1 A METHOD OF FABRI CATI NG STRUCTURED PARTI CLES COMPCSED COF SILICON OR A

S| LI CON- BASED MATERI AL AND THEI R USE I N LI THI UM RECHARGEABLE BATTERI ES.
5The i nvewDi200p/meisates to a particle conprising siliconpCca/Grbisod2450
fabricating a particle, an electrode containing particles as its active
material, an electrochemcal cell, a lithiumrechargeable cell anode, a
cell, a device powered by a cell, a nmethod of creating a conposite

el ectrode, a nmethod of fabricating a lithiumrechargeable cell and a nethod
of fabricating silicon-conprising fibres. 10 The recent increase in the use

of port ablAeMEEHODLOE FARRIGA TINERSEBUGHURER &A@Fﬂgsm&%@oﬁ g
oottt o vanfoRdChE (B dsbthondea sl M TR AR b EIsE Mt o

rechargeabl e batterie ﬁrngf/' tﬂI% e 15 nentioned and
ot her battery powered devi ces.%ﬁ%@%@%&%éﬁ ﬁﬁ?‘%m rechar geabl e

batteries, specifically lithiumion batteries, becane popular and, in terns
of units sold, now dom nate the portable el ectronics marketplace and are
set t be Tpphiventidoraaes teophrtsdasomprsimgpgilicoatd methodHoiabacatizsanor e and
nore power hungry functions are added to the above nentioned devices (e.g.
20caner as PoitiGenin elephode sontainipg poBirlesms todervecpaterBhtateri es that store

enown' t naiteicbsRtial e en HESaREecteeali® i ufidh.f Rl fiich poltnd!
rechar geangfaEFéﬁ,*H ﬁaggio%ieér_e&ﬁﬁg)& Gsm,g%ééte BRILBHY, £8lkhdBELabHRALIRX amlg/{ e,

25l nserti ectro Material s"for Rechargeable LithiumBatteries,

Wnter, JlitBunBessiahgsatle 8411 fnd Spadthod afidatRiddowglsiliconAcympivkingrfibr&998, 10,
No. 10). The basic conposition of a conventional |ithiumion rechargeable
battldly cell is shown in Fig. 1 including a graphite-based anode el ectrode,

the Corrponﬁlnet rec\é\gt %r?cggés%lgl?alseplcge{ 0 %%Q‘tsa Peoél%%tzronic devices such as mobile

telephones and notebook computers and the emerging trend of using
rechargeable batteries in hybrid electric vehicles has created a need for smaller,
lighter, longer lasting rechargeable batteries to provide the power to the above
15 mentioned and other battery powered devices. During the 1990s, lithium
rechargeable batteries, specifically lithium-ion batteries, became popular and,
in terms of units sold, now dominate the portable electronics marketplace and
are set to be applied to new, cost sensitive applications. However, as more and
more power hungry functions are added to the above mentioned devices (e.g.
20 cameras on mobile phones), improved and lower cost batteries that store more

energy per unit mass and per unit volume are required.

It is well known that silicon can be used as the active anode material of a
rechargeable lithium-ion electrochemical battery cell (see, for example,

25 Insertion Electrode Materials for Rechargeable Lithium Batteries, M. Winter, J.
O. Besenhard, M. E. Spahr, and P.Novak in Adv. Mater. 1998, 10, No. 10).
The basic composition of a conventional lithium-ion rechargeable battery cell

is shown in Fig. 1 including a graphite-based anode electrode, the component
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2 to be replaced by the silicon-based anode. The battery cell includes a
single cell but may al so include nore than one cell. The battery cel

gener al | ywoanpviis®s a copper current collector for the aoodsB20@&/®2a45d an

al um nium current collector for the cathode 12 which are externally
connectable to a load or to a recharging source as appropriate. A
graphi t e- based conposite anode | ayer 34 overlays the current collector 10
and a lithiumcontaining netal oxide-based conposite cathode |ayer 16
overlays the current collector 12. A porousﬁglastic spacer or separator 20

i s provi dé@ bserpisend breha odicapriased paedsl therpatetyeccdhivglidesypeingla and t he
Iithi i ni t al ide-b d it t hode | 16 d
I : qu: gme;:g%ﬁ%qﬁ%' %p@pglﬁﬁég@org?@%épﬁgg%ﬂ h?nc'?heopgr oﬁgegl ast ?2 sgacer

or separator 20, the conposite anode |ayer 14 and the conposite cat hode
| ayer 16. In sonme cases, the porous plastic spacer or separator 20 may be

repl aced byhébedrynell geheetllyodothprisaatetdper antdehtncdlistmifoe dsesnddeel (pol yner
electrolyte material is present within both the conposite anode |ayer 14
and the congosi dlenvatmderealerlicttor fondre eatbodmi 2 evhicl etd extertalllyl y char ged,
l'i thium has been Hans%rted fro&lt he lithium contai.ning, nmetal. oxide via
the el ect reNpEeaplR 9 & 18IS ApRiCEIPERSS AT RS ADRTORHEI MEFRMErs with the

graphite 40, che %o*s{lgaﬁé?&‘?fagz@{jm'okzgﬁ SR HARRChRectBE ! HUnb Mithjum
y*ractrve nmaterial 1n th y

el ectrochem cal _ e conposite anode layer, has a
Maxi MM CaRaghihih el xiababed! domhdsite RatHileatyded ot digayisahdBurramode” and

"cat hode" are used in the sense that the battery is placed across a | oad.
251t is gesdleatdryl 2belipeveds plastic spdcet onsepanator d8as pasvided hetweaea theode
materjial in a | i_&)hi umion rechargeabl e cell prtgyi des a.significantly
hi ght? capHierhijePrgss eomapesiie amndeyayrrelt ks litbunicontamnginetal conver t ed
to the compoynd Li21Si5 by reactipn with Lithiumin an electrochem cal
cel || has SoHRRemmTEaRaes HBFAL 3a0" futpitg Mol el el B REHRER Than ¢ e
maxi mum canagdikyd (athigHRPHbgs gla%tiy% Scerldr s@féﬁt@mﬁﬁ),‘iﬁé‘c&%pﬁﬁ% AERE by
silicon in a lithiumrechargeable battery the desired increase in stored
ener gy perlayei 14 aad shearempesiteucrthodolayar ] €.ain bemachsey @tk porous plastic

spacer or separator 20 may be replaced by a polymer electrolyte material and in

15 such cases the polymer electrolyte material is present within both the

composite anode layer 14 and the composite cathode layer 16.

When the battery cell is fully charged, lithium has been transported from the
lithium containing metal oxide via the electrolyte into the graphite-based layer
20 where it reacts with the graphite to create the compound, LiCs. The graphite,
being the electrochemically active material in the composite anode layer, has a
maximum capacity of 372 mAh/g. It will be noted that the terms “anode” and

“cathode” are used in the sense that the battery is placed across a load.

25 It is generally believed that silicon, when used as an active anode material in a
lithium-ion rechargeable cell, provides a significantly higher capacity than the
currently used graphite. Silicon, when converted to the compound Li;Sis by
reaction with lithium in an electrochemical cell, has a maximum capacity of

4,200 mAh/g, considerably higher than the maximum capacity for graphite.
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5Exi sting approaches of using a silicon or silicon-based active anode
material in a lithiumion electrochem cal cell have failed to show

sust ai nedwoap@aitbyssover the requi red nunber of charge/ dipstlamge/wy4skes and
are thus not commercially viable. 100ne approach disclosed in the art uses
silicon in the formof a powder (say as particles or spherical elenents
with a 10umdianeter), in sone instang8es made into a conmposite with or

wi t hout an el ectronic additive and containing an appropriate binder such as
pol yvi nyl i dene iflﬁpride coatgd nto, a cqpper. current coll ector. However,

this el ectt¥teilgephis ran bs rep) W§ﬂ??gi1?@dlthgﬁﬁﬁ§@¥§emhat§@bﬁ eclt ed to
e pEA Ve . 7 : (
o o part e S heL AERALEn SUGpEBnark aict R R Sl P utiEF RO g F s om

t he vol unejdhi&egxpansi on/ contraction associated with Iithium
insertion/extraction to and fromthe host silicon. In turn this gives rise
to electrical isolation of the silicon elenments fromboth the copper
current 20col | ector and thenselves. In addition, the volunmetric
expansi on/feoatingeppiwackeselosinga sspnarorcalicen-bagast active anedpmaitenalip causi ng
a loss of el.ectri.cal ;contact .wi.thi.n th ri.cal element itself Another
2oproach KhitRHoR RS degnifH el e TalfT i o e R B cani S v 2
| arge vol . i i i j f the
i1 con el hebed aneF e DR EEERE el Bl Porl PR (REBIERIYS | o°use
spheri cal gablel cl es that have dianmeters in the 1-10 nmrange. This strategy
assunes that the nano-sized el enents can undergo the |arge volunetric
expansi on/ contracti on associated with Iithiuminsertion/extraction w thout
4 be{ g brgken up or de trayed]%ql—gwever.. thi,s _approach is problematic in
that 10t r dgur FeRioaRl chstencril tha o abgs FHiRen 1h Miolur, ek BEWAeF CKae mmy pose
a health . i i t. e i .5l ation
‘i‘nél%% %gg}ﬁréer?é%é %{bg%é&]h%%ﬁﬁ% EBth&ﬁ}&?e@ér 1'ﬁeso§$e01§1|‘sfan madQ

of the spherica ent ot e’’‘copper curren ector and
t hemsel vesinasa tbRipdkité 4ath or without an electronic additive and containing an

appropriate binder such as polyvinylidene difluoride coated onto a copper
current collector. However, this electrode system fails to show sustained

15 capacity when subjected to repeated charge/discharge cycles. It is believed that
this capacity loss is due to partial mechanical isolation of the silicon powder
mass arising from the volumetric expansion/contraction associated with lithium
insertion/extraction to and from the host silicon. In turn this gives rise to
electrical isolation of the silicon elements from both the copper current

20 collector and themselves. In addition, the volumetric expansion/contraction
causes the spherical elements to be broken up causing a loss of electrical

contact within the spherical element itself.

Another approach known in the art designed to deal with the problem of the
25 large volume changes during successive cycles is to make the size of the silicon
elements that make up the silicon powder very small, that is to use spherical
particles that have diameters in the 1-10 nm range. This strategy assumes that
the nano-sized elements can undergo the large  volumetric

expansion/contraction associated with lithium insertion/extraction without
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5 powder undergoes the volunetric expansion/contraction associated with
lithiuminsertion/extraction Inportantly, the |arge surface area of the
nano- si zewloeb@mantss can give rise to the creation of a IPCTRBIesHORMS2I Ni Ng
surface filmthat introduces a large irreversible capacity into the
[ithiumion battery cell. In addition, the |arge nunber of small silicon
particles creates a |l arge nunber of 18 particle-to-particle contacts for a
given mass of silicon and these each have a contact resistance and nmay thus
cause the el.ectrical resistance ggothe sil.icon mass to be too high. The
above probPEhE HakRn PR S %ﬁ@%ﬂ?ﬂ- WPYGLe s @apfqa@lslég pmlziﬁm@édmtﬁg i

bat ter | o ouuieS e pREBHTEBFTRLy KL, HRRBIIAD n ety B EORET TR oach
descri bed i Qrefyarick a8l it Iaoé@ﬁbgglkev%t HovelecBRi G&1atiGP o@%ﬂ@ﬂghe;%ﬁci%}] 3??| .

silicon is evaporated onto a nickel foil current collector as

and this stlementsr foirsbothetheusgget cufrentreolectanand tldmselléd hd die sitivosel | .
However, although this appyroach gives good capacity retention, this is only
the 29 casléo‘f’g‘?r \}{r!r({}rgcrﬁSn the | #elumeiyic- SEPHrYloOBRANtrRRiion resseciatedc twithie

I i g R
o) ' nat iz EhE RO, EAPBEL e AP ORR o PR LS by 0o

absor b t hethapintreiuces a25rgexip@nsisibie caphiag intothasisvehaiedbukddy dell hhum
insertion/extraction fromthe host silicon without the filmbeing broken up
or dest r oyaiflitigpsthe largs mumber of malsilicorupharticlaseeresios faalkteganembehal t he

cou Yol o0 JESE 1 R0 SLASKLIBEL et and L e (el ersi b o
reduced. T@é?ﬁ%@is%gp lag@lsfr{ei Vit s PRY S &R reRistdlc. 311‘ Jfl'{? %};igﬁlillel con

on a netal current tor from becomng a comrercia

repl acemenha$olo B aRMhigh. 1Thd iidveipobRehahgealthe Aatémed egicdRdsReekfical Iy
lithiumion batteries. 5l n another approach described in 1552004/0 126659,

silicon isrewapeeamnsg encommerkiellyf viabbs replacémente fothgraptsied it dithomm t he
anode of a |jthi attery. wever thj.s.is foynd to provide an uneven

di stri but irgﬁh?f\geéﬁ?%i @ ﬁnS%a]P ép?ﬁlf{e}f@é}y if"i Wé‘sloﬁi??&@@ﬁgni ficantly affecting
opergiion. In addition, these structures have 10a high ratio of nickel
current collector mass to active silicon mass and thus do not give usable

DUl K51 1 o e e e el P8 0™
been provi(@804py0Redkvsifican ds evapdratetl oP@wemiSatlrfodscurrent collector as a
thin film and this structure is then used to form the anode of a lithium-ion cell.
However, although this approach gives good capacity retention, this is only the
20 case for very thin films (say ~50 nm) and thus these electrode structures do not
give usable amounts of capacity per unit area. Increasing the film thickness
(say >250 nm) causes the good capacity retention to be eliminated. The good
capacity retention of these thin films is considered by the present inventors to
be due to the ability of the thin film to absorb the volumetric
25 expansion/contraction associated with lithium insertion/extraction from the
host silicon without the film being broken up or destroyed. Also, the thin film
has a much lower surface area than the equivalent mass of nano-sized particles

and thus the amount of irreversible capacity due to the formation of a lithium-

containing surface film is reduced. The above problems have thus prevented a
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15(2006), doi: 10.1016/j powsour.2006.09.84), herew th incorporated by
reference herein. Another approach described in UK Patent Application
0B2395059w0us@a1arsssi | i con el ectrode conpri sing a regul RCTEB206@YLSRar
array of silicon pillars 20 fabricated on a silicon substrate. These
structured silicon el ectrodes show good capacity retenti on when subjected
to repeated charge/di scharge cycles afid this good capacity retention is
considered by the present inventors to be due to the ability of the silicon

pillars to,absorb tEe.voI umetric ex ion/contractjon_assaciated with
lithiumin t%ﬁ/% (A P for %ﬁtﬁﬁggﬁo%ﬂ@m iCOHRCITT FOM R958MIBE R | | ar s
bei br oken,,] , . il trod
descri bed T REAa g e e AR R bt MU el EOR B T

singl e crysiddpetificBMithalBioandiBeace produces an electrode with a
potentially high cost. WD 2009/010758PCT/ GB2008/ 002452 6 The first aspect

of the invention provides a particle conprising silicon having a particle
core and array of siligon-conprisin illars extending therefrom The

R
pillars Poth@anrapacdy deseribed, nraFJ.S%ﬂéP(}'&?{%éPssibfsom HeeFeEded Onfvent i on

are 50.08 t. : 1 GI-ONS | n L mensi gn, pref 0.1.to0 0.5 mcrons,
nore prefe 1§16%ﬂ%eg]vﬁgabg% tﬁllegglgﬁcg wﬁ%‘f‘ %sqﬁ%ﬁeq?&aﬁww&agem'cr ons or
above. In a second dinension, the pillars are 4 to 100 microns, preferably
10 to 80 mcrons, nore preferably 30 m crons or above. The pillars thus
have an asHesteveathioisdbugd eapesvitiban u2évdn diEhebytidd af silioay ohakenitkel
substantially circular_cross- 10section or a substantially non-circular

cr oss- sect §10i¢s PRee pignifigeadlypdfactiogenemtias nipradditiomdbpwdstsidiites haveoped
the frt i ct BihastinwiStd dpiaheDlant et borauma b auess pnd ey ' °

pref er abl y, G002k 18 Anrithhts!&€capacity per unit area or per unit mass.

A review of nano- and bulk-silicon-based insertion anodes for lithium-ion
secondary cells has been provided by Kasavajjula et al (J. Power Sources
15 (2006), doi:10.1016/jpowsour.2006.09.84), herewith incorporated by reference

herein.

Another approach described in UK Patent Application GB2395059A uses an
silicon electrode comprising a regular or irregular array of silicon pillars
20 fabricated on a silicon substrate. These structured silicon electrodes show good
capacity retention when subjected to repeated charge/discharge cycles and this
good capacity retention is considered by the present inventors to be due to the
ability of the silicon pillars to absorb the volumetric expansion/contraction
associated with lithium insertion/extraction from the host silicon without the
25 pillars being broken up or destroyed. However, the structured silicon electrodes
described in the above publication is fabricated by using a high purity, single
crystal silicon wafer and hence produces an electrode with a potentially high

cost.
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15silicon can be doped with any material for exanple, phosphorous,

al um nium silver, boron and/or zinc The particle may be relatively | ow
purity newal2bewgdwsal grade silicon. The particl es mayChasBeeuloass2or
irregular in cross section and can be from 2010 gmto 1 mmin dianeter,
preferably 20 gmto 150 gm nore preferably 25 gmto 75 gm The second
aspect of the invention provides a nmethod of fabricating a particle of the
first aspect, conprising the steps of etching a particle conprising
silicon. 25 n particular, the pillars can be created by chem cal reaction
et chi ng or 1 Bafsmsped i ibp o eationinagvidena neisla casmsisissilicp havingrt i on

provi des a_¢ osite gl ectrode. cpntaining particles as.defjned in the first
aspect of P?@%&P&ﬁ%gﬁ%@%’n@Sdﬁc?ll‘s‘”a’@? s@hg pria ?’g??%fpg.th‘?rﬁgﬁg}'ti cul ar,
the third aspect provides a conposite el ectrode which uses copper as a
current collector. In a feature of the third aspect, the el ectrode can be

an anode. Thheiltdns nmyasqomguldrtwﬁﬁégmlar.f Tht hellarplodVhelpeesaim ial esidsmogiem cal
cell containing an el ectrode as_defined above. In particular, there is

provi ded ahO8Ited: fooheivne an ovedimensioni prfarhelydhl o voemonssosrea
ons a5, | CBLCEPDE)AADE] BROrTR, B FRCLPSTS P hera Terioot dheyeadn s
el ect rochegcoah drfkhsibf, ! ftralfs%?e Jt%%gﬁﬂﬁ;rm&éﬁ%w'lb%%’ based netal

oxi de or phosphate as Its dctive materi
microns, more preferably 30 microns or above. The pillars thus have an aspect

ratio of greater than 20:1. The pillars may have a substantially circular cross-

10 section or a substantially non-circular cross-section.

The pillared particle may comprise undoped silicon, doped silicon or a mixture,
such as a silicon-germanium mixture. In particular, the particle may have a
silicon-purity of 90.00% to 99.95% by mass, preferably 90.0% to 99.5%. The

15 silicon can be doped with any material for example, phosphorous, aluminium,
silver, boron and/or zinc. The particle may be relatively low purity

metallurgical grade silicon.

The particles may be regular or irregular in cross section and can be from
20 10 pm to 1 mm in diameter, preferably 20 pm to 150 pm, more preferably
25 pmto 75 um.

The second aspect of the invention provides a method of fabricating a particle
of the first aspect, comprising the steps of etching a particle comprising silicon.
25 In particular, the pillars can be created by chemical reaction etching or galvanic

exchange etching.

The third aspect of the invention provides a composite electrode containing

particles as defined in the first aspect of the invention as one of its active
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preferably Li Co02 or LiM.N "Coi_2.02 or LiFePX. The invention further
provides a lithiumrechargeable cell anode conprising particles of the
first aspeotodmoparti cular, there is provided an anodePCh/GHEN015 he
particles are part of a conposite. The third aspect further provides a cell
conprising an anode and a cat hode wherein the cathode preferably conprises
[ithium based material, nore preferabfy Iithiumcobalt dioxide. 20 There is
further provided a device powered by a cell as defined above. The fourth
aspect of the invention provides a nethod of creating a _conposite_el ectrode
conpri si ngnatgealst dpdasicdpe ihe thitl 2sps6t Dot dasaseunBosier gleetsriaivhidy

25pil lared _particles, coating,the slurry ontg rrent collector .and
ovpor at | H50S RS RS irist SPBEHEr ol bt & e Mt SheeFrlba i SiodRr  ner
provi des a.pefhpd ofqcfabricating a |ithiumrechargeable cell conprising the
steps of creating an anode as defined above and adding a WO

2009/ 010758PCT/ GB2008/ 002452 8 cathode an el ectrolyte. In particular, the

met hod further conprising adding a separator between cathode and the anode.
A casi ng niie Iﬂyerdmsge¢tdbgre§®mﬁqlat%phprm@d¢s an electrochemical cell containing

an electrode as defined above. In particular, there is provided an
electrochemical cell in which the cathode comprises a lithium-containing
compound capable of releasing and reabsorbing lithium ions as its active
material. In particular, there is provided an electrochemical cell in which the
10 cathode comprises lithium-based metal oxide or phosphate as its active material

preferably LiCoO, or LiMn,NixCo.2x0; or LiFePO,.

The invention further provides a lithium rechargeable cell anode comprising
particles of the first aspect. In particular, there is provided an anode in which

15 the particles are part of a composite.

The third aspect further provides a cell comprising an anode and a cathode
wherein the cathode preferably comprises lithium-based material, more

preferably lithium cobalt dioxide.

20
There is further provided a device powered by a cell as defined above.
The fourth aspect of the invention provides a method of creating a composite
electrode comprising the steps of preparing a solvent-based slurry containing
25 pillared particles, coating the slurry onto a current collector and evaporating the

solvent to create a composite film.

The invention further provides a method of fabricating a lithium rechargeable

cell comprising the steps of creating an anode as defined above and adding a
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5There is also provided a nethod of fabricating silicon-conprising fibres
in which the pillars are detached froma particle of the first aspect by
one or nOWO 20§9/8eT5api ng, agitating or chem cal etching. PChgGR@duetszon of
an anode el ectrode structure using the structured particles of 10 the
invention further overconmes the problens of reversibly reacting silicon
with [ithium In particular by arrangBng the particles in a conposite
structure, that is a mxture of particles, a polyner binder and an

conductive ditive, or irecti ondi t he structur.ed rticles to

t he g ur Ir\éncta%g%*el gé’::/?elS?t,m]tyﬁ% ﬂ’hﬁ?‘é@i“g}?s a?%t@gﬂrfﬂ%%scq%gaﬁﬁgg aﬁaw%i bl e and
t abl foTeTole] i fONAi ' : i

Fever's: bi 1Py AR vERRRN N SIS ERMETA R B Rita B8 ¢ e

ability ofthelkellsilicon pillars formng part of the structured silicon

particle to absorb the volunetric expansion/contraction associated with
lithiuminsertion/extraction fromthe host silicon wthout the pillars

bei ng. broken u r dest.r.oyed. ortantly, the silicon, el ectrodes

20destri bﬁﬁﬁiﬁ% g PraviERe @cmeip of {pbpricHings Bgonsprgriseowbss ARt y,

met al | ur gi LLiC ce u | ectrpde with a

ot ont 1 =i 15 B EERI Al AGRFEpRIRI GERT IR RERPES: e i peo,
by way of sPeeiiife, d@iﬁaﬂné%%@ﬁﬁ&l%@cﬁiﬂg figures, of which:. 25 Fig. 1is a
schemati c di agram showi ng the conponents of a battery cell; Fig. 2 is a

el ectron mcrograph of a pillared particle according to enbodi nents of the
present inyention; Fig. 3 shows the overall gal vanic exchange etchin

: g
mechani sm Mnerodigsion @6 cp rarpds mterigdecigicone Asmethe; ruchire pastitlypof het i cal

(l;it gﬁw‘ 8 gﬁ%@é gilgti_alﬂicgrp %ugtﬁérmo%rctoyneespﬁl{et Iinaolblé:n% s %e%eirs?bltyhreea%ahé asrﬂic(::one xchange
with lithium. In particular by arranging the particles in a composite structure,
that is a mixture of particles, a polymer binder and an conductive additive, or
by directing bonding the structured particles to the current collector, the
charge/discharge process becomes reversible and repeatable and good capacity
15 retention is achieved. This good reversibility is considered by the present
inventors to be due to the ability of the silicon pillars forming part of the
structured silicon particle to absorb the volumetric expansion/contraction
associated with lithium insertion/extraction from the host silicon without the
pillars being broken up or destroyed. Importantly, the silicon electrodes

20 described in this invention are fabricated by using a low purity, metallurgical

grade silicon and hence produces an electrode with a potentially low cost.

Embodiments of the invention will now be described, by way of example, with
reference to the figures, of which:.

25
Fig. 1 is a schematic diagram showing the components of a battery cell;

Fig. 2 is a electron micrograph of a pillared particle according to embodiments

of the present invention;

Fig. 3 shows the overall galvanic exchange etching mechanism; and
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In overview the invention allows creation of pillared particles of silicon
or 5silicon-conprising material and the use of these particles to create
bot h a cowpasivmomeode structure with a pol yner binder, pam/GRneioRisee
additive (if required) and a netal foil current collector and an el ectrode
structure. In particular it is believed that the structure of the particles
t hat nake up the conposite overcones @ he probl em of charge/di scharge
capacity loss. By 10providing a particle with a plurality of elongate or

long thin _pillars the probl .of charge/discharge. capacity | oss .is reduced.
Typi cal | ng&e"f %l‘?W% Xpwlﬂmﬁgg\}’éet&’ PENEs 1 the fgp&rﬁfﬁﬁ? P?’éﬁtl GUBFIRPPr oxi mat el y
20:1. The jnsegrtiaon a e | of lLithiuminto the pillars, although

causi ng v5%‘%%@@%1&6&5%?%%&%%%‘2\/%{08%'contracti on, does not cause the
pillars to be destroyed and hence the intra-are electronic conductivity is
preserved. The pillars can be made on the particles by wet etching/using a
chem cal galovaniieweke haregéionetllood droati@x afipllared paestasi dfedlicon aur

co- pendi ng_20appl i cation GB 0601318.9 with comun assignees and entitled

"Met Bod  ofileostramgpasiseimeishabarethengeafithese Parfielss o peatuboi@riewi th by
peng 0 commonyE TR Eraee Yif DSy Bty Ehud e R 1 55 1
"Peng"); Koui t , 1gnd K. P t
ar A, TEREED ol Rl IARHLERERY R o SRS R g and 5.

Zhu, Adv. piii@ilar it 16bél2BRd)thatliké-shdziurand tHe padicleslthatakXup Yiang, G S.
Huang and Z. Y. Zhang, Appl. Phys. Lett., 84 (2004), 3867-3869. The
above- mentcoomeditmerhsgemesr the psellenpopelpdge/disshimggreappeibyesshilgh purity
sili " \A%crcenr/idinglg particle with a plurality of elongate or long thin pillars the problem

of charge/discharge capacity loss is reduced.

Typically the pillars will have a length to diameter ratio of approximately 20:1.
The insertion and removal of lithium into the pillars, although causing volume
15 expansion and volume contraction, does not cause the pillars to be destroyed

and hence the intra-fibre electronic conductivity is preserved.

The pillars can be made on the particles by wet etching/using a chemical
galvanic exchange method for example as described in our co-pending

20 application GB 0601318.9 with common assignees and entitled “Method of
etching a silicon-based material”, incorporated herewith by reference. A related
method which may also be used has been disclosed in Peng K-Q, Yan, Y-J
Gao, S-P, Zhu J., Adv. Materials, 14 (2004), 1164-1167 (“Peng”); K. Peng et
al, Angew. Chem. Int. Ed., 44 2737-2742; and K. Peng et al., Adv. Funct.

25 Mater., 16 (2006), 387-394; K. Peng, Z. Huang and J. Zhu, Adv. Mater., 16
(2004), 127-132; and T. Qui, L. Wu, X. Yang, G. S. Huang and Z. Y. Zhang,
Appl. Phys. Lett., 84 (2004), 3867-3869. The above-mentioned methods are

- used to produce pillars from a high purity silicon wafer.
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In a preferred enbodi nent of the present invention, pillars are produced on
crystalline particles of relatively low purity silicon such as

met al | ur givoabogriee silicon. The nethod conprises the fiPCa/GHR2e@R000f52
grindi ng and sieving; washing; nucleation; etching; and silver renoval, as
expl ai ned, by way of 5exanple only, later. An electron m crograph of
pillared particle made in accordance Mith present invention is shown in
Fig. 2. Any appropriate grinding process is suitable such as power grinding

bal | mijling. The skilled i||. appreciate that i ticl
S 2o wi 11 ROBRGT P ORPEH BiCPY HFSCREARBRUSE LR BHBREAG s ur | ace and

i nstead t j WL aﬁﬂ“ﬁ . .51 aving a
di anet er {ng@ﬁ{lﬁiaeﬁéa‘gt-léﬁ'e% grfn?ﬁgeé’%gthO sng?éfl?éoimﬁll%]r[l%%?tla gﬁfrﬁtl %@l%%g?gar ray,
in terms ofilictensThy nastitbdedb@ptised hedlvatitegtod yribdichedsicpmebef ore et ching.
This step produces a uniformdistribution of silver nuclei/islands (nuclei
conbi ne andashorgnmiclaasion; stchirgs ankastilvar el sis exiflainedj by sraygrfowt h) .
ctchihg of S 20iNe Spkbs pl Aedciabmigeret tipi T TG TR Ee B t hor e | 5
shown a si].l -C : i i : 7, An electron 305 is
transferr eAé" c§&é%§§%ﬁnu§rrel§%ét 1?2%&%13%9210#&}&2&5}5% %’on surface 301. The
reaction of fluorine with silicon 301 and fluoride ions 303 gives rise to
fluorosilicate ions 305. This is the anodic etching process. The cathode
process i sAtheppiopcihate gendihggirbvess is ensatd6 SutloaPppwedgdedimgtaltallc si | ver

311. The structure is._explained hy supposing that silicon-fluoride bonds
are for rredméﬂn&-n T§§§§Hf€icgﬂ’er§?%ﬁ”u [PPFFeiade éhﬁ%@r@&!wm padidlesizaayilor e t hat

|S:E rS:Jf(ﬁzuE S?e_x?{f%tg}% g)glglc& Eilﬁﬂrg %gﬁrflétbb%r ei:tgl?e}d B8 B %Q%fgcea Qrgd %n%?esa% thg at are
particle will be homogeneously etched away. Particles having a diameter less

than 0.5 pm may be too small.

A more uniform pillar array, in terms of density and height, is produced by
15 nucleating before etching. This step produces a uniform distribution of silver
nuclei/islands (nuclei combine and form silver islands that are the site for pillar

growth).

Silver islands delineate the formation of pillars and galvanic fluoride etching of
20 the {100} planes: see Fig. 3. Referring to Fig. 3 there is shown a silicon
surface 301 having a pillar 307. An electron 305 is transferred from a fluoride
ion 303 to the silicon surface 301. The reaction of fluorine with silicon 301
and fluoride ions 303 gives rise to fluorosilicate ions 305. This is the anodic
etching process. The cathode process is the discharge of silver ions 309 to

25 produce metallic silver 311.

The structure is explained by supposing that silicon—fluoride bonds are
formed as an essential step in the etch process. And furthermore that structures

that are Si-F (mono-fluoride) are stable and those that are F-Si-F (di-fluoride)
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and Si[-F]3 (tri-fluoride) are not stable. This is because of steric
interference on the Si surface of nearest nei ghbour groups. The case of the
{111} pl awe 20@/t1bE8, a nono-fl uori de surface, stable exeepiGrRbogdoessedges,
inevitably proceeds to a trifluoride surface and consequent instability.
The {110} surface is the only 5stable major crystal plane of Si that wl|
have excl usively nono-fluori de bonds-llhence its stability and the etch rate
ratio [etch rate <100>] : [etch rate <110>] of about three orders of

magni tude. So the sides of the pillars w.ll be term. nated on_ {110} pl anes.
10A pil | Arang vl 403 (Hbﬁélppyle}rﬁvrﬁﬁscaiéﬁif S HelPGGAESE AESIGERIMIEYICHINCEIR pi | | ar s

on the surfage of-th rii.cl Her el t hivs, | fd =. [R P]
wherein: I'—tfl? ?1 nga(_bel ﬁlg‘%r {IW@%&%&W? hgl%l ésa%F g’ ﬂi'é(;g g} f}zgfrgpgéggﬂ{grt’ea of
the particl @oA6aURIRIE R¥fdele! $BPR ex@BEt & the clES, Ith@labBrpiRE8IRIRALRS the
particle unoccupied by pillars. 15The |arger the pillar surface density,

t he | ar gerfludrédd sduirfiice mndapastdquenp éistability. aflea { IO jaswiddecio thpanlyi cl e

el ectrode and the larger the ampunt of harvestable pillars available to
creat® fi itade nripr eysinh planead Sighetwilhbevectrdniiy onagosetlucsilewnder from
El ken of r wa .havi ng.a pre-etchin ize 0 0 00 ,x

il ars anBngr Sashoana b g Rnete Fhleth &l pgodh e Py pp-ft

appr oxi mat i r : i : : nm and a
pillar sur é)}é‘tea‘ggégf‘%gs Qg}n%pﬂ?g%&%@th%}(%ﬁ’? gg?%cgﬁta;g %}3%59/09 ttt’z@ll:lgrg{%gxanpl e,
particl es diayi g @lapée- et ching size of approximately 63-80 x 50 x 35 gmare

found to produce pillars wwth a height of approximately 10 to 15 gm with a
coverage of approximately 30% and a di aneter of approximtely 200 to 500 nm

12 Ipn a preferred enbodi nent, pillars of .for, exanple 100 m.crons.in | ength
and D05 M el nBr Sravey e Bha wit e A SHC e SR o HIF B B onpr 1 o1 ng
particle. V1 pi . . Lpgthe r 01100 m crons
and di anet%{?fag?g’? r@tgén vllgr%lsée? g%ﬁeréﬁfstﬁ%nlgﬁgﬁpﬁghggngg /o[g n-gj?’é%&l%ege%{. ]/:(J)lgm crons
are the pillar surface density; P is the total surface area of the particle occupied by

pillars; and R is the total surface area of the particle unoccupied by pillars.

15 The larger the pillar surface density, the larger the lithium capacity per unit
area of a silicon particle electrode and the larger the amount of harvestable

pillars available to create fibres.

For example, using the above-mentioned silicon powder from Elken of Norway

20 having a pre-etching size of 400 x 300 x 200 um, pillars are produced all over
the surface having a pillar height of approximately 25 to 30 um, a diameter of
approximately 200 to 500 nm and a pillar surface density, F, of 10-50%, more
typically, 30%.

25 For example, particles having a pre-etching size of approximately 63-80 x 50 x
35 um are found to produce pillars with a height of approximately 10 to 15 um,
with a coverage of approximately 30% and a diameter of approximately 200 to

500 nm
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S5fabricated froma particle having an initial size of 10 to 1000 rim
According to the process, the silicon particles may be predom nantly n- or
p- type amo,20@oaorsdi ng to the chem cal approach, and napCha&Bb@®MSON any
exposed (100), (111) or (110) crystal face. Since the etching proceeds

al ong 10crystal planes, the resulting pillars are single crystals. Because

of this structural feature, the pilld2s will be substantially straight
facilitating length to dianeter ratio of greater than 20:1. The
pillared-particles t hen be used form Qsite el ectrode as
15descri bﬁa al%??@?@ﬁ%@? Q%ﬁif\%eli’ly?rst‘?ftefooﬁieﬁﬂlélp Eofe A ffdm t he

particle andisadstn d8h0Dald BiSichased slestrode The. detaghed pillars my

al so be descri res. e inventi on enconpasses achnent of

the pill apsrficlemMVIbe RakkdlBl §illadhef RARA fnl thk @angd &Y B LO@hScAlsaaled, can

be placed'in a beaker or any appropriate container, covered in an inert

l'i qui d suchamasteebhanobvarse datersianth thehpegs ofl 0108 tolL.7@nsoruns aagi t ation. |t
is found that within several mnutes the liquid is seen to be turbid and it
can be sedAbmgated dom 8 paride Sdevmgearcnani!rigg onlQ Fat 0} pihi s stage the
pillars have been renoved fromthe particle. 25 In an enbodi nent, the
pillars are renoved fromthe particle in a two stage process. In the first

stage, theyQafdin Its%h@gf‘oaé@sihﬁésﬁr%\sﬁ\r% tiﬂ'gyﬁg.l .el{bﬁ&l%%lg{rﬁlzﬁﬁlgﬁjo cessary,

dried in a | ow vacuum systemto reno sécond stage, the
parti cl es tapeanrdlidcabeting to e cHehtiagloppode, Antlandebaettheenpinyl ars. These

WO 2009/ 010758PCT/ GB2008/ 002452 13 ) )
exposed (100), (111) or (110) crystal face. Since the etching proceeds along
10 crystal planes, the resulting pillars are single crystals. Because of this
structural feature, the pillars will be substantially straight facilitating length to

diameter ratio of greater than 20:1.

The pillared-particles may then be used to form a composite electrode as
15 described later. Alternatively, the pillars may be detached from the particle and
used to form a fibre-based electrode. The detached pillars may also be

described as fibres.

The invention encompasses the detachment of the pillars from the particle. The
20 particle, with pillars attached, can be placed in a beaker or any appropriate
container, covered in an inert liquid such as ethanol or water and subjected to
ultra-sonic agitation. It is found that within several minutes the liquid is seen
to be turbid and it can be seen by electron microscope examination that at this
stage the pillars have been removed from the particle.
25
In an embodiment, the pillars are removed from the particle in a two stage
process. In the first stage, the particles are washed several times in water and,
if necessary, dried in a low vacuum system to remove the water. In the second

stage, the particles are agitated in an ultrasonic bath to detach the pillars. These

985227v1



are suspended in water and then filtered using different various filter
paper sizes to collect the silicon fibres. It will be appreciated that

al ternat iwe 20@ctotss for "harvesting” the pillars 5incl useTsmagoogisehe
particle surface to detach them or detaching themchemcally. One chem cal
approach appropriate to n-type silicon material conprises etching the
particle in an HF solution in the pr&3ence of backside illumnation. 100nce
the pillared particles have been fabricated they can be used as the active
material in a conposite anode for |ithiumiaqn _electrochem cal cells. To

f abri cat eate swppodsd m watsgandihen ltpredrustngarioreniceartus HHSEPRPRS t h

pol yvi nyl i dene di f | i de. and.,ymde into a slurry wwth a casting sol vent
such as nSift Foﬁiﬁg%‘??ﬁ’icﬂﬂ PIhis slurry can then be applied or coated
onto a nmetal 15plate or netal foil or other conducting substrate for

exanpl e physically with a blade or in any other appropriate manner to yield
a coated fiill BE apPrecieUitifAlibRiativBesshadd fdrfthacwstingy tisopillard s then
evaporated fromthis filmusing an appropriate drying system which may

enpl dy el evaudelstrepiner the pasticle sutfhee tadrjeclothedo ordglesbisigthe® 140 degrees C

to | th ite fil 20substantially fr. ti. I'vent .
The T ovul CHABGURGANE EOFPHTH RRBroAohAPBIRDIGE FATIRE T HONFR I fhe. mass. of
silicon- baﬁg%gfé' é%&ﬁ% ﬁ%rﬁrgr%l:ﬁﬁn'aﬁ I%P‘Bbﬁﬂidnyinl}ﬁ% g?é‘s@n&?opﬁé&&me and 95

percent. T 0S haveé a percenta pore volune of 10-30
percent, pnehetiARy about 20 percent. 25Fabrication of the [ithiumion
battery cell thereafter can be carried out in any appropriate manner for
exanple followi ng the general structure shown in Fig. 1 but with a

silicon-conprising_active_ anode naterjal. rather than a aphite active
anodd mat inycﬁl theﬂﬂg]ﬂaféﬂaﬂ%ﬁll c$ ﬁ%"%b?qnc rigatedithe coh %&S%g'ﬁ%g“ﬁ 3% VEnode
| ayer i s cover.ed. by the rous, s . 18. t a d to the
inal 34 SHELRs i do e PHGSRR ifntRiol PEpROARhRRIEALTTET L

el ectrol ytenaddh bi @inpcsild GRS daf hepilRaipasidibear) BetddofRE i n an appropriate
casing and may 1 nclude vacuumTilling of the anode to ensure the pore

vol ume i s doljvieslidédedifheridecuiddnadentio alshurey whth a casting solvent such as

n-methyl pyrrolidinone. This slurry can then be applied or coated onto a metal

15 plate or metal foil or other conducting substrate for example physically with a
blade or in any other appropriate manner to yield a coated film of the required
thickness and the casting solvent is then evaporated from this film using an
appropriate drying system which may employ elevated temperatures in the
range of 50 degrees C to 140 degrees C to leave the composite film free or

20 substantially from casting solvent. The resulting composite film has a porous
structure in which the mass of silicon-based pillared particles is typically
between 70 percent and 95 percent. The composite film will have a percentage

pore volume of 10-30 percent, preferably about 20 percent.

25 Fabrication of the lithium-ion battery cell thereafter can be carried out in any
appropriate manner for example following the general structure shown in Fig. 1
but with a silicon-comprising active anode material rather than a graphite
active anode material. For example the silicon particle-based composite anode

layer is covered by the porous spacer 18, the electrolyte added to the final
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Some enbodi ments provide an el ectrode containing as its active material a
plurality of pillared particles of silicon. Capacity retention is inproved
as the piwbaredistssucture of the silicon allows for accecwsveson2se t he
vol ume expansi on associated with insertion/extraction (charging and

di scharging) of 10 lithium Advantageously, the pillared particles may be
created by etching |unps of |ow purifl$ silicon (termed metallurgical grade
silicon) such that a core of silicon remains covered by pillars that are

between 0.08 pmand 0.5 i n_di. ter and between.4 nd, 150 p.min
Cength. 18RUGERE PEGTTE ] it SGNEBE 10ie ABPEn i GlCe BB B s 1 hat

| arge she Lld S0P 1Ras r.i ol l ed or
st anped o%ﬁgugtgggtdgﬁlﬁ§/ asSgkg&lcbgﬁgﬁgﬁbﬁ@@?%@gﬁ?%ﬂg?ﬁ%&@e_ erased anodes
for |ithi wacinem fidinkerfithe ahbde teaiufgtHehire Vodurapps Gted vﬂﬂﬁthreilb%ﬁd herein
can be retrofitted wth the existing manufacturing capability. 20 The

i nvent i on elgdttolyiew be illustrated by reference to one or nore of the
following non-limting exanples: Ginding and seiving 25 In the first

stage, w dely-available netallurgical grade silicon, such as "Silgrain"
from El ke S a I r.ogduc i . hn the
range 10 {§ c())%&%gg{ Bé@n‘%{mﬁﬁﬁsf B%évg{fé;q%&g %ééﬁ%%grﬁ%ag%%gn%sr gt@p#’cg)f'vtgr %Fe?m'ggb to 100
pm 15 Vaghialigy dheilsaeahrstlagef énimeni seaharshiciehtidieisahgibdeRns tisd eved
particles in water 5to renove any fine particles stuck to'the big

parti cl es piltiredwstsiaurepaxt thel edicoer alae rfor reabednodatiin wif etheHNGBIngd ol - L)
or H2SO4/ H202(1: 2 in volune) or H202/ NH3H20/ H202 (1:1:1 in volune) in 10
minutes t GXGBRSIPR ASEPCIAlE PHaidis ISP GercEionr (zc%éf%mgi mfhsphé@;@ of

10Nug eat i 0fim. Advantageously, the pillared particles may be created by etching
lumps of low purity, silicon (termed metallurgical grade silicon) such that a
core of silicon remains covered by pillars that are between 0.08 pm and 0.5 pm

in diameter and between 4 pm and 150 pm in length.

15 A particular advantage of the approach described herein is that large sheets of
silicon-based anode can be fabricated and then rolled or stamped out
subsequently as is currently the case in graphite-based anodes for lithium-ion
battery cells meaning that the approach described herein can be retrofitted with

the existing manufacturing capability.

20
The invention will now be illustrated by reference to one or more of the
following non-limiting examples:
Grinding and seiving

25

In the first stage, widely-available metallurgical grade silicon, such as
“Silgrain” from Elkem of Norway, was ground and sieved to produce particles
in the range 10 to 1000 pm, preferably 30 to 300 pum and more preferably 50 to
100 pm.
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In the third stage, a nucleation reaction was carried out in a solution of
17.5 M HF (40 %9 + 20mL. AgNO®3 (0.06 npl/1) + 2.5m EtOH (97.5 % + 10 m
H20 for WWOQoewmoetses at room tenperature (-23C) using O0PCTB2HOSHIOR4SEON
particles 15with the dinension of about 400 x 300 x 200 pa For the sane
wei ght of silicon, smaller silicon particles required a | arger solution

vol unme due to the increased surface dbea to volunme ratio. The effect of

et hanol at roomtenperature was to slow the chenmi cal processes 20which
gives a nore unifoon distribution of silver islands. The tinme (especially
at the upper limt) was sufficient to consune a significant anmount of the
sol ution 32{: éer. Etching 25 The fourth stage conprised etching. The etching
reaction solution of 17.5 mM HF (40 % +12.5ml Fe(NG3)3 (0.06 noll)
+2 mM AgNG3 (0.06nol1l1) +18 ml H20 for 1-1.5 hours at room tenperature
(-23C) using 0.1 g of silicon particles with the di nension of about 400 x
300 x 200Fie dehend armge chtnprisiedhashingillei groond amdlsievedgiaktidenirpantercl es
required a | arger solution volunme due to the increased surface area to

vol unfe r attp gempre aadifinednrtigles shskgatlhe bigepastigles dddeaweashedpasheles er time is
needed for sma]ler sili.cof icles, far e e,. 30, mn for 100 - 120 um
(si eve si ZE§redhgmirgatsddn ﬁ&%%s @@Qﬁ@@réggé‘e{ﬁ%gé.(mﬁﬂnf@i‘frﬁ& or

nodi ficati , A I Pk eas . i blay i -0 .t he

i schar ge MY EREREHIRL B TRERIRRR U hhRsnORRL BRI BEotBle 1° s
rate Iim tdr%&aic%@n:fé’:ﬁl SKplrdigsk. person will understand that oxidizing agents
other than Ag' may be equal ly suitable. For exanple: K2PtCl6; Cu(NX3) 2;

Ni (NG3)2; M(ND3)2; Fe(NOB)3; Co(NDX3)2; Cr(N®B)2; My(ND)7,. Conpounds
invol ving Cu and Pt, having potentials higher than hydrogen, give netal
depokl t i orNydeati;iy Pt) but

In the third stage, a nucleation reaction was carried out in a solution of 17.5 ml
HF (40 %) + 20ml AgNO; (0.06 mol/1) + 2.5ml EtOH (97.5 %) + 10 ml H,O
for 7~10 minutes at room temperature (~23°C) using 0.1 g of silicon particles
15 with the dimension of about 400 x 300 x 200 um. For the same weight of
silicon, smaller silicon particles required a larger solution volume due to the

increased surface area to volume ratio.

The effect of ethanol at room temperature was to slow the chemical processes
20 which gives a more uniform distribution of silver islands. The time (especially
at the upper limit) was sufficient to consume a significant amount of the

solution silver.

Etchin

25
The fourth stage comprised etching. The etching reaction used a solution of
17.5 ml HF (40 %) +12.5ml Fe(NO;); (0.06 mol-l) +2 ml AgNO; (0.06mol-I)
+18 ml H,O for 1~1.5 hours at room temperature (~23°C) using 0.1 g of silicon
particles with the dimension of about 400 x 300 x 200 pm. For the same
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15t he others, except for N, do not. The overall gal vanic exchange etching
mechani sm can be illustrated using Figs 3 and 4. In Fig. 3 the anodic
process, WOS009401658 = Si Ft + 4e-(-1.24 Volts) is the | oealr/Gaeds/aogsof
silicon. Wiile the renoval of the el ectrons acconpani ed by the di scharge of
silver ions is the cathodic process 25 Ag+ + e = Ag(+0.8 Volts) For
standard conditions the overall cell Moltage is 2.04 volts. The other

cat hodi ¢ couples of interest are Cu/ Cu2+ (+0.35V); PtCl62-/ PtCl42-

f30hié‘rvégewggégéiﬁgﬁﬁﬁ%ﬁﬁqr@ ’@é@é&tﬁ%&{g@éﬁ l#alf'gl? Olﬁlpii\%@%h respect
oot o Susltel e WClCRRSLARLe thid oXorhBl ek iRl KEmEpidonons @

The final g§iagecdked B%h@fteﬁaﬁfe is MeeHYE £br' P REiddMGtib ST fophi ch was | eft
on the etched silicdon particles fromthe third and fourth stages. The

si | ver wasexk@slepy@ehif d0016@vad)) wsi (BiEve siad) hinple aid 26 n¥imHYOB3 080 5- 10
mn. It will be appreciated, of course, that any appropriate approach can
be adbpt edumsaonder to arrive at the approaches and apparatus descri bed
above. For
In further modifications, stirring increased the etch rate possibly owing to the
discharge of hydrogen. Here, the out diffusion of fluorosilicate ion was rate
limiting.
10
The skilled person will understand that oxidizing agents other than Ag" may be
equally suitable. For example: K,PtCls; Cu(NOs),; Ni(NOjs)y; Mn(NO;),;
Fe(NO3)3; Co(NOs),y; Cr(NO3),; Mg(NOs),,. Compounds involving Cu and Pt,
having potentials higher than hydrogen, give metal deposition (Cu and Pt) but

15 the others, except for Ni, do not.

The overall galvanic exchange etching mechanism can be illustrated using Figs

3 and 4. In Fig. 3 the anodic process,

20 Si+6F " =SiF) +4e” (-1.24 Volts)

is the local etching of silicon. While the removal of the electrons accompanied
by the discharge of silver ions is the cathodic process

25
Ag™ +e = Ag (+0.8 Volts)

For standard conditions the overall cell voltage is 2.04 volts. The other

cathodic couples of interest are Cu/Cu*" (+0.35V); PtCle>/ PtCl,> (+0.74V);
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15exanpl e the pillar detaching operation can conprise any of a shaking,
scrapi ng, chem cal or other operation as long as pillars are renoved from
t he partiwbesoy/oibmssparti cl es can have any appropri ate diPpegrch2os/@eb2can for
exanpl e be pure silicon or doped silicon other silicon-conprising nmateri al
such as a silicon- germanium m xture or any other appropriate m xture. The
particles from20 which pillars are dfeated may be n- or p- type, ranging
from100 to 0.001 Chmcm or it nmay be a suitable alloy of silicon, for

par 1ol es Bl B RE B0V Ac AERe ey e Anonut otk o i %Lb&é%?a‘e&TQ:
pa é¥do R i aH) oy |
The oot hode BUPLr Al e B’ Qr2anfs 2Eah CECALPSAT By, 1 Wmgiits Fploces

l'ithiumb og@i ahd awlldee Hrgﬁ?qmﬁ@&t@véraﬂiﬁg.%ﬂhomw sélserbht€pOession of
Li MaxNi "Col 2,702 or Li FePO4. The features of different enbodi nents can be

i nt er changbkd pertial Wec2@@e/10d@itE8PCT/ GB2008/ 002452 18 j uxt aposed as
appr gﬁri ate and the nethod steps performed in any appropriate order.
Al t hough relatively high purity single crystal wafers of silicon can be

etched to éwegtilg&%vgj I'lars of the desired paraneters, the wafers thensel ves

are very ng to their high purity. Furthernore, it is difficult
to arrange a pillared-wafer into an el ectrode-geonetry. Enbodi nents of the
present invention are advantageous because netallurgical grade silicon is
rel ati vel yI'xhéag singk pf thegrecespantilebe semuayinghthesdlveshivh wackfpor at ed i nt o
a conposite

w the etched silicon particles from the third and fourth stages. The silver was

10 removed (and saved) using a solution of 15 % HNO; for 5~10 min.

It will be appreciated, of course, that any appropriate approach can be adopted
in order to arrive at the approaches and apparatus described above. For

15 example the pillar detaching operation can comprise any of a shaking, scraping,
chemical or other operation as long as pillars are removed from the particles.
The particles can have any appropriate dimension and can for example be pure
silicon or doped silicon other silicon-comprising material such as a silicon-
germanium mixture or any other appropriate mixture. The particles from

20 which pillars are created may be n- or p- type, ranging from 100 to 0.001 Ohm
cm, or it may be a suitable alloy of silicon, for example Si,Ge;.,. The particles

may be metallurgical grade silicon.

The particles and/or the detached pillars can be used for any appropriate

25 purpose such as fabrication of electrodes generally including cathodes. The
cathode material can be of any appropriate material, typically a lithium-based
metal oxide or phosphate material such as LiCoO,, LiMn,Ni,Co;_,,0, or

LiFePQ, The features of different embodiments can be interchanged or
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10el ectrode wi thout further processing. Also, pillared particles are a good
source of silicon fibres and can be used thensel ves as the "active"

i ngr edi erwoiznosn1bmBt ery el ectrode. The particl es used fecTatBhisig24say be
crystalline for exanple nono- or poly- 15crystalline with a crystallite
size equal to or greater than the required pillar height. The

pol ycrystal line particle may conpris@8any nunber of crystals from exanple
two or nore. Advantageously, metallurgical grade silicon is particularly
suitable as a battery 20 electrode because of the relatively high density
of def ect suxtepessdrasdinpsoriiate @od thaimetlkod sleps perfprBed BRRLARRIEPBRAYS ndustry) .
Thi s | eads éo a |l ow resi stance and hence high conductivity. As the
skilled p&%dn will understand, both n-type and p-type silicon can be

25et ched and any density of charge carriers is appropriate provided the

mat eri al does not become significantly degenerate. 19 d ains 1. A

gar ticle gomhigh fRthtBiely Bidh p@rﬁ? shatlt iceystalhanfengofsifiaot ceh be etwheddad an
rray of silicon-conprising pillars extending therefrom 5 2. A particle
as clai megroduad @ilarsiofherdesired paranzatersytheswvalksguthgmselves arqaveggar ticl e as
claimin Celx?)ierrlgixlre \(l)wgv?{lge Itg 'd}eri]fa hi%ilrp?ﬁ/itgl.s Fh{'ti'lgqul{!)Iaéi it is difficult to arrange a
pillared-wafer into an electrode-geometry. Embodiments of the present
invention are advantageous because metallurgical grade silicon is relatively
cheap and pillared particles may themselves be incorporated into a composite
10 electrode without further processing. Also, pillared particles are a good source
of silicon fibres and can be used themselves as the “active” ingredient in a

battery electrode.

The particles used for etching may be crystalline for example mono- or poly-
15 crystalline with a crystallite size equal to or greater than the required pillar
height. The polycrystalline particle may comprise any number of crystals from

example two or more.

Advantageously, metallurgical grade silicon is particularly suitable as a battery
20 electrode because of the relatively high density of defects (compared to silicon
wafers used in the semiconductor industry). This leads to a low resistance and

hence high conductivity.
As the skilled person will understand, both n-type and p-type silicon can be

25 etched and any density of charge carriers is appropriate provided the material

does not become significantly degenerate.
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104. A particle as clainmed in any preceding claimin which the pillars have
a first dinensions in the range 0.08 to 0.70 mcrons. 5. A particle as

cl ai med iwoanyw/qpomssedi ng claimin which the pillars haveca/Geo@nd242mensi on
in the range 4 to 100 mcrons. 15 6. A particle as claimed in any one of
claimse 1 to 5 in which the pillars have an aspect ratio of greater than
20.1 7. A particle as clainmed in anyl®ne of clains 1 to 6 in which the
pillars 20have a substantially circular cross-section. 8. A particle as
claimed in any of clains 1 to 7 in which the pillars have a substantially
non- ci r culCA@inisr oss- section. 259. A particle as clained in any preceding
claimin which the particle and/or pillars conprise undoped silicon, doped
silicon or a silicon germanium m xture. WD 2009/ 010758PCT/ GB2008/ 002452 20

10. A partigle ag %A@'gt%%hggﬁ%gi&%ﬁw&rﬁh@mvﬁgb@amaeeoﬁai dridcon

content is 90.00 t preferably 90.0°to 99.5% 11
A particle as cl ahaedyiof siigorpc@apdsing pillaisrextdietieg tharbfFoparticle is
5
2. A particle as claimed in claim 1 where in the array is regular.
3. A particle as claim in claim 1 wherein the array is irregular.
10 4. A particle as claimed in any preceding claim in which the pillars have
a first dimensions in the range 0.08 to 0.70 microns.
5. A particle as claimed in any preceding claim in which the pillars have
a second dimension in the range 4 to 100 microns.
15
6. A particle as claimed in any one of claims 1 to 5 in which the pillars
have an aspect ratio of greater than 20:1.
7. A particle as claimed in any one of claims 1 to 6 in which the pillars
20 have a substantially circular cross-section.
8. A particle as claimed in any of claims 1 to 7 in which the pillars have
a substantially non-circular cross-section.
25 9. A particle as claimed in any preceding claim in which the particle

and/or pillars comprise undoped silicon, doped silicon or a silicon

germanium mixture.
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Snetal lurgical grade silicon. 12. A particle as clainmed in any preceding
claimhaving a regul ar cross-section. 1013. A particle as clained in any
pr ecedi ngwvol2aiamiesi ng an irregul ar cross-section. 12CTARa0gG0E45e as
clainmed in any preceding claimhaving a first dinension of 10 gmto 1 mm
preferably 20 gmto 150 gm nore preferably 1525 gmto 75 gm 15. A
particle as clainmed in any precedi ng20l ai m wherein the particle core is
crystalline or polycrystalline. 2016. A particle as clained in any

precedi ng cl mes wher ein thle.frgction of the slurfa e area of..the particle
core occupi edVby HPRTiGS a3 laimed 1p gny peesedfige¢laim gyRereinige s5i6M40 and mor e

preferable 0.25 tg(n%?g%s 9000?%%?(%&&%@“%%& i fé%&bl%b??bb@/o.a particle as

clainmed in any on ai fre st ng steps of etching a
particle conprising silicon. 18. A nmethod as clained in claim217 in which
the pillars are created by chem cal reaction etching. WO

2009/ 010758PCT/ GBR pagidd® 24 6iRgd 18 anp pretedorg cleim [vahieresh the pertadlend 7 in

which the pillars are cr ,ea{ ed by gal vani c exchange et ching.
5 metallurgical grade’silicon.

12. A particle as claimed in any preceding claim having a regular cross-

section.

10 13. A particle as claimed in any preceding claim having an irregular

cross-section.

14. A particle as claimed in any preceding claim having a first dimension
of 10 pm to 1 mm, preferably 20 pm to 150 pm, more preferably
15 25 pmto 75 pm.

15. A particle as claimed in any preceding claim wherein the particle core

is crystalline or polycrystalline.
20 16. A particle as claimed in any preceding claims wherein the fraction of
the surface area of the particle core occupied by pillars is 0.10 to

0.50, preferably 0.20 to 0.40 and more preferable 0.25 to 0.35.

17. A method of fabricating a particle as claimed in any one of claims 1

25 to 16, comprising the steps of etching a particle comprising silicon.

18. A method as claimed in claim 17 in which the pillars are created by

chemical reaction etching.
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20. An electrode containing particles as defined in any of clains 1 to 16
5as one of its active materials. 21. An electrode as clainmed in claim20
whi ch usewocopyan’sas a current collector. 1022. A conpo®Cra&Bb@siesde as
claimed in claim20 in which the el ectrode is an anode. 23. An

el ectrochem cal cell containing an el ectrode as clainmed in any one of
clains 20 to 22. 15 24. An electroch@kical cell as claimed in claim23 in
whi ch the cathode conprises a |lithiumcontaining conmpound capabl e of

rel easing and reabsorping Ijthiymions .its.active. material. 2025. An
el ect rocheni £ c‘*emetg%d g? ﬁ#aﬁfﬁ F%C@F@i EMW:F‘W%F 1315 @1 GieRtsdP e onpr i ses

I'ithium based net | i or phosphate as its active material.
26. A lithium rec%%lrvéféfgb?(gh%gée{%}gﬁ% e conprising particles as defined in

25any one of clainms 1 to 16 as one of its active materials. 27. An anode as
clained in claim26 in which the particles are part of a conposite film
WO 2009/ 010738 PCIA6BROGBAO 024G MIAR paRiclés esléfinahipr i olgclamahoaddbas

clainmed in any one of clainms 26 or 27 and a cat hode.
5 as one of 1ts active materials.

21. An electrode as claimed in claim 20 which uses copper as a current

collector.

10 22. A composite electrode as claimed in claim 20 in which the electrode

is an anode.

23.  An electrochemical cell containing an electrode as claimed in any one
of claims 20 to 22.
15
24.  An electrochemical ceﬂ as claimed in claim 23 in which the cathode
comprises a lithium-containing compound capable of releasing and

reabsorbing lithium ions as its active material.
20 25. An electrochemical cell as claimed in claim 24 in which the cathode
comprises lithium-based metal oxide, sulphide or phosphate as its

active material.

26. A lithium rechargeable cell anode comprising particles as defined in

25 any one of claims 1 to 16 as one of its active materials.

27. An anode as claimed in claim 26 in which the particles are part of a

composite film.
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29. Acell as clained in claim28 in which the cathode conpri ses

[ithium 5based material. 30. A cell as clained in claim?29 in which the

cat hode cwopprivgEas7sBi t hi um cobal t di oxi de. 1031. A devi ceCp@mmen@dobisza cel
as claimed in any one of clainms 23 to 30. 32. A nethod of creating a
conposite el ectrode conprising the steps of preparing a sol vent-based
slurry containing particles as claim22 in any of clains 1 to 16, coating
the slurry onto a current collector and 15evaporating the solvent to create
a conposite film 33. A nmethod of fabricating_a l'ithium rechargeabl e cel
conpri si ng t RE: st&sllgrorpreang 4y anadeas gl1med dp anHodeion Céqltrﬁe?ﬁg @2l ai s 26
or 27 and adding a 8ath de, and an electrolyte. 20 34. A nethod as cl ai ned
in claim33 furthéf &ﬁéﬁ?@?ng addi ng a separator between the cathode and

t he anode. 35. Anethod as clained in claim33 or claim 34
further conprising 25providing a casing around the cell. 36. A nethod of
fabricating 90li cArcetioplaishethinf dlbine 38 iin wititk thd bethpdd tamprisssdittidirached
froma particle as defined by any one of clains 1 to 16 by one or nore of
scrapPng, agitati mgsetmetasiilcal et ching.

30. A cell as claimed in claim 29 in which the cathode comprises lithium

cobalt dioxide.
10 31. A device powered by a cell as claimed in any one of claims 23 to 30.

32. A method of creating a composite electrode comprising the steps of
preparing a solvent-based slurry containing particles as claimed in
any of claims 1 to 16, coating the slurry onto a current collector and

15 evaporating the solvent to create a composite film.

33. A method of fabricating a lithium rechargeable cell comprising the
steps of creating an anode as claimed in either of claims 26 or 27 and

adding a cathode and an electrolyte.

20
34. A method as claimed in claim 33 further comprising adding a
separator between the cathode and the anode.
35. A method as claimed in claim 33 or claim 34 further comprising
25 providing a casing around the cell.

36. A method of fabricating silicon-comprising fibres in which the pillars
are detached from a particle as defined by any one of claims 1 to 16

by one or more of scraping, agitating or chemical etching.
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