by thoroughly mixing the powder and a 10 wt% PVDF solution. The slurry mix
was cast as a film on a copper foil using a hand doctor-blade. The film having been cast was
then dried on a hot plate at 110°C for 30 minutes, and subsequently was pressed to a density
of about 1.4 g/cc through a hydraulic rolling press.

[0672] Next, disks of 1.65 om® were punched out from the film and used as the
positive electrode in a coin cell for electrochemical tests. The other electrode was lithium
metal, A glass mat and a porous polysthylene film (Cellgard™) were used as the separator
between the electrode and Li metal foil. Both the electrodes and separator were soaked in 1
molar LiPFg electrolyte. The solvent for the electrolyte consisted of 40 wi% ethylene
carbonate, 30 wt% diethyl carbonate, and 30 wt% dimethyl carbonate. The cells were first
charged under a constant current until the cell voltage reached 0 volt and then discharged
under a constant current until the cell voltage reached 2.0 volts. The electrical charges passed
during charging and discharging were recorded and used to determine the capacity of the
powder and the coulombic efficiency for each cycle. All the tests were conducted at room
temperature (~23°C). The first discharge capacity and coulombic efficiency are given for the
Example in Table 1.

[0073] Thermal stability tests — Some of the cells were finally charged to 300 mAb/g
and then placed in an environmental chamber where the temperature was controlled at 70°C
for 72 hours. Subsequently, the cells were recovered from the chamber and cooled to ambient
temperature, and discharged to 2.0 volts to determine the remaining capacity or capacity
retention. _

[6074] For the thermal stability tests, after the electrodes were charged to 300 mAh/g,
the cells were dissembled and the electrodes were removed from the cells. The electrodes
were immediately placed in stainless steel capsules (0.1 cc) and hermetically sealed. All
these operations were done In a glove box with an oxygen gas or moisture level of less than 3
ppm. These capsules were placed in a micro-calorimeter and heated at 10°C/minute from

30°C to 300°C. Resulting heat flow from the capsules during the temperature ramping was
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[0080]The preferred embodiment of the present invention has been disclosed and illustrated. However,
the invention is intended to be as broad as defined in the claims below. WO
2009/123984RGihidS:2999/038827 Those skilled in the art may be able topgtpglyihepsgferred
embodiments and identify other ways to practice the invention that are not exactly as described herein.
It is the intent of the inventors that variations and equivalents of the invention are within the scope of
the claimsdeled: ahtthieadesotipfionothbstiadtcarmddreakineed tey notewabio g thedieat lfiniv tfrenscope of the
inventio C%Lé\elw§m§%§|ﬁro[%eﬁ)o@mpr.ising: milling regular coke into co_ke particles; N depositing a
coating ot carbon-residue-forming material onto surfaces of the coke patrticles; oxidizing the coke
particles i¥ftdre coatépmpheatéig Hrampldi¥ing provides stabilized coated particles rendered infusible;

and  pg76]

precursor material to illustrate influence of higher coke grade on such factors as BET surface

A comparison petroleum coke (92% fixed carbon content) was used as

area as described herein. The comparison petroleum coke was used instead of the green
petroleum regular coke. Otherwise, preparation and tfest procedures for the Comparative

Example 1 and the Example as described herein were alike.

[0077} Comparative Example 2:
[0078] A commercial graphite anode material was also evaluated for electrochemical

The

graphite anode material was a powder made from spherical carbon beads, which were

and thermal properties in accordance with procedures described for the Example.

MCMB, Average particle size of the powder was about 10 microns.
[6679]

efficiency and higher capacity retention, and releases lower exothermic heat than the

As shown in Table 1, the Example exhibits a higher initial coulombic

Comparative Example 1 or the Comparative Example 2. Thus, the powder prepared in the
Example provided unexpected superior results for use as anode material for high power and
large format lithium ion batteries. With reference to Figure 3, the Example had a
combination BET surface area and average particle size below the dashed line whereas both
the Comparative Examples 1 and 2 had combinations of BET surface area and average

particle size that were above the dashed line.

Table 1
Property Example Comparative | Comparative
Example 1 Example 2
Average particle size (microns) 3 8 10
BET surface area (m’/g) 1.1 1.6 2.0
Specific capacity (mAh/g) 320 330 310
Initial coulombic efficiency (%) 96 95.5 92
Capacity retention (%) 86 82 73
Exothermic heat (J/g) 196 285 400

[0080]

The preferred embodiment of the present invention has been disclosed and

lustrated. However, the invention is intended to be as broad as defined in the claims below.
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graphitizing the stabilized coated particles to provide graphitized particles forming a powder of coated
carbonaceous material in which y <-0.183x + 3, where y is BET surface area in square meters per
gram and xygpMabagesgize of a longest dimension of the graphitized partigltesiagunseas, 2. The
process according to claim 1, wherein the BET surface area is less than 1.5 square meters per grain
and the average size of a longest dimension of the graphitized particles is between 7 and 9 microns.
3. The prBoesssaitsl dindr¢colamy howbér dnsthdyditeppictirgchenredprevis esdridegtidphitheed particles
with an Qyga0¢ apesl RNSOLARNEER dehdNtacy b I RRRGARC AN Ambrner
comprising ting a green co aving a real den3|ty of less than 1 7 grams per cubic centimeter,
wherein thsegtersriheb keriaticoseanpreiadenie tb el esiion fae iwithinete scoprebibessimtcording to
claim 1, ityher ﬁamf@%mva{ﬂgﬁepga@%yngﬂ lths: Gk RRtliGle s AvINgsapaticiasize in a
longest dimension that is less than 1 micron. 6. The process according to claim 1, further comprising
removmg‘f%’ﬁ’f@@f the coke particles such that at least 95 percent of the particles have a longest
dimension larger than 3 microns. WO 2009/123984PCT/US2009/038827 7. The process according to
claim 1, further comprising removing substantially all of the coke particles having a particle size in a
longest dimension that is less than 1 micron, wherein the milling fowls the particles in which average
size of a longest dimension of the coke particles is less than 15 microns. 8. The process according to
claim 1, wherein the average size of a longest dimension of the graphitized patrticles is between 7 and
9 microns. 9. The process according to claim 1, wherein the regular coke is green coke. 10. The
process according to claim 1, further comprising calcining the coke particles.
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11. The process according to claim 1, wherein the graphitizing occurs at a temperature of at least
2200C. 12. A powder of coated carbonaceous material, comprising: carbonaceous milled particles

having a cogtingsayesesyherein the coating layer is formed of an oxidized gchgrapbyiizest
carbon-residue-forming material and the particles within a sampling of the powder have a BET surface

area in square meters per gram that is defined by y < -0.183x + 3, where y is the BET surface area
and x is average size of a longest dimension of the particles in microns. 13. The powder according to
claim 12, wherein the particles of the samplin%;ﬂ%éggsn average aspect ratio of between 3:1 and 5:1.
14. The powder according to claim 12, wherei erage size of a longest dimension of the particles
within the sampling is between 7 and 9 microns. 15. The powder according to claim 12, wherein the
BET surfage are%glg&gg%%ﬁ%are meters per gram and the average size of a longest dimension

of the graphitized particles is betweén 7 and 9 microns. WO 2009/123984PCT/US2009/038827 16.

The powder accordifingttsetdatrale intereks peetisketipling is substantially free of particles with a longest
dimension less than Limig PRoadds brigehaiaeabie hallans FRMIMAISAG sufRBOERROVMEr formed of

particles from milled regular coke precursor material and a carbon-residue-forming material coating
thereon thaHiEEBeen oxidatively stabilized and graphitized, wherein y < -0.183x + 3, where y is a BET

surface area of thgpasiiclar withipasanpincef ibadowlstefiaedin sqyarevideters per gram and x
is average size,of the particles. in m’i%%n . 18.. Theafrﬁé:hargeable battery according to claim 17,

wherein av3iEeSSSat BRITFIE fifinéfife sampling is between 3:1 and 5:1.

graphitizing the stabilized coated particles to provide graphitized particles
forming a powder of coated carbonaceous material in which y < -0.183x + 3, where y is
BET surface area in square meters per gram and x is average size of a longest dimension

of the graphitized particles in microns.

2. The process according to claim 1, wherein the BET surface area is less than 1.5
square meters per grain and the average size of a longest dimension of the graphitized

particles is between 7 and 9 microns.

3. The process according to claim 1, wherein the graphitizing further provides the

graphitized particles with an average aspect ratio of between 3:1 and 5:1.

4, The process according to claim 1, further comprising selecting a green coke
having a real density of less than 1.7 grams per cubic centimeter, wherein the green coke

selected provides the regular coke that is milled.

5. The process according to claim 1, further comprising removing substantially afl of

the coke particles having a particle size in a Jongest dimension that is less than 1 micron.
6. The process according to claim 1, further comprising removing some of the coke

particles such that at least 95 percent of the particles have a longest dimension larger than

3 microns.
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19. The rechargeable battery according to claim 17, wherein substantially no particles within the
sampling have a longest dimension less than 1 micron. 20. The rechargeable battery according to

claim 17, whaseissheayerage particle size of a longest dimension of the peffigieswitbirthe sampling
is less than 10 microns and at least 95 percent of the particles within the sampling have a longest

dimension larger than 3 microns.

7. The process according to claim 1, further compfising removing substantially all of
the coke particles having a particle size in a longest dimension that is less than 1 micron,
wherein the milling forms the particles in which average size of a longest dimension of

the coke particles is less than 15 microns.

8. The process according to claim 1, wherein the average size of a longest dimension

of the graphitized particles is between 7 and 9 microns,
9. The process according to claim 1, wherein the regular coke is green coke.
10.  The process according to claim 1, further comprising calcining the coke particles.

11.  The process according to claim 1, wherein the graphitizing occurs at a
temperature of at least 2200°C.

12. A powder of coated carbonaceous material, comprising:

carbonaceous milled particles having a coating layer, wherein the coating layer is
formed of an oxidized and graphitized carbon-residue-forming material and the particles
within a sampling of the powder have a BET surface area in square meters per gram that
is defined by y < -0.183x + 3, where y is the BET surface area and x is average size of a

longest dimension of the particles in microns.

13.  The powder according to claim 12, wherein the particles of the sampling have an

average aspect ratio of between 3:1 and 5:1.

14, The powder according to claim 12, wherein the average size of a [ongest

dimension of the particles within the sampling is between 7 and 9 microns.
15, The powder according to claim 12, wherein the BET surface area is less than 1.3

square meters per gram and the average size of a longest dimension of the graphitized

particles is between 7 and 9 microns.
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16.  The powder according to claim 12, wherein the sampling is substantially free of

particles with a longest dimension less than 1 micron.

17. A rechargeable battery, comprising:

anode powder formed of particles from milled regular coke precursor material and
a carbon-residue-forming material coating thereon that has been oxidatively stabilized
and graphitized, wherein y < -0.183x + 3, where y is a BET surface area of the particles
within a sampling of the powder defined in square meters per gram and x is average size

of the particles in microns.

18.  The rechargeable battery according to claim 17, wherein average aspect ratio of

the particles within the sampling is between 3:1 and 5:1.

16.  The rechargeable battery according to claim 17, wherein substantially no particles

within the sampling have a longest dimension less than 1 micron,

20.  The rechargeable battery according to claim 17, wherein the average particle size
of a longest dimension of the particles within the sampling is less than 10 microns and at
least 95 percent of the particles within the sampling have a longest dimension larger than

3 microns.
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