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Supplementary Figure 1. Powder diffraction patterns of Ba7Nb4MoO20·0.15 H2O. a Resonant syn-

chrotron X-ray diffraction pattern of Ba7Nb4MoO20·0.15 H2O taken at 297 K at the beamline BL02B2 

of SPring-8 (Wavelength of X-ray: 0.6523630(5) Å). b Neutron diffraction pattern of Ba7Nb4MoO20 

measured at 300 K. Each number hkl denotes the reflection index for the hexagonal Ba7Nb4MoO20. 
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Supplementary Figure 2. Variation of the residual sum of squares (RSS; see the definition of Eq. (3) 

in the text) with the fixed occupancy factor of Nb0.8Mo0.2 atom at the M4 site g(Nb0.8Mo0.2; M4) in the 

Rietveld analyses of conventional SXRD data measured at 297 K with 0.6994806(5) Å X-ray  at the 

beamline BL02B2. g(Nb0.8Mo0.2; M4) was estimated to be 0.08. 
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Supplementary Figure 3. 1D 93Nb MAS NMR spectrum of Ba7Nb4MoO20·0.15 H2O. Black dashed 

lines are eye guides for the NMR peak positions. Each asterisk * denotes a spinning sideband. Dag-

ger † stands for a peak, which could be assigned to (Nb2)O5 or (Nb4)O6. 
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Supplementary Figure 4. 95Mo MAS NMR spectra of a BaMoO4 and b α-MoO3 measured for com-

parison with Ba7Nb4MoO20·0.15 H2O. The chemical shift δiso, quadrupolar coupling constant CQ and 

asymmetry parameter η of BaMoO4 and α-MoO3 were obtained by DMFIT software1. The estimated 

values were  δiso = –35 ppm, CQ = 1.68 MHz and η = 0.1 for BaMoO4 and δiso = –73 ppm, CQ = 2.8 

MHz and η = 0.3 for α-MoO3, which are consistent with literature,2–6 and used for the plots in the 

Supplementary Figs. 5a, 5b and 5c. 



p. 6 
 

 

Supplementary Figure 5.  Correlation between experimental and calculated NMR parameters for a-

c 95Mo and d-f 93Nb nuclei. The calculated NMR parameters were obtained by GIPAW DFT calcula-

tions with VASP. Here δiso is experimental isotropic chemical shift, and σiso is magnetic shielding 

obtained by GIPAW DFT7–10 calculations with VASP11, CQ is the quadrupolar coupling constant, and 

η is the asymmetry parameter. R is the correlation coefficient. The orange fitted dotted lines for (b, c, 

e), (a, d) and f indicate very good, good and modest correlations, respectively, between the experi-

mental and calculated parameters. The details of the data are shown in Supplementary Tables 2 and 3. 
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Supplementary Figure 6. Optimized structures for the structural models (1)-(6) with different con-

figurations of Nb and Mo atoms in the 2×1×1 cell of Ba7Nb4MoO20 used for the total energy and 

NMR calculations. In the structural optimizations, we fixed the cell parameters a = 11.7308 Å, b = 

5.8654 Å, and c = 16.5390 Å, which were obtained by the Rietveld analysis of X-ray diffraction data 

for the mixture of as prepared Ba7Nb4MoO20 and internal standard silicon. 
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Supplementary Figure 7. Optimized structures for the structural models (7)-(10) with different con-

figurations of Nb and Mo atoms in the 2×1×1 cell of Ba7Nb4MoO20 used for the calculations of the 

NMR parameters of the M2O5, where a,b Mo and c,d Nb are in M4 sites. In the structural optimiza-

tions, we fixed the cell parameters a = 11.7308 Å, b = 5.8654 Å, and c = 16.5390 Å, which were 

obtained by the Rietveld analysis of X-ray diffraction data for the mixture of as prepared Ba7Nb4MoO20 

and internal standard silicon. 
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Supplementary Figure 8. a XANES spectrum of Ba7Nb4MoO20·0.15 H2O and b resonant (anoma-

lous) scattering factors of Nb atom obtained by Kramer–Kronig transformation from  the XANES 

spectrum, which was carried out with the code DiffKK12. We used atomic scattering factors in the 

form of 

 f = f0 + f' + if'', where f0 is the Thomson scattering factor, and f' and f'' are resonant (anomalous) 

scattering factors. The XANES spectrum at the Nb K-edge was recorded at the beamline BL19B2 in 

SPring-8. 
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Supplementary Figure 9. Variation of the residual sum of squares (RSS; see the definition of Eq. (3) 

in the text) with the occupancy factor of Mo atoms at the a M1, b M2, c M3 and d M4 sites in the 

Rietveld analyses for the RXRD data taken with 0.6523630(5) Å X-ray at the BL19B2 beamline of 

SPring-8. The result indicates that the occupancies of Mo atoms are 0.00 at M1, M3, and M4 sites and 

0.50 at M2 site: g(Mo; M1) = g(Mo; M3) = g(Mo; M4) = 0.00, and g(Mo; M2) = 0.50. 
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Supplementary Figure 10. Rietveld pattern of ND data of Ba7Nb4MoO20·0.15 H2O at 30 K. The ob-

served and calculated intensities and difference plot are shown by red cross marks, blue solid lines, 

and blue dots, respectively. Green tick marks denote the calculated Bragg peak positions. 

 

 



p. 12 
 

 
Supplementary Figure 11. TG-MS (thermogravimetric-mass spectroscopic) data of 

Ba7Nb4MoO20·0.15 H2O measured on heating at a rate of 20 K min—1 under dry He flow. Blue, red and 

orange lines denote the intensities of H2O (m/z = 18), O2 (m/z = 32) and CO2 (m/z = 44) molecules. 

The blue and orange dashed lines are a guide to the eye, which shows possible baselines of MS inten-

sities. Upon heating, the weight of the sample decreases between room temperature and 670 ºC. MS 

measurements confirmed that the released gas between 294 and 673 K is mainly H2O molecules. The 

water content x in the bulk crystal Ba7Nb4MoO20+xH2x (= Ba7Nb4MoO20·x H2O) was estimated as fol-

lows. Assuming that there is no water (x = 0) at 1073 K and that weight loss is due to only dehydration, 

we obtain the water content x = 0.25 at room temperature. Since the CO2 desorption is observed at 

around and above 673 K, we can assume that there is no water (x = 0) at 673 K. In this case, assuming 

that the weight loss from 373 to 673 K is ascribed to only water desorption from the bulk, we obtain 

bulk water content x = 0.13. Therefore, the bulk water content is ranges from x = 0.13 to 0.25, which 

is consistent with the calculated water content x = 0.151(5) using the refined occupancy factors at 30 

K. 
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Supplementary Figure 12. Raman spectrum of O–H stretching vibrations of Ba7Nb4MoO20·0.15 

H2O . Red cross marks stand for experimental data, and blue solid line was obtained by fitting. The 

O–H distance was calculated to be 0.99738(8) Å using the empirical equation after Novak.13 
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Supplementary Figure 13. Bond-valence-based energy (BVE) landscapes for a an oxide ion and b 

proton with orange isosurfaces at a 0.22 and b 0.65 eV. The solid lines represent the unit cell. Yellow 

arrows represent the possible ion migration paths.  

The energy barriers for proton migration Eb/H were also estimated using the bond-valence method. 

The Eb/H along the c axis in Mo-ordered Ba7Nb4MoO20·0.15 H2O was slightly higher than that in vir-

tual Mo-disordered Ba7Nb4MoO20·0.15 H2O (Supplementary Table 14). 

 

 

 
Supplementary Figure 14. The bottlenecks for oxide-ion migration along c axis in the cases of a all 

Mo atoms in the M2 sites (ordered Ba7Nb4MoO20) and b occupationally disordered Ba7Nb4MoO20. 

The bottleneck (critical radius) for oxide-ion migration along the c axis in the ordered Ba7Nb4MoO20 

0.9017(5) Å is smaller than that in the disordered Ba7Nb4MoO20 0.9052(5) Å. This is the reason for 

the higher Eb/O along the c axis in Mo-ordered Ba7Nb4MoO20・0.15 H2O compared with Mo-disordered 

Ba7Nb4MoO20・0.15 H2O (Supplementary Table 13). 
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Supplementary Figure 15. Structural models of 2×2×1 supercells (Ba7Nb4MoO20)4 and 

(Ba7Nb3.5Mo1.5O20.25)4 to investigate the formation energy of Ba7Nb3.5Mo1.5O20.25. 

(Ba7Nb3.5Mo1.5O20.25)4 has an interstitial O5 atom.  
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Supplementary Figure 16. Structural models of 2×2×1 supercells (Ba7Nb4MoO20)4 and 

(Ba7Nb4MoO20.25H0.5)4. to investigate the hydration enthalpy. Each model has a Nb atom at the M4 

site, which stabilizes the hydrated (Ba7Nb4MoO20.5H0.5)4, which is consistent with the literature.14 
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Supplementary Table 1. Materials containing pair(s) of elements with low Scattering Contrast Score (SCS), which is defined by Eq. (1) in the 

text. 
Material Element pair SCS Properties References 

Ba7Nb4MoO20 Mo/Nb 0.037 proton and oxide-ion conductivity 14–18 
Ba3MoNbO8.5 Mo/Nb 0.037 oxide-ion conductivity 19–21 

Sr11Mo3NbO22.5 Mo/Nb 0.037 oxide-ion conductivity 22 
BaGdInO4 Ba/In 0.18 oxide-ion conductivity 23 

Mo3Nb14O44 Mo/Nb 0.037 lithium-ion conductivity 24 
Ba7Y2Ti3Mn2O20 Ti/Mn 0.10 ionic-electronic mixed conductivity 25 
Pr0.5Ba0.5CoO3–δ Pr/Ba 0.077 catalysis 26 

Mo-Nb-V-Te-O oxide Mo/Nb 0.037 catalysis 27,28 
Ag1–xCdxSbTe2 Ag/Cd, Sb/Te 0.11, 0.030 thermoelectricity 29 

Cd0.2Sn0.8Sb2Te4 Cd/Sn, Sb/Te 0.14, 0.030 thermoelectricity 30 
Zr5Ir2Os Ir/Os 0.011 superconductivity 31 

SrSn0.95Sb0.05O3 Sn/Sb 0.065 transparency and electronic conductivity 32 
PbTiO3-BiFeO3 Pb/Bi 0.055 ferroelectricity 33 
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Supplementary Table 2. Inorganic crystal structure database (ICSD) code, chemical composition, calculated and experimental 95Mo NMR pa-

rameters for molybdenum-containing oxides. 

ICSD Codea 
Coordination  

polyhedron 
Composition ���� (ppm)b 

Calculated  

δiso (ppm)c 
Experimental 
δiso (ppm) 

Calculated  

|CQ| (MHz) 
Experimental 

|CQ| (MHz) 
References for  

experimental δiso and |CQ| 
26784 MoO4 PbMoO4 982.6 57.7 118.5 2.534 2.03 34 
84455 MoO4 CdMoO4 1035.6 92.2 131.3 3.707 3.05 34 

50821 MoO4 BaMoO4 835.4 –38.0 –45 1.896 1.68 This work 
(Supplementary Figure 4.) 

24904 MoO4 Rb2MoO4 867.0 –17.4 –21 1.3 1.12 34 
11773 MoO4 Li2MoO4 877.6 –10.6 –26 1.389 1.27 34 
16154 MoO4 K2MoO4 873.4 –13.3 –17 1.553 1.27 34 

180590 MoO6 α–MoO3 838.0 –36.3 –73 3.001 2.4 This work 
(Supplementary Figure 4.) 

9278 MoO4 Cs2MoO4 853.2 –26.4 –22 0.657 0.34 34 
262319 MoO6 Ba2CaMoO6 1217.2 210.2 168.5 0 0 4 
28025 MoO4 SrMoO4 886.8 –4.6 –1 2.453 2.26 34 
62219 MoO4 CaMoO4 933.2 25.6 46 3.344 3.05 34 

a ICSD code of the structure data used as the initial structure before the geometry optimizations. 
b δiso[VASP]: Isotropic chemical "shift" obtained by VASP11 
c (Calculated δiso) = (Calculated isotropic chemical shift δiso) = 0.65 ���� – 581 (Supplementary Fig. 5a).  
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Supplementary Table 3. Inorganic crystal structure database (ICSD) code, chemical composition, calculated and experimental 93Nb NMR pa-

rameters of niobium-containing oxides. 

ICSD Codea 
Coordination  

polyhedron  
Composition ���� (ppm)b 

Calculated  

δiso (ppm)c 
Experimental  

δiso (ppm) 
Calculated  

|CQ| (MHz) 
Experimental  

|CQ| (MHz) 
References for  

experimental δiso and |CQ| 
20335 NbO4 YNbO4 –204 –873 –840 75.89 82.23 7 
81616 NbO4 LaNbO4 –234 –906 –853 79.89 86.55 35 

202827 NbO6 SnNb2O6 –336 –1017 –1014 47.24 40.06 7 
23239 NbO6 NaNbO3 –355 –1038 –1064 18.9 19.96 36 
91748 NbO6 Nb2Mg4O9 –193 –861 –921 48.38 45.55 7 
85008 NbO6 Nb2MgO6 –352 –1035 –1020 57.13 53.81 7 
94493 NbO6 LiNbO3 –294 –971 –988 26.36 22.25 7 
79481 NbO6 La3NbO7 –308 –987 –998 39.38 50.87 7 
9533 NbO6 KNbO3 –318 –998 –1019 18.92 22.99 7 
75601 NbO6 Cd2Nb2O7 –280 –956 –988 28.86 24.79 7 
15208 NbO6 CaNb2O6 –326 –1006 –975 54.52 50.4 7 
74338 NbO6 NbBiO4 –288 –965 –969 28.51 20.83 7 
96510 NbO6 CsNb2BiO7 –271 –946 –936 18.27 24.06 7 

a ICSD code of the crystal structure data used as the initial structure before the geometry optimizations. 

b δiso[VASP]: chemical "shift" obtained by VASP11 
c (Calculated δiso) = (Calculated isotropic chemical shift δiso) = 1.09 ���� – 651 (Supplementary Fig. 5d). 
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 Supplementary Table 4. 93Nb NMR parameters and probable assignment of the signals to the sites of Ba7Nb4MoO20・0.15 H2O. 
DFT-calculated  Experimental 

Modelsa Site 
Coordination  
Polyhedron 

δiso (ppm)b |PQ| (MHz)c δiso (ppm)d |PQ| (MHz)e 

(1), (2), (3) M1 NbO6 –800 ~ –810 18 ~ 20 –748 15 

(1), (2), (3) M2 NbO4 –848 ~ –862 6.8 ~ 18 –952 6 

(9), (10) M2 NbO5 –803, −812 75, 43 uncertain  

(1), (2), (3) M3 NbO6 –867 ~ –897 41 ~ 50 –928 19 

(9), (10) M4 NbO6 –845, –858 71, 73 uncertain 
a Each model is shown in the Supplementary Figures 6 and 7. The models with Mo atoms at the M2 site was used. 
b Calculated isotropic chemical shift: 	���  =  1.09 × ����– 651 (Supplementary Fig. 5d). 
c DFT-calculated ��: Quadrupolar product was estimated by the equation: �� = ���1 + ��/3��/� where �� and � are DFT-calculated NMR parameters. 
d Experimental isotropic chemical shift δiso was estimated using the following equation: 	��� = �17	 � + 10	 ��/27 (Ref. 36–38). Because it is difficult to 

determine CQ and η for each peak with unclear shape probably due to the structural disorder,39 PQ value was calculated from the positions of the experi-

mental resonances (δF1 and δF2) in the F1 and F2 dimensions of the 3QMAS spectrum (Fig. 3a). 
e Experimental |PQ| was estimated by the following equation:  

 "��"  = #�$
�% ‧

�%
& '

�/� [)*��*+��]
 [)*�*-��+&].//  01‧10+& ��2� −  �2��

.
/  

where  04 is Larmor frequency and I (= 9/2) is the nuclear spin.36,40–42 
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Supplementary Table 5. Wavelengths and resonant scattering factors used in the Rietveld analyses of the RXRD data. 
Using the data 
from XANES 

spectrum 
(Supplemen-
tary Figure 8) 

Beamline Wavelength (Å) f ′ (Nb) f ′′(Nb)     

BL02B2 0.6527887(5) –7.1808 3.2712     

BL19B2 0.6523630(5) –6.3453 3.9525   
  

         

Using  
theoretical  
values43,44 

Beamline Wavelength (Å) f ′ (Ba) f ′′(Ba) f ′ (Mo) f ′′(Mo) f ′ (O) f ′′(O) 

BL02B2 0.6527887(5) –0.7251 2.0659 –2.6981 0.6044 0.0052 0.0050 

BL19B2 0.6523630(5) –0.7263 2.0635 –2.6990 0.6037 0.0052 0.0050 
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Supplementary Table 6. Refined occupancy factors in a preliminary Rietveld analysis using RXRD data of Ba7Nb4MoO20·0.15 H2O, which 

were measured with 0.6527887(5) Å X-ray at the BL02B2 beamline of SPring-8. Linear constraints of Eqs. (2) were used in the analysis. The 

result is consistent with g(Mo; M1) = g(Mo; M3) = g(Mo; M4) = 0.000. 
Site s g(Nb; s) g(Mo; s) 
M1 1.13(3) –0.13(3) 
M2 0.184(14) 0.736(14) 
M3 0.95(2) 0.05(2) 
M4 0.30(2) –0.22(2) 

 

Supplementary Table 7. Refined occupancy factors in a preliminary Rietveld analysis using RXRD data of Ba7Nb4MoO20·0.15 H2O, which 

were measured with 0.6527887(5) Å X-ray at the BL02B2 beamline of SPring-8. Linear constraints of Eqs. (2) were used and the g(Nb; M4) and 

g(Mo; M4) were fixed to the values 0.08 and 0.00, respectively, in the analysis. The result is consistent with g(Mo; M1) = g(Mo; M3) = g(Mo; 

M4) = 0.000. 
Site s g(Nb; s) g(Mo; s) 
M1 1.152(19) –0.152(19) 
M2 0.340(11) 0.736(14) 
M3 1.000(11) 0.000(11) 
M4 0.08 (fixed) 0.00 (fixed) 

 

Supplementary Table 8. Refined occupancy factors in a preliminary Rietveld analysis using RXRD data of Ba7Nb4MoO20·0.15 H2O, which 

were measured with 0.6527887(5) Å X-ray at the BL02B2 beamline of SPring-8. In the analysis, linear constraints of Eqs. (2) were used and the 

g(Nb; M1) and g(Mo; M1) were fixed to the values 1.00 and 0.00, respectively, and the g(Nb; M4) and g(Mo; M4) were fixed to the values 0.08 

and 0.00, respectively. The result is consistent with g(Mo; M1) = g(Mo; M3) = g(Mo; M4) = 0.000. 
Site s g(Nb; s) g(Mo; s) 
M1 1.00 (fixed) 0.00 (fixed) 
M2 0.322(4) 0.598(4) 
M3 1.09(4) –0.09(4) 
M4 0.08 (fixed) 0.00 (fixed) 
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Supplementary Table 9 Refined crystal parameters and reliability factors in the Rietveld analysis of the resonant synchrotron X-ray diffraction data 

(0.6527887(5) Å) of Ba7Nb4MoO19.849(OH)0.302 (= Ba7Nb4MoH0.302O20.151 = Ba7Nb4MoO20.151H0.302 = Ba7Nb4MoO20·0.151 H2O) at 297 K at the BL02B2 line in 

SPring-8.  
Site/Atom  

label 
Atom 

Wyckoff  
position 

g x y z Uiso (Å2) BVSd 

Ba1 Ba 1a 1e 0 0 0 0.0170(15) 2.02 
Ba2 Ba 2d 1e 1/3 2/3 0.8264(2) 0.0140(11) 2.18 
Ba3 Ba 2d 1e 1/3 2/3 0.5734(2) 0.0079(9) 2.30 
Ba4 Ba 2c 1e 0 0 0.2800(2) 0.0088(9) 1.93 
M1 Nb 1b 1e 0 0 1/2 0.0064(3) 4.59 

M2 Nb 2d 0.420 1/3 2/3 0.0932(4) 0.0064(3) 4.95 
Mo 2d 0.500 1/3 2/3 0.0932(4) 0.0064(3) 5.59 

M3 Nb 2d 1e 1/3 2/3 0.3478(4) 0.0064(3) 4.65 
M4 Nb 2d 0.08 1/3 2/3 0.1954b 0.0064(3) 3.63 
O1 O 6i 1/3 0.3532a 0.7064a –0.01209a 0.014(2) 1.96 
O2 O 6i 1e 0.166652a 0.33304a 0.13082a 0.014(2) 1.93 
O3 O 6i 1e 0.16323a 0.32646a 0.43098a 0.014(2) 1.95 
O4 O 6i 1e 0.49502a 0.50498a 0.29455a 0.014(2) 1.98 
O5 O 3e 0.0504c 1/2 0 0 0.014(2) 1.33 
H H 12j 0.0252c 0.345 0.5 0.9748 0.04106f 0.84 

Crystal system: trigonal. Space group: �3561 (No.164, setting 1). Lattice parameters: a = b = 5.8604(4) Å, c = 16.5250(9) Å 

Number of formula per unit cell: Z = 1. g(X; s): Occupancy factor of X atom at the s site. g(Ba; Ba1) = g(Ba; Ba2) = g(Ba; Ba3) = g(Ba; Ba4) = g(Nb; M1) = 

g(Nb; M3) = g(O; O2) = g(O; O3) = g(O; O4) = 1; g(Nb; M2) = 0.42, g(Mo; M2) = 0.5, g(Nb; M4) = 0.08; g(O; O1)=1/3, g(O; O5) = 0.0504. 

Uiso(Xn) Isotropic atomic displacement parameter of X atom at the Xn site. Linear constraints in the Rietveld analysis: Uiso(Nb1) = Uiso(Nb2) = Uiso(Mo2) = 

Uiso(Nb3) = Uiso(Nb4), Uiso(O1) = Uiso(O2) = Uiso(O3) = Uiso(O4) = Uiso(O5). 

Reliability factors: Rwp = 6.732%, Rp = 4.503%, RB = 3.874%, RF = 2.235%. Goodness of Fit GoF = 65.5773 

a Atomic coordinates of Oi (i = 1–5) atoms were fixed to those from ND analysis at 300 K. 
b z coordinate of Nb4 atom was fixed to those from a preliminary analysis. 
c Occupational parameters of O5 and H atom were fixed to those from ND analysis at 300 K (Table 2).  
d BVS: Bond valence sums. Here the bond valence parameters after Adams and Rao45 were used for the calculations of BVSs. BVS values are consistent with 

the formal charge of Ba2+, Nb5+, Mo6+, O2– and H+. 
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e The occupancy factors of Ba1–4, M1, M3, O2–O4 were fixed to unity, because the refined values agreed with unity within three times of estimated standard 

deviations (see Supplementary Note 1 for details). 
f Atomic displacement parameter of H atom was fixed to those from preliminary analyses. 
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Supplementary Table 10 Refined crystal parameters and reliability factors in Rietveld analysis of the neutron diffraction data of Ba7Nb4MoO 

19.849(5)(OH)0.302(8) (= Ba7Nb4MoH0.302(8)O20.151(5) = Ba7Nb4MoO20.151(5)H0.302(8) = Ba7Nb4MoO20·0.151(5) H2O) at 30 K. 
Site / 

Atom label 
Atom 

Wyckoff  
Position 

g x y z Uiso (Å2) BVSc 

Ba1 Ba 1a 1b 0 0 0 0.00092a 2.03 
Ba2 Ba 2d 1b 1/3 2/3 0.82204(5) 0.00092a 2.24 
Ba3 Ba 2d 1b 1/3 2/3 0.57321(7) 0.00092a 2.31 
Ba4 Ba 2c 1b 0 0 0.27876(6) 0.00092a 1.94 
M1 Nb 1b 1b 0 0 1/2 0.002a 4.63 

M2 Nb 2d 0.42 1/3 2/3 0.09437(5) 0.002a 4.80 
Mo 2d 0.5 1/3 2/3 0.09437(5) 0.002a 5.37 

M3 Nb 2d 1b 1/3 2/3 0.34875(4) 0.002a 4.67 
M4 Nb 2d 0.08 1/3 2/3 0.1954 0.002a 3.6 
O1 O 6i 1/3 0.3183(5) 0.6366(10) –0.01323(5) 0.0169(7) 1.83 
O2 O 6i 1b 0.16527(11) 0.3305(2) 0.13137(3) 0.00764(12) 1.91 
O3 O 6i 1b 0.16307(12) 0.3262(2) 0.43120(3) 0.00506(14) 1.96 
O4 O 6i 1b 0.49448(8) 0.50552(8) 0.29476(2) 0.00484(14) 2.02 
O5 O 3e 0.0504(15) 1/2 0 0 0.0169(7) 1.29 
H H 12j 0.0252(7) 0.346(3) 0.500(3) 0.9748(11) 0.005a 0.84 

Crystal system: trigonal. Space group: �3561 (No.164, setting 1). Lattice parameters: a = b = 5.856523(4) Å, c = 16.51565(3) Å 

Number of formula per unit cell: Z = 1. g(X; s): Occupancy factor of X atom at the s site. g(Ba; Ba1) = g(Ba; Ba2) = g(Ba; Ba3) = g(Ba; Ba4) = g(Nb; M1) = 

g(Nb; M3) = g(O; O2) = g(O; O3) = g(O; O4) = 1; g(Nb; M2) = 0.42, g(Mo; M2) = 0.5, g(Nb; M4) = 0.08; g(O; O1)=1/3, g(O; O5) = 2g(H; H1). 

Uiso(Xn): Isotropic atomic displacement parameter (ADP) of X atom at the Xn site.  

Reliability factors: Rwp = 2.844%, Rp = 2.713%, RB = 4.996%, RF = 4.201%. Goodness of Fit GoF = 22.790. 
a ADPs of Bai, Mi (i = 1–4) and H atom were fixed to those from preliminary analyses. 
b The occupancy factors of Ba1–4, M1, M3, O2–O4 were fixed to unity, because the refined values agreed with unity within three times of estimated standard 

deviations (see Supplementary Note 1 for details). 
c BVS: Bond valence sums. Here the bond valence parameters after Adams and Rao45 were used for the calculations of BVSs. BVS values are consistent with 

the formal charge of Ba2+, Nb5+, Mo6+, O2– and H+. 
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Supplementary Table 11 Total energies of (Ba7Nb4MoO20)2 (2×1×1 cell) with different arrangements of the Nb and Mo atoms (Supplementary 

Figure 6), which were obtained by DFT calculations. The total energies for the models where Mo atoms are located only at the M2 site are a little 

lower than those for other models, which suggests that the Mo chemical order at the M2 site is energetically favorable. 
Model Mo arrangement Relative energy (meV per atom) 

(1) Mo atoms in only M2 site +1.68 
(2) Mo atoms in only M2 site +1.45 
(3) Mo atoms in only M2 site 0.00 
(4) Mo atoms in only M1 site +29.96 
(5) Mo atoms in M1 and M2 sites +12.50 
(6) Mo atoms in only M3 site +17.94 

 

 

 

Supplementary Table 12. Polyhedral volumes and bond valence sums (BVSs) of Mo6+ atom at each site in the crystallographic parameters refined 

using neutron diffraction data at 300 K. 

Site Polyhedron 
Polyhedral  

volume (Å3) 
BVS of Mo6+ 

M1 MoO6 10.8855 4.63 
M2 MoO4 3.6908 5.53 
M3 MoO6 11.1086 4.76 
M4 MoO6 13.0783 3.51 
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Supplementary Table 13. Bond-valence-based energy barriers for oxide-ion migration Eb/O in the Mo-ordered and Mo-disordered Ba7Nb4MoO20. 

Eb/O in the ab plane is much lower than that along c axis, which indicates two-dimensional oxide-ion diffusion (Supplementary Fig. 13). Eb/O (eV) 

along c axis for the Mo-ordered Ba7Nb4MoO20·0.15 H2O 1.93 eV is higher than that for the Mo-disordered model 1.60 eV. 

 

Mo order/disorder Eb/O (eV) in ab plane 
Eb/O (eV) along c axis  

direction 
Mo-ordered 

Ba7Nb4MoO20* 0.22 1.93 

Virtual Mo-disordered 
Ba7Nb4MoO20** 0.18 1.60 

* Eb/O was calculated by the bond-valence method for the crystal structure refined using the neutron-diffraction data at 300 K (Table 2) where the occupancy 

factors of Mo and Nb atoms in Table 2 were used for the Mo-ordered Ba7Nb4MoO20·0.15 H2O. 

** Eb/O was calculated by the bond-valence method for the crystal structure refined using the neutron-diffraction data at 300 K (Table 2) where g(Nb; M1) = 

g(Nb; M3) = 0.8, g(Mo; M1) = g(Mo; M3) = 0.2, g(Nb; M2) = 0.736, g(Mo; M2) = 0.184, g(Nb; M4) = 0.064, g(Mo; M4) = 0.016 for the virtual Mo-disor-

dered Ba7Nb4MoO20·0.15 H2O. 
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Supplementary Table 14. Energy barriers for proton migration Eb/H in Ba7Nb4MoO20. The Eb/H along the c axis in Mo-ordered Ba7Nb4MoO20·0.15 

H2O (0.87 eV) is slightly higher than that in virtual Mo-disordered Ba7Nb4MoO20·0.15 H2O (0.83 eV). 

  

Mo order/disorder Eb/H (eV) in ab plane Eb/H (eV) along c axis  
direction 

Mo-ordered 
Ba7Nb4MoO20* 0.60 0.87 

Virtual Mo-disordered 
Ba7Nb4MoO20** 0.61 0.83 

* Eb/H was calculated by the bond-valence method for the crystal structure refined using the neutron-diffraction data at 300 K (Table 2) where the occupancy 

factors of Mo and Nb atoms in Table 2 were used for the Mo-ordered Ba7Nb4MoO20·0.15 H2O. 

** Eb/H was calculated by the bond-valence method for the crystal structure refined using the neutron-diffraction data at 300 K (Table 2) where g(Nb; M1) = 

g(Nb; M3) = 0.8, g(Mo; M1) = g(Mo; M3) = 0.2, g(Nb; M2) = 0.736, g(Mo; M2) = 0.184, g(Nb; M4) = 0.064, g(Mo; M4) = 0.016 for the virtual Mo-disor-

dered Ba7Nb4MoO20·0.15 H2O. 
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Supplementary Table 15. Formation energies of Ba7Nb3.5Mo1.5O20.25 with interstitial oxygen O5 atoms (Δ89), which were calculated by the DFT 

method. Δ89 values for the Mo ordered models are lower than those for the Mo disordered ones. 

Reactionsa Mo configuration of the 
mother compositionb 

Mo configuration of 
Ba7Nb3.5Mo1.5O20.25 

Δ8f (kJ per mol of 
Ba7Nb3.5Mo1.5O20.25)b 

Note 

Model A + MoO3  
→ Model B + NbO2.5 

Four Mo2 Six Mo2 −69.6 Mo ordered model 

Model C + MoO3  
→ Model D + NbO2.5 

Four Mo2 Six Mo2 –71.3 Mo ordered model 

Model E + MoO3  
→ Model F + NbO2.5 

Four Mo2 Six Mo2 −61.1 Mo ordered model 

Model G + MoO3  
→ Model H + NbO2.5 

One Mo1,  
two Mo2  

and one Mo3 

Two Mo1,  
two Mo2  

and two Mo3 
+14.2 Mo disordered model 

Model I + MoO3  
→ Model J + NbO2.5 

One Mo1,  
two Mo2  

and one Mo3 

Two Mo1, 
three Mo2, 

and one Mo3 
−14.8 Mo disordered model 

Model K + MoO3  
→ Model L + NbO2.5 

One Mo1,  
two Mo2  

and one Mo3 

One Mo1,  
three Mo2  

and two Mo3 
−35.2 Mo disordered model 

a Each model is shown in the Supplementary Fig. 15.  
b Moi (i = 1, 2, 3): a Mo atom located at a M2 site. 
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Supplementary Note 1 Preliminary Analyses of SXRD and ND data of 

Ba7Nb4MoO20. 

 

The occupancy factors of atom X at site s g(X; s) of Ba7Nb4MoO20·0.15 H2O were refined in prelimi-

nary Rietveld analyses using neutron diffraction (ND) data at 300 K and conventional synchrotron 

X-ray diffraction (SXRD) data at 297 K with 0.6994806(5) Å X-ray far from the Nb K edge as fol-

lows.  

In the preliminary analyses, the Nb and Mo atoms were assumed to be completely disordered. In the 

preliminary Rietveld analyses, the following linear constraint was used to maintain the chemical 

composition: 

g(Nb0.8Mo0.2; M1) + 2g(Nb0.8Mo0.2; M2) + 2g(Nb0.8Mo0.2; M3) + 2g(Nb0.8Mo0.2; M4) =  5   Eq. (S1). 

The occupancy factors of Ba atoms were refined to be g(Ba; Ba1) = 0.997(7), g(Ba; Ba2) = 

0.991(6), g(Ba; Ba3) = 0.995(5), g(Ba; Ba4) = 1.000(5) in a preliminary Rietveld analysis for the 

conventional SXRD data. The occupancy factors of the oxygen atoms were refined using the ND 

data as g(O; O2) = 1.009(10), g(O; O3) = 0.942(12) and g(O; O4) = 0.985(11). The occupancy fac-

tors of the Ba1, Ba2, Ba3, Ba4, Nb1, Nb3, O2, O3, and O4 atoms agreed with 1 within 5esd where 

esd is the estimated standard deviation. Therefore, the occupancy factors of Ba1, Ba2, Ba3, Ba4, 

Nb1, Nb3, O2, O3, and O4 atoms were fixed to unity in the following and final refinements: 

g(Ba; Baj) = g(O; Ok) = 1   (j =1, 2, 3, and 4; k =2, 3, and 4)            Eq. (S2). 

In another preliminary analysis, the occupancy factors g(Nb0.8Mo0.2; Mi) (i = 1 and 3) were deter-

mined to be g(Nb0.8Mo0.2; M1) = 1.015(7) and g(Nb0.8Mo0.2; M3) = 0.998(8). Thus, we fixed these 

values to unity in the following analysis  

g(Nb0.8Mo0.2; M1) = g(Nb0.8Mo0.2; M3) = 1            Eq. (S3),  

which indicates that the sum of the occupancy factors of Nb and Mo atoms at M1 and M3 sites are 

also unity,  

g(Nb; M1) + g(Mo; M1) = 1, g(Nb; M3) + g(Mo; M3) = 1         Eq. (S4). 

It was difficult to refine the occupancy factor of Nb0.8Mo0.2 at the M4 site g(Nb0.8Mo0.2; M4), because 

of the small occupancy and strong correlation. Thus, we carefully examined the residual sum of 

squares (RSS) in the Rietveld analyses of SXRD data for various fixed g(Nb0.8Mo0.2; M4) values: 

RSS = ∑ �
>?

@AB CDE
�F� − DE

GHIJ�
E . 

Here DE
�F� and DE

GHI are the observed and calculated intensities, respectively, at the ith step. The mini-

mum RSS value was obtained for g(Nb0.8Mo0.2; M4) = 0.08 among g(Nb0.8Mo0.2; M4) = 0, 0.005, ..., 

0.30 (Supplementary Fig. 2), which indicates that the sum of the Nb and Mo occupancies at the M4 

site is 0.08: g(Nb0.8Mo0.2; M4) = g(Nb; M4)+g(Mo; M4) = 0.08        Eq. (S5).  

Using Eqs. (S1), (S3), (S4), (S5), we obtain 

 g(Nb0.8Mo0.2; M2) = g(Nb; M2) + g(Mo; M2) =0.92        Eq. (S6). 

From Eqs. (S2), (S4), (S5) and (S6), we obtain Eq. (2) in the main text. 
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Supplementary Data. Detailed Scattering Contrast Score (SCS) values. 
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Supplementary Data- continued 
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Supplementary Data. continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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Supplementary Data- continued 
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