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ABSTRACT

As -iLon batteries ar e -dmalre asp mlgil cya tuiscerds floirk
and grid energy stormageeaserfviocm yedadrsi mes
service |ifetime redffaceésedaundansednadinmdg n

degrade, and how various degradati on mecha

Studying battery degtreardmtci yocnl ionfg eenx preerqgiumer ret
done wit-madacbtbehlkes using tomameccocr at efprmep
worl d oper atXrrnagy ciomadgiitnigo nasn dn oddiefsftrraucctdili avne a
that are used toienhubyttdegs asiatt bdines narLe t
to ei t-heaplogeeomrdcehmr acteri zati o-sp aff e sn@lt etrii @an
l83icdaracterization of cwdimes caraé &ledd sl i
with hundreds of cycles, which does not re

of cycles and/ or decades of wuse.

I n t hi su $séyenscihsh,a sMeedanyma gi ng and di ffracti on
study the structural and functional <change
of cybli es wor k esxcpalloer eesf fneuclttsi t hat have not
and fills thesagalpe bad#ddehma t meagtionagt exi st s i

| i t eMTatmeersecobpedarng@dgeri ments capture the kine

and reveal their compl ex, spati al fpfr met er c
factor cells in this work also provides n
conditions, @and <®ivemi fgiraanttlyy i nfluence th
form after extended cycling.
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CHAPTER NTRODUCTI ON

1. Motivati on

A massive gl obal effort i s currently wunder
mitigate the impacts of climate change. Tw
transportation and energy gener abifonld $§e €00
emi ssi onisn giBmérigyypd tamwma e ttalh @ nel e otf r it hiec a't
transportation dexcdrolronaisz awe loln adsfl ttthhoee g B n enla
energy stor ageli omdtntoltaoige esmeehpgresdt baast e dr vy

chemistry for,dutee stehaipmp!| hicgah i emear gy densi ty
di scharge rate, ah#nl oheg ¢ e nnblLpieatadifteEst h ms e
have bedome emkeée gy storbhge ekebthpbpiogyehicle
accounted for 18% of .Adlnobtahle vedheicctire cd alye sg
battery ener gBE $8 aoaialgieb eseyssniéeari~-dgreo Wiarsg etsy p e
gr-sdal e enegrlgoybashtloyraaege expected to become t

ener gy st or asguer pcaaspsaicnigt i ncumbent btye c2A0n300 o g i

Al t hough Ltiihen ulsathtbebaspgelsi cati ons i s hraeleat i v
been widely used in consumer electronics si
19%Howevbhre, reqoEVemantdsBESS efraycidliiftfieerse natr e
of consumer el ectronics, espeFcoiralelxya miphkeen ct
competitive with an internal combustion en

to have a service {1i5f gqteiame . 0 rOvteh e btahti tbeerrtyi anf



pack must del i ver a -asiusfcfh arigeentc ynculnebse r( konf o wer
and resist degradation over time (known as

to maintain an acceptable EV range.

Al t houlgph ytebaulsd be competitive with | CE veh

service |ifetimesan hBY0 aaree macdie | loinfgietre dd b
battery pack, it coul d plox eyneagarad,l yad atshe ma
contains fewer moving parts than an | CE dr
fai f/Anmé her reason to target | on-gegecloauertvi ce

technol ogi @sgrliidk ec omenheicct Iiewgirtiyd. slyns tieesnv, a btiheel e
tdraw electricity from parked EVg tthathi amge

idl e EV battery capacity into an energy st

passive revendewéwvecBAVaowgsetem would incre:
the battery, potentiall yyadcelnern a trdersigvsalraqt ¢
modes of failure.

| mproving the service |ifetiyméeotoEY,soif mpih

bual sbs-dycl|l e car bFdmg ulrsdod we i-tnytel ¢é1 émEmEEiIi ons
vs a compmBRrvwdmhiec¢li@al |l y, the carbon footprint
vehicl e, due to the eamiracfto menarsasloxci andd
manuf aatewruii mee meret sbPafthdiresr yi.ni t i al emi ssi ons
mi neral s ar e mi nfeule dusse dn ge nmeorsgtyl ,y tfhoosusghl t hi s

as mining equipment ihHso vedtebtd-dyedlime @ sii M NGO MIOT



reach an equival ence, pwiitnht twhe ht itnmien gl CdE cvte
emi ssions of the g.riAf teegaudtViipadi eltcagr g da et lgea pE
cycle emissions widens with each passing vy
EVs is the reduction of greenhouse gas emi
critimaali miai nfy gsihmisl amlppat tggpac bpfbgnyl ki te® st ,
where an EV may -frreognuti rien vae sltamegneér cwpmpar ed
vehict bseavb uintgsowearo mt enancestandr duellt in | ar

with each.passing year

a) [ Nissan Leaf, 62 kwh [Ji] Fiat 500

After 10 years of driving, EVs
have emitted less than half the
CO; of fossil cars

l

After 2 years of
driving, EVs have paid
back this CO; debt

EV's emit more COy
) in their production

Carbon footprint (tons of CO,)

0 1 2 3 4 ] 6

7 8
Time (years)

Emissions from fossil fuel cars increase every year,
while driving emissions for EVs from a low-carbon
electricity mix are negligible.

EV's emit maore in
production due to
the battery

Carbon footprint (tons of CO,)

10 1 12 13 14 15

7 8
Time (years)

Figlulrlei€tgcle2mM@&sions of two comparable EV
The EV emissions are calculated using (a)

average mix of gener at )eomi sssoiuancse sp racsd uocfe d2

3



carbon grid comprised ofThemnewadl esl|l atnido nns
using the average annual mi |l eage travell e
Original figure ci(emstedt tbyp draminsahi Rn )t cdn & |

published By Miotti et al

A similar argumérnt teary pac&ppluised ttor BESS
(both in terms moflhasritheer .anhndragmerapacity of
faciclaint e wel Ih o(veequ i v@e@ webhWo t dboas ando EV b at

packs), with a serwvwhceahi wéthithmerittkagti xrad fl gd

25 to 3%0BmeSrfsacilities are major infrastr
front cost s, both in terms of capital i nve
these facilities for as l ong as possi bl e
enviemwmmnhanl sustainability.

As service - bphetbhiammeasrofts Lincrease from ye
increasingly i mportant t o understand how

Degr adatiiommn biart tleir i es i sa cae tceodmppl reoxc easnsd, munl vtc
ofi ndependlremi cal , el ectrochemical , Theher mal
beharviof cel-termftecl|l i oggaccacu rbestdedliyf @ndupt e d
posing a majtohe chhmpé bath@gres yamadnagemartatsy st
control t hd fbat tceerlyl pbaechkaaves i n a way that
mo d e lbleehdhyi aur can | ,eeavde nt quonpaearbiaeti ivreg condi ti

accelerate degradati on.

4



Understanding how degraded <cells -behave I

batteries, where a battery that i's consid
application is repurposed for another appl
the battery pack to have reached its end of

(e. OO0 i ts initial capacity). While the E
necessary energy density anadsedangte Ifow @ms't
of a BESS, where energy density wisthliesss o
approach i sl itfheat BEBRSWS éftcomiodd ri it yed of many di
anar packs with diffeaeywterwvgey sl iorfg drigg tadrait e
and validating incoming batteries is crit.i

safe manner.

Taken ttolpeaspepér cati ons at o g@gbanymhilaotesith e ome
decadas wel | bedutetrer se@nd tloow t hey behave
| mproving our understasdi hgcaifnegneawiybgit dy a
sol utfioonst he renewabl e energy transition

environmentally sustainable.

1. 3cope of This Work

Commercial cell form f atcdromscyaalei ngesatld d/i ess

designed efrar ulsengnd yield reproduci-bl e res

5



worl d operating conditions. The wuse of com
hotwhe effects of dtehgrraauwgh a ytnanpa aolip @acgealtled lat g
can influence those patterns. Degrmatatt i on

mor tdémassembly and 1888t wecttihi s sagmploiarcch. pr
i nf or matpiosmrb,r temmaeclhy si s r equi rteesr mh eayrdlnianng ng
experiment and Iposiemdg i ar\Jdagdiaaondlod maal o doe
for operandlmatxwpeul dealt Isohwa rraecst eeagruczhied rnso ntuam

behawifourhe cell during cycling.

To better betdewdFdbered | tshexrfnt ecryclldmg and extr
i nformati on gso-apadsdeihd £s eomelfloy,e experi ment al
needed t hat cdaens tbreu cutsiewde Ityo cnhoanr ac tXerrayze con
i maging and diffraction methods have been

by spatial and/or time resolution needed t
commer ci al c € Bled wafetnerrtelsdod culdtiomega gi ng -and nal
scaploempbr tiemagi ng, there is a gatg cial et ked fleictt
of degradation (on the order of microns to
characterized in degraded commercial <cells
understandi baowmdegrnackaimsopgbpagathe cell a
spati al scal es alnav dli resfcft d ofit ecvoavlintedor toncded sle | .
Characterizing tehetsiemee fsfceacltess ,onf rnount tsiipnig!| e
of the cell, i's also iIimportant to better u

the cell and how it progresses over ti me.



This thesis focuses Xmabmwshi ngnatgh en gb cawnrdd ari
better characteri ze .unfmaodi fiise ch ceywmpli csihegeddn

based techniques to achieve two main objec

l1.Characterize the effects of cell degrad
how they affect the operation of the ce
at di f f earnedn tt esnppaoct reaal |

2.Use this understanding to develop and a

degradation and i.mprove service |ifetim

Applying this approach to cells that have
of thdesaendsens iof tholteapdss also a focus

exi sting degradation studies dOnetdbeofitegech

As the servi-icoen |baftettearmeesofi nicir eases, under s
functional changes that occur at advanced
i mportant. As this wor k wsitlal g essh oow, dceegl rlasd att
show highly complex and spatially heteroge
X-ray techniques used in this thesis are id

and how t heywoarflfde cotp etrhaet irnegalbehavi our of co



CHAPTER 2 provides a ogne nbeartale ro veesr,v ieexw | oofr iln
mat er iallesct r oderdg emomenerricasa,l cell form fact

and BESS applications.

CHAPTER 3 provides an ovemvibew tefri eésgr avd dt
mechanical degradation of positive electro
such degradation is typically chatracaferti lze

arti#diogrnadper &m dgmagi ng and di ffraction.

CHAPTER 4 describes the experiment al met ho
this work. This includes a discussion of t
t he endsX-radiynangsi n@gf and diffracttmdperma&amadmd i n

experiments wtitom coemmer.ci al Li

CHAPTER 5 descril lkesi mmyglitnig of extensively
polycrystalline cathodes. The focus of thi:

its effects propagate from the particle |e

CHAPTERx Gl ores the effect of mechanical d e
of the <s<gdti alsliiysgrdepseo |ameddlyj f f r acti on ( XRD)

equil i brireugnumiadndornounm conditions.



CHAPTHR e/ls the imaging and XRD techniques f
the extent of mi crocracking under differen

cathode materi al s.

CHAPTER 8 investigates the role of electrol
to modes of deunriafdoartm oang eiinkge -eneodno Lve gl €T 1 B8 ¢
show how excess electrolyte fluisdtriibbudi 9n
changes drmati e gciydlgihng. The effect o f gr av

di scussed.

CHAPTEgRrovides a summary of the major conc
avenues of future investigation. This inc
advanced imaging and diffraction techni que

over come.



CHAPTER IZTHI UMON BATTERI ES

This chapter provi deisona bgaetnteerraile so v esrtvairetw nc
operating principles and basic component s
commer g ioanl blattery cells from the maberi al
focuses on materials and formipacmars | tyhath

used in EV and BESS applications.

2. BasiPcinci pliG@pser ati on

Lion cells are rechamgegeaglyl eybatrtasrsifes rti mayt

bet ween two electrodes that storeukingtadi

highly revemasgi klde i pt @ecesaad ati on, where Li i
atoms in the host 'agarsehadwss a rsycshearhatliact td
typi<<alh Iciell . The crystal structure on the
@l seferred to aberlkelfianods) are intercal at
On the right, Li is intercalated between |
@l sef erred to .las mdaet icaddo,detohe i ntercal at
changes to the host | attice, causing volum

vol ucnment raction didDumigngdedhamhgati an.isxtern
connected to t hgd otreri mignalns edfectthra ccelulrrent
el ectrode to thAs nelgadtiivenselmacve odenho t he
equivalentiothwmbei fo6luse t hroughr am tehecpooll
el ectmoovdeng from a | ow chemical pODuennigal

10



di scharegeo,ppositel ecamoskbamwdheamlsspwatdaneous.|

flow from the negative .Bloeadht edocdettrodielse ap @

a fAcurrent coll ectoro foil, t hr oalgdéc twha e
materi al to and from the terminal. A Cu <cu
whil e an Al current collector is typically

for the respective voltagecalalnyg esst abnl ewh iscoh

corrosion under notinal operating condition

Bet ween theFefg@lLeraodleasyeirn of porous pol yme
electrodes electrically isolated from each
Li tansugh .t hTeheb aerlreicetrr ol yte solution throu
of an organic sokventiamdgasa@ailssolThedsbi ver
based, and commerci al el ectrolytes are conm
that d mphevchemical !¥haebiflbrmul atfi oheotekl e
subject and a maj oiromn olcautst eorfy Ri&Dd u snt rtyh,e Hdut

of this thesis and is not di scussed here i

11



discharge current charge current
&

Cu Current collector
Al Current collector

negative electrode positive electrode

Fi gl e Schematic di aigommmc elfl awittyhpia adr daghi t
and | ayered transitiornimdtoals caxied g epa xisteink
(crystal structures of negative and posit

sections) .

Theol t age odfettehremicneeldl biys t he di fference in

el ectrode, such that

12



wheiQes the char glewhoifc hani selnecgatoenm‘di si nt htehi s
chemical potenti al o f Li in the positive
chemical potentials varay, ewatle speeeteicdg nae .
Subtle changbestihnel ectrodes generate compl

cur,vesome of which are discussed in the nex

The Acapacityo wmfeatmbercwmwedilentefded $s vteo etdh e ur
or dischlihrgecan bbjien tdeegfri anteidn gf otrhe current o
needed to move from one predefined volta
experimentally by metabBuougly the exthermdell 1d¢i

and calcul atd,ngast feoldapvsci ty,
v . 00O 2. 2

whe®oei s cteddrrent as ao f wrdstcihonnt eogfr attiende ,ov er

fraomo . For the charge capacity, the appl
required to charge the cell from the 1 nit.i
For the discharge capacity, the current dr
required to discharge the celll from its ir
Al t hough most of the charge current i s ass
small fraction of <current thaitcals raksascotciioa

(di scussed IQHAMWOTTEER d3eh agbre palr.ast huse ctulme e

charge capacity to be slightly 1l arger thar

13



window and current. The ratio of discharge

capacity is known a®#0Othe coulombic efficie
00 —— 2. 3

A theoretical <cell with Dé&wexpdrlaypgntirealea

00s generally below 1, with values closer

reacdiQoalsues above 1 can result i n some spe

reservoir of excess Li somewhere in the ce

available for iIineéecanskeéthi ohnffangoagd)ty

Whil e the schedeamatlittes dadggamt eénfor expl aini
oper ptriimgi pl-een obatat elriy, this thesis focu

el ectrode microsaomuet ueet anfirerawvre st kimeogdhlret ice

The following sections provide a brief ove
indystfroy l owed by a physical descganpdt iaom o
overview of commerci al cell form factors.

2. Regative Electrode Materials

Before the use of gmaatpehrintadbina sb aarmn eirnteer c glra
rechargeable) batteries exilstedet hlsar epeds
t heoretical l'imit for the negative electro

wel | as the packing density of Li atoms in

14



undvary to develop reliable secondary batter
at thé?yYnadbite is, at the time of writing
the vast magmradelyl sofaviaid°@toth er omp ttihcen smafr dkre
el ectrodes douehkiTaQ o lhid Wwehv erh, provi des very
|l ifetime due to the very | ow v o%’Hionee veexrp,an s

the |l ow energy density  T®Omdnpaao mma rt @b Igyr alpihg ht

niche anode material that is mostly used f«
all oying materkhave te&prp Sncreads8dOuse in co
ability to stor’8Holwervee ,amdhwentlsaragfe M.l ume

t hat these materials experience during cy

el ectrodes, where the anode consists most |
20% by weiWhhtl)e afheSiporesence of Si i's incr
negative el ectr aden nhadttetreiralesused in Li

The main advantages of graphite as an el ec:
stability, andi®rféleattihveedryetlicval c ssspte.ci fi c ¢
charge that can be stored per unit weight)

voltage of only3®ih28% Vhevepkeramenagl voltag

the relative chemical potenti al of the po
Equa2ilgn a higher cell voltage wil!/ be pro
vol vadg&(hi gher chemical potential ) mos epair e
posivalvtea g/el (v so wleir chemical potential). I n
capacity and | ow operating voltage, graphi

15



typical operating environments due t-o the

electrolytefThtisrplsase scESEISERHARTTER T reater d

The structure of grkaethawisowm wet ér Eabani anc
been extensi veél gphihtae acoesi ges of stacked
hybridized carbon atoms form repeating pl a
exi st in both hexagonal (2H) and rhombohet
graphene | ayers that are of flieg226ehoms et bh
structure of both wunlithiated graphite (in
exXi stsg alsheLiu Ifioti mi acthead a2cH er i zed by alter n:
are offset in such a way that each hexagon

| ocat ecde nwtreeint ¥ i ewe éa xd swh(iagsihideenc Thi s arr anc

of alternating | ayers is known as an ABAB
structure of |l aterally offset graphene | ay
When fully Ilithiated, Li atoms occupy the

at om @dndtfrheevery other car Bog2ace x a gNoort e( a sh as
the fully I|Iithiated state, the graphene | a

show any | ateral offset.

16



Fi g2 e crsytsrtuaclt ure of (a,b) wunlithiated gr a
(L& C Panels (a) and (c) s hoawiosr tdhfo ggrnaad h iptr

panels (b) and (d) show orthographic 3D re

The orisemtwaniitoncel | axesl efrte csohrommenr ionf tphaen &
I n all panel sbr ocaanrgb olni aattoormss aarree gr een.

The I ithiation of graphite occurs in disti
vol t agl@Asculrivei,s intercalated, it is energet
in such a way that they are initially spac
partiall yAnfiilllleus tlraayteron ofFith2a3seshbowawigeg hae

the number of emgtonmtlaaypwyemyg b atyweganalplid d me g

17



|l ithiated. The naming convention for graph
bet weeoanttai ning | ayer s. For exampl e, Afstag
every fourth | ayer contains Liowgntapkimpe yr ¢
to every graphen@nd asytearg efi @nsto ali avbhed gl eeLdt he AL
a | Hgwkiet awifolwrn -tantaening | ayers, where th
l ess uniform than ther esdatod detlrahghees.a | Whsiplaec
lithiation results in a volume incré&ése in
The changelf rtoold sggtraaggedr i t e, f or exampl e, cau

change than the-2ttafsig@igemiftream st age

18



Stage 4 Stage 3 Stage 2

a)

Stage 2L Stage 1

o.40f
0.35F

< o.30f

3 0.25f

[N}

> 0.20}

&

@ 0.15}

=

L 0.10}
0.05F

0.00}, , , , , , , N
0 50 100 150 200 250 300 350
Specific capacity (mAh/g)

Figax e(a) Schematic il lustrations ,shwiwihng
bl ack Iines representing gr aphefhbe |vaoyletrasg ea
curve of gr aphpltaet elaiutshilaatbieolnl ewvdi tahc cor di ng

stages.

I n real i td/ies ctrhneptagmoavpeh istepearad | el | wel | al i c
gr aphesniemplsi fai eBeanlodgt aphi te materials cont

mi salignment, and other de3Thd i gmnaplHirtoen u s
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commer ci al cells generally comes in two fo
that I s mined as is directly from the eart
synthetically from carbonaceousbyrhlreaeatrisrog s
very high 3 emmermeaetriarlegs . NG tends to be bette
fewer stltac)kitnilganrd aAG, but AG shows better ¢
of mi saligned | ayers t o [ i mit the wvol ume

mat ePfiC&lll s containing both AG and NG are u

2. Positive Electrode Materials

Whil e negative electrode materials are mai
di fferent types of positive electrode mate
classes of materials are 4 awdbred fiMdngsist iom
transition metals), angd( L&FIPi)vi nleayrea teer itarlasn
oxides are used in the EV sector and are 't
be noted that LFP is currentlyl ther mBE$S
applications and is increasi AyWhi bai hFRgha®m
gener al $ pediofwied ~dd Pa camtlly gd))ower average ope
comparnedntso ti on( 3me2t aM cooxnmipdaerse 9,t hieoevlB 03t Y v s
excell ent safety -tpeerrnf og tmaliclei,t yanaf |lomKB ma
appli thbtodendt prioritize enemarygaém\dd)t y
I n addition to LFP and transiti onfLM®) al 0
compancskehamposofti venadleedsar eedafhasti gni fi cant

LMO may be a potential alternative to tran

20



poor cycle and calendar | ifetimeas(wbpgektya

used in cofhmercial cell s.

Layered transition met al oxi des hxdweOheen

being the cathode materi-iadn useldl i (pndceudad

1998y nce then, a variety of materials with
been introduced to increase energy density
content (an expensive met al that P andhief]l

environmentdHhecomwoemos)t. widely used cl asse
oxi des xMnyfCaO:L NNIC) axChAlOi( MICA) , where x + y +
NMC, and NCA all share the same hdéxaggomral

24.Thi s structure -centhAianiaoggelayedsbyglLeen)
| ayersamdi ti oncmahatdrax{dbhaded i amabtleurei)al sL |
produces a continuous change in |l attice pe
opposed t dethtmepirsouwaugci endg P'H x ge mtpihgatse .wal It ha s

more detailed di scuaskeopr cCiHA®PeEIRMEB .expansi

21



0QUQe 0 |

b

Fi g4 e Generalized hexagonal gwiytsh apr sjt & atci
along take s(apmxaghb)as well as (c) lan tdretslkeo c
figures, Li atoms are green, oXxygen atoms
octamkmadrraoundi ng transition met al sites ar

| ayered structure.

Many different types of NMC and NCA exi st
transition metals. These materials are typ
rati os. ForoMaoxGeepilse , r eifieNfired to as NMC532

i ncreasriincghh yYNM\d and NCA materials have beer

the increased energy density that comes wi
N i oxidation/ reducgeda ono mpse ntshaet | pmi nmeercyh ach &
cha&r ggal ance as positively charged Li i ons

Thes-ei 8lh cathodes have very high specific
215 mAh/ g f*arboNMC o§1Iwhich are cathode mat

thesis). The drawback to this increased en

22



change that causes mechani cal degradati on

CHAPTER 3.

2. MicrostrucElueet olbadyeer s and Particle

Liion battemnyeekcemponedés maetleercitarlosd ec cancstii svtei
particles that am@ae r ipwll @ Ime 0 g wdi nalleew \vbipn yal i d e n
fl uorPivd®A)c.onducti vetawpdidcal Mg car btoon ebnlsaucrke,
el ectontattp drett sveleetbd ataltse met al foil curren
t heel ecl ngigse dep'Fsg@Bas howscanning el ectron
(SEM) ofmagecat hbodaet mhasribalen | abelled to
el ectroddhkeayserherical aggl omerates in thi
cathode active material, -whalcdh copsesitledt &
as fApri medr.y Tpgaprst iocfliesl eef eoded t omaatsera ap ol
which is currently the most commb®Bet we enn of
the secondary parta crhatsr ioxf boafo dpaleycweard @ cit a |
addiitsi wg swhbrleehersed to col-becdeve€mdadmt he
order to achioesvwsda btl hee emieghgegystdensi ty, the fr
veryihi gbmmercitaypimaalelry 4sideA’t seirmitlharn @ppr o
used for graphite anodes, with the&imgajrcer d
25b shows an teyxpagmpalpehidgfewaahbdél attened part
fl akes of graphite. While a variety of pal

shown here is among t h°l nmogdn eproaehppa ntatieéno ni r

23



composite es$wictthr oad ep oslpyrneeard bi nder and condu

the same for both positive and negative el

Secondary particlg g
5 / 3

N

{Carbon-binder domain

o

SEI  10kV WD14mm 5515 10pm

Figa@pBEM i mage of a poQriitgivreal§Nlasmacgyu-rid eetlza
Rago of NartgomrdMo tdabi ed uandeér u€eedati v-e Comn

commerci al )’Bb)ce8BEMs &ct@isen i mage of a graph
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OriginalJés gguudéd Moy i fi ed and used wunder Cr

commercial *License 4.0).

Fi galgGsehows a schematic of the manufacturing
that are used onn bcaotnineerriceisa.l ALisheet of curr
with a slurry that contains the active mat
components are typically disper shed {dyn a s
pyrroli do®ecéeéNMPe .slurry is coated, the el
solvent and all ow the binder to fix the pa
current collector. &6 mmeausdenygi nag ,p rtohcee sesl ekento
Acal enderingo, where a | arge compressive f

steelFiodMesehdws t he coating and esaildeendder i n

el ectrode, where electrode | ayers are appl
similar process i s usedetdo ed eaxtt raamde scal end
After calendering, the thickness of the el
mi crons. A thicker elleecvterlo deen earlglyo wdse nfsoirt yhi(

fraction of active materi ablsel aesuéttsoi nh

polarization when the cell is charged at h
fenergy cellso and fipower cell so, where th
higltcapabil ity el ectr cede croantteariinasl st,hiarkdert he

25



highedgwnsity®°*matmangl sases, cells are desi

application that iordvlowersama ccomprgymidea s i

Coating Drying Calendering

Electrode
slurry

J 4

Coating heads =—" '

Figaag eschematiceldéeatgr adne o oathieeng ngdmpyiomreg,ss

Thedr arrow denotes motion of current coll e
compressive pressure applied by calenderin
The electrode | ayers produced by this proc
assembly (discussed below) and inserted in
cell and the cell i's sealed. Typdealallyl yheltd
at a constant voltage) to allow for the el
net work and wet the entire cell. The celll
condition the cell and formahk¥stable SEI b

26



2. Bommerci al Cel | Form Factor s

The simplest cell form factor is a coin ce
di agram of whRighnteé&d sbowncehl consists of
and one negative edteatedde depkr dtbed hbgi agll
material. This electrode fistacko is housed
pi ecexacfi ntghd oget her (the ficand and fAcapo)
pressure is applied to the electrode stack
the |l oad onto the electrode stack.bwMtanmo gt
are 20 mm in di ame3emmwi Chi m ¢dalilcknzases ws e
|l abs, as they can be assembled by hand usi.
(to these or any other handmadhd odl Itdh)e ied e
di sks-uomri fmoam di stribution of pressure can
cedMachmacde coin cells are also used in ind

|l i ke watches and hearing aids.
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Stainless Steel Cap

and Gasket

Stainless Steel Spring
Stainless Steel Spacer ®

Graphite Negative Electrode
Separator

Positive Electrode

Aluminum Coated Can C

FigammeA typical coin-laglelrobad s embley . f ©r i gii m

Murray%enodalfi ed and used undemmeCreciadli viei oC

4.0 .

While coin cells are used in academia and

suitable for EV or BESS applivedt iecomrs ggueaemn

result from the smal.l fracti onotodl aamd wret e
inactive components (casing, spring, space
mu st reduce the amount of i nactive materi.
materi al as possible into theicel leniemgygr de

L arfger mat commer chagh-lcekvdls amdabywywetdealiny
wi ndi ngc odeotuebd eel ectrode | ayers into an el ec

casing.



Di agrams of common el ect Fodae&®s a slsne nrbd dteasn ga
prisshaped cell s, di sctatcked| @nt it mpe od h eeantr
with sheets of weaoplr(ashigrnegrlien sbheetewe estt aa ki ng
serpent ibet wWeaesnkirsamhwernz-s 52 @k .i n\ghti a ceks ngn ef f i ci
geometry, it is very sensitive to any misa

difficult ebf médhhendtxlyyl umalri cally shaped cel

wound into a structure known as a djelly
| ayers that is inserted into a cylindrical
into a fWwpmndsmgodi ¢t o be inserted into a rec
advantage to wusing wound electrodes is t1l
continuous f-asebl bnmashhgergll as opposed to

| ayer & rofd ee it edrdirailfr.ebot h the cylindrical 3
winding is an empty space known as the HAco
or tab about which t he. el heec timaonddegrgeilacrad | wo umi c

from the jellyhoalgh amteomei cdfheg, it is | e

29



Single sheet stacking Z-stacking

Cathode Anode Separator

Em— @ ——

Fi ga& e Schematic diagrams of electrode stac
commercial cell form faédidvodifOedgandl ued

Creative GCoommmescinain®>License 4.0).

| n meisotn Lciel | s, the edge of the anode | ayer
cathode | ayer, resulting in an fioverhango
across from it. An eKiag®l ewhifch hslsows @orowr

tomography (CT) scan the anode overhang re

is done to allow for a s mall amount of mi s

30



The reason the anode i s extended in this w

at the edg%®lLiofpltatei mpoidee di scussed in more

'Cathode

\

Anode
overhang

Fi g29cer oss section fromwoan@T ed ean rofd ea psrhiosw

1mm

Aover hango that is typically wused at the e
Once an electrode is wound sor rssttea dkead,l It he
casing. Thioeoneasfi ntghrceae thypes coyfl icnodmmecracli acl

pouch cell s, %®Exd mprtesmodi thceklshhowm fiamct or

Fi gar@nd are described here in detail

Cylindreocmadi wégedmds jael | vy srtaalidintl legilss eedl rii t ad c &
These cells can come in a number of differ

the 18650 <cell, which has a diaméwbegenf 1
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cylindrical cell form factors have r-ecent.l
format battertyhgazxksQ dealcllaud(inlg mm di amet er
4680 cell (46 mm di almetalrl anyl i80d rmnt alle ncget !l
apipdrsadi al confintnghplgsparceékledlogre hiey b atltle
cyl i ncderlilcsalare typically arrangfdr mnng &anghA
(alternating | ayers) packi dgwofTheelelmpt wh enmn
bet ween cylindrical cells makes this arran
terms -loédvelackner gy density, though this sp:;
for thermafmwhhnademeat.cells are WMeeé¢drisn E
and BwWiWhhindiiemssome casdef tkhblusamnmdkagqg osi ngl

manufacturers of cylindrical cells include

Pouch aocel lasnot her common form factor , - wher €

sealed i-noatpepdl wmemi num fApou,c hloi d htaweipglgty i

for the el ectlrfodgasasiseEmbéngerated in the ce
pouch will inflate or Apillowo to a point |
cells Ilike cylindrical cells will i rfifnedi at

The di mensions of ,bputucthh ecye Ig esn evraarlyl ywihdaeviey a
shape that 1 s f | at yiCn nodnrei coafl tphorueceh dcientelnss ia
are not a widely wusé®®mabimmeocichl cedbt m Uase
electronics (laptops, cel | phones, etc.) a
| engn ht he order PBduclndelmes eussed in EV batt

typically more than 10 mm t hile® 0®@i%finh.d engt |
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electrode assembly in a pouch cell can be
rectangul ar pouch cells do not apply any
modest ernal pressure must be applied to th
Il n an EV battery pack, this is typically dc
in a rigid container that ap-pl adeier ek%ii@ln. s
Stacking the cell sl avslo pmenvgyYedemeitttyerc @m
celtlhso,u pler mal management’%Pooaunc hb ec erhd rse ad ief fuisc
EV manufacturers, i nclMadionrg nNainsusfaanc,t uGM,r sa nc

include SK I nnovati on, LG Chem, and Samsun

The third major type of commerci al form f:
rectangul ar prismati cogeametarsy inmgb u tlL i kksee P oau
prismatic cell s ar ienfctoanafliannidn gs tparceksasbul ree, ibsu
l evel rather than Phiesmatdiadnse e @lslt spalcé&d | elve
though prismat iacadwpa nuds eed .ec$ e wareasl compani e
their EV battery packs c¢ oampdanviodsk,s wiangcelnu d iTre
uses prismatic cells for its LFP battery

prismatic cells imBclDude CATL, Gotion, and
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Fi galr0e Exampl es of commercial cell form fac
including (a) cylindricapricsermd @r ¢ g hla. fpioqu
from Wi ki medt@moQdmmemrds and wused under Cr

commercial *License 4.0).

The overvioewbafttkiries presented in this <ch
the discussion of mechanical degradation i1
and form factors are used i n EVprainndarBHSS o8

Nir i ch NMC umapnrars mdtsi ¢ woamdl @yluichdireseidtdls c e |
anadperanxgeri méghéeésnext chapterdegroavd adteilso na n

i on batteriomms meicthhraena cfadcuwWsegradati on of the
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CHAPTERDBGRADATI ON OMWMDHODE MI CROCRACKI NG

This chapter provides an overview of- el ect
i on baTthteertieersm fAmechainssath dodgtsa ddeessarmrsiob e
adveerfsfetnmechani cal stresses to which the i
subj ect edt itéirfoeMgitcdal.td fh etsti ass®esmec hani cal degr a
ot hceat hoawédi ch has become a major f oTchuiss of
chapter provides an over vitiyepwd eogff atdhaetl ilcamw,esd s
by a summareys iohfeut droidst it m@gt asrteu cHyy pieteiantcley s u s «
degradati oni nmieleciln a b aagmsrcioenspl ex and i nterco:

necesslasynos® modes onforce gracatail d1y

3. Degradatiinosiion Batteries

Lion batteries are remarkably stable el ec:
i nt e«eromgplonents from Wwhi alddt h éayen aetcel riwaEdhee.gni c
st adbd epgsstilbd emat er-iahsbasedr iianshdmmat | al a0
mechani caHolwe vsetré,lolreel H atLtier i es s | anwdey edd gerda d
cycling due to gradual processes that redu
decline in cell capacity is tvepieaalslly w,0 &
i ncrementianl nprromad dsy .f uhecwe wenri hgasethes cel |
degradation can suddenly increase, (alesulti

called fAkneeFipgBilsechows askfamepmea seatu’'dadf.by Ma

35



t hese t wooa ptaycpietsywioffehnd ea g r a dhu ablloafcaka ec shlo wa o n
aLi PR LH@®Oddiatnidver 6lali dlmaewn fior raedcel | contain
LFO additive, plus R&% aeeud hegd a@fc ert amltleo  erA) f
and complex depending on the cell chemistr)
degradation mechanism t hat reaches some cr
mode of degr adat io'dFeo rt ot hae neoxraémpyg 8ely isth®lwino v er
failure resulted from increased rates of
associated withRohekfoaigldu rte oins ods pMAcciaan | 'y p

make modelling and prediction of <cell i fe

(mAh)
/
e

Capacity

¢ 1%LFO
1%LFO+20%MA

Normalized
capacity
<

0 1000 2000 3000
Cycle number

Fi gB8BlIAnexamplreadafal g c a pbd caictkya fcaedlel containin

vs sudden r(orleldov eirn faaicleulrle contBomnh nagb ¢ &IO0Ou t
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(a)

and

mor e

and normalized .(bQr icuipradiliatdyi gfiuamddeh ibefyri ee ds I

used under creaftive commons |license 4.

ci¢cynfradeult from a combination of ffac
cussed 22na@HAPDER of actiimweeatectyr d de

ed by parasitic reactions that Consume

ive material |l oss (also called active m:

trically disconnectl ed t&& omasp & chiet yc etl d , s tr
ntory | oss and active mass | oss can be

di scussed bel ow.

her i mportant symptom of ,dewnhhriadatiisoncli
ed t o.Alapacnitteyr nfiaahd dcloenpioelieli ®Eea lt d mpedan
udi ng hsno wr creess | sdttaenrciea Iyl ,irkgaisst vamhmdon | e
act .boScudramenesofrelsscstamnmcter i but d itke cel
trolyte oaerndvwoatki vgietdymé hptyr @nsport prope
it mpeedance growth resultscamseo| apparadnt
espati ghlys Thirg ehbss of capacity is d
erence generated by -ombeldiamicestdat| it er ¢
c h a reggeudi laitb rni¢uang 32sidn 0o wehx amp |l e of t his e
LFP/ graphite cells that wer e owhcelresd tahte

pol arized cuuppef &diyaofkethearg atnrtaenrssf etrhrei n
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amount of teélradgsstipdbhackzedi sucage( the po

from the | ower cell temperature and higher
similar situation would al so result i f t wo
identi cal conditions.

3.6  Upper voltage limit 3.65 V

34F
large AV

______ $ismauav
3.2 e T T e = == = T T ]

— 40°C, C/3:C/3 rate

3.0 — 20°C, 1C:1Crate

Voltage / V

2.8

26

24 0 50 100 150 200

Capacity / mAh

Fi gB2@omparison of two L FIPdpugorlaaprhibztagtcikosenl b's :
cell wpdlharmigdithheondi f f erence in polarizatio
the different temperature and curreh%s use

(used with permission).
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Current idsesgceiniebréad s t hat are rel atTihie ti®
domeing a quantridatpe kehdpaerhe asea G@AWLrrent as a
of cell ¢Ecapaextaypl e, i f a celwlaswictylt| @dc apa
current of 10 mA, thiratwoolfdhnlCé 106f ewhed eta
MA woul d -rhaatvee paf adi @ The &medrl i bri umo curren
above would be on the ToredecreldfBi G/hIoeroagi nev e

cycled using rates of C/3 (|l ower current)

Quantifying capdaitditmwafighda fios ward measurem
anal gyct a@lr atchkest c har ge a n do vde rsachhdanregnet ecgurrart eenst
at the end Qufanetaicfhy icnyge liema edldameaedvdddt ir eoacthleymi «
i mpedance spectwheseopgyhe( Eled) I's subjected
the respond®owevanal ympedance can falosno be
cyclirnmng dcatlacul ati bgt waen divicletedegeeadugreidn g

chamgdi scharge. ,Kithdwnwogas ni i { ykitg G2t &hkde i n

evolution over ti me a@apd irt Woydcrdeberneupnubretre do ff

cells used in this thesis.

Whil e capacity fade and i mpedabhbe gndwt hyag
cauaes ponemeraamdbyen i nt eédomnsmednoevd pr ovi de

hifgewveleroivewhowaegradati omhmechamidsmm® capac
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i mpedanc,e wirtolwt A n neencphhaansihsamiso ar emel ci hnakneidc atl o

degradati on.

3. 1Elect Posdsei vati on

Both the anode and cathode r eadactt hel eecltercotci
sur f%se.menti oned irnapdHARTSERa 2pasgsi vati ng S
surthaiag compedeaedrrendluycttei o.hii gpr adl ot $ ncor por a
SEI , making it unavailable for i ntercal at

nvent 0FTlyel 8BIls.al so contri st @as ttho ckelrl SiEm,

sl owetrr alnisebweéehn eche ol yt e and Tthhee tghriacpkhnietses

—

he SEI is typically on "®he order of a few

Fi gB3¥3sehows a schenmnsetli f odimagricomm ocaf6 &1 t hbc ke e
omngl ecpaobtdecltehasturifsacexpoddad tsa albiltéhtit aytododf
gr apihnihtee pr edercde odfyt e dependsi tlhgiragtpehdy t en t t
form a uniform SEI | ayer that will effectiwv

SEI growth. A significant amount of w8Ekhgr

consumes some amount of Li, res uAst itnhge icne |al
i's cycl eids aepo &SiEtl e d i dtfihiregi tl iagler SE | l ayer i
stable, further capacity fadehowewvbke BEIin

s -nminf anmraxn unstabl e, it wi || not effectiywv

resul ti dgEdrowt Astates over whéeéohsmaka me of
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an

De

d increase’ Tched | a momupnetd aonfc ei. r rienv etrhse bfl ier scta |
ries depending on the electrahyteaoncompoai

a few per catpooar oebs ehhieg hi naist!P2a0l Li i nven

arf StEHe i s i ni tiitalclayn sbtea bdlaemaged during su
chani cal stress due to graphite &¥Epansi o

rphalidoddy e eadss thicknepasgr,awt wedle aso oI

temt ol ems | i kB Bfasadekinteirarn itom having a
e SEI mu s t al so be mechanically flexibl
sociated wiUnder ntnemr enall atciomrd.i ti ons, t he
asonably approxiofat ethea®t pbroppet abilah tbi

viations from this model typically occur

SEI' growt h.
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Elyt
e =) C
/Elyt'
Lit ==
N

\ New SEI
\
Old SElI

Positive Electrode

Fi gB83 e Reduction of el ect wolty)ht enetwo | fagrems SE

existing | ayers, consuming both electrolyt

The exact composition of the &d&mbicmat ivoair y
solvent, salt, and a®dif icvedsmmmsatdei act hel ¢!
fluorinated sepaltseflsaothomsplLod®kcts gener al
pol yoaelfic mst ai ni ngl produmtet hy lk& D)@ idtehciaurnb o n
ethylene mdrEMRICRAIIt eanflP dtirFat egi es for cor
SEI typically involve the wuse of additive

coatings that favorably influéhce the morp

Passi ababocmat t he posiwiitvhe eelleeccttrrooldyet,e 0 Xx i

f or mi ficga tthdedeect r ol yd(eCEIChtaeragh ®@3e zati on of t
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chall enging than the SEI, and its structur
mat eri al, tma kainrog hietr i s | ess weclolmpcalraerda cttoe rt
SE%® BoweMeére iGEIsi milar to the -8B karbbaat
containing ptahsasti vaaltsioo®A€ bleasyGerte st € nds t o be t
SEl, making it |less off%Howenerynafoundtahbl
|l eads to poor passivation wmneldli alteeaddvirtteda chtiigo

the ctahhtodar e di scussed bel ow.

3.1C2t hoduer f ace Reconstruction

NMC andhd\WeA oltheseer ved t o form sur f-aatetpeyer :
phases iwdrnihc | &iff°Thuissi veiotnyt.r i butes to i mpedan
t oestrii oned rtlahines pcoartth oAd ed i sawgrr faancceialt hw sliter atuir i g
reconstructkiogd3di sewlsdmoevnt he | ayered structur
atomic | ayers of t hree ari stohreheasrserd wrodecakc es a letc of
has beent Hleockndd ztead reduction of theagsatho

descabbéle
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Bulk gy, . o
Cathode phase o 0 0 0
particle

Fi g34chemabdat bodé surf addedr ealomd rss tarr Llec toixo/rg.e n

dots are transigtrieoenn ndeottasl aarteo nhsi, aatnodms .

The thicknessadl agcfeamnt hbee rnoecaks ur ed directl y usi
mi crog6chBpyor indirectly via iIimpedance meas.!
in the literatuugova®9memirded s\arrifdadgiitorigg ts t h
thicknesssalft thayerc##iepbndbhy, valthgaigher
linked to continuouduryi nignCaEMISiimmempedan
destructive sampling of the cell, maki ng i

t he -sraolctk | ayer over ti me.

3.1LB Pl ating
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Anot her pr osciegsnsi ftihcaatntd ayn | mpad&t tpheatli nget iw

metallic Li i s .f oTfhmesd owvandoddriesy vt etmeed lall s  ar ¢
enough r el*athiate at d olcia/llliized overpotehtial ¢
ions, forming LI me t a | T hdeespeo soivtesr poont etnhtei aal nso

to devehiogpha®ess are used and/ or when®3t he ce
Fi gBsehoevsampl es of graphi t@alanaddhédwher em a
cells cycled at higher current density sho
Overpoteamt iadls® devel opi oinn trredyni somhesrr tavdi,esr £ u dh
the surface of an SEprwcebsbsgbuchmpadahoeal
Adowywt 0) ofcaheatsol yéled CHABRTERI &tiaguni qu
Li pl ating willa bd udliys dowe 3$Sebdi |0 hkvehdebribeh ¢ € ng |
format eseélelcs i ve dil utci crmmndarcd ivedwygedfi drie

repeated f%st charging.

2.2 mAh/cm? ' 3.3 mAh/cm? _ 4.4 mAh/cm?

Fi gwhe Exampl es of Li pl ating on graphi:

NMC622/ gr aphittheatp owecrhe cceylcllsed at t hPBl anidng :
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of metallic Li (silver) on the graphite (b
OriginadyGél gaeglddused under Crnemammer cGoanhmo

li cens’® 4.0).

| f these deposits maintain electrical con
oxi db &eklt'a olnis, but reversibly plating and
t he mor phorygtyalalfi tnéed al tends to form dendr

cases can grow to the point where they pun

cir%iufita Li metal particle becames ageweenc ttrhi
Lin thawi phetmevée@ from the cell ds Li invent
with corabemdated ectrol ytes, sbigher pratessef

and el ectrol ytuee dec SrEdo Siotrimart i on®’at t he me

3. Mechanical Degradati on

Many of the degrdadatuiscre Hee ph arvieones ex ¢ ¢ toich e
processes that are mostly | i nlknedt htios csaepcatciic
focus on the causes and adf ft eheh sthhatvih ondeec dnfafne a
t he prodcesseselheabionwvteer nal stresses t hat

degradation can occur over multipleeléngth
scallhei.s section focuses mostel ywt-eamuame t hahec:

scal e, as the propagatanodn npatcartob e s 8 ed meet s
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i s investigated S5n @,eSamdcedi mo€HABTERhe wor
t his itnhveosNusa < h NMC tchitsdhodbapter focuses [
ani sotropi c tvaltunoec caulrasngien t hese materi al s
secondar y ap onrtaiomlsvens as cat hodé&hiisni chaptack
includes a brief review of strategies to g

how microcr ackiunsgi nigs ncahnaorsaccatleer iizneadgi ng met h

3. 2Adi sot YoolpunEepansi on

As mentioned in CHAPTER 2, NMC and NCA und
contraction during cycling as Li i's interc
change is highly anFiisg®& reoVhi ecn, tahse iclaltuhsotdreati
the a and b axis shrink, while tRePhoiaxis

expansi on hiesrepel soon of oxygen atoms i n I
|l ithiated state, this repulsion i sassuphreess
cathode isedepul$ibomamed, sobhekengdhapldeiisd abs

shrinkage ofon htehea @mohdbheh&xedboxi dag i deal of hi
decr eNisdsngi canddiaosri@sbogdt héfinity. A co
shrinkage also |ies along the ciaxeéestakeas

the expansion due to oxygensltempetabydrme d¢ap

chatge.
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High lithiation state Low lithiation state

%0.'0, 4

— )

o % 0" %

o &

Fi g33Gr e Ani sot rolpaccgelod weneend tbucrieidrédg dBI wu e hi at
arrows denote the contraction of t hoet ecel |
the expansion of t Net eel khal ooagnitthede afxi

exaggerated in this diagram for the purpos

While the net volume change of the unit c
ani sotropic nature of this strain can resu
The magnisbhdegef depends Hiogh s r v Nirnadtohidaeadotrhso
increspesci fi ovhd ahiamdaesgopameagni t ude of the vol
and the intern®fhstzesvok stalgieawi medowl can al

i mpact t hveol euxtee rcth ammfge, wi t hc aluadriayreggeelrnuariet a g e
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c

(0]

a

F

has§e€%r some cathodes, there is a critic

xi dation state of Ni depl etes the charge
Xis to rapidly collapse, generating®signi/
or NMQC9w%t Ni aman t<e ;bt% hMns al so (pgustri abowaeé

6¥ i n an NMC/whredrperei tluentdiestdgle) r anst bH2oo f r om
h3 p h%&he 8 epsobdaem be avoided by keeping
ol t age -H3f ttrhaenlsii 2 i ampr oach effectively red

ensity of the cell

.2C2@t hode Microcracking
n polycrystalline cathodes, the anisotr o]
ignificaneswinhemnalecothl @Bgae psahrotwsc | aens . e x a m|

hi s, whpearcek etdi gchrtylesytppad nd tand contracktninhids
igure, the orientation of the ¢ axis al ong¢

s highlighted in red. The disordered ori

i stributsopord eoxfamptdres compressi ve stress
eighboring crystallites that are position
ositioned si der ibgncsei dteenwsoiulled setxrpeess at t

athodes are synthesized in their fully 1

re greatest at the top of charge, where t
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A

cr

Mi

mi croscopfimti ccoopc&c K lor devel op at t he gr e
ystallites i f the stress at that grain b
crocracking waosl yfcirrysstNdb@lsiRrieay ¢ ai| a2 BF0h e

itiation of microcracks are thought to i
t hode, foll owed by propgi'acti oar aablkosn gt egn
ncentrat ecdnadrvea heés pah’® ivhieeleay may not i n

exposed to ellkicda@mbd)Tyhies (mamd rigdtaolvare kii mg ¢ a

ry omamdiuy i nghoesicd e eigs ed wretdimg f or maMtaiden cyc
sahhowed ms$ cfocimaool ycrystalline tNWMLC811
r matyicomangata shown gBaRPPDuir nngulbhequent
i scharge, the crystallites expanded again
entually, microcracks expand a@rd mamemd d 't
i sible at all Aff atees r @ fp emih@ndageryaccbkoi@ngg . ¢ an

vere ehbeglkl pbhbeaochgset he ddommgtdar ynper nt
t womikacrodacks (&3 g@mapMfihsncan Iaownmes emaijenrc es

r the operat i odni socfustsheed chedllow.whi ch ar e
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Microcracks

Grain boundaries

»

Electrolyte

Fi g% el ntergranubad ml ecbdcohbyg(kag)n gbhafaiglrtarna toif
cohesive secondary particle with grain bou
t he ori ent af icewmanc ho fc riwihsebl bell kaixtiesnes denote gr &

and the yell swebatkgtoohgte. (b) Microcrac

boundari egenmfeatrhe hparticle. (c) After exter
infiltrates the particle.
Al t hough we primarily discuss microtiracki n¢

it can also result from other bopuecpal ot s
caal so respéati &rdayh onrom | i t hi atwihomw dodustene ¢
adj arceegnteonhave varyi ny’€Claathiooidee sdirmsssicams a |
formxdfernal forces, <E£twelhoas ¢ het hkcegptiheosdseu c §
exper mansuergieaxi al p r ecsasl @er neg gdoudreh sngign t ehdes ® e

l ead to mit°%®rocracking
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3. 2EBfects of Cathode Microcracking

One of the mosctatdhiordeec tmii cempaaacrt aso/keifAraga ane nlt 0 LN
in CHAPTER 2, active mass |l oss results f
el ectdiixa@addrnected from the network of el ect
Active mass | oss can happen bdtuh athet lred frac
capacictaynadggpendi ng on theCdmmegaoai af takl se
built with an exces$%0® agfFr earote bivepdaittihpq@td o
grapihbeeh cells are said to have an AN/ P r
greaterWheérant He Oc¢lilmitedtavbodass | oss at
as fApositiwvwasanadrsod oisrs,00whi | e apatci veg mass |
(known as negatisve gredddusc el otshse) NvVoPu Imaad ti loy,  TF
becomes problematic if the N/P ratio is re
the Acdlilv.e mass | oss al so alfif ecdrst aihreedLiwiif

el ectrode particle a&tubtdhaea rtaipmpee dofwi dihs mon e

Active mass |l oss can result from arty amryoce
poifmtom active particles to the cell ter min;
components involved in the conductive net.\

and/ or the currenmt cceollllse cwthoerr.e Hohweesvee ri,nact i

di sconmfect h®enacti ve materi al i Mitchhe® cmaicrk i N«
contributes to active mass | oss when fract
| onger in contact with neitghFeogr8isegowsar ancl
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exampl e of t his proceasse,c owddaatrhgoadnet c cber @k
crystallites to | ose contact with one anot
cont act with conductive additive (highligt
l onger able to parThicspadi eicoati&dticitatyetln ¢ alea
as partipaliewcemamei me d diren es atrerldbeucntfdriondge c hang
time in such a way that the particle regai|l
Chahétasdlowed t hat a significant amount of
a cycled NMC111/LTO cell wimphlexterosesasi mg
pressure appfhedautohbhe a@étiributed this caj
cathode particles that were forced back i

pressur e.

Carbon-binder domains Disconnected particles

Fi gB88& B sconnection of <cathode .gar)t iAc lge so ufpr

cat hode pa,rctointnleecst edgrbegyy)a nef{wWobmk Rpparctair @l
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undergoing ani sotropincacsttirvaitn oins ohfi gchaltihgohdte

contact with the conductive network (highl

Aside from positive mass | oss, the other
increase in electrode surf acFe gBfieclal o htat ati &
how this occurs. When the secondargW>ppartic
a), only its outer surface (highlighted in

i's severe enough that el ec¢FtirgRPblyet eT he sabrl fead
of i ndividual <cry.stTahlel ittoetsa |b eecxopnoes eedx psousrefda c

in reldgmatskg | arger than that .of the sealed

Exposed cathode surface

a) / b) Q)

FigBX el ncrease in exposed cathode surface
secondary particl(eniwihtth ghduteer i moureddr yexpo

Cracked secondary particle after electrol yi

to electrolyte.
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Thé$argeposed surface area causesmeadi adapepidd
degrapgabocessestthiespusseodwbnsebctaonnsigni fic:
operation ®het loé ¢ dled fnfoesstt anno tiincceraebdsee i n ¢
due to t he formatisant ofitayesps deafvehdit ehos lr
significanheéydimpesi on ofprhii mamy.op@aealnlids lowig t
extensive microcracking are macth. mamy pood

related to electrolytesaktddec,ompposuthoas me

di ssoeéuci pnwi | | al soi herexsaeeirmaecxepodgdt hiurt
Ultimately, the i mpact that cathode microct
from cell to tckké | saeprintdy ngf onhe microcr a
electrolyte infiltration occur s,-meadida ttehde

reactions tWhadat aire alfd ant hedewdwert, iiss atl hwaaty
detri mental and needs to be prevented and/

3.3trategies to Prevent Cathode Microcracking

There are several ways that mi crocracking
menti oned above, l' i miting the operating vc
reduce microcracking by I imiting extent of
Haowever, this is not practical for some app

such as diurnal Mdjoafrafgoer tosf hsaovlea rb eeenne rngayd.e o
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to develop amnalWwmmdt éyi @axs sting materials so

mi crocracking.

One approach is to |Iimit the anisotropic Vv
by integrating inactive dopants into the c:
a variety of metal dopants (i hastuubdsitnigt uAle, i

transitiontmndnwhesoxedati on st at elgatft iNie a
di st 6¥Anioothher approaxh st sngusoabaldiiygs or o
surface .t rCoattmengt sof secondary particles is
infiltration into the particle interior (
pl aldéPr i mary particles (crysdral Itirteeaft gerdec an
aggl omeration, which is done to i mprove t he
making them morel'Aesadvamtage 6f astufra@ce coc
is that they can often be integrated into

devel oping new synthesis protocol s.

Anotshterratsegy modi fy the structure of the se
intern®heswagsdmpl i sh thios biedsddc hmpharsye cbesii
whi ch gener al l-eyn ectognyss istty ocf o raee INii ayffct oennt ewni tt)h ah
more styphilcawil)y shel |l that it5f heixsp oaspepdr otaoc he I re
appropriate pairing of c ® fr fe e cadnndangsahte | d f mah &

resulting. rAdimalresteaiemt met hod f or restr
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syppess microcr ackXupoegt ,waaksh op r doepvoi sseedigerinay ma a y t

particles so that t Hheirroutgheoxsgscand@rpadpat:t

Whil e t he sadalpsptrroaatceng itelse probl em ohemitdi agr

they have in common is that they all emplo
still predi sposed to microcracking tad ong ¢
avoid the problem of intergranular crackin

This is accomplished usingrastgpbe oét mader
become the focus of intense %%e%@a rdd h girm mb c
showing the staruxcdtuale odt haoFdseg filgeh ep rwhviicdhe di <
compared to the structure ofsha who it i onal
a). While each particle in the polycrystall
many -1@aloe c reagptaaltliictl ees-d ry stthael i sntastgelladi g d

cryseoal Itihte 1-4@mAse wift h previedsafFiggBdrésn t h.
denbphe crystall ographic ori entcatyisaml o fmattteea
still experiséemaet haemries otsr onpoi tdhr aainno t bheeu n dpaarr yt
which a fracWhurlee damodlawmwerh.er wictr gish a+ heese
crystalcamastiwhlieccanscbheen obsercwd ke liYiadag nrmgan
fracture tthhagdnrratte iy leal cr yst al i maehf, r

wealgemai n boundary.
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b)

Figare (a) A polycrystalline cathode, wh e
aggl omer ati ergtl ¢ bal Acat hode, where each par
crystkrRaeld iarerrows denote the orientation of

crystTahlel ibtleaack shapes are particles of CBD

Whi | e -csriymsglad cat hodes represent a new type
of convenknowal | awelt ¢éd oxcdegstmalt ecatahesde Si
shown to effectively suppress microacnrdacki n
NMC811 materials, even?aliere tthhasanmat erfi
excell ent idrursahbairlei toyf, tthhee cat hode mar ket i
of polycrystTahils nies maadlkeéalipwd daei vf@a b rmmad tuirar
procasdesmal seiave of '2Howewvtetrt,we.t i ncee lofs wr i
wi 8 hngrl yest al cathodes ar e (keebign gc ommrpaadchu ceesd | d «

Cheéedland i mprovementmantud acytrutri evsggi ¢ eaxrhdhi ques
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3. €haracteri z&aitboMetrocracking

Whittlee presence of cathode microcracking m
(i ke i ncreased i mpedance), it i s of t en
mi crocracking directly wBelbauset mecuseratk
fine features t hat ar-2i zneudc hs escnoanldlaerry tphaarn

observation of microcracks generally requi

The mostt eohhmogdet o clhahadtee mi ze osceacatcika magl |
SEM which is able to resolve cracks as thi
as well as indi vi?2@uassescptriiommanlmpapEdd tpir clpeas .e d
di sassembl i ndge saat rcwectliewde lcyeldamplk epgri hg al e
section of that sampl e. -iTohni ss eioss stoynp igpcod lilsyh ¢
focused i on beam (FI B) system to mil!/| dov
prepar at il®fi gaBdrtlei hfoawcst sa.n @& x@asned £i edal SEM i nm
a -Nich NMC cathode (etigiImal mif ¢ gacreadki nRy
descri bedharme vfealalckw grain boundame&bBe and
cendfr et heiapraer tcilcelaer | y vSEEMDbI magnnghcanfbgue:
3D using a t eeShenM, q uveh ecrael |seudc artl$Be ir pnaaltikbshhyeed s
baduks i nigs iafknlyB and 1 maged, f or mi ng ha sstpa ok i df
potentially usetuli s3Deissf comantoinon,n the | it

anldodgta coll.ection ti mes
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FigXr¥Exampl e -scefct EBdladf cat hodemmisampd ra ok
pol ycr LNty Mol G @safter 1LO0igyohkes feghde by

(Modi fied and used unRcdenmrmeQrce aatli®Ale cGonnsneo ds. O

Anotrheemoscal e 3D imaging mettdedHdedhas haso
computed tom€@d)apiCympoard tomoxgrraymaywi GT)
technique that i s descarnidb euds eidn edxetteanisli vierl yC
chapWeirMda&n®ldoes not require destiu&kti sS& Mpol
it haspamevedliappoaxbmaihaamldy sampl e size i s s
roudtoloyi®dmdi®fhewever, this spatial resol ut.
| ar ger mc at bsoFdiegcBlr 2s h o ws thTe sncaannos o f NMC811
taken from celioe dhateweme ngblhthge@®nm imgit m @In

figure ebty'%WawWki FGT niashesdm ucti ve in the sens
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not destroyed during i maging, t he small S @
destructive samplAlntgh dughnm tthhee redsEcclt stoidoerw eir
thanSEMB the i maged volume is much | arger,

as oppdchsaend fpuadr tad fc | e s

Pristine

20 um

FigBYr2 N&mhoi mage of NMC811 particles at di
formation cycling. eOf%tMordd If i feidg tarned tuys e\Wa due

Commonsomoner ci al *License 4.0)

While the techniqgues described above provi
the particle | evel, t he major poawbaekn th
di sasseanpd lyestiolf d destructive sampling of t
sacr ivfailcuicaabgl les t hat may have cycled for mon
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f ooaper damb@ge nmer itmemtessti gate the kinetics

equilibriu@elclondiigaossanembly al so-ainmdv omavcerso d
scale structure of the cell, potenrtamdd y d
structural camaogesdati mgpacycl ing.

Il n or darestta urcdn vely characterize the effec
scal odbsenrdler tm@ cel | oX-eatgetcihonn ,gq uaedsv aanrcee dr e c
next chapter describes these techningueid sin
t hefsaomsiganmdper angeri ments with asmoedllifiad D&
cylindr.iAcage nekaglalls eexwpea rviimeeinh @afd s , cel | prepeé

cycling is also provided.
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CHAPTEREXPERI MENTAL METHODS

This chapter focuses on two main techniqgue:c
in the subsequent chapterXsr:adycbimpactedohomARB
overview of each technique I S provi ded,

devel opment efforts and a summary of exper

presented in subsequent chapttehesr ouadl tolvaenm:
of XRD, as XRD is a more commonly wused te
re@ders are more |ikely to be familiar.

Before the discussion of CT a#daddxXaRkD,orwec eflil
that are used8. nTICIHAPIT&ERSBS06K5l owed by -a Dbrie
basXrdasyour ces, which were used for al/l CT a

thesi s.

4. Cel |l s uskdSiftbOper androayYX Experi ments

Two types of commerci al cells are wused in
18650 cylindrical cell s. P70,u ctho csetl u dsy ammiec ru
usi ngr ehsioglghut i on CTgeaometrganXRDsswbnlles 1865
are used i n CHARBDOER tSpéthed hC@wi magi ng of el
Both typéeanaodft keild siswuii/dpacbri 2 digyx pfeari me et s
briefly discussed here.
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Pouch cells ar &rwamayedveedXpesmiimendt $,0 as t he

rel aX«+ atgrlagnsparent and produces mini mal S C ¢
The geometry of most pouch cells (discusse
i deal for techniques |l ike synchrotron XRELC
coll ettadsmnssi on geometry (discussed in d
made pouch cells have been usedrgxbpbensi oealg
term cycling experiments. -damset rodc ttihvee atdevcahn
that extra information on valuable cells c
Most of the cells used i n atshipsartthedi 0 tvherre
wel | before this current project began.

Al of the pouch <cel | ssiuseedd wonu ntdh ipsr i tshmagiis

manuf act urruend Theyc hinioZ bwz h oCw,. Hu nTahne, edheicntar)o d
coated, calendered, and wound on the asse
(containing no electrolyte) before being

formation cycling to be doneFiigdigehewd ab

photographs of one of these cell s. Whil e d
mm) are much smaller than typical --eE&/der BE
using the same manufacturing pr)ocass sweoul(dc ok
used for such cell s. Many of the experi men
been repeated with | arger (up to 200 x 2

transferrable to other form fcompamrgs mehhe off
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cel l casing, with a flat section of excess

coll ect any gas generated during <cycling

detailed discussion of the interndadtatirmomct

CHAPTER 65.

Vacuum seal

Jelly roll

Fi galr ePri smati csiwoaeddp@Welt) 3Gel | used for al
Features and di mensions of the cell are | a
Fi gd2sehows a photograph of the cell fixtur
apparatus is comprised of a polypropyl ene
spacers that are braced against the walls
the cell. Alligator clips are-wusedcobonechn
The cell hol ders connect to ports in a tem

variations to within 0.1A Figd2itchef sempai o
just after formation cycling, where the ga

(in an argon atmosphere glove box) and res
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-
Rubber Blocks

Polypropylene cell holder

Fi gdZ e Pouch <cells fixed in -wiolgpcopyéenieon

rubber blocks that apply stack pressure to

Cylindrical cel | X-r agbpans eall seox plee i meead sf ot hou
require thenex@gwyft ohipgehneert r ate the steel C e
The cylindrical geometry is ideal for CT i
thickness of the sample is the same regard
cells ciapl enberusned for transmission XRD e
di ameters |l ead to peak brnaadehrei nsgi g(na lfsi oc adit
from the steel casing can be probl ematic.
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I n this thesi s, the only <cylindrical cell s

CHAPTER 2). CHAPTER -tBhsdhed Us €ls8 60 tcwed | af fma

commercial supplier:
T A Agr-aphybecell with an NCA cathode an
T A fAgSriaphi teo cell wit hygarmpNCAecanbdee
fracti gins ofnkSnoOwvn but is thought to be
The nominal voltage window of both cell s i
2015 and were initially cycled 20 times at

Both cells wer4detrmemrstmplraged aitn 3Ldh I ait ma @ion

experiments described in HARRTER 8 were ca

While relatively little is khwmwnp abohitcelhle
we |l | document ed, wi t h detail ed informatio

provided here.

4. Pouc@el3Ipeci ficati Brnesparnat i on

Three t ypueas pofuclhi cel $suady ewiussledt ha t &l lsowi
T Polycrystalline NMC622 / natur al graphi
T Singtestal NMC532 / artificial graphite

T Singtestal NMC811 / artificial graphite
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CHAPTERS 5 and 6 focus exclusively on NMCG6:
a good example of degraded polycrystallin
conventional EV batteries. The techniqgues
in CHAPTER 7 to assess -thestdlf ecai tedessart
mi crocracking and its associated effects.
these cells are provided here florarree fdeersecnrcie

as needed i aww.CHAPTERS 5

PolycrystallingrNNGd 220 2xckcdaZtsuwanlunshapédmat
pouchwered lmanuf gdathu IMTed eyClelbid s wer e shipped
no electrolyte, where filling, wetting, an
of an -adatmeédapol ycrystalline NMC622 positi
negative el ectrodeas Caf:h2:d2e (choM®6oxs2 t:i oV IVF
bl ack) wi-lt &ny ear saicntgilvee mat er iZ%aalndl oddoduiprdge o f
thickness of alr3a4d oO®m.waBhenasiep o f pol yet hyl e
alumina on the cathode side. Anode composi
carboxymet hyl cellul ose binder styrene b
| ayer acti vneg noaft elrdiaabld mMdjwacgn# e t hi ckness of
cel |l capacities at 4.3 V were ~250 mAh dur
4.1 V and C€/10 was ~220 mAh, whi chaties t h

calcubatabbepbsechnMotshti soft hehsbeasc.aneblfst ® .4 . 5

—+

he N/ P ratio was calculated assumi n@ne¢ hat

of the control cells (noted bel ow) was ma
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di fferent batch (manufactured at the same

polycrystalline cathode wused in this work
spherical aggl omerations of smaller pri mar
Before cells were filled with ealterotsrpohleyrtee

environment and dried unAerrebacuuml gt e80ALC
mL (421109g) was ddhdaadgaotnonoalplhec el leswvi r-onment
seal ed at a gauge pressur eC oufsiimg ak Pcao napnadc te
seal erl I(6GMSK MTI Corp.). The &esiamctar 8L Yyt eni xs¢ @
wei ght of ethylene carBonappen WBCer BABRdAd @
carbonate (EMC, 2BABEFM wat @w)A <VrCelslpe ctte rvred
electrolyte additive bl endviwaysl eunseedd;a rvbhoincal
BASF, 99. 5%, <100 ppmMmokytoerCOh,eml cwt %l MAGPt
>95. 0%) avred hly |l wtn% Met MMDSE@U asrud £ lowat Bi nci C
98. 7AW)er filling, the pouch cell sD2weithe he
to ensure adequate wetting of the electrod
1.5 V1tyYy 4t ~C/ 20 and °@i smnhargedgte BoBm¥t
gas volume generated dexsifogr falrlmad e lolns walsa
were brougHfiiliedogbhonvAbox, cut open to ren

formati ere,al ®@add uma er vacuum.

Si ngtesNMA532 arti fi cdealllSsign-aipghs ttael NMC532 (

BDA5000 from Zhenhua (China)) and artifici
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China) were used icomplhesséi oal was 96athada
bi nder : c a r6b oo nbdluacctki vie K S diatyieve)acwii tvlke an:
|l oading ofarmd .dloagypd/re mm hi ckness of 155 Om. T
PE and coated with alumina on the cathode
(artificial graphite carboxymet hyl cel l u
bl ack) swnlgayear active materi?aandl oddoduipdge o f

thickness of 186 Om.

The cells were suppliedFdnyanai whoatfel ket
the same way as the polycrystalline NMC622
additive mixture used above, the aelmd xttrualey !

of 2% VC + 1% DTD (ethylene sul fate).

Singtestal NMC811 |/ airSti infgit cpidlaM& B d. rl awreteiletl es  c €
made urstiinfgi ca d1gr gdap WAiMLe& 0 0Chfirnbanle Kai pghe s
el ectrodef |toheiwagt-hdld mgWwcmh composition o
(NMC8ldarbongbbhpPKD& b.i nOlee-9sdrgkétectrode |
the anbBeméwistnh a composition o¢€ar%5.n4:bll.a%kx:kl

carboxymet hyl :sade/lideutleodsiee rba nbdierder ) f or t he

Cel | sf iwlelred, vacuum seal ed, and formati on
vacuum dryindlOtOé¢ iCper 4t bt) @ wadsmavse dr esi dual I

electrolyte used for these cells was EC: E
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wei ght ratio (Shenzema@dpel@hempPo winlyl &ng Wa

plus 1 wt%abDdDti ves.

4. 3ynchr otbrassredr Xy Sources

The techniques discussed in the next two s
t u-basxXxrdasyour ces. While this is sufficient f
where faster measutf#tennoda nstes ,r aitmpor o(vSeNdR ) s, i gannadl /

geometries are rbeapkidagwadur cSeyshchhgeotaoparti cl

gener ate coilnltienmastietdy, bheiagrhs t hat are i deally
Synchrotron radiation is generated whereve
acceleration that is!’?fedipendicoubkaintanyhein!
ring (including particle colliders), wher

particles al &mg4Zas horwksi taaldi pmgtria.m of t hi s p
of relativistic electrons is passed througl
a highly directional beam of sync-hrdedon

polygons, withtbemadihnyemagxetdhat redirect

section. Between these K-easyoiunrgc emacgan eltesd, aann
deviceo can al sXr »d®i g63be stho wse menr @txampl e o
device, where an array of magnets with alt
an oscillating pat hXr adbyessenst wom hdbdoitbedhi gbmre

(in some cases) 'h% gher photon energy.
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Bending Magnet

Electrons

Bending magnet

L~y

X-ray beam

X-ray beam

Figd48e (a) A diagram of synchrotron radiat
relativistic electrons passing through a n
Wi ki medi a'*€ommmohs ed and used unademmeQrceiaatli \
Licendg&tnd). 0A .di agram of a fAwigglero insert
(bl ue) passes through an array of magnet s

Li nus '*fmddiafni ed and used unedeeormmerr ed tailveli @c

4. T .

A notable feature of synchrotron radiation

X-rasyources are essentially point sources tI|
have very |low ahBw!l aol Idi metrigerqicé he Dbeam
downstream of the source, synchrotron beam
beam geometry has sever al i mportant advant

bel ow. Another ismmahtraontr oaat rraidh att @ omf i s it
(areal flux of photons), which can be sever
X-rayourt®mlsi.s allows for much faster measur
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ot her wi se, whi erhesiod vedealxpktor meénime. Ot her
synchrotron radiation that are relevant to
sections bel ow. Al l CT and XRD data pres:c

synchdbasednt echni ques.

The ener gy profil e of a synchrotron bean
Amonochromat Xer@asytwi tghe nae rnaatrer ow di stri buti or
using metal filters to generate &i Qdd ket er e

shows schematic diagr ams X-o &alyetahne sper otdwoc ealp pt

bending magnet or insertion device has a &b
iwhit el .feamroduce a monochromatic beam, th
using | arbgue,l tpuripnagslee crystals to obtain a

i gdsaei Photons with different energies w

di fferent angles, allowing for a desired e
orientation and exit slits. While this can
cyst al is often used to keep the exit traj

For XRD beamlines, Bragg diffraction is ty

beam, whereas CT beamlines are buihl thitgo ege
overall intensity (e3%W. masiomg adaaet agd f o
monochromator is that the beam energy i s ¢
range. The major disadvantage of this appr

i s discarded.
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I n cases where maintainingt hbéemavm nigntae ntsu h ¢ ¢
monochromatic beam, filtered white beam c:
simply passes through one -pasmopeaesmetvab mf
energy!*fThet eresul ting distribution of phot
monochromatic beam, but the net intensity

i's shbiwgadbeg where the integral of the inte

for the filtered white beam than for monoc

Monochromatic beam

a)
2
X-ray — §
beam —— £
I / Beam energy
2
I
= Dual-crystal slits
Beam energy monochromator

b) Filtered white beam

/]

Beam energy

|

Al f”ér Metal filter

Fi g44 e Two different approaches to controll
synchrotron b-eawmst ala) mdAn odcuharlo mat or I s use
monochromatic beam usi ng udgiefdf rtac tpirmrd.u c(eb)a

a broader energy distribution that retains
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4., X-Ray Computed Tomography (CT)

Whil e both XRD and CT are used in this the
CT imaging experiments. The overview of CT
than the subsequent overview of XRDt.heThi s

isitu/ opemamde@t ron CT met hods that were de:

4. 40terview of CT

WheX-r sy were discovered in 1895, their fir
i magiPhlgi.s simple technique invXerlagyesr pkaandc
sonmker asyensitive detector (like a phosphore:

i mage of #hg CHj ecst .a BD extension of this
widely in clinical and research seth*fngs s

Since that early devel opment Xradpaanceshamwe

significantly enhanced the capabilities of
Collecting a CT scan involves acquiring a
that are then used to produce a 3D model t

structur e '3Ffi gstFsmows ea simplified diagram
geomet Xy abyddorme generated by the source (eit

passes through the sampl e, where it is att
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sampl e. This attenuambhemt floaAawowsvhit dhle Bamr

exponential form as

000 (4.1)

whe®Dies the initial OQinttemsitiyamd mitthtee d eiamt e n
Qis the thickness of the sample through wh
i || us tFriagtdé&.de Time p‘arsamehteerl i near attenuati on
unit stamfd dmfi nes the extent to which a mat:
This attenuation is proportional to the el

of that sampleds compAsitoong asndt mat sampl e

(Om to the incident beam, a transmission
contains features of the samplebds internal
resoliwtitdin effective pixel sizes iMmithesrar

referred to as OCT.

I n this thesis, when a CT system is said t
refers to the systembébs effective pixel dim
a certain system is said to piihxaevles ai m etshod tut
detector have an isotropic size of 5 Om. A

Il i mited, it would be able to resolve featu
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During a CT scan, the sample is rotated ab

is acquired. I n a conventional CT scanner,
one full Jotafi ome(d@@m is parallel (e. g.
only -aott80ion is required. This is because

projection (as opposed to the perspective

all ows the second halff oft hehecaloltywt bgn corg

horizontally flipping the series of projec

i
: Axis of rotation
s

£

o ___,

(]

< o

E—b

3
Ap—
d

Fi g4 e Simplified diagram of a CT experimen

defined in equation 4. 1.

The samplki gdibbewnai oyl inder, which is the ic¢
This is because the apparent thickness of
samples that deviate significantly from a
apparens whit¢tkmédange dramaticall y -padsantehe &
directi oml arse tchierdent i on. I n such cases, t h
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t hr
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by

r ot
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by

sho

ang

sup

ougipl ahe dnrection can produce drastic

trast and reé¢Pamplreastanea @enerfalcltyy . mount

that minimizes the change in apparent t
mounting a sample with its | ongest di me
ation.

addi ti onb atsoe da bcsoonrtgtaiaatm, s pmac fad ¢ ted on pr o
tain a contribution from diffienemdes ein
the parall el b e a X-r &sly aetn croeusnu letrsi nfgr cam broeuft
materials with di#¥fTtherseingteerféftraatevel e
structive (bright) and destructive (darl
se can be reconstructed into a fiphase |
ices of the nmattelra adlss € rhvad d gii nvtee rrfi esree ntc
ances the contrast of CT scans (especi al

|l ected in this thesis usingtddlpopul ar a

onstructing the series of projections i
far the most common i s an al ghirg4#hen c al
ws an example of this algorithm and how
h projection in the series, a given row
l e at which the projection I matglee nwa s

erimposed onto -pae®s amedstedr efridsiemrg nlgi ¢ o

ulting blurriness and retain discontinu
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rows of pixels in the projection i mages, (¢

comprise a 3D volumetric dataset. I n these

1

picture el emento) that compriwexdlhseo o(fslgon
Avol ume el emento or Avolumetric pixel o). I
i sotropic (i.ce. pi xels are square&igndevox
46, we caa fsreecamatructi ono with one or two
information, but as more and-smecrtda obnaacd k fApsrla
t hoeri gi nalmergpage (i n this case afted DD&@&spr
retrwernval bot h catrird ekIFT usto fuswatrgev ep aoplealg eat

Karl sruhe I nsti*ute of Technology
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1 projection 2 projections 4 projections

10 projection

Original image

45 projections 180 projections

Figdee Examples of filtered back projectio
number s of projectiam images utso ngedaor$tenrt
projections as indicated.

Different types of CT systems exist that a
resolutions. These systems generally fall

i ARi g4t e Most cl| ibraiseal CaAndylsale mbewasnd aeimadlr
(Fi g4#ae) , where thebbheaeth poomt asbubee i s cr
pyrami dal shape using collimating slits. T
geometric magnification of the >raaswlue,c ewhe
wi || project a | arger image onto the detec

this detector must also be placed close to
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in the projfekits olni mimaget. he spatial resol uti

| arger objects | ike commercial <cell s.

To achi-sval eanesayutoomsi IXg opti csFiagrua er eq

47-b. N™Xhebyeam (from either a tube source or s

a capillary condenser, then the resulting
Fresnel zone plate placed downstream of th
res ution, with effective pixel sizes as sm
very smal l (typically Il ess than 100 Om di

systembébs FoV and dept h-Cof s béekeXsafyoigshab ac
optics |ike zone plates are generally inef

ti mes ( espebcaisaeldl ys yfsotre nisubewhere a silfgl e sc

Paral l el beam CT using a synciKaratyewmsni tiisve
scintillator that ilsi gohptt iccaand ryai, g darbe esdhna won ai
optically paired detector i s nelteasmaCly, tas
there is (almost) no geometric magnificati
spati al resolution is achieved |l ay oopt maale
di sadvantage of wusing an optically paired
or i gXirmmiaymage wi | | al ways be reduced by some
of the scintillator, heheamenapsaoptibal see
t hi s, optically paired detectors are most|
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intensity of the beam is so high that suct

based CT systems do exist hoM&ver, such as

A major advantage of paral lsdlzebeaaemtCT citd otn
associ at edCTwi tahnthreacmon &CT . Bhher campli et anc e
synchrotron CT beamlines are typically ten
neds to be considee¢eedorsdiBeasampl én most

the order of centimeters (even at hi-gh res

sized objects at high resoluti oanl.-belatm i s
synchrotron CT is so wel!/l suited to i magin
CT data presented in this thesis was coll e
a) Projected image b) _ ¢ Scintillator /

Capillary condenser /

’
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7
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A — £
— \
S~ I)"\ s N ’ll AN
~. | — fet '
_. \\ l[ \
., \
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\
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\
A\
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\
N
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Optical lens

Fi gdT.erXxay geometries used for var-beam typ
geometrycqmuwemndt if om a b aCTe dwvi st ohu ractegugbmre( ¢ o metc
(used f€dr wnamoeither tube source dreasnynchr

geometry (used for synchrotron CT) with an
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4. 4C2Characterization of-l DegBadtérioasin Li

Sincebasuebdke CT is much mor e -baacsceeds sGTh,| ec ot nhnaen
cell s are most tbhya siemda gseyds t lesmisn g Tthieebewor ki ng
CT restrict imaging in commerciall&bibs to

typeCDfi © commonly deedkl|tsec haagtewrded nge loin o f
jelly rolit*®afmsléer ucyarl@lhigkceh apmgesh cel |l swel
fromUSbPE8rer s have usedno®@T ctadcaeshlasogalititece i z g
through t heéePBmwaul ruhneaawaiyngods group at Uni ver
used syhabBrdt radi ography and OCT to captur

ti me as thB¥centiinrohighiput OCT systems hayv

the purposne qqfuaimty control (an applicatio
2D radiography). Companies | ike GlIlimpse En
t hat arteo mgsetaantti stically analyze defects |

thhousantievel €E&1 lscans.

Mo s t conventional OCT systems are not cap
features | ike particle mor phS®dohgyf e gptouree ss
howelberrresol veQT ussyi,sntgehmsairgdy t hi s i s mostly
esigamples. A major contributor in this fi.ce
whose | ab has devel oped met hods for charac
tortuosity, and tracki ngCThd*° ®Bihgohl loyg incianli acthuar

p ur pbousiel t cell s have adpper abreteoni ncgo n8iTtriuc ha
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systenmshi ch typical-l gyeronsebts ofiBtshmmgkbkey

di améf%&vhi |l e these specialized cells can pr
they are not fully representative of c¢comme
all ow fscralmulitmagi ng within the cell . One &

t hliismi t ati on i 8 etsw |i asdidEifimmea gbifnge s mmer ci al ce
po-mbrtemanalmragofngel ect r ocdaep t ma ti eedli dakd est h a n d

par tliedleda t'a% ' 28%Hvhi | e t-hic &l enudpproach is infor

not captugcealten ef ameetswor es of the cell at hi gt
As mentioned previously, a major advantage
mi cd evel (mwamwnseulb) scans can be acquired u
there are examples in the | iter aotsutrreu cw huerrael
changes in cycled cells, they are relative

fdmsi tu/ olpetrtasmdy eapgepiubmgnEdteedaml 2013 to tra
growth of micr ocealackti’hiyd & .nweas itsdygncehx iod e on O
t o ianamieni at-stiyr@dcabdsmat i @50 Fdsdeelue ¢ omo o é
mat erhiaavles si nce been studi ed usi ng a si mi
beamlines), #ismudtf&dimigh ilmotnhfiauad | sdyd ritcaoinni n g
grap'BiOt@er published stud-l esiesidawemgpngs erft

commercial cetlhschebtitoonl yd¥ el pféycled cel

More recently, the above approach pawsclihbeen

cell s, all owing for more detavkbdfembagresg.
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al ., used an om@mtsiedalCITy syaitreend ttoubme asur e Li
changes-fireeamNoMC® 32 wolthidepladtslo eelrifor med e
thickness measur e e nMt8xw 5i0n cear-bl NdeESd hsyd &m nteurb e

resolution of *1. 6 Om (pixel size).

Whi | e tmiadiiye s§ h e ulsiet d@rhaet tsreea ine i, anbatyien g

generafbeyring to a-rceosnobiuna toinos@ @lf eal (odviEva o

nav¥Ca ) i magsintgu osamxl es. While this approac
| eaves a gap -sbceatlwee eann ¢ ditehh en aimaoc ca mmer ci al C ¢
beewmewliy explored in the Iliterature.

4. 4 D2vel opment and Experilm@int al Ope@Tamandase of

This sectiiosni tdue sochbreichkhensique devel opment ef f
summary of the experimental apparatus and
an overview of the CT beamlines used in tF

resolution pouclhl caeddhbegditagperggndase iweagi ng

All CT imaging in this thesis was¢BMhE) at
beamlines at the Canadian Light Source (CL
facility, I's a 3.9 GeV synchrotron ring | oc
consists of two beamlines thatn weargeh8beui I t
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A brief overview of these beamlines is prc

specifications and capabilities, pltéd®se re

The shorter of Rihgd8iewo BBWM,a md | bnargchierhg b e a ml i
that is used mostly for filtered white bear

BMI-BM provides mean beam energies over a I

suitable for i magi ngr dend&l0d fermnl) o btj heactt sd ol omo -
significant amounts of heavy el ement s. At
(FoV) is generally limited by the dimensio
at | ower resol udfi otnhe ttheeameanas<sals edtzieon (-
BMI-BM) becomes | imiting. Synchrotron beams
thesis, the width of the beam is sufficient
i mited.

The |l onger Fbgd8kes nBIMIO,h an -denvsiece i memaml i ne
superconducting wi-ggkEgmyhadatatganmner dtidds ehrieg
bent Laue monochromator. The useabl e ener g
to 140 keV, making it suitabl g efveern iama diamg
4680 cells). The vertical beanh Ddi nmneamsgii onngs f:

7 to 9 mm (depending on -Itbhh ec abne aimmaegnee rlgayr)g. et

i s rest weeesdl| atoi olno I magi ng (typically >
efficiency at high photon energies. The sp
beamline ranges from 1.5 Om to 50 Om.
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Bending magnet

Insertion Device BMIT-BM beamline
(bending-magnet beamline)

BMIT-ID beamline
(insertion-device beamline)

Fi g48& e CAD model of the Biomedical | maging
Canadian Light Source (CLS), which were us

in this thesis.

| maging of pouch cell ssBMaanddBEMib®d md uthesn
Futéll scans wertDacgquhged beaBMehergy of
resolution of 9.0 Om. Since the pouch cell
geomepaiyr af cells was stacked together (i

the aspect ratio of the sample (i.e. the r

were mounted so that they rotated hBhbout th

cells contained completely within the dete
|l ength of the cell s, multipl Besaowaers wach ¢
in this stack, the sample is offset by som
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The overlapping imaged volumes are then 0fAs

l inear interpolation of grayscale values a
Al |l cfealll CT scans of pouch-hoeklks deteetacqsliy
consi sti-®Ogt hifc ka WOWenc hum garnet : Ce (LUAG:

This was paired widiplae®P Cdhe Mi0ODd (c@®@D)y ec amert
pi seélze of 9.0 Om and sensor size of 4008 x

using 3000 projections and an exposure tim

Hi glresol ution pouch cell i m8yli bgawmhs near t ma
pouch cells at high resolution is more cha
achievabl-BBM oins B33 Tk e V . X-r/fatyr ahs ;i €emieongyt hr oug
in is ver yplpaomeg dinr ddtei am. Since the number
i s fixedg itnhiet edde tFeocM ogroes down proportional
increases. The c-amstobounuss ecda nfso rh aafl da xsidgh8 @ r
pixels (H x V). At the hBhée860pompsijibtkerhk

FoV is only 922 Om.

Using high resolution to Iimage a smaller v
Al ocal 06 tomography. There is a degradati on
when the FoV becomes much smaller than the
i nrtffeerence in the projection image from par

the sampi’®hvobkeumeconstruction algorithms |
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some degree, the interference from these f
sufficiently smal.l FoV, generating noise i
features dfi gilirssh svasmpdre .exampl e of t wo scans
LiFun pouch cell at 1.5 Om resolution. | nse
| ocation of the detectords FoV, as well as
rot aRiigpitrae shows an exampl e ceefndér esbanceodl | e
where the celll i's rotating about its major

contrast features can be made out and esse

| ayer s. However, by tangliegandhescanhi mg tah:e
to the corner, the image quality is signitf
in the electrode | ayers.

Fi g4 e (a) poor image quraésdlyutoibdm, nleac avlh e@

at ctehneifr et he pouch cell . The inset shows th
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of detector FoV and axis of rotation. (b)

the corner (as shown in the inset) much be

This measurement geomedalyutiisomn spaduchorc eallll
this thesis. I n some cases, scans are take
of fset by a few millimeters tati mhges tthet i@
geometry i s stHilgalr@&sheodvsi  oalhl ac adsieasg.r-am and
resol ution i maging apparanused wbuch ©cectlu
reproduci bly orients the cell i n thi-s posi
detector distancgeuiorfe dl Ot omnt comp |leetsesl yi sa vroei d
180A rotation mentioned above is very helop
that it swings away from the face of the d

done wibtehaOW® pn e

Al l -rhesgdl uti on s8Mnbeamlime BE®Ire coll ected
was filtered with an Al filter (0.8 mm thi
mean beam energy -mdi I3t3 &etX-rcali lpyopodiesped det
systemOpuii lqtueh ywret ielrl y, Francrgswlast i uesedCT o
This system is fitted with an sCMOS camer :
st agheat all ows one of three diTHereai ntoibljle
materi al used iLnSiagOTb t(hlr SE@r scpaysteisa lwargerseo | ut i
uséar -rheisgonl ut i:ovn tihmaedifregti ve pi xel Ssi zes

paired Omthi ak LDR20t nml 6ol Px oHhjddmthiivek pai
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scintillator) and &hohnmefaw2dh abjpéeateil veinp
thisckntill.ad4orQOm &modan7s2,0 2n5nM® 0 proj ecti ons w
a 180c of sanmpl e36r00tnant iroens.ol uti on, 1000 pr
' imit radiation exposure and reduce the ri
ms at 1.44 Om resolution, 800 ms at 720 nm
total seaohticmeei was the nphbed dfy phe] exp

(e.g.nmtr 8d86®l uti on, the scan time was 1000

3D-printed

cell holder

Axis of QObjective lens

rotation

Pouch ce

Alfilter oy fitter /
3D-printed

cell holder

Scintillator

Translation stage

Rotation Stage

Fi galr0e Di agram and photo of hi lgé& seox pd rgiome n tma
of pouch cells. The mirraolri ghnt tihmasg ed ioafg rtahne
into the objective |l ens and camer a.
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For
i mag
obt a
done
expe

out

over
pouc
expo

i nit

the 18650 cells imaged in this thesis,
ing. These cell sl er aesn dmagye db eoanmh yw aosn rBe
I X-r @gtgo@nsmi ssion throuvughothe i oal li mayghin
on 18650 <cells (down t#tre s apoppedrvannmdaa e |
ri ments at high speed were carried out

using a beam energy of 70 keV, with th

purpos-eesbl vehe 18mB0 cel |l i maging (di st
to study the effect of gravity on el
ntations. To achieve this, CT #&scans we
h ar &i ghbwnThe fFrgalrimetsfpows what we r
Avertically orientedo setup, which use
e the axis of rotation (denoted by the
p;spaeed gphptical dH&E®Mer avi tRCA@ Pihmax c al pi
paired with a 0.5x demagnifying | ens, |
p u-®mdhiac K OlOUAG: Ce s cidnettielcltaotro rd iasntda nac es
FoV in thistlrsabyewmsdi memnsednéd&yto 7.5
e the horizontal FoV was | imited by th
can the full l ength of the cell i n thi

| apping FaVs rwgul acquinted-ovallls dcsams | af

h cells described above). For each sc
sure time of 11 ms. The total time reqg
ialopowas 365 seconds (6 mins, 5 sec).
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Figdx® shows the fAhorizontally orientedo ¢
mount ed-bomac&etLso that the axis of rotatio
of the rotatliedtewt agerpvaist yt ewsei ng a manual
the detector roll was aligned using a rota
second rotation st@dgeackad ,plwdhded wrade ustelde
the rotationaws aafsthe ¢eixetht adet elkbstionrg tao
advantage of the wide geometry of the sync
the entire | ength of the cell in a single s
of fset scans, as dessedbad P&€Wo Eal)g.e BhisSs sae
camera with a physical pi xel simaeg miff i6éc &bt i0a
objective I ens that was set to provide an
wasmnt hi ck LUAG: Cat thatdi shanscetof 100 cm f
horizont al FoV (along the axis of rotation
FoV (orthogonal to the axis of rotation) we
case was nhot tmeufyh!l It odicametuerre of the cell
core and a significant portion of the surr
projections and an exposure time of 90 ms.

the tp mef seach scani awansuchO 8 eddcecandsi me r es

vertically oriented setup.
Unli ke the vertically oriented setup, t he
radially as the cell is rotated. To mitiga
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for 60 seconds between-avaechmhgedamndi rdacwe oerr
somewhat different, radially, than this re

for the electrolyte, meaning thaednadursiimaqi

the rotation.

G LHDIEM  *

1HIADNODZ

Fi gariSynchrotron CT setup used for operand
(a) vertical orientation wusing conventiona
mot or stack 4no awrBdeue olnoxaens Lshow talscreed@t ect «

|l i s@®w the position and orientation of the

The two setRipgsulrdelsewmm isni ghtly different wir
sethipgdr ®) Shomisr eae cdonnecti on, where the p.

negative terminal (gray) and positive ter.|
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alligator clip, which is in turn attached

uses a slightly different configuration, W
short Il engths (~9 cm) of siinwgd et ewimienalha(tb
the negative terminal and red for the posi:t

connections more flexible and avoid bad co
testing a more seculrye i xenmtred foxpedrmhiemértrg
unnecessary. The main difference beitaween t
somewhat | arger polarization for the vert.i
setdipsqussed furtheThe nm& iHAPITERaBt) on t he ¢
UCV and LCV are triggered earlier for t he

horizontally ori entiegdatrcdred wesr, S @G uwitn chagw.i n

To quantitatively analyze electrolyte and
segmentation of the ebeamreoengrngegy ®Bred aulser tof
above, tth@eoceatrasto of electrolyte in the
direct segmentation and quantification dif
there are poimge/ dinsdthaer geldysl €« hmhere no
the jelly roll, Adryo scan can be used as &

frames in the time series.

The steps of this electrolyte segmentation

bel ofwi gd4ilr2
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Before the initial scan can be subtr ac
series mu s t be registered to elimina
experimendtond@hwst washe fACorr é@tsin Dr i
a |localized region of interest (ROIlI) a
means that all framewith thbepsekitecws
(which was assumed to not move or def o
Having registered the time setwis®, t h
from each subsequent scan in the seri
i Fi gdr2e where t hki galria)i ails sscwnt r(act ed
in the same time series that contains
(Fi g4t &) . Note that the rkRisgditZhg sub
contains thin Ilines in the electrode \
i s dueuntiof orom def or mati on of the el ect
these artifacts must be removed.

A binary mask is applied toFirgeitr@&v e t he

d shows the mask in red,bawbedhswgmegeta
of the jelly roll and overhang region
using a spherical el ement with -a radi

uni form metliexrt rofdet we ndi ng was remove
generated in this way for each ti me se
The resulting maskKiegdiszabtwastitbeni mag
using a grayscale threshold to produc

showiki galkz, where the segmecnotleodurehect
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green and overlaid on the oriiggul@eal gr e

b) .

Fi gar2Sequence of steps in the electrolyte
graphite cell as an examphtale THesgrmnayocttatl
fully discharged stwitsee (far)o narteh es udT rsaccatne do f
segmeiit edt hi s case, a scan from the top of
subtraction image (c) is then masked so th
preserved, removing-uaili fiofanctmotgeme wat éd nby
whding. The region highlighted in red (d)
i mage (e). The electrolyte in the subtract
thresholding to produce a binary i mage (f)

coleodurin green and overlaid on the original
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4. X-ray Diffraction (XRD)

XRD i s a commoaniloyn ubsaetdt etroyo Ir eisne alrich f or st u
structures of electrode materi alasmi | Siamc ewin
XRD, this section focuses more on synchrot

XRD systems.

4. 50derview of XRD

XRD iXrasywattering technique that makes wuse
the crystal |l attice. While XRD can be used

i s most of-item hlhastetdernyn rhesearch to character

of many smal | crystal 'T%ken ia craypsoal loirniee
irradiated, diffraction wil/ result from a
¢ _ cCQOEF (4. 2)

wheries the wavelengt h— of tthhee ainmd i€d enftt rdmefafn
spacing of pl anes iéni sa aqr yisnttaelgest r UAC t aurryes

generally <contain many such planes that |
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di ffraction pattern. A diffraction patter

information, such as the identity of Crys
crystallite size,'!"ad® preferred orientatio
| n | aboratory di ffractometers, measur emen

geometry (al s@BrlemdawmoagedBmeyagmpl.e of this
showhRi g@are where a diver ¢earste db esaom rfcree i us utat
I AT T AA EO DOI EAAOCAA 1101 OEA OA8z2DAOAIE OAT A
i AAOOOAA OCKI EI Al ®EALORAOT 08 41 AT 11 AAO Al
AT ClA EO AAEOOOAA OOEIT C A CiTEITIAOAOR AT A
OAT CA T &£ AT Ci A0O8 S$EAEZOAAOEIT DPAOOAOCO® AOA
¢-h xEEAE EO OEA AT cCI A AAOxAAT OEA ET AEAAT G
OEA AAAI AT A AAOGAAOI O AAAADPOAT AA AT gl A AO/
OAAOQEITT 1T &£ OEA AAAI AO OEA OAIBPI A OOOEZEAAA

OEUASB

99



Tube source

Receiving
Diverging Slit

Slit

Figdt® Diagram of a conventional | a-bor at o

Brentano) geometry.

Synchrotron XRD, on the other hand, gener a
hundr eds (or tens) of mi crons in di amet el
transmission geometry, where the beam is tr

ré&i ally diverging diff rSacctead i E ecpghtedsnown
shows an example of th$Sshgremonenetcygneswhare p
f l-manel CCD detector that measures the int
then radially iIincemgtrrpg eduabogt at cenbeami on
(as sHdwalrdedn . While a transmitted diffract
with a goniometer, an advantage to using

simultaneousl!l vy, rather than having to move
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coll ection times very short (typically on

synchrotron XRD data collected in this the

Radial integration of rings

]
|

Debye Scherrer
Cones

Sample \ j
\ I

\ | $
Focused |

x-ray beam

20

Fi g4lrde di agram of a typical synchrotron XRI
beam is diffracted b-8chesanepl eonpsodinat ngr
panel detector. (b) Di ffraction pat{terns

Scherrengs.

The diamseteu sédampkes used for this type of

mm. Whil e conventional XRD requires severa
requi-28s mgoof sampl e, which i1is | oaded i nt
samples can stil]l be accommodated as | ong
are mounted on a translation stage, t he sn

variations across the face of teeapeammeat s
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(and scattering experiments more general/l

geometry mapping is the main focus of this

4. 5XRD Characterization dfonDeBgarta deatiiessn i n |

XRD has been widely useidsifacardp e e chandietse rtyo

experiménrsexpleehments using an intercal at
et iaml 1978, upl agdsbleddr adi latg aanns p ar €8dTth iwsi nd o\
basic scheme, where the <cell is designed

(Br#8gent ano) ge o Hbeatskeydasyosuirncge ,a htausbesi nce bee
numeroopuesr dmdad ery experiments. oPpleag XMRDp st C ¢
experiments in transmi-sayen geambatr rcyel Wa sde
Gust adtsisalntdPa2n.y st udies have since ieimpl oye
sideal | s arehassembhatuand gwrpas@i ven exper
cell s are opti migzuead iftoyr XcRD |deactiali eadn-tdfecagnhes hwoel
studies, they are not desi gned yfeoarr sc ytchlaitn ge
required tHeoersnt weywrladmagdg i on. Commercial ly me
hand are ideally -sermedefoadastiuadry, ngs | bheg)
reroduci bl e, and dWwest dr oepresaenmihhgt Reavieahme
unmodi fied commerci al ic#®lXRD agxp erfitmenntnotus
based dif fRavtacmmetde rsa.dliiakteieo no fstoeunr creesqui r e d
experiment s, ersappepceiraad ldyal ifeosr thhiaggh r equire s

ti mes.
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I n

a

Th

t h

s h

Th

2004, eRaudledgguwwent ron diffraction to char
fresh, unmodi f k(eldGO)c opimied toki ¢ailcildsdolGst udi €
owl edge) that used netuetrrno nd edg rfaf draatcito no ni nt

l'l's were done by Hel mutogEgdremf@ger ghmengsow

ed to show subtle changes in LCO | atti ce
FqSSI.SG
e first use o f spatially resol ved neut

mmer ci al celdt wals.28fdnB et hbiys GGatiudy, The aut
e SoC of cycled LMO across the width of
wards the edges of the cell. The author s
ak into two opmpenegmtrs meémtisng an fiactive
i fted during chaagti/idesdcbtamgenamtd tah dtn o
i ssaobinve component has since become a f

t hodes.

re recemtelryg,y Isiygqtc h iXdRtDr) o rh aXR b e(eBRRea caanpdtoe d
ttery experiments, thX¥XBODOhstrediae¢s vexisit etwl
mmer cially manufacturedt cabs&XRDERst mdyp d
ffopag mat prismatic t®%&Il wvithht heNMERegubede€E
cal SoC at edges of the celploimaer aonbdsoe r v

asurements showed changes i n current cCo
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cycling. Mor ee tr eisslent lal asyiéenegd ppbuch cel | (not
manufactured) to st urdiych heM@&YQI aadfattd ro na 0o fma
at di f-f ®tt®&¥shte s@€ mapping expemi fmemmsdis $ towiellu
activemcandge cat hode aft etrbheex treensdud d seyocbltian gn
alf.or LMO). However, the authors nmontiefdortmh at
SoCs just after for matpil@am,e whisaHh i waaameattt roif
during cell assembl vy. These -bsblus sfcoarh dseu st

experi ments.

Despite theseopgeraki®@agttsdi enosof cathode de
sinlgdyer pouch cells eotriamloestcghted fatRQdi
speciia#si iemlgdyer <cells with PTFE st@&lFsm tha
cyclAnginetically hindered trailing fAshoul
Si mi | abre htaowiftohueMO o0 b s ert vSardh vweye tdGakilo.wed a si mi
behaviinoucrycé &Mgh @i ®f gr aphi-ltey esri nmdwech cel |l s,
fraction of the fatigued cathode increase
(DoPSEM i mages showed increased microcrack
showed the presensel tofl adyiesrosr dtehr eetd -tgeoecvk t h i

cycling.

More recehntiuasled XNMC811/ graphit-ehicrdready cel | ¢
iwi ndowso t ot €eramrgy oluit tdAdebgpre r+ eh-acsy ¢ lves ,

NMC component was observed at | ow SoC that
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a t-bomponent model to account for the diff

referred to as fAfatiguedo, Ai nter medi at eo,
model |l ed as three phases in a Rietveedl d r ef
l'ithiation state. The 1 mplicit assumpti on

components has their own characteristic So

Among these exampl eactidvéfandhotr pkiohetiesal
components are observed for a variety of mi
studies all rel-yayer sé¢enpll s fi edf asi higl @t e d
Whil e t hese vsitdueddi evsa | huaavbe eprionf or mat i on on t
itdéds wunclear to what extent the resulting
applied to commercial cevd sempNhay eed tcheemme rac
they have focusedemMbsmagppbobngsbohtBoeC atuteér ¢

this approach hasomdrsaxdgereinmemtfortmadt vex pl

ki nbehawin@ddurhow it varies at different spat
been published in the I|literature. 't shoul
studies are in the hundreds of cycl®$, whi
EVs BEBSES facididyelse wheunts number in the t

4. 5D8vel opment and Experilm@int @al OpetRh dsc of

Whilsiaodper aXrRlDo experi ments have | ong b e e

| aboratory and synchrotron diffractometers
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buil tl ayemng| delalysamws parent (usuallfheamorcehos

are used becausgeualhietyy pXRD udcaet ah itghhat i1 s f r e
cel | casings, foil s, and other co-mpgments
geometry is ideal, as the efFebunddedst atkm
a similar thickness to the capiliarisasmpd ie:

Whi |l ei 8 healel s are very usesfwilt,e d-thkeoym alr gec ¢nion
experi ments, wi t h wi ndowpgr osbride ms eaMi st h | e ad
reproducibility. As with miniaturized CT ¢
worl d operating environvrearytero fp oau ccho naned rl csi al

used for synchrotromaMXKRBI meafhavemerstsa,esb wit

el ectrode Y salignment.

The arguments -‘madeuwobngdmaohbhichecell s for
similar to those made abovteerfnorc yCT.i nTgh e yr
reproduci bl e, and have cel |l geometry that

celThse.r eghoawvegg @eme dr awbacks and adjustments

conventional measurement geometry, which a
While the flat geometry of the pouch cell s
to transmission XRD measurement s, the thi

hundreds of microssttuypampl &y. umseed yf, o atnhs mmin:
sampl es ar e preferabl e i n gener al , as t he

broadening occurs when a beam is passed t ht

106



t hroughout the thicknessScofertrhee scaompelse o vperr

sampuleé¢ ector distances. These overl apping c
resulting in broadening of integrated peak
Innsimalasur ements with pouch cells were initd.i

keV, which r aeuiercedbra diasmmlnecee of 47 c¢cm in
2d ange to capt uFieg4drdm kssh cows iantdeiraegsrtam of tt

corresponding width of the mhMegd8lilned bNME) (

Since the thickness of the cell is fixed, t
t he sdanpdcect or di stance. | ndroarndgeer, ttoh er ebteaa nm
has to be increased, whianhld deaordaiaseess ntalre o

(smaldhlErg@r® shows a diagram of -tthtecigemom

di stance and higher photon energy of 55 ke

as shbBbwgdlta. For comparison, a single | aye
pouch cell and measured using the 55 keV s
|l ayer is very small (approxi mately 100 Om)
essenbi drlomdening due to thickness. Compar

broadening due to thickness has been effe
Fi gdlk. Thicker pouch cells could in theor
t hough they would requir aea epxrtoopordtiisd manlc ei |
energy) to awWceeidd ctimigs bpromaklleemm.ng f or t hese

as many of the &EHALIAIESR IS @ dclealsel y spaced j
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1.2 = Pm.:ch cell [4?.cm. 35 ke\.':J
a) —— Pouch cell {144 cm, 55 keV) b)
- —— Single-layer NMC (144 c¢m, 55 keV)
2 1.0F - ‘ %
2 ] o )
c
0
D ost 7 4]
c =
= sample
8 0.6r
N
©
E 0.4
S
Z 45 | 55 keV I
w—/ N ¥v—_-- c)

CL{:’_33 1.34 135 1.36 1.37 1.38 1.39

D-spacing (A)
Fi galr5e (a) Broadening of the NMC (113) peak
cel | measuredetnectb) di sampbte of 47 cm (an
(c) adedmeglter 44 st @ace béam energy of 55 Kk
to a single |l ayer of cathode materi al (gr e

sample thickness.

Al l XRD datna icnoltlhacst tthhe sBrso avkalso ube ef d Xxcarct i on
( BXDuSs)itrhge Wi g &lner glyibjehdHBE) ntehe Canadi®dan Lig
Thi s beamline uskeygstal bent nmoinmgelhea omat or
monochrXmay over a range of 20 to 94 keV.
i mportant for such measurements, as a wider
of peak broadening (whwealeuas bwowlde ryidelsd ra

broader didatnrgilbeust)i.on of 2

Two different types of XRD experiimeint s we

mapping of pouch cells (at -t ®$o ameald abnodtot o r
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mapping dufFigdgré@howsnghotographs oft hawo ex
wenused for thésgdkeprowsnemhes .static exper.i
| aragea dédrex oXRDcdpdBCe&s -denger deuldr c36d0f t h
Scherr éAr sraHinedse.ct or di stance of 1Fo4r <tm meas
resol ved X pdadri@nenat-shpieggld phot on ¢Dewmctirmg
Eigerwi #uM)a small er physical area was used,

Deb-8eherrdherisdgnpbet or distance used for t

. | 1 :'-'m“;,”" "]*"f“'g"'
\

Fi galr6é a) XRD isseigauuypcthorc el | expeanenaqnpgblsedisi n

detector. (b) XRD setup for eap eraas gleiegihe a s

detector.
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For both of ,t heheabcoevid sweatpu pmsotuend eldo-Voiche e B Di
connetcd itome aygc sHiogwtr 2 Mfhe cel | and hol der
hig@hecision translation stage that moves t
This all owed for reproduci bl e and precise
applicati-oesol ved mampi ng, where raster sc

many hour s.

Fi galr7e Phot ograph oft raancsellat inoonu nstteadg eo nf car a

experi meinte AodMnection is used to connect t
Finalilg@dr& hows an example of a full XRD pa
cel |, using the FsitgadtriGac Skehoap phet beadh pBass
entire electrode stack, reflections from al
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sever al overl apping Pkbag&si snatimaj oandeawba
measur ement sl awiegrh cao nmmelrtcii al cel Il , as ther
interference. Rat her than attempt tho sdecor

study focuses mainly on the NMC (113) peak,

has d imear rel ations!HTipe wlitthhil at)éd df seagmi @ pyh isottf

peaks (3 to 4A) is also analyzed in this
relationship to |Iithiated graphite staging
| I I | | I I I I
. NMC
B Graphite
Copper

HEE Aluminum

Intensity

Graphite
(002)

I L P | 1 Y I N WA T | N T A | (AFY (D
3 4 5 6 7 8 9 10 11
26 (deg.)
FigdlXI&@ upbuch cell XRD pattern coll ected a
el ectrode and current coll ector materi al s

peaks areXRbeekpeusmehts described in CHAP
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The methods, technique devel opment efforts
were used to generate the results presente
begin first with an investigatio®i md- mulct io

scale synchrotron OCT.
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CHAPTERMWLT-SCALE | MAGI NG OF CATHODE
MI CROCRACKI NG AND I TS EFFECTS

This chapter contains materireaelvitelwetd) mad ilcé
El ectr oclh6eon8 0 5§51 2 2J) . aklde ct rlo6cOh2e0nf. 2 BDd ). . The
aut hor of this thesis was responsible for
i maging data, and processing/analyzing the
in consultation with Sergeyi Gasi Hevel whmea:
Jeff Dahn, who advised on interpretation o
cycled by Roby Gauthier. These cells were

on the eff®epshodf DaipFwhigh-tgegrn ¢3!l i ng.

5.1ntroduction

To fully wunderstand the 1 mpact of cathode
knoek effects propagate throughout the cell
characteri zed atpdad-stter tpampl chgsbaakehiamadgingg,
approach does nsoctalcea petnurie otnhnee mte saot t he el e
mi crocracking at the partiscdel,e edpepcrtaadhe,i
t hat camnbwi tllkne ommeWlciilad miedrltsars a dleiem st L
extensi wediyhiucg iordgeamey ,t to the authordés kno
studies whevsliimozgiomg has been done using h

cel |l s.
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Il n this chapter, we explore how cathode m

usiinsgi ®@T scans of-FUNmMpadu ¢ h adeslitlirsu.ctNore | ma

carried out at the cel/l l evel, el escctarloed e |
effects of microcracking. To demonstrate t
ceél matri x, a set of three polycrystalline
i maged:

T A control <cell (formation cycled only)

T A Alightly cycl edd5%eDbddntdhayte awas cycl ed

T A Aheavily cycled@O0&l De@Dhbhatyrwas cycl ed

Details on the cycling conditions of these
in the following sections focuses on compa
cel | (with the Iightly <cycl ed rceelelntreaf @rnen

chapgtoemf i rm the presenceabfeextierps wlgtcim @ gic
striking morphological cham@am®ebteernevrongl gt
obser verde.s oHiugthi otnh ei ntaagtehsoidaef @il efceér enlte r egi o
(i ncldumdnargged/ daeltems haskdws ha@alwe t fef mets® of m
can be strongly i nfhiuse nacpepdroddaycle®mp | gtee meit a t
structur al and morphologia@tal dichfaemgenst o g at
providing a powerful tool for assefSa¢ch@r me

batteries.
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5.2ongerm Cycling of Pouch Cell s

Al |l icreltitsi wecbhapyel edatcoolhGUGW caufsdty. 4 ¥Wate ¢
C/l.5he Alightly cycled cell 6 was c¢cB&l9gd co
cycles) to 25% DDe (Bheagd&v iVl y ocyclled/d .cel |
for approxi nadt&d gt s pOoy®WabeD ((3. 0 Vcelol 4.1
had checkhpproyxemes gl 00 hours. The checkup
range cyd4l edsVvVi3ab C/ 10. Eac@QV cygd e&L€dbnai st
di schar€@€&%. cAa€@ge consdurtrsenotf (aCC)o ncshtaarngte f
t he ,UGBVI owed by la acgoen g(tCavnt hol d at the UCV

to C/ 20.

Figbtehows pl atbs o bl tgd.hae) and nérméitlkezed (
di sclhapgei ty and vg¥)vaget pomlear istzarttmhenytqwe d
cell s that wer eSparage dd dtna tpdisntse ufiryaomm e act

100% DoD C/ 10 (ctheekke&krnupa pmxprcdxismatBheg laaviyl yE

cycled cell (cycled for 2380 cycles to 100
The most i mportant observations come fron
(formantliyo)n cell . The Il ightly @yddDRDdatcel/l5)( ¢
i s also provided as an example of a cell t
i mpart much | ess stress on the cathode due
expansi-oal.l Fammdcro®snb OCT scansalWMerthrceod | eelt |

el ectevodke scans were acquired only for the
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and cycled for 2.5 years. Sparse data poin

C/' 10 checkup cycles (taken approxi mately e

5. Mul 4Scalle-Si t QT of Pouch Cell s

Before expl-scahg tmagmogtdata from the pou
an overvi g@dwtaf ttohdeCpPpresented. As discusse
CT scan is a 3D volumetric dataset that co

samgligbxas hows a 3D r ecnedlelr isncgano ff oar ftuhlel con

(formation cycled only). Although volumetr
data, small-cdetaats hedtuow are often | ost
CT datsa cihnapttheir i s presented in the form of

these 3D datasets. An ex da&mpghzZbeofwhdree et lsee c
orientations of Aradial 06 and fAaxial 06 secti

of as a thin section of the cell with a th

| Fi ghzxbe, t he prismatic wound geometry of th
described in more detailFibgilXbey) a-ulpt omet he

section of the elkRicgbhi2cede CIt aclaniss aslkeogrenien
as absorbance i mages, where brighter voxel
darker voxels denote weakly attenuating ma
mat erHiagbxteni s the Cu foil current collecto

The anode is one of the Xdraaayk éeenhunégoonsefig
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is very weak compaoretdaitoi hhecommenemes al Th

are the cathode, with ctehnetefehiesedaii hglithe &

coll ector.

Cathaede

Radial
section

Figbxe(a) 3D rendéeltingaonofaaqtiutked for the
CT data for the control cel Il , but render e
mi dpoints of -t@é@seokcetion(sfahigheh leabdéles i

anode, cat hode, and associated current col
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FigB3provides an oversicaweoi magpeaddappmuddt

chapater 9. 0 Om (Friegsb®de) t itchre, entire cell i's
detectorés FoV, all oosswcalge fef f eantad ylki ke ode
swelling of the jellFRi gbtdbd ., ARl ett446dEdmlanyge
resol ved, all owing for more precise measu
providing a | arge enough FoV t otac aptswrl arttilo
ofr 20 (mMing biXce) , i ndividual particles are cl ea
t he particl es (such as facets, AMiictbtcsac

el ectrodelvedt seall magged. & o nceht liiddsl ge enough
capmessec dleat ur eseloefc ttrhoed ec esltlac k. FiFn glulry, a
53d) , most particles (and the pore space b

mi crocracks are visible
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Celllevel (9.0 pm) Electrode level (1.44 pm)

Fi gb3rEex amp |l ess wdl enuCTt iscans, all coll ected
includesll ¢(vae)l ascan at 9.0 Or erveed olswtainonat( bl
resolution, (c) earelelseatnr ade/72&d&r nimtle@s bl ut

scan at 360 nm resolution.

For the remainder of this chapter, the con
various spatial r esodlult iloemwsel Wet lsdrarmo\ad ttc
and finally, the particle | evel

5. 3FadCeél I CT

Fi gbd4sechows a comgeaerdil semr anfs ff uAril gtoilrae, w)ond ma |

the heavi IFyi glaweel @ d weil hg (20 urea ddiaaslh esde cltiinoenss
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on a proj ectcioonnt gibMalg & adfe ttthe positions fro
wer e exturracetnegd col |l ector tabs (which connec
of the cell) in the chirgchdad ct hdhegeblkygholkl
of these tabsgrayCutandnehetdbhr ks Al . The
figbedrgbdbe, d) show the region below the edg
axial section ofFt b®4ede avwihloywsc yhoolwe o acre Idlo wn

coll ector tab runs along the |l ength of the

There are several noft abdlel ds ddoestemifd etsédnrbde ttwvh
cyctedl swdhlei njgelofgftrimal licsy crleiandgi il vy tapear aedt
secti @especial l y it wahea sf Itahte rreagliid@ih e ms e n
the control cell appears to be slightly cor
cel | is fl at or even sllinghthley ccoonntvreoxl icneltl
amount of space itshevijselbllye rionl It,h ea ncdo rgea posf
el ectrode | aydnds eisre tsttea nfsl awvte rree qaicagqrui r ed wi
to thé&ocsllch. gaps are visible in the <cycl

expanded tosfThel jehbygersphcal so has expand

roll core, wictomfeolrend thrigeed es hlagpyee rod tAhte tchuer r e
Aturno regions (i.e. the two radialageds of
i s also much tighter (smaller radius) than

I n the regibhe €uFRitgebdoed ntnhger e i s a mar ked

jelly roll geometry as tnheeare |t(ehret gttoddieg H tag/ ke ri
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figureelwlaowowsiadappears to have caused | ocal
positive el ectespceeiian Ityh @ne tdree & ©Thhcearvee iss d
al so distortion of the jelly roll and sign
|l ess severe. The damage actually most seve
tab, as shown in theirghdrdenl bkrcftaomnh, itnhit &id
from the edge of the Cu tab all the way to
section of theFihgbded Ly layal ¢édtbelsle Cases,
areas that are near the tabs (especially

deforms around the tab as it expands.
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Control cell (formation only)

Fi gh4(ea), BBdsieaclt i ons taken atnth#@édlovel datsde
l i neem ftbhel fuskicanc ot rydhle csealnme. s(ect, odf cr oss
frame heavil (e Adymilgad ude Inla | section taken
(dashed bl ude rlhieraexiyiloy e(deth ) oovwsli cat e regi on:

damage of the electrode structure is visib
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Anot her major difference between these cel
cells in this study were filled with 1.0 m
the space around the jelly KFiodBh>aevhlire it ©es

|l ight gray voxels are electrolyte and bl ac

cell shows only small amounts of excess el
shows none at all. All th6ée¥)celThe Wesappem
electrolyte in these cells after cycling c

space that results from cathode microcrack

the total amount ofs,cadrhawieng@oirre spaees i alce
acti on. I n addition to this effect, some e
SEI. As the total pore volume in the jelly
until the ep@ionmte wlod ruanet e xceeds t he vol ume
there will not be enough el ectroutytwi ltlo bed

to occur . -plonorelreecgtiroonisy,t ee hi s can generate i

|l @¢d temperatures, and faster | ocalized rat
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Control cell Heavily cycled cell

Fi gbea) Excess electrolyte outside the |e

region imaged at the same SoC (50%) for tl
amount of remaining electrolyte. (c) The s
sbws no excess electrolyte at all. The cont

show the electrolyte.

5. 3ERect-Ledel CT

While the effects described above ean be c

scal e asndalm colmanges that are t-o®l Ismatcango

capture cathode swelling t hat-r enssigyd nbtes caasn ss m
are needed. The benetetl oscansstscobhhecten
interest can be idemesdl etdi amdi magigrg edTh ®
here show subtl er changes i mr eeslodcuttrioodne ogne ot

order of mi crons.
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Fi ghbGsen ows -rhd sgdhleut itome scamRsrgmitraegt ebhd(t he he;
cycl eBi gwabe) (at4 Om resolution. A striking
cells is the significant thickness growth

control <cell. This thickness growth is esp
rol lr g wthlree curvahereat sotlewebitdkness in fac
runs from the Aflato regiTbhe gf aybeajellegxt
cathode has al sao cthhaen gceodn tsriog o icted € & bsthipgass vhii
bright spots, awhi darkhe egabobimede i n the <cyc
mo rwea s foault -avont r asThaexttuwe .ef fects (thinner

the change in grayscale texture) are inves

Control cell (formation only)

Heavily cycled cell

500 pm

Fi gh6rE ectlreovdeel CT scans ((la)dd Omnteebl ael br

heavily cycled cell
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To behaweacterize the change in electrode tI
i maging was carriedrFioghifsdado ws 28 oaoompasios omn i a
were coll ected f ohredvwiel gomiwhledrdec ¢ Irlanamd i tome
flat and turn . Doadllaypgarn Wahsl eciknmmaegsesd measur e men
in the fl at -haemd oni deo noft htehd eifmage) -and i n
hand) si @Gneeeasseur ements show uniform thicknes
heavily cycled cell, the cathode is approx

than in the flat region. More detail ed mea

| Ri gluZtienset s are provs denad gfno rf i keat r ege lolns toH

Aside from the thickness growth of the el et

from this data that the overall particle s
cycling (at Ipaadti cles thatl| argenvireisioll & eidn
pore space in the control cel | cathode i s

t hat particle boundaries are now diffuse a
parti ccloenst anioow cat hode (and/ or other) mater.
have vVvisilkleyst d@e kpeweidal |y the | arger parti
indicate holl owing of the particle£T,which
and is thought to be caused by ceamddfadét hnei cr
par ttffchhee .boundari eseosf raerhee sqgeuihtoel Idoiwf f us e, i

i s a gradient of cathode densi tcyenthraet gr ad
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Fi gb7:&l ectrodee/vpedr ts cdres (720 nm rteusronl ut i «
transi ti o(nat)heean torno lo(fbtehd haenadvi |.y |cnysceltesd sche
magni fied sample regions from the <cathode
thickness values are indicated at endpoint
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