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Figure 1-1. Polarization diagram of EDLC and hybrid supercapacitors. Gray-shaded area

indicates a specific energy density.
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Figure 1-2. Ragone plots for EDLC and Nano-hybrid supercapacitors. '
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1.3.2 SuperRedox Capacitors (SRC)
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1.4 IR BB E DRR

1.4.1 FR BB B OERRIEH

HPHCH L2 L D 1c, Mo AV F—HE - G - - @i etz FHT 2 XA
HET N4 A SRC DIEFEICH T, LTO £ 277 7 4 b oo IGEM (0.3-1.0 V
vs. LVLi") . @4 2 VFitE (10,000 %4 2 B E) @ hiRtE (1,000 Wkg!) %
i3z 3 2 HHL AR R O YRR (X IREE A E TS 2, ARMENT, ZORIEA =

L X-oT3MHE ([ vH—v a v b, avA~"—y a vRIG, A8LRIG) i@ Kil
TZ %,

AvH—va v RIGROatEttEHE, 277 7 7 4 b 7R EOBIRILAY 1510 %, TiOL(B)
DX 5% bV A AR DILHGEERS & FfoALEY) P, LTO @ X 5 72 ZRIT D ILHUGRE % £ o
LEVHERETON DS 2, M EONEEZHIF L L, SV TAFVBZD
WENERIFAT 2 & THEITTARICA D =X LTH 570, EFICHHEERE L.
YA 7 VRHE TR I IR T v B

v N=Va VRGO AME L TlE, CoO. Fe;04 72 EDEIRILEMIHZET O 11,
Li' O NIt o TRBILEY DI ER G D fF - TEREEE L 5 Z & CHIEBE B
MAEEZNT Y, Lo Lans, RMEICH > THRISHEES K CELT 2720194
I NFHEDPELS D FUCERPTD K2 W Z LA RETH 5,

HRALKICE R T AR E LTk, Si Sn 78 U S, Mo TR & RIRA B E
DETH 5 ¥, —fle LT, Si AOMEHARIL 4200mAhg' THY, 77774 b
ARDK 11 fFICHE T 22 L 20 d ZOREMBHL A TH S, L L, RIGITHE S K
BIRAK & <, Si B TIIRK 4 f51C DR T 2 720 YRR )5 )11C X - C B
WO SN, T4 7 VRREICE 2 L o e RN D 2,

LAEOFEZ AT HRARIRE VD OO A4 ZJAREEOE T v =Y 5 v
FOGHELE L RIEMENL. @94 27 %A 5 SRC o EfffEs & L CixAiEy)
HHLEZOND, o T, KFETIEA VI —v a vRIGHO @R oh» S, i
W7 SOBEA (0.3-1.0 Vs LVLIYD) . w34 2 vRetE (10,000 94 2 LA E) . &
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Frte (1,000 Wkg') ZMiZC% 2 ABMEIZEET L2 L LT,

142 4 >HY—3 3> RIS EBAR

A V= a VIR O G E OV ROGERL & FERA RIS D W FE R
#i% Fig. 131~y v 7 L7z, 5. LIBBXUANA 7Y v FFx 30 2 TERALD
mEINTWS LuTisOn Az &L Ti Rtz B2 L 3L A L OYE O KICER D 1.5~
2.0 Vs, LULINCHZIE LT 5 2 & 23945 00, 2t TitYTid O &L RIS I B2k
T3LEZLND, R TH 2 Y.Ti0sS: 13 Ti % AR EL O H T 3 HERIIE
B ART., 2N THFETILOV s LILIRETH 0| Ti REAMA S BT 75 Vi
FHCIEAMETH 2 2 230 h 5 P Nb ROBRLYICOWTH FEERIC. Nb/Nb*,
Nb*'/Nb** DAL ITTEN B EN O LT, 7T 774 b= FA—KvigEoh—
RV RABMENIRICEN A Li @BoHEMICELS, 7Y V74 P RERLEORS
PEICHT 2 273\ E x5 128,

BT, VROEMMENCER T2 &, 0.2-1.0 Vs, Li/Li* 0 it 75 % {7 85 P 1< AR
WD D &3 orh 2 4, VId VIVYL VIV VIIVERMREN TGS % R
BTRICHARETH L h b, 1BETRIETHZ Ti FL IV dEVEmRARZGCT
Vo FRIZ, NF Y VEEY F U L LisVOs 1, VUV VIVHICHER T 2 BER A R K &
WwWZl 394 mAhgh), VF VLTV T4 FOIHOBND DI REe e KGEM
(0.3-1.0Vs. Li/Li") 2H3 2% Z &5, SRCHADAMME L L CiETH 2 LE X2
Ty Tz, NFYT LBIDTHRRCH S L TE Y, RERMEEZEY LT W
Zenb, ARofiigt, BEM, K2 X MLoBlf2 5 b ERECELTHE EE X
biLd %,

16



25 -
MoO,
L 4
- WO,
2.0 | ¢
r TiO, (Anatase)
L 2 i , | Low cell
Tio, (B) TIN2207 voltage
+ - Nb,Os 2 'S
E 15 ¢ ¢ TizNb 15029
; L LiTisO1o
g
>
= L
€101 2 :
° r Y2 Ti;05S;
n- .
iMOF ) .
(2,6-Naph(COOLi),) Li3VO, | Optimal
I potential range
0.5 *
L Li;V,0s5
@ Hard Carbon |-
XS | High risk for
L L|1 1V0 9()2 ’ Graphite Li-deposition
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Figure 1-3. Specific-property map for insertion-type anode materials, showing their average

reaction potential and specific capacity. % 4! 90-68

143 NF2 VY F 7 A LizVOs Bl

LisVOs (LVO) (E. 1990 EfR2 & 55 =il ¥4 (second harmonic generation) D%f
Wz okl e L Ciise s frbniptklcd 2 7 . 2D, & LitA 4+ V5E
MrfFoZ LRI, BRERE L L COMERERAIITONE T, 2D X5 7%
B LifnE %2 L, =70k {EEY (LiINiICoMnO,) 4 U ¥ v B &4 (LiMnPO,)
BREDY TV LAF Y ZREMHEMEVE~Da —7 4 v I7H e LTHw O R72#
HOH T 5 8, 2Dk, 2012 4EiC LIB FAMME & L CRIFTE 2 2 L 23010
THE S 7,

LisVOs (LVO) ofiftii&iz, SRR 2 LisPO SO MELIR TH Y | HimTpiE (%
ML © Pnm2)) ST 2#E&E 2D, 700°C UL EOER I y M (Z2RIEE © Pmna) ~
BT BH LN TS MY, B A A v 3N R B TSI (hexagonal-close
packing; hep) Hiti%z & > TH Y, BRI A A+ v EIRHME B VUEES 4 b DF0% Lite
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VIR EHT 3, Fig. 1-4 1IR3 X 91T, B-LVO DfEH Tl LiOy 3 X U8 VO, U A2
c W7 1ENT iR o TR Ula) & TR L Tw %, f L T, y-LVO Dk T, Fig. 1-5 IR
T X5, LiOs B XV VO, OPED WM & OWHEAERMNEZ HE T2, &b 5 OfGMmHE
ICEWTH, PHOMHEERY 4 + & 2BO/\HES 4 bR E LTUALwTEY,
LiEBiteg & L CRATE 2 2 226, @ LiTEEE (B-LVO 1 107'2-107"° S em ™' ¥,

y-LVO : 107-10° Scm ™' *°) 2 H T 25, Fric., @it <H % y-LVvO offfiEix, V F v
LA A REMR (LISICON) & RETH Y, LifhatEiz pMHL D dENTH S, —FF
T, B EEERELC (107-10°Sm™) EHfbicmid <, BEEOTEREE L 5

92

o

o 9
V L

Figure 1-5. Schematics for y-LVO crystal structure viewed from (a) a-axis and (b) c-axis.
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LVO DGR IFU T o cRI N, VIWVFEBE XD VIV ORLETTHIC X 2T, V
FHTh7 ) AT 2B TRIGERIT 7,

LisVOs+xLi'+xew 2 LiznVOs (0<x<2) (1-5)

HGRE2EHT 2L, 1 BETXCK 197 mAh g, 2 BTG 394 mAh g &7 D
LTO Bz KE M2 202 HT 5, ZOFMARKIEA B =X L2 WTik, In situ
XRD HIE, FHJFEER L COFRIC L VRGBT T3 b D DFERAMHIC

E o T 34893,

LVO DRIV 4 7 VREIc DWW TiE, Y AT MEIC X > TAKI L2 LVO D% 4 7
VAABRFEEIC X D 5,000 4 7 210D 350 mAh g & RE KA ELRHERIT oL
PHEIN TV S M, ZOEIFVIHITERESEDOK 85 %ICHKS L. LVO DEWH 4 7
WVEEZ R T 2R CTH 5, —/7TL— MFEIC O W T, RS IR T 2 K0
B EEEDOZDIC, GEBEREE CORMETIHIRE ZBBEESFEEL, FHL (REA
BEMET T2 e MEINT WS, LVO DERVWETRELEZH > 20, KTox Y
VYA RS JBREAN T T e — 5 (RZEER(L 010, 5 7 7 4 AL 1O 5 2 RTE
06-108) Sy —R v a—F 4 vy 80 GEER S — K v L DA (LVO/graphene! >,
LVO/reduced graphene oxide’* "2, LVO/H1 — K v F/ T A ¥ =12 LVO/%JEH — K v F
JFa—=7 B0 o7 T —FRfTb TN, L MFEEm ETE 5 C
EAEMTMRICETIRE I T2, BEL - FILOBIR»OEZ L, AT L —
FoAY—2Huizh—Krva—74 v r7oBERH L oEA Lo XS, H—»oK
BOGTRER FILEEINT 2 2 L pSEHFE L 7p 2 106119121123, 15, 126
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144 FREMREICE TS LisVOs BIRIZDWTDIITHIR & A1
ZEIF7-ERE
EHOPTET 2 EHIEE TIE LVO Ao it Hig L. UCEER Wz F /i
flk LVO/% g H — R v F 7 F 2 — 7 (MWCNT) EARDO AR TH I T ¥ 72 >, Iwama
b DT L7277 LVOMWCNT #HAMRIE, 30-100 nm F2EE D LVO 7 / f& k2 MWCNT
ORMEICHEALEEBEEZELTEY, 7/ FA XML GETREED D —F v L D
Fic X b EmHIMEA T, 51T, LVO DRI A /1 =X LD W, #IHAFE Y
A VBT, VRV ORELETTICHE 5 ARl il SE L E 2 0 . ERALARE
WRZAT 5 2 e W& L™ 20X BAAHIZ X, 0.7 Vs LLi'LA T O &L
THELZZEIRBINTEY, L— MO B, RREe A7) & ZD{ifl & v o
TeBSULERE D Bt S © &b AL RIEGERE L IFIEh Tn 5, e b,
0.7 V vs. LLi'BA - CHE R LT HEEE IR, WEErREE s e
X7\, Fig. 1-6 [Left|iCnd X 5 i, WEMHELHIZRORME 7w 7 7 A V& KT 5 &
FEMIRD T 7 b =26, F ¥ v 2R R —THIR~ BT 2 2 el sh
TWwb, £72, BRIMEBL ATV ABMEMT 22 &b, 7LD A LF )
KEINDZZ L RIAENS, LVO DIHFHALICEE T 25l 72 A 1 = X L3S AT 7z
S TWp\d3, Fig. 1-6 [Right IR 3 X 5 ic, EHALICHE> T LVO ODFRME X 7 =X 4
DS ARG & A RIE~ 2T %, LA La2S, A RISERD & o
KFECRE 2 Do, IEMEALEED LVO DFEMl 72 SUG A 71 = R L iGTE(E LVO D fiE
DEFEICDOWTIIREIHTD %,
LVO Bl ER I 738 & L Cid, G @R il 2 MR 1T 5 A
HpHIenBETFoND, WL L 2B L BSFEF SRS E RRE T 7 7 4
AT T 5 2 L id, v DANTOE | EME DFBEANT VvV ADHHNLE Vo
7R EFFT 5720, FRALICBWTRERIEL 72 5, o T, LVO DiEHALER
ICOWVWT, ZOAH =X L%ZWHL 2T L, G LED LVO O ESALAFHE % S ]
oo N MEGH e 2 DBEBRARBMLETH L L T2 5, T2, BEMFIL LT

% 8D MWCNT (40 wt%) & LVO ## A&7 7u—Fik, Sax Mbézpr ¥

20



—BEODK T2 2T, 20720, MWCNT & DEALICE D 2 ¥ 7- 8B EDFf
Hx8ENE ERT 2H -6 EPHETH 5,

Without activation After activation
2.57 T Two-phase reaction  Solid-solution reaction
! Phase A Li;VO, Li-A->Phase A->Li-A
I 1 t N\
2.0F 1A /N
> | || Electrochemical p— )\ grg
P [ activation —— A — RS =
(0] [ _____"/ S— ﬁ‘/ \*
S 1.5F i —\\ _,./&
s ! — N — ﬁ N
1.0k —— N :;ﬁ§§55
T 076V %t ﬁ/f\\’\\_,\\?;
0.5 I | | IR | —_’/l‘\/t é \
0 00 19 35 86 a7 35 86 a7
. p .
Capacity / mAh g per composite 26/ deg. 26/ deg.

Figure 1-6. Electrochemical activation process of Liz;VOs. [Left] Change in charge and discharge
profiles within limited voltage range before and after activation. [Right] In operando XRD
patterns for the Li3VO, anode without and after activation, showing change in reaction mechanism
from two-phase reaction to solid-solution reaction after activation. In this figure, “Phase A” means

a Li'-inserted crystal phase. >

1.4 AHFEDOER

AR TR, M AVF—HE - &G T —HE - L2 RBHT 2 X EREET A
A4 X SRC DRz His L. LVO Al &S L Ffitkm b, LvO OiEMEALILER D & pikk
FEcoRBl, REFRER A RTE DM % A7,

9. B2 ETIE, LVO OBXULEM RIEHAL A A = X L IcEH L7, LVO DiEE
ftid, v— FERER E, RE-NEMTOZALF —RYGE, BT v 774 1D R
n—7tE ol BRULEFEOR ER D LT /T, 2O X ARME T w7 7
AN DORAGHER AT, FERCHIET 2 2 L L < EME SEIC AT v 2% -
THEEINERE TNV VDRHEICANTDOE R 52 CLE I, o T, BERY LA
W OEWEHEEZG | EHT 2007 7Tu—FBREL INTHE 00 iGHlo 24
X LD KRIBEHTH 2 Z EBRELFEL KoTwd, 22T, RNEBEEREICE
F % LVO DfftEEZ 2o $ 5 2 LT, ZDEMH A N =X L2l oIcT 5 C
LR BEIEL 7z, sEMiA RS EE O Z IV 4 7 AR To X BREFHHIIE (XRD) ¥ X
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OB THEMEEIC X 25 TOBEBEBZEIC X > THL2IC L, LiroliffEAICEES Y
T & A LOfGEEZACIE. BEehEER % FIR U 72 In situ XRD HI7E 35 X O In situ XAFS

(X-ray Absorption Fine Structure) MI7E %A HbE 2 Z & TR L 72, X b, il
HitaTo LVO #ifN O LifeBWZ2{b 2 ME 3§ 2 © & cERIL A ReiErm Eo 2R % B
LT L7,

FIETIE, B Li'cE%EEET 2 ¢y LVO (y-LVO) #AKT 22 L T, 23
THE LN LVO L RO R EREZ 5 & 3 2 & 2ikA 7z, y-LVO 1 700 °C
UEOEBTCLIALECHFETERNDIDOD, AF VY A BEESEELRT 22 LT
MCHLENIELLEBTEL EMRMEINTVE Y, 72, y-LVO % & T LISICON HY
DFEERHE Z FFoMBlo L8 iz, EEUTHRIC X 3 HEBUC X o THEMICH 13
52, BEREREDOMEICX > TRENT WG BB 2 2T Ge(IV)F X N P(V)

C X 2 HERIC X 5 T, y-LiznVi.,GeP,0s ZEMETHK T 2 2 & T, HEBRORHE
MGEL . R AR m EE R L 3 2 Bl R LA 2 PR - 72,

4TI, LVO BAMOBEEEDOEKE (107-10°Sem ™) 2IC&EH L, SiIV)Hi#E
R D y-Lis Vi, Si,0s (y-LVSIO) Affiz, A 7L —F 74 FEIC L WA - h—FR v EE
ftzi75 2 & T ZOEFREEOUE AL, BEOWETIE. AT L—FI4 &
FRE N7z LVO IRREEE DR 2R T2 KT 5 Z L A8 L o T 3 12126, %

ZCARMR T, DEBIROFREZRBEHICHIEI L 722 7L — F 7 4B & o ¢, #@F
BERZNHIL oo, EEEICHHEL R FD y-LVSiO/carbon #41E (LVSIO/C) %
AT 5 ZHIELZ, 51T, LVSIOKFDEAN FT v FLFFHC, A—Fvife
LCRZu—2%EHALT 22 LT, - RV BEHAEKRSEICD > TH—IcHE h
THEEEROND EE X, AKE NI LVSIOIC OF T 25 RN 2 T7/v = Vidhidix
SEM BlZIC X > CTHHL 2T L7z, 372/ —F v OffE X HR-STEM #1225, TG.
Raman HIEIC X o THWNEN. TEA T 7RI =RV LT T T4 T AV I H—KRVD2
EORESIELC B Z e 2L Ic Lz, U LoliRiciEox, Rliftans:
LVSiO/C Eifk & & 7 LisVo(PO4)s/ MWCNT IEMR % fl A& b E 72, 0.4 mAh KD 7 v+
NEBET L LT, MIALT — - @Y —FEEHORMR AN F T N[ ZDHE

BUATREME 2 WG L 726

22



% 2 & Cation-disorder b &5 LisVO, D EMEAL
ANZRLEESREIOA D Z XL
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201 REDODBEREMEAE

BERULFZ AN XU T N4 23 A2 0FRfRNREEZ e T 2A~v—FEL
V74 EffiohzHoTnd, Zoftd, EXR_EHEF v v % (EDLC) & DI
N2 A—N—F o8y 23, RWERMIELS, REGOEHIT AN 2L LTKE
IEARE 3G LT B, IEMER B & KERD 7 7 77 —ElzflAhBdbEi 47
Uy FF 3y X0 Z20GEHT A= X—F ¥ X 2O AN X —HEREL & bicm b
., Z OICHEHZ AT 2 AL AREED —2Th 5 ', IKREME CEHET 24 7
Yy FYRFLDEME LT, LA v —AL— a VITRIBIREShTnwg 1, L
LD L, WM& IN T 2% O amMEHIRIGE2S 1.0 Vs LVLIBAE P13 &
<L IEMEMAGDE RO, e VEEOE T 25 ERILTLE ), /T, /77
74 PO XHIET E 3 RIGE (0.03-0.20 Vs Li/LiY) Tk, Li &EOHFTHICHE S &
VD) 27 BT 5, XD X ) REROPT, FUTMARD LisVOs 3K 27 EN
~ =YV EMFFLADS bR VEEEER TE 2 AN R RISEME A L (0.3-1.0 Vs,
Li/Li") 135 GEfEAL 7Y v Fxy S 2HoFERAmME E L TEHS LT
% 54136 R (700 °C LAT) THE L3 B-LisVOs 1Z. B-LisPOs & [E] L ZnS-7 Y
PR OFEEEERICEL TV ¥, POy R EDFRY 7= viT X 3 FRAE & 13t
T, BEAL L KX 2ETHEMBICI-oT B VIV B XU VIV ORBLIRITE
1Z. V205 CHEEBHIE NS 3.0 Vs, LULITICR L ) 0.3-1.0 V vs. LVLI D &P~ & KT
LCTw3, ZoRIGEMIZ. Ti RAMDOEN (1.6 Vvs. LVLID) PHP XKL, FLV
ZREMT® Y o-NaFeO, R ICJE S % JE R G % 7 o 72 Litn V1,02 (0.2 Vs, Li/Li")
DBAL 0 XD B E, BEOWRE TR, LisVO, 3BT EEM MRV DD, RiTEE
INES L, A—FKvD=t )y 7 ZARNICEALTE 5 Z & T, 50Crate (=20 A g LAk
DN L — R L 1,000 A4 2 VLU EOER Y A4 2 VR 10012 2R L T
3o LbVOLICH T2 Lif v 2 —A1L—3 a YRIED A 71 = X LR HICfRIH X T
BH S LifAICH: - CRRI¥ELREM LisnV0s (x <1, “Phase A”& RSN TWn»5)
DIEAIEE % . BHEBMHIPAZ 0.76 Vvs. L/LiTBA HICHIR 3% & AliiIC e D LisVO,
TR A5, 0.7Vvs. LULITBA F OB TX SIC Lir2 AT 3 & #H721C LisVO, HH23 AR 1]
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W E 113 (“Phase B 5 X NT\w %), 2Dk, Li'lilio@REcX &7 21
EECDMER S, IO LizVOMHEICR 2 Z L i3\ 2 e AR S iz, 2O 10
YA 2 AREDRITE U 2 A ALY 72 Phase A 2> 5 Phase B ~D RS2 b I3, FEME
M#RDOEF e A7V v 22T, L— MEZm L3835 2 &0, G LERE L
FHINTE Y HBoNn78 L RIS LiVOo LRI Twv 5, XL T,
0.76-2.50 V vs. Li/Li* O B #iPH T Ik, LisVOs—Phase A O fHM <. ARG A &
=R LT X B OGS RN HEIT L, <IERETEL LiVO & L TiE I hTnd, 2Thb
DAA=RLBHIZE D, 1 34 7 HE 2 BEoBEBLRLARE BIkE X 00 KR)
DEALIT DWW TILFAT & 2 23, RRLSR 7l b 22 & £ 5 i R 20 & 2 3
B, B X, S LisVO, Dff G 3R & LTS 2 Tld 7w,

AEFFE Tl EHEE B 72 insituloperando @ X FREIHT (XRD) ¥ X O in situ XAFS
HERAM 2 M AaAbE s 2 & T, HIH20 34 7 L DFEHE T LisVO, I U % i i
2L RIS L, WL Y r v RO BERARET 2 L2 HNWE Lz, 2NHD
i E A AT IC B D & | LisVOs DM G A 1 = X 2025w T, HiftilHH Phase A
(LisnVOs, x< 1) OB BT Y. X 5745 Litf ALt ThF 4 v EHI AR T
L L7z LibVO, OSSR E~ LI T 2 AW =X L2 RE L7z, 2DX 5 ATt
VG RRAL L - Mg ic b Bb & 37 EAULARREA I B3 2 ERIC oW T, AN

I (hep) WG DEEFREHE DK E M % Hm L 720
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2.2 EETTE

22.1 A L7=##

NH4VO; (99%. BRI ), 7 = VI (99.5%. Sigma-Aldrich), =TF L v 7' ) 22—/ (99%,
FIJEAiZE T 2€), LiOH (> 98%. ¥ ¥ Z{t**)% H\» T Li;VOs/Multi-walled carbon nanotubes
(MWCNTYE &R Z AL 720 MWCNT X, EEE 10-15 nm, K& 10 um, HERHEE 240

m?> g Db D% LisVO/MWCNT G EIC 72 34,

222 F / #58 M uc-LisVOs/MWCNT E &= DA

i OB (ue #5) #3012 X . LizVOJMWCNT EERE AR L2, 0233 g @
NH4VO; (2.00 mmol). 0.383 g ® 27 = v (2.00 mmol), 0495g DTFL v 7Y a—
(8.00mmol), 0.143 g ® LiOH (6.00mmol) % FFE L. Bt 4 4 v 7K 20 mL HIC i fE < &
72o T DIEIIC0.181 g (HEAKD 72D 40 wt%) D MWCNT Z 0Bl E &, 80°C T 54>
il uc WHZ AT o7z, RONTZEAWITEZT 130 °C T 12 Ffdliz = &7z, R,
HEIEY R % REASMFET 300 °C © 3 Rl L <7 vl X FL v 7Y a—H
KOFRY v —%EREL, o FEHAST 800 °C THREFHEEERK (100°C 225 800°C £ T3 H
. 3 CICERE TH 20 47 HAABGS) 3% 2 & T, LisVO/MWCNT A& % G K

L7,

2.2.3 LisVO4/MWCNT &5k D& 5t T 45714 1M

LisVO/MWCNT (IEfR) X0V v 288 (AfR) &z AT 2032 8af Lt
NEfEBEIL 72, 9. LisVO/MWCNT EEEE R Y 7 vfbke =1 7~ (PVdF) % 90 :
10 DEE T N-methyl pyrrolidone (NMP) ZiAE#E e L-CRA L. EEH 2 HMNE 3
I, BAT Y —%RERIL 72, fERIL 722 7 ) — 2 EBIRTH 2 HlHICHEA L, 80°C,
12 Rl o0 B Zenz e 2 R CEMAFR L 72, 7nds. BME 1349 10 um, FEEER X 1.0-
1.5mgem?2 & 7% X ) ICHEL /-, ERWRICIZ, =FL v A—F4—F (EC) LV F

NF1—FR A — | (DEC) DIRAHE (AT 50:50) WL =AN7 vk vigY) 5
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7 2 (LiPFg) O 1LOMIEREZEH L 72 Ok &ERE <50ppm. F ¥ £{L), XL —
ZICIZEX 25um DR Y Fu 'L v 7 4 v (Celgard2400) 1 8% L 72, FCER
BRiZ. 0.1 Ag' OFEERET— FT 2.5-0.1 Vvs. L/Li" OB HFAN TfT - 72 (HI-SDS,
JE=FE L) Lit oL AEEIR B O 5 HINE . 2 4 v & v % s 72 8 B K E % (GITT)
RBRIC X VTR o7, REMERH 2 LTS 270, GITT MERTICIX. EHELE
iz (2.5-0.1 Vvs. LLi") 3 X OIREMALENLL (2.5-0.76 V vs. Li/Li") @ 2 o FE A7 HiFH

T20EDT LY A4 2 AEEL 7=,

2.2.4 In situloperando XRD JAIE

Insitu 3 X U operando DTIFERIC BT, insitu XRD & (Rigaku) % i\ CHIE %
1T7 57, FIMEIX GITT £ — FCITWERMER T v 7 13EEK D72 D 23.6 mAh g
(= 39.4 mAh g ' per LVO), #&HIKFEIZ 60 77, C-rate 1% 0.1C (1C =394 mA g ' per LVO) &
L CinsituXRD kL% ¥ A4 7V &R 72, Insitu XRD ~X 2 — 1%, FERIFERE I, 0.025°
sTDRF v VHE T, 15°-60°D 20 HiPHIC 51> T, XRD [E7EF Smart-lab (Rigaku, 1=
154 A) ZERALTHE L7, v 27 8u b oy TORE operando XRD HIE 1%, i
JehEEx (Bwby v m br vty £ —BL8S1) ICHEWT, FEDELEHWTENE
L7z,

2.2.5 In situ XAFS 8| 7E

KIUET it a% SPring-8 (JLEEIR) o BLI4B2 ¥ — 4 7 4 V2T, V-K WU 1)
% X MRS E (XAFS) HI7E %@l T — F T in sin HIE L7z, HIERLLE LT,
AfRic ) F v L&EE. IEMIC LbVO/MWCNT a1k E W27 34— FileLr (O3
7 F ) BERL 72, FERCE L 2.5-0.1 Vvs. Li/Li*© &7 #IPH T 0.1C-rate T 20 ¥4 7
AT, XAFS A7 P V3R % 7 BAIC B0 CEIRZERT L, 20 R ORI X - T

TEHIRREICE L 72 IRIECHIE L 72,
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23 BREER

2.3.1 LVO O ML BIRICEH 1 A T E SR

Fig. 2-1a 12, #E O EEE (uc i) ** CfF# L 72 Li;VOs/multiwalled carbon nanotube
(LVO/MWCNT) 7/ @&, EAHIFH 2.5-0.1 Vs, LVLITICE T 5, #1120 94 7 v
DRME 71 7 7 4 VERT, 19discharge IZ R 51 5 K& AR E X, MWCNT O
FHICL2boThY (Fig22 2, UTTRHEEL &V, ZORAGHNARFS LT
i, 1942 0VADPS 4 F A4 7 VHICH T T, BIRES—T7 D20 —7{t/2alR L,
ZNICHES THIR (AV) 2209V 25 0.6V ~&EKE A L7 (Fig 2-1a[lnset]) s %
D, IRRIIRZITHFE L, 10 4 27 412113 04V ARETEHL L, BT 27 74
MCZENLL EDOZALIZAE U D072, 20 A4 7 VHUBRICHE O N EFAETL 7 0
77 ANMILLT D3 DDHEL 2 RIGHEEZA L T, i)1.3-0.7 Vs, LLi" (V7/V* [#
{BIETTH, 1 Li Bl ACHE), i) 0.7-0.3 V vs. Li/Li* (V¥/V3 BR{LE ext, 1 Li Biiffi A
RS, i) 0.3-0.1 Vvs. Li/Li" (MWCNT O%5), ek, ZNEZNORME T 7 7 4
VDM E DBEAC L 72 % SOGTIR OB &HIWT L 72, At o RBIA R IIEARER D 72
D CT274mAh g' TH Y, ZNIFEAL I N7z MWCNT 40 wt%DZF5- (100 mAh g,
Fig.2-2 M) 2L 51K &, LisVOs H72 ) DFEET 390mAhg ' ICHY L, HEmART
H5394mAhg! & —HT 2, LELD X5, ®RUID 10 4 7 VT > CESALFAFRRE
DRAZCEAL L 7= R F L. BHEOMWE & [FER. 0.7 V vs. LVLITLAT O&EALIC BT 5
“LVO DAL A E 722 L ZRBL T3 20 X ) RiGHELHEROFE L SR %
MR 3 %72, LVOIMWCNT @ 2 4 v e A% G5 % 2 B (2.5-0.1 V vs.
Li/Li"). & X, A & BB (2.5-0.76 Vs LLi") T20 ¥4 7 LD
MEZ TV, WAL Lvo & IEEMAL LVvO % v 7 % 157-, Xic, [A UERHFE (2.5-
0.76 V vs. Li/Li") TORKE 7 v 7 7 4 L% GITT £ — F CHEHIE L 72, Fig. 2-1b I
L7 RCEMRZ e~ 3 & JETEL LVO 13 2 v — FIR (BEREEOG) . FEETEL LVO
X7 7 b =Tk (CHRERIG) 2R L7z, oI, REdRE (Du) k32 &, &
M7 B2 RIC X 5T DL 2 HHEML CTWB 2 B39 h o7, THITMUETICHRE SN
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i bIc X B L — MR Eofim e —3d % 4 Ak, G LVO B X OJEEE
L LVO DHiF - MWCNT & DEATERIZEHE 7 m e R X W RECELL o 7z
T LA, TEM B2 bR X 117z (Fig. 2-3a—<¢)o £ 72, LVO A5EHIC 7 4+ — A A L 72 TEM
% R % &, Pristine LVO, FEEMEAL LVO. iEMEAL LVO D W3 hic s T d LVO #ifh
DM & —3T 2 WK TRABIE SN TE Y L imEl 7 1 e 2 oIk E Lo
ML EL o722 L2955 (Fig. 2-3d-f), ME—DZEBIEEOMEERTH Y.
Pristine & JFETEL LVO T3 d =544 A D& K O, HIRRIEEF R IC 351 2 BT 2
Ry FBMEREINZ DK L, iEME LVO TixZ @ X 5 %A WiliERE % £ o 76 i
BlE IS, d=239A DTN B Sz, WAL LVvO OFIERIEEFEIHTIC BT
b, d=3 A btomMEomr ARy F3EREE T, Rboic) v ko m —o3
Z— v BB E 17z (Fig. 2-3g-i). b, FEMEMEAL LVvO OFIRGEEF TR Clx d=5.44
A OFEITICHICS 2T AR Y F DIFELRZRT DI — LA+ v =24 LB
R L7z BLEDOKE A S, LVO DAL 7 v & 2 3ERE R Z L Tld 7 < | S
ZALICERE L T3 2 & AR E Nz, FEMll i a2 L & . BEULERIEZRL D A

= XL DTG DOIECTHER T 5.
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Figure 2-1. (a) Charge-discharge curves (from 1to 20" cycle) of a Li/IM LiPFs EC+DEC / uc-
LisVO4/MWCNT (60/40) composite™ half-cell at 0.25 C (1C = 394 mAh g ). Inset: voltage
hysteresis (AV) vs. cycle number. (b) Plots of Li diffusion coefficients and corresponding
galvanostatic intermittent titration technique (GITT) lithiation curves for activated and non-

activated uc-LisVO/MWCNT. GITT tests were performed at 0.1C-rate with 30 min of rest time.
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Figure 2-2. Charge/discharge curves at 0.04 A g”' for uc-MWCNT during 1* (red), 2™ (green),
and 20™ (blue) cycles. The cell contains 10 mg of MWCNT powder (cathode) and a Li metal
(anode). One layer of 420 pm-thick glass fiber separator (Nippon Kodoshi) was used as a
separator. The voltage was set from 0.1 V to 2.5 V vs. Li/Li" after the initial lithiation. uc-
MWCNTs exhibited clear plateau during the first lithiation starting from ca. 0.9 V vs. Li/Li",
which can be also seen in the first lithiation shown in Fig. 2-la. This irreversible plateau
completely disappeared at the second cycle, leading to an irreversible capacity of 670 mAh g ' of
MWCNT. The reversible capacity at the 20™ cycle was 100 mAh g, which accounts for 14.5%
of the total capacity for the uc-LisVO4/MWCNT (60/40 in weight) composite.
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Pristine Non-activated Activated

Figure 2-3 TEM images focused on composite morphology (a)-(c) and crystalline lattice (d)-(f)
and ED patterns (g)-(i) for different three samples; (a), (d), (g) pristine LisVO/MWCNT, (b), (e),
(h) non-activated LisVO4s/MWCNT (after 20 cycles between 0.76 and 2.5 V), and (¢), (f), (i)
activated LisVO4/MWCNT (after 20 cycles between 0.1 and 2.5 V). Yellow lines and rings
indicate typical lattice planes and diffraction patterns corresponding to the Li3VOj crystals. In the
ED image of (h), the beam stopper was removed to show the diffraction spot close to the center

of the image corresponding to a 5.47 A wide crystal plane.
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2.3.2 In situ/operando XRD JAIE

HIJECld LVO OiEMAL2S 0.76 V vs. Li/Li' A T OB CHEST L, TBEECTI 72 <. #dh
MEPKESEL 2 LRI NI, 72, E.lwama b 132 D X 5 ARG
LVO DG A 71 = X s “ARHAE SOG 2> O IR SOG~ & 2832 2 & % in situ XRD
EHOTTTICHE L T 2208, LA RIGEED & OB TRt & 2 02, AL
%D LVO OFFl 72 KOG A /1 = X L, 3L LVO D SbiE o [FE 12 W TR ©
»b, £ T, LVO OIFMHALERICE T 5 1. 20 20 ¥4 7 VH D in situ XRD % FHAf

ICHER T L AEEEZE L DBE DECEZIH L AT L7z, 10 2, 20 4 7 VHOFIK
IR ME L 72 insit XRD »¥ % — v % Fig.2-4 103, AAL7ZL S5, 1 34 70
Hick 1) 5 MWCNT HRDO AT R R &85> (Fig. 2-2) DWW T OFRITE &, i
YE ORAEITCSICHRD ) F 7 ABHFAIC O WTHIRT %, &4 7 1, BOGERS
ICOWTHENICHAT 2, $9°. 194 7L HO Liffi A GERICOWT, XRD Y& —V
D%t (Fig.2-4a) 2°5. I LisVO, & Li't A O f& fAH Phase A (LisVO,) D —#H
HIFIGDHETT L, HEV T Phase A ~D Liff ARIGAS, EBEAERIGCTH#EITL 72 2 & 23
v b. B, THIEFERISTIE. RIS “fD XRD ¥ & — V3% O & A
b &2 ik L, BEEKISTIZ HE—D XRD Y2 — v 25 s 7 F &g 2 3,
Phase A @ AR SIGICDOWTI, Fig.2-4c (FXRH) IR T X 51T, Bragg ¥ — 7 2%
Rl (FRIREANE W) HRICRAICS 7 P LA e LATH S, X bIC,
BALAY 0.7 Vs LULI'BA T ICE T 235 &, Phase A ~D 2M Liffi ASBHAG L. ZHHILAE
RIBIC X o THRAZHIIC Phase B (LisVOs) ~&ZA{LL 72,

RIZ, 14 27 VvHD LiiBEEFRIC DWW TR CTHAS &, Phase B D XRD »¥&% — V%
RAICHE L, LD v — 27 BIBURERE 3 2 “HEFERISHET L. X\ T
m%gt—aﬁm%W(EWM#méw)ﬁmu/7b?él@%&m#LﬁLt(ﬁg
2-4c), T T, Li'ltifEfIcfe O N7z kit 23. Phase A 35 X U8 LisVO, ~ & Al IC
STVEPEMAET 2720, ¥—=27 v 7 FOHRAICERHLTER T2, 1 ¥4 7 vHD
Phase A ~® Lif§i A Phase B 2> 5 ® Li'liff xR UM Z Tk Y (Fig. 2-4c H DK
F1%SI8) ., B AR OBE B AN TH B Z LRI Nz, EHIC, 2H A4 ZLHD
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Li'ffi A Cld, Bragg & — Z IZEAEHNICS 7 F LTHY., 1 ¥4 Z L HD Phase A ~D
LIt A L 13> TWniz, TRHDZ E A5, Phase B 2* 5 D Litli#fic X » THERK
L 7= #5412 0T % @ Phase A 3 X TN LisVO4 ICIZER » TH S, HiL Wit (Phase C:
LisVOs) ~YHEBE L7 AL L e 572, AT, WEEIZ 0.7 V vs. L/LITLA T D
FMETHES Z L2, 0.7V LULiI'A b4 % Phase A ~D 2™ LI A (ZHHTE
&) 1€ X 5T Phase B (LisVOs) ZAEKT 2 AT v 75, &ML 5 Z# A A0
At EEA LY T 5 e E L O NS, T2, Fig.2-4a llEBWTHEBIINS 74 b &
NI ARSI S 5 X 912, S b OREZRALIZHI 20 ¥ 4 2 L ORI R % 1<
fTLTH Y. Phase A D XRD »¥ & — V23R4~ ICiHL L. Phase B & Phase C IZXIGd %
XRD N Z =V DHB~NERLL To e, wIEHIT, 20 94 7V HD XRD S X — VT
NEND X SIC, HEN Tl Phase C. {KENTld Phase B O & 53853 2 ZiERAEIC
FEL7Z, 2L DOfERIZ. IAKHE SN TS LVO OFWwESILERFED . ERRIC
I% Phase C (LisVO4) — Phase B (LisVO) R ICH T RIGIC L o THR LN TE Y, @WHEICE
LI N XD 75, LVO DITA DG % MEHr L 72 £ % . MR AT 75 [EVA R SIS %
fTTEAN=ZALIICEL B DD TR L ZIAMEICR L T 5 78180 % 7 Fib L 7=,
LVO DiEEL 7 v 1%, LVO %5 Phase C ~DHiMHDOEZEHRL T 5 Z &2
BRI,
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Figure 2-4. (a) In situ XRD patterns for (uc-LisVOs/MWCNT (60/40) at 1%, 2™ and 20" cycles
along with (b) corresponding lithiation-delithiation curves. (c) Magnified XRD patterns within
the 20 region between 34 © and 40 °.

LVO D Fefi & KIGHT. Phase C. Phase B OffiffEE 2 O 220§ 5 7201, TR7TE
L E D] /7 DIRAE T ex situ XRD HIE %177 o 72 (Fig. 2-5)o ex situ XRD HI5E 5> 515
bIT v — Z A& I in situ XRD & BHZE 7258\ 1372 <, Phase B & Phase C D7 23 % E
YETH D LRSI NIz, L L7A3 5, PhaseB & PhaseC D XRD »¥&X — v D
M IIRE CHELTE Y, IEfEARAEEORE IR CH 57272, Bragg &'— 72
DOLED &, 2RI T T A — X —DHEE % 1T o7z, Fig. 2-5 [Top right]iZ/R~ L 7z
XRD ¥ & — v 2> b, Phase B 35 X U Phase C D Bragg &' — 7 23, JLA @ LisVOs & R L

THZEICA RS Ao TR bbb, FC, 20<30°O =7 F7 v — N m—
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NE =y~ L, REEBEOTRFHEEAHR L 72 2 RS iz, ALK 20<
30°DH#HiFHD v — 2 (010, 110, 101,011, 111)i%, Li & V OFFIFFICHKT 2 v —27 TH
5, 2T, fEMAD LI &V ZE—V A FIMEMNT. SHEEE Li 75%. V25%& L
-fE RS e T L 2 ERL L 72 Fig. 2-5b, Fig. 2-5 [Left] D& 1 C/n L 7-#HipH % 7 2 & |
LiVOsFDLi & VI AL b %27 Vv X 2L B fEHMET LD XRD N2 —v %Y Tal
—va v LR T, 20<30°0HiO v — 7 23HAT 5 Z LR TR S, Lik V
DEHIFRIF % K 5 72 LisVOs D f S 13, hep BESE NI U (R 235851 L 72 72 1 DR ©
HY ., WK Y S (P6simme) ERATIENTES, 2D LIiE, LizVOs
W& (Pmn2) 8B WT L& VHA 2T v A afLEE-fEeT L (Fig 2-5b) &,
7Y SRS (P6s/mme) 1TEB TR Y 4 b ic V ZBE L 72855 7 v (Fig. 2-5¢)
DXRD X2 —vD¥Ialb—Ya ViR —HT 22 roborThs, X
B, Fig. 2-5 1CR L7kt o fiPHIc L5415, Phase C & Phase B D[ TD v — 7 5l i
DZEAIE. TV EEE (P6simme) BT BV OEEHA F OBk X gL L TY
2L —FTEBZLDBDD o7 (Fig 2-5c-¢) M LEOWMETZEE 2T, 20 <30°D ]
PHO v — 27 23K L 72 Phase C & Phase B I &b L b AN DO =v Fr%xf L, JE
AR 70 ZE[EIHE P6s/mme ZAEF L CHRBUT I T & 2 & & 23934 5 72 (Fig. 2-6) . 72 5.
ZZTIRVOYA MiES XU TFEBRDOEENLOLAZHE LT, VEODAREE
A ET A ZIRMA L2, Li 2 &0 Tl b, B 2R i, mER o #ml

TZ 72023, PhaseC 13 V ZPUHIALLE (VinTd; Fig.2-5¢) & LAZET AT 74 v T
4 Y ITHBAARETH Y. V ORLED c il mic A L3 =7 m#E7E (Vin TbP; Fig.
2-5d) WWIEWREE RIS T2 Z e BRBE N, BHNME N T ESIL. Phase C
(LizVOs) Tlta=3218A, ¢c=4819A, Phase B (LisVOs) Tlta=3.189 A, ¢=5.009
ATH o7z, B-LizsVOs DG TERL (ZERTE © Pmn2i. a=6326A, b=5446A, c=4.947
A) LHBT 2 L. awvo=2an. bvo=2ancos30° cvo=cu DEARTHIITN TS Z L
b0 RAFLVO L HIZZNZ N B-LizVOs E AT D=y P L ZERT 2),

Z D &5 BRI B X FRERTRIC S HEFF S Twb Z L3, Phase C &
Phase B DA fHE 23, T4 DB-LisVOs & [Al UANTEREFCIE (hep) DEEFRECH % AR L

TW3ZERZZRFHELTWD, X 51T, B-LisVOs TIEAFRIE DR W ZERIEEZE W 72, Li &
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V OEFIRETF % & A —¥—+4 LT XRD XX — v 288 T T 2 0 EH 2 DITK L,
Phase C & Phase B Dififi fifiti i3, B-LisVOs £ 0 dxiFtE & <. Li & V oRHIKT %
EELRVWNES =y berTcRHEEINS (Fig.2-5), ZDHEFI|L, Phase C & Phase
B OftE A, Li & V257 v X LT L 7z cation-disordered fiti~ & #f L 72 2 &
ZRBLTWS, 20X %HhTF A4 vEHIOERFFLIZ. FIFEREY 4 7 VD Lit
D ABIRIC L o CHIZRZ I N LEZ b, LVO DiEHLERED THEHKTH 5
LHEE XD,
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Figure 2-5. [Top left] (a)-(e) calculated XRD patterns for Li; VO, with different site occupancy.
(a) Pristine LizVOs structure as Pmn2; with ordered Li and V orientation. (b) Pristine LizVO4
structure as Pmn2; with disordered Li and V orientation. (c—e) ZnS-type structure as P63/mmc
with V in (c) tetrahedral, (d) trigonal-bipyramid, and (e) octahedral sites. [Top right]
Experimental XRD patterns of pristine Li;VOa, phase C, and phase B. The diffraction angles were
recalculated in A(CuKa) for the easy comparison. [Bottom] Schematics of LizVOs crystal

structure corresponding to the calculated XRD patterns shown in the top left.
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Figure 2-6. [Left] Refinement results of XRD patterns, and [Right] tabulated parameters of

refinements for activated phases: phase B and phase C.

Ex situ XRD f## > 515 & h 7= Cation-disorder ® ZnS %&£ 7 v (Z2[MEE P6s/mmc)
% Jv>C. Phase C-Phase BIDKIG A 1 = X L% ELT 5720, 20 %4 7 VEDEH
UL 7/t & Ic B 2 S ZLICE H L7z, XRD O fRAEZ A L3¢ 5729,
20 4 7 LHD XRD 2% — v ELICOWT, EREREEHERIC BT 5 operando
TE xR FEML 72, Fig.2-7a1C 20 ¥4 7 VH o @& (Li'hEE) 130 2 &0 fERE XRD
NR— v I d OBIE L LTR L 7z, 5 5 L7z operando XRD ¥ 2 — v (Fig. 2-7a)
25, MIGEEKICH 72 2T, K& 7% Bragg ¥ — 27 OZALA 7, FEEL2/NE v, JE
HAC A L= X RIGDETHIRR I Nz, A EBDELITIER T % & Fig. 2-7b ITR
L7k dic, alll (=b) DT ERDMIMER 2 SICHIATHIEL TH Y, 1.0 Vs
Li/Li' i (V*/VIOBEEIT) & 1.4 Vs LVLITBALE (VHYVY OEELEIT) o 2D
BIROG. BLO, 20U B2 ICHIET 5 1.4-1.0 Vvs. LVLiI"TO L RIGD, 3
EXPEC LR IGSEIT L T T e b 2 L e o 72, KW T Fig. 2-8 IR T X 5

LB o N T EBZ, DT AREE R L, REAR LML LT 7oy P33
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T & CiEMAL LVO o Li'ii#EiafE (Phase B 2 & Phase C) DIRFEZA L% FHEL 72, 2O
K25, WEHEED uc-LisVO4/MWCNT @ Kt (Phase B-Phase C KIG)ICE 1T 5, 2=
v R VEEDZENBHRANTH-24%TH D D THREZLD/N S ARG FEH]
LT3 Z e BRI N, SRICHEHBICH T TR &, RYIDOERERKIG (VF/VY)
T-13%E RELSHFEEMBBALCTEY, Zid LirvlitL 7z & &, VoRgicfk-
T V-OfEMPEMLZC EICXdeEZLLND, “AMERISHEB TS, #FEL <
A L. BBOBEEERKIE (VHVT) TIRIKICHERED K 0.7%MIE L 72, g,

Fig.2-7Tb IC/RL 72X HiC, a BHRDBEM Lz itk 3 E2bN%, 2D X5 R LITD
i ictE o T =y F e RSN 3 & LCld, NF U AREMLL T Ve
% & CIEBMEESEML, VR 7 —a VHAEERIC X Y KT 2 10386
BiRABI &R L2t ERTEL, 20X I RBBEEA 4 v IC X 2 AEBRIL, LiJE
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Figure 2-7. (a) Synchrotron in operando XRD patterns for uc-LisVO4/MWCNT (60/40) collected
during the delithiation at 20 cycles (* in situ cell Bragg peaks and # MWCNT Bragg peaks) with

(b) refined a and c cell parameters and (c) electrochemical curve.
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Figure 2-8. Change in the unit-cell volume for the uc-LisVO4/MWCNT (60/40 in wt%) during
the Li'-extracting process from the full-lithiated state (V*" in Phase B) to the full-delithiated state
(V*" in Phase C). The unit-cell volume was calculated from the synchrotron operando XRD

patterns shown in Fig. 2-7.

2.3.3 In situ XAFS EITE

NF T L ORI ELEREE & 2 0ZAICBI T 2 XV M ARG A 15 5 72 o I
B VK WU X SRRINHIRGE (XAFS) Z~<2 A% 1 34 27 H GEMALE
) 2094 20H GEHALE) s Tin siw B L7z (Fig. 2-9), Li'Biff A 0
2T V-K B 23 W AR/ S T A F—fE~ 7 P52 2o, VIIVTE VEIVTD
2 D DIEAGETTN A3, BIFEALHIPH K CIEMERBLETTECH b, ALEIC/RIGL T
Wb EDHERINE, Bl NS Ly Y — 2 ICFEHT 5 L., Pristine
LisVO/MWCNT 3 X U 2 Liffi A% D LisVOJ/MWCNT IC 5\ T, 5465 eV T I Bl &
niz7vzyve—7 o2z, 2nZh) 7 7L v 2ATH 3 Li;VOs (V) & LiVO,

(VDR & X —EL 72 (Fig.2-10), V-K I UfHD 7Ly Vv — 27 &L EH~ 5
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& (Fig.2-9a), ¥4 7 AHic"F 2y L0 ELAERICEIN 2B o 72 2 L0393 d
%, LizVO, TR S 12 X ) AWUHIAY A4 + (Td) @ VIR oSV E—27 525
RE D LIfFAIC K o CHEEMET L, RAZ=MM#EM (Trigonal bipyramid: TbP) &
I3\HES A4 b (Oh) KRFEEOHZ/ 7a—F{tLz7 vy v —r~e 2L 7=
W, BILEI N VY VIR, VIO XS ICER DR\ Td H A P TIRREICHFETE T,
BT L 7z L DBERIREA~ L BB T 20 ERH Y, Ly =7 D2 LiIZ D
£ REHBEREORBEA I EER L Twb, Xic, 1 34 7 vHo Lili#E (Fig. 2-9b)
CHERT 2L, Ly V- PMRBETT e — FABR2 L, BBE Ty v — T
IR~ L ARSI lE L w7z, ZHid, XRD & BAALHEE O /5 TR S W= K]
WRNEEZLE FIET B L ICBDLNE B, VEBELD RN Td VA FMIRE 2 DTl
(L FBATTOP £7201F Oh A4 MCATHHNICEE L7z E2 252 L b TE S, BAK
Oh ¥4 P TbP ¥4 FMITIEET 2 V'3, v v =7 CEMED T LTy YV —2 %R
T, o F Y AREYD XAFS HIEHER L LTI nTesh 218 K
FICBWTD, V2 TbP £720% Oh 4 P &AMERF L2 . i HEFRA 4 v
A2 o T/NEL Y7 8425 28T, VICREAE Y V=0 fia 2B L7zt E 2D
nz, iE 20 4 7 VH, Fig.2-9de) D7 Lz vy v — 27 0ZLICEHT % &,
Phase C D ¥ ¥ — 7' 75 HifE v’ — 7 2> 5 Phase B O 7' 1 — F R {KERE v — 7 ~ L W37
DAL —RICEAL L 72 T L D3RR S A, BER B OMEIE %2 KIFICZ(L T 31T vV
BT L T2 2 EBRHR E Tz,
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Figure 2-9. In situ V-Kedge X ANES spectra recorded during lithiation (a) and delithiation (b) of
a uc-LisVOs/MWCNT sample at 1* cycle and corresponding charge-discharge curves (c).
XANES spectra of lithiation (d) and delithiation (d) for the same uc-LisVO4/MWCNT sample at

the 20™ cycle and its corresponding charge discharge curve ().
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Figure 2-10. V-K edge XANES spectra for the pristine LisVO4/MWCNT (V") and
LisVO/MWCNT (V*") in the in situ laminate type cell at 1% cycle, along with the spectra for
reference powder samples; LisVO4(V>") and LiVO,(V*"). Spectra for the LisVO/MWCNT
slightly shifts from the LiVO, spectra despite the same formal valance number (V*"), which can
be explained by oxygenated surroundings differing by including local structural distortions

associated to different bond ionicity as already reported by Wong et al. '+

2.3.4 XRD L XAFS AITHEEN BT 415 LVO B

DiEmBE

XANES (@) & XRD (REEHEFRR) 2 D HEE I 2 R LIcED VT, ex
situ JITE L 72T — 2 # O CEEN IS S o BEL 2T R o7z, LA L, §
TRz X S, WEHLETET 2720 ICITEE 20 34 7T 048R H 5 72
W, v — 7 BENEMREE L OZ ORI X > TIHEL., il 7z v — 2 £ cimc
X\, 22T, RO A=y L (ZnS-7AVEER) 2HW2C LT, K
£ 27 2 =208 %HIR L. cation-disordering 23Z & NzfbfET L E LT, V

43



& O DFERED R DTN % 1T7 o 72 (Fig. 2-6). XANES 7047 Cld, wEME(LiEfE I
BTV ORHRFE OGS BIZL L, JLAD Td ¥4 F 225, TbP I L U Oh # A4
POV OBEBRRI N, ZD7O, VA ZnSFEED Td & Oh ¥4 MCFEL (7
fil T2 IREZHFEET L & LT, Phase B & Phase C DI# (L% TR>72, V& O
Dz, BXU, Td & Oh ¥4 F DV OEHEEE, V/IO I =1/4 AR L 223 O 8
ZlLz, EBODOHOEED, VO BEIXTd Y4 P25, IEUEROKH TH
ZABICHEP > T 7 FLTED VHETP ¥4 FiCy 7 F L72C & AREE h- (Fig.
2-6)s VHA POEERDOREHNMICTL Y, Phase C (LitFART Tix V IZFEIC TbP # 4
FICHZiE L. Phase B (Li'ffA#) TIE—#D V23 Oh %4 MCOFEL TW5Z &8
5325 72, ex situ XRD DIEFFAL DGR I HH O TFIREEDRBICH £ 2 03, operando
XRD ¥ X W in situ XAFS TODakafn & Ml 5 T & T, i) Phase C & Phase B Dfiid
W& A3E U hep ALY OFE R E I CHREE X T 72, i) V I TbP & Oh ¥4 b D5 ic
¥ LTS LTz, i) Phase B Tld Oh ¥4 M ICEREMIC V RIFEEL 2, & v o
FEEL LN TE D, 51T, PhaseB & Phase C D XRD ¥ & — ¥ ZRFRED E v
WVGRO2=y PV EHNTY 2L =2 a VY TELFEFEIT, VA Td2H TP %
721X Oh %4 b~EBHT 2 Lo T, Li & V ORFIFRF G ICHK L 72
TEERRBLTVE, 2DXS YA MEDO AT A VBT, BRI RFE T v
Lt ZATLIELIEHEZRE N TE Y, &EH T4 v L BEROEEOYIN & FiEA14E L 72
L HRERT 3, LVO OIEMHL 7 vt 2B\ Th DA QYN & TS0
RENeEZ LN, PIFA 21 cB T 5 KE RoM, X0, BariErtREc
ET2ETIABRCLD 10 FAIZADRBEL SNZERTH -2 ELZTE D (Fig
2-1)6 T D & 9 ZFEEBEIRIC B TR 2 ICHETT S 5 cation-disordering Fd 5 13, Li2FeSiOs
D X5 7xfthd LisPOs5iE (LVO ORITE) % H T 2LEYWTHRET 5 & & 3 BEICHE &
NTw 3 ™, LipFeSiOs DHé. BRI 72 Lt AIC X > TLi & Fe D% A MMrE
DEET 5 —/7Cy Si BT A PR LT 5, 20 XD RERLIERTD 20
YA 7 NTIRAZITHEIT L. LVO & [FRRICTENE D@3 KB 1T/ S { 7o T, Li/Fe
& Si CEEEL S DI, Li-O ® Fe-Ofiar & KL T, Si-O fiasEAHANTH
DU E FFE AR AELCIC WhEDZEEZLN S, B, LVO ICBWTIE Li-0 & V-0
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fEEOIERANE, Li' (076 A) & V3 (0.64 A)D A F Vv ERDEN/NZ W28, cation-
disordering 23R I N7z EZ b B P,

23.5LVO BROEMAL - RISA D Z X LIZET HER
BRI, VO oiEM bic s 2 i O X 7 = X 4 L BRALARE & oBdEEIC o
W CaRam S %o Liidd A & IGHE(LERIC 35\ T, BEER D hep BT —H L <&M L % h
27T e b KRICH T B GG DZIE hep BIENDO I A b EHROZENEFE 2
2L TCRHTIZENTES, hep DL ) RREFREMED 7 =4 VEBNICIE, &
MAERET IMEOMEFLED OhH 4 F &, 250D Td 4 P BFET 5, hep
BT, Td ¥4 P Oh ¥ A FREHALTEY, REEOHELL, ZhZhoy
A FMRERFICHEEINT, RROED T TOHEERICAL LS AFF VEIELZEN
2, £/, Td ¥ A MiE, BT OWUHADOR Z 2 BT (LVO D& 1T ¢ BT A1
NoT) CKEELAMEELZ &> TE Y, 2 2OMERAEIEE LT =AM (ToP %4
b)) BT %, o T, hep BIEICH T2 FA V54 M. sl 4]onOsn D L <
1. [Calroe[Ta]onOs (TNEZEFL, Td : PUTHIAY A b, Oh : JNE{KRY 4 +, TbP : = )7
YA LDE) LRITE S, 20X T, LVO OHEEE &R ZEE L Tw <
&, Fig. 2-11 I&/RT X ST, JCA D LisVOs 1. [LisVillalra[1a]onOs & L TR S N5,
BT, LIfEAIN/ZICHN S Phase B IC 2O WTEZ 2, 2LIiBSEA I N5, Vi
Td %5 TbP & Oh %4 b ~& 7 b L XAFSHIED S VIZFEICOh ¥4 FE2HEAELT
WEZERHLPE o TS, 72, LIO—#b Oh¥ 4 b2 EET2LELLND
72% . TbP & Oh @ iR %% L T, Phase B IX[LissVs]ror[Vi-sLitss l225]onOs & FLIR
T&%, 2OHRiE. JLATd ¥ A4 MTHFAEL 72 3 Li 28 TbP %4 M, V ZFIC Oh ¥4
FMICEBLIHAINZLIIETOP L Oh ¥ A P2 1 YETOHALZZ L 2EKT 5,
T Z°C, Phase B (LisVOs) 1% Li[(LiinV12)]02 & HEfaz 22 L A TE, RUL hep B
MRS % 15D LiaVO, ([Lis la]ra[ V2 2]onO4) * @ Li BF RS & @R 2 2 L SA[RETH
%5, LbVO, 13 Z D F £ DA TIZ Lo A2 Z 97, V & Li THEEIL 7. Li

WEFE DK (LiaVia0: 2 L Via02) IZBWT DA LiifE A 2B T %, £ 72, LibVO»
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DAGERIEIC B W T, Li D Td 4 F LA L TE 0, ZMEBE CIE Li [+ o k58
ZE/MET 57200, Td VA4 + O Li DA S 2, FBRIC, Phase B IZHWTH Oh
VA LEDD ToP ¥4 F 25D Lililto eI nsg & Ex o b, RIT, Phase C ~
DIHIEFEIC DO WTE 2 %, operando XRD & X U in situ XAFS HIE D#ER A &, Phase C
TE. VB Td VA bbb L AL TP 4 P2 HEHELTCW2Z LR nhoTnd,
Fo, el L7z KX 5 IT Li2s ToP ¥4 + 2 S Iic it s 2 L & 2 5 &, Lilito
Phase C % [Liz V1 s i+25]op[ VsLits 3 25]onOs & KT Z & TE 5, ZDRILX, TbP ¥ 14
ZLLE V21 OlETCTIVXLICHEAL, OhH A4 F2FICLiAd 1 ¥EHALT
W5 EEERT 5, D Lin V0 JEIRIEAY) ([Lidelra[Va 2x LizJonOs) & HUER
3% L. Phase C Tl Li I V ARRTEL T3 2 e R LCETbNE, 2D
Lifgh o v BRI ~0 BERE F— 7 Ic o h 2 SR EREZ 725 L,
Phase C—Phase B [H] D FE I IBFR 1< 35\ T, hep WiE % MERF L 72 A & — X e fl & 2L
FEBLARESZEZ OND, /7Ty LinVin0s 13 LB At > T fec % &
hep BAEZITERT 2720, KEREEELBAEL 5 %, b DEWD S iEHE(L LVO
EJEIR LitnVin0: 28, BHERICIDEWIC O Bb &3, B 2 BAULERtE 2 R T B %
WHT L TE B,

T3, BRI T 01 AR 5 T hep BHEHMERF S 1172 £ & T, Phase C-Phase B
DALMY E E B X, LiinVi.0: D% A4 7 VEHE (50 %4 7 v Rii) 64 14010 T e
LizVOs % 2000 34 2 VBL ED@E WY A I VREE 'Y BRI Ex NS, E72,
LizVO, I/ LT 2 4B D Li BRIGT 2 C & THELNZHRAR 394 mAh g (. Li
JLiVin]Or (x=0) IR LT 1 BED Li 2ML 72 85E&DREHE (295mAhg )X D 25%
Bl 7%, 2O LisVO IC BT 5 VIIIVIEB X VIV D 2 D DIELIRITH 1, Liia Vi
20, D VIVE XD b EWEN CEIET 2 28, LizVO, I3 G % 2 L — X ic &b ¢ 5
FIGA S =X LI X o CHRINERF OB ZINZ 5 Z L B3 TE %, MA T, Phase C 1ZIF
FICKEP DB LT LisVOs ZEXALARNICHINE T 5 2 L THZICHR S Z &8
TZE %, TN, ALER V OMECARTE 2 FeH I HIH 3 2 LD D 5 Lita V1.0, DAL
HOLHARTREBRAY Yy PEER D, RRIC, TNETICEHSMEINTE R fec K

LiMO, JERAL & Cld. cation-disordering (IR E DAL — FRHEDIK T 72 & D
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PAE R VERMK T 251 E R Tt L PH2 FEHAL LVO 132 0 & 5 tkReK T 2
TRVIED Y A EROMIGEI & LitEBURE DM 255 2 LA TE 2, AWIE TR
37z Phase C & Phase B D AW IE A 71 = X L1, cation-disordering 1C X - TH:fEM
T2 hep RILEVE LTHID COWMETH Y | Hi-nflifbikit ot 2 52 2458 L 5
Z %,

Cation-ordered hcp Cation-disordered hcp
p-Li;vVO, Phase A Phase B Phase C
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Figure 2-11. Overall redox mechanism of Li;VO4 without (left) and with (right) activation
process. Without activation, the accommodation of the reversible 5+/4+ vanadium valence state
is insured by a shift out of the center of the Td surrounding. With activation the reduction down
to V*" induce irreversible migration of V to Oh sites and further delithiation/lithiation proceed

mainly via local distortion.
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2.3.6 JEML LVO Ot @S LY 5 RIPEERRR 14 0 M

TETEIL LVO (Phase C) D#f it ic 2\WwC, 2 2 £ Thep BH%H T 5 cation-disorder
Mt (2[R P6s/mme) % F\CaafiZ 1772 - C & 7z, Cation-disordered LVO D i fith
EHRTIE L &V 2 RERICHE— A FMCHES 5 & LT, fLEfHicAEbe ThER

FEWET L CRIMEARILCE 2, 20729, Fig 25 1R LizdoC, Lk VD
FCAIRR R A3 TEA TN T 5 2 & TXRD S X — Vi H T 5 20<30° DRI ©— 27 28
HRT 2, EBRITHIE L 7215 LVO @ XRD X & — Y IZEB W ThH, 20<30°D v — 7 1%
HELTWE0D, 7u—Fh o —oXx— v 10°<20<30°DHiFHICHII L TH b
TN —TEDREMEFEIERGFEL TV T L 2EIKLTWw 3, &M LVO oKk
BRI & bl i G 2 H D i3 5 2 & T B2 BRI ERE 2 T 2
e FH R R 2 H o 2 U, MR ISR 7% L i LVO DfEREm L e 737 7
o—FOIEHAELNE EWFEENDE, LA LA S, XRD HIE Tl 5O R 2
Hlbsh il g 720 N EOFHIIZNEETSH 2 720, X BREBELIE 21T,
TR AR BIEL (Pair-distribution function: PDF) fi#hTic X b iGPEAL LVO D RERHEREFE D
il % 17 72 o 72 PDF (34 o1 35\ C Al —BREE O (7 BRI AR 3 2 SR 10t O TP
KreRL, 2=y P2r XD HREIVES A Do REHME 22 C &3 T%
%, 2T, WEHA LVO © X BMeEl v 2 — v ZHE L. JtA4 D LVO DffikfEE

(Cation-order: Pmn2,) & cation-disorder (P63/mmc)® 2 FE Dk &€ 7 v % H\» T PDF fi#
Wre 7497427 %ITw, Jo4 O LVO ICTE(E L 72 REEHED BLHITR T 28 & DR AT
LT3 DMl L7z, Fig. 2-12 ICHIE L 7215 LVO © PDF fi##t - 74 v 74 v
JRER %N L7z, Fig.2-12a 1% cation-order ET/VCT7 4 v T 4 ¥V 7 k{1l o 12kRTH
D, BRI N0 OEEE - 25 10 A TREU T OHPCRIEFZ T 4 v FELN
7oo —/7CL10A X CREFFEISIC 2 2 13 LRES R ESZ>TEHE D, JLA D LVO
DiEAMEEE T L & EEROMEMEHESTEMEL T2 2 L0 h 5, ZNITH LT, cation-
disorder €TV C7 4 v T 4 ¥ 7 %{T7 > 7= Fig. 2-12b % B % & FEIEHEER CRRzE 28
K& L, RIEEFEIIC 2 213 EEENN S WHERBEONZ, 2D T4 v T4 v
fig i, WML LVO Ofidic BT 10 A BRE DOUNEIKTIE, XRD ~¥ X — v 2851

48



fLLVO & i34 < %72 % cation-order Z2itiitEZH LTS 2 L 2ERT 2, I HIT, i
AL VO DfGEH T cation-order DREIE % HEFF 3™ 2 FHI DO Y 4 X 2 E Bl $ % 729
Box-car refinement % {77 > 7z, Box-car refinement 137 4 v 7 4 v 73 5fE T %
BE L. GHli$ 2 riEz SAICREL T rfillz 1A 97535 L Cifliz1T5 2 & T,
EEOMET VOEELY R T NEEEE ORI L L CT3 2 FikThH %, Fig 2-12¢ I
NF & 9T, EEBEREI Tl cation-order “E 7 V2% cation-disorder E 7V X D % FRFE DY/
T RA AR DD cation-order & 7 NV DFRFZENZIY L, cation-disorder € 7 L X
DDMENKELS hote, ZOMELS, 12 A AT ofipH < i3if A l LVO IZ cation-
order D EiE Z MR L CH 0 12 A DL EEEN 27T o 1F 2 P L = 5 A i
cation-disorder & 7 /L Dt iEfEIE & L CBIN I 415 Z L RB I 72, 12A X LVO o 2
=v b (Pmn2) 2-3 D ICHYS T 5,

ZDXH7 2 DORAZHEMET AN 1 DOfGEF CHET 2 TSR 23T 5
729, Fig. 2-13 KTEB D 2=y F e AR HHE L 72 2 —X—k b LT OfEMEEE T L
%7 L7z, Fig.2-13a <R3 X 9 ic, FEEHERIT A @ LVO (ZEFEHEICHE > T cation-order
A ERICY 2 A L C 3 b . XRD HIE CBIZE X 41 2 s D i & . PDF T XAFS
HIE CHIR SN 2 R e iiEid—3 L. £ T cation-order 7affifbifiE & L CRBIMIE
%, —J7C, WML LVO O EEE 135 12 A DU cation-order i A3 EL L 72 23 6
HEE L S 2T 5 L B L 72, Fig. 2-14 ® TEM B B3R X 5 1 0& ML LvO
D—D—DDFEFHTFIZE A nm F 4 XTH 2720, £ 12 A OBUN R O FE R
FRICIEIIWEINTEL T L DRMEEHR DO T =4 v Et&H5ERE L 72 i % B
2 TWV2EEZLNDS, T =4 YD hep HH&HH L T Td., BUhisiRoE R %
T WIZh F A VESIRRT B AZT 2 L Ex b ek E kT e h T
VRN T v XLz o7 X ICBllENG, 2D, G LVO © XRD ~¥ X —
VIZ Li &V ORCHITRF 25K L 7z & 9 7efi & 72 V. PDF f#HT %2 XAFS HIE CHIHI3
2 JETHEIE I 13 cation-order 7R BCHIFRIF SR AE L 72 LB LT, b, RmNEHcI o

S ICEeH DA AZA L % i 1T Anti-phase boundary & FEIFILT W%, WEPE(L LVO
DFEFHHIC XRD TlE 7 —Fa g =2 —v e LCL2BllENA VL & VoOR
PREERCS 235877 L C W B EEILE LT, Fig. 2-14(right)® TEM RH1IC 5.5 A DLW T-HH
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DM & L7z, Z DR X cation-ordered LVO (Pmn2,)®D XRD »¥ &2 — v IC BT 26=16°
FHE B N3 12T D010 ICH Y T3, X 5IC, Fig. 2-15 ITIZEMALRIRICE T
LVO D (110)1f % Bl L 72 SR TEM % 7R L 72, (KSR oM clt, HHELRiEo
LVO &5 5 b & < Efii L 72 i dat& 3@l S 5, —77 C, IER L 2R 2> & 13, &
PEALHTD LVO 28 R i 7e < e L 7= f & 12 A3 5 D Icxf L, il bz o LvO D
713 10 A BREOMIECRIGOEE L, il L 7248 i -ChAH 250 U 72 4% 1R A8
X 7z ML TEM B RIE, ML LvO I3 d etk & L ke L 7 fiiE %
HI 225 JRFTHICIE 10 A FREE DU 7 il S AEIDS R G % &30 70 238 & i L 7= Wi &
AL THY, Fig. 2-13b IR L 25 EEE T L O Z Y% FfT 5,
iEPEL LVO (Phase C) 2% FECD X 9 ZfUNEII X L 72038 & il L 7 H&E 2 U3
TRACFRHERR LT 5 A A =X LIFHH L 5 Tld 7 w23, 2L oA 5 K&
A ERREZAIC B VLT hep BRI S WL Z L RERERTH L LE X O
%, HiE (23.5) TEZLZLIIC, LifEE VEDNTRICHHEL 2GRS E2 a2
FIfED Liiw Vi 02 JELEYIE Li OBHEAICHE hep & fec B O Tl EIEE 2 3 %,
—Ji T WEHL LVO TR LiJE & V EBUNEERZ R T TR L 22 od#fs s 5729, Li
FACHE S I0 ) AR THBLE L. hep BIEZAMERE L 72 F § X 24— X7 BB IG
DELT L 2 ATREMEDSE 2 D %,
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Figure 2-12. Pair-distribution function (PDF) analysis for the activated Li;VO4 powder. (a-b)
Obtained PDF patterns for the activated LisVO4 powder and fitting results, where crystal-structure
model of (a) cation-ordered LisVO4 (Pmn2:) and (b) cation-disordered LizVOs (P63/mmc) were
used as a fitting model, respectively. (¢) Results of box-car refinement for the PDF patterns for
the activated LisVOs, indicating that cation-ordered model was better fitted than cation-disordered

model in shorter range of the pair-distribution of 12 A.  range of the refinement was set to 5 A.
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(a) Non-activated LVO
p;

\_ = 1

Local structure Average structure

(b) Activated LVO Cation-order Cation-order
( Anti-phase boundary

q

Local structure Average structure
Cation-order Cation-disorder

Figure 2-13. Schematic illustration for crystal structures of (a) non-activated LVO and (b)
activated LVO. (a) The crystal of non-activated LVO shows cation-ordered structures aligned over
long distances, and locally and averagely identical cation-ordered LVOs can be observed. (b) The
activated LVO crystal introduces anti-phase boundaries about every 12 A, indicating that a cation-

ordered structure can be observed locally, but a cation-disordered structure can be observed on

average.
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5.54:(010)

Figure 2-14. TEM images for activated LVO crystals, showing clear lattice fringes of 3.2 A and
5.5 A corresponding to the typical lattice planes of (002) and (010) planes in LVO crystal (Pmn2,).

(a) Non-activated LVO

(b) Activated LVO

Figure 2-15. HR-TEM images for the (110) planes in Pmn2; model of (a) non-activated LVO and
(b) activated LVO. (a) Straight lattice fringes were observed over long distances. (b) Disordered

lattice fringes were observed.
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2.4 KEDHR

LisVOs @ Li'liff ASSHIC A U 2 MRS A 1 = X oz, Dt EZ w7z in
situloperando XRD £ X W in situ XAFS HITEIC X o THH O 2T L7z, £ DFER. Li;VO, X
PIATEE Y 4 7 vics T, LV B o L (cation-disordering) &, &7 54
YD Td ¥4 + 55 ToP/Oh ¥4 P ~DBEHBE L2 Z EHBHO IR o7, TDXKD
IEREZAL GEYEAL) Wt FEREE R O R 3] & 4u, LiEEerE sk & <A kL 72,
I 5T, WEELED LisVOs DR EEHE ISR 3 2 RIEBED /1 74 VAR 12 DT
PDF it 2 VT D 22iC L7z, % OfER, WML D LisVO, I3 Mk & L Tl
L7 AsiiE 2 53 225, JRFTICIE 10 A BRE OMUN i s K G2 8o 58 6
HAE L 72HEEZ A LT3 2 &R0 o7z, LisVO, DIEHALIIRIZ. hep B ZH T 3
fL&PIC BT, cation-disordering 1€ X - CEAMFAFRHED M E L 72910 CoHETh
. fec BIEERT 2HUDANF VY LRCEPNTH LT, KE 2B ZRITHRT
Holz, T OWFFEIZ. cation-disordered & # FF 0K U 7 =F VLAY OH L wikaHE
IR L. Alis X CEMOMELEIRO MR Z KRE QAT 2 2 e B TE 5, 72, &
MALBE D LisVOs ISE WSS 2 (FR 2 © & ©. TEMITA AR BRI AN 2 iEtE:
LILEE 75 Ui, e B AR 2 EBIATRE B8l LisVO, OGEHES 2155 2 & 28
T&E 7z,
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3.0 AEDHMETAEK

F52FTIE, LVO RSB IC Li' O Biff A2 D IR 5 T & T cation ACHI 25 HERK
AL L R ER S T2 2 e 2SI Lz, L Lo, BRILYM 7 cation-
disordering (IAFE 2 HIH L <, ERLFFED AN T D& 2FERT S, IbIT, 20
ZALIFE e L AL BRICEE 2 2 L 2o, BMEREOREEICER T 2L 5 2
%5, ZD7®, cation-disordered LVO & [FIFE R MEREZAERF LoD, X Y BRI ARGV
—bt&, KOLELRMBMEEZA L7 LVO A7 ICKGT 2 2 LR ETH S,
N TO Lit o A/BIMER G % B 3 2 EE R BRI, Ak LifcEEcd b,
NGRS IC X > TZDORE IBREMICHRIE S5, —MRIC, Li OILEURREE 234
WIERICE 72 1F ZRTCOBIERE S, Li' O mdiiuc G R L I s, 2D XS R H
5. LisTisOn? 2", Ti0*. Nb,Os™, JEIRILAYITH 5 MXene®™* L H B 114 72
EDA v —va YRIAMEHL, ZDEe LifsErE & R D /N X o OGRS I
X0, W& L — MR - A 2 VRRER R, S o BREMEISMC S L AR
BRE O T, ) 77 LA & VREAR (LISICON) 8815315 g 7 2 7 £ b 136157
A=Ay b Y B XN 0D OREREE 10012 7 & RIS ICE B L 72 BRI 7 &
A G VREMBROBRESTON TS 19, fEoT. 2Dk REFREREICHT S Lif
(MR Lo 70 Diig 1L, S R ABMEOREHC D A TH 2 LEXOLND,

Z D& Blm 5, LISICON B off & % H 3 % y-LisVOs (y-LVO) fafiiZ, 2017
AT y-LisnViSi,04 23FID THEMR L L CiF S CLlk Y, FHBEE o T 5, y-
Li;POs DFALURTH % y-LVO D& X, LiOs & VO UHIRD =Rjet v F 7 —72
AL, LimEREE L CHARERS K OEREGAZEEE2FF2 2 & T, B Lt
fEE (107-10°Scem™) ™M ARIT 2, S 51T, y-LVO 3 F YTV LD 2 E K
& (V) o K E A BERA R (39%4mAhg!) %FFL 9, Rl KGEN (0.4-
13Vys. LVLiY) ¥ X v U F v a0 ik~ —Y v i Loo0 &
Ve VBEEZRBCE 5, $72, RILEF A 7 L HOEREELA/NE < y-LVO fE S
TlRAL =X LIFOBHFAIET ST 2720, EL—F - @4 2 A2 ER Tk 3

164166 SEES . y-LVO d &R (700°C LA E) TOARETH Y 'Y, BRI LIMGEEED
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v B (10"-10" S em™) ¥ ICHEH L T L £ 9 25, y-LizaViuSiO8 % y-
Li3.00Ge009V0.9104'%, y-Liz08Cro.02Si000V0904'* & Vo 72K TR I T\ B X ST, V&
% Si""E 721t GeV CEIT AL T, yHEERTHREICH Y I L TE 5,

LISICON Zit&aPoBEBLRIL ARtz L3¢ 2720, Bfh F4 VI X 3 ItEE R
DBIELATONTE Y, Fric, HED 7 T4 v 2w CHiEfi2175 < & T Li'fcEtk %z
REEMICIA ET& 2 L AWME I T B B8 Zhao & (FHBEHR S N2 EE=ICHR D
AR Lis75:(Geo7sPo2s)1 V.04 Z 5%al L. Liss3(Geo7sPo.2s)0.7V030s & W 9 AHAIC I3\ T
N7 v 7 LR (5.1x10°Sem'at25°C) 233 & 2L IC LTz,  OffI,
BB Lis75(GeorsPo2s)Os (1.6 x 10° S em™) & IR L <) 3 5O EETH 5 17,
Deng b %, FLEHINEAEERD A 4 MREE, BEfUtEo Y 4 X, BXEE o %
fEEA L. “mixed polyanion effect”iC X » CHEDEIITTR DA 4 VBB 2 HHIFENICH
B % & fEamfT 72 128, y-LVO B X U B-LVO AlRICE T, AT A VviEfEOT e —F
TR o 725 id K o I T 5 ¥, BT, Mg %, Cu ¥ Mo "', Ca
2B i1 Fe ', Cr'7% Nb 723, yMHTIE, Si¥I) Ge ', Cr-Si'*IC X B iE A
WMEINTWE, LELADBL, y-LVO Bl L — Rk Ric i i 7z LEsh iR of
I E 72 i idaf S Tne

% & CAWFZE T, LisVO4s. LisGeOs, LisPOs 2* & 75 5 i =TT R BRI IC B T Lisn Vi
—Ge.P,0s (LVGePO) O HLiEHASE i, % i 2 7n BIMHBERGEIC X - TH L., Fifihd & &
SALEFRE OB 2 <72, £ 37, X #REHT (XRD) MIE i X 0 3kt ffEAE %2 [F7E L.
MR DIERL % ik 7o LiTBER IS O#E X, Li &F— 7 % w72 TR R,
BXO, EEREXEEE (GITT) ™Ik > TEHliL 72, 20 b DRSS, LVGePO
AMmOCER. fEH, L — PRI RO A L7z, T it BRULFEA v v
— Xy 253k (BIS) MIGE . EAALE THEMET (SEM) Bi%. X L& ik (XPS)

CXBERMAWIC LY, BIICE Ge"' B LV PP OBLRULFEN R EE ZH L »IT L,
£, LVGePO BRR DAL EAHAK & i d i o wiifb %2 17\, EiHiJT 7 LISICON 2 &)
MElOB B ek HES 2 Mg 5 Lt — MR RRE S € 72,
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3.2 EEAE

3.2.1 (A L7=##

Li,CO5 (99 %, &7 4 v LZHIEHIZE), Va05 (99 %, &t 7 4 v LZHIEHIZE), GeO: (>
99 %. BHH L ). ¥ X U\(NHs):HPO4 (99 %. BHIHALY) ZH T, B4 7 HEMH KD
LVGePO ¥y K % (FHL L 72, LVGePO MK DETFRBE % H o % 7210, KM 240 m?
g DEJEH—KRvF ) Fa—7 (MWCNT) (FlEERASH) 26H L 72,

3.2.2 LVGePO/MWOCNT 4 & {4k 0/

LisVOs-LisGeOs—LisPOs D =ICREEA L L T, LizaVi.,Ge.P,0s $7K % BEHHHEK
FEITX DAL 72, LiCOs. Va0s, GeOay 3 X N(NH)HPOL By K ZRA L, HEKR— 1
IV (Planetary Micro Mill, Pulverisette 7 premium line: PL-7,Fritsch) % F\»C., &%
VW3TIZ 300 rpm T 30 fEE L 7o D NZIREY % 600 °C T 5 ML L 7212, &
A (FO100, KRFIEFERRASH) % H T 900°C T 8 KFEIHER L. LVGePO MK %15
=0 B7p ZAVSERHIK - FEEAH S E SRR IC G 2 2 E R i+ 5 7201, ok
LVGePO 3K 1 g # =% /7 —n (7mL) &HHEH T, 800 rppm. 10 73 fE DA —1 I v
Mzt O, KT REEE—tE 87/, 51T, LVGePO DR WETREE ##ifE T 2 7=
DIT, 155 172 LVGePO I R I 20 wt% D MWCNT %l Z. 300 rpm T 12 HEZ0

R— INV%EITH T & T, LVGePOIMWCNT EEMREERLL 7=,

3.2.3 ¥ LAY A RE

LVGePO D&% i3 % 72, Cu-Ko ## (A=0.154nm, 40kV. 15mA. Rigaku
MiniFlex600) I X %5 XRD HIE #1778 o 720 X #REHT-¥ X — 1%, 20 HiPH 10°-80°, =
7 v 7 2.0° min ' THIE L 7z, #EEHOFE &M ER D MENT X XRD figtt Y 7 b
7 =7 (PDXL. Rigaku) T{T»> 72, LVGePO/MWCNT &K DR /345 2 JCHR 504 /e
E DM R TERE AT IX, MEEE 200 kV O EETEEE FIHMEE (STEM, HITACHI

Cs-corrected STEM HD-2700) 3 X U8 4 v ¥ — 438433 (EDX. AMETEK) I X b
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Al L 7z FEICEY A 7 v ic X 2 BRI S 0223, SEM (HITACHIS-5500) ¥ X
O AlKa & (15kV. 50 W) 1T X 23R XPS 53#T (X-tool. ULVAC-PHI Inc.) X Y #1
RL717z, RILEF A 7 NBROEHY Y TAiF, P2FAh—FK4—F (DEC) ICXk b
MR % Ve, Ar BRI\ 24 Bz 2 2 Lic X W 157z, XPS <72 L

Vid, C-C HEAED Cls ©— 7LD 2848 eV & 72 % X 5 ICHEMIEZ TR > 72, XPS
AR PO —T5rHEE 7 4 v T 4 v 7N Y 7 F (COMPROI2) ZfER L CTfT -

-/"»»
Co

3.2.4 BBSAL T M

LVGePO/MWCNT ¢ Li % Z L ZNIEMe Bffke LT — 7 2L 2L, 2032
BMafverzHnTRBERREZITo 72, Bikld. LVGePO/MWCNT EH &KL | 34
YX—%90:10 DHEEILTEAL., BEDFZMZ T IMERL 72, N4 v 2 —I1Tid,
N-xXFren ) Py (B47 40 L0003 BAlichiisg7zK) 7vfbke =Y 7 v

(PVAF, 7 L) Rfwvi, CORAGYE Cuffi LIic#Efi L, 80°C, HEZ T T 12 K
VIR X T, BMOE X (132025 pm, EEIX 1.2-1.5 mg em > OHIFHIC 72 5 X 5 ICHHEE
L7z, B (v 2Mey) i, =F L vh—F,K%x—1+ (EC) L DECD 1:1 (FfE
) BAEWREEEE T2, N7 vY) vEEY v 24 (LiPFs) @ 1.0moldm> (M) &K

Ok&HE <50 ppm) ZHWZ, L —Xicid, BX25um DK 7oL v 74
2y (Celgard2400) % 1 KUER L7z, 3 _XCDL AT, BRIRE40°CUTDO N 741
— L THAILTrz, b — MRHERERIE FEELE (HI-SD8, b-+E L) 2w, 0.1-
2.5Vvs. LVLi" O EAHIF, 0.1-10A g OERFE T, EEME— F (CC-mode) I XY
EHi L 7. LVGePO FEMED Li" DAL AIREREL (Duis [em® s7']) 1358 FE IR G AE 12

(Galvanostatic Intermittent Titration Technique; GITT) %W CE=R L 7z, Z DFE, HIINE

WX ZA1E 10mA g, 0.5 FFEICERE L. HEHEPIRABICE S 2 7 © O AR % 2 RFRH

& L7z, MENIF R+ K X DA, Duslt Fick D8 kAl iEv, X (3-1) #HW
TEHETE 3 74,
4 mpV\* (AEN’ L?
DLi+_7r_r<MBS> (AE) (T«Dw) -1



T 2T, t(s) FBEENH N AE DR ms[g]& Ms[gmol 'IZZ WX WEYHDH
L F L Vi [em’ mol 'TIZEMERETH V. XRD 7347 TR D b N7 EH D b
E LTz S[em?| X EMRD KM AR, LlemIZEMDOE X, AE[VILEEF DL LE
JEDRZ, AE [VIZBERTEEICHEN L 2R EEOZ(LTH 5,
FIMEY A 7 VD LVGePO ERR DS TZ{L I, LVGePO/MWCNT (5 cm®) @ 2 &
— B A ARCE L, 2 OfICY 77 L8 BREFA L Z0HE S 24— File
NEGT, BRILFEA v =X v 255k (BIS) 1T X - CTHfi L 7z, EIS HI7E 12 5E57

il

. MO FTLEE & 2 L DAL TE, BHEOWE 7 LRfRICTT o7, £9°. LVGePO
BRZ VT, Li@Bifiz fHviz— 72 L 25 L. 0.1-2.5 Vs, LLi', 0.1Ag"
D CCE—FT2ETLIA 7 VEE, Ric, EER-EEE (CC-CV) E— F T,
FEHEM (100mAg") D207 1ICHYT 2 5mAg ' ITNICARZ ECEREZHML,
BIEN % 0.4 Vvs. LVLIICHIEI L 72, BMEMORER, F74L—2HNTY F 7L
SEEWROHE L, EENHDOT I 45— e e LCHAREL 72, Kic, BT Lz+¢
VERERMEICE VT, FERE (30, 35, 40, 45°C) T30 /[HIERE L. W2 REL X
B, mIZIC, BT v aA&Z v+ (ModuLab XM ECS, Solartron Analytical) % > T
10-1 MHz O JEBEHBCHIFE. 10 mV OYRIEEEC EIS MIiE % 1T > 72, EIS A< 27 b L D7)

WM 74 v T4 V7L, AVE=XVRAENTY 7 v 2T ZView IZ X D {To 7=,
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33 HBREER

3.3.1 fE&EF R

Li;VOs (LVO)-LisGeOs (LGeO)-LisPOs (LPO) D #t =T % TR I N D5 Lizn Vi
,Ge,P,0s (LVGePO) [EVAKIZ, 0 <x, y < 0.4 OMKHEIFHICEH T, BEMHEBEREICL > T
HRL 720 BAFE, LizuVi.,GeP,0sidFHT GeP Vi, & FKGET 5 (il : Lis 1 VosGeoiPo204
= GeoiPo2Vor)o 3. BHHE yHOMIBEOBEREMEZIHO 2 ICT 2001, B2
DD IR BV, (1=x)LisVOs — xLisGeOs (Liz Vi GeOs: LVGeO, 0.1 < x < 0.4) & (1-
¥)Li3VOs— yLisPO4 (LisVi,P,04: LVPO, 0.1 < y < 0.4)D &K & [F7E % 1T - 7z, Fig. 3-1 [Left]
D LVGeO (Ge,Vio) D XRD XX —VIZRT X H1C, DT 2 10at%D Ge &t (x=0.1)
Ik D, 190, 28°, 33°-35°IC y-LVGeO (ZE[HRE Pnma) DOFHEN 7 v — 7 238, [FIKE
IC 011 R 111 R DR e — 7 OFEMEAIICS 7 P LTwd 2 ehbhotz, 2D
fthic B-LVO 7 L O AN T 2 v — 27137 <, #Mike7e y-LVGeO D AT L 72
TEMNRENT, —H T, LVPO #hfh (PVi,) 12 Tid, Fig. 3-1 [Right]ic "3 & 9
I, 30at%® P i&Efs (y=0.3) T BHMESHERFE N TS 2 &R S L7z, 40at%
D P EW (y=04) TiE, p-LVPO % EH5i & L THERFL 72 % £, y-LVPO & 12N &
B/ANE e — 7 BERFICHE L 72 (Bry M) o By MHEFS IS 7 i/ D B 23
LVGeO (x=0.1)& LVPO (y=04) DT 3 Z L1k, MR T L0 R 2 ik
K3 2%,V % Ge* CEAME I 2 LVGeO 5% Tl BAHHE D 72 1B D Li % LVGeO

O RIBRICINA T 2 B2 D 5 28, V% P CEMENLT 5 LVPO R Tl Lirs X U
HERR - DRBUIFE L CTH %, LVGeO ICBIT 3 Z D X 5 g/ Lir oI 1%, p AR
WEERLEN L, HF 4 v BASEBFE AR 3\ TR EIC G R 72 y A~ DR %
LTV, BIICREL I N D y-LVGeO L 13 R Y| y-LPO X B-LPO & i L
THELGE (+0.03 eV) 727z 80 KL TIE 40 at% (y = 0.4) LA Lo P @EHAIC X 3 y-
LVPO DAL, MR A IC Lo TR O N7z EIRE L 72, 2 O{RELIZ. LPO 23
600 °C LA E D INERIC X o TRAGERIC B A2 b y AR L i E1i% & B2 ic i34
RER y RIS N D LI RTHEDL S bR s h s B, RiffEo &M IcE
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WTh, PIRTD y HERENT 250825 20 %ML % 79, kD B-LPO ¥k
(WHEE 95 %, B+ 7 4 A LFDEHE) % 900 °C T 8 BFREEVILIE L C y HICHERS & ¢ 7=
. 25°C OERE THEI L TR A FE L 72, Fig.3-2 1S3 & 512, Mo LPO ¥
KD XRD ¥ &% — v T pHEEE R H 35— T, B L 72 LPO ¥k id 200, 29°, 35°,
36°1C vy MRS IC A e BT v — 7 AHB L 72, 200 OfERIZ, B-LPO 225 y-LPO
~DOHELE AR TH 5 Z & ZMHMEICRL T3, UMEDoZ &6, LVPO 1D P
JE¥ %7213 PO, == PO (3p>204) 13, FRTHELER y-LVPO 2> b BN

ICLIE TR B-LVPO ~ DS 2 L3 I O & 72 ATREVE S RIR & 7z,

y-phase: Ge,V,_, y-phase (Pnma) . B-phase (Pmn2, B-phase: PV,
A [ [ /]
_ 4 \4 A .. et A ' _
X=0 A ) YA ‘,' LiO, . y=0
“ X=0.1 AA‘Y ‘7). vl ¢ ' l 0.1
=0. 3 . (V,GeP)O, l l l y=0.
. . {
g | A l v M N . .‘Y y.. ‘l. c c A ’ U A
> X=0.2 © . T T y=0.2
SIS A e
Q
= X=0.3 LisVO, y=0.3 A
§ X | W b YA y=0 | ” | N
s X=0.4 ,4\ % Y704
§ l i l l i A A 2 _y(i(:1 B-phase * ¥, bt
B-Li;VO, (Pmn2;) B-Li;VO, (Pmn2,)
o o glgi - SI y-phase / ¢x=02 y=0.2' o ° 5‘; = Sl
8§ % | L g T[8§ & L
V'Lia,aVo,ASio,IGOA (Pnma) _ 03 . V-Li3 6Vo.4Si0 404 (Pnma)
S o 9 |:l.‘: =3 f =03 Y72 A\ B+y-phase s 5, & I:T.‘: = .8
8 e Jllsls &8 Ll <o y=04\ / ] 2+ §[[5]F &8 Lu

15 20 25 30 35 40

Li3.4V0.6Ge0.4O4 Li3.0V0.6P0.404 26 / degree (CuKa)

26/ degree (CuKa)
Figure 3-1. Powder XRD patterns for [Left] Liz+V1:Ge.Os (GerVioy: 0 < x < 0.4) and [Right]
LizVi,P,04 (P, Vi, 0 £y £0.4) synthesized via solid-state calcination at 900 °C for 8h. All the
XRD patterns can be indexed to either y-phase (space group: Pnma, ICDD #73-6058), B-phase
(space group: Pmn2,, ICDD #56-1495), or their mixture. * symbols stand for characteristic peaks
which can be detected only in y-phase XRD patterns, not in B-phase. [Middle] Schematic crystal
structures of y- and B-phases (LiO4 — grey and (V, Ge, or P)O4 — blue tetrahedra) displayed above
a quasi-ternary phase diagram of Li3VO4—Li3.4V0.6Ge0.404—Li3V0P0.4Os. Positions of LiO4 and (V,
Ge, or P)Og4 tetrahedra in schematics are quite similar, but their orientations are different; pointing

in two opposite directions (y-phase) or in the same directions (B-phase).
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Pristine

. B-Li;PO,
AN N U
>
% Heat-treated
I= h * J J\ﬁ ’\ﬁ** h y-LizPO4
g
E B-LizPO, (Pmn2,)
S gl ols :‘ = l ICDD #25-1030
| 5 =|<] & =1 I

o ~— o — |- - % o * V_Li3pg4 (ana)

8l e E|I5[E &48 [ reopmsoreo
15 25 35 45

20 / degree (CuKa)

Figure 3-2. XRD patterns for pristine -LizPO4 powder (95 %, FUJIFILM Wako Pure Chemical
Co., Japan) and heat-treated y-LizPO4 powder. The heat treatment was carried out at 900 °C for 8
h, and the sample was obtained after cooling to room temperature at 25°C in an electric furnace.
* stands for a characteristic peak which can be detected only in y-phase XRD patterns (reference:
v-Li3PO4, Pnma space group, ICDD #15-0760), not in B-phase (reference: B-LizPO4, Pmn2; space
group, ICDD #25-1030).
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KIZ, LVO-LGeO-LPO (LVGePO) O =JT% FEE A ICH K HIP 2Rk L <. KIHF D
E R S OB 2 00T L 72, B o 0 R B & FR i, HRIcE T3 y e
BIHDIE RSN # AL 2T 2 728, LVGePO 1D V JE L% 90, 80, 70, 60 at%I< [EE
L. Ge/P Lk 7 5 LVGePO L& % G L 7z, Fig. 3-3 [Left] D HIXI _E D Voo, Vos, Vo,
Vos EPFRC E N2 ERR T, 2R EFNEE S 7z VIERTHZRLTw3, Fig 3-3 [Right]
ITiE. JA Ge/P e ST L 72 V70 at%Iic 351 3 LVGePO (GePo3.Vo7) @ XRD »¥ & —
YRR L7z Vot D GePos Vo D 73 v 7D 5 H x=0.30,0.25,0.20, 0.15, 0.10,
0.05 IZXGd % 6 DD XRD »¥ & — v T y HICHRBUT T T, PosVos (x = 0) D& BAH
ICHRBUT T a e, BV T VO FERE 2=y M EVREIE XRD T Y 7 b

(PDXL, U A7) ICXWEHEHL (Table 3-1), /37 A —% % GePos Os DILFEHARL D
x DR E L TCF ey LT (Fig.3-4), 723, Pmn2y D= ~& /UL Pnma O 2 {50
STFRMEZ FF D apuma = 2Bpunty bPama = Apmn21, Cruma = Crmt D BFRZFFD, Fig. 3-4 IS8T X
I, 6 DD y-LVGePO D 1= v F 2 L DIETER & AL, Ge &FE (x) DM
ne & I lpIffncEmL ., 3 I FRlo 4 4 v W olEfF (PP (0.017 nm) < V3" (0.036
nm) < Ge** (0.039 nm)) & X <XHELTW2E, vA¥F X =2 DE{LIZEMRNTH Y |
Vegard DERANCHES TV 5 Z &b, ZI0RDAMKIC BT D y-LVGePO LAY DG K
DEHHEMN T 5 N7zs —T7, x=0.05(GeoosPoasVor) & x=0(PosVor) DI TIE, ¢ o
AT R I & EAUSLE D 2= MO REGERBO N OND, 2O K S T E
OB ZAIL, BAHE y HOBEROFIELZREL TN D,

ZDfhd VIFEFHD XRD Y% — > (Voo, Vos, Vos) 1. Fig. 3-5, 3-6, 3-7 IC/R L 72,
ffke LT, & CoiblofiiHi, e (ZERIEE - Pmn2,) . y HREE (ZERIRE
Pnma). REA By #H) O#AI R 3HTH 2 2 L R S L7z, BARINIZIE, Gelo
at% L EOL K TIid y S 57z, Ge 5 at% DMK TlE. GeoosPoosVoo 2 pHH %
F L3 pty BRAMHAPMHER SN2, — T GeoosPoisVos TlEEE LTy HAELNTE
D, ML GeEARBICOEDLLY, HFT 2 PoEGHERBICL > Ty HoRE® LR S
bbb, ToOfEIX, Bl L7z LVO-LPO ZJtRICE T 5., P T OMERN &

y L EIR % R T 5,
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Ge,Po3 Vo7 . i l A

Li;VO, Lt + X=030 |, | a
* * X=0.25
S T
> T
al | X015 o
2 [
£ 28
N l A h « X= | l =]
E 1 * > X=0.10 @
y-phase B-phase g x
‘ W v Sl “ | =008 )y |
V. X=0.30 0.25 0.20 0.15 0.100 0.05 X=0 =z
0.7 X=0
i A | A A A
Increasing x | | B-LisVO, (Pmn2;)
o o ||~ -
GePosVor Sl 2lgls| i , J
V0-6 - - ° ° ° Y-Li36V0.4Sio 604 (Pnma)
Lis 4V0.6G€0.40,4 LisoVoePo4Os |81 & RIBFE &8 || 1
15 20 25 30 35 40

26 / degree (CuKa)

Figure 3-3. [Left] Quasi-ternary phase diagram of LisVO4s—Li34V6Ge0404—Li3V(6P0404. A solid
red line (denoted as Vo) represents a composition of Li3Vo7GePo3-+Os (denoted as Ge.Pos-
+Vo7: 0 <x <0.3). [Right] XRD patterns for Ge,Po3-<Vo7 where x =0, 0.05, 0.10, 0.15, 0.20, 0.25,
and 0.30, corresponding to colored dots on Vg7 line. * symbols stand for characteristic peaks
which can be detected only in y-phase XRD patterns (reference: y-Liz ¢Vo4SiosOs, Pnma space
group, ICDD #73-6058), not in B-phase (reference: B-LizVOs, Pmn2; space group, ICDD #56-
1495).

Table 3-1. Lattice parameters and unit-cell volume for LVGePO powders with different Ge/P
ratios and fixed V content of 70 at%, which were estimated from corresponding XRD patterns

shown in Fig. 3-3 [Right].

Entry é‘r’:fl; alA biA c/A viA
GeosVor Pama  10868(11)  6314(1)  5.1152)  351.0(2)
GeoasPoosVos  Pnma 10.864(18)  6279(4)  5.1022)  348.1(3)
GeoaPo1Vor Pnma 10.841(21) 6.271(4) 5.090(9) 346.0(5)
GeoisPoisVos  Pnma  10.822(11)  6279(6)  5.075(1)  344.8(1)
GeoPo:Vos  Pnma  10.803(16)  6.274(8)  5.061(3)  343.0(2)
GeoosPorsVor  Pnma  10786(13)  6272(1)  5.0452)  341.3(1)
PosVos Pmn2, 6.261(21) 5.384(2) 4.928(3) 166.1(2)
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Figure 3-4. Plots for the lattice parameters of a, b, and ¢ axes for the Li3:+.Vo.7GePo3..O4 crystals

as a function of x in the chemical composition. The parameters were plotted as apuma = 2bpmn21,

bpuma= ApPmn21, CPama= crmn21 for comparing the two distinct unit cells with different space groups.
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Figure 3-5. XRD patterns for LVGePO powders with various substitution ratio of Ge/P, and a

fixed V ratio at 90 at% as indicated by the red line (Vo) in a quasi-ternary phase diagram (denoted

as Ge,Po.1+Voo).
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Figure 3-6. XRD patterns for LVGePO powders with various substitution ratio of Ge/P, and a

fixed V ratio at 80 at% as indicated by the red line (Vo) in a quasi-ternary phase diagram (denoted

as GexPo.2-<Vo.g). The obtained Geo.iPo.1Vo.gand Geo.osPo.15Vos patterns show mainly y-phase peaks

with negligible small B-phase peaks at 23° and 24°.
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Figure 3-7. XRD patterns for LVGePO powders with various substitution ratio of Ge/P, and a

fixed V ratio at 60 at% as indicated by the red line (Vo) in a quasi-ternary phase diagram (denoted

as GecPo4-+Vos).
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Table 3-2. V/Ge/P composition ratio for Liz+.Vo.7Ge,Po3 .04 (x = 0.30, 0.15, 0 as representatives)

estimated from XPS measurements.

Atomic ratio (XPS) / at% Dose ratio / at%
Entry
v Ge P A" Ge P
Li33V0.7Geo 304 (x=0.30) 68 32 - 70 30 -
Li3V0.7P0304 (x=0) 67 - 33 70 - 30
Li3.15V0.7Geo.15P0.1504 (x=0.15) 68 16 16 70 15 15
-Ge,V -PV,_
353 Y8V 172 B-PViy
168 | e, -3.4%
o R? = 0.9607 e
< 349 | P — P
2 e 164 |
é o +0.9%
3 e 160 |
T 345 |
=]
156 | RS
Rz2=0.999 ®
341 1 1 1 1 152 ' 1 s 1 ' 1 L 1 L
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8 1.0
X in Lis,,Vy_,Ge,04 yin LV, P,0,

Figure 3-8. Plots for the unit-cell volume for the y-Liz+.Vi-.GeOs (y-Ge,Vi-y) and B-LizV1,P,O4
(B-PyV1,) crystals as a function of x and y in the chemical composition. The parameters were

estimated from the XRD patterns in Fig. 3-1.
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Figure 3-9. STEM images for the [Top] Geo3Vo7//MWCNT and [Bottom] Geo.15P0.15sVo.7/MWCNT
composites prepared by solid-state calcination with subsequent mechanical carbon compositing.
Secondary electron (SE) images of [ Top left] Geo3Vo.7 and [Bottom left] Geo.15Po.15Vo.7 composites
showing that spherically shaped nanoparticles of 50-200 nm in diameter are well entangled in the
unbundled MWCNT networks. [Top right] Magnified bright field (BF) image of GesoV 7o crystals
displaying crystal fringes of d = 0.41 nm, corresponding to the (210) planes of the Geo3Vo7 crystal
along with 0.35 nm wide fringes of MWCNT. [Bottom right] Magnified BF image of
Geo.15Po.15Vo.7 showing high contrast fringes of d = 0.54 nm, with low contrast layer of d = 0.27
nm (dashed line) appearing between the high contrast fringes, corresponding to the (200) and
(400) planes of the Geo.15Po.15Vo.7 crystal, respectively.
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Figure 3-10. STEM image and EDS elemental maps of the Geo.i15Po.1sVo7/MWCNT composites
prepared by solid-state calcination with following mechanical milling. The images clearly show
a homogeneous distribution of V, Ge, P, and O, indicating successful synthesis of a single phase
Geo.15Po.15Vo.7. SE image and a combined elemental map of C+V demonstrate that Geo.15Po.15Vo7

nanoparticles of 50-200 nm in diameter are well dispersed in the unbundled MWCNT network.

50.00nm QoL K 50.00nm

B 00m

Figure 3-11. STEM image and EDS elemental maps of the Geo3Vo7/MWCNT composites. Same
as the Geo.15Po.1sVo.7 shown in Fig. 3-10, the images clearly show a homogeneous distribution of
V, Ge, and O, indicating successful synthesis of a single phase Geo3Vo7; without any phase
separation. SE image and a combined elemental map of C+V demonstrate that Geo3Vos

nanoparticles of 50-200 nm in diameter are well dispersed in the unbundled MWCNT network.
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Figure 3-12. (a) Charge/discharge curves of a half-cell consisting of Li/l M LiPFs EC + DEC
(vol 1:1)/Li3,V07Ge Po3O4/MWCNT (denoted as Ge.Po3.Vos, x = 0.30, 0.15, 0 as

representatives) at various charge current density of 0.1-10 A g' and fixed discharge current

density of 0.1 A g!, where the horizontal axis represents specific capacity per total weight of

composites including LVGePO powder and MWCNTs. The operation voltage was set to 2.5-0.1

V vs. Li. (b) Comparison for the rate performances for Ge,Po3..Vo7/MWCNT for seven different

compositions with fixed Vo7 ratio shown in the quasi-ternary phase diagram of LizVOs—

Li}.4V0A6GeoA4O4—Li3V0,6P0,4O4.
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Figure 3-13. Plots of charge (delithiation) capacity retention vs. x (in Ge.Po3-+Vo.7) obtained for
Lithium-metal half-cells consisting of Li metal anode, Ge(Po3-Vo7/MWCNT cathode, and EC
and DEC mixture (1:1 v/v) dissolving 1 M of LiPFs. Charge capacity retention stands for a ratio
of exhibited charge capacity at 10 A g ' over the theoretical capacity of Ge,Po3 Vo7 (0 <x<0.3).
[Inset] Charge curve profiles of Ge.Po3 Vo7 (0 <x <0.3)at 10 A g ' displayed below the quasi-

ternary phase diagram of Li3VO4—Li34V0.6Geo404—Li3Vo6P040s.
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150

(Celgard2400) was used as separator. The operation voltage was set from 0.1 to 2.5 V vs. Li.

Exhibited charge (delithiation) capacity were 122.8 mAh g’ at 0.1 Ag ' and 99.4 mAh g ' at 10
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Figure 3-15. GITT profiles and the corresponding diffusion coefficient of Li" (Dvi+) calculated
using Equation 1 of a half-cell consisting of Li/l M LiPF¢ in EC + DEC (1:1 v/v)/Geo3Vo.7 and
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Figure 3-16. [Left] Nyquist plots for Geo.15Po.1sVo7/MWCNT and Geo3Vo7/MWCNT at different
temperatures ranging from 30 to 45 °C on symmetric laminate-type cells using two identical
electrodes charged at 0.4 V vs. Li/Li". Prior to EIS measurements, i) both electrodes were pre-
cycled for 20 times, ii) their electrode potential was controlled to be 0.4 V vs. Li/Li" by constant
current-constant voltage (CC-CV) mode, and iii) assembled symmetric cells were placed in a
climate chamber for 30 min to stabilize their temperature. For CC-CV mode, the constant voltage
was applied until the observed current became below 5 mA g', which corresponds to 1/20 of the
constant current (100 mA g ). Applied frequency ranged from 10 to 1 MHz with a perturbation
signal of £10 mV. [Inset] Applied equivalent model to deconvolute the two semicircles attributed
to Rser (w = 7.5 kHz) and R« (@ = 370 Hz). [Right] Arrhenius plots of R as well as derived
activation energy (E,) and frequency factor (4o) for Geo.1sPo.15Vo.7 and Geo3Vo 7 at temperatures

between 30 and 45 °C.
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Figure 3-17. Nyquist plots for Geo.15Po.15Vo7/MWCNT and Geo3Vo,//MWCNT at 30°C on
symmetric laminate-type cells using two identical electrodes before cycles at open circuit voltage
(OCV) and after 20 cycles, which were charged at 0.4 V vs. Li/Li" by constant current-constant
voltage (CC-CV) mode. Applied frequency ranged from 10 to 1 MHz with a perturbation signal
of £10 mV. Prior to comparison, intersections with horizontal axis corresponding to solution
resistances were normalized to zero. Semicircles at significantly high frequency of 52 kHz shown

in the OCYV results correspond to the grain boundary resistances.
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Table 3-3. Estimated EIS parameters of the Geo3Vo7/MWCNT and Geo.15Po.15Vo//MWCNT

electrodes.
SEI Charge transfer
Entry
Rser/ Qcem? Csgr /Fem™  spi /s Ri/Qcm? Cq/Fcm™ T /'S
GeosVor 2.7 7.8x10°° 2.1x10° 3.0 2.0x10™ 5.9x10*
Geo.15Po.15Vos 1.9 2.2x10°° 4.1x10°° 2.1 2.7x107* 5.7x107*

R: resistance, C: capacitance, 7: time constant. All parameters are derived from fitting to the EIS
data measured at 30 °C using the equivalent circuit shown in Fig. 3-16. C and 7 are calculated

using Equations 3-2 and 3-3, respectively.

KIZ, LVGePO @ Li'Hitffi A s S i Kl 32 X7 A — 2T % Ry DI
WX HICEHL, 3045 °C O E 7 2 i CHIE L 72 EIS A2 b v (Fig. 3-16 [Left])
ERXE-6)EHWT, BREEEEOEE It AL F— () LHEERT ) 2EHEL
77

InRy '=—-E, xRT'+1n4,  (3-6)

2T, RUmol' K™ IF5UARTEE. T(K) 13HMNILE TH 5, Fig. 3-16 [Right]iC In Re
Pvs. TV O T a y b EREI L7 Ea 4o 28T GeoisPoisVor/MWCNT @ E, 1%
Geo3Vor/MWCNT (41.3kImol™") ICHE~RT 548kImol! &b T ICKE L, —FT T4l
GeosVos ICHEAT 3HEML Tz, 65T, LVGePO =JCREAMAKICHE VT Ge % P
TEWRT 2 & TR WD T 2 ERERHIZ, 4OKIEAMMTHEEELZLNE, —
BRI, Ao I3TEYIE D KR SIS A PRI Ee] 32 183218 Fig 3-9 127K L 72 STEM &
L0 A 7 ARTOmREHC IR FRPTEREBICHL 2BV A R ON R o2 2 h b,
YA 7 VORI OREEE DE VA 4o DIINCEE L T2 EZ B LR T
%2,

DR EMGES 572, 20 %4 7 LD GeosVo/MWCNT & Geo.15Po15sVo//MWCNT
WD SEM Bl %#{T»> 72, Fig. 3-18 WL 72X oL, RINEBS 4 7 kD

Geo3Vo /MWCNT B 1T, GeosVos T & MWCNT 23t ic B WY ceicE b T
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Wiz, IHIC, SEMIRD KERDIFH LK F ¥ —Y T v 7L TWwb I Ldb, FWHEREY)
FETFEEMEDOKSEI TH 5 Z L BIRBI NS, —Ji. GeoisPoisVor Tl GeosVos IC
W~ T SEL DT 23 7 K L KPR DTS 4 7 RIS HEETE 2, 2hd Dl
HREHR T, PETOEAIC L o TSEl DAEEAIHI T, 4 7 B EEINTIC
HTET 5 Geo.isPo.1sVor KL F-RIADIEMEY 4 F DEDS GeosVor ICHIERL T L. % D
R ADPKRIBITHEIML 722 & T, Ry HMIFI SNz Z & ZIR% S 5, 7. SEI A0 Hl
filld. Z ORI IHIFT 2 Cs DZALD 6 D XFFI NS, GeisPoisVo/MWCNT 1%
Geo3Vor/MWCNT & FEBEL T, Csm 2% 2.8 f5ICHEINIL TH Y (Table3-3 ZM), Zhid
SEI RO A ICER L T3 & FE 2 b b,

X LT, GeousPoisVor ICE T 2 P JFT-D SEIGIRIHR % EAHT 2729, XPS i %17
7n o7z (Fig. 3-19), Ols A7 FIAHIRT X 51T, LVGePO fifICER T 5 V-0 v'—
7 " 93 GeosVor & GeoisPo.isVor DHIARID FEME Y A 7 VETD A~ 7 F iz T
MEICHERR CT&E 5, ML CHRMEY A 7 A$2I1TiE, SEL IR T 2 L0 B — 7 3 A7
P EEROZRN Y — 2 & LT L7z, 2D X9 7% LiO ¥ — 71T~ GegsVos D
V-0 v'— 27 3K&E D L. GeoisPoisVos TIRIKA L LT V-0 ©— 7 DEREZHMERFL
Tz, LA LD EIS, SEM 8%, XPS D#iHA 5. LVGePO #tifkIC X 32 P Jfif D E
i, SEI DA ZNHI L, #5MRE OWEMICY A + O8N & Z it 5 BRI IR G
KBTS 4DM LEZEZD 720 L, FERIIC Ry & Rsp 23 X 47z & Gl 1T 5 2 & 3T
¥ 2%, PEIRICK B SELERIHIO X 1 = X L3 £ 7P I L TORv2S, FEE
KA P-OMEEAVFIET 2 e —DDHEEREHRLEZ HN D, Table 3-4 ICRT X
512, P-O fEGoAEREN (67.7%) 13t 3 HoRE-FBEGEGoTTRbEYy (Li-
O: 22.0%, V-0O: 44.1%, and Ge-O: 60.0%), HLHEHIATED W P-O #iéy & KOt dnak M
¥, Ge-O &% V-O Ml A I~ T, ity 2 EME GARE) oo L CRiEETH

ATREMED B 2 1%, RRRDZIRIZ, PR F =T L2777 74 bTdifitidhTEsl,
N=T77% L7777 4 e, & %R SELEMERI NS LIhTng Y,
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Geg.15P0.15Vo.7

before

Figure 3-18. SEM images for the electrodes of Geo3Vo7//MWCNT and Geo.15Po.15sVo7/MWCNT

before and after charge/discharge cycling. [Left] The image for the Geo3Vo7//MWCNT after

s

cycling clearly displays thick deposits filling mesh structure of MWCNTs and surfaces of
Geo3Vo7 particles. [Right] The image for the Geo.15Po.15Vo7/MWCNT after cycling clearly shows
that the tubular structure of MWCNTs is still observed with relatively few deposits.
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Figure 3-19. O /s XPS spectra of Geo3Vo7/MWCNT and Geo.15Po.15Vo7/MWCNT before and after
20 cycles of charge/discharge. V-0 peak derived from the LVGePO crystal with C—O and C=0
of MWCNT were observed in both spectra for Geo Vo7 and Geo.i15Po.15Vo7 before cycling. (a)
After cycling for Geo3Vo7, the Li;O peak of SEI becomes dominant and the V-O peak almost
disappears. (b) For Geo.15Po.15Vo.7, the Li>;O peak has relatively small area with remaining the V-

O peak, as shown in bar graphs of the estimated peak area ratio.

Table 3-4. Electric negativity of the constituent elements of the LVGePO crystals. Ionicity and

covalency of bonds between each element with oxygen were calculated by the Pauling’s method.

Element Electric negativity / - lonicity of oxygen bond / % Covalency of oxygen bond / %

0 3.44 - -
Li 0.98 78.0 22.0
% 1.63 55.9 4.1
Ge 2.01 40.0 60.0
P 2.19 323 67.7
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I HIC.P DEAIC K B Ry DINHIDERK % EHE T 2 729D, Geo.15Po.1sVos B £ U GeosVos
DEMBEERIC 51T 2 BRI OWEMHECIREBICEH L CEHii L 72, Bttt ic kL h
. FOCEPTICER T 2L ERICOREIL, OCOHPTHRD TA L F—DEWIREICE
F 3 iEMEAL Gibbs HHT A v ¥ — (UG DR/NMC X o THRIET 5, £72. X (3-7) I«
AT X 9iC, AGHIIEH b v 4 e — UHY) i bz vy oy — (UsH) ko T
RE B, AH L ASHT Eyring D3 (3-8) 223k 2 Z L 23A[HETH V. T DX Arrhenius
DR LAk UT #EBE T2 -REMERZ LN TEL, 2D, EHITHYT
% In(hiks )% 1T ZfHhE LC7ay P LTHLNZEROMEE, XK U252
NEN, AR B XV ASH D 223 T&E 5, Hohiz "7 x—2p»pbRK (3-7)
LD AGHKE B, s, X 3-8) ICHVT, kIRISEEER. h 1377 v 7 EHK.
ks \E ALY~ VIERL R BRMAER. o 3EERK CBE 1L 52) THD, KIGHE
TEHL k 13 Fig. 3-16 ® Arrhenius plot 2> 5 RS bz E, & Ay 2wk 3-9) »oE
HL 72,

AG = AH' — TAS (3-7)
] hi\ _ AH4C+ AS¢+1 3-8
n(kBT> =R TR T (3-8)

_E
k = Ay exp (R—T“) (3-9)

Fig. 3-20 1T Geo.1sPo15Vo7 ¥ £ U8 Geo3Vos D BAAFFBEIHEITIC DT D Eyring plot %7~ L
720 Plot 2>t A - 72MHEZ YR 2 5 XB-8)Z AW T ASS B X N a2 HH L 7=, 15
LTz ASHE LT % & GeoasPoisVor (<78.3 T K mol ¥ X U GeosVor(~125.7 T K mol
Ne D POBEAICKSTASHI L DV IEDE~LZ UL 72, ASHZ X D IEICZR 213 L 4
GHRIEY T 5720, RANMFIOBERTH 7L E 2 5, ASHIIRIRAE & B LIRFED = v
FEE—DETHEINH, LVIED AS%HT 2 GeoisPoisVor IFIHTELIREED G D B
DS GeosVor £ D b Z & 2R3 2, P DEAIC K MG o2 iciEH S

58, POAFAVHEEIIVEBLY Ge DY LATTH Y (P (0.017 nm) < V> (0.036 nm) <
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e*" (0.039 nm)). FEEHN T Li'BMEENS 2 BRI %2 A K T 2R 2 HfF & 2, [FEkIC
FEEREIC BT 2 Li OILEUREE - BHF AT A F DA o Tw 3 EE X 6N 6> T,
PEAIC XY Li' BB ATTRE R 9 A4 FMZEAILD 2 Z & T Litoshitdf A3 5 iE LR
FEoREDHMENREE ., A4S ) Ofi~ 2L L 2T HEM SRR I NS, —15 T,
AH Z T % & GeoisPoisVor (52.2 kI mol ¥ X U8 GeosVor(38.7 ki mol )& 72 b, P D
A Ko CARIHR L 7o o AP DR T2 & AGHIENINT 2 729 Ro \ZIEIETNIC 72
2, CTHIZPDEAIC KB L — MR oM & KT 5, AHBEN O BRI <X
I3 B IR\, BRR O RIS O Z LB SET WO LifREtE o 2 L3 #E 2 bh
%, 72, POEAIC X Y IEREAEDE W P-O fEA RS E M I L, &5 — B
AN 351 2 BREMEAME T U ERBEI SISO T v Zov e — 238800 L 72 i RgtE 28
RBEND L 72 AH B X N AS D 5 298K ICH T % AGH T 5 & GeoisPo1sVos
(75.5kImol )3 & T Geo3Vo7(76.1kImol )& 72 b | MjH v FMICKE AERITRD LN
T, PEAICLZ AGDOERRII DT TH 570, AGHIER e o772 b, K
A & 2E %% R IO BER~ L ERENICH T2 2 L3 Lwd oD, PEAI
X 2 AS'OEMOMEANITFE T 2 WREED S 5, LV IEfEZRi&im % (T O 2o, &Y
RO L 2 REICHE L, PEAIC &2 RIGEHEERDLZL 2 RIET 2 4
B D B,
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Fig. 3-20. Eyring plots of reaction rate constants for charge-transfer process as well as derived
transition enthalpy (4H*), transition entropy (4S¥) and transition Gibs-free energy (4G*) for
Geo.15Po.15Vo.7 and Geo3Vo 7 at temperatures between 30 and 45 °C.

T DERRA

BRIRIT, V/Ge/P L, ML L — FRFIEDBIMR 2 it = 0 R MHIXIC £ & | LVGePO

Ao L — MR AT 2 VIGe/P MK Z B & %21 L 72 (Fig. 3-21), Fig. 3-21 [Right]

3.3.4LVGePO BRICHIFTHL — FEF

3. ZICREEE (GeP, Vi, 0 <x+y <0.4) AICREARE KL TEwL — M E
HrRHT2ZL2R LTS, B, GeP, Vi, ® VIEFIIZ, XV EmWHERAREZ
B27201Ci3 VIRTHEZKRELSTZZEXEE L WS, ZJCEVAMRSR Ty MO RS
EERRFFT 2 7201001F Voo U FICHERF ¢ 2 TR D %, Ik b | WA BFIHKIL Fig. 3-21
D AR TR E N B FEFN D Geoos 01Po2s 01 Voros DR TS, 10A g™ (§J 40C-rate)

THIERA RIS L TH) 70 %D AR HERF X iz, Z oI o #f5 fAE-FH X (Fig.3-
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21 [Left]) ICHT2HEE R 2 &, y HOR MG 2 HFFC© % 2 5/NRD Ge & T AHK
DHC, JHKRD P E RO AL — MREICENS 2R E N5, Zofliics
WT, Ge BLUPHEFIE, @V L84 H 3 2 S L iSE RO RENE %
NENEHLTwBEEEZLNS,

Li;VO, High-rate Performance
(Charge capacity retention

B-phase ] B-phase LisVO, @10A g /%)
A B+y-phase H 70

o y-phase A
3
y-phase 5 60
@
o
] 50
Liz 4V06Ge€0.404 LizVO, Li3 0V0.6P0.404 €
............. g
8
5 40
15}
2
[5}
@
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I
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LisaVosGeodOs B © % LiaoVoePodOs LizaVo,sGeosOs Lis oVo 6Po 4O
> ©

Figure 3-21. [Right] A capacity retention mapping to maximize the high-rate electrochemical
performance (charge capacity retention) of LVGePO by controlling V/Ge/P ratio: (o) y-phase
LVO structure, (0) B-phase LVO structure, and (A) their mixed phase (B+y-phase). Dotted ellipse
corresponds to the specific compositions of Geo.os-0.1Po250.1Vo.7-0s with the highest P content in
y-phase, which exhibit the highest capacity retention. Phase diagrams of [Left-top] allotropes (-
phase in pink, y-phase in green, and f+y-phase in brown) and [Left-bottom] V-Ge-P compositions
(V-rich in purple, Ge-rich in light blue, P-rich in yellow) in the LizVO4—Liz4V06GeosOs—
Li3Vo.6P0.404 system. Corresponding XRD patterns are shown in Fig. 3-1, 3-3, 3-5, 3-6, and 3-7.
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3.4 ANEODIER

Li;VO4LisGeOs—LisPOs DHE =TT H DAEEHTE LisnVio,GeP,04 (LVGePO) [EiEAE % |
MBERGE Z FIWVCTAEBUL 720 XRD ZMHTIC X D 2006 O FG S IZ LRI 72 Lis VO, D di
%ch b pH. yH., TNOOREHO I NA L LTRES L, b Ofb L
V/Ge/P A DBAGRTE %2 BH & 210 U 72, A dnAH 13 Ge* D @b I U I il = 1. 5 at%
ED Ge* % &THETIZEMD vy HEER S LN, 72, PP y HHEEZ EE
TR EN X R BRIEIRB E NI, X Hic, (LMK, M. v — MRt MEE
FHLDITT B LT, LVGePO flfhic B 28 h F4 v DR 285%E 1 v° (BR{LE
JC). Ge* (y MHZE) . PP (SEI AN ZHHEICR L7, b F4 v O
TR e zhRic X v, hE: X 7z =J0% LVGePO Effiid, LVGeO & LVPO O JLH %
Huw7z5a L L TR L — FREZ R L 72, FFic, mEREETH 2 10Ag ! (1Y
40C-rate)IC B 1J 2 FEEARFETIH (LiHAE) (X, y-Lisos31Vo7-05Ge00s-0.1P0.1-0250s DL
FLAEIPA iR AL & v, $970 %% AMEREL 7z, X Hic, EBISHIEZ A WT, Ge & P Dk

LSBT B A O MR R 1- % 3 M & &, SEI & BREE ORIt 2+ 2 2 &
FHOLPIC Lz, 2D X 9, AREIL LISICON B EHC 351 2 I B L o %)
MaRL, KIMROEET A 2OMHEE K E kT 2,
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% 4 &= Spray-dry FEEAWH TR -

Li5,V0Sin,0, BRI D EIERL & S
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41 KEDBEREHAEAE

%2 2 TlE, LVO RS 237 T cation-disordering & 2 & L, FE AL E R 25 TR
CH Ed 2 A= XL ZMIAL., HI3IECTIEMITRICL 2 VOBEHIC K > THE LT
R 7 y-LVMO %2 &3 % Z & T, cation-disordered LVO IZ PEi{ 3~ % F iR E % .
GO NDEZ EHZPELPIC LTz, LALARDR S, T DR MEhE X Lif o kgt

CENZ DD, b BEBFEEEMEC (107-10°Sem™) 2, Z OHEREE RABRICH]
EHTCEBTETVARY, £ 2T AETIE SITEERT D y-Liz, V) .Si04 (y-LVSIiO)
BfE AR L. 2 OEEEEOUE A AT, y-LVSIO (X, HimA = 287-377mAhg
' (x=0.05-0.3, V¥*/V*) . RUGFENL 0.4-13 Vs LILi"ZH L, @k rEEL LTO (175
mAh g!) ZHZ 2T AVF-EERHEBONDLLL DI, VFVLT VY FI4 MiTHD
VAZICRN Lt hRe~—Y v R IED N TE 228, 5Ty D LVO I3 Ei
TORLERAERM (700°C LA E) TH Y, HRTIELE R B-LisVOs (B-LVO) ~E&H
LI L TLE P, LVO o V7 SiYCEIRT 2 itk ), EERTyHELE
fbxgzzAlETH B 8, £/2. y-LVSIO OFERRREIZ ) 77 LB A F+ viniEik

(LISICON) D¥EfiATH 2 2 &H 6, B-LVO (10221010 S em™) #° X 0 & Lit
EEE(107-10°Sem ™) 7R, y-LVSIO D Lif=E M 13, 55 3 % T/ & L7z LISICON
ZEMMENCN T 2 ICHRERT Tu—FickoT, d i bd A LI N,
¥/, H2ETRLAZED, B-LVO I Li & VIO cation-disordering (C & V. ¥4 7 4]
HicA 7 7 v 7 7 A VLR 2§ —T7C. y-LVSIO 1X 1 %4 7V H 2 b Al

RBLRENT a7 7 AVERT 28, CNRERO TN 2 E G 2 BICIE e
DT TF7ANDALERILIOLWVWEWIRERFIEE LD, LA LRSS, y-LVSIO
I¥ B-LVO & AR REIAR DB FREEAE Y (107-10°Sm™) P, 2D X 5 abtklo
REW B Z fFRT 27200, KiTOX T v H4 X5, BEEENT 7a—F (h2EEk
o100 F 7 7 7 Aox—Ap 00 G PR 0 S =Ry a— T g v S0
BEMWH — R v & oA (LVO/graphene! ™8, LVO/reduced graphene oxide’ 12!, LVO/
H—KvF /T AY =12 LVO/muti-walled carbon nanotubes’* '* 1) L\ 577 7o —

FRFORTE 72, i, AT L—F 74X =&z h—F v a—7 1 v 7 ls

92



& o AEE. BEACHHOHCTHERICENTH 2 2 L BWEI LT 1001
L1316 0 FRID R T L — F 74 ¥ —%HiuE, BEICEEZGIEIL 2235 1 Kb
WD v OMEIEGKT 522 ERTE S, L L, B-LVO/C W75 CREIC#H
HINTVDE X, ERDODAT L —F 7 4ETIE, O = VEERTEK L CL &
V. WESOREEE MK, T AV F—HE L2 RECBHEICT 2 irfETH o7 1P

126

ATL—=FIAETHLNBEIEZ OMEROE ICKE (KET 2 2 L3S
NTV 27D, KTl SHROFHRE ZBEICHIE L 22 7L —F 74 I X -
T @R BRG] LoD, EEEICHFE L 72ERER FFD y-Liz 2V sSio204/carbon EE
& (y-LVSiO/C) D &K E AT, & HIT, y-LVSIO R FD L F 7 v 7 LRI, 71—
RVRELTARAI B =A% EETH LT ARV PEEGERDOBRICDz > TH—IC
DEE N7 EDTER Z BIE L 72, A & 117z y-LVSIO/C 1%, JE & 200 nm DRI,
H—AR v a— b EINZEFLEK 50 nm D y-LVSiO F /R REI Nz, 2=—27kh
T NROEEEF L TWB e bh o7z, & 5HIT, y-LVSIO DRMANC ITFFEIIC 7
TT7A4T A I H—RYPERLTEY  RFRITIETELT 7 27 —F v 23 % H
DD EIIFET 2 8GN R =Ry 2y P T =PI T\, 2hvd ORE,
At %Wt 2720, BETHEMETE X O X BEPTIC X 3 y-LVSIO/C DFEE-NE X
OB 22 7 R Rl 2 R L 72, 7 — R v 8 & ML IR BERAIE (TG) & I~
VONIBICX O ERBL Lz, XHIC, ST TATA v I N—RVEBIETELT 7 RT
— R Y DERICDWT, NF T LOMMBENRICEH L. y-LisaMosSioo0s (M=P, V) IC
BIFLV EPOHBILLZDAN=ZXLZWA Lz, AT, TELTZ 7 AN —KY
LT 74T 4y A=Ky DBESE B AL, likd 2 LT, EE
Hlowmis LicEn B ERE ARG & e 2 2 L 2L 2T L 7,

P EoERick o %, &l X 17z y-LVSIO/C Bl & & 72 LisVa(PO4) MWCNT 1E
WizfHAEDE, 04mARN D 7N e L ZRERT 22 LT, BT AT — - J5T —

R ORI F N F — T84 ZDFHAHEMEIC O W THREEL 72,
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4.2 EEITE

42.1 EAHL =8

LixCO3(99%. &+ 7 4 v L FIHEHEE), Va05(99%. &1 7 4 v L fesisk), ko
Si02(99%. &+ 7 4 v LHIYEHIEE) % VT y-LVSIO K Z 3L L 72, y-Lis2PosSi020a4
(y-LPSIOM K D & EIC X, V205 DR D 1T(NH.),HPO4(99%. BISA L) %2 72, &
FFRE LTRAZ B —R(99%., T 7 4 v LHSeHE) % w7z,

4.2.2 y-LVSiO 3 £ UM y-LPSiO > 7L DA%

v-LVSiO ¥y R IZEMBESGEIC X D G L 72, BB ERERIE LT, V.05 % 2.4694 g (V
JR7-FEHET 0.8 24 1), LixCOs % 4.2135 g (Li JR 7-FEHET 3.2 Y E+5wt%). SiO2 % 0.4079
g (Si JRFHHET 02 YRR L., #EE K — 1)L (Planetary Micro Mill, Pulverisette 7
premium line: PL-7, Fritsch)% F\>"C 300 rpm T 30 Z3 ¥ L 7z (Fe AR — v 3 VL),
O, EEEHS wt%)D LiCO; (X, Li IROERBRZHIET 2 7201c, HWD{LY
EamCBM L TNz 7z, Ric, BHERZBESIFFO100. Y~ MR ZHAWT, fFon

7AW % 600 °C T 5 RFEMEAL 728212, R\ T 900°C T 8 IFEIBERK L. y-LVSiO ¥
KzfG72. y-LPSIO R b FRDO FIHCHK L 72, k& L TR K D (NH,),HPO,
% 4.0773 g (P R TFEHEC 0.8 &), Li,COs % 4.7907 g (Li J& -FEHET 3.2 B E+ 5 wt%)
. SiO, % 0.4637 g (Si R FRHET 02 YEYWFE L. REVZ R -1 IVEA L 72fRIC
BERL L T y-LPSIO My K % 1577,

4.2.3 y-LVSiO/C ¥ £ O} y-LPSiO/C AR D FHES
y-LVSIO/C HAEERIZ A T L= F 74 FRIC X VAR LTz, £, AL 72 y-LVSIO K
(1g) ., =&/ —VEEE (TmL) ZHAVCEAFR—1 v (PL-7) 12X Y 10 2fE 800
rpm T L 720 RIC, BIROKIAR HRET 272 DICTANK L — XTI L 7214, B
ZeF, 80°C T—MZMEE ¢ /-, FEMEL 72 y-LVSIO MK IZ. X 7L — F 7 4 ofitidii %
T 2720, A—FRVFEELTEAZEDRZ 0 —2 (10-50 wt%) & Ficfiif 4 v
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A (10 g L") IchoiE e, Xic, A7 —F 74 ¥— (B-290, BUCHI) %\,

AR 160 °C, H2EEZE 50 E (Aspirator rate) . s EMEAGIRE. HEFEH 2O N iR %
FRFh, 38m > h', 7.5mLmin', 473 Lh ' ICEE L CHE DO HUR 2 EHEw L 72,

IEFETZ MR & M7= BB %2 RIMA (SSA-P610CP., ADVANCERIKO) % V2T, N, 7 1 —
T 700 °C, 5 KFEIFERR 2 2 & TR v — 2R RILE 2, y-LVSIO/IC HEKREET-,
¥ 72, y-LVSIO/C AR ERIED 2 7L — F 7 4 TREZFE T, y-LPSIO/C HAM D {EHL
L7,

424 Hh 7L ALy-LVSIO/C &R DO YR

B 725 7 AR y-LVSIO/C OSSO FIE & ST 12 X #EiTE (XRD) %
FwT1T 572, (Rigaku MiniFlex600, CuKa #£. 1=1.54 A, {EE)EE 40 kV. 15mA),
XRD ¥ & — v (3 20 &l 10°-80°, 2 ¥ % ¥ L — F 2.0°min" THIE L 7=, ## 7By
LVSIO/C HAKRDIERE L JtHE 0 fhlx, EEME FIEMEE (SEM) & 44 ¥ —4rH0H X
#rotiE (SEM-EDX. Hitachi S-5500) % fff L CRHlliL 7z, 77 7" v NDKIFDF /
WG, EERLEEE T HEMEE (STEM, HD-2700, Hi7) %MW CFHi L 7z, TG HIE
. GEEEENMN X OER - RAEMDHTREE (STA200RV, HZ) ZHWwT, &K
7227 1 — 1 (20% 0, 80% N,) THEIfi L 72, y-LVSIO/C @ 7= ' 2~ 27 b L (%, HORIBA
LabRAM HR Evolution Raman spectrometer % Fi\> CTHIE L 7z, FERMERE X, N WA SE

AR DO PIEAE R 2 L HH L 72 (BELSORP-max. Bel Japan),

4.2.5 H 74 ILAL y-LVSIO/C G D B FHFIE

y-LVSIO/C (IEFR) & Li &8 (Fak) Bz T, 2032 8 a 4 v e v 2 AL T,
IERRIE, y-LVSIOIC AR L AN KX L AF e —RXF PV T LBLUPAFL VYT
2y xyvah (CMC/SBR) ZHEEI 95:25:25 L7 % X ) icHkh CiRA L. HED
Az IcfFR L 72, ZORAY%Z Cufi LICEA L, 80 °C. EZ2 1 T 12 IffHHZ1E
L7z BMROE X 1921 pm T, EEHER (T 1.8-2.4 mgem 2 OHIPAPNICEHEE L 72, &

Iz, ¥ Aoz FLr vy h—FKr—1F (EC) ¢V Frh—FK4— 1+ (DEC)
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D11 (fEH) BAEEICAER S -, N7 vb) vEY 77 L (LiPFs) D 1.OM &
WxEH Gz OKGEHRILS0ppm). £ L — X ICIFEL 25um OFY Fme'L v 7 4
)V 2y (Celgard2400) % 1 JBEAH L 72, BXALFEREE. 0.1-10 A ¢! DEEFREE T,

0.1-2.5 Vvs. LiLi* D & HipH <, EBIE — F %\ CEFfi L 72 (HI-SDS, db=}&E L),

P74 TAY I N—RYDOHBERR 2720 DML IEWE L T AT FHEOKE
WIEBIF L LCHEN — AR v F ) F2—7 (02wt%., TUBALL™, OCSiAD %iE&
LCEBIL 72, 2D y-LVSIO/IC ZHIV 27 e DL — M & 3 4 7 VR % a5
%729, y-LVSiO/C Hif#i & LisVa(POs); (LVPY/ZJE /1 — & v F /) F 2 — 7 (MWCNT)IEF
A GE DR 04mAL 27 T AD T 14— Ml L E{ERLL 72, 7 B LVP/MWCNT (3,
WEROEY BN — PR I A 2 VR R BT 5 2 L IR E e L GEIRL
7', BMRKICIZ 1 M LiBFYEC+DEC (1:1 (R 2 L 72, 7 v L D FERE T
b, FEMIT L @EEZACZ LTV F—v Yy 22RO GETiTo 72 0% il d
% L. y-LVSIO/C &%, 71 v A 7EAL 0.6 Vs, LVLI", fRF5HEEEZ 1 Kl & LT, &
EIMEEE (CC-CV) E— FTREL 2%, 2V EZHFL C Li @EEMEZIDY HL.

HEMATITEZ LT 2R Lz, 73I4— M, af v Bler bt V740 —
2 (B RIRE40°C LAT) CHAIL T, ALY A v v — X v 2558 (EIS) 1Z[F—
?D y-LVSiO/C ER (5cm?) 2 S 72 2 W T I 4 — P e v 2O CEML 72, &
B, BISHIE X, OCV (FELMMEREE « LHEIRE (SOC) =0%) ICH5W T, 10 mHz 2°

5 1 MHz D J&BEE PN C 10 mV OAIRIERE 5 2 F W CTHEfE L 72,

96



43 BREEER

4.3.1 y-LVSiO O H 7 IVIKIK 228G R DERL

P 7 £ TN h T e MEEEE T 5 y-LVSIO 71—+ v &R (y-LVSIO/C) 1 Fig.
4-1 DAF — LR T X O, EHIG, A=A I, A7 L —F 748X Rk
M E R CHR L 72, b, BEAEREX OURBRICEEI X b po—FRya—}
JERLE L C— I I N A ECcH 2 R 7 n — X2 A L7, oty 270
—RIE IR T OEBTH Y KBEROKED "I Ehnizd, A7L—F 74 TET
DIEDFEE Y 2 T LA TE 5, XHEHTIHT (XRD, Fig.4-1) B X UFHEH A7
I A<EBONICE Y y HOREHNE (ZRIBE Pama) 3 X O Lis2VosSin 08 DAL
AFEE SN, ZNHIEFATL—F 74 RICUBREZ SHEFRF S T b 2 & 2R L 72,
BB, BETOXRD ¥ — 27 BB 722 —VICH_XTERV 20 EICR N2, 2h
A O Si B DE NI K 2D DTH B GlEH Lis2VosSio 04 S 1 Lis6V0.4Si0604) o
V-K edge XAFS HIiE 0> 553 b N7z R Y v 7LD XANES 5 X U EXAFS 7 a7 7 4 L
% Fig. 4-2 IC/”R T, Fig. 4-2a 1T X 510, BEIMBERE O & BERE IC 35T XANES
A7+ ORI 2L L T S F, reference TH B V205 (V) D WU 1T\ AMHE % 7R
L7zZ b, NFYYLITHGE Y +5 Ofi# TR ICAET 5 Z & MR I L7z,
¥ 7. pre-edge ¥ — 2 1% VO, HAMARICFE G 72 & v — 7 JEIRTH Y | y-phase D LVSiO
FE G & RIF7R—82 R L 7=, Fig. 42b IR T X 91, &% ¥ 7LD EXAFS A7
MR V-0 FEAICHIG T B — 2 2R L, 20 b R OB IR L 72,
o T, A7 a v 2HIC V-0 Bt L, b0t A 7L — F 7 4 R b
R I Nz LBEMTONE, BO5NT XRD SX—vH 5, 200, 020, 002 &'— 2
DYfE4lE (FWHM) % F\C Scherrer D3 (3 4-1) 2 HEMR L 72 y-LVSIO D P
ma ¥ A4 X% Table4-1 IR L7z, &K (EIAEBEKE). K —n IR, 2 7L —
N 7 A IRACLER R O BN D W T RT3 A4 XIEZ £ 4120, 70, 50nm TH o 7z,
700 °C TORACALHIC X O K2 R T 2 v[REE H 2 IC b b o3 A S L —F
A NIRACALE S DAE ST A R I3 A — 0 I VUBERICH R T30 %/hE ko T/, Z
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DX G T A XDWA I, AT L — F 7 A Hi DB T y-LVSIO D51 72 1A
AN E -0 REEZ "B L CTh 0., T NITBEITHRE DB 3 “water-etched LVO” T D

SATHHL L Ty 3 100191

Reagents in powder mixture
1.6Li,CO5 +0.4V,05 +0.2Si0,

I
Pre-calcination (600°C; 5h in air)
(a) y-Liz 2V §Si0.204 I

l ' (y-LVSiO) Post-calcination (900°C; 8h in air)
‘ \ J J I N . N }

| (a) y-Lis Vo §Si0 204 (v-LVSIO) |
[

200
101
210
o1
111
211
020
400
31
121
002

(b) Pulverized

y-LVSiO Wet Ball Mill (800rpm; 10min in EtOH )
" \ J 4

| (b) Pulverized y-LVSiO (ca.100nm ) |

(c) y-LVSiO/Carbon «—Sucrose agq. (30wt%)

composite
Feed Solution (100mL)
I
Spray Dry (160°C; 13min in N,)

Normalized Intensity / a. u.

Y-Liz 6V0.4Si0,604 [
| . ’ ICDD #56-1495 Anneal (700°C: 5h in N,)
| | | | ” 1 i L l -
10 40 50 | (c) y-LVSiO/Carbon composite

26/ deg?ge (CuK,)
Figure 4-1. Synthetic flowchart of y-Li32V.8S10204/Carbon composites (y-LVSiO/C) with XRD
patterns of resulting y-LVSiO powders at each step of the procedure. First, reagents in powder
mixture (Li,CO3 + 0.4V,0s + 0.2Si0,) were two-step-calcinated to obtain the crystalline (a) y-
LVSiO granules, where pre-calcination was performed to eliminate unevenness of the reagent
temperature before crystallization in post-calcination. Then, resulting y-LVSiO granules were
pulverized into (b) nano-powders of y-LVSiO (¢ = ca. 100 nm) by high-energy wet-ball milling
in ethanol solvent. The pulverized y-LVSiO (1 wt%) were dispersed in sucrose aqueous solution
(30 wt%) to prepare feed solution, which was subsequentially spray-dried in dried hot N for a
short time (ca. 13 min). Obtained dry-y-LVSiO/Sucrose granules were annealed in N, for
carbonization, resulting in (c¢) y-LVSiO/Carbon composite. All XRD patterns for (a) y-LVSiO, (b)
pulverized y-LVSiO, and (c) y-LVSiO/Carbon composite are indexed to the y-phase structure
(space group: Pnma) without any impurity peaks, with reference to the pattern of y-Liz 6V.4Si0.604
from the ICDD database (#56-1495). The shape of the XRD peaks is clearly broadened with
progress in the synthetic steps, indicative of downsizing in the crystallite size (tabulated in Table

4-1).
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Table 4-1. The peak full width at half maximum of the XRD patterns for the y-LVSiO samples
at each step of the synthetic procedure (as shown in Figure 4-1) with the corresponding
crystallite size calculated by the Scherrer equation "> '** (eq. 4-1).

FWHM/ deg Crystallite size (Scherrer) / A
200 020 002 200 020 002
y-LVSiO 0.0713(8)  0.078(2)  0.0679(6) 1175(13)  1099(32)  1283(12)
Pﬁli’égifgd 0.096(3)  0.143(7)  0.116(3) 875(24)  599(28)  749(18)
Y'LZ)SILOP{) f{t“zbon 0.136(6)  0.187(8)  0.155(13) 616(28)  458(19)  564(48)
KA\
~ Bcos b &1

In the equation, B is the mean size of the crystallite domains, £ is the FWHM, @ is the Bragg angle,
A is the X-ray wavelength, K is the Scherrer constant where K=0.9.

25

(a) - (b)
3 AR 20}
@ L
: L
2 L
g V(\JJZO5 X 15 [ — Y-LizzVe8i0204
2 2 N Iy L (y-LVSIO)
® ) . = |
B N ¥-Li3 2V 6510204 x Pulverized
N FAV (y-LVSiO) x t — \-LVSiO
s , Iy _ 10f
S i — F'_LIJ-I\\;ESI;ged — Y-LVSiO/Carbon
= . I ¥ composite
L AR __ y-Lvsioscarbon 05
4 composite L
‘ . . . 0.0 ‘ ‘ .
5450 5460 5470 5480 5490 5500 0 1 2 3 4 5
Energy / eV Radial distance / A

Figure 4-2. X-ray absorption fine structure (XAFS) spectra measured in transmission mode at the
beamline BLO1B1 of the synchrotron radiation facility Spring-8 (Hyogo, Japan). (a) V-K edge
XANES spectra for the y-LVSiO powder samples at each step of the synthetic procedure (as
shown in Figure 4-1) along with the spectra for reference powder samples of V,0s (V"), VO,
(V*), and V05 (V**). These spectra for the y-LVSiO are well overlapped with a sharp pre-edge
peak at ca. 5460 eV, corresponding to the reported typical spectra of B-Li;VOj crystals'?*. (b)
Corresponding radial distribution functions obtained from Fourier transformation of the A*-
weighted EXAFS signals. Those of the three samples exhibited a single peak at same radial

distance of ca. 1.35 A from vanadium, indicating existence of the nearest-neighbor oxygen atom.
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RIT, FoN7z y-LVSIOC blo 2= — 2~ v/F ) HEEPHRT 2720, &0
fRRE SEM BRI X 0 JUREBIR #1772 o 7=, Fig. 4-3a (3. EAEKLS AT L —F F7 1 ITks
A Bk (A 0.1-5um) 2A L TH Y, BEINLRHSEENIC X > TEk%E
R L2 LR LT\w5, BRIKOWHEL (Fig. 4-3b) X, 35 W EEWES. Ik
EZDONFICHIET 2R ORI NG, 2=—0 A 7w AEEA L CwizZ &
ZRLTWw3, ZOWEE, ZNETICHEINLEZATL—F LG L7 LVO OfF
T3, hERNRD A BT ARG X R > Twiz 1P, KL 72 SEM 4 (Fig. 4-3¢)
EZ DL —REHR (Fig. 4-3d) 2> 5, WHEKLF & A ORE R TEREASBH & 1T 75 o 7z,
H—7 K& XONERF 7 B OERIIA 50 nm T, XRD 2 b 518 X Wz Ffs 13
ARXE X —H LT, T2, S8 200 nm BEQE A EH L, PEET /K1 i@ %At
B3, EERZERESATHE I LT Wz, y-LVSIO/C 1 7 & )L DI O EDS JLHE~
v 7 (Fig.4-4) 5. CETB I, fioii+ (V. Si. 0) PEEEEERICE—IC
FHLT0E T e ZER L7z 2D XD @IS 72KFEIX. 700°C, 5 KD K
fLABRIC BT, F 7R TFRICTFEEL Tw 3 L E 2 b, fEfh T3 4 XA (50 nm)
i CREMoREZ R LZzeFEZ bR, b, y-LVSIO/C DWiHIIX, ¥ v 7k
KaANA v X—LRA LT LICEA L iR L S-S Wm v Lo v
2 —CHWBIT 2 L CHRIMEZEY L7z, Bt 2 2 LTy FARTEHEEL
THW T2 &HREL 72 5,
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Inner particles(50 nm)

Inner particles(50 nm)

Figure 4-3. HR-SEM images of the resulting y-LVSiO-carbon composite (y-LVSiO/C) powders
prepared by spray-dry method from a dilute feed solution containing 1 wt% ball-milled y-LVSiO
pretreated powders and 30 wt% sucrose. Any other conditions are the same throughout entire
experiments that are described in the experimental section. (a) The image displays sphere-shaped
structure with multiple dimensions ranging from 0.1 to 5 pm in diameter. (b) The cross-sectional
image clearly demonstrates the existence of outer shell of 100-200 nm in thickness as illustrated
in 3D-fashion. (c) Magnified view of the cross-section of the image of (b) clearly shows thick
outer shell as well as many nanoparticles encapsulated in sphere. (d) The trace image emphasizing
the size and shapes of the inner particles which displays the uniform dimensions typically 50 nm

in diameter
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Figure 4-4. SEM images and EDS elemental maps for the cross-section of the y-LVSiO/C (as
shown in Figure 4-3b) prepared by spray drying with 30 wt% sucrose. Elemental maps of carbon,

vanadium, silicon, and oxygen are shown in red, yellow, blue, and green, respectively.
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y-LVSiO DRI 2 X TN T e MEE DB A 71 = X L % ffBH3 % 72912, 1) #iH
D y-LVSIO & LT, KIS 5 y-LVSIO 25KICx LT 1 wt% & 72 % X 51T Li,
V. SiJ§ (LIOH. V,0s. Si0,) & A7\ — 2% EML 7KK, X0, i) EHED y-
LVSiO & LT, F— I L7z y-LVSiO Bl OKICH LT 10 wt%) & A7 a—2% &
L EEE DN BGR D 2 FE O A 2 X 7L — F 9 4 L 7=, Fig.4-5 iC75 L 72 SEM [Hif
L0 2 HOMFGR A & IXIAMEIC 7 2 TR G b T B, HEHFGIR 1) 22 51X Fig. 4-5a
IR E NS X ) ICHOEEA L 7290 808E o 2055 b v, HEGTR ii) 2> © 13 Fig. 4-5b 1<
MEND XS ICHREFE 72\ y-LVSIO KT D BRI BRI 0S b L7z, 2 FRO G
2 615 N2 IR e fE B L. y-LVSIO/C DFFERI 7 & TN 71 7 V& D Ibx & N
K723, 2 DDRp 20204 71 = X LA FRIFFICET T 2 & & TIER S L7z AlREE 2 R
LT3 ™, FRCEZEAMIE, REBECHERM L 2GR OIREA 1 wt% K<,
JFRIASA TlE 7 { R — v I v L 72 y-LVSIO EfFR 7+ TH 2 2 & TH H . KRR DHHETR
X, WBEOREICHE AT L —F I AL iR L ColmE BRI BT L
BTEL B F 7 JIETIARR7 X 5T (Fig. 4-1 3 X U Table 4-1 iICH1F % XRD 47
). y-LVSIO Ki 13 R 7 & — ZRKIER A TR ISR L. Li's HVO,S9 7 H,SiOs*
Y EDAF L LTRETHEL TE Y, 206 DL AfIE NMR MK X 0 FE
LT3 (Fig 4-6), @A HEEGEF TIZ, y-LVSIO DEES DAL LT, 2D X I 7%
A F AL L ZZHIBRAKIR DS, 2 7L — F 7 4 BRI o N HARDIVEEICK & a2
G2 AR H 5, TN DFEEEZFE L., Fig.4-7 1SR T X 91T, y-LVSIO DFHH
() 72 k8% & PIRE T DB A 7 = X & LT, BRI K 3 FED XA F 3 7 20tk S
WA D EREERLA /1 = X L% RE L 72, Fig. 4-7Ta 1R 3 X 510, WEFE X L7290
DY (A 10080 1) Tld, 7 AATBIRICHIE X M 2 BRIR DA EZ 7 ) —
BRI NS, O 1 wt%D y-LVSiO BRI & . kT4 4 v b & 17z y-LVSio
[k E &, $THA O 1072 1% 00 W IXIRE 160 °C DFZEE Nay /7 2 DIRE R T H
T, BREICK 2RI X ¢ 5 (Fig. 4-7b) 2 D X 5 7oKy 3T 1E. WREPIER 2> & ki &
Ky DFN%EFEFKT 5 (Fig. 470 HFRH), ZDOKGOBEENIZ, A TL—-FF74 &ni
W CE L 5 BMIE ISR 200N X o T I L 723 o BTENAR % R R I E 5 (Fig.
4-7b; * BERHAD . Z LT, R4 ICEHE L 723MH O y-LVSiO AR IXEfL L. 7tk o dise
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BEEBT 2, DX 5 i - BEERMIC XY . RIRINICECEROSFEDTER S h
mEEZONS, —7. BEH® y-LVSIO F /2 R Fix, B E oS (Fig. 4-7b,
KR %2 C, WER 70 8E8E L 72 h EE R TER L7t ZEx b b, Ok
i, R ORIEIC X o THIFE X 21, y-LVSIO DEUR DIRE % 1 wt%lc 35 2 &
T, B LEEZIH T2 LA TERLEZONDS, DD, FHHE 10 wi% D
D DAL 725 ICITERABEERZIER L 72 (Fig.4-5). LVSIO BEJERE LB
REDFHRE X Fig. 4-8 (Left) IR L7z X 91T, DR 2 wt% £ TIXERR 0 SR E A3
Mrra 7z b oo, FEEE 4 wt%bl ETiRAE 2 —RE 1 TR & - BEEE2S
B I Nz, TD XD B—RATREOHERITTEERICOEIIEIICE D Y | Fig. 4-8
(Right) ISR X SIS AR, SR ORI B MK T 251 R L2 &b,
FHE % 1wl il 32 2 L BEEGEIC R ETH L e EZLND,

DLEX Y| JFR oM 2 A o 0R (1 wt%) &35 2 & T, LVSIO R 128
fift U 7200 & 5% A5 2 BRI 7 23 1 L 72 RREZE D B L. y-LVSiO D FEFRIT- & v-
LVSIO HiEXRDWMHZH 3 2. Th ik siafEefts e car/vx
LD 2 ODREBIEEEHT 2L TN T el (Fig 4-3) BIEKI Nz L EHL
Teo TERD AT L — F T AFETIE, WHERIO A Z T2 2 & THREED H 2 Fi>
KEE R Z2R AT S 5. b L I, BB 23 & v B R 53 BOi 7% fi
T3l T, BEARBERIHEONTOZ, COXIBRATL—-F 74 ICXBERE
REHIEN L PERIC Wil e o B 2 iR & L CAB 92 2 & THRBRELR M TH 5
Zehb, W TGO PHKIC T MREBICEH T % 2 TR B %,
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(a ) Dissolved

LiOH, V,0s,
/ Sio,
e D .
? AR,
WSS h —_—
QTR OO
° e,
Initial droplets Drying droplets Hollow shell
liquid-precursors Liquid LVSIO precursors are densified solid
(lauid-p ) condensed/solidified aggregates of
at surfaces of the droplets LVSiO nano-particles
LVSiO A
(b) solid particle v, i a
10wt% : I
@ Y,
0‘ Gt ) .
’ C R
) O
CXC) ] o
o 9
Initial droplets Drying droplets Huge aggregates
(solid-particles) Solid LVSIO particles aggregate without outer shell

by cohesive force structure

Figure 4-5. SEM images for the y-LVSiO/C synthesized in the two distinct spray-dry conditions
of the feed solution with different nature: (a) Spray dry synthesis from the feed solution containing
liquid-phase y-LVSiO precursors prepared by dissolving LiOH, V,0s, and SiO, powder reagents
(mass of the resulting y-LVSiO to be 1 wt%) into the sucrose aqueous solution (sucrose 30 wt%).
The sprayed droplets are subsequently ejected into a dry hot N, spiral turbulence at 160 °C, which
instantly evaporates water from the droplet. The dissolved y-LVSiO precursors are
condensed/solidified at the droplet surfaces due to capillary action (indicated as black arrows),
resulting in the hollow shell structure. SEM image for the collapsed y-LVSiO/C shell clearly
shows the hollow structure without any inner particles. (b) Spray dry synthesis from the feed
solution containing solid-phase y-LVSiO particles with high concentrations of 10 wt% in the
sucrose aqueous solution (sucrose 30 wt%). In the sprayed droplets, solid y-LVSiO particles
aggregate by cohesive force (indicated as grey arrows), resulting in the huge aggregates without

the outer shell structure, as confirmed in the SEM image.
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Li-NMR 2.06 ppm
Solvated Li*

8 6 4 2 0 -2 -4 -6

; 51V-NMR
;% -535 ppm
E HVO,> -560 ppm
= 2-
= H,VO,
N ’\
% T 3 1 1 1
§ 480 500  -520  -540  -560  -580  -600  -620
pd
295i-NMR -114 ppm
H,Si0, %

-100
Chemical shift / ppm

Figure 4-6. NMR spectra of "Li, >'V, and *Si for the y-LVSiO dilute dispersion (solid content =
1wt%) as an original feed solution. The observed 'Li, *'V, and *Si peaks were identified as a
solvated Li*, H,VO4® ™", and H,SiO4“ ™", respectively. The observed 'Li, *'V, and *Si peaks were
identified as a solvated Li*, H,VO4®™", and HSiO4*™" oligomers, respectively, corresponding

to the peak shift value of references for 'Li 2%, 'V 2% 25 204,
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Undissolved

(@)

LVSiO Hypothetical
oP W C¥ solid particle P 3
[F I S Soluti Drying Droplets and Vaporization Dynamics
olution
N gl )
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% VERY DILUTE: Mostly solvent HIGH SOLID CONTENT: Mostly solid
Initial d let trace amount of LVSIO dissolved LVSIO partially dissolved
nitial droplets
A B 1

- : ‘_;1 h.. i -

R ) - ) - L 4
d#?\’ﬁ" 37 N { /.
& N o iy

? -~ s o 2

‘E Vs T —4 5

ol N > “ 4
' % 2y 'B; ¥ / 1 Z . >
v:.' 3 '4 ‘{ l )

OUTER SHELL INNER PARTCLE
densified solid 50-nm nanoparticles
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Figure .4-7. Schematic illustration for the procedure of the spray-dry synthesis of carbonized -
LVSiO nanoparticles/granules composites. This explains a consecutive water release/vaporization
dynamic from sprayed droplets of the original feed solution, which finally resulted in a unique
double capsule structure of y-LVSiO as shown in Fig. 4-3. (a) An initial stage of a droplet as

sprayed (more precisely ca.10°¢ s after ejection '*°

) forms the nozzle typically spherical-shaped
ultra-dilute aqueous slurry/dispersion (due to high surface tension). The constituent of the droplets
is pretreated (ball-milled) y-LVSiO solid grains (1 wt%), as well as a liquid-phase ionized y-
LVSiO elements which are partially dissolved. (b) Approximately 107 s after ejection '*°, the
droplets are then subject to hot dried N» spiral turbulence at a temperature of 160 °C, which

instantly evaporates water from the droplets. (c) About 1 s after ejection '*°

, peculiar core/shell
architecture (indicated in Fig. 4-3) are formed because of the above drying sequence. Such distinct
core/shell structure may well be explained by postulating two-way agglomerate/granulate-
building mechanisms with instant water evaporation dynamics as suggested below. Two
hypothetical droplets (b, and b,) are postulated for basis of the below consideration. The droplet
(b1) contains liquid-phase partially ionized y-LVSiO precursor slurry of Li*, H\VO4®™", and
H,SiO4“™" (characterized by NMR, see Fig. 4-6). Vaporization of droplets starts at their surfaces
that induces the constant flow of water outwards (indicated as blue arrows). This flow dynamics
(indicated as black arrows) due to capillary action makes the precursors gradually condensed at
the droplet surfaces to build a shell-shaped granules. Such a condensation/aggregation finally
leads to the formation of a thick solid OUTER SHELL. To explain the formation of inner particles,
we need to postulate another extreme case namely high solid-content droplet. The droplet (b>)
undergoes different pathway when they are subject to dry. Droplet (b,) is mostly solid-phase -
LVSiO nanoparticles that experience a strong inward cohesive force (grey arrows) letting the
particles get together to build a core which resulted in aggregated INNER PARTICLE. The double
capsule (Fig. 4-3) which has two distinct characteristics in their structures is considered as thus
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formed by postulating the above drying processes (bi) and (b2).

g

=y
N
o
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o
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Fig. 4-8. (Left) SEM images of the y-Li32V0.8S10204/C (Suc. 30 wt%) synthesized by the spray-
drying method from the original feed solution containing four different solid content of the y-
Li32V038Si0204 particles of 1, 2, 4, 10 wt%. (Right) Plots for capacity vs. current density, showing

rate performances for they-Liz 2V sSip204/C composites obtained from different solid content.

433 RELDIZDNT DD

20— ZAMRORERETRT 572010, y-LVSIO/C DEERNT (TG) % FEif
L7, o7z TG ik % Fig. 4-9a IR T, 200 °C LAT CBIE I 2 /NS nEHERA
(<1wt%) 13, W& L 7=KOBRICERNT 2D EEZ L5, 200°C LA LT, 250-
450 °C (RegionI:7.9 wt%) & 600-850 °C (Region II : 2.6 wt%) @ -2 DiREHiPH T %
nNEnEsERVBE Nz, IN6Dh—Kvit, ZORBERE» S, 2T T ENL
77 AN =+ (Regionl) £ 777474y 2751—K>Y (RegionIl) I3 2 205,
Fig. 4-9b 178 L 72 0 fAHE STEM %5 X WEDS LR~ v VY 75, V. Si. XX O
JRF (Siv O JRFICDW Tl Fig. 4-10 2 5M8) 2EFET % y-LVSIO 7/ i+ D JE B %
5L, CIHRFBDMAL T DRI N, T KEFELANFV T LOILER
ik RERZ~ Y ¥ Y 2D 5IE, y-LVSIO F 7 b RO % Se 4 iciils 2 L 5 ik
L 72 ah — R v d oy T — 73 o X ) LHERTE B,

T 51T, y-LVSIO/C D Efif{RE o WMEEF STEM RiZ. y-LVSIiO 7/ Kt D EBHIC 7
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Figure 4-9. Characterization for the carbonaceous materials in the y-LVSiO/C sample using (a)
thermogravimetric (TG) measurement and (b) HR-STEM observation focusing on INNER
PARTICLES (as shown in Figure 4-7). (a) TG curves for the y-LVSiO/C clearly demonstrate that
two-steps-weight loss between 250-450 °C (Region I) and 600-850 °C (Region II),
corresponding to the combustion of amorphous and graphitic carbon, respectively. (b) EDS
elemental maps of carbon, vanadium, and carbon/vanadium are also shown for the same region
of the SE image. The comparison of the Secondary electron (SE) image with the elemental map
(Carbon + Vanadium) clearly suggest that y-LVSiO nanoparticles (50 nm or less) are
interconnected with continuously filled carbon network. As shown in Figure 4-10, incidentally,
the other elements (Si and O) are in the same way as the V distribution, indicative of the existence

of the y-LVSiO crystals which are completely separated by connecting carbon phase.
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Figure 4-10. HR-STEM image focusing on the INNER PARTICLES of the y-LVSiO/C capsule
(30 wt% sucrose) as shown in Figure 4-9, with EDS elemental maps of carbon, oxygen, silicon,
and vanadium. The constituent elements of y-LVSiO (vanadium, silicon, and oxygen) are
distributed in the same way, indicative of the existence of the y-LVSiO crystals which are

completely separated by connecting carbon phase.
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Figure 4-11. SE and Bright-field (BF) STEM images for the y-LVSiO/C sample (as shown in
Figure 4-3) focusing on the INNER PARTICLES in the core/shell architecture. The SE image

(upper) together with the respective BF image clearly indicates that disordered amorphous carbon

fills the interstices among the y-LVSiO crystallites, as illustrated in the right side of the STEM

images (upper). The crystallites have clear lattice fringes of d = 2.7 and 4.1 A, corresponding to
(400) and (210) planes of y-LVSiO, respectively. On the other hand, the set of SE (lower) and BF

(lower)-images displays the existence of another carbon which is very likely graphitic carbon (d

= ca. 3.6 A) with 24 stacked layers exactly placed the edge of the y-LVSiO crystallites (as

illustrated beside the STEM images (lower)).
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FEvs T, STEM BIZIC X b 5Elll b & . EDS JeFE~ v vy 71 X B RFEHK D
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SEfL KB L UOTCHE~ Y 7H 6, HERTIX V. Si., 0 D~k EfFF->TED . y-
LVSIO TH % & L AR X 7z (Fig. 4-13), F 7z, RFEZ T I3tk & B % fiic
Ry EVINTEY, ADF R i~y 7oA ER: 6. KR TR TFHZHD
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Figure 4-12. HR-STEM images for the y-LVSiO/C composites (Sucrose 30 wt%) focusing on the
OUTER SHELL (as shown in Figure 4-7). Secondary electron (SE) image displays the collapsed
shell structure. Bright field (BF) and annular dark field (ADF) images clearly indicate that the
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OUTER SHELL is constituted with the aggregated hollow nanoparticles, as illustrated in the
upper right. The interstices among the hollow nanoparticles are displayed as low contrast in the
BF- and ADF-images, indicative of existence of relatively lighter elements than that of the hollow

nanoparticles.

ADF-image

s i 5
Vanadium Silicon 20.00nm

Figure 4-13. HR-STEM images and EDS elemental maps for the y-LVSiO/C composites (Sucrose
30 wt%) focusing on the constituent y-LVSiO nanoparticle of the OUTER SHELL (as shown in
Figure 4-12). The SE-image together with the distribution of constituent element of y-LVSiO
(vanadium, silicon, and oxygen) displays hollow nanoparticles of y-LVSiO (ca. 50 nm). The
combined image of the ADF-image with all elemental maps clearly suggests the existence of the

carbon independently to fill the particles interstices.
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Figure 4-14. TG curves for sucrose-derived carbon, Ketjen black, and graphite along with the y-
LVSiO curve, indicating combustion temperatures of each carbonaceous substances. The sucrose-

derived carbon was synthesized by annealing sucrose granules in the same condition as the y-
LVSiO/C synthesis (700 °C; 5 h in N»).
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Figure 4-15. XRD patterns of P-substituted y-LPSiO/C and y-LVSiO/C synthesized by the spray

dry method were indexed as the same y-phase crystal structure whose space group was Pnma.
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Figure 4-16. (a) TG curve for the y-LVSiO/C clearly shows the two-steps-weight loss between
250450 °C (Region I) and 600-850 °C (Region II), corresponding to the combustion of
amorphous and graphitic carbon, respectively, while y-LPSiO/C has only amorphous carbon loss.
(b) Recorded photographs during TG measurements at 30, 500, and 800 °C indicate that the
sample color of y-LVSiO/C and y-LPSiO/C changes from black (carbon) to white (original
particles). The y-LPSiO sample at 500 °C shows white color, where y-LVSiO/C maintains black
color derived from graphitic carbon. (¢) Raman spectra of y-LVSiO/C and y-LPSiO/C after
cooling down from 30, 500, and 800 °C reveal the crystallinity of the residual carbon from D-
band and G-band peaks observed at 1350 cm ™' and 1590 cm™' (the G/D ratios are tabulated in
Table 4-2). Before heating up (30 °C), large peaks of carbon with high /p//; ratios are found for
both samples, indicative of the existence of the disordered phase. After combustion of the
amorphous carbon (500 °C), the y-LVSiO spectra shows low Ip/ls ratio of graphitized phase,
beside of the weak carbon peaks in the y-LPSiO sample. All carbon peaks are completely
disappeared at 800 °C.
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Table 4-2. The I/l ratios of y-LVSiO/C and y-LPSiO/C at three different temperatures; before
heating up (30 °C), after combustion of the amorphous carbon (500 °C), and graphitic carbon
(800 °C).

Ip/Ig ratio

Sample
30°C 500 °C 800 °C
v-LPSiO/C 0.935 1.96 -
v-LVSiO/C 0.980 0.448 -

y-LVSIO DN F 27 AAMBE 2 RS A H = X L% X D FHIICE R T 2720, fil
IEPE % R L 729-LVSIO/C & S % 7R & 72 2> o 729-LPSiO/C 1D W T, FEELERIH &
71— R VB OMANERH % XPS HIE < X Y #Ffi L 7z, Fig. 4-17 IC/~" L 7z Cls XPS A7
MDD, WYY TS -V EA (282eV) ZBNa D07l L h D, fhEEHE 71—
RYHOMIC C-VEGHAGIFELE T ZTNZTNDBEL CTHEEST 2 2 L BRI Lz,
—J7 T, y-LVSIO/C TiF289 eV IC C-0 b LI C=O v —2o i HNTE Y,
DY —23y-LPSIO/C ICIF R O N d oo I—R U EEGBEL L2 &b E T,
AR A — RV FEOREELAHA R & R 2 RET 2. iy Ttk 5 A7 — 2
DFRACGA Z AT 2R OB AN R CRIL TH Y, A — RV AERICE T 221 ik %
Difif-A 7 B — AR HCRFMICAE Lz EZbNDE, Lo L, y-LVSiIO DK THE
KL —RV i spP EDE T T T4 T4 v 0 h—RYThoin, RILELy-
LPSiO/C F DA =KV LD dFE L, C-O° C=0 #EABHEMT 2L iIFEZIH WV, —F
T, 7-LVSIO #5 R L OMgEHE L —F v AR L 2Rtk iz +aicE 2 o s,
V-0 fE& 1 PO FEA L 0 b A A VA MED S < | y-LVSIO K D KinlE 5 13y-LPSiO #£
H&YdABEMRPRDELREBICH Y, JUGHEREWEEZONS, > T, Fig 4-
17 TR 5N 7% C-0.C=0 fH v — 7 DML C-O-V #A DK Z "B T 5 L& 2 72,
Fig. 4-18 IC/R$ X 9T, y-LVSIO Kl L OfEFRIZ 7 77 74 F LR UL hep &z A L
T3 ehb, MEKREOMEE LEA LREBIBHOREBIRICH > <EFIL, J&
WRoH =KV HEOKAERZREST 2 REERH 5, 2D XS ITBK L 72 /1 — K VI
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Figure 4-17. Cls XPS spectra for y-LVSiO/C and y-LPSiO/C with reference peak positions of
vanadium carbide, carbon phase, and carbonate species 2'*'*. The y-LVSiO/C spectra clearly
show the two peaks at 284 eV and 289 eV, corresponding to the C—C or C=C bonds and
oxidated carbon peaks (C—O, C=0, or COOH bonds), respectively, without any C—V bonding.
In contrast, the y-LPSiO/C spectra mainly shows C—C or C=C bonds with negligible carbonate
peaks.
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Carbon phase

Figure 4-18. Schematic images of arrangement of a carbon layer along with the surface of y-

LVSiO crystal owing to the possible C—O—V bonds.

(a) before anneal
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Figure 4-19. ESR spectra of the spray-dried y-LVSiO with sucrose 30 wt% (a) before and (b)

after annealing, where g and A are the anisotropic g-factor and the hyperfine coupling parameter,

respectively. (a) The split ESR peaks typical of V** with parallel (g = 1.960) and perpendicular

component (g = 1.989) was detected before annealing. (b) The peaks of V** clearly disappeared

and another ESR peak specific to the graphitic carbon (g = 2.002) appeared.
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BB L7 L 2 BRT 5, X FREHTE — 27 DIRIZ A 7 v — R DFIEITEKFE L <
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Figure 4-20. XRD patterns for the y-LVSiO/C composites synthesized from six types of feed
solutions with different sucrose dosage in concentration of 0-50 wt%. All XRD patterns are
indexed as the space group Pnma of the of the y-phase structure, with reference to y-
Li36V0.4S10.604 (ICDD #56-1495). The FWHM of the XRD patterns increases with increase in the

sucrose dosage, which are summarized in Table 4-3 with calculated crystallite size.
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Table 4-3. Comparison of the full width of half maximum (FWHM) of XRD peaks and crystallite

size of y-LVSiO/C composites prepared with various sucrose amount.

FWHM/ deg Crystalline size / A
200 020 002 200 020 002 Average Halder-Wagner
Suc. 0 wt%  0.1042(15)  0.117(2)  0.1293(14) 804(11) 733(15) 674(7) 737(7) 795(65)
Suc. 10 wt%  0.090(3) 0.115(4) 0.119(9) 934(28) 744(23) 731(53) 803(21) 813(69)
Suc. 20 wt%  0.072(3)  0.0206(6)  0.186(18) 1164(43) 416(12) 469(45) 683(21) 451(56)
Suc.30 wi%  0.094(4)  0.241(12)  0.201(14) 892(41) 355(18)  434(31) 560(18) 313(63)
Suc. 40 wt%  0.110(5)  0.271(12)  0.198(13) 762(37) 316(14) 441(29) 506(16) 346(56)
Suc. 50 wt%  0.085(5)  0.318(16) 0.23(3) 987(55) 269(14) 385(46) 547(24) 269(51)

RIZT, B L7726 D2DH¥ v T AITOWT TG W 211\, 155 M7z y-LVSIO/C #H A&
WOTELTFAAN—RVBXOT T 7474 v 27 h—KRVOBEBHREZEHL /-

(Fig. 4-21), Fig. 4-21a ® TG HifR237R 3 & 512, Regionl (250-450°C : 7ENL 7 7 A
H—Rv) OEEFVEIZ, A7 02— ZADHMBIC X > THMERENIE U 72 LA
272, Region ] ® TG BEPLHEEINLETENLT 7 Ah—FKVE% Fig. 4-21b D X 5
7y FLZEZAH R0 —ZADHMEOHINCHHILTTELT 7 A —KVE
DIENN L 72 & & A3H S 51T 72 o 72, Region 11 (600-850°C: 277 7 4 T 4 v 7 /1—HK V)
Tld. Region I £H72 ), X7 o0 —XDOHFMEICED LT, TG HBRIFIF LA EZL
B0l ARIC7 7774 b Ah—FRvEZBHT 5 £.21-38wt% TIZIF—ETH Y,
Suc. 20 W% Tt b B\l B8 wi%) 2R L7z 777474 v 7 A—FKVIFEEL 7=
£ 91T, y-LVSiO RHALE 7 TR IC BEMESHET L TR T 2 2 L b, ZDARE
X y-LVSIO KL T ORMBEICKE {MKFT 2 13T TH Y, A7 0 —ZARMEICKDL T —7E
BDT T T AT 4y 2 h—FRYBERLEZDEEEZ LS, Fig. 4-11 IRT X 51T,
y-LVSIiO/C WIZIEK E 7= T EN 7 7 A /1 —HR v %, y-LVSiO KL T-RlDEE 2o Tk
. y-LVSiO R FRIOE 8 v 2 & U CEHEEREH 2 E72 L0 2 A[REESRZ X L

TWw3,
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Figure 4-21. (a) TG curves for the y-LVSiO/C composites synthesized from six types of feed
solutions with different sucrose dosage in concentration of 0-50 wt%. All TG measurements were
performed at a sweep rate of 5 °C min' under a synthetic airflow of 20% O, + 80% N,. Weight
losses are observed in the range of 250450 °C (Region I) and 600-850 °C (Region II),
corresponding to combustion of the amorphous and graphitic carbon, respectively, while Suc. 0
wt% exhibits no obvious weight losses. (b) Estimated amount of amorphous and graphitic carbon
from the TG weight loss for the y-LVSiO/C composites as a function of the sucrose dosage. With
increase in sucrose concentration, amorphous carbon amount increases proportionally, while

graphitic carbon is almost constant.

TELNT 7 AN—F vEEEXIAREOHEBEZH S 2103 572912, y-LVSIOC %
w7 Lif@atio—7 e V2L, L — FRpERABRZ FEME L 72, Fig. 4-22 1T, v-
LVSiO/C (Suc. 30 wt%) @ 0.1 A g'. ¥ 20 94 7 VORME T v 7 7 A L EIRT,
0.4-1.3 V vs. Li/Li"C#IHI X 4172 7[5 C pseudocapacitive 72t A 0 — FTRIRD 7a 7 7 [ v
1Z. y-LVSIiO o V¥V o u]i7s 2 F T ORRLETCKIS TG L %218, \mPloH 4 7
VT 0.7V vs. LULIHEICBU S L= vl 7e 7' 7 b — IZEME OEILA RIS T 5
275 FFE O y-LVSIO/C 3K} (Suc. 10-50 wt%) DWW T, L— ke 27 v — 2
koTEALT 7 AA—KVELEOHBEEALLICT 220, KL—FLEL—F (0.1
BIXU 10Ag!) TORIHRER, A/ 0 —FMEOHKE LTy Lz (Fig

4-23), KL —F (0.1Ag") Tik, A7 80— ZADFMED 20wt% (Suc.20 wt%) %z
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2 b BAHICHEBRESHEM L. Suc. 30 wt% TORE T 288 mAh ¢! (EAED 72 0 )ITiE
L7ze THIREGRAE 279mAhg!) D 103%ICHY T2, k. HmAE R 20at%D
Si*EIRE & AR 125 wit% DA — KRV OBEEZNMKL TR L2, A7 00—
% S0 wt% E THINT % & RIMARIZIRA ISP L 72D DD, 230 mAh g ' & LY E
KEZRLZ, @L—F (10Ag") TiE., FHARIT Suc. 30 wt% THA L 72 D, Suc.
40, 50 wt% Tl 100, 50mAhg' & ZBUTHK T L7z, FEmMAR (Fig. 4-23 [inset]) (CiFH
T3 &, Suc.d0-50 wt%DHIFRIEIRIZ. 0.1 A g! DIEEFBERFICH T, 10A g TRtk
DAY, BREDOTELT 7 2 A=K (13.4-178wt%) 254 * v DILHEOEET
AWK I G- L DRB I NIz, — ., Suc. I0Wt%D X H BT ELT 7 AHh—KRV D&
Y 247wt%) B, 01Ag EWHEWEREECTH 3IVUEDOKERIR F o
Y IRELDICKEEFRA L kb o728 FE 2 b, 2T y-LVSIO K R0 ETn
BAZRFEYN T EERBL TS, ThbOfHRIT. B R8s XU 4 Vi
BORIBDANT v 2B L 572010, TEL 7 7 AA— RV BOREAEECTHZ Z &

LR LTW5,
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Figure 4-22. Charge/discharge profiles for 20 cycles of a half-cell consisting of Li/1 M LiPFs EC
+ DEC (vol 1:1)/y-LVSiO/C (synthesized in 30 wt% of sucrose dosage) at 0.1 A g'.
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Figure 4-23. The correlation between rate performance and amorphous carbon amount (estimated
by TG in Figure 4-21) for the y-LVSiO/C. The rate performance test was performed using a half-
cell consisting of Li/l M LiPFs EC + DEC (vol 1:1)/spray-dried y-LVSiO/C (synthesized from
different sucrose dosage of 10-50wt%) at different charge current density of low-rate (0.1 A g™")
and high-rate (10 A g'') with constant discharge density (0.1 A g''). The corresponding potential
profiles are shown in the inset. The rate performances are clearly correlated to the amount of
amorphous carbon. The capacity retention at 10 A g ' is maximized at 9.8 wt% of amorphous
carbon (30 wt% of sucrose dosage), which deteriorates with increase/decrease in amount of the

amorphous carbon.
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TENT 7 A=K VD y-LVSIO/IC EAKRDIEIUC KT THE L I LIt 572

CHRBRZ I A - er BRI v =X YRR 7 b v (EIS) HIE
% Suc. 10, 30, 50 wt% CTiTo72, TNOLDH VY TN ENTNT ELT 7 AN —K Y
BAE (2.5wt%) . i (9.5 wt%) . EF (19.2wt%) DMK r —2%RL T3
Fig. 4-24 IC77 9 X 9 12, Suc. 10wt%® EIS A< 27 Fvicit, RROB T (R) 10
K3 % 300 kQ em’® 22 2 ERZREMBBHE TN, TEALT 7 X7 —HK v DHEINIC
Ve Suc. 30 wt% Tld Re 1 0.358 Qem?® & AT A L 7ze —J7C. Suc. 50 wt% £ CT7
EAT T AA—RYBHMT 5 L RIZ13.6Qem® TN L TH Y, ZhiT Suc. 30 wt%
EHEELT Suc. 50 W% D777 4 T4 v 2 AI—KRVEBERETHRVI &, BLU, v-
LVSIO #i DR A, BT EEEDENTEL T 7 2 —F vV CBEREICEDLNZ7-20T
H2LEZOND, EEEKRNTOEMIRILIZ ERT 2 4 4 VI Rion) 12 H R JE L
(10°-10°Hz) ICFF 2 EHII 2 A= 27 P VG 2> HREH L 7 2%, Suc. 30 wt% & Suc. 50
W% D Rion (3ZNE I 162, 106 Qem®> TH Y, R L Y DFAFICKEL (>8451%). y-
LVSIiO/C EAERDEFUX DT ICI T, Rion BXEHITH 5 Z L B0 o7z, £72. Suc.
30wt% 25 50wt% 1A Ty Rion 2SR E SHENIL 72 & & 2%, Suc. 50 wt% 2 Suc.30 wt%
CHRTH oL — PRMEZ R LZERTH o 72 LIS,

5T, R & TENT 7 AN — KV BOBURM ZEHAKROREED) O ERT 5720,
EHEWAE - WA HIE % Suc. 10, 30, 50 wt%IZxf L Tt L 7z, Fig. 4-25 18 X 9 i
Suc. 50 wt%D AR 1T, INE WAHHfER e 2T ) ¥ R E RO Type-ll B3 EI NS,
—J T, B AT U ¥ RIT Suc. 10, 30 wt%DFRICITR O NmD o7, TN DFER
I, Suc. 50 Wt DEHERNTRIC~ 4 7 0/A VAR L Tz L ZRLTWS, H
%, Suc.50 wt%® Brunauer-Emmett-Teller (BET) LR IX 24.0 m* ¢! T, 3 2D %V
TLDHTHRD K& o7 (Suc. 10wt% & 30 wt% T Z N2 68m’g' BX U 44m’g
. L# L. Barrett-Joyner-Halenda (BJH) 7' v » + (Fig.4-25a[Inset]) 25055 X 9
I, Suc. 50 Wt% I EMENRETE RWVITE/NE 72 10 nm LT oML 2% AL
TWbZ eDBghol, —J7T. MOEAMITIZ 10nm LA LML A & » % F#1E
LCWiz, 2o OFERD 5| Suc. 50 wt% TlE @E 27T EL 7 7 A —F v (19.2 wt%)

2310 nm % # 2 2 HHFLZ D] < L, Fig. 4-25b 1783 & 9 1T y-LVSiO #& iy D K H ~ D
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A F VIR T H AL, Rion DIEIM L 72 KGO 72, ROBZREDT BN T 7 A7 —K
¥ (Suc. 30 wi%) Tl ZLUEMLE Z Fr ot e A — K v D4 v 7 — 7 3 a n,

EHRERRE & B O ARSI oW T A EARIC b E NG, T, TELT
7AN—RYHBART 2L (Suc. 10 wt%). BEFIEEDDDH—K v 4y T =72
Wikt X 4L, RSB L 72 & EE L 72, ¥, Suc. 30 wt%®D BET IR EEILX 44m?g! C
HH, T, BEOHEICEVWTRATL—F I AR I N, WEREE 272w
72 LVO KL 7 D3RG (128.6m>g™) P @ 1/30 ICHHY L, SEM THE I N-EEE R H

72 LIERE (Fig. 4-3) % X LICHEO T /RS 2 5,
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Figure 4-24. Nyquist plots for the y-LVSiO/C (synthesized from 10, 30, and 50 wt% of sucrose

dosage), whose solution resistances have been subtracted to align the intersection with the

horizontal axis at zero point. All measurements were conducted by using a symmetric blocking

cell at 0% of state of charge. The corresponding equivalent circuit is shown in the inset. Sucrose

10 wt% sample shows a huge semicircle derived from electronic resistance of the grain boundary

(R.). Sucrose 30 and 50 wt% samples exhibit the collapsed semicircle (high frequency: ca. 10*

Hz) and inclined liner component (low frequency: ca. 10° Hz), corresponding to the resistance of

R. and ionic resistance of the electrolyte diffusion (Rion). Estimated resistances (summarized in a

bar graph) are minimized in the sucrose 30 wt%.
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Figure 4-25. (a) Nitrogen adsorption (closed circle) and desorption (open circle) isotherms of the
v-LVSiO/C (synthesized in 10, 30, and 50 wt% of sucrose dosage). Based on the Brunauer-
Emmett-Teller theory, the specific surface area of the sucrose 10, 30, 50 wt% samples were
estimated to be 6.8, 4.4, 24.0 m” g ', respectively. The Barrett-Joyner-Halenda plots shown in the
inset clearly demonstrate that the pores volumes (¢ > 10 nm) decreased with increase in the
sucrose dosage. (b) Schematic illustration for the change in morphology of the y-LVSiO/C with
increase in the carbon content. An optimal amount of amorphous carbon (sucrose 30 wt%)
constructs continuous carbon network with pores existing in the interstices for electrolyte
reservoirs/diffusion paths. A shortage of amorphous carbon (sucrose 10 wt%) causes
disconnection of the carbon network for the electronic conduction. Excessive carbon (sucrose 50

wt%) fills the pores in the composite structure.
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435 774 T4 v I h—RyOBEFLEE~DES
y-LVSIO/CHEARDETRBICE T D77 74 T4 v 2 1—KR v DFH52FEAT 572
D, TTT74 T4y 0 h—KVvERAHEEAED 2 20T ARELE LT, Suc. 0 wt% (&
A=KV L)e Suc. 10wt% (77474 v 72 h1—KRV23wWt%, TENLT 7 AAH
— ARV 25 wt%) DHBERZITo7, Wikl b, TELT7 72X —FKVEBPFREL
T3 79ic, RIEMOBFLENAPFEL WD, BEE 5um U EOHEH —K
v+ Fa—7 (SWCNT) % 0.2wt%ishl L, y-LVSiO R - OB 8 2 R4 % X
12 L7z, Fig. 4-26 IC/R L 72 & 512, Suc. 10wt%723 0.1 Ag!' THI L 72K =13 216.5mAh
g ' THhY, I T4 T4y I A=KV iR Suc. 0OWt% D 1.6 {5 TH o7z, 10Ag
'Y CERBELHIME 2T, Suc. 10 wt%Ild Suc. 0 wt% & » dEN2 L — MR
FFL 72, C OFERIE Fig. 4-26a,b IR L 72 X DI, 7T 7 4 T 4 v 27 —F VD y-LVSiO
RfREICEFREZMNEGE L2 LT, mWEHONMEREZM L3¢ L 27RT 5,
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(a) With graphitic carbon

T 200 |
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Figure 4-26. The electrochemical contribution of the graphitic carbon of the y-LVSiO/C. (Left)
Rate performances (delithiation) of y-LVSiO/C synthesized with 0 or 10 wt% of sucrose dosage,
which mostly carbonize into the graphitized phase. Single-walled carbon nanotubes (SWCNT)
are added as a long-range electronic conduction, instead of the amorphous carbon. (Right)
Schematic illustrations of the effect of graphitic carbon where active material particles (yellow
balls), graphitic carbon (black layer), electronic pathways (yellow line) and SWCNT (black line)
are shown. (a) Sucrose 10 wt% samples with SWCNTs that include the graphitic carbon layers,
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where electrons conduct on the surface of the particles. (b) Sucrose 0 wt% samples with SWCNTs
that has the no graphitic carbon where only particles contacted with SWCNT are

electrochemically active.

4.3.6 y-LVSIO/C // uc-LizV2(POs)s/MWCNT 7 /Lt )L DfEER

wRIC, Balft L 72 y-LVSIO/C #HAMEARR (Suc. 30 wt%) & LisVa(POs); (LVP)IEAS %
HAGDLET, NFV Y LEZMEZ G2 04mAh R 7 Ve L ZRESE L 72, LVP 1IEMIC
I, MO0 EEE (ue L) THALL 72 uc-LVP/MWCNT AR Z A L 72 %, i

-

iR, HEEo® vy LvP 7 ki (1B 10-100nm) 23, MWCNT = + U v 7 ZHhiC
FOE L 7-HEEE L CE D, E\ Crate (300C-rate) TH 96mAhg' & EAE ZHERF
TE5L—MEEE, L T A 2 A EDENZY A 2 AV ERSEONT WS, 7Lkl
DFFLE Y 4 7 MITHeNT o TREE L 7 5 F BB O BE TN O 5/t iz, B O
HICHDEHIC, LIV F =TI X > TiT7e o7 (Fig. 4-27a) ", Suc. 30 wt%//uc-
LVP/MWCNT 7 Lt 10C/10C-rate, 1,000 ¥4 7 L {2iCEWT D, HEHLLTIK
BHROERL LS N0 572 (Fig. 4-27b)s £ 72, Fig. 427c BX A ICRT X D I,
D7 NEeNEENZL— FREZR L, 30Crate (2 77 %E). 100C-rate (36 PV E

DiEL— P THERL — FPREORRERER 50 %OAFEZFEH L 72, Suc. 30 wt%//uc-
LVP/MWCNT 7 L&D D X 5 BN 72 PEREIX. Suc.30 wt% 23 m = 4 L F — % - 5
N B @mIA I VFE R AT A RMREBET AN R0 AMBE LTHETHL L
HRIET DHERLEEZ D,

BT, okl - 7oN4 2 Dkl LT, Fig 428 IKEEFOBR _EHEF ¥ v
RZoNnATYy FXr N0 X LVO BMEMHHALLY 77 L4+ VE MWD AL F—%
JEL T — g% £ L D7z Ragone plot Z7R L7z, AFRlE. RV A 2 v Fdnk LE S
F57=oic, HHAETHFAZHEIRL7Z5 D0 (2.1-3.5V: Fig. 428 FRaEH) . BFOE
R HEF v oY 2 (AC/AC: Fig. 4-28 KA. 2 VY 57 & (LisTisOn) B LU

LVO AR LZ~4 7V v F¥ x> % (LVO/AC: Fig. 428 * L v I g,
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LisTisO1//AC: Fig. 4-28 H#1) XV dEmwT v ¥ -5 (180 Whkg') &5 7z,

TN LVO 2R L 288 577 44 F &R (5300 Wh kg': Fig. 4-28 fkafi)

AT, AV F-FHEMED DD, KitFROHEL LTz, BIfF) 7V 444
vEMDO T AL F —BE (100200 Whkg!) ICIEiiT 2feE 52 5. 72, AL TIE
B =7 e ABITHEZ RAL L 7256 (Fig. 4-28 FREGHEHL : 2.1-4.0 V), LVO
EHRALZY T L4 4 v EMRICINHT 2 A0 ¥ 5L REAMGEL LA I 1
Teo N7 —EEICBAL T, 2 E TITZRW 400C-rate (9 BIE) THENIET 2 2 LA
fEEEh, Fr v 2ot hEE (10kWkg!) Th, Ny 7 ) —HoOTHLF—
R (100 Whkg!) 23EFF ez e 525, BV A 7 VFicowTd, RERRIZ
1,000 4 7 MITHB T 0% EOBFRIMFEELFTONTWEZ b, TALVF—F
JE « MAVERE - A4 2 A RitEicowTid, HIERE w7z TG 2R L -2 E 26N
%, ERICETTE, EBOT 7V r—v a v b EBRY AT L 2R0EH2E L T,
EARTLIE-C M - (KRR o L EEAEI D L, 754 22l 32 2 & 2
INnd,
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Figure 4-27. Full cell performances of 0.4 mAh-class laminate-type cells composed of (y-

LVSiO/C of Suc. 30 wt%)/1 M LiBFs; EC + DEC (vol 1:1)/(uc-LizV2(PO4);s/MWCNT) operated

in a voltage range of 2.1-3.5 V. (a) Potential profiles of y-LVSiO anode and LVP cathode in the

full cell configuration, where the operation voltage and N/P ratio are optimized by Li" pre-dope

for long cyclability, as previously reported . (b) Plots of capacity and coulombic efficiency

during cyclability tests at a constant charge-discharge current density of 10C. (Inset)

Corresponding voltage profiles at the 1%, 100", 500", and 1000™ cycles (c) Voltage profiles at
different charge currents of 1, 10, 30, 50, 100 C (1C = 0.4 mA) with a fixed discharge current of

1C. (d) Voltage profiles at different discharge currents with a fixed charge current of 1C.
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Fig. 4-28. Ragone plots for the 0.4 mAh-class laminate-type cells composed of y-LVSiO/C//uc-

LizV2(PO4)s/MWCNT (y-LVSiO//LVP) and other reported energy storages. [Red line] Result of
the rate-performance test for y-LVSiO//LVP full cell operated in a limited voltage range of 2.1—
3.5V (Fig. 4-27a). [Red-dotted line] Simulated Ragone plot for our full cell with utilizing full-
reaction range for the y-LVSiO anode (1.2-0.1 V vs. Li/Li"), operated in a full voltage range of
2.1-4.0 V. [Grey and blue lines] Plots for conventional supercapacitor (AC//AC)*® and hybrid
supercapacitors (LisTisO1//AC)*® 2. [Orange lines] Plots for reported LVO-based hybrid
supercapacitors of porous-LVO/C//AC*° and peapod-like LVO//AC'??. [Green lines] Plots for
LVO-based Li-ion batteries of LVO//LiNipsMn; s04 (LNMO)'® and LVO// LVP'?*®, which were
operated in the voltage range of 2.2-4.5 V and 1.0-4.5 V, respectively.

4.4 KEDHR

1 Wt%®D vy-LVSiO FiT- & 30 wt% D & 7 1 — Z/KiFiH (KHEEF) #FERE L, 2 7L —
F oA IRALGEIEEZ WS 2 & T, FFRNABRX TV A T e Gz B3 % y-LVSiO F
RGO — R VAR E AR T 2 T LI L 72, 18 5 7z y-LVSIO/C HAERILE
fEREE AL, U F 7 LA A v REMR (LISICON) & HEUL & G 2 o 2 & 23
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AE N7z, SEM BE D 6 | 72 y-LVSIO PRI T (1B 50 nm) 234458 (JE & 200 nm)
ICHNEE NN T REER S 2 IC 7 572, 7o, STEM BRI X - T, INED -
LVSIO D%t h—FR D~ )y 7 ATCHERIN-HRAFEEZELTWSC
LW otr, DX BERN 2T/ s M SRS S 20 OEE RS, EHO
y-LVSIO % 1 wt% 72 J & LA EI B Z A 7L — F 74 offfdi e LTHWw3 2 & T
HY., INDBEFZEINBROEMEA /1 = X LB ARKECHIR L 72, HR-STEM B% & TG
HIEICEY, HALLED—RYBTEALTIFRIZTT 74T 4 v 2 A—FKvo 2 fHic
DHLNWTIEET 5 Z L BRI Nz, y-LVSIO F/ KT ORMEIZ ST 74T 4 v 7 h—
Ry cH—icEINTH Y (EX 1-2nm). 2 1A y-LVSIO Kl I< & FEEM % 5
T35 ZLT, ERPICET S p-LVSIO OFMFIAER M E L, BB, 7774 T4
7 H—RViF VIO RIC X Y y-LVSIO RIEHEFHICEIRMICERE nz £ 25
. TOREIEANF VT L% E T 700 y-LisaPosSio 04 & DIFHRFEERIC X » THIEX iz,
—Ji. TEALT 7 AH—K VIFy-LVSIO -/ K FOREZ D 2 X 5 ICAEKL TE D,

) 7 PEEEE O B ARE A v P 7 — 2 (RE 10-100 nm) %L Tz, EHIC
N=TVREBRIC X 5T TEALT7 7 A =RV EL y-LVSIO O L — b FEE & D3E A
BEHOPIC LT, TEATZ 7 20 —FR Y258 (14wt%ll 1) i<k 2 L EHAKNOE
&2 10 nm LA LEORT7 %32 2 & CEMBRILO A 4+ VIRV LR L, AET5 &
(5 wt%LA ) BAARE S RSN S, BEFHEPIPERL 72, A7 v —2GNE % 30
W% Il L7z (e — R v & 124wt%) & 2 A, BENZET - 4 4 VEE 2P
&, HEWAEZVULEMT 52 L7 <, 10Ag' T19mAhg! &Nz L — b FHE
FHB L 72, mEIC, y-LVSIO/C A& LizVa(POs)yMWCNT 1IEM % #lA G b e/ 0.4
mAh 7 2L ZHESE L. 100C-rate 1C3B T 50%D A& & HEEF 3 2 208 E ErE &
10C/10C-rate IZ3F T 1,000 ¥ 4 7 VRICHDFBEHLL RvEned A4 7 VRiEZ SRR L
720
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BT ANF /T —EEmT A 7 VRHE R ER T 2 RREET A 20
Mgz Hi5 L. BMAE LisvOos O @tERELIC i 72, B 72 KOG A 71 = R g #T
S O o, BRAHRY 2 MRUERE 2 RS 2 ATFE. 7R VTN RI2BIT S
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1 ETE, BFoaE R, THEREHES LALE X EREET 4 2D
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7z (BERULAEEIL) . LisVOs OiRMHELIIR X, hep B EH T 2LEDICH VT,
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cation-disordered Hiii & FF0 K Y 7 =4 V{LAWOH L VEkEHES 2R L. Allis X
CIEMOMELEIRO W REEEZ KEKIEF 2 28 TE B,

%5 3 B TlE. LisVOsLisGeOsLizPOs DEE=ITLHR D LiznVi.,GeP,04 (LVGePO) [EHE
R, BEHBEREEZRCTAKT 2 2 LT, EHHELED LisVo, &l & [ o R %%
M7 e 272 LGl EH L 72, 2 o OffEsHHIE XRD #IEIC X - THE X £, LisVO,
DL TH 5 pHH. yHH. ZNODRAHDO T NICHRE I Nz, FFiT, yHD
RS % FFD LVGePO ARRTIE. PIATFIE Y 4 7 L2 & [ B 7= TR

EHRBT 2 ERWL Loz, TRH DR E V/IGe/P AR O BIRY: % 4347 L
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72& A, Mt Ge o E LI LUK Il X . 5 at%ll B Get & Tl
JECITHMH D y G AR O 02 T AL 72, $ 72, PPICIE y MG 2 3 BEEm A IC
TESEDHIEDD B LRB I N, & o, (LMK, #HE, v — MREEoMHEE
FHLDITT B2 LT, LVGePO flfhic B 28 F A4 v DR 285%E] 1 v° (R{LE
JC). Ge* (y WHZEM) . PP (SEI AN ZHHEICR L7, b F4 v O
TR e zhRic X v, HhE: X 7z =J0% LVGePO A, LVGeO & LVPO O JLH %
HoZzga e L taeL — MRMEEZRIEL 72, FFic, BEREETH S 10Ag (1Y
40C-rate)IC 5 1J 2 FEEARFETIH (LiBIAE) (X, y-Lizos31Vor-05Ge00s-0.1P0.1-0250s DL
FLAEIPA TR AL & v, K9 70% & HMERF L 720 & 512, EBISHIEZH VT, Ge & P ok
E LSBT B A O MR R T- % 3 M & ¢, SEI & BRBE ORI 22 &
FHOPIC Lz, 2D X 9, AREIT LISICON B EHC 351 2 I E L o %)
WA R L. LisVOs AR O 21 7 3 e H R 81 % B IR L 72,

BAFETIE, ATV —F I EZHCRIBREAEN LT 70 —F 55, y-LizaVesSioo04

(LVSiO) AlOE B akm E2ilAa iz, 1wt%D y-LVSiO KT & 30 wt% D A 7 1 —
IR (RFIR) ZERE L, 270 —F 74 RILEREE V3 2 & T, FREN A
BTN T etz 3 5 y-LVSiO 7 / f&fm D h — K VA (y-LVSiO/IC) % Ak
THZLICHEIIL T, B 7z y-LVSIO DfEfME L HAREEZHL 2L, 2D
JRICH L C, B DOAHUE DK & o Hlf#HIK+TH 5 2 & %R L7z, HR-STEM Bi%
TGHIEICL Y . AL — RV B TEA T FRITTTAT 4 v 2 H—FKvyD2H

P NTIEET % 2 BER S L, 22, K FRIK R0 E &2 m kX
BB L, BT 74T 4 v 2 h—FVE VEORMBEHEIC X Y y-LVSIO
RECHFHIGERM TR E e Ezbn, CORFEEIAAFVVLEET RV y-
Li32PosSio204 & DXFHRFEERIC X » THIEX N7z, y-LVSIO DL — bRt 2R KT 5 72
B, =R VEOFRELEZIToER, A7 —XFMEE 30 wt%icT 22T (B
N—RVE 124 wt%), ENTZET - 4 A VIREASXBERE L, EEBH 2 —YLEn
T5227%<, 10Ag' T19mAhg!' Lt WHENZL — MFEZRBL 72, RZIC, y-
LVSIiO/C B & LizVo(PO4)syMWCNT IERR % A A5 b 72 0.4 mAh f 7 v b LRGSR L |

100C-rate I BT 50% DK E % HiF: 3 2 20E M E R & 10C/10C-rate 12 3> T 1,000 ¥
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