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cluding subjecting a mixture of silicon oxide and a metal reducing agent, op-
tionally aluminum, to mechanical milling to form mechanically activated silic-
on oxide/aluminium, thermally treating the silicon oxide/aluminium to reduce
the silicon oxide and form Si/A1,0; and removing at least a portion of the alu-
\i‘ mina from the Si to form a microporous silicon. The resulting electrochemic-
ally active microporous silicon is also provided with residual alumina present
at 15% by weight or less that demonstrates excellent cycle life and safety.



WO 2017/008050 A1 |IWANK 00N 000 0 A AR

SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, Published:

GW, KM, ML, MR, NE, SN, TD, TG). —  with international search report (Art. 21(3))



WO 2017/008050 PCT/US2016/041619

PROCESSES TO FABRIDATE PORQUS SILICON AND ITS USE AS FEEDSTOQCK FOR
SECONDARY BATTERY ELECTRQDES

CROSY REFERENCE TG RELATED APPLICATIONS

~

'S

angd clamme priwity to US. Provisional Application

{4R01} Thiz application depends G
5 Noy 5289826 filed July 8, 2015, the enlre oonlents of which are corporated herein by
referencs
FIBLD
DN The invention relates penerally o methods of producing snode setive materials,
10 Muore specifically, methods are provided for the prodagtion of microporows silivon thet can be

used a8 gn anods sotive material i secondary batteriss.,

BACKGROUND

[ea83] Microporous silicon kas boen widely producsd i the yomiconducting imdustry v

’f‘

over 5O yeavs.  Blpetvochsmical olching bay begn the mwet investigated approsch for the

.

15 frmaations of raferoporous silienn for chip-based applications snd ks been used 1o create highly
duertionsd messporosity and pacroponsity. A neaber of technigues sunh ag anodizathon, vapors
stehirg, glancing sagle depusitinn, Lithogeaphic siching, and phitoctching doy also suitable
waler-based provesstng. Diber mothods bave beon weed with both walir and powder silivon
feetdstock, suclrae siadn elohing, galvaniostohing, sod metal nanopacticle-assistod elehing.

2 EEHIN ] There ¢ an intransing need and inderest i micsoporoat silivon {upliy fabtication

ey that-are themselves byproducts
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rontes that atilize pxis
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fronn sihicon production. Such poosssss typwslly wse vhamisal conversion of, T example,
sifiva, silase, wr silizon tetrachionide {Bag &, Weatherspown MR, Shian 8, Gt ¥, Graham P,

Allane SM, Abmad 3, Dickerson MB, Uhuarh B, Kang 7, Abernathy HW I, Summers U, Liv
i
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M, Sendbags KM {007), Wat Lent 446172} This chemical convergion can be promoted
thermally, mechantoslly, sr electrochemically. In thess spprosches the porosity and particle
wwrphology can be dirested cither by the starting solid fesdstoek or by how the silicon
nanoparlicles assembie into a poraus body vix o sebseguent densifloation step,

UL Direct production of highly porous silicon by chemieal conversion of &
reestving recent attsntion for applications that require relatively fapensive mutostel. For
sxample silica fay been reduced o sifivon st modente formperatures using magnesium vapor
{mugnesiothermic reduction} &5 8 reducing agent with 3 rangs of differsnt silica foedstoek |

L+

mohushing dhatoms, sand, opal, weolite, serogels, SEA-LS, bamboo extrset, template silica, viog

husk agk, and stlivon soonossde {Puketarny K, Iehida ¥, Atba T, Miyata B, Den T {20051, Apgl

Fhys Lett STE53112, Krishnaomarthy &, Rasmussen DH, Seas H (2011), J Bleotroches Sae

A

806} The two most studied ways o produce upSi powder are metal assivted stching of §

and magnesiothermic vedustion of 8802, A great dissdvantage to the eiching approsches i the

usage of U hughly dangerous HE solution & creats the pores on the silicoy serfiess, Producing

e

highly porous structeres at bigh volumss vin stehing techwigues tvpically generates latge
quantities of unreacted or underseacted aolid silicon substrate as o wasty prodist andem it is
veoyeled. In the sase of the mognesisthenmic reduction the major challenge Je that the Mghly
sxothermie weaction would make it diffiealt toavold sintering and collapse of the desired pore
strusture, partiondarty as the reaction ds sealed up. & seoond challenge regards applioations whers
porous silicon B required with minbmum oxide content, Kesidusl owides mmy inorsdse
wreversidle lose or infal capacity foss (JCLY of Hthium n the battery, The agreas HOL at
shevated temperatures wsed to ramove the MaD by-product hes often relatroducsd significant
.

amounts of siltva {(oxide) f bighly porows siticon. The use of agueons HF ag @ final processing

&

2.

)



s

WO 2017/008050 PCT/US2016/041619

k3

step to remaove sweh @ phase inervases the BHS hurden of the magnesiothermie reduntion provesy,

shelor L, Lont A, Canhan LT, Hasan M, Coffer

o

sspostatly when Mogeaie silinas ars wilized {Bat

Jw:

L2012, Silicon 4259266

{887 As such, rew methads of produsing microparouws silicon are nesded.

SUMMARY OF THE INVENTION

{8008} The following swanary s provided to favilifate an wderstanding of sioe of the
inasvative Tealures wque to the present disclosurs and i3 not intonded to be 3 full deseriptisn
A full apprecistion of thy various aspeote of thy disclosars can be gained by faking the eatire
spectfivation, claims, drawings, and sbyiract as & whole,

jaane It & a first objeot fo provide a process of forming an elsctrochemipaily active silicon
sngtersd using muterials and processes with lower sovironmental Impact than prive rethods. Tha
provesses provided do not veguire harsh acids such as hydrogen fewride ne eichanss and are
capabie of aotivation at relatively lowar foroperatires, vg loss than 780°C, A procesy inchales
subjecting a combination of powdered silicon oxide and shusinum 0 mechanios] milling o form
a mgchanipaily activated sibicon oxide/aluntmue compasity thermally treating said composite
by exposurs 10 heat al o emperstury of S8 degrees Celsiuy to 700 degress Celsins under an fnegt
or reducing atreosphere to form 8HAL Oy and removing #t least & postisn of alumina from said
AL U by sxposing said SHALD: to an sichant to form microporous wilicon The procursor

X3 3

silicon sxide is optionally of se sverage Hinesr dinsnsion {eg. diameter of 500 um or loss. An

>

advardage of the providest processes ix thelr ability to rediwe the silicon oxide st relatively lower
temperatures, The heat wed 10 2 procesy # oplionslly 5300 degrees Celsius to 500 degress
Celsing. I the mwechanical mixing the bell 1o powder mass ratio is optionally $:1 o greater,

Oither characteristios of the cluimed procssssy are-the shiliy o sxchudethe use of stobants that

tnelude Huorine. Ax such, an etchant optivaally excludes fluorine, npmnai‘a}‘ exnfudex hydrogen

%

e
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fluonide. An etchant ae used in the processes optionaily is or tncludes HOL B804, PG,
HNG;: o combinations. theresfl In the possesses, the weight percent of alniss removed s
sptionally 83 weight pereent to 100 weight persent, sptionally §5 weight percent to 99 weight
pewent, The suljecting step optonsily includes high energy bull miling: & milling time is
optionally greaier than 0.5 hours, optionally .8 fir 24 hows, A siep of theemally treating is

optionally for a theemal treatment fime of 13 mines io 12 hows.

s another obyest (o provide # prosess of forming an electrode suitable for use in

pres

it i
slestrovchemical oell. A process inclades: providing sn snode setive material compriving
micropovons silicon optionally produced as desertbed herein by 8 Swo-step reduction procsss;
sombiing said ticroporous silicon with & biader to form a sheery; and soating said shary wnan
electrioally conductive substrate to form an electrode. In spme aspacts, the active material further
includes graphite. QOptionally the step of providing inchudes subjscting » combination of
powidered silicon oxide and & metad reducing agont, opticnsily xluminum, to mechanival milling

e form 9 wechanically activated sificon oxidefaluminumy compusiies, optionally SinFal,

to form BYALD:; removing at least # portion of alondsa fom swid SFAL T by sxposiug sald
SHALG: 0 an slchsnt to form mivroparous silivon. In some sspects, the microporsus silicon
imchudes residus! alimoma ot an aluming woight percent of 8.1 0 15,

{8611} H i ancther object to provids an slectrochemically active roaterfal that incluadsg

migergparons sifivon, optiomally produced by a provess ss provided harein, An clectrochemically

g 4

active material includes: & mivroporous silidoy and shwning, sald slambng prosent at 13% or lews

by weight of said malerial and where the micropoross silleon and the sluming are intermixed and

-

mechamivally sotivated The slumine s optisnally prescnt at 15% by weight or less, optionadly
3 £ » N} 3

=

529
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5% by weight or less, optionslly 1% by weight or less. The slectrochemically active material

pptionally fuder iocludes carhon. Tn some aspests, ant olectrochamically sotive malenal iy

charaotsrizad by & cyels Hife of 8 percent capacity or grealer at oyele 40, optionatly a oyole life

of 80 porcent capacity or grsater at oyels 8. In some aspects, an slsotrochenucally active

B

matsrial has dn imtial capasaty logs of foss than 20%. The shuning in an slsctirochennaally active

X

material optionally includes alpbe-abuning, optiosally neludes gamma-shuming, or both In

Jectrochemically sctive materiad optionally exchades alphasluming In seme

ﬁ,

RO avpects, ang
aspecty, an electrochemically active waterial optionally exchulsy gammaaluonng To sume

%

aspests, sn electrochemically active roatenial optiomally exclides ‘wlpha-alupuing and gains

BRIEP DESCRIPTION OF THE DRAWINGS

15 a schematic of an exemplary procass,

ks

ez RO

{813} FIG. 24 Jdemorstnes Xeray diffraction patterns of milled and or thoonally treated
material according to somu sspents with: trace (%) the inftial Si0y and Al mixture {promix st 2000

rpm with centrifugal mixer); trave (b} sfter mechanical milling sotivation (BER 4 for dh ) trave
oy

oy unnilled powdse (ondy premtred) after thermal trostiment et $507C for 2h (.5 Cloun hesting

mechaniostly milled material after Host thermal

]

ramp under srgon Abmospherey; and trace (d}
redhiction st 85070 for 2h {25 Clain heating vamp wader argoy afessplinre), (8} shavinum, (@)
sificon, () oealiming (o y-aluming, and {0} st A kS Kl

{3614} FIG. 28 Hiustrates XRT patterss for powder mixtivres mechanionily milled af differend

conditions and thermally trested ¢ the yame tomperatuce {#) Al metal, (&) silicon, (8) ALy (B}

N-AL U e-AL G {0} sndlite AL S0 )

(¥ 3
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{H015] FIG, 30 silustrates XRD pattorns for powdens theemally  tewmted af Gifforent
temperstures and where mechanival puiling conditions {eg. BPR, sto} werg Keptoonetant for sl
samples () Al mstal, (&) silicon, {83 v-A45L0s (8 wALD; O-8L0; & Mullik

HalaSis sk

s FRA A ilustestes 5 SEM micrograph of 3 810 snd Al nixtuee after ball mulling
{3817y FHI 3B flustrates & SEM micwgraph of 3 microgorowy silioon Ebricated by e twos
step veduction process and afise -l FLSOy stehing (no HF or metal catal }\;tl

{6018] FHL & iltuatratey XRIT patterns for samples after thormal treatment and exposwrs {o

are stehant wder Qiffering conditions Hlustrating resrdodd oxides of logs than 3% {8} Al matal,

(Y silicon, {oe-AL Oy (ot mallite AL Ay Wl
{0018 FiG. 3A sHustrates the fvmating gvele of hatfcall anode glectrodes hand castediwdth

s and graphife (1 mase mling ot & £720 ot from SOV o 2.0V with ~21% ICL and
reversible capacily w1600 mAkfy

2

028 FEG, 5B ifhastrates made capebilitien of anodes baeed on conumerglal BSumy none
pormus § {0y conventional HF etohed porpus S0}, awd the ppSi () and wabsrel graphite {111
TORes taluy:

iezi} FIG, SC dlustrstes ovels 1 compasison of various materialy where oyolisg
preformance for electeodes fabricated with covupersial 5w munteposiis S{ (0, courventionsd
HF etohed pofous 8TG), ansd the up®i (o) mived with naturad graphite {1 L ass matio), and
{0023 FIG. & iHustrates differontial soanning calorimetry plots for 2 {e) porous Si/graphite

N

elevtrade and (o) ppSEGraphite somposite sach folly Hthiated {1036 SO0}

DETALID DESCRIPTION
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{3 The following desonption of particular axpeot{(s} & merely exemplary i natre snd 35

plipative, or usss, which may, of

by

g way isaded to Ll the soope of the ivention, iy ap
courss, vary.  The imvertion s desorbed with relation o the nivelimiting definitions dad
terminelogy iacluded beretn. These definitions aned erminsdogy are not designed to function as
& lmitstion on the scops or powtice of the lovention but ave presented for Hiustrative and
desoriptive maposes only,  Whilk the processes oy compositions srg describsd 25 an onder of

individual steps or using speoific materialy, 3t & appreciated that steps or materiale may be

intarcharggendle sach that (e dexeription of the fnvention may include mltiple parts or stepg

peg

2

sovanged 0 many ways as iy readily appreciated by one of skill o the wrt,

{80244 It will e understood that, slthough (e terms “hirst)” “second,” “third” ste. may be
used herein to deseribe various slements, componsnis, regions, layers, sndfor septions, these
clements, compossnts, oos, layers, andior seotions should sot be {united by these wrws,
These ternw are oaly ased o distinguish one glement, conponent, region, layer, or skotion fiom
another element, componsnt, region, ayen, or section, Thug, Vs first element,” “component,”
“region” Mayer,” or “section” disonssed below sould be termed 2 seconsd {or other) shament,
componeni, region, faver, or spotisa seithout departing from the teachings herewn,

{0025 The teominstogy used hernin i3 for the mopose of describing mzu alay embodiments
only and is not interded 1o be himsting. A used hergin, the singolar formg a3, Man™ and “the”
are infendded o include the phual forms, iwhding “at lesst ong” wnlews the content clearly

3

fredicates otherwise. "OrT means “and/or” As ueed beseln, the term “andfor”™ includes any and afl

comihinations of ene o wore of the aasocisted listed ftoms, Towill be further understood that the
toems Seomprises™ anddor “oompniming,” or “medudes”™ andlior Mnchuding” when used o thie
spocification, specify the presenve of simted foatures, reglons, integers, stops, aperations,

clements, amdfor somponenty, Tt do not preciisde the pressacs s addition of ongor muosre dther
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featurey, reglons, intdgers, slops, operations, elements, somponenty, andfor groups thersofl The

teom Yor a combination theryof means & comidnatin inclading at lesst one of the Swegning
elernents,
LU Unlegs otherwise defined, all tooms (ocluding tochutiod and scientific torma} weed

herein have the same nwaring &5 congnenly wndsrsiood by one of wrdiosry ¢kl fix the wet

{ will be futher vnderstood that terms such a Hhose defiad m

o

which this disclosure belongs.
corpmonty psed dictioharies, should be Interpreted av having o meaning that ie consistent with
their meaning in the context of the selovant ant andd the prosent disclosure, and will not be
interpratet in an idealized or overly formal serse undess expressly so defined herein,

AT &z used bersin, e form “microporsus”™ with respect fo microporous sibivon s

h

defined sv having an average particle size of B to 50 suorometers {um) and an sverags pors

s

diameter of 3 to SO0 nenometers {nny. Mivroporous silicon may bave @ raspberny-hike overl}
strusture.
FOO3EY Az used boroin, the term “hugh ensrgy” is defined se mulling with erergy ot or sbove

that produced by & Retseh PM 400 planciary aull with 2 rational speed of squal to or groster than
25 revoluiions por ralmugs e with 3 ball 1o powder ratio of squad to or groatsr than 1L
R As used hereln, the term “low energy” is defined as mulling with eneggy at ot below
that producsd by a Retsch PM 400 planctary saill with 2 rations! spsed of squal 1o s lower thas
200 revotationy pey minute (tpony with a ball b powder muass ratio of nes than 181

iR Microporoos silicon stractures have advantages over oomventionad silicon paricles in
Hihium fon baBtery {LIBY snodes. The empty {void) space of the pores pressnt in nucroporous
sibivon improves the eleotrode oyele e, This can he powsible becauss the freg spsce
aocoimmodites  stiveses  croated  due fo oypansion and  contraction  podurting  dudng

Inhiaton/delilnation of the anods, The prosent disclosure provided provessss of forming

L)
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wucroporsus silicon that show fmproved electrochensical propesties amd do Bot requirs harsh
stchants such as fhuoting containing oichants.

{8834 Frovided arg processes of forming odoropomus sificon suttable for use &€ an
clectrochemaeally active materiad, opticmally in an anode, in sieotrochensical ceils, ay 2
supplement 1 an slectrochemically ¢ muterial, or g an clectrochemitally sothve materidd
along with a second elecirochenucally active matenisl, The provesses provided sombine 3 logh

enurgy pulling process with a8 thermal reduction Yo produce sobid silicos substsotially by the

overall resction ancording to equation I

B0 {8) U = S + 8L {I}
{80321 & provesy helwdes subjecting » crunbination of siliesn oxide, sptionally prowdered

sslicon oxide, and abuminum o mechancal milling o foom # mechanically acivated silivon
oxidefahuminum, optionaly 3¥GAAL powder, thermally frealing the silicon owide/dlaminum
powder by exposwre fo heat at a lemperaturs of 300 degreey Celsi to 110 degroes Calsing,
optinally 500 degrees Calsius to 780 degrees Celsius, under an inert or reducing atoossphers to

form SHALO:, and removing af Teast 8 portivn of alundoy froor the SALD: by exposing the

S¥AL Oy to an sichant o form moroporous stlicsn ophionally with average pore size maging
from HASOU wa, optivnally about 20 am to 200 ww, sptionally shout 130 nm. The proelded

procassex do aot requing the wse of stohanty that include barshe aciids such av HF 28 etchunts. As

v W

suely, etching or other reaction with @ Hlusring contatung eichant such ze hydrogen fluoride {(HF),
buffored HF, NHLF or HFENGS mixtarse are avoided,

{88331 Although the present disclosture iy directed o shumimun as o reducing matal, other
metaly may be subonituted therefwe with wiher vedusing metals Hlostratively  nchding

ae

magnesiam, calctan, deminum silicide {AlSL) magnesian silicide (Mg 81, calobum silicids

P

{CapSiY or 2 consbination thersof Jn soms sspects o metal reducing sgent is alentinum exclusive

¥
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234

ot ather reducing metals, 8 provess optionally excluding magnesium, salchum, abuninum silicide
{AISE), wagnesium silivide (Mg 89), caleturn silivide (Ca 81 or s condination thereof

0341 An gxemplary provess s Hlusteated in the schomatic of FIG, 10 A gtep 102, the

X

slatting materials ave industrial grade {og & 98%

> or pther mdustrial foedetock miher tan

’f.‘u’
&
f‘a

solae or electronic grade as see rovogoized e the art) such &y mivron-size stlicon oxide or silisa,
and mivrsn-eize aleminum metsl {or other mgtal reducing agent) prowders, The silicon sontainin

waterid and shumivum sverage pacticle sizes are optinoally about 20 and shout 17 microns,
respectively, Howeves, lurger particle size up b 325 mesh (43 microns) can be nssd K both

wily available and commonty

s
x
)
g
4
3
&
%
for)
g
T

the oxile and the wmotal powders, Sweh powdsrs an

proshuced; iHustratively from AR Assar, The powders {e.g. $10 or 8104, aad AD ave loaded inde

ey

a reactiony chamber ab x destred mase ratin, A mass ratio is optionaily a stoichmetric muss patis

N

byved on oguation (1) In spme aspents a ouss ratin inclades exeess reducing ractal tn obtain &

completed s more omapleted reaction; optionally 4 roses ratin includes up 1o 40% extra redusing
metal. A reaction chamber (s opticnally any somainer suitable for Ngh ensrgy milling, thermal

,...,
L)

treating, ot other and ogtionally sealable from the external environment. An Hlustrative example

3

of g veaction chamber i3 8 stainless sleel or soramie jar. Included in the reaction chamber is
mikiing media optionally formed of the smme material & the reaction chanber. In some mspests,

33 X

the sullng media 5 or includes stabdesy stex] or cermmic milling balls optionally ¥ inck i

dinmeter
HEI3S The components are subjecied to » mechanical milling process such ag ball milling,

it mifling, attritor milling, and the Bke The mechanics] milling step prvides mechanival
antivation and partial reduction of the silicon oxide preowrss (vombined desoribed hersin as
Yacthvation”™}, The mechanisal activation of the nwierial by milling Hoilitates the reduction

o

resetion through both seducing the reactant diffasisn distance and ntrosucing defocts mnd other

Y
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forns of resichal mechanical stodn i the material, The temperativs of chregend redoction of
5132 can be redused to < SHOPC when moshandcsl aolivatitm 15 employed, which offtenwise
reguires T » HEOOC, Mechapicst milling providey 3 means to control the seactivn kinetios of the
reduction reaglione. As 4 consequence, reucfiony that normadly require high teraperatures wall
vogur af lowsy temperstures. T addition, e high defsct densities mdacad by mislling acoslerate
the diffusion proosss. In the exgmple of FIG. 1 st 104, the povwder mintues §s milled asing » bigh
energy ball mill, This step prodoces the mechanical setivation and partiad displacement redustion
reagtion acoording to Sgnativn 1. Repested welding and fracturing of powdsr particles durdag the
mechunical milling loergases the arva of contaot botween the reactant powder particles s o a
rodustion In particly size sad allows fresh swefaces tn come nto contast repsatedly. The ball

wifling froihinatex the reduction reaction theough both reducing the reactant Qiffusion distaace
amgd ntroduciag defocty and other forms of residunl mechamicosl strai A 8 RODSGIUSNCE,
subsequent thuemal frostment reactions et would atherwise regquise hig§§ tumpneatares will

poutr af fower temperahiresy doddng high energy sulling withond any externally spplied test In

additton, S high defet dengitiey induced by milling sveelerate the diffision process, & high
energy planctary ball mill {p.g Betech PM40G) may be axed to parform & u mechanical malling

resstions.

IR Mechanical milling & optiosslly achisved by ball milling, optiomally high eoeegy
ball milling. & badl fo poswder (g 8 containing material aod abuminim) mass raliv (BPR} may
be 41 or greater, optionally 21, optionally 611, optionally 71, optionally 8:1, optionsaily 911,
pptionally I, optionslly 111, opthmmally 12:1, optonally 13:1, optionally 14:1, opticmally

BPR il or greston. by some asponty, the

hig

[
ot
I"«

Lo

-1, optiomally 18, or greater. 10 suwme aspscts,
BPER ix 160 ov greater, Dplinnally the BPR ig fom 41 to Teag than 161, Optiomlly the BPR w

to dews S 160 Varying the ball to powder ratio {al the sarae milling apsed and ting,

R e

from &
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and same reactand ratto) will affect the product obtained after theomal treatment. For sxample,
4 Pk k.

S e

vhen materiak werg thermally reduced at the same conditions {830°C for 2 b, 2.5 Clndn beating

ramp under argon simosphered, &t &1 BPR for » mulling renvtion Gme of 4k the

phase 18 e-AdaQy with soall amond of v nd mullite A% 100 As the BF

rhase

W

increasas to i1 (sawme othey reaction conditions) v-Al04 is the resulting he muin aluming phase
By increasing BPR to 161 other luss stable AlaQy phases sppear Oy, B, Soste)

AT Mechanical milling is pﬁsffémmﬁﬁ far 1 milling reacon tinwee & ouling reaction time
5 any time suifable e activade the powders and at losst partially redhee the silice. & mulling
reachion Hme & sptionally from 0.2 hotrs to 20 hours, or any valug or mange therebebwess,
optionally 8.2 hours fo 10 howrs, sptonally 0.2 hours to 3 hours, optionatly 8.5 bours,

38 Milling is optionally pacformed under & nonrsactive atmosphere such a8 an inent gas

venor, or others.  Adjustable mechanics!l milling perametens ncludy rotatismal speed {or

eyoles/miny, ballipowder mass ratic {BFR) ball size, stlicasluminum masy watie. In somw
aspects, the mackanival mitling may be performed st the following conditions, 1200 cysleeimin,
with 11 BPR, ¥ inch dismeter stainfess steel balls and & storchiometrie 523 silicaalumiim
mass matin, The revelutions per minate e number of cycles per minuie can vary bebween 200
rexd 13, ball to peewder ratios can Hustuate foes 401 to 2001 differem madia size from 510 15
m oun be used s well as ofber malerials sach a5 hardeasd stegl, miveonia, ete. To ensues fll
redustion of silica, the sluminem quantily can be nereased from the idesl {stoichiometnic) value
up 1o stoivhiometric 40% excess, optionally up to stoickiometns 1% exvess,

{9839 The mechanivally sorivated SIO./ATD powder iy then thermally teeated at step 106 in
FIGL § v s tube {or othes) furnace poder aningrt gas snvivonment. Thermad redaction of silicon

A

oxide by shuminothermiv resction iniiates at feraperaiunes balow the aluminum melting polmt

T

i3
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(A0S T A temperatures as Tow ax 300°C redustion to siticon from silics and the formation of

SEAL D beglny o take place in the sulid state. However, in the abseoes of mechanical mulling

e

the reductinn reaction noeds 60 reach ternperatarcs »E0G °C (o~ LIEGSCY fur the oonmplete

w,

travsfrmation of SICH/ AL e SFALT;, The step of moechanival milling significsntly reduces this

4

ternperature  seguirement  whess conplele convarsion o SVFALOy wan br schieved a
tenpematures belowe 700°C. Themmsl redoction i3 perfooved wsing & theamel froaiment
wmpessbare for g reduction Gme.

FHIS A thersal roatment lonperature is optiounally fron SGU°C tn LEREC, orany walue or
range therehetween, In smoe aspects, & themal reduction fmpirtture {5 SM°C o 700°C,

i
§

opticaally 650, QOptioanlly, a thormal reduction temperstare 18 300°C o 650°C, oplionally

533°C to FOONI, optinmally 323°C & S30°0, optionally 300°C 1o S00°C, optionally 800°C w
i3 :
FO0°C, optionally 00°C e £30°C. In emmme aspests, & thommal reduction ®mpersture doss pol
it 1
exvged TOOUC, optionslly dogs nol exeesd 650°C, pptivnally dogs not exesed 600%C, XRD
patierss show that the mulled powdes mixtire should by heated wye & 1t least 300°C to mitizte the

N

R reduction. And at 53070 all Ge Alwill be consuned in the reaction in the production of

Y

S AL From SB0°C 1o leos than 800°C the main Oxide phase 13 v-AL: 04, &¢ the tunperature

nereases the y-phass transfomis to the nyoe stably -ALD, phase.
findi} The weulting shaning produced s optionally fess than 50% alpbs pbass, optionally
jess than 25% alpba phase, optionally lees thay 1096 alphs phase, optionsily lesy than 3% dlpha,

sptionaily loss than 1% alphe phase relafive o the tstal shuning pressat

HEIERY] A reduction thmo i optionaily about 1 fo about 4 houry, or any value of range
therebetween. o soms aspacly, 2 roductivet o 18 sbont 0.5 10 about ¥ hours, epttonally about 3
howrs.  Dhring o themmal reduction time @ tomperature hwaease is opHionally & PCfmin fo

2540 min hesting vate. The thormal reduction prodiets ave clemental 81 and sluminws oxide

FEres
Lok
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{AL 0y, wdso koown as aluming). Adjustable thermal redustion patareters fnchude bosting rale,
holding tompesstwre snd Hime, The heating mtes are optionally kep between §.5°%Cmin and 53°C
feoin and using the holding tormperature and thne ranges afrsowestioned.

{0043} The last stop to synthesize ppSi is the removal of aluming by oishing.  Eiohing
fhoride

optismally exsludes sabjocting the matarial o coptact with & havsh seid sech gz hydrogen

i < pl

gr sther fluorine containing sichant, The stop of stching dopictod s FHR 1 at 108 aptionslly
uans cichantis) that dn not sseult in the production of toxic waste, The eiehing prosess sptionsily
will yiekl updt with the removal of aluming by dissolution.  Hiustrative eichamiy inchude
particular acidy, Hustratively HOL Ha8Gg, H:PGs HMNO;, or conbinstions thoeofl A
sencentsation of etchant is optiomsdly 0.5-12 M, optivrally Q.5 o 4 M, optionally at or abouvt »
M, In the cage of M8y, and similarly reactive concentiations for the use of other stchants.

i

Eiehing 1o performed for an efohing time, optionally fom 1 to ¢ hours, Etching ix prrfonmed at
an eiching tomperabare. . Btohing teraperature i optionally 25°%C to 250°C orany vadue or pange
therebetworn, optionally 80°C or 2500, optiooally 80°C o 8O, optionally 180°C
HHHERE Aluminum oxide exisds in a mumber of difforent phases (o, B, v, 1. 8, 8, v and ph o~
AL b the most stable and least rosctive phase, O advantage of the milling process s that
the subseguent thermal redaction may be destgred o Bodl fomation of w-ALOs, and lindt the
aeed for more aggressive dissohution in the eiching phase, Dther phages sueh as p-ALG) wd 8-
AL O can be disselved iy diluts hvdroehloric aait (HCEH o selatively low femperatives.
{6045} Biohing time amd femperatare arg related to the degree of eiching desired.  Eiching
fine is optionndly Froun 1 io 3 hours, optiopslly 2 bours, As the stehing proveeds the pores on the
silicon particle grow incrensing pacticle porpsity and BET swisee sren I addition, increassd
etohing time deseases the amonnt of aluntiny muining on the particlex. ¥ iy belleved that some

restdugl ALY may be tolerable or sven bencficial in the fiaal produst me this phige s

§4
¢
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gleotrochemically inactive and may provide benefion structiural reinforcenent of the pp%y
purticles. H v Burther belteved that a modest deorsuse In copasity {mARME) dug to the residuad -
Al2(r; way be swre thun sompensated by increased oyele Hife of the nanccompasite ancde
arfersal. As such, the aowunt of residuad aluning, optionally wealuraing, 5 optionally 5% g
fesy, optwssally 0% or loss, optionally 5% or less, opticnaily 3% or less, optienally 2% or legs

with percsptages being welght percent relative to the smoust of sluming prior to elching

fi’

Residua! aluming, optivnally c-shuning, is optionslly from 0.1% to 159, optionally 0.1% to
1%, optionally §.1% to 3%, uptionally $.1% to 1%, optionally §.1% to %% with percentages
being welght poroent relative to the amouns of aluming prior to siching.

{146} Frllowing the oiching proseas the resulting ppSi bas g desiesd porosity, In soms
aspects; the porasity is 119 i 90% or any value or range therebetween, optionaily 20% to 80%,
optionally 30% to 60%, optissally ¢ or about 36%.

{8847y The resuting ppSt B optionally tsilored for o desired Bnwauee-Frwnetic Teller

{BET) surfaee aren. A BET sarface area is optionally 16 ny'g by 500 w™fy or any valus or rang

TG
(24

thersbetwenn, sptisnaliy 20 m¥g 1o 200 mg, sptionatly 20 ar'fg t 100 e¥ig,

048] The resulting pup8t is sptially sdricd and sioved to a desired size. Dirying may be
porformind in o standard drying oven ssed fiw electrode satedals knows inthe s, Drying owy
be porformed onder s ert o ade atwpsphers & 2 tempissture of {OFC wr other desired
fepseratug.

it The resulting particks are optionally sieved fo o desired size. [Hostrative pasticke
sizes have an avege diameter o8 0.5 to [Dmiorons. A ppd prior to crambination with a carbon,
& binder, or both muy be in ssy physieal forsy sush ay 2 particulate {e.g. powder), nanowire,

sheel, nanotube, nanofiber, porous siruciuwre, whisker, nanoplatelet, of other sonfiguration known

it the g
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{338} The up®i has g porosity, optionally with an average pore size of at or shaut 10 am to

at oy about 300 nm, optionally ot gr about 100 mm to at wr sbout 200 sy, optionally at ot abowt

150 .
{80511 The upSt ks optionally used as an aotive muterial alone or in combination with eog or

mov gther active materaly it the Renation of an clecirode for use in o primary ov sscondary

battery.  The ppht i optionally combined with 8 second sotive muterial, optionally carhon or

hitle cavbon materials such ax natural graphite, graphens,

b

graphitized carbon. Carbon and grap

sriificial graphite, oxpanded grephits, cawrhon fibers, haed carbon, ombon blagk, cachen

f' £
;}1
<%
b4)
<«
5
G
g
-
]
L5
i)
%
%
i
%
@
B
%

nanotubes, fllvrenes, and sotivated carbon may be used. In soms

§

combined with graphite. Low energy bull milling may be used to crpate o graphite shell around

siisan particles. In order to gumastes good electrode coating and well performance, the

#pSiraphite compusite may have the following properties: 510 um partiol: size, & BRT

X ; S T s
swrfice arca of foss than 20 w'fe, aud an anod e tap density of $:8-1.2 gdom. These propesties
will allow fabrication of vostings with slectrode loadings of greater than 3 malent
s A& ppSi active materiad may or may not be assoolated with an elecirically conduetive

substrate, When associaded with a substrate, the substrate s optionally femed of any suitsble
gleetronally cinductive and impermesbls o sabstantially imperoasable material, mcluding, but
ot Hedted foy Copper, stainless steel, Heanium, ot catbon papers/filos, 8 non-perforatest metal

foil, aluminum &l cladding mstedal woluding nickel and

A3

aluminnm, shdding material

teluding copper and aluminum, nickel plated seel, nickel plated copper, wekel plated
slumimam, gold, sibver, spy other suitable slectronically condustive and frapermeadls material or
any suitable corabination thereof In some aspests, subsioates may be fromed of ooe oo mors

suttable metals or combination of metals {o.g., alloys, sedid solutions, platsd metals), Optionaily,
£ k %

& upSi active materisl is not associated with a substrate

16
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{Bes3] A upSt sctive material may be sssocigted with 8 bader, A binder material B
ophionsily used at 1% by wsight of sodvent and combined with the upSi sefive material, &

¥

binder material aptipually ncludes comus 81 anode binder sueh as carboxymetip! ¢ellulose
{CMO) or shyrene-butadions rubber (SBRY hinders, I swme aspeots PVAF bindey solutions i
MMEF o aquesus polyolefin fatex suspensions may be nsed. Examples of the solvent used in
peeparation of the slestrode may melude, bt are vot tiatted to agusows, carbonatesbased, egtor
based, stherbased, kaotone-based, sleohobbased, sy sprotic solvants,  Spesific solvents such ax
dimsthy! sulfoxide {OMEG), Nemethyl pyrrolidony (NMP) and ethylens ghveol, sad distilled
warter iy be wesd, Sook solvents are kaows in the st The resulting slarey nay be applied fo
the substrate followed by standaed techudques Including casting, deving. and oplingally pressing.
The substrate is optionally electreally aseniated with v sheotrode 1ab in onder o slectnically
connect the elovtrods 1o the appropeiste terouns! of & battery (Le., negative slectrods to negative
ternsnal and positive elostrode B positive temningl), The slectrode tab may be welded by g
nethod of welding thar inchudes, bu is nor Houted to, resistaace welding, laser welding, sleotran
beam welding, or wlitasonic welding,
B34} &n cleotrochemical cefl typieally moludey 8 separstor positionsd. between. the
clenfrodes, A sspavaliy ix optiveely 2 woar-woven, felted, mylon, or polypropylens material that
i¢ permsabde t ydronide fons and may be saitebly satiratad with destrolyte,
{8835 An elechochemivally active seterial inchuding thy ppSi ag provided horetn aloas or

£

i combination with another sative, optiosally # cwhbon active, shows Wmproved cyele B and

¥
!

sinular initsd caproity loss (0N relasive to other sificon slectrochemigally active materials. A
upSt aptinally hes g eycle Iy of groater than 80546 residual capueity at oyele 44, oyele 45, oyele

Rt cvele 83, oyele 89, oyale 85, or
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greater, Frivr mudenials measured under the ssme conditions show significantly lower oyele life

o

as defined sg fhe cvole whinh the capacity drops below 809 residusal capacity.

E

{686} An important characteristic of the pp8i materiale as provided herein are that te ICL

15 neardy oquivalont 1o othee mutersds such ss other porous stlicon matedals, bt shows
significantly improvad oysle il As such, the ICL of & jpSt a8 provided bergin is optionally
fromm 15% to 28%5, sptionally from 19% 1o 3195, optionally less than 209,

JeOsTY An ande, cathods, olectrolvte, sad separstor may be hobtsed m g cusing as 8
tvpially known in the art (3 forrn an owslosed or substantinily
U fasions aspeots of the prosent invention ave iustested by the following noo-limiting
gromples. The exampley are R Hhetrative pruposes and are not & limitation on any practios of
the present investion, It will be understond that varlibng and modifiestiong can be made

without depasting from the spirit and seope of the Invention

EXAMPLES
{08591 Inexpangive conumercially available micron mze sthica {Si04) powder (Grace

Travison FERKASIL Silica, 15-20wm, BEY Rurface arcas 190 m'Vg, 88% SiCh dry busis) {Other

4.)'!

siica whed, U8, Silivs MINGUSIL, 545 micron pasticle size, 994% SiDz) wag pre-mixed
{FlackTek Speed mixer, 2000rpm for 2 puns theog Hmes amd sured with a spalula) with
slumimem powder {mesh 323, 85979 Al Al Aesar) and transfeered 1o a bardened steel jar
slong with nulling media of the sume composition. The jar was filled with argos and sealed
befivre mevhanical milling, High-energy hall milling {stoinhinemstvic muss ratio of reactanis, 411
ball to powder ratio, milled for 4h bours wwing SPEX X004, 1200-158) oyelex per minuie

activated the powder systems and partisily reduced the sifica ss milling proveedsd {8 > 6,30}

After mechanival milling, the powder mixture wag transforrad fo a tube furnaee 10 proveed with

I8
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he thermal reduction. Thermal reduetion was performed over @ mnge of tempreaturss from
SEE°C 1o 700°C under angon stmospders, XRE patterns taken at different stages of the reduction
provess are shows in FIG. 2A. The initial powder mixtere shows strong ahuvdawn XRD peaks
and almost uwonotivesble silics fwoad peaks  Afler (3.5-4h time periods of high enengy ball
mitling small peake of aluming start to appesr on the pattern. Thevesd trontment @ S50°C fur 2
hours {with a .¥°C /min heating rate) lod o the vomplete conversion SICH/AL to SVALD: &
showsn in the paftars {op Bned in FIG, 24,
{856} Frocess pavameters such as BPR affoct the resulling tvps ©
process, Damples prapared as above {pre-mixed using & Flaok Tek Spesd mixer, 2000rpny 2 mins
thee times and sty with spatula, stotchionetric seactants mass ratie) smd thermally redhiond =t

1

B, 2.5 Cloin heating ramp under argon stmosphens), but mifled

‘ \

the same conditions {630°C for

3

& vavious BPR satios for 4 howrs (using SPEX 880G, 1200-1500 cvoles per minute} demonstrate
differing phases of sloming s illustrated in FIG. IR, At 411 BFR for 4h sajority of ALG s i

e

the aipha (v} phase, with small amounts of gamom (¥} and Mallite TALL S 106 presert, A

74

the BFR spereases 10 801 (same suiling time, sie vAk Oy becomes the mest prominent phase.

facreasing BER to 16:] priduces other less stable Ay phases iy, 8, 8 stel
{61} Thevinad trestment lomperstires also play a role i the type of dluming produced by

the processes, FIG. 20 ilusirates XED pattems R milled posedar samples treated st different
therol reduction ternperatures (486°0, 500°C, S23°C, $30°C, S00PC and 85¢°C) Al samples
wors ball soifled st BPR 4.1 for 2 {a the same milling speed and timee, and same stotchiomstric
reactunt ratio} The bolding tioe was Zh with 2 2.5°Cfmin heating ramp uader srgon atssphere.
i {rnduved) peak starty & appear st ~300°C and it is fully roducsd a8 T $25°C From 500°C 0
lege than GR0°C the main oxide phase is the v-8h0s phase. As the fomperabire inorsases the

yephass trapsiorms to the more stable @-AL 0y the mun phase.

2
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HEE %Y The final SVALGH powder mittures werp then treafad with an stohant optionally

'}‘b

including an acid {eg. HCL H: 50, By aveiding the use of HF or other harsh oichants, less

wosthy reastion vessels mud other safety precmutions {88 bood vse) are Tosy demanding due ti the

increasad safety sssoviated with the presently provided processes.  The ciching process was

3 sargied out at IS0 for 4l under continmuons stving: this provess removad most of the shuning

N

{BDS specira shows ~Swits olemental Al left) leaving B pacticles with a porous simctuwe, FEG 3
shows SEM micrographs of the as thermat treated powder (&) and the porous strugture aftee ¢h
of elchant digestion (B, 60 wi¥s sulfirie seid), XRD duts (FIG, 4} indicate the main component
of the thernally treated powder 16 elemental Stowith small traces of slasning (broatd shost peaks at

164 24-26 ami 4345 diffraction angles), FIG 4 shows diffraction patlems for two acld olching
roshitioas, cowhiton | was done with 70% Ha53Q for th, and condition 2 was done with 70%

Ha 80y for 4h, The physieal properiey of the nderoporous sifionn are iustrated n Table {.

. mPSiwith
Property Commerciat 88 )
el (>97% Si)
Tolal Pore &rea (g 8.8 f 118
Austage Pors Diametdr (oo} 310 1840
Budl Darslly {oferl) o as C GEe
Skelotal donsity (iml) 7B o
BET wrface arsa {reiig) 4B ;2
13 53] Rievtrocherninal proparties of ppSiand the infloenes of the porous stracture on LiR
anoide perfizrmancy ware evaluated In hadf sotn vells, Bleotrodes wers voated ming & sombination
of 1pSt ansd commereial graphite (Nippon Carbon Co. natural graphite, AZBD series, tup deonsity
L olghent’, BEY suefiee area 2.71 mifg, D proticle shee 142 mderons ) Commencial micron
stze By (silicon povdar, 128 mterow, B9.9%, Alfa Acvar} before and aller HF etching (HF stohed
2 updi, oM HF etohad fie 8K) ware ased for comparison. To Svm the pp$i containing slechudes,

graphite and porous silicon were mechanically (3001200 mpm, Retech PM 400 plasetary ball
ot
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i} mixed a1 mass redio. Both upSigraphile and geaphite olectrodies were hand castad
han copper foil osing water based binderss at & mase ratin of SRALSSS for
siticon/graphite/binder maledal respestively, The muateriale were tested in CRIO2S half sells. The
hatfcel] fovmation was sarried ont st G20 caresnt rde from MoV 1o 1.8V, Bate capahility and
cyele jife were performed with ap operation vollage of QO LQTY. For rate sindivs cells were

1

hthiated ot O30 and delithigted st 8.1, 0.2, 8.5, 10, 2.0 and 500, Cyoling eaperimants were tan

at .80
jned Table ¥ sunnarizes firgt formation oyele values fir tested cells, the electrochemival

<

. - . N T v - s . . ,
loading was ~Zrogfooy. Initial lithistion capaoity is Iower for the wpSianods formied ustng the
material srade by the two-step activation provess as follows. The pupSiwas made by ball milling

3-20 muieron siHios {Graee Davicon) and mush 323 Al{A N Qesar) av 4] BPR for 4 hour ustag &

Yors

stoichiometrie rosctant mass mafie; the roiled powder was thermally treated atf 6007C under Ax,
for 2 housing a 3% on hesting rate theemally troated procins were stohed wsing $0% Ha SOy fir

45 A graphite shell was added 1o the pp® particle by ball milling graphite szgmn Carban Co,

natarsl graphite, AZBD series, tap dessity 1.01gfom’, BEY surface mren 2.71 ar'¥fe, D partinle
size T ntorons) with pp St low snergy {100-1200 rpos for 4h, Reisch PM 400 planstary ball

mill} The difference in cupagity is belioved fo be dus to the 5% wetal sxwde {ealvulated using
EDE and XED dats) content i the agtive material,
Table &

13t Cyole Speacific Capacity
Anode Active Material {mAhimg} IGL (%)

Lithiatic Dalithiation
o Commerckl psive S 1781 1441 18

Si-Graphite 1 1
mifg:fa?eﬁl HF etohed 1pS: 1785 1438 20
‘ 1pSt 167 1387 19
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1065 FIG. SA shows the first formation owele (v CV30 mate) for the upSigraphite

corpposite halbeall anode ilysieating the reversible capaoity ~1608 mab/g. Rate pesformancs
and oyple i souperiments were also performad,
faies} Rate capabilily was tosted waipg colls hthinted ap C/10 and delunhmted ot Q.1C, 820,

080, LOC, 2,00 snd 500, Tests show good behavigr of upSifgraphite comparable to the pure

A

sraphim elsotrodes as Hogirsled m FEG B
el I slidition, oyole Bl teeting resulls slunw o olowr sdvantage when using ppSt which
has o much bmproved eyele Hife over the non-porous miloron sized 81 The provessed ppSifmetal

~

gxide using the procedusss desoribed sbove to produee wpdi also shows & noticsably higher

sapacily retention than HF-siched povous & whish suggests & vominaed benefit of the porous

s

structurs and the stabilization offeet of metal oxide shown in FIG, 3C, Without heing Hmited 1o
oue particular theory, the empty (voidd space o the up® porss i belioved to wnpovs the
cloctosde ovale Hife. Thix frex apace iv helioved o accomenodaty stressey oveated dus o
expamston sod contraction cogureing duwring ationddeithiation of the anods.

Safely and sbuss toleranpe of the 5t cowipostte snodes wese performed by differential
seanming calorineiry (DSC) DRSO enadles the thermal response of individual and salected
contbinutions of vell components fo be messured over a broad tormperature range. DST allows

~

pulitative messwements of the local charge state of the electrodes, which imprets the celi

£

=

P23

thermal seactivity Ivading to oell themal mpawiy ax well s colf seifshischaege

s

{681 DEC messwrements were made for porous 81 (HF siched 813 and ppSi (made by the

.
I

procrssss as follows) with composites with differsat conteuts of alumina. The up®i was made by

ball milling 1520 oo siligs {Crace Davison) and mesh 325 Al (Alis Assarial 1 BPR for 4

howr asiiy 2 stoschiometde rexctant mass satie; the wilfed powdsr was thaemally treated at

SO°C under A, for 2§ sy @ 2% ain Seating rate; thermally froated preouts were sished



i
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uging 40%: Hy80, for 4. The different porous nateriale were mived with natural graphite at 2
11} weight ratio by ball nuilling graphite (Nippon Carbon Co. natwral graphite, AZBD series, tap
density L0 wen', BET surfior aren 271 w ;’g, Dy particle size 14.2 microns) with the up®i st
kow energy {100-1200 rpm o 3k, Retech PM 4008 plapetary ball mill), Sefety studies were
performesd on fully thiated (180% BOC) electrodes. Measurernents wers made on dismusendblad
cells oy wall ax laboratory halfoslls enabling delatled characterization of individual sladirode
changes under controlled conditions.  Afler formation, the cells were taken b &l charge and
disassembled nsidean argealilked gloveboy, the anodes were burvested and transferred and
heroretically sealed in DSC pans. The sealed pan was transforved to o TA DSO Q200 ingtrument
for BSC analysia. DSC measurernents were performed uader Ny at 307 - 400°C with heating
rate of 3% min,

HuHS D8O curves for twoe mnnde maierials are shown FYG. & The anodes compared wers
HY otched povous Bi/guiphite {bascline} and ppSifgraphite formed 4y sbove. The HF efched

porous 81 was made using -3nunoron §topowder (89.9%, Al Assar) and 68 HF solution, the

ors

reaction was beld for 8k, The upSy made by ball milling 15-20mdsron Bilice {Grace Davison)
and mesh 325 AL (A Aesar) ot 1 BPR for 4 hour using 2 siolnhlometrio reactant mass iy
the sylled powder was thermally treated a1 600°0 under Ar, for 2 b usiag & 2%C/min heating rad;

thermatly treated precuty were efched using 40% HoBGy for 4 The addition of graphite fo make

prous Sifgraphite and peSigraphite was done by ball mllling graphute PMippon Casbon o,

“z

natursl graphite, AZBD seney; iy density E.{?ig‘fﬁi}}’s, BET sucwe srwa 2.7 mzig, Ty pasticle
size 142 micronst with porows Btue ppSi f&L Gy ot ke energy {THE-1200 rpov Jor b | Retoeh
PRE 400 plasetacy ball rofith. Both anodes showed sxothenms aimumonty stivtbated fo reaction of
the solid cleotrolyte inderface {SED hoyer starting around 120°C bat the bageling annde clesrly

fibersted more heat and at lower lempersturss. Additionsily, the experinienis on graphite anodes

B3
Lk
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at the swme vonditiens nue by Bandia Nattonal Lab {Doughty 2012], showsd 2% higher heat
relesse than the Si/graphite {baseline). These results vonfiem that the improved clectrochemical
and thermasl properties are atinbutable to the nove! architesture of our propossd ancde material,
1867 Vanous modifications of the preseat inveation, W addition o fhose shown and
deseribed hereln, will be spparent to those skilled in the art of the sbove dussriplion. Such
modifications sre also vtended to fll within the scope of the appended dlaims,

0711 i is appreciated that all reageots are oblainable by swurces known in the st unless

otherwise spscified,

04721 Shang, B, etal UST722901 B2 May 25, 2010
JT3 Richard, M., gtal, USRG3IS152 B2 Qo 1], 201t

TS Thang P, etal 178 887967 KE Maw 253, 2014

{8075 Mag, O, st gl Rlsctrochems, Bolid-State Lett, 1999, 2, 3-8,

76} Obrovag, M., etal., 1 Electrochers, Soc. 2007, 154, ¢, ABA-ARSS,
[T Httphvew L B govidiviessets/does TRESS20puide puif

{781 Standage, AL stal, J Am Coram Soo. 1967, 38023, 101105,

HEEEN Deguing W, etal, J Mater. Synthesis and Process, 2012, 8, 549

[RERG Fngoryevs, Tooatal, Lo Physios: Conferenve Serien 2008 144, 821080,
3681 Zheng, Y. et ul, Electrochim. &uta 3007, 52, 8633887,

18082} Matteazsy, P ot g, Amer Cona, Boo, 1992, 78, 2746-85.

{8883} He, Y., et al, Adv. Mater, 2011, 23 49384941,
{0684} Hwang, G, gt al, Chem. Commun, 3013, 31, 44204432,
18683 Wang, L, stal J Mater, Cheny &0 2014, 2, 23062312,

LR Nguven M, etal ¥ Mater. Chem, 2012, 22, 2451824838,

33
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88871 Kim, S, ot al, § Mater. Chera, &, 2015, %, 23892408,

16088} Gallagher, K., Boep. Bavironmental Sci, 2134, 7 {5}, 1853 ~ 1583,

{9 Manelottuning Readiness Lovel (MBLY Deskbok, DOD, OIS Manefacturing
Technology Program, Version 1.8,

8094 Suryvabwravang, U Progress in Materials Scienos, 2001, 46, 14184,

{8a%Y Prebriputaloong, K. sad Plggott, M., 1. Bleotrochem. Soco Solid-State Sof, Teck
1974, 128, 3.

{a2] httgnfwwew. ciemguide coalinorganio/prdodimsideshlo Mrml, Apeil 5, 2015
93t Patents, publicstions, and applications mentioned in the spevification are indicative

of the lovels of thoss skilled in the ast o which the invention pertains.  Thess paients,
publications, and spplications are incorporsted hereln by referance fo the same oxtent as i each
individus! patent, publication, or application wae specifically and individually incorporated

herem by refirenee.

iR The foregoing description Is ithustaative of particular embodiments of the § vention,
but is not imeant o by a limnitation upon the practine thereof)

)
ey
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CLAIMS
A provess for the formation of microporous siticon comprizing:

subjocting a contbination of powdered silicon axide and aluminum o mechanical milling
o forms € mechanicatly aotivated siivon-oxidefshmminnny
3 shermslly troating ssad sflionn sxide/alumninm by exposwre 1o heat &t 2 tomperatire of
S0 degrees Celsios to 700 dogress Crlstue andur an inadd oy reducing atmosphere to form
S AL Gy and
removing af loust o portion of alning from ssid S¥AL O by sxposing suid SHALU: to

an cichant fo form suiceaporons sionn,

finpar divession of 368

»
%
s

X The progess of olaam T whersin said sillcon swidy ke

migromaterns o feas,

3 The procees of claie 1 whersln sadd b ta wnperature of SO0 degroes
i3 {elsius to 600 degrons Celsius,
4. The process of cluim § whessin sad step of subjecting v by ball nulling st a ball
fopeveder mass ratio ofd o 161,
20 3 The process of any one of cluing 1-4 whersin said cichant excludes funring.
&, The process of any one of vlatms 14 wharein said etchant excludes hydrogen

fuoride.



WO 2017/008050 PCT/US2016/041619

7. The process of any one of slaims 14 whersin 85 aluming weight percent to 100

aluming weight peroent of sald aheming s removed by said step of removing,

& The provess of aoy one of elains -4 whereln 33 aluming weight percent to 89
3 slurming weight percent ahuming is removed by sald step of resmoving.
g The provess ofany one of claires 14 wheredn said acid comaprises HOL HL80,,

¥

13 PQ4, HNO o combinations thereat

taed

I 1 The process of any ong of cladnie -4 whereln said step of subjesting is in a high
energy ball pull
H1. The provesy ofamy one of claims 13 whereln said step of subjocting is fir n

R

Hling time of 1.3 fo 29 hungrs.

18
F The provess of any one of claimy 14 wherein said step of theroally tecating is for
athermal freatiment tine of 10 minukes fo 12 houss.
13 A provess of Boming an eleclrode comprising
20 providing sa shode active material comprising microporeus silioon producsd sy in any

one of elaime 14y
combining ssid migroporous silicon with a binder o Svmea slarry and

coating said slurry on an clectrially sonductive substrate to form an electiode,

b2
3
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Fonn.

4. The provess.of elaim 13 wherein said snode sctive material further romprises

wraphits,

15, The provess of claes 13 whersin said step of providing somprises:

3 subjecting & combination of posdered stlivon oxide and sluminum o mechanioad milling
o form @ methanically sotivated sibieon sxide/sluminum, optionally SK,/AL powden
Hermally beating said stlicon oxide/aluntnum powder by exposure 6 heat st a
tempevatgrs of S0 dogeees Celsius to 700 dogress Celshus under an imet o reducing eSmosphers
to form SEAL Oy
i removing st ast & portion of sluming from said S¥ALD, by expostog seid JfALD to
an actd to oo nucroporous silicon,
15, Theoowss of clabm 13 whersin sod mivroporous silicon further comprises
aluniing 2t & weight porcent of 8.1 o 158
15

7. Anelectrochenmically active material comprising:
a misroporous stlicon; and
atuming, sxid aluming preseat at 1396 or loss by weight of sasd materialy

said mucroporous sthomy aad said sluming intermixed and mechanically activated.

3%
fod

I8, The electrochenyically avtive material of claim 17, said sluming prevent at 15% by
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33 The slectrochominally aotive material of clatin 17, said alunuing present at 3% by

weight or fess.

o Thecletrechemically sstive material of clidm 17 fuvther comprising carbon.
5
2t The gleotrochunncally acttve material of any one of cluims 17-20 charsotorized by
& eyole ifvof 88 porcent capasity o grouter ot oyals 40,
i3 The electrochemally active nwtsrial of any e of clatmy 17228 churacterived by
i aeyvle life of S0 porcerd capacity o greater af pyele 84,
33, The gleetrochemically sotive material of sny one of clasow 17-20 chassoterized by
an inftial apacity koes of leas then 2%
13 24 The slectrochornically active materisd of any oug of clabme 1720, said alumin
commprising alpha-sloming,
28, The elestrochemioally activi material of any ong of claims 1724, suld aluming
owraprising geoma-nlenying,
ey

& The slpctrochenically active mategal of suy oup of gladms 1720, sudalioming

compyising froe of alphs-ahumina or garmva-slamina,



WO 2017/008050 PCT/US2016/041619

)

2% Theeleotrochemieally active mateniad of any one of olaims 17-20 having g

porosity of 0% te 50%,.

"}

28, The electrochemcally active materiad of any one of claime 17-20 having a

S poronty of 30% 0 60%.
3% The clectrocheomically autive material of my sne of slalmg 17920 baving @ BET
o g 2 e e
surface arsa of 10 o™ 1o 300 '/
18 36 Theshotrochensoally active muteriad of sny oneof clams 17-30 hoving o BEY
susfiee men of 20 mg to 100 mfy
3. The electrochemically active matorial of any ool cledme 20 Srmed by the
provesy of olaim
18 330 An clectrochemically active material produced by the provess of any ongof
clsimg 1+4
35 A process of forming ax electrochenncally sotive migroporons silicon
bytantully s deacribed hurein
3

34, An slectrochemnigally active mucroporons sibeon substantially us described horem.
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Box No. 11 Observations where certain claims were found unsearchabte (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. Claims Nos.: 33, 34

because they relate to parts of the intemational application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:
Claims 33 and 34 are omnibus claims.

3. K‘ Claims Nos.: 31
because they are dependent claims and are not dratted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
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3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. EI No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:I No protest accompanied the payment of additional search fees.
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