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Abstract

Alslolsitcht e batteries are one of the keyhtechno
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grains cdmnmycRedtt olPopeoRB-t Y pd aLiO.p hawiet h peri odi
strucdmnude structurmdpeyr i cseilgatdades e amaiemr g o
exaggerated gltowt hnaoldil de wertphl mshe cknegmes of
and | engt lusn olTvheerorle0tOi cal cal cul ati ons -tcyopnef i r me
sequences is energetically favored and prece
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bl ss&par at erdi dly Tad ijpgr alianmeeé % laiebhb-peni odi ¢ struct
wi t h ppseeruodvos k i d fe ‘dtrdhdikedgmda s sagso.u A €pri@mwdunced i o
exchangei nncpensodi c bseetqweeennc-etsbh b | BRPer s and th
nei ghboring T.i @&ahndde gliae al aeykecrhsan ge bwa g uasttii matt é c
HAADSTEM andahgegshiesrimmadt abi | i ttyy poef dtenfeecRB | eads
gradual e ¢toonslt laT @ i z

At higher sintdrli3tb@atlskemquemattyrpees dRP e cetlsy ¢ 0 mg
recrystall i ZFaurtt chtersmis®rd ,LIgT @i ns recrystallize
pl dtieke seed grains Thias Opmewawlgissr iipne ntimeg . deve
dense microstructures with pni m Od g elahemsetrhmed s ur i
reresaenmnovel and satprpaidgabcthf o hwampad epagraaiomad of
LLTO ceramics with tion atlhe dfiebncgcemoonfduct i vi ty
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Povzetek

Baterije s trdnim elektrolitom svoanenea e nzenmregdi jke
prehod v podnebno nevtralno druZzbo v prihodno
el ektrolitom so take baterlje bol j varne, st
del ovanj aliPReade TsKiLtLTWe!| ja zaj bokjgaobetavnih
el ektrolitov, vendar pa je ucinkovitost tega
me d ri,n ki i majo izrazito niije viednostia prevod
LLTO z wvecCjimi zrni bivkna&ijomababhadophaunpdagatpr
V skl opu di s ekrotnavceinjas sosnoatlbna h heermt apf ugr avl!l j eni
Vvzorci LLTO z razli¢ni mi zacetni mi razmer;ji

zadoat npreddzkiomme Laazvojtumi&rpa&neaekpr?Cpeibli:
nastankom podol govatih 4 #AlOKii psao Rsueldl@pgsdjeenn

(RP) periodic¢no strukturo in strukturno sorod
izkazujejo pretiraneol irkagds gpooidat s ezrmaavpmepgbelvi v
dol Zpirnedk @0 m. Teoreti cni izracuni so potrdili,

energetsé&pnugpgod eka pred naddtTeOn k Rm zyer o wre Kirto s t
se nadal juje s kitiastldlTiOz a ceipjiad akesrn @ad ko na pod
i ndividual na zr nat ispdazalRdtsriami zlraome lkaarmi v odi v
mi krostrukture.

Sestava in strukteoridakamebnmtsitp&nBP psesevno
mi Krosk&pimbo naci j i sP e s iimau liz&cpaof r aemte).. alLi®10S O

sestavl jenmeriozvsiksaewndd bl bdblbgatol pfasithoz Tanj
znotraj LiLnTaGh eprem i odi ¢ no s tprewrkotvusrka t i mb e bd @ ki
debel i niebl iPArPoCpiw25n0eperiodi ¢ni h zaporedjih pri

Lipl ast mi in -9ms-ptthagt mi . TBt opnja ionske i zmenj
kvantitativno -SalnEaM iszloi kHA ADDeFH e k t i tipa RP zar a
post oepknroi srt al i zirajo v LLTO.

Pri visjih temperd@Clyrabaszapoaerpgdpa(tidbektov
rekristalizirajo v LLTO. Pol eg t engaav emakha s a

potbmvata zrna preko Brsotcweasl dvoovdeiggoesd dz ar rainkago.a t r u k
zZz LLTO zrni velPrkeodssttiaedtog ebadad v jama &/iem eLrLiTpOr a v
kerami ke z iviedn&«koaiprzewmodB8bsmj o okoli 10






Xiii

Contents

List of Figures XV
List of Tabl es X1 X
Abbreviati ons X X i
Symbol s X X0 i
1 I ntroduction 1
1. AI-SolSitdat € Bat .t Bl €. Suiiiiiiiiiiiiiiiiee————— 2
1. Zdk @l i 5@ er 0 V.S . Kt 5
1. 2PEr oVISKP @ €S Ll .Gl Uil B 5
1. 2L2ayered p.er.ovski.l.es.......... 7
1. 2 RBAdA] POP@rEr ..p.ha.S.e.Sciiiiiiiiiiiiiiiiimaan. 8
1. 2Phase rel atDeMmsQiOnsy s.eema....ccooeeveann. 9
1.2S5ructur al charact etryipset i(elsi toafh.atflndes per o
1. 3ithliawm Conduct i vliittya niant..e(sL.i...,....L.a.).....12
1.3Cbnductivity in cerami.c..lLi.t.hi.uml 21 ectr
1.3B21 k conduct i.v.i.t.y. .0 . LLTQ ... 13
1.3Tdt al i onic conduc.t.i.vi.t.y....0f... LLTIO5
1. MicroeteubDevel opmenBa siend PGenroavnsikci.st.el 8
1. 4 Nbr mal gr a.q.n..gr.owt.h. .. 18
1. 4ADnor mal gr.aid.n..gr.owt. o ... 19
1. Met hods for ChafCaanttearn inz aatgi..Ma.t.e@fr..i.lail.2sl
1.5Xxay diffract.i.on ((XRD) .. 22
1.51l2ductively Coupled Pl aswsd Masds OFpp e cctarl
Emi ssi onc ©Gpye cQE)R.....c...oovvviiiiiiiiciieaanns 23
1.5S8anning Electron MicrDseppy sR&EM) wKt |
SpectroscCoOpPY . .EDS ) 23
1.5S¢4anning Transmission El.ect.r.an.2¥ cr os c |
2 Research Aim and Hypothesis 29
3 Materials and Met hods 31
3. Sampl e Pr.ep.al.al . 0. 31
3. Zharacterizat..on..T.ecc.hni.gu.e.sS. ... 32
3. 2Phase anal.y.s.i. .S 32
3.2D2nsificat..an..ki.net.i.cs........ 32
3.2D&nsity meas.Ul.ement .S .. 32
3.2M4crostrucetsu.r.e..anal.y.S. ... 32
3. 2A% 0nRsiccal e an.a.l.y.S.e.5 33
3.2QB6antitative analysis of..exper.idnExntal :



Xiv Contents

3.2LAdAser Ablation Inductively Coupl ed Pl asma
I O 5 T T SSERR P .34

3.2F8rfatinci ple..cal.cul.ati.ons...... 34

3.21®nic conduct i v..t.y...me.as.u.r.emenit.s35

4 Results and Discussion 37
4. Mi cc8omal e Characteristics of LLTO.C8F7amics wi
4. 1Densificat..on..kKi.net.i.CSan.. 37
4. 1 PRhase anal.y.S .S e 38
4. 1MBcrostructur al...c.har.act.er.i.s.t..cs4?2
4. 1Dénsity meas.Ul.e.mMe.nL S ... 52
T O T o T o U - I o 0 o 52
4. At orBiccal e Analysis of LLTQ..wi.t.h..L.a.573i Rati o
4. 2Lbw magni ficati.on..ST.EM..anal.y.s.i.s53
4. 2P2riodi c s eqiahiO.gpsh acsfe...t..h.e....L.......... 55
42 . Noperiodic sequences olf..par.al.l.e839 planar d
4. 2E4aluation of t.he..ex.change..r.at.e63
4. 2 CH N Cl USidiDdl St 68
4. Driented Topotaxi al Re c-Pyp pleyiplei Deetf iecnt so ft oRu d
I O TP PEPRPRP 69
4. 3Structur al characterizati.an...of..@G%e recrys
4. 3 Thermodynamioé dsibaE®ieldi tpye.r..a.v.s.k.i.l..e7s2
4. 3 CB N C I USdiDidl St 77
4. Mi crostructure Detwvleéde olpmieTtyeptgo eDeed.fe.cR 8
4. 4 Stage 1: Devel okme steedaf..gp.ladmne...... 78
4. 4S2age 2: Crystal.l..zat..on..of. .. .LLT0O9
4. 4 SB3age 3: Recrysyakl de.bke.c.b.s..0.1...RPO
4. 4S4age 4: Coarsening..v.i.a..Ostwal.d8T i pening
4. 4 CHNCl USdiDidl S 82
4. 3 o0onic Conductivit.uwy..of. . LLTQ...Ce.cr.ami.c83
4. 5] mMmpedance me.as.Ul.emeni. S ... 83
4. 51nic conductivi.tuy..of.. . .LLTO..s.ampd%s
O O T o T o U - I o 0 o 87
5 Conclusions 89
Appendi X 91
Ref erences 95
Bi bliography 115

Bi ography 117



XV

List of Figur es

Figure 1.1 Projected annual batter.y..ddmand b
Figure 1.2 ASSB strucit.ur.e..and..wor.ki.ng2princi
Figure 1.3 Comparison of different..typBes of
Figure 1wu4: pAnoitiserdior ionic conductivitédes of
Figure 1.5 Structur apevav $.laibi.&s.1.y.....i.n..86i ngl e
Figure 1.6 Types o0fOspredowvis.kg.ties...do.ubl.& AA'B
Figure 1.7 Schematic streupthases...of...t.th8&8 | ayer
Figure 1. 8: Crystal struct{unr®) ofandi mgimbemper
Ar:iBOsn:RP family wndh3nzsl.,.... 2ipians - DT 9
Figure 1.9: PhaseOd#alirl.m..b.as.ed...on..Li..1l0
Figure 1.10: (a) Structure of LLTO MHdap@&pdi ng o
in [100] and..[.1.1.0.]...Z.00.6...8 XS 11
Figure 1.11: *limnlsLB@®,e ttheanlsf erred to the neig
bottleneck formed..by..f.our...0oxy.gen..i.ons..13
Figure 1. 12: l onic conductivity of LLTO at r
C O N T EWVVE | [U BN [T eerreeeeeemmaammtmmnrieeeeee sttt ree e e e s s sasibrer e e e e e e s s ansbrnrereeeeesaaanne 14
Figure 1. 13:"iMdolbiliintyagf diLisordered and4(b) or
Figure 1.14: Factors that | ower..t.he..t.oltGal i on
Figure 1.15: Typical densi ficati esnt actuer vsei notfe rai
(left), and schematics of grain gr.owt.hi8uring
Figure 1.16: (a) Ex agopreat ela TlghQo wOh d @ rme dB apDo |
sequencesper dasTk it &d anatt e d.xbfyc ) 1BI53dnar ;wietfect s
excess BPOftasfléextend along [100] | at.t.i.c2ce0 pl ane
Figure 1.17: Characterization adarcthime guzplso ciad e.
Figure 1.18: Schematics of ST.EM..c.omp.anzxits ( a
Figure 1.19: (a) I ntensity i nnmt mmndt udiefsf ewie
compositions amdagwanyidreg .|l &ng 0O denotes a comg
of at oms, while S = 1 denotes a pé¢eDEétdly (b0)
Scattering of the probe in atomicoRego&amdin wit
di fferent arrangement of atoms along the col

atoms represent heavier Re..at.oms..(.r.eproeduced
Figure 1.20: EELS spectrum wi.t.h..t.hree.2n8ain re
Figure 3. 1: Il nitial compositions of the LLTO
(o - e T a e= o 10 O O L (PRSP 32

Figure 4.1: Densification curves of 1.h38 sampl
Figure 4.2: XRD patterns of,0O;laldT® td eemnasmiadd ewi ts
at (ayc126°C,135m0d (c) queéegac.hed..f.r.om..1380

Figure 4.3: Sections of the XRD patterns that
at (aycCl2p06°)C,138bm0d (c) after®° @Quenchingd40rom 1:



Xvi List of Figures

Figure 4.4: Cubic (100) and tetragonal°G,101) ref
(b) 12850and (c) after° @uelhdc)hidagl duloant eld3 5i0nt ensi t
the cubic andoiog)ef Bg.onBbONE v, 41

Figure 4.5: (a) XRD pamplea,n mdt cchheed Lvai t h corr esy
card. (b) SEM backscattered el ectron (BSE)
microstructure, along with a tabl.e..preds2nting th
Figure 4.6: (a,b) Microstructure of stoichiometrtr
125@C. (c) SEM/ EDS anal ysisnt.a.h..t.he..unetdlBhed cr os:s

Figure 4.7: TEM image of LLTO grain in the sampl

Figure 4. 8: (a,b) Microstructure of LLTO sampl e
sinteringC.at(cl)259EM/ EDS analowsirs Lahdws ratsloi glotmg
to the nominal..comp.os.i.t.i 0N . e, 45

Figure 4.94 i ka, gy aPhat embedded iinng hien maampke of
La: Ti=0.605 afterCsitntceériAld atralds0 are interse
boundary (d) | s eant ivome-t cthheed pddmttses and small er L
have different contrasts due ntead diyf fSeErMy nEtD Sc o nfpeo
LAl CRMS maps showing enri chanhdrkte ogfr.aliinsa#4@ La in p
Figure 4.10: (a) Bi modal mi crostructure of the

SEM/ EDS analysis show a | owe.r..La..Ti...r.ast74 o than e
Figure 4.11: Etched (| efaqgt iammds ufnern chEeM/ EDS gt g1
samples with La: Ti ratio of (a) 00CAh56.0.40Md (b) O.
Figure 4.12: Etched (| efaqgt iaomds ufnernt chEeM/ EDS gt g1
samples with Y>a0T605aand b)) (@. 62Z..af.t.t20 sinter.i
Figure -4CMRM%: maps of the sampl e wit BC LsahoTwi=n0g. 6 05
a homogeneous distri.butii.on..of....Li...La.,..5&&I;nd Ti
Figure Ma:l1Thi ratio of LLTO grains in samples wit
ratios (black) afCef(yel hoe?)d a(godraatindgbe®)50as det er mi
SN =R VA =071 S O O o o ST PP PP PO 51

Figure 4. 2I5i:kg agr &Pilmtwi th | ayered structure shoy
nei ghboring grains. Magni fied i magd idkfe tghhreaieapi t ¢
with | ayerednsesitghltcomuireg abdTO with FFT patterns |

BFSTEM i mage of -la klearggreari nplwitteh | ayered structur
PET i Odi CrlB AU BNl S iiiiiiiiiieieeieeeeeeeerrerrrrerrrr i —r—————————————————. 54
Figure 4.16: (a) Thin | amellae in LLTO grain so
grains-gr @bh | ametpleare owliitch..snta.nu.c.t.ur.e.......55

Figure 4. 1ISSTEMHAAmaFRges of Jltahi®; pphearsieo d(ic=2L)i wi t h t |
corresponding FFT patterns along (a)esfol@al]i oaand (

HAADSTEM i mages wbseldl fTihsesrtirmped ur al -Aobdahd (e, f)
B-B' intensity profiles marked on (Cclanalndli(d) s hi¢
(oR o T Va0 3 O O TR 56

Figure 4.18: (a,b) Intensity ratios in dependenc
LiL al §0:0si mul ati ons i n [ 100] and [ 110] zone axes
experi ment al i mages are marked with orange. (c,

perovskite blocksLdalgOi.oans|[ DAt aad PfL10D0] zone axe
40 nmd a3 0 nm, respect-SEvfreMy.i magets) wHAADFRVerl ai
simul ations (Sim) for the..cal.cul.at.ed..stBa8npl e t hi c
Figure 4.19: (a, b) -lHiilgeh | gyr ainmi esrovwordoilpci nco trprluactteur e a's
on (bYxelsioglmti eSTEWAADMFage and (c) the correspondi
streaks -04pl Bhe OUL.eCl. i 59



XVii

Figure 4:g2Q0:i n(d)amerd-par wobtdhc as etgwmppa cae fod c tRP. R
defects are recrystallpgereidodifc asnerdulcdirQgraez)an e b
axes, whiecrhe llaiyers -pepavakiet epskeludoks with wvar.i
(c) Domain striuct DTDOen®xXt mtadain inlkd ainmre I-p earei owdiitch 1
structure. (d) Contact bet ween Bawosdomar msngr
anphase boundary parallel to (&0 op h(aess)e Sinngl
LLTO matri x, extending along®°aldlomahneéoiiddali
COMMO N [i-LNL T Bttt e e e s 60

Figure 4. ZTEMHAADRR-peoifiodiyppeRRIlefects (bel ow) i
LLTO (above), where EELS..anal.y.s.es..wer.e6lperfor
Figure 4. 22er({adtiysgpeR®namel |l a with EELS thickn
magni fication -penaigediod <dceueamone witthe olvae, | Ri d
and-rhich at omi.C . .C.Ol UM S e 6 2

Figure 4.23: The sttyaret idred encaddlorofevalRIPAti on o
bet weenritchre ILayEramd dTidwer s i s Jlba@gedt onctheeli
In the model, the distanc.e.s..bhet.we.en..l.aby3er s ar

Figure 4. 24: (a) I ntensity ratiiomagd d¢ihruladtoim
for the models with different exchmmgeTheat es
intensity rati os from the experimental i mag !
Comparison of the experimental i masgter uwit tulr al n
model s for the t.hi.cknes.s..aof..1.5..2.5»m..... 6 6

Figure 4. 25: Structur al modaims awidt hmo ttlehies k we ¢
addi tion of an..amo.r.p.hous..l.ay.er ... 67

Figure 4.26: Recrpyesriaddii z altamel lod...tao..nlo@3 O per
Figure 4.27: (a) Hi g h®TEMnaigmdadge cat i ormc HAADE& I
showing progressive -greairny sltagnbepl il BBt | magef danscl
dark regions (encircled) possibl yiichdidedteicrt ¢

LLTO during recrysplaane zampbanwt (st dai nn nmaps
recrystallrfrzati.on. . ront . . . 70

Figure 4.28: (a) Peariydtial dpapatl defiedRtPsnoo L LT
and with the formation of mRewlydioi meaadl LLAaDTL (

by a yellow |Iine). (b)siLtaeatefmetrire alyarasgeft o ht
Simultaneous recrysdtyplel idzeadteicams afs trveoqquRP ed t
shift. (c) Gryapien sl awnetlh aRMR dhr entt s abETO® perovslk
Wi thout plragmn.ar..def. @ Cili S i 71
Figure 4.29: The déemngd iy Qold)onskaafieS nfdor(-c()a)Ti
and-dOf i Ed [Ba® FTol 30 e 74
Figure 4.30: (a, b) Etched micO&starfucctrurse ndfer
It O € o o O O O (PP 74
Figure 4. 31: Etched mi crostructure of sampl
A O A o o o O O O L 1 75

Figure 4.32: (a) BSE SEM image of t heC saadmpelre
two subsequent t her nfabl) eEttcchhiendg ntirceraotsmernutcst.ur e

G € O o o o o O O O O O (e OO OO P PP PP PP PP PPPPPPPP 76
Figure Bh&8B8mally etched microstructure of samj
110 and ().l 200 e 77

Figure 4. 3eld LlaT) O Cmd wd enr . (b) Grain growth ste
| arge anisotropi-cakéygdawves.oped..pl.at.e.738

Figure @r@gstallization of | arge LLTO grains e
smal | er grarianisn wiarmelilnae bet.ween..t.he.l.@B8ge gr &



XViii List of Figures

Figure 4. 36: Rec# yoptea lsleigzuaetnicoens otfo RPLTO. When t
compl eted, all grains, the | arge..and..t8hle small 0
Figure 4.37: Stage 4 of the LLTOGgrgarianiend glrLoTwQ h a
(o N Y 01 1] O O S (T T OO OO PP PP PPPP 81

Figure 4.38: Schematic presentation of -stages du

grained LLTO ceramics -uypperdeéehectinfl.uethce of RP
Fi gur e 4. 39: bﬁﬁkhﬁumegRaiirCSGLPnﬂayn(t]%L(nQeE?yEc)roceeQUiVa.l ent
circuit used as a fitting mad.el..f.orl..LL8TO i mpedan
Figure 4. 40: Compalri danaofblageiPdycePsE)] mwidted 2 R
fitting r esddlrtesgufeonrc yt hpeorhtiigon ..o.f....i.mp.ed8dce spect
Figure Zhdli mpedance spectra f orC tahned sqgaunepn cehse ds i
sampl es. The i ndgearetquemhaws. stelma..ch.irgh.e...... 86



XiX

List of Tables

Table 1. 1: Comparison of structur al par amet e
[ I O 2 o o o O G 0 P SUUPOPSRPRR 12
Table 3t arting compositions...a.f..pr.epar.e3ddl LLTO
Table 4. 1: Absolute densities of tihoen ss aanfptleers
sintering atndl3d5hsities rel atli-lvleT @ o( Xx-=hC.or k)t ia
e T T O T € (4 = o | G (PP 52

Tabl &:4 Me awsallreeds dof di ffraction spots observec
grains with |l ayered structure shown in Figure
di fferent ( hkiL)al iPilopahnaesse oif.s...tchiev.en..................... 54
Tabl eOdc Bpanch, &fi lkard clthi | ayers in simulation
degrees of ion exchighigandOgicwemnas efsr-mdt HLan s,
|l ayer has twice the number &f ainml €elrisytercse.s Tlo
average cha€Egeandficthhde aly®&r s is calculated as
theribch | ayer compositibe 1ienpexv.hderdebhbéicegdee.
Table 4. 4: Comparison of image intensity rati
match wi ekpehi mental v alSuTeEsM firnmoang et,h ea nfHAADIFe nt i
with additional... a.mo.r.p.h.o.us...l.ay.er. .S 6 8

Tabl e 4. 5: Fitting parameters for t he
((REP E) (BPE (CRPEequi val ent...c.i.r.c.u.i.t.....mo.d.e8 4

Table 4.6: Condudfd)mi tgreasi no fELQaumaleamd e$ ot al [
conductfiMi toifest he samples with different start
135@ owlly cooled and quenched, Q) as deter mi ne
A o O O O 8 7
Table A.1: Average alkdaltitve idretve mdiitoiness (wint ®o)
compri sitnygpea dRePf ect in the predicted structur e

(b) 20 nm, and (c¢c) 15 nm along [-508BM Emageant
t he -pneorni odi ¢ s e qgyuernalted: d«sH I tlee s ild, an dric: e ar e
cal cuflaart edompari son of the exper..ment.a®9lval ues
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Chapter 1

Introduction

OO TOYOD®O 3 O >

QYT PO 0N

n increasing gl obal energy demand coupled wi
f gl obal war ming under scorcelsi ahabteet ualgesnocgi ef y
ocuses on renewable and clean energy sources
eliable epeYgy[ Omer@et he key technol ogies f
obile, stationarys,, aanrde obtahgeure pallpgpsl 1 cba]t eom es t
ely on toxic and unstable organic liquid ele
ptimizati one] potRe@nptliaacle me nt of the fl ammabl e
| ectr ol yd eelweictthr osloyltie t herefore represents t|
| | -sstodtied battefr8leA {({ASEBsJdous research effor
nhanci nnpeA$SdBsnance, especially capaci-ty, c he
ersmhabf 9J ft[yI L]0, .[Tih2e] ,ab[slen]jce of a | iquid compc
nd enables superior energy and power density
pplications where reliability anodf fseerc uirnictrye aas
nergy storage capacity with a smaller carbort
ompact and poéwdm5ydl devices
20007 . consumer electronics
stationary storage
M transportation
< 15007
3
o
& 10007
Q
(G
5007
2020 2025 2030
FigatProjected annual apaptl ine dywiddg]ridEsdd blyy
Ast he new generation of batteries is expect
echnol ogical -appltiecataitenmsd.,al solsitd | | face | im
callpe for commerciali zati oingniecs peeacn dad dtyi wiotoyr ae
ompatibility, and slow electrode process kin
urther systematic studies, devel opment of ne
roperties odt actuer rmeanttde rgicaHissd, | ya a t horough <cha
dvanced techniques. This approach is essent|
chieve demands for the-stammebait alervieabil ity
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1.1 All -Solid -State B atteries

Repl acement ofl thequiodhveheéconal yte with a solid
most safety drawbacks and enhance battery perfo
electrolytes in ASSBs enables them to operate r
range b8taweddril®, whereas batteries with | iquid el
performance degradation at |l ow temperatures and
aboveé(do6107]Owning to the superior volumetric energ
great erry bcaatptaeci ty per wunit volume, solid electrol
also lighter. This is important for the miniat
i mproved ple4formh@lbe [s19ucture of an ABSB consi s
anode, and solid electrolyte that are in close i
reactions and ensuring mechanical[ 1s3t]a,biTlHd&]y whi ¢
operational principle duringiemaodDnhg frowmolthes
cathode to th anode through a conductive electr
anode via an extgaurrjeallCa2ntcary (o a | iquid elec
el ectrolyte not *owmid iyn gcolnildrneigc ¢psr otchees sLibut al so act ¢
and binder, preventing electrode contact and po
[21].,, [ 22]
solid
anode electrolyte  cathode
charge
@—@
current current
collector collector
discharge
t— =L ‘
&
&
charge
Figa2zASSB structure and working principl
Despthe significant advant asgceasl eofprA88Bsj orn ha
application stildl need to overcome technological
reach the solid electrolyte peak performance, es
stability. It is also essential to enhance the i
el ectrodes. Since the solid electrolyte cannot
electrolyte, poor contact caupesf onplaRldéded resi s
interface can be additionally degraded during c
changes and can | ead to dendrit-ei fouimaitmgnof whh
battery. Dendrites can growe alt®o possiablsolelde cd
conductivity and the presence off 24dj8onbbioluddar i
comprehensive models that predict battery behan
processes during char ge anldecdtirsoclhyatreg ed e d riakdea teiloen
transitions, vol ume expansi en,ecamnmdlfydfedHtnitcenr pdfa
[14], [25]Thé¢ 2r6dw KmRoWyl edge and devel opments ar e
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y and scal abl ewi mat eirmparlosvefiorpeAS8Bmanc
ements in electrical vehicl es, E9Ekctron
l'ly, it is also important to address t
op prcentl eocft isoust ai nabl e batteries, and t|
y componead]s, [ 29]

Considering the fact t hat the performance

electrolyte, the selection ofdswméeds etl @& cftulofl iylt
paramétt8ts [19], [ 29], [ 30]
- high ionic bulk conductivity and | ow gr ai
- negligible electronic tAtrfansposte, tobransf et
- ther mal and chentihcealo psetraabtiiloint yt eonvpeerr at ur e
- sufficient mechani cal strengt h,
- high electrochemical stability window,
- compatibility with electrodes,
- low activation energy,
- environmental friendliness.
Solid electrolytes are categorsaleidkecehit ol ythe s

orgamiocr gani c composite sotldtde ed ldarditrgradryef jdess3 ) a n

ionic conductivity

safety electrochemical stability

processability thermal stability

interfacial contact mechanical strength

composite electrolyte inorganic electrolyte polymer electrolyte

Fi ga83€ompari son toyfp edsi foffe rseonl(tiad a@pl[eldlit]lbgl yt es

While polymer elecqilual ytgscoahatosmwhi hel ec
flexibility, they have poor mechanical stabil:i
temper at urienorQragnainci ccomposite electcohduesi of f
and interface characteristics| 32Jut $§eBehyd esuf f
inorganic electrolytes can exhi biit ohdsghcm oni ¢
at room temperature, whilcyh wuisse dc olmpgauriadb | eel etcot r
advantage |lies in good mechanical stability,

operating tempk4larthuer egrroaarnpgaeo ¢ ool de el ectrol y
numerous diverse @maltgridalvs dewnd i iF§ gas)eedr 41 gr
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Temperature, °C

500400300 200 100 . 0
LISICON
wt Li14Zn(GeO4)4
‘£
®
-2
E CATP
é 5 Liy 3Alp 3Ti1 7(RO4)3
S 3|
8
§> LiPO
= 4 Li,PO2N
15 20 25 30 35 40 45
1000/Temperature, K
Fi gud#e Arrhenius plots for ionic conductivities
(adapt[e2d6 ]hy [ 34]

El ectrol ytes bassepdhadre stAltla kiR LANNEP) , have a
t hrdeiemensi onal framework structure and exhibit |
good chemical and mechanical s3apb) | TBS] i aodi d ow
conductivity cbayn dboepienrghaanncde dsi nt ering optimizat.i
chall enged by the presence of a nonconducti ve
per f or[nBabnjc,e [ 3 7]

LI SI COMN u(pleiri onic conductor) electroiPQt es are g
stuucture. Certain compositions can exhibit high
el ectrochemfi&&]Whwilredoowo mbi ning different el ement
significantly i mprove ionic conductivity, t he
sesitivity t o moi stur e, and |l ow i onic conduct i v
practical [appl i €881 on

Garraegtpe electrolly®eg@s.-hbaaeseedood el ectrochemical
stability, compatibility ewietchr edlaemnmirmales wi rachaw.
crystallize in tetragonal or cubic modification
temperatures. The sh'oirnt gmairgnreatt iwint hp actuhb iocf sLyimme t
hi ghest reported ionicleondphij@sdadvamang es o Itih
i mpede their application areearetlhatelde mmeonttsh ef ohri
production of the material, instability in air e
processgqliati hygberaimicthbebpyrnoclkel of Bllphase for mat

Li PON (lithium phosphorus oxynitride) typicall)

has negligible electronic conductivity and high
growth in the ftoh mmmpdt tdriinngitenshmwiqgues, it is c
as a solid electrolyt[el8]n, tRredldgtfiivierh ymil corwo i boanti tce rc
and costly fabrication process impede its commer
Perovskites reppesfentcompwiunes gwiot h st hBugener al
to theiriohadihi itoml er ance, they ar e characteriz
compositional flexibility, which enables tailor
them a promisiobgi daedpdB}llaltfhoeusnrs | ant hanum titana
with the gensglraadi aff 0 nausl aatltiracted much interest
ionic conductivity 4Bt]Thioosmcommpenatusechemically
stable in the air and is also environmentally f

products.i Moma®varwi de el ectrochemical window, e
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range of[ 3vlIope ahgiegshest i onic conduct?S/iamng atf LL
room temperature was measur ed ks hs Tiofnp owh ¢ @ n
td presence of manygi vascsaroniabs esnfuabe MAigrati
|l at { 4déWhi |l e the bulk conductivity ofiolmLTO i s
conducting oxides andsositdtfef ibait ¢ retriyly ealptipd th aclfa @
conductivity is reduced by grain [bdoaun,dalrde]s, f[
The development of a solid electrolyte based
of its structural and chemicadf prhoiperdoetsowal I

1.2 LisLaasxTIiO 3 Perovskit e

Likad1/aTisO( LLTO) with-typagosskuteure is one of
candidates for solid electrolytes as it exhiltl
other ebechmasel i gh t her mal stability, and hig

and P38%)., TBaS]activation energy [f44]lden dwopteirat
ionic conductivity was first|[ 4&ipbrKawaibiyatl nalg
1994.8]Since then, extensive research effort F
material for application as a solid electroly

1.2.1 Perovskite -type structure

LLTO belongs to a wide gr oupy poef smartuecrairudrizse dwcihtal

by structur al and composition[ad9|WPeroatsikli itteys @
as natur al mi nerals and much more common as f
perovskite structure facilitatkBsomeatrriyouen sbb

cationic and 4®@di,oni50 hgist[ebsah be wused for modi
properties and enabl es correlations bet ween

Perovskite oxi des, t hereforper,opexhikist |ii ktee rde
conductive, catalytic, optical, photocatal yti
studi ed as martaenmrgealtse dhorrolwd gdiecal applications
and fuebOfkell]l52], [53]

Thgener al formula of singl eThoex i arei spteortoyvpsek i g
structure wcietnht etrheed bcoudoyi ¢ arrangeBhm®md)n wmdn akk eo ms
found in minerabhttaosmniteenpsd8r at @0re and ambi en
(a=3m®.05m) . I n cubic stsuteucatiohp (§Scgpwn &e Tt
positions (positionsp&cket) sobl abhei cabandchanbpes
12 oxygen atoms (dodecahedrxilteocooatdirmiagd ONi) . i
are typically transition met al s and occupy
octahedrally coordinated by oxygen anions (on
an infinite 3D fshamesoliOno fS) FwOn ertb.eldT @ A
bonds exhibit ionic charastee,cahi bestaedbond
octahedra have predomi[nsabn]tl yv covalent charact

I n the ideal cubic perovskiQ eb osntdr Bcnthmo rmid t h

|l engt hs oRaredyutalhe tsi ze rati o between cations
tolerance factor 1. Goldschmidt factor applie
the possibility for the formation of a stable

K= — (Eq- 1)!



6 Chapter 1. Introduction

whermnesm anare effective T onic radid@ of the A, E
stabl e perovsktiviae uet hed twereen a5 and 1. Anot her
stability of therpersesvshketwcsaltwthadreall afsact or

X = — (Eq. 2).

The toleracnaeae bhbacttsvsed as a measure of the degr
i deal structur e. The distortion occurs to mini mi
and resul ts i n a reducti on of symmeft5.§] (tetr ac
Perovskites with a tolerance factor di fferent fr
di spl acemnseintes caft iBbns, tilts and rodms i oh toliet he

octahkEidgangsb50].5 [57]

Basic structure
A-site cation
[ ]

® o @ [ )
- OB‘;S|Lecatlon f

©o:0 : 0
pe O o O °,/anion .

001]@ ©« @ & @

[010] SrTiO, (Pm3m)

Distorted perovskite structures

® o O 2 O o o ® o © ® o © oo O

o (o] ° o ° N (O v O) P o O ° Q o

® 2 0 2 O ®@° O© o0 ®@ ° © - o

o Ol ° o ° 4 (%) a (%) " o O o (@) °
00ll@ ¢« @ ¢« @ [001]@ °c@¢ @ [001® ¢ ® © @

[010] L. 010] [010]

cation displacement octahedral tilting distortion of octahedra

Figabh8tructaurn alhiny istAhB@pleer ovskites.

Cation displacement from the centrosymmetric p

factbarger than 1. Cat icoorc tdiheplr ac eoncecrutrs ailm nBO ot
symmetry axes of the eadtagdhee cdkrnertgy .| dwerc agirsesnd h
tetragonal , trigonal, and orthorhombic symmetri
magni btidedi spl[abcOelme n[tAks8d gt i[cbr®@]can move al ong thre
passing octahedron vertices, four triad axes pas
or si X di ad axes passing through <centers of t
tmper at ur e adnedp epnrdeesnsturaend has a | asmgeiempacti on
properties as it iphp80tesHdrBtecxamicxkad a pPBTaArddlyect r
with a tetragonal structure at ambpilearcte meemrhp eorfat 1
the cation in the octahedra and a paraelectric wi
at 48@® 6.9]

Octahedral tilting occusmalwhen thentdl efahtieng
associated with tdet iporesetnltc®@t odr @ hteo®A smal | for
cage, l eading to tilting and rotation of the oc

varipbhdks, [5FZhes¢58]lstortions | ower the symmetr )
temperatur e,s tprrseesmssy rbeD,fFeandex amphhe, afadi Ohor hombi
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structure at room temperature but with increa
and further tof 6clullbi azeymfhdO9i7) proposed a not
by rotaatoingnt he x, Y, and z axes along the th

octahedron ([100], [010], and *“p0q®B]I2]axdHBBJusi
positive (+) spyhnabsoel tdielntot(etsi litns of seucctciecsrss )v,e
whereas thHgsymbatkti v-phédo®e twintis (tilts in oppo
successive |l ayers). The not at®onwliioch tihmpli idesa
there is no tilt][]@a2pbng any of the axes

Der i v aotmpwasnads of the spasbueskinhgd eamM&@80Odoubl «
AAB:Os, wher esi Aes ar e partially subamnidt ulteeyder e
perovfibirl es] 6BHje dt6r5di n energy due tosihesdiff
inudde perovskites can be reduced by orderin
alter nraitgiunrgeWlile.n6 t he over aadahdyBt esicies of edAs t ha

mi ssing charge is compensated by nonsteichionm
introduces (ordered) va¢dn®idTlres ooamrdcdre ohkargemnt
nonstoichiometric and | ayered perovbkkkéeewnrar

psewkosovskite units (blocks) and Iltayelriskevirdc
salt | ayer s-PoppRud[gsh7e]s,é s[n6 6 ]

0%ve

[001
L. 010] t.1010]
random ordering rock-salt ordering alternating ordering

FiguauBe Types of orAARr@&Gmgr onskiiouds e

1.2.2 Layered perovskites

Generally, |l ayered 2D pecouskitbhathaaa acmodmk
deviations fromtobhehbametr ABOThey -gomev shki tod
bl ocks wistthr uBAB@r e and alternating interlayer
accommodated by <changing ofpleg ovhktckeedd ooks tl
interlayers. These interlayers can facilitate
i on exchange an6d7]i,nt[ebr@dalleati6igjn of modul at ed st
the formation of 5WdmoTMJtulsr sermaisn groups of
are -DaoobswoontBining AurivilliufPopphasephasaas
(Figune 1.7
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Dion-Jacobson (type 1) Aurivillius Ruddlesden-Popper
® 0o © 0 O ® 2 0 0 O ® 2 ® 0o 0O
e O o O o o Q © O o e O © O o
@ o6 ® o O ® o 0 0o 0O ® 0o 005 o
© O o O o © O © O o e 0 © O o
_ e ° ° ° 9% 0 90 o

< () (] ko] W ke ko)

° ° & ° 4 ) ®

e O 0o O o s e 0O o £ o 0 o s

o o o

® 0o © 0 O Eo) ® o S ® o 0 -

@ ® o

o O o O o o °© 0 o 3 o O o o

< < <

@0 00 0 g e o 23 ) @

© 0o 0 o (5 °© 0 o b3 °o O o oy

f = e c

e ° =] ° S ® ° @ 5

© 0 0 * RN R "
] (] ° ] ® o 0 0o O
e O ©¢ O o o O o O o e O o QO o
® o © 0o O ® 0o 00 0 ®© 0o 00 0
o O o O o e O © © o e © o © o
[001]e o @ o @ [001]e o @ & @ [001]e & @ & @

[010] L. 010] [010]

Fi gdr.8chemattri cc ttuhleeasy eafevs pietre phases

1.2.3 Ruddlesden -Popper phases

Ruddl ePoperer ( RP) ppbasesalhav.&0Omul awh&r e- pseudo
perovskite -lbdyoecrkss awig hi mt er cal at eds aMitt hs tArQu d tayrea s

[ 712]The crystal stcantalsoobeRBPepbrbEbed as a seq

bl ocks in the [001] direction with a thickness |
relative to another for hal{f50fSudcdh wtnriudctcwer ds i ny
| ayers owdtt hi cadmt i c al structure and composition a

stacking sequence, @&r7.eJA ytprisc alr ef awro npnoIny syo meesc up i «
earth el emeinttess amy tBetravalent transit@éa®sncal emen

be occupied by rare earth el ements, wiitthesa di val

[ 73]., A7y pical etxyapnep | peh 203 g0zai,isSRWhrer e compounds wi

n=1, 2, and 3 can be preparefp7.by traditional <cer
Fi gur

prés8nts stphasesewioh RB1, 2, and 3 and &
uni t cel |l (dpangnen gronongsi de the structure of a
comparison. The strucBQadopfsiNivBgpkr 8D ,méembet uAe

wher e t hseh acroerdneact ahedra are connected only in
AB® ayer in [@p®4Hj rTehte8 jsam ucture therefore consi st
perovskite |l ayers with a thicktnhesrscacdbk ebheuvuemniur ec
in [001]] Me]Aeacssioomopic features in the structur e
high wvariability in oxygen st opiecrhoivosnkeittreys .i nDucco n
hi gher oxygeBnQodxifd euss i coann, scAomtyagiem ,e xwcheesr e oxygen i
atoms are |l ocatedornsiade bkedfoixdgkiQemtaywirt h oxygen v
in the perovskite | ayer. Oxygen defect? can forr
with a cation of hexgahrepl e asl vebnsciei tst tialh eAt8 @of.fo rSr

The overall charge-singy be amalianoead mey aB with a r

[77]., [ 78]
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n=3
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©@ 0 @ 0 @ ° OA12 n=2 o 0 o 0 o 0 o
© 00 090 0 o *42°4° 4 *°N° © 5 @0 © o OA12
o O o O © O o
© 00 9% 0 ° OA12 o 0o 0o O o
o 0 © O o QO ©° Y QF QF QU .°.°.°.A9—
© 0O 00 o° 0 o rocksalt layer
[001]e o @ & @ ® eA12 @ o ® o OA9
i ©@ © 0 0 0 ° OA9 =
[010] e O o O o
P S i @ s @ & OA2
6.0 o O o W W pseudo-pg;ovskite
uni
n=1 W W e ® o @ o OA12
o O o QO o
® o © 2 ® o OA9 o O o O o
o O ©o 0 o 0O o 8 e Ve @ o @ o 0A0
® ¢ 05 0 ¢ OA °42°4° 4 ° ®@ 0o ® 0o ® o OAD
@ o © o OAQ Voo o 0 5’0 o 00
45 -@8)- W W W QL PEPED &I
® o ® °o OA9 . 2 o a o O ¢ O o O o
® o ® o © o OA9 [001].°.°.°.A9 ®@ o ® o ® ° OA12
L1010
o O o O o O © O o O o O o
[001]e = @ o« © & @A9 [001]e = @ = ® & @A9
[010] [010]

Fi gulBe Crystal structur AB@(fn=9i) ngalned pneernobvesrksi t
Ar:BOsn+RP family wit hThne=1d e n2o,t aatnido n3 .o f n repres
stacked pogpevilkhyttes separtaytpesd Abyydrh.e rock sal

Members of the RP3BiOdmialnyd wi€f3h (owea2 n( A wo or t |
AB@perovskite | aayxeirss beeltowege rd ditlelt ecl AAQ erresck respec
coordinati ominuwmbiteart iooflnsAin these members depe
nsi de t-her pwelidtoel H b b dk cthiaovrd i (nchenot Edg arse Al2

i

1)8 while the coordinatiosnalntumbayermnfi £a? i (Odesn
Figune 1w different crystallographic positic
di fferent sateomosonhomalsly Adwith a higher nu
psewpkadgovskite blocks, the number of anionic

formation of structures wif{HR8yreater composi't
Due to the | ayered natur e oofc aRP nphmassteos can b nt
the salck interl ayer, they exhibit a wide vari
that cannot be obtained in compoundpBRPRwaddedas a s
can form stdredetcirsali nzZ2Ddei pegoaskbstermahin fil
a significant influence on the microstructure
ceramics. I n bulk ceramics, they form due to
or the addition noft hsipnecfiiflintcs ,d otphaen tfso.r mati on of
not only from nonstoichiom@®gty ios dlheo iaintesaul
relaxation dues tourtfhagc8ed fisbtsehptshi ee mi smat ch bet
mul ti hapwef Binsbet ween thin[fi3]lm and substrate

1.24 PhaserelationsinthelLa 20s-TiO »-Li20 system

LLTO phases may be posi®L@anleidphase dhagtempaw
includes sever al bi miagyneae nB.i hiadega oyomxr idees d¢f
titanat e;TpPaEi®swiLtih spinel struetywréBiiiaad]!l r am
showing suitable properties for[Bdfien({iB8@H ,6 appl
the other hand, | aingthaomfumvdrnitanatigpeasorskudle
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rel ated 4T§y eraendd Lpae rndvBik@ Tlee Llaat t er -diesf iacn emxygen
perovskite -wittds 2¢ Sc®dp iwehd -ty pldeei s vacant to obt a

neutr ab/dathiQilsa unstable unless sintered in a pr
at mosphere orl e@apteda ws mal a@tamdyiBt7]qf [8.89. Li89],
't i s almsembere ocefndt ernary perovskiteszloaxd des with

J1/aTis«®@LLTO) with x=0 (La:Ti=0.67) and the highes
LLTO iflayn of cosmpbesdar e Avbamcdl &wdhiblye Lsiome sites r
vacant (dle)yWittend abxviad her, the amount of La decr ec
amount of Li increases dueéewittoh tthheroeses blbio i t ahabge
preservation. Simultaneously, the content of Vvac
LT ionsccupy sites of [pI2vinalhd y,VvawiatnitLi LeTsO0 . 16

(blsaTsisOLa: Ti =0.-$)t,ealdareé fully occupii edndvilteh equ:
[ 92]Anot her ternary oxi del a@:d mgpohuansde wd it ahg rna m hies Lti

LiL al #0,0wi t h La: Ti =0.67. |t h®oppegrpay prere dv Ruidtdd
structure, cOOpdbpedipebb o¢yai te blockstbai bhed fo
cell along the [001] di recti onf ocandd csoeopradriantaetde db yL
ioph982]., [93]

TiOy

Figﬂ.@:@@ase di agr aL BOgFBiefd LoTnO lciompounds 4 i e betwe
me mb e 4/ Bia@ndi,lbakiO

1.2.5 Structural characteristics of the perovskite -type (Li,La) -titanates

Peroviskpe e(ti taha)es thatO:0¢£AUO® dysttehne alrae t he
Lila/d1/aTisQ LLTO) perovskitestyapnedaltsh@hbhagered RP
LLTO crystallizes in different symmetries, de
La, and vacancies) andabyashgeBi 83cbadDtD8)
hor hombi c P(mempmac@mmgr oairp r hombohedpR3fr (space
uctur e, mostly depending on the [c90dol,i n[g9 5r]at e
These structures are sl ightsliyt edivsatcoarntceide sd,u ewh

p
i, S
rt
tr
9.6 ]
auses octahedral tiltingthl|spaco&nogn dtwheh olmabi ¢ st
nd
9.8

€
L
g

iLons are arfrcrearnteaedd mocfsft tFeiagsu(rag|[ & 5hleD aAl 97 ] ,
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a) b) LioLasTizO1g

LLTO 0132013 tetragonal
orthorhombic e ak  ad
c©:0
R
e DD
@ o @ o

[001] ‘00

[010]

B-LLTO D2 2 2 JLa-poor
tetragonal I A A
© ¢ OLla-rich

a-LLTO
cubic

[010] [100]-L-[010]
OL ©OLa ©OTi o0 Vacancy

Figuwur@® (a) Structure of LLTOM d&pendifa@dden comp
in [100] and [110] zone axi s.

With an i warlassitmdgs xare gradually more occup
bet ween 0.08 and 0.16 crystallize in differen
excess of Li amh[s9¥ymht hé¢9i9d , cdddion® plollOylmo r p[hliO
modi ficati eng ghft | e od@&vi bheei deal plelrCadv]ah lkei t e c u
most reliable techni gquei steou tdriosnt idnigfUfi®saic tbidotvdel N
The madi fference between the polymorphic modif
Asi te speciiasvddamncli €@)has tetragonal symmetr
P4/ mimmand is typically stabilized during sl ow
rich omodrLd ayersaxakon¢rnitdhhelcldiyamms, alka® pr edo mi
whil e -gder Llaayienr smocsoennyh iadamBdi,eqd 1061 defil®@®] o
perovskite structure results i+maxtkeg[cbdupl i ng

di ffraction experiments, compounds with this
addi tebhatt iwansuest eual to twice the edge of

[ 44] , [ 48h, i hsgkasneehnhnrvaailivoen) (axnd/ or quenchin
sintering temp'er #3tauaed vacaseciLes to be, gradua
forming pseudo@Uubil @)lsOydmmet[rly06] L n[ LDT7TD, wi LB 8% =
(La: Ti =0.5), nNo vacancies ar esiptreess eanrte ifnultlhye
by equal amounts of randomly arranged Li and

The order npalklLdin0t&rdefi ned as
S= (R La-rich - Rdis)/(l - Rdis) (Eq 3),
occu¥yiammy -sovit teds lirai cthh € alyeer of o

e
e occupgiammcy iwn tthhd a( 001)LLlpT@ne of
S0 esitntnean seidt yb arsaetdi oo nb etthveeen t he

wher.gidRs t
[-LLTO agnids Rt
| t can be a

h
h
I
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from the XRDOpetdmrmnsition from ordered to di
reversible when LLTO ceramic is[ &l0bjlekQ&]d to que

Anot her ternar yO-LaHT d £p hians et hdel algialé®ny | whiLd¢ h
bel ongs to t-hegptamaygrefl BErovskaiOg’Sspsdidados comp
perovskite blocks shifted for ek/ta2 omf (tmae kewdi twi ¢
orange Hiiguerse jInwilhClr eas al ong the [110] zone axi s
Unl i ke RP phas@e,yrowhs&krid ephdwodksadltteémrpyeare, wipsle ur
perovskit e, klNi@ eakrse isne plair HfH*elda ybeyr s(,Lii n*iwhnisch t he
are ffolud codmPRilnafW@)f(ILaayer r esefP’lienst etrhleay(eBri i n
the Auri vi LO(i BisO.)p.hhlalieO.hias a tetragonal structur
gr olugp/ mmx2] , [ 109]

S ncelLitdgO.phase i s composed -poefr osvusbksietgeu ebnlto cpksse,u d
is a close structural relationshligribbpthwesen t he L
The wuwril parameters of di fferent LUTA@® mddihf i cat
LiL @l §0:0in t he [ 10[092]di r[@Mb@E®2]Jam sf it bet ween the t
calculated according to the equation

misfit= Y=")" 1 0o (Eq. 4),

wheasandaae parall el di st ancesf iotf heéetewdevnp ddihfafse
LLTO modificaA@li®aan drhe Lil0G] bail Mavb t1Po 6. 1

TableComparison of structur al par atmeitse rwsi t df di f
LiL aT $O10.

. . Lila/ sAiadi O

L iL aT &O

Bl e 2 0. 06| x=0.10] x=0.16

Tetrag|l Ort hor h Tetrag Cubi c

(I 4/ mmn (P mmin (P4/ mim (P m3)m

a=3.841 a=3.865 a=3.873 a=3.87
mi s 0i. 62 mi sti.183| mi s f0i. 76

The structuralnspmatasi apndbatgeed fit of the |
prerequisites for the formation of oriented inte
thin fil ms.

1.3 Lithium -lon Conductivity in (Li, La) -T itanates

1.3.1 Conductivity in  ceramic lithium electrolytes

I mnorganic el exadrrrofligotnedsi,acaharsgenobi | e point speci
framewbtI@&pUnder the influenceéeomnfs armane mowter it rfoiuglh
|l attice by hopping to the vacanicgiensa!| gpeonseirtaitao nnsg,
as interstitials by direeotflfy nhecphpainig mp oh® jct er st
conductivity can be expressed as

= niey (Eq. 5),
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whemes the number of eiosisthperchaigevoifrienens
mobility. l ons should have suf fjacnide ntto eenxecrhgayn c
the site with a vacancy.

1.3.2 Bulk ¢ onductivity in LLTO

I n LLTOponlsi act as the chaoge cambi éige wWhil st
perov[skiftieoen transport follows the vadamsy hor
mi grate through the | attice to adjacent vacan
by four neighboring oxygen ismmrcd athleadigpaocdpylc
[ 48]1,1]As a result of CoulaomdB'Lmepyl pieorc obh att we en
in the | attice f o7 fwhreétiemrsiid odd mdw dtiifdrusi on
t he edgessoocft athpetdlrZa] O

A bif@p

OL OLa OTi eO < Vacancy

C -4
¢ e

gdt® I n LLTO,ontshearlei transferredi dshriolighnai g
ttleneck formed by four oxygen i ons.

The ionic conducradialyidOde pyspemtLbnal to tt
Li (3x) amof mwbi tht depends on the -2uxpbgB8] of v
therefore

f - t8lB-2x) (Eq. 6).

The conductivity of -vlal Tu@ iwd tah fau mratxii ofulno fa tx |
at room tempeguaBure8le. [IInN1f hi s LLTO . eompos
Libka Ao Tds@ La: Ti,wi.t5h6)di sordered p§aealdodhei ¢ st
ionic conductivitV¥S/icgmild ] tlhng Iroampgoes ixat fihalngsh ewi t |
than 0.11, the | ower amount of vacanfj®i7ds cons

Opti mal Li concentration or the concentratic
for high i on[i324acno rnbdeu catcihviietvww dekygesbelLadtdbttibe
composition and/ or covering the sample with
suppresses thlell®jss of I ithium
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1.2x1034 ...
1 x 1073+

5 "

» 8x10

&

o 6x 10

4 x 107

2 x 107

1003 006 009 012 0.15
X in LigxLaz/zx01/3-2x 1103
Figufie | onic conductivityr eatfurleL TaOs aa fruwnoont itoenmpece
cont end! (xyapt[edB.]by

The highest ionic conductivity i g"-LoLbTsGe)r,ved i n
which is attributed to tihre tile tIraotpt ict,& RBansdotbh d i It iy
vacaes are randomly di sFrgobudptiliiBatheIThler upLaLv7E
di sordered stilowtur acal vyathan &@nergy for ionic c
| argexisa in compari $-0ahTQa05he pHAD]ed[ DIBered
tetr aglolnTa@i gur & mi .gr3ak i*os @afmilsiotropic because t hi
restrictegpoon I agpeheard 2Dacancies are predominan
number of unocecruipdhe dl asyieress, LitthhneL &adhi efsfeu sliaoyne rosf i s |
[108]., [120]

a) disordered a-LLTO b) ordered B-LLTO
000000O0O0 0000000
90000000 @000 0 0 0 OLapoor
00000000 Q00O 0O ® ® OLarich
09000 000CO0 00000000O0
90000000 0000000
00000000 0000000

001710 0 0 © 0 O 00110 © © © © © © @
[010] T—»[010]

OLla QLi
Figat® Mobil*iitoyjmsofi nLi(a) di sordered and (b) ord

The bul k ionic conductivity in LLTOiIibs pthmari
La/ Li ratio) and the crystal structure (the deg
bul k conductivity depceanlidsedonbolthtEl,esnfedcek] pf [ LB &] so]

I ncreasing the size of thenkotigtyl édmechk hleowe rgs att
Lfand enhances the ionic conductivity. The size
by octahedral tilting and[®8Fhchangeeal nLLAOtI bien
films, the conductyvepiytaranabestontnobhhddsbze of
stem from -dlaherdmttti ne con[skt2amift spoolfycsylsdtad dti &
cerami cs, t he bottl eneck size shteeaspascewitRdttrl

parameter ), oavhiie€hed amy bteh e v it sht ii tontsi ovi tdf |llaa ger
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Larger pathways throu@lttaihletded dmd ir attatted i Din(

increase ionfitl4poduexampt g, i mproved €onduct
doped LLTO], [124],, [noZ25]o,nl[yl Dbeée]c,au[sle2 ]f a | ar
also due to an increased number of charge carr
on-sAf{fd24Bi milar was observed for udnopiérifg Boaf L
howeveontanuing increase in doping concentrat
BalLlaiO,., phase and | ocal l attice deformations th
conduc[tl vi]Jt.,y @rl 2t8BHe ot her hahdLatwietbBudbmalilhtat.i
Ca, Pr, Nd, or Sm does not significantly C
conductivity. It generally |l eads t o orthor h
ttleh2ek, TMThHedOgubstitutioma owfithi trnveahenbcte
[

bo

Al mproves the conduct itvettryav anheinlte astuobnsst,i tsuut:
Mn , and Gr, reduces it. This phenomenon sugge
(th® An-®@ Bond di stancboeihsd raemdgtahlss oh atvhee a | ar ge
the electrostatienpmoleintti ay[ Bh3pLli klBLTO [ 132]
While LLTO shows high bulk ionic coggecti vi
LiL al 00,0phase has |l ow i @msi caldonavwailldavbdteyo,r d2 n a't
intersticesOihayedres taree Laccupied with La at on
there are no vaicratner ledsyleiOn,s hlbiws Lho measur abl
conductivity at room tiempehasupbaséonbal cobkil
deficiency, resul ti-migch nl avyaecra,ncaresby nLd haefLiic
transport in t[hie09]001] direction

1.3.3 T otal ionic conductivity of LLTO

The tot al ionic conduct i viatsyedofcepamiycs ydtsal
determined by a combination of two main contr
bul k conductivity and the conductivity of the
be distinguished using @6 mpadhl nacentsrpielzutriosrc otpyj

as a distinct semicircle in the Nyquist plot.
While the bulk ionic conducdtovBOygmpfi $§LADOT ec¢
suitable for practical applications,| oWwer gr ai
by several orders of magnitude. This disparit
boundaries is one of the main chall engteat é n o7y

el ectrolytes.

I n addition to grai-merbioadidar & £ sf unttther medctu
ionic conductivity of LLTO ceramics. These ir
secondary phases, and poréscsondadaudt iodnFRuhg tcthevd yng
1.)446], [134],.[IBBdCcilud6df fdgdt374df various f
l'imit the performance of LLTO.
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Domains
*90° bounda * curved bounda

Secondary phases at
the grain boundary

j,Z{ M\ : OO0
- s.s o
w— Secondary phase e Direct grain to grain contact
atla layers La2 la

stallographic
anar defects

Pores

Grain boundaries
*Ti-O compound layer

* Space-charge layer * Deformation of T|06 polyhedra
Bulk Bulk

Grain botmdary core
2

Log [Li*]

ake abieyn-eoedsg

Li*
Grain 2 ’

actors that | ower the totahey oinmcl wherdu
seconda ryya4plpaosreesbougdadivoeés [138Fys{aBOdgraphic r
nd domai hl18bdundptédesp

3

I Jahe abseyo-aoeds,

L

Optimizing the ionic conductivity of LLTO is
effect of synthesis requirenemttsu,r efsoranax admpell d,
during sintering promotes the formation of coar
conditions tends to have a tetragonal structure

1.3.3.1 Effect of domain boundaries

During cool i ntgerfirnogm the ngphe rsaitnur e s , cubic LLTO tr:
LLTO with an ordered structure. During the recry
along three equivalent [ 100] pseudocubic direct

meeting dom@a@ndpit4&Fhe size of domains ranges fr
up to a few tens of ndcometart[sldt3d e pdmd3idiqasdoe L
domain boundaries repmegentianl|l ami aateeseol ftooflLl a
thens transypeoretayerisaof one domai hageesblioachkhad
domain, where very highcahctiayetrsofbgnerderi oflL ama
the dif f'uisofpodnd Pomai n si ze, densatnpsandndt shaper
of domain boundary depend on the sintering temp
ratea(xwe i 1l1RIOTO) Cdadl4ilng of LLTO from high sint
(14°0@) results in | arger domai nBg &EPHP]8mat edr wi th
domains that form during cooling?®°fr9%6d usailntyer i ng
have curved bouhdardwedtlidsmdt y ow Li

1.3.3.2 Effect of crystallographic planar defects

Crystallographic pl am@gtri adresf ecft st laeg eo t2De ri mitsee rp e |
crystal structure and -pmasedbosmndakiag, fanmdtpl a
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with a l|ocally different composition. Althoug
significantlwicntraesperthechemical, structur
[142Rs well as the microstructure devel opment
density, and distribution of pl anar defects

cerami almatferri speci fic applications.

Anti phase boundaries have been found in LLT
with -gelsopdfbd42Bhati phase boundab) epl godadlOop al «
and feature interfacial cttwrma.c Thaeyyerexwhithi tr oc
di ffusion barrier, which inhibits Li mi gratio

Additionally, Zhu et al . (2020) reported on
al | {100} W3 agelce i @mtsh or s -pdeerfiiondei ca bf eesaat nugriveas
|l ayer traps tihan nmil grc&t itdie dnd degrade the tot
related the |l ocal structure and cohlein@fcHl comp
phase that i s isostrucsart-biTi @pihtahs e{. 0 OWLi}t ho fa bt hi
mol ecul ar dynamics they showed that the diffu
than in bulk LLTO due to compresyodtvolfume, awh

the defect is bloegkedh byuyrmreisglmar iandg olwa amount

13.3.3 Effect of grain boundaries

Grain boundaries have a few orders of magnitu
grains. Their | owd ctoon duactttiivciet yniissmarteclhatdeue t o
of LLTO grains. It causes structupallyhléednarand
formati or afo mep obuinnda rl ya yTeirt rtahnagtpld@irjts ap4 2, L
mi calathgnagies boundari es *it mcfhindle aa dreecd uvecatsie
4e6hd*ddncentd®&tionf 135] ,De[pll3et]i,» nfclahid]led by t
itively <charged graicmabgendarnyyer asdr t ben dig
dary represents the physicalldDlr,i g[iln3D]f gr a
Typically, the average size of LLTO grains i
mi cr omed4 &r,s [Ak44 resul t, the contribotabn of
conductivity is significant. Strategies to re
ionic conductivity invfolee @mwicrecessmeamgt i ho aa moi
of -riich seconf d6YyAddiatsieossnal | ynt rtihbeutn egqatoifv et hce
boundaries to the total ionic conductivity ¢
conductivity of grain boundgarraiense da nLdL Q@ cpe regnair
a | ower fraction of grain boundari es.
Coawmwseai nedr ndtcuroestwi th i mproved density was
ceramics at hi gher temperatures and with the
formati-nincltofbdeundari esi drhamo[dli8l&ii|tly t at e Li

De Oliveira et avol @d@l#Anaceidoeedf tdprai n bou
LaAd{sG ngle crystal seeds into the ceramic mat |
with some exaggeratedly grown grains exhibite
fi-greai ned LLTQJ4BeErtheemicoxnnit ri buti on of grain boui
by templ ated gr a7 i, pgraotvetlilhé 6upsniontgh elra approach i s
witBR[3r11], HBEI42GM 148hnY[ Nd¢®D] obtain | arger LL
or JjamghOsmlnd 8ih@t react with Li and form a thir
at the grain boundariaessfehi bfgtlweddgmod daabili]s

co O~

h
h
é+
0
a

SNV e— D O
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1.4 Microstructure Development in  Perovskite -Based
Ceramics

1.4.1 Normal grain growth

During tcomwadn aobkei di ntering of ceramics, the cal
high firing temperatures, which | eads to densifi
of atoms. Grain growth reduces the a#moenyt of gr a
areas due to inefficient packing of Ftilyar @t oms.
1.)5152], [[153], [154]

l1.Iln the initial state, the particles oscillate
to form contact areassuprfademidn afnftulsyi otnh rodf u gant
driving force of the neck formation is the en
of the particles and the necks. At this stage
density (around 3%) or grain growth.

2.l n thmedinhatee stage, the particles grow by mer
The driving force for sintering is the el i mi]i
grain boundary area. The grain growth is stil
by thespowhich form continuous channels al ong
reaches up to 93% of the theoretical value.

3. The final stage is charactamidzaedcbyyomrxaadsi
i solation or even removal odctihenpof etshe who wd
to a dense pellet.

100 -+ nesmes e e e g

g5 R - N isolated pores |1 1)

2 /

%‘ intermediate stage \\ (—/,,

{ = \
§ connected pores /
R
3 o
& starting powder ihitialstag / A

| neck formation
Sintering time
Figat®Typical densification curvesbohta powtderi wig!
(lefand schematics of grain growtghthadg uisrt g dd ibfyf er
[ 152]),. [ 155]

Grain growth first occurs by movement of the
grain boundary to the neck, which results in inc¢
the material. Fur t heirnscoiasy sgaveamgned kyhet gg move
boundaries in order to obtain a | arger radius of
grain bounfdadabglengegygrains wil/l grow at the ex|
according to thge pOsotcweaslsd, rwhpiecnhi ndecreases the n
i ncreases[ ltbh2elire sgrzeei n boundaange diovieudiyoms hofrt ¢
across the boundary in the opposite direction a
(from the highéheclbowatucertvature side). Since ¢
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activated process, hi gher sintering temperatu
the formation of [cb&a6]se mMlETlostructure
Sintering also infl uenchees ptohree ssiazned acnodnt s h &
compaction of the powddb@Ghaidnigrowtalseds dainlsy t
pore drag which sl ows down the movement of ¢t}
s ha[plebA”s] t he grain grpwtbscantiaenebosebdein sphe
the growth, pores can detach from grain bound
their further reduction[Wwé638]l.d fé&eguijre | attice
1.4.2 Abnormal grain growth

Unl i ke nor mal, gmheeirne ggrroawtn si ze wuniformly incr

the size distribution is relatively invariabl
bi modal grain size distribution with 158y extr
Abnorgmadi n growth can -preaosdsey vyteams nb sti nigd emc

mulphase systems. It can stem from the bimodal
pinning, preferenti al wetting, and t hes,prese
abnor mal grain growth is wusually not desired,
physical properties, especially mehahn,jcalsotl
The addition of a small amount ohel bfuitchep
components during si wptheaesreegstad abdaoacmal i guowd
Parti al wetting, caused by the presence of a
nonuni form distribution of di ffusiwbh pfocessce
grains. Such growth was observed for exampl e

BiOs[ 160]., [161]
The criterion to determine the start of exag

Dmax/(D) > 5 (Eq. 7),
wher.gid ® the di amet er obfseriedmaxidmyg D) -i s t he
di mensi onal ¢ daiup idiga naentneeral i ng, some grains |
l ocal rates of interface migration] 165Blile e the

growth gorfail asad®teapst hese grains [ilB®®Bilngd 1wi3tlh e
Ani sotropic grain growth can be also related
crystal planes in a doped or slightly nonstoi
formati ar@aldfogaraypshi ¢ 53D pehfaescet stboundari es, t win
i nversion boundaries, [0I5%]o,] ytyp@] ,s.tTahtebsden g [f

defects are embedded inside the matriandrains
composkarn oaxampl e, dopOsmnvg tdhf Bepm neladMdgAlo abur
twinning of spinel, and at higher doping conc

sequelnmcetshe initial saapgeetobpigec alg nmayd borwsd hag Isr
t he twin boucncdoamrnoedsa tt¢hlaBt@ Jai o n s

Exaggerated grain growth results in the forn
are characterized by straight boundaries para
aspeactti or tom edpd @67Tbe phenomenon of fast and
of matrix grains as a result of the formati
perowis&ksddk ceramics as described in the next ¢
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1421  Exaggerated grain growth in oxide perovskite -based ceramics

I n oxi de -bpaesreodv scke rteemi c s, exaggerated gsain gr owl
sintered wunder reduci ng @eoddintoincno,i cthompendt Ciadi €
CaTi OSuch growth is rel aterdd tfoa pétaisreg td wen stf @ rtmad
of attachment sites in the form of 2D defects |
I n BagTiexaggerated and anisotropic grain growth
from cubic to simodadormaltePaTe@®dped atwures and under

conditions, the exaggerated grain growth is re
boundaries inssigdbea[@da®d®ilc BABBOgher temperatures
reducing conditions, t hei phalset itona nsfi tmadNr ioxx cau

grains and precipitation of grains with hexagon
grains is analogous to the groadthsoprbobmbdlthcedi ha
directions of t[hles%]ri smatic pl anes

Pol ytiynpdeuced ani sotropic grain growth can al so |
by dopinwi CATISOO bad4]Badhles 5dopants are incorpor at
defects withi rnFitghuer gh,olsftbcaniyrsd agol(y s¢ meicd aiqued nges
correspontdy ptto pRRnNnar defects. These seguences

i nterchangi-mgr covs kpisteeudol ocks of wvarying thicknes
main phase, and separated by | ayeFsgwi®hldilébere
[ 169 ]Bleeequences nucleate within the matrix crys

sintering. As the microstructure develops, the i
causes them to preferentiayhtypgrowendi hgetdi eratg
grain [Qgre®it h

perovskite

Figuné(akxaggerated gdowed L£LaTiB@QO Ordered pol yt
sequenceszpenr cCvasTk idt &@d anat] eldp6bjyc ) Pltan da m;wletfTe O
excess BPOfafld)s extend along [LaeaPpp]l attice plan
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Preferenti al exaggerated grain growth of t he
the planar defects wandalCad it@b dad rsvawat eisrs Drf TiSO
CaO, respked] vel YGOE, nph80pbichiometry is compe
of RP ddfgauatég 1(7APrcai ns with planar defects exl
and can even penetratenidntatnegglabaerirmagggreaihr
these defects on grain gr ®RWwPt f.auTEM <*txuccinas ad
l attice planes atiH gaured. uld.utddsip wdo:BEth&EFf &t agger at «
growth occurs at & oif PtCr5ihinogw etveemp, e raatt uhri gher
16424@ the grain size is rdelfeatcitwselay eu mpirfesremta rod
rich gQt@aéinhsdi cating their high thermal stabil.i

1.5 Methodsfor CharacterizationofLi -Containing M ateri als

Li compounds are inherently challenging to ch
l'ithium. The | ow atomic number of Li (zZz=3) 1
techniques. For instance, -iay cauatatseevwenagkt r e h
mi croscopwyanmnd fXraction, respectivel vy, as wel

met hods such as nucl ear magnetic resonance alt
analytical techniques-cexi sai nf agFitghuereen nlaeldgdshi s
comes with its own set of advantages and | im
i nformation and deliver comprehensive insight

- X-Ray Diffraction
- Nuclear Magnetic Resonance (NMR)

- Neutron Diffraction

- Inductively Coupled
Plasma Mass
Spectrometry (ICP-MS)

Spectroscopy (XPS)

- Inductively Coupled Plasma
Optical Emission
Spectroscopy (ICP-OES)

- Fourier Transform Infrared
Spectroscopy (FTIR)

- Energy-Dispersive X-Ray
Spectroscopy (EDS)

- Electron Energy Loss
Spectroscopy (EELS)

Figat? CharacterizationetdebhWntheesntatmgdbron t

The most commonly applied tieomnhrbiaguegs ifesr atsh e
most i mpearotndrati niing maagrdiat 6r actei Xn ( XRD) , ne
( ND) , nucl ear magnet i-rcayr epshoontaoneclee ct MMR) ,s pXct i

Raman and Fourier transform infrared spectros
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mas s spectrometry and opticMS aen-GELIBnamsdectro
mi croscopy met hods, espeoipayl I(V EIW) a ndhiitsipgeeradeevgay r o n
X-ray analysis (EDS) and scanning transmission

el ectron energy | oss spectroscopy (EELS) .

ND and sbMRtroscopy provide structurailsinformat
similar t ochnriiequXxRD Ase the neutrons interact dire
atoms in the sample, this method is highly sensi
the presence of heavi er at oms. |t enab,d es the d
| at pacameters and precise atomic polsOi7t]i,onsl7iln tt
ND is mostly wused for the analysis of structur e
cycling and enables insight i nt o -ithtek atteecchma ni s ms
[172NMRfers detail ed hienfl @mrcradt isdadm uxhautal environ
bonding of i ndividual at oms. |t is used for the
dynamics -tontaitmimgr material s.anThifori stedyeéeaigalt
el ectelod gygttreode interface and the structural anal
[ 173]

RamamT | R, X-aay photompe etctoaoomnopy are met hods for ¢
Raman and FTIR spectrostceompiyzearmoluesceud atro compmoa ¢

structur e, bonding characteristics, and functi
provides detailed structural i nformati on, such &
pol ymdrlps/Ms] n iciotnhiai miuwmd sc,o mMhaoman spectroscopy i s
to study inter dall7abt]i,onywhAp/redgc esTsleB is commonly U
identification of functional g[rlo7u7pp6 P Sa npr osvtiudde se s
i nformation on the odl etnheen tsad mpcl oempsousriftacoen (anal yz
10bm) and rewadbtliegatii on of surface oxidation stat
[ 17Bdont aining materials can pose a -ehatbgnge fo
shifts. Thesd $bifhe aeactelhatyg of | ithium and t
| ayer cortyadirmixngleLiahdd78hr bph8a0g

In the following sections, the methods wused f o
the thesis are deslcri Wwedhiangempheasi debnai STEM
characterization technique.

151 X-rayd iffraction (XRD)

Xray diffraction (XRD) is one of the most wi de
identification of chemical compositiionciamlde crys
includes the inter aetaiyssn wdft hmarheec hsraanmpdtei anX t he
rays diffracted from the | attfiamrglpda,neparodl! Itehle
coheremtysX are elastically scanesredndf rionm es &€ &8
constructively, sad advefi ned by Bragg

2y x GEsbp (Eq. 8),

whedies the spacing bdiweemel animicde nghleamgdder of
di ffracpienthedwavelaggrsgt hThef iXtensi ayw 08 the s
measured as a functi @ [adfgdtibduscagtardn§faangt eor
that is specific for each crystalline materi al

XRD can also provide quantitative information |
si,zetcheegr eea eb &r rped crystal orientation, and by
proportio of phases and | attice parameters. Th

I

n
especially important for the functional propert

p
2]
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the |iitomi umobi |l ity and[ la8c2t]f wratthH eornmoernee, r giyt can
tracking slight changes of the | attice param
dopant atoms into the crystal structure.

1.5.2 Inductively Coupled Plasma Mass Spectrometry (ICP -MS) and

Optical Emission Spectroscopy (ICP -OES)

I nductively Coupl ed Pl asmdS)Maaisd SQPrtcit ¢ @Ime tErm
SpectroselEpSY) (alr@P techni qumgerse dihsaito ne nealbd me nhtiaglh
bul k sampl es. I n botlhhnmeelbods t ht lae sacdplce i vel
(a hHiegiperaturel Ar IMBIPashnea)i.ons are subsequent |
mass spectrometer detectaaggorwhiemrge ttommshregrae me
ratf[ild 3|-@EPS me asiugrhets teend by el ements as el ectrol
state, with each el ement having a specific wa
used, M3 ChPas a higher detection | i mit and 1 s mc
[ 18@Jantifibathomnhechniques is achieved by <con
measured signal to that of calibration standa
Laser abdmRS i(dbBMS) s a var iMeSntt hoaft la®A at es t he
of a solid pampkd tGsicnged | deemabeamal The ¢ ar
the plume of particles -M5dwiohsargonhransheli e
The | aser ablates fiematamded has memalur ementl® ar
maps, providing spatial i intfiqolm@ & tTihcen qoura | @ It e meor
maps depends on t hescdamsneirng eraant ed iaamde tiert egr at i
per nals&o6 ] , [.18Urs]i,ng[ 1c8a8I]i br ati on standards, g
el ements with a deppeptciiiomcl udi tigldBi5ilppibsopossi
1.5.3 Scanning Electron Microscopy (SEM) with Energy -Dispersive

X -Ray Spectroscopy (EDS)
Scanning electron microscopy (SEM) is based o
el ectrons ace oswir ftihee sraanptieon of the el ectron
and the collection of signals from different
with various detectors. The most commonl y us
el ectrons and braocnkss,c awhieckd pebecde i nsf or mat i
topography and composition, respectively.
I n ermdrsgpyrrsawesmpXectroscopy (EDS), the pri ma
nner shell electron from the samplteg,oncdawsiang
ower energy state to fill 4 hgsvacenggnebDat ied:

[
I
energy corresponding to the energy-rdyésfearenc
detected by a semiconducatyo rp hdoet toens tgernsepeah € f € ce &
of el-keclte opairs for reawereyned .g8 .eVA mfegXdti ve vo
detector separates the electrons and hol es,
current is then analyzed t@aysetReank nei n htehe nel
represent t he ratyararcdregiiesgs i of Xdi fferent el en
identification[adaB88]quantification

Due to its | ow atomiaysnuwibtelm , verny elmowsernXergg
producial i gveal t hat is below the detection
Additi onandrygyawy®»wof Li are prone to absorptio
air Despite these | imitations, EDS can be wus
contiemtLLTO, based on the La:Ti ratio.
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1.5.4 Scanning Transmission Electron M icroscopy (STEM)

Scanning transmission electron microscopy (STEM)
(EELS) is an i mportant tool for the sebeaath of
information on the structure and composition, ur
spatially aver[algleOdPpuen ftoor malted osxmal | di ameter of t
aberradrnmemcted STEM, spati al redel uenchedel wiwi ch
is beneficisalal fomnatgmise of structur al speci fic
interfaces.

The path of the electron beam passing through
Fi gur eAclcell8er at ed el ect rtohnes eareecte mint tgeudn . f rTohne ac

vol tage determines the energy of electrons, whi c
related to the spatial resolution, which is ap
el ectrons. For examplag, ainn az c8TEMabpegatwviohg age
t heoretical resolutipm) caHoweaeh, ~Ohé&2acBudl. gpa
is often | ower due to probe and i mage aberration
STEMs can be egatppedcwrtrkecalbbesr For example, a
the spherical aberrations in the electron beam b
the beam to be focused into a much smaller spot
i mag[ilndpluybsequently, a set of objective |l enses fo
is crucial for attaining higher image resoluti ot
the sample surfacpl@Q8]jng scanning coils
electron gun

condenser aperture
condenser lens

condenser lens

probe corrector

”I_I
| -

scan coils

— — ObjeCtive aperture
objective lens

—— E— sample

Lt

e
~ HAADF
F >50 mrad
10-50 mrads

<10 mrads
screen

= EELS

Figadat® Schematics of (SdEBEMt/ecmmIljynent s

The el ectrons from the beam diffract on the at
signals are collected as a function ofiaonffract.i
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pl a[nke92El ectrons transmitted at | owmnraandg)l easr e el
detected ohiehd pBFphtet eamtgdre, ewlddhe aoth)sg H EL&D
collected at the annul ar dark fiogbds( ADF)}Y hdep
contrast image in conventftihomc&klneBEM,anwi tdh frhaiar
contributing to the i mage formatiiformct ADF etiet
El ectrons scatter ed matadye raye eh idgait ¢abneg lhe sgahfl 6 0 a |
dark field (HAADF) detector, where the scatter
number of the atomic columns.

1541 Atomic -scale HAADF -STEM

I n STEM, tshcealaet osmircuct ur al and indirecitnhaygead s o
wi th anlilehannul ar dark field t(rHAMPDMRI)t tdeed eelt edc
that were elastically scattered on a$DBEWMc nuc
i mages is sensitive to the aver &ded 9atAd mifd rrsun
approximation, the intensi-S8VEMfiI magens ci £ op uonm
to"" Zwhere n varies between 1.7 and 2, dependi
sampl e specifics, such as thidkmgessandwha wer &
compos[it9 ®o]n, Haavéier el ements scatter mor e s
i ntensities of atomic col umns, while |lighter

atoms, produce weak signal shtoreltehme nH/AA RR nd étee (
in bfiehd (BF) i mages.
While qualitative isndeelrepriSAEDMF o magts at emire |

straightforward, quantitative evaluation can
by various #Batcther avebagiede of l13hForatomis rcea
comparing experimental i mages with simulatior

analysis of HAADF i mages.
The contras$TEM HA&APEs is inherently éeénfluen

parametersconvyeaglgpease angl e, defldoOwyg, Fhdd8iet
exampl e, a smaller convergence angle increase
spot size. A |l arger detector anglteo miacn gceo |purnondst
however, a smal.l detector angle can |l ead to

refl elfctd >ns
While the primary sourceoonfraosmn)riamagi mg HARA

el astic scattering, isneallassot iocc csucrast tdeurei ntgo afh ee
of atoms around their equilibrium positions,
[ 199 Phonon scattering is incoherent §1@&617]esul
[ 200]

Additi onakbVYumat omiensities depend on sampl e
the contribution of the backgr ound Intoén]o,t o[nd Ccla]
Neverthel ess, at a crinmcathe hinkeesbstywyfofar a
remailnast irveel y constant due to the beam2®Xjoaden

The variation in contrast is also dependent
samples. The beam can focus along the atomic
to the neighbori ntgalc0aheshannel.i cgr osan occur
mi sorientation of t he sanipol ®i,s evhri &thi add ecfr eatsem
[ 203These effects are al so r el antde di ttso stuhrer ocuonmn
col umns. The channeling of the probe can enal
i mpurity atom because the probe further down t
focused and atoms scatter to imiteher0ddgBnad laedse,s w
et al . (2018) showed that the intensity is a
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C
S

F
c
0
S
d
a

P T " 30 TS ITTO0 T TOHO DO

olumns with different compositions, from col umn
mal I €r0 54
Hi eemgl e scatterdi nogy ilss dBdmicrhatset ates (eigenstat

nergy. These states are | ocalized around the at
mplitude peaks at tHeweeat erobhet het abésmonan al
he signalthespeomat!| goi tmns are closely spaced,
f the neighboring col umns, or when the col umns
verage at o[m @6 ]n,umlbdzdwags found that for heavier &
| soedxatt small er thicknesses, but the oscill at|
o the dephasing of unbound st@d emm, AZs |satragteeas tvh
onger wavelengths are also excited, wharch cont
ol umns with increasing thickness. The excitatio
n structures with dinfereotdedegdesesr ot orederwheg
eavier atoms are randomly diisttoyfi bautoerd ci nc otl uannc
ith the saimee hihghce&krneisrse compari son to the ordere
n an ordered structure, heavier columns mostly
tates, but the averageédyi nthendiitgyhties Icad geninys . rr &
and, in disordered structures, the 2s states al
verage intensi tFi gour e [hZesXy¥ &ceo |l aurntnasn ge ment of ato
he atomic col umn nalesnsiitrnyf lofemc esgpetchid i ¢ col umn.
robe and thus the intensity of the atomic colun
he topmost columns in comparison toFcoguuens wit
1pBD8]
a)
0.50 — - : : , .
0.45}, ____e____,
__0.40¢ P g
3
o 0:35;
SamolT e
w0 - - -
§o.25- g "
c 4 ] (-]
= 0.20} = InGaO; 100 nm ] o 3
e Iny;Gay ;N 100 nm (4 ¢ $
0.15} + AuCu; 100 nm ® ® $
- -~ fitlines g g :
0106502 04 06 08 L0 g g :
Order parameter S o o o
4 ® L
igunl®(alntensity i n structuresmwanmnd i ftfheirceknnte
ompositions amdgwanyidreg .| &ng 0 denotes a compl e
f at oms, whil e S =orldedemndotcersy sa ap ¢ & &ptfloyd uc ed
cattering of the probe in atomiCerReodmdan with

i fferent arrangement of atoms along the col umn
toms represent hedaucieedr[ ZRe8fat oms (repro
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Finally, SAEMHAADENsity is afdrcdmdr plyou hel @

on the sample surfacdeur iwhlyi a¢hheusTuEaM |sya nfpdremspr €
presence of an amorphous | ayer recdaiuwcsees a hpeo rctoi
of the probe intensity is partialll2y 9tffrharss fcamm
|l ead to incorrect quantitative determination
thickrrddg

1542 Quanttative analysis of atomic -scale STE M HAADF -STEM images

I n order to wsuecahti BYADFoimiacg e s , experiment al

compared to image simulations. Different app!
HAADSTEM i mages, -wake bDheBBhoeh metshiode aimido 2z ére
phonon si mul atwaovnes .s iTnmuel aBtlioccrhs ar e mostly used

uni t cel l and periodic structure and describ
el ectrondi mgnshopral [ BLbth waves
Mul-glii zeenf rponon simulations replicate the
speci men and can be used for the quantitati v
STEM i mages. Simulations successfully reproduc
and dedier ipbreoptagati on of the wave function t|
alternating steps. First, the simulation calc
interacts with the specimen potesnhi fat ed np roonbe
proapathgs to the next | ayer in the atomic col umn
beam reaches [Be2pxit surface

To obtain better agreement with the experi me
on the HAADF detectolasiinc adadvei bonc¢obi ame &ED.
averaging the scattered intensity for random
phonon appfagmatThBet3g@gppr oxi mati on considers t
bet ween beam el emetnr dinss nauncdh as hsopeceir t han t he
speci men 2dédmans al so accounts for o,tl H &kre efrfodcet
channe2ibp

Besides matching the experiment al mi croscop
and ti bt mwiahi ons, accurate comparison of i me
i mage intensity to tHe&Lli6rHAIABDEBNM ibmagne i inntearss it
combination of atomic column intensities and
|l ocghabki and arises from average scatttérei ng f
experimental i mage background needgqd 2tlor Jhhe ssub't
procedure is not needed DiSori nscil mulleadt @ da ciarheegsecsa |
background and column intensities by the sar
background intensity [@z01i]n experiment al i mage

Compari son -SSTEMAAWDaEFges with simulations off e

factors that pr atdemitmattelney icoange i bontrast an
optimizati on of mi croscope par ameters. Mor e
interpretation of experimental dat a, provi di
guantitative detail sigerns,thdusommaaesgiltiitanalngc laa
of processes on the atomic scal e.

1543 Electron Energy -Loss Spectroscopy (EELS)

When passing through the specimen, some el ect
el ectrons in the stamepliiengThbassénetmast gy Iscase
fromVOtkoeVd. After the interaction of electrons

through the spectrometer (magnetic prism,, w
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absolute energy fuiséihd @whatginet per pneonndeinctuulnar t o t
The dispersed electrons are detected by a dete

el ectrons at di fferent energy | osses. The resul
function of dme ennecgympodvssd of tHhoees maiak, p&otws:
|l oss region, amdgauaoke 1. @Ps regi on (
Zero-Loss
25— -
20l Low-Loss oK Core-Loss _
%15_— J|:I F _
2z ) AN
E10_H J\\
| | MnL.
05—‘J — \\‘H e
[X50 xtc® Hmh—u.. e -
0_/ | |

L 1 L | : | - | . |
0 100 200 300 400 500 600 700
Energy Loss (eV)

Figa2@® EELS swietch rtuhmr ee maifnd®PB¢gi ons (from

The ftess peakeV)iOcwooré&sponds to electrons that
significant energy | oss. It can be used for the
analyzed[ pa3Rddbni onal |l vy, it provides a referen
spectrumdthhefiwobe peak defines the energy sprec
and can be improved by Thesid@wa megioceht)¢ @t dro. 6
represents the energy | osses that are associat e
Lowosdsgeess are a result of pl asmon excitations (|
val eenaceenducti on band temersdgy iloonsse Vilehgeiadhs g(hx @0 er r ¢

to as the energy | oss near edge-sshteddcthyprnd z@EL ME
where the electrons are dxyciintge ds ttaat ea no ru nf o ceceu peil ee
[ 218FEach species has a characteristic ionizatio
analysis of the sampl e. Addi ti orcdlulry, kY eicinspead
structure, bonding, and val[elnkc2].,i WiledBnjathicore ac & m ¢
sample thickness, the beam electrons undergo mul
sampl e, whi ch # dabdaucckegsr otuhmed stitgenia®li ai bi |l ity of the
[ 218]

EELS spectra can be acquired as single spectre
area). Alternatively, EELS spectra can be acquir
as spectrum i magmagi 08l apowheerekbechfon energy | os

pi xel in a scanned image, providihg@l®étail ed spa
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Chapter 2

Research Aim and H ypothesis

Theeseaohi d emater cshdcadut herdevel opment of mo
and reliable energy storage solutions in the
technol olchieesr es@etarohl y sl i mitmad erdo abbglwi bibngc
conduyxbutvi al ser $ bamdidng the fundamentals of
properteilexst mat gstaenad under |l ying mechani sms t he
propefdfhiesthesi ¢t hétecealseprdomtbl ef pexkobldistkh it em
l anthanatnd ti T@ma eri adhcdadradi ng t o phroelglirseas r es
potefnbiralapplications. as a solid electrolyte
I n LLTOt ottanle i oni ¢ sioguiufcitaEed@umddy iy resi sti
bound.aGaiiensi ng a deeper miucnrdoesrtsrt tacptduerney dbehv ell 0T O
ceramics can provi dtehiemglrwabelne nit n soif g htthse feolre c t
necesstalmeyn hfaonrc e meé st pef f or mance i n battery appl
Theri mary goal of t he odasEeailnhdldoos siwatmho pr e
conventienalt es slyindwielsli sbhe Tachi eved through o
synthesis parameters such as the staratnidng <cor
sinteringTboendiitsisenmd ati on extendsolteo otfhepliamwa
defectson grain growth, microstructure development, and functional properties for applications
of LLTO asa solid electrolyte. A substanti al part of the work i
structur al andhazmanptoesi it 2 atndéam a miodRBRILWy if®dhf ect s
using frozenslpihoenoinmangud t $ i muddwarice teerfumdamental or d er
understanding of the atomic-scale processes and their implications for finalf unct i onal
properties.
Combining various dadwa ntceecdh nd hgaureasc ttehrei zfaotl | ow
be addressed within the proposed doctor al di s
1. How t o poeaeg@greaiEdneldd cer ami esst antiet hs isnotleirdi ng ?
2. What i mpadht ddodarti ngvednmnmplods agt hogr dat h?
3.What i srdlhaeticom between starting powder <co
functional properties?
4 How ddesLa: Tih taei onitial LLTO composition
RRt ype @efects
5. Whaitshe standt oo mpdskhit tyigenf ect s wWi?t hin LLT
.What tahteber modynamic reasons for the specif
in LLTO with La:Ti=0.6057?7

»
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Thesrudft st he dcoettwawikbodi tvdideediphar t s. The first p
focuses on the influenca &ft atrhae ngy rLtLhiTeDshieo mparsd md
struatoi er ostorfucLtluTrGCe cer ami ¢ s .a |dne ttaiel-ssdmdadnadmipa r t
analysis of the planawi thimf eict sali nsEad®&i that iLd T oOf

descrAbeder modynamic neattudyn aafndt hreecfr gisytpad | i zat i o
defects is given in t hper otvhiidreds paa rcto mpTrheet ef nosuirvteh dp
mi crostructure development in LLTOywietpl @n&ad5 u
defects. The finalopapteetnt Bi &ihodnigcte aceoumadeuntetnity iotf

i mrepaLda®ampl es

Thef i ndomgsllmicsd oss@lrt datrpabl i shedr n al of the Eurorg
Ceramic whSddhoit ¢ BfeaggeGraatieno wt h dedel bpBeatsef
gr ad Miecr ost r ukittuhriltasmt ihmhiutnra nPetr @ v Ckr ammacd i n
journal ACStHNeanfon ahei ent uURopPdémmederf ects and Thi
I nfluence on Gr ai n Gr owt h and Properties of L
El ect.rol yte
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Chapte r 3

Materials and Methods

3.1 Sample Preparation

Ceramic pell etagcwe diehnggr @grav et ti aatpepat d a @whm d h e
start.L@agoai 998 %, Al ®:d 98 &M, Aeas ar,®9afbh, Ti O
Si gmar At h) p@Owdoewdser Lvaas anrCe dloerwdbdddt WaBOOwei ghi
to remove the Aabls otrhbee dc owmaptoesri.t i on€Qerwnteasnéed
compensate for the | oss of l'ithitmmpdeeattwr ev
sienrti e amount e0dQ weaxscesbhosen according to
experiments datdahlei i @i a1 @ad e c 0o mp ots isttiooi nc hci oornreet srpi
startindipawldddi phawietelxce£, Lanmolaatoifo t he

s arting ciodmfPQulsad sT ©0. 001.10:05@5 40t her sampl es ¢
di fferent agdi trieosnwsintalfragalta s bet ween startin
LICQ L@ TiaDgi ven inahablpe el3eht ed aigné samtodramarpyer ¢
phase di &#&ggamei 8. 1

Tab3le Starting compositions of prepared

Mol ar ratio .
Sampl e : : La: Ti
LiCQ L aOs Ti 0
La: Ti =0 0.011 0.015 0.054 0.560
La: Ti =0 0.011 0.015 0.054 0.589
La: Ti =0 0.011 0.016 0. 054 0.605
La: Ti =0 0.011 0.016 0.054 0.622

The starting powders were mixed and homogeni

ball s rgotm Z ®Ouirn. Seththanol . After drying@CtG,e homc
the obtained powders were pressed in pellets
pressur®PafanddOcal ¢iCn é doruaitdn &® 0t ube furnace. T
pell ets were crushedpr emislelded ,nt a@r ipeddnige awas e
performed at differentCtteoanp@8uO0ouvadd fariom wil i
heating and codbCimgnratesaddi tliOon, composi tic

sinteringC.at 1350



32 Chapter 3. Materials and Methods

'—io.33l—a(a.56 0.11 1103

o La:Ti=0.560
La:Ti=0.589
La:Ti=0.605
La:Ti=0.622 La,Ti,07

FigBfe I nitial compositions of the LLTO sampl es
di agr am.

3.2 Characterization T echnigues

3.2.1 Phase analysis

l denti ficadriyant pohfbhsteldee was carrraiyeddidutrabyi &n ( X}
Empyrean, Mal vern PAMNMalytdi ckaln,gdMdan)v ewinn,h Cu r adi
1.54187 A) and equipped with a Pl Xcel 1D detect
acquiredBienBanagggeometry within 2Ziwi ahgal atepang
sigqfe. 0Z&and a coll e@k®i parRisamee odnagsler Fioy med using
PANal ytHecratl HKi ghscore Pl u4é &atbalRawéth the PDF

3.2.2 Densification kinetics

To determine the optimal sintering temperature f
recorded omnt agicce dasicogpe (Ernst Leitz GmbH, Wetzl
anal,ygékcicned powder was compacted in a steel di

of mBi.The analyses wareéhpetfeopmedt ur’eC rmandge aup t
heating t@nea of 10

3.2.3 Density measurement s

The absolute density of theCswuwampl msaadited ismnales
ethanol according to the Archimedes met hod.

3.2.4 Microstructure analys  es

For the analysis of mi chreo sstirnutcetruerdael p ecthhaersagcet vesreil sy
cut in hal fseantdi adrhe wermessground anddp almosnked, fi
asMecrostructur al observations were perfor med
SEMher mo Fi sher Quanta 650) EBEMh WMatbkbacmuseit se
ource, equipped wi trhayans peencetrrgoymedtnesrp gfsosris veehf eXnti hcea
amples (EDS; Oxford Instrument $),. A-Ztresct ,Lipvoel,i stn
resescti ons were examinedgeandoabeevmarlt ¢, etcdhedr é
15 minutes at & C dmefderwattihree s+ édQtkor irnegv et ael mpi emipaotrutr
mi crostructural features such as grains, grain b

! O v unw—~T
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3.25 Atomic -scale analyses

Samples for scanning transmission electron m
conventional TEM sampl e p@rekar avteiren capgp rf aaaorm .t
mechanically thitmpneandodamphmied tO®&OH~R0sc center
grinder, Gat an Il nc. , Warrendalnmi)l.l eldh et odierpdce
transparency using 4 keVWmArmoitdins i altesan Pd PEl & 9
Pl easant on, USA) . Prior to the TEM analyses,

of carbon to prevent-ermreragy i enlge amtnrdeerr keéreem.hi g h

STEM analyses wer e -gperrrfeatmedt saminuns icamaeni ng TE
( STEM,; JEOL ARM200 CF, Jeol Lreésol Vekly o magepa
coll ected -asgIng an didilgahrd d(aHAKADF) detector wit|
sefmingl es of 68 and 1S8tOa cnkrsa do, f riensppgeecet ci uled ryé. d a m
at a higher scanning speed (dwell time of 4
i mage distortions due to specimen drift and s
tamoi se ratio.

3.2.6 Quantitative analysis of experimental STEM image S

For guantitative analysdéal eof 5N T mMmmgersal adab
column intensities were normalized by2230pbtrac
Then, the positions of atomic columns2Wi th su
Gaussian fitting (" Gauss fit on spot" plugin,
determined using the "Find Maxima" algorithm
atomic column were integrated with[iZh2 la[lnheappr

mask size for the determination of atomic col
width at half maxi mum (FWHM) of the atomic co
Simul ati ons-SToEM HAWaDgFes were <carried out us i
mul abf oware QSTEM with multislice method ar
22]The foll owing mi croscope parametlV,s wer e
romati c Cabérfammpnprobeanghee2gemcadseannul
gul arf rroamg@&8 to 180 mrad, and energy spre;
nfigurations at a temperature of 300 K wer ¢
attering (TDS), which causes inelastic phon
Crystal model s for i mmget aead mudsaded omrs twhee ec rc\
of oLal i010of 92N d visuali ze2d23FheagstVaistiang model o f
with thicknksE®23644 &Ht1OmMH) was prepared in XYZ

o 9L O —n;m
O O S SN~

was initially osriingulnaatle df oirnm.t hFeuirrt her , the mode
thickness, atomi ce. gell ammat posi taicyopwes 5 € ct thse) , RPa n
composition to replicate the speci fiModeelast ur e
wi tihf der enhahnge e&tes in the at etnyipte fceod tusnnan ch

modi fied compoismt pepeeudd skayer 91 olcikbsat Tai :Onat c h
phawer e pruspgkimgettion code written by David Fabi|j

of theduabdi st omic columns in simul ated HAADF
same procedure as for the experi ment al i mages
To deter mi ne |l attice distortions and | ocal

[224]was 26t f or mbdc i aogdfatgwha rae .
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3.2.7 Laser Ablation Inductively Coupled Plasma Mass Spectrometry

(LA -ICP -MS)

The instrument-laCRS emaegps froemdmMt s was comprised of
system (193 nm ArF* exci mer ; Analyte G2 Teledyn
MT). RABgsltem was equipped wvrohumesabhdardnacel Ve
), including t he Aerosol Rapid I ntroduction
Technologies) for fast aerosol washoutMS The LA u
i nstrumemtt 79A0Qx4aXd,e Agil ent Technologies, Santa ClI
were as foll ows: | de®r reermpeertgyt i den sriattye 32.500 JHz ; |
3 Am; dotfged tot al acqui s-MBi cacqui met ifor a.CP4 s
corr espontdii megs dfwerl |s pleic inifs%Tci mm8u;c Mdlhddensg8 Ot her

parameters were based on model predictions for
avoidance of aliasing, mi ni hdal8 8b | Tuhie2 2aébhlda tneadx i ma
mat ewasaltransported from the ablation cell to tl
and argon was -agdgadasadbedomekéhe torch of the 1| C|

i mage analysis were performed wusing the softwal
Machime.s, IBozeman, MTh)e Ab @S| magéeéyses were perfor
coll aber®i.omMarti nt hSeal me pfaarotmrment of &wtmaleyti cal C
Nati onal I nstitute of Chemistry in Ljubljana, SI

3.2.8 First -principle calculations

Fi rppgti hespcomputations based on {@m@Fejrtey Udsuendct i on
for thermodynamical phase stability evaluation a
Bur-Eenzer hof (PBE) Generalized Gradioenmtel Agpgro;mxi m
[ 222&]d Pr oj ect eéWa vlieu g nPeAnW)p dptseefudlid@ipl ant ed i n Vi enn
Ab initio Simulati@BOPack@28aldovYAeBpr rfionrcitphe sf i r s
computations. ThdalTlor@anmddhg 1) (Were built accorc
to experimentf[al 0 X]RDn ff 2@ dBi©Of i ci ent LLTO atomic

was built by removing 1 TdkaatTd Andmi2c Omad ®ims 6
LiLaliO,.and stabl e combpalu® depudtnertrneer yLis fstoem wer e
the Material s [P234Illdctofdathabacsoemput ati bendd wer e co
energy convergd&nde famdel@onwer ancmrees hklse ulsed f
Li dsa Fid D olkiza Ted 0 an-danTdid ©f i cb bafdNiDal energy and

density of stateX208mpdbr4dt6i omess pvectei vel y.

Phase stability evalwuation was conducted by fi
compounds within t he Li:La:Ti:O = 11:15:25: 78
decompnosienieogi es of t he mai n r ecadsd T product
Li ksaTd 0 -Bind-dO®Ff i ci ent WIaTiO,e dryd ElgipaBédpn 9

E = bIE + 7 BIE (Eq. 9),
wheEe is the decompBsitiomnBnerggre the
formation energies of, k@il O Adbi;g Td On-Bpprde duct s (Li
defici&@mtfd :Di an, al kOh) and stable conpadiOnds i n t}
quaternary systlmnHBlaespéehtei coleyficients of the ¢
ful fildl the stoichiometTlyéi(-hst mhai @li e Oc &l dul: dt5i: @r
carried out i n PoooDt.ab-8amedi bnn @hBd Din from the

Nati onal Cheng Kung University, Tainan, Tai wan.
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3.2.9 lonic conductivity measurements

For ionic conductivity measurements, the Au e
ceramic pel-TEE€ sSEM5 as pBuAtLt er sy srtge nc uwirtehnta ofp ud
and a sputtering time of 300 s for each of t|
sampl es were measured -WitmpadabhoeocanalpterBef(
Germany) at room Glempreratfureqgyemay rlangveHzf rbom
applying a voltage perturbation of 100 mV. Th
was estimat ed&qbatliddadn on t he

f=,r’3‘—_:= (Eqg. 10),
wheAdScm) R (ohm), d (AOcmarecamda St i(cimt vy, res
thickness, and el ectrodiec acenaducrtesvpetcyt i meh g
performed inwtcblhanbdumtaonfrom Jozef Stefan

Sl ov.eni a
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Chapter 4

Results and D iscussion

4.1 Micro -Scale Characteristics of LLTO Ceramics with
Variable La;Ti Ratios

LLTO samples with varying La: Ti ratios and c
temperature and cooling regime) were characte
compition influences the densification behavi
mi crostructure development .

The main goal of this part of the research
preparegrcacianresde LLTO ceramitsi wutihom ofedgrcaidnc
The preparation approach is based on a concep
perovskite 0o[x1i5d9%] ,c erlabmbh]e, 6 e[ 1t6r9%]Jgger i n¢g ytpree f or
pl anar defects and sengikeneersehas mi sigeaifuctan
perovwis&ksddk ceramics. -GypendefacwédiobcRPate ex|
grain growth in the direction of the defects
pl atiegke morphol ogy.

4.1.1 Densifi cation kinetics

Densi fication kinetics of the samples with val
stage mi croscope t o determine t he opti mal S
homogeni zed LLTO powders. All° GRipUrees S.tlart t
The sample with stoichiometric composition f
shows t he steepest curve, i ndicating t he f a
Densification is strdogdyr azchkhdédenthéeédcati aOHt30
ataroundd@CrFast shrinking of the °sCG napnlde icso nctoi mpul e
at 1°20@cor di ngO-Tiopthlaes eLidi amgir@mt, itmdiscate t he

of a |l iquid phxasdee bagn@B®EE NO L i

On thkem hand, samples with increasing La:T
rates, and the temperature of accelerated sh
temperatur es. The onset of fastest densi fica
~1C0 higher temperature than in the stoichio
process of the samples with higher La:Ti rati
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—La:Ti=0.560
25.01 La:Ti=0.589 1250°C
—La:Ti=0.605
20.04 La:Ti=0.622
o8
$15.0-
g
=
5100-
5.0-
0_

700 800 900 1000 1100 1200 1300
Temperature, °C

Figd e Densi fi cathieors acmprlveess waft h di f femewitngomi nal
the shift of the fastest shrinkinhi ghhdde Ltao hi gh
additions.

Based on the densification kinetics, the optim
mi c ruocstturr e devel opment i°nC,L LwihCe ries tahbeo vsea mip3 Cels r e
maxi mum dendenyi.t yHigehr ami cs with | ower fraction
and other types of defects is beneficial for ior
preparation of sameptHsoffopolnmiscreostcuaecgs sir al char a
order to study the influence of temperature on t
with different La: Tis ercasaiifobng r wé ndli®@blionjpesdt chofser e
the samples reached theirCfiwha&lin dérsistaynpl|l &@sd waf
densified as higher sintering temperatures enha
mi crostructure developmentcriThecalntaciog tempee
of the LLTO system, as it significantly affects

its prppeél.ij e237]

4.1.2 Phase analysis
According to the XRbDol pdt tadatmpsl,e sdindavéliGi mghrda't 125

1350Ccrystallize i Lbh TOPA(/rnmaygno mati fi c HBTFOB5) #01
regardl eslsadsocfonttfeditgu2ae . B)In addition to tetrago
reflections, the XRD pattern of the sample with

LidsaTds@Phase (La:Ti=0.560) countiali @ s(-Or8&HBMBel0@1 ons o
mar ked with asterisks) an® handweak i megf Itehet ipare saerm
smal | a malui@/ts ecfonldiar y phats3309I3CSDnha##kGdgive) h rect
after sinte€inwhen 4280VE€redhatmd3&0ity of rutile
this sample disappear, whiD/peh atstee rreerfali encst iva ns i fbrl cer
di ffraction pattern. No secondsarwi phaaebi gher oba
rati o.
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a) 1250°C

La:Ti=0.622

La:Ti=0.605
091 t 91
i .

La:Ti=0.589

Intensity, a.u.

La:Ti=0.560

LipTis0; 1192
10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta, degrees

b) 1350°C
La:Ti=0.622 ! 1 .

LaT|=()605

La:Ti=0.589

Intensity, a.u.

La:Ti=0.560

Li,TisO7
o

10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta, degrees
c) 1350°C, quenched

La:Ti=0.622, Q

v \ v \ v v
La:Ti=0.605, Q L L L L

La:Ti=0.589, Q

Intensity, a.u.

La:Ti=0.560, Q y

.. |

10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta, degrees

Figd2e XRD patterns of LLTQaxseddmtcenwi ahtdrf§
atla) 1°2C%b0) 1°3Cadd (c) quenched from 1350
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The tetplalgloarmodi fi cation is charriach eandelda by
t

poor | ayersaxalsongvhi td ¢ eads o the doubling of

[ 48], 1 236he XRD pattern, this feaparetiractrefée
refl ections ( markieglune ah.oahagsodse reflections typi
with the ideal cubic symmetry, as indexed on th
sinteredCat Th250most indicative refl ectaitamonfor t
with a doubl ed uvadits cied It lad oh@O2t.her gleedbicami at

symmetry, t his reflection w&@] dhebei nitrechesx eady aod

superstructure reflections varies greatly among
La: Ti ratio of O0.605 exhi bi tusr et ree fhHiegh @ sotn si, n twehres
ot her sampl es, their i ntensity is comparatively
sinteringC astholws50 he weakest superstructure refl
The XRD patterns of sam@EFé€gunglediichppdagnmdmarl 350

intense reflections characteristic of pseudocubi
0.622, somé nhreaasdtyl ewperstructure peaks are st
suggests that while quenching ouwmiea alU TyO,p rtohreo tleos
intensity superstructure peaks in the sampl e wi
presence of small tetragonal domains within the
Since polycrystalline LLTO ceramics[t@G6] consi st
[ 10t8he (200) reflection and intensity ratio bet
investigated in more detail. I n orthorhombic LLT
characteristic splitting to tshriene |paetakisc ed upeartaane
(Ebic) 89], [10Rdweydr35]in the synthesized sampl es
and show only one nhg@dan@.ml %4 orum)d, 4wWhi9¢h i s a typ
the cubic or tetfFagaoamalhéma@di fgihcatsihod tc of the (:
couda el atveadr itaot i ons in the ratio between the cub
di fferent | abtimayparameteosm. instrumental error
a) 1250°C b) 1350°C c) 1350°C, Q
200 200 200
La:Ti=0.622
P
La:Ti=0.605
La:Ti=0.589
La:Ti=0.560
460 470 460 470 60 470

2 theta, degrees 2 theta, degrees 2 theta, degrees

Fi gd3 e Sexottihoen XRD patned nm@200) reflection for sa
at (aycCl2pe°)C,138bm0d (c) after°@uenching from 1350
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The reflection from the La: Ti 2. 665 byaomplea
contains peakoat2dégmarked by an arrow). A sim
weaker, shoul der peak is al swi tolbslea vEid=0.n6 2 2h.
suggests the presence of another LLTO modi fi ce
Af ter siha:eTiin@. ©F5 s°aOnplteheat( 210050 ref |l ecti on
broader and asymmetric compared to other sar
observed.

Variable intensities of superstructure refle
amms contain different fractions of cubi c
timate the relative volume fractions of bot
€ Ccuqymitc 2PPadd tetarasgpfnladctli fwaat cabEmated (
JBE128KAM higher value of the r adfi ot saug@Lelitc @f
e a | ower val ue tientdriacgaatneasl amopdriefd ocnaitniaonnt o

I
ecd ragonadanmdmlmas nsi nt€redeptedebed by full
hibi't | ower tetragonality tha@ (heprsasn@htsd
en circles), except for the sampl @ehlaseTi s0.
ightly higher after sintering at 1250 °C. (
ghest fraction of the tetragonal phase. The
nt ered Cathak250the highest fracmhgoallof samel ew
hibits a |l arge increase in the amdwnt of te
As assumed from the broad and small super st
the cal@gdd.antaedd ols reach muaohmphairg tseorn weod af leheed isid o
samples, which confirms that these samples ma
a) 1250°C b) 1350°C c) 1350°C Q d)
38 *
00 101 | [100 101 100 101 | 38
La:Ti=0.622 34
324
S 30
o
La:Ti=o.605—A~—'A~— J‘-—-JL s 01
§1.0~
La:Ti=0.589 ol b
0.6
04-0
La:Ti=0.560 A mf |\ 021 o
T 1 1 1 T 1 1 7T T 1 1T 7T OI T T T T
22 24 26 22 24 26 22 24 26 0.560 0.589 0605 0622
2 theta, degrees 2 theta, degrees 2 theta, degrees La:Ti

Figd4 e Cubic (100) and tetragonal (101)Crefl ec
(b) 1850and (c) after®° @ue(hdk)hiQagl duloan €d3 5i0nt e ns
the cubic ahdilptog)yef dgegenalbmse sampl es with diffe
after sintécCinfduat t2F5Q gso)penndandIThE s er guen
(asterisks).
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4.1.3 Microstructur al characteri stics

According to XRD analysiegardllkasksLitcO asahimpirets of
predominantly pseudocubic and othéhtgr asgooniaclh i lolmie® r in
LLTO s aanptl @i nSirsemeondar.y | mhaSddhmadsty,s eav e a l

remar kabletledtf@cti ngf LLTO composition on t he
mi crostructural char,attse mitregti d°’2@ @A €& BSOrsea mp | e s
charadt emi ztehetr enla ¢ dsyeccrtoiGosmep osi t i onal analysis of
sampl es wasuspBmBSoomeguwnetshlasde cctri®osnss e L has an
atomic nunmbwr bttoaet ected by SEM/ EDS, La: Ti rati o
composoiltliTogr af s liuteik a; A1, a7 i 4.

To ensure reliable determination of the La:Ti
using a referemei ashmpllTe oflatlLa This reference sa
prepared by a syandeasdscpr ameghtd eesempandi tiitesn was
detertmynX®&D (1 C8B14#BHUgUBae. 46 EMEBnadsyef a polished
cresescti on To®;s a mgH ieq@u sbec oAn.f i r mé dvigpli 88 e compositi on
and homogeneauws umec rwai stth dar ker regi ohs cCorrest
consistently showed aelmo:nBittrinaati inGENMI BBE it® duilt
for determining the La:.Ti ratio in the LLTO samp

MWMMMM

LasTioO7
ICSD #04-005-9471

a)

Intensity, a.u.

bl u||l||| ;ltl“ 1”'

10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta, degrees

b
Spectrum 1 2 3
Ti (at%) 50.1 49.8 495
La (at%) 49.9 50.2 50.5
La:Ti 1.00 1.01 1.02
average La:Ti 1.01 £0.01

Figube (a) XRD pathi@rsrampfl etat e hed with CSE®rresponoc
card. SEM)abkscattered el ectdricsnp g & yBiSrE)o g ei nneaogues
mi crostrwadtonrge with a tabkbluét panealeyisDiSsng t he
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4131  Microstructural characteristics after sintering at 1250  °C

The sample with stoichiometric sd laa Ad TiigiOc omp o s
(La: Ti =0.560) afteC camdiegtisngofatumi2f5dr mly di s
grains with i imiFHdesurgep 4Sde~&Gr ostructure s €o0mme
the |literature for LLTO synthesizgd3t8r, oy B od
240Most of the LLTGA igkreaimmosr pdheovled goyp, cwibteh t he
100} facets.

[
{

Spectrum 1 2 3 4 5 6
Ti (at%) 632 | 634 | 632 | 633 | 852 | 853
La (at%) 36.8 | 366 | 36.8 | 367 | 148 | 147
La:Ti 058 | 058 | 0.58 | 0.58 | 0.17 | 0.17
average La:Ti 0.58 + 0.002 0.17 £ 0.001

Figdée (a,b) Microstructure of stoichiometric
125@. (c) SEM/ EDS analysiestobnthe unetched cr

I n backscattered SEM i mages, the tghreairnesg ieoxnhsi
bet ween the grains are dar ki ga®bei Mhii ¢ &t estb mey
these darker regions are porositys,ecSHMDNEDS vem
an increased amount of Hiigu6e.iMist i cf cohss st ee
the XRD resuwlitsh asvdhheoredadary phases were detect e
slightly higher La: Ti ratio of around 0.58 in
La: Ti=0.56. This increasen sobatitind Betcod dtao yt Ip
and consequeaitsl MefltedorTithe formation of LLTC
of LLTO grains with a higher La:Ti ratio.
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Faceted LLTO grains were also observed using t
seledctarea diffraction (SAED) pattern confirms th
axis are encl oskidgb®e {400} facets (

Fi gdT@EM | malgleT @ fgrtalismanmmlidaLla: TH 60h ielxi & g inagr e
cresesctTihoen.cal cul ated diffraction pattern of LLTO
of the diffraction pattern with the main reflect

The s awptlhe: Ti =0. 589 has a comparable grain si:
stoiocnetric sanmpgQEi gLBae)bidTth.e di fference bet ween
samples is the tighter packing@g &fi gheTOLagr dins at
whi ch aeanrbkbuted to the | ower amount of secondar

The presency phHasesxomasarnot detescbe8ENMYVYERED but
i magesnapisd where small grains between matrix LL
(FiguBk. 4The | ower-rambumpthaets Ti s expeicared to e
transport | mr dsgaemptiiee, s .t he La: Ti ratio is close t
powdear,responding to LLTO with x=0.009.

n
0



4.1 Micro-Scale Characteristics of LLTO Ceramics with Variable La:Ti Ratios 45

Spectrum 1 2 3 4 5 6
Ti (at%) 63.5 63.7 62.9 63.4 79.7 79.8
La (at%) 36.5 373 371 36.6 20.3 20.2

La:Ti 0.58 0.59 0.59 0.57 0.25 0.25
average La:Ti 0.58 £ 0.008 0.25 +0.001

Fi gu8e (a, b) Mi crostructure of LLTO sampl e wi
sintetrilngla (c) SEM/ EDS analysis shows a sligl

to the nominal composition.

A further increase in the La:Ti ratio in the
LLTO grain growth and microstwiutch ult &: Tie vied toip on
exhibits a bimodal microstructure which is ¢
matrix of s nkailgluerrg . g4r \@ ants o f the | arge grains
mor phol ogy with thickmeasds!| epdtingameldd®odel O f
them are isometri c, -lwihkiec hmo rnpphl o leosg yt h(eiinrd ipcl aatt eec
Figurg. 4THh-r 6wish g I-lairkgee gorlaaitres show character |
and exagger dt1&d] garngdd t6dbolme b i mede ot her | arge
surrounding smaller grains have a morgem.i somet
Both | arge and small grains are intersected [
thinner or thicker | ametbat wagth tahasnl itghd | gr

backscattered SEM i mages Kimau Ke ddTwdat hl awnheiltlea ea
LLTO grains can either intersect or run paral
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Spectrum 1 2 a 4 5 6 g 8
Ti (at%) 62.8 63.4 63.6 63.1 59.6 59.9 60.3 60.1
La (at%) 37.2 36.6 36.4 36.9 40.4 40.1 39.7 39.9

La:Ti 0.59 0.58 0.57 0.58 0.67 0.67 0.66 0.66
average La:Ti 0.58 £ 0.008 0.67 £ 0.005

Fi gub.d a,Pol)altiek d sgmlaedded in the matirn xsamplsemal | e
La: Ti =8f 6s6i b thegnt 1°26 0(At gr alame i ntersected by an
boundafymmnet che-decttohees pli &teeagnmshmanlkILETTO gr ai ns
haei fferentdueontor adsitf f e 15, na s notbeep ébyE MY IE® 1R )

LAl C-RMIS maps showing enri chmrerkte ogfr aiinsand La in p
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I n backscatter et icima gseescrtoifsost hcef ntome sampl e wi
after sitntl@@iompehefarpd edltiek e gghr @ nda ghd retrtr aa n

the surrounldhiing igmpHiishebsegtr la iancso mpawe t aloing hwa rt h
average egthdmi cThe sl atieskghmgeai ocscasi onally in
with | arger grains having darkerxBmpteasof (5ot
graame indicated wi tFhi gau9dea shhheed lrag d elri me piemar t
however, the use of di ffracti on ttoe cchonmifqgiurens tlhi
SEM/ EDS analysi spkéduoeed gaktnatnat he gher La: Ti ra
0.67. Il n contrast, the smaller matrix LLTO gr
corresponds to the LiRAO uperodyv@¥riotuen dwiOt h an x
I n order t el emedeiksatir hduti on in thisswassampl e,
per f owiniebder abl ation inductively d¢cARUPB-RISED pl as]
(Figu%e.hddfesul t anal yshissshowed a sighibncahtlLy
andwia himl dthek e gQompgarsed to the surrounding LL
Li and La concpephndtiektei g insst t peef erenti al i ncc
el eméent ani goti oBls& zsep, e cei alldnyg tthhiecishragdpt bc es s
occuilthse iemtrdgyge of the microstrucsture pmreesred ro@ane
anot Becondary ashagdeétwiyktddnpfofsidntdocodmpari son t o th
The sample with the .h6292h essitn tLearCeTda | asta wle25100 b i
di sthinmcod a l mi ckiogutr@& c4 Wtecponsi stns loadr gaer olulnTdO -
grains with | ess elongated morphol ogy surroun
presence of pl anar def backscdatEMOoE inddheseyr vdd
mi crostructure appears homogené&ogs rOgi Mhheiut an
La: Ti ratio determined by @QEMhBBBEmNhda$Tdlougeer t h.
0.622however, this was not investigated in det

Spectrum 1 2 3 4 5 6
Ti (at%) 63.5 62.8 63.3 63.0 63.5 63.0
La (at%) 36.5 | 37.2 36.7 37.0 36.5 37.0

La:Ti 0.58 0.59 0.58 0.59 0.57 0.59
average La:Ti 0.58 £ 0.007

Figdte (a) Bi modal mi crostraciTure. 822t heb)xs ahe
SEM/ EDS analysis show a | ower La: Ti ratio tha
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41.3.2  Microstructures after sintering at 1350 °C

After sinté€Cinghat mL8b0structure of stoichiometr
and sampl e La: Ti =0wi5t80 talroes e oanfptae’r&bhd ienntleyr iwnigt ha ta
ight imaireasieze AtSgmBfound )4 0IThae,wshhamp lgd e r
ditLa&g(lobd: Ti =0.589) shows a denser packing of
e sampl e wittrhi cstsdiaahii &gt hc oanprosliead omave a La: T
58sandht ai nrsesme ohidary phases

On the other hand, the microstructures of sampl
transform from a distinxaded bdfmoldaarlg e igrtaiirsute nobn
matrix of smaller grains to a uniform and dense
(Figure )4. IFd2ao,nghat ed grains and planar defects 1in
no |l onger observedirnheg® gmr amoasplxlihe dyytmand measu
in diameter. Large grains contain many intragran
growth and partially due tdemhpereataprog asi noherdiun
mi crostructure wsthasurcht |l aegre gepomted in LLTO
by swotldatde sintering-grlannedi heiT®OI eeramarcse with 1| o
grain boundaries should exhibit higher total i o
resistive griai silgouddaraingdy reduced.

s |
ad
t h
0
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Spectrum 1 2 3 4 5 6 7

Ti (at%) 63.5 63.4 63.3 63.3 63.1 98.9 97.8

La (at%) 36.5 36.6 36.7 36.7 36.9 14 22

La:Ti 0.58 0.58 0.58 0.58 0.58 0.01 0.02

average La:Ti 0.58 £ 0.007 0.02 £ 0.008

b) La:Ti=0.589
)

Spectrum 1 2 3 4 5 6 i

Ti (at%) 63.4 63.4 63.5 63.2 63.6 97.7 96.1

La (at%) 36.6 36.6 36.5 36.8 36.4 23 3.9

La:Ti 0.58 0.58 0.58 0.58 0.57 0.02 0.04

average La:Ti 0.58 £ 0.004 0.03 £0.012

Figdt® Etched (Il eft) an-sdeanfecrosSEEM/(ED&fhath)h kcyrsois
sampl es with(hBO:5T60 b&nd &9 odfter <sgiChtering at !



50 Chapter 4. Results and Discussion

a) La:Ti=0.605

Spectrum 1 2 3 4 5 6

Ti (at%) 62.2 62.3 62.5 62.0 62.5 62.6

La (at%) 37.8 377 375 38.0 375 37.4

La:Ti 0.61 0.60 0.60 0.61 0.60 0.60

average La:Ti 0.60 £ 0.005

b) La:Ti=0.622

Spectrum 1 2 3 4 5 6

Ti (at%) 62.9 63.2 63.0 63.3 63.3 62.7

La (at%) 371 36.8 37.0 36.7 36.7 37.3

La:Ti 0.59 0.58 0.59 0.58 0.58 0.59

average La:Ti 0.58 £ 0.006

Figdl2 Etched (Il eft) an-dedanfecrosSEEM/(E D &fhath)h ecyrsoisss
sampl es with(BOn:6T05 b&hnd 2 odf ter <siChtering at 135
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Accordi ng-ltC®St haen all Avsd ss pehraftor med oBeat pohi st
of the sample with La:*Ti=0.he0Xdisitnmti drugidsoaat 0X 3
homogeneous with few indications &fgureedril8h
The I|-sacaylee col oirn difiéd edeneesi on from |l eft to
uneven sample height rather than compositiona

)

I a* a.u §
0 1500 3000 : 0" 150000300000 | 5000 10000

Figdlrz2 HALRMS maoagsthe sample with La°® ®ihoWi @5 s
ahomogeneous distribution of Li, L a, and Ti

The ratio betwkbrampl eandaflfter °s@latermhgedt by
EDS i s pirreskindgdelidee 4L al: Tanga®li.br@.nahd i s cl ose
the theoretical svawiuters Lfa:rTit hCe. 55&9mpdred 0. 605,

expectefdor athe@ssampl es with LaThlei ghhatriao i of i 0.
sample with initial La:Ti=0.560cthoslkedosdamyf p
In t he s ampdlli gwietsh LaL:aTiTi nat bt@lRke( cal cul at ed
signi fliocwaenrt Ityhna.n expect ed

plate-likes 2
0.66 grawis 0.01
0.64 0.03

® 10.05

./
i 060 Lt 0.07
~ 0.58 */’///71/ \5 0.09

X in LLTO

0.56 (@ 0.11
nominal
0.54 0.13
0.52 0.15
0.50 0.17
0.560 0.589 0.605 0.622

La:Ti

Figdt#£ La: Ti ratio of LLTO grains in samples v
ratios (et askhtafiCngyat | D®5® anodr aln3g5e0) as det el
SEM/ EDS.
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4.1.4 Density measurement s

The microstructur al characteristiCsamnd tafel satmed
al so in their Taabbsl@f .udtlen dgeeanbesrbal le,s5 et(hdeensi ti es of t
i ncrease with a higher La:Ti rati o.

Tab#he Absolute densities of the samples with di
sinteringC atndl Jd5ensi teesetied alt ji-deh @ iot x#w8&. DI) and
r-LLTO Q.XE1

Rel ative densi
Absol u J-LLTO; [-LLTO,;
Sampl e .
densit ¥ 4.840°% ¢ 5.004°% g/
(%) (%)
La: Ti =0 4. 516 93. 3 90. 2
La: Ti =0 4.690 96. 9 93. 7
La: Ti =0 4.8009 99. 4 96. 1
La: Ti =0 4. 812 99. 4 96. 2

In the samples La:Ti=0.560 and La:Ti=0.589, t h

which | eads to a high fraction of intergranular |
increase in density iQtoltoemwdedc itn gthhé ys prapglked
grains. The samples with La:Ti=0.605 and La:Ti=0
to the theoregtliltchO @@enGj-lJjeSafopd=0. 11). Since the
contain different fractions of both modificati ol
are probably between both values. Samples La: Ti
exaggeratedl wlgoowongmaainns ntragranul ar pores. St
the rapid coarsening of LLTO grains due to the
stages of microstructure development. During t he
not onl yunhtdengusmall er grains but overgrow al s
I ntragranul ar pores remai hlobphppeaddfidisi del it tnien & &
is difficult due to the slow oxygen |l attice dif
trdmsred to the grain boundaries.

4.15 Conclusions

The main fiendimgs epfavatrhmeaf t he

- ther mal tr eatedehnet LdnTTOursthuavwe cool ing stabilizes
LLTO while quenching from high,temperatures st

- ahi ghr La: Ti ratio in the ishheidéns&lLTOcaoimposi o
temper,atures

- microstrauamplres owi th La: Ti raa tei acso nmopfd J0©Od5 60F and
grains with umaindocwuaingim@alihnsesecamdary phases

- suf eintiabdekicessLLTO with La:Ti=0.605 triggers t
of plliaktee igm atimes early stages of sintering

- pl at eke wirtah nlsengt phsh auwpe tao hliOgdher La: Ti rati o th
mat LILX O grains ammd tahr deienri ched

- in LLTO with La:Ti ratio of 0.60%)all grains a

- after sinteCjamplets M35h La: Ti ratio higher tha
grawnhnsht defkraeamegamedous di stand.ultii on of Li, L a
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4.2 Atomic -Scale Analysisof LLTOwithLa:Ti  Ratio of0.605

This chapter tihet dmd@at @t a d at-lgiskies gorfaa pmedh hamrted
have been shown t o hatvhari a rotsgeriudce calna predritecdf
cer@amiwi th lba®@TeO0batiTo umcéd sieace thhepl anar de
growth ebfasleldT G ol i d el ecdertoaiylteed dpnmedr soptetitatiinv e s
for i temaegly formati on and their transient na-t
La: Ti =s0a@®Ib¢ er si nt°eC iwags aandl2yshDed down to the
STEM.

4.2.1 Low magnification STEM analysis

Figureshodwsmdgpm fic@TkEMNni B&ges of thin#hédkepart
grainanmimdst perfectly petriaotdi €extlarnydks ealc rsdg
thickness ©Odcddieomalaliynw, the periodicity of the
40 nm thick homoBlattekes gsreagmesntasr.e ter mi nat ed
exhibit sharp cont axitrss .wi Sdmenedagdhbrorasngi wdi vi

others are in epitaxial cBoansteadd thoenw iFtFT  lIplaT ® e p |
calculated from the areas of the | ayered phas
oriented along twandi fmfearsainrte mavoanl i essX enden @ d s e
identify the crystal phase.

FigureshMeal 5sa t uati on, wthhtedi e ,f raacccto rodni #dagn latéoy si s
grain with a |l ayered structure has an epitax
ngihboLLA® grain, whereas no orientation relat
was o0bsTerissetdu a&tainome | inked to the observatio
ani sotropic grains with La:Ti ratio ofi6.67 ai

of OFi6ge.(9) .

FigureshMows banot hke ¢gtaptesr iwidtihc | ayered str u
along a different zone axi s. I't can be obser.\
periodicity is occasionalthei REErpaptean KNaVe
higlesol uADFRSAT EHVA i mage yi el ds distincal ded fanmet
al so indthbded4i 2.

TheFT pattern of LLTO grain -liinke pgraixn arl e cea

it i s tieltlrTaOQg mmrdlent ed al opge[flG6GT pané®mpxi s n( F
Tetragonal LLTO modification is characterize
direction (the (001) reflection), indicative
This is also evident from the HAADF i mage, w h
intensity, t hatr icdr rapnedp olnall ayer £ a are interch,
pattern olfi Kehegrpdialy ewietdh sowectBFE patdtm=drn i n F
shows structur al coherency with LLTO, whi ch e

Dwvalsaog diffraction spots inmtthlee Fé&dinmeHalttaheer n
|l ayered structure walrtes naeraesh b dvdelhaenida.nt ahley sriess o f
values of diffraction spots Hadlsal ®hgplhwans & h(@Gl R h
#082900)y i enf@®GEndMojngdi nhecteisprsti vely.
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Fi g4t B aP!| altieke mgrtlday er ed

nei ghbor iMagg ngirfaiiends .i
| ayered
i mage

wi t h
BESTEM

ma g e
structure
rofpda klearggreai n
periodi c Tsheeq ueeracsessi.aeick sd ar e

Chapter 4. Results and Discussion

shawscimtarrpe conthets

002

001
. 020

[100] B-LLTO

wi t h

of the epi-ltiake agr @iomt ac
and neighboring LLTO wit|
with | ayered structul

gi.2en in

Tabl e

Tabd4d2eMe as wWivead akbsdi ffr abtsieog F &dp gptag t é rart = dc & Ir oum

grains
di fferent

wi t h

|l ayered

s B.rAuamhppa rei sdiro wtho i tnh &0 rgaitriec al.

( h k L)aT iPilopahnaesse oifs tdhiev eln .

Measuf

Theore

(hKbf

Ei ) . Zone

' gu val ue val ue | LiL al iO10
1 308 1280 002
6. 5572 6. 64 ( 004

4.4d 5 [100
3.333 3320 008
1.900 1. 921 020
4. 419 4. 427 006

4. 15 - [110
2. 714 2. 716 1Yo
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I n contrast itke whewahi msaael y perfectl gtheriodi
smaller LLTO geaqiessoopataadtd £1in the-gff@aim of
| amelFli gair6@ .4 .Thhe eill msnied ¢ at he LLTO grains al so

of exaggerated grain growth and someti mes pen
i ndi cati ngh fiarstceamparoiwson t o tihres et mar6af.ixg urLer C
They tygmpe campwpsedpeorfi ondoincal 'y arranged6bparall e
The LIMmBA®miext to the sequences of pl anar def €

defectshal eggi valent {100} directions, of ten
have the highest demgiatiyn rliagrietl lmext t o the in

a) b)

in-grain
lamella

thin in-grain lamella

single
defects

Figute (a) Thin | amellae in LLT@dgraziemts drmdtOi
grains-gr @bh Iwa rndolplear el otdri lcct ur e .

Quantitative anal yggiey iofdi gersiegqdiiecmmcansd ofiompl a
presented in the Thél awahygseecwubbdepsbandenag
thestructur al cherhbhtct el ptitos uadae rtshteasned dtehfee citi
ompecifictméecdegseéropment dfc wheamLUTGlc elraanTi
of 0.605 andtdemxcess Li addi

4.2.2 Periodic sequences ofthe LizLa>TizO10 phase

Typcal HARDM i malgpe dlaloi©.pthase oriented al ong [ 1
showfiignmnre 4ilBI7i®, sb.composed of -tiwohsubbhgegsew
bright contrast (denot erdi cahs Ina=y2e)r ss enpiatrha t ccar kb

L4l al §O01¢ al | avifadllcabteorl®?i nat ed indeltayeces ara
occupied with La atoms (100% occupancy), wher
of these sites with La i so fTupd taon d6 7d% p(etntde o roen
composition (the Li content) and symmetry of
rich |l ayers interch@&hagewsth hatt d@alaecer dlowBir i
psewypcdo ovskite bl ocks. Occasi onallLldyiO.,, aeh e per

i nterrupt edpebryo vas kpisteeaudbol ock wi rh cdh Hiagleers mwu mly

The main struct ihralaiO;caf lecantgu rtebse off 1 OLG | and [ 11
present edmaaqnihfiigchaetriSGaE MHAMBges with swperi mpec
modeRisg4e. 1 dc, Tche (100) | apyeerrosv sokfi tteh eb | poscekusd oa r
onkal f of the unit cell i aitcthe I[alyled]. dinr & dtei ¢ n
no shift -od drhieaddtdeddm t(tli ce rplea@nésnarkedbdg red
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he superimposed §ftuguctlwcagl Tdmo dehisf tisn are char a
uddl!l eeodpprer (RP24Pph.askpgd3]
a) [100] c) 3.841A

R BB SRR © - © |pseudo-perovskite
v e s FAWALE L CEY i

e
8.961A| + * +JLi-rich layer
s AR ES [N ¢ o:
O R o:
0*;*°Ti-c
Q. 1
...... . o
LY”° Ti-E

Sene. L E L R R R D

S rh» ' 2R E R AR & & 4
L

FR[OE T L E A

' E RN AR R R L EE R B S
[010]

3 3
© @©
2 2
C C
Q [0}
= kS
T L T T T ' B
Ag N 3 B 1
Distance, nm Distance, nm

Fi guli HAADSTEM i mages odi eLtahi®, pphearsie ( n=2) wi t h
corresponding FFT patterns al o(ha, d)a)Hs[glhuG]i oaand

HAADETEM i mages withihlalipsesrtirmreduadge)L iodahd
B-B' intensity profaddbowadkeiteonantC ianntdé nTsii t i es

col umns

t

|
(

C
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The average ciDarl e eafs e Wkhal(da ad.hay€r s ar e
el ectronap@®) gi e(@Ting overalTiOdA'esewapoviski v e
bl ocks. The subsequent bl ocks up)yd ay®@Rdéy at ed b
20>) which compensateafge ohepppesps&wée@chbl ocks.

The described chartd@eahphasei ca okrmbeolbi the
of the atomic -diaryeeatsiodd a(nagytt aeecrefl ected in t
bet ween t he at omient | adyierescti ong.i f Ok alri b | , t h
sequences have tetragénalnes smmaeti myg s ibltedt yweenedn t
within tperpsesekidbe blocks of 4.319 A, -Owher eas
| ayers ac0D0sasy eteh emolrie than t w&é® A.heThel diiest ar
bet ween the (pdilat)e)! aayreer 3. (84 A.

Due to the interchanging of atomic | ayers v
chargesQocha@ah@®idr al |l ayers arraleG:Tiawer s ypmar ke
as -CNi positioned symmetO il aylelrys lmhgprewoaes ptswe@ dlbad o
the Ti atoms arescenalkkecdda, nwhoear@8ayierEs)t,if @i edoc
next teOilagebb, the Thtilcyatdionml aced istbwargert
(Fiug4. 1Yc,tdn experi-BiegaMal magaB Fc dlhemnfs have sl
| ower intensity inCcombamhspnaso-dAhbo@amBfom t he
intensity profiles i RFiWrk0OAJeand [thEO] 1D0®dje zax
Ticol umns -Enl aprer 3i do not -godintcii ares wCit khea y dre, tOh
which could be the reason-Ef col umechtboma &t i nage

However, in then|[lWwOftopumhepd®bsitions are sepa
column positions, t he-Cramjde cltise d dceonmpiocsailt,i obnu to
of tiHe cDil umns -EMEMAADEges is stildl | o-@er i n
col umns.

To confhiatmt he | ower -Enadataomi tycofumhe diigin
structural features and not from the | ower ocC
to image simulations with different thickness
f unocnt iof samp[ 201 h.j clkiBed 4s5i mul ati ons are based
of LlaliO;10(l CSD #8R9&h)e average intensities of

determined for experi mentoal camg h®inmwmastiattoino 9 me
bet we€nahiC Tiayers witidhhdmdidlddy emesr e( Ical cul at ed.

|l ayers were taken as a reference in the inte
LiLaliO,gpsetwpckadovskite bl ock ar e nisulalnyd ohcacvuep ieeqdu iw
(but mirrored) local surroundings within the

The results grapnhhikiaglulayebpdh elaBeanhatd f or both p
the | ower i ntEencsoiltuymnosf rteh-@ tdiovleu ninosp tilese uvteid d  irre
simul ati ons, which confirms that the absolute
STEM depends not only on the average Z of t h
neighborhood. This phenomenon was alsshoweldser v
that the intensity of an atomic column with i
on the distance and composition of the neigh
atomic column surrounded by coCumwsl hwidchaevrédi gh
intensity due to the transfer of probe intens
as cr qo29tdl, k[ 245]

The intensity profiles of simulations (for
across tyer psyssesudoe hlolwakcikiggpu racraedd 18 caddi ti on to
di fferent i ntQnasnid iTeicsl wrhng hei tTii s al so i mport e
significant i ncreaseOilmyiemrtse msaist yd eitrescit deed t(hrea

arrows in fThesprioefiekeekrsaa@ho sontg Lh Bhd O ato
in this | ayer and are too-SITiIEglht to yield cont
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a) [100] b) [110]
*Exp. * Exp. -k
551 Fig. 4.17c *thlL 55+ Fig. 4.17d * ITi-c:lLa
2 501 . e T o
. 3 ¥
245_ * 704,.,-?0 ITi-E:lLa -(% 451 * - ITi-elLa
T 40- A » 401 d r
) So )
2 35- e = 351 o
2301 - g3 - |
£25{ ° texp~40nm £ 0| % texp ~ 28 NM
— o
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Sim, 40.1 nm Sim, 29.6 nm
- 3
© ©
%) 7}
.0 Q
E= =
C C
2 D
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>

o)

Distance, nm Distance, nm
e) Exp [100] f) Exp [110]
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Figdt® (a,b) I ntendepwpmdmaeaceasmp!| € atll tiud an esds fr om
LiL al #0101 mul ati ons i n [ 100] and [ 110] zone axes
experiment al i mages are marked with orange. (c,

perovskite blocksLdalgOicans| 0D a2z amada PEAD]for thick
40 nm and 30 nm, res pseflceEM viemgges( ewif ) h HAA®OIFI ai
simul ations (Sim) for the calculated sample thic

The intensity ratio valwues at different thickn
al so fmet etrhme nati on of the thicknesses of t he
experiment aFi gurnae g4 iwarsc,e(xdt r apol at edle gemdre ntthe t h
intensity ratio for simulations and estimated t
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ne ,axespectively. Simulations for both ori
icknesses are overl aiBiug®. Le, ekperi ment al

Pl altieke grains predominantly coahagliitwidafh peri
La: Ti r atTiho sofped.fe.tl y matches with the La: Ti
analysis on exagg¢i aeedlryai gsownfhplkatceorrel ati
ani sotropic grains in the sample with initial
of ,L1alizO;10

0
h

4.2.3 Non -periodic sequences of parallel planar defects
I n contpprastodti @ s e q.ldmn@eh acfennikeehreL inot that fre

observed i nsa@uwuep ss aaype reiopphBtiycpe pl anar defects
commorh.ese werrwedobtso f or m-liirkei vgirdau anls palnadt,e i n
| amel | ae i nside the scroantbaeignu ma t epsexro LoLdmiyym gRPa i n ¢
def erkitgsut @eaaMaws a Hhike @mlrani epewiitodi ¢ | ayered s
whi chsiibslthtei glesol ut i BingulmBh geT h@s wel | reflecte

FFT pattern, whi,clatdiesplthopsn (Bt gah@hescd. peaks

b

C [110]

anisotropic grain with
layered structure

i

500 nm
—

Figdr® (a,b) Hi ghpltg iakne sgortarignmsir dwé d ihc nothr uct ur e
on (bYxebBioglti eSTEVAADFFage and (c) the correspor
streaks -0fpl ahe dutection.

Figura@ashMea2 sequence dfyppadafleelt sRPnsiidnee a LL
The-girmi n | amel | ae sceogmnneonncleys cod n tpd irmoyme r idediexc t ar
modul at edastihuckme €@snni.p Deof 200t0s can be parti al
matri x, L& Omar ked iim HRvi gOdr ¢ r &4.m2 s

Modul at edes eiqueinde the matri x LLIp@rgroaiircsaldn
arrangeadchLil ayers that separate perovskite blc
a different-r namblea yre fgs2tb@h. )4 .[ 1 00 ] wzoo nseu basxeigsu,e ntt
bl oaksways exhibit t he RP shiftrircehg alray erss ion

perovskite bl ock. While blocks with two La | ¢
LiL al #O.0phase, thicker LLTO blocks (n>2) have a
sandwed betweeohtheyeis. Atroinoh Iceoy aurmen so fi nt he

sequence exhibit weak contrast.
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single
RP?defects LLTO matrix =~
- with domain
structure

non-periodic planar defects

200 |

“'sing_‘I:eJx
v_;’Ajc:lefe’ct;s,
LT

Figd2e (agralim | amel-parivbtdhcasetigumpetecb$. RBome
defects are recrystal l-pgereidodifc asmnerdu catrueraes )al o rbg t

axes, wherhe llaiyers -sepavakiet @eskludoks with variabl
(c) Domain strivlch T®extdfhteepa tari inx Iwa mehl-gdreaoen odi c
structure. (d) Contact bet ween two domains orie

anphase boundary parall el t o (i &0Q.0p h(aes)e Sinngl e
LLTO matrix, oegtahdi ndhrale [ 100HomMairmcboondar WA |
common g-lnL T.e
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The LLTO inside the perovskll®O bwiotctk sa wd itsdhom
arrangemendgi toed itchres , A whereas the matrix LLTO |

i's coenpoof i nt erricchha naphodiog L dad omi ¢ | aplekt BQ typi
(Figurel#fa. 20cé¢)nciple, the exact composition of
determined using simulations. However, in pra

suchfuasly dacdumiyed o al i deheuglnaed ot her par ame:
thickness and degree of ordedrhiechdOprcewmepnsi &a¢c on|
val ue) .

LLTO domains are a few tens of nadnmno nehtreeres
pseudocubic [100] directions. When the LLTO ¢
axes, -rtihceh Llaayers of LLTO ar e parriaclhl ella yoerr sp eirn
modul ated sequence oriented al owhgent hteh e[ 1LOLOT]O
domain is oriented along [001], its structure
meet at-phasanbobundRirgur(e\P®Y20dan be ori°ented t
domain boundaFygUmar kaehGaen x LLTWG osfitneggy e oRPt ai
defects that extend along the equivalent {10
formi ngFilgouorpgs. 4(.Thiee ReP® shi ft for half dfaythe un
iebsealved in singl e defTeQ tcse.r alnhi ecsse wdeerfee cptrse viino
as s-andheyer tr aplsd6]SIARLTN i nsi[c2 4 Gahyoewe vdeerf,e ctthse i r
atomic ugtertand cemeelat(ewhi & *phased not to th
LiLalTiO.phase.

EELS layrsd s was epenformettheéeopr esentcyepe fddfiedins

and to dtehervdIlnence state of Ti. The analyses
(RPype defect) andiignrm&B8LR2A¢bbTOr med the pre
ineidthe | ayers with a dark contrast in the mo
the defect has a slightly higher intensity |

LiiaTiOopphase contains about 2,k3 &StT% ®hadckrel,y wher
around 1.3 at %.

3 Li-K ,

© B e

u; /\w

Q

‘»

2 )

£/

55 60 65 70 75 80 — RP-type defect
Energy loss, eV LLTO

Ti-L2

Ti-L3

~—

Intensities, a.u

T 455 460 465 470
Energy loss, eV

Figd2® HAADIFEM i magereponiodiypeRRIlefects (bel ow) i

LLTO (above), where EELS ocarmalnyfs aan wereeKpp eersfearc
edge)valnednce stdiedgt) TiLZ @i Te | ines in both
positioned at the same energy indicating the

areas.
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Addi ti dwrealnloynw,sttoi chi ometry in the indiatiad LLTO

of 0.605 could introduce a change in a valence
the material, which is detrimental for applicatd.i
a battery. The edge struct urtehel,Bifd-Lipise aki mi | ar i
splitting confirms that Ti is in atywmeraval ent s
The small di fference in the edge strueture coul
octahedra insidd3tthe defect | ayer

Strucchamdct eri sttiyops -poefo htoldé cRBequences in ter.
column positions and their intensitieesl werenstu

HAADSTEM i mage, acquiredvienabh #ahealinme dads amound
determi BEdGbygure. 4A224he edge of the sampl e, a
amorphous region (blue) with a thickness from 10
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Figuee (a) -pAeArmnodtiycp eRP ameHlELISa tvhiitmEk meE s 6§ b) Hi gher
magni fication -pemaigediod ddeuerome with overl aid ir
and-riich atomi(d e€o)ummdhe measured distances bet\
|l ayers (greegre)rsandlTuie) in hoaen[0601]ihdireghtiton ai

La | ayer-pernodiocohamell a have Hiiddiz2m.edlta aver ag ¢
| ayers 4fy ptehfeecRP | ayers, which are also-edge | aye
E | ayhearvse) t he hi ghegst410YIh0Bhie&Eyd @lyar s correspond
the llager d dlii@.o Lihowever, they exhibit a higher d
comparitsheeprt odi ¢ sequences, indicating that thei
The La columns i nsikdse wihteh @ex2aw(elrdst) e hlmlvec about
intensity rekEacdolvemno ame dm even higher standar
(dc= 3448+x10%). This indicates {Cowerd uaaimd mwandor ac
as expected fokaffselidOcAbothéi significant diff.
the periogieci @add cnemquences is -highelrayvyeteneftyl
RRt ype def eOf)>sl| aytehred dlik@:) Li suggesting the presenc
at oms. Thenteresiagy of t he atrointcihc |caoyleurmniss iab otuhte
relative to theEihagaesstYadmdxlt2h%w) .LaAt omi c col umn
oct aheslaaly efris show a similarl dlgOesdgaencest he hpe
i nteynmsof -Et hceol Tuimns ks 19WN8+6%) than the&€ intensit
col umps2@b8x5%).



4.2 Atomic-Scale Analysis of LLTO with La:Ti Ratio of 0.605 63

Di stances measured betweehypbedaf epoeirsi ol daiyca D f
sequences in the [001] ditryeoef @en s, i exhi patalsl
di fferences c&@lpi@rpehda steo. -EThHeea Yléar s-t yfpet e fRRt s
contracted for Agboiun clompar+a.0h to the equiv
Li aT iO:0( 8. APAuUTrt her more, t hre tshp@cliagesr Deamwadet he
LaC | ayer of the perovskite b4 o)k tahraen atlhwea yssp asc
in inside the perovskA)t.e n otctkes awti KEr | remyeBnrds ~ 3t
inside-ttype RBRfects lay et csvha rf-g sel da ysel ri gah t

The observed r elE xlaayi eornss a4 ryqoidesé etthaes ,RP hei r
standard deviations of intensities, amidchhe p
|l ayers indicate a cereawepedédplyeelsofanidon hex anlea
La ayers wiilyipe ftehcet .RP

4.2.4 Evaluation of the exchange rate

Thdegree of behwerohiahlgellayers and-lalywasei ghb
estimated usi nghmwmlotni sli.meé¢ mord®@bhesn used for si mi
based on the.l @lh@estertucctadr ali model . To ensure
resembled the experimental JdmaAtOesmioalel twlkee eat omn
adjusted based on the édavérameeppsitBeaEMalde HA)
observ&ktiiga®3E. @The thickness of t hrem sitm ujct @O0 Ja
direction.

LizLazTi301o ion RP-defect in LLTO
.0.0.0. exchange 92009
OOOO 9 Lac Q- QO —
4319A] 0.0 Li* Ti-C 0-0°:-0°0 [407A
oooo Li* La-E o L e
2@ \ J | ,g ©0°0°0°0
— ooooooo 0000000 (7954
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26.6.6- i+ laE'fl ©0-0.0.0+
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Figd2®% The start i ntgy preo died f eod v aalt IRePbenxocnh aonfge r at e
bet weenritchre ILd yEan d-BTdia yias sbasedl @nO.4sh & ulcit ur e .

I n the model, théadassamoased bredliwregat o mé heale x|
i magd gur . 4TA2d occupamhaand &ETiclollsunwas modi fi ed
described in the main text.

Model s were prepared with different occupan

typefect, consisti n-g wodiE wL &awTer wylseeqgu &hoeelL ahi cl
bl ocks-pefiodnc seglusgmciengliher®2g LLTO perovskite
i ntensi-Q yl aoyferlsa i n cB mpaydrso,n ttoe Haolmgpyoesri st i (otnh &
are further arwiagyh flraoyrert)hei nhial | model s was ad|j
the composiltli D@ lodysbh®sielsi.@LLTO with x=0.11),
C layers in simulations were occupied by 56%
11% of vacanQilesyemwhiwer elifully occupied by Ti
The -ELa-E,i aHddyleirhse i"mOntl'y Shift" model contain
are fully occupied with La, Ti , and Li, respeé

mo d e | consistently yieldedEtool hingdhh @omp anrt eech
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intensity efol tuimexlg)Ti( IThi s indicates that- the ion
typefect peafi omlor sequences includes not only La
intensity of these columnsi bButyeal sMoTel at ovms e |
prepared witactviaomouef LEa laatyoemnss farnodm THEa at oms f i
| ayers reposirtiichinddaytea .t Hem ltihe prepared model s,

Lirich | ayer were randomly replaced wHtahnda and

t wo-ETil ayer s.

At the same time, the BEvaxnditTipyesrn dsiohsthe ¢$theu

model s were filled with Li at onST EBM ctohnetirra scto nitsr
negligible. Neverthel ess, Li atjomdidc & nf uscec wpy di
the surrounding LLTO during the ion exchange. S
avail abl eriicnh tlhaey eri i n comparison to the neighb

vacanci eskE ianndE hleiayear s wer e repl alte dLiiviht H alyie rast,om
to ohthei mver-akbbtchhrge. Aver ageEcoeHMpoashd iloins of
rich |l ayers in the structural mo dlealbsl eusded3 f or i n

Tabd43kOcupancye,oEH,iLamd clthi | ayers in simulation moc
degrees of . ic@nu peaxncchifgemsig, eorf d Ilgldiven as, hfer-alcit hons
| ayer has twice the number &f ainnB €ellriayterce.s Tlhaepa

avage chargé& afndtitceh Uamyers is calcul ated as des
theribch | ayer composition is provided based on t
Layer LaE | T+E L'+ric((:|_ha6|;)r ((I:‘r:rair):g C(()Ln:rpio;ri]t

L&t 1 0 0

Only STt 0 1 0 1+ 2- [ LQ)*
Li 0 0 2
L&l 0.9 O 0.2

10LBOT|TE| O 0.9 0.2 o0.84 1 [ b i Q"
L1 0.1 0.1 1.6
L&*| 0.8 O 0. 4

20LBOT| THY 0 0.9 0.2 0.617 0.6 |[La&iLig]L-°©
LT 0.2 0.1 1. 14
L&"| 0. 8 0 0. 3

15L857 Ti-] 0 | 0.8 0.3 0.7] 0.5 |l@bLiGLT
LT 0.1 1. 14
L&l 0.9 O 0.2

10LA0OT|TH" 0 0.8 0.4 0.81 0.-4 |[ LaLiqg)]-*
L1 0.1 0.2 1.4
L& 0.8 O 0. 4

20LA0T| TH" 0 0.8 0.4 0. 6 1 0 [ Lab i Q)
L1 0.2 0.2 1.2
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I ntensities of the atomic columns in i mage
exchange rates and for different thicknesses
i mages. For comparails ovna | vuietsh oebxt paei2rd endehnfetr @ mt [ in ¢ u

ratios between dif f-Eerleanyte rlsa yvweersé gwi a hc dtlh&d d.da (
The best match oft hdxpernimodmttalonismagae was de
on the average abisweleunt et hdei fefxepreernicneesn hbaek n aindy s
ratides afl ed numeri cal results from the simula
intensity ratios,Appree dp KWehsee nctleods eisnt talveer age a
with the exmer iwasntodlt aiimaed f orl OtTh € Inko dnenh ,t haincdl
simul ationsaamofanthimed §20 cO0OTiLOLano dseelc.t i Dine of
experimentabmi mAWparend .si mul ated i mages with
andnmm5thicknecrsylsabasl |l&r gu2devdn i n

The average chiaclhgel ayett haftter the exchange ¢
atoms with Ti and La®@danp@eeycalyiOria) &#) ,2s ( x
where x and y ar é'amhlé iTfhr a enteiccann d agyferLa respect.i

t he-Oblliayer 4 alit@oalrie negati vel,y tchheayr gheedc o(n2e | es s
charged with an intwietaB'iamagl**d@hdhandpeocofetiical |y
exchange with 2200 aatt%b ooff LTd O3dmtdh emd 2edll)a, t he | &
become electroneutral. At the s-Bmkayemedethea
from 1+ up to 0.6+. The reduced number of Ti &
accompani ed abtyi onheoff corxnygen vacanci es and th
octahedra, which is supported by the results

The thickness of t Hda garredae4ief 2rei xnpeedr ivmetnht asli mu
| ower than the thicknessndmeadswerse d hwaitt it hEEeE LsS. m

amor phous material on the surface, that for ms
and ion milling, despite efforts to minimize
an amorphous | ayernrEBAADEsi mhgesoahdashoul d a

i n simyl2at9ilangd 24 7]
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a) "Only shift" model "10La-10Ti" model
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Figu2#£2 (a) Intensity ratios of the at omi
for the model s W|tdnted5|fdredehh|ceeru:dnﬂamﬁgsanre
intensity ratios from the experimental [
Comparison of the experi ment al i mage with
models for the thickness of 15.2 nm.
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To evalheated fect of the amorphous | ayer on tl
three models with the best fit with the addit
thicknessFiodurmnd Hh.m (

- S
n | B
3 .ng‘ 2 15
20 nm £3 E &%’5‘ ,
model 23wk 2~ 18N
g‘-co~ s TL
B Ry & | . amorphous
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3 g
E g
o E £
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= 68w
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FiguwukB Structur al model s wi nhim @midc kmoaeled ess wa ft
addition of an tamoorbpthaciuns a atyetrmim. t hhekhesss o

simul ations was always set on the crystalline
The amor phoues plraeypearrse dwefrr om crystalline mode
atoms (random) to reduce the density as expec
remaining atoms were randomly displaced from

minimum criticaalouddsd¢taween of he neighboring a
thickness of the ammrnp htohuisc kl anyoedr® ITfiobrf athhileO L1450 L

20Ti " was 15 nmmabhdi c-ROTiBem@0el was 10 nm. T
sl ab was divided a@arbys/tealalnidn eo ethmdve It.heThe | ower
2nm t hicker than the wupper |l ayer to simul ate
sputtered on the sample surface before the S°
conditions, where $b8d berpamhéscaywbgbl fnpeupart
models with the amorphous | ayers was <calcul a
(def oc@sdbm fa-ddm, respectively).

Whil e the si mun &thiicd TdfOoLhmdt BOc-RT"10Wat h
the addition of an amorphous | ayer exhibit | a
thentih5t hi c-ROTLOLmodel shows an improved fit t
ratiTabd4d 4
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Tabd44e Comparison of 1image i nt ermsivtiyngr a&thieoscliors eis
match with the experi men3TaHM vianhaugees, fa nodn itdheen tH AcAaC
with additional amor phous | ayers.
ILac/ laE‘ Ief Lae ‘ Itie/ lae Itic/ lae Aveea
. absol
Absolute difference .
di ffer
] 15 nm 75.3 22.3 40.4| 48.3
. (crystal 3.0 2.9 0.4 0.1 1.6
®
= 30 nm 73.8 27.7 46.1 52.3
o (15 nm cr
;"+15 nm am 1.5 2.0 5.3 4.1 3.2
o 20 nm 71.5 28.3 42.5| 52.4
©
o (crystal 0.8| 3.2 1.7 4.2 2.5
30 nm 73.5 29.9 44.7| 53.7
_ (20 nm cry
- |+ 10 nm am 1.2 4.8 3.9 5.5 3.8
®
o 15 nm 72.4 23.9 35.4 46.6
o
- crystalll o 1 1.3 5. 4 1.6 2.1
30 nm 7 17. 2 8. 40.7| 49.9
(15 nm cry
Exp. i mag|{ 72.3 25. 2 40. 8 48. 2| referece
Compari son mag e mul ations of tnmoedel s wit
experi ment al mage suggests that up E£oabd% of La

T {E
def ect s

fit
exchangediaimfdu ®iuo n
and

| ayer s

i ndi

progressively

exchangleawet h Theiact hel
may

425 Conclusions

The
|l ayered

aneE Tiay ddlsal iOine x hi bi t
stance

TiC
di

mai n
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ss ructur al

and

no-periodic

varying
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composition
gragnsi antt amet batemayseudloldyy ¢ wsittrhuct ur es
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e | & alei®, tpsh aosfe
sequenttepe coafsescts odndRPL LoTTO
cknesse
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of t hei

Li

n -peni odi ¢ 10e%gdaanct ez Q'&%x Th dmig e
simul ati ons quant iptratvii e
and

umn

compositions.

i nfor mat.
sampl e

Rotmpme i ti on o

vary slightly, however, awolrsmodel s w

cating that t he exchande pafogTiesssvé as b

of Ltiypéd hteeflagterlse ®d m&kPstruct ur

recrystallize to LLTO perovski

findings of t second part of the stud
periiondipldiadd¢éer gca ium € t hiei @lei®, ppchmdsse t o

ntensities
rr-neighboring
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t-hechi,l ayer s
o TEOM exper.i

hicknesses
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4.3 Oriented Topotaxial Recrystallization of Ruddlesden -
Popper -Type Defectsto LLTO

The results of SEM arsdc o¥RDLtilhga iOL oy ssene | haee and
structur al yy preelsaetqeude nPPR i ovdit & modul ated str u
grains start to form in the wearly stage of
significant densificatiohC)of Itthewassampé go r(tbeed
LialTiOipphase can be syrtthhasi zedclhy oan sfaloimd st oi c
powders °&t92]200[.10Af ,af @4dd vilRe&rd t he sampl e s
t hleev el s utintpar kelpearfad M BN sampl-teyspe thef eRcPts i n t
periodic sequences undergo significant i nterr
|l amell ae begin to recryBtguftpzdTB6 pLIOePEr m
described as t he attopoont aoxfi dla yree cerdy 2tDa Iplle2r4o9v]s k i t
along the [10D#TGsrection of Li

direction of
recrystallization

Figuwukee Recrystallipzatiioadn cofl amsmehbnan GeooneltTrO cp e
phase analsesi ¢ owasenti fy thetaddiewl gnédbrimadt iL
(marked by .blue arrows)

4.3.1 Structural characterization of the recrystallization zones

Recryst aklilnienditcitstbrmpe miondi cv arigeassn seb mpe RBef ect s

i gr aliamerledcar ystallize faster than others, | ea
recrystal |l iFZd gtuireen 4fDrac@ratY o( t he mi smapehi beitave e
sequencestywda hdeRfPects and the newly forming
accomgahyethe formation of an additional l att
arrows i n nthFei giuniseetdped é6pdi c | amell ae, the for
l attice planesdbetantaedadti tdiiofnfaelr elnatt t iiceed pblyanes
geometric phas¢280whyshsqu@BRA) fies small chan
the | attice and provides spati al i nformati on
Additi on-8S8TEM, | BBRge s reveal ed the adcctulme enc
recrystallization front, which coul d -tbepe el at
defects tFo guL &0 4 (@arrbk er contrast could also
i nterface Dbettyweee ndetfheect®P and LLTO, hwo waenvye r , (

i ncreapbanea Bhrain and remai ns FRargouurned. 4z.Elndc i n
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ouwdHl ane strain map shows higher (Fsitgruarien s4 .a2r7odu n d
whereas there is no special i nictr edaasrek eirn csotnrtarians t
t he -SBFEEM i mage QOemneirméinad) oconodntratiwhthn these
EELSch&l |l enging as the diffeypercedefientli andntLédiC

small and wimbasutbeme&ELS

Figue& (a) Hi gher maghTEN camage GAADEcrystall iz
showing pregrestalileiaguradinmn|l a(nbell TIBAM | mage di scl ose
dar k r egi onpso s(sé nmbdiiyrc @dt é dhi)gf ftuhs i on erfi clhi dferfoenes ttsh e ol

LLTO during recrysplaane zampbanwt (st dai nn nmaps at
recrystallization front.

Accor di nhgi gmsol uti on i mage of the recrystalli z:
axis oOofFiQu”&®) @4 :tRPpe | amell ae can recrystallize d
situation) or by formation of anthddiaddonhabnhht
|l attice plane in LLTO .s marked by yellow color

I n the recrystall itomansi dm opw d ad sno,s td)chlduuirdsya oc cu
of t htey pRePf ect sE (It dyeersa) r e asrirtaensg eepfv otrhteh alyaAr s o f
the newly formed LLTO perovskiitgalr8®a.l4oE2gc evd & hL iL i
can easily didobdndengnbtbTOhmasuirx due to its high
















































































































































