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ABSTRACT
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Prelithialtoad Lis -iton pelieac arfmdenapgriiomr ctyc | e .
chemictadol Foptelithiation method was devel op
can be applied to ¢tipfrfedri drti aan omde cmanpernisalt s.c
' ithium during the fiornmabdtaitanrercyy c(lLedsB)of Eav elnitti
coul ombic efficiency (I CE) was significantly

prelithiated battery was highly related to t

t he anodel tescorcthaane .c al i mp e d awacse as pneacj torro st ceocphyn
evaluate the difference of the SEI between a
l'ithiation. An EI'S analysis method was devel
a fredaoamacy into a time domain to identify t
process. An equivalent circuit to simulate t

combining the simulation results and the <cyc

was investigated quantitatively.
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CHAPTER 1. BACKGROUND INTRODUCTION

1. Battery

A battery iIis an amepggvisdt®s agledewvi ceemdérg
Such energy conversion is driWUrenhbeyatedoxlre
combusti amecdcaonxyi meactiimant igovwerbradd ebwywaCar not
battery cenggr wwst hheueht hhaing haerr ienftfe rcn aeln ccyo mb

Theoncept ofdtao btahte eerayr Idyatle9t h century wheit
Al essandro Vol ta obtai ned sstoeaakdeyd cpuarpreern tb ebtyw e
copper platephatdpherzomomme wiagtommdhedmeshani sm

of the battery whatgemadebdktcyrrevegledn only

oxi datarcemduacntd on occur separately, which are
ioni.cal hybattery, a cl osleect rienight moavgbh ygbeer a
external circuinnghaeodghonhbetranepoat el ectr ol

Many combi eammenboesaatl eheir compounds may f
Il i mi ted materi alk s naaececaensosrinteiricii tayigiezdeadf @ t lye € @k
i ntconsi dEalxilé ost s tbhlad ttey p iexsradam ds ttrh eeisr
Batteries can chaet edgpovrii deesd y i a thda t st.deor oThadbal r ey
1-1, an @&kMnadbiandg ery i s bhatyprgalWwhpchmasystil/l
device howaeéeawmpl es .r aldo we v d ro,\a s o ¢ccrd eoatskirsm @ g
energy requinrcedertt bamdetabe | ity of tsaemdemergi

t he el ectriscucnhacahsi nels,e teH ee cprricnanevyechb sctl feat ¢ i | |

1



t hneeedsTherefore, it boosts 1 leaen dd etvheelroep mesn ta ot

t he seconidaa lgcgabraet toefr ynostabanohery appl



Tabltle Summary of ®ifferent batteries
Type Anode reacti Cathode reaction Advantage Di sadvant a
Al kal il 7 20H = Za(OH), +2¢” | MnO, +H,0+2¢” =MaOOH +OH Low cost Low edengy
ZAvin @ : T
Lead 35 e, o PbO, +4H™ +SO + 2" =PbSO, +2H,0 |- OW CoOSt Low cycle
- - Hi glmt e per{Low energy
Wi de temperiLarge si ze
perfor mance
Ni ckell oy 200 =CdOH), +2¢” | NiOOH +H,0+ e = Ni(OH), + OH" Long cycle Poor charg
cadmi U - - - Low temperaglLow capaci
performanceCadmi um i s
Rapi d ccahpaarcg
Nickell v oH =M+H,0+e” | NiOOH+H,O+¢ = Ni(OH), + OH" High capaciHigh cost
met al - - - Rapi d ccahpaarcg Poor <charg
hydri g Long cycle [Memory eff
Lithi Uy cocradivsre Li, MO, +:Li” +xe” = LiMO, Long cycle Faillow at
. ST - Rapid chargtemperatur
Hi gh power
Hi gh ener gy




1.R2i.t hiiobnamt t er y

Among the secandiat pinbdbt)Bsir guif h e adfdl ytt e
enesgygdage ce itdemer gywevydird f ord sv aafi oaulse &ktirnoni c
and el ect(rBVc wvdeuhei ctloesits high edReegyphrdaesnsi ty
possgirboleef h EVc smafleem 2% of gl obal shl2é in 201
i nditchalteBss ar e nboesnte fliitk eflryonmt ot hi s tphoet ent i al n
demonst it tsigdn pefr f or ma B Yaep pil ni cTdhi@iu dcsusr a nechitn g
performance of the LIBgdde be evidenced fron

As shdwguildlea compari son of power density an
the LIB owns both a high specific power and
avai¢tmabl gy straegepedewai tee-adv ar thakdsertyheand ni
cadmium (Ni Cd) battery.

Al t hough the first commercial Li'Btwas rele
revolutionary research of LIB dates to 1979
graphite was fi%amay!Halsmwminesrt riart ed9 0O, | it hiu

(Li @oQvas used as the cat hodbey iNe d eAc. h aGogdesahbal |«

Stanford!UnAveosdiyg to their structural stu
structurevaisnshio@oaOduring the I ithium extract
a complete intercalation model for an LI B.



Decreasing storage weight
Comparison of specific power and specific energy

10.000 - : 3 O S S 3 "  S——— ::J
- |Supercapacitor | t :::O
[ 1 L LTI TTOT fuden I T T I
P _|Flywheel | |
o
=
3 1,000 {1 |
‘ . |Fuelcell | |
°
Q.
-
(2]
& 100+
(7]
10 i i - 141 Il Il ! MY N T | -
1 10 100 1,000
Specific energy (Wh/kg)
Increasing storage weight

Fi gufd.€omparison of specific power and3lspeci f



1. 2Elle.ctrodes

Abattengi sts of an anodépa & &ahteh ocdaet haondde eil:
source of Ilithium. As a consequence, the ove
maxi mhmumhium | oading of the cathode. During t
cathode materials wer.e $omenatreysptiaadbaeld éad rdded na p
1-2.

As t hecemméer esaatlh dkad mat eri al, LCO present
energy density. However, bédbcaoubseel to fo xtihdee ,I otwh
batter yoftennd ad, sndhfiemhyt e ds siutes application. L
devel oped to solve the thermalwvasuoempydmssad
order to extend ¢ahdea pctyicnige tlo ftenh eo fEM haep pLI1iBc at |
deved,opeevert &reelleastsi,veilty hlaosw s @abBCAfcateoeegsn
aNMC cathode were developing. They balanced
became the firsil consideration in EV

An anodesiimks Ldwrhiinugn.c IBersgidregs t he capacit
itcycling stability i1s also a critical proper
than a graphite anode, s-bm@enealitehreirsaiioha $cendni al s,
mat eaindl snet avlerexiidhese,sti gat.dgpasadnmdeéemabeési

tabul 84 lelldBe i n



Tabll2e Compari son

ofoLdiBf ferent cathodes

Cat hnmmderi g Specific eng¢g Cycle 1if
Li CqQ@ CO) 150490 50000
Li M(LMO) 10040 10610500
Li Fe(PIOF P) 968140 ~2000
Li Ni CaAICR) 20250 10610500
Li Ni MaCNMC) 140200 10620000

Tabll3e Compari son

of di fferent anodes of

Anode mater

Theoreti cd&mpcapadimAyp 4

Graphite 372
Har d QaH)on 4 0~0 0 ¢Flo
Sil(SoMn 4 2 o
Silicon (rBd g x 1 0 6104 ¢

TiDixoi € 8O

78249421, [13]

LI

B



Graphasebeermdfarhte LsltBataen odda oma ttesr itealc,h nawiar g
and cycl iHogweswt éaeb,i Il ii miyt ed capaci ahyi gahn dr a toew opfe
graphi heael tue ramaotali ev enaatr edr icaalr,,b &km odwmhb@pa s phi t i zed
carbon, atpirphvérdesspeand i & kiaghei hgat ¢grElphabiel it
However, the | ow i &€&fubtivsedrdfe atpaarcd toyard osrs dur i
coupl es Asfi | ¢ yaollneaeans s ttthaen @ d e ammaald rBi alluef dro it
high theoretical capacitys8Biasedowaisebhpdifwul |y
that the high ofthheattes bahilclagpealwed!l ume expansi
other than the | ow | CE, Bhitchhe idse girna dtahtei orna nog
devel @apiSdIOy .anode is an option that dramati ca
wi ahcompsrebmotfhi ati on capacity. malrtghionuagh yt he v
all evit &3ie@ amode, etrhet hid@E at sSilttchvve i rreversi bl
LiSis@ndOLiit hi usn azltsyudsipoed enti al an&d® amat er i
exampl ei,t sduhei gho capabetyonald Apbpwdeoséeaction

Sn0O, +4Li" +4e =5n+2L1,0
Sn+44Li" +44e =Li,.5n

The first conversion reaction is mostly ir
cathodegewimalnemea | y consumeth abg®adurmii mg frnormmat
cycles. The irreversible capacity is 712 mAh

the second reaction. The th@&bretical | CE i s



1. 2El2e.ctgydtydnm

Anel ectrol yte seraceisaragse tthrea nnsef eeiraua liftd rcsa m t be
omtl iagui d s taantrec.r efahseirreg irsesearch and devel opt
due to its high safetiycodrdowevety, coanrgetddl ehg
the first choice fo%. a current commercial LI

Lithium Sal't

|l al i qui d electrolyte, a |ithium salt provi
bet weeemodecahtdodal i tShinem i on has a small i on
such as LiCl, LiF, atewndiestdffihecemedy asol u
selection of Ilithium salts that mdelgutghhieu nmi n
sabhtussual |l y with complexed anions, such as ||
(Lilm), lTithium triTflyvormaomet hame siml herxat ¢ uOL

7R8It  hafso unddaiml m and ahi ghehadiessoci ati on con
chemical stabiHawevedrhancdansPdéecungenhecobf eac
cell caaséed byl m WrndleLpPiAsf a rel at iafetleyr i deal
bal dalple operti es.

Sol vent

A onmgqueousmwsotl vieemtusead asn ailsBalev evatt er r eac
' ithium anode and many highdpdeentoati sabvbhuod
sufficient amounts of | ithium salt and meet

mol ecul e hmg$it dha&vectric c¢onslthamnteofragraehiec a p ol



solvents witlweaar lnsf@Palh yoriregegdrsioci 8 0 dsvoenmet
cyclic carbonates such as ethylene carbonate
|l inear carbonates including diethylcarbonate
carbonate (DMC) and so forth.

However,t awistohl vaenhi gh di el ectric constant |
example, the EC' €. fAekiBgupiongtonky 3Bi.dgh di e
would perform well at higher temperature but
duehteofteezi mgr aollivtetmibuwm bant ¢t ea lgtorl ieéerctrol yt e
i s always used to balance the sallhedlintsispllat i
sol venhvwasiSgatosdathy vhemlIt heny LidROeRIG EICO we r
the melting p#iDmathnofett hmd Saolvveesrttalgad ¢l t hleut i
on the SEI for madn oinntdeir ¢ anlga tl ii d’hE@Qmt bea gr ap
became a major ed enpbMeoarywleofelLl Binear car bona
i natot ent Aolner mul ati on with EC and DMC mixed
sol ¥entLater, other | ineasodartniEe€a tb@as ewWer e ar
electrolytesnd €MENThAe PEE€vi aus work in our g
mu Fstoil eé et tsiF0A yhtiegh t hroughput statistical me
desogmperi meBC, (POE) EMC, DMC aawndd DiEeCovtver e u i
ratioshessnagti stical tool. The wide temperat
best combination found through this high thr

temperatur eoft eyt telHe cdtraotleget e containing onl

10



A d advietsi
Al ongt heentgh neering desi gol aedt opoimnimezati on
performance of a LIB can be further ®mproved
The additives g(esncearrailfliye dgpestm maeadrsosdems d ag
formati barmignggbéd e protecti am Ipayeevre,ntk ntohwen raes
the el.ec3umwmH yadckdi tives include vinylene carb
was conduct e & bwatsXifochugnde i %aVC contributes po
formation without creiampagtany significant n
FIl uoroethyl ene carbonate ¢HFECHIi hstanatsero
protective SEI ioann tl@Gle®.a netd e adsdu dad @permeostt ercatti on |
formed on the graphite anodeowhend®oFEC add
for matal apenfto the | ower unoccupiiedhmol ecul a
sacrificed before the solPyNontt omollye counl eas gdruarpi
Nakai et al found that FEC proofiLdedBi si mil ar
Lithium bis(oxal atld)erar attiemd(irleodBe® B)h eh acsy c | e
L1 B haitgha t e Ffpletr awaus ¢f oLuimBd@Bt ddaent t he exfoliat
graphite anode whewasa ®Ceubaeded|elodbeter wleydt @ h e
anions decomposed on the graphnhtatnhaes osdtea b iwhii:

of t H2 SEI

l1.8o0leilkectrolyte interface

It has been |agueredstiebectnadtymen awhei [ e t h

11



accepting el ectamnasncdeet e gcsaumi faal cseol. ebfEmte e d u ¢
product of this reductiacne i@haadliehi Thhd atyleirn clo
ionic camdseaast iavesol i d el ectrol yttédken cwall d kegle SE|I
regattdien®El i s Fduymtriinzedrilry 1970, Dey et al

concluded that laiqtureiowm megtsdlem rwaas mowvered by

conduct PhgHbwgeer, this | ayer was not well d
named the SEI after investigatind®Ftssthgmiec
the alkali metal electrode was d46veSedobhyl g,

t hSeEl was conductive for d&Eamiadohybut henshi akin
still increased eweim tthomeghfi stwasagae good el
of the gr awthiwhos molwe@neous area was conduct.i

would further reduce the solvent.
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2014 & | cathode electrolyte
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Figu3 eEVolution of investigation of SEI on
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Sy

El

One model to demonstrate the SEI d orynati on

senhard E%It aleosuinmlatl 999k e s e Invtaetrecda | garta pohni tceo r
re LCwholhtdnd a r adttlheandnkGWwas for med via the
action of the solvated compound. Mor eover,

me of the electrolyte decomposition produc
aphitaet eayet hweasSEMuenidhdggdd ed et al t h€ombi ne
st eXaraatyi cphot oel ec XP)Xne ssupletcst rboys Cloapnyad nfu ha et

S data, both the SEI componeinnt st hmdifdA tvhcer kyr

new insightomf eSEBl bynHdstatedvartwag Itdyeered eg

Wi tplbhot oel ectron spectroscopy (PES), it detec

ner layer and the®¥lpodbtiBepeganpcobubhgrdepy

t hiahietde gamode was conducted by Mal mgren e

i mul ation on daept XPBrokiblel c mpoheflt s was es

Ot her than graphite anode, there is increa
ch md dBrne da o their competit.iAVvé hloughi atoimen sd
ecies was detected i nCQahedSEIFofumi Gue acnom
ch asasid we@nesal so fBlalAd in the SEI

|l contrast to the anode, there is no thermo
idation on most conventional cathode. Howe

nerated and gr ewAno ne vtahleu actaitohno doef stuhref akcneo.w!

cae BummaFi gedddThe early research regarding

14



back to 1985 when Thomd * xe tp haelc edaetthenautee ds utrhfea
ac mpedance method, which indicated the oxi da
the e#tThhoed detail ed species of SEI of sever al
Li MhROandGaWiere predicted by BhRdcyezn tinkgy ,t haen

sintautron rewhsecoodecitNppdBoat hydMBr owni ng et a

thickness as well as the compositih of the
1. Bl.L.ectrochemical i mpedance spectroscopy
It has been shown in the previous paragrap

cont dii duweder st sonnd ibnogt ht ddah &S Hameideast hBldset of

—

hesietxu met hXdalyirfafaufcKB®@B)s, and adPBect eodfet ent i

—

hseampkeeovered from a dioswesvseea mplriderce &hnagtstt earey

sampl e dj swarstdrmbn|syptorestve@r i ous chancteoss bfeor t he
expotseemlxygen, moisture or other solvents, ca
either physically or chemically. Because of

el ectrode materials, thersampbentgsiteatlet he de
anymor e

On the aouesasithkcitaw emet hod keeps the integ
mostly eliminates the contamination and the
result. One of the techmeirqwds tiosolt hse nEleS.t hlet
resedmMmsht he rapid devel opment of the el ectra

accuracy of t herddElaShame & di A rg med xmapnn pol veE | oS  wmaosd e r

15



conducted on graphi t*tThe expgploideatbiyoChumfy EItS
investigation of energy storagelystems were
l Akl S, a sinusoid disturbanae pitaooletda gbhea tatte rc
Basedheoemsptonded currewgta] ciamp ¢cdaanhc & Weagra ebnec y
frequency varying, an i mpedance spectroscopy
|l nder to interpret the EI'S result, 1t 1s n
circuit. |tthats bdleat eivec delnements and their
i mpedance profiles in the Nyqucame plot, and
deconvolautseed iienst oof basic i mpedanteamrofil es.
battangbeseénwi tsleri es of el ect r ieogud lvearremmitist. C
is found, the propexti &t eda hphaer abneettteerrsy ocfan |

in the circuit.

Il n gener al ,i mt arofecddsieatibansysefr faag ieon mea j tohrr e e
processes on the electrode surface. 't can b
el ectrochemical pd ocye ssl eatnr be elepmestesnitien a

Adoubl evalcayem@ to a separation of <charges
wheneel ecwaisdmer sed in an electrolyte, due to
bet ween the el ectlflatigta@md enbheamount of posi't
champess ustering parall el witthrei rdoanheredoebl| e |
| iketraditional umdp &ei tao rh.a chigppvweeavweiranter oft h & e

| ayer i s frequency dependent . I n 1932, Frick

16



(CPE) foradimodediobunbgeed | a¥er | Deh89dor Tamas Paj |
demonstrated that ItyheonCPEhedespteantdee do fs ttrhoen gs ur
comparing the electrodes with varying degree
deviation from the i deal capacitance resulte
[50].

The | mpedsasnicoen efxorr etZaeeg dwawsb Iseu mMneayrerz,ed by C

[51]

1

Lo =
I_:f-'_:l- (']].)

WheTies the caanygwhai taocer representing the d
capacitor.
Thel eciegmi cal anelaectomandeni s ge/weé meed elgw att h e

Takiaon@gt hode as an exampar,bé¢e hexpgruesead aenNsi

il

r o
n = et =

—_ g RT
I=re (2)

Wheiies the exchanjpgies cuatrreondi o emtsdrtgigs t r ans |
the number of nmnolses hef tEIMpee@aamusjebr iEEm pot ent
represents the potenti al of the electrode.

The BWotllneerr equation gives the relationshi

current. Namel yrti d¢sedefclitelmd s at heepcopen. A d
si gl pbansuperi mposed in the eq@lati on, and i
- (Eptaar) L -
Al =i'e * —i'e B (B)

17



(%)

Appl yvhegMacl aurin series of an exponenti al

; X X
e =1+ Xttt —

2 yil (5)

t he B/wowimer equation cwhtheahoaattlugnpt i neat h

potentiali pestgnbBtcamtly small,
5 _ﬂ}:_;-:
_"-.I:—:':_"-.EQF'FE &r
R (5)
As a r ed ectigmot bel reaction at t hec aen ebca r od

repreaenael@esi stor

Re=—=—¢ . = const
AT ioanF ( I)
The i mpedancedekpusessenoprboess demadvesntfro
whi cdhoviesr neli dky’ &« heecond | aw,
c'-_-i“:D.:'_r:“
ct oo ( -B)

Whe€ies t he cdnccenthreatdiiddf,usi on coefficient.
Gi ven an talsstu mphte omonsumption or the produ
el echemi cal reaction iby rtédaes ordals mt roaordfoentshae

electhal pobandary condition at el ectrode surf

ac I .
— =— _sin@¢
o x-0) M

(-B)

Assumihreg scal e where thé8acoheéedént thulinkbhegr ac

18



el ectamdtplbeemdary condi ti oni rcfainnibi@aes.c oHheen adeer e d
di stance rea-chf rndiet ee,ltelced rood it e concentrati ot
concentrati on o CoTthheer ebfbokrkeb,e U B d & rtphl ey teatdhietri o n
can be expressed as,
T (1P
Thger tur badaomne rftr dahmgo neoyad a meebaltyti cal |y

s ol aéld

- | ¥ D 1
_*~.C=C_.—C=—*T-' FEsin T

nF~joD - @ 4 |

From t hiege splkeedeaorn t he el &Cgttrilm@hes ts s fganad &, c

(-I1)

aspect, which ciamxgobtannhobyheubgquatuon.
T'.
AC = 51nr1r——
) ?FﬂﬂfJD (_]]-2)
The relationship between the potential and

equaAssommi ng a constant bul k concentration o

el ectrochemical process, the Nernst equation
_"-.E=R—;_1n. 148 |
1
(-13)
The expression can be I|Iinearized by assumi
electrode surface is significantly smaller t
_ RT AC,
:Ft’_ ( 14)

Then, the | mMpgddardendhcgm nd ubbes toibttpal)nn goequat

19



equat-i4on (1

AE RT RT .
2 L T WFCfaD  #FCAaD.
: 7 Co~im 7 Covim (-]]. 5
i s defWambdadmmgedance
RT
T FCc D
nFTC2 ( -16)
Ther gtfhoer edi ffusi on I mpedance can be writteri
a :
ED:Tll_;l
@ ( 417)
The mathematical havi danbeeilpditcatbsmical p
can be represented by a circuit element. The

simated by an equi paleamfr ttgh e callidgct rThickar, s u thfea
guantitatively evaluated from the parameters

A systematic EI'S 4 ownwedbttgatries was|l dohieuimy
et al BdiTheyoedamupgeéreidment by using both el ec
' it hiommbattery. Ele3 ewag otdeekecrelidmmad tawvd dief fea
temperatuelsct Aottreel | was almsguibwaslteedc wi t h
simulation, a direct durpmeaoainctehemcéhlke geswl $
at | ow tempexeatot e od®hieeelidherde etshualtt t he gr owt h
the cathode part. Téeheuyaterpalkt atawmoaeonfr &1 &
i mproved equivaldeqitstcamceali dnd Accaipracevdtst@ v a(sR C)
in their EIlI Sssilmulpatisemt efiheé hme tdmda amowved Il f i

B3, EINSestiimdern ochi ffer,enomt 2Inp etast wroeamsiuct ed |

20



the sam8 ogANtolhpp gh temperatures, the i mpedanc:
f ouonvde relddpwever, at | ow temper asteiprag .,atedleh s e
Nyquist plot.

Ree nrte s eegasicho ElaBasdpower f ult hdeedtah d e di n nvest.i
of the SEI. Miriam Steinhauer et alth &£t®wdi ed
Il n their reseatwdlectaogteh ikl e tehlee cotarovedaet hcreel el
Li as the referencsiwer €l SnwastitgaeaedduiThagi

the seconldotchlarge Siomul avahgnivi ¢tihr thiet equhey

process of PBEElI formati on
Il n terms of the EI'S simulating, much of th
an optimized circuit. However, due to the co

f intgt it he Nyquist plot from the frequency dom:
individual electrochemical process &hd makes
Thereforedeti @ar oroderaémor g abdeogsatidcdiotr an i n
bat,twdiyh refl ects t headgiesnturiinbeu tpihoyns iocfa lr eplraoxcae

transfers the Iimpedance data from frequency
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e e

(1) @ e W e ()

Fi gu4 enflt e VoigtDBilcircuit model
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Il n princkpoen el et ti c system responding t
model ed by a finite Voigt model JWhigahh ecdnt ai
Each RC el ements represents a specific proce
frequency is the sum of the individual RC el

For an electroclemi aiash acnpdEdrmmtidf y each
el ectrochemisciang ipnriotceeis\so,ingetc ensoscaerly ,t beecause i
di stribution of the itmphad acnacne bael®8nxgp rtehses erde | aa
Y R,

N o ;
Zi:f (@)= Rt:-f \_' ‘_ = T -
; T l+iwmr., o l+iorn

(1L8)

WheZigl )i s the i mpedanceRrepfesgunescyyhdomali a
the overall p oR, giirni zvai tcii onai ot nys /koaf B tt ai nntee

The i mpedance distribution in the time don
el ectrochemiBlo @a xxipsr olcoecsat i on of the peak is t
indicates the dynamic of the process. The he
the peak indicates the c ocempclhe xeilteyc tafo cthheemi pcrad
candibeti ngui shed through DRT transform, then

equivalent circuit to simulate the EI'S dat a.

1.Brelithiation

Given the establisheidt kinoasw|l eelgre deo@al ISEéedimn
gener ated SEIlheon nphoer taama&Eded wifsniangvellll B. The r ¢

SEI prevents further decomposition of the el

23



t he SEI determines the cycle efficiency, and

me n teido p rlegwh owesd al |l the components in an ano
compounds. Namely, during the formation of t
consumed. Thaesedmbleed abatettdry i s unavoidabl e
fomation cycles, which | eadantglkenf aoev | CE. O
modi fi catOpscommat éAch Araphite anode was investig
results indicated a signi Hiocrametd iSnkpDg oovne niehnet
coat ed DYt mpehti taclAl@swak, coated on a silicon an
|l ayesidemgane coated | ayer effectively all evi:

and maintained thelfcompleteness of the SEI

Prelithiation is another promising technigq
i mproving thiredlcigtcilamiils tddefi ned as preloadin
i tfeimpmy el ectrode befomkel Bhei bahtaser peans mark
the anode used td hleeg etfltoeg esiink i af plriacchdwcm,l t c
| oadheupl itt hi ubnefimr @ hmalsimk t he battery

As shdowmgulblee Ilmain reason to perform prelit
compensating the | ithium | oss during the SEI
anode surface duri ngatlLh el ftihrosutg hc, o uphlee se | cefc taw
decompwaishe oenaotfurt he SEI afnoorumlaittidofimgmals o ai n
conswamad became irreversi.bhe Iliint hihuem sluddssse qauuerr

couples of cwad eeyv iftddeentaco |l luimbi ¢ ef fwasency, €
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h | eowematthan t hé&hd ollil tolwii ng tcndcpgpesd i n the
manently | oss of Wit hlp rcdaleiattchhieaytSigdn t hgebatvha

med chemically before taberi ai hiraemecuaista rbd &

kvia s m| iora dtelde a hethec Dluttgengt i al f or mati on cy
sumptli onhhopéttmt heomcahebeatthadéei satdey reduc
mi nated since the SEI | adies c lwarsygrifedggmnetdhdd e
ef s it lolioawchodmp e n soavteer atihhe ce A aapasul@§, the |
the over akddl capacity increase

Besides, tkaanptricfi chalaty onontrol the SEI f

(0]

ompanying reagftcilomgdurnifndg hteh SEI can be fc
cess, both the compositieonmi akerihde struct
seqguence, It iIs possible to form a desire
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Without Prelithiation
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a

©

©

c

There ar

hemi cal

e

t wo major prelithiation methods,

[El elcit tr micdhteimo ga@aheipniebdsacy atfiiamn al me |

ithi umaedlembjfeodev.@ he bpglhvomdest ati ¢ charge/ d

bjective

onducted

arbon el ect

el

el

he pr &diICiwa & i

erformance

rom 72%

n

ectrode can beths bbMgbeeneed tad a pr
ectrochemicmal ampoacedlthibbealidoend minn g
rode and a | ithium metaicewds ass
aeadr angediMOn aas ftuhlel tctad bhiphdwei.hB ¢
of the preliti twhaisatfed nae ltlh es Il iCgEh twle

the pristineBlicHeolllt sttoi e8y5e% eitn atlh ea |

| ectrochemical pnekemhhpdaitthendoamodge th b eva s

eported

that the carbo68%panbsesipthegée &6fadf poer

rea. However ,tlwe thChrwads thii@niifoing®@.Mtolsy i mpr

f the el ectroohembcaddceddl Mt lviiseion and r eas:s
redaoenpl| i ovietrye amd suitable for a mass produc
The chemical pfrwerl ¢ it ehsi it fiieend caonbact with |
ithium rich mat ercioanlt aa dnd i8gi avdedsll,u tzaenadn Il ii tt hhii wn
owder. M)y pi cal | diused icrodtlhgece apmet Bodnode wa
relithiated through a dirft¢tt wastiegtedd She
relithiated graphite/ NMC cel |l had an 88% i n
tability, although the prelithi@ttherm tphares
sing |ithium metal, a lumt hiiecm omamhpoumd wadi
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demonstnrn& &l anded hard carbon anode exhibidt

cell . However,,GdMN shlauwtdroyc latesbpmé pdiimdan hieme rcto
gas akthareand et dlaiSiLaCe pcesrhteel | namo pardr ell ietshi at
additive in both the graphite and the silico
presented a better Coulombic efficiency in t
Al t hough wae @omdtdestsed in an argon filled gl
prelithiation additi®es was tested stable in

Using |lithium containing solution is a pro

electrode in a pretiodhe atcaomwmnbe elaigenit at ¢ethespd
chemical reaction. The beauty of this method
air and compatiebektttpdwi plhno doyrcdsetro ntgol imaek.e t h.
happent haaprehireagent needs tlc abeatmearadftul |y
radical anion of ar omaft ioe dthyshd dicrag baom sali kaliin
amrgani c sal omaywdrcodwahabsoen r educimastclayp adbs | it
strong as .Qurt hpruew medsalwor k reported that |
has a redox potenti al of ~0.4V, which succes
' ithium was captured by rheduwd eodx &aRdiiazmedd ,r eidtu cve

l eading to the succed$8§ul prelithiation on P

1.,8i.m of the thesis

The pur pros<eimifhcitshea hesi s | ICEadrtloBvsi tmipreivteh & th e

carbenl-besaandoa@de , welnlcir ghiseever si bl e capacity of
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without | osing its cycle |ife.

A prelithiation with | itéddumetclhoad,afiduentgha o
iths gh preffifilkia@anicgntbbodbéetsesapiolk ¢ mitgiatsdad!llll ed i r
el ectrode pbExopdeurcitmeonnt sl ionfe.a HC anode prelithi
prelithi priecendviedit amel€t3apt er

I n addition to compehstabeghher ghieteshulmtl @ a p a
t hSeEfl or mat i on during the chemical prelithiat:i
the sonmndgnitirtaits otneesce the stability of the
the battery. The iimvedt iCpd iead mgmedthleo DRiITs tEIAS
representativeaaegbeanéentocsrmuli ate the EI S
guant ptapewveies of the electrdmbemboabmproce
investigation on EI S peghawvinardafmad if zé&lngc tnrted d
wi || be iest@HRdlp tsehrée d awiplloliperde! | t IChatp3t @ h e n
EliSnv estwagsatsiemlh®ncompari son bet-wf béartan LI B w
el ectrolyte aanidmmmo \d ¢ nadliedrchtvraorliyotues t emper at
condi ttimense dppehiemprtrs or mance contrast of t

i nterpr eet eddi fffreorme ntches of the EI'S outputs of
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CHAPTER2. AC IMPEDANCE AS THE EXPERIMENT TOOL ON ELECRODE

SURFACE DIAGNOSIS

2 Introducti on

The prelithiati onsoniuthi dn tnhe tuhno dc ornetlaii ensi nogn
the surface of the electrode. The reaction c
alsarry side reactions | eadihneg etlheec tJ domeere astuirof
waso evidepcedict the differences between th
el ectrochemi c dlelf yor gamsaukaftaegde mdHd s gmE@si sover , t
chemically formed i nt evrafmajpceen dcuhrai rnggir nppgr et ll et hbi aa
for®ER diffrfoent eenhte pr i ehi 8 tabdAnt teemp doitthi on.

Al t hough the major purpose of prelithiatio
in this research to maintain megeod tgctHabcl
SEI diagnosis before proceeding the prelithi
affects the stability and the .¢tychasl beenot e
t htae SEI was fobdamabauthhe reducti on of the ele
preventing the further reaction between anod
al so facilidiiomatpas slaigtethitowmt he anode. A good SE
ionic condgbhtolmtyg [(®adi 8tivity

There are many ways to det ecithatshebegeunal i ty

presented in Chapter 1 that EIS ha®®Ween use
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(69072 he beauty of teirealmedsiho desdirg ut dwadtohtoduei no p e

cel | making the data more reliable. The 1 mpe
of fers more information regatridmegddeima mheatr
frequencygehmwmenmaaln, there are a few processes
from an i mpedance spectrum,

|l nductive reactance from wires and metall:]
frequency.

The Ohmic resistance due g ot leed egairmtl ywle raem
i maginary i mpedance i s zero.

The contribution of-cBEEl whbaBthhcgtl dobeli d §$

Charge transf er -lragyseirs tcaampcaec i a nach cdeo, u bMha ¢c h ¢ «

from mid to | ow frequency region.
Thei ffusion of | ithium ion inside the el ec
However, the eixdpoetr inmoernmaalll yd asthaowl wel | sepa
|l ines, or points as predicted by the theory.

individual el eé¢trooclEéd @naelad apdbrexresk’@’ilengi ng

Furthermore, unl ewassae el aetrde ntcoe sed peacrtartoed et h e
contribution of the anode and cathode. I nst a
common prlaetelcecfoochemical research. A refe
way i f theasol &ormatihooughout the | arge el ec

the refereonocobdel atteodé he performance of t he
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of symmetric cells [h%Wve also been discussed
Itwasecessary to estmébdl iosth pgirdipeEe ISi dhiagnhiosmn s
experi méehmhemwmeftdhrines, chapter, we mainly focused
i nvestigati omomwmab éokamwesadre bthvisoh g ni fciomd mtalsy
cycling performande.t ©mpecantaensel actrol yte
highroughput screening for OhB ion h&rprewnitaus
st aoftdhaert el &rcd roodlylt ecycl i ng a&andvetriree cBINS umnd ad
both | ow temperaturel@andr ae@¢reviaoodoesepamptee at ue
the anode and the e€ebdekbobtdedesipogkd kayés were

assembl gd awhi heaanode, a NMC 111 cathode and

2. 2. | mpedance investigation and cycling per"

We have reported that the | ow temperature
i mproved by selseodtviemg st hen ammer rati o as o0f

EMC ratio, whbd tderti seltehet Flulafftee footLkcBuses o

performance were not fully understood. Howev
composiSttiloweafe the critical factors.
I n order to understand the mechani sm, ac i

and the complete celéctrespgecpovehycehl aat hvea
every case the sameosi tbde powochypelsl ovael es e
el ectrolyte was the best wicde 5em@erad ubRCerl

EMC with 1% VC dméadde bé&d cop 8dDB) nhiogihr tl rarbo bbg/h
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screéelmiengpt her el ec-bft ddd rytt ee lwast 1t ddeynts8 a(EX./0 7M

EMC) .

2 2.1. Experimental details

Chemical s

Li PRF99.99%), battery grade LiBQB,<®hH0O@ VC (
ppm) were purchased from Sigma Aldrich and wu
and CEMol vents were purchased from BASF Cor pc
treatments. I n the NMC 111 cathode | aminate,
mg/Zamd the reversibl e ?%caipmactiitey gwaasp hi.t9e3 amAchd
l oading was Bo2% magtbmde and -sintbe eawteo mamad
facility in our | ab, with over 100 m of el ec
consi stence. The Celgard 2325 polymer was us
El ectrolajttieonprepar

El ectrolytes were prepar@d< i anp jampgpod) .f i |
Mi xtures of 10.0 g of solvent combination (E
conveniendetdwes ¢ dtewmd idl ectrol yt €s adlsh e” bhaasseell ii
el ectrol yddEeC/EMCvamt maass s rati o 3: 7.edThe i mprc
solvent mixture EC, EMC and DMC (nl.551 3@): 65
was added to each of the sol venrhtemproop®d i ti on
electrolyte solution, 0.11 g vinylene carbon

and 0.5% by weight of the electrolyte respec

33



the complete dissolution of the salts and ad
Falkraiti on of pouch cells with the i mplantat.i
Rectangul ar pieces of cathode (140 mm * 73
used to construct pouch cel ws. 9Bh & tmoAthal Ltihe
foil (0.2 mm thickness and 15.8 mm di ameter)

The el ectrodes were welded to the current

ultrasonic welding machine. A nickel <coated
a nickel coated copper tab was welded with t

Theugh cells were assembled in the glove
by two pieces of separator. Two pieces of |1

sandwi ched between the separators.uckhk X.eld Ig e
and spread uniformly. After electrolyte was
The case of the pouch cell was the aluminum
El ectrochemical measurements

The cell s were char@/e2d0 buyn tcioln stthaen tv oclutrargeen ti
di scharged at a constant current of C/ 20 wunt
repeated two times. Then, constant current ¢
applied bet wlkewn t2hr0e &/ tainme s4.. Bet ween each <ch
cell was rested for one minute. The entire f
After the completion of formation, the cel

cool €®d °tCohfoourr s2 bef ore discharged at a 5C rat
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The cells were then warmed to 25°C and all
These cells were then cycled for 50 cycles a
temperature. At theo0erncd dafs cthtae g0 coywd lee sva st hr

The cells were then warmed to 60°C, rested
charge and 5C discharge rate at 60°0°Ax the
di scharge were doperformawonted. temperatur e

The cells after formation were charged to
25°C. After resting for 2 hours, the i mpedan

te20°C and rested for 3 hourds algafimr.e t he | mpe
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2. 2. 2. Results and Discussion

Performance of the electrolytes

Before conducting the i mpedance analysi s,
was comparbeads ewiitnhe Fehlg@trdelr ®Wws ttehe compari son c
di scharge of pouch cells made with baassel i ne
chosen, becausatenapeofitchei bnghwas col d cran
each group and the standard deviations (SD)
mAh/?2amd 0. 02&@tmA/oanmt emper at ur e laynd S68 M°c@ d yhe

el ectrodes were frodwags | wde driomduutcad d nagf mAkh /c

easy to be called up to full production. The
reproducibility of Riheilpsbeah|l gyeldesmonbhradedt
|l ow temperature performance of the i mproved

temperature (60°C).

Qual itthe ofmpedance dat a

Al t hough ac i mpedance is a powerful electr
used as diagnostic tool to investigate LI Bs,
may deviate from the idsalwhlicihear eameéqut atido
modelling. The conditions of causality, i ne
“  Experimentally, the excitation signal sho
too | arge t of rdam vree gihen baaft tleiryeari ty. Al so,
time for the system to reach stability since
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porous materials which results of | ong rel ax
the obtained ac i mpedance data points were r
accuracy of the subsequent Kgquinvkg)l € Kt circui
relationship was commonly used to verify the
B4 760791 Theoretically, for a stable system, ¢t}

are interdependent. I n another words, the re

integraKieoquatfi Kns an& egeatapeski sThd Kel ow

2032 (x)—wZ" (@) .

Z'{w)=lim| Z'(@ |_|+' — | - . dx
a—bm - ATy - (2-1)
E”IK:JI:.EE].M:{Y
W " X = (2_2 )

The calcul ated real (from i maginary) and i
with the experimental results. The divergenc
valsikeul d be | ow enough to ensure the stabil

TheKKvalidation is critical to a battery s
battery electrodes, it takes vertye,l otnhge t i me
“stability” of a battery system would be rel

Fi g2sehows -Kt veal Kdati ah ompedantepdaFagbtlrem t
22(a) shows t hke corecltiraficga® éh i § rokvsn-drhe K

compliant I mpe@Gagezedmectsryunbh.ontsalarcatea;peg o lmie
are the |l east square fitting based on the eq

i Rl g22(d) ; whi tlei ndre araes htehe I mpeekkance spectr
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cal cul ation (real Il mpedance was calculated f
1) and Ejuatlitni  3El g&aa(ay $hawntiheK spectrum
compliant, the errors in different frequency
needs to be poiFntged( do)u,t ans asphpoawne nithn good f it
though the Kattampérianmnot tlhat is the major ri
equi valent circuit filtltitnge fdbat a mpseakhnicre tsipie

compl i emtmplnamt data were removed.
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Fi g&2 e Numer i calK ffiittttiinmmgg aonfd t pi caK I mpedanc
compl i a-Kt pog@mp | iKemtu;i viaRHe nt model was wused to0

i mpedance points outside the measured freque
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Building equivalent circuit by the identifi

el

el

t h

al

bo

s p

be

equency ranges through the DRT

Traditionally, an equivalent <circuit was b
ectrode processes, e.g., Randal | circuit,
ectrochemical systems e. g., hdogr rcoognpdre.x Huw
e integration of multiple physical and el e

|l , battery systems consist of porous el ect

th outer sur f aceoraend timenema ssa rtfraacres fodr tihse

ith the pore size distribution. Such proces

equency ranges; therefore, different equiyv
ectrum at ndyffremges . f Bedqowee the equival ent
determined, the frequency range of each p
Any el ectrochemical i mpedance regardless o
scripted asuia gceonnesriaslitiiznegd ocfi rac conti nuous
e space of Pl el|Tahxearteifoonr eo,f tthiemei mpedance can
sumptions of the physical and el ectrochemi
stri butcehda nagleo nogf tthhee r el axati on ti mes whi cl|
rresponding processes. The practical rel at

monstrated in -C8hapt ERiréedpEtelsatnitesn t(hke rel at i

ovalrl pol ari zRadiino wi e di & nysakoktmeét iprod ar i zati on

of

diff-eoesatami mean n &w sher aselp aa skt sg@dvem ian
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while the peak area is proport-axinali ¢ ot hdetip
const ant

I n order to better separate the aepde and
reference */eLlie)c twaosd ei nijpLliant ed bet ween the cat|
| mpedance spectrums wer e nre(°$d.ge&dseadws otome t e
comparison of the i mpedance spectrum of the
i mproved elect-20t1¢@t ewlat!| @5t ICe acdrrespondi ng
Fi g23 e

The DRT offers direct access to the rate ¢
and el ectrochemical processes from the i mped
resi stlaamxeaetsi dmeampl i tudes), which can be cal
corresponding peaks. Although the DRT was <ca
model with no physical representation for th
used stepar at e -rteleatiendp epchaynsci ec a | processes and

identification of such pRiogc28cess)eBang®#3a’ & x ampl

in the baseline electrolyte the anode has th
two significanmnt hpdecasnsgdeanoBetiplayed | mport e
ambient temperature. The | imitations for the
temperature are similar to the baseline. The
in thee balse¢tirol yte, while the processes in

the baseline electrolyte. Signifoact ditf was
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interesting that the t2wWo® Q rwoecrees saebsaftotrthiteh ees ax

room temperature, although the relaxation ti
observation was that wunli ke at room temperat
contributions to the cell dompedanceontthheée bana
cel | i mp2e0d°ath,c ewhatr e only two apparent proces

consistent with e reported previously
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Bearing in mind thatrBRT wasanmadediom d iuwnre
the specific nature of the processes was not
kinetic aspects of the processes. The remain
processes and berkehatioddigidselcd @s ttsheée caqui v

circuit of the anode developed through DRT.

() | oops representing the ¢t @Worppoesgesnées &
interfaci al charge trankédgerreapacohanesi béetn
and SEI | ayer. The CPE/ R r eypmiefscermrmdsSviilit dai Ini t il
graphite | atticeR) Tchoen sohsmisc orfe stihset aenlceec t(r oni «

resi stance between particles and current col
resistance. FThhg@4sstodwsd tithemeexmel Il ent fitting

spectrum.
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Fig24 eBuil ding the equivalent circuit based
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Fitting the experi meh@AC i mpedance spectrun
Fi g&sehows the comparison of experimental
anode time blmadhel i ne electrolyte and the i mpro

circui tFisg2edwenTha fitting pafaabnet eAs are tabu

demonstrated, the fitting errors were al most
The pouch cell (with reference el eoctusode i
coin cell (no reference electrode) for examp
roles in | ow termPertahteurmeajpoerr fcoornmarncheut i on t o
from the anode instead of the cathode et c. I
was simil aTaklhkKe shown i n
|l nterestingly, conventional wisdom taught

circle would have poorer r atca radpabiAlpiptay etnh d

hypot hesi s was not tlrauyeeri ns htohuilsd chaes ee.l eAc tgroiocd:

ionically conductive, in other words, an SEI
facilitate i on Hiig2guest ha@isdmiesbdbwhheni mpedan
anode in the improved electrolyte was substa
el ectrolyte. l ndeed, the R valwue of tohfe i mpr

the baseline el ectrFalg@Breeay DRTo piedd& st sd oevxipl a
phenomena. CompaFiig2f( e€©OR)Fi agr@( el )i,n al t hough tl
areBi gh3(e’ ) was signifi cagdw ' l)ar gere tplreark tph

the maj ¢&n g@8(ak )i n( 0. 19) was at | owiegunmrel axat.
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223(c’”) (0.3), the full wFdgh3(adt )hdI0f 3BaA X wag m

smal |l er Fhga3(ehat (Ofe80)y e, Tlaeét hough the pol ar

the processes for the anode in baseline was
more sluggish for the anode in the baseline
|l ndeed, oOheptwoemagegs for the anode in the inm
separated while they overl apped for that of
kinetic process in the improved electrolyte.
dirsitbut eldo mo gpeomeous matri x e.g., the matrix w

di ffusion in a héemogeragusa |l rdnoawrd &g @ & el iwred |
shows on tPhlea nGo ngprlaepdh iasn dp rld pCoPrEt i on&l ct ent he
The devi aPi bnomf OCPEi |l lustrates the degree t
homogeneity. The CPE/R |l oop in the equivalen
di ffusi omoimogteme omen and porous 9HIt ilnagy erre.s uTla
for the two effedbrodbde. ahlbele@GPEN the baselin
i mproved electrolyte were 0.87 and 0.63, res
electrolyte deviated away f roolny tOe.5 Intorwa st heavn
t he moehoeemmgpennous nature of the SEI | ayers in
ConsequentT yf,ort hteh e CPiIEmpr ove el ectrolyte (0.0
baseline electrolytec(en06)n ohelLBEdHIi faAayeron
was substantially higher than that in the ba

agreement with thosePlin the previous publica
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o & Experimental data
g0l L— Fitting
Anode w/ improved
-5 4 electrolyte
1 Anode w/ baseline electrolyte
= -E 7
I~
-4 4
-2
0

Fi g5 a&c¢ mpedancne asnpde ctthreui r f i ttings for the

electrolyte and i mproved electrolyte.
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Tab2le Equi valent fitting results for t

Rs(W) C (MFRMW RW CPE CPP

BaselinO.18 0.86 0.14 4.7 0.06 0.87
(0. 8%(3.2%(2.3%(1.2%(1.8%(5. 4%

| mproveO. 2010. 8 0. 2 12.6 0.01 0.63
(8%) (3.3%(10.4(0.3%(0.53(5.3u%

50

he

mp



2 2.3. Conclusion

It is clearly demonstrated that the detern
performance is on the graphite anode. Using
el ectrode processes can be revealed through
equivalent circuit fitting show ayeoromant heo
surface of the anoda diayssi bn kBddetions, thro
influential than the actual pol arization res

graphite anode.

2. 3. Hi gh t emper aitnupreed apnecref oirnnvaensctei gaantdi o n

As we presented that adjusting the ratio o
the ®5Elan electrolyte with EC/ EMC/DMC 5/ 30/ 6°¢
have an excellent | ow tempyeratngr @ epdroframamarec
properties at high temperature remained wuncl

The SEI characterization was relied on ac
complexity of the processes on an electrode,
explicitly identified on the Nygquist plot of
a representative equivalent circuit. 't has
power ful tool to distinguish tfhreo np rao cfersesq ubeyn
to a time domain via rewriting the HRfeasured
(801 ' n a DRT, each electrochemical process is

di fferent P¥| alxhaetrieofnol ryei,mensotpr ocess can be id
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kinetics and the resistance associated with
DRT plot by reading the horizontal position

Additionally, SEI tepmpreerntiuese afytcén ngl evneatee
combining EI'S and i-ese®ORiTotdeapstiohmceAlt wWase
measure the anode and cathode I mpedance sepa
temperature el ectbol(yt @¢idvie \E2AR dpMA/ B MC o5u/r3 0 /a6 -
1% VC, 0. %% LTihBOBReate el ectr odiynt eEC(/IEMC M/L7i)P

used as a baseline electrolyte.

2 3.1. Experimental details

Chemical s

Battery grade EC, EMC, BEOMC 109 .pntp, aandi d i <Pl
(99.99%) were purchased from BASF Corporatio
purification. Li BOB andOV€ 100. ppom) awede<pan
Sigma Al drich and used without Ifamitrhaetre pwag f
|l oaded with the act’?amd matdethal tbko6e8Dcmb/ c
mAh/2cmThe graphite anode | aminate was’ | oaded
Both the cathode and tshd earmmde ovaréa cmddd yi nr
Over 100 m electrodes | aminates were made to
El ectrolyte Preparation

Two el ectrolytes were gnand e hbey sdoil svseanltv ionfg tl

rati o. For t he soankee wafs ciodnevnetniifeinecde as “basel
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was i dentified as “i mproved” el ecewrasl yte. Fo
di ssolved in EC and EMC solvent (3:7 m®mass r a
was diissoE€@edEMC and DMC solvent (5:30:65 ma
0.5% LiBOB (by weight) as additives. The mi X

el ectrolyte preparatifon | was ggd<onicupdptoesd GO an

ppm)
Cel | Fabrication
Bef ore assenebllecntgr otdhee ptohurcehe cel | , t he NMC

* 5 cm piece and the graphite anode was cut

—

heoretical capacity based on the cathode be
An aluminum tab was welded onto the cathod
tab was welded onto the anode using a spot w

Two | ithium foils (0.2 mm thickness and 15
tab and wer e stahned wmicdhdelde ,r iignhtb eithnween t he cat |

eference electrode, with both sides separat

-

A nylon coated aluminum | ami natledtfrioldm @as
cell . After addhega$smimbékedcpoaokhteel !l was h
vacuum. All the assembly and seal processes

El ectrochemical Measurement
The voltage windbwctoodal poubbk tbdFrks was 2

fortmaon process, the cells were first chargec
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N

for cycles, then foll owed by a C/ 10 charge
process was conducted at 25°C. A€Ctehmhatdhe dmd

di scharge rate at 60°C for 100 cycles. After

1C charge rate at 2520°&Cnd oa RC cdicdelsarge r a

Il n thel ¢ebreede pouch cell, thec&l Bowasameéa
the complete cell during the cycl es, respect
potentiostat/ galvanostat electrochemical sys

measurements were conduct ldz i tielal@mae qacedicye w
potenti al i nput signal with an amplitude of

Three times of the EI'S were recorded on ea
state of after 50 60°C cycles, ayd Alhle tshteatke

measur ement s were done at room temperatur e a

2. 3. 2. Results and Discussions

I n order to eliminate the coincidence, two
The differences eonfienthse acnadp atchiet yE Infe anseuars ur e me |
cells were |l ess than and respectively. The p
repeats.

Fi gGsehow t he comparison of the cycling pel
i mproved electrolyte and the baseline electr
cycle, the baseline electrolyte exehd b90%d 16

of the total theoretical capacity. The i mpro
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85% of the total theoretical capacity. The i

to build the SEI | ayer durissgmdihret diomendtt loe
above 70% of the theoretical capacity in the
baseline electrolyte | ost its capacity sligh

cycles. After XxClIdyoidsh athe6 ®@°aG,eltime el ect r ¢

mAh capacity and the cell with the i mproved
capacity. However, after 100 high temperatur
had 4.0 mAfnidaepdadbiet xell with the i mproved el
capacity. The cell with the i mproved el ectro

Efficiency against 96% Coul ombic efficiency

60°C. eQumnupr report concluded that the i mprov
capac?2®0yCathan that of the baselirda galrectr ol
27, the cell with the i mprovedO0e€lCecatfrtoelry t1ed Ome
at 60°C, while the cells with baseline el ect

i mproved electrolyte BA8Caiol osmpper onmwntah
electrolyte, but the i mproved electrolyte sl
60 cycles at the elevated temperature. Howeyv
perf or mance stuptehrei obrai@tey jangeaviams after 100 cycl
conclusion, the improved electrolyte had par
while missing word her-20h@d TSheermprovpedfer a

demonst xatedd eaman e@erf ormance in crossing the
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After 50 cycles

( a) r :::: fsuorrzya‘t:ilzz | (b) After formation
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It has been common wisdom that a strong an

to effectively prevet Howecvterro |l ystuec hd eac oStplo sii:

|l ow temperature. TheredeveloptamaSEIbeleay ar cW
spectrum of temperature. I n this paper, we t
of the electrochemical kinetics of both diff

in both basel icnter oalnydt eismpr oved el e

I n order to analyze the difference of the
electrolytes, iIimpedance spectrum in a freque
The result of the transf or nRitg28rifei ig&d(par,e sheynt e
compare tOiRd§saonbdéesve two cells after formatio
after 100 cycle¢sig8(&Q° @)r esshpenc ttihwe lcya.t hodes
cells at different state of aging. FiTlgarwhol e
2-8( e, afr)t.i nt with the DRTs that were taken af:
and three peaks for the cathode can be cl ear

superposition of the anode DRT and the catho

el emme in a transmission |line circuit and ref/|
el ectrode. Note that the horizont al position
el ement, which represented the kiesgsics of t

| Fi g28 @, b), the anodsxl ODRAi patak st lag¢ charge
reaction at the anode anki gt2@ea ,SEd) itnh a&tr ftalce .

= 340 were independent of the state of aging
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aroonnésrildpresented the Li lon diffusion with
as a process with the | awesstl GknidfetPepresemte
Li ions passing through the SEI ,anrde stpheec tiinvteel

Figa8e@a, b) show that the major difference
and the improved cehbk tattsd0 Tthhee ifnoprrnoavteido ne | hea
a higher peak representing the higher resist
di fference revealed that the i mproved el ectr
baseline; eonsSEblfyoamedensn the i mproved el ec
electrolyte. Also, no significant difference
SEI, the two electrolytes may play the same
cell. As the cells completing 50 cycles and

the anode peaks tof=2gx0e"hlalseendsi@eac el Igratdual | \

significantly increased whirled atth ovsed yo fu ntchhea ni¢
Clearly the resistances of the SEI and the g
than those in the improved cell. Apparently,
continuous chemical irnteaatnioadrre metdwd éehre tbhaes ed ri a
such a reaction was hindered in the improved
partially proven with the evidence that a de
after the formad imeactlTihen comtti me baseline el
the evidence that its capacity decay during

i mproved electrolyte.
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I n order to understand the physi @aall edhange
observafFigad(mrrom) was that, intthkesllasoed i ne
nearly four times afttiemes5Oafctyeal elsO Oa ncdy cnl eeasr.| Vi
at =?s10n baseline cell shift to a higher rel
there was no significamt=>sincealsiog nloe ismpi

Evidenti adélyine ncelhle, bahe SEI continued grow

cycles, causing a resistance increase and a
i mproved cell, however, thanks to the dense
| owenri ti al capacity owing to the relative hi.

i mproved electrolyte outperformed the contro

performance of the I mproved el eccttriovleyt e at 6
protection of the SEI preventing the anode f
conclusion is consistent with the previous r
for the capacity |l oss and mosan@®dethe Li was

As shdodwmg28m, b) PsttPeaks of the baseline ¢
fromslt @63 during the first ®B8 ayclléed andl esa
i mproved celtE, 4sh opweeavkesr ,ditdhenot change at al l
and they onQf§ g®@éedva8r damOlcycles. Ass’smDng th
represented the Li di ffusion=shpeak meaphithek
decrefastthe kinetics of the Li diffusion in t

material degraded along t hEkE8%*E3/cHwi deesrpteicalallyl y
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and strong SEI may protect g @raphi-tae sonwovekat
insertion. I n the baseline cell, the | oosene
at a high temperature. Therefore, the solven
decomposed notne racnad actoe dt hemt wert hwhebagpiodei mg of t
temperature cycles. The permeation of the so
bl ock the Iithium diffusion or damage the gr
Li diffusion neamptheedntelfacehel denhbe SEI
to the anode by preventing the solvent from
performance of the i mproved cell was compron

The cathode DRTg28rme sdhaoawnlfhie cat hode DRTs
were similar at room temperature. Thefintens
magni tude to that of anode. Both electrodes
at ambient temperature. The conclusion is <co
After cycling at elevatedttemgbpanteaedet ohmeegy
eventually became a major peak for the catho

el ectrol ytre ,=!'stliiei do emackt asthow up after OO cyc

%S0 i ncreased in bothnglatt60fCtebuivhieh tcgect
reached a higher value in the baseline el ect
this ckRaOptCert,heatDRT contribution from the cat
ki netics wertehed eaneordrei niendp ebdya gy 2+& e aA st hsohuagwn tihre

i mpedance of the anode still makes a dmaj or ¢
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temperature, at | east in the baseline electr

overl ooked. Even though additional studi es a
at el evated temperatures, it tihsodeeviadcetnitv a thead
materi al could be magnified at an el evated t
i mpedance increase.

62



(a) Anode (b) Anode
7 Baseline - After formation Cathode 37 Improved - After formation Cathod
Cell Cell
24 24
g S
N N|
4 4
o . . of ot — ,
0 1 2 3 0 1 2 3
7'(Q) 7'(Q)
(©) e ( [ Anode
77 Baseline - After 50 cycles at 60°C C:II G 77 Improved - After 50 cycles at 60°C (cla:Ihode
| ° Vel | el
64 64
5 -5
&4 a*1
N S
-2 24
14 14
M N .
0 1 2 3 4 5 6 7 0 1 2 3 4 5 7
PAO)) 7(Q)
® én?hd:d | Anode
99 Baseline - After 100 cycles at 60°C cal "8 7 improved - After 100 cycles at 60°C ga:lmd
e
-84 8 |
7] 2]
6 &)
g1 Sha
N 44 N4
34 -34
24 24
4] 4]
T Py
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
7'(Q) 7' ()
Figad% e EI'S on the three
after formation, (c) baseline after
1 o
baseline after 100 cycles at 60°C,

63

50

(f)

el ectrodesi mppaveadel.y

cycl e

i mpr o



@)

,30 -
,25 -
Anode part - After formation
-2.04
= "o n m s e
2154 a hd -4 4
N
-1.0 4
-0.54
0.0 T T T T T
0.0 0.5 1.0 1.5 20 25
Z'(&)

(b)

Improved - Anode Original
50+ {—— Improved - Anode fitting
: Baseline - Anode Original
45 —— Baseline - Anode fitting |
4.0
. Anode part - After 50 cycles at 60°C
3.0 4
fEl 25
N
2.0
1.5
1.04
0.5
0.0 f T T T T T T T T 1
00 05 10 15 20 25 30 35 40 45 50

3.0

©

-7
-6.
-6.

-5.

-5.
4.
~-4.

23
Na

-2.
-2.
-1
-1

-0

0.

0+
5
04
5
04
5
04
5
04
5
04
5
0
5

Improved - Anode Original
Improved - Anode fitting

Baseline - Anode Original
Baseline - Anode fitting

Improved - Anode Original

|—— Improved - Anode fitting
Baseline - Anode Original

{—— Baseline - Anode fitting |

Anode part - After 100 cycles at 60°C

0
0.0

T T T T T T T
05 1.0 1.5 20 25 3.0 3.5 40 45 50 55 6.0 65 7.0
7'(Q)

Fig2X(® Equivalenttleramode fpant ngl $.n

mo d el of t he

equi

val ent circui

64

t

(b)

(a) aft

after

5



S99

T a b2l2e

Equivasemul ai rcmitesul ts.

Sampl St at e Ro R1 C1 R2 CPET CPE Rs CPEIT CPE R4 CPET CP#&
BaselAf r f.0.20.01.-4¢0.20.0140.700.10.070.909.7 9.0 0.67
Af r 510.50.08.-8€0.70.000.641.40.040.9237. 1.7 0.52
Af r 1¢t0.6 0.2 1.-3€60.80.0140.452.30.030.8850. 1.2 0.48
| mpr cAf r f0.20.11.2€¢0.10.0020.860.70.000.862.29.4 0.78
Af r 510.30.02.4€0.50.02:0.610.20.1240.712.011.10.8¢6
Af r 110.30.33.-3¢60.50.01(0.610.40.050.8119. 3.3 0.64




Fi g&9sehows the i mpedance specFirg29%uaedbj or
show paeéamme spectra of the cathode, the ano
i mproved cell aft eri g28renat dn)a nptrheoseep ed tt iev e 15\0.
60°CFig#(e, f) exhibit those after 100 cycl
anode, as disabhecvsed antequsi vaelent circuit wa
anode EI'S and facilitate a quantitative anal

The fitting results fd&ngh@e anddehé&l Si &t en
parameters dabl2eablué a¢ @gui val ent circuit wused
shown as$ FRing2lrEaer. I n the equivalent -circuit,
ideal capacitor to simulate a fpoa@®ulsn etiteetr o
equi valent ¢i g2h@a)prsehRrwenseamt s t he ohmic resi
el ectrolyte, the current cdlRlelcatoes atmad & heha
transfer # &aicmuloat, e CPtEhe Li 1 on crossover th
CPER epresentsusihhenLt hi omgldidi Res SUEsle,d wwhoi Ise n
ion diffusion in thab2Rel &f taenro dfegv adlzdteedionntt h &
i mproved cell is 5 times higherTthalnue hian t m
i mproved cell is 7 times smal-Teadan htaen ddmagi d
as a capacitancedeampoapatie bCGREvVNadleu ehingchrema It
means the higher the surface area of an el ec
electrode. Therefore, the improved anode see

resistance. The concl usiommn s hagr eae dvweellsle wWSEtI h \
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the anode in the i mproved el edtnrcaleyatsee.s Ms ta 1
after 50 cycles at 60°C andgsadf5 ttheneismprfdwead 1
retained its O00igyohkesvatueéoatCtemdhé results
growth of the SEI in the baseline cell than
anodes EI S fTiatb2B2amgl rtehseu latnso diErs g AR & , p g k £ xihm b |
that the v aRumagd chfedt i dpe€ Riise adtd X otrreespondi ng
which both represented the Li ion diffusion

EI'S fitting results yielded to a same predic

aspect. Fur bdreRhvmalr ee s bwarhe Rhi gher and growin
in the baseline cell than in the improved ce
i mproved cell can protect the anode during t
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Fi
cath
pl at
t he
di sc
t han
di sc

i nfe

t he
obse

t he

coul
i mpr
di sc
t he
anod
t he
Howe

char

g2¥(lea) compares the charge/ di scharge cur
odes between the basel i neFiagndr (etal)e itm@r ov
eaus of the two cells were almost overl a
pol arization sections at the end of disc

harge,rvedctamatbet obs&node in the i mprove

that in the baseline cell, which caused
harged. As a result, it corresponded to
rcotycapampared to the baseline cell I n t

he anode was a reasonabl e explanation on
observation of the high SEI omeedtamice pe
rvation yields the same hypothesis that

i mproved electrolyte.

I g2 (eb) cotnhpearseasme el ectrodes after 100 <cy

d be observed on the cathode charge/ di sc
oved cell, which indicated the state of
hamged heurciycl es. On the contrary, the po
anode was the capacity I imitation for th
e charging curve comparison betdwedmtt he
potential of the baseline anode rapidly
ver, the improved anode could maintain i

ging. The high overpotegitm@li mdi ¢ dtee d alsie
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resistance as |ithium intercalated into the
cell wunderperformed after 60 cycles at el eva
capacity to the i mpreoweny2rgeb) . aSi noemhi @gmpee
causing high overpotential, it mirrored the
graph amud aBli©Snsiaéamd became a support for the

the cell with the baseline electrolyte.

2. 3. 3. Concl usi on

The electrolyte with a proven | ow temperat
t he -sfdratt eel ectC.ol Atsemaltl 6Out significant per
demonstrated in the improved electrolyte. Th
denser SEI | ayer was formed in the improved

and/ or etechodé yte reactions were either del a

electrolyte. Although the denser SEI in the
performance of the I mproved electrolyte at 6
cyed.

2. 4. Summary

This chapter gives the fundament al EI'S inv
was compared with a wide tempelraturede mpoodvl
was the key to support thaeacEl Bomeasbuéemens, o

and the cathode can be separated. Through th
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evidence indicated that the i mproved perforn
SEI
Il n the future, nshter uwmotrikonwidn ipmrwevsitdiegati ng

di fferent SEIls on diff &Mert colmpatri codasmatf e El

on different batteries wil/l be conducted to
LI Bhen, it will be applied on analyzing the
and the electrochemical l'ithiation in the fo
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CHAPTERS3. PRELITHIATION OF CARBON ANDSILICON-BASED ANODE WITH

LITHIUM CONTAINING SOLUTION METHOD

33.ntroduction

After establishing EI'S todhekttsat heral yzing
prelithi avei carpwimb tehdb d iinntdrhagsu @pinel i t hi ati on wi
I Mtum containing solution method relies on t
the process happen simultaneously, the thernm

Given the unique redox potentitaelr idaur,i ntgh el irteh

potential of the prelithiation reagent has t
so that the anode material can be reduced an
mentioned in Chapter 1lditshsad!| vaerd airro maart i @r chayrdir
the | ow redox potenti al property. I't has bee
di fferent organic solvent exhibit slightly v

pl ays the kédy trholaese when epreent anode materi al
l'ithiati®n potenti al

This chapter wil/l present | ithiumCcontaini
anodeSa®doéde respectivel y.

In order to prelitrhiadt easantgarngeathi amodce nmati ¢
cyclic voltammetry (CV) was conducted for va
treatumemtg an Autol ab PGSTAGBOcpooemeémiocsalat ¢y

a potenti al rangkei pf A.@®dkF2awWi ¢ veenedcikwafsl aassks
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with a glass carbon anode, a I ithium metal ¢
el ectrolyte was qgwmid@harled asarlg.eG MrimRBR i ¢ hy

organic solvent.

3. Prelithiation of hard carbon anode

Al t hough graphite has Il ong served as the a
coul ombic efficiency, and gooidc ccyapacnigt yp eanfd
relatively poor rate capability of -gnaphyte

and -howéerr LI Bs. As one of -girhaep hpiottieznathilae HQG ties

interest for its highmacnacpeaci ty and better ra

It is generally accepted that the higher ¢
arrangement of single graphene | ayers, which
[82FP®H owever, its practical appled caapanitiy &a&nd
l ow I CE (<80%), which originates SHIom the re

formation and sliidtehiowmmcandnsbet akdhfSevetriadna
strategies have been i npressltiitghaitetdi dm aod viee @
one of the mosEIl&% fTehoet il vid hmeutmh ccdbsnt ai ni ng s ol
prelithiation method for HC anode, since the
potential f ori oinndw & thr igadsoua lg padibel $eia grno. | |

Bi phenyl (Bp) in tetrahydrofur asnol(ulftHFo)n si s
that can oxi®%The €WerFd g@Hiftes)mil inc a tBET HIFh e L

owns a | ow redox pkbit @3l dsghlo wosf t-~hOe. 4H C/. maltheerni a |
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sl ope lithiation potenti aiBpTHBEmMIi sle¥Xpeotbd?2t

prelithiaidetbhé&gBHCcane of tabbe®viei t-Oi. &tVi on cap
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3 2Etperi ment details

Material s

Commercpawd#C was provided by BTR New Ener
Bi phenyl was puiAtlbhased,f aoch S8iagmam dried at
use. All other chemicals were of analytical
Prelithiation Reagents Preparation

Certain amount of Bp was d+TsHsFo Iswd dutiim nT. HFT |
an excesd ianmmeunatl owas added in the solution
1. 0 WBpLHF solution. Once the Li metbaluewas ad
green color. The prelithiation reagent is us
Material Characterizati on

The morphol ogies of the sampl eAsB0wWerfa edhar a
emi ssion scanning electron miPer-&smepe PHKPS 44
ESCA System. The binding energy scal e was ca
C/-€l). Half cells at different discharging an
gl ovebox to obtain el epcitercoed ewassa nrpil nesse.d Ewaicthh e
any residual lithium salt. Aftersdaryninmgg ¢t he
el ectron 9Mraonpd ep e ol ders using conductive ¢
stored in sealedficbatagl oeelBBox nptiher argoXPS o
moved from the glovebox to the XPS or SEM sy
|l nductivel y-adoumplce e nplsassman sSQPES)Y rmmedou roenmd m b
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emowe mlaé eac tail s

entrzanpeé¢dt HN O

carri edElom@ptonmaa 2Ple@&I D pp&@Patus to det

um amount

n

t

he

prelithiated

el ectrode

I mmer-me e®pgVnt oINMdPenbvént and subject to

at

from current coll ectors.

80°C and diluted before

entr a-OE8nafhal ys B gi3& eshown i n
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El ectrode Fabrication and Battery Test

A slurry odumMHe&r poavd,erand poly(vinyl difluo
of 94:3:3 was eawmatted acmtpgppea daoridon o prepare
vacuum dried at 120°C overnight. A prelithia
t he prQG setliencet rtbde i nto the prelithiation rea:
10 min and 1 h), foll oweddbyi wgastho nige wo ¥ & T é
and sol +®s,. -2Mreallii ahmi Prreepresented tche HC e
i nBpiTHF solution for 30 s, 2 min, and 5 min,
NMC 111 as the positive electrode and HC as
formul ation was 92% active materiianlde(rUnbiycor e
weight. Typical mass | oadi?ig@roft he&c tHiCv e nmaltee r
mg/dmr the NMC 111 cathode.

The el ectrochemical characterization was ¢
an afriglolned gDowelmhBOpPHppmMI onTFamedl lIfEiconsi st ed
| it mMeamml anode, a Celgard 2325 separator, an
el ectrol yteedwasss oll.vOe dM iLni PHHC and EMC sol vent
charging/ dsswkaegcongduesed on an Arbin batte

room temperature. The weoodltlagaendvi Hh@/oNMC flolrl HC

0.01~2 V and 2.5~4.1 V respectively. I n orde
prelitthieateecdt rHode was first reduced el ectroc
to determine the reversible Li insertion. Th
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determined by the ratio of first oapaaittiyon c
of the reversible Li i n the electrode throug
by first oxidizing a prelithiated HC el ectro
el ectrode can be calcul ataedabytyhaendati osofr
capacity. The reversible capacitiesceflthe c
geometry, which were used for the determinat
performance of half ce303 mAh/leg)odhiduch &@ardg alt c
100 cycles. I n a full <cell assembly, the siz
9/ 16o0ounheh dDametsmpeCcti vely. The reversible c

el ectrodes ( N/ Powiang ot)h ewafsor~matli.onFocylcl es (2

cycles at C/10), the cells were cycled at 1C
and full cells was tested at 1C, 2C, and 5C
For cfelbr mati on and cycling tests,-efleetvoldieadg
cell was used for the ac i mpedance measur eme

the counter electrode and referenceteldectrod
using an Autol ab PGSTAT30 potentiostat/ gal va
The frequency rangélzwwst hrampe@rfiuHbatoohOamp

Spectra were recorded at the end of selected

33.2R2btus and discussions

The SEM i mages of pHiigsBt3(ien,e IHHC SHHicdwet speadetrsecil

shapes, with a papnt.i Alfd egi pag erdandge adfi o:~518 he
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was fill ediw@3(sthown inn), which may be ascri b
fromt hiaadi &Ik preformed during prelithiatior
prelithiation on the surface chemistry of HC
i mmersed in the electrolyte for 294t ihne NECoibw
Fig3#3(e, d), while the prelithiated HC exhibi
reconstruction whenAdortradcthed lwitt ili slchatrgel ¢
shape of the pristirfa g@ @ ,s br)et awhneerde aass tshheo w
of t he elyecdter ode is different from that of t
the surface.FiAdB8dea , fd)y mah o BrEtl h &ti | an sMaco tfho r me
surfaces of the HC aggl omerates. For the pre
after delithiation was observed compared wit

pristine and prel i trhfiaade dmaodrCp hschloomeyd asfitma rl atrh
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control PreLi 30s PreLi 2min PreLi S5min

Fi g3 e SEM i mages of pristine HC electrode (¢
24 h (c3048) bePmwoelei (e, f) and af t2elr h(g ,Prhke)Lii n
2min before (i, j) and after (k-bmih bmmersi ¢

n) and after (o, p) i mmersion in electrolyte
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control PreLi 30s PreLi 2min PreLi Smin
: . gt . I axh

Fi g4 e SEM i mages of @pfriesnti het HCy ellecta odk) a
Pre3dlOs after 1st delithiati#2on n( ea,f tfey dmsd fder

j) and for ma%miom dqfkted)IstPredliithiation (m,
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Fig&5 e (a) OCV values and PrelLi capacities of
time; (b)) Discharge and charge curves of the
cel l s; 1st discharge/ ch(ao)gearcdirdveelsi tshiaattiean f
electrodes with different prelithiation ti me

started from |lithiatioh0gq egl antdr alced iitrhitdali fon
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S8

Tab3le Data summary of electrochemical performance of different seé

Lithiation first Delithiation first
A:st] PrelLi b:st1 PrelL
B:SDle L CEvg | a:°DEL c:"Dx L CEvg
Samp| Lithi g capact Lithi capac
capac (=8B/ capac capac (=c/
capac A) capac (=a)
( mAh/ ( %) ( mAh/ ( mAh/ ( %)
( mAh/ ( mAh/ ( mAh/ ( mAh/
Cont 377. 4 297 .1 - - 79. 21 - - - - - - - - - -
30s 277 . 2 294 . ¢t 17.3 104. 4 59 363. 317. 59 87. 6%
2 min 194. ¢ 297 . ¢t 103 145. 2 124. 3309. 320. 124. 91. 2+
5mi n 170. ¢ 296 . 7 125.¢179. 8 153 325. 301. 153 89. 9+
10 mi 162. 1 293 130. €186. 8 148. 327. 294 . 148. 89. 9+
1h 163. ¢ 289 . 2 125.4172. 9 167. 325. 306. 167. 92.6+=




Fig33(@) shows the open cicreclui tafvtoelrt argees t (i QC

The pri stcdenlel HeCx hhiabift ed d/nLiOCWh iolfe ~t2h @ p/r evlsi t

showed OCVwidedhr ¢dei mgnmer si on time increasing
ions were inserted chemically into the HC el
a very short i mmersion time of 30 s, and sta

The electrocmaeamceabfppristine and prelithi

constructi BngdH &6 hoTeanb8lien Thea sducti on (Il ithia

oxidation (delithiation) capacities of the p
respectively, indicati od a8l0Damddéd/igr aemdenrmasni bIC
Two different electrochemical tests were con
l'ithiation first and delithiation first. 1In
(delithiateenjemapaed al most the same as the
(l'itthiation) capacity was gradually decrease
Fig3%e), which was consistent with t-he trenc
30s, which stands for 30 sec of prelithiatio

capacity of 277.2 mAh/ g andf a9 o©.x5 dmAh /o, (lde
a high I CE of ~106.2%. The maxi mum oxidati on
(~44% of reversible capacity) after prelithi
unprelithiated part maoyn rvecslutlag ef rroengitohne dfo we
prelithiated HC was oxidized (delithiation)

increased with the I mmersion time increasing
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case, the | CEebécthedeseshowedatad i ncreasing
from 30 s to 2 min. W th prolonged time, no
a short time of 30 s, the I CE had already re
capacd¢intitdh® two cases indicated that an artif
formed during prelithiation. The slightly di
capacity in lithiation first pr oocnesfsi rasntd t he
process) may come from the different SEI for
delithiation first | eads to more electrochen
chemically preloaded | ithium hreayf dlel awiampg ecy
After the formation process, t he3O0rseveerescithrloed
at 0.1C were 281.5 and 288.7 mAh/ g, respect.i

electrodes in half EeppBGBevdretwosmed haslss haw

effect on the cycling performance. All the <c
fissteral cycles and stabilized | ater. The h
better capacity retention after cycling at 1

slightly different SEI of the two methods as
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The content of Li i n-30ar, d2RoienLb oa% mhinfdrdeslsi f o
havenbéeste®ESsi Thgel CP SOt e2irient,i aBrme LRr e L i
was determined to be 0.0163, 0.0347, and 0.0
trend is consistent with the incredsomgt del i
l1st delithiation capacity re30d.,t2P1(el9i, abh24. 2
Pr eSbmi n, respectively), we can calcul ate tha
HC matr i x30fsor-2RAreeLlii ahmi Prwdad3, 0000322, and O.

mg(Li)/mg(C), respectively. The slightly hig

content in the SEI | ayer, which was extracte
I n a full cell test, a cacmamdhrodiealmaNMCi hl1l

mat ched cathode is NMC 111 with full ©ithium

applied in the full <cell test. -Thee ¢tatmadeo

(e. g5, SV which needsst twi tbhe al ipsrcehlairtgheidatfed an
oxidation and reduction capacitiesespedlMCvel
showhi g&®f{@a) . Since the HC anode was prelithi
cells were about ~2 V. When paired with the
initial aregl odhdr’fleat\thgaen area) and dischar
mAh/2¢ mat hode area) at OFOGENdWi t TharmslithGieof r
capacity resulted from the SEI formation on
Pr e3lOis HC anode, the 1st areal discRarge cap

(cathode area), i ndi cating a nhsitghatleCH hoef a%d0v.:
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of the prelithiation process, the capacity r
cycled at a 1C rate, it deliver®dd adr oidrei tairal:
and maint ai ned caatt hOo.dTek ram&i®OYc myfc-t agaciwi y h a
retention Fiagd®tedf BB8r 480he pristine full cel

200 cycwas @t5FCmadAhhoecde area) with a capacit

further exhibit the advantage of prelithiatdi
cathode materi al (defined as the ratio of di
cpacity) is calculated. The wutilization rat.i

with an I CE of 90.2%. After the formation pr
of active Li-30®nfsuliin ¢dalel RimeL®F %,prhisdherre tf ud

The rate performanceFbd§3&8 6&i t bl mocel Asti ve

utilization fri@@scasampde, dehe vereld a higher
and 2C rate. When the calculation is based o
rate capability of the prelithiated and pris

prist8bebwnttd0ds Pwele del i vered at 1C, and 72
Predls delivered at 2C. However, when the r a;
exhibited a superior performance than the pr
43. 1% for3@s$), PwkiLch may be ascribed to the ¢
resi stance at higher frag&r=aWhen!| it hdber di scws
0.1C, the discharge capacity of prelithiated

prelithiated HC was not destroyed by the ffas
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the half ce&lilg8&FiesSisthdvar liyn t he pristine s amy

performance than the prelithiated sample at
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The proposed prelithiafFi @&l OmeTchhea naidsdm tiison |
metal to aromatic hydr oc arcboonntsai(nBpn gi nartohmast ic
compoumBIp)(Liwhi ch has strong reducing abil it
potential of Bpf//ii)--BpDue 0t.4 1t We vilsi dh and sl o
hard carbon (0.2~1VBp,iaaccampaerieddbgetdthéylLL
from Li -Bp to hard carbon:

Li"Bp +C—LiC+Bp

The key in this chemical prelithiation met
containing prelithiation reagent than the 1
noted that there wer e-ctawd eddi sptrie@n & hp raotci eosns e &
the SEI | ayer on an anode, where reversible
anode. After contact with the electrolyte, t
formation of the SEI tHiagreri duali wgy € hleenn €fail c ip
from a cathode would be irreversibly consume
el ectrochemical formation. However, unnecess

plating during the subsequent cycl es.
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Fi g8T2Fi g3#%4&how results from surface analy
prelithiated HC electrodes with different pr
di ffereent sompenbased on the NIST XPS&%%Hat aba
[92] The C 1s and O 1s spectra of prelithiated
are similar to those of pristine electrodes

the F 1s spectra of the el ehctarnodc hweintihcoaultl yc hcey

prelithiation are quite different, indicatin
on the SEI composition of the HC anode. Spec
component, the only souociet iobn Fdft olhisBR fhuem t
specul ated that the chemical reaction of pre

prelithiatetdted@ wotdhi Ef BFent SEI component o
| FRi g&r(lea), a strong peak at 284.8 eV in the

to the€ <m2bOn in the graphene of the HC matr

peak astamppeadeéd, indicating that the HC el ec
from the decomposition of the electrolyte. T
prelithiated electrodes before contagting wi
prelithiation process. After contact with el
showed al most no change in the peak position

appeared in the prelFiitglirdet wdi ehechdodasesdhomh
decomposition of electrolyte and & Clnstruct

binder componentl®llotchae ewlt mp@an 886 85 e eV and
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energy of ~686.8 eV is assigned t-oonnhargiangc
components,[°%Pdlspgecwevely seentmonéngr gamponke
LiF are obserweédtihmatlee SEBEImpdfespr whi ch may c

cycling performance of full®fl cells with prel.i
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Fi g3%Trfkac) show the CV curves of pristine H
construction. | nthéecdtimhesdi ¢ ac hrode Tt s<ctaarnt ed
assigned to the decomposilfilomheoff otlhleo veilnege tfrlo
~0.7 V is due to the Li ions insertion on th
in the angenafi ad. *x1~0.3 V is usually ascribe
gr aplhiikee | ayers (0.15~0.3 V) and insertion i
reverse scan, the peaks | ocated atthe. 25 and
|l ayers and d&%,l nr etshpee cstuibvseelqyuent cycl es, the
pristine electrode maeadtyi oreswilthlkr d$wrnfmaddef
comparison, the prelithiated samples exhibit
sqguar e. Meanwhil e, the flat area reflecting
insertion deerr eiammer sviidrh tliomegg. The results i
prelithiated samples were reconstructed afte

with the XPS results above.

An equivalent circuit 1is nor maddsys ucscecdu rtroi
in the cell. However, how to separate the co
i mpedance remains a challenge, as different
CUrAs.it is presenoedeitnt et hraepad sear a2b,l e equi v al
reflect the genuine processes, it is necessa

into a distribution of the iB#p%8&nicte iisn Kdsmee

the assumpti omedomace tdf an el ectrochemical S
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degr

i nf e

er

he

s al transmission | ine model which cons

space of relaxation ti mes. By analyzi

trca¢hemiocesses KiagdIdedrafpr, edihet e d.r elen peak:

es

ec

hi

roi

i ndicate three R/ C (CPEhe oMb niemmtas d
el ement to simulate the distributed ne
i nhomogeneous el e®Ptfoden 8n8 { héudeviate
of the el ectryadeBesuwrrfeaoe tfar cam all oymsa gse n
t t eKrtohnei gK rraunieer! 8¥Baalsiedda toino nt htee sptossi bl e
ed gdinn tthhee cperlolposRrd circuit represents
e caret damt trhees ic®tiRdano mplo@aemit r sepCRBBEent s |
sistance of Li ionsy &amas g htel RaSEI CIP&y
ents are used to simulate the ptoessi bl e
e capacitance and resistance of Li i on
tively. TahbB2dhawt tngadlewseu lafs prnel i t hi at
gher than that of pristine electrodes
may be attributed to a thicker SEI for

or rateleapalhiel prel i Mdhhamwlid el ectr odes

Rrandgc®&mpared with pristine electrodes. |t ce&

composition, thadnt &i,nimng ecomga@amemrt Fand LiF

prelithiation is beneficial to the ulnli$dor mit
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€01

Tab32e Data summary of the EI'S fitting results.

Samp Statu Ro R1 CPH1 CPP1 R CPH2 CPH2 Rs CpPH3 CPH#3

Af t ®lr
5.8 55.(1.30BB% 0.79 421 3. 1®% 0.82 795. 0.00(0. 85
Cont | l it hi a

After f 6.1'66. 1.5 0.78510 2. 2% 0.85 582. 0.00:0.78

After P
4.1 131. 6.8®B 0.7092. 5.4U0% 0.97 996. 0. 00C0. 77
30s

Pr e3L0 Af t ®lr
4. 159, .!'5, 9% 0. 73 94. 8. 8MU=* 0.89 698. 0.00 0.709
l i t hi a

After f 3.5 82.(8. 2% 0.6861. 8. 9®8F* 0.9t 396 0.00:0. 75

Af ter P
3.3 97.:.:3.20% 0.72210 3.60B%x 0.88 568. 0.00:0.72
2mi n
PrelL
Af t elr
2mi n 3.6:89.(2.600% 0.74 250 3.500% 0.86 512. 0.00:0.76
l it hia

After f 4.6:145. 3. 70F 0.68 306 2. 4G 0.92 255. 0.00: 0. 74




3.2C8ncl usi ons

Prelithiation method is effective to compe
thus i mprove the reversible specific capacit

pr eltiitomi a eba gpehrete,tydlaihydr of uran, was evalwuated

capability in hard carbon el ectrodes through
can be tuned by i mmersion time. A shtardtt ti me
cell . When paired with NMC 111 cathode, the
is increased to 90.2% compared with 75.5% of
i s i mproved as well, with tehigbe@rcyapasi ay
i mprovement is ascribed to the preformed SEI
prelithiation, -cwhnetraei nmonrge coorngpaonniecntFs and Li F

simple prelithiationimethddsshowt gpehicpoie

3. Prelithiation for silicon monoxide anode

Silicon is considered as a potential anode
capacity (3580 mAh/g) tHAR.t Howeofedgr gpbst a

significant volume change (the expansion rat

delithiation processes, whbththeadstoecSack
Bl  Consequently, the Si aadniondge aenxdhilboiw sl GE,s ew
its use inl®Blral®fli-cla@dPélL| Bs

To overcome these obstacles, -basedrmndateearsi &
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including Si alloys (Si -M, where M = Sn, Ag,

diesrmpsed in a mat r+4 ( STih/eC,| alit@/rC,o neet,c .e)speci a

shows much i mproved cycling performance with
MAhdogpd B8P 1t i s generally acceéepted mplhoastedt d 2
metallic Si clusteamatfriithbde?lyDudii snpe rtsheed fiim sa 3
metallic Si 3% reldlucy,d whi cah Liis rechargeabl e

Meanwhil e, theda samorhpoleadu s d3iu0On 3SikD owant ho xoird e s
wi t het which play a buffer role to alleviat.
and thus improve {hél'thWHolwierwvge rpertfher maarhee en't
format kWOim@mdOkiIsul ts in a | ow I CE (<80%); thu

has been used (5~10 wt. %) with graphite in i

Lithium containing solution prelithiation
well as the cyacnti aignicmptaicte  gawetLsredox potent
as the average | ithiation potential of the S

FromgB3rfEe it can be seen the darigre®@dElyilt hi um
fluoreneHR &4 ra pair of reversible f)ledox peak
corresponding to0.al8f ovrmdlt p et eviotritanl pmofi nt i ng
potenti al sosoFktbBEerto the Li deposiTion pot
and TMtialklei pl ace al most simultaneously. The st
reduwmctsican aBi g&®lo@van ime attri buted to Li plat

potenti awasf wkt hi Rl t he r a&amde adf otf he hlei tSh iOd tGi
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(0.02~0. 4) \MFlvis L$/ aisuitable reducing reagen
el ectrode.

For the purpose of comparison, the redox p
including Flr, Bppbuwtaplpohalkdné afdppver] ianmdtahta
right of the CV curve. It was shown that the
compounds increased in the ombhierwylof Thie-HBI f f €
redox potent implaxcthaowe td edisred cetctii on of prel it
prelithiation rate. The | ower redox potenti a
certain prelithiation depth. From thhe Figure
which cahithéeby praebdehi abeotheb&8&s0O knowl edg
redox potential value that has been reported

prelithiation.
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3 2Experiment details

Materials and characterization

A graphene Sa®a ( Si O/ G) anode and a NMC 622
commer ci aBp,soNarpc,esand THF we+Ad dpurcdhhasaadl fFd o
Tokyo Chemical |l ndustry Co. , Ltd. (TCIlI). Al
were used.asThreeowirpdnol ogy of the el ectrode v
4800 field emission scanning electron micros
Prelithiation reagent preparation and el ect

The prelithiation reagents (1.0 )M weirePAH-T
prepared as descri KFeldiS speci fpcavi gusarepot
Bp, and Nap was dissolved in THF to make a 1
amount of Li met al was addegriepatriee asdl @t iMon
Li -PAH-THF solution. The additioncohthi nmaga
aromatic radical compound, which has strong
the solution tgurreneend ctool oat.d &lmhker lplagea ntthiwer e [
before use.

A prelithiated Si O/ G electrode was prepare
into the prelithiation reagent for a predete
and drying tolwvemoymPRelsPAlidmn;B ORMH, -4ahd PAH
represented the Si O/ G electrodes i mmersed in
min, and 1 h, respectively. The control samp
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treat ment .

El ectrode fabrication and battery test

The formulation of the anode was Si O/ G ( ma
binder in a mass ratio of 75:5:20. The typic
the Si O/ G annogde&amBi~s4 1n8g~/Icdens pecti vely, and t he
rechargeable capacity of the NMC 622 Thd hode
el ectrol yt eesdwasss olE®e dvh dLn BPMFC s ol vent (4: 6 mas
FEC and 2 wt. % VC as additives.

The teloecchemi cal characterizations were car |
in anfiarlged @0 oveboXx<giimpp®) onTFdhedlllficonsi st ed
Li met al anode, a Celgard 2325 separator, an
Galeoesanatic charging/discharging tests were ¢
(BT2000) at room temperature. The -o®ll It atges tws
were 0.02~1.5 and 2. 5cdl I3 &ssembpOyfca iawmed i z &
NMC el ectrodes were 5/8 and 9/16 inch ODs, r
negattpoei tive electrodes (N/P ratio) was 1.1
(C/ 20, €/ 10, and C/ 5 for cyclesill~Bhefolil oeve
drops to C/20), the cells were cglcll edomamatli &
and cycling tests, thandol3t~dge88 Wi ndewpwas i ¥

A trkrleeatrode fcoerhé WNEGsimgadumemrentwhi ch Li f

a Li ring were used as the counter electrode

109



Measur ememtnd wedireey an Aut ol ab PGSTAT30 potent
el ectrochemical § y =tgauma n(c Mfe itr GamHigre LtBblzB hvai t h

perturbation amplitude of 5 mV. The raw dat a

3. 3Results and di scussions

The SEM Fimg3yleea)n shows the rock shaped Si O

average si zeFiodgdr-®b)y,mwhFernont est-edl| Hifi rst@®@5C i

' ithiation and delithiation capacities of th
respectively, indicating a | ow ICE of only 7
during the first |ithiation toHe tfher mathitom | ofs
SEI together with volume expansion of Si O. A

the metldi’l@ahed€E of the second cycle of the

97%, with a reversible capacity of 1034.2 mA

110



Fi g3T %

hatél |

(a)

SEM

f or mat

mag e

111

Potential vs Li/Li* (V)
o
®

Control

—

—— 1st cycle (0.05C)
———2nd cycle (0.1C)
3rd cycle (0.2C)

of

T T T
200 400 600 800

0 1000 1200 1400
Discharge/charge capacity (MmAh gso.6™")

control el

1600

ectrode:;

(



To verify the prelithiation effectiveness
Li -Fl r-THF, abd-Bp-NHp-THF solution were prep
anode pr €l gh@katio,n.e) exhibit the flilrstthedel
prelithiatededsddmploesnaitn hal i s worth emphasi z
the SEI forms first, followed by the insert.i

reversible Li through predleictthrioadteisqgqn ,t hwen lpirked i

el ectrodes were oxidized (delithiated) first
prelithiated samples before delithiation was
and decreased with i rmcrheaitngfi mmer 9itdn attii e
first delithiation capacity (reversible capa
i mmer sion time, the fird4d0mdel sampaei wascapagt
mAh/ g), indneatewngr filmostLi i ons were prelit

first delithi atliOom nc éaf@ahd iRtl ys aanfp | telse wBps ~40 ar

respectively, indicating that more reversibl
Si ON@cegrode with the same i mmersion time. TF
reagents clearly increased in the order of L

After the first delithiation, all ¢éhe samp

second del it hiFatgi3str&b, Ad, shdwnt he second del
the samples are al moaslt sampllar( +t+b0FMhamA/Agl).h
|l ithiation capacities after the first delith

for the Si O/ G samples prelithiated with Nap
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bot K5 nHlInr aln0Od aHler about 1200 FmABIEgf ps khows i n
interesting to notice tHat itshelfiigrhgtl yl ihti lgihaetr
mA/ g as FsihgdBuriedi) nc oTunleo mbi c C8f §ecoerdcgel i thiat
first | ithiation rati o)eaosfedal |IT hieh eclEH poafh d\tahpi a
FIIrOmin were 82.9%, 85.8% and 8-XI0mbkPn sempket |

was ~0.47 V, and no obvious voltage *“dip” wa

113



14 4 (a ) 1.4 ( b )
] nd d - - .
_ Shiat 2"¢ delithiation
12} 15t delithiation 12
s | = 1t lithiation
+_ 1.0+ - 1.0
o =
= 3
© 08 @ 0.8+
= o
06+ T 06- Nap-5min
5 E { —— Nap-10min
04 4 Nap-5min 0.4 44k~ —— Nap-30min
1 —— Nap-10min —— Nap-1h
024 —— Nap-30min 029 7 TSl e Control
1 ——Nap-1h EEEEI
00 T T T T T T T T T 00 T T T T T T T
0 20 40 B0 80 100 120 140 160 180 200 0 200 400 600 800 1000 1200 1400 1600
1st delithiation capacity (mAh ggo,6") Discharge/Charge capacity (mAh ggo6™")
10
()| e 3 (d)
,l:
1.2
s s
. s 1.0
= g
5 3
g @ 0.8 4
K L] .
|5 € 06+ Bp-5min
= s ~——— Bp-10min
o i .
0.4 4 Bp-5min 0.4 —— Bp-30min
1 —— Bp-10min Bp-1h
0.2 —— Bp-30min 024 A T —— el Tt Control
——Bp-1h e
0.0 T T T 1 T T T T - 0.0 T T T T T —T T —T
0 20 40 60 80 100 120 140 160 180 200 o 200 400 €00 800 1000 1200 1400 1600
1st delithiation capacity (mAh ggoc") Discharge/charge capacity (mAh ggio')
1.4 ( E) 1.4+ r (f)
1.24 1.2
s s
?_J_ 1.0 :_I: 1.0 4
5 A 5
Q o.sl"- 2 0.8
T 1 @
06, §06
¥ K
& 04 0.4+ Flr-5min
] Flr-5min Fir-10min
024 —— FIr-10min 0.2 Control
0.0 e — 0.0 . . - : . : —
0 20 40 60 80 100 120 140 160 180 200 0 200 400 600 800 1000 1200 1400 1600

1st delithiation capacity (mAh ggo6™)

Discharge/charge capacity (mAh ggoc™")
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shown in b, d, and f for compari so
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Apparentl vy, owing to their more positive r

Nap and Bp a InonSgelt il naey etro fbaurtmad so the SEI |

compl ete. The sl ow forming and | ess complete
of the first I|ithiation capacity as the prel
irreversebdlyocbaosbudt the incomplete SEI | ayer
| ayer can be established with Li-Flr prelith
materials, the resulting pulverizatitoemd and t
surface during prelithiation all contributed
el ectrochemical l ithiation processes. It sho
the faster |l ithiation rate eadsedtmotéedéfonpg
expansi on. I n this study, 10 min time was op

Li -Fl r-THF reagent.

I n the el ectrocheaemincdlulflorcredtli,on hef caelli i
then foll owe.d Iwi tcht hdars cvhaarrdgse, -aallli ket hédhepmpelei
Si O/ G anode undergoes | ithiation firs+t. Il n o

10min anode and tFhieg3iteG obw2s2 -tcleabt | hhoadeekluOlntisn f or

and NMC 622. The full <cell bal ance WwWhgudeter
310a) shown the first |ithiation dmMdi aubane qu
hatél |l . The capacity was 1124.7 and 1018. 7 m

to 90. 6%bwcompahedcontrBi g&labebp)l es hoofws7 1t. h5e%.c o m

of the cycling performance at O0.B6LC sBatmpl ef N
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obvious difference can be seen,amddatihiegheve
capacity retention ratio of 97% after 100 <cy
FIIrOmin sample verified thea pgdsi triewerismpd et |
consumption during the formation process and

adverse i mpact on the reversible capacity an
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pernfaonrce of NMC 622 ecledclt rfooddemaatt. 1 C i n half
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|l n -aohicfed ll | commerci al NMC 622 cathodes we

Since there were dif tl eraedretd JElv ecrosmpbll et iLan iann

anodes, thwagcedilffbadeamtice Therefore, the rete
indicator than that of the cell capacity, si
component in the experiment. At | east it was

carley uoptRingi3Argad.) shows that the intrinsic fi
capacities of the NMC 622 % astpmeocdtei vweel rye -\Wh.edn
at 1C, the NMC 622 cathode exhibitedasa rever
showhi g&l@d). |l elttheafiuleld awvi t h the control S
charge capaci’anwdot hg. @i smAhAc me ?ocfa ptahcei tNyMCo f6 22
cathode at O0O.FO@2&an¢. shbenl CE was only 61. 1Y%
al most 40% active Li in the cathode was cons
the NMC 622 eleeltlrode. inkedthei(Butbh & shrael3fed | mAh
that the NMC 622 cathode may be overcharged
to the |l ow I CE of the Si O/ G anode and bal anc
[118]

Il n contr aski, gsdskas)h ownrh einn pal®midn wanddée,het Hd
areal charge capacity of 2%amed NME 622D sccagtuheond e
capacity is 2abwiutth 3a mfAhghcnml CE5 mif n 8&dnd e Wheni
as the anode, the first areal discharge capa

mAh/?cmand the | CE was gBa®E8%, &% s$Bowhei@dnly d
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adequate prelithiation can significantly 1inc
and t hausse itnlcer eover al |l cel | FicpBaalxei)t, y .i-alert dheee df ,u
with -L@mi Rl anode, the NMC 6 2d2i sccaht ahrogdee cdaepl ai cvie
2.27 mMAh#Hcmaintainedfaterl .18010 mAtc/lceesl,| whiitlhe i
the pristine Si O/ G anode, the discharge capa
mAh/?amt er 100 cycles. Wnh tllkes sgaiemgrere totie prm
capacity decfceddedvi-Fthnnntheerdtlal |t he NMC 622 c
an initial dischar gaendc anpaaicnittayi noefth fla t& ©1 . 16230 / nTAY
cycles. The ratecpébssehmmam&2d). tAhse tfhud Idi sc
rate increased, the cell i mpedance played a
di schpagetcas of both samples restored to th

structure of prelithiated Si O/ G was not <chan
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Il n the analysis of EI'S results, the DRT me
l ine model offers diberctofdedlegat macheoemi odl th
i mpedancel Bipg e2{ebudn.d h enatipmerackes i n t he BRT curyv
t hree RdécoGpOGRB)eg ui v at eBrats ecdi rocnu itthe possi bl e
occuirm etdhRei mtetlHe cprraocpigpsted ent s ohHmitdh er ed iectt a
antdhe croenstiasdit n,seconand/ CREtcompontme s si mul a
capacahrdensciest angae rofs sLit hieo SEIl & mrgeesri,s ttahnec ec aop!
Li saontolses i nterface wanhtd the Oufkuseiectobdkij
respedthievdliyt iTrad F3sehstudl 1 at iiviahl euteRpep €1 1t hi at ed

el ecartrode hriegthtleawa ¢ dnfad r, ® iwthe £th may tbhee- aptrter i b ut

formati on of SEI after contactt iwewdl wd exft r ol )
prelithiated electrode decreased, indicating
electrochemically. The trend was alRo obseryv
values of control and prelithiated electrode
el ectrochemical l ithiation is comparable wit
el ectrochemical l ithiation
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Tabl3e Bata summary of the EI'S fitting
Sampl e Status Ro R1 R2 Rs
Aft &ri lhit@t Do\ 3.29 171. 255. 421

Contro
Af t elri tlhit@tiDo®2 4.66 63. 65.4 118.
Af taesrsemb | y 5.21 69. 209. 135.
FI-Ir0mi n Af treerst overni 23.6 95. 218. 750
Af t1efri t hi ati on 11.9 47. 35.4 141
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Based on the above rcersqudnaol, i tthieudnleovd gp awen ke
THF) can realize fast prelithiation of the S
Bp and Nap is related to its molecular struc
easily transferrmrmaddeo ThheldlO@h nhfs adip®lleGi @ hal
cell formats were i ncr eas dhkwhok pr8ithiaitér® and 87 .
process was described as: First, the SiO/G materials were chemically reduced Hylthe Li
reagent, transferring tha ions into the SiO/G and formed Li&/Li>O and LiSi
component. This corresponded to the irreveesihction of Li ions with Si@and reversil
reaction with Si in electrochemical way, which effectively compensated for the lithium loss
during the etctrochemical formation processéehn, an incomplete SEI was formed after
contact with electrolyte. Finally, a complete SEI was formed after further lithiation to lower

potential electrochemicall’le can concl usively stateughat tF

the prelithation was effect-lOeni nHaweder di de
reach 100%, the SEI | ayer could go through r
formation. We are in the processl|l ofoimeedstig
through prelithation, electrochemical for mat
of the prelithiation i mpact on the cycling a
prelithiation process.

3. 3Concl usi ons

I n this study, a new chedmimnne® Hyplr el i t hiati o

fluorene-tetrahydrofuran, was reported to [
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prelithiation reage®rntisme9tHyldudmoevee @O@od ehd i W)
faer prelithiation processel wiahtar highmi €Ep
ti me. When paired with theuNMCa&alR heatphreda t
Si O/ G anode is increased to 87| L%cetbmpArkdg
capacity retention of 80% Whe pbetehi hbdaafboar
invol ved the irrevencompeneetactinonhef mair wxt
incomplete SEI formationi aitearecoaeaspaecnsiwbl &
i mprovemehhi offdtE.and si mpl e -lpaxrdd tdinade oxnh.

great potenti al i n industrial application.

3. 4. Summary

This chapter prolidedumwooexaimpil eBg 61 uti o
selecting thewpitdél aplpir@pir o pHtGe eagneda 1S Op atneordtei a
efficientlAs mr gleistuHitat eadh.e | CE @andgntiie craemv é ry:
increased for both the anodes without | o0osing

In the future, the prelithiation with |l ithi
optimized by varying the concentration of th
Ot her than switching the aromatncrbgdentaabs
affects the redwmet ppteet cally dsamedmhaxy2t hane.
combinations provide more choices for prelit

graphiteandSiet cSnO
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