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Abstract

Firstly, boron-doped carbon (BdC) was developed as negative electrode materials showing higher specific capacity,
higher operating potential, and better charge rate performance than graphite. As a result of experiments and first-
principles calculations on BdC, it was suggested that boron in BdC is doped by substituting carbon in the graphene
layer. First-principles calculations of BdC suggested that carbon neighboring boron has negative charge. It is
considered that the reason why BdC shows higher potential and higher specific capacity than graphite is that the
carbon with negative charge stabilized lithium ions inserted in BdC. In addition, it was clarified that the cell using
BdC negative electrode is superior to that using graphite negative electrode in charge-discharge rate performance,
low temperature charge performance, and charge-discharge cycle life performance. Secondly, in order to control
the redox potential of BdAC, another element co-doping of BAC was investigated. As a result of first-principles
calculations, nitrogen was found as an element to be co-doped into BdC. In experiments, by optimizing the boron
and nitrogen content, BNdC showing lower discharge potential than BdC, and the same capacity as BdC was
obtained.
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WHITIF, BMEEY O OREEEDM LA RS
5NBM, HEARED 372 mAh g! &/hEWVid)
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o BELETTEMD Y F U LEEONT HENIC LT
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FEROERHEENFIRE N, FAERR ORMEIC
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o BILETTEMDRTH B0, BNEAW ETER
WANETTAfRENT L, @il B 5EEdm
LICRREDN D B
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PLED &S 7 R 7z 3175 € & % BAC MRHT D
W, LIB HOBAMIEYE & UCaHE Lzl i1dd %
W, FOFMEA H = X LOFHHIE I IEN > T
WRWD LA ORI T, BAC oW, BRUEERE
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&I, BAC & &M FiV 7z LIB OMEREZ REAM L 7z.
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2.1 BdCDER

BACBXURUER—=TZLDH—FRY (non-
doped carbon, LA~ ndC) %, HEICHIF 2 ECVD
FICK D, RITRTFETHER L. CVDEEE L
T, AERAT A-OFLE 2 A &8RP 2 i
fo. HEMELUTEBY—MERFLENICKREL .
FYUT7HALULTEE N2) ZFOENICHL,
BIRIFA O FIA KR E Z 1000°C £ THIE S e
1000 CICEFEL TS, ERAATHZTFL YV
(CzHa) BXU =R D ZE (BCl) ZIF0EHRICH
U, 5 BT TH—R R 2 Bbf R E €7z,
T, FERARDRELLE C2Ha/BCls = 100/0,
86/14, 75/25, £7z1 50/50 vol% & L7z, ZDi%,
JFRIA A2 1R T, 1000°CHh SHEIRE THIS LT,
FOENBIEMZED LT, S L7z BdC £z
ndC Z RN L7z, &5, EIRBOMEHCDONT,
Nz &t PO HIC T 900 £ 721& 1300°CT, 1 Wi
OB BINTHE L7z, BRI, FLhE2iE
R—=IVIVTHREL T, MRICT 2T &ic kD, FHm
RO ZET. BNt LB NTMEOLI,
ZNZN Table L ISRLIZED & L7z,

Table 1 Synthesis conditions of ndC and BdC
samples.
CvD Heat treatment
Sample Fclgm /ré%f Tem[;e%ature
/ vol.%
ndC 100/0 900
BdC-1 86/14 900
BdC-2 75/25 900
BdC-3 50/50 900
BdC-4 50/50 1300

24



GS Yuasa Technical Report

2.2 BdC O445¥ih

F5M 72 BdC BX U ndC OGS ZIHET 57
WIS, AR X FREHT (XRD) #IExFE L. #lE
#iplE 20 =5~ 100°, A7 v 7ElX 0.01°, A+~
VR 5°mint & L7z, #RE LT CuKa 2 HW
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BAC BXU ndC HDKRTE, RE, BRUEED
AR Z NS DI, XFDEEFHIE (XPS)
ExEMiLIz. Bls, Cls, HBXUN Is D XPS AX
7 MIVEESIEDIC, TNETNIZIVF—H#iH 172.9
~ 200.0, 272.0 ~300.0, ¥ X U 390.0 ~ 410.0
eVICT, 10RO FO—AFy v EEM L. 5
BNTEARYT BFIVZDWT, C s E— 7 DR KHE
ZRY LRIV F —fli7e 284.8 eVICHIIEL, ZTODRK
SRS AL LT, ERBRELT. 51, Bls
XPS AT L5, 186 ~ 196 eV DR/ HEE Trow
W9 % 186 ~ 188 eV D fff 77 i £ Tise-188 ev D L
Lise-188 ev/Iro Z A U7z, T DLE IC, ICP-AES Ti%
5% Broa ZF LS LICKD, XPS AT MUT
186 ~ 188 eVICHEIHIEN B K TEDE (Biss 188 ev)
7z (1) M- THI L.
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2.3 BdC EMEDOFME M REFTE
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7. GHEMERIZIEYE / PVAF = 88 / 12 mass% T,
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AL, W LICEBMAL, T EsEIickD,
EizGe. CoBEMEERAM UFYLeEZ
M, RUA LT o VROWEARZ 2L — 2N
TN TRV EEEUT. SR E LT, 1 moldm™
D LiPFs Z 53 TF L v h—KREx—F ([EC), JAF
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LT, RERIC, BEREESOmMAg! T20VDE
FEETERR (CO) MEBEEZBIE>T. &, Hifl
FERICIBWTIE, (FAMTEITK IO & % 822 7t
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FeEEIRAED BAC D # A id 2 R D J7 1% TR\ Te.
EIEHIPH 001 ~2.0 VTR LANEZEM L /2
%, 001, 0.2, 04, 06, 0.8, 1.0, 1.2, 1.4, 16,
1.8, BXU 20 VICHAE L. &k, #EBELICBT

% FE & IRHE (State of Charge, SOC) &, TN Zh
100, 74, 60, 51, 44, 37, 31, 26, 17, 7, B&X
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VEHK T TR F)UNSED L, DMC TS
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HIEZEMm LTz, AEEREE LT ECA400WB (JEOL,
400 MHz), 7'B—7% LT 4 mm HXMAS Ya—7
2RV, 10kHz O~ 2w 7 fi[ald; (MAS) ZfiL T,
Ji B 25°C, FLIG A £ 155.37011 MHz I T Li-
NMR A7 MVZEEISF LTz,
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BHEREN TV S LiCe( 22 EE © P6/mmm) D HLALAS i
I+ (7T Ji7) %2, afliygmic 2 5, c#gmic 2 f5ic
L7z LiCe DA —/3—)VETIV 28 JE¥) ZfiH L
2o Fie, REFTFO 1 DRV HEFRFICERLE
BdC #5i& T 7 )V LiCs.75Bo.2s & FIE L7z, BdC #iE 0D
VT LREFOBYEIRE T B 7HIc, BN LT
U A LZMBEbEE R RZB G-, E3
I 77V 3V X L EAGAEYHE L DR 2 R U 7z i
L7 NVI3) ZLO—FETHH, NI A—2—Z-ILT
TERLUEROMEKRD S, 2TV F—DREENE
FHIRRIL T2 BRRNICHAE A SIEEZR VIR T L
T, RodAfEk 2B THRER T 5 LD TE B FiE
Thsd. TOBMLHT7 NIV ALZHANTEIEIER
VT LREFES 26T 2 MmiiE e Em L, 2n5
DELI)NF—Z2H—FHFHRIC K > THRIL, 2T
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T B EHELT, MRSz RELL. £z, B
—FRHETEON I IVEF—EN S, BIBLU

BdC o ftigcENM 2R H Uiz, EEM7ILdY X
L7z TR S O L THRITE NS 3L
F—EIRICE, BF—FHEERY 7 FY 27 VASP Z{#
U7z,
2.6 BdC &af%iEH L1 LIB DT E e E
BMEYIE & LT BAC £ /213 Bz 2 nZE A,
fAERE LTHIVAF Y ATV —ABITRTF
Ly7avxrvdhzHVT, amzifELlrz. X
7z, IEMRVEYE & LT LiNio.sCoo0.2Mno.302 (NCM523),
LiNii5Co1/sMni302 (NCM111) %7213 LiFePOa (LFP)
ZENZTNHY, BEYPHELTTEFLYT Ty
7, fisEAlE LT PVAF ZH W, EfZzSEL 7.
FNENIEM / e LT NCM523/BdC, NCM523/
HEn, NCM111/BdC, B8 XU LFP/ EénZziHA & D
¥, RUA LT ¢ VEOWZALEZ 2/ S L — 2
TR FVZEWE LT, BRI, VT U LRz
E’r{S‘EC DMC, BXUEMC ZEA LIz DZHW
fe. BEICEKD, BAZmMA T,
J:u60)421bcgi3b\7f TR D FE AR AR 2 FE i L
e, a¥, BRIVOEEFHAICDVTIE, NCM523/
BdC IV DEH 1.0 ~ 4.2V, NCM523/ B8t )L D
B 25~42V, NCM111/BdC 2V DA 1.0 ~

3.6V, BXULFP/ B8tV DFE20~36V EL
Tz.

- B aAER

FiEE I EEin - EE\EE (CC-CV) 7, &R 0.1

CA, 0.02 CA INERIFICHE 7, T 25°C.

fiveE R (CC) kR, i 0.1 CA, I/E 25°C.

- SR EAR

Ft78 1 CC-CV 78%6, i 0.1 CA, 0.02 CA IR
IR, IRIE 25°C.

fi%#E : CC fi#E, &R 0.1, 1.0, 2.0CA, I 25C.

- HRFTEAR

#¢7E 1 CC #¢#E, #|i% 0.1, 1.0, 2.0 CA, &JE 25°C.

fivEE © CC fiE, i 0.1 CA, IRE 25°C.

- HIREERR

787 . CC-CV 727, i 0.5 CA, 0.02 CA ULHHKF
ISR, IRAE 25°C.

fidE - CC ix®E, 7B 1.0 CA, I&FE -20, 0, 25,
45°C.

- HiRE A EAR

FoH#E 1 CCA®E, ®EH 1.0 CA, & -20, 0, 25,
45°C.
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s © CC AR, #EUR 1.0, 0.1 CA, 1 25°C (1.0
CA TH{ERIC 0.1 CA THE).

- FRIWEY A 7 VIR

#7878 1 CC-CV 7876, =i 1.0 CA, 0.05 CA IXHFF
ICET, IRE 45, 65°C.

i © CC /ilEE, “Em 1.0 CA, 1RFE 45, 65°C.
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UERET, ART, BXOUFT LETORINZRE
B8, 25 HEFEMIC, B7I)VdU XL, B
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FRUEBXUEREEZ F—T L7 BNAC BWLEME L
TAKFTREMN E S I FHli S % 72 I, Cony BNy D53
ROV —FEP Ue, DT I)UF—I3, #5
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IC, SN TOREEZ A E T 5 NDMERICK>TE
RENZEFEED S, 2T 3I)VF—acih- 72 Y
ECOHMELELRTHENTES L. ZOYD, &
EEEIc B 22 x)VF—2HEHITNIE, HiRT
FIINWF—EHHTES. 51T, CoxyBNy/LiCox-yBiNy
Dg(LETTEMN 2 TR 27291, UF o LORBHHA
%O 2T 32 )V F -2 & i E oMK
(A G=-nfE) »5, FlEm R ETEM 2RI L
Tz, BB, HIAIVF—FHREICIE, VASP Z v, ¥
Ral—yarilicid, FRL CoxyBNy BXT
LiCo x yBNy D A —78—+t )LEF)VIZhNZ, Materials
Project ICBERENT VB IRE, FUE, FEFER
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JEDEAE A& ET VA L.
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2.8 BNdC D&ERE

21 EFAMOETEICHB TS CVDIEIC KD,
BNdC %7213 BAC =& Lz, 72720, BRHCIEZF
LY CeHs, 74 b=k V)L CHsCN 35X U=tk
7 % BCls 7z i\ /2. CVD &% 8 hn o BULFRIE,
Ne Qi R, ®EICTO00°C, 1 R TEML . 2
RIS, HSRTHL T, MERIC LIz DZLED
FRHMmIC Wz, 753, CVD RO FRI O E L
(& C2Ha / CHsCN / BCls = 0/ 50/ 50, 13/37/
50, 25/25/50, 38/12/50, BXU75/0/25
vol% & UTz. BREGIFEBRENTEMEOLIE, %
NZN Table 2 IT/RULTz@D & Uiz, 7z, Wi TR
KD CHCN &, Fr V7 HATHS N2TNT )
JLTRIEESEZ T ETHLOENICE AL L.
CHsCN gy, =X (2) iR 7 bRk
EERFFOSIRIC I % CHaCN ORI ERFH L, /N
TV TS B N Dz il 5 &T, MmN
HlE U7z, p i3 Z&%UE (mmHg), tXiEE (CC), A,
B, BKUCWE7 NI VETHD, CHICND Y
YERUVERIEA =70735 B =12792, C =
224.02 L7z A

logp:A_B/(C+t) .......................... (2)

2.9 BNdC DO4pEEE(m

55 N7z BNdC 45 & U BAC O & #HEd %
eI, 2.2 HE RIS L THIAR XRD HIlE = i L
7z,

BNAC 5X U BAC ICHENZ R EBRUTr M £E
IEDWT, ICP-AES Ic X hEE L.

BNACIcHENB KK, KE, BRUERRICDOL
T, mF-KE-2£EHE (CHN) OMICKDERL
z. —H, BACILEEN MR, EH BIUKE
BICDWT, M- 23 - k& (ONH) Z#ric ko

Em U7z, ¥, BNAC DIKE, KUHK, KE =
R, BLUOTAEZBOMOKAZMEFES, BAC DK

£, FURK, EF BE BIXUOTAREOMOKE
Tirzab Llz.

BNAC 5K U BAC HDKRUE, kK, EHE, BXU
BEZOFEIREZ RS I, 22 HEFARRIC LT
XPS {lEZFERM LTz, 723, O 1s D XPS ZAX7 kb
2G5 TdICE, T3x)VF—HifH 522.0 ~ 543.0 eV
T, 10 EEEOFO—AFv U 2EM LT,

2.10 BNdC B#BDFKEEEEFTE

23 EMAMIC LT, EWHEE L TBNIC £ 721%

BdC Z AW CaHi A D/ ST F )L 2 8E L, A
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Table 2 Synthesis conditions of BNdC and BdC
samples.

CVvD Heat treatment
sample PO Arkal, Temperature
/vol.%
BNdC-1 0/50/50 900
BNdC-2 13/37/50 900
BNdC-3 25/25/50 900
BNdC-4 38/12/50 900
BdC-5 75/0/25 900

R I U e, ARMERRAEREIC, SRMERR
Rz, REx, AEHERRAREFARICLTHT
ozt EFE 125 BX T 250 mA g TEIE 2.0
VETOCCHEZB x>z,

3 BREEE

3.1 BdC D¥pEET{H

Fig. 1 IC ndC 5 & U BdC-1 ~ BdC-4 @ XRD /%
2 — %9, Fig. 1 (@ »5, ndCH KT BIC D
XRD /8% —/cid, BRI I3 % 002 [T I IR jE AT
RERE— UM 20 = 25°(BRICEIIE NS 2 &by
%. —J7, 20 =42°fbEicid, JERFR T o— Rix
E— I NERIENS. ik, BEepickiors 100 B
XU 101 HHfE— 27 OEE LI I0EITE—27 L&
Z26N%. Lih->7T, BACHEBXU ndCldWdInd
EEEHEM LI EIRNSE 2T 28 00, ZORER
FREL, GLEMETH S LK TE %, Table 31
ndC 3 X T BAC D 002 [EH E— 7 D& I K U fE
2 (FWHM) %Z/Rd. & 5IC, Fig 21c ndC H &
U'BdC-1 ~BdC-3ic BT %, FHRA AT DR
BCls/(CzHa + BCls) & 002 EHf ¥ — 7 DfiE B & T
FWHM OBfRZRT. Fig 2 05, FERATAHICET
% BCls &L 0 5 50 vol% IcE £ 51F L, ZD
ETE— 2 EEAEAic 7 R L (2526 — 26.11°),
Z®D FWHM i3/h& <75 % (3.83—092°) T &hb
Mmolz. Thid, CVD &RIKIC BCls WFEIET BT &
ICE - T, RECBIUEMEMEBEENTNE T L
WKXBEDEEZLNS. 2121, HITE—7DMiE
BLUFWHM O &1k, BRI A XI5 % BCls
FRELEA 0~ 25 vol% O i TR E <, 25~50
vol% DHEIPHTIE/NEWT &5, 25 vol% FLE T,
BCls D R LEHEDZIRITIZFE A CBRILTVD &
HIWrcE 5. Fig 1 (b) CHUIREEV O BIC-3 B
X U'BAC-4 @ XRD /82— ZH#id % &, 1300°C
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Fig. 2 The relationship between flow rate ratio of
BCls/(C,H4+BCls) and peak position (blue squares),
full width at half maximum (FWHM) (red circles) of
002 diffraction peak of BdC-1, BdC-2, BdC-3, and
ndC.

TEILE 26 LU 7z BAC-4 DIFEDH, 260 = 35°(F
ICRALAR T # (BaC) ICIRIE I REA BT ¥ — 7 D8
HEN3. 1300 CTEIH Zffid"C & T, BAC HD
RURBIUREDISLT, BaCERLIZEDE
EAbN%. Table 305, BdC-4 @ 002 A7 ¥ —
7 OfEB KT FWHM & 25.94° B KU 1.26°TH D,
900 C CELH % fifi L 7z BAC-3 D& & LR L T
Y— 7@ EAET, FWHM G RE W, DED,
900 C/H 5 1300 CIC BRI Z m Tzl BB 5
9, BinbE GE&ME) MELESEmMES N
ChUE, BaC DERIZE, BAC DK T EDIFE(EIRGE
DZEIc & D, BERFMERLIZCLICKBEDE

Intensity / a.u.

(b)

100
26 /degree (CuKa)

(a) XRD patterns of ndC and BdC, and (b) the enlarged view of XRD patterns of BdC-3 and BdC-4.

EIbN5.

ICP-AESIC X D E® L7z Brow (KR TVHR) &%
Table 31C/Rk9. %7z, ndC B &K U BdC-1 ~ BdC-3
DE D JFER A A I % BCls iim it &, Brow
B L OBR% Fig. 31C79. Fig 35, BCls Wikt
MOM5 50 vol% TEE 51EE, Broa RIZEIINT S
(0.0 = 7.6 mass%) T &WbMn3. 72721, BClsif
w25 5 50 vol.% O#IFH Tld, Brow m=OH NN
Mg 1%/ NE <, Brow 13 7.6 mass% TIZIFEIFIL T
ZLHITES.

BAC & T ndC 0 XPS C 1s A% V7% Fig. 4 2,
B 1s A7 k)V7% Fig. 51, N 1s A7 )L 7% Fig.
6lIcZENZNRT. Fig 4h 5, BACDC 1s AR
FLICE, C-CHBXUC-HEAIKIRETE % 2848
eVOY—7 DRI IIVF—Hlicy gV A—E—IN
BTN %, F£7z, Fig 555, BAC D XPS B 1s A
N7 MViciE, 188 eV XD KT x)LF—fllicE—72
WFET 2T Db S. ZNEFhoe—7r1%, kit
1 (280.7 ~283.0eV) BIU KLY (187.2 ~
189.2eV) ICIREBAIGETH BT LD, INnd
B-CHBICHKT BEDEEZLNS. Fig 1 X0,
BdC-1 ~BdC-3 ic DWW TI&, XRD/\Zx—1c, Hin
FALL D JE RIS IE I I8 P REZR BT ¥ — 7 O A BT E
T END, RYRRZTICTTT o VERORELE
BFLTHEELTWVRE D EHEHIE NS, BAC-4 DB
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Table 3 Properties of ndC and BdC samples.

XRD ICP-AES XPS Electrochemical Properties
s | 002 peak 04-20V 0.01-2.0V
ample B . ) . e . ) . .
Posiion Pl comtent IRt Y Contert aondy ohcensy capacly efhcency
‘ © /mass% l186-188 v/ ltotal /mass%  /mAhg™ /% / mAh g’ /%

ndC 25.26 3.83 0.0 - 0.0 121 87.6 286 86.5
BdC-1 25.65 2.06 47 0.29 1.4 197 82.6 376 86.4
BdC-2 26.02 1.10 7.0 0.30 2.1 271 85.1 465 87.0
BdC-3 26.11 0.92 7.6 0.28 2.1 240 84.9 417 86.4
BdC-4 25.94 1.26 9.1 0.06 0.6 88 66.7 243 79.1

8

7
6
z 4 z
23 5
8E ) £
o 1

0

0 10 20 30 40 50 60
BCl,/(C,H,+BCl,) / vol.%
Fig. 3 The relationship between flow rate ratio of

BCls/(CoHs + BCls) and Browl content of BAC-1, BAC-2,
BdC-3, and ndC.

Intensity / a.u.

v | | P
200 196 192 188 184
Binding energy / eV

Fig. 5 XP B 1s spectra of ndC (black line), BdC-1
(blue line), BAC-2 (red line), BAC-3 (green line), and
BdC-4 (purple line).

288
Binding energy / eV

280

Fig. 4 XP C 1s spectra of ndC (black line), BdC-1
(blue line), BAC-2 (red line), BAC-3 (green line), and
BdC-4 (purple line).

Intensity / a.u.

Binding energy / eV

Fig. 6 XP N 1s spectra of ndC (black line), BdC-1
(blue line), BAC-2 (red line), BAC-3 (green line), and
BdC-4 (purple line).
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Fig. 7 Charge-discharge curves of ndC (black line),
BdC-1 (blue line), BAC-2 (red line), BAC-3 (green line),
and BdC-4 (purple line) in the voltage range of 0.01-
2.00Vat25°C.
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Fig. 8 dQ/dV plots of ndC (black line), BAC-1 (blue
line), BAC-2 (red line), BAC-3 (green line), and BdC-4
(purple line) in the voltage range of 0.01-2.00 V at
25°C.
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Fig. 9 Charge-discharge curves of ndC (black line),
BdC-1 (blue line), BAC-2 (red line), BAC-3 (green line),
and BdC-4 (purple line) in the voltage range of 0.40-

Brow cONtent / mass%

2.00Vat 25°C.
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Fig. 10 The relationship between Brow content and discharge capacity (left), Bigs-1ssev content and discharge
capacity (right) of ndC and BdC samples.
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Fig. 12 Relationship between SOC and interlayer
distance of BAC electrodes.
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Fig. 11 XRD patterns of BdC electrodes with

different SOC.
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Fig. 13 7Li-NMR spectra of BAC with the charge

voltage of (a) 1.20 V, and (b) 0.01 V.
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Fig. 14 Crystal structure models of LioooCs75Bo2s and Li.00Cs.75Bo.s.
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Fig. 15 Calculated redox potential of LixCs7sBoas (red
line) and LixCs00 (blue line).
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Fig. 16 (a) Crystal structure model of Li125Cs75Bo2s, and (b), (c) enlarged view of the model near boron atom.
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Fig. 17 Calculated oxidation number of Li atoms
(red circles), B atom (green squares), C atoms not
bonded to B atom (brown triangles), and C atoms
bonded to B atom (orange diamonds) constituting
LixCs.75Bo.2s (LiaxCa3Ba).
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Fig. 18 Schematic images of charge-discharge mechanism of graphite and BdC.
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Fig. 19 Charge-discharge curves of NCM523/
graphite cell (blue lines) and NCM523/BdC cell (red
lines) at 25°C .
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Fig. 20 Discharge and charge rate performances of NCM523/graphite cell (blue squares) and NCM523/BdC cell

(red circles) at 25°C .
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Fig. 21 Temperature dependence of charge

electricity of NCM523/graphite cell (blue squares) and
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Fig. 22 Charge-discharge cycle life performances of
NCM523/graphite cell (blue line) and NCM523/BdC
cell (red line) at 45°C .
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Fig.23 Charge-discharge curves of LFP/graphite cell
(blue lines) and NCM111/BdC cell (red lines) at 25°C .
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Fig. 24 Discharge and charge rate performances of LFP/graphite cell (blue squares) and NCM111/BdC cell (red

circles) at 25°C .
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Fig. 25 Temperature dependence of discharge capacity and charge electricity of LFP/graphite cell (blue squares)
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EFORZE BB L THFELTND T EWRBENT
W5, EHIC, 33HDE-FHFHREOERENDS, £
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202 F=T LIMRICDOWT, UFTLAF
> Wk OREIE DLENE 2RI L, B B cEN 2R
Lz,

HR—=T7TH50HE LR, REX D BESEEED
AL KRR ARG EROEWER, BEAB LU 7 v
FE 77 #5E LTz, Fig. 28 ~ 30 I Lio.0oCs.50B0.33A0.17 3
&K U Li1.soCs.50Bo.33M0.17 (A =N, O, F) Db
WErEENZIURT. Fig 29 BXU Fig. 30 5, A =
O BXUFDHA, VTV LAF VIERHIC, KHIC
FLVIBEORMTR LU C-AEENUINE N,
C-B-A/NAMEMIENHET 5 T EARBE NI
DT lhb, A=0BLUFDHA, FTMEDA

b \f_' %m?* Lithium

insertion

Li oo_Cs.soBo a3aNo.17
(LipCqsB2N+)
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WKL, 207 —a VIR FAWEY A 7 )V AFamn
HRERVEHEES NS, — /5, Fig 2805, A =
N DE&EE, VF T LAF VgERICE C-B-A /N
MG S HERF S N, FERED RN SN T EAVR
BN,

RO RNS, BACANHER—TEE5cEL L
TZERZFEEL, BNACIZDWT, X DNz,
Table 4 1 Co--yBNy D i T3 )V F — 2 51 U 7o fd
Ry, DRIV F—DEHKIEE, T3
F—IICALET, B TESAREENMENC EAVR
BXN5. Table 4 5, RYREEHED R—TED
2 (RUR-ZBHEF—TEE) Ix-y] OEN 0T
WEE, R IOVF— BB WERAICH D, BT
ZHAREMEDOE VK TH S LHiEENS. C-B-N
SNAMEP TR Y RBRUERIT B-NMEEGZEKL,
WET 2T & TRV —INNCEEGEL 55 L&
ZbNBd. DEIC, CexyBdNy/LiCoxyBNy DG
b e EALZ G E U 72 45 R 72 Table 5 I /3 9
Table 505, RUHE-BRF—TEE x-y] OfE
DI T O BRI R TEMIEAETH D, K
UE-EBRI—TEE [x-y] OHEO/NEWHIE E,
BRBLETTENZ RS T RSN, Lz
T, BACIcE#ZzH F—7L, KUER-EEF-—7
EAREHET DT LT, ZTOBETEN 2 HIEH T EE
THaBT LR ENT.

Li1.5o¢5.5oBo.saNo.17
(LigC3sB,N1)

Fig. 28 Crystal structure models of LioooCss0B033No.17 and Lit.s0Cs50Bo33Noa7
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Fig. 29 Crystal structure models of Lio.ooCss0B03300.17 and Li150Cs50B03300.17 . Orange arrows indicate C-O bonds that
are broken after the lithium insertion.

b :t_’ ; t@}% Lithium

insertion

Lio.ooCs.soBo.aaFo.w Liy .50_05.5050.33F0.17
(LigCysB,F+) (LigCs33B,F1)

Fig. 30 Crystal structure models of LioooCss0BossFo17 and Li1s0Css0BossFoi7 . Orange arrows indicate C-F bonds that
are broken after the lithium insertion.

Table 4 Calculated decomposition energy (meV Table 5 Calculated redox potential (V vs. Li/Li*) of
atom;l) Of C6-x-yBxNy. C6-x-yBxNy/|_i C6-x-yBxNy.

X y 0.00 0.17 0.33 0.50 X y 0.00 0.17 033 0.50
0.00 0 25 49 71 0.00 0.25 - - -
0.17 43 8 31 24 0.17 0.55 0.21 - -
033 83 57 48 15 033 0.96 0.52 0.29 -
0.50 121 71 74 0 0.50 1.22 0.85 0.68 0.25
0.67 - 108 77 29 0.67 - 1.27 0.89 0.57
0.83 - 128 94 0 0.83 - 1.52 1.22 0.87
1.00 - 183 129 67 1.00 - - 1.56 1.21
1.17 - - 131 117 1.17 - - 1.89 1.36
1.33 - - 194 148 1.33 - - - 1.71
1.50 - - 256 177 1.50 - - - -
1.67 - - - 187 1.67 - - - -
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3.6 BNdC DO4pEsF(m

Table 6 1 ICP-AES, CHN 73#73 & U ONH 73471
TiE 57z BNdC-1 ~ BNdC-4 3 XK U BdC-5 DfHAK
%779, BNdC-1~ BNdC-4 XU BdC-5 DR
-EBHERF—TEAEIZ, -26~8.5massh Th o /.
AR D CHsCN D& EEME W E, 5N 5
BNdC (BAC) DR - &R F—T &2 INd %
HErch B eV ohoiz. DFED, AREEOERA
ADHELEZEHTZC LT, 1$5M1% BNdC DR
F-BEN-TEEZFHIETEZ T ENHS M-
fo. —7, AEATZROFLECHRTSEEZD
NBEZTAEZDOGHREIWMETH O, BEXULEREICIE
FIFFBELEVEHMTES.

Fig. 31 ~ 34 1 BNdC-1 ~ BNdC-4 ¥ X U BdC-5
D XPS A7 k)7 RT. Fig 311" LB Is X
N7 RIVE b, ERRED CHsCN #if DLV BNdC
8, BlsU— 23Rz x)VF—Mflics 7 b3 5H
MicH 5 Ehbnsd. E5IC, Fig 331ICRLEN
Is A7 bV &b, GEEFO CHCN FHE Lk D
BNdC &, Ni1s¥—27 &z x)VF—HlIic> 7 b
THHEAMNEREIND. TNEDOE—=T7DY T W
5, BHEHRED CHCN fiEEEDERNEDIZE, RUHR
-BRF-TERENKELAED, B-CHH /B-NMES
BIUN-BHEE /N-CHEEDEFELLENGEZ T &
ICE->T, BIsBELUN 1s E—ZDET 3 )LF—Al
ANDYT M HEETVS EHERIENS. Fig 34 D0
Is AXRZ M)V & D, HHlED CHsCN fitg DO mn
BNdC &, O IsE—7 D@Eld REWNT &b
%. ¥z, Fig. 32D C 1s A7 ML &b, BNdC D
AT MVD 289 eV HITIC, JIVARF I IVIEICIRE
AfRER E— 7 Dl E Nz, T 5IC, Fig 31 DB 1s
ART MIVE D, H KO CHCN &L D &
BNdC (% &, B203 *® HsBOs IZ i@ A EE 7% 193 eV {3
DO —=TiRENRKENT e o7. Lieho
T, AHEFD CHsCN s & <, RV HE - 2R

R—78#0D/NEWVBNAC 13 &, ERMMBILE Nk
BICHDBENDNDG., RUK-EBHF—TEED
INEV, DED, BRENCEHED R—TE N7z BNdC H
i, KD ZEAI N, ZOXRKZEEIC BNC
DREMNZELR T THIL S NS HER, THEEREDR
TSP END B O EHEHIE NS,

Fig. 35 IC BNdC-1 ~ BNdC-4 # & U BdC-5 @
XRD /8% — 7779, BNdC O XRD /8% — > BdC

B1s

Intensity / a.u.

1 1 1
196 192 188
Binding energy / eV

200 184

Fig. 31 XP B 1s spectra of BNdC-1 (black line),
BNdC-2 (red line), BNAC-3 (blue line), BNdC-4 (green
line), and BAC (purple line).

C1s

Intensity / a.u.

292 288 284
Binding energy / eV

296 280

Fig. 32 XP C 1s spectra of BNdC-1 (black line),
BNdC-2 (red line), BNdC-3 (blue line), BNdC-4 (green
line), and BAC (purple line).

Table 6 Compositions and electrochemical properties of BNdC and BdC.

ICP-AES CHN or ONH analysis Boron- Electrochemical properties
nitrogen Initial Average
Sample content  Discharge coulombic discharge
B Si H C N 0 difference  capacity  efficiency  voltage
/mass% /mass% /mass% /mass% /mass% /mass% /mass% /mAhg’ /% /V

BNdC-1 18.3 0.08 0.56 47.34 20.88 12.8 2.6 110 535 0.807
BNdC-2 202 0.04 0.42 49.54 16.3 13.5 39 182 68.5 0915
BNdC-3 167 0.02> 0.44 60.06 14.36 84 23 222 74.8 0.997
BNdC-4 168 0.02> 0.32 62.48 8.62 11.8 8.2 271 794 1.087
BdC-5 8.6 0.1 0.11 89.3 0.08 1.90 85 266 85.7 1.206

40



GS Yuasa Technical Report

N1s

Intensity / a.u.

o P\ A
400
Binding energy / eV

408 404 396 392

Fig. 33 XP N 1s spectra of BNdC-1 (black line),
BNdC-2 (red line), BNdC-3 (blue line), BNdC-4 (green
line), and BdC (purple line).

O1s

Intensity / a.u.

532
Binding energy / eV

540 536 528 524

Fig. 34 XP O 1s spectra of BNdC-1 (black line),
BNdC-2 (red line), BNdC-3 (blue line), BNdC-4 (green
line), and BdC (purple line).

DFEELFAETH D, 20 = 42°(FUricid, 10 [
IR ATREZR IENFR© 7 o — Rz [T E— 7 HYETH &
N%. BAC & [MkkIC, BhLHEMLZEIRMEEE
T2L00, TORERTIFELS, SLE#ETHS L
HIWcE 5. THIC, AARED CHsCN gD mEW
(=RUHE-ZEREF—TEAED/NETL) BNdC & &,
002 [T ¥ — 27 O FWHM i3 KR E L 5 AN H 5.
RUHE - BRRF—TEED/NET W BNAC D&M
KL, RENZELEAIN TS T EAVRBI N
3.7 BNAC BE#BODFEREMEE

Fig. 36 IC A RS D 1 U1 7 )V H AR
#R, Fig. 3TICKRUHR -BRF—TEHE, WERED
KU HIREBLOBZRZRT. EHIC, Table 61C
191 27 )VHOELUC AR 2R, Fig 37 BXU
Table 6 & ©, BNdC-1 < BNdC-2 < BNdC-3 <
BNdC-4 = BdC-5 DIETREAMEBARZRT &
Wbh-olz. &5IC, BNAC-1 < BNdC-2 < BNdC-
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— T
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26 /degree (CuKa)

100

Fig. 35 Powder XRD patterns of BNdC-1 (black line),
BNdC-2 (red line), BNdC-3 (blue line), BNdC-4 (green
line), and BAC (purple line).
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Fig. 36 Charge—discharge curves of BNdC-1 (black
line), BNAC-2 (red line), BNdC-3 (blue line), BNdC-4
(green line), and BdC (purple line) at 25°C .

3 < BNdC-4 < BdC-5 DJETEW N EEL 2R
L7z, Fig 37 &0, FUER-EBRFN—TEELHE
A, BHUIC, FUR-EEF—TEE LYK
BELIZEOHBMEGICHZ T ENbh b, DD,
23.1HD R #E - R F—TEED/NEOHRUE
g, BamtETTENZRT ] & WD B HEETE O
TR e —HT 2EBERIBONZ. SERG L
BNdC ® W, % I J& & kb C2Ha/CHsCN/BCls =
38/12/50 vol.% T1§5 M7z BNdC-4 1&, BdC-5 & A
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Fig. 37 Relationships between boron-nitrogen con-
tent difference and discharge capacity (red circles),
boron-nitrogen content difference and average dis-
charge voltage (blue squares) of BNdC and BdC.
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85.8% X DXL . ONH 7747, XPS BXU XRD DGR
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O 27— RIGEL GoTc b DEEZBNS.

Fig. 3812, TNEZTNERNERXMOMER 2RI
AR CHsCN i DKV BNAC (£ &, BUf7&
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XPS LU XRD DFER K O, & AAFD C2Ha/CH3CN
RO @ BNAC T, RO TN, XK
e bizneEZENZT NS, Bt (BBEE
REXE, KU OKRKEIC K > T, BNAC R FOEH %
TR IENFRIC B B EFAEEMNERY F 7 LA 4 U miEk
MERI 2T EARMENS. E/z, BNdC &, EE
HDOH—RUME, BIRUHBEEOZELRYRE2ES
LR ERIZT T W TESMN, Table 6 15,
B RRFD CHsCN & LD &) BNAC 1E EIRFZDOEH
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Fig. 38 Discharge rate performances of BNdC-1
(black circles), BNAC-2 (red squares), BNdC-3 (blue
diamonds), BNdC-4 (green triangles), and BdC (pur-
ple X marks) at 25°C .
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