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Elucidation of the spatiotemporal flow of conductive ions in storage batteries
during charging and discharging using neutron and synchrotron X-ray scattering

Fukunaga, Toshiharu

3,400,000

J-PARC/MLF

BaF2-SnF2 CaF2-BaF2
MEM RMC

Using the neutron scattering instruments at J-PARC/MLF, we aimed to
visualize the atomic arrangement of the cathode, anode, and solid electrolyte during charging and
discharging of all-solid-state batteries, as well as to elucidate the conduction ion pathways at the

atomic level and directly observe the movement of the conduction ions. The results of the research
are as follows: The fluorine ion conduction pathways in the solid electrolytes of BaF2-SnF2 and
CaF2-BaF2 fluorides, which exhibit particularly high ionic conduction properties, were elucidated at

the atomic level by MEM and RMC analysis of the crystal structures obtained from neutron
diffraction.

X MEM RMC



B X C—19,. F—19—1, Z2—19 (@)

1. HRRBYTOER

BRI DB E X2 ADMNBERAR T —T 7 /0 —ChHEBMOHARIT, EHERER
EO/NFEERN D EKHBHECEEHEE Y AT LEO KRB ~ILR LT, £ OW5EH
FITHRBEOFEG L 7p > T D, FRC, REREEM IEMIEHE (+) | BEIREMRZ | Al
EE (—) ] OBFIE, TN THRRED I B DA ST D728, ¥$@@kﬁim
EmHIME, BRI EZEMOR ETHEB SN TWD, LMALRRL, EBHMEREIIEAm EL TS —
FT, MESNDIRMERNF—EEIIIREIZEL T LT, ZORENEZ 7 /W5 X HETT
WV, ZORBEZIRAICHIET 57200 1 DOFE#HT. EEARZE BN 27N D {niEA 4
OEH b, TRbbA A MREEDOM ETHD EEZD, Tk, BEA A O EMY | R
T LUV TOA A ik Blg % IEREICBMR T 5 72, 1RO BRALFNE FIEITM AT, #HrLwn
%%fﬁﬁ%ﬂﬁ%&fwyup%@@%ﬁ>/ﬁf%@ AR HEET ) B HBR R D 7= DI B i
<HIffshTng

2. FEOBH
AWFTECIX, KIBEERG TSR s/ - ARl ERE% (J-PARC/MLF, 7R3 R A A
T%@L1w5%4ﬁﬁ¢$%ﬁﬁ!%WEA%a@ﬁﬁbyi&?x®¢ﬁ%ﬁﬂ(@ﬁ)
TEERE L AT v REBRMES 2T L, MHEZE 7 B E T 72O DURE A F 2D
@T%@JT%%I@M‘%L&UI lﬁ@%*”%ﬁﬁ"oi) 9B, TDD, EEREEMIZK L
ﬁm7x%¢ﬁ%ﬁﬂ(@ﬁ)%%%ﬁw Fe JcEE Hp oD [ (A i Ko O] - [ A i A o 2 4 78
Tﬁ%#é& W AREA A OB E L EERET S, S5, GonTEEEREHT LA
ﬁ/h%%%Tﬁm&m%%ﬁb Fe LA Wm#éI¢W@4ﬁ/m%ﬁVk I [ S if
DA A AREREE & (i U, A2 EREROBRZ A2 L2 L4 5,

3. FROFE
$HniJHﬂC@Mwm;@Bu1®£ﬁﬁ[4MWMJﬂw®%4ﬁﬁ@¢ﬁ%E%
4L (SPICA), BLOS D& 4y fERE H I 1 [A1 3124 & (SuperHRPD), & L "C BLO02 O 7ML
SELELE(DNA)Z EICFIH LT, EEM O EMEEL - AfbrE, £ L CEEEMRE (B 4 mE
M) OMEBIZEEITS, T720b, HEMODT - EF D insitu& operand [BIHT - HUELFER A 1T
W, RIS E B R O REZR L, B NIA A0 DOALE & DRFRIZEN ZH LT 5, £ LT,
[ - HEELT — # 2 FEIC L7 3 ROTET MEE AL L | fimERERE ClE~v* o ~vAaT 2 b
o B —(MEM)iEZ AV, BALZREERERE ST 7 ZREREMREIT LTI 2 A I
BARE L7y RANL U ZH A (BVS) % & DICE B LIZTEZ W T, A 42 ORERE
DRFAL & WERRIFRIA 21T 5, S BT, P HERMERGELEE 8 (DNA) & F W o A A iR - )
DOHFFES B L. B - 2221kt ﬂ¢5r4&nmm1%@%¢5

4. WFFERE

7 it Y U A (CeFs) HD Ce 27V Y 15648 (Ca, Sr, Ba) IZX > C—iE#T 52
LT EBWA T UREE A TRT Z ERMLNT WS, ARIE, WEREEmOF HEMO 15T
H57 AtEMOBEEREMRE E LTRSS TS, LOLARRS, Tl ) HHEERD K—
TR L BB SOMEE & OBRICOWTIIRIERH 2 B3 %0, Kﬁnfi(hk RN
72 5 (CeF3)1 «(CaFa)y 7 vt A A L8R A ERL L, R T IEss s e - AmEhrsk
Bpliisx (J-PARCMLF) O & 53 fiEhE ﬁ%@mﬂﬁﬂn%mmmmm)%%wf ARDER
(R O DV TR T2,

AH I AN TEBLOBGERIC LY fERL

LTC(C6F3)1—X(C3F2)X %it*;{'%ﬁﬁ l/ Y ,C&_\?/:ltﬁ/r :/ EO‘— &“ :/X ?E\IJ 10’2 E

#&1T-7-, ¥7-. J-PARC MLF ¢ BLO8 SuperHRPD % ] et

FA TR F2 50 R O ST (V) — R L b M 5 5 (GGt

FIRAT) 24T 572, (CeFa)in(CaFa)x O XURE L D EEAE o § e

{K’E.l 29, Ca F—78 (x) Ax=0.1 1T THD 10 ﬁ
WERIREELZ O E¥bhots, —J, X#EHT 2R B X

T — ZIT K DA A ERAT D O R T E R D ZE IO — + X

T fER, A (Tysonite TUAEE) O Ca EH#Z X 7 + ¢

DI BB D . (CeF3)ix(CaF2)s O Ca HEHLE DR 10° 3 :

FUEIX x=0.07 THDZ LXMW LN o7, FIUIL, 10 A e e

CerxCavFax DELAZHEIE Ca F—7 Rt x=0.1 (5T

RHEWERIZEE Z 600, B Z#iR © X 5 EER 1000 [K 1]

FiLx=007 0 THBDZ &M D, CeooCaoiFaold# A [X] 1 . (CeF3)1«(CaF2): DEXUSEE
FA MG ORI A T, #AaREEE N— X DIREZAL
ETBREMNRDEEENTWDZ LB GhoT,



IZ | (BaF2)x(SnF2) 1k Tl (BaF2)o47(SnFa)o.s3id, i B ARV MEME L = % /L % —(Ea=17.9kJ/mol)
Tl bEWERUIRERE (o= 4.1 x 1073 S/em, i)z /R L7z, HETRIPTIC X 2 8E AT O R,
(BaF2)047(SnFa)os3ld. 2127~ $ K 5 72 IEJ7 b TAR) & R84 & 0O N2 7 S (CHR 2~ DA R S
TWBZ ERbhoTz,

THEIX[-SnSnMMSnSn- - K E(M=BaxSnix) & £ 5. 3-DDIEE(M~ v F# 1 b : F1, F2, F3
EREOTWD I ERpdoT-, &6, 7 v FEORFMHIRER T DL YD ) H[-F1-F3-F1-]#8#
DT AN A A ANREIZEHFEG L TEY, M@ ESnEDM @ [-F1-F3-F1-] 7% 7%y hT—7

(XI3) M3RITTHI/REHFA A U AEBIC B W CHEE 2 &ZE 2 B2 L T0hD 2 b ol

3. T fHOEX E [-F1-F3-
Fl1-] /%7 xy hUu—72

S DI, A DWET, A7 T A~ D THS .
NIZHELZTE CaF-BaF2 (LEWE. 7 Vb A F U 1r "
B eEAEMOEEEREL LTAETH L Z e
& D3I 7o, [ 4 1Z(CaF2)x(BaFa)i« D FERRE AT 10°

PEEIRT,
(CaF2)x(BaF2)ix« @ x=0.5 F2£ OFHBE LIV OFEE % x=0.74

IZ. CaF2 % BaFx k0 & 5 Hill Bk X a8, 10° e i0as
(CaF2)(BaFa)ix [C331F 5 7 v AL A A > Db o] Bt

XA S 20 & T e, £ 2T, bivbiudh BaF, r=0)
M- E T AENTIC L Y (CaF2)oas(BaF2)o.s2 D AR 1 24 2.8 32 3.6
Bl & 7 AL A A v DIRERRE 2 50N LT, 1000/7[K ']

S F & F 72 (CaFa)x(BaF2)ix #k Bt @ H T | _ N
(CaFayoss(BaF2Joss (L b 85 EHE & g b gy 0+ (CaP(BaFx OB
PR F—Z R LTS, RIFSETIE
Y= by MBI ATy hrE— o

o [S/em]

B0, 7oA ORIERES L | e, e
[-F1-0F-F1-] OFRECHKI LIz (K5), 0 Q ¢ 'R ¥ B ¥
F1 134 0 Ca KUY Ba i -7 HHERR . @ °) & ® |
ENDH T 2=y FNO 7 vthA 4> O AW W W
AR A BT Rbb, (1/4, 1/4, 1/4) 3 e s .ng © °.m.“.
S TCI) &R Ly oF # TR A R g6 1 To e o O
D Ca K UYL Ba F T B S5 O AY AR R W R W U
2=y MHOTLBLANEMEDOZR  o¥¢ o &V 0% »*
ERELTND, SHIC ARETE RS g 0% te Te
EiTNEoE - g S MY B UL SN Al D = bl IV L W X R %
LD 150K 128V T Ca, Ba, FJiR o > .° g.og e ¢
TFACK LT 7 v (i1 7 > OFABII 7 L ol ol on jui
NWFLE L, [-F1-oF-F1-) JEBREEIZ 1 A AY QW 5 ¥
B 7 ALHIA A v DB DRIRAI & Sl g B .
ABFFCIS DA LI, AR By = = G = S ='{
FHEALE S AT L7 & KRB IE F 78 At Prafs faat
MR &L 2 Y HE AR 4 B U A SNSRI
RBARE OIS D10 O KHEF R TH Y | 7 diffusion pathways

ZOHEANIENT L2218 -T . V) g

. . S 1| b - 5. CaossBaos2F2 (x = 0.48) tHEICKITH 7 v
RMARD R Z B DOFE R IR E < 7 VA 4 () O A S = X 5O
HYBb0OLELD, { 7 () DAL Pkl



6 6 0 4

Ken-ichi Okazaki,* Hirofumi Nakamoto, Toshiro Yamanaka, Toshiharu Fukunaga, Zempachi Ogumi, and 34

Takeshi Abe

Examination of Morphological Changes of Active Materials for Solution-Based Rechargeable 2022

Fluoride Shuttle Batteries Using In Situ Electrochemical Atomic Force Microscopy Measurements

Chem. Mater. 8280 8288
DOl

10.1021/acs.chemmater.2c01751

Kazuhiro Mori, Shuki Torii, Kenji lwase, Takeshi Abe, and Toshiharu Fukunaga 127

Effects of Mixed Phases on Electrical Conductivities for (CeF3)1 m(CaF2)m Fast-Fluoride-lon- 2023

Conducting Solid Electrolytes

J. Phys. Chem. C 59 68
DOl

10.1021/acs. jpcc.2c06732

Kazuhiro Mori, Atsushi Mineshige, Takuro Emoto, Maiko Sugiura, Takashi Saito, Kaoru Namba, 125

Toshiya Otomo, Takeshi Abe, and Toshiharu Fukunaga

Electrochemical, Thermal, and Structural Features of BaF2 SnF2 Fluoride-lon Electrolytes 2021

J. Phys. Chem. C

12568 12577

DOl
10.1021/acs. jpcc.1c03326

T. Ohashi, T. Hirano, K. Okazaki, T. Fukunaga, and T. Abe 899
Hysteresis of the charge transfer resistance between the charge and discharge processes 2021
obtained from electrochemical impedance measurements using a thin-film cathode for a lithium-

ion cell

J. Electroanal. Chem 115675

DOl
10.1016/j . jelechem.2021.115675




Tsuyoshi Takami, Takashi Saito, Takashi Kamiyama, Katsumi Kawahara, Toshiharu Fukunaga, Takeshi 21

Abe

High fluoride-ion conductivity and fluoride-ion conductorinsulator transition in fluorinated 2021

hexagonal boron nitride

Materials Today Physics 100523
DOl

10.1016/j .mtphys.2021.100523

Kazuhiro Mori, Yoshiyuki Morita, Takashi Saito, Takashi Kamiyama, Toshiya Otomo, Takeshi Abe, 124

and Toshiharu Fukunaga

Structural and Electrochemical Properties of Tysonite Ce0.95A0.05F2.95 (A = Mg, Ca, Sr, and 2020

Ba): Fast-Fluoride-lon-Conducting Solid Electrolytes

J. Phys. Chem. C

18452-18461

DOl
10.1021/acs. jpcc.0c05217

5 0 0
Ca CeF3
171
2022
BaF2-SnF2
22

2022




CuF2

90

2023

Ba2SnF2

2021

2021

(Kazuhiro Mori)

(40362412)

(82118)




(Hidetoshi Nakamura)

(60443074)

(14301)




