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(57) Abrégé/Abstract:

The present invention describes a silicon-carbon composite anode tor lithium-ion batteries comprising 40-80 weight % of silicon
particles, 10-45 weight % of carbon, consisting of carbon black and graphite, and a combination of carboxymethyl cellulose (CMC)
and styrene butadiene rubber (SB.R) as a binder. The invention also comprises a method of manufacturing the anode and a Li-ion
battery comprising the Si-C composite anode according to the present invention.
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CARBON COMPOSITE ANODE FOR LITHIUMION BATTERIES

SILICON.

Techuiesd Freld

The present bivention relues 1o w silicow-carbon composite anode for hihlum-ion

1 suoh snode,

satteries and 8 Hitunelon batiory comprisit

Hackgroand Ant

I e with rapid increase i use of fossil fuels, the demand for use of alternative o

ol eners i s Thus, the fleld of power ga ad eloetricity storaws
OF QoML ONEIRY i neroasiy @ 3 DUS, e NeRE 08 power gay seration and elpeteicit ¥ slorages,

whioh wse slectochenrsond reaction, B most actively studiad.
The demand for sooondary balterios as svnergy sowrees is rapidly growing, Asmong the

secondary batteries, rescarch on lthiwm secondary batteries having high onorgy donsity,

o

n“ia aperating volage, long ovele Ttvspan snd low selflischarge rate has been

=
oy

condary batterfes e connmereially available snd widely

undersay and such Ithiven seg

. . 4

ased

A Liskon battery ool as showiy in Sl s gonenally comprises & coppor current coallector

for the goode and an slumintom corrent collector S the cathode, which are exterpally

connwclabie th s foad orto g as appropriate. It shoald he noted that

the torms “anode”™ and “eatho sseed Bve the prosent specification as thees feoms are

a dad, e, the term Canade’

ferstood in the context of hatierien paced ao

e pole amt the o “cathode” the posk

sotor and 1 Hikiam

fased compasite anade fayer overkays the copper Girvent

e vathode fver overlys the sduminium cosrent

eontabiing wetad oxide- based cony
eollegtor, A porous &S%;ﬁi‘.ﬁ,’ﬁi‘l{)i‘ is provided hetween the graphite-based composits anode

a fgeid

faver and the Hihlum vontaining meat oxide-based composiie cathode |
electrolyie material s dispersed within the porous spscer or sepaeaton, the composite
anade laver and the composite cathode lver, In sovme vases, the porous spaser oy

sepavatiy nury be replaced by g polymer sleetrolvte matorial and in sueh Cases the

polviter slectrolvie nmatorial v prosent within both the tonaposite snode layver and the
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s
iy s b Lisdon battery, the industey slandard 3 1o use o negative electrode mads of

te. Charging and discharging processes ave porformed while Bthium tons ot a

a ERERN
cathode are ropeatedly intvrealated o and de-tercalited Hron ananods, see Fig Th

Stancdad graphite electrodes bave a apeoifie vapacity of about 300 mAl/g, with the bey

conynercially available materinks coming wp to 440 mAlfg. Although there are

H

differences b theoretioal caparitios of hattoties avcording 1o kidy of clectrode active

materials, o most vases, charge and Qlscharge capacities are doteriorsted as owcles

procesd,

Silicon has received sttention as an snode wminteriad for high encrgy deosity batlenies,

C(“:

oo bas # theoretical copacity greater than HHE mAN gy, bat with the cuwrvent

aifable for the opposite, posittve, electrode, there i Hitle Inventive to o

s 0 the sificon fraction of the vlortrode and

@ an added ty werease the

\\\); It.'f RO ?%}{« f\‘i(ii

gt anode. In both carbon and

1 the anode, and binder of 8 comp

oo tivity w

sthoon anadey, the anode material iy partieulate and the partealate mass is held together

fuh as

v g binder, However, dhicon suffios from dgnifioant vodume changes, av

i

siithiating roactivms. This volume change fs mach

&2

< duving the Hrlaation and
farger than the volome change n oot anodes. Because of the Tvge volume change, &

nd a binder for silioon anodes e For carbon anodes, The

has proved b

teachings of bindswrs for carbon apodex are notiramsfeorrable 1 silicon anodes,

The repeated sxpanaion and contraction on oyeling will cause degradation and/?
eracking of the siliorm anode naterial, This van destroy the electrode Integrity via

wat coliector so that sioon performance s

sletricnd laslation bebwaen partielas

groatiy compromisad and orhibig very pon Hability isthe primwey

equirement o a negative battary elestro - on arkets, the target would be
from LGB0 oycles for consumur electromivs (U} to 24 800 ovolis for elegiris vehicles

{EVY or = 10,000 for grid balancing {Gridy

o hatiery elpgivede

fnihe Herafuze one can find 3 reunher of'y

manufacturing where, 10 sappress the detrimental effeety and o fmprove the oveling
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performmne, nudiiphase composiing, panosiructured avchitvotures, slestrolyie additives

and aew types of binders in corposite slectrodes as beon reported.

Covomersial sleotvads binders predumivantly used to abricate secondary batturies

tnolude polyvinvidene fooride (PVDFRbazsed polymers, PVDE homopolymars,

pelyvinyidene fuoide .‘m:xaa:ﬁias.orspm'py§§~:nt> copalymers, and polyvinyiidene Houride

Hhieroethyione copedymers, The PYD¥F-based polymers are advantageous that

chior

> stable buth chemdoally and sleotrochendeally, b may have envivommernial

theya

peohdons reselting from ovgante solvents, sach s NMP (Novethy B2 -pyerolidone),

w swpamie solvents soud wsed av hinder

heoause they have 1o be dissobeed in
compasitions. The PYDF-based polymers svg soceliont in the binding chavacteristic

%, such as astive materialy, bedsuse they act wih

with inorganio substance pantivle
surrounding the cironmfbrenee of the active materials, but are disadvantagoous B ibat

they pst be used i & large quantity i order to exbibit and malusehs sufficient adissive

& poor adbestve strongth with s current eotlector such ax

{ arder 1o sobve the conventiona] probloms concerned with the negative slectrade

g a noveaguenus sobvent, rsethody iy which a negative electiode is

&

teed wsing watsr-dispersible solvonts bas bown propusasd in the prine art

fabrics

UIS 2011000 1773 A clims o Batiery which s capable of buproving the characieristios

of a nggative electrods by adding s conduction sgent 1o & water-bassd negative

actevistic and

cirode srd of bmprovivg a high officinoey charging §

soabiing high capacity vhavging b s shovt towe by aving speeilie addiives inan

fiz. §n geseral, & sogative olectrode is fabriomied by Bernsing a negatiwe

-~

clectrode-forany mishee in which nogative slectrode active muterials, @ binder, st
and a solvent sre untformiby muxed in an appropriale ralky, coating the nogative
sleotrnde-forming mixhivd on o ctreer cotlentor, and deving and compressing the result

s proferred that the 'xxv'aim‘»aiisp' reible binder be wsed o an amount of | o d wi e

based v the tomd amoont of an slectvode cimposition inslading He witer-disprrsibly

e sleirode-forming rabviores considing of graphite

bivsder. The examples show neg

3 i water

{as 1 muggor component), X8R and conductive carhom disperses
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F A wios at developing a laliun seeonds

hivder that enhances oversl charscterstios of a battery, bnparts structoral slability to an
electrode and hag ‘mh adbosive strength. The examples show fabrivation of anedes by
mixing styrene-hngadione rubber (SBRY, cavboxymethyt ceBulose (UMO) and natural
graphite as an anode acbive matsrial o prepare anoanode midure starry, the anode
ssture shurry was onuted onto 8 current vollvetor andd the resuliing structirs was defed,
therehy completing fabrication of an anude,

U8 201470160839 A and USIHIAATTTINN A relates w0 pomposite materialy S batters
ehotodes. The componite material inchudes groater than 8% anad loss than about B8 by

aehit of silicon particles. In US 201470166939 & the stlicon panticles have an average

particle ize hetweoent about 81 o and about 3 amand ¢ sivface Including nanomster

and fess than abot

sized featares

The compasiio rmaterial also fnchades preater than ¢

ii Y \{d\«s\\ i Ee}{ §i‘ JOCT §\ (NS

sight of ove oy more tepes of cavbon phasey,

with certain ernbodinenis despribed, vonain mivron-sized sthom particles with

nangoneter surfice fomures van achisve high energy deonity, sad van beosad in
Vor gleotraddes for wse by eleciro-chenmtoad cells 1o hoprove

o iy LIS 24

e msierialy an

calf eveling, The proeess B arde Sibeicat

39R eoneratly inelade mixing components together, casting those

components oo & removahle substy

v used a8

osivdone {\\ii was {yp

pyrodysing

#

a sobvent o modiy the viscoity of any mixture and render ¥ castable using & doctor

3

Q132644 & ¥ s provided g negative electn

suppreosing sweedling of 8 segative clectrode, » lithian on seeondary Tattery negative
slecirnde, and & Hithhes jon secondary hatigry, The negative sietrady sturry
comnposition inchides s binder restry a water-solable polymer, and @ negative electrode

sefive matprial, whorels the binder vesin inchuding {A) s shrone-Intadione copolymer

fatey having & gel et of 70 10 O8% avd hoving o glasy pansition ompargiure in

B

¥ monstrmnent with a single peak at 300 60°Cand (BRY a

dvnamic viseoed
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an

scdymer latex formed of a b SHEE phaee simctore hay ii}” & ““&m\ feansition omporaturg
P

in dvpamic viscoslsticBy meanvement with at loast one peak gt 100 U0 18 °C and

having a glass

s fransition teraperature in dynante viscoslastic ity measurement with at
teast ang peak at 10 to 00, and the vegative electrods sctive materiad including a

carbon-based active material and 8 stlicon-based active muaterial

3

In the presemgation “Vebicle Techuodogios Programe. Validation of Blectrede Materials

s,

and Cell Chemistries. Wenguan Lu (P o al, Annual Morit Review and Pe

- il yoepth

Bvaluation Washisggon, DU May 13717

L ABEET H s given g sumiary of

achiovomients in the study. The study includes stlicon electrody and testing of several

a0 O

binders, wheretn the genvea electrods composiion i 1 » silicon, 439 A2

grapbite and 1§ %6 Mader. The hest evele performances of silloon electrode wers

obtained when polyacrylio aoid (PAA)Y and ulginie acld binders were uaed.
Trospite the several repovts on different methods for manufhcturing silivon cotaining

anades fior Livion batteries, there are no veports on anode materials having a

fifetime (Lo, > 1000 pycles) and discharge capacity,

& anode material

e

I sddition to the degradation and cvacking o the sitlicon containd

doring Hihiation and delithinlivy, resulting v poor vycle Hife and performancs, the L

ion battery performane Is also depondent of another important factor, An fmportant

mgchanism in the Li-lon secondary battery B the formatinn of 8 coating armumt the
slestrade dog 1 devomposition of the elecirelyvts solusion. Interealation of lithium o

the anode of the Lilon battery happens sl a veary fow potential, and decomposition of

tically inovitable. A way of getting sronud

thy clevirolyte sohdim constfuents is pra

this problom s by nsing an slectrolyte that, fogoether with the slectrode rasteriad and

fithium, decomposes e siable solid coanpounds that form 8 coating around the
clectrode. The coating, commonty referrad 1o 85 the solid electrodvie interphase (SE1,
should ideally prevent further degomposition of solvent by forming an impermeable sz
well as eloctronically bolating laver, but st be lonicslly condanting to allow lithium

3

fons wopass frow the sleetrelvie 10 the eleetrnde
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While being oxsential for the suceessful operation of the Livion battery, the 5ET alse has
some adversy effocts on the battery performance. The most notable s the capaeity loss
caused by Brhium belng reversibly boand i componnsds during the forpution of the
itecphase, ohyerved as a reduced Coulombic efficiency for the fiest fow
chargeddischarge oyveles, Doy oveling, the vohune changs introducss largs strogses
B the olocirodes, I combination with the brittionss of the clovtrode msterials, thess
stresses van oventually load to cmsking of the glectrode. This can lead 10 wateria! losing

sleotriond vontagt with reat of the electrode or the slectrods frself delaminating Homthe

cusrent sollecton. The palverieativn iy also sssociated with » contimnus foomation of

Y
T

wew suraos aen, This new auefhos ares mast be sablifred by forming an SEL & progess

which fnvolbves frveversible foss of Hihlum, thereby vie foow Louombie

efficiency observed t these wuterials,

Ceed

Thus, the object of the present invention s {o develop 8 somposiie anode matoriad based

sy stlicon and cathvat n Lé-ion hatterios with high ovclo stability and high discharge

N

capacity, H s an ohiott o oBain an anode material retaining high capagity after

prokmged cveling

Angther objret of the present nverdion i3 1o develop s composite material based on
stbieon and carbon where siieon of optimurn pority and worphedogy with respect 1o
production costs and porformance 1 mixed with varbon materials i g commersially
viable way resulting fn s product that can be used as snode material i Li-ton bateries,
The tests presanted o proteat spplication nclude electrodes with coremgrsially celovang
fnadings and currery denaities, prodoeced with a methad intended 0 be as ¢lose as

possible to today'y mhusivial production procosses,

Sumiary of the laventon
[ batory solenee & spoutaneous reastion is denoted discharying, while a foread resction
is denoted charghig, For an anode ina full cell, this means that Hihiem Interalation

would be denoted charging, Howsver, tn haifeells with & Hthiwn ohip as the sounter

electrode, the aiticon slectrode will bohave as # cathode in the setup. Lithiation of the
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.y

d

silfeon slevtrode is therefore g discharge of the half eell However, in the contex

&

» be denoted chargl

prosent ;z;.zg.siicai‘i{.sa‘z: fithiation of anode materialy will she 3 and

delithiation iy donoted dlschargd rdless of #8 actoal role tn the gelll

Iy the oortext of the provest vention, the tere "800 covaposte anede™ moy also e

denoted “Si40 vompasite”, TR onmposite material’, Uommposii mater

Tand
“eompoiite anode”
The term “gotive particles” iy the contextof present brvention refers o the stlicon,

carbon black and grapbite i the S eomposiie muterial,

fus the cosont of provent frventis the terms “partioniie”, Mpartivie” wad Vpawder” aee
unended o nclude & material o particulate Torm, whether the particolate nudenial i 10

the fovm of su

vie particles or an sgglowmeration of a pluralily of pasticles

sesend irvention, when roforring fo siheon i the SO compenite
matatial, the weoy “stHeon™ I not Bndted woany spectal type, but fneludes S
weneral with & purity of a1 least 99 weight % S8 The silleon may be & polysilicon

prachuned §

ym gas phasg of 2 melallurgioad prodeced silicon or 8 mivtuve theveof,

po

b a first omhodiment the prosent invention provides a sificowcarbon conposite anode

for Hthifwn-ton batteries comprising, based on the total masy of dey vamteriady

SO80 wedght %5 of sils

&

csat pasticles,

1045 weight % of carbon, copsisting of carbon black and graphite, and
a nombination of earbosymcthy? sollolese (OMUOY nnd styrene ndadisne rabbar {(SBER)

ax @ hinder.

o x fest prefecred embodiment ofthe stieon-carbon composite anode the amomt of

X
3

arhon Back 5375 wiight % and the smount of graphite is $.30.0 weight %

I a seeond proforred cmbodiment of the siiwon-carbon composite ansuds the amoant of

hinders CMO angd SBR added op s 75230 weeight Y.
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In a third preferred embodiment of the silicon-carbon composite anode the anode comprises,
based on the total mass of dry materials;

50-70 weight % of silicon particles,

12.5-17.5 weight % of carbon black

8.5-20 weight % of graphite, and

10-17.5 weight % of a combination of CMC and SBR as a binder.

In a fourth preferred embodiment of the silicon-carbon composite anode the mass ratio

CMC/SBR is from 0.8:1 to 1:0.8.

In a fifth preferred embodiment of the silicon-carbon composite anode the anode comprises,
based on the total mass of dry materials;

50-70 weight % of silicon particles,

10-17.5 weight % of carbon black

8.5-12.5 weight % of graphite, and

a combination of CMC and SBR as a binder in a mass ratio from 0.9:1 to 1:0.9.

In a sixth preferred embodiment of the silicon-carbon composite anode the anode comprises a

metal foil as a current collector.

In a seventh preferred embodiment of the silicon-carbon composite anode the thickness of the

Si-C composite material layer deposited on the metal foil current collector is 12.5-152.4 pm.

In a second embodiment of the present invention it is provided a method for the preparation of
a Si-C composite anode, comprising the following steps:
providing CMC and SBR binders in an aqueous solvent,
weighting out desired quantities of silicon particles, carbon black and graphite,
adding the said quantities of silicon particles, carbon black and graphite to the said
binder solution forming a slurry,

dispersing the slurry by shear mixing or ball milling forming a homogenous paste,

CA 2975396 2018-11-13
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tape-casting the paste on a current collector metal foil, and

drying the pasted film.
In a first preferred embodiment of the method the aqueous solvent is a buffer solution at pH 3.

In a second preferred embodiment of the method the current collector metal foil is prepared by

cutting the metal foil, cleaning and drying prior to tape-casting the paste.

In a third embodiment the present invention provides a lithium-ion battery comprising a
cathode, an anode, current collectors, a non-aqueous liquid electrolyte and separator, wherein

the anode is a Si-C composite.

In a preferred embodiment of the lithium-ion battery the electrolyte comprises fluoroethylene

carbonate (FEC) as an additive.

The electrochemical performance of Li-ion batteries comprising Si-C composites according to
the present invention allows >1200 cycles at cycling capacity of 600mAh/g,, or

>1 OOOmAh/gSi .

In an especially preferred embodiment of the present invention the Si-C composite electrode
comprises, based on the total mass of dry materials;

About 60 weight % of silicon particles,

About 15 weight % of carbon black,

About 10 weight % of graphite, and

About 7.5weight % of CMC and about 7.5 weight % of SBR.

Brief Description of the Drawings

Embodiments of the invention will now be described with reference to the following drawings,

wherein

CA 2975396 2018-11-13
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daand 1 ilusieate the fondamenial principles of a Lavion batery

ustrates the wypansion of g silicon anode during Hduation and delithiation

the st mnterial vl ghdation and delithutiorw of a S0

5 composie ;}:}0'% acrording o prosant invention,

“te. 3 tHusteates the solnecells from Holwen Corp, (Japan) used in oveling sxperiments,

g ~

o

A, differently sized spacers,

The colecell serof type 2032 conststs of v van, g

washer, and a coln-cell cap.

af elporical chrouis usest to analyse the EiS-data

Fig. § shows the stepwise improvement by applying different binders snd adiditives tna

preforred smbodimoent of the prosent irvention.

S

rish electrode (3) and

e

Fig. & shows crasseseotion views {propated in the FIR-SEM) of'y

after prolonged oyeding (B

pag

w Botedled Beseription of the Iayvention
Ax indicated above, the obivet of the present vention i to provide a S0 eomnposite
anssde material for Libjon hattenies, where the sald composite anode has bigh evele

acity, displaving » high capacity retention after prolonged

a5 A further objest st provide s composity raaterial based on silivon and carbon whare

stitor of opthmom partty and morphology with rexpeet to production costs and

performanse 1s mixed with carbon matevials 1 8 commeroially viably weay rosulting §

prodovt that can he osed as anode matenial in Li-on batteries

s The shove mentioned objents have beon achioved by means of a siliconcarbon

connposiie anode for Hthins-wn batteries coruprising, based on the towal mass of dry

sutieriadsy

80 woinht % of silivon

348 weight Y o it CORRISHIAY vl and
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2%

10} and styrene butadivoe rubber (SBR}

3 vomingiion of cahy

an @ hinde

I the composite anode according 10 the present ivention the amaount of achive

sned Bingders in the $30 composite anode 1§ mven in weight peross

ks

mate

the total anwned of dry compoamnts rothe sy, that Is silison, carbor blag
CRE and 8BR,

The silicon in the 8RO composite material secordi

{4 prasent frvention i a §‘3<§i”i.i alate

veit intended o elade any silivon material

. The ter “panicalate sthicon™ s ¢

e siticon iy in the form ofsingle particles o an

M

in pavticubate form, whether ¢

= ommposie

sgglomeration of 2 plorality of pavticles. The type of silicon used i the S

cloctrode iy nod Bimated to any speoiad type, bt the Sishould bave g purity of ol least 99

St for mstanee ot loast 994 welpht %6 85 o st lord 986 woight %6 51 The

siffcon may be o pobysilicon prodied From gas phase or g owtalorgival produeced

in present 20 compostie anode is

Ly

sifioon or & mixtwre thereofl The silivow wsey

proferably a motalhogicad produced silicon. The sthoon panticles used for producton of

the present B3RO coroposiie axade prefirably have a Uy partiele stze botwors 110 umy

N xR ey g R
for wmdtanee 28 wm, e 208

Table T gives oxaraples of some metaltorgival produced silicom types which may be
wsedd i the $RC composiie anode, Howover, the prosest fnvention s not Hmited 1o the

siHoon fypes shown o Table 1, s other mstallurgioally produced silicon may alsn be

ased i the S50 sonposite anodes. The silosn wsed for preparing the

congsaite anode way alve @ piteh covered 81 or heavily doped Stn-doped or pedopad).

o

z rock, which

avniactursd by Sestly oxteact stlicon Bom g

. 3¢ i oxiracked e chomnoal process sf bigh tamperabargs

# which theoxygen in the guarte w bound to oarbon, thug Feeing thestilcon from the

oxyaan. A smelting furnace i fod with quans and varboas trpes of eabonacsow

&, such as coke, coal, charcoat and wood chipy, Carbraaceous

o this mixturg, and an eleoinie are & formad betwseen the

glemirodey are kywerad

electrades o provide bigh enperatires in thy wnelting furnace. This vauses the o
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in the quartz to react with thy carbon fn the carbonaeenas yamteriad aud forny swlen

Y

3

sittorm and £0; gas. The OOy gos vises sud the molien siBom s tapped from the

furmace. The thes moduced metalhurgieal sificon may contaln Sfferent lovels of Fe, AL

T4 O avwell as other bmpust

{he partioulse metallorgical stlivon, produced by BElliem AS and snld snder the

, i arneiactared by leaching luraps of B:84% FoStin a hot acidic

sodution of feevie ehioride and hydrochioniv acid, In the Silgrain® provess the acid

dissolves the hmpurities, mainly Fe, Al and Cu, breaking spadd the longs and leading to

X
B
X

a granulated product of high purity silicon. Oue featirs that chavacterizes the Silgrain®

provess and distinguishes # from other hydromotalboges beaching provesses by the

vapid disttegration of FolSt into small grains during the seactions, Table T shows sonse
examples of difforent grades of metathargica! silicow prodoced by Elom A8, The

typieal composition of the silivon raatenial, Howeve,

chomieal s

993N
7

although the above saisd Sitprmin® silicon Is o prefoved ailicon i the present composits

anods, other mwiailorgieally produced and hydromonthagica! Teached silicon moay be

used for proparing the present 88C eomposite anade,

Table T Examples of metalhurgiosd produced stlivon materiade, produced by Bl

Fu Al Ca i B 8 Particle
Si-type Wbt wit with wi%h with e o pmmy | Sive, um

Kificon B $8.8 338 NiA Max, 200+ 020 1 NS
R G483 300

Sigrain” sifcon | 904 Q.22 G338 GO3% Q03 138 34 45500

%

SligramT Bt BRS Q2.U8 €43 LERERS &GE PR NIA

‘S"g“‘%;: THQ AR .04 SReY ERES OO IEURE S A0 PRI

Lalonging i AS and s uved T g rangs of metalurgivally protssd silicon

High purly polysitieon is produced by other rpetfendy, the best knows techirique is the

sique grows highe-purity silicon orystaflites dwectd

P

sificon seed rods by chemical decomposition of gasess
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o

s
kel

3

P

irichlorositase bliswn over the red's surlsce &t 1150 70, While the conventional Slemens
provess produces electronic grade polysilivon at typieally SNGHIN purity, that i, o
containg tapurily fevels of lose than one part per bitlion {ppb}, the moditied Slemens
provess iy a dedicated process-rowte tor the production of solar grade silivon (3oG-51)
with puritios of 8N (9995999 and less energy demand compared to the conventional

SITIEDS PIOCEss.

 bed reagior

A& mwre recent altornative for the peoduction of polysibicon is the Thadis
{(FBR) manufacturing techoology, Compared o the traditional Siemens process, FRR
features a member of advantages that lead to cheaper polysilicon demanded by the fast
growing phatovollaiw industry. Condrary to Memsns’ bateh process, FBR vy
continuosly, wanting fewer resouress and roquires lees setup and downtime. I ases
about 10 peroent of the electeicly consumed by a conventional rod reacior i the
satabiished Slomens progess, as € does mob waste eaergy by placing hoated gas and
siffeon jo contact with cold surfaces. [nthe FBE, silane (S8 fs lnjected ntn the
reacton from below and forms a fluidized bed together with the sihioos sead particles

that arve fed front above, The gaseous silane then decomposes and deposits siheon op the

seed particles. When the pantivles have grown o brger gramles, they eventually sink o
the bottaim of the reacior where they are conthnnunly withdrawn from the process, The
FRR manufacturing technology outpots polesilicon at 6N 1o 9

Comparing the energy eonsumption during the moduction of motallurgical silicon with

chear that the metathagical route only

{fernens ;:zeéhs;sé, i

ysilivon produced by ¢

engrgy. The maln reason that the mewdiorgios] ssthod only
requires # fraction of the energy 18 that the silicon is purified without converting o to 2
gasrous state and then hack to silicon, which are the steps wsed in the traditional

produciion.

The 85140 composiie anode may comprise 20-88 weight %6 stlieon, The 8&C composiie
anode z}{IC{}?{ii’.ﬂg 1o the present invention comprizes $-80 welght % silicon, for instance

S{-T weelght %0 81 or S568 weight % 81 {n an embodinent the compostie anode

comprises 58 waight % 81
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The carben in the SHC compostis avode s used for twe explict putposss, 1o nbialy

fng-range, baek-booe conductivity, and 1o obiad botween the bask-bone

conduotiviy and the active silicon particies. The total amount of carbon i the 8K

composite anode should e 108 weigh

fo instancs 1O-30 weight % carbon, or 15+

25 welght ¥e carbon, The carbon i the compaosite anode compeises both an mporphons

phase with very small particls {<HEY neny, termied Moavbon back™ o TR and g
crvbon phass weith relatively rge ;tssz.:'ii-a.‘a:: sive (--‘-*:asm},, e Vgraphite™ The carbun

3

black bas a particle stee, Hom spproximately 20 na 1o about 108 nm, and provides

= The amount of vavhon

conductivily balwesy the aotive parlickes n e composity wg

he 8, For nstanee 10125 weight %5 UBL or

black i the composiio anody i 3-17.5 we

graphiie particles provide ug-range backbooe conductivity hithe

The relatively Iy

S0 composite anode. The graphite s i the foon of pastionlate matertal, having

53

partile shoe Gom 3538 g B insdance 530 pm

The amenet of graphite fo the 550 composite anode 5 S0 w

‘»gnmi.

20 weight % graphite, oy 831

The binder dn the 5RO compostie annde socording 1o proseol Invertion is & eombingdion

of swrboyymahyt collulose (OMO) snd styrenehutadion rebber (S8R, The present

wmventors worked out a hypothesis that o dusl Monder, g covobination of SBR binderand

£

CRE binder 10 combination with partivulate siticon, conld creaty wenergy with high

bag

flex by aod gh oechanival siability, B way alse belioved that the two binders bongd

3

wsing both covalent and hydrogen bands,

MO e codhiloss g Is g cellebse dovivative with sarbaxymeth! groups (U

COOH) boond 1o some of the hvdrone! groops of the gludopyrasg monomers that

aokbone, CMO B represe

ke up the colhddose b



CA 02975396 2017-07-28

WO 2017/058024 PCT/NO2016/000025

Py
i
Tt

I nuthing else s specified, the OMO binder s added s & poneder together with the

stive mmaterinls dering sluny provessing.

The SHE s reproseated by the follewing forpula

wepe:

e & e DL

H %iH

: P
.né:.:‘ \m«g" % .E.;;w £ mg‘m\m{d“
# [\) #H §*§

Shrana Buladisne

Styrene-hotadione rubber is a koown binder frow the synthetio nubber family. Bis a
velativedy foxible polyroer which s known o improve the mechanical stabifity In
clectrodes. SBR can also improve the adhesion 1o the current sollector of aquesus

g

processed elvstrades, The SBR wsed for sanulisiuring the present 880 composite

snods should proferably be water sedeble b, whydrophitic SBR type, The hydrophilic
SRR may be addod during the shary processimg as an agugous suspeasion. The amount

o added o the siid shary 15 based on the amount of SER in the SRR

The ameaast of binders UM and SER b the prisent S+ composits anode is 7.5-30

weight Yo, for nsdanee 10175

vatio iy fom B8t TOK, for matanee fron 80 o DB e DL
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e method R proparing the S

comprises the folowing steps:

~ providing the desired moounts of UM gad SER binders o an agusous solvent,
- ey powder preparation; weighting oul the disired quaniitiss of sificon and
§ savhon pwterial,

< adding and mixing the said quantities of sificcs and carbon material to the said

binder sohsdion forming a slury,

g the slueey by shoar mindog of badl sailling forndng a homogesos

pasts,

i - laposgasting the paste ovoa ourrent collector veetal Bl and

- dryving the pasted il

The binder s proparsd by mixiog the bnderswith the sobvomt, stieving snd somicating
for approximately 1 nunuies. The solvent s water, preferably deqonived water, The

3 amonnt of binder by sobvont should ba 2510 weight %% for bindersfeater, ovupto 7.5

“

j8e m% it

b binderydwater, ;aiis:.rsmiv::-:.‘i}-' a0 S8 s 13 weight 9% bhwdersfwater, The

solvent emperature I8 2070 0, for instance 25-50°C, or 3548 °CL
In a profirred cnbodiment the agueous solvent inchadas o bafler controlling the ptl
wo devel of the shorry ot pH 294, g sbot pH 30 Bulloring at ph 3 pronuses vovalent
. 3 » ME ¢ T
bonding festerifigation) hetween the OHbgroups of OMO. During the presong weorke st

was surprisingly found that the pH lovel of the slorey, by which the binders i mixed, bas

a very significant opact of the eleopnde performanes and signifieantly tmpeoves the
electrode syole Bivthme. Yo prosent work & boffer solution of eliriv acid and KOH, st pH

iy the dey powder prepavativn, the Jesbred smounts o silicon, carbon Black powder and

e prapared binder solation. The solvent o

geaphdiy i waghted up and added o the a

powder ratio shonld be Bom & K dorinstance Sl o 30d e &0, nethes matio the
s powder i the total mass of silicon, carbon blaek, graphite snd binders tn the sloery. The

+

sificon particies voay be provtreated by milling before adding o the binder solution. A

sixtare of silicon and graphite; 8 mixure of silicon, geaphite and carbon bagk; or a



CA 02975396 2017-07-28

WO 2017/058024 PCT/NO2016/000025

i

{7
suixturg of silicon and carbon Black, voay alse be pravmitled befies the povedsr is added
to the binder solation. Pre-milling Sme may be 508 minges

s are added o the bindse

The atlicon particles, the carbow black and the graphite particd

a i

oy iy thereafter dispersed either by shear

solution and mixed o formra shavey, The

ous shurry o pasty, ov by ball milling o

sxing and sonjcating to provide 8 iomog
o

provide a lwsmogeneous shurey o paste. Shear misiog may ©r inslance be done by using

38 runutes, followed by § mdsutes sonjeation. The milling

£otay 3§

wo with a Frisoh Pobverisetie 7

say be done by plasetaey balbanfling, B

¢ using u SO mi steel grinding bowl and sealing ring. In the prosent wark the

miHng was done using 12 bardened steel balle {10 mm dismeter), The mulling s

was S04 rpm. The milting dme ey be ses, oy instanee SS36 muinutes

<8 psnuies

mimutes o 310 minstes. The milllag may be performed iy fwo staps, egl

or 3w HE minetes, the paose botwesn the milllng periods sy be 218 mimades, for

nstance S munoies,

Aer diapsesing the sthions particles have mosn particle stee 300700 am, the partiele

stxe have bown visnally determived by asing SEM and TEM chavacier

The cortent codiestor is prapared by ogtting » metal il sheaping and doving, The

formed by using an aloohol as cleaning medinm,

o

oivaning of the matal R may be pe

o

of, and the cleaning may be perforred by dipping o submerg

clvaniug medivm, or wipiy or spraving with the cleaning medinm. The

N

cloansd metal foil s dried, deving Hme may by appwosims 5 al Fonm

temiperaturs, The corrent collector smay be a coppor or stee! foi with thicknes

e 8412 microns or 8410 mtarons

microns, for

ctor by fuge He doctor-blade

o

eposited on the corrent 00

cshouldbe Fom 8 S o e mik (12840 1524 ;mz}_., preferably from 20 d

syife (51 1o 102 gl By adiusting the solvent? powder satio 3 iy possible to shain

clectrodes with stlar loadings, When preparing the tunner elecirodes the sharry has

olvent compared to the thicker ones.
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i3
The sherry/paste has primarily been charasterized by observation. The thctontions i

speneiy and viscosiny have af Gres bean so Iigh that the samples were very wasily

{as avoepiable or nonvacceptabie. The erttarious weed fnchud

e Novioual separation batweon the differont eloments, suel Heon powsder
sivking to the bottom

e Safficiently fow viswosiy to B able i use the mixer

s Sufficiontdy high viscosity to soiniain shape during paste application and diying

s ooy

= Visually hovnogencous sarface of the deposited eleetrode, noe geains visible o

the naked eya.

The pastes oy ave dried by festly pre-diving in ambient air for about 18-24 hawrs,

o.g. about 28 hoaws, Thereatter the deving 1§ porformad ot vacuwin stmosphers, al

3]

jemperatares aboot 100140 °C e, THR120°C0 The deving thme Is mintmun 34

i

hiearrs, Appropriste deving tine 18 -6 hours.

Methods wsud for characterizing the eleatrode samples

S o

d the slarry behavior and the influency fon prrameters such as solvent

wé amony, Ntype and goveral slectrode covaposition, aome nitel theology
a easuremiats wers perfromed. A rheometer from Anton Paar way utiied for the
memsarementy, All mwasurements were performed with plate-to-plate goomstry at 20

“. The viscosity and the viscoelkistic proparties of the sharries sere examined by

neasuring the shear stress/ .‘5:{}3.‘:@.}* a3 3 function of shase i

The sedimentation of the s studied by varying the mixing i and

0 wading v befove weasureroent. bt addition binder type and the pibdependeney of the

Halboed sasendly and cleguochemical churgiesizg

The oveling oxperiments on the electrodes ware done using

w0 Hohsen as shown in fig, 3
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Clasirochenuead Hngand apalvsis

Calvanosisiio gyl

A oy

g seheme was developed to allow reproducibie tusts as well s woexiract

starts with 3 vest period where the

additnmal nformation shout the elegtrades. Allis

visfiage i mrasured to find the open cirour vollage {OCV ) Thas resting pe

hours as some slectrodes requive longey thoe w0 be completely wetted by the elsetraiyie,

The test also includes internad resistance wemsorements where short current poabses are

cveles ave done at seduced speed

& N "

,/,

done at CHL Note, sinee the mousssreroms where

VEIE #F

Tooawith o Hithinm obip as the sounter elecirode. the silivon eloptrode will

4." 7
&
o

prode w thesefore g

behave as & eathode i the setup. Lithiation of the siheon eleg

dacharge of the belf cedll Galvanostatic oyaling whese the full w e was ased

Owith Clirate) v donoted wnrestrieted

frr order (o not stress the ¥ during cyeling, restricted oyeling methods were developad.

frsg the tume withoa

With reswrieted vyeling. 8 given capacity {por gram 51} s set by linm

covtain cureent density, and thus the voltage range of the cell 18 reduced. Typieadly the

capaviyy value would b fo 1000 s, and the voliage range wandd vavy o

@ wiitial wyeles the veltage mnge woald be reduced

\2’

acronvrmdats s S0 cupagi

ffeomithe standard 10

fess expanded. The Corate for the restricted oyoling was set o ¢

Some vells were also eycled with varving {rate, where the Certe wonld change from

810 1O, Using higher curvent densities can tell a Jot aboud the kinstivs of the ocll

ard i5 @ CORRIEY OO ig”“?ﬁb‘\‘\‘\i o the internad reststancs wasarernent,

dY plots are asod o dheeteate move clearly st which voltages &;‘,‘-Ei'\;’i{i}f i going on iy

slogees

thy oot & norrral ohe o divehavgy curve containg sreas v

cocrespondifig to different eleetrochemicnd processes. These can be diffienlt fo separaty

ar guantify with the saked ove, The dg/dV plot show the derivative of the curve, giving

w6 function of the

peaky at those voliages where the fithiation o delithiation is fastast

P4

voltage change. In intercalation materials, these peaks will typicatly be very sharp,
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while for the provess of Including Gibiong in sillcon, the poaks are less sharp, This

tedd siloon 18 smorphous

et mvud delinh

govvesponds o the Bot il both the hha

w. Peak broadening ean abw

therg 3 @ wide spread in svathable energy lovels forthe
be due to binetic Hmitations, the peaky will be sumewhat parrower or slow charging

PRORORSES.

Blevirochemical lnpednnss spsgimssony (818

The slectrochemical ypedance spectrostopy method studies the responss t the

application of a petiodie wmall-amphitade se s Anabvsis of the system response

o conaing ifemation sbout the terface, s strocture and the rosctions tsking plwe

*

thure, However, BIS i3 o sonsitive teshnigue, and 1 is a great challenge 1o corslate the

# reactions o the xesiem respone, 11 s ofter uved as a complomentary

The mmpedance speotroscopy s usually represemted with

vith s real pagt

ard an imaginary part The Nyquist plot i made op of varoes electrical elvenits,

depending on the type of svstem. The challenge I8 to By this MNyvgaist plet with & suitable
3 B v = l

equivalent circut model and 1o undersand which procosses are taking plaee,

A well misrpre vhoot the solntion resistance (B the

w o resistange over the SERaver Ryt the doubledaver capacity (Cgl, the charge-transtiy

resistanoe (Ru) as well as the diffusion (W) Typizal RO civoults of battery colls can be

sesnin Flowe 4,

TEM sunalveis and posbnmniemcharsciornation

25 TEM sanmsle propsation

Al oveled anodes were opened inside o glove box, rinsud by dimuthyl carbomate {OMO)

5

 insidy the glove box, The snodes werg rernovad frov the nert glove box
aumosphors argd oxpraad (o ale before TEM (wansmission elotyon ;:’siamsmpc}
sabbeam FIB-REM {F

crgsed for beam scanning eloctton microscopel.

 preparation o greoyeled anodes were done by loading the anode inio the FiB-

s

SEM withenst sy pretreatment, After TEM proparation, the final TEM sanple wax slse

expreand {0 ale before the sample wax foaded into the TEM
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~ §
e

dod and ibated (or pandy (detlithiated) anodes wore ninsed and deiod msade a glove

o~

O ad HU both dess than 008 ppmd A clean sealpoel was wsed o sorape the snede
nugerial off the Cu foll, The snode materinh was fiether grovnded by a pestaland 2

HO 8 DGISY, aimorp hous carhon-

mortar, An alr brush seas esed o Mo the fine powdsr o

1 holder

nan ot sy

comted Cu T The TEM grid was monntad

inside the glove box, The sample e surrounded by a pury glove box stmosphers wrdl

beg

the sample s loaded into the cohpmn offthe T exposed to

V/

an atmospher

SIS EM and TEM charsolenization

FIR-SEM was perhormed with FET Heltos Navokd instromant, This b o duabbeam set-
up crmadsting of @ FEG SEM and & 07 fon-boam, with & fixed angle of 82 between the
two heants, The instrument Is eguipped with an Xorsy onergy AISpemsive speciroscapy

§ injeotion needles ROy previse deposition of vanions

o
st
9
[
<
i
Epd
&
e
-
(9¢
’.ZLV
0’
m
”3
st
jres)
’:N

£ Tor hnesiin transfer of peces of materkal

M.

Pure SER charscterization wis also porformed with the FIBS
TEM wis porformed with 8 double Us corrected {probe- mwl inage-covrevtead} cold

FEG IEOL ARM 200F, oponsted af 2008V, The ARM s caguipped with a large solid
angle (098 g solid angle} Contrio stficon drift detestor for BLRS and o fast Quantam

8 with PhaelBERELS

Exemples

The bindars used are

MU from Rigma- Alldriely Sodnan cavboxymethyt cellolose, aversge Mw 80,000,

SBR from Targes

oo Modified Stvrene-Butadions Copolymer, Product vode: PSRRA180,

suspension in water, solid content 3% 20.5%, pHvalue 978005

The cleotrodite wed i the oxparimenis B 8 conumercially avatlable LV from BARF, &
wix o T LIPES i Bl BUYOMEC CEC ethvione carbonate. DMC: s;ii:e.ii}}-'i sarbonate’ In

O vined cachonate) and FEC (FEC: Floomethyvions

addition, the two additbves VO G

garhonatel have been tested.
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Claims:

1. A silicon-carbon composite anode for lithium-ion batteries comprising, based on

the total mass of dry materials;
40-80 weight % of silicon particles,
10-45 weight % of carbon, consisting of carbon black and graphite, and

a combination of carboxymethyl cellulose (CMC) and styrene butadiene rubber

(SBR) as a binder.

2. The anode according to claim 1, wherein the amount of carbon black is 5-17.5

weight % and the amount of graphite is 5-30 weight %.

3. The anode according to claims 1 or 2, wherein the amount of binders CMC and

SBR added up is 7.5-30 weight %.

4. The anode according to any one of claims 1 to 3, comprising, based on the total
mass of dry materials;

50-70 weight % of silicon particles,

10-17.5 weight % of carbon black

8.5-20 weight % of graphite, and

10-17.5 weight % of a combination of CMC and SBR as a binder.

S. The anode according to any one of claims 1 to 4, wherein the mass ratio CMC/SBR

1s from 0.8:1 10 1:0.8.

6. The anode according to any one of claims 1 to 5, comprising, based on the total
mass of dry materials;

50-70 weight % of silicon particles;

12.5 - 17.5 weight % of carbon black

8.5-12.5 weight % of graphite, and

a combination of CMC and SBR as a binder in a mass ratio from 0.9:1 to 1:0.9.

CA 2975396 2018-11-13
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7. The anode according to any one of claims 1 to 6, wherein the Si-C composite anode

comprises a metal foil as a current collector.

8. The anode according to claim 7, wherein the thickness of the Si-C composite

material layer deposited on the metal foil current collector is 12.5-152.4pm.

9. A method for the preparation of a Si-C composite anode according to claims 1 to 8,
comprising the following steps:

providing CMC and SBR binders in an aqueous solvent,

weighting out desired quantities of silicon particles, carbon black and graphite,

adding the said quantities of silicon particles, carbon black and graphite to the said
binder solution forming a slurry,

dispersing the shurry by shear mixing or ball milling forming a homogenous paste,

tape-casting the paste on a current collector metal foil, and

drying the pasted film.
10. The method according to claim 9, where the aqueous solvent is a buffer solution at
pH3.
1. The method according to claim 9 or 10, where the current collector metal foil is

prepared by cutting the metal foil, cleaning and drying prior to tape-casting the paste.

12. A lithium-ion battery comprising a cathode, an anode, current collectors, a non-

aqueous liquid electrolyte and separator, wherein

the anode is a Si-C composite as defined in any one of claims 1 to 8.

13. The lithium-ion battery according to claim 12, wherein the electrolyte comprises

fluoroethylene carbonate (FEC) as an additive.

14. The lithium-ion battery according to claim 12 or 13 allowing >1000 cycles, at a

capacity of 1000 mAh/gs;.

CA 2975396 2018-11-13
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15. The lithium-ion battery according to claim 14 allowing >1200 cycles at a capacity

of 1000 mAl/ gsi.

CA 2975396 2018-11-13
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