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Fig. 1-2-2 G7 size substrate rotation mechanism.
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Fig. 1-3-1 Liquid crystal panel structure and common electrode, flexible printed circuit
board. ’
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Fig. 1-3-7 Wettability of solid-liquid uneven surfaces.
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Table 2 Crystal growth method in liquid phase.
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Fig. 1-3-8 Saturation concentration of crystal and flux versus temperature. * 2’
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Fig. 1-3-11 Solution state and metal oxide crystal structure.
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Fig. 1-3-13 UHF appearance and wiring pattern.
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Fig. 1-3-15 Electrode Structure Concept.
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Fig. 1-3-16 Ideal structure and research details of each device.
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Fig. 1-3-17 Cube Filling Model (a) Single particle, (b) 2 particle mixture.
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Fig. 2-1-1 Crystal structure of ZnO. "’
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Fig. 2-1-2 Binder-free phenomenon of ZnO crystals in Ref. 15.
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Fig. 2-2-1 Three-step surface treatment.
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1: 7v iDL

RUAIRT 4V A%, 12 g/ KMnO4(99 %, BEIRLZ (BR) ) & 4 g/ L
NaOH (95 %, BA#{bs: () ) ORAGKEEKIZ, 80°C TS5 oiRIES -, +
L, BELI-7 4V % 7g/L ikt Ruxi T 20 (96%, BB
AR AKEEIHEIZ 40°C T 1 47, KIZ HaSO4 (98 %, MC FERTICOM #EA & 4h) ¥
W2 40 °C T2 A LT,

2 T AL

7T A< (R et o 2l PC-1000) 1,  F ¥ o N—NDZER E PR
L, Ar U AZEBT28E% 3 [BI# 0K L7, 25°C (17T 10 Pa OB
DF, 500 W, 300 Fb OS5 TEM L7,

3 INEMLER
INEGLEE T, 400 °C THNEL « (R TRRZE D585 3 Bl EME L7~ InEGLH
%, |IRFE CHARGEI LI,

4 : WFEEALER

AFBRIZIX, # 400, #2000, #20000( k7 AR &) D3 7 L— RFDHP
RR—=R—=ZHW, RV A I R 7 4V A EMKTHOTNTED L2, TR
OfEHT W, AT, KR, KEEHE 0 2 Eh 2 T oHl- 7, 0
%, MK, =& ) — VOIRICER Z e A ER- T A= X—=Z F )L THRY A I K7
AV AEREEY, B ERRE LT,

2-2-2 : ZnO FEdbDERF A

AHFFE TIIARIRRIEE FANT, KU A I R7 b BIZESE Zn0 G %2 R E
SHET, 7, 44.57g(30 mM) Zn (NO3) 2 - 6H20 (99 %, Alfa Aesar.com) % 50 °C @
5L KRN A, 5 Lz, &I, 21.13 g(30 mM) ~FH A %1//7 ~Z
TV (HMT) (99 %, &7 4 v SRR SD) 2%, & 612 5 i
L7, ZORFARTIE, AR bITR 6N Te, :0)%??@%&:%%@&@% L7z
WUAIRT7 L% | IREIRIE LT, OIS A 50~90 °C DR DIREE T
BN 72, %, 7 4 v L& B0 L, IE/K(70°C) T 1 43 L. &g,
KEREIEL, 74 /VL%E 60°C DA—T 2T I15 /M S w7,

Table 2-1 12, AU A I FEIZ ZnO fida 2 ER T 272 OICHW RS 42 £ &
Wiz, TRELF] OMOBFIINHONER 2R, £7- (BT, 3
v RR— =D L— F&ERT, BT 2 BEfECHER L, [ZnO OfERLIMECIX
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[1EfEBE T2 BRBEE ] & RE LTV D, INEVEEE X [Temp. /°C1, INZEARER 1 [Time
/h]l EFFLLTWD,

Table 2-1 Experimental conditions used for the deposition of ZnO crystal layers on the
polyimide film.
RY A I P74V LORELE ZnO DfER

Process no. 1% step 2™ step
TNAY T TRA= Tz TP B AL B

B /°C H§E/h B /°C B/ h

1 ) - - ; 50 2
2 - - - - 50 1 90 1
3 ] - - ; 90 2

4 ; - . - 50 1 90 2
5 1 50 1 90 2
6 ; 1 . - 50 1 90 2
7 ; - 1 ; 50 1 90 2
8 1 2 3 - 50 1 90 2
9 1 3 2 - 50 1 90 2
10 ; . - #400 50 1 90 2
1 - - - #2000 50 1 90 2
12 - - - #20000 50 1 90 2

2-2-3 : P DRIE T

Yo TN ORISR, X BREPT(XRD ; #RE&FEY 427, Miniflex600) THIE L
72 MIEIX CuKo 2 (A=0.154 nm) & V>, 10°~80°D 2 0 fEHIK T, AF ¥ A
E'— K 10°min”!, 43f#AE 0.02 °CHhi L7, {LFHE S IREEIT ~Ui%@fﬂw
IV (FT-IR ; HASY kR4t - FT /IR6100) 43 Y5 T~ 72, HIE IR 2K
%@%m“towW%WOWI@&E%.L%WT,4WN%%,NOE@%
THE L7z, WIS, R IIT =R AN THBHME (T Vv — « D v Uk
A48 Contour GT-KO) Z# HWTHIE L7z, AtHELV > X &AW, HIEXSRE
P HIE ST AN E10 pm FFH CHIE L7, BU A X N7 4V A2k 5 ZnO b
B O ERE, BBLE Y 7 N (R v=7 0 v 7S
InkJetObserveStd) 2 AV THEMT L7, SEM HIE CTEONT-EgET — % Z W\,
ZnO (B D FAWWE ) LRV A X R 7 4 b A (BEBO BN ORfEZ 100 &
L, AVEZEEE BOEREEOL 2R Uz, ek SRR I E e R E -
ﬁﬁ@mamMmmHHK %)cmam(EKDMGmw%ﬁ);w,m
AT 80 kV TR L7z, AV A I RHEM RIZEE L72#IR ZnO #hdh &2 #559
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B, ETEREFmIC~T TEEZ O, RIZ ZnO/ R A I FOED LI
Cufld TEM 7'V v K& @EW=, TEMZ Y v K /ZnO/ RV A 2 R Rhic=x )/
— V&M T LU CHEE L7 Zn0 2855 L, ZO%HEREEIEZ, ZnO e &
RUA I RT7 4 v bOEEMER, FEERERIC X 03l L7, ZnO #E5E / RV
A2 RT7 4V % HEEE (S 2T 2 IS, LTS-500N) ([Z[EE L, ZnO
FEELE OFREIIE &£ &2 20mm DT — 7 (= F S RS AR NW25) 285D
i, ZnOfESE / RV A I RT7 4 Vb %mFHEELT-, T—7 2R L5 90 °D
AT 20mm/min TH28ED 2R 6, m— REALEZHWT, 7—70"R BN D
HBNDETOMEERE LT, BIRORERIT, BRSO EAE 7 B
(FESEM, HARE k&, ISM-7600F) 2 W CHIE Lz, BFA/ v & U v
JC Pt AL, MEERE 15kV THIE L7z, =¥ —0800 X #o ke
(EDS, Thermo Fisher Scientific Inc. Ultra Dray) = T, JL#EE/E 15kV, =x/L
X—HiPH 0~20 keV TILHEMKE 08T L7z, WrimiREs L UOeEko~ v v
VX, RSV Y =T o X — TR Lo, Wi o8t o 2 Z 1 250k
%, A A E—A(FIB, GV L : B4 =—A 2L (BK) SMI3200SE,
I L (BF) B CEWERT FB2000A, 1 EiF @ FEI #: Strata400S) (2 & 0 fESRL L
oo TORVA I RT 4L L ETRIVRMIETE, BE L, WEmfRixE
A TR - TE%EE (STEM, HATE -, JEM-ARM200F) % Fu, I E 200 kV
TEIE L7c, Wrim#iakix, STEM IZf1@7 % EDS(HAREF, Centurio) & VT
SR LT,
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2-3: FERLEBE

Fex IR THE LN Zn0 fESLD XA L7 MY v A iconT, F
EZEB->T, FELSBELOOZEmR LT, RV AIR7 4V A ETD ZnO
AEMOBEERE AT D720, RV A I RT7 4V L ETO Zn FEOBAR X
A7, BELOYLFEN - B RN 7 ¢ v DRI RAIE T EIZ O\ T
A L7,

2-3-1 : ZnO FER E RV A I 7 4 VA EORRT &R

WUAIRTZ 0L L ZnO ORELRFHE G ZWET 5720121, KU A 2
F74wALT®ﬁm%@&%ﬁﬂ$%T%éo%;T,@M$T@n@@$
BOEFE A A Ui, KAWL LAY A I R 7 4 /b A% Zn(NO3)2, & HMT @
WIRICIRIE LTz, ZORHE, 7 4V SAMBUTE T2 Do T2, 50°C HT20D 726
IR LIEDT=b DD, 7 4 NV AOINICEAIT 2o T2, D%, IREN
FRADICEN, BRAICABDERMN T VL FICERE R, 90°C £ TIEL
THE, BOOEBMDBARI A I RT7 4V LETRIE ST, 20T 4 v 7 a—
T4 T ENEY T IVDOERERENT 0P —E A L2, Fig 2-3-1-1(a) 13 2
DY FIVOBEEBEB THY, KL AONEZ 7T [Kh, =@ & an .
KEDOELDE, EORIVA IR T4 NLEDEZACHAHITT THD, ZOfEEKIT
F 4o TRA, 5 T AX T INTESTHY, KIE {Tﬁic‘:@ﬁﬁﬁﬂ
FHE S TWD, EAOE SO SEM Eif% TlE, Fig.2-3-1-1(0) 12T L 51T, K
VA R7 v A B2, BAMEARERARNRDIIA S hoT-, BEOEEY
%, RNV AIRT7 0V LOMUEBRS &I E L T\W5b, Fig. 2-3-1-1(0) 1%
FEEIRD SEM g T, #IROREEED 7 1 /L MIHE =0 D@ I E L Tn
72, Fig. 2-3-1-1(d) 1%, Fig.2-3-1-1(c) D @EfE3REER Th 5, BRI RILEL DY 1um
LI, BN 3um gitkDR-T-EE LTEBY, 7 Z AIZkm L TW5, Fig 2-
3-1-1(e) I, Fig. 2-3-1-1(a) ® (1) & (1) DHLF T/ 54 5 R dh DR ITE S Th
%, WHZEOMIZIE, v— REoens v —@h Lo niond, E#ENIC
FEELTWDZ EnbroT,
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== 100nm

Fig. 2-3-1-1 (a) Photographic image of the fabricated product. (b) SEM images of the
brown part at (I) in (a), and (c¢) the white part at (II) in (a). (d) high-magnification
image of the white part at (I) in (a). (e) Interface between ZnO crystal root and
polyimide layer.

31



WIZ, ZnO RV A I ROFEREE 2 BT D 72012, Hib bk O Wik aE 2 77
~7z, Fig. 2-3-1-2(a) (b) 1% ZnO & diJE& O Wrini = 4 L BRI 12 (HAADF) STEM
BErd, A 0Nay v T A NEFFONAIEORIREEMS DS, B BT v A
IZELA LTV 5, HAADF-STEM D > k5 A MR PR/ SITKGET L2 L %
EETDHE, ZORITZI0 L, =T _X—Z IRV A 2 RIZRBETDHZ &M
T& %, Fig. 2-3-1-2(c) 1%, Fig. 2-3-1-2(b) DA A—T D EDS iR~ v B 7 %
AT, FEBIE, RFEGR), EFRGR, BEG, H(E7)DIRTYy vy B
ZITHSE LTS, BRIGRS I3 EESE & dign O oes8 THRERL S L, IEImICITRAE, =
F, MEOLEPRHBSINE L, ZNUHORERIE, LN Zn0 LR Y A
ROFEZRET 2D THH Y, TxDRELZEMSTLHLDOTHDL, £z,

ZnO FESOFEFICE R TENRE SN, T RIS/ 8E &2 ol
FNCH%RS 2 & Bbid, HAADF-STEM 4 & i~ v B 7 Dar s A MY,
Zn0O ERV A I R7 4V AOSE CTRIICE (L Lz, Rz iaiicitiiz 4 57
WIZ, Fig. 2-3-1-2(D) T & 5 efpikocFE ot &2 320 Lz, wROEET I
Fig. 2-3-1-2(b) ® £ 912 ZnO OBKFERNP LRIV A I R 7 4V AETThHoT,
FHgn D JF - E A IR R O CIZIE—ETH Y, Fig. 2-3-1-2(d) D L 9 (b
paE AR Y A I T 4L AOFE THE P BBIIHD LT\ Z EnbnoT,

Zn & O OJRF%IE ZnO DAbF EimfI 72l & TEffE L T\ 5, EDX 4T oM
b, #8503 (0) OFFE X MRS EILE (Zn) ICWI S H, RHERED LTS, £
DIz, (0) DEEMEE/ NN S5, XRD TiH ZnO LR Y A I ROAAL
ADORRTIIMERTE RN oT b Z2EX D E, REICHHEBEONA V=72
<, ZnO DFEFEMNEBERY A I FT7 A VLIELTND Z ERBIN D
RLlpoi-,
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Fig. 2-3-1-2 (a) Low-magnification and (b) high-magnification HAADF-STEM images,
and (c) elemental mapping images of the ZnO crystal layer. Each image corresponds to
carbon (red), nitrogen (green), oxygen (yellow), and zinc (pink), in this order. (d)
Line elemental mapping of carbon (c), nitrogen (N), oxygen (O), and zinc (Zn) in the
line direction indicated in the HAADF-STEM image of (b).
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EBIZ, RYUAIRT4LAED Zn0 FEfED T & LfdE & EEREIZ OV
T, ZORIRZEIHT 57 DICHHA L7z, Fig.2-3-1-3 1%, ZnO (REER5y) &RV
A X R(EEN—R) OS5 o EAE R E 7 BEE (BF-STEM) 8 Th 5,
Fig. 2-3-1-3 (a) IZ/R L 72 @5 3R EE Tk, ZnO OfEERHHHR Y A I K7 4 /L A
DOZFMEIZ 100 nm LA T OEHI 2 MMN o d, S HIZ, ZnO s X<
RLUTE X D RIS HERR S T2, T, & D ZnO FEdmNIR % L FEAER -
TWAZ EEEWT D, Fig.2-3-13M)1E, RV A I R7 0L ED ZnO D
Ty VIZEHLELDTHD, ZnO FEGEDOMmIZHAY A4 X K7 4 L AOMATEH
SNBNTWET, Z ORI, ZnO N7 v I —hRIZ L > TR

AIRT7 4 NVA EICHEZERESN TS Z EEREBLTVND,

T Y =
.20 Surface roughness 20 sun)

Fig. 2-3-1-3 BF-STEM image of the interface between ZnO and Ppolyimide at (a) the
grain boundary and (b) the edge of ZnO crystals. Dashed line in (a) indicates the grain
boundary of the crystals.

P EOBIEFERICESE, AU X —7 1 —7Zn0 FEfEOIERGIEIZ SN TH
524 %, Fig. 2-3-1-4 [Z” T X 912, ZnO OIERK &R EICE, DLTFo X H 7
ATy T THEATHD EESIND,

2T 9 71: RYA I R7 4 VAREOMNDOIER

RIVAIRT7 4NV ORELIIZE Y, BT/ A— FAOMMBIER S
Lo TIVA VB 7T X< LB, BVLERIZ L0, WIRCHEY 7 & O n
FrRESNAZ PRI, £, RELBIZL > THRY A I ROFEENEL
T 503, ZAUTEIAKIL, KR EDIFRIRIZELZ D THL L Bbhs,
nNoo7av2x, RUAIR7 4V LAORTIEHEALZEI IZTTTH S,
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AT F2: RYA I FT 4 Vb ETOERRLESRDOEAER

50°C 75 90 °C ~DOMMEHIHNZ, RV A I N7 4 )V ARKEIZ ZnO F721XZF D
FHEROEIER N A —ITE Z 2137 ThH 5, RO Zn0 F 72132 OFEK
DRV A I R EICEESNEET L E, RN A I KT 40 LF 00O 72 M
IAET D ERMIREEIND, RY A I ROBHINM M T, BERMEEINS &
Ezohb, £, RV A I FOEHILEINZRED ZnO L OILFERE G 2R
THZENTRINDTD, (LFRIRENBELG L TWDAREESLE X b b,

27973 :RYAIRT A NVILEA~D ZnO FERDOEE

90 °C |ZIMEL L7 WIS, VIR DI A 4G L C ZnO AR S, Kol
ST OREREETRT 5. Zn0 11T R0 0L GG - T
0, ZOBRFHEEICHE LT, Zn0 1TEEx 727 A7 A EROBCR OfE S
ka2 "9 2 Lo TV g T BRIREEAIE,  [0001 )5S I35\ THILO T
L0 b RERERHTHRALF—FFHOD, AHRRICBWCHEE S (0001) 73
RN D 2 EBBICHE SN TNS 'Y, Zn0 f@EAEE SN THEHEY A 3
RO A RS B Oz, Ziug, JEMISAICE D Zn0 OAR & %
DBOFEREREICEY, BV A I FEIC, 20k ABENFES LD &
B2AND, EMISH LR Y A I FIEOEBARMMOMAER, T —FED
LR EBDNS, ElE, KU A I FREDOETRELD Zn0 LHEMEHL, 7t
i & 2 BRIEC T DAL AR AR MBI 72 FTREME S & 5,

AT w7 4 In0 OEAER & RERBEEDORYIEL

90 °C IREEPRFFICE D, ZnO DR EFEfbMEES D, ZORETIE, &
RHC ZnO OEFEFIEER N TR Z Y, ZnOFERBEERY A4 I K7 4 VAL
NER & T LTV ATREMED & 5 JFOBHRIR 2~ b RO # itke 4% 2 & ¢, ZnO @
AR E F D% OREEEN ARV A I KE ZnO O ETERVIRLEZ 5, DR R,
KU A I R7 40 b BISEE 2RO ZnO i REENTER S5, %5 ZnO #5 i
T U BTERA LT e, ZAUE, RY A 2 RBMERA - WEM 2880 D E
T OHREN B L 5 2 7202, ZnO OEENT X2 LR FHICRE LTZH O
EEZLND,
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1

Fig. 2-3-1-4 Schematic views of the fabrication manner of the ZnO crystal layer on the
polyimide film.

232 : RUVAIRT4NAED INOBERZA IV T L ZDORE

2-3-1 ORGEN D,  ZnO FEeaDOFEM XA V7 MEROB S % &H 5 FRE O E
MTET, T2 T RICERT 28 LHMAET 5, ZnO #idhlE, 50°C UL ET
A SO F RO E Uz, & 2T, KINEIKR % 50,70,90 °C OFIEIZRE L
Tot%, WIR P AR R L 7 B & AW & 74T LT, Fig. 2-3-2-1 [IZERE /YD XRD
NG — U FeRd, 2N H— | Crystallography Open Database (COD) DHERT —H
ELESL, MR AEFRE L=, 50°C TiE, AL Zn(OH)2, TH Y, ZnO HEIFH &
LCIFEET 5, 70°C LA ETIE ZnO ([ZXIGT 5 B — 2 OB BB &4, 70 °C LA
ETZn(OH) 2 3K LT ZnO 12725 Z b ho T,

- 50°C

- L\ (WRIES DT SV |
H COD 1011223 |
|

Zn(OH), |

|||\ .|".|" |.|'|" IR
70°C |

AL i L

Intensity / arb.units

90 °C

L JL_J\ J A ’l b fa
COD_1011258
‘ Zn0

| !
20 3077 40 80 ° 60 70 80
26 / degree

Fig. 2-3-2-1 XRD patterns of the solid contents formed from the mixed solution of Zn
(NO3) 2 and HMT after heating at 50, 70, and 90 °C. The XRD patterns of standard Zn
(OH)> (COD _1011223) and ZnO (COD_1011258) are also shown for reference.
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WIZ, FIEE TEON-EFS O SEM Wit % Fig. 2-3-2-2 (2789, 50°C TEHH
T AERE, Fig. 2-322 @ IZRT L9102, A X 10 um L FOIERE D —
WRL TN HRER STV D, AR RT X D1, — B35 0.1 um DK X
SOARHFARIIRTH S, 70°C THONTZAEWIE, Fig.2-3-2-2(b) I3 L9
2, BEENSRD, —RRFIZES 1 um BLFOBEROMETH D, 90 °C T
1%, Fig.2-3-22(c) 2R T X 21, BEEIXA LT, EI25 5 um ORI
B S5, XRD OfER L T 5 &, WP O Zn X, KR TIE Zn(OH),
DI R IHAEY L, BV IZ ZnO DOFRINFERICE LT 5 L HEZR S D,
WP DR A 2 R7 4 VA% LT, ZnO FEDO R DEERE & Wik $ 572012,
BB\ AT TINEY/ R FFRE OB E T _T, RULEOKR I A I K7 4V h%
Zn(NO3)» & HMT DIRATAIRIZIRIE L, 3 FEO S ThnEL L 7= (Fig. 2-3-2-3 (a)
ZM), Fig. 2-3-2-3(b) 1%, 50°C T2 RIRIE LAY A4 I K7 4 /L AD SEME
H T 5 (Process no.1), K& S lum LA FOBMIZRFERARY A I K7 4 L A4
KEB- TS, BB, HEEIINT NEHESNZ, RUAIKT
4 V2% 50°C T 1 BEERIE L7=%, 90 °C T 1 BE{RFF L7244 (Processno.2),
3 LR+ R&E L 720, B—PEDK 76 % THFE RN EAL L 7= (Fig. 2-3-
2-3(¢)), F7-, MENTHEZ 90 °C, 2 W[ & KRIEICE T L7-34 (Process no.3),
WERITE HI247%E TIKT L7z (Fig. 2-3-2-3(d) s 2RO DFFHEIE, RV A 2
NiE_EToD Zn(OH) » DRI, ZnO LRV A 2 RORMEREESNBEMER L T\ D
ZEERBLTND,

Fig. 2-3-2-2 SEM images of the solid contents formed from the mixed solution of
Zn (NO3) 2 and HMT after heating at (a) 50 °C, (b) 70 °C, and (c) 90 °C.
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Fig. 2-3-2-3 (a) Temperature profiles of process nos. 1-3. SEM images of the reactants
on the non-treated polyimide film after immersing in the mixed solution of Zn (NO3)
and HMT at (b) 50 °C for 2 h (process no. 1), (c¢) 50 °C for 1 h, then 90 °C for 1 h
(process no. 2), and (d) 90 °C for 2 h (process no. 3).

2-3-3 : REAEIZ X 5 WA - {LERIZIROMER

Wiz, —EHOREUHETELDLZRY A I RT7 AV AICAE L DREE(LEHRE
L7 BEEUEORY A I R7 4V A~DOEEL =Rt AT M
FODHHICEVEENTL, ZnO &RV A4 2 K7 4 LV ADOREREG ZHE LT,
Fig. 2-3-3-1(a) 1%, RUBEARY 4 I 7 4 L ARKEOK) 48 um X 36 um DOHEIHHIC
B BB TH D, REFIIE, MR b REWNLE L ZED AT — ~OfL
EEZORFEMAEDED 10 FVHETH S R2IS TREG L7z, RELBEKRY A4 I R
7 AV AOREMS1F0.01 pm EHEE ZFL, KETOMIYOMMEIL S pm UL ETH
ol Fiz, TV VA (Fig. 2-3-3-1(b)), 77 XA~ 4LH (Fig. 2-3-3-1(c)), I
EHBLEE (Fig. 2-3-3-1(d) DAY A I R7 4V ARBEOBEWHETE G RT, TL
BURIRLT=RY A I R7 4 A3 0.18 um & EWEGEH S AR L, 77 X~
MR E B LAY A X F7 4V AOREMIIFIELHEORY A I RT7 41
LLRRETHDZ NN 5, Fig.2-3-3-1) %, 3AT v (TLABY, 77
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=, MBYFREAF LZRY A I R7 4V AOBEBETEETH D, HAH SIX
0.09 um, MMOMMEIZ 1pum LFTHY, 7D VLT T 4 VAL D b/ S
VY, RIEHL S Offi (RZJIS) % Table2-2 IZF & 7z, 7=, Fig.2-3-3-2121%, &%
LB T ¢ VDT AV AFK v VIERERE T,

-6.51

Fig. 2-3-3-1 (a) White light interference microscope images of (a) non-treated polyimide
film and polyimide film subjected to (b) alkali, (c) plasma, (d) heating, and (e) 3-step
process treatments.

Table 2-2 Surface roughness of the polyimide film in the non-treated state and after each
surface treatment.

BN K | 7oA 7T X~ | ML |3 ATy
pm pusiil
FmMA X |0.01 0.18 0.03 0.02 0.09
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Fig. 2-3-3-2 Line-scan surface roughness of the polyimide film of (a) initial state and (b)

alkaline, (c) plasma, (d) heat, and (e) 3-step process treatments.

I, HARVA I RT7 4 VLD RPFHLSFIREL FT-IR THIE L, ZOR5 R % Fig.
2-3-3-3 (IR T, BOOHBIIRLERY 1 I K7 v A, FREOMTIIAFRE
WMBEZE DAY A I R 7 4NV LEDAXRYT MV EZNEIRT, AU A I RNIE 3 D
DEFE— 7 T 2 ENHESN TS, 13 RIcHkT 5 C =0 ffEiRES)
(1720cm™), FHHEERICHKT 5D C-N HfEHES) (1370cm™), C=C {HfE#RE) (1500
em) THH'Y, C=C PHEES) (int A) 1L, BFREBICL->TZEAEEL
72N 7=, Table 2-3 12779 K 912 C=0 HfEIRE) (int B/ intA) & C - N i
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#RE) (int C/ int A) OFRFEEZ R L7z, 74 VA% O int B/ int A 35 X WV int
C/ intAlZZFNZFN079BLN122 THY, RUHDOKRY A I F7 ¢ /LA (int
B/ intA=0.81 BXWintC/intA=120)IZITVMETH -7, Tz, KO
MOHMRBERICLY, TAVH VB LERY A I R 7 4 )V ARIEREFRY 1 2
R7 4 VIR THAMEENTWD Z ENRHESNTNDE 2O, 25 ORE R
25, FT-IR TIXBIEDNHER CTEX 2o 20, TAD VB LD R A I K7
A IV AFRENZHIVERF IOVENER LI EEZ TS, 77 A<HE T, intB
/int A 230.73, int C/intA 73 1.27 &7p o7, BTRERNOLBELLEZF TS Z &
EEETLHE, TOMBEIZC=0AFLyTOHEME CN ANy F ORI %
RELTWS, RV A I RDA I RIEITT T A< WBLIZ K » TES YN &,
ANREINFEET IF— NEEART S, FRROZ(ERKRY A I K7 4L
ARELSNVITNE TR Z > TWDAEEEN D D, 77 A~ LB & I3 IR,
BVLPRE% O intB/intA 1% 0.89, intC/intA 1% 1.10 &72-7-, ZAuid, SCHR 22
IZHF UL, RV A I RFRFOIARFIAELE T I FEOBAMAIZLY, 13K
B L7z 2 SRR 522, 3 BFHLEEOSA, int B/ int A B X WNint C/
intA IZZNZF1 081 BLUN1.20 TH Y, FHMEHDRY A I N EFRIERDOETH -
oo ZORERIT, A4 I FEMPAAL, BERINEBZ 2615,

Table 2-3 Spectral information obtained from the FT-IR measurements of polyimide film

after the chemical surface treatments.

Peak intensity at each specific vibration mode

Peak intensity ratio of Peak intensity ratio of
Surface Int A Int B Int C
C=0andC=C C-NandC=C
treatment C=Cstretchat C=0Ostretchat C— N stretch at
Int B/ Int A Int C/ Int A
1500 cm’! 1720 cm’! 1370 cm™!
Non-treated 66.9 54.33 80.31 0.81 1.20
Alkali 63.94 50.40 77.71 0.79 1.22
Plasma 59.96 43.80 76.01 0.73 1.27
Heat 75.79 67.52 83.21 0.89 1.10
3-step 67.99 57.25 80.74 0.81 1.20
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Fig. 2-3-3-3 FT-IR spectra of the polyimide film after treatment (red color) with (a)
alkali, (b) plasma, (c) heat, and (d) 3-step process. The FT-IR spectrum of the non-
treated polyimide film is shown in black color in each figure.
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{ELTWBEE, KigE L BN E24AEL, Zn(OH) DN EEZLEL TWDH L #H
2D, Fiz, Fig2-3-3-4 (e) DI ZnO #sh> TEM #1226 % L 7=, Fig.
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RO, (LFOR L &, MEHHEL LTOT I —hRIcKEL S h
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d=0.265nm
(002)

e

Fig. 2-3-3-4 SEM images of the reactants after formation of ZnO in the solution while
using (a) non-treated polyimide film (process no. 4); and polyimide films chemically
treated by (b) alkali (process no. 5), (c) plasma (process no. 6), (d) heat (process no. 7),
(e) 3-step process (alkali, plasma, then heat; process no. 8), and (f) alternate 3-step
process (alkali, heat, then plasma; process no. 9). (g) HR-TEM images of the rod-like
ZnO crystal in Fig. 6 (e). (h) SAED pattern obtained from the circular area in (g).
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Fig. 2-3-4-1 (a) Peel-test results for ZnO layer deposited on the polyimide film treated

by the 3-step process (process no. 8). (b) Photograph and SEM image (inset) of the

ZnO layer after the peel test. The dashed lines in white indicate the peel testing area.
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Fig. 2-3-5-1 Schematic representation of the effect of surface treatments of the polyimide
film and subsequent formation of ZnO crystal layers directly on the film in solution.
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X< 720, #2000 T 0.11 um (Fig. 2-3-6-1 (b)), #20000 T 0.01 um (Fig. 2-3-6-1(c))
Tholz, HEREUEIED T A A% ¥ % Fig. 2-3-6-2 12F & 7-, Fiz,
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Fig. 2-3-6-1 White light interference microscope images of the polyimide film polished
using sandpaper of grades (a) # 400, (b) # 2000, and (c) # 20000.
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Fig. 2-3-6-2 Line-scan surface roughness of the polyimide film polished by sandpapers
of grade (a) # 400, (b) #2000, and (c) # 20000.
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Fig. 2-3-6-3 FT-IR spectra of the polyimide film after polishing (red color) using

sandpaper of grade (a) # 400, (b) # 2000, and (c) # 20000. The black curves represent
the FT-IR spectra of the non-treated film.
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Fig. 2-3-6-4 SEM images of the crystal reactants on the polyimide film polished by

sandpapers of grade (a) # 400 (Processno.10), (b)#2000 (Processno.11), (c)# 20000
(Process n0.12) .
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Fig. 2-3-6-5 Wettability of solid-liquid uneven surfaces. >’
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Fig. 2-3-6-6 SEM image of oriented ZnO crystal layer.
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W3 MEAMENERIZ X 5 LIB Mo E B E L

3-1: ¥5

3 B CIIFE MR DEBICARE R A T U —% W TC, B8 E &R L&
JE DR & WEE LT, HE T A OB BT IRFFE T T & A T2
mfE O RBERERE B E T 5, IR ETHRERET A ALV F VLS
Yy 7 U —(LIB) & L7z, LIB (3#48ERE, /— XY 2y, HEH, [oT H
HWEMR, KEMaRy ek, i CEREER OS2 TlE, FrlzmiERelt
MBELINDT NAATHD, LIBMEHIIX, 28O BRERILYRIERPIRE S
NTWDH, KL TIENCM H D WNIE=J8R &ML D LiNixCoyMnzO, % £
HA42Y % NCM 1L x, y, z DR TERT X MREICKELTE 528, 5%
&35 NCM #lifhZ NCM523 £ 9%, NCM523 1% Ni &4 BN RIS -0,
A ENE < ALFEIZEE LTV DT, iF5etge L Uiz, — k)72 NCM523
XA TH Y, RSN DEBER LY E I R O ZEBR AN BAE L T
WAHY T IEIE D OFTETIX, T OZERIL 38%EE LS T\ b, ¥ Fig
3-1-1@IZR LT L DI, BFRREEREETTVEEZ D L, Hin b, 220
FIX260%TH D, 2FV, KRB RERZEMOIZDIZ, @RI CYIE DR
MNTFMRY, E-EMAEEK TOEERKOM N NBEIND, 2T, kiAo
AD/INSWFERRL T2 WD Z & T, &R OEENRR LT EE %
77e SBIZFig 3-1-1M IR LT X DI, ZORERZEREZ D 5 FEE AW
EEMBIbIEOEmEEAR AR EE R T,

(@)

+ (vV2-1)a

I

2V2a 2(v/2-1)a

Fig. 3-1-1 Cube Filling Model (a) Single particle, (b) 2 particle mixture.

— RN R D NCM X, BEMPOEARIZTEL, BT T v 7 MmN, EHE
R ZHEET 29 ~10 | E7m, BHMERED BT/ NCM523 Ok 7-840%, —i%Ic
Ioum BETH L 'Y . FD7=%, NCM523 Rk F % FIE L 7= @Ik & 7a 22k
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DRET D, TORERZERIL, AR A X3 KEZ W NCM523 R TH
DB, BIFITHLYD B 5 A, NCM JE 05 BB 0/ itk 23 ME 9
%o DFEV, TERIZEDEEDIKT &, ZEREMCBBINRLBENELD, L
723> T, NCM523 ZIRKL DA OEET A TlE, =X —FESH I
FEDE D7D TlEZp\y, & 2 CThREGRL 1%, IR - TSN =&)8
felb g OREE T A o TA U DRI ORI D & & 2=, Mk +DE
TRREOX, B, &R, HIERTRE /e A X, B L ORI RERHE T
HbH, IO OREERFOMEIZEL Y, BmOESKILFENARO T T, —Rki{&
Ll U TR - EMMERE NG DD Y Y F 7, R, BT VAR
HTFETHENRDR L, IR OZERFEIEIC L D NCM #dih g o & m -
BLOBA S EER Ee L, AEDT A b SN D,

ZOFETIZIA TV —ICRRERIEHE T 2 2% HAWT, BEE NCM fidhE %A
T 5 LIB EmOAIRE B & L, #&ET VA BT 2NREMRGET 5,
SRl OIEFIC LD, HEREITEZ2 D NCM L8 OBE N fRE L o Te, £ D
NRZRRET D72, NCM g OB, B—M, Bl — MERE, BRI
B, FRORERND, NCM B ORIEIZR 25 dbi 7 O% 5 2 #im 3 5.

3-2: EBRGE
3-2-1 : NCM523 SR ERR

NCM523 OffifmkRIL, 77 v 7 AEEHW FEB LT 7 v 7 21T,
NiO (99 %, B+t 7 A /v LFGHIEL) , Co304(66-74 %, ‘&L 7 A /L AFOGHIZEL)
Mn02(99.5 %, &=L 7 A /L LAFDEHIEL) , LiaCO3 (99 %, & L7 A )V AFEHIEE),
BEW LizBO3 (99 %, &L 7 A LFOEHEK 99 %) ZEH L7z, sEKIT3 7T,
I Lz, FREOHEER L O /VE% Table 3-1 1T/~

Table 3-1 Weight and molar amount of each reagent.

Raw materials Flux

NiO Co0304 MnOsq Li2COs LisBOs
Weight / g 1.334 0.573 0.931 1.451 0.711
Molar amount / mmol 17.9 2.38 10.7 19.6 8.93

BRIEIZOWNT, BN E 51 & L7z (] : NCM523 : LisBOs), EFRCATZF
$T 15 MRS L, v 72T BRI AN BRI G EYy—e v 27
LR SAEERY, KTF045N1) (Z3%E L7=, 0.5L-min” OEFEFFS T, 600°C-h' D
BT, 920 ~ 1000 °C DOIREE T, LREFRFHE 3 eI CTHIZL L, £0%, iR E T
BRI 2 320 L7z, & BT, 60°C DIRK TG L, B 7 7 v 7 A%BEL,
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H oW 2 BEE U7, SRR 137 = — VIR U 7=, JoE O BICESNW T,
Li: (Ni+Co+Mn) =1.05: 1.0 ® mol tiZ72 % X 912 LiCOs ZsINTE, ~ 7 327
HOFINC AN TT 22— T CTEEFE N A% 0.5 L'min! 5 L7235, 850 °C T 5
BRI L 7=, B OV F I T A TR T TT A I 87 F L TRE
L7,

3-2-2 : YHEORIE

TR, EEAE IS (SEM) (AARE 1, JCM-5700) % FH Tl
BT 15KV CEIZE Lz, LFMIL, X #REPT (XRD) (U 477, SmartLab) %18 L
T2, JESFHE, CuKa #(A=0.154nm) Z# H\>, 45kV, 200mA TIEEhE
Bz WEIL 10-80°D 20 fHIEL T, AF ¥ A — K 10° -min’!, ZM#HE 0.02°
THENE L7c, BUBIORIE A, b — W — 2R S A 5 (B HEERERT, SALD-
7100nano) Z AV CTHIE L7=, #EHIMAKFIZHEER SH7203 5, 32kHz, 40W O
A ZHIIN L CHIE L7, Li, Ni, Mn, Co ®ic#E ML, EEEHFEREE T
7 X~ (ICP) B e mhr (ASL A T 7 A = A, SPS5510) (2 & 0 3l L 7=,
NCMS523 #Edl 10 mg (2 3 mL OIEFR (35 %-37 %, & 17 A v AFEHE) 2Nz,
180 °C M7y h 7 L— b ETINE L TRk 2183 S W7, K TR L7274,
7T A< HBE L, 0751 min' @ Ar H A7 10— F TR DAL Z 58 L 72,
BB Y 7 h(RLxo =7 1 7 kEEH, InkJetObserveStd) 2 VT, 4
BERL g DR ERL T/ ZEFLEL 2 AT L=, RO SEM HERH O AW %
NCM523 ki1, BWEDE2ZEfLE Lz, kit EZ8floa > T A R 3EHBRIC
72 K0 7B ERRE L1, ABEFELELFE U, MITEEkEm iy, suvf
FLARWZ, S HIC, @R EYRE oW EG A TG LT, B kg OB
% AL AR S MR (7 2 A1, G-2 =R ) IZHLDIA A, 130°C DK
N7 L— N ECBb &7, @A E PSS (TEM, JEM-2100F (H AK#E1),
CESCOR # J T CETCOR (CEOS) #5#) & F\», JEFEE 80 kV THlantE 2 FEAlh
L72, NCM523 “ K8 LY NCM523-970 2 =% J — VITEBE R i S+,
Cu . TEM 7'V v FEiZRe vy 7¥¥ A L7,

3-2-3 : LIB & fERL & R34

£ NCM523 OEMEEIT, R2032 =1 L AIEMEZ HWTHN-, SRRt E
1%, Fig.3-2-1 1R THE 7 o X TERIL 72,
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2771 AZ Y —8E

NCMS523, 7T Lo 77y 27, AU 7 v{be=1UF > (PVDF) DIEEYIZ NMP
ZHINLTAT U —{b L7z, NCM523 1%, ki NCM523 & &85 O fE btk
F% 95:5wt% F7213 80 : 20 wt%DEIATIRA LT,

277 (2) : B

N —F — (ZHEXEER NS TC3) 2V, FrE OB & S ICRE
T, 9mm/sec DL THI 50 um EREIC72 D L 512, ATV —%27 L I{E LT
i Lz,

B

27 7 (3) : N
27— L= B bWE 2T ERE TIMEL, 2T ) —EmE2 RS
770 T D%, FTEIRE T 10 BRI E 22 LT,

2T 74) : LA
TV R IE — R SO RN O RS AR A HEe 3 7, FTE DOJE ) TERERE
k¥ % INEALVEE L 7=,

Fig. 3-2-1 IZfE L 7= & B bE 2~ , —#HOBIET o8 A& T LI2REE
Thbd, ZOLBHBIYHEZE ¢ 14mm IZF HIRWTaA 2L HOEMIZH
77o AA BT ArZFTE L0 —T7 Ry 7 AP CHINL Tz, 5k LU0k
NL—Z L LT, ZNETN4&RE Li BBLORY Fr L7 ¢ b A (B LRE
Ktk - BV — R#2400) ZEH L7, EREIE, =F Lo —hx— 130
vol%) & ¥ A F L — R — b (70 vol%) DIREWIR % &ir 1| TILEE
LiPF6 (LGB-00018 : & v Z bk Aath) Th 5, EIEHHFEEZ 2.8~4.3 VTR E
LT, AN AEy NIRRTy a A v b (HI1005SDS @ dbFE TR A1)
Z T, =R T constant current (CC) E— R CHIERGR 2 it L 7=, NCM
®D 1 C L— FOEMAREIT Xiaobo H DAfFEESEIZ 190 mAh /g & LT, & C
L— FERZEH L, 1COHEREZUTITRT,

C=Ew x Sc x 190 (= 3-2-1)
Z 2T, BwIIEMERE (g), SclIERTIEWE)RE (Wwt%) TH5H,

BRALFA v B —F v 2 50E (BIS) 1%, BXIL¥ T —27 27— 3 (Bio-
Logic Sciences Instruments f1:#%, VSP-300) & T30 L 7=, EIS OH#IEIE, 200
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kHz' O JE Wi CHEM L 7=, BRAEFRIEILT T 25 °C OIEIRAE (Espec
Corp., SU-221) THEjiE L7z,

2ET70E=R
(1) RS —85E (2)FH AT ERUESEE

€ TRWFNCM5 23

¢ fEENTF

. PEFLYTSYD

a NuP
Fig. 3-2-1 Schematic electrode-fabrication process through (1) preparation of slurry,
(2) coating the slurry on Al foil as a current collector, (3) heating, (4) pressing the

electrode, and the resultant electrode.

33 MREEBE
3-3-1: 2BERLMBEE DN L2 EX L7~ NCM523 #fkB R

LisBOs 7 7 v 7 A% VT NCM523 Z ikl dn D& k& 50 L 72, LisBOs I&
Li A A ZE0BEADO T 7 AMEITH D, @l 840°C &, MKW T & A3k
BCTHDH, 2D XD 7 LisBOs DFFEN O, @V 2 FF OS5 235 B i,
77w AL LTHER LA AU FEHIPEOND, TORMEE, LisBOsZ 7 7
v AL LTHWS &, NCM LA RER & L TELVY, NCMS523 ki i ]
PRPERIC K BRI RS S D, £72, LisBOs 26 D Li #3112 L v, NCM523
DL KEOFREZMEIL, Ni EODF A IX T HBIETHZENTED
EEZT, ZTDOX OB L EE Lf:%*i%?%é:/\%ﬁ%%ﬂf\“fzo Fig. 3-3-1(a) -
() IXZFNZFH 920 °C, 970 °C, 1000 °C (ZH1F H NCM523 fEdtD SEM [Hjfg: T
HbH, TNHRIXZHERERTH D, Flg 3-3-1(d) 127”9 kL F NCM523 2:
TR F DEERA N7 o> T, iR LTe 2w, 7 A7 Mensizix
1 THY, ARSTHEARD, 2 b DREEEIRIE, KC1 7T v 7 x%ﬂ%b\f
FRE SE R EFHEL LTV DY FREORE SR 1, ftho NCM THAE LR
TW5, BlZiE, Qian H1E NCM622 D Z iRk % ik &8, mWERILFN
ARTO T CEMMEEZB ESETND 'Y, Ceder 5%, BIEREBE O T XL ¥

EREEORE T RV FX — NG ORISR EEL, Zh b OERZ %
T 5L THRIWMIBIRZ IR CTE 5 LS L7219, Fig. 3-3-1(e) 13455 v 7 /L DL
FEI34 T Do NCM i ik O EEPRIR I Z 1040 1.9 pm (920°C ), 4.7 pm (970°C ),
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7.4um (1000°C) TH o7z, R NCM523 OFEHPRIAIE 12.5um TH Y, b

© ! Av. 1.9 um 1] 920 °C
ﬁﬁnﬂﬂﬂﬂﬂﬂw Wﬂﬁ

Av. 4.7 um - H( M 970 °C

.—u—\l_lﬂﬂ
Av. 7.4 ym 1000 °C

Hnﬂﬂw_ﬂﬂm

Av. 12.5 um ] Commercial

HH WHH NCM523

1.0 10 100
Particle size / pm

Fig. 3-3-1 : SEM images of flux-grown NCM523 crystals at (a) 920 °C, (b) 970 °C, and
(c) 1000 °C, and that of (d) commercial NCM523. (e) Particle size distribution of each
NCMS523 sample.

WIS, SHEFTHEET VOEN D, NCMS23 fEfh o IR R 2 E LTz,
2 Wi IR AR &1, R R CRER 788, RIS, BEEOI) nE 7% 2
FEEOIEME N O R D YWERIBAEM TH DL EEFR LT, FITFORE INE—T
HHEE, Fig. 3-1-1 @ IR L2 X 918, KREWKRIFAERIZ2a, BELrOE ST 2/
2a & LTI%E, RERRADEDIIRD OZEMZ /NS IR F 8D 5720, /)
S 2R D Ee KIEALE Daman 1ZIRD X D IZEHR S LD,

Dsman=2y 2a-2a=2(/ 2-1) a (33-2-5)

TRKLT- NCM523 % Kbi 1, NCMS2 fEdbhi 72 /MR 1 & B7ed, IRk 1
NCM523 ORI F£EF 12.5um TH D72, H3-2-5 ZHWT, Dgman (E 5.18 pm
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CHRINSND, 22T, @BRLYET VA OBEND, 970°C THRESET
NCM523 OffEh A R1E 518 um (24 <, ZAUIKBL 7D H A X3 12.5um TH
DL XOEERNVNO/PNRLFORRKTA X TH D, Z OfERRLT- % NCM523-970
ERES, RIZHELE L 7c NCMS523 i fh Off b FRURFEIC DWW TIRET L7c, B L
7o el % XRD HIE L7/ & % Fig. 3-3-2 127, (a) ~ (o) Kftpmhi 1, (d) Ik
B NCM523 Th 5, HD 7=, (e)Li(Nio333C00333Mng333) O2 (NCM111) D K
# XRD 7'1 7 7 A /L (International Centre for Diffraction Data: ICDD 01-07-8071)
g, (@~ @)W Tt 7L EHEY — 7 X2 — LHEPLTE Y, NCM
RO FREE RO L RIETE T,

T T T T T T
C 920 °C ]
WL__ﬁ_luL M ]
1 1 1 1 1 1 1 1 1 1 1 1 1
- 970 °C
2 L h A L PR ]
o L 1 L 1 L 1 L 1 L 1 L 1 L
: - -
s I 1000 °C ]
[
8 T i
> i
B MM h.a A Somen It
oy 1 1 1 1 1 1
L - Commercial
£ L NCM523 ]
1 1 1 1 1 1
[ i < Li(Nig 233C 00 333MnNp 333)O; 7
=) - ©o =4 ICDD01-074-8071 |
L o oo i
L o/ i
W 11 I H [

10 20 30 40 50 60 70 8O0
206/degree

Fig. 3-3-2 XRD profiles of flux-grown NCMS523 crystals in a temperature range of 920—
1000 °C and that of commercial NCM523. The ICDD data (01-07-8071) of NCM111

is also shown.

ERL U 7 AR S RAE TR AR D LT, S HRFIEE T VI ShE
F T H NCM523-970 2 VT, BBHREA RGET 5, fe )i TEM B2 thig %
FEhE L7z, IR NCMS23 O EA % 7 1B 8E (STEM) 18 TI¥, Fig. 3-3-
3(@IRT LI, KA THDHD, PRk KIRNBE SN, —J7, S
RFEEE T MUV NCM523-970 O STEM 18 Tl, Fig. 3-3-3(b) (2”9 X 912,
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REOHI 7 v —2—ORIADRFED B, ki1~ NCM523 & 13572 5k
M- A ZORIFTdh 5 2 EIRENT, k£ NCM523 & NCM523-970 O
B0 fiERE TEM (HR-TEM) &£ %, Z 124 Fig. 3-3-3 (¢) 8 L UV Fig. 3-3-3 (d) 12
AT, WYl S, MEmERICE R RN R B, IR e 2
END, BWEEREMEEA L TS Z ERbholz, & 51T, NCM523-970 DB
FEIEE - [A147 (SAED) /X ¥ — % Fig. 3-3-3 (e) I/R" T, Z DX —1TlE, A
BN ATERIPIT AR » N SHERR T X, WO PE R S 47, TEM Bl 5,
W T ERE R tE TH DD, fhda A XL EEOME N R D 2 LD
T ens,

(a)

= 0.2 um

(d)

=1 /nm

Fig. 3-3-3 STEM image of (a) commercial NCM523 and (b) NCM523-970, and HR-
TEM image of (c) commercial NCM523 and (d) NCM523-970, (e) SAED pattern of
NCM523-970.
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Fig. 3-3-4 (a) IZ NCM523-970 & ki NCM523 O iRt Z27~7, NCMS523-
970 OFFEAEITA 170 mAh- g le%; D, TR NCM523 LB B0 R751 7
VY, Fig. 3-3-4 (b) 1% 0.05C-10C |2 HMERED C L— MEFMHEZ R LIz
DTH5, 0.05C TlEmHE L LRBREOKELRT N, CL— hDEFHIZHEND,
JRFER EIIR 2 1K L, NCM523-970 TiX, 101 mAh-g! 12, ki ¥ NCM523

TIZ97mAh- g IZELTWVWET, 10C L— h TORBEEDZEITDTN4%T
H5H, 10C 15 0.05 CIZKE LB OMERTEIX 170 mAh- g UL EE TRIE LT
BV, ZOMITOHEISEWZD, C L— MR T, NCM523 & EBffik DO~
HERS7e LI X pEME/LVOREIZHELTWRNEEX NS, 2D
DFERNE, NCM523-970 & ki NCM523 & OB MIc k& 228013
RN ERbo Tz, g L7z NCMS23 OfEdklE, KCl #5777 v 7 A
MHRE LR E TRy, BRifpEmfrEs R~ L2, LisBOs 77 v 7 A
OEERIZ E 0 I FFH 2 %2 0 7Dl &2 BRI, NCMS523 Sl iz Lit
ISENEEICGELND D LRI S D,

(a) (B)igq

a4 1of 2t e « 37
Y . .
421 1 o180 - 005 C]
> 407 S e 1 £ 150 05Ca s s
o 3.8 el 1 Eq40] O
Q. | e > 2¢C
5 367 A - ces
3.4 \-} . §120- "
3.2— T 110‘ 10 C
30] — NCM523-970 100] © NCM523-970 oo
— Commercial NCM523 : 1 W CommercialNCM523 ® & &
| 90 ———
0 20 40 60 80 100 120 140 160 180 0 3 6 9 12 15 18 21
Capagcity / mAh-g"' Cycle

Fig. 3-3-4 (a) Charge-discharge curve at the 0.05 C rate and (b) C-rate dependencies of
the discharge capacity of NCM523-970 and commercial NCM523.

3-3-2 : FERRRIFB L O 2 R FIR A DFEEE HV 2 NCM523 EfRlE

fE Pl B RS KOV 2 R HRAE O FEEZHWT, Bl - m= VX —LIB 7
INA ZIZEBT D NCM523-970 DA FH~7-, Table 3-2 IZ/ERGMF2RT, #E
mr L R D F Fﬁ %, 7L AES 50kN & 100kN TYEHRL L 7= (Table 3-2 Process
1-4),2 R F-IRA OBEMITIL, NCM523 H3E % 90 wt% (0.45 g) IZ[EE L, NCM523-
970 @ttfﬁ%:'ﬂl:éﬁto 2 R FIRAEMICI T H NCM523-970 D EERIE, LAF
DL ITHRIE LT,

AT 1
Vsmau _ ?X(Z(\/E—l)a)3><(zx12) \
v 2v2a)® ) (=0 3-3-1)
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22T, Veman ILTRFEEE T VOB OERRE, VTS RFREE T L OIR
HMTHD, 2a=125 2RATDE, Vi /V 1T 004 LHEE ST, 2O
Rab i, 2k HREOERBILYEICIX, NCM523-970 % 5 wt% (0.0225 g)
DOFIE £ THIN L 7= (Table 3-2 process 5) . F 7=, @EIEIMDIGHE & LT, NCM523-
970 % 20 wt% (0.09 g) ¥isIN L 7= AR 4 {FE 8 L 7= (Table 3-2 process 6) .

Table 3-2 Electrode fabrication conditions, resultant electrode density, and surface

particle ratio.

NCM523 / wt% Press Electrode

Process ] Surface
Commercial | pressure /| density / g- )

No. NCM523-970 vacancy ratio
NCM523 kN cm3

1 100 0 50 2.68 0.20

2 0 100 50 2.11 0.41

3 100 0 100 3.16 0.14

4 0 100 100 2.56 0.29

5 5 95 50 2.46 0.31

6 20 80 50 3.07 0.29

BB FEAR (A2 1~4) OFEME X, MEOBME & HI28ind 5, NCM523-
970 BRI 7-EEMRD 50 kN TOEMRE E (NCM523-970@ 50kN) /X 2.68 g+ cm™ T,
NCM523 ki1 (NCM523 —IRBL @50 kN, 2.11 g-em™) KU @SVMEE 725 T
W5, 51T, NCMS523-970 % 100 kN THIE L7284 (NCMS523-970@100 kN) ,
BRI 3.16g-cm™ £ 72 V), AEWER L7CEBMOF CTHRRTH -7, 2RIk
ABMTIX, IEWEIZ 5 wt%D NCM523-970 % I L 7-54A (NCM523-970@5
wt%), FEMREEEDS 2.46 g cm™ & OTMNIEINT S, —7F, NCM523-970 % 20
wt% N L 7= 556 (NCM523-970@20 wt%) 121X, 3.07 g-ecm™ O 131G H i,
NCM523-970@100kN & [RIFREECTH S, = HIZZ OfEIEL, NCMS523 b1 D
D 3RIFIRABBOBIE (266 g-cm™) LV HRKE W'Y NCM523-970 O i i
INENHEERED BT 5 OUE, BiAIOFFEIZ LD NCM523 K10 7222 [ A3 B
MEXLVZLTETWDHEDEEZLND,

WIZ, FBRRNORLTBLE 2 g1 <7-, Fig. 3-3-5 |ZFEMOFK E SEM Wit %, Fig.
3-3-6 | _ﬁmﬁﬁ%rfo_1mﬁ@®:/%7x%#E FHZELFRL LT
BEAHEE LT2E 2 A, RINTTRT LT oTc, REZEILFIL, RKiigDM M=
Wi ORSNDOE— IR 5 & B % %hé 72, EH L7z, NCM523-970@50
kN T, Fig.3-3-5(a) IZH#i TV D K 912, fhdmhi 23 LAY —12 534 L T
WA A, NCM523 ki @50 kN Ti, Fig. 3-3-5(b) DREI TRt X o1ig, FE
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By (B b < BIAD DNIRWEEBIZE) =T L TWD Z ERnhbd, £z,
i‘%ﬁ:ﬂaﬁ XZENEN02, 041 THY, REOVHEDR KM I TND, T
ZHETT 100 kN TliE, MW & b Rim O R S 7z (Fig. 3-3-5(), (d)).

Z ORI, FREIZELED NCM523-970@100kN T 0.14, NCM523 — ki1
@100 kN T 0.29 &, 50 kN O I/X}—jjfnﬂitbﬁ_%)@i D HERNZ LD
LR TE 5, Fig. 3-3-5 (D) I Tuna X o1z, BiFIer 7 v 7 13 NCM523

TR TCORBIEE S, 2 FEFEO NCM523 “CWT%;’E?ZEZ.’); ENbND, 2k
FIRABMTIE, Fig. 3-3-5 (e,DIZRT X I, KNDR AT b —IZ
HLTNDZEnNbnd, SRl & Bﬂzbhé#a%%fﬁiz Tlimm\
%o FMZELFIT NCM523-970@5 wt% T 0.31, NCM523-970@20 wt% T 0.29
Th b, 2 FiRAEMIL S0 KN TERINTVWDA, Wit NCM523 K
KiF@50 kN OFmZEFLR I VKL<, NCM523@100kN & FRI%ETH Y, HKi+FE
i & PEie U CRLFELSNIC R E REWVDR H D Z LD RIB I LT,
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NCM523-970 Commercial NCM523
COERETE o) R )

Fig. 3-3-5 Surface SEM images of the electrodes: (a) NCM523-970@50 kN (Table 3-2
process 1), (b) commercial NCM523@50 kN (process 2), (¢) NCM523-970@ 100 kN
(process 3), (d) commercial NCM523@100 kN (process 4), (e) two-particle
mixture@5 wt% (process 5), and (f) two-particle mixture@20 wt% (process 6) .

68



NCM523-970 Commercial NCM523

Fig. 3-3-6 Binary images of the electrodes fabricated using (a) NCM523-970@50 kN
(Table 3-2 process 1), (b) commercial NCM523@50 kN (process 2), (¢) NCMS523-
970@100 kN (process 3), (d) commercial NCM523@100 kN (process 4), (e) two-
particle mixture@5 wt% (process 5), and (f) two-particle mixture@20 wt% (process

6).
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72, FEMN ORL{-BLE % Wi g C R u‘_o NCM523-970@50kN I, Fig. 3-
3-7(@) 1T X DI, R HEMTIE Al & LICEE Iz - ThESRRL 23—
’ﬁtﬁ INTW5DH, —J, NCM523 Jkﬁ%@so kKN Ti&, Fig.3-3-7 (b) 12/~
X2, TR DNEJEIZE > TRIFNCEE SN TR Y, TN/, BE
ﬁ>kﬁ%f%ﬁkémﬂ\5o 2O XD REANE, EARFREF OB TRIZEBWT,
KIBN R LT B E N AT D20 L& B 5, NCM523 ki DY
VPRI 12,5 um C, BMOE XX 20 pym LT TH D728, NCM523 . IKbi 1
@S0KN TIE KL ORERBITEE LMFE LRV, WTNoSHES, EBMRAIC
NCM523 D/X—T 4 7 JVIHER S N T2, HRLT-EBMOYA, 100 kN £ T
IET % &, NCM523 KL 1-D 72\ WZE 23 A L, RO SR N UE SN D, 50
KN CTLALEELOEHET S L, NCM523-970@100 kN (Fig. 3-3-7(c)) Tl
BRI & BITE A EBD 72008, NCM523 — ki @100 kN (Fig. 3-3-7(d)) T
%, RO, Fli, BEESBIEE S LTC, £ NCM523 K- ORI Rk
L COEAREICE Y, MERRR D Z ENEEIND, 2R HRA B
PABAINE, 1RFDOHDERE S Ee D, NCM523 IkFLF13 Fig. 3-3-7 (b) D
NMC523 R @50 kN & [AARIZALY S 4L TU 523, Fig. 3-3-7(e, HITRT &
N, FEERL - (NCM523-970) [IZBH F 41, NCM523 D7 W2 IR L7 Ik
K123 50 LT D, NCMS523@20 wt% ik NCM523@5 wt% & 0 2 B O fRihi 1
o L, faeehi & &b IZ NCM523 k12 B —IZH D A T %, Fig. 3-3-
7O IZ/RT L DI, NCM523 K- Tlid 50 kN OHIE Tk 1 Ok #E & 43 ik
DHINFLZ BN LD, FESRL 28 Z kL O & a5 & Z LT
WHEHEESIND, 2D XD REREZE X, NCM523 ki 7-1oxt L, i < T/
SV NCM523-970 K2R RpTE ) Zmiz L RS 5720, RE=
—T 4 U7 L EMER TR OO RAET SRR S 5, 51, ZOE
BIC L O BRIOWEMEREE D EEZOND, ZO XD —IKki 1 OYELH)%)
HIZL 0, k2 E e EBMOBEY, “IRKIFDOIHN 572 % EM(2.66 ¢ cm
Mk~ B35 (3.07 g em?, Table 3-2 process 6) ' 7/,
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NCM523-970 Commercial NCM523

20 ym

20 pm
2 particle mixture

—20 uym —20 um

Fig. 3-3-7 Cross-sectional SEM images of the electrodes: (a) NCM523-970@50 kN
(Table 3-2 process 1), (b) commercial NCM523@50 kN (process 2), (¢) NCM523-
970 @100 kN (process 3), (d) commercial NCM523@100 kN (process 4), (e) two-
particle mixture@5 wt% (process 5), and (f) two-particle mixture@20 wt% (process

6).
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3-3-3 : NCM523 fga D EBH S/ = RN X —EBE~DEE
VERL L 7= B OB EIC SN T, a4 UARIEmZ W CTHFRTLT7Z, = 2 T,
0.05C-10C DEE~x 72 C L — F CEMAEEZHIE LT,

3-33-1: 75 5b7 ) OKERE

TERL L 728D 0.05 C TOFHEMIRIL, Fig. 3-3-8 1T L 912, 1ZERT
Thd, LIED-> T, MFDESILFISITEITRNEZE 2 TV 5D, Fig. 3-3-9(a)
X, WMERED C-L— MEFEZ TR LTV D, 0.05C TlX, £EMOEMEE
X 171-178 mAh-g!' OHEIPAICH Y, WX 2% AN TH D, Crate & LT D &,
HEOZEIIREL 25, NCM523 “KKif@50 kN & NCM523-970 @50 kN D%
BIX 10 C TEHITH 100 mAh- g! TH D2, NCMS523 KK @100 kN &
NCM523-970 @100 kN OFEILZNZ4 8T mAh g B L N105mAh-g! & 725,
F 72, NCM523-970 @5 wt%<° NCM523-970 @20 wt%7¢ & D 2 hi T-1REAEMD 10
CIZBITARREITZNEIL 98 mAh-g!, 115mAh-g! &72 Y, HIZ NCM523-970
@20 wt%lE NCM523@50 kN DEEIZX LT 16 % THDH Z EB3bnd, Wi
DFAED, CL—FN 10 C 25 0.05 CITHD & EMAEIZYIHIIRRED 95 %LL
FIZEET 5, LR - T, L — N TORREZEL, WHOBMAEEOEICE
K942 & Ebiud, Fig. 3-3-9(b) 1%, % L — MBI H NCM523 &b +@50 kN
IZKT D EMOBEBREDOEZ T2y LD T, @mL— F T, NCM523 —
KALF@100 kN OF BV TR BN 72> TWD, ZHUE, NCM523 O kL
FORFARL T Z v 71280, B@hENMETLEEZEZND, —F,
NCM523-970 @100 kN & NCM523-970 @20 wt% DEELIZ C L— b D _EF I
WERZIZHEINL, X0 RWMEERMGELND Z LRI,
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® l l
S 341 == NCM523-970@50 kN .
> l == Commercial NCM523@50 kN l
3.2 == NCM523-970@100 kN

T Commercial NCM523@100 kN
3.0 - == 2-particle mixture@5 wt%

T 2-particle mixture@20 wt%
2.8 —— . . .

0 20 40 60 80 100 120 140 160 180
Capacity / mAh-g

Fig. 3-3-8 Charge / discharge curves at each 0.05 C rate: NCM523-970 @ 50 kN (Table
3-2 process 1), commercial NCM523 @ 50 kN (process 2) , NCM523-970 @ 100 kN
(process 3), commercial NCM523 @ 100 kN (process 4) , 2-Particle Mixture @ 5 wt%
(process 5), 2-Particle Mixture @ 20 wt% (process 6) .

3-3-32 . BREHZ Y ORERE
Fig. 3-3-9 (o) (TN H 720 OMEREZ R R LTCHDOTT, 0.05C T,

NCM523 ki @50 kN T 360 mAh- cm™ OF&ETH D, NCM523-970@100
kN & NCM523-970 @20 wt% Tl¥, M A NCM523@50kN LV muvo T,
REITZNZ 530 & 550 mAh-cm™ (205 %, C-rate N5 &, BE
MW T 5, 2R HIRAEBMROLE, 10C TOHRKAEEILNCMS523-970 @100 kN
T 320mAh-cm?, NCMS523-970 @20 wt% C 350 mAh-cm™ & 72 0, NCM523 ¥k
B f-@50 kN (59 200 mAh - cm™) DFEEDHK) 150 % LUK 170 % Th 7=, @&
B B L R EAR FHDH] 25 3R AIZ NCM523-970 @20 wt% D 10 C L — h TO &
BEICEHE LTV D, fifhtE NCM523 O BRI E E 2 b FRAEBOG SN
TR EY, 3RTRA NCMS23 &M (1 C T 395 mAh-cm?,2.66 g-cm™ FERE
JE) 1T R Cr R—7 NCMS523 & (0.5C T 495mAh-em?, LR 45V,3.1¢-
em™ FAREE) L 0ERL TS,
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3-3-3-3: 10C, 100 ¥ Z VDIRBEE

Fig. 3-3-9(d) I, 10 C, 100 A 7 V CONRBREEZFRLIZLDOTH S, ¥
WER B, FHLZ 1L NCMS523 K F@50kN THJ 100mAh - g, NCM523-
970 @100 kN T 110 mAh- g, NCM523-970 @20 wt% C 115 mAh- g & 72> T\
Do A ZNVEDBEMNT D20 T, TXTOEMTEENRLIZHLL, Tk
PR UNEE CEMOF BIRFFED 38 %, 60%, 80 %I(ZEELZ, Z OfEEMN
5, BBOMAMEIZB VT NCMS23 fEmBEGF TH D Z ERbnd,
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Fig. 3-3-9 C-rate dependencies of the discharge capacities per (a) gram and (c) volume
for the electrodes fabricated using Table 3-2 processes 1-6. (b) Discharge capacity ratio
divided by the discharge capacity of commercial NCM523@50 kN at each C-rate. (d)
Cycle performance for charge/discharge battery test at 10 C, 100 cycle using NCM523-
970 @100 kN, two-particle mixture@?20 wt% electrode.

3-3-4: EWMELSICI DA v E—F U RADFE

% NCM Btz /L OFIHNREECO A v —& o A ZJE L7z, Fig.3-3-10(a) ~
() 1%, =N FI NCM523 —kKki+, NCM523-970, 2 kKif-1RAW & 7= EM
DFAFANTv Y NThHDH, 2’8 ZNIENENA L E—F U ADOEE & B
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oL, 78y MIILLTD 3 DORFIZE D Y ToN-FEHOY-M EERE L
TR EENTW5D,

(a) (b) _©

90 [eCommercial NCM523@50 kN » NCM523-970@50 kN = 2 pariicle mixture@5 wi%
« Commercial NCM523@100 kN « NCM523-970@100 kN « 2-particle mixture@20 wi%
c 40 .
= [ ]
O 307
S - ™ - .
r\ll 2 0 B -, ¢
L -
"y 5 -
‘ - .. r - L] F *
10} <ol 3 /V%:::§<

10 20 30 40 50 10 20 30 40 50

Z’'/ Ohm
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Fig. 3-3-10 EIS spectra of electrode made by (a) commercial NCM523, (b) NCM523-
970 , (c¢) 2-particle mixture. Solid lines indicate fitting results of semicircles using

formula (4).

[ & 2 DA EIE 2 T D ARG O HMEHIE 23 FE AR R DIHUE Rl 12
Y5, FHOBELRE, EfE EREMOEBEMBEIIIT Ry & BIKHL RedF1 R
IZFEY T 5, AEFRIZY FULAOIBERT V=V T NI A =X ATk
IG5t %, X326 N TCT Yy vE2T 4 v T 4T HZ LT, Table 3-3 I

T E DI Rl & RBHEES LD,
(Z/ _g_ Ry,))?+(Z7 7 )2 = (g)z (0 3-2-6)

Table 3-3 Estimated Rso1 and R.

Electrodes Rso1 / © R/Q
Commercial NCM523@50 kN 0.5 37.9
NCM-970@50 kN 0.5 39.5
Commercial NCM523@100 kN 0.5 40.6
NCM-970@100 kN 0.5 322
NCM523-970@5 wt% 0.5 38.1
NCM523-970@20 wt% 0.5 31.1

Rsol (IZOWTIE, TR TOEMTHLNREBITRONRD -7, R OEIZITZE
BBl Fig3-3-111%, R ZBEOMME LTRLELDOTHS, BELTO
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BT, BENE 2D L R AESEMRICHEINT2EmIcH 5, LarL,
NCM523-970 @100 kN & NCM523-970 @20 wt% 7= 1) 1% Z D ERBIRIZHE DT,
EWHEHUEZ R LTV 5, PUEIIIRE & PO BT 5720, Z OfE R
IXEMEEDBENNCL DD TH D,

45
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__«'

50 kN
401  S5wi% __« ~~ 100 kN -

g =750 kN
= 3517 100 kN |
- .20 Wt%

30 = NCM523-970 1
® Commercial NCM523
& 2-particle mixture
25 : : : . .
10 15 20 25

Thickness/ um

Fig. 3-3-11 Film thickness dependence of R for each electrode based on the EIS results
(the dashed line is the approximate line for commercial NCM523@50 kN, 100 kN,
NCM523-970 @50 kN, and NCM523-970 @5 wt%) .

3-3-5 : % NCM BARODO A A U YEHEREK

% NCM EMiA & HIZEFHMET 272012, Li A 4 U Ha8REk % i</, Fig. 3-3-
12 (a)-(D 1%, 02-20 mV:s' OSIEHE TCOBMROYA 7V v 7 RNVEET T
2 (CV) ZRLTWD, Fig 3-3-12() 1IR3 X512, CV 7ay b EE/ FEE
L, REBE/MEBEBOT o RAERL TS, E—7BIROBLEIL, T XTDF7
— A TSR IR 5, EREENE DT L, KERRETOE— 7 BMEEE
FEIRIC 7 L TCWAZ ENbnd,
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Fig. 3-3-12 Cyclic Voltammogram of the electrodes fabricated using (a) NCM523-
970@50 kN (Table 3-2 process 1), (b) commercial NCM523@50 kN (process 2), (c)
NCM523-970 @100 kN (process 3), (d) commercial NCM523@100 kN (process 4),

(e) two-particle mixture@5 wt% (process 5), (f) two-particle mixture@20 wt%
(process 6) .

IR OO[ERE, EHAISDOENEZ R L TWD, E— 7 & L IIRATER S
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ZIT, n ZRSETE, FIX7 7 77 —EH(C mol"), A IXEMEFE (cm?),
D I3 A A U HEHURE (cm2 - s, RIEH AEE T - mol™ - K), T idHescHEE (K),
C*T/ V7 PR EE (mol -em?®), V IFHRGIEE (mV-s) THh2DH, ZOXEHNT, %
B SR D B TO B — 7 Bl A A % v I EOFIAR (V2 OB
Bl T7ry ht5E, Fig.3-3-13 DX 52/ o7,
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Fig. 3-3-13 Comparison of maximum current and square root of scan rate (a) NCM523-
970 @50 kN (Table 3-2 process 1), (b) commercial NCM523@50 kN (process 2), (¢)
NCM523-970 @100 kN (process 3), (d) commercial NCM523@100 kN (process 4),
(e) two-particle mixture@5 wt% (process 5), and (f) two-particle mixture@20 wt%

(process 6) .
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V2> 2 O, 2TOY U TV THEDBESLHIC/RSTND, 77 70X
DFERLINTR Y, EMBMRN AN TND, ZAUE, fslln k&< 2% Lk
BT <, NCM523 ~O Li i AIZHE U7 SOl B 2 SRR 72 5 2 & &0
LTWp20 VvI2<15 DIFTofEETclE, 7oy h&X3-2-5 TEZ 4 v R L,
A F PR E RS 72, 2 2T, HIEE Z 1L,S, n=1 (U F 7 A DF 1),
A=1.539(cm?), C'=0.0491(NCM523), % C L' — N COREMEE V & L1z, K&
F‘JE“C DA F YR OHEEE % Table 3-4 (233, 22T, A A U EEbRE
, BHEMD L — MEENIZEFH-9 5 NCM523 DR mEB L OVL 7 To Li A
z“/mﬁ%&mxaimﬂ\éo ZOFER, B DA A YRR, IMES D
e EBICWESNDIMEOICH L Z ENbo o7z, 2, NCM523-970 DA 4
LRI LV EVMEE R LTS, 6L, IBRARERE L 2 KiriRAe
R (NCM523@20 wt%) 1L, DB E 0 & EmnA I U IBfR Sz =3 2 &b
mole, TVARBRGIZX VA2 BENT 5 L, NCM523-970 K F-RDF ¥ »
T U, RS ORI ME T 51X TH D, T ORIE, kA
BLOVILT TO Li A A2 OILHGHREE 2 N S, EHiksE o m EIZ%H 535,

Table 3-4 Estimated ion diffusion coefficients in the discharge process.

Electrodes Ton diffusion coefficient / cm? + s
Commercial NCM523@50 kN 2.38 X107
NCM523-970 @50 kN 2.71 X107
Commercial NCM523@100 kN 2.49 X107
NCM523-970 @100 kN 2.99 X 107
NCM523-970 @5 wt% 2.04 X107
NCM523-970 @20 wt% 3.81 X107

3-3-6 : BBIZIIT B NCM523 KiFDELE & EERK

ZETORREEITIZ, Fig 3-3-14 1%, NCM523 KA 7, NCM523-970 7>
2 5 HORL MR &, 2 KRS MR FALE & EEROEFZ R LK TH D,
FNENEMT VA U TER SRR DY, EINCERZTRT 5,

3-3-6-1 : NCM523 ZRKLF0> b 72 5 BRI TR

NCM523 ZIRAKLF1T 50 kKN OES) THIHIERE 2 #ERF L T % 25 (Fig. 3-3-14
(@), 100kN OJEJTIL KK +DE, FHAL, 35843 5 (Fig 3-3-14
(b)), EBAREENE L 20, ki1 ORI LR O] 7 THr iz 7 Z2 L33 A=
T 5, 72721, ZDOZEFITIE NCM R BB AN AR L eV 2 & 3 HERI S
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e ZHHDOFMKTAERKIZEY, 100kN OFES FTHEHMERENUWES
ninwtHesh s,

3-3-6-2 : NCM523-970 7> & 72 5 BORI 7B

NCM523-970 1%, 50kN DFE /) TNCM523 KK+ X 0 b EWFEHEER THRIET 5
Z &N TE D (Fig. 3-3-14 (), ZOEMALFALEIL, MaRPRERNELTTH D
=DIZELNTZLOTH D, MEETT 100kN TiE, NCM BL1-D 720 22 R 23 kb
L, &0 ERRECE SR S 7z (Fig. 3-3-14 (d)) ., T DOfEHE, NCMS523-970 &
SIS VTR BA & ORI A N 2 BB DR S L7z,

3-3-6-3 : 2K TEAEMH

2 Wi IRA AR CI, fE AR08 2 R D22 U, BN Ok #iok
M ESED, TORE, NCM523-970 TIX, KK O fEEE L 7=k 53
NCM523 ki T2 3l A7, 3 K F-IRE ML 0 b B 7 AR & 5
REAZEMTERY), 2 R FIC L AEEBERBEET LVOMRETHD 5 wi%
NCM523-970 #3942 &, EFEOEM CIEZEsLFEE & NCM KL 70 B A +4
£ 7%, NCM523-970 % 20 wt% sIN9 25 &, NCMS523 O itEnsm B L, i
BEE IS 5 (Fig. 3-3-14 (e), (), Z OyHtE L NCM523-970 D) 72T
WEFMEDOMFEHRIC LY, TR HREBMRITE WD E &AL ERIRH 2 R
T LI o7z, BRI, NCM523-970@20 wt% O 2 Kif-IRAEMmIL, DEOH
fatE NCM523 K7 Z2 S ipll & 30 B3, BRI 7 NCM523-970 HEfik & [F]45 D
mELE R LT,

@ Secondary particle
= Secondary particle(crushed)
(] Crystal particle & Auxiliary agent \Crack ' Conductive path

Commercial NCM523 NCM523-0 2particle mixture
Low | (a) 50 kN

(c) 50 kN Low | (€) 5 wt%
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>y CEIYFL XTI (i p kg
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Fig. 3-3-14 Illustration of the NCM523 particle alignments in the electrodes fabricated
using (a) Commercial NCM523@50 kN, (b) Commercial NCM523@100 kN,
(c)NCM523-970@50 kN, (d) NCM523-970@100 kN, (e) two-particle mixture@5 wt%,
(f) two-particle mixture@20 wt%.
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3-3-7 : ZRIFIRBBMRIZEKIT D AR 0% H|

2 KRG 572 2 MO E I KT TG SR+ D B2 Bat LT,
NCM523 IRk 1% A/ UFEEAT 15 S FEM L, TR 1 & FRERIZ S0kN O
JEJ N CHRLFEMOERICHEH LT, 50N 7o EMOBEMmRE L 2.69 ¢ cm™
THY, NCM523@50kN OEBMEE (2.11g-em™) LY LEWVEEZRL TS,
Fig. 3-3-15 (a) DWriai SEM AR RT X 912, 2 Ki-IRAEM & [FERIZ, NCMS523
D 2 Whiz=HTe X 5 IR 2N EMBNIC B L TR Y, SRS LM R
LTCWAZ ENGh5H, Fig.3-3-15 (b, o)X, ZNEIEMD EIS A7 kL&
BHLD C L— MEAFMEZRT, EIS OFERD D, NCM523 % F@) T L C/ER
L 7= BMmOHPUIIZ, NCM523 “ KK +DF 3 5 THD Z bbb, &k
REORMRTIE, @ C L— N CHERENREL o7, LN -> T, NCM523 @
TR FEICHAET S &, RO m S Kb, & HIZREOBHIN
RIR BN EALT D, TN D OHFE LL W ERIE, EMmMREL B S w5,
ARFETIE, BHMEREZIRT IS Z &<, fmtEhi 128 NCM523 @ ki1
DO F LG L TWD Z & Al Lz, BRI R 2 IR & 34U
BFN72 50 T CRRL OB FRIRE CTh 5, AT U —HREERFIZIL, TRIIAIN 50
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Fig. 3-3-15 (a) Cross-sectional SEM image of the crushed commercial NCM523, (b)
comparison of EIS spectra and (c) C-rate dependences of discharge capacities per gram
of the crushed commercial NCM523 with those of other electrodes.
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Fig. 4-2-1 Schematic electrode-fabrication process through (1) preparation of slurry,
(2) coating the slurry on Al foil as a current collector, (3) heating, (4) pressing the

electrode, and the resultant electrode.
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Fig. 4-2-2 Flowchart of the adaptive design of experiments for electrode fabrication &
separation in this study.
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Fig. 4-3-1 XRD patterns of (a) NCM523-B, (b) NCM523-H, (¢c) NCM523-0, (d)
NCM523 secondary particle, and (e) reference data of NCM111 (ICDD 01-07-8071).
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Fig. 4-3-2 SEM image of () NCM523-B, (b) NCM523-H, (c) NCM523-0, (d) NCM523

secondary particle. (e) particle size distributions of them.
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Table 4-1 Summary of factors of electrode-fabrication process as explanatory variables

and electrode-separation rate as an objective variable. Their descriptive statistics are also

shown.
B | LR THH BNL | R | BN | E IR
/& A S
& g 048 |0 0.28 0.05
NCM523
— 125 |0 6.25 40.06
TR H
(1) Y A g 045 |0 0.24 0.04
AT U — | b
. o m 4.7 0 1.37 2.03
3k TR H
ai A TEFL
o 0.025 |0 0.02 0.00
IEEx 75y 8
PVDF g 025 [0.05 |0.17 0.01
NMP g 150 50 115.00 |923.08
Q)& | Bfim S mil 5 2 3.60 2.09
NMP 7&3%& °C 150 100 | 107.03 | 246.85
(3) IR —
PVDF BEfiE | °C 150 100 | 123.00 |226.67
4) )
) VAV kN 100 50 |75.00 |641.03
LA
i 7 BfER wt% | 99 0 59.85 1513.77

Fig. 4-3-3 13, WETm v ARNKFOME~ v 7 ThHhDH, R FDOa L T A b
MERVME E, 1E « BOMEBENEWZ 2R LTV 5, FHEIRENREHEDS 0.95 L
e BERNE, ki NCM523, —hif-hifk, fEsbkifO#MAaETH -
7o ZEILIEREBEED T2, 209 BH O 2 BE(TIRRLT88, fEebki ) Z i Z&
B BERNTHT 2860 5 Z LI Lz, MBS ORI, Eo7z 9 WO
(ki 7 NCMS23, fEdki %, 7L > 7 727, PVDF, NMP, &
i S, NMP 73, PVDF Befi, 7L AJE) 2 HWT, EERZHT 2 ERE
TNVEAER LTz, JI/T A b7 —2I2kb4 2 FRI/9ER 7 7 » % Fig. 4-3-4 1T
T, REAY0.65 B2, HEERICH L, —EDOMAIOH 5 EIFET IV
DMER TE 72,
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Fig. 4-3-3 Correlation map of electrode-fabrication process as explanatory variables.
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Fig. 4-3-4 Predicted-actual plot for multiple regression analysis between electrode-

separation rate and the electrode-fabrication process. Blue squares and red triangles

indicate the value for training and test data, respectively.
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Fig. 4-3-5 Dependence of separation rate on each factor in the electrode-fabrication

process.
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Fig. 4-3-6 Predicted separation rates for 100-kinds of virtual experimental conditions

estimated from multiple regression model.

Table 4-2 |ZFEMAERISME 2 /R Lz, 2 2 CIIHEUEL 7o B8N A [2INZC, fidh
KPR DN R AT D7 OICEMm B, C 2/ER L7, BRI -FEM D X
TrEFL T T v & PVDF bx%h%h 2wt%"C3?) D, 1ERD 5Swt% & e~ TH
MUK <, AEAR R TR & BO AT O N2 2S AT RE 7R BEARAE IS T d o 72,
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Table 4-2 Electrode-fabrication conditions & electrode-separation rates for electrodes A,
B, C, and D.

aH | LR HH WO B A | EMB | EMC | EMED
Or | &M | Ml | Ml | No.2l
M| FEBL | FEBR2

Al | (D /¢ A g 0.45 0.36 0.48 0.384
¥ | A7 VU— | NCM523
i RIS |pum | 125 12.5 12.5 12.5
it R 1 g 0 0.09 0 0.096
FEERIAEE (um |0 0.98 0 0.98
TEFLY |g 0.025 |0.025 |0.01 0.01
A4
PVDF g 0.025 |0.025 |0.01 0.01
NMP g 375 375 190 190
(2) &AA BAiE S mil |5 5 5 5

(3) N NMP Z&%& °C | 100 100 100 100
PVDF f&fE | °C | 120 120 100 100

4)F LA | FURFE kN |50 50 50 50
H 7 oy BlER wt% | 62.42 | 53.6 101.27 |93.13
B ()
SrBER wt% | 70.96 | 5443 | 9433 | 9827
(FEHIE)

Fig. 4-3-7 |23 BESEER % O BNV 27777, o BERIL, B D (5B 98 %) > &
i COTBESE 94 %) > EMG A (UTBER 71 %) > AR B(0BEE 54 %) OIETH -
7z, TN B OEERITEM A LV IR, FEih OB OB Z Kt LT
fzo —H T, B D TIHRKODEEREZ R LT, ZOBEMIL, FEOSE T
B ZFROTCEM C LR THOBERENE L, Wb RN ARTH-> TH 5
BER 23 B U7z, 2Rt S NI 1% foi b L7- 2 & T, fhdbkl RO %5
X bR FOEANEEN B2 B2 b5 b, 728, Ei A-D OFERIL
PHaEEYFET VIR AT D Z ETEOND THIEIE, SEHMME & OREZEN 10 %L
TTHY, ETANRERETHLZ EbbhoT,

99



(a) BARA : BEFRMH

-,\

L

DEEE 1 71 wt%

(b) =|ABB : LEEERR 1

)

o
1

SSBEE - 54 wt%

J

DEEE : 94 wt%

(c) EBHRC : HERSEER 2

(d) &#®D : No.21

g 'l

DEESR Qé wt%

Fig. 4-3-7 Appearance of electrodes after separation tests for (a) electrode A

(Reference),

(b) electrode B (Comparative sample 1),

(Comparative sample 2), (d) electrode D (No. 21 sample).
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Fig. 4-3-8 Surface SEM images of (a) electrode A, (b) electrode B, (c) electrode C, and
(d) electrode D.
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Fig. 4-3-9 Battery characteristics of electrodes A, C, and D. (a) Rate performances, (b)
cycle performances @ 1 C.
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9 Do

5-2 : EBRFIE

5-2-1 : NCM523 OFH#

ARETIE 2 FFEO NCMS523 Z W e, 1 D17 7 v 7 AIE TR L7256 dbkL
FTHY, 2 ODIF R+ ThD, Zhbik, 3 ETHVZ NCM523-970 &
NCM523 ki (Hosen Corp.NCMS523-MESE12D) & [Rl—#kTH 5,

5-2-2 : A A VIEEE W2 AL U F—T U —NCM523 EB/ER

NCM523-970 & A A ERE G S® 5 2 & T, N U F—7 Y —>D NCM523
B (NCMS523-IL) ZEfI9 % = L A TX %, Fig 5-2-112, NCM523-IL O/ERLTF
NEDHERE 2 79, NCM523-970 (475 mg), 7EFL 77 v 7 (25 mg), BIW
A TR (400 mg) & 25 °C T2 L BIRA L TA 7 U —%2 84 % (Fig. 5-2-
1), AT EIRITRTE (99.0%, &L 7 A /L AFEHREE, KIR) 17.25g & ik
2 (95.0%, L7 AIVLAFOLHE) 2025 g ARy 7 L— b BT 120 °C,
1 FEfIRA LGl 2, ZoRAF U —% 25°C T Al & EIZ 9mm-s! O
EC, REEAK 508 um TEM LT, ZORT Y —Z8A LIZ{E%-90kPa D
JE FC 150 °C, 12 BEfNZE-9- 5% (Fig. 5-2-1(b)), Z DOEMA ¢ 14 mm THH
P&, 50kN T LA L7=14, 350 °C T 30 2y ENEvd % (Fig. 5-2-1(c)) , 412,
TR A HIAKIZIRIE L TR T 514 4 ik zkrE L (Fig. 5-2-1(d)), 60 °C TH
M X H 5 (Fig. 5-2-1(e)), NCMS523-IL O{ERNEEE L, NCM523 Doy fiRiEE (59
400°C) &b LITE L2,
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(a) Preparation (b) Coating (c) Pressing d) Washing Drylng
of slurry

150 °C 350°C 60°C
12h 30 min overnl
I —/ﬁ J
= e
“\"\-\.

¢ NCM523 crystal Aluminum o Pure water

¢ Acetylene black

O lonic liquid

Fig. 5-2-1 Fabrication of the binder-free NCM523 electrode (NCM523-IL). The
indicated processes correspond to (a) Preparation of slurry, (b) coating, (c) pressing, (d)

washing, and (e) drying.

5-2-3 . MEORIEFE

i1 & MO REN, EAEAE - BMEE (SEM, JCM-5700 and JISM-7600F, JEOL,
Tokyo, Japan) Z HH\T, 15kV ONIEEETHEZE I N, 2, =RV F—45H
X 53 35 (EDS) (2 K B F T KO~ » B 7, Il FEE 15kV THEli
L7, $£7, SEM ZHWTEMOWrim g 68152 Uiz, Eale 2 Bkt = R
& VMR (G2 =7 3, Gatan, Pleasanton, CA, USA) [ZHLDIAZ, 130 °C D7 v
N7 L— bk ECHi{bESE7-%, XA VvEL Fo— bk Chifk: 6um) TFRFEL -,
D%, Ar £ A E—L%EHv, EEELE 6 kV T 3 K44IV 7
(IM4000, Hitachi, Tokyo, Japan) 2 5 L, Wriki 2 ER L7-t%, MEEHE 2kV T
SEM (SU8000,Hitachi) % &t L 7=, {b@HHIE, X n’ﬁlﬁliﬁ(XRD, SmartLab, Rigaku,
Tokyo, Japan) Z FH\>, CuKa #t (L = 0.154 nm) Z W CTEITEFZ 45 kV, 200 mA
’CVE@?%J@?’C AT, BEIX20 OFiPH 10°-80°, AF ¥ 2 AE— K 10°-min
, fRRE 0.02 ° T3 L7, Li, Ni, Co, Mn O cHEMHKIL, @ENHEEE 7T
R FEN4r 615 (SPS5510,  H SERUWERT) 2 WV CREM uio #kF 10 mg 1Z HCI
(35~37 %, 3 mL, B L7 A )V AFEHEE) 2%, &~y 7 L— K T 180°C I
BN, TR S E T, MK THR LML, 77 A~BE L, Ar U AJiE 0.75 L-
min” T CHLELZ R U 7=, R S0, 3 ot A A T B SE (Contour GT-KO,
Bruker, Billerica, MA, USA) Z HHWWCHIIE L72. 50X L > A& vy, slEZRmE 5
TEE S AIZ 10 pm AN CHIE L7z,

5-2-4 : LIB B O/ERL & RePEFHAT
= VR CR2032 % AT, B ESAL R IE 2 200 L7, 2 O
R EEL L 7=, NCMS23-IL & U 7 7 L > A HAL i@ EMm (NCMS523-Ref) O 2 FE¥E
DMz B L 72, NCM523-Ref [ZLLF D & 9 IZER L 72, NMP (325 mg) & il
DNCM523(450mg), 72 F L 75 v 7 25mg), R Y 7 v{LE'=1 7 (PVDF,
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25mg) HIREGE L, A7V —%ZH L=, ZOXT7 Y —% Al{EEIZ9mm: s! T,
EREAHK) 508 um (2725 L DB Lz, ZOEMAEZET 120°C T 10 K
WL S 7%, SOKN TT VA LT, MBMmEHWT, ArZRE L7 n—7 R
v 7 ANTaA e VAEMAER LU, sicid4e)E Lifas, B L —XI(Z
IR e L7 VA (VT — R#2400, BALEL, B, BA) Z2ZhEh
i L7z, BRI, =F Lo —FR3x— b B0 vol%) &V AT H—RR—
~ (70 vol%) DIREH#RIZ LiPF6 (1M, FEH L) Z A7z b D& L7z, sk
Brix, N cdR_T v a A%y h(HI1005SDS, AbHET) & AW T, EALE
28-43V T, —EEMCTHRELHELMBRY KT EEBRTKEET— N CT=HR
2T L7z, NCMS523-IL ORER &Y, NCM523:83 wt% & RFERBIAl 117
wit% DHRIZESWTEE L7, ZOEELOBMUILITO®EY Th b, Hif:
7oA A UHRIRIE, 350 °C TIMEAT 5 &g /Epki & LT 17.5 wt% (295,
NCM523-IL OFERNZIE, NCM523-970 % 475mg, 7®F L7 7 v 7 % 25mg,
4ﬁxwm%4ng%wto4ﬁ/wm@m%; LEBENEBETD L,

AL T D NCMS23-IL I3 A A RO BEAE M DS T0mg & E D, F
t,amc,asa 1C, 2C, 5C TD C b — MEFMHZFH~T-, NCM523 @
1C L—F% 190 mAh-g' L L' | ZORENGSE CL— MEHREZEDY
L, 1C OBEOFEELA 1 IT7-7,

C=E wXS c¢X190 (K1)
Z 2T, Ew [XEMOE & (unit-g), Sc BB (EWE) BE (wt%) Th D,

5-2-5 : RSB

VERLL 72 %M NCM523-IL & NCM523-Ref. ZIAHHEIE L, #EOEMEZ 1C T
1000 A 7 VEKILFENAR L2k, DBEEBRE Y, a1 b E
a2 H Lt, ZONEWEDBELT-, DO, 37kHz, 40W T 2 43
DOBEPRLLIL L, 400°C, 1 FFREIOZEKHF TOHRFNIMENL 72, F3MEL 72
W IR Z SEhE U7, @E AR OEEIE, KETZIZNMP 2 vz, ERAA
WoEEIL, & LRRIZBIT S NCM5S23-IL F721L NCMS523-Ref @’%ﬁ%ﬁ)% Al
BOEHEAZZLSIK ZEICEVER L, o8, iko=»iz, EX(LFERIC

fif SALTWVRWVERR G A~ 72,
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5-3: MERLEBE

5-3-1 : "A ¥ — LV AEREE L B

T, 7T v 7 AETHE &8 72 NCM523 O s (NCM523-970) 2 IV Toxo v
H—7 J —&Ef (NCM523-IL) ZERL L, = Ot 2 M5k L 72, NCM523-970 1359
Sum DZERFESE - TH Y, BEHROEY 77 v 7 AETHRE SEZY,
NCM523-IL Z8ZL1=L 25, Al B EICBWERY O RS HEZR TE -, 20
BARIE, A U F =72 LT, BEEHRIECINTERIC L D 0B 70 <, Bl e
DEEMENBITHDH Z XD, NCM523-IL DIRER L OVEE I
22.67um B LN 254 g-ecm® TH Y, NCM523 O _Rbi 176 72 5 318 7B 1z
(NCM523-Ref) 1%, 24 1836pum BL N 2.11g-ecm™® Th oz, Fiz, BEET
NCMS523-IL DK 20% K= <, WMEMTAT U —DOFRMENREZ->TNDH T &
DARIE E 7=, Fig. 5-3-1 {2 NCM523-IL D XRD /X¥ — 2 & oRd, BE—7 /84—
v X & #% 5 — # [International Centre for Diffraction Data 01-074-8071] @
Li(Nio333C00333Mno333) O2 & —F L, BMRNIZ NCM FENARR L TW\WD Z & 2R
LTCWET, A AV BRRITERBIEYEZRMHT S ZEnmbiTnsg ) |
NCMS523-IL OYERFIINC I, A A A H T NCM523-970 295 Z &5
BZONDN, AT VRIREINES 5 L, NCM DA IND Z LRI LT,

F(a) NCM523-IL 1
)
= - i
S L J
o]
E-AAJJ L ,JMI A o N.\..AJ .,ﬁ-
>t (b) 003 Li(Nig 333C00 333MNg 333)O2
g) - ICDD01-074-8071 A
o / 104 ]
cr / 1

1 1 \‘ 1 1 1 H ‘ 1 L1

10 20 30 40 50 60 70 80
26/°

Fig. 5-3-1 X-ray diffraction patterns of (a) NCM523-IL and (b) reference data of
LiNi0333C00.333Mn033302 (International Centre for Diffraction Data (ICDD) 01-074-
8071).
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NCM523-IL ([ZE 415 NCM Offt et 2 di~72, SEM #4725, Fig.5-3-2(a)
IR T L 9UIZ, K0.5~3.0um O A XERFOLER Uk - fER S z, Z
? NCM fEghi11%, Fig.5-3-2(b) 12T XL 91T, 1.0~5.0um DY A XEHT 5
Z AR b & 779 NCM523-970 N O dh L U O 72/ E Wy, Fig. 5-3-2 (¢, d) 1
FN 5D XRD /8% — %Rk L, Table5-1 1R d K912, B—7 IS TH
Do NCM OAFF o IF T~ ar4—4—i% 1003/1104 BELW
(1006 +1102) /1101 @ XRD E—ZHICEELTWA'Y | LER-T, 20
FERIL, HE OFE M FHMEE OB % 7R LTV b, Fig. 5-3-3 12 NCM523-IL @
SEM 4% /77, NCM523-IL @ X T, MMESERE—I20m L Tnb 2
ENPnD (Fig 5-3-3 (a),

—_ e} S8y
7 o oo o
-~ o —OoO T
5 \
=
E " L U o J._._...h.JL_.
> [(d) NCM523-970
B in this study |
c
3
E | J\
:"“W-.-—-_.._._ I,L. Ly LB
10 20 30 40 50 60 70 80

20/°

Fig. 5-3-2 SEM images of (a) NCM523-IL and (b) NCM523-970 and XRD patterns of
(c) NCM523-IL and (d) NCM523-970.

Table 5-1 Comparison of XRD peaks of the crystal faces of NCM523.

Too3 Lio4 Toos Loz Lo
NCM523-IL 1 0.67 0.10 0.04 0.34
NCM523-970 1 0.63 0.08 0.03 0.29
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NCM523-IL NCM523-IL NCM523-Ref
Low magnification High magnification Low magnification

Top view

Cross
section

10 ym

2 um 10 ym

Fig. 5-3-3 Top-view scanning electron microscopy (SEM) images of NCM523-IL at a (a)
low or (b) high magnification and (c) NCM523-Ref at a low magnification. Cross-
sectional SEM images of NCM523-IL at a (d) low or (e) high magnification and (f)
NCM523-Ref at a low magnification.

BRI T, I 7o BEOmRIE L — R &2 N ERRL 13—
(278 > T % (Fig. 5-3-3 (b), Fig.5-3-4 (@), EDSIZ LYV, NEMKFDOMEET
C, N, Cl 2 si7z (Fig. 5-3-4 (b-d)), A A @ikt = ) v EIREND
RAHTD, REFRLFIIA AL MRIKET T LT T v, ZOREERD NS
RAHRFBMHITH D Z LRI S D, KETE T (COMPO) & TlE, #bdmMki 1
DR TEWa L M7 A MR L (Fig. 5-3-5(a)), EDS ¥ v B> 7 TlE, ZOH
g PERL - PNIZ Ni, Co, Mn, O 23 F7ET 5 (Fig. 5-3-5(b) ~ (e) ) , ik fhi ¥ TP EDS
FOHTIZE Y, Table5-2 1T X912, N6 DORFIRELS K S 47z, Ni:
Co:Mn DHHEIL 427:1.66:2.65 THY, A A L RIKH KRS D5y CTHRE
ToHE, TNEI 483:188:3 THDHIZ®, Z ORI 11X NCMS23 & RIE
ENb, ZOXHIZ, NCM523-IL 1%, NCM523 fldbki+ & IRFE RIS D> 6 72
HBEEMTIH 5, Fig. 5-3-3 (¢) 1X, NCM523-Ref @ h v 7 ¥ = —SEM BE T
5o ZIVETOZENS, —WKFIX NCM523 TH Y, NEBRFIThFITH
219 BhFNE NCM523-Ref HOT7HF L7 5 v 7B L PVDF &%+ 5,
HEN S, NCMS23 O, 77 v 7, BWFIOMRAT, im0 K 722 MM A3 e
EN7z, NCM523-IL O Wi 5B % Fig. 5-3-3 (d), (e) (2779, 43f L7z NCM523
DFEEIE, RERFITH 1B TWDS Z ERNbnd, HET XL, Al
DRENZI 7 1 A ZOMIMAEIEE I 4L, £ OMERIC NCMS523 fifidh 23 [E E S
NTWDLRTHD, ZIUTEWE-AIFBERE TOT B — RO A[ReMEZ /e L
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TUW5, T, NCM523-Ref TliE, Fig.5-3-3 (DIRT LT, Bl k&
WRL 7~ NCM523 DAY —72 0 Amm i by, Al SAREHFHTHD, 2D LD
12, NCM523-IL O MELIE, NCMS23 ki, Bhfl L o &K, Al f& & O R mbs
il 3BT NCMS523-Ref & REL F7p>T WHZ ENmnd,

SEM

EDS

Fig. 5-3-4 (a) SEM image and EDS elemental maps of (b) C, (¢c) N, and (d) Clin the
undefined particles in NCM523-IL.

COMPO

EDS

Fig. 5-3-5 (a) COMPO image and EDS elemental maps of (b) Ni, (c) Co, (d) Mn, and
(e) O in the primary particle region in NCM523-IL.
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Table 5-2 Atomic concentrations of NCM523-IL, as detected using energy-dispersive X-
ray spectroscopy point analysis.

Element Atomic concentration / mol.%
C 46.17
N 7.91
Cl 0.87
Ni 4.27
Co 1.66
Mn 2.65
O 36.48

Fig. 5-3-6 {2, {ER L 7= EMmOEMFFEEZRT, 0.05C 128175 NCM523-IL k
NCMS523-Ref OFEfERFIZE/R Y, HMESNEIT NCM523-IL T 173 mAh- g,
NCM523-Ref T 177mAh-g! L [F% T 5 (Fig. 5-3-6 (a)), NCMS523-IL D L —
MERER L O A 7 PEREIX NCM523-Ref & [RZE )Ll ETH 5, NCM523-
IL (X 5C ®L— T >90mAh-g' DOKEREEE <L, NCM523-Ref DZh &
D7E13<9% TH % (Fig. 5-3-6 (b)), Fig. 5-3-6 (b) D 16-18 A 7 LB T,
0.05 C TOEMAZEODOTNRBMABIE I NI, Ziuk, &K F ULt -
it VU F 0 DMUIZ X D0 BOfEHICER T2 & Z 2 bhvd,

113



—_
[

~—
—_
(=)
~—

'S
=
n
o
o

42 ™ - R p e
_ 4o Emeo-o.oscun”l“. Co5C
Y e < “Toc
S P T £ 1201 20c,
gas \ > ‘r,
S 34 5 807 50C
> 1 @

3.2 1 2 40

3.0 | — NCM523-Ref 8 = NCM523-Ref

1 == NCM523-IL © NCM523-IL

28520 80 130 180 200 0§36 6§ 12 5 18 21

( Capamty.’ mAh- g - Cycle

— NCM523-Ref
T -—-NCM523L |

@ ® o
. 2.9
{

IS
o

Retention rate at 1C / % 0.

]
° o

0 25 50 75 100 125 150 175 200
Cycle

Fig. 5-3-6 (a) Charge—discharge curves at a rate of 0.05 C, (b) C-rate dependences of

the discharge capacities, and (c) retention rates of the discharge capacities of NCM523-
IL and NCM523-Ref at 1 C.

NCMS523-IL D% A 7 WARFFRIZ 1 C DIE, Fig. 5-3-6 (o) IR X 92K 75
A 7 VT 50 %A, #1200 A4 7 TI0%AREE TERTF LTV, %ﬁ®%ﬁ
FRITEe 50, WMEMRE bREEOEMSLZFEE 2R Lo, AFETIE, ~N—7
o ad EME WD, @%mmiﬁﬁmﬁmuigf&éomv—hm
FEHCENZ L 0 EBRRO RN ET L, a1 CEMANOEMR O S, B
DL TRERENRIBIIE TS5, ZOZFEE, 125 A4 7L THA 7 Vi
FERDN 10 %AW ITIE 45 NCMS23-Ref L W A TEN TV 5, NCM523-Ref &
L TETOL— MIBWTHEENMET L TWLH DL, RFRFIOE &Lk
MAREMETH D Z ERMAIFT O E L RWARHIPRK TH DL EE 2 LD,
NCMS523-IL OENT-H A 7 APEREIX, NCMS23 K- 7 v 7 OIHNIC L 5 1
DEEZ BN D, NCM523-IL 10O NCM523 134551 L=tz , Bl & 1)
—IZofi L, HEEOLIH LTMAERS D BN Y,

5-3-2 : NCM523-1L D4y B it

NCMS523-IL R D 3 BEREME & FRAE L 72, Fig. 5-3-7 (2R ALEL1% O BERER f oD ]

1% %, Table 5-3 (ZFEMI SR & S BERS R A2 7R 37, NCM523-IL D5 Rtk 22 G~ 72,

ALEES OFME K EZIX NMP ISRIELE%, KPTEr®y FE2HWTE

ﬁ%%@ Al §5 & B R B L TV D, ZORER, Fig. 5-3-7a-1,b-1,c-
IZ7RT X 912, NCM523-IL 3 LT NCMS523-Ref CTlidmBERZRE L2, Zh
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WX, A U E =BT 030 BT, NCM523-IL O EMRE &M A NCM523-Ref
ERBRTH D Z E 2R LTS, KRIC, EMEERZIC, BE AR XY B
5 NCM523 7 VI EDBEE LM L, ZONBEEZ ATz, WK EZ v

7254, NCM523-IL, NCMS523-Ref OFIEERIY, 1 26 wt% (Fig. 4-3-7 a-
2), 16 wt% (Fig. 5-3-7b-2) &4l L TR+ R & e o 72,

Fig. 5-3-7 Exfoliation results of (a) NCM523-IL in water, (b) NCM523-Ref in water,
and (c) NCMS523-Ref in N-methylpyrrolidone. The labels 1-3 shown in the figure are
similar to that shown in Table 2; (1): before battery test, (2): battery test and

ultrasonication, (3): battery test, heating at 400 °C, and ultrasonication.
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Table 5-3 Exfoliation conditions and results for NCM523-1L and NCM523-Ref.

Exfoliation rate / wt%

Before Battery test, Battery test, heating at
battery test ultrasonication 400 °C, ultrasonication
NCMS523-1L
a-1: 0 a-2:26 a-3: 97
(Solvent: water)
NCM523-Ref
b-1: 0 b-2: 16 b-3: 48
(Solvent: water)
NCM523-Ref
c-1: 0 c-2:73 c-3: 99
(Solvent:NMP)

I NMP %2 W 2854, NCMS523-Ref OZIFRIE 73 wt% & 720 (Fig. 5-3-
7¢2), BMORKBEAKZRNDT AV v NI LN TH D, Fio, HEWRQH
DHIZ 400 CIMEAZIRAE L7= & Z A, KFTH NCMS23-IL DO FIBERIL 97 wt%
EREERY I b L7z (Fig. 5-3-7 a-3) . 2 O HEERhRIX, NMP H1> NCM523-
Ref(99 wt%, Fig. 5-3-7 ¢-3) L [AZETH Y, KHD NCM523-Ref TiEZ DA ki
R 57200 (48 wtY, Fig. 5-3-7 b-3) ., NCM523-IL % 200 °C THIZA L 7%, #H
W AVER & 95 &, BEERRIL 37 wt% (2 F TIK N3 5 (Fig. 5-3-8) , NCM523-
Ref 1334 2 —& L TKICRE 2B PVDF % &te,

PVDF O fRIEEIIHI 440 °C TH D72, 400 °C OMEATITIFE A ED
PVDFE N5 fEE3, Al HL OBEMEOBEMTIFLEA LR ONEHEATL,
NCMS23-IL 128 W TH, EMWIBRE T ENIK T T2 b,
NCM523-IL D EMfEE 2 2L ST 57-0120%, HOBEEENLETHD Z L
RN %, Fig. 5-3-9 (2 NCM523-IL O Wi SEM # % 7=, a-1 1 Fig. 5-3-9 (a) (¢)
IR T & D18, RFEBTINY & NCM523 FEfm DB E L= B E 2R3 03, a3
I% Fig.5-3-9 (b) (D IZRT LI, FELREEELZRL TS, ZDLIHIT, &
WV BIERERIZ, NCMS23-IL O RFERBIFN D & 572 5 RAGICH KT D 872 % »
NT—ZDOKIZLDbDEEZLND,
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Fig. 5-3-8 Exfoliation results of NCM523-IL in water. Except for the heating temperature,
the exfoliation process is identical to that used for a-3 in Table 3 (a-3: 400 °C, this time:
200 °C).

(a) a-1

Fig. 5-3-9 Low, and high-magnification cross-sectional SEM image of (a) (c) a-1, (b)
(d) a-3.

117



5-3-3 : NCM523-IL DFERRA 1 =X A

NCMS523-IL OFRWEEENE & B 72 B ORI Z, OB A 1 =X L) bR
AE L7z, ARG ISRT DA A ARIK DRI E R Lz, Fig. 4-2-1 (RT L
Il TAFARERZEAM LTH%D Al {EORIIREZ M7, IR T NCM523-0
ETEFLUT Ty I AT U RIRIZEAT D L, AR WESEDO R T ) —
WL, ZDOAT Y —% ALSEIC 1 RIS L7, 150 °C TS H7-,
WK Z2 FHWTA A iR &R L=, Fig. 5-3-10 12 Al 50 A @ T4 % 7R
7, Fig.5-3-10 (@) |Z/R" T & 912, ROUED Al fEORIEICIE, 5~10 um O—E[H
fRCHMNDA R bND, —F, A7 U —REHD AlLJEIZIE, Fig.5-3-10 (b) IZRT
KO IR HRAIZ RO MM A BIEZ XD, Fig. 5-3-10(0) 1%, £D A-A' RO
SOMIHTHRERTH D, RLBE TITH E OZ(LA 0.5 pm FEE LfZ0Th
HOIZKL, ATV —FRELE Al ETIE A-AHIZBWT, HE1EE1.0 pm 2L
b, By FIIEI 7 v CREDOAHANIZR LA T T,

89240.0 nm

89240.0 nm

—_
w

—_
o
|

o
w
—— 1

]
ot
W

Roughness / um

| = Initial
=== |onic liquid coating

|
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Fig. 5-3-10 White light interference surface images of (a) Al and (b) reactant foils. (c)

Their line analyses of roughness along the A-A’ direction.
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Fig. 5-3-11 1%, A7V —%BrE L7z Al 5% HE O SEM-EDS f5RTH %5, SEM
TiX, Fig. 5-3-11 @IZRT LI, 3.0~5.0 um YA AORERL - HHER S
N7, £7=, EDS SHOMHIZE Y, Fig 5-3-11 (b) D X HIZERIRKI 75 AL & O
MREHENTEY, 27V —=>0 AlEEZEH L TREAIZR M2 AL ST 5
TEDRBENET, T U MREIE Al ZEAL, Al (OH); 24T 5!
DS AR (pH = 7-8) Tho 72, AT U—iZ TS UM (pH
=8-9) IZZb LTz, A A iliRIE NCM523 %45 L Cokfgfb &£k L, pH £
fbZglxfoLiztEzbNS, £77, A7V =07 VA Vikicky, 251 —
ZhRE LT ALEREIC, AHEAIZMMAERINTEE, BEX65,

Mn Mn

keV
Fig. 5-3-11 (a) Top-view SEM image of particles other than NCM crystals and (b) ED
spectrum.

WIZ, Fig. 5-2-1 \ZT T v 2 T HOEEZEET 572912, NCMS23
IZXf T %A A RIKDEBEETARIZ, AT ) —%2 8 LT Al {E5%E 150°C T 12
IRFFEINEA L 7214, IR CAKBE L=, B oNI=fEORMEICIL, FRET D EE0 D
WENT=, Fig. 5-3-13 12, SN EOHHHE R4~ T, Fig. 5-3-13(), (b)IZ
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R KL DT, FH SEM T, NCM523-0 @D 10 %L FOKE &0 kb1
FO—=WRF B ML TNWD Z LB MER I NI, XRD 73% — %, Fig. 5-3-
13(c)IZ7: 3 &K 912, LIOH: HO & Ni, Co, Mn /KL DIREWITEID YT
BIDF—D/RE—2 %R L, NCM 2£TE—7 30, i, Fig 5-2-
1 O7atRA N IZED, 44 EEFT NCM523-0 BofiESi, €Dk, Al
9 12 Li, Ni, Co, Mn OKEALMNHTH LI-EFE 2 BN D,

(C) : ' ' " Precipitated from 1
) ionic liquids 7]
gl P TP e e T
2 LiOH+H;0 |
cr J
:! L g
o[
— ) N
E i IJ. l i L 11 i '] ' 1 i 1 i J. i |
>/
St ’\ j-Co- n_.
c
S U -
— - ]
E —h—m——.
? Li{Ni 333C0g 333Mng 333)0; 1
ICDDO01-074-8071 |
| THE T [ T

10 20 30 40 50 60 70 80
20/°

Fig. 5-3-12 (a) Low- and (b) high-magnification scanning electron microscopy images
and the (c) X-ray diffraction (XRD) patterns of the electrodes after process II shown in
Fig. 1, followed by washing with water. The experimental XRD patterns of LiOH-H>O
and Ni-Co—Mn hydroxides and the reference pattern of Li (Nio333C00333Mno333) Oz are
also shown.

120



RIZ, @R T TOA A AARIRDIMEEA L Z ]~ Te, WA A IR % Al JED

T 350°C TS 2% &, BOEERDHTH LTz,

SEM # Ti, Fig.5-3-13(a), M) IZR-T L IIT, LI —ITofliory b
— 7 BT D ARETERL 2R T 5 ENTE T, kD=, 7F L7
7 w7 ® SEM L8152 L7223, Fig. 5-3-13() 2T X911, 1 um DRKE XD
—WRL-RH Y, RANHARTH D 2 LR TE 72, IEA A IR D XRD
NE—=UBERTH LN, Fig. 5-3-13@ T XL, 7EF LTI Ltk
L C, BIENETIAS 2o TWB Z ENbnnd, LIeRno>T, 44 ikIKHEEK
DIRILINE, 7T VLT T v 7 LT, FERENMENL OO, RENF Y b
U — SR ER L T\ D,

[ acetylene black

Intensity (arb.units)

10 20 30 40 50 60 70 80
20/ °

= 1.0um

Fig. 5-3-13 (a) Low- and (b) high-magnification scanning electron microscopy (SEM)
images of the ionic liquid heated at 350 °C and the (c) SEM image of acetylene black.
(d) X-ray diffraction patterns of acetylene black and the heated ionic liquid.
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WS 5, Fig.4-3-14 |2, NCM523-IL (Fig. 5-3-7 a-3) & NCMS523-Ref (Fig. 5-3-7 c-
3) D 400 °C TOMEN L 53 BfEtL O FEMmE m o BT REG 42~ 3, Fig. 5-3-14
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Fig. 5-3-14 White light interference surface images of the exfoliated (a) NCM523-Ref
(c-3 in Fig. 5) and (b) NCM523-IL (a-3 in Fig. 5). (c) Their line analyses of the
roughness along the A-A" direction.
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Fig. 5-3-15 Schematic cross-sectional images of the initial states of (a) NCM523-Ref
and (b) NCM523-IL and those after heating of (¢) NCM523-Ref and (d) NCM523-IL
at 400 °C.
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Fig. 6-1 Ideal structure and research details of each device.
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Fig. 6-2 SEM image of oriented ZnO crystal layer.
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Fig. 6-3 Cube Filling Model (a) Single particle, (b) 2 particle mixture.
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