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CHAPTER NITRODUCTI! ON

1. Moti vati on

Decarbonizing our gl obal society is one
t heSt2h tAurgy.o d psotianrtt iinsgSlamdkleiyn gli atgra@&mer gqupni c h
fl owchart to map out t he t optaatlh wearPareg ys udu
di agramef dJ'ISA id ns RDWMB rbied totvieyL awr ence Liverr
Nati onal (LabdbSrpantkoeryy di agrams for Canada i n
are shoAmpemdChearly there is a |l ong way t
energy share in,tadnd eaerggscmasdsoaseby 20
been prapleR@@ By mit gl obfl ofsarpdnesntgriitaol +l1le V5

i .S. ion i : 93 M Lawrence Livermore
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Figal &nergy Sankey diagram for the USA in
consumpti on, in units of quads which is a
reference, oné®%qudad)0j550rEJIDSF KTWHO
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12by LYtNhtehnhéaggest categor(fersomrpetteam@inetpmidi
gener(aftriooom c o al aanndd nian@iusadim igashst)ur al ,gas an
respectivel y.

U.S Energy-related Carbon Dioxide Emissions in 2022: 4959 million metric tons |M Lawrence Livermore
w National Laboratory
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Fi guxz@ar bon di oxfirdoem eeracshs ieonnesr gy source and
along the Sankey dilagram for the USA in 20

There amp®ssmialblye smohumi aes emo s stilberse i n

categotrneshe transportation sector, electri
governments and researcher s, and this 1inc
transport, mari ne vewstsyel sehiawliads. olmhi @ame d
sector, increasing the share of renewabl e

strategy, with significant annegve oit hgb it at i o

needed gl obanl Ityhe Fiimd&dlddyre adr s emamy , appr oa



emi ssions depending;fon ttkemppeci fdiec ar bouns
construwcsiimgn elyecsyochesmi Tadiltgememdg from fc
t her mal heating sources to electric heat [

hydrogen for industrial fuel s.

Fi gu3peubl i shed by Ember in thei*shGWwsebal

the gl obal growth of renewable electricity
normali zed to the year that the technology
hopeful that solar and wind BnehtbBeofgastHSH!

wind and solar only amounted to 4000 TWh g
for electricity measni @, x0hOat T VWhugn iifsi craenet d ey
Nonet hel ess, including hydro, al | renewabl

generati‘onwhincl0i28 a new record.

Global electricity generation, by technology (TWh)

Wind

Solar

8 years 12 years 28 years S2years 39 years
2021) (2017} (1981) (1957) (1967)
| | 12years
5 (1983)
EMB=R
Fi gule Growth of gl obal electricity gene
technol ogi es, normalized to the“year the t
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One of the challenges assoenasgdrweshi s
e intermittencyrodulrteinegvaibh ea rmisomatcels b
mand. TheOorefnemsmbdwaer ed el ectricity grid m
ergy storage solutions for peak shaving,
me st or atgyep es ammlcd tuiden el eleittrioicumne amn diadsno @ i u m
tteriesjfi.mecbampgaiy é dpaarmpoedda bhyy( t her mal

| ar water heaters)framdetleemroalysstsorage

Battery energy storagaesyysdtdame (SBHBS A)ge
en used successfully byl grsged ei rstAusatgrea lp
compl ement their rembwablobenstdatéer Powey
stralia was the | argest battery install a
100 MW prakld®wkWh st owagk thepabatyerie
slita.was the first | arge scale project to
i nternal rate of return of 30% and a pa

ojectedyteaTfTheaspgrilmdary revenue source of

equency <control ancridtlthaery tshearnvi the maat
cessary for renewabl es. However, t his wa
c c ebsussfiunness case of g rsiAdmosrcea | lea tbtaetrtieersy as

obiat | pecomes possible for grids to relia
newablse uagimerdghyei r. ener gy mi X

TodaRPOPhilhe BESSapaic8x3Wh at Edwa'fids Sant
| i fwheindad oiatds ssheirfvtiicnegs ar e watstoilcaul apdwer

nerRitdgiodpeu bl byhdthe New'sYhoorvk tThemeesl ectri cit



the California grid in 2021 vs 2024. I n ju

significantly, especially in the daily wus
di splacing natur al gas to supplynpoger as

How California powered itself in April 2021 ... and in April 2024,

SOLAR POWER BATTERIES
SOLAR POWER

Figua@al i fornia grid power generation in Ap
over the cours’e of an average day

Figaskey the New’'sYioawks Thaovesal | batteries
California electricity grid daily in Apri/l
positive and power drawn from the grid to
negative values odt tpeorwieas &EmcthheddaGg batheo fbi @

GW from the peak solar power output at noo



April 30: Foak
battery outpul
+5,000 megawatts Batteries mostly charge during the
middle of the day, when cheap
solar power is abundanl.

+4,000
+2,000  Eachlineisa
day in April i
April 8: Soiar
sclipse e
& ke e DISCHARGE
12 a.m. hHam. 10a.m. 3 pum. 8 p.m.
~2,000 CHARGE T

And discharge when the sun
4,600 goes down, sending power
back to the grid.

Sources: California Independent System Operator via Grid Status - By The Mew York Times

Figuse€eowenput gutaphultearhblat t ep e e &otni ntghe Cal i f o
electricity grid inpdwer |prd®df2i4l, e s\ho wini me fao

With these storage solutions inmattce,
grids, microgrids, (iloeal r pe dtnampeas gt an gosua u ro
within communi tmiveraapld -gsfcfdeanimanhBeyesd economi
benefits, these solutions often provide <coc
human healftrho mb erneedfuictestia nagicro | plydi nceaflictasib oa s

di oimde ting sources are displaced.

Onepportunigryobtloenssolivne t wdbbos dicttaorasnnsator o
el ectri falcedtiroinciatnydr g @ e @iaidtd & o th ¥gfHrimorfbrei dt o
(V2Gechnol ofghieesse al l ow for electric vehicle
par ked, such that the vehicles can not onl

di scharge their batteries tor esuiplpivgemted € ct r |



bawlp power i n emaslfé€ncaielnyt ggweistshagleoad shi
ser viicresr enewabl es. | f V2G technol ogies ar
depl oyed globally, which reduces the <carbo
battery minerals andlheatuf aandi idagebatf ber iv
vehicles with predictabl e schkéduomtuensiccampadl |

buses, school buses, shuttl es, and ferries

Thi s t he oidsi tfhoicwunsye st ¢ emnowiotgh e afpgproit bat i o
el ectrianglre hdi celneesr gcyo msnmtuonWat ¢ he st hese chal |l enc
somepgyi cture goals are to: 1) i mprove the s
made HEarmtbhundbhemeot accel eralp adomptriooe t he
batteries to many decadesco-sestucejctdiwaet r ¢ hiegl
infrastructure option for wutilities and go
usage and chargi ndye polfo pedxdiys ttion ge nbaabtlteera £ sl o
i fetime,wag hpopsti bps! fobtt WR@Ghese grand goa
t hesiod fwhinulidtl abr i c kt @ hkentowd eadmpebiaseiommbat t er i
and wil|l do stoh ebys hsotualnddeimnsg dodenieg.ir @ TRhDed 9
Ch e miNsotbrey | aureates ,&SoddWhmiotutgihngWamhphonee
somet o el ectrode materials woammeiBEIS®Bhi s t

systems paordtaiycul ar | y HiLti FigiP@Pp o ®int phe s@lhad te



1.

PithiomlEIl ectrochemistry

Lithiommt telys consist of porous positi Ve
eversibly store charge -dl sechaogbemiycalelsy

ouladif bheetrypeo,n where | itht henyisd ail n sheorsuta It aitr e

ectrodecomaverswobar ¢ ylpet hi um al.l dys awdidti it i1

o the electrode active materiala,pdrheusot

o

|l ymeectroni casépariansoul abengeeth i tthhiemmel ec

o

nduect gamiqcui d el ectrolyte permaaat ian gc atshrn

=]

capsul ate the ceCelsddanompehat envevenmehty

scharging modes by flowing electrons thr
ranspoact !l il nossiridien vpe t 0 negat ieammdelf @ othr ke ad
o] positive el ectrode during di scharge.

l ectrochemi edu athiadnf i ocrestklq usaht pwdnnp® f otrh e

i fferent t yupseesd o fn. etlhe cst rwoodr eks

Posi¢li eetar ®d adi swrh,arwhexgd,wdt h the transi't
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The overall f ul liFeEROf£lrla pcheidattcet riiggnn o or an L

, E&QA0OMH © , E &AO/ U B p8p

I n discharael iotplir-lamti @roqnaldeet es from t he

el ecanmaleo mes smorl graarntiead ndodrebcounl aetse i n t he | i q
Then a different | ithium ion fr oawerodamdson
acharge transfer sbaroi ehe apds iwhiideec aal ha teelr eoc
transferred acr.f&s$ glbshke wesx tae rsrcahle nraitri ccu iotf  t h
of a battery cell with diffirtriwitnmtl ernga lha tsic
i nto t he positiwdr wedtacrnengdediTshcehatedglemg r od
mi cr o s tarrapcotruoraoessp awd ihtee act i ve maa epalay e rmilxiernc
for adhesi oncoannddu crtdnwesiazdeddot i ¢va@ar banfbamanbt a
el ectronic conductivitVhet he beagrhecamtimecn h g e
manuf athuouoedh mi Xi ng a slurry whmetehytlhe

pyrrolidone (NMP) and the solids veomdidsttio
and the pol ymer cboianbdeedro. cTuhrirse nstl ucrorlyl eicst or s

coppefrarhei hegati ve faahde aplousmitniune .f oi |



2H-Graphite structure

Lithium stored in negative electrode is
de-intercalating, while de-solvated lithium
intercalates into positive electrode

a=b=246Ac=670A
ndividual crystallites ~50 - 200 n
Secondary particles ~ 15-20 ym

Cu current collector
Negative electrode
8m

Oc'fe'? J 7
e "E ifo"’

>@° Parous Palymer

Separator 16 um

ndividual crystallites ~100 - 300 nm|

LiNiO, structure
a=b=286Ac=14064A

oo I'o " 1 i _ Spherical particles ~ 1-15 um
a5 O g
l“'.‘ o) l:l
. S = .
%\OJ\O/
(\O O/» Al current collector
- OﬁQo )_O - F -+ Positive electrode
1 F”;Flfﬁ;": 10 pm
AR =
o
L =
Lithium ions I:l\oko/
solvated by EC 1
L1
[ ]| Carbon black particles
and polymer binder
matrix ~ 10 nm - 1 um .
Electron transport powering e
load in external circuit & ( O :
FigueAl i t hoamcell internal diagram across s
chemical i nteractions of l it hiwu

Angstsrctare
el ectrode
i nacpgdlvyemer
separators

crystaststcuect as easdr yasashdalsidirateat e r
conduwc ttihvee ,arawisreiaeb deecsprao d e cl e s,

and cawnrdr entn exlodayl e chteo trnsa cnrad

Fi gltsehn ows

photos of the

t htilses i2ml)ect opbdeowolulhtdpp@tb ¥ h

c

negati ve

el ect
types of <cell |
el-él,edtc)ode nma u

el ectrode o

led esbmede

positive

ectrode

cell s

Wi

t h

ate

Hbwevvar rent

referened eandode

es

bag, (d) povceahidri ¢ &I

pol ymer separator, (9)
academic studies, 3 el

el ectrodes are used to isol
this, wolh& coint cielans eils & b
because the current densiti

a hcad Ifl

ar e

i n-itone blaittthéifuym | i terature
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Addi t ipoonuaclhl ypbags can be created, which &
pol yaleumi num f oi | | aFmignliafcee sP@sc s hlmavgns i ar e
d sassembpouch celalts v(aRiigowrse silt.a7the)s of c ha
gl ovebox esnevp aroahteiened ,e & toil gl els 1 e mamwla c u um
seianlg it heempouch Nbag@s.t hat these pouch bags
positive electrodes stored at open <circuit
tabs or electron transfiwveéai chheoadph esxt éd&renal
Faradai ¢daamadlana@n rAadadttiiomal typeemmdr diadltley

but not shown here, include prismatic cell
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R

Figaf:e An overview of ceglal033% pes na cfeéllactp mp o
woupaouch cell ,,(dD3 4 Pbceuglhizidpag cal | (e) neg
el ectromepo@ufch seéfdormatparudlg)c e@lolsiftriowme p@lue dt
cel I .
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1. El ectrode&rMataruicaglur es

The positive electrode materials 19t udi et
ol i vine( ILKFFgerP@ or htormbad tcwsrpea cRn2gaaoyuepr,ed tr ans
met al o xdodersi gLoinMRons tsrplacteung ®omue M i s a sol i
the transition mendddpi ey ( MMO )caumbditcCo ¢t ur e
Fdnspace Tcdhhreowm.l' y negative &lnedthriessd dghreaptiherti
of space groapdPbB8smscructure is 2H or 3R \

bondéddar bonTheoms yst alt hsftsoraurcttiuwvee smat er i al

showhihi gh8beel ow. These structures are in th
materials, such that | ithium is intercalat
the negative electrode material. These str

charge (SOC).

NiO, Mn,O, e ,{‘ 2H-graphite (Cy)
=2.86A a=o.01 A4, = 5. 46k
@ . _ A b=10.33A, a=2.46A,
c=14.06 A a=8.24 pey | c=6.70A

FigL&@rystal str ulcitdr@(sb)f os4i(mlc )O83oMi,vi ne L
(d)gedphnt al l structures | ithium is shown
red spheres, mpanldy hheer a bmmaonhhag el ement s.
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The olivine structure of LFP consists of
octahedompdi snemgi dnal channel s folayartéhd um
oxidessi2di mehdiaomedll ar structures bhyalsern
oxygen, llaiytelrisum | ay erws,t ha rAdB CoBytghe rk ihlreg yterrasn s
met als and t heocltiathheidurna li ocnoso radrien atni on. | n s
arrangeddi mennsa od al net wionr kt hfeorc uibnitce rcclad saet |1

oxide iwcdhnd i thium in tetrahedr al sites and

I n practice, these malteern iadles fofotmen hlea\wee

structures wlemt sgnithecfii zledyered oxides in

ithium source and transddntoani nmmentga | e nsvoi urrocr

exampl e mixing wi O andebdli (®"#) mol ar rati o

—

i em@t é?i Buring synthesis, some regi-ons of
deficient, and?*may thosm d¢emp eommasiéead of t
desi reéldi NNi@pe | ayered oxi deswhcearriea méiz/Bi cat i
exchange sites, and this can be quantified
can also have surface | ilti@@QunL HAnpcuar-g ithi avse sa
def evdattsh Fe and Li etxhcehraenbgyi nlgl opcoksiintgi olnist hi

dgcicmplacLM®P can be synthesized hwiurm exc

_‘
D

occupies Mn sites,altahtetriecbey'®pdad caonpehtseireg ctahe
probability for trbwberattilce mjrsaphemenesnhe
Aldt hese matereéewéwoilmldher gdhanges at the |

cells as I|lithiumDusice@per.attdoaesre rveodavmeed . c h

o))
—

i sebfruipddse t,r atpaaseonsegi ons with differe
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or gradual vol ume changes as |l ithium is af
solution manner. Mo st o f these volume <cha
di scharge cyclaas cianceemesci bbegclsiomg .condi t
Thmaxi mihm orveotliucneel fcchrhegenat eri al s Ws#e d oirn t h

gr appei.dwref or 4%8% efPdOr 2L i ¥ Of or 0% Mn
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1. Zher modynami cs

As a cel l is charged by an external dr i\
the |Iithium content in the electrodes chan
l'ithremoved from the positive edertadmaeaet T
t hcehnemi c al potenti alpoaredttihmd selodc ttrhaec led mricad a
changes in Gi(lEmu o eewvheécdédr gyncompasses bot
i nter @a@aldatihen configurati ¢ndloicaympr @iyt eass s ocC

3 T &% P&
| Equapgoen i s Gi bbs Free Energy, n i s the

ion (% ,fdr ilsi Faradayds constant (964883 C/m

voltage is the difference between the ele
el ectrodes. I n electrochemistry, -etle cdhlrardaec
cells with reference el ectr odekelaercet rcoodnemocnel
are used with Li met al as both a counter a

profiles of the electrode imait@eiuaehlad fu ceod ni

cell s *ebetiv bdes.
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54.4 . 54.4 o . 54_4 - i
5,0 5,00 5,0
540 = S4.0r . S4.0r =
w r w F W = 4
> > > .
©3.6 (a) NMC532 . ©3.6 (b) "Nig3" . ©3.6 (c) LiNiO, .
8 LiNi, sMn, ,Co,,0, e L LiNij gMn, 0G0y 11O, | g | ]
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I S =ha| |
0.0——L——L 2.8 —L L 30——~ 1L
0 100 200 300 400 0 40 80 120 0 40 80 120 160
Capacity (mAh/g) Capacity (mAh/g) Capacity (mAh/g)

Fi guxeVoltage vs speomtékcl shpghebodghpbdéesact
mat eri al us,edmdas urhdd itrhetshesah dACS 6c()@htahrrgeee a
types of | ayered oxide positive electrode n
as the transition metal, (d) graphite, the
(e) spinel LMO positivtei ved ecltegotdreqdd .f) ol i

As |l ithium is intercal gt etdhe nvtool ttahgee gdrraoy
the electrochemical potenti al of Iithiated
mechanism for |ithium intercal atPwheireto ¢
lithium initially inserts into grabhyee as
of graphitethewnailpay@erph(asstegay8) , (svagg 2)
|l ayer (stage 1) unt il t hes. g E@@hisitegli s nf it lhl
graphite vs Righo¢ t aggmr esueg e g9(h @ he uwn tolr der |

a specifwbiseagbde voltage plaophasescoepi sas e
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spe

whi

ma t

of

n the positivedeiagllhBaet b odefei,mes)tt,e rditamlrsg e( de

materi al s, increasing t-aeis @otehesal g
cific capacity, which is obtained from
iding by the massi alft htere telpeecst rod d anaa cetrii
t hi s atnboets issh obwont INMdCe®R2 2, NMQ@NHOMn @0 d

ch are atltl asasl tldaoyperineed facbxyM@wiLti h di f f er e

nsi t(iTM)compobailfhée omechani sm in | ayered o0X
erials for | ithium movVv ehnoepnpti ndgu rti hnrgo ucghha rc
di vacancies, which are defined as sites
i ghbouring vacant octahedr al sites. Such

rier for hopping thapulsirdheefviheansi es
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1. Ki net ixisf falrsdh @oaes s e s

Chargingcdamd gdng a cell creates | ithium
el ectrol yte sanTdhitshec ar elce snodddeanvf fodwnahi ebrpe Fti hcek

gr adiceonc eorf(t @)ast iporoporti ofad) as o sehgounarpdroofn i o n .
0 00 pap

The el ectrolyte develops a concéand aanioonng
accumul ating at one electrode, to maintain
the ot he?® €llhd st rpoodlear i zation effect contri
sufficienmlyi hggburrent density, el ectroly
surfasach that nioornd omg@&TMiséd ® e ca@amcentrati on
shown schefaglir@hd i dyinganFargdeEbdurc mayage, t he

I i mi t i ndge ncmuixfgyeend s i o nE giusa p@toanwna i i mp. lhidf i ed ¢
assumptions in this simpl e npoodeolusofelleicnmirtoid
no separator, with a single particle el ect:

spacing d

O T 0O 2
0 Q P
i ims the I imiting current, A iIis the geom

(HABG/ moki)s tbhhe chemical di ffusion coeffici
electrolyte Com sthiis Cothederd not i B0 concentr at

el ectrolyte i n-1t.Ifbe modl/IL) ( udu alsl itnhlt. HE Ise cntordo
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without ?dMeeé@las ateor | i miting current densi i

involve thick, porous, tortuous electrodes
t hi s Athleusnigsb.s si mpl i heedli medel cosbewitngtt or
salt across ntip@nelusc iBise lsyhtroavdhe s chhiegiidrBei cal | y

ankKi gulrbe, wheset e initial conmncenthatiionhhbi
concentration at the aneidse t(hnee glaittihvieu ne |seacltt
at the cathode (posistsvehel sutfade)cesncént:

t he mpomdikettliewcet r od e

The effects of l i t hi ums o len dentrroadtei omma t g
depend on the sipape¢ aoattiheds hae ee lodfdternodset eeper
gradients with oemdl(lDgire stl 4foffl sth)hoann i n t he |
el ect(rboliytiedc0l s) Ther edicrmenn dieoral (1D) di ff
of thick sl a&2bD dliddturscnddear s of i nfiniitne | enq
spheres. For battery el ecpthreaodec aha tpearritalcs ,e
mod el t o rpeogrnyeyssamtl | i me@ posi tsiuxcdr ealse cstprhoedree
LMO;, which are oft eac dendsiiilpldal @ xs If @ toanond hed e

aldli r ecGricopmhsi t € negative electrodes can be

intercal ation between graphene | ayers occu
at the flat basal pl anes of graphene.
As | ithivuapairanslent garhe surfaoereasesnt na

t he el ect rioglieviepno tt earet itahler modyaamither sluatf iac
descri bedp$. HovEquée,iiomt eri osaodondenpraati che

of I'ithiumFagluldéepwbietd coul d bDleeosteapye g
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the | ithium concentration praffiflaeceedepermds
compar ed t osotldhief fiunstieornnnal T hi &i men snveaansi uerbesde b

call ed AQO0o, eapreidbedhas(glg) hei cheddidyf ushen ti

(% B¥As ¢t¢haehode particle fills up with 1ithi
l ithium concentration profile remains the :
particle interior. The concentratiathe d,r ofi
reachrFng@. C, while the interior remains onl

content under t hreeiwinkce nftrraadti ion gplr odadeaci t y
been intercalated into the dpdi miedUersd Vhag i f
val ub= tomf 0| @b eotritiegillrGn t he concentration p
particl e, with steeper pbanmkaphapboal glradg.
Pract,fecalclty on&d) scmpasiured( from the dischar
the external circuit, i ntegrated over ti me
by the total capacity of Tthite nacelplt ami |d ‘Vobeer

in more detail in Chapters 2 and 3.
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Limifcy'/ g §
‘ //% 3
e %4 5
: g
0.5
0 r o
i3]
l_
(b) z
w
o
¢ /_l
A |
- | Distance from center.
Fig. 1. Cation concentration profiles in electrolyte and solid solu-
tion cathode. ca*, cc*, cs* interfacial concentrations. ¢, initial Fig. 2. Concentration profiles in particle for @ = 1 and different
concentration in electrolyte, - - - - profile ot surface saturation, values of T as indicated on graphs. plane sheet. <« - - - -
Hatched area: not utilized part of cathode. spherical particle.
FigdieLithium concentration gradientaprofil
di scharging (b) charging and (c) a magni f i ¢
particle i NVaanalkl ecdebrdeaprtd soerst sartehe Cequi |
concentration damdialCe dli d dtiruadl ywtoem,ce@trati on
the anode and cathodei a3 nthef dceéedj umespact
surface of the sodllhied dedlmemtsiT Gh® )e(abaetQeo dle )i.s
di scharge time, r is téree ptaritdlkerd es g,addamuds D
di f fusi onUicsoeffrfacctiieonmalt heapaadietgy at ed ar ea
concentration profil esFiiguurtehse rseop riodd vecl eedc tw i
from Ati%ung et al
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1.

\'

r

T

t

e

(7))

€El ectrol ytes

A typleatrolytelis$ hexmpd iuved p®ff s ghthatuan (
is(trifluorbbish&8hhdhyk ) iomihdeer (I i thium salts
arbonates such as ethyl ene caoc®dmtomyalt emd tEICY)
arbonat%® EIEMCH)rol ytes are chosen for thei
oltage window of a cell operati on, physic
esirable for electrolytes to have a wide
onic conkdughievietcy,ri a constant, and | ow v
ol vents are blended to achitédwei scloamm nd e ¢
| ectrolbylteerBdE o DM@&nd#H, 7wi t h db bt M leéd PEY aa @f
rsepeci fied in each Addapitenahbhhy, eegpeci mehy
inyl ene carbonate (VC) and ethylene sul fa
eaetductively on the negative electrode al
hese additiverread etsiadert téparbdrdoul cyttsd H lianoteer phas
he negative electrode and a cathode el e
| ec°Tbedechemi cal structures of therelectr

howhi §hlle
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(a) salts

F
F//,, ! ‘\\F

F” L F
F

Li*

LiPF,

LiFSI

(b) solvents

0
DMC \o)Lo/

dimethyl carbonate

0

diethyl carbonate

DEC /\O)Lo/\

0}
EMC \OJJ\O/\

ethyl methyl carbonate

X

EC 0 0

-/

ethylene carbonate

(c) additives

VC 0 0
\—/

vinylene carbonate

0 0
I/
o

0 0

\/

1,3,2-Dioxathiolane 2,2-dioxide

DTD

Figlulrle El ectrol yte
additse@sin this

component

t hesi s.
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1. 3ol i d Electrolyte I nterphase

The | i quid electrol ytieonc obnaptotneernitess uasreed ui
the operating voltages of the cell, such t
negative el ectrode surface duriindg é¢lhectiols)
interphadasdes(8Erst cycle is called the form
SEI' formation is a chemical reaction betwe
graphhite.i s because the Iboiwteaslt (ulnlbMQ@)u pe needr gr
electrolytes is below the electrochemical
so electron trfamemet he snéagatilve acedTheode
reduction potenti ai'3 oreptoh ¢ adaldd ati vdelsy tlaéntde 15
used in,thhsotdesi of, rPriddcai ob. 8 qgWEwnxEteLO / ¢
V vs LiE@Qi &t V YyandifiLmall.ysv BWMMC.iThteieacti on
pat hways for VC andiBQlrZzr €h e & eptwnoodbuecl tosw iinnc |
gases, l i qui ds, ( €EPdH)ewvloiIl Y. olUhes i gadsaede t he
coll ected in the paowddrshtalgeyarleac mrhe tphree spsow
coin cglllixndorn clTahle celgluss ds remai pai ni ¢ihgpateéd
subsequent reactions on either electrode s

precipitate onto the surface of the negat.i
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(a) 0

o]
S W or |
o) OLi
2 0 O +2e+2Li" — » >.=< + LiO 0" T
\/ T

0]
LED

EC C

_ 0=

(b) i Lf(')\‘_— OJ\O
tLit+e ? +2nVC o

O O —_— N —_— /\o LT —_— >_8_<

\_/ Z 07 oL co, b o
g
Ve s
Poly-VC

Figuhr2Reacpatomways of (a) EC and (b) VC to
poNg€! respectively.

EC has areacpatohphwayfs, bwiitnhgpe LB®ECtSErlepor t
prodducHowearey ,o0t her products have afb,® been
incl poil yhePrEiCzZRetO pr.ochwecigsC@ cl Lt hi um et hyl e
(al koxi de asnpde et-oersggamii ¢ car bongatid/Cspmast es (
repotrd echa k\eC pwil tyga Oe¥olHowever, VC reducti
invol ving conversion t o EC¢teyheEDE, abpbl ybcex
prop3dkedtly, the electrolyte salts s scan al s
known to pr o%udé FLSIIF*tpsh acseeesat ee d -ovarmti @itryi od
phases in the, SIEIKE sawddd Las Li

As described?*lifnr 4OA®EY Frealsedt he propert
el ectronically insul aA imogd ealn dmoisoaniicc asl d hye ntao

with a few seshewHféedhpRaseproduced?*?h®m Pel
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formation of an nSHIbiitmsh etrheentellyecsterlofl yt e r ec
the SEI. Howeverl ytihmesi @Eé&toing g maute sp eérof eggatow
new reduction products every cycle of the

with a square rvdt time dependence

Polyol€
phines

Figat® Pel ed' swiSHkl hmadcelogenous phases on
l'ithiated car lRemp reoldacterdodve t h H%er mi ssi on fr

As P®H edst proposed, the SEI is not a ¢
rather a heterogeneous mosaic of many r ed.
overall SEI thickness can behenthhekmomness®r
compodietpidhoersh winl ¥ he exact electrolyte for mul
and the operating conditions of the batter

t he SEI growth model where the growth 71 ate
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there i s another process to be considered:
t he SEI gr ows, l ithiated graphite, i's 1itse
~10r% vewvsil uime &xmparntsiacrhi/dhacbpar§lenicsy clyec | i c
vol ume <change <can cause the heterogeneous
interfaces, exposing fresh graphite surfac
and SEII*°gtbwhhs also been proposed that tF
into the Iliquid electrolyte over time. Anc

change over t i@n@corfwear teixdagapmildetedviogléd8i ng CO

27



1. ®egradati on Reactions

The |lithium inventory in a cel/l i S € 0 mj

electrolyte salt and thedlbrt hgumeCeltlas sarhea |

typically manufactured in the discharged s
initial l'ithium inventory,Duandgt tel he pateirw
aging, several degr addaetpikobne eparcocceessssiebsl ec alni toh
and redu@eapgaei tcyeldnd energy output. These

electrolyte reduction r égataip@pmann dnelt det maelg
oxidation reactiongEqumppea positive electr

CO8 D Q8 cQ © w80 &) 0086 0Q & 0 T

w, E UOT 1 OATB®E °©,E . E wOiliO®AI P p
These two degraardeatad wmo mpeaancitei-donnttsg r caa I laittihoi nu n
negaeliwebr ode Li i ntercal ati ores e cbtohtene Ipodf,s i t
whiathseedifsclpamgssThe positi vedieslcehca rrgoed ec osuilc¢
reverksoweé¢eea , negati ve el ectrode el ectrol yt
cont stibrurteevea pa dilatsy Ifiatdhei um i nventory is dej

from the negative electrode to the SEI

The electrolyte oxEdaapgomonsamesohi show
i n the alnaclttaheodssy tteq char gld ssclhiapmaegd oavmd byel
et*’Hbwevedjsekhfge can also occur without
deintercalation from the -negatiinvercal atoiugt
positive @hdcrthadge balanced with a shutt]

opposite direction across the el ect®Aol yt e,
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practical exampl e of a shuttle molecule f
t eorht hal ate (DMT)f, r owh itchhe dp cslsyorhevrest ape bi n

togét! her

Ot her outcomes of electrolyte degradat:i
cerldsi stance growth due ted tthterreboefl Edupodeéess
cel | Il mpedance 1increases wnutsht agogel ngd at gt
el ectrode/ electrolyte intpéird atcles bieothweeham g
t haev ercahgaer g b taanglb e adesalyol goef ged dhlet age vs cap
curve fAgVaiongadkeasted cel | i mp etdhaen cveo Igtraogv hc
|l imits are reached sooner, thereby |l eaving
and discharge, a@madc e beees bl Id ecadrpeaacs g iyg Elhihse o |l t &
fail ur enommdodnemoonbl syeir n e MMC materials cycled t.
V% and LMO!mahetieall ow voltage NMO nmatadr i a

i mpedanc®&4gr owt h

Anotberegory of degradat i onelaencdt rcoadpea ca ctt
mat emasasl. | Dsiss i s different from |ithium in
mode arises from structur al def ormation of
mi crocracking of particles from unit <cell
el e ctad di s avo nn faepovtrioaurss @ln@ddsu rordeent Tdelsleect o

processes may occur from the f aielnutr epsoloyfmeirr

binder for adhesion or i neffectiveVheaoanduct
active materi al mass | oss occur s, the 1ith
still be intact, bhAod 1 hac esreessbuelbttienigc ailnl yc aipsa
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One exampplsetove electrode hemated reicdalr o mhs

oXi datnidondi ssol uti on of transition met al s

el ectThheé yteansition met al di ssolution is o
positive electrode materi al surface struc
transition metal s, and this resultsein | it

ther ebiynsgedifs chaTlgselsofvnosr t he case ofspNmedi ss
LMO BEquapgon

¢ YE JE-T/ O U-A JE -1 / PP ¢
This dissolution prodessoraedfteonf okl alved
the negative el ectrode, wh &nies htsheer vreed atl os dae
onto the negaat iwear ieoluesc $dohdecaposnhad able en

observed to cause gasthawalgiht iSEnvi agrhdo twhakp accait

redoxofcyfma | | ustracrem@énigtilhdewol c hertd®ad h

°
Mn2+ ®C.H
e

Scheme 1. Proposed mechanism for the continuous decomposition of SEI and
electrolyte as monitored by CoHy4 evolution for a preformed electrode with a
Mn?*-containing electrolyte (see text for details): (1) Absorption of Mn>*
ions into the SEI; (2) reduction of Mn?* ions in the SEI and deintercalation of
Li" from graphite; (3) re-oxidation of Mn" to Mn?*; (4) recurrent electrolyte
reduction; (5) catalytic cycle of electrolyte decomposition.

FigLur#2e El ectrolyte reduction pathways in a
negati veFiegderce roadpreomdmicesl$ auncthhe obhfach et al
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A poorly passivated negative el ectrode
al koxides and continuall ycekedlyuceute,| eicncmoé
i mpedance, and ultimately causing celll cap
t hr owmgchontS Il | gdawhier tphaasnsiav a®8Ehg§ 6SElect
depodMntoend SEI fgrooowtlhMO s aelelss i gat &d amd Cheap

deposfirtoimmn FBxpéiome@hapter 5

Many typeassivabinng el ectrolyte reactio
state or on the surfaces of poorly passivat
carbonates | iikei PIME d sp réddidbuncieu m met hoxi de a
Equivalently for DEC, | i tThhieu rmh i & thh auxm dad kvoaxu

are not stabl e, b s dleichuSEl tdhempacrmantcat,al yze

antdhsgmetdinsessol ve i nP/o the electrolyte
o +Li*t+e O +Lit+e
.54]\ —_— t + LiOR" — LiOR' + LiOR"
R'O OR OR <0.8V,,

Figuith Linear car lpanatwea yr ecd tecattii mrng  Hiiguhrieu m
reprodugemdmiws $htome Hite met al

Lithium al koxi des, | o0 cedteecdorion oy iet her SE h,
catalyze further reactions such taspi tabhns
transestreeraicftsicoemC omr oduci ng DEC and DMC, wl

groups simply exchange Fonglutrbee car bonates,
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o LiOR o o
2/\0)L o ~ )L0/+/\OJLO/\\

0 o)
Fi gur68r ansesterification reaction of I|inear
by | ithium atlhkwlxi detshyl|lTwoar bonate (EMC) mo

carbonate (DMC) and a diethyl carbonate (D

Secondarily, al koxioggeni ognoctatcyglcyze fthe
d meriwiat hoerar c amvalken aatl &ksy | £2d iscuacrhb oansa t EG an «
react magaeitne-2 hdyilox ahbPM@H)€ s( s h oRnng dit @l n
addition to the earlier role of the additd.i
al so efsfceacvteinvgei nagg | imashipumpalskdXbae®pyi Basak
et%alThese reactions cause VC okagamgreeda

reactions of carbonate solvent trarmd&ef8teri:

o)
j A °
J\ + O o] ROLi J\ o) OR"
ww vor 3 A ¢

Figdat# Dimerization reaction of el ectrol yt
al koxi de catalysts. 3|l n hteme DMCs et EfC RB& o=d uRoe
R groups may al-GKWCH e iet mylhegredpsct(rol yte f

A summar ar oballslhhedegr adati soumeett ahe sels al
i i gLkx@®@ drhdkesnecompass mul tipl e patlhowsasy sanfdor
active Ilmaseadr iméchani ssmscuissetdhe of dramat i on

dendri peatifngmlfasiuamhduging in cold temper
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dendrites from dissolution and dppbentiahl
puncture through the separator, causing an
short circuit and dendri te mo rdpihsocl hoagryg e ao fs
battery, while a hard inter malses haorrtapiisd el
transfer between el ectrodes whi cuhn ahweaayt.s up
I___I
Copper dissolution and Solvent co-intercalation : I' Transition metal 4
dendrite formation and graphite exfoliation | I dissolution and Structural Gy, /%,/.
i I dendrite formation disordering o, o\p./”(}ol
/ i 1 z;,q,/oe
OO [ 1 O 6“15'00 P
/ ’ g
B /\o;" = & 3
k1] 0O/  mEEee——— g
% / Carbon A 3
iy [ r X © o
; ﬁ{f AnOde_ g 2 §
£ 1@\ / 5 2 =
= \ A / a o
o \ / @
5o \ / — s
g \ 1 2
5 /R ' 5
O% / I % Binder de-
D) D, \ BB A\ 1 ’@,0 ) o “ composition
Oo’)f % } ‘ ! % s, %% %% %, and contact
S /06,') >¥a Particle cracking, Lithium plating %, N O% %%, S loss
s~ SEI decomposition SEl formation  and dendrite o o Sp 2
and precipitation ~ and build-up formation 00/," K
Fi gulr& Degrpdahwammarlyi tifmioasen IFirgewprreoduced wi
per mi ssBiomklflretm a
With all these degradation mechanisms i
capacity retention plots. I n contrast to t
Fi gl ewhen a battery is cycidedcbhbaegemanygl E
results are summarized by plotting the di s
These plots are useful to measure howWw the
active materi al degrawdahi oat égobisqgeaveht i
root time dependent capaosdtpermadcde, claipmpeart
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whi cél 9 & rcoall lboewe@feai®’ir gl Bhows 3 exampl es
degradation profiThes soaeadacylcli@a nhmbératter
enadf i fe criterion of a red@loa&nfgeabsl ei nbiattitaer

retention

100 H
95
S
§ 7
E J
Q 4
E 1
85
] —— Sublinear degradation
g0 4 — Linear degradation
1 — Superlinear degradation

I I I
0 100 200 300 400 500 600
Cycle number

FigLbr® Capacity retention vs cycle number t
l' iterature, with varyiFigg ufraed er erpgptea mreda winda
fréamtii?al
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1. 9t ate of Charge and Battery Operat

|l ndependent of t he c omeptoesriitalosn aonfd tthhee
di scussed so far, another factor that affe
conditions of those batteries. These condi
and discharge cur rteinntgs ,\aosldtoardgaeggtee ta fmecsh a rogpee
These factors are specddnscunmeor eéMec tabdsiSccsa
V2G all have different requi rements, di f f
di fferent accementospat emrdg dfhiewaimé hghaadol i
apparHaotivuos .o p er act cemmeexbi esiteienrgy systems to opti
particul ar lcy nsfu(miemdése r Bo#t dpthicovnegrhsuirsee rtsh ey can

chanhpe el ectrode materials or electrolytes

State of charge (SOC) is a unitless and
of a battery ceDur ifnrgo ne et syt bcahdafrégeéo y kc t e b e c ¢
oper atemdentg@o reversible SOC changes from O
SOC cycst ase bhelhdalbtah t(eSOH)s decays irrever
to 80%, and in the |iterature, SOH is a me
gr owt ht. hil,s dnoleynad i zed capaci tsyi dreerteedn-ta so nt hae
od ife criterion, whdr e ytcHe &i 39 chadgnenbka raw
is the current required to charge or disch
called upper cutoff voltage (UCV) and | owe
as 21.356% V for exampl e.

Constant current (CC) cycling is the mos

used t hr oughTowti caahfiligk,datheGiis. applied to cha

35



battery wuntil the designated cutoff wvoltag
called a meadhsgeppbVydng a varying decaying
vol tage, unt il a given timeTlirs misi onfutme rc ua

guilibrate a cell to ensure thai .aaclrlospsart

0]

he thicknesOfdadfecnoanmb ienlaetcitorno doef. constant cu

—

(CCCV) cycling is wd¥y€Y o a€ledr dd emelhlod dupg h

—

he UCV until currentupdecyylses oarCed 291 avatree

performed from LCV to UQ@V,l amegaenri npge atihl aath | tehf

capacity of the cell in that cycling exper
100 regular <cycl es, where the regular <cycl
cycles could be C/3 cycledfeornthaepddhws!| odf

(DOD). DOD is anopudaretri tdy mfemrs i mangd a&ecsist y i n on

For example, if the SOC is discharged from
i f a cell is charged from 0% to 25%, there
Adepth ofr cbhlaagiedy Fowm this thesis, i nstead

l'imits of SOC are always specified when op
There hasveirdbeesn beyt ahut g eprioaltyicnrgyB¢ al | i n e
NMC622/ graphiteSOE€l ranwibskeivvdhreyi ndhe upper
the | ower cutoff wvoltage held constant. | n
width of the operating windows (from 100%
that cycling mégl4dasluntyopair Vowdemg@dndu t¥g fef
does not matter. i@ oo tshigldDWWwot s provdakiedg sO

i mpr oved c apcaspiatryedr cetltoemg i tomei 1fOWIU. Marege a fe
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were explained by severe particle cracking
cycling over theatistdnBbBPCl @mlapiae nogfe st he uni
cell s

Atsudpmsingl e (SIQNMCS8ILILY ge alpyh i BEledk ac®adysi e d
the DOD from 25% to 100% in a similar way
or 4.2 V, but found no microcracking at an
usedEl diensotkiydys, the best perfidadO®di%n & OEe lolrs Oc
100% SOC, and the worst pro0OO%Wr #®68g cCceldl sact
that volume changes are not an iosrsuweolitnagteh
may be a mor e Hompeoretrg ntl ofweat carv.em atg et &SDtCe &
Anot her st ufdyhdodowe dd@2t®hoettSACI i s opti mal for ¢
NMC/ graphite prismatic cells of 8 Ah size.
on the average SOC, which they mapped in 2
charge. Howeewbere,r vtelde ymi &lrocr ackiiin@ 0 &n & OCh e
showed the most degrada®%® on, matching Gaut

Ot her studi esi mwe 4dtFiPg antag edii faflessr ent r ange
bupri marily cycle with authxedabO¥havenage:
45%55% vl ®OMhosteut®i®esow conflicting result
wide or narrow SOC r aOget 6y opy ¢ Imang floF P Lde
di fferent average SOEs i mpsptrwedys hityelabainlt Ceta
cal emgiamg of NMC asdhadattPstted age sdatowhi gh t e
SOC are factors that both independently an

both commeheaemiadt rcied d

37



A study on SC NMC532/ gtatphiwd et cends rmayt H
et’%alsuch that hA9h atnempdrgeht wroel t(ay%=e (4.3 V
fade in both storageThedcelnl cygtl uadige e xlpyer H
measured by?sBawemgetzeab capacity fade whe:i
cell s ar &C sfbgogaerds .atARdDi ti ondi dbyndthkatHael ew
additives are important for i mproving stor
additive blend outperforming 1% | ithium di
gr apphastsei vating properties &l DiTibe SEI f or me

Anotchoenrs i dieg dtthiemtmd aogfe batteries in EV or
is often a comp@alt ew amiaonuds f ¥tedneasgr agi ous t e my
which are not represent egbde cvaeulsie oitmnolsdely haale
fixed current.s Aansd utdeympodyu akigtemgdsr aegti nagl f r om
andal emtdaarrage studi es ,calmemomdusa mpHiys bwen cdaarde
degradat icoonnt r ast3s h@Gweslldhaseaalael testing ov
degradation in EV uBWrecaseg. pTlhhdy | esBowi t Ihe
di scharrges plots eisorygd re | 1 f e ¢ otmpsatrietdly nt sot d matb

cur Delnd0% SOC NeAtamgphmommecel bl types.
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1. GO alTh oo r k

The goal s of t ht broawedrekgo f isées : el feticgarl ac h e n
measur ementto menahwedrsf orimangesi ti ve edradtrod:e
devel op a method to quant,i f(g2)t buel brt me tmyd:1
degradati partepatasohy|jecn prioeessgdathiate lalm d
cell Jiwiethma focus on SEI gr gwt(h3)a nudn dterr st

how charging and adpemrdti ng fedmnadief raonms g e r f

chemical mechani stic perspective
Chapter <t hde secxrpiebrei ment al techniques and
wor k, such as ucloturlao MRIHR s pt deir nadn mi cr oc e

(1 MCyr ay fludrXeRsF)edoeti vel y o@up lcead pelma ssis
spectr(oG@mBpPgyas chr omat ogr aph@GCMBas Taelpreicet orn
literatdrescredbsewng meadhodisng olri t hi um di ff
gal vanostatic intermitGheanpt etri t8aaitmdaavnontascdeo rd
for measuring diffusivity famamsappl wixrmagnptl reis
to studying the effectmatferciodblad.t substitut

Chaptterrandsitions to understanding the f a
measuprairnags i t i wcs irmega cd aloadrsitnneet reyf f ect s of Mn
XRH.his i s expanded to an understanding of
from five cell types after the negative el
aging bdaisfefdeocemqmat i on Chmp eeexaatnirneess. t he r eac
| i t hgrad eddi ¢ edwiotdhe el lead e dhsgthaet e oS OC)h aa gyae

presents a study on LFP/ graphite cells cycl
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di ssolution caused by Il ithium alQmnxpétders s p
prolke®sstal k parasitic reactions in LFP/g
investigate degradation pathways that are

Chap/pemposes future wor k, primarily rela
al koxides in thei ehnece¢lrlosd ytElsi fchapthe umsh
guestions thdmri telkaatmpwer stwe mechani sm thro
cause transition metal dissoluti ewms? LWhFSIdo
saddntaining electrolytes,; is there a pH e
function of cyclChapdieng 8t icmecbypwdeaiminh®i tihme

findings of the previous chapters.
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CHAPTEREXPERI MEMEAIHODS

2. Cycling Experiments

Three types of battery <cy¢€ber sdhasrcghear ged
cycle testing at C€onstaptltdmpéocaspomsphuolidl
ultra highupo@®@HPIZON caharDyaelrhso us4’PalUmo weir & |
UHPC chargeKesi tclolnesy sitnotfruments 220 o0or 260
6.-6r -Bi.dpit Keithley voltmeters (mogdelnd20O0:
me astuhre voltage @&oompoaenprsescdseipamns whe ihs thaw e
l ow noiWepe€e®. @1V) and | ow tenm@p¥ aTttuirse rceoseu
in current measurements with an accuracy o
essenti al for accurate meas.urChmernge aonfd cdiu
currents amer mmesd sdampeidt st Boofu cahc ccuerldc yf.or mat i o
done aocl@O® ser,iewi tctycd evolNtDa@e@ Y%adald aSye ad
and a curr &ftO08&epkcomahcy edfl cycle aging stud
BTS4@906!| ewvith a curmMbDedt % oEFEB®urcaedy sofwer e ope.
el ectrode setup with custom built clips fo
Pouch cells were connected to the chargers
withhoa Mt probe measwale memat ttelceh ntivgasev,ol t ag
one to each electrode, were connected cl os

were connected further from the cell t abs.
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Rat her than reporting?acsurdemda idrenset hees
el ectrochemiisanr yhatitnerlyi tlhiituemr at ur e, curreni
C/-mates, twhmaurmbenr iod hours for a egamplsetca nc
be converted to a current density by nor ma
this work, ebddhter oda éfao mdsoliamceacel | s with 0

capacity, &hdr 7Pottoh 96®elkims with 240 mAh caj

The experimental details for aoenmnemeliln d
Chapter 3, but briefly these tests consi st
i n constant current (CC) mod e, across var |
relaxation periods i n bet weTehne tthyepi char gcw

protocols for pouchdcsthargensysteofipilCCCLaB
cycles everaC/12000 rcaytcel.e sT haet v-@dlWRafger |L MO tcela
and 2356% V fo8peéediPfice !l i ersatt epsr,o taoncdo | vso, | tCa g €

speci éaebaphner.
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2. 2sot hBlromabcal ori metry

| sot her mal Mi crocalorimetry (1 MC) i's a
bet wae esnaanpd ea rcenfaenbeda@e-apnNnst ant a nedmpperreastsuurree

Specifically f or obpaetrtbeM@o rceeflelr sa ptpol ihceaatti ofnlsc

of a battery cell while it 1 s belimgt hkihsartgyep
of systemthrtebeat ei mutei ons to heat fl ow: 1)
intercalation heat, and 3) p@Egsiatcponheat
summastihzse contributiongs, ivehletriemeqgdli ISr etnat,

over poT eing itadmper at ur e,+a@ da Bend Iriedoptyr hoen i pco scihte
and negative electrode i smatdemgiraeias cif epdapreéadstii id i
hedthis expression with parasit‘i®theh eoarti giinncall
heat and energy bal anoe mceddlbsl ingpmdsdead cthe r ls
without par asi tiihch eh ecaoth i cdokditt & & dbiuit MSocnes! 8l s

anldi / LOsMe 1% s

Qn 0 o'Yay avY ™
Qo ¥ 0 Qe Qo Qb &
One way to simpl i fp/e nexgierrad umetrftime=a sdu)rt,eomsdn
t hat onl vy parasitic heat fl ows ar e me a s
el ectrochemi clanl tchoenster icbountdiiotniso.ns , it 1s aprg

and the overpotteonthedt ucsoentmd bentti emmMale curr

assumption in this method is that the stat

4 3



during t hiemplIMO atge satn,ys chalrfgar eeanc ni A $ . | f
severde sscenar ge r eadleitohnisattihoant cadnfteecntt of th
el ectrodes, t henasenwelolpyasc htamegesorrespondi
should al so be consi OrRiredi asaapbheaitblcens ou
t hesi s becaanuds ep od minritazpaytbiudn ons t o heat are

circuit conditions.

Open cliMmeasurements areomslamel feul Idfhcesl |ts
separated positive and negative electrode
These measurements reveal the parasitic he
the material BMCnr ¢ hilmé tceeddd atna find reactic

reaction mechadi 9smliys okhreowreact However pccor

l it hiomant t ery cell with a complex mixture of
SEI , ma n yc orud alc thieom$ ngsby mahttahbeuef ore a n
heat fl ow caMNombet hred eesswsr,edl.MC i s a wuseful

bet ween different samples in terms of thei

l experiments widtuhmomagr aeaed® p& pMiEineadne as ur e

experi ment al alveatagfeldo w Weeasncabiebyedl &,y wHmeuraet i

6chgd is charge, 0di sbd. i Wheaen scyalrigregq @awnar Oa
interval, the heat contributions from reve
cancel out in charge and discharge. Theref

di schaagetroadgétehe t ohhatl whermt di &srogves r agredmp | vyt
overpotenti al (joule heating) contribution

overpotential fcadgeqglf/z2) dat ee et heodt atheeh ecie | d h a
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parasiticd ghgle st cfallcw !l at ed, ushhgoé&qguaiard i lbigs &l

PhD tthesi s

ol 05 05 .. O
, Qo0 00 08 o3 &

An equivalent form of thienekgyebseswoni hoEqfLU

2.8hown byYlwhoewmnei et he charge and discharge

time, and the cell polarization energy i s

——Q —Q Q Qo &

n 90 0 00 0 O w 0 Ow q
Finally, once the overpotenti al and par
entropy heat flow is simply the r eFmacsimmi ng
this métt hdd heatparmoagirtiibati @ownesrpotential an
for a cell during cycling, and this is don
from this method, the souricne ao fflsutlhlee aeeanlttir cogpw
frodmthium ordering in the fodTot iares wer ntehgic
cells can be tested for each electrode of

cells in Downi eMist hP ht[h et heexspiesr i FmegnRtirdelr ome s u | t
this experiment, thei enNMCp ¢ lihggraiam dinl dolmy me e
graphite staging features, paobseumedlhye wi

voltage plateau region betAvdeddnt itoneddsstgalg e 02l
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statistical thermodynamic chltoml &fttansmtor
entricmpyw hi s mi xed pésatsaeg e exyli otno osft aggrea pzh,i ti n
I n the graphite stage 2 to stage 1 region,

as those are both perfectly ordered phases:s

—

kewi sesamd LEER®»®re are no heat contribut

from |ithium ordering.

An additional conshtevhasoenihoredheat hf le
the assumption ofculeyehcwdqlant2yadn $fmiidlh e3 c
assumed tdaschachaerggcle is reversible wit
a coul ombic ef fTihdisermsy uanpds ent 0 s1 . mb.st appr
cells in | MC, over a small voltage window
and testing overar TBhiog tads uree tdiubreant ii banisga c t a1
present, such as a first formation cycl e,
changecsuel ent r odeAl maetirievy @ amsftohrotdcmafy c alha ent r
coef faradi sctussed i%dbyt hnee alsiutrd rnagt uorpeen ci r c ui
function oBntempesametdod does not r.ely on
This mdt heond ropy coefif $ chnehnt utdheetseiasmu indtti s® n
suggested in future work to complement and

the thesis
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a) Graphite / Li

b) NMC111 / Li

c) NMC111/ Graphite

Fi gar@per ando
i n
NMC111/ Gr aphi

L] T 1 0-6
—— charge voltage - == charge heat flow
100 —— discharge voltage --- discharge heatflow
<
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3 2
S cD
3 5
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3 ;
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1 1 1 0-0
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T T T T
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\J
2 sof {40 &
= i I Jpvsay [
s | T 8
— R —
8 OR ez 2
I ~ 13.8
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i L i 1 1 36
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1
100 |
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\
Feamy] 1
1
2 s Lo {36 S
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0 4
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| MC 8dsahtoawibnyg Dtohwen ieel ect r ode

t e

coin celll
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I n this work, the I MC instrumentation us
mi crocal orimeter by TA Instruments. The TAI
call ed ampoules, which are thelromaét gcdhiinstud
a precisel-yonteroplalmbeur ensi de a steel. cylin
Each sample ampoule is sepahatedstfaryemi a s
cal or,bjmneaeseries of theomeaqitfl fadrodcr aadt easngwli it
mi nor t eanpaenbggdtawree n t he sampl e and referenc
specifications of anpgeknlglCl d mAQt]&mpi.etdhdCut @
accurac9 aldRr4dh temperat G%Td ec onetarsallr eslt aleialt
and from each ampoul W hacsc,dm atctyn snt @instes i loev al
of 106TmMew si gnal to noise ratio depends c
experiments showmgimemarnlaltlhy ssmalhlavpar asi
10, with a signal tlee mdihsea reatpiea iaonfe nX G: dw,i
nearOM théav si gnal to ndilseofatihe 6MCLAG® al.
coll ected using duploirc aptoeu,csha nbppalgessa mmar paedh
data is shown as the average of these two
standard deviatibn bMdGCthivmel tdww es ammpmledess . wor k
four ipewnaddadlomlashuf act ur ewde rbey meialslUN ed t o mor
quant iefry crtellaevdari ability, whk4dGW Therefepoet
t hi st taesrsku metde eslellr li gW4iOIWitsygemart han the instr.
(N1OW .

The tebl de t haer ea ncpodnunl eeast @hOgfceorri es char gel

wiredvavmkéahemwmanlducti vietgcandciitgwh o chu anti izve t
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heat flow | eaking out of the -gapgel esy d® den
pol yi mi de coat ed bronze phosphor wires
48 Wmat RBOOwhich is a very |low ther mal cCo
(4 WaKYHY The nNMECrismoowter vi ew Fisg22dabhwh oiwni t h

the 12 TAM channels connected to a comput
removed from,t hwartibradeor amet emmgneti c stops

t hermal. i sol ati on

Kraus é% enduaotpteerdando | MC on graphite/grapt
where they correlated measured parasitic I
duri ng.Fdygeulrienhp@wd4 ct he measured parasitic h
C/ 20 AncdMditions plotted againlsn thei mos tet
desi gn, the only souwseS&i Qrolwitbm sBoveéehmias
condition for calculating the net ent hal g
detiemend -2t102 bkeli/3moelV/ Lat ABA*®@uwo r IChiarp uese h 4 s
data from the | iteratutrlee teontSlRdli mynadvfi @ ei o u:
LMO/ graphite cell s.

I n the 9% &118MQrreas been used for measur
NMC/ graphite and LFP/ graphite pouch cell s
|l ifetime corresponding to | ess parasitic h
i ndi cat ersentchee oofccroar e severe degradation r
faster rate of degradation reacChamtsert hlat
exampl es of these degradation reactions i

oxidation, gas generation, transition met a
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T T v T g

3\6\0\" o
,L\'L‘; Py d 1
,_:,\OQe ) i

3 MAGE/MAGE #2
{ SFG44/SFG44 #2 |

2 4 6 8
Micromoles Li* lost

Figa2e | MC i nst(radmeantchammmel removed -from t
guage wires connected to a test cell for r
al |l 12 icnhsaenrnteelds i nt o the calori meter, t he
computer displaying (2)hdat afdtd@atiokuylmeys s v
parasitic ent hdlgpyapfhriagane/EIla pgriotwet hsy mmet r i ¢

Addi tjloM@l hgs been used mbégs wrthhaegh eqrto ufpls
associ at endy swiertest bei nsviohtamat ecraisaviesg, | bf as
me as uernitnrgopy and pol ari z atri A€l IMisassesse da & oa
find the enthalpy associated with vaPious
Il n sttwhtgoinlvger si on el els,Hou b deimada#MCi ad Feudy

heat associat ed -Pairtahd aH acr ardeaai cct iaonnds .n o n
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2. Ba¥ol uMeasur ement

As described in Chapter 1, <cells can pr
processes, such as: SEI formation and gr o\
electrol yaeadxwygamtrieolngase froth layewnéd il
cylindrical cell formats, these gases accul
pouch <cell experiments in this thesis, the

expand and ac8ombhma@adstsd amplara temperian ur e a
the 240 mARNR hpeo oo loveeldl y.ases from pouch cel
were measured using thebir @h ik @¥Tdheest mmeet t hhoodd
invol ves submerging pouch cells inwatlkeaker
vol ume through a microbal ance based on the
a buoyant force fr oUsigmags etsh & nk ntohwen pdoeuncshi thys
g/ mL) the mass measuremefilhi $ smedgdvoereeneat t C
room temperature betfoorcea laonulll aatffeto etatfeeft 0 oma tgiacs
t hen s ubtsheeg latded d yssed and-9fkePsae aalAeddslivanay e a n

MT I Goarcpuum. skEiahall vy, the gas measur ement

(before cycling staste)cahduladttert tdhegayca

cycle testing.
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2. El ectrol ywiet An@dy sChlsr omat ography M:

Chemi cal composition analysis of the [|iqgl

through gas chromatography eMSyp!l eTdh ewistahmprha

interest, an el ectrol ytvelmitxtlurze dweiptalt amagrdys
into its individual mo | e c wlnar fd inmad damean tys e
undergo el ectron ionization and mass anal y:

patterns.

El ectrolytes can be extracted from pouct

extraction solvent after cycling, or by ov
I n t hitshewaoroku,ch cell s were filleclwictimol y®
extraction solvent. The celwlestkowee res varl el ouwreid:

mi xing between the aged el eacdtdMdd?y tFer oirm etahceh

cell, ~ 0.75 g diluted. electrolyte mixture

El ectsraonmhpyltees wer e prepamred yi s ¢ih5L <IdbIR Dt.iugte
Old ect r odiylt et evéh st o a ntLo twdi It hvl ool ruormee tohfia n6g O( D C'!
i qgluiigdui d exvtvolati loe,oa mudidwea tacedrmp hee et €ct r ol
extracted using mwo ofi dsedgi Wwiehld G@aileui.d Fo
extraction, s a mpr heysd maeayrisee sd ruinetde ugSingma Al d
1.5 mL of the DCM sol-M$iwinalwa s( Ag ialnlaiitesr Tedr
process ensuresg) tman wat esraldmrse (phn Fent i n
because these c¢comeEMS nntjsenaxtcher afa magraodilglei ¢ at

t he anal ymaad eploolitycslidmm anes.
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GC operates via the principles of chromat
each other in a column via different af fi
stationary phase, thereby resulting itrhias s
woruks,i mAggial ent ,7880BwdHB®EBMS (5% phenyl, 95%
arylene sil oxwarnéd) a0 mnanclmmha a amet theiddo lkoff i ©g 2 5
whitlhee mobil e whabeai $0 BB /[graishee ocofven t emper
was ramped from 30AGACI MGO0A® atolkantthigseof
setaupal ytes with higher boiling poilrmargeare
sized mol ecules and more polar mol ecul es (
small er and | ess polar molecules (i.e. DMC

Most of the molecul es of 2imtnesr ersett eemtu toen |
our temperature and .t iTme avot di s@ad uofatti mg ¢
DCM sol vent, a detection time delay of 3.5
are detected. A consequencewbfhthow et hbd:
that elute at the same time or before DCM

detectable include metnheannhoyll,a asdtelt daydel f od imae

After the separation of the analytes by
spect r(oMms)otpoy obtain their mollfTédeulM&r uBeag war
Agilent 5-QuUu@dBrspolgéemassiramedter o meettereen t |
usad250AC elliencet,r otnhemoni z a’téd \b ni avresse talwh&eO AVC t h
The molecular structures Wemnesi dépageeerds b
toeferencetipatNMe8Hs Spactr al Search Progr atl

updated April 18 2023.
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2. 5canmMi c¥-Bay¥l uor esiX®&Fce (

XRF operates by ir-raysatcagssampfareosno i ¢ h

core energy |l evels. After irradiateieatr ong
he®l, emistetcionfgl alaoy escent photon in this proc:
energy | evel di fference, CThha rsa ctteecrhinsitgiuce oafl
precise quantification of the el ement al c

technique cannot elucidate tbat opfdathieors as

because the majority of the signal is fronm
valence | evel, and the energy differences
small for the.ldet e @nRA pnogess millludtghwasin fseo ur ¢ e

xr ays 2i0ntéogmsda a® t heasdmpt@ans across the | ar
el emental composition distribution across

I n thiERWor&k,used to identify and quant.

Fe, Mn , Ni, Co on graphite negative electr
testitrhg.s Ipmocess, the primary signal i's th
graphite is coated onto. However, the trac

and quantifiablfre gRImg Pamphedbelwewe prepared
cepbst cybkéowetbny, cutting open the pouc«
t heel ectr adds almtowidmg tf hsa mpRl4e sh oaufr s2 cm x 3
fromandated taped ontdhanpacawmket eBrpubdgred on
Tor nGQXIRF wereaw Rbuxce, Al 2000m Ti 2000m -

50 kV acceleratimsdeasyvabBbmadle, xdl00 s ©ann rat e
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spectrophotomeuersesdemedcihiodyy @mg el hle5 cloa\n.t s
for quantUpfeyaikng 6F et We&adk b)Y .Mherke i ntegrate
Bruker ,sodd whegl3lae, b and were then divided

2

analyzed i“n units of <c¢m

Cali bration standar ds-cwat edpc¢ e pspetpbadrf aotnd d
samples for each trwintsgntadinenmeti@ad opPdti Mdree
| oadRtn@®g/rmto establish calibX®Eioumdofsact o
a mhoeadgiemg afMéra cali bration € aolhobdr. 6% ra nFde fi
Mn O.s@@lg/ chux err as FRieeBc Mot e that only th
the calibration curve is used for conversi.
intercept val ues, because nttleeyxept eTihhen mloy s
background signal from a dry pgan.téidMreOgygr apl
/ ¢?m aea ttrhansi ti otho mreatrtayl sli ajaredtifwiegesma tvialy fi iowisa |

graphite supplHiegrased oars AsGro,wnA GO, AGD. Wh e

el ectrodes puossiknREyct Retesanagti on met al S i
counts to mass | oading, then normalized t
background signal from pristine graphite
t hroughoutt htehilsa ctkhgersoiusn,d si gnal I's not sub
background Fe or Mn signal is shown and | a
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Figl3 e XRF sample sespkcbrati(anbguawnds for (c
known sputtered masses of Fe and( eMn FPRareit atl isn
graphite XRF spectra for 3 commercial artif

signals without any sputtered nor(admposit
selected on the electrodes are different b
comparabl e.
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2. b6nhductively CioQmtliecdalP|lEmsinsEasi on Spec

OESfH)or Transition Metals in Electroc

I n addition to quantifying deposited t|
di ssolved transition metals iIinOESewas ecsed
for this purpose on electrolyte |ICPBREl es e
operates by measuring the intensity of 1|ig
excitded qiuo dsasemmlebautlo zeednaanosaoggonacdrtrhen
ionized and el eaxn rapndgacsanal >y %20x080 tkelde i @l ect r «
down to ground stwwaatves,| etnlgd rh se mipte,cliamdct tthoi st |

meas wi dadh opti cal wistplecaromatg@e coTlipéeldi gletvi

intensity detected is |Iinearly proportiona
cali bration curves made from known transi
guantify the unknown transition metal <cont

El ectamdlyyozi st he | i thiumsimet@Gxp&Ber exper.i

done inliaguiicdquextr aetaogon arhd 2d dAHNOor omet ha

di ssolved transition met allisF §IFe )r easnidd el iitnh it

|l ayer, while the organic components (DMOHC
|l ayer in DCM. The approxi mate masses used
g DCM (discarded), an.d T2h ewaesxhaecst onia sls. Of og

reorded and used to convert from Fe g£onceni
to Fe concentration in the cell eslweater ol yt
anal yzed-OEsSi g CIAGP 7400 Dual Vi ew, Ther mo

Dani el Chevalrier at the Minerals Engineer
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2. Di ffusion Measurement s

To understand the experimental technique
battery cell, one must examine the mechani :
mat eri al ade meqmudrspesahisieg24a e s haoves mpl e equi val e
model for a |ithium ion battery <cel/l wi t h
resi stor and c arpeapcrietsoerntisn tphaer aslelreiles R esi st
wires, and ot hegirs comérichargendg.r aRsfer res
transpet ivveremgel aodretdtket r ol yte apLianthet dold:
| ayer capacitahpetbfstbietmpndatGnptieasenR t he
transfer at both the negative and positive
mod el could incorporate a parallel RC <cir

l ite’ature

Fi gBdbshows a schematnd ophwlasped| selat ge a
consisting oforcomzEdviatmiteuneh 8 pfach veweé ¢ , by r el a:
st eadyigtldcteeshows the cell s voltage respo
based on the equAvdlenharcgecaoautrenotdel esul i
vol tage drop equal séorieeshies tgparnacded c(tRUDf ehbhe (L
as shown bygvOblFgd Rtlheew e(by decrea¥i hgst aet ct g
foll owedoby agel Rfercorne acshearogfe t r ans ftehrerree siisst

a gradually decreasing valst ddghe fced |Addetshdanma

cel | is discharging, l'ithium ions are int
resulting in a higher concentration?8 f |-t
Upon the t erdmisncacta rogne notf ptunlese, t here i s an
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agai nttheet R®wod | owed by a gr aadtualonvgoelrt atgiemer:
During thefret aganébbmrgal di ffusion occurs
concentration at the particle surface to t

di men<iFdmaknd ghsheiwsdena | ar prhaoegss pfudrs ea wi t

cel | voltagenaedchiahiom fieom the positive
more | ithium in the center than the surfac
R
@) R o
Cell Equivalent
Circuit Model
C:DL
Discharge pulse Charge pulse
(lithium intercalation) (lithium de-intercalation)

® *1

Current gfb— — —— — — — o [Pilsi‘)”_ ] 2 time (s)
(mA) I Pulse on

Pulse on
() .
Voltage —— — 1 W T T T T T T T Time (s)
M) Ui, _t_lF_*g_
J Pulseon
(d) c> S —
Li concentration
X Pulseon
__________________ Distance (cm)
-r +r
Fi ga4 e concentration in a sphespcmadi rpgst d
current pulas)el lapphbuedal,en€chb)xiemctui p,ulmde)e b p g
vol tage response, (d) | ithium concentratio
Tr ansliasteicnhgantihst i ¢ pi cture into equati on

quality factor Q as the discha¥ BPe taisme h(Ww)n

i BEqua2i 4n
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YO €O
T S@ 8
Wheries jt he current d&nsFitiys iFmaruwrdiaty sofc omAlt g
Vmis the molar volume ofimothereiscthedeamati e
andi ® the chemical d¥&cfufdsoanceshbfmptefedirbr it
the mat eMn &b QU(INMIC622) the déasdtiyheé smdl a6
is 96.931 g/mol, yieldidamgla molar volume o
The di mensionless surface concentration

function of the medande®, f a&EqoDiad hdipi cpias i

Equation 9°2fn Atlung et al

& T
(0]

®

p Q
6(

A

Il n the example for spherical particles of

5 0= 4. 4p9347,. Ts2=531,0. 0D 4derived ,im Aheusgl et
Fickods | aw for spheé¥% ikianalblow,ndtalrey posidtiitv e
cal cuwulpptreok bmatdl yn the di mensionless surfa
te&qua2i,®nmsing mean fiel.d theory approxi mat

s O 1YE oY &
o) o) Qo ®

This equation comes from the Gibbs Free En

the configurational entropgy sfrmdimm rsandcommli ydc

for lithium in thesodthahedmbler| atft ineareistte
Uiis the interaction energy of nearest neig
a purely repulsive coulomb interaction of
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S

creened ions that depends on their spacirt
at’ti®°é e

Experimentally, the concentration of [ 1

measured through the potenti al di fference

ithium edecdirnadessed i n Chaphhea nle gvattihv & hee

elected to be I|Iithium metal, iI's conveni et
| ectrode, holding a constant potential of
rr lithium diffusi oncellilmi taa¢es tounssegd Vihoerr etdh ® r
|l ectrodes for lTithium diffusiviRiyg2bmd r ed
hows the experiment al data of a diGcharge

ates ranging from 40C to C/802FicghShespond

shows the theoretical calcul ation for a v
abo¥egasce shows the relationship between s
average |lithidmMheoassmmphitooms (sed in thes
l attice site fillin%§ oafnd ictohnisuind e(rmenagn ffiireslt

r

a

epul si¥ethiwum amteractions. (Ehé& Hroflé®| par
fm30=E4 .2V, Y= 1. 4 e\, "B 203W®olikhmns mean i e
heory model is too simplistic to describe
s seen by the drhisgldpree eeamgdntbubet ween ractio
ccessi blreatet iesacalppC@C oxi mately well describ

apacity wil!/| be a key metChaptaear the diffu

61



NMC622/Li Calculated Voltage Curve

R AYerage xin Mean Field Theory Calculation
Li, Ni; gMn, ,.Co,,0, Assuming y,U, = 1.4 eV, E, = - 4.2 eV j=6.3mAlm? | =3.1 mAem? j = 0.16 mAlem?
0 0.2 0.4 0.6 44 Q=0.084 Q=0.176 Q=329
4.4 N T T T T T T . — T T T T T T 1 1 —T 7T T
)
4 %E 4= - —0.8 4
_5 _ C/80-rate 8= | EX
e y j=0002mAlom{ B T 2506 R
gg 3.6 - miz'ﬁ Equilibrium ] E‘E Eq:ilfr;um
% W1 Es g%
s 32\ V] SEsa2 . g3% T
o © \ o9 S S
= > 400t \ I\ =5 ate | A3, i
j=63mfJecm?  20C-rate 1C-rate O =63 mAcm? \ 20C-rate j=0.18 cm? -
281 j=3.1 AN | = 016 mAem2 ] 28n=0084 j=3.1mAlcm? Q=339 L
P R T N B L L, ©=0176 . | ol v
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Fractional Capacity (1) Fractional Capacity (<) Fractional Capacity (1)
Figabe (a) Experi ment al rate map data fror
di scharge rates. (b) Mean field theory <ca
capacity cal cul a4 e(dc )u sdiinnge nEsgiucantlieosns 2sur f ac e
average | ithium concentration at var3ious d
These rate maps are an i mportant test f
Dc, l ow Q) |l i mits accessible capacity at [
increasing current, the I R drop also incre
the overall energy output of a cwelclurirse ngisg
Therefore, it i's desirable to develop el ¢
properties, and a first stem tcoeddimgend si
reliable comparisons between el ectrode mat
A common way to measure the | it himumtlitd e
|l iterature iIis using a method called Gal van

devel oped by Weppnée?Byanadp pHuygignign salitne rin9a7t7 n g
and relaxation in either charge or dischart
voltageeanthbe DBal culEqtuea® i@ancor di ng to

T AW WO
“0 0 Y O

Q4
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| Equa2itpins the current pulse duratiom (s),

is the mol3AmovWilsumMehe  como!l ar mass (g/?mpl ), S
wOis the change in voltage dugding the cham
in voltage during t hNei ctkrodlhésgipe naté dc utrhree nGl TpTu
to spherical particles, and dedtione€d espmd dii fni
in the simplifi&dua2p®Wkhsesée om issrowme i marti cl

0O 0©
5 0 Q.

T

° T

o~

Examples of a GI TT nkeiagskbareefrnoern ta aco hefairsgheo vwnu i s
26b f or a discharge poulogleEa b enilténd.vollrn aglei o
NMC622/ Li coin cells, Gnhe TNEMCvpAatihigel @ ssisz
profile should be a Ilinear fit for the G

assumptions that the pulse time j<s<¥sb)gni fi

These | inear FighGeeadrecomdwmmimg that the a
a pulse time of 60 s is much shorter than
A novel met hod called the Atl ungi sMet ho

introduced acdageswrBbedppnopriate comparis
and applications shown for calculiathi hgyehe

oxides of wvarying compositions.
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i Previouls step I N I | ’,_-*'I‘[ .
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3.644 ®
g 2 3.980 . ]
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0 2 4 6 8 0 2 4 6 8

timel/2 (s1/2)

FigRBe GI TT measurements
rate

t

me

char gemiprudtsee ,| drbg G/ 110
for

|l i near f

tt

ngs

6 4

timel/2 (s1/2)

on
di scharge

the GITT

pul ses

a -nN MQuét 2e2 /1 Loin gc od

pul s
s



CHAPTER HRATLUNMETHOD FOR

INTERCALANT DI FFUSI ON ( AMI [

This chapter focuses on the devel opment
Di ffusion (AMI D) and shows some selected a
di ffusion coefficient i n some positive el e
beenblished i nwiwb phelacthoonsolft Mt i on s
Cor mi er wnat gsitheBywtfhovmr eorinfi tting the e
calcul ating the.ldisfyfnd hiesn zede ft fhiec ied retcs r od e
cell s, optimized the AMID protocopl,otaneadl vy:
summary aqrda pMro,wvea rt thsecNuitptths hh o h har a Aap akun
Liu, and Mh & d h & €t U svsBitadh lasme u n d experiment al
interpreting the physical meani ng popfl ioceudr d
to other mattehreisael srpesshpteict’d biddevnysa Rae dner e tr ¢
orn hpeosi ti ve el ectrode mattaugbiealf usrynnatcheess.i sP rpc
Dahn advised t herdprmejnd otr edli rmec ttihonoughout

and revision process.

3. AMI D Method Devel opment

Fi g3rsehows a fl ow chart summaanai armgaltyhi
st a ppshAeMlI Do el ineehalsiuirtelii d m uisni va ttye.gti r madhtj enrai a l
mass | oadimuwstelbeet ba aralteei dni z ea ntdh et hleR ed rf cepc,t
|l oading amd |l | Rbér @kxipg Gatienheedn ,i nt he poisg ti ve

assembled into a coin cel | with a | ithium
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conductive el ectrolyte t o mi ni Miexe¢ he el |

el ectrochemical testing consists of amelst i p
in each voltage interval. The sdoep st haer et etst
mat eVYoilatlagtes vallsd be chdbkeadévbbdalsteadgeonvs cap
currmret i npgl aatheaatus riemueCratsénaul erbe sel ected
on the matespiymaetie W aul dqdiasereart e t han | ay

ol ivine

Coat ultrathin electrode
(0.2 mAh/cm? loading)

Make half coin cell with conductive

electrolyte, thin separator and Li counter
electrode

Choose C-rates and Voltage intervals
appropriate for material under test

Revise i

protocol with

L CAEIEe Plot Fractional capacity vs effective C/n at
depending on .
span of each voltage interval

Atlung curve V
Analyze IR drops, fractional capacity span,
errors, and extract D, from Atlung fit

Fi gBIrExperifldevntchlart showing the procedures
and analysis

66



Fi g32sehows t he detail ed cycpleirnfgo rpnreadt cocno Ic
cell s usiHn g ht tlpe edlitsiaon charger (ODHBC})chbarb
AMI D t @stgidmg,lh)e cell s wEQ ei nt eastweal taagg e3 Owi nc
4.3 (vsY) Lictubada ent densit,y 8ofHAdiced® (RO MmAY gt
then charged to 4.e3 dVi sacth ad/Y#ed sp riobteof ceoil e @& t o
subsequent dischar ge6bW vaetr yc uOr.rle nM idnetnesrivtaile s
C/ 5, C/ 10, C/ 20, C/14%0 ,mpCa 8 Oc,i ramuwdi tC/rle5l0a »wa tt il
di scba.epemakl pwelfeh nal |l y chargeditmackhstuos ed4 t3
no change in the total capacity occurred d
and this is cé&nfgddmeldn vtitcuradAlr g at @ $ gium @
32c ,,d)t he formation cycle was at C/40 to 4.
AMI D voltage -3.nt eVY,vadrmd otfhe3n Osubsequently
each interwvalt etsheves@®@mas@d as in thehdischs
15 min OCV periods i nlhbeetiweeen se achho wc haa rngaeg n
single voltageOiwnt eryaflr 48t i9on al capacity |

current chargé2€Casédpwd hhalfjea ccta®pmali ty measu

the vertical voltage relaxations correspol
measur edn tahned sttheeps repeat with incrementa
capacity to the voltage interval
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T T I T T T T T I T I T I
(b)

4+ ——1, C/20 Formation
2, C/40 Charge
| — 3, Sig Curves
——4, C/40 Charge

Voltage (V)

1 1 1 I 1 T
1 0.75 0.5 025 0
Fractional Capacity in Step

0 40 80 120 160 200
Specific Capacity (mAh/g)

4.4
(c
F o —— 1, C/20 Charge
2, C/40 Discharge
4.0 ._— 3, Sig Curves _
- —— 4, C/40 Discharge
z | |
Q
(=)}
2
32— 0 02505075 1 |
Fractional Capacity in Step
L | L | 1 | 1 | L |
0 20 40 60 80 0 40 80 120 160
Time (hours) Specific Capacity (mAh/g)
FiggB2d&dtl ung Method for I ntercal ant Di f fusi
Di scharge direction AMID protocol, showing
with an inset magni fying one 0.1 V voltag

prot ®oawli ngs (c) Voltage vs Time, (d) Voltage
0.1 V vol Thages extenpVy &@dni SCf oiMCa&ag2r¢f L#.80i n ¢

Fi g33&n dBbs3how anot her exampl e vbBil guwrges i n
33candd3show how the AMI D data were analyze
effectave f€Cor iermtcehr wali. b gy hi s protocol , or
capacity achieved i(®.a&atyipn dglirdaftweardetndwied h od te
to do 9 cycles over%4tifhei ssainee bencteeusveal t haeg ¢

cumul ati ve, such that the total 1C capacit
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the extra capacity achi eved Fing3BbheeF I1gCu rdd s ct

33c, these cumul ative capaaittei esn ar d otgh esrc ag

Note that +#lae eefffoectai sa nQl e voltrage int
for the ful IFi g&% le adbaopac i4tby . mAlhWw g of the tot
in the 3.8 V to 3.7 V discharge interval
of 400 OA for this cell, is an effective r
each volvalgehasntae differenbateapmuostybetbal
eavbl titagereywalf abgl gdi viding the applied curr

vol tage interval

Fi gB3de shows t he KiagB8ced aplaotftreodnx os wi thke v
di mensionl ess varia®bPre The whaelase fQofienB 60y nf
this dataset to the theoretical Atlung cur

radi ulsm.ofl n3 thi scresamplieg i me tlcei Egqaatfon i

ocpwas modi Eigeadt Rgdrmadvi ng X* =r @&l stauinddac & ha
concentration of l'ithium is defined,as ful
whi ch 9 ctciumess i n each voltage interval

P Qanzdy

The attdapma&ll tiyn a vol Uagewhintrival t he me

capacity in mAhatae dai piaddd cluy arhe&€ maxi mum
vol tageti ntheer wdldwesfrmaateonal capacity 1is

in the 2P ifPleer adiumeensi onl ess variabl & ), def
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describes the quality of | i®hiusm thanspoal
required to fully charge or discharge a ma
to make it easi er to calculater dtre@n =adhe e

360@drSubstituting theledt @Goiusawdiroe@smnse iomes f C

aEquado®, onwvhi ch is the finalf ietxtpirreg sprocmc assse d
&) i p QoRoerRMTOZ A
: — = C p og;
() O@mrE@O O 1
The measured rate map data in each voltag
all owing theanwdoicov avrairayb,| easn dD usi ngetk nOorwch v a
measuredAddpacbnwWAOEAO MedDAT OET T EO AOAI O,
Ol QB0 AEIpO p E pvwh xEEAE Al T OGROCAO O
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T T I L] I Ll I T I Ll I T I L] I T I T I
3.80 [ (a) 380 (b) -
} IR Drop
—_ = Relaxation after — - -
S o Ststzps ?\f 15 mins OCV >
g n rate discharges g
© ..l n=1,25510, | 4 SiarsL A i
g 20, 40, 80‘. 160 g
o o A+B
s | I ]
discharge A+B+C
at 2C rate
3.70 n=0.5in C/n] 3.70 —]
T P B T B | IR R TR N SR RN R
50 40 30 20 10 0 1 0.8 0.6 0.4 0.2 0
Capacity in Interval (mAh/qg) Fractional Capacity in Interval
N, in C/n_,
0.1 1 10 100
650 T IIIIIII T T IIIIIII T T IIIIIII T T IIIIIII 100_ I I ]
S (o ee-eee 1 5T
= 40 — -y — 5 - -
= ol % 0.75
— - " -1 Q- . — p—
© o A+B+C <
g 30~ K T (&} r Calculated 1
E L . A+B . E 0.50 D.=2.4x 10" cm?s
c20 M i -
— A ) r .
= - - Q
= o025 —
g 10— n L Theory: Atlung Spheres
% L - i ®  Data: 3.80V - 3.70V Interval |
o 0 11 lIIIl]I 11 Illllll 11 lIlllII L1 11111l 0.00
0.1 1 10 100 1000 0.001 0.01 0.1 1 10 100 1000
nin Cin Q = 3600 n,, D,/ r?

Fi gB3IAMI D Protocol Analysis Method. (a) Vol
di scharge interval from 3.8 toa8ed Wjthompr
OCV relaxation perieddstirodbel wadn ntghhdo f h @ at
C/ 160 discharge currents correspond to 400

fractional capacity measured in the discha
Crate is added cumul at-r & € é yoicno(lp,J oalsa pwaeclilt ya s
axis showingrathe whifelkti sec€&l cul ated from
interval. (d) Fractional capacity vs2 Q whe
By fittitng toue tdlearetical Atlung curve fo
the diffugdghos ecampaedn SCf oMCa&R2F L¥C.B0oi n ¢

Fi g84sshows an analysis of | R drops fronm
electrolytes, separators, and-celRicgidoa e ma:
shows that a cell with a | arge I R drop 1in
the 0.1 V interval than cells with smaller
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Equadtgaontdi g83F el argescol Resdpompdi ng to ileoswer f
(W)esult in adi fbweroappaethtcient. Therefor
with a higmmdeesstshiemadtief f usi on coefficient.
what causes | arge I R drops and which exper

the I R drop.

The resistamcéaldectar iccaalll seri es resi st a
external circuit wires), series electrolyt
material to electrolyte interface, and resi

carbon pawhwaysapplying AMID protocols to

commercially relevahtméiacm heod®Ri "gop( Was f

too high: nearly the full 100 snVs eRingaunmei nt
3.4b . |l ncrementally, t hewama snsi nibiyyd ccoeadgs n @ f diel
slurries wistoh (moetdeu cNMRY 50 wt % solids to 3
active material content in the electrodes
84% active), and using a t hi nTnheer rdeoacstoonr fbolr

reduced HiIR) Bdlrg¢o pwi t(h | ower mass | oading el ec
is used for the <constant C/ 2.5 rate disch
decreasing | from 4.53 mA to 0.08 mA.

One note on these thin ma’mct)i esadihmg e lhe
masses bedoméi cnokFre to anedstuoecaatwsr afheeloy u
become Maéanssinledgadi ngs vaeieg dlent @& mimedin eohwe de r
el ectr odnmeisc ruoshianlgaunact er aactd ng t he mass from a

subsThat masenociocadNl@6 2R ect rodes on the alun
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fr dmmg téang8.correspondi ngl tNed3mp/sisAn Is@% diorfg s
punchhbeasr eefal umi nuomvf 67l t@gadgdldr énaepondanygi Ve
foil mass |NDa dDi3n gngdwit mSs.hba7ieb e @ r afl ami miuen f o
masses compared to the mass | oddiemgfwoari al
source of errelredtnrsocdbedsteni inigpatmd ityampl e t o s

variation caused by coating a diluted sl ur

Once thinner electrod.e® . ®gr &€ noraediinagp | (yO .c
mAh/?cm the separator thickness was then re
reduced the HYY rdedpcibryg htaHd ,resi stance acr
cur raesnts,héwmg 84ewiS ching electrolyte sol vent

EC: DMC 1:1 further reduced the measured | R

and better | ithium passivation with | ess ¢
have al so erleepcotrrtoeldy ttehastal t choice 1 mpacts
and cell rate performance, and that resi s
el ectt?® llynt ml | cases, efforts should be mac

contributions of cell s oBiegdd4i thh delf d aitsri vd ¢ g
test ®idnrg AMI D protr @ad¢falsocOiv2 t h tCo C/ 160. Fror
screening, the best cellcdrsiaptosfiafi:veei fefl esi

offomposition 84: 8:,8 caccabtieude elRW/WWFaSeplr Sapac

mA tt/rh paired with a | ithium msegatriavte de lwd ctth
thin separator, and fill eld MwiLitPEaDME@!| clr o
Fr obm g3de this cell design shows an | R dr o]
tested at a C/ 2.5 rate. Moving forward wit
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incl uder diasidde magn@LC t o olytspiamnadf dirlacti onal

the Atlaungf cfuraeti onaleD®apacity vs Q (3600t

(a)

------------------

3.90F —e— 2 sep, 1.2M LiPF6 FEC:DMC 1:4, 30°C ¢ -
—4— 1 sep, 1.2M LiPF6 FEC:DMC 1:4, 30°C

3.88} — 1sep, 1.2M LiPF6 EC:DMC 1:1, 30°C
2
o 3.86
o
M
% 3.84
>

3.82

3.80 : : , , B
1.0 0.8 0.6 0.4 0.2 0.0
Fractional Capacity in Step
100 I ] IIIIIIl 1 ] IIIIIII 1 LI
(b) . @ 2sep, 1.2M LiPF6 1:4 FEC:DMC -
A 1 sep, 1.2M LiPF6, 1:1 EC:DMC
80¢ 1sep, 1.5M LiPF6, 3:7 EC:EMC —
+  1sep, 1.5M LiPF6, 1:1 EC:DMC
— — -
>
E 60 —
o | - 1
o
T 40| I -
m - -
20 - A A _
- I —
0 1 1 llll.lll 1 [l llIlllI [l L1 111
0.1 1 10 100

Mass Loading (mg/cm?)

FigB4eR drop/rise anal ysiamn.d (se)pdbfisdtdae rsteme
drop and the resulting capacity. A®HI admat a -
temper &@€Curelf 30hese protocols with higher |
C/l 2.5 rate. (b), |l R drop vs eti,epwirtold ev amaysi:
currents, innthke a®&l BOto 3.8 V
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3.2ithDuffus MWC yMat etiualys nEf f ebes

Cobalt and Cation Mixing
After this optimizat iForg3wsdrdkwd or gleidailzlee t
measurements in the discharge direction
NMC640 with the |l ow IR cell design,
V int rivsalfsi,gure shows opti mal cel |
| R drops, and the | owveptltiacsetseemho byelt lhev & mia:
in these measurements.
1E-009 T I T T T I 1E-009 T I T T T T
(a) NMC622 (b) NMC640
1E-010 1E-010
% 1E-011 R @ 1E-011
£ t
Ch C
O 1E-012 O 1E-012
A—a—a 30°C a—a—a 30°C
1E-013 = m40°C 1E-013 B—E—840°C
&—— 55°C &—6—¢55°C
1E-014 1 | 1 | L | 1E-014 1 ] 1 | L |
3.6 3.8 4 4.2 3.6 3.8 4 4.2
Voltage (V) Voltage (V)
Fig8sbPischarge directi cmoNMnD.:vise as, epdfeonbesn t s
cel | t et itmQ,badtr @) sibngl e cr y ¢ badm2 NsM6g2l 2e
crystal NMC640. Duplicate cell s
l oading, M wwitEhE: DMC 1: 1 el ectrolyte,
includes 15 mins O€¥,60VH, V2Cnt e
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Comparing the twosmatiguiral hitgdsti gdt st so
associ atoebddIreiet hNMC (mMaM@&a 4 @)l isn g i ntrinsical
di ffusivity by nearl yoeor ¢det $s ager mggehnicd
and 1 order of magnitude small er di ffusiwv
operating temperatures do not bridge this
particle sizes of NMC640 (2 Om) cwenpdiores t
sa hat similar rate capability of NMO®Hh4&0 c
characdies ¢ Isd risgcea | teismewi t h the squBr & Dof t he
Rietvel ddoeafei neemepmtwdenl XRDPati on mi xing val
|l ayer for NMC640 comparedags osden lPmdli tte nSIL
et'%341The increabed we atiiot moybhdeidste @ gs aenxppllea i n
this reduct)j omecause fnf lwé € & d d i btnhsi nuanme & ahgee r

t he nlumbéwuwacancpvahbhabémsgrati on

To further e X p lcoobr ael Ni-lhoen ceaft fi @t &mti &fi mm a |
di ffusivi 6posiatisee i elseof rode materials wer
Li NC@O2wi th x = 0, 0. 02, 0.04,0% .t06co b@% O 8 ,
was subsriictkiett ed nf @I%® w nnoa seenleleat asad iomdgs coat ed.
built and AMI D measur eanse nd ess cweirbeelide oiint eZ ¢ el
synthesis conditi on¢C fcoarl ctihndaaG oshéwi pgnlbeta swe r
to TransitinonraMet al owifTmMh023 Om (pE&(yaxkr)y st al
precursors mixed with LiOH. The primary pa
in the publication, but were all roughly 2C¢C

fitting.kiadBgsdhatwisorn he di ffusivityLvBli volte
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xXC@Omat er i ad-isndfiraorme tfeur nade s¥Fnglbeishowandhe
same plot fobobea t bpegmbthdarsidalfd er &2d tn thha tncahc ei. n
Each furnace batch of synthesvalkdesmateeti ail

t he pubitiecsautlidoirinfyer ent di ffusivity in the I

1E'012 F T I T I T T I T I T = 1E'012 F T ] T I T T [ T I T 3
F(a) 3inch 3 F (b) 2 inch 3

C - . C ]

- N . m - -

1E-013 % . 1E-013 |- -
0 F i © - ]
~ - ~ - e
£ - £ - .
L : L : .

o o

Q 1e014 =—=—=10% Co -4 ©Eo0uaf =—=—u10% Co -
: @- 8- 08% Co E - B- 8- 08% Co .

- a—a—a 6% Co - a—a—a 6% Co E

B A-A--A4% Co B A-4A--A4% Co T

i 2% Co i i 2% Co 1

1E-015 0% Co - 1E-015 |- 0% Co -

C 1 I 1 I 1 I 1 I 1 I 1 - C 1 | 1 I 1 I 1 | 1 I 1 .

32 34 36 38 4 42 44 32 34 36 38 40 42 44

Voltage (V) ' Voltage (V)

Fi gBaMeasured diffusivity vs voltageiusing
Xaowi th 0.1 V discharge imasvoeadisog 2€Il1o0ode
30AC, using wvol maetyiacpldd aged the AMI D fitt.i
di ffusion coefficient data shown are from j
3i nch fur naicnec hanfdur(nba)ce2 under the same syn:

temperature, time, and |ithium content.
Fomost of thegeesl (896 V to 4.2 V), t he
si mbeaween all s aoopbladst, croengaerndl!.e alsng etfh(ed4 .h2i g

to 4.3 V) the diffusiovbalgtnt entl,arwietr h wa t hO x
di ffusivitycobradlimi.2@ %stuggé $ee i dihatmaCeri al s
comparabéeeperf ormance t o iniahtee raipaplesf fc ovnotl atiang

restricted -H® phasertha&oii2t iThmedAMADI|I $i 0t i
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showing fracotsi dQnalascaywedci tays t he weighted f
spamd the fractional | R drops i arheFissgf ewn f o

S5 tofSZBolr¥os et al

Comparing these reswhts itbai dmtodtrhhefrus e v
materials, sarch HiNj2On€E€o @ btskeatves he depende
di ffusivity on |Ivadlhtiiasgdcamysri sdteegrte.e Loift hi um
the Iintermediate s(t3at8xs W), cand gsel cowe svto |l ata
and 3.3 V)volltnagtehekilnoew i ¢ hindrance regior
di ffusion is the | imited numbher posi tdi vacah
materials fill]l up wirmihnori tehfi fuekcitg B8eosfworr Tihre |
mat eri al s s y2dtnldehsaindeddemiac e t-firbecer ec aGohodes ha
kineticdhifhndsamone (at 3.3 V) than theol0% C
the increased ciati2.n9%mivsi n@.u(®)Ne whidelcr eas
availability of | ipheasmmdikwdt anlotnss u ohu & ahyee
Some sources for thisoditheremacterialcatiyohn
furnacesdicfofuskmgegrbte : f | ow v &leanpietgya,ta dd iefnft esr eanl t
the | ength and dinamextsefrf eorfe ntth eg atsu bfel ofwu r e g
Il ami nars)y. ntTphaeeseemet er s we me t mdtsa essnipligcersea e d t
investigateThkaf facmtuoet Wort hi uant dB fn8i innd imasl t vy
i n RihgeBBae data f or mat ar 3idnedsh asnyertitehneasciez ebde ¢ a L
t hose mdtlerhaviéNisgiemgialraddoésa$ t o £t dirhteasoratk o ca n
concl ucdbat hat mpr dyv etso lae rnamntaedr htad i sadc oandi t i ol

faster f I aWweawnetlborcniatbyecause both furnaces heaea
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fl ow roat@hecdol@®% materi al2i aght heasse zegdiiivralte
di f fuisni vtihey | owad diletclDip@a| r+ amgeer i & h3d ;:nycrht hes

furnace.

However, the more cpbahbunsweadhtddhecdi §ihws
(4.25 V), which iIis observed regardless of
factors to ¢ahxiiss nteoclhl ganpassewaalmde & hiteitH8 H2vo
phase wieghi o> 5T% ec ocbhaal ntgaex iisn itshesmal | er when
whi chstlhiemief fects of cation r eppwplogiter. plrre vy |
Sshow that the ¢ | atontceapihs amiettegp t If3gpcrd Lio NI
= 0.6 jdeldurhiinagti on fr om.3t IFerriHRhi tnoaittteirei H¥Bs p
to 10% dopants of Mn, Al ,r#&Mgi om WLhened etrlee
contgaatdaloimy 14. 2 gr toa 42°Ih&se MmMephawni des
greater interl ayer spacing for »fTheref ot ef
cobalt and ot her dompgntosfeadea s Ilcootishu plpits ieiesta ntdh e
t wohase arte dhii grhd evpoelntdaigneg, on t he amouni® of «co
observed that at 5 %HB&onoalpth assema ieigt, @imme o ,e t |
for 5% dopants of Mn, Al , FMg, eabhb Ofabhbéese
withiohout dopants, the-aMBsphdsersgbhower veéh

Lidi ffusivity inbbhéeHR3pbhasenaft emaamllls Ni

To directly anbaltycaet diet deiffffeudsp pverBtdyi x A
Sshows t heDcvne acsalb &ldt FdgBGsaparfatoend i nt o di f
for each vortglage Vi ntokp3ved vV . dishe |l sone can mc

clearly observe that cobal't does not signi
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intervals between 4p.a2 edhneda €3 .t0h eV .d i Hsocwheavregre, v
is 4.3 to 4.2 V, the diffusion coefficient
on the furnace used in the synthesis, whil
Therefore, I n gti lbins chow phtchHe2bl Bhtgageans et i on, cCo
significant effect of iichprcoavtihmog edip thfbeswiawist

regiiomcriesment alfloyi ghiepreclsahs maempont®d in o

o

opants such as Mg, Mn , and Al can-H&8|l so el

—

ranssingnl ower contents of thosléhededantes

-

easonable to assume that these dopants <co

=y

igh voltage I|lithium diffusivity. 't 1 s r €

ot her dopants on -frebimemtdrfablbsivity in Co

To generalize threiseh rmatué tisalto, ort dntelrerNit
on t-anei sx, Apdp entddaws At hi s sameFidgiGfGfel ot ¥ iedy
against %N i in the LWLiiNCleg@perfire®mt hbhesehssyor
furnace experiments-4agr alomhgwmwiitm ApEen dius
our YrPohugpt t har alad aalkd ndveafsi dioeewtiLtibhi Mi O Ni  r a
ranging from 0.88 to 1.02 cival sgst oési6dn twl
Appendi xxArapol at e sPhtahtet htarbeansdp psahRpuvmonahti inohn i s

that the diffusivity on a | ogalrntdtmher swad

a small increase in the amount of cati on
di f fusi-wiiagly lodyd&Nied oxide materials, | eadir
capacity. Therefore, it is essenti al t o mi
l'ithium diffusivity, whether abg. usinngeoaeba
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samples made in the 2 inch furnace have hic¢
made in the 3 inch furnace, i ndicating tha
and flow velocity could be wused tho uminim
di ffusivity for a given mater-Balandompesit

conclude that cation mixing is a better pr
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3.

el

li t

Fi gB#ceo mpssreesul t s

i d

an

BomparBes wemen AMI

Now

ectr

hi um

t hat t

h

e AMID

ode materi al s,

D

and GITT

Met hods

has been benchmar ked

we can al so

di If if ueigaatl tvnaen o8t ati c i nter

compar e (0]

@il M.Tent t

nheoa shh Méhde layw pr @It TB o0 h g

enti cal cel losv WiRt cied pME@R 2 gituir bamdaglhl £ har ge
d di scharge directions.
1E-008 .— I . I . I —3 1E-008 m—— . I . I —s
“(a) AMID, 3 - (b) GITT, s
1E-009 - this Work 1 1E-000 - this Work -
1E-010 ;r —; 1E-010 ;r ._.d —;
E - N 3 E - 3
- E - i - E P 3
LB - o4 2o ° &
e f* 2 E e se e
s F ]l s e/ :
o 1E012 3 = 1E-012 3 f E
1E-013 ;— — 1E-013 ;— : ! —
1E014 --@-- 30°C, AMID discharge 3 1E-014 T T e gg:g g:g :Ls;gzrge 3
F ®— 30°C, AMID charge 3 E ®  1min C/10, 5 min OCV
1E-015 ! 1 1 1 L 1 1 1E-015 1 1 1 1 1
3.6 3.8 4 4.2 4.4 3.6 3.8 4 4.2 4.4
Voltage (V) Voltage (V)
1E-008 E(C) 7 * X IA* o Literature, all NMC622 polycrystalline
Fle 7 * *A A A A B » GITT, Gao, Zeng et al, RT, discharge
1E-009 - A ¢+ . o » 10 min C/10 pulse, 40 min OCV
E o : . * * * 4 O GITT, Cui et al, 25°C, discharge
ool YA _ 15 min C{20, 45 min OCV
E Y e a0 , GITT, Gao, Wu et al, 25°C, charge
n F - B 75 min C/50, 3 hr OCV
= eSS E e EIS.Zhangetal, RT
S E A ] SmV,,, f=10mHz-100kHz, 3.9V
o 1E012E = o PITT, Wang et al, RT, charge
F 3 25 mV steps, 30 min hold time
1E-013 |- - . PITT, Wang et al, RT, discharge
3 3 25 mV steps, 30 min hold time
1E-014 ;— —; Comparison to This Work
F E —&— 30°C, AMID charge
1E-015 1 ® - -@-- 30°C, AMID discharge
36 3.8 4.2 4.4

4
Voltage (V)

Fi g8BtrAMI D Comparison
Vmeasurements

N M
15
5
8 %

C622

mi n,s

mi ns
PVD

oCvVv. Al

on t he

to

GI'TT & Li

terature (

same®CNMQ6 212 tceealalt utr ei
measured by GI TTconPdliTtTR Gannsdo aE@ éSk 6 QT h e

DL/ 3V Vhec oddliTt 1 omisn a€Clkl0

charge or d

2ceadisnd awiet 9. 81 engt/ cand e ¢ o my
F, 8% SuperMs,L ig®lCFe OMIColly tle Ia
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The GITT protocol -smhowhehéoegcpopnsssessobdf (
5 mins OCV relaxation per WeppPpneRu g@itlws en,
critésdl®m oOn t hisL exdmfmpD €& M4 pP then t &a&rmdil5
this is trumi whee pBd @i the mMeemovi ng some o0

our GITT measunem@@mpt ocsphyoirat ephugl see -1 Ri mMe s a g d

(thin and conductive electrodes, conducti v
in discharge are clearly unreliabdae. 4TRB& n
in t-W8 HRansition is udatph3.s7d c\a.l ,1 nast hies cthheer

GITT results seem to agree with tRkegAMED r

3.7aa nid) .

Fi g®Bice shows l'iterature diffusivity val

(NMC622) by a rponeantofosmatheds nt eRIMmiiTtent

Gl TT,elaencdt r ochemi cal I Bp)&daomc & hep esocoturracsecso ply
| egldh® One can see that these | ictrersatl urse

regardl ess of the measur ement met hod, and
di ffusivity when measured in the charge an

as 4'®ve! observe this current direction depe
too, but in the AMID tests on the same cel |
Clearly, the charge or discharge nbhdpeanddnc
property but a phenomenon that arises from
relaxation protocol used. An additional co
the choice of primary or secothrdaclye mpiacdli ca

surface area in GI TT, SsincEi gaBice t Be fF bme

8 3



pol ycr { PGMCI6iae col heagueseshown in other wor

par triacdies saphper ophobate for calculating diff

mat er’pP dPtsecause | ithium diffusivity along g
the primary particle size the critical dim

Il n conclusion, the AMID was developed to
positive el aaitdr ocodetsi nmaltzesrdi ggl sa | oowo r setsri lsd tainac

and suitable protocol design. Tlkef AdMb Da wi s
Ssubst it uantdheef ffoebgat Nio no mi Ixii tnlgi um dii chudiayietr ¢
oXi.deFi nA¢MI yDe swed rcee mp a 1IGé dnig toh otdhsi 9§ nwotrtke and
| i t erTéhtitsr ewor k was cont i uwe d2 Oveedso Mi & vcehled g e «
AAMI D and resistanceo (AMIDR) method to mo
tracer | ithium dif faucstimawneec o @fl si, cia@mt Fuamth
contr idhuutiingn c&hl | ¢eshendMI D attempted to
resistance contributions to increase the |
measurement s, the AMI DRbyaakes at &lighgpquantsit
i mp e dvaanlcuee s a rca nakiflffafeM BAD'Bfhas a number of adv
AMI p,barti tbhkamnlsel ettt mode cel l setupi e mea
current i nadelpiegiemt rgsol uti on @fnds malnroerre
sophisticated dersdlgynsids ttoecnhimiignuieze errors
pul ses and subsequent rehaxaei optpen zeds c
chapter, the IR drop was shown to beses mV c
cases, the AMIDdistesamidnafbflgoesi on coef ficient

errors associated with cell resi stance.
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CHAPTER 4

PARASI TI C REACTI ORIAPHINTE MOELL S

This chapter focuses on under stlainM®» ng t he
LMOQ/arti Friapbha@alppguch cel |l s, particularly usi
i hnvestigating the influence of formation

publ i ¢ted JiourEhakt od Shaidédiat h t he author co

detail edhédelcawdiepaatheed cel | s, conducted t h
measurements, analyzed the data and wrote
| MC measurements. Dr. Ahmed El desoky trai nge

the project direction and experiment desig

4. Experi ment al

Thel ectrol giimiglhldMeOd gr zehil tse t hrohaghteant t h
composed of ethylene carbonate (EC):s di met
salt, with 2 wt% vinylene carbonate .(VC) a
Impurity levels are KD < 10 ppm in all components and HF < 1 ppm for solvents (EC,

DMC), HF < 30 ppm for salt (LiPd.

240 mAh dry (no electrolyte) wound po

Technol ogies (Block J, Tanyes Science Par |
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District, Zhuzhou City, Hunan Prodihnded P.
gl ovaembaked Aatunld2eor vacuum for 14 hours to
Then the cells were filled with abouwt O0.85
0 kPa Andsli6@® an MTI Corp vacuum sealer. T
a cell fixture with ~ 10 PSI pressure appl
manual assembl y.

The detail s «fesitrneed hpaomtcehr c e ¢isf iddd i n t
There were 3 types of spinel LMO materi al:
graphimat AGpalbel | ed wWoARA D fi rE I EWhoekM/O et al
materials differed in their crystallite si
(SC) as indicated, as wel | as differed in
cells. Additionally, a blendedl Ta% hR&eL MO m
watsest ead ongsi de the pure NMC622 cathode frr

Tabdle El ectrode properties and
PC PC |SC LI25% NM(NMCG6 2
L MGEL LMe /I AQ +75%-P AG
AG AG LM |/

Lithium 0.O0W¢{O0. 01l 0. 1

i ni1+MnxOs) 0.01, 0.0Qg 0.02 - -

Posi ti v ]

Loadi ng? 22. 2 22. 23 23.5 29. 2

Positive )

Densitd 2. 72 2.7 3. 04 2.85 3.01

Negati ve

loadind 8. 8 10.] 8.5 10. 7 18. 2

Negati ve | .

Densitdy 1.55 1.5} 1.5" 1.55 1.585

8 6

specificatic



The standard formation ( FMAXC,wddrhdmnatri ioal i
charge to lh&uw,vdlhttagea Rael d at 1.5 V for
a C/ 20 constant current (12 mA) charge to
protocol is varied throughout ftilgiug esvor kvi
t emper a1l &Cr, &) ARf5A%,0A5,5A70and upper cutoff vo

3.6 V and 4.2 V.

Chadgescharge testing was eoantee ocny cNeiwagr eb ¢
3.0 V and 4.2 V |imits. For easier compar
literature, this C/2.25 rate conveA/tcsmto c
positive electrode area. I n a different ex
in the | MC &hawinebsb@a® %06l tage holds at 3.
4.3 V. The current decay i s emdad werye 2-6a0t2 Be a1

measure unit.
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4. Zold to Hot F elrOmatA®i)oodn0 LSM Qs dcye | (I s

The motivati omased ohdtEdaMoSdnkdhys same t yp
of LMO/ AG pouthtgehtdst hawheMe deposition pri
25 cycl es of pcoeslilcidvi & leeyt a tmed awmidt h st emper at ur
investigates various formation conditions
f or mat i onmecaysculhee s@leodnng ef f ect Bi qqdltseeo wsc ytch @ n ¢

formation voltage vs cap#®HgAGcyel d sr wepserfadn n

temper at-t8Cest £ r700ms well as the first coul o
cel | types of single crystal -2pC AMOpI| taaq
polarization reduction effect i s seen in
increas-e®@ ftr60Om5 rom increased electrolyte

l'ithium diffusion rates | n€mmalkctrh AtllsehéeMO® ao
formation temperaturesjntbealdlsclepogeat ¢t adpes
| eading to simiiCan & CfBo rvnaaltuieosn. ilnn pdaOnel s (
mi ni dniafif erence in the voltage polarizati or
di scharge <capacities and FCE observed at
subsequent figures, this capacity | oss at
di ssoflruamotnhe LMO positive electrode and d
causing lithium inventorwil &&hdreat caher nega
data, theseydilocssesganacepacptesenae bbbt dep
temperla¢ wa edec drhmtealiintitmmigat ed graphite become

el ectrolyte.
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SC LMO /AG PC LMO-2 /1 AG

4.4 T T T I T ! T I I I

Voltage (V)

i (b) 11 (e) .
S L
Q 3.6 n - T
§ 3.2 40°C | 40°C
ffffff 50C 1 ------55C
238 ——70°C ——70°C

L . L I . M
0 50 100 150 200 0 50 100 150 200

Capacity (mAh) Capacity (mAh)
1
() 11 ]
0.96 1 F .
W 092 .
8 .
0.88 .
0.84 ﬂ—
0.8
10 0 25 40 55 70 10 0 25 40 55 70
Form Temp (°C) Form Temp (°C)
Figdre Formation cycle voltage vs capacity
(c,f) for two LMO/AG cell tyfdO®ACwitoh 78 ACor
el ectroMytLePFBC:1DMC 3: 7, 2VC 1DTD. The for

rateV dhar\edi chbdrglear gle 2 f ol lIhowaeld floy &8 64 .h.

To investigate the effects of -1f0cArCmattoi on
70AC) and upper cutidf 2 W9l tomgecy(cUC\Wi)g @(pIrd

undergoing each formation condition were m
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after formation and Mn dep@a®sietaisam edn by h & X
while the remaining 2 celilds. 2veReaR2t@ay@®/skedaad
then di sassembled for Mn deposi tFiilgmZmeasur
shows t hat formati on temperature and Uucv
performance. Al SC LMO cells achieve 90%
PC L-RMOcells achieve 80% capacity retentio
undenrtw€ 0f or mati on may | ook decent in capac
cycle 2, but this is at the expense of S i
deposition and the correspondingly thicker
poor¢yclinng, SC LMO i-3, bednreobdadarmhatni PC tLIMO r

El desoXy Tente arlechani sm nf otrh & bhnmaat ebreif ahlesc e mb & n

of small er surface area present in | arger
polycrystalline LMO, and the ematrariak hium
(a) SCLMO / AG (b) PCLMO-2/AG (c) PC LMO-2/AG
40°C, C/3, 3.0 - 4.2 V Cycling 40°C, C/3, 3.0 — 4.2 V Cycling 40°C, CI3, 3.0 — 4.2 V Cycling
1.5M LiPF,, EC:DMC 3:7 2vC 1DTD 1.5M LiPF,, EC:DMC 3:7 2VC 1DTD 1.5M LiPFg, EC:DMC 3:7 2VC 1DTD
Vary Formation Temperature Vary Formation Temperature Vary UCV during -10°C FM
200 ‘ ; . . ; , T . . TS
L L. 0°C FM = 3.6VUCVFM
= BT ., 25°C FM x 4.2V UCVFM
| e s, L B30, 40°C FM | B
g 160 Ao O‘P STl M"""“""nnnn,c 4 55°CFM
= - “nm‘m‘“ i o 70°C FM
o A
120+ 1k “issssininng] .
= 2. =
> f f 1 H H f } 1 f ) } } f t
S ™ I =
g - L
8 o98r L %%Moo% : §;;|l'..l 1
- e -10:CFM o &2 xSl
a 09 0°C FM ‘h"”"w‘—.‘,_. 1r 000000005] - e, o] b
5 25°G FM + By Rz
£0.85 40°CFM 1 F - §;K:il ]
£ 4 55CFM ha, L R
2 gl T0CH \ . s P . X s .
"o 50 100 150 200 0 75 100 0 25 50 75 100
Cycle Number Cycle Number Cycle Number

Figuw2e 40AC <cycling data for L MO/ AG pouc

[
temperatures (a, b) and formation wupper cu
nor mali zed cnapsebowy vetewtle number for th
have identical el ectrolytes (2V4ADdMIBt and
C2.pR&t e.
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Fi gd3sshows Mn depo®i/ tdimoon |tolmeli nggdti ve
LMO cells, OnRRsumedabyunction of formati ol

upper <cut of $acv slhtoavwg e .h eP amoeslit f or maft i ©mo Win ¢

the post cycl i-ings Mow tamael matneMrs @ccumul at ec
simply the difference between post cycling
reduces M  dfeopro sh dtih LMO <cell types in )

CombifA®ngf ormati on with | owering the UCV to
V. hold fofurROhérourseduced Mn deposition. T
capacities for the various wupper cutoff wvo
and 0.01 mAh (effectively zero capacity) fc«
are efyf swmtlitvaggle hol ds for 20 hours iat ah. 0
att enmprteat e an SEI where VC is reduced, w
i mpr es shiyve otmbatni ng | ow t empeeb aadewe dms e dl ow

deposduriiomg fdommat Do dsf oOdg/Fc@,LMOhi ch s the

performing LMO materi al i - @Ct Hios 4s t2u dW . f oFror
el i minated Mn d@XpRoFs idteitoenc thi eolno w itnhiet . Il n t he
conditions, we hypothesize that the el ect

passivating the negative electrode because
Li/ B while Mn dissowaust i oma carredi ed edpgteQ/i d i @mh i
ceb8s0! VHowever ,'?2baherfotundi ebsdaitedhet ionrmrs ed ¢
be as ear |l y/ Lais, 1.h3er\We fvosr eLit hi s strategy of
not appropriate for el imnatingi d¢Bcedeposi

Additionall vy, at col der temperatures the
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hi ndered. Overall, colder temperatures and

the Mn dissolution and deposition after fc

better cycling performance.

FiguBeMn | oading deposited on graphite anc
formation (a, b, c), after cycling (d, e, f),

formation temperature and formation upper
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