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Figure 1-1. NEDO EV H-vv 7V —oHfliv 7 b o E
(https://www.nedo.go.jp/news/press/AA5_100968.html : ZHH 2023.10.30)
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%o MMEMNRTADRIHHED 5 b, HEHMIC L 2 b D13 17.7% %2 5D TE Y ZDH|
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Table 1-1. Eith A — 7 — K4 O FRIFE RN (HP S H I3 2023.12.31)

2022.04 7,500 AV FHLTICERTE
CATL
2022.08 10,000 NV HY —ICEVHE M T 20)
2023.02 1,800 RIES A=l v p S 21)
BYD

2023.07 1,500 4 v FicEM TS 22)

7AYHICEVHEBTE
2022.08 6,200 (kv X b OBE) 23)

LG KEICE T8
ICEEH T 7,7

2023.05 6,000 24
(RREHE L oAE) )

7 A Y AICEVHE LT
AERS | S0 (Stellantist: & &%) 25)

SumsungSDI 7 XY AICE VBT
2023.04 4,000 (GM & &%) 26)
2022.08 5,600 TAY AICERTE 27)

Panasonic

2022.02 800 FEIL D B ith T35 % B iR 28)
Toyota/PPES  2022.08 7,300 i & 7 2 ) h o THIcE 29)
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E7vRFVRY) 7V LEOFRFE

2.1 #S

LiPFs DfUHFEME & L T4 R Y) F 7 2 EOEMAAE ORI BsED b T E R, L
L. AF VIEEICENLZANT7 v{LOBEEY 577 4 (LiAsFs) 13 b 3RIC X % &\ 0atos,
DREDBRER R VIEEREEY 77 4 (LiIClI0y) 32 ootomE GEBTETikig b
B DfEEYE —BIciEE I CE Y, L, e, BEEIC X VBEREBL Cofid 2
AIREMEDS B %, 2 L CHUH S N2 R DNVATE D REE % B . 18RI IC O R SOS25 T X &
LB DH5,) »o. BEFEHECcOMBEHAINI b DD, KE{LEAL TV 2
Hi AT EH (KT EN, FhE) & LCREEREEI NS LIB oMkle LTS h
5 lAH TR, T2, VF VLR (P 7ArtarivyZnk=n) 4 I F (LiTFSI)
PVFvLER (ZrFtuzrid=) 4 I F (LiFSH d@EWEVEES: & 4 4+ v niEfE %
ALTwEbo0, EMEERTHZ AIFELZERSIEMEND Y., RficoBEOEH
P HE L 72 2 HEBHE COMBICIIKAR L LCBEBES, TRt LT b7 704
nAvEgEY 57 24 (LiBF,) 1k Al HOEROMEH R . BEEEICENLTWw2 V2, L
2> L. MK @mE X LiPFs iclb_ T bE$2 3 90 KESTHHTH Y, 2hichz K
WA F VREE IREMRE L L COERORE R Lo Tnb, BHiClk, EihoMaE
A] A I3 ST & 2 B R (Ffk - SEIL 1EM% : CED 233FERICEECTH Y |
LiPFs e LiFSI (3 FEME & L << 720 <7 K SEIEKEE I 2 A2 Dicxf L, LiBF, i3H
h7e SEI %3 2 E0sckn v, LA EOEY | il d Ed: (B, BRALAM. mihn
KofErE) L&ettE (HF o, B . 2 L A 4 V8 C A BRI e )1 ©
HMCE—R—ME2AH0, BELTIFMEZET I 2HAL, WFLIRELYGES ¢
%7 LiPFs (REBEME O EAMICEMATH L, b, U viik) 77 L3R (LiPFs
ftn), WIEFREEY 77 2 (LiICIO) . 4 I FEEY 7 38 (LITFSI fh), &~V 77
L35 (LiBF, fth) o &MRE o<, S LERFVEE) Fv LEICEH L, T4
b, LiBF, OE R EN 2 G0 LoD, A & VIREE LK fFE, 2 L CAEE
JEFE RRE T DM B % B EE O Fi%kIC X ofﬂk%‘é&é%% HiZEE L7z,
TOFRYEEY F v AEREMRE X, 1990 FRICT A v ZEEK (VF v e sl T
FAUBRY) FvLEEER) L LCoF BT AT V% \#FMM%%ﬁﬁé#V—F%
R, VF v L R[12-_vE Y%+ T F(2-)-0,0]FL—1 (LBBB) ¢ %K I h,
BRI T3 2 OBMHEHMAIZ R Y v~ —EMRHICE TIABoTw3 78, X HICHRIATI,
FUBEY F U LEOEMERABNA L LCoFAMEEERCHEHIEE > T 912,
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WA DBIFE ZIER L7k ViR ) 57 LZBEORFEICONTIE, 2 TOIFZEIC X
4ﬁyﬁﬁﬁ%ﬁté&éﬁ%@—oﬁ¢®$7$E¥t@ﬁ$ﬁ#%fmfﬁé$#/
BTk O W ZoJERIENEERT 5720 IcETFRGIE. 37bb CF £7210%
C=0RT7=AvHICEAINTVE, VFTVLER (A 7AFutFaFt) FL—r©
(LiBPFPB) .10 JF v A (2-v Fr*v-333,333-~FF 70404V 7F
Z7bF) FL—1F (HHIBy) 7, VF v LR (XFH 7 +) AL—+ (LIBOB) .19 %
LCYVFvrezr~vurbRL—F (LIBMB) "2AZ0REMLFVBY Fv LETH S
». EidoWEOE O T b\ LIBOB O 4 4 V{REE 3, LiBF, & OfE% #+ ElAl
STBREICEE RV, TR0 T A vofFvEEERt A ELThARVDIX, &
TWGIFEDOBAIC XY A VRY 77 LEORTERPREL ho2FICERL Twd &F 2
biLd W, TENPRE LD EEIRAEAS LA L, %@fﬁ%‘%}: L C Li* OYLHGHE 23K
T32%2, 20720, AFVEEEZRA EIFEE-0I1CF, BETWRGIFICXZ2H0LFT7ED
%%%Eﬁ?®%%%%boo\%%%6%%%%%?6%#%@?%50

T=AuLbt7°4—
\ f Cb‘
CF, r;c
3c @L; CF,
LBBB LiBPFPB HHIBZ LiBOB
0 ®Li O @Li
o 0
& s N /é F e
B A B “B/ @L]
Jd o o2 O_F o F @L.
@Ll } g‘
O (8)
o 0 ) &
o 0
LiBMB LiDFOB LiDFMFMB F)v-ERE

Figure 2-1. Examples of previous studies of lithium borate

TV ZERENM 23720, vavBicX %L — e B-F & E0Efio.
B/ FL— MNUMACHZ ) F VLY I AAE (FFHF ) KL —+ (LIDFOB) V%
DIRTICIRE L 72z, 2@ LIDFOB (%, LiBF, X D b SWEVEEW 2R L V. cnE cliodifs
ANk vE) Fy LEOT TR EVA G VREEER L 2P, ZnldFEic, Fu
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— FHIRICEZEOCREE L. HTFROKRE RN E D R WE TG 0B A KR L
T3, 20k hIENEERkoEZI: LiIBMB IC@EHAT2HICLEIL, FL—Fto~
oV ARSI L) F LAY IAFE 2-2AF 0 2-T ke ~wnF P AL — L
(LIDFMFMB) 2845 ¥ LT\ % 2, Z @ LiDFMFMB %, LiBMB DX 5 CH 5 T <
T B~ ORGIERIE L | KA A VEEEAKIFICKE Lz IhTnwb, LaLl,
INLDY avEe~a VIEHEDO U ANE VRN T L Lk v#E) 77 L3613, BT
MAIBAC L S5 2. R e 2 (TR eFE. —BLRE) 23 2 E08H 5
NT»3, HEAI WL NTO A ZDFE T £ DIFZL LB & EMTEYE OBl
ROBMTICIZRBET 25 ER T2, YHNVKYBEERAATELEFRYEY 57 4
WaBRE e UM 2338 L <. filo@ ) B ZmnAIRZEE LcoffrEe
o TWab,

LAEos@ b, ETHEIMEE LThArFEoron (PALEVEE) ICHE2 O3 L v
25, CFs BT 2 FH RO T ADFERLIC, FUHREDT =4 v oIffETEL%
XD EIRMICAT > BXTREL E 2 b b, (HL., LiBPFPB Dfkic CF3 2% E 2 0l
RHA[) F 7z, CFs H:oE A IS AREEIC X 2 MUK R o e, ASEREBRIEE & fE
(D vz AT AR A I Vififtho CRALEMIc R oNns,) OfFG523IfFcE 5, A& T
X CE 280/ FL— Mo RYEY Fv L, CF i AR Ve flatb
FlzeAFL— MHOFYEE) FU LEEFEICAK L, HFENd CE s C=0 o
DA A MRELE LMK RN P IS ST 38, IS I A B BRI ICRE T D A 5. A3 T RE C
HrhrtTseic, VIV LA VEMHEREL L CoBEAEZHL2ICT S
HEHME Uiz, WBIRE LRy 77 L83, FiICERLZY) F 7 LY 7
o (=A7rtoetasr) KL—F (PFP-Fy), VF v LAY 7A40m (2-& Fo¥i-
3,3,33.3.3-~%% 7144V T7F 7 ) FL—1t (HHIB-F.), VFv L (=7 %
neFas b)) (FFH+5F) Fr—+F (PFP-Ox), VF 7 4 (2-& Fuox-
333333-~F¥ 74w fVT7FIb) (AFY T ) FLr—1+ (HHIB-Ox) &, B
IC#i# T 3 LiBPFPB, HHIB,, LiDFOB, LiBOB, # L T LiBF, & %, (Fig.2-2)
B, FUEY F U LEOWEOHEEYT 2720, I T 3I8FCH % LiBPFPB,
LiDFOB, LiBOB #A&ffffic s\ TiZZ Lz, PFP,, Ox-Fo, Ox &FRd 25 & L7z,
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LiBF, ofE o B HIY

LiBFs OBLEW ZE T T2 2 H 4 < (FL— R OEH) DT 245,

O AAVEEEDRE L (CF & TR R)

@ AR RTED [ L (CFs 5k o 37 R
® ANMEREREEKRE S DA G (CF iR RIHL)

080 F Oy -0 0.2

T xe T e L,
i il
Ox-F; Ox;
1 (LiDFOB) (LiBOB)

CF
F F - 0};0\32 9. o 0- +';E.'|-J

N — D—pr,c—+ o F-‘C_’l““o/ \24\‘
N FC oL e @y O

LiBF4 B HHIB-F, HHIB,

— FiC F,C CF,
BAIACEE B\ 0 F Fel o o[ cF,
AEEEmca s T | O el 20 | oo
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KD EEMEAR 5 - b Ty

PFP-F, PFP,
Figure 2-2. Lithium borates
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22 G7vHREVBEY FU LEOSREBE

A Li
OH 2eq. Si F 0\ /F N
C + LiBFy, ——» si + HC + ,B\ Selectlv:)ty
OH leq. EMC /™ o F 65~98%
ligand Mono-chelate type
Cl
- Li
2eq. 8
OH eq/ g M /F 0\ /0 .
C + LiBFy —— S8i  + HCl + B Selectivity
OH 0.5eq. EMC # N o o >98%
ligand Bis-chelate type
(Symmetry)
/Cl "
OH 2eq. Si 0 0
0o r“®d % sy K \ .
+ Wo s + HCl + B Selectivity
OH o2 0 F EMC 2R o” 0 75~90%
i @Li
ligand leq. Bis-chelate type
Ox-F, (Asymmetry)
FiC
( OH FyC-\ __OH Osy—om On—oH
| | I
i =]
oH FC~~om FC7~om o7 ~OH
. F,C FyC
ligand
PFP HHIB Ox

Figure 2-3. General synthetic method

BN R e LR VIR ) 7 2O GHGEOME % Fig. 2-3 10R ¥, HAMRICIIF
v EF L NIST 5 RN, F(PFP : A7 trbFa—n, HHIB:2-t F o ¥ -
33333 3-~XF7AA0A Y TFAME, Ox: v a V)R TFARAFAH =K%~ b

(EMC) HTRIGTZ2HTHM L7z, B, £/ ¥ L — MK (PFP-F,, HHIB-F,, Ox-F»)
EXMR e R ¥ L — MME (PFP,, HHIB,) OfEY 533 ix. M7 v LA THZ + U AF
smuy 7y (MesSiCl) & RN FOYEEFTE ST 2HCIEY DT 2F13ARETH 5,

(£ FL—MEIZ 2 48D MesSiCl &, 1 YRBOFNTF. FURFEAGHAL, Wie =
FL—MEIFZ2YHD MesSiCl & 1 Y EORSIT &, 0.5 YHDOFYRFELMAL72,) %
7z, R e 2 ¥ L — FATH B PFP-Ox & HHIB-Ox i3, LiBF, oftb Y ic Ox-F, %
FYHRPFIHH L CTHRL 72, H4 DGBIEZF 6 FIRT 2, BEX TN TEREFHA
T (#H=-50C) CTiTo7=,
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23 WRLEE

231 BRLEE7 vREVBRY F U LEOREERER

B L724RVEEY 7V LEOME IIREERES B L "B, PF, BC, Li 2XRe L
=B EAEE (NMR) tikic X W iR L 7= (Table 2-1), HISEICTHE S N7 BB (M)
BEtE Tk o n2EHE M) & L7z, - VY F v L4 (PFP-F,. PFP-Ox,
HHIB,. HHIB-F,, HHIB-Ox) DMIEE & GHHME D7 (| Mep-Mea | /Mep X 109) (3%
NEN 1.39, 4.83, 3.74, 2.95, 1.89ppm TH V., HIE L=k v 77 nEAEL N
T3 EEMERT 2 B8R,

Table 2-1. Structure-related parameters obtained from NMR and high-resolution
mass spectrometry.

Lithium borate 19F 1B 13C Li Mexp
NMR NMR NMR NMR Mecal|
Structure Abbreviation [ppm] [ppm] [ppm] [ppm] |Mexp—Mecall/Mexp x 108

51125 -

FsC

CFy
FsCd o 0—[-Crq PFP2

, 5941 5127 50.3
ro oS L or, (LIBPFPB) 5835 -
F,C  ®L CF,
o 380.9768
Fell o F 594.1 5112.7 380.9773
fo IO/B\GF’ PFP-F2 5166 064 5839 002 1.39
FC @Li
(o o0 5 142.7 430.9802
J ;B(@i PEP.Ox 0942 5107 51122 502 P
P70 oo 0 84.0 ’
s T
. HHIB. 5882 &511.4 &5111.8 503 5 7e
o %, 579.1
T HHIB-E: 0881 557 51121 502 285 9015
oo 515.4 ol : 2.95
oo gt 5146.1 308.9641
9 5142.3 308.9647
o /\O/B;z:io HHIB-Ox 5882 5101 2,32 502 5o
FiC oL 579.1
0s_ o 0.0
) Ox2 -
€] -
OIO/B\,OIO (LIBOB) 588 061418 0602 -
@Li

°inf Ox-F2 -
F )
o O/B\F (LiDFOB) 010.3 04.4 0 143.0 0 0.1 -

/ LiBF4 510.3 50.0 - 5 0.0 -

®@Li

BeuwsC UB, F, BC, Li NMR 22 FPLicCT, B LY Fv LEOMSE L
M 2 RERE L 72 (Figs. 2-4a-f), 'H NMR T3V 7 v AL L 72 EMC GAEE L)
L ET RN Y A-ds DREKRBLA FARRE Nl Ytk v 7
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EMC
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PFP2 E"fC CDsCN |
PFP-F2 | ‘ l
PFP-Ox A ] i
HHIB2 L . |
HHIB-F2 "
HHIB-Ox . g i
Ox-F2
_P?M
8 & 4 2

DFILE
COMNT
DATIM
OBNUC
EXMOD
OBFRQ
OBSET
OBFIN
POINT
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SCANS
ACQTM
PD
PW1
IRNUC

SLVNT

BF
RGAIN

Total graph H.als
single_pulse
2021-08-24 15:33:30
iH
protonjxp
395,88 MHz
6.28 EHz
0.87 Hz
13107
5938.24Hz
3z
2.2073 sec
5.0000 sec
3.43 usec
iH
219¢
CD3CN
1.93 gpm
1.20 H=
66

Figure 2-4a. 'H NMR spectra for each borate. The undeuterated acetonitrile (CD;CN) peak
was set to 1.93 ppm.

a =ra (CFa)C PFP2
| A
A
PFP-Fz l
| . 1
C=0
{‘ l PFP-Ox l
| 0
C=0 a (CF3)2C HHIB2 l
| | e 1 A
C=0 HHIB-F2 l
i1
C=
C=0 4 ‘ ‘ HHIB-Ox |
Ll =1 e
Cc=0 Oxz
C=0 Ox-F2
' EMC
JEMC CDsCN 07%?3 EMC EMC | CDsCN
: I I solvents |
1 |
T T T LR A L T R T ! 'P?M
léﬂ 155 100 75 50 25 g

DFILE
COMNT
DATIM
OBNUC
EXMOD
OBFRQ
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OBFIN
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FREQU
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ACQTM
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PW1
IRNUC
CTEMP
SLVNT

BF
RGAIN
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15C
carbon.jxp
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1024
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77.00 ppm
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50

Figure 2-4b. 3C NMR spectra for each borate and solvent. The CD;CN (CDs) peak was set to

15.10 ppm.
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FAIHER E N o 72 (Fig. 2-4a), 72, BC NMR 27 b C=0 (140-147ppm).
CF; (112-113ppm). (CF3),C (79-84ppm)HikD ¥’ — 27 %/R L. £7: 'H NMR CTHH & 11
720 F v LChALL 72 EMC o v —2 3§89 b vz (Fig. 2-4b), HHIB J& (HHIB,,
HHIB-F,, HHIB-Ox) ¥ X O* PFP # (PFP,, PFP-F,, PFP-Ox) ®(CF3),C &' — 7 %,
ZNENH 79 B XU 8dppm iZH 2N TE Y, afid(CF:).C 721z C=0 DEEIRKN
Twb, (X0 EBTFWRSIMEDEWEIRIEAT O 7207 MRS N HIR, ) F 72, LitIC BRI
L 7= EMC i3k D C=0 v’ — 2 78 HHIB-F,, Oxy,. Ox-F2 Z[f< F VY 5 v L Claill x
N7z, TOREEML 7 EMC @ C=0 (#) 140ppm) DAL¥E> 7 b $FhicZ{LrRon 3
28 EMC ic & £ 915 CHs, CHsCHy, CHsCH, b2y 7 Hid Y F v 2% & % %2 \» EMC ¥
R EN/ZDDLIZIERI L TH o7z, TOREFANF=AETEZN LT EMC & Litod
EOCHEMERZRE L CE Y, WIEZEICT EMC 25V BY 577 L0 bRET 2HED
WitcHh > 7-FHueHH LT3, 7. PFP-Ox, HHIB,, HHIB-F,, HHIB-Ox, Ox;, Ox-F,
Tl 141-147 ppm iz b HE % HkK L 35 C=0 v— 2@ E 7z, HHIB 26 0
C=0 v’ — 727 i3 b (%) 146ppm) THERTE, a KHE CFR:REOMEL R ZIT T
WREDBTHN D, UED@E Y. NMREHTOFER. 250D CFBhic X 2 B FHEMIT (KK
i~y 7 b)) OB, AVKEIAEOREL D b EIIHL2TH S, F NMR
(Fig. 2-4c) <l¥, PFP % & HHIB #£N D CF; #2832 24 94.1ppm & 88.2ppm I HH
LTw3, PFP#D CF; 0> 7 F A3 HHIB @ 2 X Y KRGS ICiE L T H., i

DFILE Total graph Fals
CES CsFs COMNT
PFP: ; DATIM  2018-01-11 12:20:29
OBNUC  19F
EXMOD single pulse.jxp
OBFRQ 37248 MHz
PFP-Fz B-F A OBSET 4.74 KHz
OBFIN 1.69 Hz
POINT 104857
FREQU 12820512 Hz
PFP-Ox SCANS 128
ACQTM 0.8179 sec
PD 2.9000 sec
CEa PW1 3.95 usec
HHIB2 | IRNUC  15F
CTEMP 200¢
SLVNT CD3CN
~ EXREF 0.00 ppm
HHIB-F> BE BE 120 Hz
RGAIN 46
HHIB-Ox |
B-E
Ox-F2 ‘
LiBF4 :
re
T T T Ll T I
100 80 60 40 20 0

Figure 2-4¢. ’F NMR chart for each borate. The CF peak was set to 0.00 ppm.
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DFILE
JL PFP: | COMNT
DATIM
OENUC
EXMOD
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OBSET
OBFIN
JL PFP-Ox FOINT
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SCANS
n ACQT™M
HHIB-Ox PD
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IRNUC
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Total graph B{+BF4).al:
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4.57 Hz
13107
32051.28Hz
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0.4089 sec
2.9000 sec
7:40 usec
11B
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Figure 2-4d. ''B NMR spectra for each borate with LiBF4. The LiBF. peak was set to 0.00 ppm.
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Total graph B.als
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Figure 2-4e. ''"B NMR spectra for each borate. To check the purity, the measurement
was performed without adding LiBF4 as the standard. LiBF4 (the starting material) was

included as an impurity.
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CEs 5 B fi7ic C=0 X b »EFWGIMEDE C(CF), AR L T 5 720 Th 5 LB
N, Fiz, $EPLTH 2 FVRICHEEHEEL TS F Ov—271200»T b kDN
BRONZ, F ov—27ERERHTLOFYHEEMNL OO &S (PFP, HHIB, Ox,
F) O#%%\F. B4RIMICIZ PFP-F,. HHIB-F, C 16ppm. Ox-Fs. LiBF,C 10ppm T&
72, HHIB % (HHIB,, HHIB-F,, HHIB-Ox) W@ CF;iLicowT b [E U R sz,
XKic, "B NMR 2227 b (Figs. 2-4d. e) TlE, CF OBz 21conThyED
vE— 2 MRS 7 F LCE Y, muETRSIMMEE AT 5 CF ok vk hofadEnz ik
AL X ¢ HEERB LT3, (Fig 2-4d ML LCTFEML 7 LIBR, O —2 %
0.0ppm IZt v b, L2 L., J5ECH % LiBF, 23R L Cnin\n 2 & 2R3 % 72 Fig. 2-
4d <IZ LiBF #0072 L CHIE L 72.) —J7. Li NMR T, LiticiAfIL 2 EkRLT &
o P UANDEEDOHBERNTH 27200, FUEY) 7 v aEoEes v EhLoE
THEEICHT 2 Li ©— 27 OREKREFEEIRIZE A ERD O nd o 72, (Fig. 2-4f), (Liti
WD Lit & OZZHuAsE 72 "Li NMR (3 ~EE CHlE L 72, AMEEREL L <L 7=
LiBF,®o v —2 % 0.0ppm iC& ¥ |,)

DFILE Total graph Lials
l l PEP» COMNT
DATIM  2021-08-26 12:02:56
OBNUC 7L
EXMOD single_pulse.jxp
I J PFP-F2 OBFRQ 153.85 MHz
. i e 1 OBSET 5.24 KHz
OBFIN 4,02 Hz
JJ PFP-Ox POINT 13107
ik . . > FREQU 3078.82Hz
SCANS 64
ACQTM 4.2572 sec
U HHIB:z PD 2.9000 sec
PW1 1125 usee
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Figure 2-4f. 'Li NMR spectra of each borate. LiBF4 was added as an external standard and its peak
was set to 0.00 ppm.
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232 &7yFR+FVvBY Fv 2E0ERNYEORER
2321 B&REH

LUF @ Table 2-2 ic TG-DTA #lliE (Fig. 2-5) T b= EEWMABIREE (GEEEm
MO EREFMDTIIERL) 20 WD O Wiz fRRE %2R 3, EMC TS Wk VgD
v u4i (PFP-F,. PFP-Ox, HHIB,, HHIB-Ox) . 100~150°C¢ EMC D Ic X
BREYPER N7, 72, DTAB#E25. EMC I X » TASA X #1172 PFP, 1t 105°C T
AlfFE L w3 E03 00 5, (EMC % & F 72\ ifike7e PFP, ORIFRL (X 120°CTH 2 FH2HR
HE T3 9,) &5z, PFP, @ TG #iffix 110°C2 5 220°CE T — 4 L R BRI
A%k L, EMC & PEP, 2SHRIICHETE L T 2 HA5R X iz, BVEEME I HHIB, 235
< (350°C). KT Oxp (310°C). PFP; (220°C) THo7z, EAFL — MK TEEY
FuLiZ, FUEMNT2ET3E// FL—FFYB)FYLEIVSEETHH
(PFP, > PFP-F,, HHIB, > HHIB-F,, Ox, > Ox-Fo), F L — MR 292055 Pl n 3 —
R e fEm E 3Lz, Mt xFL—rHCcH->ThH, JEFRE (PFP-Ox, HHIB-Ox)
&, XA (PFP;, HHIB,, Oxp) IKHRTELLAREN L2, Thidsz o ik
DNHESMET L2z Th b EL2bNS, 3 BEONHMeRFL —FFTVKEY 57
LD 5 B, 250 HHIB LA ¥ % > HHIB, 288 b N 2 BV EEZ R L7243, Thi
CF3 I X 2T T 20 & AR =AM X 2 HIBZENR iciils b 072 e H z
biLd, PFP, L i L C O DEVEEEREN T 725D, HR = v HEsh 5L 191
X o CTHHT& %, LiBF, 13 HHIB2, Oxy, PFP; X 0 S {EWEAVLZEMEZ R L 7228, i
B-O ofEA T A A ¥ — (803kJ mol) 2ic .~ T B-F AT 4L ¥ — (757k] mol?) 29
DI MECFEIFEL w3 L Ebd, oL HHIB-F,, Ox-F., PFP-F, D#&EN:
BRIETBERFL— bR YBY F7 L ENTECEL Y %L T3, (HL, ¥

— MIROFEDRKEVWERDOND,) 72, FEFICFAYRICHESL TS 22007 vk

Table 2-2. Stability data for each of the newly prepared lithium borates.

Lithium DP€composition @ Decomposition °)

borate temp{;gcr?ture rate i[g/o\ivater
PFP2 2209 <0.1
PFP-F; 140 <0.1
PFP-Ox 170 4.5
HHIB:2 350 <0.1
HHIB-F, 180 92.8
HHIB-Ox 170 86.7
Ox2 310 68.7
Ox-F»2 230 92.8
LiBF4 190 17.7

a) Estimated from TG-DTA analysis at 10°C min™! under N, atmosphere.
b) The decomposition rate was evaluated by ''B-NMR analysis of a 0.8 M
aqueous solution after 2 days at 25°C.

¢) Values measured using DSC are re%%rted 13,
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Figure 2-5. TG-DTA curves were obtained for each lithium borate obtained at a rate of 10°C

min! under a N, atmosphere. The solid lines show the TG data (left axis) and the dotted lines
indicate the DTA data (right axis).
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2.3.2.2 kS
2.3.2.2a KPcoLEH

Table 2-2 ic "B NMR 7347 (Fig. 2-6) o8B L=k vEE) F v siiokd (0.8 M,
HEi. 48 i) ToONEE % /R$, PFP,, PFP-F., PFP-Ox, HHIB, D)1 1%Kii
TH Y MK T 2R FRCE WEIRE I Lz, KRR E L 725 CF 12, K
JGERNLCH 2 & 7 FRHL C=0 FE~DKDFOEHE %2 15T MK % T i L
TV 3N H - 7=, HHIB-F, 35 X 8 HHIB-Ox % [Alkkic CF3 a3 2% oo, HHIB
AL SOl (F 3 X Ox ) 25K T8 5 7 FHDICEETE 27205, KR
W X N7e o T2e FICHIKDRD A H =X L EHS 2T 27201, "B NMR 2<% b
N THRHE NI DRYIOREZIT > 720 % DEEFE Ox-F, D EARMUKDRA KDL BF..
BF;(OH)*, B(Ox)(OH)*"Td % HAVHIH L 7=, HHIB-F, T b RISk fid 4k &
LT BF,, BF:;(OH)Z#HE 72721F T, Tppm fHEICH 7z7a v — 7 23 S v 7z,
Ox-F, DK AR % 854 5 &, 23 B(HHIB)(OH), T& 3 Ll a nrz, F7-.
BF, & BF;(OH) A4 L T\ 2313, B-F fEGOMKSRIC I OV ER L7 v HT =F v
BRI HFEARBEE L CWE3HEEZRBL TS, 2L TCIOHELY., BF, o/KbTDSy
R FEAE D IE, B-F fABIMASMEIENTOHBKIN T30 THELELLN
%,

DFILE Hydrolysis total B.als
f\ PFP:2 COMNT
DATIM  2018-05-16 20:52:01
OBNUC 11B
PFP-F2 EXMOD single_pulse.jxp
OBFRQ 127,01 MHz
OBSET 5.53 KHz
OBFIN 4,57 Hz
Jl PFP-Ox POINT 13107
L ERURERIS i S SRR FREQU 3205128 Hz
SCANS 64
. ACQTM 0.4089 sec
\H_HiB“J PD 2.9000 =zec
G o O PW1 T.40 usec
.......... T ‘ge HHIB-F2 B_F_39‘H IRNUC 11B
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Figure 2-6. ''B NMR spectra obtained after hydrolysis for 2 days at room temperature in a 0.8
M aqueous solution.
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2.3.2.2b

KT BN D RKIE

RV FULEEY) Fy LA VEMHOERE L LEHL 2546, Kb ToRE
ML v b, EfE (ERE+IKAEE COROKPBALZZGEORERD T AEEL
nb, 2T, HARVEEY FU LEERMES ¥ 1.0M EC/EMC (1/2v) &% 5 5.
KRN TR X & 7 iR OWEHEIEIR L & KPR 2 E 3 2 C & Tl IK S Rt o §F
i 247 o 7=, WEHERE & Ky ORI % Fig. 2-7 12nd, (KO #IC X > CTAERT 3113
HF, Ox, HHIB, PFP ¢t %72 3725, £ CHF o TRICHE L - XoEBIEE L LTI
HL7z.) AFICHETZDDIZE, WHRICRERAL 72K & EREOKIGIT X 5K DH
L (KSR OERARCEZRLTE Y, KSR ESENE S 2%, v
YR (Ox) Z&thviE) 7 v LI IR 2K <L 2 B @ bk
DIRIE DR T E 72, KB TOLREWIME HHIB-F, b, 2 cldt+oaLeEttza+

5 HDBH L 7z,
400
@ LiBF,
) 1@ PFP
E 300 ’ Hﬁléﬂ <
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& E ° ’
Sg Pe  OxF
E . OX2 o O
< "é’ 200 - PFP -Ox
m ]
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)
S+ 100 1 00,
£3
- LiPF
0 — — —— ®
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Figure 2-7. The contact area of the solution to the atmosphere is 3.1 cm? The dew point of

the atmosphere is 15°C.

Increase in acidity [wt. ppm]
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Figure 2-8. Electrochemical stability of lithium borates. Cyclic voltammograms of PFP,, PFP-
F», PFP-Ox, HHIB:, HHIB-F,, HHIB-Ox, Ox», Ox-F,, and LiBF4 in EC/EMC (1/2 v) from 3.0
t0 0.0 Vi at (a) 1st and (b) 2nd cycle and from 3.0 to 6.0 Vyiat (c) 1st and (d) 2nd cycle at a scan
rate of 5 mV s’'. A glassy carbon electrode was used as a working electrode, and lithium metal
was used as the counter and reference electrodes.

HARTEE) F U LEOBLSACFALENEE EMC & EC 2MERHE 2 5 1 ClRAI N
BOBERCcr 7y v —h—Kv (GC) &AM LI A 27V vy 7HRLE AR Y —(CV)
IC X 0 FEli L 7z, (Fig. 2-8a) 0.5M EC/EMC A @ CV HIFE 1T, &EIyofl¢i 0.5 VL AT
T, EC OfRICHM T 2 K& BB sl s iz, 7. 134 7 VvHoENRS
ric X, HHIB, & BF, 2 < G 0.5-2.0 V ICBIT Y — 7 BBl I Nz, ZOBICE— 2
D #EA7 1%, HHIB,<PFP-F,<HHIB-F,<PFP,<Ox-F,<Ox,, PFP-Ox<HHIB-Ox ®JliC
ZALL Tz, BICY — 27 OFFEMI 2 HICHER T 2 720, EC & g L CEITHI O B AL W
1,2-¥ A+ F*vx v (DME) iRIECY =7 24 —FF Az 2+ Y — (LSV) #HIE%FT -
7= (Fig. 2-9a), % OfEH, EC/EMC B CI3fER T & 722> > 72 HHIB, DL — 7 A
0.6Vy fhEicti I sz, $/2, thorvEEY 77 2EOEKICEAL TH 2o DME %
O LSV T FFICEIT e — 27 258Ul X 11, % OEIChlIEE M I3RS IR F1ITIzIgF C
CTdh o7z, (PFP,, PFP-F,, % LT HHIB-F,CiZ DME ic# 2z 3 FiCv — 7 JBRICZ{L 43
RoN25, ZHIETOIY) & B DME 23506 L CAER L 72 L # o s oo G o #2k
ZRBL TS, INOLDRILY — 7 DK ZMRT 2720, WEAHMY L L CRAD
AlREME2 B 2 (KFE#f%e o NMR MIE CldRMit) RN 7<% %2 PFP, HHIB, Ox % %
NZ IR S 272 EMC/EC=2/1 (vol lo)¥EW % v LSV MlliE %17 > 7= (Fig. 2-9¢), %

29



0.1 0.1
- (a) 15t cycle in DME

_________

v
HHIB -Ox

Current density / mA cm?

Current density / mA cm?

0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 15 20 25
Voltage /V vsLili* Voltage /V vs LilLi*

o
o

29 T (d) Aluminum -~
working /.
electrodg’  TTTTeeeo__

L (c) 1%t cycle (ligand compounds in EC/EMQ

-
©
'

;; \

Current density / mA cm?

+

L

A
8

T

o _{;.

1

Current density / mA cm?

v}

mn

o

o

S
w
n
e
- il

©
I
<
(o JE N
N

o
X
o
N

A HHB-F, E-Eg? )
/ = = - HHB -Ox Pt s

o

(S)]
]
=N

4 4.5 5 55 6
Voltage /V vs LilLi*

o
o
o
[$,]
-
o
-
o
N
o
N
[$,]
w
w
;]

Voltage /V vs LilLi*

Figure 2-9. Linear sweep voltammograms of PFP,, PFP-F,, PFP-Ox, HHIB,, HHIB-F,, HHIB-
0Ox, Ox;, Ox-F», and LiBF4 in DME from 2.5 to 0.0 Vy;at (a) Ist and (b) 2nd cycle at a scan rate
of 5mV s, A glassy carbon electrode was used as a working electrode and lithium metal was
used as the counter and reference electrodes. (¢) LSV curves measured in 0.1 M ligand (PFP,
HHIB, and Ox) solutions in EC/EMC (1/2 v/v). (d) cyclic CV voltammograms of PFP,, PFP-F,,
PFP-Ox, HHIB,, HHIB-F,, HHIB-Ox, Ox», Ox-F», LiBF4, and LiFSI in EC/EMC (1/2 v) from
3.0 to 6.0 Vy;at a scan rate of 5 mV s™!. Aluminum was used as a working electrode and lithium
metal was used as the counter and reference electrodes.

DAER. 1.3 Vufhiid bR ICE RO HER T N7z b DD, Fig. 2-8a ° Fig. 2-9a D X 5
RIEICE — 7 3B T, s R oRICY — 72 ~OB5 I3 ECERER T E 2,
it 5 C Fig. 2-8a ° Fig. 2-9a CHIM I NEL e — 213, vvBY Fv 2 EZDbDD5y
fRICEEIR T2 b DTH B Lfimo 7z,

— %I CF k1350 B TR 5 M2 4G9 5 720 LUMO #A2ME N4 2 2330, 2o CV,
LSV O fEF CiE Ox Ficlb~_ T CF; #Df#{E (3 PFP,. PFP-F;, HHIB,, HHIB-F, &t
LBEWZBET IR CERT o7z, HIT, Oxx % OxFo 72 8D Ox BUfi ¥ 2 &4 R 7k Y
F v aix, B AT 2o b IR WIETCREYE (EVCiEICHREN) 2R L7z
23, THUE Ox ® Ox-F2 % Ox 8L Hw VY v LIIESITETTHE L. BMIC SEI
PIEDTER E B & 3 2ilE OIS VD2 Ve L CTwb, £F V) 7V LD
HOMO ¢ LUMO O x4 ¥ —HE7 54 E (Fig. 2-10) X v, LUMO #:{i7(3 PFP,>
PFP-F,>>PFP-Ox ¥ X (8 HHIB,>HHIB-F,> >HHIB-Ox DIETH» Y, CF A2 H T3
bDO>B-FAEGEHT LD D>0x HEFHT 2D DL v VRIS 5 HI/RE iz,
¥ 7o, WWIREDLEE XD T OBGEITTENIEE T 2 5 9, BlgE I LUMO HE o fHmH
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X CV, LSVIERE bR HL Ts 0., Ox BT 2Rk TR Y F 7 L3I
ICEICREEDME R 53 5 - T2,

BT — 27 OB, BA VY 5 v LB 0RO RS GC EMKE IC BN %
L., AV Fv LA O R 2ETHMENTHIL CW 2 HERBLTWDE, 20
F(3. EC/EMC X U DME A &5 5 DfEHRTh . 2 H A 2 A H D BRI
GyDT — AT T 0.5~2.0 Vi TEICER LA U vy LI KIEICIRD T 2) FHprbkFish
% (Figs.2-8b, 2-9b), F 7. EC/EMCHARTIE. 194 2 Vv H5 HHIB-Ox 28 0.5V,
LIF o EC 0@ B i % Rigic il L <3 v, HHIB-Ox T X » T X 117z REREBLIE o
MBI WEEZ /R LTS, ZHiCk LT, HHIB,, BF, TIEIGY — 27 AR T X
T, PRI A T L T 2T MR CE b o 7o

Ric, %k EY 77 Lo EC/EMC IEIRIC D CREALIl 0 E SfbE 2 &t % CV 244
AL CEHE L 726558, @CorvigY) Fv alicl ¥4 7 HTIt 44V, fhEEc, 2 &
A7 VHTIE 4TV fhEE CTHILERS R ERAEL Tk v & ER S 7z (Figs. 2-8c,
d), 2L CZOBLMOBETLHIIZ, BEHEDOY Fv 24 4 vEBOHE LRETL (~F)
4.2V 30530) BRI HAN=L TS, 72, 47 VullkETtov sl UfE/ ¥ —}
Rk iY77 ZEOMCLEN ZRA Ik L. Ox, HHIB, PFP DI CEE{L& e
DI L3 B HH D o 7z, CFy FoinETFIGIEIC L b HOMO AL T30 30, [itlg
kR L7z E2 605, Lo L, HOMO #4678 (Fig. 2-10) & lisedicli
—HLTELT, WHICX2ED D 2HLIRIB I N, Ox-F,Z2R\wT, 294 7L HIC
FERLER IR LT Y, B ER Yol & [k GC EMFE 2 Atk &
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Figure 2-10. The HOMO and LUMO energy levels of PFP,, PFP-F,, PFP-Ox, HHIB,, HHIB-
F», HHIB-Ox, Ox,, Ox-F, and BF4 which were determined using density functional theory (DFT)
are presented.
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& HHIB-Ox 3EN-MiEtEE R L7z COFE»S. CR B/ kY 2 viEEs &
DEACERYI DT VY F v LD X 67 2 WAL R & W6 © % 2 a[REMED RS & L7z,
ERMIC Al 2 L 7280 R v ) 77 2oL B8 % 2 L 7z, (Fig. 2-9d) LiFSI
XV FU LA A VEROEMOEEERL L CHIN T2 Al ZEEI & 2FHBH 5T
B, CV T 3.4 Vi fhEd bMILEROSHENERTZ 2, ZRICHLTEFVBRY 5
v LGB CERIZBN S g Al EERE GRS ¢ 5 TR IR o T % 72,

233 E7vyRFVBIFULEOREL 44 VREEOBR
2.3.3.1 AFVIEEEOHE

0.8 M @& YY) F 7 LD EC-EMC (1:2 vol/vol) WD 30°CIicE 1T 3 4 A VG
% Table 2-3 1T/8 9, (GEEE 0.8 M 13z b IARIE MK - 72 Oxx ICEH b E. T -HERE D
30°Cixthik 4 2 ILEURECGHERF DR I B b T2,) Flal, HiizicBE L2 To R Vg
Y F 7 iz, /KD LiBF, X0 bENAF VMEEEERZR Lz, 2L TEDA F VRiE
J£ 13 HHIB-F,> Ox-F,>HHIB-Ox> Ox,>PFP-F,>HHIB,>PFP-Ox>PFP, DJIiCH v .
T=F v YA XLBNLTF OB FRGMEDRA & VHEEICKE g8 e 5 2 T 2 HHRE
INiz, K&7% PFP BN %2 F5o+vEEY 5 v o3 (PFP,, PFP-Ox, PFP-F,) & [tk
K & 72 HHIB Bifiz 1% 2 D&t HHIB 13K\ 4 F U REE A /R L7z, LA L, ETEEI
P (CF3E7213F) OEAIC XY, 44 MEEERR ET 2R IMER S Nz, Hlzid
AR NHE CFy SN TICHE 2 22 72354 (HHIB-Ox>Ox,, HHIB-F,>Ox- Fg)
Ox % F Ic@E# & ¥ 7284 (HHIB-F,>HHIB-Ox, Ox-F,>0x,)CTdH 3,

Table 2-3. Ionic conductivity and solubility in the EC-EMC (1:2 v/v) solution.

lonic conductivity at 30°C

Lithium 0.8 M solution Saturated concentration at 25°C
borate [mS cm™]
O exp [M] [wt.%]
PFP2 4.2 1.3 59.1
PFP-F2 5.9 1.8 50.6
PFP-Ox 4.3 1.4 44 1
HHIB> 5.8 1.5 48.7
HHIB-F2 7.1 2.1 42.9
HHIB-Ox 6.0 14 33.9
Ox2 6.0 0.8 13.2
Ox-F2 6.6 1.6 18.9
LiBF4 3.6 3.0 22.9
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2.33.2 Li*DffMERE & 4 4 v REE DBk

AF VREEZ, LitOfffiE e | LitoBE)EIC X > CiREI NS %9, 22T, 7
X2 DA F VREEICT 2 R OB RO ic T 5720 B NMRMIE & 7= v o7
HME X FEMEL 72o EC-EMC (1:2) RAAEBL, 0.8 M Ok viEY 7 v 2o EC-EMC

(1:2) @w#ED 850-960 cm™ D 7~ v A7 + L% Fig. 2-11a 177 $, #J880-900 cm™ D

— Z 3R L Tz EC (free-EC & KFD) @ C-O MFRAHHICTHIG L 1010420 )
905 cm™! D/NE 7 v — 2 (% Liticfif L T 2 EC (Lit-EC & Kid) @ C-O xFrfdi i< A
Mgz 04092 2 LC Lit OffitE (o) ZLATOFMECHEE L 72,

T, V=208 E{T o 72%D EC-EMC BRARIE (B A, HixEGIhixnw) o EC
DY — 27 HE (27T free-EC) & ERZAELL 7= L 72 EC @ mol 25 [1.0 mol
W70 D free-EC O fEME | 2B L7, LT, 2d [1.0 mol 472 b @ free-EC DTS
il ZfEFHL C, ©—20EHOE VY 77 LHE D free-EC DHifH{EiZ EC ® mol #1

WAL 72, HIC, 0.8 M AW % A8 L 72 BRI L 72 EC ©#8 mol 20> & & @ free-EC
@ mol # %751 < Z & T Li*-EC @ mol ¥ &2 FH T 2 HA K72, 2 2T, Lirt~DIFEAIEL
Z 410894 L RGES 53T, Li-EC @ mol 8k V. EHAI T NC\w» % Lit®D mol #283K
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Figure 2-11. Relationships among the borate structure, Li dissociability, and ionic
conductivity. (a) Raman spectra of 0.8 M EC-EMC (1/2 v) solution of each lithium borate in
the 850-960 cm™! region. (b) "B NMR spectra of 0.8 M EC-EMC (1/2 v/v) solution of each
lithium borate. LiBF4 dissolved in CD;CN was used as an external standard (0 ppm). (¢) !'B
NMR chemical shift of 0.8 M EC-EMC (1/2 v/v) solution versus the Li dissociation o, (calculated
from Table 2-4). (d) Ionic conductivities of 0.8 M EC-EMC (1/2 v/v) solution versus the Li
dissociation a. The ionic conductivity was measured at 30°C, while ''B NMR and Raman spectra
were measured at 25°C.
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DOoNT, TORBHINT VS LitE7 =4V el cw23eE2on3720, 0.8 M
B oRIcE NS Lito mol BTHl 2 HCHRMEE o OEAFLNT, ML oFHREMER
LT D Table 2-4 1C/R8F, fREEEAR 1.0 Eh>T0w330bHh, Zhizs* 5 Lit~
D EC OEMEE 4 LAE L 722 L IchiERH 2 L Bbi s, (EEZ EMC b Lit~FEf
LT3 2, freeEMC &REA EMC 353t c& i »72) Lo L, BEHEW-@iEEo
HXHEIZSE ICh b L Bbd 720, oz AW it ziED 72,

"B NMR 2~7 bv (Fig. 2-11b) Tld, 7 FHNOETBEIMEE CFs oiciGL Ty
— ZPLEPERSG Y 7 P T AHRPMERCE 2, CAFL - MK YEEY 5T LTI
PFP,>HHIB,>PFP-Ox>HHIB-Ox>Ox; DEIC X W {Kf@5IcfiE L, €/ FL— FAlK
7Y F v 44Tl PFP-F,>HHIB-F,>Ox-F, D EIC{&EISMIce 7 F L=, 2hid, &
DIFIC A Y ERTOETEENMEL Ao TWEHERBL TS, 2L T, *vELFDE
TEEOMT i, LiroiE o ifiEn s, "B NMR 227 b rcofbigEy
7+ (BFHEOMA) L I= vl ic ko TEH L7 Lirof@itE o Bf% % Fig. 2-
llc R L7z, E/ FL— MR YRY Sy L exF L — MK TRY 57 LIX[H
FICHEETE WS, ZRNEFNIT A — T DhCld, LitOFEEE S Em g SRSy 7 b5
BHBEATERCTE 2, CR 2R 77 AR ~EA L 72 HIND—2 3 LitfifiEE o
M EICE 244 VREEOWRETH S50, Fig. 2-11d ISR TH Y 4 4 VREE L LitfRakER
L ORI IR I C X otz COELS, A A VEEEIZA A VBEIE AL S
DEIE 237 X — 2 — 0@ GEEI N T 2 A[RE R S vz,

Table 2-4. Degree of Li* dissociation estimated using the Raman peak area.

Free-EC Total EC Li*-EC Dissociated Li*
Ly molar molar molar molar
Lt;’g};ren number number number number Li,,%?gg;;tfion
(in10 mLof (in10mLof (in10 mLof  (in 10 mL of
0.8Msol) 0.8Msol) 0.8Msol) 0.8 M sol.)
[mmol] [mmol] [mmol] [mmol] a
PFP2 8.0 37.7 29.7 7.4 0.93
PFP-F2 10.8 42.7 31.9 8.0 1.00
PFP-Ox 17.1 41.3 24 .1 6.4 0.76
HHIB:2 15.6 41.0 25.3 6.3 0.79
HHIB-F2 13.0 45.2 32.2 8.0 1.00
HHIB-Ox 12.5 43.5 31.0 7.7 0.96
Ox2 22.8 46.1 23.7 5.8 0.73
Ox-F2 22.0 47.8 25.8 6.4 0.81
LiBF4 27.0 491 221 55 0.69

2.3.3.3 Li*tOBBEIE L 1 4+ v {nEE DR
BAF v LB OBEIE DT D 7= 91 PFG NMR % H\w CiEEigs (D) “ollE %
Tote To2AVIZYEFD L 70N (7 EREITNLVOx 1T 'B2fEH) %, 54V
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XL 2, ZLCHEIZ Hov 7 F A2 ML 72, 150 N7 IhBURE O &t % Table 2-5
ICRT, fRo N ACIERE (D) o2 4kiE,. Lito 3 CiERE (Dn) LR K
efIBatR (Fig. 2-12a) 2> bR T2 HATE S, T7abb, LA TD Stokes-Einstein D=,
£ 0 HEHREODS RGBS\ S5 2 300 D2 B

D= (kT) / (6x nrs)

T, kxR Y= vER (1.380%10-2 T KD, ldkMEER, rs (ZILEHED R F — 2
ZRBETH D,

Dy & D B CHEBURE (Dec, Devc) DRNIC R & 2 2 BTEEBIR (Fig. 2-12b) 1, 5743
MROZUBWEOE T o THY, ST ¥ &3 5%, Xic, Fig. 2-12c &, 41 A V{5
B Dy b ISMHBET2FHEZHL2ICLCTEY, DudA 4 VB E %2k 2 EERNT
ThrEETERLTWD, (LiBF, ICHIF 2 K& RfmElx. LitO i o223 iKW
CRRT 2 EbNE, £, T4 VORHOHREEIREIN TV 2,) iz, BR
DRGE L 7 =4 v oo FRBIZERNREFEEZTR L (Fig. 2-12d). 70T E AR ICRE
MRFEEY 52 CHLHEIHALL2TH S, HlxiE, 2 TFEIRD/NE W LiBF, 23 D K

Table 2-5. Self-diffusion coefficients and viscosities of 0.8 M electrolyte solutions at 30°C

transference

Lithium Se'f'd['fﬁg'.?o”rﬁfiﬁic'e”t numper o (PE63DE4E)  viscosity
borate Li* '
Dii fuis Dec Demc fuis [mPa s]
PFP2 1.2 1.5 3.1 3.1 0.44 54 54
PFP-F2 1.9 2.0 4.7 5.2 0.49 52 2.8
PFP-Ox 1.8 1.6 4.8 5.2 0.53 5.6 3.7
HHIB2 1.9 2.0 4.4 4.9 0.49 4.9 3.0
HHIB-F2 2.3 2.7 4.8 6.3 0.46 4.8 2.5
HHIB-Ox 2.0 2.1 4.6 5.2 0.49 4.9 2.9
Ox2 2.2 2.7 5.8 6.6 0.44 5.7 2.6
Ox-F2 2.7 2.7 6.0 71 0.50 4.9 2.3
LiBF4 2.2 2.3 5.1 6.1 0.49 5.1 2.0

The diffusion coefficient of Li is smaller than that of the solvent, suggesting that the Stokes radius
of Li is larger than that of the solvent **; hence, Li is solvated according to the Stokes-Einstein
equation. The transference number of Li+ (#.i+) was obtained from the following equation *7:

tLi+ = Dri / (Dri~+ Danion)
We can estimate the number of accompanying solvent molecules (R) using the following simplified
equation

R = (Dgc + Demc) /Dui
The calculated R value, which is related to the solvation number, was approximately 5-5.5,
depending on the lithium borate used. The small discrepancy between the calculated R (4.8-5.7)
and well-accepted solvation number of lithium (4) is likely due to the measurement of undissociated
Li and the non-solvated solvent.
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Figure 2-12. Relationships among the borate structure, Li mobility, and ionic
conductivity. (a) Viscosity of 0.8 M EC-EMC (1/2 v/v) solution versus the self-diffusion
coefficients of the lithium cation. (b) Self-diffusion coefficients of the solvent (EC + EMC)
versus that of the lithium cation. (¢) lonic conductivities of 0.8 M EC-EMC (1/2 v/v) solution
versus the self-diffusion coefficients of the lithium cation. (d) Molecular weight of the borate
anion versus the viscosity and mass fraction (anion) of the 0.8 M EC-EMC (1/2 v/v) solution.
The self-diffusion coefficient, viscosity, and ionic conductivity were measured at 30°C. (e)
"B NMR chemical shift of 0.8 M EC-EMC (1/2 v/v) solution versus the Li dissociation a
(calculated from Table 2-6).

KEARL, TR RDKE W PFP, b EWAiEZ /R L7z, £/, XD Nernst-
Einstein® O X W LR A H WA & VB o BT 2 2 EAAHETH 5,
O NE= (DL1'+ Dam'on) ZeOZN/ ](T

22Tz 3 A v Offif. «dHEEM (1.602x107°C), NIZHFAFRL 72 ) DA A~
B, kIR y < vER (1380 10-2J K1) T 5,
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Table 2-6. Ionisity of 0.8 M electrolyte solutions at 30°C

Lithium lonisity

borate One (Oexp 1 ONE)
PFP2 8.00 0.52
PFP-F2 11.5 0.51
PFP-Ox 10.1 0.43
HHIB2 11.5 0.51
HHIB-F2 14.8 0.48
HHIB-Ox 12.1 0.49
Ox2 14.6 0.41
Ox-F2 16.0 0.42
LiBF4 13.3 0.27

DA FNRESE ong & FEMD A & VREE 0 op 1ZTEEER K E <. ZDOJKIZ one DE
SRR U 72450/ E A A v W O 2 BRE L T a2 e I Tnd, TDone
L 0wy DILEILS 2 & TAF VRBEE DIEEL 22 A =0 7 4 =0 0% HE T3 2 LR
AETH B, one & A A=V T 4 —DFIHAE% Table 2-6 IC/R T, %7z, Fig. 2-12e ICHifHfi
THIE L7z "BNMR 22 b ADLFEL 7 b A F=v T 4 —DB%ZRT, TV ik
BT X o TRk 7z LitfidEE & "B NMR cofbEy 7 F Lot FEkic, €/ FL—+F
BATE)F oL, CAFL—MUAYBYFYLEUID TR L, {LFEY 7 F GF
VR EDOETEE) LA+ =T 4 — & ORICHBEDHER S LTz,

ST EIT > 72 0.8 MBI OLE. A & VSR ik 235505, LRt X v
bEENE (WEORER) OFBHS 2 ICE . CF 2 4 ML L& 7z PFP,. PFP-
F;. PFP-Ox, HHIB; T3/ F&EIEKIC X 2 RN EE © 4 A VR EE R SGE S ik
Dot EBHL I o7z, 2 LT, CFE2 2 & 5 HHIB-F, 28, A vH Lo
#IERTEAL L o0BE 0y TR K25 2R S vt b, Lito @it L BEEs 5
VALK&, R L TRDENAF VREEEZRTEIHAL %2,

234 H7yRFVBIFVLEDY)FYLAAVEWHASHREL Lo
CZFECOEBRCTHL»ICR &+t vEE) 7 v nE LA, B ANYEE
Table 2-7 1T & D7z, BAVZEN (B E) (2 PFP-F, & HHIB-Ox < LiBF, @
190°C% Flal 5 72 DD, LiPFs D 70°CIC b~ 2 & 43125 L Sl O Bith DIE B & Ic B v
TRMEOIEWZEEEZH LT eEZLNS, T/, [MMhoOEMRE D 4.3V IiCTHELE
iR E T, INERCEDRERVWEFE x5, 2L T, CR EZ2HALLZHND—
DOCH B4 A VGEEIZ, PFP A& N5 PFP,, PFP-Ox LISt +R v iR Y 77 LT
LiBF, Z K& 2 22 ZEK T 2FHLTE, VFvLAF VEMHERE L L Coff
FADAIRE & 72 B A4 A VAREE O W FHE X FFTE L 7023, Oxo(LiIBOB) D EfRE & L T
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Table 2-7. Summary of properties of lithium borates
Resistance tOA hydrolysis
[ )

potential y . Increases passivation
borate temperature Vi) Oexp with [ppm] film
[°’C] ! [mS cm™] water[%]

PFP, 220 >4.3 4.2 <01 5 Good
PFP-F, 140 >4.3 5.9 < 0.1 10 Good
PFP-Ox 170 >4.3 4.3 4.5 75 Good
HHIB , 350 >4.3 5.8 <01 10 Poor
HHIB-F, 180 >4.3 7.1 92.8 30 Good
HHIB -Ox 170 >4.3 6.0 86.7 150 Very good

Oxz 310 >4.3 6.0 68.7 40 Good

Ox-F, 230 >4.3 6.6 92.8 100 Good

LiBF4 190 >4.3 3.6 17.7 20 Poor

DA FEB S K WE TN T2 E, L (HL, RO 7 2 FADMECEFY &
LCIERTEST,), 6.0 mS cm' BEZXRDa A VAL ZEH L2 F v 44+
HEMRE L L COIGHBEGTICED 20 DWEOHAEL L7z, Filx T, CF: EEZHE L&D
PFP,, PFP-F,, PFP-Ox % L T HHIB, i THEZE kKb CcoLEW R L3R TE 2, &
7z. HHIB-F, (3/KHF COLEE IR+ TH o7z DD, DEDIKS EC/EMC AR ICE
ALZROLEnF o chd Y (MBDKE ORIGIZEL 72 {, BEHEREA FA LEEv) &
fRE e LCoffiflic KE 2R Bbh s, 2 LT, CV OEICHICHER X 17z B
A~ DARBEEB T 2 F 1. EC/EMC H¢l3 LiBF,, HHIB, SO 2 TD R TIEY 77
LI CHER T B Fos ik 7z,

LEofER X0, HiBlicHER L7z YY) 5 v 44§ (PFP-F,. PFP-Ox, HHIB;,
HHIB-F,, HHIB-Ox) %V 5V 44 4 v EMHOEME L L EHT 22 FE LY
G, b BV E N &t et 3fER W oD, A F v IREE OB 8T PFP-F,, HHIB,,
HHIB-F,, HHIB-Ox ® 4 fEICH VA E 7z, HHIC, MK & A EERIRZ R AE S O
A% #[E3 5 &, PFP-F,, HHIB-F, @ 2 fipiffE LW Fx b5, (HHIB: IZAHE
W R BE ) 23, HHIB-Ox (17K 43 TR 23 2 )

4]
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24 W

VF v afLvEMHOBMEOWME LCS5HED R YEE ) 77 44 (PFP-F,, PFP-
Ox. HHIB,, HHIB-F,, HHIB-Ox) %I F 7| MesSiCl &. 3 f¥fio — N+ (PEP,
HHIB, Ox)., # L CTH 7&K (LiBFi., Ox-F) »HA/M L7z, BMAEL LHHT 27
DIIIECEENE BAZEME. KD EINTE. MR LEeA A MSEERLETH
D, ZAICHZ CEMR E~ONHEHKETEREEN 2 H T 2HAEE L, 206 OMWEED
PR AMER L 265, [Th ok gy 77 L3613 140°CE CoFEmVEREL 2R L, HC
b HHIB B 7% 2 DOF T 20 e X F L — MK Y 57 LM HHIB I3, FL— M)
e CF i X 250 FshRic X v 350°CE Com b ENEELE 2R L, BT,
CF; FEpi# Auc X v Witk fi@t: b i E L, 45ic PFP-F, 3 X 08 HHIB, i3/k&E®R < 2 H
MIGE L Chiz e A SR L WD R & iz, PFP-F,, PFP-Ox, HHIB,, HHIB-F.,
HHIB-Ox OEMA X, BRLMNIZ 4.3V T cid v, 72, AMHANT LiBF, & L <
Pewvsd oo, HHIB, LA ©ld GC B O AEE(L 23 HER & ., RIS EME o0&y
i % e 3 2 WIRETE DS R & 47z,

B NMR XTI~V alllE, 2L CAA=vT 14—tk xvRPLOETHE
25 Lit itk & X MBI L C L 2 ER MR TE 72, 72 LiroB#E IR, T4 v 0iNT
BICX o TR 2R ORE L IEEMICBBR L T 2 B RS 2 1A TE 2, SRFHE
L7z 0.8 M OEIR TR, A A VIREE~DFLIMRHEE X 0 BEE DTS 5% <,
HHIB-F, 137 =4 v %4 X/l (LiSEIEORN) & CFy %S (Litfg#tE o8
NG YRELMY ANBZFHICE Y, 7.1mS em! EREDOA A VEEE AR LT, T DfE
BHERD BE, 7=A v e LT 2 f5Th b, TAMFORYIEY 7V L CEDIn
BEZR L7 Ox-F, @ 6.6 Lo TWwd, 2SI, T=A4 v 4 XOREITKE W
b O OFFEEEE A3 E W HHIB 2. HHIB-F, IR\ C Lit D fREEE L BB DT v 223N
7z PFP-Fo 3 Ox-F2icl3% 3 b, 1 F 31 5.8, 5.9mScm! & Ox, & [FFEE D ity & i
L7z,

fifn ok vy 5 v 436 (PFP-F,., PFP-Ox. HHIB,. HHIB-F,, HHIB-Ox) %.
LiBF; & [ L T AR EN: L TMIRLIEZ B L T 285, A & VIREE, Ko i
e, REEEWETEREEN O R S, )V F v a4+ vEMHOBME & L CGHBRE %
% 2% Dt PFP-F, & HHIB-F, ® 2 Ik ViAE Nz, RETEINOD 2BOFTEY F
VLA EREE LCHRALZa A v AR ER L, 4 2 v iRBRIc CEMRE L Lo
JEFRTREME % GR35 3 & L 7z,
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- B3IFE -
E7vRFIVBRI) FILEDY) FV LA LY _REMERE ~DJGH

4.3V =R EB BRIV

3.1 #E

R Cld, — A E T2 LiPFs DR TH B GIEE & . Ik o itk o
fEkE HiE L. SuitEWE2 642 R V8 77 L3 LiBF, ORRB 2 ilHrz, Z OfEHR,
LiBFy D X158 TH {8\ 4 F+ VREE i L 72 5 2 C. LiBFy & A% % L E o2
e, MUKRINYERE T 28 CF A V) F v L EHEEEZHFET 2Rk L7z, VF Y
LY 7AFn (=Ar7atuvrFas ) Fr—+ (PFP-F) 3. Mit#iEix LiBF, icH~
T%H 5 b, 140°CLe+oaftEr2H L TE . @K@ S 4 4 VREE % R Ff
oMW cHs, LT, VF LY 74 (2-k Fr*2-333,3,3,3-~FF7 1%
04y 7F7 L) FL—+F (HHIB-Fy) &, EWiEE e &g 77 LA dci
b & VAREE, 2 L OKPTORERITR D ME 0K IRA L 72RO L E 1L
+oICET LA TH D, Fiz, WFIFINCER E~O BB KE D E TS C
EPMERINT WD, 22T, FEYNONT v AICENZZ O 2TFHEOHH A TIEY) F
v LIEEEARE LIB HOEME & L CiHiis2H & Lz,

LIB l&—fikfic, EFE ZIRIET X 7 VR OEBICHER S £ - ERR e . 2L — X —,
% LCIEM, A2 bR Ensg, oo, EMe Az, EEEMRICHEE (L.
B A2 5METH B, AMmZ, B BRWICHEHEI N TEY, 2, BhoaR
giicmiIcr 4 ZaERRC) F v LR EOBERABRG S BRAICED b TWwb, Sk
PFP-F;. HHIB-F, ZJA  —#& R ciHiis 2 F2 Hiv e L, BBICIZEIN 28R L 72,
T, EfE LT, EREEMBRIYcH 2 a v bEY F7 L4 (LiCoO,) VAL AL
Bt~ VEY 5724 (LiMnOy) 298 EHEL oiffftadn 7z, LaL,
LiCoO, D a v b LT A2 AThH Y, RIANARZERIGOH CIIfMERH 5, ZL T
LiMnoOy i34 4 7 VB ICTERA & Mn 285EHI T2 L v 2[R H 3 V9, 207
B, Co % Mn OEA TF, Ni 2hlx7z =IckEEEERLY (LiCoMn,Ni,O,) A3
FEINTE, 72, Co % Mn OBELEICIZ 1 BETRIGTH %25, Ni i3 Nizt/Niv*D 2 &
FOBETTRIGEZNACTE 2720, [ L mol HTIE2{G0EBBHEONE, 2D
BCy@EiTchy, BEM, a2 b, BREOANT v 2APENZIEMME & L CEHEHE
DM & LTl S N2 E DL WitWETH b 9, 2T, Sl BMAE L Lo
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ZIT5 720 DEME LT, ZO=JtRERSBRID D 5> HREMZ LiCoisMnisNis0;
(NMC111) %ZfHF 23 L Lz, RECIIEMBICEE. FMic NMC111 2Hw/z a4
vl icC, PFP-F; & HHIB-F, 0&RE & L COWREEZHO 21T 2F 2 HIE LT,
— ARV EEY T LM TH B LiBF, & WK L 72 EER % 1T - 7=,

FsC
FiC-\ o F N0 F K F
F.C /B\@ FiC /B\@ B
3 o ¢ " o °F FF
FiC L@ Fi€ @ ®Li
PFP-F, HHIB-F, LiBF,

Figure 3-1. Lithium borates evaluated as an electrolyte at 4.3 V with
Graphite/ NMCI111 full cells.

32 RBEELEE

3.2.1 PFP-F,, HHIB-F, 0B E & L COBAMER 4.3V, 60°C, 3C ¥4 7 1ilER)

Sheme3-1 @ FNEICHE > T PFP-F,, HHIB-F,, LiBF,% EC/EMC iA#iczn £ 1.0 M
IR X & - B 2 L. B#/NMC111 2ok Iz a4 v Hle L % LT 60°C,
3CL—rTOY A 2 ViRER% 1T - 72, Fig. 3-2a ICHIFTERD dQ/dV 71 7 7 f L &R,
¥ 3.1V ICHB A Y — 2 28l E ., 2hi EC OEICHfR 7 oichind s L 8bhn s,

(EC (F Li HEHEFE N7 Tld 0.8V fHE TEITHE 1) L2 L. HiF D Fig. 2-8a (EC/EMC
). 2-9a (DME #A#8) @ CV, LSV © 27 J 7R an/-@y ., EREEHE (PFP-Fa
HHIB-F,, LiBF,) D&t/ f#d 0.7-1.1 Vi CilEf79 2%, >, 2o 31V fhgovr—2
DB TR L BA TS LHEHlE N3,

FA 2 NHERD 1 ¥4 7V HIES T, K813 PFP-F, (156.4mAhg'), HHIB-F, (154.8
mAh g!), LiBF, (138.0 mAh g!) TH Y, wFholEzH 2R icBNnTh, HOEIC
DEPEZTNDELEZOLNDE DD, HHWAE~DHEL., TDO3ODETENRALN
7z LiBF4 (3 BSN &M L et S g 1, L2 L. LiBF, H & LE IO & ITo fif % Ji
T2 SEl 2B CE R VEAHMIONTEY 1219 W LiBF, DEICHRIC X - T Lit A HE

before after
cycle test cycle test
Pre-charge/ c :

EIS-1 Cycle test 3 Apacity
25°C, 0.2C 25°C 60°C,3C 25°C 25°C,0.2C
Charge CCCV 4.3V SOC 100% 100 times SOC 100% Charge CCCV 4.3V
Discharge CC 3.0 V 3.0-43V Discharge CC 3.0 V

Scheme 3-1. Cycling test procedure. CCCV, CC, and SOC denote constant current/constant voltage,
constant current, and state of charge, respectively. And EIS Measuring electrochemical impedance
spectroscopy.
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Figure 3-3. EIS date of full cells with three different electrolytes, (a) before cycle test (Scheme
3-1. EIS-1), (b) after cycle test (Scheme 3-1. EIS-2). Measurements were performed on cells
with 100% SOC (after 0.2C charge at 25°C) at an amplitude of 10 mV and frequency of 100
kHz to 10 mHz at 25°C. And charge/discharge curves of full cells, (¢) with PFP-F», (d) with
HHIB-F», (¢) BF4 in 60°C, 3 C cycle test within a voltage range of 3.0 to 4.3 V.
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Figure 3-6. Cyclic voltammogram data of each electrolyte solutions at a scan rate of 1 mV s at
25°C. Lithum half-cell was used, and positive/negative electrodes (NMC111/graphite) were used as
working electrode.
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Figure 3-7. EIS date of full cells with three different electrolytes with LiBOB, (a) before cycle
test (Scheme 3-1. EIS-1), (b) after cycle test (Scheme 3-1. EIS-2). Measurements were
performed on cells with 100% SOC (after 0.2C charge at 25°C) at an amplitude of 10 mV and
frequency of 100 kHz to 10 mHz at 25°C. And charge/discharge curves of full cells, (¢) with
PFP-F,+ LiBOB, (d) with HHIB-F,+ LiBOB, (e) BF4+ LiBOB in 60°C, 3 C cycle test within
a voltage range of 3.0 to 4.3 V.
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Scheme 3-2. Separation procedures and combination patterns of recovered electrodes to check the
capacity of the positive electrode in a half-cell.
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Figure 3-9. Comparison of capacities of the 100" cycle, after cycle test (capacity check at 25 °C, 0.2
C), and of the reconstructed half-cell (see Scheme 3-2 for reconstructed procedure). The capacities of
left two columns (columns 1 and 2) were obtained from full cells before reconstruction, columns 3, 4,
and 5 were obtained from half-cells with recovered positive electrode and Li metal, and the far right
column (column 6) was obtained from a half-cell with pristine positive electrode and Li metal. Color of
the bar indicates the electrolyte used for the cycling test. Filled and open bars show the cell with and
without LiBOB, respectively. Charge—discharge tests for reconstructed cells were conducted in the
voltage range of 3.0 V to 4.3 V at 25 °C and 0.2C, using 1.0 M LiBF; electrolyte.
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Figure 3-10. Charge and discharge capacities were checked. Blue and dark blue indicate PFP-F; as
the electrolyte at cycle test. Similarly, red and dark red indicate HHIB-F», and black and violet indicate
LiBF4. A green line indicates a half-cell with pristine positive electrode and Li metal. The dotted lines
are cells without LiBOB added in the cycle test. In contrast, the solid lines show data of a cell using
LiBOB. (a) Comparison of discharge capacity when capacity is checked after cycle test and 1" charge
capacity of Li half-cell using recovered positive electrode. (25°C, 0.2 C within a voltage range of 3.0
V to 4.3 V) (b) Comparison of 1™ discharge and 2" charge capacity when Li is supplied to the
recovered positive electrode from Li metal negative electrode and a discharge capacity of half-cell
with pristine positive electrode and Li metal negative electrode. (25°C, 0.2 C within a voltage range
0of3.0t04.3V)
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Figure 3-11. Discharge capacity of the recovered positive electrode was checked using Li
metal and 1.0 M LiBF4 EC/EMC (1/2 v) solution. The solid green line shows the discharge
curve of the pristine positive electrode, dark blue dotted line indicates PFP-F,, and dark red
dotted line indicates HHIB-F». (25°C, 0.1 C within a voltage range of 3.0 to 4.3 V)
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3-10b), KO X VBBESKEL Ao 2HERL TS, RMEHES 0.1 C £
T3 LMEEFIC X203 L, MEFRORIENR 507z, (Fig. 3-11), [ UK
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Scheme 3-3. Separation procedures and combination patterns of recovered electrodes to check
the resistance of positive and negative electrodes.
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Figure 3-12. Electrochemical impedance spectra for cells with recovered and pristine
electrodes in (a) PFP-F», (b) HHIB-F», (c) PFP-F, with LiBOB, and (d) HHIB-F; with
LiBOB. Each legend represents the conditions of the cell for EIS measurements.
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Table 3-1. Cell resistance obtained from EIS measurements.

Recovered Recovered
After negative electrode positive electrode
cycling test and and
yeling pristine positive pristine negative
electrode electrode
PFP-F, 1800 Q 33 Q 1600 Q
PFP-F, + LiBOB 70 Q 350 55 Q
HHIB -F, 210Q 30Q 170 Q
HHIB -F, + LIBOB 55Q 30Q 45Q

B4 2 VERBHIRDO VDR HEA Y E—K VA, BXOEINER L FiHER ([EIOE 6
ERTEERR, [ AR & TR IERR) EHWTHIBRK L 722V ORFA v E—X Vv RD R~
7 b V% Fig. 3-12 12, A7 P AdbHisa M- 2Pl (FHlo K% &) % Table 3-1
R G 72 0E TIE 1L Scheme 3-1, 3-3 #28), LiBOB s L 722> > 7= PFP-F. &
X O HHIB-F, EfFE 054, AR & FTERRD 6 78 2 2L DTS 30~35Q 1Y
T 2oL, EINEMRE Frm e S 7 3 2 Lo EPTIEH 1600Q (PFP-F,) X O
170Q (HHIB-F,) (BEFICKE WERGP o727, T b DFEFRIZ, LIBOB ZFML Tw»
R VIC BT B A 7 A iRERE O &L O RHT O BEE A BN 3 IERRENCER 5 &
IR EEMNIT 2D TH S, $7-. LiBOB ORIMOGHEZ LKL 72856, [HINE R % H
W7z VOO K & SR 22T R & ind - 7223, LiBOB @SN < [BEH:R %
V72 L DA IR BEE IR L 72 (PFP-F, & 1600 225 55Q~, HHIB-F, : 170 225 45Q
~)o - C. LIBOB @®MIC X % ¥ 4 7 A5tk o HGUE O HEMImHNiE, 31 B ok
FILIXDZDDOTHEZFIFIHLLTH S, £ LT, T LBOB ZIHML 72 W& oYUl D
KiE7380 & . LiBOB #HNC X 2 #EHTHIN O KIE 222 FE. MR T~ O HERE ) D 208
REVWEEZOLND, 22T, ZONHCL CRET 2720, EMKEO X s
st (XPS) o %47 2 7z,

3.2.3.3 100 44 7 VEOIERR. &R EOHEREY D XPS 434t

PFP-F, Z il L 7=k A% 5 I L 72 IEfi D> XPS HE# %% Fig. 3-13a 12733, LiBOB
RIS T A 7 Vil A 1T o 72 [BIOEM (Fig. 3-13a ) <Tlx. PFP-F, D fi#ic
WG 5 ¥ — 7 %I NIz, CRHZCls XU Fls 2= 2 L CENE$1292.8eV 12,
689.0eV 12:22iz 7 w4tV F v 2 (LiF) 1% Fls 22 + LT 685.0 eV 2-20iC, % L T B-
O fEfrix Bls 22 F AT 192.5eV %) 2 ici & L7z, C-O XU C=0 fi&Hd Ols =%
7 P AD 5332V %) 35 XU 532.0eV 2 DBl E 0, it PFP-Fy 3 X QAT D Sy
fEpIc ks 2, Efhos4 v EF—hkoFRY) 7v{be=YF >~ (PVDF) ®v— 7%,
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Figure 3-13. XPS spectra of a pristine and recovered (a) positive and (b) negative electrode surface
after the cycle test in PFP-F; electrolyte with and without LiBOB. (recovered electrodes were
recovered from the cells, washed, and dried under reduced pressure before XPS measurement.) From
left to right, the photoemission lines for the C 1s, F 1s, O 1s B 1s, and Mn 2p3/. All spectra were
calibrated with the adventitious hydrocarbons at 284.3 eV and background corrected using a Shirley
background. The cycle test for recovered electrodes were performed at 60°C, 3 C within a voltage
range of 3.0 V to 4.3 V in 1.0M PFP-F; in EC/EMC with and without 1wt.% LiBOB.

Fls 2727 b 687.8eV 2V 2N H b7z, Ols A2 FATlt, FrivEMcil oz
529.2eV DB D € — 7 2813 L A LK L TE Y PFP-Fy & IREED 55 ) 53 IERRER
HxE> TWAHREIRBINL,

LiBOB Z ¥l L. 1 H > PFP-F, BME % i L 7zt L o [MIIEM | (Fig. 3-13a FEX)
BT CF; (292.8¢V) & LiF (685.0eV) v — 27kl nsz, LirL, 2O —
7 58813 LIBOB O LIC~TE L (A L TH b, BRI D PFP-F, kD53
WY ok RL T3, Ols A< M itk T 2@ty — 2 (529.2¢V)
DIBEDEIED 2 DR E XL T3, £/, Bls 2x=2 F VEHETHRL 72 LIBOB v
— 7 DAREIC R S e vwEt, LiBOB H2ED CEI DB CH 2HE AR LT 5, %
LTZnbD, LIBOB %Ed 2 H CIEM ~® PFP-F, kDO O HERE 3K 2 & o
SBRIE. A4 7 ViR o I EHE & 35 e VIPTOR T & K~ LT, F
7z, HHIB-F, Zfdi [ L 7= MU IERR C b RO o f5 R, 37b 5 LiBOB iz L (Fig.
3-14a LB CoOEMENHEEDSEY (LIF & CFy) OHfkL Bty — 2 Dbk,
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Figure 3-14. XPS spectra of recovered (a) positive and (b) negative electrode surface after the
cycle test in HHIB-F, electrolyte with and without LiBOB. (Recovered electrodes were recovered
from the cells, washed, and dried under reduced pressure before XPS measurement.) From left to
right, the photoemission lines for the C 1s, F 1s, O 1s,B Is,and Mn 2p, ,. All spectra were calibrated
with the adventitious hydrocarbons at 284.3 eV and background corrected using a Shirley
background. The cycle tests for recovered electrodes were performed at 60°C, 3 C within a voltage
range of 3.0 to 4.3 V in 1.0 M HHIB-F, in EC/EMC with and without 1wt.% LiBOB.

% L C LiBOB #sil (Fig. 3-14a FE) 1€ X 250ffW v — 2 oJfd & SRR v — 27 DR
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Figure 3-16. Proposed working principles for improved cycle performance observed in LiBOB-
contained electrolytes. For electrolytes without LiBOB, electrolyte reductively decomposes on the
negative electrode surface forming CFsz-contained decomposition product. The CFs-contained
decomposition product then migrate to the positive electrode side and oxidatively decomposes to
form highly-resistive surface layer, which has dominant role in the deterioration of the cycle
performance. For LiBOB-contained system, LiBOB-derived SEI on the negative electrode surface
effectively suppress the reductive decomposition of the electrolyte, leading to suppress the formation
of the CF3-contained decomposition product. Therefore, the formation of the higly-resistive surface
layer on positive electrode surface originating from the reductive decomposition product from
negative electrode side is intrinsically suppresse®8nd significantly improve the cycle performance.



BERBESN L IAER, 4 7 A ilBRollg s nt*aﬂaﬁ (Fig. 3-2b) 1%, FicBEA]
Be7 Litoi8%k (Fig. 3-9) & IEMIKFIINIC X 28@%ETE (Fig. 3-10). F X OCIEMD 1L
(Figs. 3-13b-Mn2P3/2. 3-14b-Mn2psp») I & 2 DTH 2 HARR S N7z, LirdEKIL,
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HHIB-F, D53 f##ic X o TIEMEIOEGTAE L < A L7z (Figs. 3-12a, b, Table 3-1),
LiBOB O#iC & b EfFE DR ICo ARG & iz Fic LitoEKAMERI S v, B Eo
HEREM 239 L 7= (Figs. 3-13b. 3-14b), HHic & O HEREWI A L 72 2 & CIFMRIEH 0 14
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Scheme 3-4. Reassemble procedure of SEI/CEIfgrmed electrodes and the 2" cycle test conditions.
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Figure 3-17. (a) Cycle retention of four different full cells. Cycle test was performed in 1.0 M
PFP-F, EC/EMC solution (1/2v) with (solid line) and without LiBOB (dotted line) at 60°C,
within a voltage range of 3.0 V to 4.3 V. Pre-cycling treatment to form SEI and CEI was
performed in 1.0 M PFP-F, EC/EMC solution (1/2v) with LiBOB (see Scheme 3-4 for detailed
procedure). The result from pristine cell with (blue solid line, the same data as Fig. 3-4b) and
without LiBOB (blue dotted line, the same data as Fig. 3-2b) is shown for comparison. (b)
Electrochemical impedance spectra of the four types of full cells after the cycle test (corresponds
to the EIS-2 in Scheme 3-1 and EIS-5 in Scheme 3-4). Measurements were performed on cells
with 100% SOC (after 0.2 C charge at 25°C) at an amplitude of 10 mV and frequency of 100
kHz to 10 mHz at 25°C.
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Figure 3-18. XPS spectra of recovered electrodes surface after the cycle test in PFP-F; electrolyte.
The pristine cell data (blue solid and dotted line) is the same as in Figs. 3-13a, b. The light blue
dotted line is the data of the electrodes after the cycle test using the negative electrode with SEI
formed by LiBOB. And the dark blue dotted line is the data of the electrodes after the cycle test
using the positive electrode with CEI formed by LiBOB.
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LiBOB # &% PEP-F, B # V72w L (F0FEM) & SEL ftZ oL Gktaofif) i
THEALY 77 24 (LiO) ov—2 BRI hTEs ), Zhid LIBOB oY OHERE (SEI
Kr) R L T3, £z, LIBOB OFMIIC X Y., IEMA 5D Mn OEH I & 7z
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DRI T DAY 2 TERE T Mn OEH %5 2R LvREnE 2z o b,

Y VNO RPN L. SIRFOCH I Z - 7= EMICHEEZ 5 2 5721 T . BE L i
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ECERREE L 26558, o af vilerclim s b Ef@say <—F A v b
RO LTI INGDL > =F0 6. a4 v TldARMREIT DR ICHIEY) 25 IEMHIC T
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— 7 AEYINE CEl OBICHEE % KT L., v VORBETL|IIEMEL 2 Lz,)
$/o. BEmRETAIFCa—T 4 v T5E, a AV MEY F Y LIERESET 5 E
THILNL T W EBEEY A 7 VGO x M LI 2fEr0, ABArbD 78X =2 %
JRIA & 9 2 156 o HEREY) O B 23 ] & 72451, e o9 A4 2 A Fadsm b L 7z &R
HINTWDE 0, HiCiEe L — X —0OKEZ 120 3L THL, Az Rinso
FAVEED) FULICEET 3T NMC B EoMEREY S EE I+ 2 E0 5, Al
DSIEME CELERUICEAS LT 2 FHIZH L 2 TH b, Ellid & Ei~oD SEI OB BN & D
HHEN R CH 2 L oWEHID H B 3, 2 LT, KEOHEOFER (LIBOB I X % SEI
ft& oM EH W22, PFP-F, EME AL ZBoxr o9 4 7 VERKT, [EM
OEFUEM, % L TIEMR~® PFP-F, EE O3 o HiiE 2 W3 5,) b FkkIC, B
EHorsax =20 EL, ZRODEMU~OREDREIHZHRL TH Y, Fig. 3-16
DAH=ZXLIEHENTHLLEZONS,
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3.2.4.3 PFP-F, & HHIB-F, D&/ RkE o HEHI
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N s it . . . .
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W xLi OLi linked .
BE® | —— & Lo #1400, + Crossinke formed by LiBOB.
o OOE! 0 o] el oligomeric borate
L

fzic, Lit o5 & IER o K 2 EPUEI, I X IEM A 5 © Mn OFHOJFIK & 72
57- & b2 PFP-F,, HHIB-F, O £ COBITHEYI D AR A 51 = X 201 B L CHEH]
#{To7. FWLUHRYEEY 77 LHCH 3 LiBF,. LiBOB % L € LIDFOB D38 T4 fid ks 1
BL TR ME2AH Y 29 BITCHRAE LT I HATRIEIIEE EC & IGL THY
I~ — %M T %52 (Fig. 3-19a) . A7 v HEMB) F v aiie LChilfEs 22
(Fig. 3-19b) »#EE I N T\ 3, PFP-F, < HHIB-F, 23 [EKED < 2 G [ ic TEITHR
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CHT T2 LE2oN5, 2O/ T, BTDY FvLiEL, ~FHT71inTxb v,
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HHIB-F,

Figure 3-20. The presumptive reductive decomposition products of PFP-F, and HHIB-F».
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DI ANF —EEIX, EHMRIOEE) EIREMN % EF 2 FcrR b2 2 HARETH D |
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DBHEESTWVE D 0.59.0.D  LiL, LNMO OERLIZ, Z2DEH 4 2 Btk > T
HFohTes Y, £oFEELERIT LNMO [EM ECoEitoigbafi o9& HF 0%
AT X2 LNMO 260~ v Y o cd 2 901010, 3R o AL o fif 13 IR 2 3
mE e, SEREOHKREL LTRERE NS ®2 799, $/, EM»rLBHE LY
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COREE 72> T IR OIBALRIC L 2HRRBENIE, TYFR=rIL 2 v T/ 7
Ry W IR ZOVER VD R EE) T L3 10101909 0 k) 7 ord e 2 FLEY)
20.20.22 70 L OPSINA % v T, @SEEIEM EIC CEI 23 2 F IR TE 2 FBH 6N
Twd, o, xvBIYVFvriohcd, VFvirex (FF47 ) FvEgif
(LiBOB) #-20 VFv vy zita (X4 7)) wvEi (LIDFOB) 2429 20,27
1% CEI DIERUIC X » TR D R 2 MGl 2 2 c 7, IEMid b D~ v i v oiEH %%
FITHIHIT 2 BB MEIN TS, L2l INLOFMFAIOHHICL > THA 7 LR
HEIYGEI NI 0D, ZOYGERIIA T Th Y, HICKREZA LS 57200 Tk
mLEEN T3,

F2HEOMFICTCFEINLZY 7rdna (=7t veFadb) SvE) FvU L
(PFP-Fy) Y 714nm (2-v Fu*-333333-~FF 74404V 7F5}+) kv
Y 52 (HHIB-Fo) %0 bV 7u4n X5 bk vy 57 24 (Fig. 4-1) 1% LiPF,
ICHARCEMNIC R ETH 5 72137 < (Fig. 2-5). MthK @M E < HF o34 0%
2037w (Fig. 2-6) BB LPIChoTWn3, 72, 5 3 HoOWIEIcE VT, AMIC
PFP-F, % HHIB-F, & C0f# % 14 3 LiBOB ® SEI ZfEK & ¢ 72k A Cl3, PFP-F,
% HHIB-F, DEME & L CO@EHABTrIicn[fgThH 2 EBHHL 7z, ThdbD b Y 7%
1 A F bt v g (PFP-F. % HHIB-F,) Z&fEfie L CHw FEH AL NTD HF ©
FAERZMHE L, Hicid Eido M) 7t a 2 FAeEYe R v EEY 77 L34 L [EERIC IER
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IZ CEI 2B ¥ % H CIA OB o fid % Il 2 H-WF a3, £ 2 CARETlE, PFP-
F, % X O HHIB-F, @ 4.8V [EMi %R ICE T 2 5 HAEZHEET 27290, 4.8V TOH A 7 L3k
& R DB DN 21T > 72,

o

Fc\ 0 F o F R F
FiC— g ¢ FiC— g’ 7o
Fi€C i@ F3C @ Li @Li
PFP-F, HHIB-F, LiBF,

Figure 4-1. Lithium borates evaluated as an electrolyte at 4.8 V with
Graphite/ LNMO full cells.

42 WHRLEER

42.1 PFP-F,. HHIB-F, 0 E#E & L COBFAREZ (4.8V. 60°C, 3C ¥4 7 LRER)

Before After
cycling cycling
Precharge/
. Cycle test EIS-2
discharge-1
25°C,02C 25°C 60°C,3C 25°C
Charge CCCV 4.8V SOC 100% 100 times SOC 100%
Discharge CC 3.0V 3.0-48V

Scheme 4-1. Procedure used for cycling tests. CCCV, CC, and SOC denote constant
current/constant voltage, constant current, and state of charge, respectively. And EIS
Measuring electrochemical impedance spectroscopy.

SEEITTFNE (Scheme 4-1) IZfit> THED, 0.2 C CPHARE LT o BIELNER
AR % Fig. 4-2a 1" F, 3.2V (4.0 V) 3L UW4.6V ATV KT 77F—13%
NZ 4 Mn®*/Mn* & | Ni2t/Ni*t, Ni**/Nitt [gfbimic k2 do0chh 29, LitDIEMm~
DI AMEED R E 2 T L 722N LT3, 22V B0 77 +—i3 dQ/dV 7u 7 7
A (Fig. 4-2b) @ 2.2V fhiio v — 71k L, LiBOB Ot fRIC X 5 SEL B % R
LCw3 229, Ric, Fig. 4-2c KRERRL 7 — 0 VEIFEICNT 294 2 v OE 2R
¥, PFP-F; 3 X ' HHIB-F, D2 A CTld, 7 —n YRIZHIH D 15 %4 7 AFRRE CREL
(>99%) LT3, LiBF, &, 156 44 7 AVBRECHRicREliZTsdb o, 7
—u VRO ERIE 98%TH Y., VF 7 LADTHAMEELUN D IE (LiBF, 27 D /i
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(b)
]——1.0MPFP-F, + 1 wt% LiBOB
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Figure 4-2. (a) Precharge/discharge curves of LiNi0.5Mn; s04/graphite cells with different electrolytes and
(b) the related differential capacity profiles recorded for precharging. (c) Effects of cycle number on the
discharge capacity (solid lines) and coulombic efficiency (dashed lines) of full cells with different
electrolytes. (60 °C, 3 C within a voltage range of 3.0 V to 4.8 V) (d) LSV data on the oxidation side
extracted from Fig. 2-8

JGEE) ICEFRWEBEINT VL EENEDD S, 100 %4 7 L% Cld PFP-F, (80.5 mAh g) &
HHIB-F, (79.3 mAh g') (%, LiBF, (72.1 mAhg!) XV dEVAREE R L7, $72. 194
ZVHEWIRL 728560 100 ¥4 7 LViEORE(K T Ix, PFP-F, & HHIB-F, Ti3#) 34.0
mAh g! (0.39 mAh). LiBF, Ci 40.2 mAh g! (0.46 mAh) T» -7, —J7. Wit CEM
L7z FIREN 2 4.3V 0B (Fig. 3-4b : A U EMZ#H) <X, 100 44 7 L £ OFEK
T % PFP-F, & HHIB-F, ¢ 18.0 mAh g! (0.17 mAh). LiBF,C 23.8 mAh g! (0.23 mAh)
TH o7, LNMO IEfiz 7z 4.8 V TOFBED T OFRBIEVP K Z V0 lk, EBOEAL
N2 e EZOND, B A 2 ADBLE LT 50 A4 2 A LGOI 7 — o vi)
(3 4.8V DARHEClZ PFP-F,, HHIB-F,, BF, DJHIC 98.6. 98.8. 97.8%. HiE®d 4.3V
DAEETIE 99.8, 99.8, 99.6%CTH V. 4.8V TIIHEINIG (AL EME DL fiE & HEH
IN3) PiEfTT 2 b DD, LiBF, icH~T PFP-F,, HHIB-F, 3%03R DT 2] L < \»
5T RN h Db, 72 Fig. 4-2d D LSV 7 —x X 0| Mo EFED 4.8V TIHER 4 IC#E{L
ENBZERGD B, DT, PFP-F,, HHIB-F, 25L& 3 2 & CIEM b Ic iR
LEME A S O A IS 5 CEI 2L 72 AlREME DS E 2 b4, T REiILIFED
TR CHEICFEICHGES %, 1 34 2L H, 50 34 7L H, 100 ¥4 7 VHORIKE
#t (Figs. 4-3a, b, ) 26, HMAETOEMETI A 7 AEOHIN & ML Tw 3
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Figure 4-3 (a—) Charge-discharge curves of full cells with different electrolytes recorded after the

1%, 50, and 100™ cycles. (d, e) Electrochemical impedance spectra recorded (d) before and (e) after
the cycling test.

RN D, £, FA 2 ABRBBROZHA v — X v 2F— % (Fig. 4-3e) 26, &C
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2 MR OEALOBNNEA /N X < (LiBF, @47 100Q 1% L <. PFP-F, & HHIB-F, C 3] 40
Q). LiBFy X Y 3@V 27 —n vihked 4 7 BoRBE OB FEHEI NS, Fiv
T, $A 7L BOBPIEMEZF ELC L-EBoRE (B2 &) . PFP-F, ®

HHIB-F; 78 LiBF, iR CTEWABRZ R THAOMIAEZIT Y 20, 4 7 1riliBo e
IR L. IEEMEZY D 50 720 %217 - 72,

422 ¥4 7 2 vEBRBOEABOREN (K. &)
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Scheme 4-2. Procedure used to assemble symmetric cells.
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Figure 4-4. (a, b) Electrochemical impedance spectra (state of charge = 100%, 25 °C) of symmetric
cells fabricated from 100-fold cycled (a) negative electrodes and (b) positive electrodes. The detailed
procedure is shown in Scheme 4-2. (c, d) Capacities (25 °C, 0.05 C) of half-cells constructed from
lithium metal and 100-fold cycled (c) positive electrodes and (d) negative electrodes. The related

charge-discharge curves are shown in Fig. 4-5, and the detailed procedure is outlined in Scheme 4-
3.
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. CWISd 2 FRIMEMIR % Fig.4-5 1073 3,) BUNEAM D% &1L PFP-F, (348.6 mAh g
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/ negative electrode ____--—-'"'y
Washing in EMC and
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pressure at room temperature.  Li metal

Scheme 4-3. Procedure used to assemble lithium half-cells to check the capacity.
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(a) Negative electrode with Li metal (b) Positive electrode with Li metal

20 +
] ——PFP-F, 45
+ LiBOB (cycle test) o
> =
> ——— HHIB-F, 2
> : > —— PFP-F,
&0 . + LiIBOB (cycle test) £0 i + LIBOB (cycle test)
S10 7 LIBF, % ] —— HHBF,
i ] + LiBOB (cycle test) — + LIBOB (cycle test)
3 { ---- Pristine graphite O ] LIBE
| 4
L—:—”j 1 =LBOD (eycle tosl)
] - - —- Pristine LNMO
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Capacity / mAh g™ Capacity / mAh g™

Figure 4-5. Charge/discharge curves of cells fabricated from 100-fold cycled electrodes and
lithium metal (see Scheme 4-3 for detailed procedure). Charge and discharge were performed in
the voltage range of 0.001-2.0 V (negative electrode) and 3.0-4.8 V (positive electrode) at 25 °C

(40.2 mAh g) XD dEEHIC/NE v, ZRICHA T, 7L OAMARIT, ST
ZIEMAED 1.7f5CH 2 7-0, Ao FELofEr R EHA L. LiBFaTOH A 7 il
BB I N2 RERARKTOFERCTH 2 & 13HF 21T v,

FRcc. BUREMO A S %2MEL 72 & 2 5. HHIB-F, (129.7 mAh g!) =PFP-F,

(129.4 mAh g') >LiBF, (127.3 mAh g!) 74 b, BREEMCAZREZIRD Sk
5720 B LNMO IEMio LR 12 130.1 mAh g! TH v, BUEMD Lird i Al
REficid, L 2 BMEEICEb LTI A BB RN > 72,

LNMO IEffi% Tk, EMEEOLLUNORRETORKNO—D2 & LT, ROy
fEpszg s 799, PFP-F, % HHIB-Fp (33t S 1T 5 CF L&) 2020 200 K v if
Y F 7 2 23.20,25).20. 205 b [G| kg1 1EMG [ ic CEI Z B 3 3 F CIAlE D RE{L /iR 2 4 L .
ZOfEHR L LT LiBF, £ 0 b SO AR L EKOIEMIKYIZ 7R L2 [fgErnExohd, 22
TRIC, 1EMiic PFP-F, % HHIB-F, kD CEI 2B S LT\ 2 2 & OfffiR, FiT i

LiBF, CH & 7z Bl ¢ OIEH MO RN 2 £ % 720, BUIE A ORI 2 XPS &
X ERTE B (SEM) & HwvCTfT o 72,
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4.2.3 ¥4 2 VBEBREOEBERY O (XPS, SEM)

Figs. 4-6a, b, c (% XPS JHIE 1< T MIULEME D i i< 81l & L7 & (Fig. 4-7) @& —
7 % HEHECR LD DTH 2, HHIB-F, & LiBF, Tix Cls & Fls 2<% b LIicius
PVDF @& — 7 R I 7z, PFP-F, Cldch b —21dhk 055, PFP-F, Cik

sitive electrode = (c) O 1s, positive electrode

(a) C 1s, positive electrode s (b)F 1s,

1w ———— e r——— 0 00— -
w k] [
80 80 80
60 L 60 L 60
bl =] b
2 2 4
- - 1 e - 1
40 L 40 1 B 40
20 | 20 20 |
0 0 0
s “%
'o’.‘@ * A:Q % 's’/@ x(@A\
% % o X G B¢,y
o&‘ () (] @O o /@O
oOé ® & 2]

Intensity / a.u.

Figure 4-6. Surface compositions of 100-fold cycled (a-c) positive electrodes expressed as area
fractions of (a) C 1s, (b) F 1s, and (c) O 1s peaks. PVDFa and PVDFb in C 1s spectra indicate the
C—H and C-F bonds of PVDF, respectively.

(a)c1s (b)F 1s (c)O 1s (d)B 1s
Pristine LNMO
PVDFb PVDFa
MOx
PFP-F, + LIBOB | "
C-0 c=0

Cc-0

CH

HHIB-F, + LiBOB

A/B'L

CO

LiBF, + LiBOB

bbb
;

----------

204 292 290 288 286 284 282 691 689 687 685 683 535 533 531 520 198 196 194 192 190 188

Figure 4-7. (a) C 1s, (b) F 1s, (c) O 1s, and (d) B 1s spectra of 100-fold cycled (4.8 V, 3 C,
60 °C) positive electrodes. C 1s peaks around 286.0 and 290.5 eV were attributed to the C—H and
C-F bonds of PVDF, respectively 3"). The C—F peak of PVDF was also observed in the F 1s
spectrum at ~687.6 eV 313233 Peaks at 285.0, 286.5, 288.5, and 289.5 eV were identified as
C-H 3%-39 C-0 32-33.3 C=0 32-3)_and CO; 3! 3, respectively. O 1s peaks around 533.5 3V
39:39),532,0 313939 "and 531.0 eV *?-*-39) were ascribed to C-O, C=0, and CO,, respectively.
The C 1s peak around 292.5 eV was ascribed to CF3 ?23% and corresponds to the F Is peak at
688.5 eV 2239, The peak around 687.0 eV, also appearing in the F 1s spectrum, was attributed
to B—F 31393637 "and the peak at 685.0 €V 31 32):33).39).37) wag attributed to LiF. The B 1s peak
around 192.5 eV was ascribed to B—O bonds 2 31-39),
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TSN OEMRET IC TR X Y S DY DBTER I Nt EZLND, T,
LNMO [ ¢ EC BB L 3R S 41, IEMREICK Y =F L v —F 4 — P 3 G 26
BHIGN T2 Y, SRIOHETH L2 TOEMELHED Cls HX U Ols A=27 Fic T, &t
J59 5 CO, XU C-O v—2pilans, %k, LiBR,OGAIR, BEL2EDY—211
ETHEBHKTH 225, PFP-F, & HHIB-F, 054, MBELET v — 27 O—kld PFP-F, &
HHIB-F, H & OBt pfRERYITH 2 L HFE 2 b b, FEIC, PFP-F, & HHIB-F, DfF{E
TCH A4 2 AREE AT > 72 EMD Cls, Fls 222 s A5 51ZCFsv—2, Bls A<=2 kL
251k B-O v— 2 a#Hia <Y (Fig. 4-7). PFP-F, % HHIB-F, BSHAL R S L7z
EDIRBE I NG, ChbEMEEBKEOHERY) (CFs & B-O) o — 713 HHIB-F, & 9 %
PFP-F; O /75358 < . IEMK LMY O BHAL WFa il E 5, Zhid HHIB-F; X
D b PFP-F, ®Ji»3§5\» PVDF v — 27 288l S /= Fd 33 5, 1EM EOHERY) O 1
|Z SEM HifCH R T 2HEHACTE 3 (Fig. 4-8), 40,000 5D 5K D Hjf§ <k PFP-F, D5
BT IEMGTEE R O iR R b T 2 BHANER T E 5, PFP-F,  HHIB-F, Ot
SR L 1Z R 0 . LiBF, L (LiF & & v R 3d e — 2 BRI N3
DHTHY (Fig. 4-7). B I N7 CEL & L CohRIFFH L FHEING,

PFP-F, & HHIB-F, &, LSV ¥—% (Fig. 4-2d) 1< X uiF 2 b D EMRE 0B 235
192 48V THRELZIA ZAVEEEZIR L7272 Thl 4 7 M EDIEMD HREK
ENTze A DOEHUT LiBF, X Y KWl /R L7z, & 5ic, PFP-F, X ° HHIB-F, icH
kv pHEREM D EMERICHRHE SN, INbOFEEFEET 2 L, CF b XU B-O #Hfr
LIS OHEREYA CEL & LCIER L. SIS EME A & o Hhi 2 il o %z 1]
L. BEETZHHEIL 72 & HEHI S 3 HACX 3,
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X 40000

Conductive carbon
~ (HS-100y

conductive 'carﬁo_:gi :
(VGCF) M8
F

e —— ———— |3 - i ‘ . R
SE(L r 5.00 um KV 8. 4mm %400k SE(U 1.00 um

HIB-F, + 1 wt% LiBOB

F

F,s+1 wt% LiBOB

i \
5.00 um KV 8.4mm x40 U} 1.00 um

Figure 4-8. Scanning electron microscopy (SEM) images of pristine and 100-fold
cycled (4.8 V) positive electrodes.
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4.24 ¥4 2 VBBRBROABHEEY OB (XPS. SEM. EDX)

Figs. 4-9a, b, c (% XPS Ml i< C RN E AR D R < BLH X L7- %k 5r (Fig. 4-10) o
— 7 R HBEHECRL7Z20DTH S, 3 2OBMYUE XA -2TCOAMICEB W, BF
M cHRT 2R v HRE . P8O LIF, BHHkD CO 3 X U C-O &5 DD B &
N7z, % LCPFP-F, 5 X WWHHIB-F, Tld, IEfoOEA & HEkic, EMEEICHNRT 5 CF;
HERdv—2ranBgan, 72, SEM CIRENKMICH YO b TERx N (Fig.
4-11), ¥Fic LiBF, CIRER 0.5 um RiEOR T O BRI Wz, =30 F —HH0H X
#rortilk (EDX) (Fig.4-12) ~ v © v 2 TS IR\ 28 LiBF, CRISE & 7= R IRAT
HY kR e 7 v B2 G0 EPHHEL, ChIZAR L BEREoHANRERY L BEbhn
%, Z®LIBF,CDRREDD o 7eb KT HHY)IE. LiBFaD A TR S L7z ARROIEHT 5 &
REREETICER L T 3 alRE2 H 3,

(a) C 1s, negative electrode - (b) F 1s, negative electrode 00 (c) O 1s, negative electrode
0 T

T s W =
il L

50+

LiF B-F|

B} 4

60 T 60 T+

C=0PVDFa PVD

Only faint peaks are observed.

“q04 “40 4
20 ¢ 20+
0 —4 — oo
) < Dn % ) < e £
%, % % % R &" & A IO &
Cy, 8 s, e % '&O 0, ® Ky R ’&
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Figure 4-9. Surface compositions of 100-fold cycled (a-c) negative electrodes expressed as area
fractions of (a) C 1s, (b) F 1s, and (c) O 1s peaks. PVDFa and PVDFb in C 1s spectra indicate the
C-H and C-F bonds of PVDF, respectively.

(a)c1s (b)F 1s (c)O 1s (d)B1s
Pristine graphite

PFP-F, + LIBOB ,_

CCH CF. | B-F
X\ || AL

HHIB-F, + LiBOB

a-ﬁ;@ A—-

LiBF, + LiBOB

294 292 290 288 286 284 282 691 689 68? 685 883 681 536 534 532 530 528 198 196 194 192 190 188

Intensity / a.u.

Binding energy / eV

Figure 4-10. (a) C 1s, (b) F 1s, (c) O 1s, B 1s, and Mn 2p3, spectra of 100-fold cycled (4.8 V, 3
C, 60 °C) negative electrodes.
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Pristine graphite

500 um

20.0 um __J SUB0OD 5.0kV 8.5mm x10.0k SE( Sgoum

1,0 MAHHIB-F;+ 1 wt% LiBOB

ZOW 80 0KV B.4mm %100k SEL 5.00 um

Figure 4-11. SEM images of pristine and 100-fold cycled (4.8 V) negative
electrodes.

LI Eoi#h . XPS & SEM Z3#ric & v . PFP-F, & HHIB-F, <CIEM < BAFE t ok o HEREY)
RO, TREEDY CEL ZJEKL T2 A[REES SV C LG 2 I o 72, & T TRIC,
Z @ CEIJEKDJEN & 72 3 PFP-F, & HHIB-F, DAL R O A ki 2 B & 212 3 5 7=
. XPS T X 2 BIAE A H D3t & HEIBEBH (DFT) MR %217 7,
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1.0 M PFP-F,
+ 1 wt% LiBOB

5.00um

Figure 4-12. SEM images and related elemental distributions obtained for pristine and 100-fold
cycled (4.8 V) negative electrodes. Particulate deposits are indicated by white circles (far right
column).

4.2.5 PFP-F, ¥ HHIB-F. DBV -k o HEH

BEMYE D HRIRIETD XPS <=7 b A% Fig. 4-13 IZ/8F, PFP-F,® Cls Z=2 kL
TlZ CF3(292.4eV) & C-0(288.0eV)D v — 27 B3R 517, 2D PFP-F,thd C-O v — 72
BB T 2 20l L2 8B T — FicEEn3d 72 U AEED C-O (286.0eV)
Y03 EONIALF—ICfiE LT Y., 2 50 CF OB TS IFIENENZ L 2R LT
W3, Fls A=2Z7 L LD 688 eV 13ED v — 71X CF3 & B-F §E4 153 %, LiBF, @ B-F
v— 2 OfiE % HAREL LT, 687.1eV ® v — 7 % PFP-F, @ B-F f41C. 688.3eV 0%k b
v— 2% CFRIc# 0 4 Ch, ThHDE— 212 T, 685.0eV i FAESMC b G4 1T PFP-
Fic&ENTwiad o7z LiF O v — 27 23R & iz, LiDFOB 2% LiF & 3 fiifi & v Ribd
PN O] RS 2 2 & 2 E 2 B L %, PEP-FouC b ARk D PRI AT S 5 ATREME DS 5 5,
ft > T XPS HIER I FEZRICEHM & 5 X h 3 [ic 3 B+ v RLAYWHER L, LiF 0
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(a)c1s (b)F 1s (c)o1s (d)B 1s
F4C Blank

FiC o /F (conducliv% %e} ;;'
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FiC & F et N A 2

FC  ou c-o BF 5l 8¢
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F3iC N ——/L
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Figure 4-13. (a) C 1s, (b) F 1s, (¢) O 1s, and (d) B 1s spectra of PFP-F,, HHIB-F,, LiBF , and the
conductive carbon tape used as a support. Each electrolyte salt was examined in its isolated pure
powder form. Peaks derived from the acrylic resin and carbon—containing conductive tape used to
support the samples were observed for all salts.

BIERE L X N2, Ols 222 M Tld, BEIN:Z5328eVOE—2IcT 7 )
gD C=0, C-O v =27 N T35, C=0 X0 yHEICHED/NZ T 27 ) AR
DC-O—273MHT2ZLNTEL, 22T, 533.0eVD ' —2 % PFP-F,® C-O f&y
ICEI D M C T, FEOFNEC HHIB-F, O v — 2 %E 04T 2 25, 292.4eV & 688.4eV
DY — 2% CFs 287.9¢V & 532.9eV @ v — 7% C-O, 289.5¢V & 532.6eV O v — 2 |
CO,, %L T 687.1eV o — 23 B-F it REE iz, Hifko PFP-F, ¥ X O HHIB-F,
® CF; v—2 (Cls, Fls) OffiElx, [EUNEM EcBll Ehi v —2 LIEFICE YV, 0
Tlhn, EREEDBkD, Efis X CAMICHTH L 20 @R, CFs B oiits couo
%%Ekﬁﬁﬁﬁwawé\?&b%\«E%O%%ﬁﬁ%éhfwéﬂ%ﬁﬁ%ma
Eibhd, ToOfERIZ, CFIEMRIC (Fig. 4-13 ® PFP-F, D& XD b o) |
RFBEDIEO T ANF %G5 & CHERTE 2139 TH 525, Bl Térf@t—7
RS RAERYI O — 27 L EH > TEY, M T hdr o/, KRiT, H{KD PFP-F, &
HHIB-F, ® Bls ¥ — 7 13 # 1L F #1 193.6eV & 193.9¢V (Bl & 7= —77 ¢, [EINERM oD
S E D Bls ¥ — 213 192.5eV (Fig. 4-7d) 1B LT3, LiIBOB 04, BRI X
S THRYRIHEST Z3ETWHIELRD L, Bls ¥ — 27 B EEASZ AL F—fllicy 7 b+
3T EDBASNT NS 3990, ft 5T, HHIB-F, & PFP-F,® Bls & — 2  fABRIc X - T
TAALF—flliIce 7 bLZEEZLND,

fitv T, DFT §H&IC X - T, Mﬁﬁ%xw:fAmﬁﬁéé6&5ﬂﬁﬁ%6nhoE
fKIYICiZ, PFP-F, & HHIB-F, DRLEMEICE T 3 5MAa0R S %, WEkEL 1 &7
MEfLIRRE CLLER L 72 (Tabled-1), % DfEH, PFP-F, Tid B-O1 #§&23, HHIB-F, Tl B-
Ol #ifr & C1-C2 #5& 28 1 EF IR CHUCTE D, BILDOERICAS ICUIli s Liff
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Table 4-1. Bond length changes resulting from one-electron oxidation
determined by DFT calculations at B3LYP / 6-31+G(d,p) (charge 0) and
UB3LYP /6-31+G(d,p) (charge +1) levels.

Lithium Bond length [A]
borate Bond Charge 0 Charge +

C1-C2 1.643 1.634 -0.009

1 Increment

FS ) B-O1 1460 1627  0.166

F,02.0 -
3¢ g PFP-F, B-02 1.531 1.479 0.052
FaC 5 F C1-01  1.377 1350  -0.027
F £ oL C2-02 1392 1389  -0.004
FiC . 2 c1-C2  1.578 1.701 0.123
pp G F B-O1 1.462 1.554  0.093
5 1 PO HHIB-F, BoO2 1520 1538 0017
T el C1-01  1.325 1259  -0.066

C2-02 1.398 1.345 -0.053

W7, Fig. 4-14 i< XPS I X 2 EME RO & DFT GHEARICE D < PFP-F; &
HHIB-F, DL fEA H = X LK %", PFP-F,O8G, KELR~F I 7 04uT7 2 bV
DIEFIC LY, B-O1 fi& e Cl1-C2 fEGBHA L. 7 ¥ vtk k3 %, HHIB-F,
b FIfRICLETR CO, DL &I L, R 7Y ARz AT 5, lﬁw,—m@g
U F v 28U A TH B LIBOB & LIDFOB Ic oW Th, B-Officr e C-CHia Dz

BT DREIBROBIL IR 1 = X LB RE ST T B 22040 ﬁiﬁkbf:7‘/7’]/l/qu'a'ﬂ{2|§®
FOGIE, 2 DDk %E 782 L FRHING, FEiE A TlI. ~FF 704w 7 2 v OAERK
TG, YTIAFRRT Y IUAABERL, TDFYAME EC EHEBRIG L. R

o] 0
FiC CF; Y I\ E
ELC —O_F F c,,< (“0) 00 Li
BO co, T T X e B O
(0] OKE 0 o) B—p F—B" (0 \I( .
/ | . 0
= Y/' F F —
HHIB-F F3C 1 Path A
2 F3C~.._\_KO\ 0 Polymer
L -
FsC L F =R EO
F:sC ; 0 F F \ FsC B FaC “%\ M
Fac o’k Path B F3C o i O\M
FiC o —> FiC 06 .o
CF3 FsC ‘g-F F3C F’\B'ér)’ M
PFR-Ey Hexafluoroacetone = F L G
Three-coordinated borate ® 60 \M
Li -0
¥ FRCeRy

Figure 4-14. Proposed oxidative decomposition mechanism of PFP-F, and HHIB-F>. M-O-M-O
means the positive electrode surface.
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ICIFR) =% RT3 ERHONT NS 2020, BB Clihy 7Y v RIGICX >
VA —AHID 3 LA TR A TFANRERT 52, CDZLiE Bls B— 2 DETF L F—
~DY 7 Pe—HLTWwb, ZLTID 3 kv AT iE, EBoSEBRILY I
fiiLC CEl BT 2 2 L A TE S 21012, % 7= PFP-F, % HHIB-F, Og{Lofif i<
STRELIZ~FHT7AF BT 2 P vid, EFRIIMEOM CFic X - T C=0 ~o3k
BREEZFFICZTIRI L RoTW0Wb I eE2EX S L, EMOSEBLYT OMEER T O
FHEBETNOBRMICLE > TR INEZT X — AT LaX Y FEIRETHEEEZD
Nd, ZLTCZoTLafxy FRo~FHT7LFn TR vd E2, 8158 MR CEL & LT
RT3 2 &G I N3 2, %72, PFP-F, & HHIB-F, (Z1EMR IR 2358 L 7=
HeREW % IERK L 7225 (Figs. 4-6, 4-7). PFP-F, i3 HHIB-F; X Y % AR & K WEPT 2R
L7ce TOFEEIIPFP-F.0 i EMEICHK T 2HEI DB RE LB I N & LHEL
fwék%x6ﬂ\M%%%%uﬁﬁénéN#%7»ﬁu7&by@%®éwm;5$
DEHEN TN S,

ROHEITIZ., TO3IFNMNATVBIATLE CREICX>TEREINS CElLOMEEZ XS
WCFEL KN 2720, EC &8 E 72w EMC R—XDERRTD 60°CH A 7 Vidliz 1T -
72 (LNMO [Effiz v 72354, EC @ CEl f£L Tl 4.5~4.7V DT Lirto 4 v 2 —H L
—vavV/TAVER=—AL =Y aVvBETLAVERAILONL TS 2, 7, EC Hko
CEl sfE E A wRiICEWCIEMMOEBIIC X 28X KT 2720, bE T
NMC111 IEfi% i L 72z EREBEAZ 4.3V ToH 4 7 L3k (EMC ~— 2D EMR) b1T-
726

81



(@) 4.8 V cycle with (b) The amount of the capacity

EMC-based electrolytes decreases at the 100th cycle
150
Ta = 1.0 M PFP-F, + 0.5 wt% LIBOB " 120 B LNMO positive electrode —
< — 1.0 M HHIB-F, + 0.5 wt% LiBOB ff T D NMC111 positive electrode
E — 1.0 M LiBF, + 0.5 wt% LiBOB g —
& 100 T = -
> S 80 +
= =
[} a
[*] (=]
) W
£ 50+ &
= S 40 ¢
=] o
- &
a a ]
0 t t t + 0 J . :
0 20 40 60 80 100 PFP-F, HHIB-F, LiBF,
Cycle number + LiBOB + LiBOB + LiBOB

Figure 4-15. (a) Results of cycling test conducted at 3 C, 60 °C, and an upper potential limit of 4.8 V
using the LNMO positive electrode and EMC-based electrolytes. (b) The amount of decrease in
discharge capacity at the 100th cycle when the electrolyte is replaced from EC/EMC-based to EMC-
based. Both negative electrodes are made of graphite, with an upper potential limit of 4.8 V for the
LNMO positive electrode and 4.3 V for the NMC111 positive electrode.

4.2.6 PFP-F; & HHIB-F, 3R OBR{L5r#Y)ic X 3 SEI & CEI DR RH#ER

Fig. 4-15a (¥, LNMO 1Effi, HEnesk, % L CEfEE (PFP-F,. HHIB-F,, LiBF,) @
1.0 M EMC X — 2D &R Z 72D 4 7 %8 (3.0~48V) #/RxLTw3,
LiBOB O fiMM&E X, EMC ~DEMERRON TV 272D, 05wt & L7z, 72,
EC/EMC R — X DEMHE % HH L 725558 (Fig. 4-2¢) L L 72Bo, 100 4 2 L HD
KR TR % Fig. 4-15b (2 o —X Fo3—) 1Z/xL 7=, PFP-F, & HHIB-F, ¢i3. EC i
ko CEI K X 1L WE T 20mAhg ' REORER MIRONd DD, LE LRI
WA I ABR LN/, —J7, LiBF, TIRREFIBIE SN, 40 4 7 LVENCTKILE?ZT &
b ETERL o2 b, PFP-F, & HHIB-F, k@ CEI i< (3 LNMO 1Efi - ¢ Litod
AvE—HL—vaV/FAVvE—HL—a VY RIGRLEEAZEINRND B 2 L IRE
SNz, TORERIZ. VF v LE)E s LNMO IEME#EH Lz —7 it X5 CVF v —
b (Fig. 4-16) 75 bR T 2HENTE 5, EC DHFEICH2b 53, PFP-F, & HHIB-F,

DD CV H4 7V FELIL T3 2 &R s (LERIE 2 34 2 v HURRIC
b, by — 21331, 4.2, 47V AHhicEN7z) 25, T IR LiBF, % Hwv
Jen—7 %N Cli, EC OFE FClifhoERE L RO v —2234E L 3b 0D, EC oI
FIETClRInbor—2I3HAkT 2 0@EEk>CTH Y, EC iIck 3 CEI fiL ClIikEn
~D LitDA v E—HL—LaV/TAVE—HL—a VIRIBHBIEFICHET L 2 WwWHE R
LTw3,
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Figure 4-16. Cyclic voltammograms of (a, b) PFP-F», (c, d) HHIB-F», ar_lfi (e, f) LiBF4 solutions
in (a, ¢, €) EC/EMC and (b, d, f) EMC recorded at a scan rate of 1 mV's =~ and 25 °C for lithium
half-cells and LNMO positive electrodes as working electrodes.
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(a) 4.3 V cycle with (b) 100t cycle (60 °C, 3 C)
EMC-based electrolytes
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Figure 4-17. (a) Results of cycling test conducted at 3 C, 60°C, and an upper potential limit of 4.3
V using the NMC111 positive electrode and EMC-based electrolyte. (b) Capacity after 100 cycles.
The EC/EMC-based electrolytes contain 1.0 wt% LiBOB and EMC-based electrolytes contain 0.5
wt% LiBOB. When LNMO positive electrode and EMC-based LiBF, electrolyte were used,
charge-discharge reaction did not progress after around 40 cycles (Figure 4-15a); when NMC111
positive electrode and EMC-based LiBF4 electrolyte were used, charge-discharge reaction did not
progress at the first cycle.
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B 134 27vE»HRBEBORMIC, EMC o{bofe Bbhn 3 RERELTW2,) 2D
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VIS IEFICHET L R W IZHL 2 CH 5, (EC Hko @bl 7z ¢ <, &
TCHICOLIE L 72 RMESICD 72D IC S METH L T LB LN TS, D4) Lol
Fig. 4-15a I/R L 25508 Y . 4.8 V TOH¥ 4 7 LikBi<l3, PFP-F,% HHIB-F, % il
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(a) LNMO positive electrode, 1%t cycle is (b) NMC111 positive electrode, 1%t cycle
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Figure 4-18. Charge-discharge curves for lithium metal half-cell. Charging and discharging were
performed at 0.2C and 25°C. The voltage range was 3.0 to 4.8 V for the LNMO positive electrode
and 3.0 V to 4.3 V for the NMC111 positive electrode. Except for the EC/EMC-based LiBF4
electrolyte contains 0.5 wt% LiBOB. (a) First cycle of cells with LNMO positive electrode. (b)
First cycle of cells with NMC111 positive electrode. (¢) Tenth cycle of cells with LNMO positive
electrode. (d) Tenth cycle of cells with NMC111 positive electrode.
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(a) Graphite negative electrode, 15t cycle
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Figure 4-19. Charge-discharge
curves for lithium metal half-cell.
Charging and discharging were
performed at 0.2C and 25 °C. The
voltage range was 0.001 to 2.0.
Except for the EC/EMC-based
LiBF, electrolyte contains 0.5 wt%
LiBOB. (a) First cycle of cells with
graphite negative electrode. (b) Fifth
cycle of cells with graphite negative

electrode.
R
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Figure 4-20. The hypothesis of the
mechanism by which oxidative
decomposition products form CEI
and SEI on LNMO electrode.



Mn 2p;;,

Pristine graphite
0.05%
PFP-F, + LiBOB
0.28%
3 ~—]
B HHIB-F. + LiIBOB Table 4-2. Analysis of electrolyte exposed to atmosphere.
e 0.12% 2 (Difference before and after exposure)
2 ;
8 = Electrolyte Freeacid H,0
£ | LiBF, + LiIBOB (EC/EMC solution)  [wt. ppm] [wt. ppm]
0.47%
’ 1.0 M PFP-F, 10 340
M
LiPF, + LIBOB 1.0 M HHIB-F, 30 300
0.63%
—___ W 1.0 M LiPFg 380 15

654 650 646 642 638 634
Binding energy /eV

Figure 4-21. Mn 2p3); spectra and
relative atomic concentrations of
100-fold cycled (4.8 V, 3 C, 60 °C)
negative electrodes.
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Figure 4-22. ’F NMR
chart of each electrolyte.
; The peak of hexafluoro-
L‘T?ze CGJFG HF benzene (CeFs) was set
- to 0.0 ppm.
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Figure 5-1. Lithium borates used for the tests.
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ERBLTEY, INzERT 57-%, LiIBOB @ SEI # VO S & 7= &z v T A4
7 Vikbi%kA T o7z L T A, LiBOB #NINE & kO, $72b b, EfFE PFP-F, DiET
SrRASHIH] X 2 Hic X0 IR KIS A L. R ic 9 4 7 VAR 3 5
MRS Nz (FIRFICEERZ (T 5 72, F® LIBOB @ CEI %K & 4 72 IEMR O &) F AL FRAE 1Y
THhotz,) Z LT, TOMPICK Y AMICIH T 2 EITHIRA R I T 2 BXULA
7 a A b — 7 FEAIERIC I - HERE L. IEMROIRHT A BN & 2 22 E A HEM T S iz,

FAH HHE7 v RAVRY FULEOF Y LA F v D REMERE ~DJSH
— 48V =R ApA~=VIHVIEM —

PFP-F,. HHIB-F, DMK f#iYE (EMoO SR 2 AL X 42 HF 2584 Licd w) &,
CFs &0+ v i at& ik o CEL TRUSNR 2 RF L € 4.3V ICHivT 4.8V TOH A4 7 v
REMERE O - % 1T > 72 (LiBOB 13 1wt.%% M), 100 %4 2 L DR & (3 PFP-F,
HHIB-F,, LiBF,®JIc < . PFP-F,, HHIB-F, 1 4.3V @ % & [AkR I 7= ERE % FeiH &
BZEMNHS I 572, LSV OFEER X Y PFP-F, 35 X O HHIB-F, 13 4.8 V it B W ClIAH
(I BAL RS EITS 2 & & 2 S, IERR I EBRE ol k) 72 gL id % 1l % CEI
P E N LT E 2, 22 CXPSIC TRl 2R Lz & 25, BfFEhko CF %
B-O &5 S IEMR b IctfEi2 & 7z, PFP-Fo, HHIB-F, D 1EH I C OB/ bR % HEE + 2
720, KUY F v LEEARD XPS 2R b b FEEHREIC TR I N 2R VR F
¥ LG O KT O KA FEEE % AT L 72455, B-O. C-C f5& DR %t o 72 BB G 53
WITL, ZOMEE 3 B A VI AT AL E~FHF T AL T & b v BB & LTt
BT B ATREME DS H 2 HHIBH L 72, Rz, 2o oo X - T Eh s CEl ©
W%, ECZ&ER\w1M EMCAER (4.5V LB COFEMETIZIEMIC EC Ic X
% CEIl 3bZHE ST\ 3) CToH A4 7 il (BEaM/LNMO [Efi) 2, ~—7+kL
(Li £J8/LNMO Ff&) <D CVHlliEIc X - T L7 & 2 5. PEP-F, % HHIB-F, # &
T IR IL R BAL T O IEMD & D Li OHERIE % KENL S ¢T3 HAHI L 72, HHITIE,
PFP-F, < HHIB-F, @ IEM < Db/ fif 7s G fiiic B8 L < SEL 2 L. % @ SEI
EC it L <o B Eli~D Li O AN G 2 ZEL T2 2 HOHL T L7z,
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- B6E -

EBROE

6.1 &7 vREVRRY TV LEDER

LiBF, (battery grade), EMC (battery grade), DMC (battery grade) (% ¥ > Z{b%:%>
b, A7t Fa—i (M 98%LL L), MesSiCl (FifE 98%LL L), PYZFAT
TV (ML 98% A L) FHFLK TR OMEAL 72, 2-8 N e $-3,3,3,3,3.3-~F 47
A v Ay T2 VRIISR VO FMICHE > THER L7z, 7 mudr s (K., ~F 4
GEEBIAK) FE L7 AV LHEME» DALz, 72, v 2 VBITE 7 4 v 2 F5eH
EOREAL 72y 2 KW (99%LAE) ZIET 90°CChziE ¥ 2 Hic X Y 37z,
¥, EBEEER T~ CEEFMAT (#R=-50C) TfT-> 7.

611 VFY LR (RAZAFBEF T L) FL— F:PFP, DA

~)L TG aeFd a—i(47.9 g, 143.5 mmol) & LiBF, (6.6 g, 70.0 mmol) % EMC 140.0
g ICIBfRE &7, ZD#%. 53.2 g (294.0 mmol) D MesSiCl % EMC CTH] L 7271 (60.0
wt%) % 5°CT, 10 92T F L7z, CORIGHEEERFHLAT. 50°CT 17 HEHE
¥z, 2D, EMC X WRKIGD MesSiCl #EZET 60°CTRRZEL 72, Rz ICH LN
T2A ANKRIE (16.0wt% D EMC &4) % 53.4g D27 un kL LICEMRS 272, -10°CT
1 HElo#@E 0%, HrifiL7zff% 0°Ccid L., HiY 31.8g (41.2 wt%® EMC &)
AFz, WHOCIZ XA RINATEER RO HINIA G TN T2z, X HICiElfis 2 nnk
V2 17.9 g I, WA IC X BESEATHIRIEAR T, BT 11.7 g D HIWY) (46.2 wt% D
EMC &%) #BUL 7z, BUL 22 CofEfEZ2RA L, ME T 70°CTHlE & & 7244
PFP, ® EMC i /{4 38.1 g(49.9 mmol, 10.8 wt%® EMC &4, HE¥R) %257, L

T3 EMC ZBRW AL IE 99% A ETH Y, IERIF T1%TH > 72,

3C NMR (101 MHz, CD3CN) & (referenced to CHCI3) 112.54 (q, J = 237.6 Hz, CFs), 83.5 (br,
C(CF3)); "B NMR (129 MHz, CDsCN) & (referenced to LiBF4) 12.67 (s); '°F NMR (377 MHz,
CDsCN) 8 (referenced to CeF) 94.13 (t, J=2.3 Hz, CF3), 16.52 (s, BF); "Li NMR (155 MHz, CD;CN)
3 (referenced to external LiBF, standard) 0.26 (s).

612 VFv LY 7AFu (RA7rFtueFaF ) FL—F: PEP-F, D&
S~ 7 At u S a—n1(47.5g,142.3 mmol) & LiBF,(13.1 g, 139.5 mmol) # EMC 140.0

g ICIARE 47, #D#%., 53.2 g (294.0 mmol) ® Me;SiCl % EMC CHM L 72751 (60.0

wt%) % 5°CC, 1030 T F L7z, ZORIGIRA ERFHX T, 40°CT 5 kel < 2
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720 D%, EMC 5 X URMIED MesSiCl #HZEF 40°CTHREL 72, EiEkIcE LN
F A VR (35.0 wt% D EMC &) % 7 aa ki L 20.0g &~F4 > 10.0 g ICAEMGX
7z, 2Dk, Wi L7z LiBF, 2E8IC X VAR HRE L, BT 728 & B2y &
LT, Zuadsrbb~dHrviRELE, Bohid 4L (31.0 wt%d EMC &FH) %
RANEDO 7k ($)8g) WAMRIE, D7 vkl ARRIC136.0 gd~F 3V
Mz 7z, 10°CT 2 HEKSIE & 2 72%. M L7262 0°CTlii L, S F 40°CT
MR X 7z, 40°CTIMENE 2 L AR AR L. Wil 2 LML L7z, REERYI 743 ¢
» EMC £k (126.5 mmol, 34.0 wt%® EMC &4, HGlEEK) & LcEong Lz, fif

ML Twd EMC ZBRW 724 99%LA ETH b UL 91%TH o 7z,

13C NMR (101 MHz, CD3sCN) & 112.74 (q, J = 238.1 Hz, CF3), 83.9 (br, C(CF3),); ''B NMR (129
MHz, CD3CN) § 6.41 (t); °F NMR (377 MHz, CD3sCN) 6 94.08 (t, J = 3.0 Hz, CF3), 16.62 (s, BF);
Li NMR (155 MHz, CD3CN) & 0.24 (s). HRMS-ESI (m/z): [M] calcd. for CéBF140,, 380.9773;
found: 380.9768.

613 VFv AL (u7ateeFadtr) (FFYT7LF) FL—LF: PFP-Ox DERK
SR TZAFBEFa—(489 g, 146.5 mmol) L K L2V FU LAY 7 At (HFH T
F)AHEL —F (20.1 g, 139.5 mmol) % EMC 140.0 g ICAfR X €72, # D%, 55.6 g (306.9
mmol) ® Me;SiCl % EMC THfR L 72351 (60.0 wt%) % 5°CC, 10 732> 1F T I L 7=,
CORIGIRE ERFEFAR T, 50°CT 12 KT & ¢ 7, 2Dk, EMC & X URKIGED
MesSiCl % HZE T 40°CThRZE L 72, BRI o a4 4 A IRE (375 wt% © EMC &
) %#95.0g D7 uuhVAICERI ¢, LR (AFH T ) AV F VL%
BBV IRELE, ZORKREEZLET 400CTEML -, Bon=44 1 (18.9 wt% D
EMC &H) % 3520.0g @ 7 mmkL LCHER S 2, 25°CC 12 REfERGIE & ¢ 7212, #Ti
ZUHBIC TR L 72, IR L2 KREA ALK Y 7 COEZET, 40°CTHEEZIREL 7,
BA&yic, B9 % EMC AHINA L L€ 58.6 g (117.0 mmol, 12.6 wt%® EMC &4, Hta

W) 1572, ML Tw3 EMC ZER\W 72513 99% L ETH D, KL 84%TH - 7=,

3C NMR (101 MHz, CD3sCN) § 142.72 (s, C=0), 112.18 (q, J = 237.4 Hz, CF3), 84.04 (br, C(CFs),);
1B NMR (129 MHz, CD3CN) § 10.69 (s); '°F NMR (377 MHz, CD3CN) § 94.16 (s, CF3); "Li NMR
(155 MHz, CD3CN) 6 0.17 (s). HRMS-ESI (m/z): [M] calcd. for CsBF1206, 430.9602; found:
430.9581.

614 VFY s (2-e FuF+-333,3,3,3-~FF 7040l VTFT})
AL —F: HHIB, DA
2-v Fe%:-333,3.,33-~F% 70404y 7% (304 g, 143.5 mmol) & LiBF,
(6.6 g, 70.0 mmol) # EMC140.0 g IZVAf# X &7z, XiZ, 53.2 g (294.0 mmol) & Me;SiCl
% EMC THM L 7215#(60.0 wt%) % 5°CT, 10 02T T F L7z, CORIGIKEEHRE
PHA T, 25°CC 24 Wil & 872, Z D, EMC & X BRKIED MesSiCl % HZE T 60°C
ThrE L7, EERICE SN A A VIRE (28.0wt%® EMC &H) % 421.0go 7 nu
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RV LR X E 72, 25°CT 120 EHE D%, T L7z HIWZiEa L. L A4 4 v
Ry ZfEATOEZET, 60 CTREL 72, m&kiyic, B % EMC k& LT 263 g
(55.5 mmol, 7.6 wt%®» EMC &H. HEMA)H7, ML w2 EMC % FRr\u 7265 1%
99%LAETH Y, UL 79%TH > 7z,

13C NMR (101 MHz, CD3CN) & 146.33 (s, C=0), 111.79 (q, J = 232.2 Hz, CF3), 79.09 (sep, J = 25.4
Hz, C(CF3)2); "B NMR (129 MHz, CD3CN) & 11.42 (s); °F NMR (377 MHz, CD;CN) & 88.17 (dq,

J=93.9 Hz, J= 8.7 Hz CF3); 'Li NMR (155 MHz, CDsCN) 8 0.26 (s). HRMS-ESI (m/z): [M]- calcd.
for CsBF 1206, 430.9602; found: 430.9586.

615 VFY AV T7AFE (2- FuF-333,3,3,3-~FH 7040V 7TF51)
AL —b: HHIB-F, D&

2-t Fu¥2-333333-~FF71tu iy 725302 g 142.3 mmol) & LiBF,
(13.1 g, 139.5 mmol) % EMC 140.0 g IC/AfR X & 7-, Xic, 53.1 g (293.0 mmol) @
Me;SiCl % EMC T L 7235 (60.0 wt%) 5°CT, 10 900 T F L7z, 2 ORIGE %
FERFIR T, 25°CT 10 Rl T 272 %, RIICD MesSiCl Z 52T 25°CTRRE L 72,
FUVZFAT7 Iy (023 g, 2.1 mmol) % T 25°CT 10 /[P x ¢, BEEC©H %
2-t Fe¥-333,333-~FH 7ty 7xvgedfixes, £k, EMC %
HZEF 40°CThlrEL 2, Bkl onzA 4 VIRE (34.0 wt D EMC &) %
1405.0 g @ 7 1 1 sk LITIRIR X & 72,

25°CC 12 WffhliE X 72, ML 2B ZiER L., T A A LRy S corEZE
T, 40 CTHEBEZBRE Lz, BA&MIc, HivW% 24.5 g (92.2 mmol, HEMAR) G772, #l

FEIZ 99%LL ECH V| IEKIT 66%TH - 7z,

BC NMR (101 MHz, CD3CN) § 147.32 (s, C=0), 112.05 (q, J = 232.5 Hz, CF3), 79.13 (sep, J = 25.0
Hz, C(CF3),) ; "B NMR (129 MHz, CD3CN) § 5.74 (s); "’F NMR (377 MHz, CD3CN) § 88.11 (s,
CFs), 15.38 (s, BF); 'Li NMR (155 MHz, CD3sCN) & 0.19 (s). HRMS-ESI (m/z): [M] calcd. for
C4BF;30s3, 258.9818; found: 258.9811.

616 VFv A (2-e FrF*-3333,33-~FF 740404V TF5F) (FFHF1L)

AL —F: HHIB-Ox D&

2-b Fu*:-3333,33-~FF70k0 (V72 (311 g, 146.5 mmol) &, T
B L7ZY)Fr LY 7t (FFHF5F) Fr—+F (20.1 g 139.5 mmol) % EMC 140.0
g WA X 7z, RiT, 55.6 g (306.9 mmol) @ Me;SiCl % EMC TH#HR L 727A#Kk (60.0
wt%) % 5°CT, 1002 F Tl N L7z, Z Dtk BAEWE 25°CT 24 Rl & ¢ 7=, EMC
BLUORMIGD MesSiCl #EZET, 40°CTHRE L 214, #iEk il o4 4 vkl
(30.2wt% D EMC &) % 441.7g D7 un k)L LCIAEMRE &7z, HiiLizex (%%
FF) FVBYFUVLBELNYIAAR (FFVT ) FVEED TV LERRE O EEIC
XOBRELE, BEREZEZT, 40°CTiEfEL 72, o440 (18.6 wt%d EMC &
)% 518.4 g DIF/K 7 v a F )V LCIEMRE 27z, 25°CT 12 KifHlE & 2721, L7
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HivzEm L, i T A MKy T TOEZET, 40 CTHREZREL 7z, mA&ic, H
%)% EMC A1k & LT 15.4 g (42.5 mmol, 12.9 wt%® EMC &H. HEMKR)G7, £

ML Cw? EMC ZBR\W 724 1E 99% LA ECTH b, X 30%TH - 7=,

13C NMR (101 MHz, CDsCN) § 146.07 (s, C=0), 142.27 (s, C=0), 111.61 (q, J = 232.2 Hz, CF),
79.12 (sep, J = 25.5 Hz, C(CFs)); "B NMR (129 MHz, CD;CN) & 10.05 (s); '°F NMR (377 MHz,
CDsCN) 8 88.15 (s, CF3); "Li NMR (155 MHz, CD3CN) 8 0.25 (s). HRMS-ESI (m/z): [M] calcd. for
CsBF¢0O7, 308.9647; found: 380.9641.

617 VFULYIAFE (FFHTF) FL—F: Ox-F, DA

v 2 vg (12.8 g, 142.3 mmol) & LiBF, (13.1 g, 139.5 mmol) # DMC 140.0g I &% & &
720 XIZ, 53.1 g (293.0 mmol) ® MesSiCl # DMC THIR L 72i&1 (60.0 wt%) % 5°C
T, 10 92T T L7z, Zotk, BAWE 25°CT 24 H%Faﬁ%%}”ﬁé #72, DMC ¥ X Uk
JOE®D MesSiCl % H2Z2 N, 40°CThRZE L 7212, BT O 72781 (60.8 wt%® DMC
GH) & 5CITHAIL, 12 FBFEEIR L 72, #TH L 724 naa%{ﬁ_kflﬁllﬂt FANKY S
TOEZET, I0C°CTHEEARE L 72, w&MIC, BV % 17.1 g (118.9 mmol, FEHH)

577 FEIL 99%LL ETH Y, KL 85%TH - 7=,

13C NMR (101 MHz, CDsCN) § 143.00 (s, C=0); "B NMR (129 MHz, CD3CN) & 4.35 (s); 19F NMR
(377 MHz, CD5CN) § 10.31 (s, BF); 'Li NMR (155 MHz, CD3CN) & 0.08 (s).

6.2 B 2EDOEER
621 ERL7+xVYEY Fv LIEDOFRE

'H, "Li, "B, ¥C, YF NMR (¥, HA®EF& JNM-ECZ400S # A<, #EAKF{ILTE b=+
YA (CDsCN) H, HBTHEL 2z, WEHERESH (HRMS) X, LTQ Orbitrap
Discovery & &453#751 (Thermo Fisher Scientific 1) Z{#HHL T, =L 27 b7 —A
#+ AL (ESI) E— FCHIEL 72,

6.2.2 REBBREENMT (TG-DTA)
Y 4 2 @l Thermo plus TG8120 % T FFHHA T IC T, 10 mg ik % 10°C min!
D FAEEE I THIE L 72,

623 FAZY v I2FAEALY— (CV), V=T RA—=FFAL &AL+ Y— (LSV)

B E I REE (ALS-604E, BAS ##) ZFHWC, AF ¥ ViEE 5 mV st i CHIE
Lize {ERRICIZZ T v v —Hh—F v (BAS#H#) iz Al (UAC] k. JEX 20 um).
s X OSHRIcizeR Y Fv 2% vz,

97



6.24 A FVIZEERIE

AT X BRIEREE (ES-51/3552-10D, HORIBA ) #FHwT 30°CCHIE L7z, &
MVERIT, HALA Y v 2 AEREE (1,413 pS em’', FIRTEESRSUVERTEL) & F v CEFHET ISR
EL 72,

6.2.5 T~ VirNtHE
514.5nm D7 ATV L —HF—ZEEHL 2L = g —#8EEE (inVia Raman microscope
WiRE5) #FH\WCHIE L 7=,

6.2.6 B CHLBUREBUIE

PGSE NMR (3., HABZ 8 INM-ECZ400S i L7z, 7=4v, VF 7 L4, LW
BEEDILEUREUL. FNEF RN YF, TLi, XU HNMR 2T 30°CTllE L 72, AJE-S
LA (A) 1F 50 ms, mABIGHE (g) & 0.3 Tm! & L7, WEMDY Y 7 it
SIGEMI 42> 5 A L7z F 2 —7 (BMS-005]) ict ALz, VFV7LER (FXHT L)
AL — 7 =4 v OHETIE "BNMR ZfHEHL 722, EiiEHcldza—(E508HEE
. HOEREBS S o eh oz, 22T, EX (XFFHFF) AL— T =4vDH
HA®SE 78 INM-ECA400 ZfEf L, A=25ms, g=12.0 Tm!icCHIE L 7=,

6.2.7 MEHE
LA A —=%—MCR102 (7 v b o= 48 %A L, fAEHCEERIER (JS2.5,
JS10. HAZ Y —28) % v CTRIEZ1T - 72,

6.2.8 HOMO/LUMO &#H&

G A S FiuE (HOMO) B X UmIKIEdiA s 7 (LUMO) o AL F—1L
~)UE, Gaussian09 7’1 277 A% L, 6-31Gdp Z 3K & 32 B3LYP Ba#ix v 72 %
FEJLBI% R (DFT) IcCHIL 7,

6.3 FHIFEDOEE
6.3.1 a4 vE A QAT L B

#wihs'L— Fo EC, EMC, LiBF,, XU VC i3, v xft¥5 5, LIBOB 37 4~
~ =tk (M >99%) WAL=, EHIT ) 5 v o4 (PFP-F,, HHIB-F,, X ¥
LiBF,) % EC/EMC ({kfELt 1/2) B EREALT1.0 M OEMEERM L 7z, 72, %
22 1wt.% D LiBOB % #lil L 72 BWfif# b OF2 CHEfR L 72, NMC111 IEMAH 13 90.2 wt%
@ LiNip33Mn33C0033:0:(NMC111)iE#E (MX-6, Umicore ). 3.8 wt% D& &M — K
v (HS-100; ¥ v A T3¥). 6.0wt%®d PVDF N4 v X— (L#7208, 7 L) ZiRA&LTE
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L7z, BEEMARIZ 90.0 we.% D EE (MAG-D, HIZ{LE) & 10.0 wt.%® PVDF <
A vx— (L#9130, 7 v ) ZEAGLUFR L, UV FvadBamIciE, RESEL
DIEALZEZ 0.l mm OFEMEY Fv LHEZMHH L 7z, EEKRICIE, UAC] FHttk#lo Cu ifi
(X 10 um, A1085) XA (EX 20 um) 27z, o —2t L —%—
(TF40-30) (3. HAEERTE» WAL 72, Fis X CABOFBYHEFRIZ. 20
N 122 XV 6.7 mg em? & L7z, NMCI11 1Ef (d=10.0 mm), e (d=12.0
mm), &L —%— (d=16.0 mm), # LC& M&40ML%ﬁmLfi%VNMcn1mmz
Hlaf el AT, )*7“7A/‘_742/1/@ Aix. fERMIC B ek, XX
NMC111 ERZ#H L. o/ 12l 13.0 mm o&E ) 77 L8 2L 72, k-
HafvHleLiz7 Loy lm@?ﬂ-—?ﬂ‘/ﬁx (B =-50°C) WTH ATz,
NMC111 [Ffi & Behefo ) Fv7 28— 7 2L ToORR (0.05 C) Z2nFhn 1.6, 2.7
mAh TH Y, BHRMEIZERO Z0FRICH S THEE L2, THAKETIZ, 25°CT 4.3
VET02C (0.32mA) DEERTHEL 2%, 4.3 VEETLT0.05 C 0EFfEICENES
25 CREEITo/, CEBI/EEEE—F), 1 FERGE L7212, 25°CT 3.0 V £ CTEE
mE—F (02C) CTHELZ, ZOTREEYFIKETFE (pre-charge/discharge) & L 7z,
H A4 2 BE (100 %4 7 4) 1360°CicT3C (4.86mA) DEHKE—FT4A3V TR
BL., H\C0.05 COBHMEICHEET 5 F CEBEE— N CTREXITo 72, KEIE 4.
60°CxfEo72 % F 1 pflErE T 2721, 60°CIc T3 COEEMRE—FT3.0V I THEL
72o £ L TCZOEAEZE 100 ARV IR L 72,

6.3.2 BRALEA v v —& v 24k EIS)HIE

P A 2 VRBRBAIART (WIFRIRER) &34 2 il (100 94 2 4 $8) i<, BAS w18
AK@@C%%W?Q%%E%@%LTEB@ME%ﬁotoMﬁﬁﬁ%%ﬁ%(xm)
100% (T GAIERTIC 0.2 C D CC-CV E— FICT 4.3V £ CHE, HEHKIC02C T30V
F COiE). RIS 10 mV, JEJREEIPH 100 kHz~10 mHz, 25°COEECIT- 72,0

633 ¥4V v rELEXLY— (CV) HIE

CV F— &%, BAS ##ELILET F 4 ¥ —ALS-604E % L, 25°CTEREE 1
mV s TR L 72, MIEIid, BN E 7213 NMC111 2{EHERE 32 Y 77 288~ —
7 E RV,

6.34 VA4 2 AHBHRDO LD S OEMEIN & FIH

YA 7 VBt EISHIER, ®A%202CT3.0V ETHREL (25°C), TA= v F
ru—7Ry 7 ANTHRL Tz (FEr=-50°C), fRIRL 7z 5L L 72 8% 1 mL @
EMC IC 30 /iR & 2T (28], {15 L 2Rl 2 bR L 7214, 25°CC 2 Wyl E 28z
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WX, 2L CZOEHEHAWT, BEKer AT G e Hatbezt
M), YV FY AL EN— 7 e L DVER. XPS HIE%{T > 77

6.3.5 XHEETFHkE XPS) HIE

ULVAC-PHI #:#1® PHI 5000 VersaProbe II Z{#ifH L. #EEZET T AlKa ff (1486.6
eV) ZAWVTHIE Lz, BT Ar Tz a2 —7FRy 72 295 XPS F v v 3
—~HHOfERGREH > T L, KA~DBHEZE2CHIEL 72, £ ColllE cEmh
M2 L, 2843 eV ORIMY — 27 2RI CH L AN F -7 —AFIROHAEL L C
vz, oz 222 Fvid Multipack ¥ 7 b ¥ = 7 (v.9.6.0.15) 1 TH#Hr L. Shirley -3
v 2779y FRERICH Y Z-n—L v 7 v (80:20) Mtz HVCHEIESHE% 1T - 72,

6.4 PAEDOEER
6.41 a4 vE XA DO AT L EHHER

AMIEMIZ LNMO (LiNigsMn; 504, SEI #kal&4t) 90.2 wt%, EEBF (HS-100 :

v 71) 3.8wt%. VGCF (BEHIE L, HA) 3.1wt%. %L CTPVDF N4 v X— @m&%
ZLN) 6.0 wtW RS L CHREL 2, At A ER (MAG-D, HiZ{bm) 90.0 wt% &
PVDF 4 v & — (L#9130, 21 ) 10.0 wt% % iEA L CHE L 7=, $£EIKICIZ UAC]
B Cudli (JEX 10 um, A1085) & Al (& 20 um) ZH\w7z, £l n—2%
L —%& — (TF40-30, JE& 20 um) FHAREMRLE»OBAL L, ) F v LoEEEMK
Wi, AWEE»OHEA L 0.1 mm JEDQFIEY v L5EEH L 72, BT 72 12 8HBE
M2 EEE L ICBAR, R TL A% (Toz e 25, s X CEABORAIRZNEN
144X 06.7Tmgem?2TH o7z, Tz, 7L AZOIEEME X NEMOEMREL X, 212
25 BXW 3.0g cm® TH o7z, BEMGAERICIZEM (E£=10.0 mm)., & (EE=
12.0mm), ®8L —%— (EFE=16.0mm) I X OEIR L 2EMKR (40 uL) %2 &t B
JLNMO 2032 #l= 4 v&Eithx Ar o n— 7Ry 7 2 (FEr1=-50°C) CHIA T TR
L7z, LNMO FfR& BN atio ) 77 o —7 L ToOAE (0.05C) 1ZFNFN 1.6 &
2.7 mAh TH Y, BRMEIFIEMRDO Z OREICH D W TERIE L 7z, AT E2E/LNMO
BT LZ b7 4=V PO RBEEEICIND fFiF, 25°CTc 48V T 0.2C
(0.270 mA) DEBRCHAEI 712, BEEXZOF FHFFL. BHMEA 0.05 C (0.068
mA) ICELEL 2 CRBEK T X872, (CC-CVE—F) Z ok, 1 KEoRIEERA
THhH, 02 CoOEEFEE—F (CC) T30V ET25°CTMEI /-, TOITREYIFE
itsE TF2 (pre-charge/discharge) & L7z, ¥4 Z ikl (100 4 Z ) 12 60°CicT 3 C
(4.86 mA) DEBME—FT48V FTHREL., H\T0.05 C OERMEICEET 5 F T
EETE— N CREZITo72, REFLTH. 60°CEE-7-2F F 1 Rl X 272, 60°C
KTC3COEERE—FT30VETHELZ, ZLTZOEMEE 100 mFEYIEL 72,
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6.42 BRILF¥A v =X v 20kkEIS)E

¥4 7 VEERBHIEET (WIFRRER) L4 2 A 3R % (100 4 2 %) 1o, BAS 8l
ALS-660C BRI TG 2 L < EIS OMlE 24T - 72, MIE I3 EIREE (SOC)
100%cC GHISERTIC 0.2C @ CC-CV E— FicT 48V $THE, HEHRIC02CT3.0V
¥ ). HRIE 10 mV, JHBEEI 100 kHz~10 mHz, 25°CO 4TI - 72,

643 ¥4V v r2EALEXFY— (CV) HIE

CV F¥—%I3. BAS ?iié‘-é’fdlﬁ??%?% F—ALS-604E %l L. 25°CCEREE 1
mV s U TERIL 72, M3, BEAME 7213 LNMO IEM%Z EREM E 42 ) F 7 44
JEAN—T7 LB T,

6.34 ¥4 2 ARHBEROELD S OEMEIN & FIH

P A 7 VB EISHIER, ®4%02CT3.0V ETHREL (25°C), TA=a v Fh
ra—7Ry 7 ANTHRL 7z (Efi=-50°C), fRMARL 7z 25 L 728 % 1mL O
EMC i 30 pfEiRiE & ¢ (20D, {15 L 22302 bR L 7214, 25°CC 2 RFfH E.2%52
B, ZLCZOEMEMVCY F v LEE A — 7 LOfEHEL XPS HlE, 2L T
SEM ° EDX MliE%#1To7%2, /2. 2DV F v LEE —7 AL EHNT, 0.05 C (0.07
mA) CTRILEZIT, B BOFRBOMRET- 72,

W FRE L DYERLIZ. SOC100% DIRFE TR L & A L. AN L 72 IEARIZEMm & . AT
AR L HAADbETITo7, % L CIERELIC EIS HIE 217 - 72 (RIS 10 mV, IR
100 kHz~10 mHz, 25°C), Z OxiFit Ao EIS MIE L. © A Dfifks & EIS HIE E <
% 30 B LANTR T 2472,

6.4.5 XBHAEBETHE XPS) HIE

ULVAC-PHI #:#1o» PHI5000 VersaProbell ZfifH L, #&HEZ < Al Ka #t (1486.6
eV) ZHAWTHIE Lz, EEEHE Ar Tz a2 —7FRy 7 295 XPS F v v 3
—~HHOWIERMEM > TH L, RA~DBELTERICHIEL 7z, £ TOHE cERH
M2 L., 284.3 eV OBty — 7 2l CH 2 AL F— X7 — LR OIHREL LT
vz, fFoh7z 222 +vid Multipack ¥ 7 b7 = 7 (v.9.6.0.15) 1 TH#Hr L. Shirley ~¥
vy 7oy FRIERICA Y 2-u—L vy T v (80:20) H#R AV CRIEDHEZ 1T 5 720

6.4.6 FEHERBETFENE (SEM) /A A ¥—o8E Xt (EDX) JIE
SEM & X O EDX Hll5E 1 HZ~ 4 7 7 ##ilod SUS010 % Fv>C, METEE 5kV (SEM)
F721% 15 kV (EDX) CTHEIEL 7z, 7. T o ORERICEMBURI 2258 & Bl L 7
LD ICHEFH OWHE AR % vz,
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6.5 ZEHR
1. Mo H, et al. 2001 e-EROS Encyclopedia of Reagents for Organic Synthesis.
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A

KWIZE %D 212 H 72 > THRIGRY) 72 2 THRE 2 0 £ L 72 101 KA RHE R
RISFRE ., M NS KIROR FREERVETTEAT R Iuth ez ic i X 0 G2 L &
To T, KRXOFEICEOTH L ORISR BY L 2L EAIR AT FE
B BEEORBIRZ. PEIREREE. SR TR0, JIIRaERI IO X b BILR L
FFET,

T, AMREHBE T2 E 20252 CHEE Lzt v b 7R A EBFIE
WIS, WIS KARZ SR LCIEEZH Y £ Ly b A TRAH GHFRRsE
B, MR EE. BOREITR. (Wb —APrRICE#H P L EIFEd, 2L T BroER
LA EHI R D 8, SIS 2TEE, 727 — 2 OB HTEV 2% v + I AT
PRt ARoRrER. SRIRE AR, IR, SEH RAER. TLIESEARRR. ILNSEERR, IR
AA—kk, FERURR. RIETSEERR. W FERIC.O X 0 L £ 9,

ZRIC, REICOREVIGEL, i BSF o T N2 FET. BRRHE, RHILR IO
POREHLET, RYICHVHPE I T 0T L,
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Properties of Trifluoromethylated Lithium Borates for Lithium-lon Battery Electrolytes
Mikihiro Takahashi, Shouichi Tsujioka, Wataru Kawabata, Ryansu Sai, Hiromori Tsutsumi and
Yu Katayama

J. Phys. Energy 2023, 5, 014003

Effect of cross-talk on the performance of lithium-ion batteries with lithium mono-chelated
borate electrolytes
Mikihiro Takahashi, Hayato Hesaka, Hiromori Tsutsumi and Yu Katayama

RSC Adv. 2023, 13, 25948.

Trifluoromethylated Lithium Borates as Electrolyte Salts for High-Energy-Density Lithium-lon
Batteries with High-Voltage LiNiosMn; 504 Positive Electrodes

Mikihiro Takahashi, Katsumasa Mori, Yu Katayama and Hiromori Tsutsumi
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