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FlgSl The XRD pattern of Bi4(V0.9CUOA1)16509_8775
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F1gS2 The XRD pattern of Bi4(V0A9Cuo_1)2_050108175
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Fig. S3 (a — g) SEM images of Big(V.9Cug)Og+235: (1.70 < x < 2.00) powders; (h) The distribution of powder size
of Bis(Vo.9Cug.1)xOp+2.35¢
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Fig. S4 (a — g) SEM images of Big(V(.9Cuq)xOg+2.35: (1.70 < x < 2.00) fractured surface of ceramics; (h) The

theoretical, measured and relative density of Big(V.9Cug)xOg2.35¢
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Fig. S6 Nyquist plots of Big(V.9Cug1)xOg+2.35: (1.70 <x <2.00) (a) x = 1.70; (b) x = 1.75; (¢) x = 1.80; (d) x = 1.85;
(e) x=1.90; (f) x =1.95 and (g) x =2.00
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Fig. S7 The Nyquist plot of Bis(V9Cug 1)yO¢+235x (1.75 <x <2.00) recorded at 250 °C (a) x = 1.75; (b) x = 1.80; (c)
x=1.85; (d) x =1.90; (e) x = 1.95; (f) x = 2.00. The black line and blue circles denote the fit to the data and

experimental data, respectively.
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Fig. S8 The total conductivity of Bis(VoCug1)Og235: (1.70 < x <2.00)
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Fig. S9 The grain boundary conductivity of Big(V(.9Cug.1),Os+2.35: (1.70 <x <2.00)
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Flg S10 The SEM images of Bi4(V0A9Cu0A1)1_95010_5325 and Bi4(V0,9CU0_1)2_0001()‘7 microcrystal
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Fig. S11 Patterns of Rietveld refinement of Bis(VoCug1)xOg235: (1.70 < x < 2.00) obtained from PXRD. Red
circles, black lines, blue lines, and green ticks represent observed, calculated, difference intensities, and Bragg peak

positions, respectively.
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Fig. S12 Patterns of Rietveld refinement of Bisy(VoCuyg1)2.00107 obtained from PND. Red circles, black lines, blue

lines, and green ticks represent observed, calculated, difference intensities, and Bragg peak positions, respectively.

13



a b c
( ) O Obs. ( ) O Obs. ( ) O Obs.
—Calc. = Calc. = Calc.
| x=1.70 — Difference x=1.75 —Difference = x=1.80 —— Difference
3 | Bragg position = | Bragg position E | Bragg position
8 i s
g Ry 012 | & Ry 013 | £ Rup 0.11
a R, 0.09 2 R, 0.09 i R, 0.08
c P @ p A P
ko 8 8
£ l € l =
W AR R R T WO L — P IR WU WS O N —— T 0 LINI W N NN N O S N —
: | PO T wl N it
L e M M | L .
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
20 (°) 20 (°) 20 (°)
d e
( ) O Obs. ( ) O Obs. (f) O Obs.
e Calc. —Calc. e Calc.
x=1.85 = Difference x=1.90 — Difference x=2.00 ~—— Difference
';' | Bragg position| | Bragg position| = | Bragg position
] = =
g Ry 014 | & Ry 011 | & R,, 0.12
F >
5 R, 0.10 £ R, 0.08 £] R, 0.09
e P ] P [
H c =
£ g g
= E £
L LR R L Lo L IR e M SEaE s ' | ...;_._.
[T ' Setf e H
1y g T ™ T T ] —r———r T T T T T ] I — T T T 1
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
20 (%) 20 () 20 (°)

Fig. S13 Patterns of Rietveld refinement of Biy(VoCug1)Og+235: (1.70 <x <2.00) (x =1.70,x=1.75,x = 1.85,x =
1.90 and x = 2.00) obtained from SRXRD. Red circles, black lines, blue lines, and green ticks represent observed,
calculated, difference intensities, and Bragg peak positions, respectively.
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Fig. S15 The average bond length of V-O of Big(V(9Cug.1)xO6+2.35: (1.70 <x < 2.00)
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Fig. S16 The average bond length of Bi-O of Bis(V9Cug 1)Og42.35: (1.70 <x <2.00)
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Fig. S17 The Raman spectra of Bis(V9Cup 1):Og+2.35: (1.70 < x < 2.00)

18



b) c d)o]
Cu R space + Obs. (Bl Cu R space + Obs. (c)s Cu R space + Obs. (s Cu R space
x=170

(a)s

w
w
w

FT (4(k)'K’)
FT (2(k)"K°)

FT (4(k)'K’)

FT (4(k)'K’)

i
[~

—Fit. x=175 ——Fit. x=1.80 ——Fit. 6] x=185 ——Fit.

1 2 1 2 1 2
(R+a)/A (R+a) /A (R+a)/A

Cu R space « Obs. Cu E 15p:;ce «  Obs. Cu R space « Obs.
8 x=190 —Fit. 8 *=19 —Fit. x=2.00 —Fit.

FT (1(k)*'K’)

1 2
R+a)lA

1 2
R+a)lA

1 2
(R+a)/A
Fig. S18 Cu-edge EXAFS of Biy(V9Cug):Os:235: (1.70 < x < 2.0) in non-phase-corrected R-space ((FT
magnitude and its imaginary component, red points); (h) The structure represents refinement to the first-

coordination sphere of a Cu—O model.

19



—
()
~—
a X
N @
: i

V R space

* Obs.

V R space
x=1.75

* Obs.

VR space
] x=1.80

* Obs.

—
[-%
-~
s
3

-
9

FT (x(k)*k%)
e

4 VR space

x=1.85

* Obs.
Fit.

-6 -6
124 -124
-184 ~184

0 1 2 3 0 1 2 3 L] 1 2 3
(R+a) /A (R+a)/A (R+a)l A
(e) VR space e Obs. U R space s Obs. (@) vr space s Obs. (h)
124 x=1.90 — Fit. 5 x=1.95 — Fit. x=2.00 —— Fit.
= =
= *

. L
124 -12
-18

1 2
(R+a)/A

1 2
(R+a)/A

1 2
(R+a)/A

o

Fig. S19 V-edge EXAFS of Biy(VoCug,1)Og+2.35¢ (1.70 < x < 2.0) in non-phase-corrected R-space ((FT magnitude
and its imaginary component, red points)

20



Radical distance (A")
Y] w
Radical distance (A")
~n w
Radical distance (A"')
Y] w
Radical distance (A")
~ w

-

©

- e -
= = =
8 8 8
5 s s
B2 2 ©2
° e -l
3 | 2 =
3 g 8
‘g T° °
& 14 &

-

3 3

6 6
K (A" K (A™)

Fig. S20 Wavelet transforms of the &3-weighted V

21



- 3

(,v) souuesip jeopey

“ o~ -
(,.y) 8auumis|p |evipey

|

o ~ -
(,.y) @ouuelsip jeaipey

- ... ~ - o
(,.y) @duuejsip jeoipey

]

o

-

- ~ -
(,.y) 23uuejsip [eaipey

Rl ~ -
(,.y) @2uueisip [eaipey

© ~ -
(,.y) @2uues|p jesjpe

o o~ -

(,.y) @ouuels|p jeaipe;

12

o

©

K (A7)

6
K (A7)

Fig. S21 Wavelet transforms of the &*-weighted Cu

22



Intensity (a.u.)

Biy(Vo.9CUg 1)Og42.35x

Bi4f V2p
Il C1s \013 x=2.00
_A__—‘L Jus n L x=1.95
i [ x=1.90
. o x=1.85
i . il o x=1.80
. " x=1.75
' il - x=1.70

0

100 200 300 400 500

600 700 800 900 1000

Binding energy (eV)

Flg S22 The full XPS of Bi4(V0}9CU0.1)XO6+2_35X (1 J0<x< 20)

23




Intensity (a.u.)

Bi
4f,, 4

I | x=2.00

; x=1.95

| | x=1.90

! x=1.85

! | x=1.80

: x=1.75

I | x=1.70

158 160 162 164 166
Binding energy (eV)
Fig. S23 High-resolution XPS of Bismuth 4f

24



Table S1 Grain and total ionic conductivity and activation energy of ns-BICUVOX

Grain Total

Samples

E,(eV) E, (eV)
x=1.70 0.52(2) 0.60(2)
x=1.75 0.55(2) 0.64(2)
x=1.80 0.51(2) 0.57(2)
x=1.85 0.49(2) 0.55(2)
x=1.90 0.47(2) 0.53(2)
x=1.95 0.53(2) 0.61(2)

x=2.00 0.53(2) 0.59(2)
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Table S2 The details of the crystal structure of Biy(V(.9Cug)1.95010.5825 obtained from SXRD

Bis(V0.9Cu0.1)1.95010.5825 (from SXRD)*

Space group 14/mmm (n0.139)
a () 3.9211(3)
c(A) 15.4283(1)
V (A3) 237.210(3)
Aipheory (g cm3) 7.7(1)
Atom Site Coordinate Occ.
Bi 4e (0.5, 0.5,0.1692(4)) 1
v 2a (0,0,0) 0.8775
Cu 2a (0,0,0) 0.0975
01 4d (0.5, 0,0.25) 1
02 8g (0, 0.5, 0.0302(2)) 0.340(1)
03 4e (0.5, 0.5, 0.3926(1)) 0.221(2)
04 16n (0.6752(1), 0.5, 0.5959(1)) 0.186(2)

3 Measured temperature 150 K

Table S3. The ADP for each site in Bis(V9Cug 1)1.050105825 (unit: A2)

Ul 1 U22 U3 3 Ul 2 Ul 3 U2 3
Bi 0.0245(2) 0.0245(2) 0.0163(2) 0 0 0
V/Cu 0.0434(1) 0.0434(1) 0.0112(1) 0 0 0
o1 0.0108(2) 0.0108(2) 0.0351(2) 0 0 0
02 0.0657(2) 0.0624(2) 0.0752(2) 0 0 0
03 0.0657(2) 0.0624(2) 0.0752(2) 0 0 0
04 0.0657(2) 0.0624(2) 0.0752(2) 0 0 0
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Table S4 The details of the crystal structure of Big(V.9Cug 1)2.00010.7 obtained from SXRD

Bis(V0.9Cu0.1)2.00010.7 (from SXRD)?

Space group 14/mmm (no.139)
a(A) 3.9205(3)
c(A) 15.4476(1)
V (A3) 237.435(3)
dineory (g €1) 7.7(1)
Atom Site Coordinate Occ.
Bi 4e (0.5, 0.5,0.1692(2)) 1
A" 2b 0,0,0) 0.9
Cu 2b (0,0,0) 0.1
01 4d (0.5, 0, 0.25) 1
02 8g (0, 0.5, 0.0343(2)) 0.316(1)
03 4e (0.5, 0.5, 0.3974(2)) 0.400(2)
04 16n (0.7594(2), 0.5, 0.5890(2)) 0.160(2)

3 Measured temperature 150 K

Table S5. The ADP for each site in Bis(V.9Cug 1)2.000107 (unit: A2)

Ul 1 U22 U3 3 Ul 2 Ul 3 U2 3
Bi 0.0197(2) 0.0197(2) 0.0122(2) 0 0 0
Cu/V 0.0370(1) 0.0370(1) 0.0129(1) 0 0 0
o1 0.0048(2) 0.0048(2) 0.0223(2) 0 0 0
02 0.0578(3) 0.0821(3) 0.0702(2) 0 0 0
03 0.0578(3) 0.0821(3) 0.0702(2) 0 0 0
04 0.0578(3) 0.0821(3) 0.0702(2) 0 0 0
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Table S6 The details of the crystal structure of Big(V.9Cug1)1.709.995 obtained from PXRD and SRXRD

Bi4(V0A9C110_1)1_709_995 (from PXRD and SRXRD)

Space group 14/mmm (NO.139)
a(A) 3.9414(4)
c(A) 15.4758(1)
V(A3 240.410(2)

diheory (g cm®) 7.52(2)

Atom  Site Coordinate Occ. Bio(A?)
Bi  de (0.5, 0.5, 0.1682(4)) | 23(1)
V. 2 (0, 0, 0) 0.765 0.1(1)
Cu  2a (0, 0, 0) 0.085 0.1(1)
Ol 4d (0, 0.5,0.25) 1 3.3(1)
02 8¢ (0.5, 0, 0.4797(2)) 0.50(1) 8.0(1)
03  de (0,0, 0.1136(1)) 0.10(1) 5.9(1)
04 161 (0.6379(2),0.5, 0.6059(1)) 0.10(1) 5.9(1)
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Table S7 The details of the crystal structure of Big(V9Cug1)1.75010.1125 obtained from PXRD

Bis(Vo.9Cu.1)1.75010.1125 (from PXRD)

Space gr

oup

a(A)

c(A)

v (A3)

dtheory (g Cm_S)

Atom
Bi
v
Cu
01
02
03
04

Site
4e
2a
2a
4d
8g
4e
16n

Coordinate
(0.5,0.5,0.1681(4))
(0,0,0)

(0,0,0)
(0,0.5,0.25)

(0.5, 0, 0.4797(2))
(0,0, 0.1123(1))
(0.6352(2), 0.5, 0.6059(1))

14/mmm (NO.139)

3.9363(4)
15.4719(1)
239.733(2)
7.52(2)
Occ.
1
0.7875
0.0875
1
0.46
0.22
0.08

Bi(A?)
2.4(1)
0.1(1)
0.1(1)
2.3(1)
8.0(1)
6.0(1)
6.0(1)
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Table S8 The details of the crystal structure of Big(V(.9oCug1)1.8001023 obtained from PXRD and SRXRD

Bi4(V0,9CUo_1)1_80010_23 (fI‘Ol’l’l PXRD and SRXRD)

Space group 14/mmm (NO.139)
a(A) 3.9391(4)
c(A) 15.4666(1)
V(A% 239.985(2)

diheory (g cm3) 7.56(2)

Atom  Site Coordinate Occ. Bio(A?)
Bi  de (0.5, 0.5, 0.1681(4)) 1 2.1(1)
\% 2a (0,0, 0) 0.81 0.6(1)
Cu  2a (0, 0, 0) 0.09 0.6(1)
01 4d (0,0.5,0.25) 1 4.0(1)
02 8 (0.5, 0, 0.4797(2)) 0.50 8.0(1)
03  de (0,0,0.1121(1)) 0.10 3.7(1)
04 16n (0.6352(2), 0.5, 0.6059(1)) 0.11 3.7(1)
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Table S9 The details of the crystal structure of Big(VoCug)1.850103475 obtained from PXRD

Bi4(V0.9Cu.1)1.85010.3475 (from PXRD)

Space group 14/mmm (NO.139)
a () 3.9366(4)
c(A) 15.4678(1)

v (A3) 239.715(2)

dipcory (g cm™) 7.60(2)

Atom  Site Coordinate Occ. Bio(A?)
Bi 4e (0.5, 0.5, 0.1679(4)) 1 2.1(1)
v 2a 0,0,0) 0.8325 0.8(1)
Cu 2a (0,0,0) 0.0925 0.8(1)
0O1 4d (0,0.5,0.25) 1 3.9(1)
02 8g (0.5, 0, 0.4797(2)) 0.50 8.0(1)
03 4e (0,0,0.1116(1)) 0.1 6.0(1)
04 16n (0.6352(2), 0, 0.6059(1)) 0.12 6.0(1)
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Table S10 The details of the crystal structure of Bis(V9Cug.1)1.90010.465 obtained from PXRD and SRXRD

Bi4(Vo_9CUQ.1)1.90010_465 (from PXRD and SRXRD)

Space group 14/mmm (NO.139)
a(A) 3.9349(4)
c(A) 15.4762(1)
V(A% 239.626(2)

diheory (g cm3) 7.64(2)

Atom  Site Coordinate Occ. Bio(A?)
Bi  de (0.5, 0.5, 0.1685(4)) 1 1.9(1)
\% 2a (0,0, 0) 0.855 1.5(1)
Cu  2a (0, 0, 0) 0.095 1.5(1)
01 4d (0,0.5,0.25) 1 3.5(1)
02 8 (0.5, 0, 0.4789(2)) 0.45 8.0(1)
03  de (0,0, 0.1102(1)) 0.13 3.0(1)
04  16n  (0.6497(2),0.5,0.6017(1)) 0.14 3.0(1)
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Table S11 The details of the crystal structure of Biy(V9Cug.1)1.95010.5825 obtained from PXRD and PND

Bis(V.9Cug.1)1.95010 5825 (from PXRD and PND)

Space group 14/mmm (NO.139)
a(A) 3.9243(4)
c(A) 15.4558(1)

v (A3) 238.092(2)

dincory (g cm™) 7.72(2)

Atom  Site Coordinate Occ. Biso(A?)
Bi 4e (0.5,0.5,0.1685(4)) 1 2.7(1)
v 2a (0,0,0) 0.9 0.2(1)
Cu 2a (0,0,0) 0.1 0.2(1)
O1 4d (0, 0.5, 0.25) 1 2.6(1)
02 8g (0.5, 0, 0.4720(2)) 0.38 8.9(1)
03 4e (0,0,0.1102(1)) 0.27 4.2(1)
04 16n (0.6955(2), 0.5, 0.5965(1)) 0.15 4.2(1)
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Table S12 The details of the crystal structure of Big(V(9Cuyg.1)2.00010.7 obtained from PXRD and PND

Bi4(V0_9CUO.1)2.00010.7 (from PXRD and PND)

Space group 14/mmm (NO.139)
a(A) 3.9251(4)
c(A) 15.4482(1)
V(A% 238.003(2)

diheory (g cm3) 7.75(2)

Atom  Site Coordinate Occ. Bio(A?)
Bi  de (0.5, 0.5, 0.1688(4)) 1 1.5(1)
Cu 2b (0,0, 0) 0.1 3.1(1)
vV 2 (0, 0, 0) 0.9 3.1(1)
01 4d (0,0.5,0.25) 1 1.6(1)
02 8 (0.5, 0, 0.4760(2)) 0.40 5.8(1)
03  de (0,0, 0.1099(1)) 0.25 3.2(1)
04 16n (0.6840(2), 0.5, 0.5967(1)) 0.15 3.2(1)
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Table S13. Structural parameters extracted from quantitative EXAFS curve fitting

Sample Path CN RA) c(A?) AEy(eV) R-factor(%)
x=1.70 V-0 2 1.6977 0.002 8.8 1.7
x=1.75 V-0 2 1.7346 0.001 12.1 1.8
x=1.80 V-0 2 1.7187 0.001 10.7 1.0
x=1.85 V-0 2 1.7147 0.001 10.6 0.9
x=1.90 V-0 2 1.7136 0.003 10.3 1.1
x=1.95 V-0 2 1.7144 0.001 10.5 0.8
x=2.00 V-0 2 1.7159 0.002 10.3 1.2
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Table S14. Structural parameters extracted from quantitative EXAFS curve fitting

Sample Path CN RA) c(A?) AEy(eV) R-factor(%)
x=1.70 Cu—O 4 1.9057(1) 0.003 2.3 0.2
x=1.75 Cu—O 4 1.9041(1) 0.003 2.8 0.2
x=1.80 Cu—O 4 1.9081(1) 0.002 3.7 0.3
x=1.85 Cu—O 4 1.9057(1) 0.001 2.0 0.1
x=1.90 Cu—O 4 1.9054(1) 0.002 3.1 1.3
x=1.95 Cu—O 4 1.9108(1) 0.003 34 0.5
x=2.00 Cu—O 4 1.9175(1) 0.003 1.8 0.3
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