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Supplementary Note 1. Training data and employed descriptors for machine-learning model

We compiled reliable 29 oxide-ion conductivities at 973K from literatures as training
data, which listed in Supplementary Table 1. In case of different oxide-ion conductivities
among literatures, their averaged value was used.

We devised 92 handcrafted descriptors based on crystal structure and atomic properties.
As described in main text, we then reduced the number of descriptors by the PLS-VIP
algorithm to prevent from overfitting'®. As the result, 26 important descriptors were remained
as shown in Supplementary Table 2. These descriptors are classified into 5 types: (a)
descriptors based on radial distribution function, (b) descriptors based on cation-centered
polyhedrons®, (c) descriptors based on bond valence sum** **, (d) descriptors based on
porosity as implemented in Zeo++'® %’ and (e) atom-based descriptors.



Supplementary Table 1. Training data of oxide-ion conductivity at 973K.

No Materials  (references) Oxide-ion conductivity (Scm_l)
1 Zro85Y 0160182 (1.2) 1.19x10°
2 Zr ., Ca,. 0, o, (12) 276x10°
3 ThO 87Y0 lSOl 87 (2) 1_42)(10-3
4 Ce, G, 0, , (2-5) 3.68x10
5 Ce,,Sm .0, , (2-4) 3.41x10"
6 HfO 88ca0 1201 88 (2) 1'23X10_4
7 BI,O, (6) 1.95x10"
g Bi, Y. O, (2.6-8) 1.66x10
9 B 1. 71W0 2903 435 (2) 4'75X10-2
10 BaZrO, ) 1.00x10"
11 Ba,Zr,0, (8) 1.00x10"
19 Gd,Ti,0, (3.4) 1.20x10"
13 Ba,In,O, (3,4,6,9) 2.78x10"
14 Gd,zr,0, (3.4) 6.35x10
15 GdSno, (3.4) 9.48x10"
16 Y,TiO, (3.4) 2.06x10"
17 NdAlO, (6) 1.00x10"
18 Sr,ScAIO, (6) 1.00x10"
19 Srz0, (6) T = 1023 K 4.30x10"
20 Ca,Cr,0, (6) 5.00%10"
21 Ba ZrzanOn (6) 1.00x10
22 Ba,Zr,In0,, (3.4,6) 259x10°
23 Y,Zro, (3.4) 3.16x10
24 LaWMoO,, @ 8.01x10°
25 LaBiMoO,  (310,11) 3.83x10°
%6  SISCALO, 8) 1.00x10"
2 LavMoo, (11) 6.70x10
28 Ba,Sc.Zr,0,, (6) 7.00x10"
29 V.CuBi O, (3,4) 1.31x10




Supplementary Table 2. Extracted handcrafted descriptors by PLD-VIP method.

classification

No.

explain of descriptors

1

Intercept in distance axis of the coordination number between oxygen
atoms fitted by quadratic function

Variance in distance axis direction from the coordination number between

_ 2 oxygen atoms fitted by quadratic function
(@) De.scrlp_tor.s ba;ed Base 10 logarithmic intercept in distance axis of the coordination number
on radial distribution| 3 . . . .
function between cations fitted by quadratic function
Variance in distance axis direction from the coordination number between
4 . . X .
cations fitted by quadratic function
Base 10 logarithmic variance in coordination number between cations
5 |- ) .
fitted by quadratic function
13
6 |Distortion index in VESTA
(b) Descriptors based . . 13
on cation-centered 7 |Bond angle variance in VESTA
polyhedrons 8 Effectiv¢133coordination number of the cation-centered polyhedrons in
VESTA
Base 10 logarithmic deviation of BVS from 2 along the percolation path
9
(BV'S channel)
10 [Minimum deviation BVS from 2 at oxygen position in the crystal
11 Minimum volume fraction of BVS channel to the unit cell volume
12 |Minimum tortuosity of BVS channel
13 |Minimum value of averaged diameter for BVS channel along the path
(c) Descriptors based| 14 Base 10 logarithmic minimum value for the cross section/tortuosity ratio
of BVS channel
on bond valence sum
Base 10 logarithmic maximum value for the cross section/sinuosity ratio
15
of BVS channel
Minimum value of the cross section/path length ratio of BVS potential
16
(Vgys) along the path
17 |Minimum volume fraction of V,  to the unit cell volume along the path
18 |Base 10 logarithmic minimum tortuosity of V. along the path
19 |Minimum value for average diameter of V . along the path
(d) Descriptors based| 20 [Largest free sphere diameter percolating the crystal except oxygens
on porosity 21 Volume fraction of void channel to the unit cell volume except oxygens
22 (The number density of atoms
23 [The number density of oxygen atoms
(e) Atom-based 24 Base 10 logarithmic number density of cations
descriptors o5 Base 10 logarithmic average electronegativity of atoms in the unit cell
except oxygens
26 Base 10 logarithmic melting point predicted from constituent binary

oxides by Neumann Kopp's law




Supplementary Note 2. Supplementary information about elemental selections

If we select other good structure as the reference for the SOAP distance, we could
find other elements to be recommended for the following combinatorial experiments. To
illustrate this, we also selected Bi; 5Y o503 (case 2), LazBiMo04015 (case 3), and CepgSmo 2019
or CepsGdy 2019 (case 4) as reference materials for local structure similarity criterion, and
examined which elements were included in the high conductivity materials (¢ > 10 Scm™).
The results are illustrated in Supplementary Figures 1b-d. After eliminating toxic elements,
noble metals, and 3d-transition metals, as similar to the case 1 described in the main text, we
list the elements of candidates as shown in Supplementary Table 3. It can be seen that as the
reference material differs, the selected elements also vary. This is a consequence that good
conductivity can result from not a unique structure but some different local structures. In
other words, taking a different reference, we have another chance to discover good materials.

We also investigated the frequencies of elements found in the materials under
following criteria; the SOAP distance for V;CuBisO4; is less than 0.6 (d < 0.6) and the
predicted conductivity at 973K is less than 10 Scm™ (¢ < 10 Sem™). The results are shown
in the case 5 in Supplementary Table 3 and Supplementary Figure le. The materials with
lower conductivity include distinguishably Mg and Al instead of Nb and alkaline earth metals
as in the case 1. Therefore, the discovery of m-BC phase (e.g., Bip74Cap260137) and its
stabilization with Nb and Ta could not be achieved if we took the case 5. Finally, we
examined the frequencies of elements for the materials & < 10 Scm™ without any restriction
of the SOAP distance as shown in the case 6 in Supplementary Table 3 and Supplementary
Figure 1f. A large frequency of Si appears in this case and suggests the local structure with
respect to Si is not recommended by our approach.

Supplementary Table 3. Elements selected by using different reference material for the
SOAP distance and/or different conductivity criterion.

Case Reference materials Predicted ¢ (sCm'l) Selected elements
(1) V.CuBi O,, >10° Bi, Nb, Ta, Sr/Ca/Ba
(2) Bi,.Y,:0, >10° Nb, Bi, Mo, Y
©) La,BiMo,O >10° Al, Ge, W, Si
(4) Ceo.ssmo.zol.g / Ceo.SGdo.201.9 >10° Ce, Zr, Pr, Th
(5) V.CuBi O, <107 Bi, Ta, Mg, Al
(6) - <107 Si, Zr, Bi, Mo

The case 1 is studied in the high throughput experiment as described in the main text. Note
that since the SOAP distance between CepgSmy20;¢and CepgGdg 2019 is very small (0.02),
we selected both materials as reference.
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Supplementary Figure 1. Analyses of the frequencies of elements included in the materials
which are selected using the criteria listed in Supplementary Table 3 and illustrated in the

mapping a.



Supplementary Note 3. Characterization of library films

Supplementary Figure 2a displays a photograph of typical library films prepared on an
alumina substrate. In some of the library films, phase separation and cracks were observed,
but most of the samples were dense films without cracks. As an example, Supplementary
Figures 2b and 2c show the microstructure of surface and cross-section of
Cag 06(Nbo.0s6 Ta0.084)BingO161 (X = 0.3, y = 0.6, z = 0.8) thin film, respectively. This film
exhibited dense microstructure with nano-sized grains about 100 nm and a thickness of about
1 pum.
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Supplementary Figure 2. a Photograph of library films deposited on the alumina substrate.
b Secondary electron microscope images of surface microstructure. ¢ Cross-section
microstructure for Cags(NDbo.0s6 Ta0.084)BiosO161 library film as typical sample. The Scale
bars for b and ¢ represent 1 pum.



In order to confirm the existing phases in library films, we measured high-throughput
XRD with SPring-8 synchrotron radiation. Supplementary Figure 3 shows typical XRD
patterns where the peak positions in these figures are converted into those for CuKa X-ray
wavelength to compare with the JCPDS peak positions. As a low temperature phase of Bi;Os3,
monoclinic structure (a-phase) is known, but various dopants, such as Ta,Os or Nb,Os
stabilize defect fluorite structure (8-phase)™® which is usually stable at higher temperature
than 1003K™. In this study, the peak position of library films with Bi content z > 0.6 for
many compositions coincided with that of defect fluorite or fluorite-related structures so
called 6-phase despite the kind of dopants, as typically shown in Supplementary Figure 3a.
Supplementary Figure 3b shows diffraction peaks for the all samples with z = 0.5 where the
each sample number corresponds to those in Supplementary Figure 3c. Among these
compositions, the main diffraction peaks position of samples with z = 0.5 and x = 0.8
matched with those of CaO-doped bismuth oxides such as BigCasO15>° or BixCasNbOsgs>.
The crystal structure of BiynCa;NbO3gs has been reported to be disordered 8-Bi,Os-related
monoclinic superstructure (hereafter referred to m-BC) which differs from the structure of
monoclinic o-Bi,0s%. Highly disordered oxygen sublattice in such crystal structure is
advantageous for high ionic conductivity®*.
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Supplementary  Figure 3. Typical X-ray diffraction (XRD) profiles of
[(Cax(Nbi.yTay)1x)1-.Bi,0s; 6 = ((5-3x)x(1-2)+32)/2] library films:az=0.8and x=0.7, b z =
0.5; ¢ Relationship between library number and each film position on an alumina substrate.
The numbers on the right side in a and b indicate library number. Ca content (x)
corresponding to the each library number for z = 0.5 is also shown in b. The 20 values
indicated in these figures correspond to those of CuKa wavelength.



Supplementary Figures 4 and 5 display the conductivity mapping of
(AEX(Nbl_yTay)l_X)l_zBiZO s [AE = Ca, Sr, Ba] library films at 873K and 973K, respectively. To
see the chemical trend, conductivities at 973K for the compositional parameters x, y and z are
summarized in Supplementary Table 4. The structural classification by SOAP metric
indicated that the alkaline earth (AE) elements, namely Ca, Sr and Ba would contribute local
structural similarity to V7CuBi1s04,. In order to confirm the effect of kind of AE elements on
the conductivity, we firstly fabricated library films containing AE elements (z = 0.8 and x >
0.7). The samples containing any of the AE elements showed high conductivity. Particularly,
Ca and Ba were revealed to be effective for the high conductivity as shown in Supplementary
Figure 4i. However, the melting point of Ba containing films was so low that they could be
unstable thermally. Therefore, Ca was selected as typical AE element. The increase of Bi
content z enhanced the conductivity, and the maximum conductivity of 2.2 x 10" Scm™ at
973K was achieved for defect fluorite-structured sample of z = 0.8 (with x = 0.7 and y = 0.2).
Furthermore, the conductivity for series of library films tended to be maximized at x = 0.7 to
0.8 for any z and y values in many cases, which contained m-BC phase mainly. Defect
fluorite-structured bismuth oxide is known to exhibit high oxide-ion conductivity due to its
highly disordered structure®, although its thermal stability is low®®. By contrast, it was found
that the library films containing m-BC phase had both high conductivity and thermal stability
as explained in main manuscript.
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Supplementary Figure 4. Conductivity mapping of [(Cax(NbiyTay)14)1:Bi;.0s5; 0 =
((5-3x)x(1-z)+3z)/2] library films measured at 873 K:az=0.1,bz=0.2,cz=0.3,dz=04,
ez =205 fz=206 gz=207 hz =08 and i conductivity mapping of
[(AEx(Nb1yTay)1:x)02BiosOs; x = 0.7 or 0.9; AE = Ca or Sr or Ba] library films measured at
873 K. The conductivity for a part of Ba containing samples could not be evaluated because
they melted during the conductivity measurement at 873K.
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Supplementary Figure 5. Conductivity mapping of [(Cax(NbiyTay)1x)1-:Bi.Os; 0 =
((5-3x)x(1-z)+3z)/2] library films measured at 973 K:az=0.1,bz=0.2,cz=0.3,dz=04,
ez=05z=06,9z=0.7,and hz=0.8.
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Supplementary Table 4. The conductivity for the library films measured at 973K.

No|z X Y |Conductivity (Scm_l) Z X Y |Conductivity (Scm_l) Z X Y |Conductivity (Scm_l)
1| |v0]o : 10| 0 3.1x10° 10|0 3.3x10
2 0.2 . 0.2 2610 0.2 5.9x10
3 0.4 - 0.4 29%10" 0.4 43x10°
4| 109706 ; 0.96(0.6 36x10 " 0.96/0.6 8.1x10"
5 0.8 . 0.8 23x10° 0.8 9.6x10
6 1.0 . 1.0 8.7x10" 1.0 2.4x10"
7 0 . 0 6.4x10 0 5.7x10
8 0.2 - 0.2 9.9x10" 0.2 9.8x10"
9 08 0.4 - 0.7 0.4 1_2x10'3_3* 08 0.4 1,4x10::
10 0.6 - 0.6 1.7x10 0.6 8.9x10
11 0.8 . 0.8 1.7%x10° 0.8 1.1x10"
12 1.0 . 1.0 9.3x10 1.0 1.3x10"
13 0 i 0 : 0 4.8x10°
14 0.2 - 0.2 - 0.2 27x10"
-5
15) | ,6/04 - 0604 - 0624 27x10
16 0.6 - 0.6 - 0.6 1.7x10
17 0.8 - 0.8 - 0.8 23x10°
5
18, | [0 - oo L0 ; o [LO 48x10°
19 0 8.1x10 0 - 0 7.3x10
20 0.2 6.2x10" 0.2 - 0.2 41x10°
21 04 0.4 1,6x10:z 04 0.4 - 04 0.4 3,4x10::
22 0.6 1.8x10 0.6 - 0.6 2.4x10
23 0.8 15x10" 0.8 - 0.8 4.2x10°
24 1.0 15x10° 100 4.2x10° 1.0 6.8x10°
25 0 3.0x10 0 4.9x10° 0 4.0x10"
26 0.2l  40x10° 0.2l  35x10° 0.2 1.1x10"
27 04  81x10° 04  23x10° 04  36x10°
0.2 . 0.2 . 0.2 .
28 0.6 7.5x10 0.6 2.0x10 0.6 2.7x10
29 0.8l  1.8x10° 0.8  1.8x10° 0.8  3.0x10
30 1.0 3.9x10° 10 28x10° 1.0 58x10°
31 0 6.8x10 0 1.7x10" 0 9.0x10
32 0.2l  54x10° 0.2l  14x10 0.2l  15x10°
B[ |, P4 2.8><1of’1 o P4 1.9><1o:;1 o P4 1.4><1oj1
34 0.6 1.4x10 0.6 3.4x10 0.6 8.6x10
35 0.8l  2.1x10° 0.8  57x10° 0.8  2.3x10°
36 1.0 1.8x10° 100 13x10° 1.0 9.7x10°
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Conductivity (Scm_l)

Conductivity (Scm_l)

Conductivity (Scm_l)

No|z x vy X y X y
1| |10]0 4.4x10" 10| 0 2.9x10° 10|0 8.1x10"
2 0.2l  1.1x10° 0.2l  1.2x10° 0.2l 9.7x10
3 04  a4x10" 04  18x10° 04  7.2x10°
4| Pp950.6]  42x10" 0.940.6  1.7x10" 0.9306  1.0x10"
5 0.8l  47x10 0.8  21x10" 0.8  6.0x10
6 1.0 22x10° 100 1.9x10° 1.0 15x10°
7 0 5.8x10 0 3.4x10 0 2.2%10"
8 0.2l  6.8x10° 0.2l  6.1x10° 0.2l  15x10°
9 04  6.7x10" * 0.4  12x10"* 0.4  1.2x10° *
0.8 b./x10° = 0.8 1.2x10° = 0.8 Xl -
10 0.6f  6.4x10 0.6 1.4x10 0.6 1.3x10
11 0.8l  7.1x10° 0.8  1.7x10° 0.8  1.3x10°
12 100 73x10° 10 15x10° 10 15x10°
13 0 21x10" 0 1.2x10° 0 3.0x10
14 0.2l  24x10" 02l  1.0x10° 0.2l  88x10"
15 |, 604 3.0x10" 060 7.2x10" 0624 3.3x10"
. . . Y . B
16 0.6f  25x10 0.6 7.2x10 0.6 1.5x10
17 0.8l  1.5x10° 0.8  21x10° 0.8  6.2x10
18| | [L0 1.9x10:: 1.0 1.6><10:: 1.0 2.3><10:z
19 0 9.0x10 0 3.9x10 0 6.8x10
20 0.2 9.0x10" 0.2 1.0x10" 0.2 -
21| | 04 8.6x10 0404 3_5><1o:‘1 0404 -
22 0.6 - 0.6 4.4x10 0.6 5.2x10
23 0.8 . 0.8 4.9x10" 0.8 7.1x10°"
24 1.0 85x10° 100 1.7x10" 1.0 3.7x10°
25 0 9.1x10 0 6.1x10 0 74x10°
26 0.2 - 0.2 41x10° 0.2 -
5
27 0.170'4 - 0.2 0.4 1,3><1o_5 0.2 0.4 -
28 0.6 - 0.6 3.1x10 0.6 -
29 0.8 8.3x10" 0.8 27x10" 0.8 -
30 1.0 9.4x10° 100 1.4x10° 1.0 7.0x10°
31 0 6.4x10 0 2.0%10" 0 -
32 0.2 8.9x10° 0.2 43x10° 0.2 -
33 0 0.4 3.4x10° 0 0.4 24x10° 0 0.4 -
34 0.6 8.0x10" 0.6 27x10" 0.6 -
35 0.8 8.0x10" 0.8 3.3x10° 0.8 -
36 1.0 1.0x10° 1.0 5.7x10" 1.0 -
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Conductivity (Scm_l)

Conductivity (Scm_l)

No|z x vy Z XYy
1| oo 21x10° 1.0 0 8.0x10
2 0.2l  28x10° 0.2l  56x10°
3 04  22x10° 04  1.2x10°
4| PpYos  7.2x10° 0.90.6]  15x10"
5 0.8  9.2x10° 08  96x10°
6 100 1.9x10° 10 11x10°
7 0 3.7x10° 0 1.3x10"
8 0.2l  85x10° 0.2l  2.2x10°
9 04  23x10” * 0.4  18x10" *
0.8 T 0.7 DS
10 0.6  15x10 0.6l  1.3x10
11 0.8 1910 08  99x10”
12 1.0, 20x10° 10 90x10°
13 0 1.5%10° 0 2.1x10"
14 0.2l  22x10° 0.2l  36x10°
15 04  39x10° 04  50x10°
0.6 . 0.5 B
16 0.6 5.2x10 0.6 4.3x10
17 0.8  9.1x10° 08  58x10°
18 1.0 6.4x10° 10, 57x10°
0.7 —s8 -
19 0 1.6x10 0 3.6x10
20 0.2l  1.8x10° 0.2l  45x10°
21 04  14x10° 04  45x10°
0.4 3 0.3 -3
22 0.6  1.3x10 0.0  5.2x10
23 0.8 27x10° 0.8 3.5x10
24 1.0, 33x10° 10 41x10°
25 0 1.3x10° 0 8.3x10
26 0.2l  14x10° 02l  1.0x10°
27 04  34x10° 04  78x10°
0.2 ., 0.1 B
28 0.6  3.2x10 0.0  3.8x10
29 08  3.2x10" 08 62x10°
30 1.0 4.0x10" 1.0 3.8x10
31 0 1.9x10° 0 1.0x10"
32 0.2l  6.8x10" 0.2l  6.9x10°
3| |, P4 2.5x10" o 04 3.6%10
34 0.6  1.0x10" 0.6l  41x10°
35 08  1.2x10" 08  58x10°
36 100 14x10° 10 31x10°

The conductivities corresponding to those for the bulk samples in Supplementary Table 5 are

marked by the asterisk (*) and underline.
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Supplementary Note 4. Characterization of bulk samples

As a result of high-throughput conductivity measurement for (Cax(Nb1yTay)1x)1-.B1,05
library films, their conductivity was found to be maximum at x = 0.7 to 0.8 in almost all cases
as described above. However, it was difficult to clarify the exact coexisting phases and their
crystal structures from library films data alone. Therefore, we prepared bulk samples by
solid-state reaction method, which have typical composition with x = 0.7 to 0.8 and y = 0.4
corresponding to the library number 9 in Supplementary Figure 3c for each z value.
Supplementary Figures 6a-6f show the XRD pattern of bulk samples with z = 0.2, 0.4, 0.5,
0.6, 0.7 and 0.8. In the Supplementary figures 6g-6i, the XRD patterns of Big74Cap 260137 are
also included as an example of m-BC-structured compound. The main phase of the sample
with z = 0.8 was identified as 6-phase, which is consistent with the experimental results for
library films as shown in Supplementary Figure 3a. In the compositional range of 0.5 <z <
0.7, almost all peak position matched with those of m-BC phase which typically appeared for
CaO-doped bismuth oxide such as BigCazOs over 1046 K?° as shown in Supplementary
Figures 6b—6d. Both Bip74Cap 260137 samples quenched at 1073 K and sintered at 1073 K
were also identified to be m-BC phase as shown in Supplementary Figures 6g and 6h,
respectively. Meanwhile, Big74Ca 260137 bulk sample exhibited phase transition from m-BC
phase to triclinic phase during measurement of conductivity at 973 K (Supplementary Figure
6i). This is because m-BC phase is usually metastable below 1046 K. On the other hand,
much secondary phases besides m-BC phase were observed at 0.4 > z, as shown in
Supplementary Figures 6e and 6f.

We also analyzed crystal structure of bulk samples with z = 0.5, 0.6 and 0.7 by Rietveld
method based on the m-BC structure?’. The peak pattern for samples with z = 0.5 and 0.6
matched well with that of m-BC phase. The peak position of sample with z = 0.7 also
matched well with that of m-BC phase. By contrast, for sample with z = 0.7, the peak
intensity at the position where peaks overlap with those of defect fluorite phase tended to be
relatively high (Supplementary Figure 6b). It suggests that the sample with z = 0.7 could
contain defect fluorite phase in addition to m-BC phase, although two kinds of peaks are
difficult to be separated. The lattice parameters of the main phase in each bulk sample, which
are estimated by Rietveld method, are listed in Supplementary Table 5 with conductivities
evaluated at 973K. In the case of z =0.8, the defect fluorite structure is slightly distorted from
the cubic structure (referred to as &’-phase), which probably results from the disordered
oxygen sublattice that may contribute to a high conductivity as previously reported. On the
other hand, the change of lattice parameters for m-BC phase was relatively small among the
nominal compositions examined.
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Supplementary Figure 6. X-ray diffraction (XRD) profiles of [(Cax(NbosTao.4)1-x)1-:Bi;Os; 0
= ((5-3x)x(1-2)+32)/2] and Big 74Cap 260137 bulk samples: az=0.8,bz=0.7,cz=0.6,d z =
0.5,ez=0.4, and f z = 0.2 for (Cax(NbosTap 4)1-x)1-.Bi.0s. The compositions of these samples
correspond to those of library number 9 in Supplementary Figure 3c. Bip74Cag2601.37 was
quenched at 1073 K (g) and sintered at 1073 K for 2h (h). i XRD pattern of Big 74Cap 260137
sintered compact after measuring conductivity at 973 K where diffraction peaks over 40° are
not identified because the diffraction peak data for triclinic phase is reported only up to 40° in
Powder Diffraction File (PDF#00-048-0215) database™.
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Supplementary Table 5. Summary of conductivity and XRD analysis for each bulk sample.

Conductivity Main [Secondary| Lattice Parameter of main phase

z Nominal Composition 1

(Sem ) at 973K | Phase | phases [a(A) b(A) c(A) o () B() 1(°)
02|Ca Nb_Ta Bi O | §3x10° m-BC CN 934 379 961 90 110 90
0.4 |Ca, Nb Ta Bi O . 15x10° m-BC [CN+CB46/9.32 3.80 9.61 90 110 90
05| Ca Nb Ta Bi O . 1.6x10° m-BC CN 933 379 959 90 110 90
06|Ca Nb Ta Bi O .| 28x10° m-BC CN 934 380 962 90 110 90
0.7|Ca Nb Ta Bi O, 50x10° m-BC |8 -phase |9.37 3.79 9.60 90 110 90
0.8 |Ca, Nb .Ta Bi O .| 15x10" |5-phase - 550 550 551 91 90 89
0.74 Ca Bi 0O 8.6x10° m-BC - 9.33 380 961 90 110 90

CB46 and CN are abbreviations of Ca;BigO13 and CasNb,Oo-related oxides, respectively.

Supplementary Figure 7 shows temperature dependence of conductivity for bulk
samples with z = 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, Big.74Cag.260137 and YSZ?*. The sample with z >
0.5 indicated superior conductivity to YSZ at 973 K. Particularly, the conductivity of sample
with z = 0.8 reached as high as 1.5x10™" Scm™ at 973 K. This trend is consistent with the
tendency for library films. The bulk sample with z = 0.7 which contains m-BC phase
exhibited almost same conductivity as Big74Cap 260137 bulk sample below 973 K, but the
conductivity of Big74Cag2601.37 degraded rapidly during impedance measurement at 973 K
for few minutes due to the phase transition. In contrast, the conductivity of bulk sample with
z=0.7 increased linearly up to 973 K without degradation.

The ratio of m-BC phase to the other secondary phases was estimated for the samples
except z = 0.8 by using XRD peak intensity of Supplementary Figure 6 as follows.

Im____ %100 (%) (S1)

Im+Igy +lgo+

where I, Is; and 1, represent highest peak intensity of m-BC phase, 1% secondary phase and
2" secondary phase, respectively. The conductivity of bulk samples increased depending on
the m-BC phase content, as shown in main manuscript (Fig. 4c). Note that Fig. 4c doesn’t
include the data of z = 0.7 because the exact amount of m-BC phase cannot be determined
due to the difficulty of peak separation.

The results from the both libraries and bulk samples lead a consistent conclusion that the
high conductivity is attributed from the m-BC phase which is significantly stabilized by
coexistence of Ca and Nb/Ta.
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Supplementary Figure 7. Temperature dependence of conductivity (o) for
[(Cax(NbgsTag4)1x)12Bi;0s; 6 = ((5-3x)x(1-2)+3z)/2] and Big74Cap 260137 Sintered compacts.
In this figure, the conductivity of YSZ is also plotted from the literature®*.
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