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E—5 FH

1.1. 1 F EEFOHE

AR, HERERB L2 X U o & 3 2 k4 R BREEREICER L T 5, HiBRiEE

fLOERD—D2& LT CO, FDMEBEFNBHADPEH BT LN 5720, REES
AP L 2 WHRELZRET 2 C L IFEECTH 5, MEEMIC X 2 FEIIKKR LT
FHOKEERTIERBICELWFIETH S 720, MEEICHEHZ REBICUI VX

OICTEEMNE 2 M LT IR (E 2B T T 5 LHifF I N 5, PARIE 22 50 -
BIFE - EHBIC X > TRER I NTE D, W O DEENTEIES 5, FHCHRE R
23 D B FERER LTS BRRLE L (SOFCs) & 7'v b viniEiE+ 7 3 v 7 BREE it
(PCFCs) ® 2 D Td» %, SOFCs DEME I IZER T Z I A 4 v %83 5 (g
L4 F v ARiEAR | 2MEH & . PCFCs DEMREICIT 7o b v2ABET3 [7Fo
VIBER ] BERINTVS, 2 20720, B F UREE R R TR0 R IZ
SOFCs % PCFCs DFFEDRHEIC D725 0 | ImIRALEIE DR DR ICR 5, 44V
{EMRIT, 1914 FIC Tubandt © 2% a-Agl BE\nA A VREART 4 T ERELT
LA, BIAE L TV 79 &4 4 VRER S B A 4 VREAR  F o b VRER,
1213 b U7 A4 F o ARER S G4 AR, 16 R S v RERR, T 7 vl
WA ANRER S = 72T LA F VARER 1920 L o Z B D32~ —2 fifi D A4 A

Y MEEST 2LEYB S CIEIhTw 5



1.2. Bt A F MEEHF

N CHAL A 4 VRERIE, ERME TS 2 ARG 2> o4 v M) T
LEY V=T (YSZ) ZIiZ U, 8% OMER R HE SN TE 72, Hl 21X, ABX;
Ml~a 7274 MM, ¢ Dion-Jacobson T, 303 KoNiF, UG, 3234 794
A FHIREE, 3538 2 ) Z 4 RS, 2 LAMOX BURIE, 4 v —F 4 IS,
651 oA m a7 RINGE, 52 BaNdInO, BIREE, 355 NT7~<m 727 4 | B ¢
2B, IHIT, TEREHR - P v il TRBEENOBREELEL ¥
bl Ty ) TRERZA TS, BIUWA A VIEEE I X 2 g2 TbN
TE I DOHEB I A NCHFEET 2RO —il 2 KBS & CTIRFREL 2 AT 2
e THFY VT REMEE I TH 2, HlziX. ERAMEICH 2 YSZ ZHlicZT
% &, 210, 13 A fli D Ziv D —i % 3 filid Y3 ER S 5 & CEMAIEIC X Y EEER
B ERK X 3.700°C T 102Scem™ {8 2 2 BILYIA * VREE % /"3 (Figure 1.1),
B H 5 1 DR TFEMEICEEZEAL, K TRIBREERT2cLTcFY I TR
BNX2 28 ch s, X, AV 74 FEIMEZ AT 5 LaSrGa;07 1235\ T 2 fff
D S**% 3 flio La* T EEL T 5 C & CEMMMIEIC X 8 TRIER I EK X .,
1000°C T 10'Sem ! B 2 2 AL A A B %2R T, ¥ Bl hick b, @uigl
WA A MNGEE R OME 2 F R T 3103, BB YA + GBS s SR
AT LTI AL THRERIC X VMERLTIHT S L EETH 5, Bk

DERL TN T % SOFCs DEMFEMPIOMEN & LT, YSZ 34 #+ vz



Bl 3EH bt rF—pnE:L ., RETOBWA F VIEEEXA+5TH Y.,
KB COERELPE L W eI O, KiffE ik, KIETHEET 5 SOFCs
DERLICIEDL 720, YSZ HFDELY A4 4+ VEEE # KR Tl 2 2 M2 R4

52 &% BEE T 5 (Figure 1.1),
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Figure 1.1. Bulk conductivity of representative oxide-ion conductors ((ZrO2)0.92(Y203)0.08,>
(Bio.ssDy0.0sW0.04)203.12,2*  NagsBio49Ti00sMg0.0203-5,">  LaosSro2Gaos3sMgo1702815,°°  BasMoNbOs s,
Lai54S10.46Gaz0727,%°  LaxM0209,’*  CsBisTiaNbOio,!  PbooSmo W04, Sr1iMo4O23,”°  Basln,0s,’¢

Lao sGes.sAlosO2.5,”” LaioSic026,>> Ce0.9Gdo.101.05 ') and target material.



1.3. 78 b U {=zEE

AL A A ABREFERIC, 70 b VEEEARITEER D WL o ERE S
NTE T, 88 fl 213, ABX, I~ u 727 4 Ml 828 o — 5 4 b ARG, 8580 7
79 v 1774 MG, ¥ BaNdGaO, k&G, 8 7oz 4 FKGE, ¥ AT e T
AN A T BSR40 T, Tu b vREEERF LI gL L
TIIICHRER - F—v vy il o TIMEENORFEZ RIEI &, £ 21 OH 2 &
AL, ¥X YV T7TREEZHME L THS, flziE. BaZrO; i3 4 flid Zr** O —Ef
 3lio YICEET 2 2 L CEAMMIEICL VBREREIPER I N, OH S EA S
%L T500°C T102Sem' 2z 5 70 b VREEERIRT, ° 70 b AREE oy
2. N om=naXuxZe (np: ¥V TR, u: BEIE., Ze: Ef) TRINDI LD,
oA LI 213 F XV TIREZEST, 32bb 7wt voasilied e

HETH 5,

14. T 2T IA F U GERE

T a T A F ARERIT, BIEWA 4 vipElk e 7 e b AREE O T &R T
Kch s, TaT7rA4vinBE2EREE LT 2HAZ. UTo@d ) Tdh
%, () BRENTRILYA A v & 7o b vARICEE L, SBAEEE A BT
2 0C, BittaEom LMD, T3) INEA I X IR IE 48 R L R
Biths 27 L KigICflRbIng, % BE, TaT7 A4 VR8RS L CEH

T % DD BaZr1Ceo7Y0.1Ybo 1035 (BZCYYb) TH Y, 450°C T 102Scm™! # i 2
7



57 2T VA FVAREEZIRT (Figure 1.2), *° A% CTld BZCYYb O 7 2 TV 4 %
VEBERBA Ml ERE T L2 HIEE 5, 51T, T 2 T A A VIRER
*EME & L TR BRI s W CTIERMENE M U I RER (@A A+ v
fpE+7 0t VRE+ETRE) 2SS4 EICRoTL 525, bY T A RERITTE
PbBag sSr95Co; sFeqsOsis 5 100100 DM BT I N TH Y FERNICIZT 274 4
VIMOBEIEAFERLE 2 L AfFE NS, LA L, 13ECTHRR@EY, Tv b
VEEEARTICE OHZBEALZTNIE AR LT, ZDDICIFTLHRERICKL 5T
MR ER T 2LERD L, Lo C MG TFHBERZERKT L THr V) T 2
CTRNREREZT OB CECT 2 TAAF VInEEZRIME 2 HERT22 & 13

LW ERHETH B,
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Figure 1.2. Conductivity of representative dual-ion conductors (Ba3YGa207s,'"? LagsBa;2GaOss,'?
La0.99Ca0.01VO4,% Lax027(BO3)s,'™ Las 4MoO11.1,'% BaZro.1Ceo.7Y 0.1 Ybo.103-4,%° Ba7NbsMoO2g ) and target

material in wet air.

1.5.4F Y DBEEBICOWT
11 BECTEA A VEREROEEH AT 7208, 4 DA F v HRED X ) et o
B3 2 Dh b LEERE TN T 5, 1019299510021 A o DSBS Z B S 22123 5
7200, O ERPLFREZIT O, RAENICER T2 LREETH 5, BEHL -
HPEFEHTFIC X 2 ) — P v M PR T v b v v —ik (MEM) | YERREERGEL
HIGE. NMR HIE, 7006k & v o 2 EERFIEIC L o TH Y TV D iE 2~ 5
ZERTE D, Tz, WHOTFEIIIFE, B HESTEHNIFE (AIMD) & \woiz

STANFEZHAAEDE R IC L o TEBITERICL MR Z IS ICENMNT L &R
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T2 5%, FidoFEEZH WL T, INETREI[ A VL ENICESLL TV 5 4 A4
Y DFEEF N T A =2 FETFEGLEZE (NSLD) 20fi. & &I iRy o Eiy
RAT Y OBEPERINTE, AL VInEEEZ 5 L CRICERE L 75 2 i
(i) ZZfL (vacancy) BEHFE. (i) T M (direct interstitial) BEME.  (iil) ¥EAE TR
(interstitialcy) BéfED 3 D TH % (Figure 1.3), 22 (i) ZZFLBERE IIMT 9 4 MICHEET
5—HDOAFYRRIBL, 222N LAV RBEIT 2, (i) S TEBEREIIETF
YA L AT A P DORICA A Vv HBFEAE L. W RIAE D S8 RIfiE ICERE A A
YOIEENT 5, (i) MERE TR IR TALIE IR T 2 4 A v b DA TR E 17
TET A FVICHP>THEEIL (£7213% 0w, #LHX N8R E ICFET
SAF VDT IMECTFET 2442 LT L 2BRVEL BT S, (i)
(ii)D 3 D OHMMP AR IC 2, XSl wA A vy oBEEEoER T 52 &

T, A A v DA & OBIEWEAZRE I N TE 1,
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Figure 1.3. Cation migration mechanisms and associated energy profiles. a, The arrows indicate three
typical migration mechanisms: vacancy, direct interstitial and correlated (interstitialcy) involving a single or
multiple sites (blue and red, respectively). Circles represent cations in stable (green) and metastable (orange)
sites of a model crystal lattice. Dotted lines represent the transition state for cation hopping as imposed by the
anionic framework (not shown explicitly). b,c, The energy profiles associated with cation migration via direct
vacancy or interstitial hopping (b) and correlated hopping (¢) are shown with their associated hopping energies,

Em, hopping distances ao and hopping frequencies, vo.'?*> Copyright© 2019 Springer Nature.

6. BB{LM #+ > DBENREE
1.5 ECTiki~7- & . BAEA A viconT AR 3 D DB EIFERE I C

FOTHELCHRESINT L, Lo, BIUVIA A v B3B8 513 h T4~ M D]
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B IRT 2 0EBD 570, LR MO, (x, n ZAKRE0 IEHL. M DEHIEL
ICOWTHFHRT 0D H 25, KA 7=H12 BaNdGaOs HEE D LagsBa;,GaOs (T
BT LAY A A v OB ENFERE 8 CTH 5, LagsBa;2GaOsy (X LaBaGaO, D La/Ba b %
x5l CHBEIAPER LMK TH O, ZEILEHE CBILA A v B8 5,
2007 4FIC Kendrick 513 TEIJ19%E (MD) ICX B3R Fy 7Ty ay bEHNE L
T, Ga,0; == b @ breaking and re-forming (B3 & FEZAL) 1€ X o CTHILPIA A v~
DBENIT 5 Z L /R L7 (Figure 1.4), Ga,0; 2=y b OFFfEIXHETRIITICL 5 7
— Y=y FTLHER SN, BIWA A v Ol & i & & T GaO, PRI A A3 [E]HE L
TWw3Z %L (Figure 1.5, T DALYIA 4 v DE) % % Kendrick © I concerted
‘cog-wheel’-type motion (MR MBI OB X) L4 T7-, 2 2D hFF v M &
BEFRICK 5 M0, 2= b+ (—RIVICZERK L FbHi5), breaking and re-forming, %
kD EIHE 1L, 2L CEL A A v BB BT 2 L&Y X K & b 56T,
S10.0625Bi0.037sVO3.06875 ** ° KoZnV,0; 2 HETHIEINTEH Y, B4 4 v 0o
BREEIC B W THEHELREZ T TH DL, L2, —ERDOHFEEIIMD v IaLb—v 3
VT X B RGBS ORI N T B 28, EERIC X B A EE L v o s BR T
b5,

HERS T[S CIRAL A 4 v 3B B) 3 26l & L T, KoNiF, UG D 4,804 RIE(L
MBS b s, FETFETZ v 72 U — b v Mg & MEM #TIC X - T, 17
Wk LIS TR R DB o 7o P I FHGLR R IC X 0 | R VR S L7628

12



WL OPME TN T WD, B2 X 50T 4,B0, % BEALY O i i 5K
Pr4Ni;sCusGaOgs @ DFT Gt Tld. BOs % A IS FRIBEFR SN, 5 2 L itk o T
JRFTHIIC BO; itk L 7> T3 AR S NTe, ¥ TRIEEIENIT 22 LT
M,0, % HRDENIBAIEIN T 2 Hlid & A A VIREEEZRT > — 7 4 b Bl
W26 e XY T4 MG Y cbabnE 0, SHEIKICET S AT A Y ORI

DEAVICHEEHT 2 L 3A A VIEERE A A VInEWRZ2ERT L FCEHEETH S,

o @

o .
' :
J

&l

Figure 1.4. Lowest-energy pathway for oxygen vacancy migration in Lai-xBa1+~GaQ4-x2. Snapshots taken

from simulations show the microscopic mechanism of oxide-ion migration involving the formation and
breaking of Ga>O7 units. The transfer of oxide ions between neighbouring tetrahedra enables long-range
diffusion to take place. The migrating oxide ions are highlighted, and the ‘stick’ bonds are drawn to aid the

interpretation of the transport mechanism.® Copyright© 2007 Springer Nature.
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Figure 1.5. Molecular dynamics simulation trajectories of oxide ions in three mutually perpendicular
planes. a, Motion of the anions (red=O1, green=02, blue=03, pink=04) during molecular dynamics
simulations reveals that motion in the ab plane is mostly the facile rotation of the tetrahedra, and does not
contribute significantly to long-range oxide-ion diffusion. b,¢, Motion in the ac (b) and bc (c¢) planes reveal
more correlated diffusional features: the interconnected trajectories across the be (¢) plane reveals that long-
range diffusion mostly takes place in this plane, indicating anisotropic migration pathways.*® Copyright©
2007 Springer Nature.

1.7. 7’8 b > OB EIHLIE

7t vRBROBYERy Y I LAROEEIT S, 200, LHK MO, I
FHLTEOEEZERT 5 LPEETH L, 7o b VYBIEET 5720ICiT 12
DL RN TOIEED SBHE~DBE 7T TlEn . HHEMOBE» SEEE~L
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BEL R iE 7 5 v, Bl OB % intra-polyhedral, £ & D) % inter-polyhedral
LWL D (Figure 1.6), 8" HMiZEERICH % ABX;BIRu 72 h 4 ME&EICE T
% MOs % R OB B | ISR E 228, TLROBME 2. s E ks L
R OBHOWELEZ ZoN B, Hl2I1F, 70 b VEEE2 R TR EEEE S
TWwa & LT, Dion-Jacobson i (110) Eik~<m 72 A A4 MG L wo 7z
Jg@ik~v 7 2Hh 4 MEEHD 5, Shiraiwa 513 (110) BR=v 72 H 4 FEEED
BaNd,3Ca0,Sc0s0 TIEFENPRER D 71 b v OB 4 L ¥ —I12OWwT DFT &
Besazlicky, 7u b voBEREEZ R L7, ¥ BaNdysCag2ScOso D X 9 IZJE
RADHAFNICE K DL HEPFEET 25613, & LI XY > THRB)

HHERTH LB RITD B,
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(a) Simple cubic perovskite (c) (100) layered perovskite
without octahedral tilting

7 Other structure layer
J (such as rock-salt layer)
\
Fed
e Perovskite-like slab
A mar—— 2 <
~2'r Other structure layer
edge J
\oxygen atom
(b) Simple perovskite (d) (110) layered perovskite
with octahedral tilting N Other structure layer
(such as A-type rare
£  earth oxide-like layer)
Perovskite-like slab
e S
7. 7 /\~I’e Hoe i Other structure layer

(Short inter-octahedral pathway | (‘Short inter-octahedral pathway )

<) Inter-octahedral pathway <= Intra-octahedral pathway

Figure 1.6. Schematic of inter-octahedral and intra-octahedral proton hopping in (a) a simple cubic perovskite
without octahedral tilting, (b) a simple perovskite with octahedral tilting, (¢) a (100) layered perovskite without
octahedral tilting, and (d) a (110) layered perovskite. The black spheres and orange squares stand for the
oxygen atoms and the MX6 octahedron of the AMX3 perovskite unit, respectively. Here A and M are relatively
larger and smaller cations, respectively, and X is an anion. reqge denotes the O—O edge distance of the
octahedron, which is equal to the intraoctahedral distance. The cation is omitted for simplicity.®! Copyright©
2021 The Royal Society of Chemistry.

1.8. "ARAT7RAHB A FEEEE & MAEREF
INTT~a 7 A A A b BEEREE 127 12. ABX; (4 BB RZ WA FA v, B HER
PINEWAhTFF v, X: T=FV) oA TcREINI e 7204 M iK&ED 1O

THb, AFTVHEEPIECATF LAY AT ZF Y X TREFRELZ AGBPEGEI N
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TEY, HAVFOEVWICE > T, RALBELFEET 5, =EREMEE T
ABABAB... T8 & 1L 72 V2 /T i % Fo & & ABCABCABC... CHE & 72N T i
BFERGGED 2 HESH 0, ANTu T RH A+ B LN T R TR B O
TRV REREBENEEL T30 EMTch b, NH~u 7274 FEEHE

W& DRELIEIT c-h RECiE. ABC KECLik. Zhdanov FKialik. Ramsdell KiliEDR H 5

B, TR IO TV D c-h RELEIC O W T T 5, c-h Kbk T FiE

d

L7c AGTED LT OJE L OfERBIR 2T 2 5iETH 5, Hle LT, 58 A D
BAB ¥ CAC ZED XS ICFUBICX s THENAZEAIT h & RiLIns (h iF
hexagonal (N/7) ZEWHKT 2), 72, BB AP BACPLBAC R ED X HICH7 3
JEIC X o CHeE NG E T c &R I D (¢ 1T cubic G25) ZEMT %), T HIC,
INHu 7254 FEREREED —ERIE T = A v —ERIB L2 AXs s (ST =
TV RER)EEDDIOBFEEL, 20 L) AEIEES (T4 L) TRENG, B
ZIEFCEICRENZEZ b, Bao@IcEnLEliiceRINnsd, ZnbD
JEITCRER ZTO T I E THMRZEANBFEL TH Y, [ARER iR RIEE
EEEN B,

Hpdid &9, AN~<u 7204 FBEEGEIE~n 7274 GO 1 5TH
5, X T7ANA MIKETECA LT VREE LRI MRS opiE I AT
DM, NHTRu T AN EEREE A A v RERE LTIz EACERBETH B,
WTEELE Fop 5 28 2016 41 BasMoNbOgs. *® 2020 512 Ba;NbyMoOay @ R L 72
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LICX D EVEBIEYA A MEEE AR TG L L CTRAICEHZB TS, X
512, Murakami © 2% 2020 41 BasErALZrOs. %2022 4FIC f-Ba;ScAlOs» % &\ 7'
o EEERRTMEE LTHE L2 T 7o b VREE R RS &
LTHIRAWCTFEHZBUI TS, 2 LT, 2o OMEHIARERY 72 B 38 KB JE 257 1E
5 2 LT H %, BisMoNbOs s 2 M EHP BasNbyMoOa AMEHE ¢ TE 2 & A T
.| c'fETHRILYA A v BMEET B, F 72, BasEnALZrO; <° f-Ba,ScAlOs i h'JE % &

ATEYD WETXF Y V7L hR2370 v a2 VAL LNTE S0, KEW

ad

BEFRRBEIIA A VIEBICKRE wE e 52 T3

Eit

REFEEOHBEE B YA P HF 4 DAD LR E N3 %KL BOs /\HA L
DFAE L 72 0 h, RNER 3 RFERIBE 2 ST LAaMIE BO, AR DMK I LT3
DA TH 5, 2000 FLARTIZ/\BCALZ IR D> © 72 2 H A BIREE /S ECAL % 1A 2>
b7d~~u 7 2Hh A4 FAREEDIE A TH o 7225, WAEIZVUEIR % & &, B \ig
EYA A NEEEZ R IT MBS MG I LT b, 2023 FFIC Yang O AR H
TR 7 2ANA MRS T - FHOEE DN N\ O kL vy b7 —2 &
HE L TR R — A ORGEIZ B LMK . RO GERIETZINE T 2 0IcFF<T

HHAREMED D Y | NHIE B ZEIE T 5 Z L C, lFEET L DILERG D 72 0 ORI

EHI

TEBA[REMELR D B Lk <7z, B8 X oT, KEWLRBEXRBREZFO/NFRa0 72
H A FEEBCIBELEATE-0D0EArH L0, BREBEELEATSC
EDRERNERETH D L WA D, EERICARE R B3R K18 E 1R 3R %2 A
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EICEAT 2L, NIEFE#EEE LTB YA bhF4 v LENLL. BasMoNbOgs A KL
IPUT ARG SR & NI BER S Z N ENEEICEET 20T, MBIt A + v InE
ERRL T3, 5862022 1T Yasui & 13 BasMNbOg s (M; Mo, W) L&D W T,
(M/Nb)O, (n=4,6) ZHRIC T 2 HIARER O L /\NHEBEROEICEH LT 4
AF =X —=XF X =% DP)EREL 7z, WHEIER O L /NHREESR DD < 7
513 DPORELARD, DPOREL 2D L. BIUWA A v o3 EEL T 2 RO #FiEg
Di/NNSLD 23K E K 72, BLA A VicEERA LT3 2Rz, Lk
IC X RENERRIBE 2 ST (LAEYICER L, BRI 2B E ICE AT
5 LiEEmVBBIYA A v icEEE R T MElORRICEMTH B L2 5,
¥ 72, R Z S LAEYIE 1.6 T ~7- X 5 iT, LaBaGaO, Bl 88 2 —

A b AIREE 0126 K BRREAEZ DT LI X o T B AR - M L TR A
F v BBEIT 2 HI G oG I T b, AENARBEEREREZ o/ T
7 AH A BEEECY) S FE ClE MO, PUIfR L= v F BFETEL T3 DT,

MFEZEANT S LT, “BEPERT 2 LR EINS,

1.9. Ba7NbsMoOzo F 41 #

1.8 FTih~7z X 5 1T, BasNbsMoOy R EHIE WERLY) A A MREEE 2 /R S KL
T»H %, Figure 1.7 I BayNbsMoO,y Dl i % 78 37 BasNbsMoOg (Z-¥v I L 7 A4
MRS (Figure 1.7a @ P) & 12R v 7 ZHh 4 FE (Figure 1.7a @ 12R) AR AIC

EEL7METH Y, AENLRERIEE (CfF) 3 sv iz 74 MEBUEICHFEL
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TWw3,

Ba;NbsMoOy £ EHE 5 filid Nb>* D —# % 6 filid W' Mo®'IC X 2 JTTHREHLIC X
S TCILICHILYA A v IEEEHNT\ 5, MEM NSLD IZ X o Tl K
Ba;Nb; 9Mo01.10200s« * BasNbs ssWo.1sM0O20075 13 T THE TR O1 &A% 1[Ik

5100 & 2 HERS TR I X o CTIBLWI A4 & v 28 ZRITHICHEEL L (Figure 1.8). F&1L
YA A+ ABEs ) b L 2RI EREE R PRI LTEAI N LT X
5 ERINTz,

Ba;NbsMoOyy R EHIMER D A A VB L T 2 L muBIEY A 4 VB
#NT 728, SOFCs DEMEAMELE L CTIZHELETH 325, BREMEIE LT ic
Z7w b REEETRT L EHE L kv, 22T BIUYA A vIEEOm e
7o b AREOHIH & [FRFICEHTE 2 2 L 2HW, N O—i% 6 flizr> 7o b
MEBW R IR TIHREHIO v Cr TE A ERLE 1T 5 T2,
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Figure 1.7. (a) Average crystal structure of BasNbsMoO2o composed of an intergrowth of palmierite-like
layers (P) and 12R hexagonal perovskite blocks. Blue and light blue polyhedra represent the variable geometry
MI1O; units with average tetrahedral and octahedral coordination created by partial occupation of the two
crystallographic oxygen positions O1 and O2. The M1 and M2 metal positions are also partially occupied,
thus resulting in hybrid trimer stackings of cationic vacancies and isolated/face-sharing polyhedral units. (b)
Representation of the water absorption on the vacant O2 site along the cubic [BalO;] plane of the palmierite-
like layer. Vac indicates a vacant M2 site.®> Copyright© 2021 American Chemical Society.
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Figure 1.8. Experimental evidence of the interstitial oxygen OS5 and the O1—-0O5 oxide-ion interstitialcy
diffusion of Ba7Nb39Mo01.1020.05 at a high temperature of 800 °C. a Refined crystal structure and b
corresponding yellow isosurface of maximum-entropy method neutron scattering length densities (MEM
NSLDs) at 0.36 fm A~ of Ba7Nbs; 9Mo1.102005 at 800 °C. Refined crystal structure (c) and corresponding
MEM NSLD distribution (d) on the ab plane at z = 0 of Ba7Nbz9Mo01.1020.05 at 800 °C. In d, the contour lines
from 0 to 2 fm A~ by the step of 0.2 fm A3, Thermal ellipsoids in panels (a) and (c) are drawn at the 90%
probability level. Arrows in ¢ denote the directions of oxide-ion O1-to-O5 migration.** Copyright© 2021
Authors.
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Figure 2.1(a) (3= CHIE X #1172 Ba;Nby .CroMoOs04 (X =0, 0.05, 0.1, 0.15, 0.2, 0.25,
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YIZVOFEMIE TH R 24 TN (&R 1 =785 ZMEE : P3m1) 2232636
TH Y, AP & LT LD BasNbsOis 238 F 41 %, BasNby_,CriMoO50+.2 (X =0.1, 0.15)

BV ITNIETHRY 24 Z7DONFHOHEHTH 5, BajNbs ,Cr,MoOa:2 (X = 0.2, 0.25)
38



YV IADOFEMIT TH KV 24 FONRTGH (% =755, Z/-#E : P3ml) TH
b, i E LTA LD BaMoO, A& F 45, BaNby Cr.MoOags (X = 0.3, 0.35, 0.4,
0.45,0.5) # v 7 ADFEMIZ TH R Y X 4 7 D/NHH %R =07 5% 2R : P3ml)
THY ., AL LT L D BasMoNbOgs 235 £ 415, BasNby ,Cr,M0Os0.4 D& T4
FEIE Cr & x 2SEANTFE G x = 0.38 {1 O FEERR £ cHFICHD L, BEEEROTERK
%~9 (Figure 2.1(b), Table2.1), #&F A DI 1T FIC Nb** (4 BLfiZT 0.48A) 37 &
HB LT Crf* (4 BAZT 026A) 37 DA F vV PEI/NI W ISR T 2, x DfEA
04 XV KREWEAE, KT EREIIZIE T T, MHPIHD XRD O v — 7 58
T x HicEms %,
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L7722 & %R3, 400900 °C D —EmEZICHE T, Mk x=02 1%, £2HBKO<x<
0.5)DoDIEDHF TR D EWEEZTT, L>T, ZOME x=02 ICESZY T3,
Ba;Nb; Cro,MoOa.1-5 D olZ 508 °C T 1.6x10° Scm™ TH Y, 508°C T 1.1x102 S cm
'TH D, 500°C ICB T LB x=02 DoldMKx=0D 37 TH 2, LY EWEE
J£ 1. Ba;NbsMoOy-s DiEFEETR 0.0 £ D D BasNbssCrgaMoOg -5 (x = 0.2) D & F| g
F 01 0ENL W LICKERT 3,
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Figure 2.2(b) 1 Ba;NbssCro2Mo0,0,-5 D 304°C & 604°C IZ ¥ % oD EF I E P(O,)
K% R, ol 304°C T 1-2.2x10% atm, 604°C T 1-1.5x1072¢ atm ® P(O,) 7
WM Tlk PO) Wi ALKEET, BVWEBRE N XL v, IEFICH L
Ba;Nbs; sCrg2MoOag -5 DALFHI R N EXNLEN.Z RS, B b PO,)TDoDHIE
A% D Ba;NbssCrgoMoOa; @ XRD XZ — VT HEWICEITE Y, ZoMEDE WL
L EN Z R T (Figure 2.4) #HEZER N ICH 1T % BayNbs sCrgaMo0y -5 D B XUL
B Gyer 13, HEIRZER T OBXUGEE 04y 1C12ITF L < (Figure 2.5), 7’8 + VIRE
PY N ERTRBEL TS, BEEARATTCO e b vl %X th' = (owet —
Oury) Owet 1C X o TEIAELL 72, MK x=0.2 D #1713 0.007-0.10 TH H . x=0(0.33<ty"
< 0.7425)2 K U BasTa;7Mo13020.15-5 (0.2 < 5" < 0.522)%° X 0 b (3 % 21T <,

Ba;Nb; oMo;.1020.05 (0.03 < t < 0.1126)23 ERILCL B 1/%&‘1‘{@"625 5. (\IJEIIA{FHE‘?%/)_KT"C

Sy

RIBEBD 72

il

D Ba7Nb3_8Cr0.2M0020,1_5 D fH+75§1'-&I/‘£$H3 ci %IJE&—?‘ %’ < N @I

=

WZ IR T 5, 2S DFERIZ, BasNbsgCroaMo0s,1-s D E 7 {miEff (3 B L) A
FUTHH, 7u b MREE BaNbyMoOy ~D Crf* F— v v 7 X » Tl X %
ZExEINT,

Ba;Nbs sCrosM0Oag.1s D i WL 4 4 VIGER D FHR % i 2 72012, 22°C &
800 °C THllE X =R RET T — 2 ic X > T, P3ml TH RK IV X4 7 CY — b
~v b EAL & 1T o 7= (Figures 2.6, 2.7(a). Tables 2.2, 2.3), T fif##Hr T
BasNb; sCrgsMo005g 15 D Cr DAHLE DEFeM: % 22°C & 800°C TiH~7z, Cr hF A v
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25 M2 YA MICEE S h-fde 7 L OfFEERT (22°C Tl Rwp=6.21%. 800°C
Tl Ryp =6.27%) 1Z. M1 ¥ A4 + (22°C Tl Ryp = 6.46%. 800°C Tl Ryp=6.37%)
KO M3 34 b (22°C Tld Ryp=6.35%. 800°C Tl Ryp=6.31%) ICHECIE X 172 1
ETALDDENZ LB oz, KoT, Cr F—-¥v MEIEILWA F v P
5 cfEIE M2 YA MICEENICIE I NS, i, g e ik L T M20,
VIR (3.704 A%) X O M20g J\IHIMA (10.645 A%) DIRERS/NE W L ICKERT %, 22
°C THELIN-MEICR L CEE Iz BVS 13, FHRELE (Table 2.2) & —3K
LTk, BB NMAEEEIIIEYTH D, 22°CTD CrDBVSIE59 TH 5
EHEEIN TR BT 22, T Cr DEELEA 22 °C T+6 TH B Z &
IR RBE LT W3, fx=02 ® XPS 2<7 F LiZ Ba. Mo, Nb "FiRTENE
A2, +6. +5 DEEILIKEETH 5 Z & /R T (Figure2.8) £ > T, v 7 x=02 D
UL ER T (Ba*);(ND*)38(Cré)p2(Mo®H) (O )ao & 72 . BayNb; gCro Moy 1T 13
WEFIFESE 001 DIFEFET %, 800 °C T D BasNb; sCrgaMo0y -5 DIEFREH & 20.1-60 (X,
BNEE B rHT (Figure2.9) ZfEF L T 20.005 TH % L RE X Nz, MIEHIF 6g(0;
01) + 3g(0; 05) =2.005 1% 800 °C TD Ba;NbzsCroaM0039.1-s D U — b ~v b R ICfH
Fl & L7z (Table 2.3), Figure 2.7(b) iZ. (Nb/Mol1)Os M ¥ (Nb/Mo3)Os /\ IH {4 .

(Nb/Mo/Cr2)04-,. Z A, Ba 71 F A v THEK X 1172 BasNb; 3CrgaMoOy ;-5 D 800 °C
ToRElLINHEWEE LR, ZOMEICIE. N7 (h) KU (¢) DREAR

H BaO; &, MERKIBT AR () DEEFIE Ba(Ol1),,(05), E23H %5 (y 1Z 01
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YA+ OERELE, 2130594 b O THEEER),

Ba;Nbs sCro2MoOx.1-s DEEILYI A A v JLHGRERE % 800 °C THIE & 7z kBl 7
— X % H\72 MEM fEHTIC X - CEHE X 4172 NSLD 0 Af 1T & o TEERIVICHH~ 72,
Ba;Nb; sCro,MoOag 15 1 A& FPUEIA O1 ¥4 + L AEFE/\HE K 05 ¥4 T D] ic EEHs
572 NSLD Z/RLTH Y (Figure 2.10(a)). T HIIXEELPIA 4 v O1-05 DILERER
%3, MEM NSLD 73 (ZFE{LW A4 4 v B RITicBEh 25 2 L 2R LTk D,
i BVE REgIC X > TEMITF SN T2 (Figure 2.10(b)), [REEDIBLI) A A v~
DHLELFEES 23 BasNb; oMo 102005+ 2> BasWNbOgs-5. 2 BasMoNbOgs-5°* @ MEM NSLD
5345 T H 6 21, BayNbsMoOa. 2* Ba;Tas ;Mo1 302015+ 2° BasWNbOg 55, 2 BasMoNbOg 55
3D BVE FHRIC K 2RIETHRBINT WS, Lo T, cBHNDIUHAEEE-/\HE
MERIC X 2L A 4 v DILEUT. BasNb,MoOy K U8 BasMoNbOgs &~ — & & L 7=
ALY A A VI EEIEDO R T H 5, HF[H 05 i+ & O1-05 DYLALFER D FE(E
TE WY A o v inEE oSN TH . 01-05 R TEIFERE  (1.426(3)A) 1%
RS LA & VI TR O5S 94 + LT Ol 4 P OWiJj 2@ s 2720,

LA A VI3RS TR 2 0 L CREEN S 5
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Figure 2.1. (a) XRD patterns of Ba7Nb4Cr\Mo0O20+2 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,
0.5). Closed red circles, open black inverted triangles, open blue rhombuses, and open orange squares denote
peak positions of trigonal P3m1 7H polytype BasNbs_.CrsMoO20+2, BaM0Os, BasMoNbOs s, and BasNb4Oss,
respectively. (b) Variation of the lattice volume of Ba7Nbs_.Cr:MoO20+2 (x =0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3,
0.35, 0.4, 0.45, 0.5) with x at RT. Copyright© 2022 The Ceramic Society of Japan.
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Table 2.1. Lattice parameters and lattice volumes of Ba;Nbs—.CriMoOz0+v2 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25,

0.3, 0.35, 0.4, 0.45, 0.5) versus Cr content x at RT. The number in the parenthesis is the estimated standard

deviation of the last digit.

Lattice parameters (A)

Composition x

a

c

Lattice volume (A%)

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

5.8659(3)
5.8641(3)
5.8640(3)
5.8622(5)
5.8610(5)
5.8598(4)
5.8594(7)
5.8572(5)
5.8573(6)
5.8587(8)
5.8574(12)
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16.5334(5)
16.5394(4)
16.5339(6)
16.5376(5)
16.5420(5)
16.5250(4)
16.5325(7)
16.5489(4)
16.5441(5)
16.5371(7)
16.5443(9)

492.68(6)
492.56(6)
492.37(9)
492.19(8)
492.10(8)
492.00(7)
491.86(11)
491.67(8)
491.54(10)
491.57(14)
491.57(21)
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Figure 2.2. (a) Arrhenius plots of the electrical conductivities o of Ba;Nbs.Cr:Mo0O20+v2-5 (x = 0, 0.05, 0.1,
0.15, 0.2, 0.25, 0.35, 0.5) in static air from 300 to 900 °C. (b) Oxygen partial pressure P(O>) dependencies of
the o for Ba7Nb3z gCrp2Mo00O20.1-5 at 304 and 604 °C. Copyright© 2022 The Ceramic Society of Japan.
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Figure 2.3. Cr content x dependence of electrical conductivities o of Ba;NbsCr:MoO20+x2-5(x =0, 0.05, 0.1,
0.15,0.2,0.25, 0.35, 0.5) in static air at constant temperatures from 300 to 900 °C. Electrical conductivity was

calculated by interpolating the data in Figure 2.2(a). Copyright© 2022 The Ceramic Society of Japan.
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Figure 2.4. XRD patterns of BazNbsgCro2Mo00O20.1 (a) before and (b) after the measurements of electrical
conductivities at different oxygen partial pressure under the mixture of dry air, Oz, N2, and/or 5% Hz in N3

flow (Figure 2.2(b)). Copyright© 2022 The Ceramic Society of Japan.
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Figure 2.5. Arrhenius plots of the electrical conductivities of Ba7Nbs3 sCro.2M00O20.1-5 in wet air (vapor partial
pressure, P(H20) = 0.021 atm; blue line and squares) and in dry air (red line and circles). Copyright© 2022

The Ceramic Society of Japan.
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Figure 2.6. Rietveld pattern of Ba7NbssCro2Mo0O20.1 of neutron-diffraction data at 22 °C. The observed
intensities, calculated intensities and difference pattern are shown by red marks, black line and light blue line,
respectively. Green tick marks stand for calculated Bragg peak positions. Copyright© 2022 The Ceramic

Society of Japan.
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Figure 2.7. Structure analysis of Ba7Nb3 3Cro2Mo00O20.1-5 at 800 °C. (a) Rietveld pattern of neutron-diffraction
data measured in situ at 800 °C. Red crosses, black lines, green bars, and light blue dots represent observed
intensities, calculated intensities, peak positions, and difference plots, respectively. (b) Refined crystal
structure of BasNbszgCro2Mo00Oz0.1-5. Thermal ellipsoids are drawn at the 90% probability level. Here,
(Nb/Mo/Cr2)04+(Nb/Mo/Cr2)Os denotes the hybrid of 3g(O; O1)-(Nb/Mo/Cr2)O4 tetrahedron and g(O;
05)-(Nb/Mo/Cr2)Os octahedron (= (Nb/Mo/Cr2)Os-,+:). Copyright© 2022 The Ceramic Society of Japan.
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Table 2.2. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-

diffraction data of Ba7Nb3 §Croo2Mo00O»¢. at 22 °C.2

Ao abel Atom X \Q/cﬁgg: 906,9)° X y ’ Ui (A9)° (\Bll\J/)Sd
Bal Ba la 1 0 0 0 0.016(2) 2.03
Ba2 Ba 2d 1 13 213 0.8249(4) 0.0072(7) 226
Ba3 Ba 2d 1 1 213 0.5742(4) 0.0072(7) 2.38
Ba4 Ba 2c 1 0 0 0.2806(4) 0.0072(7) 1.92

M1: Nb/Mol Nbo.792M00.208 1b 1 0 0 12 0.0059 (5) 4.53

M2: Nb/Mo/Cr2  Nbo.713M00.188Cro.100 2d 1 1/3 2/3 0.0956(3) 0.0059(5) 5.77

M3: Nb/Mo3 Nbo.752M00.208 2d 1 1/3 2/3 0.3498(3) 0.0059(5) 4.69
o1 0 6d 0.332(5) 0.3555(17) 0.711(3) —0.0118(5) 0.022(4) 1.86
02 0 6i 1 0.1678(6) —0.1678(6) 0.13086(18) 0.0144(8) 2.10
03 0 6i 1 0.1643(6) ~0.1643(6) 0.4319(2) 0.087(7) 191
04 0 6i 1 0.4951(4) ~0.4951(4) 0.29482(17) 0.082(7) 207
05 0 3e 0.035(10) 12 0 0 0.022(4) 1.08

2 Crystal system: trigonal. Space group: P3m1. Lattice parameters: a = b = 5.85783(17) A, ¢ = 16.5388(4) A.
Number of formula per unit cell: Z = 1. °g(X; s): Occupancy factor of X atom at the s site. Linear constraints:
g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3) = g(Ba; Ba4) = ¢g(Nbo7917M002083; Mo0/Nb1l) =
g(Nbo_7125|\/|00_1875C|’0.1000; MO/Nb/CI’Z) = g(Nbo,7917M00.2083; MO/Nb3) = g(O; 02) = g(O; 03) = g(O; 04) =1;
6g(0; 01) + 3g(0O; 05) = 2.1. “Uiso(Xn): Isotropic atomic displacement parameter of X atom at the Xn site.
Linear constraints: Uiso(Ba2) = Uiso(Ba3) = Uiso(Bad), Uiso(M0o/Nb1l) = Uiso(M0/Nb2) = Uiso(Mo/Nb3),
Uiso(O1) = Uiso(O5). Reliability factors: Rwp = 6.21%, Ry, = 4.85%, Rg = 1.76%, Rr = 0.76%. “BVS: bond
valence sum. The BVS value for each Mi site (i = 1, 2 and 3), BVS(Mj) is the average value of BVSs of Nb,
Mo and Cr cations, which was calculated using the following equation. BVS(Mi) = BVS(Nb; Mi)xg(Nb; Mji)
+ BVS(Mo; Mi)xg(Mo; Mi) + BVS(Cr; Mi)xg(Cr; Mi). (i =1,2,3) eq.(l). Here, BVS(X; Mi) and g(.X;
Mi) denote the BVS of X atom at the Mi site and occupancy factor of X atom at the Mi site, respectively. The
BVS(X; Mi) was calculated as follows. BVS(X; Mi) = X g(Ox) {exp([R(X; O)—d(X—0x)]/b(X; O))} eq. (2),
where the O is the k™ oxygen site in the Mi(Ox), polyhedron (n =6 fori =1 and 3, n =9 for i = 2), g(Ox) is
the occupancy factor of oxygen atom for the k™ oxygen site, d(X—O) is the distance between the central cation
X and k™ oxygen site, R(X; O) is the bond-valence parameter of cation X for oxygen atom, and b(X; O) is the
empirical parameter of cation X for oxygen atom. We used the R(X; O) and b(X; O) values after Gagné and
Hawthorne.® Since the peaks of impurity BaMoO4 were not detected in the neutron diffraction pattern,

Rietveld analysis was performed by the single phase.
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Table 2.3. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-

diffraction data of Ba7Nb3.§Cro2Mo00O»0.1_s at 800 °C.

Atosrir:eI:bel Atom X \ng.:g: 9(X; s) X y z U'T gz)u « Ui (A?) Uz (A) U (A?) Uiz (A) (l:% (liz;) ‘(3\):?
Bal Ba la 1 0 0 0 0.062(9) 1.90
Ba2 Ba 2d 1 13 23 0.8248(7) 0.0279(15) 201
Ba3 Ba 2d 1 1 23 0.5745(9) 0.0279(15) 2.24
Bad Ba 2c 1 0 0 0.2832(8) 0.0279(15) 173

M1: Nb/Mol Nbo.792M00.208 1b 1 0 0 12 0.0210(9) 4.28

M2: Nb/Mo/Cr2 Nbo.713M00.188Cro.100 2d 1 13 213 0.0939(6) 0.0210(9) 5.49

M3: Nb/Mo3 Nbo.72M00.208 2d 1 13 23 0.3499(6) 0.0210(9) 4.67
o1 o 6d 0.317(7) 0.363(3) 0.725(5) ~0.0121(9) 0.044(8) 1.79
02 o 6i 1 0.1689(14)  -0.1689(14) 0.1300(5) 0.051(5) 0.064(5) 0.064(5) 0049(5)  0051(7) 0 0 198
03 o 6i 1 0.1659(12)  -0.1659(12) 0.4335(5) 0.033(3) 0.033(3) 0.033(3) 0037(4)  0019@4) 0 0 179
o4 0 6i 1 04925(10)  -04925(10)  0.2957(4) 0.033(4) 0038(4)  0038@4)  0035@4) 00284) O 0 198
05 o 3 0.034(15) 12 0 0 0.044(8) 1.07

Crystal system: trigonal. Space group: P3m1. Lattice parameters: a = b = 5.92266(17) A, ¢ = 16.7055(6) A.
Number of formula per unit cell: Z=1.

g(X; s): Occupancy factor of X atom at the s site. Linear constraints: g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3) =
g(Ba; Bad) = g(Nbo.7917M00.2083; M0/Nb1) = g(Nbo.712sM00.1875Cr0.1000; M0/Nb/Cr2) = g(Nbo.7917M00.2083;
Mo/Nb3) = g(0; 02) = g(0O; 03) =g(0; 04) =1, 6g(0; 0O1) + 3g(0; O5) = 2.005.

Uiso(Xn): Isotropic atomic displacement parameter of X atom at the Xn site. Linear constraints: Uiso(Ba2) =
Uiso(Ba3) = Uiso(Ba4), Uiso(M0/Nb1) = Uiso(M0/Nb2) = Uiso(M0/Nb3), Uiso(O1) = Uiso(O5). Reliability factors:
Rwp = 6.27%, Rp = 4.65%, Rg = 2.26%, Rr = 1.06%. BVS: bond valence sum. BVSs were calculated using the
bond-valence parameters reported by Gagné and Hawthorne. Since the peaks of impurity BaMoO4 were not
detected in the neutron diffraction pattern, Rietveld analysis was performed by the single phase. The BVS
value for each Mi site (i = 1, 2 and 3), BVS(Mj) is the average value of BVSs of Nb, Mo and Cr cations, which
was calculated using the following equation. BVS(Mi) = BVS(Nb; Mi)xg(Nb; Mi) + BVS(Mo; Mi)xg(Mo;
Mi) + BVS(Cr; Mi)xg(Cr; Mi). (i=1,2,3) eq.(1). Here, BVS(X; Mi) and g(X; Mi) denote the BVS of X
atom at the Mi site and occupancy factor of X atom at the M;i site, respectively. The BVS(X; Mi) was calculated
as follows.

BVS(X; Mi) = Zr 2(Op)[exp(R(X; O)—d(X—0r)/b(X; O))] eq. (2), where the O is the ™ oxygen site in the
Mi(Ox), polyhedron (n =6 fori = 1 and 3, n =9 for i = 2), g(Ox) is the occupancy factor of oxygen atom for
the k™ oxygen site, d(X—O) is the distance between the central cation X and k™ oxygen site, R(X; O) is the
bond-valence parameter of cation X for oxygen atom, and b(X; O) is the empirical parameter of cation X for
oxygen atom. We used the R(X; O) and b(X; O) values after Gagné and Hawthorne.*

The small BVS value at M1 site 4.53 suggests that occupancy factor of Nb at the M1 site nearly equals to unity,
suggesting that the oxidation number of M1 atom is nearly equals to 5, which agree with the calculated average
BVS value of 4.53 within 10%. Thus, the average BVS value is meaningful.
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Figure 2.8. XPS spectra and fitting curves of (a) Ba 3d, (b) Nb 3d, and (¢c) Mo 3d states of
BasNbs3 §Cro2Mo0O20.1. Red crosses and blue lines denote the observed and calculated intensities, respectively.
Dark green and light green curves stand for the calculated intensities for 3ds» and 3ds> components,
respectively. By the fitting, we obtained the following binding energies, which agree well with the reported
values described in the parentheses.

Ba 3dsp: 780.3 eV (780 eV)¥

Nb3dsp: 207.1 eV (207.2 eV)*!

Nb3dsp: 210.0 eV (210 eV)*!

Mo3dsp: 232.5 eV (232.3-232.6 eV)*

Mo3dsp: 235.6 eV (235.4-235.7 eV)*

The obtained and reported values are close, thus, the valences of Nb and Mo are 5+ and 6+, respectively.

Copyright© 2022 The Ceramic Society of Japan.
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Figure 2.9. Thermogravimetric (TG) curves of Ba7Nbs sCrp2MoO20.1-s on heating in dry air in (a) 1% and (b)
2" cycles. Here, Am/mo (%) = 100 (m — mo) / mo. The m is the sample weight at a temperature, and mo represents

the sample weight at 20 °C (a) and 141 °C (b). Copyright© 2022 The Ceramic Society of Japan.
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Figure 2.10. (a) MEM neutron scattering length density distribution on the ab plane at z = 0 of

BasNbs sCro2M0020.1-5 at 800 °C. The contour lines are from 0.8 to 2 fm A3 by the step of 0.2 fm A3, (b)
Bond valence-based energy landscapes and refined crystal structure in the oxygen-deficient ¢’ layer of

BasNb;3 §Cro2Mo0O20.1-5 at 800 °C. Yellow isosurface level: 2.1 eV. Copyright© 2022 The Ceramic Society of

Japan.
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INTF~a 7254+ BEE{CY) BaNbsMoO, ~D Cré K — v v 7 X 3Bt A
FdUARB o B 7 a b B FIRFICEEA L 7z, FiE 0N ~<e T
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0.5)% AR L 72, BasNbs Cr,MoOsoiy @ Cr S & x OMNNICTHE - TR AR 138
FHA L. x =04 (HEOEMBIRR E CEBEARDOIVK T 2 2 L /"L 72, BaNbs
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DEVWEBEXIGERE 2T, BaNb;3CrioMo0y, s DEXIGEL T, 304°C T 1-2.2x10°
2Tatm, 604°C T 1-1.5x1072% atm D77 E P(0,) I T P(Oy) ICBAfRZR < I1ZIT—7E
TH 2, T, INCEMFEEE. B ICE LA R BRI ZENE. KOS
LA A VIREREREETH LI L ERLTVS, BEEXTTO
Ba;Nb; sCrgoMoOx 15 @ 7° 1 b Y i #FK (3 0.007-0.10 TH Y, Zh i HPYHE
Ba;Nb;Mo00Oy 5(0.33-0.74) O 71 + VEgERE L D X5 0I10/hE L, G F—v v 7k
MYE E IR L CRELS T b vREEZIHI L 22 2 2R L T 5, HEEMETIC
£ 0. BasNbs;sCrgoMoOy 513 22°C & 800 °C ICIBWTINF~=u 7244 +EEE(L
VIchHdT EDRRINTZ, BaNb; sCrooMoOqg s DR EAL & -GG 1T, BEER
B R (C) DEREFIE Ba(Ol1),(05). @A H %5 (y ik Ol 4 + OERZESLE,

213 05 ¥4 + DR TREIERR), Cr" 1 FF v X cJg@ DT { D M2 (=Nb/Mo/Cr2) ¥ A
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PICHE L. KO Z K o FEBERE L SWEEEEZ b 7256 L, 7’1 b v {RE % ]
THHEEMEA D 5, MEM FRHTIC X 0| 800°C TRELY) 4 A v 23 HERS TRl < o'
DIET 01 4 b ERETR 05 4 b % ZRITMICBEI L, SO A4 4 v inEss
AREIC 2 5 2 e SRR Nz, I X I HNTT 2w 7 XA A FEERR{E) ~D Cro
F—v v 273, B4+ vicEEom e 7a b VBl % [FK i EH T 5

DD LWEIE L e 5 LHARF I NS,
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B=ZE RNARAT7ZRHAM FEEBEYICEITES
BA FMEEOZ_EF %0 L -1HBRES
3.1.

AL A A v ARBik e 7o b RER IS ERERCA BN S (SOFCs). 7'm b
VAREIREIE M (PCFCs). 4 7V v F A4 & vIRRIEh 0 BME 7x L4 &I
FRHINTVS, XVEVCEFRE T Y oI A =523 T REE oW
FIA A VRERDIER L X5 R34 F v OB O 2 RT3, AN~<no
TANA FBEEMENCE T A F VIRBEETH Y, 44 VIRERO B D AT H

o FLWANH~=T T ZAA b BEREEY) BasNbs sMo; 2050 18 WL A4 4 V5
ERER U7 0 b VR GEEEEA T TN Z{REREE 1 326 °C T 2.7 mS ecm™,
537°C T 1l mS cm™?) ZpnL., mLAN R TERNLERZ /R8T, EEZESH,
537 °C IZ B 1F % BasNbs sMo0; 2021 D EETILEE 1L, BasNbsMoOy & U 13 f5E122 -
720 F72. BayNbssMo; 2020 (EE VIV A 4 VBB 2R T (FeZES P TcoN
V7 AREE L 593 °C T 10 mS em™, 306 °C T 1.1 mSem™)., ZOEBIMA 4 vin
BRI ZRBESEN L2 = — 27 il 2B A + Y IEBERRcH 3 &
EZ bbb, BaNb3gMoi 2050 DF R FE) ) (AIMD) ¥ Ial—Y 3 v,
800 °C TO TR ER, HHEFEBELREZE (NSLD) Miric X - T, @R
(Nb/Mo0)05 Higfk & HF I NZHBER T 2> (Nb/Mo),0y &Rk e L TH YA
INDTBbroT, T, BERKIEBa0,, (¢') Bick} 2 8k, A%
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R & DU RO RE & PR Em WA 4+ VIBBE 2 b 7203 2 L mE iz,

Ba;Nb; sMo, 050, IC 51T 5 ¢’ JE % 4 Nb/Mo & Ba /1 F 4 VEOREEE R\ 2 & 23,

B A A VB OEEIL T AL F = MEWERTH D | KiEEL T 5v ¥ —23
KR CTCOEWEEE2S 20T 2 eHL LI R-272, 7 v b V{RnEI(Z
Ba/Nb; sM0;,050; DN RE BaOs BB T2 7ot voBEhicikKT 32 &
AIMD ¥ al—vaVIiCkWiRdI Nk, £/, 2O LIFMMEEHITICX > C
E T oIz, KN CTOFREIT A A VIREARDRFE L RFHIRE A2 b 725

TEEZLND,

3.2. i@

SOFCs ¥ PCFCs 2 £ D 7 V) — v T A V¥ —HfiOfFIE, h—FKv=a -+ I
HEDFEBICAARTH %, "SSOFCs DI R b EREWEEET L ICH- 0, BE
HEREVWEET LLAWERIGIC XL 2L a X b oD -0, BIfEREZ
T2 eBEETH L, Lo C KR TENEST 2 MBI 4 VIBEBEBZHBETH
%, 78 70 b MrBEOER LT AL F — IRV A F v IEEE 0T AL ¥
— X0, Ta b VEERFIPRIEE (300-500 °C) T X Y S {REHEZ R T
ZEBTED, 20720, Fli, 7'v b VREEROEHEFHE: & G RRE 2 Bl 1
FEINTW5B, LHL, PCFCs DEME L LIS 7'm b VEERIE CO, 5
AT TR EMICS Y, FEFICE WL 2 0BT 2 MEEARH 5, 010

SOFCs & PCFCs DRIEZ AR T B 7= 1 BBtIA F v & 7 a b+ v Ol DS YEEL
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T3 F 274 F VREE] BIREINTWE, '8 F 27 A4 F v inEdo EfF
BIIBA A vIicBEERE L 7o b VREEERE oM T O R A TV 5,
H—ic, BRENTOBRIIIA A v & 7 b v oEFHES 2RO IREE o i
KRELFHSG L, BitnEfgEom EAFI NS, Y F e, KigAY—FeT7/—F
THER I NS DT, HERA RIC X 2T HE e < BRELEM > X 7 L 03 KIFIC 635
ftEnzg, 2 fikld7T = 7 A4 & MREAR BasNbaMoOy AR D & 5 7577 ~w 7
AAA T BERE A, BB A A v REEE e b B8R R T Z & TR
XIEHEED T3, 10131521 Ba;NbyMoOy D3V 7 BEFE IFIEIEZE 5T Tl 500
°C T29mScem™, HMBZELR T TIE593°C T3.0mS em™ TH B2, Z5 DIREEE
tHaoEneiEE 2R\, £ 2T, KR Cld, BEIEZE RN L TUEE 2 5 <
72 B ATREMEAS® 2 Mo P % &8 BasNby Moy Osonn R EFDIREE % 57~
Ba;Nb; sMo01 20201 D 2N v 7 {58 A3 B 2 5 F Tl 500 °C T 11 mS cm’

(Ba;Nb;MoOy & D 3.6 f5E), FZEZEA T ClE 593°C T10mSem ' TH B I L %
R L7,

AF VREMEZ R L X 5icid, EEEEER LK X B 4 4 v DL L BBRIET
DY IABDEF L XN DO Z R HFEST 2 0823 H 5, (REEOEEL 4 v
F — K v 72 D BasNbsoMo1,020s D B LW 4 A4 v {5 E 3 K& T
(BiossDyoosWo0a)203120 L D Ei & EZ N5, LaL, EH btz arF—2Rn2 &
FEABHES TRV, AT TR 7RO 8 52 o Kvimtkfb = 2 v
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¥— DR % R L 72, HERTRIEE IS TEA A v e T4 4 v ol s
vy 7 X VEBERE TN TE Y, i Ruddlesden-Popper #H. 22 melilite (LW,
2 scheelite BUERLY), 2 AN7~<u 72 H 4 FEBEHEELY 5 CHE STV D, HiE
Ty RATY Fue—ik (MEM) I X3, FREEIcE-o < NSLD M@ % f v
T BasNbsMoOs RME OFEALY) A A v JRECHERE DS RIA X LT 2 238, HERS 1[I
YA A VIREUC BT 2 B RATEE IZAHTH 5, BITBAIMD ¥ I 2L —v a v
I X > T, (Nb/Mo)-O ZHIKRICIH T 5 Nb/Mo /1 F A v D R[ZEREAL D & By 2> D [1]
HR R DS BasNbsM0oOyy D HiA A VIREIC L o THELEHRETH 5 Z LK
N7z, ¥ Lo L., MERFHEBEEYA 4V IREH O (Nb/Mo)-O % [Hifk O FE 72 251k 1%
EEMEINTE LT, BasNbuMoOyy R EL DB A A v RS | B 575 R il
REETH 5, ARWFFE Tl BasNb;sM0;12,0201 D AIMD & I =2 L — ¥ 3 ViC X 5L
WA A vIBEIHPDORFy Ty ay FEFEEFRERIHANS LT, (Nb/Mo),0y —EiFD
B L HIERIC X 0. (1) BIEMA 4 v OEEIEEL. (2) Mo/Nb DEHE & IKFIIC B
2 BB ABEEIR T OB IARDAREIC AR 2 Z & 2FR L 72, B L HIE
L% S BALI A A v DYLEHERE X, LaiBa;.GaO405:2° ¥ CeNbOy4is 2 72 & D> <
DHDOMEHCHE T 5 23, BasNb; sMo1 20201 13 Z LD DM ELO H Tl b & W
LA & AREEE L A A A4 v IR O 2 = — 7 RS Z R 3, Fop O (3FHE
Ba;NbyMoOy 28 7' 0 b V{REMEEZ/R L, B 78 F V{REIT BaO,ys (¢) BicE 3257
7 b UIRBUCEER T 2 P Ll L7z, ARWFFETIE BasNbsgMoj 20201 231V 78 T v/
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CEEEZRL, 78 F VYBASHREFRED BaO; BN TL VWV ELBEIT 2 2 & 2%

L7ze 2RO DERMIFECORRIEZT 2 7 VA A VG, BIUIA A+ VG, 7'n

FREWERTING AT T AN A EERREY O & R CHT 72 B % Y] 0 B

CEEZLNS,

3.3. ARFE
Ba;Nbs ,M0;:+,02042 % B IGETER L 72, 300 °C THZE I ¥ 7-{LEERHmED
BaCO;, Nb,Os, MoO; (FfifEE>99.9%, EfiE L At5erT) 2iRAG L. A/ VA THE

T2 ) =V EIMACTER - BS% 1 KT, RO 72 912 K5 H T 900 °C T

12 IffRIOBE L 72 IRBER DY v 7N % B | IR L. %9 150 MPa C—HlilIE L

TRL vy MIZLKRAF T 1100°C T 24 BefBERS L 7= B85 L 7= L v b 2k L.

LR L ThreRic L, 4 v Y 7RENT v a =T (YSZ) & —n (Fritsch, P7)

ERALTCRE—AIATHIRLE, F— I AL 728K % 150 MPa TER/KJTENN

JELT_L v MICL., ZD%EFHEF T 1200 °C T 12 FefEBeRs L 72z, 1200 °C CTHEfRS

L7z_Ly bO—E%ZM0 L. WM O 720 KRIC L 72, v Zricizha oKy
BEFENT WS DT, LMK % BaNbs.M014,02011n - yH,O L FHHICELR T 5 (p 13
R - ¥ v Y T 7 8K

M=

Ba;Nby ,\M0;,0202 * YH2O D H,O DETH Y|, imE

?5)0

Ba;Nby Mo+, O * YHO DAL % B8 & 7 7 X~ F 50 o0 ik (ICP-
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OES)IZ X Y 73#1 L 7z, 5 B 4172 BasNbz sMo1,04; * yHO D 1 F 4 Vit Ba:Nb:Mo =
6.90(1):3.755(1):1.249(1) = 7:3.8:1.2 TH Y fLAAMK EF L TH 5, RICEFRER
D X FRIEHTEERE (Bruker AXS D8 Advance) I & % Cu Ko #% T BasNby Mo1:+O2042°y
H,0 (x =0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.22, 0.25, 0.3) D& A
DAE "R ~Tz, >V a2 Y NERHE L BasNbsy Mo+ Oxixp'y HO ¥ v 7V DIEA
(x=0,0.04, 0.08, 0.12, 0.16, 0.2, 0.22, 0.25) D X ¥MREHT (XRD)T — & % HlE L.
BT EREFRL-0Icayya—x27 1277 L RIETAN-FPY Z{FEHL TLr~_—1
fRMNT % {T > 720 X MNBE T (JPS 9010, HABTHRASH) 2H T
Ba;Nb; sMo1,04,; * yYHO B RKD X #REEF K (XPS) A~=7 F A ZHIE L 7z,
Ba;Nbs; §Mo0; 2050 * yYH,O D=L v b % CO, A FLH T 400 °C & 700 °C T 24 K 7
==L, T=—N %oV v 7ILroil%, EEER X REITEE % v,
NETZSCH STA 449 F3 % {#i 5 T Ba;NbsMoOy * yH,O & Ba;Nbs Mo 204, * yH,O D
BMERT -2 %57, &V v IV EIZEZELSH T 10 °C min™' T 900 °C E CTHIZA L |
900°C T 1 WifIfRFFL 72, % Dk, HlRZER % EIEZESR k259 P(H,0)=0.021
atm) ICZAF L, 900 °C 25 100°C KU 30°C ¥ T 100 °C T k¥ v 7' % it
L. FiEE T 4 KR - 72, % 7. RIGAKU Thermo Mass Photo % i L T
Ba;Nb; §Mo; 050 * yH,O DEAEE 31T & EE T (TG-MS) 7 — X % He /7 A{iH T
20 °C min~! DM T 22-900 °C THH7z, v 7 DKL REEHE D78 %
%791, TG-MS HIZE% 2 [ YR L 7z, BasNbsgMo; 201 * yH,O ¥ 7D O-
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H i % R 2 72 ® 12, NRS-4100 (JASCO Co.) #FHH W TKAHFTI vV AT b L
ZHE L7 (AEiER: 532.16 nm),

Ba;Nby ,Mo0;+,020+ * VH,O (x =0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16, 0.18, 0.2,
0.22,0.25,0.3) 2L v b (MXEE>95%) %, EEF (DC) BEXLEE 6. SV 7
(GBS opuns. FRIEIA A VIR 1o DBEICFHERH L7z, Pt R—ZA P& Pt VT4 ¥ —%
BEfE~ Ly MICHUY fHF, KA T 1000 °C T 1 FFEMZAL €, Pt R— A+ 20 H
BV % R L7z, BasNby Mo1+020402 * yH20 (x =0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14,
0.16, 0.18, 0.2, 0.22, 0.25, 0.3)D 61y &+ DC 4 ¥ii 75T 304 °C-907 °C CHIE L 72, &
ST, MK x=0.2 322SR & IR ZE S T D HIE L 72, BayNbs sMo; 2050, * yH0
RL & o FEZBREFRFICE VT 302 °C, 603°C, 908 °C @ & ¥ & ¥ Al

= P(Oy) THIE L 72, P(Oy) 13M&HR - Bk - BEFRT D SUKRTADEAEYZEHL

HH

THIFEIL ., BEE L v ¥ — CHIE L 72, BayNb3gMo0;,0501 D to- % FZHEZEL AT 1000
°C T 1 RFEINEA L 7242, 596 °C, 697 °C, 800 °C, 903 °C CTHEZ R EMIC X - T~
Too XLy PORMZHIGEESICI O L, S ) —TOMEHEMEE 02 A (HZHEZER)

| (HEJRIESR) | Holg2e S LRI R DRA T A (WZIRZER) | (R2 10% 28 5+ 90%
EFR). BEEF O 5%KE GEER) I (BFRFH D 5%KHK) ICE 5 L7z, Keithley model
617 electrometer Tk OREE N E ZHE L 72, KOAF Vv R+ RN EAMHL

VC t02*%il‘&i [/ 7::0

E = to 4xn (555)
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5%IKF I A DWEFESTE. PY(O,) (=0.21) atm) 1ZHBE2EARDERDTETH 5, 100 mL
min~' T L 729208 72 5 72 13781 22 5 C Ba;Nbs Mo, 2040, & Ba;Nb; sMo; 2050, * yH,O
DLy b (FENEHEE>98%. He®EMZ M) % 900°C % THELL 72, wHIFFD
699°C-31°C ¥ CHIE L, KA v ©—X v ZApHET V7 - K - EMRORERE
% 7 L 7z, Solartron 1260 impedance analyser ZfHfH L T4 v & =XV XX~ 7 b )L
% 100 mV D HINZ LT 10 MHz—0.1 Hz O JEHEEEIFH CHlE L 72, Lin-KK tool
software®® Z{HH L C., o7z Af Y =X Vv AT — XXt L C KK B % 1T - 77,

J-PARC DWIE - ARl EERIE I 3%E & - im0 fFREE TR TR Y. (TOF)
PR EHTEE  (SuperHRPD)X3 % Fv> T, BasNbyMoOsy < L |k @ Hh: - [m] 47 8]
E% 800 °C DEZEHTIT o7, 7z, J-PARC ® MLF 1% % SPICA [E#iif 3" % H
VT, BayNb3gMo1,040,; * yHO =L » F OHPET[ETT — % % 21°C THIE L, F+—

Z U T7IRT IR B (ANSTO) @ Echidna & 2 Z{#H L C
Ba;Nb; sMo0; 2050 X L v F OH TR 7 — X % 800 °C D EZEH CHIE L 72 (KE:
2 =1.622425(10) A. 20D 27 v Z[8kE: 0.125°7F ),

HZI5 D BasNbs Mo 20201 ¥ v 7V ZAERS 5 720 BasNb3sMo1,0501 XL v F Z E
72 B2 BAG P N C 800°C T2 I 7 = — v L7z, 12 BasNbs Moy 2000 ¥ T %
YERR S % 72 ® . Ba;Nb3;sMo01 20201 X L v F % D,0 X, (KZESTE P(D,0)=0.021 atm)
HFC800°C T 1 Kl 7 =— L L, 2Dk D,0 EXAHF T (HEERE X 5°C/4) Wl
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L 72, BZHE Ba;Nbs;gMo; 2050, ¥ 7V & D0 &2 L 72 BayNbs sM0120401 3V 7L %

He AT CT/NF YT Lk X —ICZ AL, JRR-3 reactor ICEXIE X #17- HERMES [F]#7
BE P AT SK THETFRTT T — 2 2 HE L 72 (EE :1=1.34171(5) A, 200D
A7 v ZTEkE: 0.05°% ), SPICA & SuperHRPD T35 727 — X 13 Z-Rietveld
program®*3> ZfHEH L CTY — F v FECHNT L. HERMES & Echidna TS b7z 7
— %X RIETAN-FP ZffifH L TV — b <L METHHNT L 72, NSLD 27 13 MEM f#Aft
TH#H~_7z, MEM TR ETRIT T — 2% U — b _v MECHELT 2 2 & °f
LI HEER T2 #HL TZ-MEM Y 7 b v =7 3 & Dysnomia®” #fFH L. 2=
PR 60x60x168 DY 7 LT E] L TETL 72,

MIM'-Ba2 (M = Mo, W; M' =V, Nb)iERft % 518 32 72 0 DFEEF YT A — 2 UK
500-600 °C D Ba;NbyMoO, & BasMM'Ogs (M =Mo, W M’ =Nb, V)DL = 4 v F —
IR S5 H L 72, AR FlEICHE S A v F— (BVE) iEiIC X - T,
Ba;NbsMoO,y, Ba;Nb; sMo 20,1, BasMoNbOgs D2 & 7 2 MR A 4 v o
IANVF—%FE L7z, BVERHEIZa v ¥ a—X 78 27 F L sofiBV 3 AL T
fTo7e ~—T Vv 7T A F—IF BasNb3sMo0; 050, & BasMoNbOg s D i it i& 7>
O VESTA 3% ZHWCEHR L 72, #hidE. PHaELREE 2. BVE Fik i
VESTA3 7’0 2775 L4 ZfHH L CHi 72,

AIMD ¥ I 2L — 3 Vi, Nosé thermostat ZfHH L CIEAET v ¥ v 7 (NVT)
W @ —J7E#JE T Vienna ab initio simulation package (VASP) ZfiH L CFHIiTL 7z, #*
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Z 2K/fs OMEE CcHERE (800°C & 1200°C) FTMEL., HEMD Y I 2L —3
a vk 1 fs DEFERIE CEIT LIz, A—2—t LD P 4 ZHKZ WY 17.6x17.6%16.5

A) 729, WZERTORBTIIT HTDOAEITL /-,

33. ER - ER
3.3.1. BasNbsxM01+:O200x2 DR E F ¥ T 7 2 V¥ — a v

Ba;NbyMoOy-y H,O, Ba;Nbs oMo, 102005y H,O, K& NHT M KL BasNby Mo1:,020+2°y
H,0 (x = 0.02, 0.04, 0.06, 0.08, 0.12, 0.14, 0.16, 0.18, 0.2, 0.22, 0.25, 0.3) % & I&iEIC
XoTHMKLZ Y (y It BayNbs Mo1Osprvny HoO HOKDEFETH Y, KIZE
i BasNbs . Mo1+:020+224yHay [= BasNby:Mo1:x0204x25(OH)y] (R385 2 MK x = 0.2) @
PN NTKIEIEIA A v & LTHLDIAE NS ), Figure 3.1 X, ZEiRTD BasNb,
Mo011:0204002y HHO D XRD XX — vV &R d,  REHINH & hP & ICH D TR
1 & 1. BasNby,M014,0200x2y HHO (0<x<02) (Z 7TH KU 24 7 (W% =J78
HF. ZERIRE C P3ml) Y EPRE I Nz, F 72, BasNby Mo 1+,02012'y H20 (0.22 <x <0.3)
13 B DO AHIY) BasMoNbOgs IChl 2 CEAMIE PI3ml SNHEMETH 5 & & ARSI
7zo BasNbs:M01:,02042y HoO DIGT AR IZEF Mo & x DEMNICH>T x=02 %
THEAMIICHRA U (Figure 3.2, Table 3.1), [EAEA Ba;Nby ;Mo1+02027y HoO (0 < x <
02)DTEH %R T o TR DAL ND™ (4 Bl T 048A) # L HEELL T Mo (4
FCAL T 041 A) 2 DA F vV 2EE/NE W L ITEKT %, BasNbsMo1:,O02012'y H,O

IC BT 5 Mo BEERFLIIAE TR~ DEFRDIME 2 & x =0.196(10) & #EE X N7z,
68



Ba;Nby \Mo0;+,0202'y HoO DREINE LB 6i % PG FEIC X DEIE L 720 O
. RAFOIRE L & HITNd % (Figure 3.3), 304°C—907°C DIREICIH\WT, Mo
R x (BFERE x2) OHEIME LD ICo TEML., x=02 THRAMHEICET 2
DB, ZTNEHZ B & o 13TV T 5 (Figure 3.4), THLITAMPIHEOEEMIC L 2D D
LEZObNS, x=02 DEMZELT 300 °C TD o TEYE (x=0.0) DEED 16
f& T » % . BaNby Mo1,0xuny HO 13 BaNbsgCrgaMoOyp -y H,0 17
Ba;Nbs ssWo.1sM0020,075y HO '8 e & DD TH KV X 4 7L KL ¢, KA TX D
W o 28T (Figure 3.5)0 #HB x = 0.2 1% BasNbs,M01:,020402°y H2O (0 <x<0.3) ¥
YINDOHTHRD F\ o 2T DT, MURRIZHK x =02 ICERZ Y TTHIEL 7,
Ba;Nbs; §Mo0; 2020,y HoO (x = 0.2) @ ICP-OES HIEic X v, HiAARFMAK DR T It
Ba:Nb:Mo=7:3.8:12 THB Z EBRI NIz, x=0.2 FHEKD XPS A7 b Vi Mo &
Nb 23 Z NZI+6 &+5 DIELIREER & % LR &7z (Figure 3.6) DT, x=02 DY

v I DAL IE (Ba2),(ND™)35(M0%)1 2(0% )a0.1y H2O & 72 5,
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Figure 3.1. X-ray powder diffraction patterns of Ba7NbsxMo1+:O20+v2°y H20 (x = 0, 0.02, 0.04, 0.06, 0.08,
0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.22, 0.25, 0.3). Closed red circles and open blue rhombuses denote peaks of
hexagonal P3m1 7H-polytype BasNbs Mo1+:O20+x2'y H2O and rhombohedral BasMoNbOs s respectively.
Copyright© 2023 Authors.
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Figure 3.2. Lattice volume of Ba7Nb4xMo01+,O20+x2°y H2O (x =0, 0.04, 0.08, 0.12, 0.16, 0.2, 0.22, 0.25) versus
x at RT. The arrow shows the solubility limit x = 0.196(10) in Ba;Nbs—.Mo01+xO20+x2°y H2O. For x values higher
than 0.2, the lattice volume almost remains constant, and the XRD peak intensities of impurity phases increase
with x. The Mo solubility limit in Ba7Nbs .Mo01+xO20+x2°y H20 1is estimated to be x = 0.196(10) from the
extrapolation of a straight-line fit to the lattice volumes. Copyright© 2023 Authors.

Table 3.1. Lattice parameters and lattice volumes of Ba7Nbs—xMo1+xO20+x2°y H20 (x =0, 0.04, 0.08, 0.12, 0.16,

0.2, 0.22, 0.25) versus the excess Mo content x at RT. The numbers in the parentheses are the estimated

Lattice volume (A3)

492.7

492.5

492.3

standard deviation of the last digit.

x = 0.196(10)

0.1

Lattice parameters (A)

0.2

x in Ba;Nby_,M04,,050.42

Composition x , . Lattice volume (A%)

0 5.8659(3) 16.5334(5) 492.68(6)
0.04 5.8645(3) 16.5387(4) 492.60(6)
0.08 5.8645(3) 16.5359(4) 492.52(4)
0.12 5.8643(3) 16.5356(4) 492.47(4)
0.16 5.8647(4) 16.5316(6) 492.41(7)
0.2 5.8646(3) 16.5299(4) 492.35(5)
0.22 5.8641(3) 16.5328(4) 492.35(5)
0.25 5.8646(4) 16.5302(5) 492.35(6)
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Figure 3.3. Temperature dependence of total DC electrical conductivities oiot of Ba7Nbs—Mo01+x020+x2:y H20
(x=0,0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16, 0.18, 0.2, 0.22, 0.25, and 0.3) in static air from 304 to 907
°C. Copyright© 2023 Authors.

logoct (S cm™)]

900°C
- 800°C
700°C
1600°C
1500°C
I 300°C
0 0.1 0.2 0.3

x in Ba;Nb,_,M0,,,050./

Figure 3.4. Excess Mo content x dependence of total DC electrical conductivities ot of

BasNbs-xMo1+,O20+x2'y H20 in static air at constant temperatures from 300 to 900 °C. The it was calculated

by interpolating the data in Figure 3.3. The oiot at 300 °C was estimated by extrapolating the data in Figure

3.3. Copyright© 2023 Authors.
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Temperature (°C)
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_2 =
£
o
Q-3 f
S
o)
L)
-4 }
_5 i | |
1 1.2 1.4 1.6 1.8
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— Ba;Nbs oMo, 1Oy g5y H,O

— Ba;Nb; 3Cry ;MoQOy 1y H,O

— Ba;Nb; g5\Wy 15sM0oq 10459 g75°y H20
Figure 3.5. Comparison of total DC electrical conductivity oo in static air of Ba7Nbz sMo1.2020.1°y H2O (this
work) and other BasNbsMoO»o-based oxides: Ba7NbsMoO2o 'y H2O (this work), BasNbz 9Mo1.1020.05'y H2O

(this work), Ba7Nbs sCro2M0020.1-y H2O (Ref. '7), and BasNbs ssWo.15M0020.075'y H20 (Ref. '¥). Copyright©
2023 Authors.
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Figure 3.6. X-ray photoelectron spectroscopy (XPS) spectra fitting of (a) Ba 3d, (b) Nb 3d, (c) Mo 3d, and
(d) O 1s states of Ba;Nb3zsMo1.2020.1-y H2O at RT. The observed intensities, fitting intensities, background,
calculated components are shown by red cross marks, dark blue lines, black lines, and (light) green lines,
respectively. By the fitting, we obtained the following binding energies, which agree well with the reported
values described in the parentheses. Ba 3dsp: 781 eV (780 eV),* Nb 3dsp: 207.7 eV (207.2 eV),* Nb 3dsp:
210.5 eV (210 eV),** Mo 3dsp: 233.3 eV (232.3-232.6 eV),* and Mo 3dsp: 236.5 eV (235.4-235.7 eV).®
Each obtained value agrees with the reported one, thus, the valences of Ba, Nb and Mo are +2, +5, and +6,
respectively. XPS spectra of the x = 0.2 composition indicate that Mo and Nb adopt +6 and +5 oxidation states,
respectively. The XPS results, combined with the charge neutrality condition, led us to conclude that the
chemical composition of the x = 0.2 sample is given by (Ba?")7(Nb>");8(Mo®")12(0*)20.1-y H20 at RT.
Copyright© 2023 Authors.
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3.3.2. Ba;Nb3sMo01.20201 D& WEELY 4 4 VIEEME, BOLEHRUCBRNEZE
.

Figure 3.7(a)l%. Ba;NbssMo;20201 DEMEETEFHH T D 302 °C, 603 °C, 908 °C IZ & 1F
% o DEEEDITE P(O,) KIFEMEZ R LT3, BaNbssMo;20201 D oo 13 P(O2) D i
FH 2% 302 °C T 1% 1.0- 8.9x10% atm, 603 °C Tl 1.0-5.4x102 atm T P(O)ICIZITHK
3, FEE A WEMEHEIEZ R L, 908°C TIXEMEEIRI DI 2k k5,
908 °C TP 1.2x1024-5.6x102 atm [E] DK P(O,)#iFH D H % 13-0.0276(5) TH . Nb**
MNFEZ I MO A F AV DEMZETTIC L > TCHIERZ AN/ nEFHELREL
T W3, BaNbyMoOy B & lb# 3 2 & . ¥ v 7 BaNbsgMoi 050, 1
Ba;Nbs oMo;.10290s,"> BasNb3gCroosMo00a0.1,!7 BasNbs gsWo.1sM0Oagors ¥ &[RRI AW EE
fRE BRI % 7R L. BayNbs §Mo1 20501 D E WL R BRI ZEREZFEH L T 2
RIT. BasNbs sMo0120001 DERILIA A VEHR 1o % BRFRIRR EMIC X 2 EEESHIE I
X o CFMili L 7= (Figure 3.7(b))o HIEIC L o TIHE O NI to 12, (HZHEZER) / (BEFEHF
DEHE 10%2E5) 1ITFH VT 697-903 °C T 0.95-0.98, (HZMR7ER) / (HZ1REEHR) I
BT 697-903 °C T 0.92-1.0, (HkgZEi) / (BFRT D 5%KFE) BTk 596
°C T 1.0 TH o7z, T BajNb3gMo, 2050 DEZIESEHTIRETHGVEHTE
FRALIA F VRBETH B 2 L BZIRL T3S, 700°C D CO, i N T 24 K7 =—
v 7L 72D BasNbs sMo1 20401 ¥V 7T L ORI N (R D XRD
v — 7 DK S 1E BasNbs sMo01 20201 DA XRD B — 27 E5 X DO T2 2.6%) 73,
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Z Uit Ba;NbyMoO, Dfii (2.6%) X b K> (Figure 3.8),

HZIRZE R H D BasNbs sMo120501 & T ZE5H D BasNbs sMo120501y HoO D HLAf
A VE—X Y RARRY V% Figure 3.7(c), 3.9, 3.10 IC7R T ohux & FLFEEE oy
T EEAME R (EC) fEMTIC X o TE S L7z (Figure 3.11), BasNbssMo; 2040, B2 1R ZE 5
T D opuk 1Z 306-593 °C D 27 £ & Pl T Ba;NbsMoOy. ' Ba;NbsosMoj 05020.025, "
Ba;Nbs oMoy 10200s,"> Ba;Tas 1Mo 3020.15,'® BasNbs ssWo 1sM0Oag07s 1* & 0 &\ (Figure
3.7(d))o BayNbs§Mo01,0201 D Opui 1ZFZIEZEHIT I WT 593 °C T 10mS cm™ TH Y |
EHAL T AL X —E, 25 0.25(4)-0.41(4) eV LKW 72D KIE TIRIER ICE V oy 28T
(Figure 3.12), FZJEZE5HIC 351 5 BasNbs sMo120201 D Gpu 1 306 °C Tl 1.1 mS cm
! T Ba;NbsMoOy @ 5.0 f5TH H |, RiE T 1172 Bir0s,* BasNbs oMoy 102005,
Ba;Ta3;7Mo013020.15'% D ohu d S HITEVY, X 51T, BayNbssMo; 2040 1ZFZEEZE T
BT 306 °C TIREWN LRI A 4 VREER L AR TIE 22 ICEV ok 8T, B
PRI I 1 (Zr02)092(Y203)008 (8YSZ)Y & LLEL L T 175 f%. LaosSro2GagssMgo 1702515
(LSGM) 8 & HBE LT 36 {5, CepoGdo 10105 & HELL T 9 f5E\> (Figure 3.13(a))o
¥ 72, AL BasNb;sMo0120201'y HO Doy (X 912 °C T 22 mS em™! TH % (Figure

3.14(a))
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Figure 3.7. High oxide-ion conductivity and stability of Ba7Nbz sMo01.2020.1. (2) Partial oxygen pressure P(O>)
dependencies of the ot for Ba7Nbs sMo1.2020.1 at 302, 603, and 908 °C. (b) Oxide-ion transport numbers fo=
of Ba7Nbz sMo01.2020.1 from 596 to 903 °C. (c) Complex impedance plots of Ba;Nbz sMo12020.1 recorded at
306 °C in dry air. (d) Comparison of bulk conductivity of Ba7Nbz sMo1.2020.1 and other Ba7NbsMoO2o-based
oxides'>!>¥in dry air. Copyright© 2023 Authors.
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Figure 3.8. XRD patterns of Ba;Nbs sMo1.2020.1-y H2O (a) before and (b,c) after annealing under flowing CO»
gas at different temperatures for 24 hours. Reflection indices A4/ in panel (a) are based on the hexagonal setting.
The phase stability under CO> gas flow of Ba7Nbs sMo01.2020.1'y H20 is higher than that of Ba7NbsMoO2oy
H,0.!"3 Height ratio of intensity: (BasNb4O1s)/(BasNbs sMo12020.1-y H20) = 2.6%. Copyright© 2023 Authors.
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Figure 3.9. Complex impedance plots of BasNb3sMo12020.1 in dry air from 193 °C to 699 °C. Black
rhombuses and red lines represent measured data and equivalent circuit fittings, respectively. The Warburg
electrode responses were observed in the low-frequency range from 193 °C to 449 °C, and the electrode
response collapsed to a semicircular arc at 699 °C, which has been observed in typical oxide-ion conductors
such as BasNbsMoOzo, BasNbszoMoi1.102005 and BiogsCao.15V03.925.'1%°% The small semicircle can be
assigned to the bulk response, because the obtained bulk capacitance Cy, values are 7-8 pF cm!. The obtained
grain-boundary capacitance Cgb values of 0.5-7 nF cm ™! are characteristic of a grain boundary response. The
obtained electrode capacitance Ce values of 20—-100 uF cm™! are close to the capacitance values of 5070 pF
cm ! in BasNbsMoOx at low frequency (510 °C).!* Copyright© 2023 Authors.
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Figure 3.10. Complex impedance plots of Ba;Nbs sMo01.2020.1'y H20 in wet air from 326 °C to 591 °C. Black

rhombuses and red lines represent measured data and equivalent circuit fittings, respectively. With an increase

in temperature, the Warburg electrode response arc collapses, which was also observed in the oxide-ion and
proton conductors such as Ba7NbsMoOsy and Sr3V70s.!>°! The obtained grain-boundary capacitance Cgp
values of 0.2-3 nF cm™! are characteristic of a grain-boundary response. The obtained electrode capacitance

Ce values of 0.01-0.04 uF cm ™! are characteristic of a electrode response. Copyright© 2023 Authors.
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Figure 3.11. (a) Equivalent circuits used to model the impedance spectra of Ba7Nbz sMo01.2020.1 from 193 °C
to 306 °C in dry air. (b) Equivalent circuit used to model the impedance spectra of Ba;Nbz sMo01.2020.1 from
355 °C to 593 °C in dry air and Ba7Nbz sMo01.2020.1°y H20 from 284 °C to 591 °C in wet air. R and CPE denote
a resistor and a constant phase element, respectively. The subscripts b, gb, and el represent bulk, grain

boundary, and electrode, respectively. Copyright© 2023 Authors.
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Figure 3.12. Arrhenius plots of bulk conductivity ovui (blue circles) and grain-boundary conductivity oy (red
squares) of Ba7Nbz sMo12020.1 from 306 to 593 °C in dry air. Red and blue numbers denote the values of
activation energies for obuik and oy, respectively. Black solid line stands for the linear fit. The activation
energy E, for o is higher than that for opui:

E,for og, 0.56(4) eV > E, for obuik 0.41(4) eV from 306 to 402 °C.

E. for oy 0.58(8) eV > E, for obuk 0.25(4) eV from 509 to 593 °C.

Lower E, at higher temperatures were also reported in Ba7Nbs Mo +:O20+x2 (x = 0, 0.1).!*!°> Copyright© 2023
Authors.
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Figure 3.13. Comparison of conductivity of Ba;Nbs; sMo01.2020.1 and other representative oxide-ion conductors.
(@)  opux of (BiossDyoosWo04)20312  (stabilized  6-Bi203),**  (Zr02)092(Y203)00s  (8YSZ),¥
Lao sSr02Gaos3sMgo.1702515 (LSGM),*® Ceo.9Gdo.10195,* BasMoNbOs 5,2 La:Mo0,09,>* CsBiTiaNbOjo,>*
La10SicO2,” and BasNbssMo12020.1 (this work). (b), opu of PbosLaoaWO41,°® BiooSro.1VO3.s,”
LagoNag P39, Lag7Sr23Ga04ss,” Sr;V20s,”! and BajNbssMo120201 (this work). (c), oo’ of
CeosLag2NbO4+5,%° and BasNbs sMo12020.1-y H2O (this work), which are calculated by 60> = 0o X for-
Copyright© 2023 Authors.
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Figure 3.14. Proton conduction of Ba7Nbs—Mo01+xO20+x2°y H20 (x =0, 0.1 and 0.2). (a) Arrhenius plots of DC
electrical conductivity opc in wet air (vapor partial pressure, P(H2O) = 0.021 atm) of Ba7Nbs-xMo1+xO20+x2°y
H,0 (x = 0 (black line),'® x = 0.1 (purple line),' x = 0.2 ; blue open circles and line). opc for x = 0.2 in dry air
is also plotted (red line and open squares, this work). (b) Arrhenius plots of bulk conductivities of
BasNbs-:Mo1020+x2°y H20 (x = 0 (black line),'® 0.2 (red closed circles and line) (this work)) in wet air (HO
partial pressure, P(H,O) = 0.021 atm). Copyright© 2023 Authors.
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3.3.3. Ba7Nb33Mo01202.1'y H20 DEFWT 2 TV A4 + V{aEMEL 7 u + VIEME
Ba;Nb; §Mo; 20201y HYO D ope Z B2 5 OKZ&SUE P(H0)=0.021 atm) T b il
EL, TaTrA4y (e b v +BA 4y offEE) & 7e b VEEEZ N
7z WREZERAT DR Eong FHBZE QT OREZLolS X b b < (Figure 3.14(a)),
7u b vpEERT, 7u b AREERCIIR off = oD —O'dry ko THEE X L
Ba;Nb; sMo; 0501y HoO DoR€1E 700°C T 2.4mScem™ TH % (Figure 3.15(a))  F 72,
Ba;Nbs sMo; 2001y HO DR 13 500 °C T 1% Ba;NbsM0oOy'y H,O ' @ 82 f5TH v
Ba;Nbs sMo 040y H,O (x =0, 0.1, 0.2) DIZEZE5XH (P(H,0) = 0.021 atm) DEIRLE
SUREE 3 Mo E O & HLIcEN3 % (Figure 3.14(a))s  BayNbssMo12020.1°y
H,0 Dol% 1. Ba;NbsMoOyy HyO'® DalS X0 3 E < (400°C T 13 f5, 800°C T
6.2 fi5). 888°C T 24mScm ' TH 3 (Figure 3.14(a))e  Ba;NbssMo; 20201y H,O DI
HERFCcoONVIEEE (Fu b YREE+BRILYA 4 VIEEE)
Ba;Nb;MoO,y H,02 X b < (500°C T 3.6 f5). 537°C T 1l mScm D% R
3 (Figure 3.15(b))o 537°C Tl. Ba;NbzsMo1,0201-0.11 HO (3fUFEH 7 7' v b V&
REIL T2 2@ WiH%ZRT (LasBaoGaOsy ' & LER L T 73 %,
Lax027(BOs)s 2 & LL#E L T 74 £i%. LasgMoOy;; @ & HEHE L T 435 f%. LagooCapo VO4
¢ LB L T 793 f%. Ba;sYGay075 ©° & L L T 4926 5\ ; Figure 3.15(b)),
Ba;NbsMoOy'y HoO B 1k, &7 I v ZRKRIEMD 7 o 7 v A o v ERERE O 5t
MECH 2, ZD72%, BaNbigMoi20401y HoO XK CTOMREEIEF I E L. 1t
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Figure 3.15. Proton conduction of Ba;Nbs—xMo01+,O20+2°y H20 (x = 0, 0.1 and 0.2). It should be noted that
the proton conductivity is estimative, because the oxide-ion coductivity in wet air might be higher than that in
dry air. (a) Temperature dependence of total DC proton conductivities of Ba7Nbs—Mo01+:O20+x2:y H2O (x =0
(black line)'®, x = 0 (purple line)'® and 0.2 (red closed circles and line) (this work)). The proton conductivities
were estimated from the difference between the conductivities in wet and in dry air. (b) Bulk conductivity of
Ba;Nbs sMo12020.1-y H2O in wet air 64K (H,0 partial pressure, P(H20) = 0.021 atm; red circles) compared
with LagsBai2Ga03.,”' Lazs027(BO53)s,** Las4aMoO11.1,” Lao.99Cao.01V04,** Ba3sYGax075,% BaCeo.9Y0.103-5
(BCYO0)® and BaZro.1Ceo.7Y 0.1 Ybo.103-5.%” Copyright© 2023 Authors.
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3.3.4. Ba;Nb3sMo012020.1 IZ B ) 2 BRMBRFE FOLKELL L BRI A 4 v I5E
DHEHE,
3.3.4.1. BasNb3sMo012020.1 & BasNbsMoOz D 800 °C T D i Sk e A
Ba;Nb; sM012020.1 D &\ EEY) A 4 VIREORERHKZHO 2 Ic T 5720 1C
800 °CT% DHBIZMHIE & 172 BasNb; §Mo1 2020, & Ba;NbsMoOsy D [0l 7 —
REMNTY — F v MEIC X 2ERELE MEM B 21T o 72, e ETT
— Z X Z2ERE P3ml D TH R ) X 4 7 CHT X 7z (Figures 3.16,3.17, Tables 3.2, 3.3),
Mo J5iF- & Nb i F I3 dEF i i PETFELR 2 Ff o T 2720, U — b L M ET
& MEM it Cld4 No/Moi BG4 A+ v 34 b (=1, 2. 3) TENSIZEHFTH S
EARGE L7z, BasNb;gMo; 20, & Ba;NbyMoO,, DIEFREEHE w (X, 800 ‘CTHIE &
NhEFREf T — 2D ) — F_v METicE W TERE N w=20.1 KT 20.0
[ E X N7z, SNIFBERHIEIC X Y. Ba;Nb;gMo, ,0,, & Ba;Nb,MoO,, D E &4 L 28
800 ‘CTO RO IEELAF CHETEZIZIE/NS VI L BPEL D IC R o220 T
» % (Ba;Nb; Mo, ,0,,: Figure 3.18(b). Ba;NbyMoO,,: S# ik 25,68), IHELEn7-
AR, RWERME 7o 7 7 A VEHEERT Ry MEM NSLD 7347 £ 800 “CTD
Ba;Nbs Mo 2050, & Ba;NbyMoO, Dili 7D g & T 05 JRT BT L &%
7~ L 72 (Figures 3.19(a)—(d), 3.20, Tables 3.2-3.4), Ba;NbssMo;20201 DT 05 & T
DIEEAL X N2 HHE X 0.064(11) 1%, BasNbsM0oO4 D 0.030(3) & Y b KIEICE > (Tables
3.2,3.3)0 £ o T, Ba;Nbs;sMo; 0501 H DRI FRE T O, 13MTHEERH T & L TH
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DIAENZ,BHEINAZME IR INLZBEL XL TEY, 2R VNI RAE
FEERTBIELNZ, HEXRMIIT 1 TH L5V 4 b BVS I3 FHRELE (Tables
3.2,33) &L, WElEI MR EDZ Y% /RT, Figure3.21 (X, 800 °CT
D BasNb3sMo01,050; DR HEAL T N 72 K d W& 2 /R 37, BasNb3sMo120x01 &
Ba;Nb,MoO,o D G 1Z. Nb/Mo 1 FF v & N7 R USL T IR BEFED BaOs JE (%
NZh & ) OFEE c’hhechh TH X L5 [¢fBICDW T, BaNbssMo; 001 D
A3 Bal(0O1),-(05).. Ba;NbyMoOyy D351 Bal(01),(05) (z=3g(0; 05). g(X; s)
Zs ¥4 MBI TXDEER) |, BCOHFF VI A b EERED 02,03, 04
A POEHELITZ 1 THY, he c OREEEKT 2, MEMIC, & 17ER O

Y4 b eI TFEESR O5S ¥4 MIEEHaMIcEE I TE Y RENRBERE cfE %
K3 % (Figure 3.21(a)(b)). T % X 95 ic, BILWA 4 v it 'f8 % Rtk

L., 7o bvid h L JE2BHT 5,
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Figure 3.16. Rietveld pattern of neutron-diffraction data of Ba7Nbs sMo1.20:0.1 taken in sifu in vacuum at 800

°C with Echidna diffractometer. Red crosses, dark blue lines, green bars, and black lines represent observed

intensities, calculated intensities, peak positions, and difference plots, respectively. Copyright© 2023 Authors.
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Figure 3.17. Rietveld patterns of neutron-diffraction data of Ba;NbsMoO» taken with the backscattering bank
(d = 0.85-3.8 A) of the SuperHRPD diffractometer in vacuum at 800 °C. Red crosses, dark blue lines, and

black lines represent observed intensities, calculated intensities, and difference plots, respectively. Green tick

marks and orange tick marks stand for calculated Bragg peak positions of Ba;NbsMoO2 and BasNb4Ojs,
respectively. Copyright© 2023 Authors.
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Table 3.2. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-
diffraction data of Ba;Nbz §Mo01.2020.1 taken with Echidna at 800 °C.

%Ej momx - Lollon 9059 x Y : PR Un(A) Uz(R) Un(R) Un®) 3 35 o
Bal Ba 1a 1 0 0 0 0.042(7) 0.051(7) 0.051(7) 0.0248) 0.029(4) 0 0 1.86
Ba2 Ba 2d 1 113 213 0.8233(5)  0.0273(11) 1.98
Ba3 Ba 2d 1 1 213 05739(6)  0.0273(11) 217
Bad Ba 2 1 0 0 0.2850(6)  0.0273(11) 1.75
Nb/Mol  Nbo.7sM0o.24 1b 1 0 0 12 0.0247(6) 4.12
Nb/Mo2  Nbo7sMooos  2d 1 1/3 203 0.0927(4)  0.0247(6) 4.48
Nb/Mo3  Nbo7sMogos  2d 1 1/3 203 0.3497(4)  0.0247(6) 441
o1 o) 6i 0318(4) 0.346(10)  0.69(2)  -0.0142(7)  0.085(11) 165
02 o 6i 1 0.1673(9) -0.1673(9) 0.1307(4)  0.059(4) 0.063(4) 0.063(4) 0.078(4) 0.052(4) 0 0 170
03 o) 6i 1 0.1660(8) -0.1660(8) 0.4334(3)  0.035(2) 0.032(2) 0.032(2) 0038(2) 0014(3) 0 0 181
04 0 6i 1 0.4912(6) -0.4912(6) 0.2954(3)  0041(3) 0.045(3) 0.045(3) 0.055(4) 0039(3) 0 0 1.86
05 o 3e 0.064(11) 112 0 0 0.085(11) 121

Bravais lattice: hexagonal: Crystal system: trigonal. Space group: P3ml. Lattice parameters: a = b =
5.92920(19) A, ¢ = 16.6994(5) A. Number of formula per unit cell: Z=1.

2(X; s): Occupancy factor of X atom at the s site. Linear constraints: g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3) =
g(Ba; Ba4) = g(Nbo.76Mo0o.24; Nb/Mol)

= g(Nbo.76M00.24; Nb/M02) = g(Nbo.76M00.24; Nb/Mo03) = g(O; 02) = g(O; O3) = g(0O; 04) = 1; 6g(0; O1) +
32(0; 05)=2.1

Uiso(Xn): Isotropic atomic displacement parameter of X atom at the X» site. Linear constraints: Uiso(Ba2) =
Uiso(Ba3) = Uiso(Ba4), Uiso(Nb/Mo1) = Uiso(Nb/M02) = Usiso(Nb/M03), Uiso(O1) = Uiso(O5).

Reliability factors: Rwp =4.18%, Rp =3.11%, Rg = 1.08%, Rr = 0.54%

BVS: bond valence sum. BVSs were calculated using the bond-valence parameters reported by Gagné and
Hawthorne.® Low BVS value at the interstitial O5 site 1.21 indicates that the O5 oxide ion is underbonded.
Such underbonding at the interstitial site has been observed also in other compositions such as
Ba7Nb3 9Mo1.1020.s."

In preliminary analyses, the refined occupancy factors of Ba atoms were 1.00 or higher than 1.00, thus, we

fixed them to unity in the final refinement.
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Table 3.3. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-

diffraction data of BasNbsMoOy taken with SuperHRPD at 800 °C.

Site's

pom - AlomX Postion 99 x y : Usegh uuea) Uz (A% U (A2) Va® B @
Bal Ba 1a 1 0 0 0 0.0353(12) 0.0378(18) 0.0378(18) 0.030(3) 0.0189(9) 0 0 191
Ba2 Ba 2d 1 13 213 0.82341(12) 0.0208(3) 1.95
Ba3 Ba 2d 1 1 23 0.57479(15) 0.0208(3) 215
Bad Ba 2 1 0 0 0.28143(15) 0.0208(3) 1.74
Nb/Mol NbosMoo2 1b 1 0 0 0.5 0.0133(2) 4.18
Nb/Mo2 NbosMoo2 2d 1 13 213 0.09382(9) 0.0133(2) 4.50
Nb/Mo3 NbosMoo2 2d 1 13 213 0.34973(10) 0.0133(2) 4.40
o1 o 6i 0.3183(14) 0.3658(5) 0.7316(10) ~0.01228(13) 0.0332(16) 1.62
02 o 6i 1 0.1669(2) -0.1669(2) 0.12954(9) 0.0494(6) 0.0534(8) 0.0534(8) 0.0413(10) 0.0418(10) 0 0 1.74
03 o 6i 1 0.1643(2) ~0.1643(2) 0.43205(8) 0.0227(4) 0.0240(6) 0.0240(6) 0.0201(7) 0.0133(7) 0 0 179
04 o 6i 1 0.49228(16) -0.49228(16) 0.29585(7) 0.0296(5) 0.0298(7) 0.0298(7) 0.0294(8) 0.0238(8) 0 0 1.86
05 o 3e 0.030(3) 1/2 0 0 0.0332(16) 1.20

Bravais lattice: hexagonal: Crystal system: trigonal. Space group: P3m1. Lattice parameters: a = b =
5.931455(3) A, ¢ = 16.70198(2) A. Number of formula per unit cell: Z=1.

2(X; s): Occupancy factor of X atom at the s site. g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3) = g(Ba; Ba4) =
g(Nbo sMoo.2; Nb/Mol) = g(Nbo.76M0¢.24; Nb/Mo02)

= g(Nbo.sMoo.2; Nb/Mo3) = g(0O; 02) = g(0; 0O3) = g(0; 04) = g(NbosMoo.2; Nb/Mo2) = 1; 6g(0; O1) +
32(0;05)=2

Uiso(Xn): Isotropic atomic displacement parameter X» atom..

Linear constraints: Uiso(Ba2) = Uiso(Ba3) = Uiso(Ba4), Uiso( Nb/Mo1) = Uiso(Nb/Mo02) = Uiso(Nb/Mo03),
Uiso(O1) = Uiso(O5).

Reliability factors: Rwp =2.82%, Rp =2.13%, Rg = 4.46%, Rr=7.59%

Mass ratio; Ba;NbsMoO» : BasNbsO15 = 0.9705(10) : 0.0295(10)

BVS: bond valence sum. BVSs were calculated using the bond-valence parameters reported by Gagné and
Hawthorne.® Low BVS value at the interstitial O5 site 1.20 indicates that the O5 oxide ion is underbonded.
Such underbonding at the interstitial site has been observed also in other compositions such as

Ba7Nb3 9Mo1.1020.s."
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Figure 3.18. Thermogravimetry-mass spectroscopy (TG-MS) data of Ba7Nb3 §Mo01.2020.1°y H2O on (a) 1st and
(b) 2nd heating under He gas flow. Am/mo = 100(m — mo) / mo (%) where the m denotes the sample weight at
a temperature and mo represents the sample weight at (a) 22 °C and (b) 27 °C. The right figure of panel (a)
shows the temperature dependence of water content y in Ba7Nb3z §Mo01.2020.1°y H2O, which indicates y = 0.33
at 150 °C. Below 150 °C, the wight loss on heating can be mainly ascribed to the desorption of absorbed water
at the sample surface, thus, the water content in the lattice would approximately be y = 0.33 also at RT in the
as-prepared Ba7Nbsz sMo1.2020.1'y H2O sample. Black line denotes the TG data, and the light blue, red, and
green lines stand for the ion current data for m/z = 18, m/z = 32, and m/z = 44, repectively. Copyright© 2023
Authors.
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Figure 3.19. Presence of interstitial oxygen atom OS5, disorder, diffusion pathway, and interstitialcy diffusion
of oxide ions in Ba7Nb3 §Mo01.2020.1 and Ba;NbsMoO»o at 800 °C. (a,b,c) MEM NSLDs on the ab plane at z =
0 of Ba7Nbs sMo1+O20+v2 (x = 0, 0.2). The contour lines are from (a) 0 to 0.5 fm A by the step of 0.1 fm A3
and (b,c) 0.6 to 1.5 fm A3 by the step of 0.4 fm A3, Compositions are (a,b), x =0 and (c), x = 0.2. (d) Refined
crystal structure on the ab plane at z = 0 of BasNbzsMo01.2020.1 using neutron-diffraction data. Thermal
ellipsoids are drawn at the 90% probability level. Arrows denote the directions of oxide-ion O1-to-O5
migration. (¢) Corresponding spatial probability-density distribution of oxide ions on the ab plane in
(Ba7Nb3 sMo01.2020.1)9 calculated by AIMD simulations, where the probability density distribution in the 3x3x1
supercell is averaged to 1x1x1. The contour lines are from 0 to 1 with step 0.2. Copyright© 2023 Authors.

Table 3.4. Comparison of the reliability factors between the structural models with and without the interstitial
OS5 atoms at 800 °C. The values of Rwp and R for the model with O5 atoms where the g(O; O5) was refined
are lower than those for the model without OS5 atoms where the g(O; O5) was fixed to be 0.

Composition Model with O5 atoms Model without O5 atoms

2(0; 05) Rup % Rr% Rup % Rr %
BasNbz sMo12020.1 0.064(11) 4.18 0.54 4.20 0.55
BasNbsMoOy 0.030(3) 2.82 7.58 2.83 7.60
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Figure 3.20. Variation of the reliability factor Rw, with the occupancy factor g(O; O5) in the Rietveld analyses
of neutron-diffraction data of Ba;NbsMoO» taken with SuperHRPD at 800 °C, showing the validity of refined
2(0; 05) value, 0.030. Copyright© 2023 Authors.
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Figure 3.21. (a) Refined crystal structure of Ba7Nbsz sMo1.2020.1 at 800 °C, which was obtained by the Rietveld
analysis. z in (Bal)(O1)2.1--(O5). stands for the number of O5 oxygen atoms. OS5 is the highly defective

interstitial oxygen site. Thermal ellipsoids are drawn at the 90% probability level. (b) intrinsically oxygen
deficient BaO,.1 [=(Bal)(O1)2.1--(05):] and (c) fully occupied BaOs layers in Ba7Nbz sMo1.2020.1. Copyright©

2023 Authors.
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3.3.4.2. (Nb/Mo):0y —EfE & (Nb/Mo)Os H B A D FLE

[P 2> DB I & 2 FAR % 7= 002, 288 il D JFH 1 % & T (BasNbsMoOy) & 289
il D JE T % & T BagsNbsuMo10151[ ~ (BasNbs sM0120201)0] D 3X3 X1 DA — X—+k )b
L. 800 °C & 1200 °C TAIMD ¥ 2 a2l —¥ a3 v %&{T>7, AIMD ¥ a2l
—>avIitkd Nb/Moi hFA4v(i=1, 2. 3) DEfIEDORF vy T ay b X}
7' L, Nb/Mo & NbMo3 /154 v 2 Ig/\HEKRENLZ L 2 2L 2 RLTED
(Figure 3.22(a)(c))s Y — b~ MEHTIC X 2 PR MG & —E L T3, S
LATRHHRRIC, BALIIA A v AMBE T 2 ¢TI D Nb/Mo2 1 54 v I3\ HIREAL
[(Nb/M02)Os /\IHIE] % 13 & A & & &7\ (Figure 3.22(b)). BT R R 11X FE R K48 ¢
JEICHLD A 1L, M09 — 8k E MOs R (Figure 3.23) 2T % (M IZ AIMD
v Ial—Y 3 YD NbMo2 JFiT), M0y —BikIZ 2 DD MOs gD 2 —F —
AWERRT On IC Lo TG INTE Y, ZRBIEND MOs HRIRICH 72 Y D EFTHE
234 U % (Figure 3.24(b) @ B & C @ M,0o ~BAE (MUfTE) %), MOs HiElk
IZ 040" & edge-capped =/ il 3 DDMEHRIET) TH S (0,13 MOs HELD
Nb/Mo2 71 A4 v L7 L =TS E R E ) (Figure 3.23(c))o AIMD ¥ 2 2L —3¥ 3 v
D RFTERIREGIC X 2 o8 O BEFHR 5T O 22 S O R V- 35 il 2 %5 B2 50 A (Figure
3.19(e))iE. T T EER (Figure 3.19(c)) IC & %2 MEM NSLD 70fii (CF#iE) &
—H L T, MOsICTHIT 5 0,p=0,p KFEIC X V| Oy 7T DIFSFTE 2 A 234
U % (Figure 3.19(e)), ZHIZTHF O1 JEFJEAPHD K Z 72 MEM NSLD 574f (Figure
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3.19(c)) & EW Ol JFFER T X — R X o TEBRIICRIN TV 3 (Table 3.2),
[F£K D (Nb/Mo)Os % [fifA1E. BasMoNbOgs IZ 5 1) % Hri:+2HxELIEER 70 e UE IR

FIFF Ops # &3 BasNbyM0OysH D AIMD & I a2l —2a v B TXoTmnBIhn
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Figure 3.22. Histograms of the coordination number of (a) Nb/Mol, (b) Nb/Mo2, and (c) Nb/Mo3 cations in
BasNbs sMo1.2020.1 calculated by ab initio molecular dynamics (AIMD) simulations at 1200 °C. Coordination
numbers in the 3x3x1 supercell was examined from 0 to 74264 fs. Copyright© 2023 Authors.
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Figure 3.23. (a) M>09 dimer, (b) MOs4tetrahedron and (c) MOs monomer near the oxygen-deficient ¢’ layer in
Ba;Nbs sMo1.2020.1 (AIMD calculations at 1200 °C). Three O2 atoms forming a trigonal plane of a polyhedron
are relatively rigid, while the apical oxygen Ogp atom in MOy4, and Ogp' atoms in MOs, and corner-sharing
oxygen Ogh atom in M>09 dimer are mobile. These figures show considerable local relaxation associated with
an excess oxygen to form an MOs monomer or an M>0O9 dimer. Copyright© 2023 Authors.
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Figure 3.24. Snapshots (a) and schematic representations (b,c) of oxygen diffusion process of
BasNbs sMo12020.1 at 1200 °C. Elapsed times from the start A are B 166, C 660, and D 845 fs. The deep
green (Ma, Mc) and yellow (Mb) spheres represent Nb or Mo cations at the Nb/Mo2 site. The brown (Oa),
red (Ob), light green (Oc), and blue (Od) spheres represent mobile oxide ions in the oxide-ion conducting
c'layer. Grey O2 spheres denote the immobile oxide ions forming the trigonal plane. M—O bonds at or less
than 2.9 A are drawn where M denotes Nb or Mo cation at the Nb/Mo2 site. In the panels (b) and (c), the
circle Ogp', triangle Oap, square Osp, solid line, and dotted line represent an apical oxygen atom of MOs, an
apical oxygen atom of MOs, a corner-sharing oxygen atom in M>Oq dimer, Oap— Osn—Oap" edges of an M209
dimer, and Oap~—Oap’ edge of an MOs monomer, respectively. The apical Oap" atom is displaced from the
regular position due to the repulsion between Oap’and (Oap’ or Osn) atoms. To emphasize the displacement,
Oap' 1s used for Oyp in panel (c). Copyright© 2023 Authors.
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3.3.43. 7 O1 ¥4 + LT 05 44 FRITOBLY A 4 v OBEH)

AIMD ¥ % 2L —¥ 3 VIZEIF % BaNbsgMo; 20501 & Ba;NbsMoOs D Ba, Nb, Mo
D) I Z5NE (MSD) 134 F A4 VIRE W L B R L Tk D (Figure 3.25(a))s C
NiZ A 74 v DAL L 72 MEM NSLD %341 (Figure 3.19(c)) X ONE WL A A v i
F (Figure 3.7(b)) MiJ7 & —%3 %, Ba;Nb3;sMo0;202; P Ol 4 F & 05 ¥4 FMED
%23 5 72 NSLD 4345 (Figure 3.19(c)) 1% BasNbs;sMo0;,0501 D AIMD ¥ I 2L —3¥ 3 ¥
iCBT % Ol 4 & O5 A FEDEBRIEMA & v DEEDS o T MR FE LG &
BW—E%/R9, Z4iE 800°C T[120]X U[210]D FT AT = 7=k 4 A v D% H)
g% /R LT3 (Figure 3.19(d)), [EIffIC. Ba;NbyMoO, T Ol # 4 F & 05 ¥+ 4
DENCEE DS > 72 NSLD 23R 2 % (Figure 3.19(a))o Ba;NbssMo; 204, ICE 1T % O1
P4 b e OS5 H A FRED NSLD 238232 729 OE/NDE 1T Ba;NbsMoOy £ Y b &
{ (Figure 3.19(b)(c)). Z #LiE Ba;NbzsMo;2040; 23 Ba;NbyMoOyy & U &\ 3L 7 {53E
EERT L E—EL T3 (Figure3.7(d)), O1 4 + & 05 ¥4 b [EDFIHERE
FE3 4 12 BasNbyMoOyy TIZEEDY 5> Tvn 23, BasNbsgMo; 2050, TlIE2 > T3
(Figure 3.26) 72®, AIMD & I 2L — ¥ a VI X 3L 4 F v O SRR E 4
CHLUED £ 72 2 DOMKED Z DENEETIT T B, BEIA A v OB (1)
Ba;NbsMoOy T FFEHE DR A A v ) & KRV A T RO IRENICERE < .
(i) Ba;Nb; sMo1,001 Tl EEREEO WL 4 A >~ 01-05 B8 % "3 (Figure 3.27)0 %
LT, ¢fBICBT 2 - RIcoBIYA 4 01-05 DEEZLUT D 2 > TEMIT SN

98



%, (i) BVE #% (Figure 3.28(b)) & UF (i))AIMD ¥ % = L — ¥ a VT X 2 FIghEReE
JESAT° a, b, ¢ THITH > 72 A v OB (Figures 3.25(b), 3.26), 35 DFER
IZ. BasNbssMo; 0201 IC BT B RO A A ARE R EEFRKIE O TER O1 ¥4
M EMETE 05 F A4 FREICE T ZBRIMA 4 v OBENICERKT 2 EERLTW S,
BRI A & v DSTEHS RS &A% T RIE R % 8 - TR 2 Ak O — RTHLE BRI 13
Ba;MoNbOgs % BasNbs oMoy 10005 FDOMDINTT = 724 4 +EERLYTd HR
INTEH Y, HSITEEID ORI TH 5 2 & RRER L T 5, FEEE BasMoNbOy s
D BVE #%# 13 Ba;Nb; §Mo; 20501 & U BayNbyMoOy D T AL F — R & FABIL T 5

(Figure 3.28),

(b) o5
—Ox

< 03 | Oz
?
s 02 |

0.1

0 I 0 |
0 o 10 0 5 10
Time (ps) Time (ps)

Figure 3.25. Mean-square displacement (MSD) of Ba7Nb3 sMo01.2020.1 in the AIMD simulations at 1200 °C.
(a) MSDs of Ba, Nb, Mo, and O atoms. (b) MSDs of oxygen atoms along the a axis (Ox), b axis (Oy), and ¢
axis (Oz). Copyright© 2023 Authors.
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Figure 3.26. Time averaged probability-density distributions of oxide ions in Ba7Nbs-xMo01+:O20+v2 ((a,b) x =
0 and (c,d) x = 0.2), which were obtained by AIMD simulations at 1200 °C where the probability-density
distributions in the 3x3x1 supercells were also averaged to 1x1x1. Yellow isosurfaces at 0.7 A3 in the ranges
of (a) 0 <z <1 (Ba7NbsMoOy), (b) —0.2 <z<0.2 (Ba;NbsM00O2), (¢c) 0 <z <1 (BayNb3 sMo01.2020.1), and (d)
—0.2 <z<0.2 (Ba7Nb3 sM01.2020.1). In Ba7Nb3z sMo01.2020.1 and Ba7NbsMoO»o, the spatial distribution of Ol is
not connected to O2, indicating that rotational motions among the O1 and the three O2 atoms are quite rare.

Thus, the three O2 atoms are immobile, while the apical O1 and interstitial O5 atoms are mobile. Copyright©

2023 Authors.
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Ba;NbsMoOyq

Figure 3.27. Trajectories of oxide ions in (a) Ba7NbsMoO»o and (b) Ba;Nbz sMo1.2020.1 obtained by the AIMD
simulations at 1200 °C. Oi denotes the oxygen Oi site in the average structure (i = 1, 2, 3, 4, 5; Tables 3.2 and
3.3). Copyright© 2023 Authors.
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(a) Ba7Nb4M0020 (b) Ba7Nb348M01.2020.1

(C) Ba3M0Nb08A5
02 -~
i
' / o) D'\\
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Figure 3.28. Bond-valence-based energy (BVE) landscapes and crystal structures on the ab plane at z = 0 of
(a) BasNbaMo0O»o, (b) Ba7Nbs sMo01.2020.1 and (c) BasMoNbOs 5 at 800 °C. Yellow isosurface levels: (a,b) 2.0
eV and (c) 1.8 eV. These BVE landscapes suggest —O1-0O5— oxide-ion diffusion paths in Ba7NbsMoO»¢ and
BasNb3; sMo012020.1 and —02-03— pathways in BasMoNbOss. The diffusion pathways in Ba;NbsMoO»y,
BasNbs sMo1.2020.1 and BasMoNbOsg s are similar, because the oxide ions two-dimensionally diffuse via the
O1 (03) and OS5 (02) sites along the [110], [120], and [210] directions. Crystal structure and BVE
landscape in panel (c) were obtained using the crystal data in Ref.”! Copyright© 2023 Authors.
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3.3.4.4. MO0 —BEE N L B A * v OILEHERE

LA A v OBE) 70 2 AD R a8 % 25729, AIMD ¥ a2l —v
aVICEBAF Yy Ty ay RN, Figure3.24 13, 845 fs D] Tl & 72 [/ ATHY 7n

AL A A v DIEE) 7 m e R &R T, BALYIA 4 v ik, M0y —BIR, MOs Bk,
MO, UTH R DTS & TS X - CTHEIT 2 0T, M0y iR DIEIE & TR I
EYA 4 v OBENCARRCTH %, iz 1F, Figure 3.24(a)~(c)D ¥ A D MOs [=
(Ma)Os] & MOy4 [= (Mb)O4]iE 0-166 fs THHEE X . M,0o ~EA[= (Ma)(Mb)Os] % JEIK
L 7z, Figure 3.24(a)~(c)D ¥4 /L B TlE (Ma)(Mb)Oy —EIR L (Mc)O, UTHIAIL 166—
660 fs DE]TEEIL, Figure 3.24(a)—(c)D XAV C O MaO, PUHIAK L (Ma)(Mc)Oy &
REZ L 72, 660-845 fs DIET (Ma)(Mb)Oy AR 23 L, Figure 3.24(a)—~(c)D ¥
ADICH D (Mb)OPURIEE (Me)Os HEEZIEH L7z, 2D 7 vk AHIC, JRED
Ob JFT1¥ (Ma)Os HERDTAN O,/ % 4 b 2> 5 (Ma)(Mb)Oy —- A D S HESHE Oy
YA PEED ., (Mb)O, UHKDBULHED O, ¥4 M icEIT 2, [FEIC, (Mb)O, Y
HRDTER, O A4 M ICH BB D Oc IR T 13 (Ma)(Mc)Oy —BRD A O V4 + %
LT (Mc)Os HEfADTEN 0,9 4 MICBEIT 5, B4+ v oz, A4
M DA A ) I, KD A-7=-7Y (@A F+ ) 2B AbIC
K4 LS, iy 7 push-pull IC X 21 FREBEHECcH Y, [~y )L — | MoH)

Ui ¥ 3 (Figure 3.29), % L T, M09 ~ERIZTEBIRETII R LETH B,
Z OMH X M0 ~EHRDOEIE (>90%) 25 MOs HERDEIE (<10%) LY bk 3
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ICE L FEMPRWEOTH S5, MR LFlE U<, BBRRARO T AT v &2V T
ZAPDY I 2L —v g ICBT D Sh0y2= v MMIERBIRETH 2 AJREEA E W T
MBI NTWE, [Ny ) L—] BloBE of#id. ko MhE] B [SF
Wik A — v | BU267376 L 3 B75 5, 2 OME & LTiE, Ol (0, X 0,) JHFE 02
JR - D [ O [ E B (X FEH ISH T H D . BasNb; sMo; 0201 & Ba;NbsMoOa D AIMD &
lal—va Vv TREYAF Y OBENIREGES ZEbR Wiz TH D (Figures
3.24,3.26,3.27)o

EoiEamL 72 X 0o, WRIRRSR)E 1 I3RSR KB 8 DIE < T M0 “EK L MOs
HERPEREND Z Ik o TINE XD (Figures 3.21-3.24), 800 °C T HET-
[P SEER I X % P& Ic BT 5 M2-05 OEE2.28 A 1%, 800°C I 351 % [T BN
MhEICE T2 M2 & RN E T 2EETRIOERE (1.91-2.354A) & —KT 2720,
TR T 051X MyOy —BEARD AL H I O R T ICX I3 5 (Figure 3.19(c)(e))o
XoT, U— Dbt N RO MEM f@FTic X 2817/ 05 1 D FLEI
Ba;Nb; §Mo0; 20501 & Ba;NbyMoOy IZ 5 1F 5 M0y —BIARKDFEIEZ BT T T 5, 1L
YA A v i MOy —BAROWIE L FHIEKIC X > THREIT 2 720, & THIESR 05 JHT
DR F % V)V TIREORE IR 5, FEFE. BETOANN ZREEITHEA 2 VN D
05 JRTF D L BFIERIRTOEPEINT 2 ICONTHEINT % (Figure 3.30(a)(b)). <
DAHBEB R . #&T-[A O5 JFi¥ & @RISR T D= M S % & 01-05 D /)
NSLD 2388/0 L (Figure 3.30(c)(d)). (nEED &< 72 5% (Figure 3.30(e)) ® T, O1-05
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R EOfR/N NSLD IC X o CTZYTH S LRI D, PrNiOy ZMEC D [FIEE 7 4
& LT, Pra((Nig75Cu025)0.95Ga0.05)O04ts 2 1% PraNig75CU0250415 77 £ D B 157 W K5
EWAIA A VBB Z R T S EREINT WS, T, NiZtk Ga¥'IcE Z iz
52 LicXoT, EEICHE T 2 KEDKFHBERMEAINS Z & TL Y LR/
NSLD ICEER T 2 & F z biLd,

WL OO BN T RIA DI L BRI X o THUIA 4+ V58 2 R$ 2 s
W& X T B (Figure 3.13(b) ()56 23 b oMb &bkl T
Ba;Nb; sM012020,1 1E 600 °C LA N TX O @S A 4 VB 2R d, Zhid,
Ba;Nbs sMo; 0201 AR VIEPE(L T L F— (N Z{EEE T lE 0.25(4)-0.41(4) eV, 4
DC =8 ETld 0.168(10) eV) BMERTOEWEEE L 725 RN TH 5 (Figure
3.13(b)(c))e T HITMEEAL & 172 BasNbssMo1 20401 DS EICE T 5 01 T
L OSETMORED 1.7A L L fthoMEHC B TIBBLII A A+ v BRI T %
Y121 X YV ROREALETH 2720, Lz AL F—DETER D20 T L

Ez bbb (Figure 3.13(b)(c))s
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(a) Snapshot

(b) Bucket-
relay-type
migration
mechanism

Figure 3.29. Snapshot (a) and corresponding schematic representation (b) of "bucket-relay"-type migration
mechanism. In panel a, the blue spheres stand for the mobile apical and interstitial oxide ions in the oxide-ion
conducting c’layer. The grey and green spheres denote the relatively immobile O2 atoms forming the trigonal
planes and M (= Nb/Mo2) cations, respectively. People and buckets in panel b correspond to M cations and

mobile oxide ions, respectively. Copyright© 2023 Authors.
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Figure 3.30. Variation of bulk conductivity at 500 °C with (a) the number of O5 atoms in a unit cell and (b)
amout of excess oxygen atoms x/2 in BasNbs xMo01+xO20+x2 at 800 °C. Variation of the minimum NSLD
between the O1 and OS5 sites of Ba7Nb4 xMo01+:O20+x2 at 800 °C with (c) the number of O5 atoms in a unit cell
and (d) amout of excess oxygen atoms x/2 in BasNb4 xMo01+:O20+x2 at 800 °C. (e) Variation of bulk conductivity
at 500 °C with the minimum NSLD between the O1 and OS5 sites of Ba7NbsMo01+:O20+x2 at 800 °C. Bulk
conductivities at 500 °C of Ba7Nbs_sMo1:O20+x2 (x = 0, 0.05, 0.1) were taken from Refs. '* and '°. Minimum
NSLD of BasNbs xMo1+:020+x2 (x = 0.1) was obtained from Ref. !°. Copyright© 2023 Authors.
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3.3.4.5. Ba;NbsxMo01:xO20+x2 DLV A 4 VIGEEIC BT 2 EVEELz AL F

— DHR
INH a7 294 b EREEELY) BasMM Ogs (M =Mo, W; M'=V, Nb)IZB{LY) 4 +
Y DBEIREE B NICD b b3, kWA A Vv EEE E, o b= v ¥ — 1%
Ba;Nb; sMo; 20201 DIEHENLZ AL F— XD 132 5 ITHE . £ L T, BayNbs sMo; 20201
Y BasMoNbOgs XD /N7~ 724 +EEE(LYITH Y. [F UICHE TR
. c'fEOTENG K O TRV A + %2854 4 v ORI ILEURREE % Ff - C
WA HGE S 23H % (Figure 3.28(b)(c))e L 2> L. BasNb3;gMo0;20501 D E, DfE (306-593
°C T 0.25(4)-0.41(4) eV) 1. BasMoNbOgs D E, DAiE(505-604 °C T 0.740(15) eV) & »
b KIFIT R, 222 T 0.222(7) eV-0.30(3) eV DK\ E, 1% Ba;Nbs Mo 1,004y
x=0,0.)THMEINT VDS, I T, 7t BayNbsMoOy ZMEL OB 4 A Vs
BEED E, DEAMEV O 0 REERICOWTERZ L7, 3. BOMIWA 4+ v
DYILEURERG 1T ¢ BT > T Nb/Mo & Ba A5 A4 v ORicEkEN T3 728 (Figure
3.31(a)). 2 2D A F A v (Nb/Mo)& Ba DEDERHEED ALY A A v DIEENITHT 3 5 %)
BRI Ay 2 DIEEL AT LB TE S, BayNbsMoOy ZMED (Nb/Mo)-
Ba2 R (4.374(9)-4.397(3) A)iZ BasMoNbOgs (4.0743) A) X W d . ZHIFEE X
Nz E,DfE & BB H 5 (Figure 3.31(b)). < D & DAHBARE{R 13 Ba;NbyMoOs 5%
PP BasMoNbOg s 72 1 T7e <. BEE#ERE(LY) Bas(M,M'),055 (M = Mo, W; M’ =V, Nb)
ICHYTIEE B2 LD d o7z, Figure 3.31(b) IR T X 51, XH&T % (M/M')-Ba £

108



IS % L E, oI T 5 2 &5, BayNbsMoOy LM ED (M/M)-Ba D
IBRAL &2 LB A VIBEEOEM L= A v F — 233 5 L AEm T T b
%, Tlx. Ba;NbsMoOy HMELD (M/M)-Ba FEEED Bas(M,M'),055 £ D b RWVWD 37
% EET 572912, BasNb;gMo1,02,1 & BasMoNbOgs /' D~ —FT L v 7T 4L
¥ — % (Nb/Mo)-Ba BEHEDRBIEL & L CEFA L 72 (Figure 3.33), BajNb;sMo;2050; I
(Nb/Mo)-Ba2 2% 4.60 A THR/NT ANV F — %R T 5, BasMoNbOgs (T & 0 kiR
Mt 431 A TRANZ AL F —ER T, T BasNb;sMo, 2050, PSR KR ¢’ BaO,, /&
DFEM[-2.2¢ 13 BazMoNbOgs D ¢’ BaO,ss JEDEEM-2.72e & 2 % & BICHE LIC L
S, WFF v ERBIEFAFIT WD, BaNbssMo2050, @ (Nb/Mo)-Ba2 FE it 1%

Ba;MoNbOxg s X0 d.):%l/‘ a/’:%%_ 6“50
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Figure 3.31. (a) NSLD distribution and crystal structures near the oxide-ion conducting c’ layer of
BasNbs; sMo12020.1 at 800 °C. The solid line with black arrows represents the Nb/Mo—Ba2 distances. (b)
Variation of the activation energy for bulk conductivity in the temperature range from 500 to 600 °C with the
M/M"-Ba2 distance at RT or 50 °C of hexagonal perovskite-related materials (M = Mo, W; M’ =V, Nb):
Ba;WNbOss5;”® Baz;VWOss;” BasMoNbOss;*>"! BajNbsz sMo12020.1-y H20; (this work, Table. 3.5) and
Ba;NbsMoOyo."? Structural parameters of Ba7NbsMoQO2 and BasMM'Os s (M = Mo, W M’ = Nb, V) are taken
from the literature. Copyright© 2023 Authors.
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Table 3.5. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-
diffraction data of as-prepared Ba;Nbs sMo1.2020.1-y H2O taken with SPICA at 21 °C (Rietveld patterns are
shown in Figure 3.32).

Site s Wyckoff
Atom X g(X; s) X y z Uiso (A?) BVS (vu)

Atom label position
Bal Ba la 1 0 0 0 0.00663(18) 2.04
Ba2 Ba 2d 1 1/3 213 0.82725(12) 0.00663(18) 2.19
Ba3 Ba 2d 1 1 2/3 0.57448(13) 0.00663(18) 2.29
Ba4 Ba 2c 1 0 0 0.28013(13) 0.00663(18) 1.92
Nb/Mo1 Nbo.76M0o 24 1b 1 0 12 0.00464(13) 4.28
Nb/Mo2 Nbo.76M00.24 2d 1 13 2/3 0.09321(9) 0.00464(13) 4.74
Nb/Mo3 Nbo.76M00.24 2d 1 13 2/3 0.34987(9) 0.00464(13) 4.43
o1 o) 6i 1/3 0.3611(6) 0.7222(13) —0.01349(17) 0.0358(15) 1.75
02 o) 6i 1 0.16723(19) -0.16723(19) 0.13183(7) 0.0128(2) 1.89
03 o] 6i 1 0.16434(19) —0.16434(19) 0.43136(7) 0.00552(17) 1.88
04 0 6i 1 0.49385(13) —0.49385(13) 0.29439(6) 0.0058(2) 1.88
05 (0] 3e 0.117 1/2 0 0 0.0358(15) 1.29
H H 12j 0.042 0.0727 —0.0613 0.1324 0.0358(15) 0.87

Bravais lattice: hexagonal: Crystal system: trigonal. Space group: P3ml. Lattice parameters: a = b =
5.863739(9) A, ¢ = 16.53411(5) A. Number of formula per unit cell: Z=1.

g(X; s): Occupancy factor of X atom at the s site. Linear constraints: g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3) =
g(Ba; Ba4) = g(Nbo.76Mo0o.24; Nb/Mol)

= g(Nbo.76Mo00.24; Nb/Mo02) = g(Nbo.76M0o.24; Nb/Mo3) = g(O; 02) = g(0O; 03) = g(0; 04) =1

Uiso(Xn): Isotropic atomic displacement parameter of X atom at the X site. Linear constraints: Ujso(Bal) =
Uiso(Ba2) = Uiso(Ba3) = Uiso(Ba4), Uiso(Nb/Mol)

= Uiso(Nb/M02) = Uiso(Nb/M03), Uiso(O1) = Uiso(O5) = Uiso(H).

Reliability factors: Rwp = 6.03%, Rp =5.22%, R = 6.23%, Rr=5.20%

The values of occupancy factors g(O; O1), g(O; O5) and g(H; H) in this Ba;Nbs sMo1.2020.1-y H2O sample are
fixed to the values for Ba;Nb3 sMo012020.1:0.25 D>O (Table S6). The atomic coordinates of H atoms were
difficult to be refined and fixed to the values which were found after several trials.

BVS: bond valence sum. BVSs were calculated using the bond-valence parameters reported by Gagné and
Hawthorne.® Low BVS value at the interstitial OS5 site 1.29 indicates that the O5 oxide ion is underbonded.
Such underbonding at the interstitial site has been observed also in other compositions such as

BasNbs; oMo1.1020,05.'°
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Figure 3.32. Rietveld patterns of as-prepared Ba;Nbs sM01.2020.1°y H20 of neutron-diffraction data taken with

the backscattering bank (d = 0.46—3.76 A) of the SPICA diffractometer in vacuum at 21 °C. Red crosses, dark

blue lines, green bars, and black lines represent observed intensities, calculated intensities, peak positions, and

difference plots, respectively. Copyright© 2023 Authors.
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Figure 3.33. Madelung energy as a function of the Nb/Mo—Ba2 distance in (a) BasNbz sMo12020.1 and (b)
BasMoNbOs 5 (Ref.”!) at 800 °C. The Madelung energy for the unit cell was calculated using a Fourier method
and refined crystal parameters with a program MADEL embedded in VESTA 3 program.***° Closed black
circles denote the calculated data. Crystal parameters of Ba7NbzsMo1.2020.1 (Table 3.2) and BasMoNbOs s
(Ref.”") were used where the atomic coordinates of Nb/Mo and Ba2 atoms were changed depending on the
Nb/Mo—-Ba2 distance. In the calculations with MADEL, the RADIUS (radius of an ionic sphere) and REGION
(Reciprocal-space range within which Fourier coefficients are summed up) parameters®® were set to be 1.5 A
and 3.0 A™!, respectively. Copyright© 2023 Authors.
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3.3.5 KflE 7u b VIcEOBE
3.3.5.1. Kfl (FKAFEML) Ba;Nb3sMo120201 (=BasNb3sMo01.202.1-0.254) D:0) &
¥Z 1% BasNbs sMo1.2020.1 D5 ST
KB L BBERTOEALMEZFRS oI, K (BEAKEEE) Ik
Ba;Nb; sMo; 20201 (= BasNbs sMo;2029.1-0.25(4) D,0) & #2J8: L 72 BasNbs sMo; 2050 D
iEE % BVEE MGl S 115 5 K DKo ETF T — & 2 L Tt L
Tzo WIE I =T EIT T — 2 Z W2 Y — F L MMENT X, P3ml RY 24 7
X o CTfrbi7z (Figures 3.34,3.35), BVS DIEIZZY TH % DT (Tables3.6,3.7). /K
1S U218 BasNbs sMo1 20201 V¥ 7V DRFEAL S N7z diE S Z4TH 5, Ol &
05 JR T DO EHERIZEZEY v LTz Lz i g0; 01) =1/3 & g(0O; 05) = 0.033
(Tables 3.7)TH V. KHIH v I rTlEZNZ i g(0;01)=1/3 & g(O; 05)=0.117(13)
(Tables 3.6) TH o7z, Lo T, cTE~DKDE Y ARIT X Y IKHIH v TN DERFEEH
BT Y TV OMBEEERELD b EL R D, FIEY v TV CIIOKER I
EN7ed o7z (Table 3.7) 25, KHIY v 7 A Tld D JRTORBELL TN EHR gD;
D) =0.042(N)KEBRTDIFHEEZRL T3, DRI cBOKET Ol R KR KT
[l 05 T L BAZ L. O1-D & 05-D #AaRKITZ 24 1.03(15 8 0.97(17) A LEIE
X N7z (Figure 3.36), ZAUIZ OH i 7~ v Ny FOAEZMHEH L CHE X7z O-
H FEHE 1.00011D)A & —30F % (Figure 3.37), 7K L 72 Ba;Nbs sMo1 0501y D0 D&
KE y IIEELL I N EEEXEDL DS 025@) L HETE SN, EERFEED 3 FLINT TG &
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TG-MS HIZE2 5 D y DfH 0.33 & 0.34 £ —3LL 7= (Figures 3.18, 3.38), /KFIIC X 2
R eRm T KRBT SK T BICHFET 2720, KBV AETNT EIC
O-D (O-H) #E&BIHE NS, Lo T, BasNb;sMo; 200 DKL cTETRZ D, X
Bk D Ba;Nb,MoOy-y D0 12 B3 % fifism 2568 & —E9 %,

% 72, 21°C CHIGE L 72 BayNbs3sMo0120501-y H,0 OHFETRITT— 2 DY — b v
MENT DTV, H BEF2% (Ba2)(02): h EICHFEST 5 2 L 2/R L7z (Table 3.5), T
IZ AIMD ¥ a2l —3a vy TEZEINZ h BNO 7 b voBdé —5T 3 (kD

7Y a v 3352 0HM%E S,
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Figure 3.34. Rietveld pattern of in situ neutron-diffraction data of Ba7Nbz sMo1.2020.1-0.25(4) D20 measured
at 5 K with HERMES diffractometer. Red crosses, dark blue lines, green bars, and gray lines represent

observed intensities, calculated intensities, peak positions, and difference plots, respectively. Copyright© 2023
Authors.
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Figure 3.35. Rietveld pattern of in situ neutron-diffraction data of dry Ba7Nbz sMo1.2020.1 measured at 5 K

with HERMES diffractometer. Red crosses, dark blue lines, green bars, and gray lines represent observed

intensities, calculated intensities, peak positions, and difference plots, respectively. Copyright© 2023 Authors.
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Table 3.6. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-
diffraction data of Ba7sNb3 sMo01.2020.1-:0.25(4) D>O taken at 5 K with HERMES diffractomter.

Site s Wyckoff
Atom X g(X; s) X y z Uiso (A2 BVS (vu)

Atom label Position
Bal Ba la 1 0 0 0 0.0074(7) 1.97
Ba2 Ba 2d 1 1/3 2/3 0.8282(5) 0.0074(7) 2.29
Ba3 Ba 2d 1 1 213 0.5749(5) 0.0074(7) 2.31
Ba4 Ba 2c 1 0 0 0.2820(5) 0.0074(7) 1.94
Nb/Mo1l Nbo.76M0o.24 1b 1 0 0 12 0.0080(5) 4.37
Nb/Mo2 Nbo.76M0g.24 2d 1 1/3 2/3 0.0934(4) 0.0080(5) 4.69
Nb/Mo3 Nbo.76M0o.24 2d 1 1/3 213 0.3502(4) 0.0080(5) 435
o1 o) 6i 1/3 0.353(6) 0.705(11) -0.0168(9) 0.059(9) 1.84
02 o] 6i 1 0.1683(8) -0.1683(8) 0.1328(3) 0.0130(8) 1.84
03 o] 6i 1 0.1645(7) ~0.1645(7) 0.4323(3) 0.0078(8) 1.01
04 o] 6i 1 0.4945(6) ~0.4945(6) 0.2935(2) 0.0115(9) 1.87
05 o] 3e 0.117(13) 1/2 0 0 0.059(9) 1.45
D H 12 0.042(7) 0.346(2) 0.475(2) -0.032(7) 0.059(9) 0.70

Bravais lattice: hexagonal: Crystal system: trigonal. Space group: P3m1. Lattice parameters: a = b =
5.85577(18) A, ¢ = 16.5144(4) A. Number of formula per unit cell: Z=1.

g(X; s): Occupancy factor of X atom at the s site. Linear constraints: g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3)
= g(Ba; Ba4) = g(Nbo.76M00.24; Nb/Mo1)

= g(Nbo.76Mo00.24; Nb/Mo2) = g(Nbo.76M0o.24; Nb/Mo3) = g(O; 02) = g(O; 03) = g(0; 04) =1, g(0O; O5) =
0.033+2g(D; H). In a preliminary analysis, the occupancy factors of O5 and D were refined independently
and the refined vaules gave the relation g(O; O5) = 0.033+2g(D; H) within three estimated standard
deviations. Thus, we applied this linear constraint in the final refinement.

Uiso(Xn): Isotropic atomic displacement parameter of X atom at the X# site. Linear constraints: Uiso(Bal) =
Uiso(Ba2) = Uiso(Ba3) = Uiso(Ba4), Uiso(Nb/Mo1) = Uiso(Nb/Mo02) = Uiso(Nb/M03), Uiso(O1) = Uiso(O5) =
Uiso(D).

Reliability factors: Rwp = 11.93%, R, = 9.40%, R = 2.83%, Rr=1.43%

BVS: bond valence sum. BVSs were calculated using the bond-valence parameters reported by Gagné and
Hawthorne.® Low BVS value at the interstitial O5 site 1.45 indicates that the O5 oxide ion is underbonded.
Such underbonding at the interstitial site has been observed also in other compositions such as

BasNbs oMo1.1020.0s."
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Table 3.7. Refined crystallographic parameters and reliability factors in the Rietveld analysis of the neutron-
diffraction data of dry Ba7Nbs sMo1.2020.1 taken at 5 K with HERMES diffractomter.

Site s Wyckoff

Atom X g(X; s) X y z Uiso (A2 BVS (vu)
Atom label Position
Bal Ba la 1 0 0 0 0.0067(6) 191
Ba2 Ba 2d 1 113 213 0.8256(4) 0.0067(6) 2.19
Ba3 Ba 2d 1 1 213 0.5740(5) 0.0067(6) 233
Bad Ba 2c 1 0 0 0.2832(5) 0.0067(6) 1.94
Nb/Mol Nbo.76M00 .24 1b 1 0 0 1/2 0.0056(5) 4.42
Nb/Mo2 Nbio 76M0o 24 2d 1 13 213 0.0944(4) 0.0056(5) 462
Nb/Mo3 Nbio.76M0o 24 2d 1 13 213 0.3491(3) 0.0056(5) 438
o1 ) 6i 13 0.3589(16) 0.718(3) ~0.0142(6) 0.022(4) 1.67
02 o} 6i 1 0.1677(8) -0.1677(8) 0.1319(2) 0.0146(8) 1.83
03 o) 6i 1 0.1632(7) ~0.1632(7) 0.4319(3) 0.0073(6) 191
04 0 6i 1 0.4953(6) ~0.4953(6) 0.2952(2) 0.0093(8) 191
05 (0] 3e 0.033 1/2 0 0 0.022(4) 1.27

Bravais lattice: hexagonal: Crystal system: trigonal. Space group: P3m1. Lattice parameters: a = b =
5.85829(15) A, ¢ = 16.5251(3) A. Number of formula per unit cell: Z=1.

g(X; s): Occupancy factor of X atom at the s site. Linear constraints: g(Ba; Bal) = g(Ba; Ba2) = g(Ba; Ba3)
= g(Ba; Ba4) = g(Nbo.76Moo.24; Nb/Mol)

= g(Nbo.76M00.24; Nb/Mo02) = g(Nbo.76Mo00.24; Nb/Mo03) = g(O; 02) = g(0; O3) =g(0; O4)=1.Ina
preliminary analysis, the g(O; O1) and g(O; O5) were refined to be higher than 1 and lower than 0,
respectively. In other analysis, the refind g(H; H) was minus, indicating no water incorporation. Therefore,
the g(O; O1) and g(O; O5) were fixed in the final refinement.

Uiso(Xn): Isotropic atomic displacement parameter of X atom at the X# site. Linear constraints: Uiso(Bal) =
Uiso(Ba2) = Uiso(Ba3) = Uiso(Ba4), Uiso(Nb/Mo1) = Uiso(Nb/Mo02) = Uiso(Nb/M03), Uiso(O1) = Uiso(O5).
Reliability factors: Rwp = 12.43%, R, =9.79%, Rz = 4.60%, Rr=2.77%

BVS: bond valence sum. BVSs were calculated using the bond-valence parameters reported by Gagné and
Hawthorne.® Low BVS value at the interstitial O5 site 1.27 indicates that the O5 oxide ion is underbonded.
Such underbonding at the interstitial site has been observed also in other compositions such as

Ba7Nb3 9Mo1.1020.s."
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Figure 3.36. Refined crystal structure of wet (deutrated) Ba7Nbsz sMo01.2020.1:0.25(4) D2O at 5 K. (a) Structure
viewed along the [110] direction (0 < x, y, z < 1), which are drawn with (Nb/Mo)-O polyhedra. (b)
Structure of the ¢’ layer viewed along the ¢ axis (-0.05 < z < 0.05). Red/black O1-D and pink/black O5—
D bonds are drawn. Copyright© 2023 Authors.
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Figure 3.37. Raman spectrum of O—H stretching vibrations of as-prepared BasNbs sMo01.2020.1°y H20. Red
cross marks and black line show experimental data and fitting curve, respectively. The O—H distance was
calculated to be 1.00(11) A using the empirical equation after Novak.®! Copyright© 2023 Authors.
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Figure 3.38. Thermogravimetric (TG) data of Ba7Nb4xMo01+,O20+v2:y H2O by equilibrium isotherms for (a) x

=0 and (b) x = 0.2 on heating under dry air and cooling under wet air (water vapor partial pressure: P(H20) =

0.021 atm). (c) Temperature dependence of proton concentration (= number of protons) 2y in BasNb4

M01+xO20+x2y H20 (x = 0, 0.2). It should be noted that the proton concentration for x = 0.2 is a little higher

than that for x = 0. (d) van ’t Hoff plot for the water incorparation in wet air (P(H>O) = 0.021 atm). K, values
of Ba7Nb4xMo01+,O20+x2y H20 (x = 0, 0.2) were calculated by using the formula (1) in 3.3.6.3. Copyright©

2023 Authors.
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3352. AIMD ¥ I 2L — ¥ 3 v iT X 3 BaNbssMo012021°0.1 H:0 &

BasNbsM0O2-0.1 HO IZ 813 3 7 a + vl

v b v OILHEENE Z PR 5 72910, 3x3x] A —-¥—+t L BagNbyuMoy O1:H,  ~
(Ba;Nb; §Mo;2020,1-0.1 H,0)9 & BagNbi;MogO,51H, ~ (BasNbyM0O-0.1 Hy0)9 D AIMD
vzl —vaV1],[2],[3],[4](Table 3.8) 2T o 7z, 70 b VAREI A ELELHY S O A
500 °C T Ba;NbssMo 2040y H,O @ y 255 0.1 TH %72 (Figure 3.38). Ba;Nb,.
Mo011:02042y HO (x =0, 0.2) DEIKE y % 0.1 ICEREL 72,

5 K IZE1F 57K L 72 BasNbsgMo; 2021y HoO # v 7L DFEEAL S 7z iiE 0 &
cTBICKBIR T BRI EIR T ATEAET D LR ENTZTD, 220078 F v Ii3H]
HIREIE (0 ps) ICBWT cBIC@ED N2 (1)) AIMD ¥ 2 2L —3 a v [1]TIE. K
FHT H1 12 01 JHT 27%) LY b 05 JHT (73%) &L d AHERD S\ (Figure
3.39(a)) (OS5 JRT (30%) DT O1 i+ (70%) DL D bIx s »ichinn), il
LT, 7ua t ¥ HI X MO, —ERORLEHFET 25 05 JE+ Lifid 5 (Figure3.40), Z
NODFERIT CTED 7 0 b Vs M0y ~EBRDHILHT 2 05 JRFIEL DIEZ T
ZLERBELTHDEDT, MOy —EfRIZ cTED 7' v b VIREICERE aHE 281 L
TWAHAREW S H %, 2 LT, 7uB v HllZcEE hJEDM%E 0-25ps DREITIT %
K L7z (Figures 3.39(a), 3.41(a)—~(d)). U721 & LT, NAG=w 7 2xHh A4 +EHHERELY)
Ba,ScAlOs ICH W T, 7u t i hfE (WERBEACONHREE»EKT) & c/E
BITE RS2 ZLPMEINT WS, BasNbssMo;2050,y H:O D AIMD ¥ 2 = L
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—Ya V[1] Tk, 7’8 b ¥ HL I cJ8 (13-25 ps; Figure 3.41(d)) 7217 T <, &A&HY
I h JBIC b %HE) L 7= (25-46ps; Figure 3.41(e))e T & ¥ % &, Ba;NbsgMo; 2,020,y H,0
D AIMD ¥ Ial—3av 1T, e b Yy HI & H2 3G E D /@25 h B
ICFEEN L 72 (Figures 3.39, 3.41(a)—(e))o E 7z, Fop LI HWE D N TDOA T\ F v
DOBE RS L7225, FHIE (BasNbyMo005-0.1 HyO)o D AIMD ¥ I = L — 3 V[2]
AT TG R, b hE~o7a b voBEi2#ElZ L7z (Figure 3.42),

Figure 3.41(e)lZ. (Ba;Nb3sMo01,001°0.1 H;O)g® AIMD ¥ I =L —¥ =3 Y[1]ITE
W, 7 kv HI BPFEIC h BNZBEIT %R, 22T, AIMD ¥ a2l
—2a VBIMVM|ZETLEZ, TD220DY 2L —3a Yy T, WIS (0 ps)
ICEWTh BIc2207 8 b v2BRLES N T2, B8 (Ba;NbsMo0,0-0.1 HyO)
T, AIMD Y Ialb—vav@BlicslJ2 hfEOHN7Ta DO MSD 28 3 2L —
vavRID BN T e b v XD /NI (Figure 3.43), XHL X Offiime —2 L T
W3, XTHRAVIC (BasNbssMo0;2020.1:0.1 HoO)g Tld, AIMD ¥ I a2l —3 3 V[4]D h
JEND 7 a b »® MSD X AIMD ¥~ 2 2L —3 a3 Y[1]1D /JEND MSD XV b3
2T K E W (Figure 3.44), ERRIC 7 v + v OiuEld. (BasNbs;sMo;202.1-0.1 Hy0)y D
AIMD v I 2L —va vV4lickB T, BT 2T 2 h ENOREH e F v o
B8 %R L CWwa (Figure 345), TN L DOfEHRIT, v b vimEXEIC
Ba;Nb; sMo; 20201y H,O FO hEHNICE T 2 Bt 7 e b vBElick-CTliezc 3 2 &
RLTW5, 72, (BasNbigMo;,0,:0.1 H,0)y @ h EHNICE T 3 71 F v oD
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MSD(AIMD ¥ I = L — 3 V[4])iE. (BajNbyM0O-0.1 H,O) D c¢TBHNICEH T 5 71
FYDOMSD LY bEnC &L 72 (AIMD ¥ 2 2 L —3 =3 V[2]) (Figure 3.46),

Z 31T (BasNb3gM0;20201:0.1 HoO) IC BT 5 7 1 + v D HLEELA (BasNbsMoO4y-0.1
H0)y £V dEWI &ZREL TW53, BaNbijsMoi20xy HO 28 BEYH
Ba;NbsMoOy'y H,O & Y @7 v b VEEEZ/RSFEREIZ, 70 b vy omEmeiia e &

Ww7'a b VBB O AE 2 bivs (Figures 3.18(b), 3.38),

Table 3.8. Four AIMD calculations of [1]-[4].

AIMD No. Composition of Initial position Initial position Figures
BasNbs-xMo1+020+x2:0.1 H20 of H1 atom at 0 fs of H2 atom at 0 fs
1] x=02 ¢! ¢’ 3.39,3.41
3.44 (Black line)
[2] x=0.0 ¢’ ¢ 3.43 (Black line)
3.46 (Red line)
[3] x=0.0 h h 3.43 (Red line)
(4] x=0.2 h h 3.34, 3.46 (Black line)
(@) (b)
H1 H2
03 | 03 |
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Figure 3.39. oxygen O1-05 atoms closest to (a) H1 and (b) H2 atoms in Ba7Nb3 sMo01.2020.1-0.1 H>O at
1200 °C in the AIMD simulation [1]. Here, O1 denotes O, and Op" atoms, while OS5 stands for Og, atom.
Oxygen atoms O1 and OS5 exist in the ¢’ layer. The O2 and O4 atoms are located in different h layers, while
the O3 atom exists in the c layer (Figure 3.21). Copyright© 2023 Authors.
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Figure 3.40. Proton migration process of BasNb3; §Mo01.2020.1-0.1H20 in the ¢’ layer at 1200 °C in the AIMD
simulation [1]. Red, gray, black and green spheres represent corner-sharing oxygen atom Osp, 0Xygen atom,
hydrogen atom and Nb or Mo cations (M: Nb/Mo2), respectively. Copyright© 2023 Authors.
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Figure 3.41. Trajectories of protons in BaszNb3sMo110181-H20 [ ~ (BasNb3zsMo01.2020.1-0.1 H20)9] in the
AIMD simulation [1] at 1200 °C during (a) 0-2 ps, (b) 2—11 ps, (c) 11-13 ps, (d) 13-25 ps, and (e) 25-46 ps.
In the initial state (0 ps), both H1 and H2 atoms were put in the ¢’ layer. Green and blue lines stand for the
trajectories of H1 and H2 atoms, respectively. A black dot lines denotes the c¢’layer. Red spheres denote oxygen
atoms. The H2 proton migrates from ¢’ to h layer at 11 ps (Figures 3.39, 3.41(b) and 41(c)). The other proton
HI exists mainly near O5 (Ogshn) atom in the ¢’ layer between 0 and 2 ps, and then migrates from ¢’ to h layer
at 2 ps (Figures 3.41(a) and 41(b)), returns to ¢’ layer at 13 ps (Figures 3.41(c) and 41(d)), goes back and forth
between the positions near the O5 and O1 atoms in the ¢’ layer between 13 and 25 ps, and the HI atom moves
from c'to h layer again at 25 ps, and then goes back and forth between the positions near the O2 and O4 atoms
in different h layers between 25 and 46 ps (Figure 3.41(d) and 41(e)). Thus, the H1 goes back and forth
between the ¢’ to h layers from 0 to 25 ps. Copyright© 2023 Authors.
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Figure 3.42. Trajectories of protons in BagsNb3sMo09O180- H2O [ ~ (Ba7NbsMo0O20-0.1 H20)9] obtained by the
AIMD simulation [2] at 1200 °C during 0-68 ps. Two H atoms were placed only in the c¢’layer at 0 ps in the
AIMD simulation [2]. Black line denotes the 3x3x1 supercell. A black dot lines denotes the ¢’ layer. Red
spheres denote oxygen atoms. Copyright© 2023 Authors.
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Figure 3.43. MSDs of H atoms of BassNb3sM09O130-H20 [ ~ (Ba7NbsMo0O20-0.1 H2O)9] in AIMD simulations
[2] and [3] at 1200 °C. Two H atoms were placed only in the ¢’ layer at 0 ps in the AIMD simulation [2] (black
curve), while two H atoms were placed only in the h layer at 0 ps in the AIMD simulations [3] (red curve).
Copyright© 2023 Authors.
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Figure 3.44. MSDs of H atoms of BagNb3sMo110181-H20 [ ~ (BasNb3 sMo01.2020.1-0.1 H20)9] in AIMD
simulations [1] and [4] at 1200 °C. Two H atoms were placed only in the ¢'layer at 0 ps in the AIMD simulation
[1] (black curve), while two H atoms were placed only in the h layer at 0 ps in the AIMD simulations [4] (red
curve). Copyright© 2023 Authors.
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Figure 3.45. Trajectories of protons in (Ba7Nbz sMo12020.1-0.1 H20)9 obtained by the AIMD simulation [4]
at 1200 °C at 0-38ps. Two H atoms are placed only in the h layer at 0 ps in the AIMD simulation [4]. Black

line denotes the 3x3x1 supercell. A proton comes across 1x1x1 unit cells (green trajectory). Copyright© 2023
Authors.
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Figure 3.46. MSD of H atoms of BagNb3sMo110131-H20 [ ~ (Ba7Nb3sMo01.2020.1-0.1 H2O)9] in AIMD
simulations [4] at 1200 °C where two H atoms were put only in the h layer at 0 ps (red curve). MSD of H
atoms of BagzNb3sMo09O150-H20 [ ~ (Ba7NbsM0O29-0.1 H20)9] in AIMD simulation [2] at 1200 °C where two
H atoms were placed only in the c’layer at 0 ps (black curve). Copyright© 2023 Authors.
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3.3.6. fili & axBH

3.3.6.1. Kramers-Kronig (KK) DHREE
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Figure 3.47. Residual plots of the measured impedance data of (a) Ba7Nbz sMo01.2020.1 in dry air at 306 °C and
(b) BasNb3;sMo012020.1'y H2O in wet air at 326 °C obtained by the Kramers-Kronig transformation.

Copyright© 2023 Authors.
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Figure 3.48. Residual plots of the equivalent circuit fitting of (a) Ba7Nb3z sMo01.2020.1 in dry air at 306 °C and
(b) Ba7Nb3 sMo01.2020.1*y H20 in wet air 326 °C. Copyright© 2023 Authors.
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3.3.6.3. Ba7Nb4xM01+:xO20+x2y H20 (x = 0, 0.2) D FHEER (Kw)

Ba;Nby Mo1+020+2y HxO DIKHNER DRI HERIC L - T Z 5,
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Table 3.9. Hydration enthalpy and entropy of BasNbs_«Mo01+:O20+x2°y H20 (x =0, 0.1, 0.2).

AH® / kJ mol™! A8°/ TK ! mol™! Temperature range / °C
Ba/NbsMoO»g -22.3 -25.7 300400
Ba7Nb3z oMo1.1020.05 -23.4 -24.7 300—400
Ba7Nbz sMo01.2020.1 -26.7 -29.9 300—400
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4.1 ARRDOBE L 1FREE

NSTa T2 A T BERELY) BayNbyMoO,yy R EHIARE Y i 55 K88 % F5 5 |
WA A VB Z R L, 70 P VBEEES RS T 2T A4 F VRERTH
%, AR TlE Ba;NbsMoOy ICTEHREIAZITH T L T LICHWEEY A 4 v 58
BEROT 2T A+ MeBEEZROMBl 2R A L. 2 0ERZH 52 L7z,

2 —E Tl BasNbsMoOy D Nb O —#i% Cr ICiE#a L. HTA KL BasNby ,Cr,M0O20+2
(x=0.05,0.1,0.15,0.2,0.25, 0.3, 0.35, 0.4, 0.45,0.5) &K L. K5Ik T 3 EFMY
A CIEEZRIE L, &b E O EEE 28T BaNbssCroaMoOs ZF R L 72,
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FEHIEIC L D, 78 P VEEZIZLA LRI BT L0300 o 72, BaNbMoOyy D
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TY— F~L MENTE MEM BT % 1T\, BasNbs sCrgoMoOso; (& ¢ CHE(LA) A A
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PR e & LT, BayNbssCrooMoOy, (i WCIRILY)I A A VIBEKE L KT v k
VNEEEEZIR L, OB HEE A\ D T, SOFCs D [EAEEMAEME L L TR
EPHPFENS, T/, AIMDY 2 a2l —ya v idERfTo TR nwD T, CrDfig
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iR KIEE TR A A VI ZRITWITRE L, FPE Ba;NbsMoOy 1t~ T

YN
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