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ABSTRACT

Sbased anodes have been investiganed t c
batteries due to their high volumebasedcap:
materials can cause s eweflrded ep.arGoiocdl -lebai $neddecrtsu |
el ectrodes are expected to inhibit particl
enhance cell perfor mance.

This work comprises sever-bhasbdbdnomatrempiral:
insthawet o | mpalolvoey tchealg Sipceyrcf or mance by el
rheol ogi Thmaén me# amsasi bl e way to study the al
SEM i magii mge smaisgamednew bi nder systems suct
i norganic kilddegr sel feart reipd sd-riwmer | | vy, future
introduced.

As a result of this work, new insights
chemistries were discovered.-aThby asangdest 8:

for improvingmaheetrode perfo
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Chapter1l NTRODUCTI ON

l1l1Background

vV a
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t h

el

el

pa

ca

Consi degsumml ¢t hlei mi tati ons and carbon di

ssil fuel s, renewabl e energies are being
ergy 'sowevcers, renewable energy systems su
e not constant nor reliable power sourc

oduced by theaegeg isrnytsdremist taenndt teoneenabl e

fi dL&gomnt Ibyatteries are the most promising

ri ous battery technologies because they
erating potential, |l onger cycle |ife, ani
cordartyery systems such acadmiadm alcad tdt edrait &

rporation fibk€COG-albinchebdl i Comme’AEtalrl y i
e devel opment o¥vem thaetlea swa 3028 rye eudstresd, rbloaist
portable electronics (PE), electric vehi
mpared to the very first wvieonsiboant,t etrhiee se ni

rger and thelyesas eeaponsi ven Newmest hel ess,

rformance drives electrochemists to furt
te capability and safet§; while simultan
A | id4mnuntell has three main component ¢
ectrolyte. For t he pur posesasiod!| eéchiroode h
ectrochemical device, while a battery re
rall el . Figure 1.1 shows a schema€®Oc di a
thode and a graphite s@a.nobwr idrug i smlga rt chien g,h



applied potenti al causes electrons to pass

circuit. This causes the cathode rel ease |
el ectrolyte, to batleanntciealt hdei fcfhearregnec.e Abse ttwheee
anode becomeisoh acglelr, st daeedi more energy. Wl
el ectrochemical processes happen in revers

el ectrochemilcoawe rpottheanrt i tahati sat t he anode.
through the external circuit to balance th

wor k.

D —>
@

Fi gulrSec hemati ¢ ndiCqlyatahfmmbdalaam) num. f gr Bphite
(on coppkrthoum ion cell shsawidnd itthe udn r em
durilmceghargi ng process.

During cell operation, the potenti al di
AR Zw PP
wheVcginwaMnoad € t hesop bceaetnhtoidael and *, amoedsep evest.i vle

Cel | ENergyrel ated toVoboarmd td@igep ac@ittity p@it eat



(@] Wz pg
Whe€Cd s iIintegrated over the actual capacit)
fully diThamsar gehaes inbolset niet hods to increase
increasing the working potenti al and devel
Two typeasj dbyolkamet r igrvaceatpfascg etcyiapaaed ¢ yus ed
dependispgciohiVol cmséesiics capraeitilpgpror grmaavti met
capacdnsyi decreilnlg vtohleu mest rmoa ee nreeragnyia p gd uidchat i o r

as portable wWhkeieespana E¥smofe precious t|

11 .Cat hodes

Present cathode materials in common use
asCQ@ LiOMnLMO), aMnLCalNNMELCO is the most
cathode in commeegcitalhael hsghbechumetric ¢
di scharge potenjjabn@d~BoBgVbpsl aLthkeretic
274 mAh/ g, however, a maxi mum specific cap
in practical cells owing to severe Qapacit
resulting from 8Asr uncerutriad n edde gar bacdvae ,i otnhe mo
enhanatthode energy density are to increas:ete
produce high capacity material s. For insta
capacity to 190 mAhAab umhdmogpomgogihg Iteaon tshtaanbu nh i azre

a potentidls up to 4.5 V.



1.1.2 Anodes

Graphite has an overwhel milmsg daemiponasees s
advantages including good conductivity, go«
cycling, high coulombic efficiency (CE), e

pl enteous and tHewevearaw trnaet eporattabl e el ect

o
(¢
(9]

i res veorlguymeitmpircoveenment s over batteries v

~—
\‘
[

9 Ah/L). Thus, anode materials with | ow

such-baasseSli all oys (2194 Ah/ L) and | bthdum I

—
>
D

gtr ecalteelsl enge fobhasbe negaizaei oheofr 8de
expansion!'%p Sio @80hhme I ¢emMsa@aquemces of t h:

expansi on ar e edaedtirnigmetnot atlhe | oss of el ectri

Q
=}
o

thus capacity fade. Additionally, fresl
of Si particl es, resulting in continuous e
ionea the ®dreatofoltyhe. maie shratpgbbbemoi s a
inactive phases such as St€Thsi Opl ame exan:
of Si can be buffered by the presence of

performance!® mprovement.

1. El2ctrolytes

El ectr oliytne cfedrd sLican be in the form of
|l i qui d el ectorfolay tla tihsi wma dsga BEmM ds)elnglClaQ imP Kt ur
of organic alkyl carbonate solvents, for ir

( EC, DEC, HreactbMdCyte additives can be int



perf or maynlceenne Wciar bonate (VC) is known to be
i mprove the |ifetime oft®Hhwphodtehyledhnes byr b
i s considered as ai wed an@mrbiaet ect osmlsetweaparc
anodes kasiagsiefitantly enh&¥%te cycling per:

El ectrolyte mol ecul es decompose on el e
|l nsol ubl e products frampesiett onml ytthee daencoodne

passivating | ayer call ed ?fTthe sSSEIli d se lbed ti reo!|

a vital ablbleginhenstable cycling -lbdseadnode
materials, which encounter iterative vol um
evenly cover anode surfaces to protect it
contuisnuEIl formation and reformation, whi ch

to | dfv CE.

1.1.4 Binders

Bi ndersalalryey pel ymers that bind active m
t ogeariderep pacontluest nigntchyucklei negp ect rode mech
el ectroniccani rbtee griaityt abiinnedde r s i ntroduced i
el ectyonbaodidrtfthiewye)can al so serve as disper
per mit an even distribution of solid mater
can modify the ehdcprodet wetacabivlei tLy i on
material / el ec?r o |l-bydtisee di natneordfeasc,e s i ion dpea sss efs s

mechani cal strength to tolerat? their | arg



Bi ndeears influence electrode pPBipredearises

commowmd d&adralSlioy anodes, such as polyacryl i«
cell ul oscean( GuMCi)f or mly cover and chemically
materials, resul t9lng hiars @reteinf ir @ipalr t REI tlhayt ¢
can be electrochemically rsedtuc eldi,t hcioinm eaq d i

and forming &8%Thisct dbéhidee lcayered Si surfac

of carbonate solvents in celil’Bi mdergseneamt a
i mprove cyclimg atnstthhenceat Pad&. eE al . demo
can cycle well at a high potenti-abnt upubas
polyimide I'P32) gel | ayer.

120rgani c Binders

Organi c bi nder £ an ndthreol dduegdevana her ec at egor i

functionalized binders and unfunctionali ze
12 Unfunctionalized Polymeric Binders
| n OHtahtee t-i obni rbiaetst,e unfunctionalized po

polyvinylidene f | uédruitcdha i elmMéDKF)ubdrd IiSPBRe N &
cathode #dmradedaddmmdwreisng the coating making
wet the electrode surfac®Theay daire nmeahea riaa e
active materials and conductive carbons t
t hém.s?2?

PVDF is a popular choice {fiom datthede elsi,

its high chemicalst ap’fHoswiegvaelr ,and tchaenrnnoal s u



high volumetric capacity matt eaonlayl sbi(nidse.t, o
with weak Van3WereWwaaltsshowsasslealt awh an bP WD
a pure Si anode at room temperatur e, onl vy
the destructionyobyeBecerpdasiaonhegtittle c
because of the | oss of electrical-Stomahéoti
contraction d3Hiwwegyedel hebht attiremt ment of P

formanecae ef BV d enp.r ovement could be at

©
D
—

o
o
=}

ductive cag btoon froerdm sa rd doruttiimuous coat i ng

(7]
c
—

face when3®OHoweMdrs, atthe cycling perfor
is stiellly mpo®loati MThe biggest drawback of PVD
a toxic organic solvent ,°2°BNoMFY, Pt\VoDFc aasntd hNoMiF
expensame tanedas y*’toe riecdywcdter.i al costt of PVD
scal e i s-2ar%Tgmned c$ols7t of NMP“*%Hhoweert mschlmi
NMP is used tlihassn nbuicthder 1(f~ t2h%e cost of NMP
el ectrode pwiolclesbendgarcget than aqueous pr
evaporating and condensing slurry solvent

vapor pr es*lurr ea dodfi tNMPn , PVDF swells in bat:H

—

he iicemlaft active materials and thu%® por s

Polytetrafluoroethylene (PTFH)oni shadltsao )

cat hodes. |t i's typician |l wataewra,i |l abluse tbe aa
unfriendly NMP solvent can be avoided. LiKke
and el ectrochbkbnughh &%aFngyb ialdiviayn ti asg esst,i | | not

of choice for c osmeme hheiigahh pcH Idf neadckueerosuy s | it



sliuesontri butes to seriousorafladamiroomm eblbeceéen
manufaéd®PUTFEngannot serveragy aemisndegr mfadrerh
Sbased all oys, either because it is unfunc

Styrene but@¥BRNei subbempol ymer of sty
properties are highly dependent on the rat
avable as an aqueoouns ceenmulss, i OBR IcnanLii mpr ov.
collectors and hel p *flncredasad oarieg d tcr qpdd yanea
breakage “%ahdnhatsi dbemen regar ded asc atthheo dper i n
wi tMC Cused additionaltYynasha ¢hase k@MGC ggapl
binders can al so anmbelliiaoryatoef tghrea pdiistpee rssuisopn
i mproved rate capability and higher specif
graphite electrodes made from un%® abl 8i gr a
all oy based anodes, SBR is still jointly us
the elasticity of the elrictaoided fpl ocang. t

Tablll€hemi cal wutnfwantciuri onadfi zed pol ymer s

4 CH,~CH=CH-CH,}= CH~-CH,}-

_[CHz_CF?_]F _[CFZ_CFz]F h;'

Polyvinyli Polytetrafl St yrbaunteadi ene
(PVDF (PTFE) (SBR

1.2.2 Functionalized Polymeric Binders
Unfunctionalized polymeric binders do r

when used for electrodes with hi ghbdavs&lidu me't
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t h

|l oys. Thus, functionalized polymers are
ntaining carboxyl groups can chemically
rface of Si and the tr eadaetlde ¢sawa laecnet obfo nC

d weaker hyHremebabobdsding can help mair

ectrical integrity of el ectrodes <cont ai
peatedt tyslliommyg cycle |ife of cells are
Sodium <carboxymet hyl cellul ose (CMC) |

rboxymet hyl grot%s is onatalrhy peekbaltved,
e poor water solubility of its aeciiodn for m
odes and ibsecofusientodr @st s wat e2r/ kRSgoMQu biisl i t vy
i ff &Awlhcith rsi tat ldki,sadvantage in the fabric
erefor e, as mentioned above, CMC is typi
astic SBRi bdoundery. The mechani cal proper
l ecul ar wei ght ( MW) which influences t

| utlitoniss widely accepted thacan hsei goninfdiecra

fluence the cyclingasfedelmadter o hé . c &Anthai
rboxylic groups in binders are su®iposed
nds and thus result i A2Thempebdbovoee, cyblei m

bstituthiocnh (iDnSdi,cawes the average number
nomet¥mamnti ¢ers when CMC serves as binder i
for CMC, and for batter¥ applications r a
Polyacrylic acid (PAA) hadvpateehecomnsdede

e |lastidec&WmMe, PAAocilubdleso Tvnaet e¢rycl-i ng pe



Si el ectrodes s8rpaksesesrothias ofie CM& t he hi
groups moi ePAneost hiem RAK.I anation for the b
el ectrodes is that PAA is stiffer than NaC
spring |like conformation which helps maint
cycP#Hoguever, it is still not wutilized comm
of PAA binders in practiwhe cihs rietssu lstusp eirnh ytdhr
of moi sture into cells and causes electro
solubility is an environment al advant age,

to form hydrogéfWhandusiflaiceomxadxiadé.on of Si

life of °3i materials.
Polyimide (PIl) is of i nterest as a bin
mechanicaP’l propeptriodsced by i midizathion re

temper atdOLITIHEB5O are two typePsl )ofankdl ,alairpohna

(aRli) , both can adhere to and uni fofrmly co
is electrochemically active anrdeasamnn nfakre @
cyclinBl of sasospected to be because -it dec

containing carboéfUnfdutungtelift ht At someact.i
resulting in hig/orierdanesr ehrisg hb Iper iccagp aacnid t he

solaébBiomit its wutilization in industry.
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Tabll2€Ehemi cal dturmnwcdti wmead .ixfed pol ymer s

OR
RO 0 OH 0 o
o 4 N e TR
L o i . Co o i - /c-..N/c"--..‘__
OR ....,cf N Rl I i
n /s % H - R
H H 2 .
R = H or CH,COONa &
Sodium carb¢ Polyacr(@®RhRc Pol yi mi de

cel |l @€M&s e

1.3 Optimization of Organic Binders in Cel

Thkkeehawofi oa bi-ndeedoan&8des can be i mpacte
as their acidity, mol ecul ar wei ght , and ¢
optmi zing these characteristics to achieve

The acidity of a polymeric binder can aff

including current coll ectors, ancctBovbee rndat er
et al . showed that the high pH value of a
serious aluminum foil corrosi“Mguyuern ngt Nal

repomatdt he surface oxidation degree of Si
of the bifdterwassvileadi sStemmt a hi gher pH of CMC

a greaterrayntpemoestidegl eXctron xppaks iCM&Cc apd ( X

SIPAA el ectrodes. The generation of a thick
results in mpaoara’®Egcl ithmge mpemfder itself, a
environment is a common cawseadefr Wiergdard ad a «
as mol ecul ar weight reducti on, is difficul

11



di scussed characteristic of a binder with
Ssubstrates. Pejovni kteti bailt.i onhowe djy etl lad i ru b
of a highly oriented pyrolytic graphite. I
small er thickness (several nm) compared to
nmjA higher pH of gelatin is more extended
coverage on the surface of graphite and th
been confirmed by other studies th@Gtamdow
PAA are aggl omerated at l ow pH owing to ir
carboxylic side groups and are extended at
bet ween carbdxylate groups.

The mol ecul ar weight (MW) of polymeric
of slurry, the & hnmeeccthraonniiccalc opnrdoupcetritviietsy ,s uc h
solubilityt herwedll abtidbitlyi ty, and the final
el ecttt Fthesmol ecul ar weight of a synthetic
There is e@lcwwwsglat madilstri bution ariowend an
pol ymer Topemoss. frmeglueanudll gavewaaiddeli haurneb e r
average mol eMywflwai glvei aivtey age mndiferd wslcaorsi Wweg
avemaodecul ar Nwanbgeht average mol ecul agrhtwei gh
of polymer divided by the total number of

BO 0
B0

P&

WhemMNei s the number of mol ec M. ®e i dhlhatvi a g e rmag
mol ecul ar weight is calculated byWahd sum

mol ecul ar weight of each type of mol ecul es

12



BO 0

0 w0 —
B U

p8

Vi scosi tcyandweeagened -HoowmSahkar 8HdSa)k (eMfuat i on

which describes the reldanMy.n between intr.i
s vl pd

WheKanalare constant sp daleyses rdsegnsttt eomiMy, ct Shnee b e

cal cul ated by

BO 0O

0 = ey

BO 0
Mansyt udi es divpahwe dledtahmre miaM\W if or s p &oirf iex aargpd ees
Lee et al. tried five differenltiTiOy{pleO)of CI
el ect rfoidgewr et oou't how MWrepbhadheesy atbeang ng

perforPthanceur ned out that as MwWalblielcirewsand

conductivity of CMC binder increases beca
backbones, while both adhesion strength an:
due to the | ower surface coveeraggedoh EBCI €

Li PAA binders in a wide MW range (from 2 kI
found nfham M4 to 150 kDa is optimum for
materials and enables the stPaARAIse wey bl IMWG <o
kDa performed poorly due to the | oss of e S
siloxy?!® groups.

The architecture of binders can also af

tend to obstruct external forces thhrlough

13



con

ma t

tacts provided by branched polymers can

erials by productively accommodating th

t han -clhianienar pP618yFidérr si nst ance, Song et al

i nt

anao

er peneptorlaytveidn yPR¥Al) c slupler absor bent gel b i

de. The resulting electrode showed enh

compared to electrodabicavé tdt NalCMCspntnhesi z

cop

as

cap

at

ol ymei P&EE&E (gl ycol chitosan backbone and
a binder for a Si/graphite anode. They I
acitynd ed emitgloenr aCE t han a physically mi

the same composition due to its vigorou

l norganic Binders

|l norganic binders are also of interest

ymender b, i norganic binders possess the
rmal stability and can tolerate the hig
decomposition of organic bindergdin dr
temperatures significantly below the o
ompl ete removal of NMP or water solvent
se detrimental side reacti osef&eguwdlytaes stal
itionall vy, i norganic binders are wusuall
no concern about binders aging or the

rent coll ectors due t omteilea ot rvooll yutnee aehxspc

, the use of inorganic binders for all o

14



Some silicate and phosphate binders we
compounds with various rati os Sofl udbillei csan ic
may react with silicon -fédaiogtiarts oemantl .i cAc
commonly <called dAwater gl asso, i's mainly
cardboard, wodli stbonewwahet aedct PImptehhiavmr e
pol yswahscased as binder in LIBs (LCO cathec
decades ago, the ¢é®Blolt $ nd havrmi sstoadbil uem cpyhcal si pnhg:
have been tested oFPQbat bodeey sr & sulLtiiMng i

performance with high capacli'ty retention a

1.5 &Ditonm

To dat e, most of the research in the be
active materials and electrolytes. Less a
systems or understand binder funcwe olmeem ¢
expended to investigate some binder system

Chapter 1 gives oan cevdrsyi enainfl yLiconcen:

systems used in cells. Chapter 2 introduc
Chapter 3 ®BbdewsmaAbWw fonctional mol ecul es a
cycling of analdlkesyco@Ghapmhemgd4d Sexpl ores the

(NaPAA) binder mol ecul aal Iwey gahn o demst.p etdfuscpetres
the wvmal 6f organic functio@adl oyolamoudless i ast

commonly wused functionalized podlylney ipa rbtiinc

15



degradation depends on the bindeall €haphdr

ggaphite anodes with inorganic binders.

16



Chapter2EXPERI MENTAL SECTI ON

2 ELetr ochemi sal C

Casing Top (Positive Terminal)

Cu Spacer

Working Electrode

Separator

Counter/Reference Electrode

Cu Spacer

Gasket

Casing Bottom (Negative Terminal)

-
- Lithium Metal

Fi garAen expl oded view of a coin cell

Coin cellfsoanwér e@erwg edad tFsi giurr et Ri.sl tshheoswiss .a
view of a coin cell. To prepare coin cell
materi al s, conductive carbons (may not i n

componenereauises, wdepending on the project

using a planetary mil|l ( Ret sch -iPnvc2M0 Ot)u nagt s tle
carbide balls or by using a Mazerustar mi X
spread aomti eemet bf cE5copper foil (Furukawa)

0. Gi0OMch gap. The coat iArCg i.wmaEd iedcrti reodd ef odri slkhs &
of 128&rempunched from the coating &fCter dr
overni ght bef oCroa nc eclell | maaksisregnb |l vy whs | Iceoch du
gl ovebox. 2325 coin cells were made with a
trace met al-Al draisahs), (Sasgmahe count ery/treef er e

used wass(bBtitiePy grade from BASF) dissol ve

17



carbonat e: di et hyl carbonat e: fluoroethyl e
from BASF) in a volume ra®€iB0lotandodnBMFawe
(polypropyl ene bl ownemmitchri cEfkiobme r3 Ms eCparrpaatnoyr),

as separators. Each coin cell contains two

2.2 Electrochemical Measur ement s

Gal vanostatictaeayanalnyz evatsh e seldectr oc hemi

cells. During galvanostatic charge and di s
a -rCat e, the value is calculated from the be
. ,Z"O
U A4 +—
a = N

wheziehet number of el ectr onFsi st rtahnes fRearrraedda yi nc

andi s the molecul ar m@issi edohbsencasvanmax:

t heoretical capacity calculation, the reac
PO Q TYQp @ © 0 QAYQ &

The ful Ipyhalsiet hfioart eSdi atLigiddmst e heporatiucal i s

: PULGCOUEARAE G o
- Q
0 - C @104 ca O L XAWQP €]
1C means the necessary current is applied
electrode in one hour. I n this thesis, t he

takes 5 hours to complien ed §llcrhatrigealolry .dibRso
capacity curves are used to express how ce
Figure 2.2 shows the first -aylcbeg elbéeent

The |l ithiation cpulrateeaw mptri skecuta G.mbs | V, w |

18



nucl eation andSigrpoma she so fd unreiwn BB i%PhoeP |iomietdi ably
t wo characteristi-&@l Isdy,piinmgdipdattiemagu st hodt Stih

remained amor phdu’s® during cycling.

1 T T T T T T

o o e
) (=2} (-]
T T

1

POTENTIAL (V vs. Li/Li*)

o
(U
!

1

PR 1 2 1 2
0 400 800 1200 1600
CAPACITY (mAh/g)

Fi g2Fei r st cycl e potenti-all oy . eReaqerrso dogl .ec war
irreversiidddbei ngpabeti ni arsahlowni tahsi aitnidoinc aptreod

Some el ectrochemical concephseusédat @€ e
capacity retention, reversible/irreversibl
(CE). Capacity retention is the fraction o

a period of time. Capavierpibbes®Rerversabeéet
capacity |l oss-di scltkamrogven arsd sedrf be rever se
irreveapabl ey 1 oss is ’Rwhiwnh auwss ucad pl ayc i ct oymefs
destruction ofthetcoasmaperomabeatodoei ve@® e
decompdi tfioomMmCBEI s used to describe the ¢
el ectrochemical reaction, which is the rat

El ectrochemical testingiong§ aoMaccet |l Sem

Aut omated Test System. Cells werah.ddy /| gddrw

19



the first two cycles with a C/ ltOhfeehHdowi €4¢ 4

cycles with a rate ofg€/ at.addo@as5Cw¥20 trick

231 on Milling

High Potential

lon Gun

Argon lon Beam

Masking Plate
3 Sample
CP Stub

Fi g23Ae schematic diagram showi asge ctthieo nwoprokliin
(CP). A sample is placed in the beamimath
the dashed red circle represents the sampl

l on milling is a physi ceneregyc harnggo nt eicohm
remove materials from a s armp9d 53 cassf@GEceec.t ilonn
Polisher (CP) was ussed ttiomnpr eoffarse escmamoetnts . c
schematic diagram of the CP working princi
from a ion gun, perpendi cul arredt owitthhe as asnipil
pl ate (masking plate), the beam cuts the s

only the area of the sample protruding fro

20



There are three main piamameCer suthatg ¢té&
process: the workk/i)ng tpeet enmtgioanl g@G f |l ow, an
flow affects the argon ion beam-&Qu%rcefntt.her
maxi mum) for a gi veinnsuwftftiicnige nptotaemd i eaX c e sBso
the cutting beam unstabl e. General ly, a | o
Cut width and removal rate are determined «L
cut and a fa€uerdepmbvabk deter mined by bot
l onger time | eads to a deeper cut for the

Il n this thesis,sattioamgl at @wek® wriobobhsa

5.5 (a unitless machine setting).

24Scanning Electron Microseagpppantr Beengy L

A scanning electron microseophpy GE8BMMNI a1rg
sample surface with a focused beam of el ec
SEM resolution is significantly better t h
el ectrons possess much shorter wavelengths

When an electron beam with high energy
elastic and inelastic scattering can occu
el ectrons, backscatteredysl edterpemg, ngnao nch
depth i n the sampleectdruorni ngnttehrea cstainopnl.e Si gna
can be detected and used to acquire infor
composition. Both secondary el ecltyomsea@anfdor

i maging by SEM users. Secondary efssectfracres

21



regi

I
Scan
type
wi t h
el ec
el ec
FEG
high

and

ons of the sample due to inelastic i nt
tron beam. They ar e Vv eroyp obgernaepfhiyc ioafl tfhoer
ace. Backscattered el ectrons originate
raction volume due to the elastic coll
he trajectory of oemsectit aoger @ommar d&a c k
strongl vy, and t hus t hey ar e brighte
scattered electron images can convey i

act-enystiac eXal so mepmiet tdewr ifnrgo m ttsh ei nstaer

i dent el ectron beam. When the inner she

trons and ejected from the atom, the o
phot ons atsetrhfey ssapmeodu omeed alrheo char act e
heir distinct configurations, t hus car
ed energpgydsppetsoseopy (EDS).

n this thesis, a TESCAN M KRA Bi ¢IMilU Emr &
ning EIl ect rSoENM)Miwcarso sucscepde t(oF -8 GEMi re &ENMN
of SEMmussngnféelkédtron gun (FEG). I n ¢
a very sharp tip coated haint L108& Ihayere
trons within a strong electric field.
tron gun, which emits electrons by hea
can produce an electead, bsaml Wi bleaa st
brighftnesSs0d espltongOin si egnoiofiisceanrtatyi

resolution. Al samples for observatio

22



study. Al SEM i magesgesncwedengc ki mead &BtS

potential of 5 KkV.

25Ther mogravimetric Anal ysis

Thermogravimetric analysis (TGA) i's a t
characterize the ther mal properties of mat
of a sample when the sample is heated unde
amosphere (air, argon or helium). This mea:
physi cal and chemical properties of a sar
desorption, thermal decomposition aunddy,oxi d:
TGA was carried out using a TA Instrument S

from room temperature to 400 AC with a heat
gl ycol (PG) can be removed ent itr efloyr beyl ehcetar

slurries.
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Chapter SSMALL FUNCTI ONAL MOLECULES ASFORURRY /

S-ALLOY COATI NGS WITH CMC/ SBR BIlI NDER

3.1 I ntroduction

As mentioned oiod Clyaxpteerl i¥f,e dras been ob
functional bindecsd Bg@BMH) aar poxymet K'¥¥i ccal l
are used. Thleysmerfiumchiimeards poont aining car.t
all oy and copper folilksucdwzlesntvi morsds oamgd
bon’ddy.dr ogen bokodowg ie welltesgemdihige fedif
that contributes to maintain as$Xacomaiion b
binder s, l'i ke PI, represent another %I ass
Such binders can decompose during |ithiat
|l eadi ng t o°%lghooowg hc ycyidlnigng per for mance of P/
those using CMC binder, cehdpoalLeehbt maker o
present stageff PiandAstbcammer hydrophheéicasg o0h
high cost and the use of NMP as a required

I n addition to polymempouhbhidsdédraye asihall
effective binders for Si (€ClAadrbdes. adFoed i
el ectrode sl 4rdfy wmsed ¢iHr ddtfEfeeaseddas bobntd
citric acid displ aydedhnbdathtoesre wasp aagi tPAAr &i @
mentioned that smal/l mol ecules | i ke CA cou
superior performance, even though CA does

streAgt h.
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Since CMC/ SBR binders are already wused
cells, it would be highly advantageous i f
withkl$ioy containhng estedyr weeexplore the
slurry additives for improvingalkheypelk & ot ma
Some additives were found to be highly effe

binder havinmgarmswue etro otrhoee fwirt h PAA binder.

3.2 Exmériment

Baseline elsswsereogeepaatidndy mi x20n7g7 2Si al
V7 Si all oy, hereafter called V7, from 3M
(Hi t aenhiaverOage g¢iTzenraand K aBNEORG Yb |Saucpke r( CB,!
Ti mcalj ,wt% aquevsadi smludrnn wox yorhe)l, miyé paredd ul
from distilled waver aeaédMCMEA |pdrwiglosha) ,( and s
but adiene rubber ( S BRwaM3Eed @D %p .emMiui2ai2an 3i0
V7! MAGE/ KS6/ CB/ CMC/ SBR weight ratio. Smal |
sl urry iandcdlistaidvideusm fa s -@tlhayt derFio(sl KSe ir e nGoimfpiaany ) ,
trisodium citrate dsddudr antee | ( 9 2%e Alpfrez pAe e
a solutiareldfi tliOc watc% ch (d9 S%,i | AlkddNiag@ltearg emitt h
gr a@®@e3,%, il gmadocti um hydrogeanelL (anhydrous, ¢
di sodium terephtAeaslhade EY92o66WMel Al fac acid
poly(acrylic acid, sodium saOt ) Al(darwsea la)g.e T
addi wewvestad doealdsee | i n®l wroray | i@ Mmud ndsu e 6 f

the total . slIAldersys Iweeerireg himd X € dw dulsarchgas as ol ven
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planetary mil |l (Retsch PM206@)ncaht tluOn0g srtpemm fc
balls and then spreadatoinnt g bkG.rOpdedg\biprod | a wi
slurries had nfitnhad rpaHn gved lloufe s6a t6i ntgos 7werr.e di
120 AC in air. El ectrode di sks twhcdolmtamgar e
after drying and heated under vaCTheamsmsat 12
l oading &f walsect2r.c8demg/ cm] , corresponding

mAh/ cm] (cal caWlfranakbolpaspdcohic capraphiyt @f
specific capacity of 372 mAh/ g) .

Coin cells wer ef ialslseedobyg |1RQaBv2eb n Wair kA enaldle s
with a working el ec(t9r9o. d9%%,Vv etrrsaucse LAk tnad teahl) afs
(as the counter/reference elkebarboedrey . gEaee
BASF) di ssol ved i n a sol vent miaxbonat eo:f
fluoroethyl ene carbonate (EC: DEC: FEC, al
of 3:6: 1. Two -213a0yle ran do fo nte |l Igay d@r of BMF (
mi crofi ber sneptariagcdlko,r ,f rdm@ 03 M Companyh wer e
Lion cell contained two Cu spacers to guar

El ectrochemical testing of coin cells w
Aut omated Test System. Cell s wer9e Vc Y olred hwi
t woclcegqs with a C/ 10 and a C/ 40 trickle dis:
a rate of C/5 and a C/ 20secickbhe dfseharcge
and after cycling wercd i prne parl dd BBHPYSESOLc r «
sectmoomp hoewegehar acuaeirangsecdkanni ng el ectron mi

TESCAN MI RA3) witphoteerotdadké/l erEdteicng odes aft
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opened
ti mes

transf

-fi inl laend Asgrirdd vwes eldoxwi t h di met hyl eear bon
to remove remnant electrolyte salts.

er cycled el exdatoiden spmanpgilt seleearmoaorfch ar g

wafsl owedrsrensi tive eltketsdmpelsedluo a chdgmnays P h e c «

section polisher and SEM.

3.3 Results and Discussion

Fi g3lshowsnotl reul ar formula of all funct.i
additi vesuNManPAtAhi sa common pol ymdrlioyy iemgdadri
el ectrodes, was also evaluated as a slurr
additivesledAl selmodteedi f or costaials camuboyylai
which are beliwved bl dbptr mauboredBe sc®dddct or
citrate and stoadriturmathey dcroongteani L hydr oxyl gr ou

t o becicwendtuo hy dr oegaecnh bootnh@M@bga mwd et thh e

a8
0 29
n

sodium polyacrylate

NaQ HO ONa

; z 1 i O
sodium citrate sodium mellitate I

C
H,C~ TONa

sodium acetate
0OH (4]

] HO
HO A0 NaO n S

|
0 o NaO

pyromellitic acid sodium hydrogen L-tartrate  disodium terephthalate

Fi g3lfChemi cal odthseluernt uy ead.d\l &4 d dvietso M esmsitredvar i

number

of carboxyl/ carboxyl ate groups
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Fi g82sshows the capaCEk(tfy ome tt ehret isoenc oanrmdd cy
cycl e ofumbreraVhageiiMiCé SBR el ect r oidrec launddi ned e5
wt % doff ferent slurry additives. After 100
CMC/ SBR &@8&.t22% nsf 1 ts or i glihneala dddiistci hoanr goef cb5a |
additive to the slurry formulation has sig
basel i ne -GMC/gS&dRelcit tr eoadpea ¢ idtthyen tci on becomes s
reddicend the CHi lidweo madbiltwopwor oonfel | i ti ¢ aci c
hydrog¢geantbLate, ,ao0di smdaaoeat Alele etpthd hea | ad @&i. t i
found to resul't in poor sluyrgrhelleictirodaci
found poadteically indbleukrfoeaens avbi ks Kwell ayt i |
i mpurity in the coating, | eadipmg ittos dfdaedien s c
hydrog¢emttate and somauwsed tpparetpihdlheal ag @r eg a
resulting in poor particl e Aditdhpeamghi aanh ea ncde
containing sodium acetate waasdi wmnlaic k é¢lay e
decomwheea t he coead iatgswdHEBEQ daodti | ing point ¢
i$818.1 AC.

Il n cqognttrhastdi schar pod Wahgealti h ¢ -UMA /@Bl o int
el ectnodeagad ftioc a8ndt. | 2y%, 81. 1%, and 75.6% a
addition efl isttcatem snodium citrate, and so
respectiCkel yo iThereased, wit-hO®heosddielhhmge
mel litate, sodium citratebei@mg 69ddi WM . BABI%,
99.62%, Irye,spactsekdlget | v hitglbears etl haare teh &tct ofod

l nterestingly, the molecul ar slurry additi
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NaPAA, demonstrating that the polymeric na
cyogi properties. It is also interesting tI
carboxyl groups per ,uhetcyabsnghpaer CMCmahane
correlates with the number of carbbkiytagep

sodium citrate, and NaPAA having 1.7, 1.6,

mass than CMC, respectively. Therefore, go
| arge amount of carboxyl grioounp san dt hwahto snea ianct
have a high boiling point, to avoid evapor
a 120 . : : : bw———
L ILELLL A 2o ittty
" °.* ***;§§*§‘*§*u: 00**‘,,;
9 e *
SR TTTTTITT T 99| oferliiit¥Fiocr eet Tttt
= X% ®g oog tttt**,‘*““ e N x
o **o... ""“““ﬂuuuu 4444‘$$* 5 . x %
£ 80r xx ****:2.."00... RLLLEETT P S %
E xx ***::’*’ Oo!.o........ 5 98-: ® 4
= x b e 3
w xxx ¥ L S "5
x itives for C 2,’5"‘”;1 N’:::::* o additives for CMC/SBR coating
t + :d:::;le:o;:,mw,l;maZR cod regxxxxx"x)(xxxxx M 8 97k« + + +5% sodium citrate
= 40 7Y oo i i xxx_ £ A A A5% sodium mellitate
[T) A A5% sodium mellitate o o -
< O O B5% NaPAA (MW=1200) = O O O5% NaPAA (MW=1200)
o ® ® OCMC/SBR without additives 3 e .CMC/SBRWi.ﬂ_IOU! ladditives
< 4 & 5% pyromellitic acid 3] 96 4 & #5% pyromellitic acid -
o * * *5% sodium hydrogen L-tartrate * Kk Kk5% sodium hydrogen L-tartrate
5% sodium acetate % SZA» s?dlum acetate
0 X X 5% disodium terephthalate ) . ) 95 ) . ) |x x X5% dllsodlum terepllﬂhalatel
0 20 40 60 80 100 0 20 40 60 80 100
CYCLE NUMBER CYCLE NUMBER

Fi g32Capacity reCEb)i os Cagrl @ndumber of V7/
el ect padedpmweth different slurry additives

Figure 3.3 shows potential vs. <capacity
and electrodes with Na mellitate, Na <citr
combination of two chfr ambe pthassuesd Salhldpyi n g

three platéd&he omigriaphicoea] ombic efficienc

similar, being 86%, 839%,r 8t4h%, baansde |8 7n%, arneds
wi t h Na mell itate, Na citrate, and NaPAA
el ectrodes with Na mellitate, Na citrate,
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and

652 mAh/ g, resgetchtd veed /. mAl/i g tilse @rl eotsie

based on the composition of the electrodes

random error in cell buil ding/ weighing of

1.2 T T T T

T
potentiall Vs. capacity

15t cycle CMC/SBR-Na mellitate

15t cycle CMC/SBR-no additive

15t cycle CMC/SBR-NaPAA

15t cycle CMC/SBR-Na citrate

o
©

Potential (V vs. Li/Li*)
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FigB83®he firetermrtyicdle opsr.v dcdavpbafqirt@MIC/ S8 R
el ecanddel wct hotlasmei it i atade dNsNRA L

El ectrodes using differeandBM tageses we

obt au snieBlI§ Ea (-hcaaactkt er ed elsect hamn) tthet mot phpl o
particles cahi berel 2ad4(y) seeoaws an | mage o0
to cycling. The prisaititrhe VYMmamar tainadl eag ea rpeg e
primary particles and aggregated clusters,
dar k Agdrtey. 100 <cycliens,t hael | dbiyf fpearretniscullegisect & c
varying degr aast icdhnd;wmg 84(bet hr o3u@.Cy clae d oy

parthaveseroded and roughgreswgifieac®sr ssupomodi
di sintegalalteyd mamtoi cl es mixed with SEI. Si
by Kraudle etbdals. with poor cycling perfor ma
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still present after 100 cycles, due to thei
during cycling. Figure 3.4(b) shows the cr
cyed. It contains a mixture of all oy partd.i

particles that have become disconnected dt

|l i kely the cause of <cell-efadbownthdémescsofes$ e
el ectrodes with sodium mellitate, sodium c
these electrodes nearly all the particles

have all maintained connec, iroems wlittihng hien etl h
cycling performance of these electrodes. I
sodium acetat e, shown in Figure 3.4(fFf), r

di sconnected particlespfcohisespbeditngdeo t
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Mo additive 100 cycles

MNa mellitate 100 cycles

»E

UncycledV7

Fi g84Cax oss sectional SQEMpihmageges|l efctIiodal | qy
without additive, ( b) after 100 cycl es wi
mellitate, (d) after 100 cycles withrNaCA,
100 cycles with Na acetate. Light grey, da
particles, SEI | ayers, and graphite, respe

It can be seen from this study that, ac

slurry mixt wryecldarng ibmgprhoeMei ng t o mai ntain
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t he
ma t
sho
par
des
cau
v ol
el e
may

may

g odo
eff
bin
f ou

el e

ma n

el ectrode. These slurry addititMdsoycoul
erials in their existing electrode forn
wn abovke, awdditevesici mprove <cycling per:
ticle fracturing and erosion. Apparent|
pite the appearance of surface erosion.
seg maheé onhoof new surfaces, resul ting in
ume growth of the electrode itself. Fu
ctrolyte additives are needed touraeddr es

simply be a consequence of repeated vo

require solutions in the form of compl

Conclusi on

It was found that molecules with a high
slurry dispersion and whose acid form
ective slurry addiotlS{davlelso yt oe |i erthMDOHvE&EB B hues |
der s. I n particudadi um hrmeldloibteadtueu@gr e a t d a
nd to be especi addpa ceiftf eScHtM tvaamdflioasi.isn corf e
ctrodes show that these additives i mpra
oy particle connectivity t o tahe eeleddt |

ufactureral iogompoenrital Siinto their exi s

CMC/ SBR binders. However, as cycling perfo

ero

sion of the alloy surface dpechgl tycbin
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particle coatings or electrolyte additives

materials design is needed to eliminate al
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Chapter4THE EFFECT OF BI NDER MOLECULAR WEI GH’

ANODE CYCLI NG PNERHEF ORMA

4.1 I ntroduction
It was mentioned in Chapter 1 and- Chapt
contained anodes due to its high car-boxyl.

|l i ke covalent bonds and weakr baydi-bgeni agihge
process during cycling.

PAA was originally used as the »200dersiu
then a | ot of research has been done to o
degr ee, of s PAAdbitmheer al kal i salts in the
mechani sm of how these bi ndercsonafafiencetd tahneo
For exkompdhlea et al . compared the effect of
( N4 *LiNdK pol yacrydgataphs alet £ @rct98to deep peea rf end
that the opti mal rPAAt RAIAI aldlla&e AdOFDwE of |

60%, respectively. They also reported that

at the optimum neutralizati orpldagatieormff @r
correlati on, as they stated, was related t
The slurry with a well di spersed binder co

and electrode material sof reBeal bimgerirnoant
materials and a stroAmgorc nhlkeeds ¢ BHA bDka dvetemd&l
best cycling performance, mainly due to th
properties of the SEdelafyerhandl ¢ hBAHDe ofuc

which could effectively buffe%! vol ume expa
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As mentioned in Chapter 1, edet MWpbhayLIi

i mportant role in the electrochemical perfc«
has been confirmed by other studies. For ir
using PAA (MW = ?0P0kwa250kbunkdi hthatsbetter
| arger PAA or Li PAA molecul ar weight. Kasi

1250k) eifaflelcoty /gm aphite el ecit'Tohaer eyedrn aly
mai nly focused on PAA 250k camsd t A A f4 5POAKA, 1RR2e
high to handle. Contrary to the conclusi on
hi gher capacity retention, better rate cap
compared with PAA 45dkoratti otnh eofs a8newtbh% nalfetre
t hought that these effects resulted from t
processabili tbyehawvd omrheol ogi cal

Despite these conflicting results, to o
t heef fect of PAA binder mol ecul ar weight on

according to the above mentioned studies,

el ectrode cycling performance can be categ
or rheological / mechanical means:
Chemical Rheol ogi cal
(functional gr (MW and function
directly bonding i mproving sl ur.
providing an ar providing good c

According to this categorizati on, the " Che
only related the type and number of functi
not be related to the binder mol esculhart weie

i mprovements provided in the "Chemical c at
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cruci al for good <cycling of all oy electro
rheol ogical/ mechanical propectieg. oFntbaehebéi
after a slurry with a good viscosity <coat
di spersion, does the molecul ar weight of t
This question is what this study intends t

|l nmhis study, NaPAA binders with a wide

1250k) are carefully evaluated to elucida
evaluated with water as a solvent, wher e
obtaigobond aoating distribution. The bindert
gl ycol as a solvent . Since propylene glyc
rheol ogi cal properties needed to form a go
motal ar weight. I n this way good dispersio
various mol ecul ar weights to see if the MW

independent of the binder's rheol ogical pr

4. 2 Experiment al

PAA and NmPAAf fwerntent MW wer eAlpdurricchha seerdd
Polysciences. Table 4.1 displ aMys 1Thkk dez2n0HK
were obtained as aqueous solutions. 2.2 W
di ssol vi ng powedteerrsMwiPPARPDIQKIMi=12I132d5, 0k ) aci d sc
were neutralized bygadd®&d, 18l dNraisdcHp)fir @ gen
~ ©e..%5 was reached to obtain NaPAMw= Bikgt i | |

powders to obtain 40 wt% aqueous solutions
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by tumbling at 20 rpm for 24h in an empty
wer e -mweleld . Mwa=PAA. Xk, 3k, 8 k, 15k) huisnder s
solutions and used as received. El ectrode
V7 alloy) and NaPAA binders in a weight ra
V7 (D50: 12-D19%)0OmM50:( D6079) and V7 f-ines (
D10)/ D50: 4.70). V7 all oylapsrattit @lmet dig@ leees w
di striabaltysmB0VYA. Water or PBOOpP el &djgihoarc ol
whi chdskotvle as a solvent and as @i sboskenpe
Sodium carboxymethyl Mge90 ubd ®GAel dbriGdw@n) awaesr a
used as a slurry thickening agent for some
the prepared binder slurries mAA Vi1 hwdwf
slurries are | abelled as J[alloy]/ [ MW NaPA/
v7f/ NaPAA 9/1 w/w slurry made with 1.2k N
thickener). V7/ NaPAA 9/ 1 slurriesnwdemwetitnad:é
0-2 g of distilled water to conftaloll owli/s[cMW
NaPABD/ (e. g. ¥7i/rMndi2kdtHes a V7/ NaPAA 9/ 1 w/:
NaPAA with distilled water used @a@s 1lme as|
planetary mil |l (Retsch PM206@)ncaht tluOn0g srtpemm fc
ball s. Then sl ur rintlsi evlke rREwrcuokaat viead ( Eol)net @oti 1t likbc ,
a Uik h gap .cdeetaitngv7darcoatings made with
possess a high act inygkibmataaursiealo fl aedei nfg neef g
the high density of the V7f material. Thus

was usedthe albhoyolloading of TAeneattVnfgsalwle
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in air at room temperatiAferonald 6 ugmi mModirile
crmdi sks and t hwalc vhuena t ede runB2didhd&€ s | oadi ng o
aceiwmateri al. 5wafsg/€dr @ esponding to -a.8peci
mAh /%2¢c m

Assembly and el eocoitnockttlinscswegmeeass sdedcri
experi ment al s&twuroy of sChaptgr wasOMEasur e
Rotational Vi scometadarnl| (eFsusn gatleaebr)oltwi ttshmigan élt e
Thermogravi metric Analysis (TGA) was carr.i
under dried air flow (150 mL/ min)ngf rmamer od]

1 AC/ min.

Tabdllehysi cal state and mol ecul ar weight of
Mw Vendor Physical S
1,200 Al dri ch Sodi um sal t20Q
3,000 Polysciel Sodium sal t:Q
6,000 Pol ysci el Sodium salt,
8,000 Al drich Sodi um sal t0Q
15,000 Al drich Sodi um sal t20Q
100, 000 Al drich Aci d, 350wt ?9
250, 000 Al drich Aci d, 350wt 9

1,250,)00C¢C Al dri ch Aci d, powd
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Tabdl281l urry formul ati ons ofNatPlARéA goapamgd . V7

Slurry v7f/ Binde M NaC picre
Sol uti

1 V7/1.2Kk 1.0 0.25 N/ A NR

2 V71 3@/ F 1.0 0.28 N/ A N R

3 V7/ 6/ F 1.0 0.11 N/ A NR

4 V71 88/t 1.0 0.25 N/ A N R

5 V7/ 15k/ 1.0 0. 32 N/ A NR

6 V7/ 100 k 1.0 0.25 1.10 NR

7 V7 250Kk 1.0 0. 25 1.10 N R

8 v7/ 12501 1.0 0. 08¢ 1.10 NR

9 V7/ 1. 2Kk 1.0 0.25 N/ A 0.022 (
10 V7/250k, 1.0 0.25 1.10 0.022 (
11 v7ft/ 1.2 1.0 0.25 N/ A 1.3 (F
12 v/l 3k/ 1.0 0.28 N/ A 1.3 (F
13 V71ft/ 6k/ 1.0 0. 11 N/ A 1.3 (F
14 vV7ft/ 8k/ 1.0 0.25 N/ A 1.3 (F
15 V711 206Kk 1.0 0. 32 N/ A 1. 20 F
16 V7f/ 140 1.0 0.25 1.10 0.5 (F
17 V71l 280 1.0 0.25 1.10 0.2 (F
18 v7f/12GC 1.0 0. 08¢ 1.10 3. 850)(
* N/ A = not applicabl e;-9 NRwat emro waes oadlde d
solvent (thickener), but the amount was no

4. 3 Results and Discussion

Section Bi nEfefreAtWOg/MI i n g

Figure 4.1(a) and ( bXp aho wV EOea Seeclt/ ridofd e\s7,
respectively. Al the NaPAA el ectrode sl ur
vViscosities amdi wteaien umablbepemsi on of t he
V7/ 250kgHurry, which is a typical NaPAA MW
of ~Bs0OOwict h all oy particles subsidence obs
The viscosi2thy0 k¥ ft6 [tuhrer YW 7wals not measured be

During coating of | ow viscosity slurries,
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(see Figure 4.1(a)). This caused the amount
wasr sfti poured onto the foil. The all oy part
also (large particles first to settle frol
simultaneous alloy settling, t he eelld ckterl oyd
becomes smaller. At the same time the allo
|l ow viscosity binder solution spré@adtimwmclall
settlliegdatagnangr i al / bi nadleorn gc otnhpemsenl eel cot ar bol dee
el ectrode Q@enrdeoqgummmtcley., the concentration
coatings was decreased substantially bel ow
with MW > 100k wer e us esdpr etahde obuitn daeprp rseocli uatbi
boundaries of the coatedxaredae,ctadsehown Ffi @

and schematically illustrated in Figure 4.

V7/250k/H,0
Bt |

Fi gaailA@pear ance 2@ fanvd/ /VI2O8XK50Ek Brébtdhe se.l ect r odes
particle settling.
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NaPAA layer
g 22389\ 0&%30 nmﬂoO

b V7 particles

Cu foil

Y

Fi gd2@r ossesct i onal schematic di agsOanasndo f( b()a]
V7/ hi gh MYD.Griemydeodd Hetsqp otnhde bi nder sol uti on

1.2 - -

potential vs. capacity
1st cycle NaPAA 1.2k in H,0
1st cycle NaPAA 1250k in H,0

E
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Fi g3Tene f i rostte nctyecplbec vpsy c ur w@ sa md W70 112 2K /t
el ectrodes, respectivel y.

Figure 4 . 3 shows potenti al vo®r saunsd cC af
V7/ 12580kédlHectrodes ..O ThleecM7#/old.e2 ké HHows a pr

nucl eation/ gr owtlh Vgl athe d e @ theda daytu tlo2dbe0 kd/oHe s
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may be becaldszsepommadess2ki more | arge particl
where the electrode was punched. The | arge
Li nucl eathi oprr oacneds sgersowdtur i ng the initial |
Both curves show the two c-ablragtasi aieind i ®
Chapter 1. MNhaePAACH . gafNaBEAA NMZ50k was 80%

respecti veellyi.t hTihaet ifoi AN acPaApda cli. t2)ka 8aMAV V275 0 k  wa

1203 mAh/ g and 116TNhenAdbger ved peapgawvietlyy.var
random error in cell buil ding/ weighing of
160 ,
NaPAA in H,0
* * %1200
— B X X %3,000
* % %6,000
é [ v v v8,000
= 120 L) A A 415000
(o) O O O100,000
I: .2 ¢ & 250,000 i
| Cesuseseenns
x 279 )
E 80 | * xx 3g;xxxggggggggggggﬁﬁﬂggg:mﬂnuﬂ
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é 40 - S . 4
** #“**
(&] * b S
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FAK KK Ak kA ke kk
0 " 1 " 1 " 1 " 1
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CYCLE NUMBER
Fi ga4Ceycl i ng p\et feolrematnrcedes using NaPAA bin

Figure 4.4 shows the <cycl i nal Ipoeyr/fNa PiaAn

el ectrodes where the NaPAA nilo.l225MI|amrd weh egrhe

coating solvent used was pure distilled wa

(1.-ak with t

he 1.

bi ndenpr @daydlaibnge perf or mance,

of t 2k and 6k elwkitredtelse beyaoalgi mgtpenmn

3k el betig@de Thi s i snbnkeimpoedmealt bbi nder cc¢
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resul t ipar tfircolme settling and the | oss of bi

di scussed above.

Fi gaaAgopearance of( 1\eA/t2d5@N/ACNWCT/ 1. 2k/ CMC (r i
To inhreasdeartry viscosity, polymefic CMC

The arpgprece of electrodes with 2 wt% CMC tF

apparent that the addition of CMC thickene

particle settling being apparent fematit he V7
thickener amount. Surprisingly, the 1.2k bi
di sappeared compared to what observed in F
a 120 ; . : b : : : ;
+ # #V7 normal-LiPAA 250k + 2% CMC - # + #V7 normal-NaPAA 1.2k + 2%CMC
- n & & 8V normal-LiPAA 250k ~120 K & ® ®VT normal-NaPAA 1.2k
3 £
3 Ry g ‘
= B0} 4 4 = +
E N‘M E *s
ll'r-'F M"m““ E 8o *.'t
g .m’*‘ # * “."1-..
> - e
= *a,
o 40 - *4y,
2 2 40 g M
g < %
o 3] e,
0 L 1 1 A " 0 i ".\M
0 10 20 30 40 50 1] 10 20 30 40 50
CYCLE NUMBER CYCLE NUMBER

Figde€Eheycl i phay76250hd V7/250k/ CMC el ectr
V7/ 1 .,Qaknf\fdH / 1. 2kl EMCr odes
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Figure 4.6 shows the cycOiagd pé:0fdr Inlah
el ectrodes with and without 2 wt% CMC. It
resul tedtiiomn ai r edauraci ty r0tehticomode {hee
4. 6(a)) . This is I|likely due to the | ower
NaPAA Bimderontrast, 2 wt% CMC resulted in
retention 00 ehecWViovidezkKasguskeownob6(b). The
t hat CMC i mproved theecdpP@tielp/cHebdatisnt
pol ymer prevented binder |l oss during the
however, that the presence of CMC in the \
retention compaOe clted hti sed s\h7o/w2s5 Otkh/aH t he ad
thickener can improve slurry rheological
performance because of the | ow functional

To fully appreciatertyhe hefoff ogty ofh icrapraa
requires a slurry thickener that can be r el
the final el ectrode composition is unchang

slurry solvent instead of water.

100 T T

T T T T T T T
NaPAA 1200 + propylene glycol|

80 B

[=2]
o
T

Weight loss (%)
S
o
T

20

0 L 1 L 1 L 1 L
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Temperature (°C)

Fi gdfTeher mogravimetric Anal ys/insi n()1 500f naL /4G
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NaPAA 1.2k aqueous solution and a propyl en:

To determGneoulfdtihe removed from the sl u
met hods, a solution comprising a 45 wt% 1. 2

ratio of 1: 1.0 PGe22a5/NaPAR/I HO0O sol ution) w

solution wlasr lcelsesarandc uni for m. Figure 4.7
measur ement of this solution. After heatir
remained, while further heating up to 400

t hat Q/hPeG démadl woul d be successfully remove:

NaPAA binder as a residue.

a. 1600 . b 1600 . . . . C 1600 . . . :
V7/1.2kIPG V7f/1.2k/H,0 . V7f/1.2k/IPG
® & ecell L ® o ecelll ® @ eocelll
¢ ¢ ecell2
31200 cell 2 | 31200 ¢ ¢ ocell2 | 31200 3 & o ecel2]
E : K 2
E E £
> 4 e |
£ 800 o‘ z 800 z 800
(%] o
g § g x
< 2 < . <
O 400 — © 400 4 © 400
\ .
.
4 \WM
0 . ! ! 0 ' 0

L L L L
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
CYCLE NUMBER CYCLE NUMBER CYCLE NUMBER

FiguBe&ycling performance) Wif/(la)X2kNH2Q, 2lka/n
vV7f/ 1.2k/ PG electrodes.
Figure)4d shoaws the cycling performance o

v7fl 1. 2k/ PG electrodes respectively. V7/1.

di scharge capacitye otvieey 19D90f fceggrc | fersg mblead uc

in particle settling and binder | oss, S i mi
resulting from the |l ow slurry viscosity |
el ectrodes amdabtlreuscetthe cyrecd e qnig . The | arge
exacerbate the situation, since the wuneven
very |ikely to result in Li pl ating during
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CAPACITY RETENTION (%)

sal s a probl em f &c ed aftarngt.hd nVafh/ils. Zka/sk
e slurry spread out i mmediately after po

ase tended to remain where the oxltirnrgy awa

e beginning comprises more binder and, c
rticles. As a result, the cell cycling
ectrode is obtained due to bhhenuRegenecad!
e electrode for cell 2 is possibly from
des quickly at the beginning of <cycling

ectrodes, V7f/1.2k/ PG mgrecawaeddeyc lhianvg g

d good cycling reproducibility (Figure .

nder | oss can be obtained due to the pro
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Fi gd9(eaCycl| pagfaonrce anof (f)feCEs odes with di
NaPAA binders 0ndl wrt.g PGl oent

of

Fi gu9séhodwns t he discharge capacity retent

V7f el ectrodes with di:@fer eRG SBRPAAYybBsD

Figu9(ea)4. the performance of the electrode

out perf arsmedvhatchhe di spl ayed the highest ave
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(frémo2®Ycl e) and the highest capacity ret
not known why this particular batch of bin
wi bhher binders: NaPAA 1.2k, 3k, 6k, 8k, 1
retention, | CE and CE values. No obvious I
respect to binder MW could be observed (s

pamet ers are related to electrode mechani ce

similar values in these parameters indicate
contact and underwent si mil ars piamr acsantirca srte
el ectrodes shown in Figure 4.4, where | ow
binder | oss and poor cycling performance.

mai ntained by other meama, ttohal biorydery cMWnhy

Tabd43eCapacity retention and coul ombic effi

indi cated.

. Averag! Discharge cafg
electr First 50tycles over 50 cyc
v7f/l 1. 2 81. 01 99. 26 84. 25
V7f/ 3k 82. 8¢ 99. 39 85. 68
V7f/l 6Kk 81. 2¢ 99. 214 79. 89
v7f/ 8k. 82. 6¢ 99. 38 85. 29
V71 / LGk 82. 7¢€ 99. 38 80. 68
V7f/ 140 81. 9:¢ 99. 21 78. 11
V71/ 280 81. 5¢ 99. 49 94.58
v7§f/ 1208 81. 6¢ 99. 05 74. 79

Secti onReciOpd iumirzMditsicodde iafisy r e me n t

El ectrode sl ur rNeewst oanri eawrit o/fge sccadl slmyt grhcam g e
based on appl.Thay et nds xodmr ofparcce where inte
bonding between functioeakbhitgkepodbymees che

|l eadisthggatro fWhemi mgt ehedetrstheaa®! arrie¢sative

48



and constant

viscosity, which prevents part

a slurr8%  nsthits resdti on, slurry recipe opt.i

of the slurry

slurries i

Slurry

and | iquid

n iongiucdlrypr Gpeanrtriyes hamne

rheol

preparation method where PG

char act ¢

ogy describes the fl ow beha

phases and is determined by var

size and di sshampat ideansiptay,t ircdtéatn otnh,i st esnipue

slurry viscosity was measuMaRAAtbirmder & eurspe

pH val uésbpfaledbactive materials (two types:s

treat ment .

Therefore, V7/ NaPAA slurry Vi scoc

and the viscosity of liquid phase.

Recenstvydyainvestigated the rheol ogical

mainly Si,

Considering the

(solely incl

t he

simil ar vol ume

di stributi on

mol ecul ar

(only one

udi

solid content (i#46l wdivmg b
higher alloy density compa
ng particles) of | ow MW bin

-PPaweren.mafSleurroipesst tdi®g | ¢ hei

and use of thickener on t he

wei ght bi nder and water solvent,

dat a

point was récogdedrdwmeg t dea

measurementtpa )Fisthowe $ h€. vi scosi ty2¥.s.Batihme

v7f/l 1.028hd#l V7/ 1. 2k/ PG slurries sholweguiad | o

separation

settling was

was

obser vetdhe nvitshceossel ttywomesalsuurrre

due to the | arge size of V7
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viscosity in theOassleurafy.t Hen Wofn/tr.axk/,H t |
viscosity was ~2300 woRs 3@ndmimemaiinmepd yd cmargs
components were evenly dispersed and that
slurry are in the range that is desirable
settling, viscox83590i aPshe Frangeroédladot tl
particles are necessary to achieve a slurr
thickener. For this reason, the fsalzledwiVnig
all oy.

Tabdd€éor mul ati ons of the prepared neat VT7f

) Sol i

slurr A€t ging NaOF oG o/ fract

mat er (1mMm) sl ur

10 V7I/ 1.2 5.0 1.2 N/A O 3.8 50%
20 V7/1.2 5.0 1.2 N/A 3.¢ 0 50 %
21 V7f/ 1,00 5.0 1.2 N/A O 3.8 500%
22 V7f/1. 5.0 1.2 N/A 3.¢ 0 50 %
23 V7f/3k 4.5 1.3 N/A 3.¢ 0 47 %
24 V7f/6k 5.0 1.4 N/A 3.7 0 50 %
25 V7f/8k 5.5 1.4 N/IA 4.: 0 50 %
26 V7f/15 4.5 1.4 N/A 3.¢ 0 46 %
27 V7f/10 3.5 1.1 4.8 0 0 37 %
28 V7f/25 3.5 1.1 4.8 0 0 37 %

PAA binders with relatively | ow MWs (<
Therefore, electrodes wit-al sag h bi(mldaebrl sea o d
4. 4, s k2w r.i eBsi nAd*r s haivl nOgk )g reerae eav aMWsa b(l e
These binders needed to be first neutraliz
PAA sodium salt. Therefore, e-da éyt, 0D rboidnedse rwi ta
water from the neutraliz2B)lonEprctewnse( Talul
PG thickener have a high viscosity (> 2000
measurementlQ@FHi)gurVhser4.as D&t sl LOO Kk esandhawé
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viscosity (~6000 c@PBO@iror /7 2BOR O KT PAuhm ) 4. 1
due to the neutralization by agl2&dHkK¥ NaOH
slurry was not measured, because it is too
I n future work, the results should be
content the same for all slurries and wit
manuf acd4 @O&rod i(ds by volume, correspo%di ng
using the same type alloy). Viscosity of t
independently of the total slurry viscosit
to prevent particle settling.
a V7/1.2k/IPG b V7£/1.2k/H,0 C V7§/1.2k/IPG
3000 - B 3000 - B 3000 - B
%2000 %;.2000 %2000
K 1000 - ® 1000 - ; 1000
S
0 . : : . 0 . ; ; . 0 : ; :
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40
Time/min Time/min Time/min
d vitiskpe] € vitiekipa] | VTf/8kIPG
3000 [ - . . g 3000 g 3000 |- i
o a a e - .
£ 2000 32000 \\’\* S2000f
i 1000 |- ; 1000 - z 1000
0 . . . 0 L . 0 . : : :
0 10 20 30 40 0 20 40 60 0 10 20 30 40 50
Time/min Time/min Time/min
g vrinskpa] D V7f[100k/H,0| | V7£/250k/H,0
3000 [~ ‘\’\—’\‘\“. g 3000 g 3000 | i
%;.2000 %;.2000 %—.2000
z 1000 [~ > 1000 z 1000
e D
- .
0 . . L 0 L : 0 L . L L
0 20 40 60 0 10 20 30 0 10 20 30 40 50
Time/min Time/min Time/min
Fi gd4Xr®i scosity vs. time curves for electro
binders as indicated.
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4.4 Conclusions
I n this chapter, the effect of NaPAA mo
of Bur el |l oy anode was investigated. Ei ght

binders

in |l ow s
had | arg
mitigate

electrod

when ver
during t
When PG
el ectrod
l ong as

cycling

were tested (1.2k, 3k, 6k, 8Kk, 15k

l urry viscosity, and particlees sett/
e capacity fade 1in Li cells. The a
the poor rheology of l ow MW bind:
e performance. However, tdhiet prfeasacdea
it having a smaller carboxyl group
slurry solvent resulted in electro

y Ilow MW NaPAA bindersowédebeseédmol
he electrode drying process, so th:
was used as a slurry solvent to i m
€es using binder swvebtl .afpedd weseael ts
a good slurry rheology is maintai

perfor mance.
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Chapter5 MOLECULBRNDERGR -ASULOY ANODE

1 I ntroduction

I n Chapter 4 it was showanetbhfataml| @lcht oypc
i ndependent of Dbi ndervinmodcsiutlyars lwerirgyhts c
take on the rheological role typically

cording to this olssariwatti cemg,u arhdlye cpuelrarorir

ndersvi$cashighslurry solvent is wused. A
at electrochemical performance i s strong
erefor e, it fso Iwli dvws hti ght froaicd a winea | grou

nders with good el ectrochemical-wvipseadoirtmarl
urry solvent. Mol ecul ar binders have bee

Si nanoepawiikl|lei aniod acid (CA) binder wa:

retention as a poly(acrYhieseacidyrbiesdeseererk

NMP solventy WhschBuffkeienanopacbschtgstougk

solution. However, this would not be the «ce
comprisesimedr gmaphsieedntii ggherodensity al
active wmuled iqauisckly settle from | ow visco
were added.

an

s |

Li

Il n this study, the cagklowng( Yad )l foyn ga Bpe i
odes made with a CA binder in combinati ol
urry solvent were evaluated and -clhanprar ed

PAA binder.
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5.2 Experiment al

El ectrode coatingal weye(yWr7ephlred, f3BHEMC&I
( MAGE, Hi t achi or KS6, | mbops bGa-BRRGB, a1t
Super C65, |l merys Graphite and Carbon), CA
(from a 10 wt % solution W= edpm0,eOAb, W rhieganar ¢
solution with |itRiR@whyRigmade) jLi OHEHI | |
PQO099. 5% -AlSdirgmtahh . composi ti oBk. illde ctart @dle i :
were mixed in a planetary mil |l (Reti sscith PM2
tungsten carbidad bdidmat hac#d tTloempes pifrachl Wi |
coating bar. Coatings were stored in air a
30 mins at 120 AC in air. Electrode disks
coatings afeatedryndgr amdchum at 120 AC ov
The mass |l oadings of pure 2yWg/ amd2 Mg RAGE el
respectively, correspo2ndAhgcmid mAd/lcem|i.c ca

Coin cell assembleyi amad ¢lest¢ procedures
in the experi mentQllursreyc tviiosnc cosfi tCghranpii eed u 03a e
t he s aamste waryi bed in the expderi mental secti

Tabsll&!l ufrarymul at i ons (uasleld g ua ntthiitsi esst uidny gr am

(10 w
V7 MAGE KS6 CB CA Li PAKO) HXO PG

VZLi PAKO 0. ¢ 0.56 O
VICA O 0. ¢ 0.0 0.t

VICA PG 0. ¢ 0.0 0.5
V7/ grafg

Li PAK 0.ft 0.90.00.0 1.8 1.
V7/ gr &£ c

PG 0.ft 0.90.00.00.1 3. C
*0.18g isopropanol was also added to the
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wettability.

5.3 Results and Discussion

Fi gursen oSwsll tumiesycas i @ yf uncatnido ndiogfi ttailmep h o't
for tOAeP&ENMAZICA Osl iues, 1 esphictd oveiMYCEADOPGLt he
Sl uwasy ~1500 cP at the beginning of the meas
cBfor hal foNaptailcd er settl i ng was obser-ved du
CAP&Goating was,abBbonmegpecé¢é @dsT me Fvigsua ces-i5t. yl (df)
CA/ water slurry conti nustuos | y6s0dOeTclré alsew 3 Ir u
Vi scosity i mditcactleed stentatl ithhge opccurred and t
the settling of V7 particles during the m
uneven distribution of particlespwauilwng ciam

full cel |l s.
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el ectrodes.
Fi gu2ehdodws t he potential -@GA PGodpaciity

Li PA®el ectDuwrdiersg t he fiacgwsnveds ahihati eafi bot

at ~0.16 V and two char,asteenstboedhepi €9 a
plateau at") ~flod-CXheéLW@&dLikbedleyause that proti
stable at a | ow potefg) dlead@dndgr educde iore
a 160 b
< <100 . 4100
S120§ > ot L e Y AL o e
o =
=R 4
T s 2
w 80 . L 98|e 498
14 w
: 2
G 5 |
:‘: a0t 5
P PURE V7-10% BINDER 8 96 PURE V7-10% BINDER 196
[ & @V7FINES-CAinPG 4 & oV7FINES-10% CAin PG
0 [ ] .. .V'Il FINIIES-LiPIAA in.H20| ) . ) o ® eV7 IFINES-10% ITiPAAin HQOI .
0 20 40 60 80 100 0 20 40 60 80 100
CYCLE NUMBER CYCLE NUMBER

Fi gu3(ea) Capacity r eV &t/ iPGn dainrkRPIAKYblg | €&t f od e
Fi gu3sehobvws t he capacityy2rtedentfCaddP@nand CE

VLI PAel ectrodes. After 100 cyclUiemAt he <ca
a ntdhVefC A P&l e c twrea7dde%s and 87 %, respectively. T
100) -toRAMDANI-CH7P&l ectrodes were 99.45% and
The -CA7TP&l echaldidgher capacity retention as
el ectrode with a prreacddd &9 eoch aWihteh ewdtadaic ede per
of CA ceowpldaibreed by i1 ts higher functional
carboxyl groups per uni-t mass than Li PAA),

and hydrogen bonding between CA binder and
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Fi gb4Tehe f i rostte nctyicadle vws. capaCAtgnduY-vEBAGE
Li PAA el ectrodes.
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/@ ® @V7 FINES/MAGE-LiPAA in H20 ® ® @V7FINES/MAGE-LiPAAin H,0
+ + +V7FINES/MAGE-CA in PG + + +V7FINES/MAGE-CAin PG
O " 1 " 1 " 1 1 " 1 " 1 " 1 1
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Fi g&5(ea) Capacity retvVentMAGE and Vi) MEBE
el ecd 3.0
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V7/MAGECA e V7 IMAGELIPAA
'_ - = : -_.-1"

o=

Fi g66 @r ossesct i onal BSE | ma@Ae/sP® fan(da)( bV)7 /| \MAIG
Li PAD/ KBl ectrodes.
Fi gudsédhoivs t he potential vs-CAcPE} aecittry deu

and a V-ILiRMA®Eel| ectDuordienng i niti adelllist hdmdaw o
combination of two sloping plateaus <char ac
characteristic of gr aplhhietma, las nmeh@ailekaead ai
~0.9 V) ¢t hvelL/i MAGA el ect r odepriesbesacltasuos el iokfe | ty
reduct Ttomm rodigeddBs.eg ublseho5ws t he capacity reter
the second samel e). Eer JHlkMARPHEDe | ect rode sho
enhanced capacity retention of 94% after 1
83®Wf V7/-MAPCEI| ec.t rdDldle aver agle0O0QEsf o(rc-y\7 /eMAX
Li PAA and -GA/WAGE 99. 61 % and A99edB8%HBN rfeogp!
di ffercgmrmde nign per formance could stem from d
for the two binder systems. Il ndeed, -it was:s
CA P&l ectrode contains a higher amount of a
t heMXGHE i PAMO el ectrode. This is despite usi
slurries, which we have found can produce

the milling balls that <can break apart agf¢
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bl ades hheiagrh | mpel |l er mi xers used in industry
coulduéeet o the stronger interaction between
group density and the stronger hyditogpegn |

i nhomogeneous coating < LiAsPhe&lredtornoldefa ctohued dV

uneven volume changes in the electrode dur
Therefore, while electrodes with hihg@glwvef unc:
excellent cycling properties in pure alloy

be achieved to enadr apgiotoed miyxdd nac tiinv e | rhat

5.4 Conclusion

Il n t hiPsGvas$ uidyy e sstliwrartyd ds cdgvadnite t he use
bi ndedscitmodes-ad éd mpursiefilog®h s8PGSi sy uary sol ve
prevents particle settling during the slu
necessity of bindercalhapr oamenttoi @3 otvo dteh & hsl
Sqal ICAYy PG elheahtirgohdeers CE and capamyv e nyIdiircen eint
al lLayPA el ectThidesdemomestt rahesr heol ogi cal |
pol ymer mol ecul ar awehigdh v iss croespiltayc esll ubryr y
mol ecul es with high functional groapl densi
el ectrmdesS8Siat Aoy [IMARGNR®D/ |l ectrodes had bett
compared-atld oty h@®@MNSGHGe cet r od e s . This was ascr
all oy/ graphiteabli epeQm/GBG eilne ctthreo dS*i. A di sp
to solve the agglomeration probl emaltlboyenabl

graphite mixedctarcaderse mat eri al el e

60



Chapter6 THE EFFECT OF BI NDERS ON ALLOY DEGRA

CYCLI NG

6.1lntroducti on

An i deal SEI i's a passivating | ayer whi
electrolyte degradation on anoded hgwrufgahc e 9 ul
limiting the passage 2dfs snoelnvteinotn eido nisn dQihraipnt

have been reported tandacatr easc o8&l denroedd f v

el ectrochemical performance. During cyclin
mainly comprises insoluble organic and i nol
SEI i s commonly analtyezcehdnibgy esy r fsaucceh aarsa | X¥F
et?é."AcPWever, the SEI and its components ar e
such as air and moisture. Thus el ectrode

at mosphere duminhg a&anahgpocahbtinostruments a
t hemsel ves, which is very difficult to acc
permitted, t hen t he resul ts wi l-dechhe osals
mor phol ogi es EdMs i wmagwead kky eS|l ess affected,
contaminates is required to cause | arge mi
failure meeaHdrmiysmd exft r®ides using three dif
PVDF, Li PAA,wama <LtAudi ed via SEM i maging.

established between particle surface erosi
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6.2 Experiment al

Neat Wh/aGwamg epared by Wikkong 0Si91aldnoy (
D10)/ D5aaind4 .CA0O) anhydrousjno9a. wewphBhétatAes
sl uwasyi xed PGOPYO®g 5 %,-AlSdi)girmahachi eve an approp
i apl anetary mil |l (Retsch PM200) nzth 1T @hgspe
car bi daendb atlhlesn IXk9mtelaidokppéo dme || avwywerh t ape |
thickness of ~0.002 inch to control the e
prepared fay |l miyxiamg Ssigou eyo upso g &PrAéAd fr om neut
(M= 250, 00MI,drSicghma sloil tultiiwm hwidrb@ X9 8%, (Li C
Si gfladp,i dhn t he s aNedfiPe/iDdh tc oradtiinag. usi ng NMF
99. 5%,-ABdgmah) as a solventCowawrgksctmnacecada
ai roamm tremperaturedpived®fgathsla2nod AtCheinn ai r .
di sks with an area ot hcko a3t0i ncgrg antetr el ptuengihreg
under vacuum at 120 AC TDivearsmsi glha @ dbresfgoV @&f ¢
elcerode2ngwasmrrespondi ng to 2amiASlplecm])f i ¢ cap

Coi n acseslelmbly and elwectdn®cbamecabk dOestcsi
Chapter 3 experimental section. After 20, /¢
cell s wereArbpkehed ,ghamada thhoeex eli eicterdo dvé € hwealr e
carbonate (DMC, BASF) ahteel sohmeelsyptbea 8 d mo
V7/ PVDF el ectrode after 100 cycles was al s
cycled V7/ CA, V7/ Li PAA, andgediI/uBv@E -eal ecators
section pol {19KHSNCPIsteLt molnBAh celsegh ar act er i ze

usiangscanning electron microscope (SEM, TE
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pot emftk 1 To abate air exposure, a desiccat
samplaensd tfdne mee otsisonarmaslt r elaenr ofvasr goead gas
aitsrensi tive etbetsampbedlboadugneseprtad mend yrod i fe
and @3EMoy particle sizes were measured by

anal y2&r0.VI2A

6. 3 RedckuDitsscuasnsi on
Figure 6.1 shows the electrochemical p ¢

di fferent organic binders. The CA electrod

o

ycles, which can be expl ainedbibrydear hti lgdter]l

to a st-heabyend=Adaf ftdqhauts enhanced performance

el ectrodes, alloy particles could be fully
as they expand during |ithiation, strong c
t he particl esdur Hagevcehar ge, t he all oy par
di sconnected from each other. This results

CE. The |l ow discharge capacity of the V7/P
of 1t sdeolriitghantailon capacity remained over 10
delithiation capacities are ~200 mAh/ g and
t he Li ions alloying with Si but frmomot capart
plotted because the particles were isolate

littl e meaning.
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o o o ® @ eV7ICA

oo + + +V7/LiPAA
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CYCLE NUMBER CYCLE NUMBER

Fi gbl(ea) Capacity retention vs. cycle numbe
elecdes. (b)) CE for V7/CA and V7/Li PAA el ec

Values of the capacity retention, the fi
cycle) for each cell tested are summari zed
is possibly fofombt ygemggedtdtuiHong the initieé
average CE of alll all oy electrodes after d
compared to what can be achieved with grap
to alloy surface droosmadan,onl edaddinnegw taol |toly s
surface areas that can continuously <consu
electrodes have a |l ower CE but a higher <ca
because all oy par tGQA |Ibeisndseurr rmiugntdte dunder go
reactions on their surfaces which yields t
gener ated SEI did not |l ead to the particle
achieved bwctethefmpiamtemcde el ectrical conne
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TabBleCycling performance of V7/ Li PAA, V7] C

di fferent cycl es.

Capacity : Average (
Cel | s ( %) First (fr onctyhcd
V7/ Li PAZA 97. 514 83. 42 99. 48
V7/ Li PAA 97.00 83.21 99. 41
V7/ Li PAZA 89. 26 85. 80 99. 61
V7/ Li PAA 86. 03 85. 53 99. 62
V7/ Li PAA 80. 65 85.61 99. 61
V7/ CA ( 96. 48 71. 30 99. 14
V7] CA ( 90. 81 73.36 99. 38
V7/ CA ( 91.58 72.33 99. 46
V7/ CA ( 85. 98 73.68 99. 34
V7/ CA ( 86. 81 74. 40 99. 54
V7/ PVDF 5. 44 14. 79 N/ A
V7/ PVDF 6.58 13.09 N/ A
V7/ PVDF 7. 96 12. 31 N/ A

Figur#®s 46show the acquired BSE i mages
V7/ PVDF el ectrodes after di fferent cycl e:

components in images of cycled electrodes:

(grey), tgndbpacasi
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Fi g62BSE i mages of V7/Li PAA electrodes aft

processing.
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Fi g63BSE i mages of V7HdCAfelreoatrcges eaftasr i

i mage processing.
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100 cycle

»

Fi g64BSE i mages V7/PVDF electrodes after d

i mage

ol . e B 50 bk A 1.
\ S i sl el - \-., -.'..n“..__-r ¥ h o, e B e T ok U i
E 12000 n 12000 60000

40000

-3
=3
=3
=)

8000

pixel number
pixel number
pixel number

I
o
=3
o

4000 20000 -

L L h L L h
0 20000 40000 60000 0 20000 40000 60000 0 20000 40000 60000
brightness brightness brightness

Fi g6seA) An original BSE i mage of a neat
Brightness of image A increased by 4&0%. ( C
Corresponding hiCstogram of i mage A

Quantitative anal ysihse wWwiastodgramt loyf & ahse
di stribution of each i1 mage obtained. Howev
each BSwWermcamanpewsed of broad peaks that cou
Figure 6.5(a)). The bneasadecompaksatd bbehl p

information. Additionally, the histogram
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apparent brightness and e9ntsrhaoswts ddfowt henei m
curve changes as the ianagregebr iHerten,esa BSEH
V7/ Li PAA el ectrode after 20 cyclesf (FEhgur
brightnesswaidn ctrdheedbsiema@¥ ( Fti lguaoteh 6p&d B9 )shi f
the right and thebpeakeat ahgghe(Fbgughkt 6es
the i mage was increased by 40% (Figure 6.5
and their peak areas 1increased. Il n addi ti
focused by f oocnushenagm,t hvehieclhecalrt ered the p
bet ween the sample surface and the electro
bet ween different samples even though the
contrast setmeintg.onkldl ahawteords mited the abi
from the alloy particles, SEl cyahedpetestir
i mages. For this reason, it was not possib
of aldf tthhreesse components from the histograr

Considering these | imitations, a met hoc
amount of alloy in the iIimages was devised,

of BSE sanatgleat pixels either appeared as \

porosity or SEI). This is demonstrated for
and B). After processing, only two data po
6.6)(), the point at | ow brightness represert
porosity components, and t hepipxeIntofambhdhai g h
all oy particles.
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Fi gaeg(eA) Asecbssenal BSE i mage of a V7/Li PAA
| mage (A) processed by increasing the contr

hi stograms of i mage (A) and (B), respectiyv
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Fi g67#Per oc es seac tcirmrsasl BSE i mages of V7/Li PA

cycles as indicated.
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Fi g&a8Pe oc e s sseedc tcir omrmsasl

as indicated.
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100 cycle

w 2 5

SEE o

5
7
&
7

Fi g69Fr oc es seac tcir mrsasl BSE i mages of V7/ PVDF
cycles as indicated.
Figur@s9 6sifow processed BSEycmadeV706Li PP

v7/ CA and V7/ PVDF =electrodes, respecti ve

V7/ Li PAA and V7/ CA electrodes after differ:e
pixels in SEM images after i mage processin
shown represent the standard devimaul binploé t
i mages acquired from each sample. This errc

size distribution andaycdleedc tVW70/dRV DpgFo reolse cttyr. o

sectioned at a state where mostebétased, |in
that there must be a particle volume incre:
cycles (~44%) was similar to the initial v
vol ume fraction increawas ebseeved. oParous|l

performing PVDF el ectrode remai n pristini
' ithiation/delithiation after the initial
all oy ratio of ~45%, roertespbndbB®, twhiaohi.i
coated al I'dHo weelveecrt,r odduersi.ng cycling, the al

approxi mately |linearly. After 10R20%ycTks,
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all oy volume fraction decrease | i kely resu
numbercreases, | eading to the generation of
Fracture and particle expansion would al so
the alloy volume fraction in the nsdainteatiensag
t hat -pleetftoermi ng binders could nmbhdse@d ematnd r im:
during cycling which is in contra¥*y8&lo t he
volume fraction changeri s malgeo aofal fsgh &an

obtain this quantity.

jab]
O
O

A E e } i
£ £ L1 £
gzo L : E gzo L E t 7 gzo L
ol v L v v L ol v L v v L ol v L v L L
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
cycle number cycle number cycle number
Figexr@el |l oy volume fraction vs. -cywyaclled n(uanb

v7/ Li PAA electrodes, (b) V7/ CA, and (c) V7

6. 4cCasi on

This study introduces a quantitative anc:
mechani sm of neat alloy electrodes wusing d
SEM i maging. El ectrodes using PVDRebitmder
particle contraction, all oy particles wer
contraction thus distinct particle edges
binders present good cycling perf ommance,

bet ween particles during cycling. However
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was observed, with | ess than 20% of all oy
indicating enormous SEI and porobbwg ¢Hghawt
Li PAA and CA binders possess | imited abild]i
during cycling.
|t is worth pondering why the wuse of

mai ntenance of the el ectr ondspiatses otch eitri ofnr a
being covered by a thick SEI l ayer. This i
from the side reactions during repeated ex
finally exhaust thAnacdeask BEIlishesuld baelth
the capability to inhibit particle fractu
Untreated all oy ©particles have high react
expansi on compar edmattoe rd arlbson aonrd grhaupshidtoe n
during cycling. Therefore, 8mfewhimghhedsr gy u

mat erials, might be needed to prevent seve
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Chapter71 NORGANI C COMPOUNDS AS -BULN®D¥E RASN DRSS S|

7.1Introducti on

As introduced in Chapter 1, -iomrigani er ib
due to their | ow cost, hi gh el ectrochemica
water as a slurry solwaéhby &hedesehaf ®swo0¢th
reported. I n this chaptelri,t hihurepaSa®¥ iglaind at
sodium pol yMaPS,phanaed I(ithium HiLdPLp haweee mor
investigated awl bogdansg pPpoarepgrepBite anod
characterized for their el ectrochemical |

investigated before and after el ectrochemi

7.2 Experimental

Bnders evaluated in this stu@®y ®Segmali
Al drich), s odi(suond i ppuom yhpehxoasnpeBl d@ipeBsbaph &t e Si g me
Al dr i clhi)t,hiaunnd phosphat e -AModiroNoeaas)i .cSi( %9 %,0 ySied

sl uwreipespared by (Wiaxilmy, SBMalCloompang) wandhb

rabvbfabPiidti |l |l ed water was added to control S
slurries were made in the same met hod, but
alcohol to I mprweme xwied ta nMa z eSrluusrtrare smi xer a

mi nuatneds t hen Xkpmtelnidokopmeéno foid newbthi.AbDODbaoi4
coatiwege stored in air at r odbm d80mpemtmst ur e
120 ACTiim (@94 r3 Om, daAhdiitgh) 5c@dt igngnd, wer e

measure the electrochemistry ofebmatder s alw.
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7.

ectrode disks with an arheeaabings3afceir o
ated under vacuwmwmdatrhd®@fA€Credewnithbut a
Il ' ed gl oveb.dhed s Icavde d2mgp/kcanmjd3ang / cf nojr

at V7 and graphite electrodes, rodasnpdect i v

.MMAh/ amd mMAh/ cmjespectively.

Coin cell assembly andveatideec tsraonteh eansi cdeels c
e experiment al secti oncyocfl e@h anpetaetr V37. aPnrc
ectrodesewbtiuuena@dossecctrioosns pol {119bh8r0aG@®) EOL ,
aracuasirangsecdanni ng electro@AMI MrBABDPDP®I (B
cel poatctiott & 81 To abate air exposur e, a de
cled el ectrodesecatnpdmrespalos sthheea mc radfassssar g o n
oweg & he -cpyocsktleelct r od d® & @mmpgh g¢p rl cocaeddcur rees sf o r
ction pol i Tshher damdi SEMof bi nders (sodi ul
osphate monobasic) was measured by a Mic

th a dry helium atmosphere.

3 Re shulstcsu sasn do n

7 PN

I L @) @) @) e)
S\ /SI\ /SI\ Il Il | I
Lid 0o J O oL NaO~-P-OtP—O1-P-ONa HO~P—OH
. |
SiSj ONa ONa ONa OLi
Vi
d o K\o
- - . Lithium phosphate
Lithium polysilicate Sodium polyphosphate monobasic
gulrSé¢ ructures of the i norganic binders in

Fi
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The structures of the inorganic binders
Figurlet 7i.sl.worthen&ébe®Whethanhds &areeexnr svme |
and thndr plowse shown PPhE¥Ft gpuoley s7.12 (caa)t e and
pol yphosphate are pol ymebrrsi dghiang pooxsysgeesns abtro
phosphate monobasic is a-bsemdblingnobryggkr w
acidicFpgatreng. 2(b) shows the proposed mec
groups of silicate specallsowpwnpamhtyidecloxys$ umt
t he for mat ison i®¢fa toeonv-@idmegnhti( Shi misl ar t o t he ¢

acid conntRhesphat Sispeciasd mgdesacithloyn.under g

Si i
Li* PN P VRV
0 ? 0 0 O

HO—sj . ~0OH
7 '\D /5|

“oH

Hydrated lithium polysilicaée

0
. _/o' v HO
,SC

(o) H oy
&% 88 Mon

Li*

_0 OH
Figu2eéah)i thium polysilicate conversion to
Proposedmmefc hlawdrsated | ithi amhgolpyusitliicd &t e
The alloy electrode slurries prepared

homogeneous coating3a&9s dHoowwewvern Ppbgurel @
resultediwhen twhes used with graphite. Port
el ectrodes when el ectrodesowetbepenghaghi Gi

with 10 wt% bi3gdéen ,( seatFiggampedi T.e coatings
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b nder fraction of 20 wt % to measure their

i Rigu3(g)7. graphite electrode quality was s

binder fraction. However, bindercbkebutwaena
seveue to the | ow viscosity of the R@Queous
coating, for which white crystals were obs

e

V7-10 wt% H,LiPO, H,LiPO,

Figu3d3Ri gital photdgnaphs Soif)al(rmeat aqrdap(hdi t e
prepar ex4Omi t(hNgLH@ A.d REDi nder s, as indicated.
El ectrodes compri sed of Ti N and bi nde

el ebdemoscstry. Ti N is electrically conduct:i
potential s. For this reason, the electroch
a composite coating withoutt interference f
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pr 2 T E’ ° A/__/\/,_'/J
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°
o
‘ ]
0 . . . -400 . L . L .
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Capacity (mAh/g) Potential (V)

Figud(ea) Potenti al curves and (b)) 2Sdaifferen
( NadhO anLd PRI nder sneval B measured in a Ti
coating.

FiguX a)7shows pgditeedt iroflt LoyRsudes I iNa P O

andlLiHRIOIi nderr sSTi N/ bi navdhrer el ¢ diter dd N bi nder we
correspondi nfg N/ binder volume ratio of 731/
Ti N/ Li PAASHO:1 7 i NAi Nik){, NaamQl L TiR®N lect r odes, resp
Vol ume fraction of each el ectrode component
Tabl e ilni tTihael l it hi ati 02840:qa p(aNjai PCh BLd R HDf Li F
binders are 180, 201, 307, and 411 mAh/ g
capacities are 55, 53, 87, and 69 mAh/ g re
H:LPQ@bi ndleirkelsy due to itsbeediusk i blhierG gen
el ectrode possesses tThAl hibhepdérposbkbawi aér
capacities (~25 mAh/ g) compared tmAbhhg. V7
After the first | ithiation process, al | bi
PVDF, which is consideredWTheer ebfeorel, e ctthreo cth

capacity measured may not be from the bind
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Figuad)7shows the fidsffenentandl achpbdti tyoc
binders txeRP®céedr ode ds hpoevask atbr-®2a V, "presur
reduction. Other binders exhibit smaller p
may be from the reduction of impurities (e
salts and oPganic solvents.

Tab7llPensities of electrod® component mater

TiN LIPAA  Li;SkO11  (NaPQ)n H.LiPOs  MAGE
Density 524 1.541 2.27* 2.52 2.16 2,267

1.2

potential vs. capacity

Lithium polysilicate

Sodium polyphosphate
Lithium phosphate monobasic4
Lithium polyacrylate

°
o

°
FS

Potential (V vs. Li/Li*)

—_ )

0 400 800 1200 1600
CAPACITY(mAh/g)

Fi guoTédr e f i postte nctyicalle vs. capacity c840nves of
( Na#OadH RO and Li PAA binder s, respectivel y.
Fi gudsho/ws the potenti al VS. capacity ¢

i norgani c bi nduesresd aonrdg AcMointmobnilnyder . Al | pot e
nucl eation plateau atst~Q@. 1s6l o\ i amgd ptil wd e a bs
described iTheCHh&LEkt evral les ofLiSEHhe EeNaROr od e

Hobi RO and Li PAAvelrien dBelr%s, 79 %, 7 4 %, and 86 %,

81



| CE i s t hHalti Redl etct @ oMd7e ,i bwhyi cdhuei st opashse reduc
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0
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g7 3 [
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E w
W 80t o sof
u E 80
E z
2 g Graphite electrodes
g 40 [Graphite-10% Li,Si,0,, in H,0 a 40 ® ® ©20wt% Li,Si,0,, T
3] ® @ ecelll discharge h] + + +20wt% (NaPO,),
+ + +cell2 discharge . ;
cell3 discharge ¢ ¢ #20wt% H,LiPO,
0 . L 0 . . A h
0 20 40 60 80 100 0 10 20 30 40 50
CYCLE NUMBER CYCLE NUMBER

Fi gueCg cl i ng per f obigidnc € BON adr@ )( ¢V 'R O ( d)
gr aplhisdiOeand epr aphd t evt % i norganic binders
el ectrochemical performance of V7 electrod:
compari sden PAA al ¥ctrode.

Fi guesehoiv.s t he capacity vs. cyclei number

L 4S4014 ( NaPOoki HOi nder . Duplicate cells wer
el ectrochemical performance.-LiICOAY agledac ttroo d e
all oy cells with inorganic bi-hifebiss -Mhowed
(Na P anidL VE®O! ec tsrhoodveesd a capacity retentio
and 82.56%, respecti vsSiOyan dCe(sMNIasiPr@dseirnsg sphoolwye
good cycling repeatabil i tlyi. Rdbéd wesv ewe,n st hpeo orre
mentioned in Chapter 4 and 5 that when sma

slurry viscosity I s necessary to guarantee
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the | ow viscosity of the aqie®Os kel yrtpgads
an uneven coating and thus cells with poor

Graphite &electrodes using 10 wt% or 2 (
el ectrochemical performance. DesHhiStGg1 t he p

(10 wi Wcttriv@led excell ent cycling with 99%

cycles. As shown in Chapter 1, graphite el
without binder. However, the incapability ¢
associtalh igpmaphii te results in fragile coatir
treatment of the graphite (e.g. mild oxida

Fi gufhsehomws t he morphol ogy of V7 electrod
and after cycling. After 100 cycles, the s

Many researchers use a surface modificati o

artalfi SEI | ayer, to explain tdhasgdodiaper e
However, such a mechanism is hard to under s
away during cycling. Another explasathah f
they possess a | arge amount of oxygen atom
on -aSil oy surfaces, theeamd iimg ot efdestrorghase
bind to fractured alloy pardcdalklleyscammne ktee ¢ .
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» after 100 cycles

v .‘-. » Y

& after 100 cycles

Fi gdf®REM i mages of (a, c, -@yclpead stli®eE ayndl
L iS40:1; -V WRadO anhkblL VHFeI e c trreosdpeesc,t i vel y.
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Si mapping

C mapping P mapping

\ W\ C mapping | i P mapping
; L . sz

Figu&(ea, d, g) BSE, (b, e, h) C mappi-ng, an
LiS401; gré pNafOeand -lglk apPdligct rodes, respectiyv
Fi gu8sehows-serco s ®nal BSE i mages and el em

el ectr od®dOysi(mMp PlGipld RKDIi nder s . These i mages
i norganic binders can enter into voids int
maki ngepses. This was confiSiOmedebtyr othe &nd
P mapping fHmanibbiHROI(eNatPrOodes. Littl e bindel
outer surfaces of the graphite partieclkes,

fail to physically hold graphite particles

85



a
o
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BINDER
Fi gu9Cal cul ated and measured inorganic binc
(10 wt %) electrodes.
Fi gu9sehovs t heancdalnteualsautreedd i nor gani c bi nc
neat graphite electrodes. The calcul ated v

9.06% and 10. 41%S40ar gtrhag hgutaapdlf iNtar SQLHIOt e / H
el ectrodes, rtehsep egataipvhea ltye,/ bwhnedreer wei ght r at
volume fraction for each graphite/ b4dnder

sectional SEM images. The error bars shown
mul tiple SEWM 1 endhgfersomceach el ectrode. The n
of botdPhaphBaiPBOl ectrodes are in good agr eeme
fractions. HoweveS40iweilne cttireo doeeg s e hoef otbhses rlvie c
nearly three times greater t ha$O:itbhi en dcearl ci usl
veryl yl itkbe have an opengsltruComsiedersi mgl tahat

LiSd0;.cycl e with | ittle fade at near theor et
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volume of binder must all oMdOidbnnide flIfiulse loy . i

the form of a porous gel that is filled wi

7.Concl usi on
I n this wor k, three inorganaddlReder s, |

i mpl ement ed oaltlooywodrmd ppuree Sgr aphi toe beel ect |

efficient binders that enable good cycling
adhesion to graphite, however, resulting i/
mechanical properties. |l ncr egshiing kciomddarngarl
However, this can sacrifice cell energy de

treatment are required to enable the use o
graphite. Lithium polpye$nrlaime avweskdiarkddry has t:

of an efiielch e callgeoty. ediectrodes with these |

excell ent mechanical properties and cyclin
staftdhaert Li PAA biirecdert.halthitshei nspill i ci c and p
j ust as effective as carboxylic acid gro
performance. These -nbeanpdperrosa crhe pfroers eancth i ae vhi rnag
Sqial l oy el ectrodes.
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ChapterSBCONCL USI ON
81 Concl usi ons
Sibased materials suffer from poor <cycl a
cycling. Binders are considered t-maspddy a
material s’ el ectrochemical pertcormascasucéi

modi fication of the electrode/electrolyte

integrity. I n this thesis, much effort w a
performance, investigati nsgucthh ease fMVW cotn aoafl |boi
and identifying f-alloye mméeehanli smyiaf SEM |

bi nder sy sstteanttsdradrpdcsli ydreesr i ¢ or gani ¢ binders v

Chapter 3 describes a s tSHaaltleogyy ctooa tiinmmpgrs
CMC/ SBR binder using small functional mo |l e
binders processing a high density of carbo
mel |l itate, were abl e tooremamne edwceltlo etltleet
of el ectronic connection. |t was al so obs
erosion was observed for better peeformedg
binders can not préaeentstpai tisclaeef naetdede t

Il n Chapter 4, the effect of NaPAA mol ec

pure Si all oy anodes was investigated. It
relation to all oas glyardsi gmpope sfl agmgmérepr op e
mai nt ai ned. letl |waesl efcoturnodc htehnai tc ad peecrtfroordmea n c

sl urry arnhde eheugsyrreg layt ed t.o Abgi unedoeurs MW I ut i ons

binders resulted in | ow slurry Vviscosity,
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w h

al

of

cy

adg

st

ich could be solved by the addition of &

uld be completely rheamovietd hdaudr i mag idmrfyli nar

ectrode composition. This study shows ¢t
nctionality. El ectrodes with s navalslc oMW thyi
urry solvent | ikee®PGstoi gparaintmeofa loenc
i s greatly increases alloy electrode bin
st and i mproved performance.

Chapter 5 describes the electrochemical
| oys CuAs ibinnn dtehriPsGa b &6 a dg esrlavverdr yt s oé wamlte t he
mo | e c uleadre cbtirnoddeerssa d¢idomyy ri inshiirbg t3ing parti cl
ating. Therefore, the use of PG &bi mina
intain good slurry rheology. The high furl
cling of t he neat all oy el ectrodes but
gl omeration and thus inferior rcoyddlsi.seg of
udy further demonstrates the i mportance
ovides more options ibnasted nsnoodesb.i nder s
Chapter 6 describes relations betaween p:
rformance. I n this study, three binders |

atal Boby el ectrodes. El ectrodes with PVDF

PVDF's | ack of functional gafwuers.1®0 scyc
nce all oy particle disconnection during «
ese iIisolated alloy particles did not un
mai ned pristine. Il n Ilcyontumasti oredleiczea d dE 4
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binders had good cycling performance, but
100 cycl es. Fai falurd @ ymemah e&mii arhs ofer®i i nvest
|t turned out t hat CAr etleettrodelbemhadalh peal
particle degradation in similar degrees col
and Li PAA electrodes continuously fracture
indicates that f umdteidomali |bitryddros rlrealwe ea plai
surfamedsa method of guantifying alloy par
established. The reason why functional i zec«
integrity despite partichemybfStacyur
Chapter 7 describes the i mplementation

( NadhO asnd REWDor naelaltoySiand neat @it Apli e eetl ec
with these inorganic bi nhdeaemisc aslh opmeap esritmid sa
performance compared to the LiPAA binder,
groups might be as effective as carboxylic
the good performancesghktadseandbde bdbragamec hla
of graphite electrodes using these inorgan
the binder fraction. It was found that | i
framework and is leil leeltfyiolillyetde hge If.o rTrh eosfe abni

br amedw approach for ac-al eoeynglgobdodegsl!l ing
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2 Future work
A gqguantification method studying all oy

mportance of KkeepiinagnsSEdwb msetaasnutr.i nTgh ec oanpdp a |

ontrast of the i mages obtained varied bec
|l ectron beam instead of adjusting the sta
hysical workingmaklisg anbe, reet @by on of €

ncluding all oy particles, &EIEIl ,SBMd maogeosi :

e taken under the same SEM settings, i nc
ri ghtness, iconptorsassitbl et ct.haltt a peak fittir
econvolute the contributions from the dif

For pristine el exaatoidersg! eilmadendeolcealoys

f all oy parovosctegs whdch is unlikely resol
ontrast to the maxi mum, si-neect ibon hc prarke cs
o a high initial electrode porosity. More
djrugstiimage brightness are required to eli

ase a@afycpedt el ectrodes-septaromckcas behishal

enerated SEI, thus alloy volume fraction
omast. The main difficulty |lies in separ:
e resolved by histogram of BSE i mages, si
n col or. EDS el ement al mapping mightsbe c.
sually comprise el ement P, which is exclud
S porosity. Il n this way, a relatively ac«
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change in size and amount duriiwveg rceggssd armagh el
intuitive grasp of the effect of binders o

It has been demonstrated that the MW of
cel | cycling when good coating qualifty 1is
various polymerization degree binders in
slurry recipe optimization should be made.
PVDF/ NMP binder system, the solivégd amantentl
and the bind€0) wit $,t ypirc &Islppyn@d ng to an ac!
of -5400%. The component volume fraction i s m
vol ume related parameters arwhicchuciisalvittoalt
component distribution within the electrod
solid volume fr acebtOi% nisn inne atth ealrlaonyg ee |oefc t4rOo d

fraction should be ap®Q%,xiwhaitceh yi s nmuchhe hiag

fracti-@e0%odseld in Chapter 4. I n the future,
should be set to a constant value (e.g. 70
can be test ed ecsopnescits tteontellye cwirtonde cycl i ng p

Slurry viscosity is another key par amet
slurry viscosity is needed to avoid active
Chapter 4. I t watst Ifionugn di st hnaott praerltaitcelde tsoe t h
the viscosity of the slurry 1liquid phase
solvent). Therefore, there are two manners
a highlyvensceushsab PG or using a pol ymer

slurry viscosity #306r00i ncdPuss trrayn gies wint ht hvear 1l 7
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the customer demands such as the | oading t
mat eandl she binders are fixed. Therefore,

a proP/eRPG Hsol vent fraction for each NaPAA

appropriate slurry liqgquid viscosity and an
Graphitel/lall oy composite anodes usi ng
commercialized at present. The | imitation

strong hydrogen bonding between CA mol ecul e

paretsi ciln the composite electrodes. I n the
al kali salts or dispersion agents are requ
Based on the alloy volume fraction qua
posagssai high functional group density aid
surface erosion during <cycling. New SEI I
severe impact on the all odyn asyndluysgs Itto idet
t he SEI components formed on alloy surfac
mechani sm. The results of such analyses m
devel opment . New materials design sltheh as
contubus fracturing of alloy particles indi

|l ayer formed due to FEC additive decomposi

during cycling when alloy particlescti asct
graphite, carbon or components considered

the volume changes of alloys during cyclin
electrolytes, thus diminishengipaoasitic r
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|l ncreasing bi nder amount s can i mpr ov e
graphite/inorganic binder el ectrodes but

Further studies such as graphite surface t

amounts of these i norganiloybiencdents odes h wi
binders (al kaldi phosphate and al kali silic
cycling performance as good as LiePWAcabli nd
bonding formation between these inorganic
components during electrode cycling might
binders can boost alloy cycling performanc
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