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Figure S1. SEM micrograph of a sintered pellet of BSW. The sample was thermally etched at 1300 °C for 10 

min prior to the SEM observation. The average grain size was estimated to be 3 μm in diameter. 

 

 
Figure S2. Water uptake of BSW in wet air. 
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Figure S3. van 't Hoff plot of the equilibrium constant Kw for the hydration of BSW. The Kw was calculated 

using the equation in the literature.1 

 

Table S1. Hydration enthalpy and entropy of BaSc0.8W0.2O2.8−y/2(OH)y (BSW), BaSc0.8Mo0.2O2.8−y/2(OH)y 

(BSM),1 and BaZr0.4Sc0.6O2.7−y/2(OH)y (BZS)2 at 500−1000, 500−1000, and 450−1000 oC, respectively. The 

hydration enthalpy and entropy of BSW were estimated using the van 't Hoff plots (Figure S3). 

 
The hydration enthalpy and entropy of BSW have similar values with those of proton conducting perovskites 

BSM and BZS. 
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Figure S4. Optimized structure of Ba27Sc22W5O81H12, which was obtained by static DFT calculations.  

 

 

Figure S5. Cu Kα X-ray powder diffraction pattern of as-prepared BSW powders at 24 oC. hkl denotes the 

reflection index of the primitive cubic cell.  
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Figure S6. H/D isotope effect on the DC electrical conductivity of BSW at 250 oC during (a) 0−1 h, (b) 1−23 

h, and (c) 23−24 h. σDC(H2O) and σDC(D2O) stand for the DC electrical conductivities in H2O- and D2O-

saturated air, respectively. 

 

 

 

 
Figure S7. (a) Arrhenius plots of bulk conductivity of BSW in wet air (σwet, blue open circles) and dry air (σdry, 

black open circles and line). Arrhenius plots of the bulk proton conductivity of BSW (red closed circles and 

line). Here, the bulk proton conductivity σH+ was estimated using the equation, σH+ = σwet – σdry. (b) 

Temperature dependence of proton transport number in BSW. The proton transport number was calculated by 

the equation, tH+ = σH+/σwet. 

 

  



p. 6 

ESI Note 1: Kramers-Kronig (KK) validation 

Figure S8a shows the KK residuals of experimental data of BSW in wet air. The absolute values of the KK 

residual were lower than 0.7%. Figure S8b shows the equivalent circuit (EC) residual plots of BSW in wet air. 

The absolute values of the EC residual were lower than 0.1%. These residual values validate the collected 

impedance data.3 

 

 
Figure S8. Residual plots of (a) the measured impedance data obtained by the Kramers-Kronig transformation 

and (b) the equivalent circuit fitting of BSW in wet air at 236 oC.  
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Figure S9. Complex impedance plots of BSW at (a) 46, (b) 143, (c) 236 and (d) 340 °C in wet air. Each 

number denotes the frequency at a blue closed circle. The red solid line represents the fitting curve. 

 

 



p. 8 

  
Figure S10. Equivalent circuits used to model the impedance spectra of BSW at (a) 46‒90 °C, (b) 143 °C, (c) 

193‒236 °C, and (d) 283‒446 °C. R, C, CPE, and Wo denote a resistance, capacitance, constant phase element, 

and open Warburg element, respectively. The subscripts “bulk”, “gb”, and “ele” denote the bulk, grain 

boundary, and electrode, respectively. 

 

Table. S2. Capacitances for bulk Cb and grain boundary Cgb of BSW in wet air. 
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Figure S11. Arrhenius plots of bulk (red circles) and grain-boundary (blue circles) conductivities of BSW in 

wet air. The activation energy for bulk conductivity was calculated to be 0.40 eV. The activation energies for 

grain boundary conductivity were calculated to be 0.53 eV from 46 to 283 oC and 0.36 eV from 283 to 446 
oC. 

 

 

Figure S12. Cu Kα X-ray powder diffraction patterns of BSW (a) before annealing, after annealing at 450 °C 

under (b) CO2 for 200 h and (c) H2 for 100 h, and (d) after standing under ambient atmosphere (in ambient air 

with 50‒80% relative humidity and CO2) at room temperature for 100 h. 

 

 
Figure S13. Cu Kα X-ray powder diffraction patterns of (a) the BSW sample after the electrical conductivity 

measurements through three heating and cooling cycles and (b) as-prepared BSW sample. 
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Figure S14. Stability of the electrical conductivity σ under (a) wet H2, (b) wet air, and (c) wet CO2 atmospheres 

at 450 oC. σi denotes the initial electrical conductivity (σ at 0 h). 
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Figure S15. Thermogravimetric-mass spectrometric (TG-MS) data of wet BSW powders measured under dry 
He flow. The sample weight decreased during heating. TG-MS data showed that the weight loss was mainly 
due to the dehydration (water evaporation, m/z = 18, red line). Additional weight loss at high temperatures 
was caused by the release of CO2 gas (m/z = 44, green line). O2 from the sample was not detected (m/z = 32, 
blue line). 
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Table S3. Atomic coordinates of hydrogen atom of BSW and BaSc0.8Mo0.2O2.8−y/2(OD)y (Ref. 1), which were 
refined by Rietveld analysis of neutron diffraction data. Average atomic coordinates of proton of 
Ba27Sc22W5O69(OH)12, which were optimized by DFT calculations. The refined atomic coordinates x and y of 
D atom in BSW were in agreement with those of BaSc0.8Mo0.2O2.8−y/2(OD)y (Ref. 1) within four and three 
estimated standard deviations, respectively. The refined atomic coordinates x and y of D atom in BSW were 
in agreement with the average atomic coordinates optimized by the DFT calculations within 2% and 2.8%, 
respectively. 

 
 

 

 

 

 
Figure S16. (a) IR and (b) Raman spectra of wet BSW powders. Novak proposed an empirical equation to 

express the correlation between OH bond length and frequency using data of 21 materials.4 Using the empirical 

equation, the OH bond length of the wet BSW powders was estimated to be 1.00 Å from IR data and 0.99 Å 

from Raman data. 
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Table S4. Fractional water uptake Fw of BaSc0.8W0.2O2.8−y/2(OH)y (BSW), BaSc0.8Mo0.2O2.8−y/2(OH)y (BSM),1 

BaSc0.75Mo0.25O2.875−y/2(OH)y (Ref. 1), BaZr0.8Y0.2O2.9−y/2(OH)y (Ref. 5), and BaCe0.9Y0.1O2.95−y/2(OH)y (Ref. 6). 

 
 

   

ESI Note 2: Higher fractional water uptake Fw in BSW compared with BSM due to the larger lattice 

volume   

The fractional water uptake Fw of BaSc1−xMxO3−δ increases with increasing the experimental lattice volume V 

(Figure S17a), which is supported by the increase of Fw with an increase of the “average lattice volume” <Vc> 

(Figure S17b) where the <Vc> is defined below*. Therefore, the higher Fw of BSW compared with BSM can 

be attributed to the larger lattice volume V of BSW compared with BSM. The <Vc> of BaSc0.8M0.2O3−δ can be 

expressed as  

<Vc> = (0.2rM + 4.124)3 [Å3]. Here, rM is the ionic radius of donor dopant M6+ cation for the coordination 

number (CN) of 6 (M = W for BSW and M = Mo for BSM). The <Vc> of BaSc0.8M0.2O3−δ increases with an 

increase of rM. Since the rW is larger than rMo, <Vc> of BSW is larger than that of BSM. Thus, the higher Fw 

of BSW compared with BSM is attributable to the larger ionic radius of W6+ cation compared with Mo6+. 
*The “average lattice volume” <Vc> is defined by the equation,  

<Vc> = ((2(rSc/M + rO) + √2(rBa + rO))/2)3, where rBa and rO are the ionic radii of Ba2+ for the CN of 12 and O 

anion (O2−) for the CN of 6, respectively. The rSc/M was calculated by the equation, rSc/M = (1−x)rSc + xrM where 

rSc and rM are the ionic radii of Sc and M cations, respectively, for CN = 6 in BaSc1−xMxO3−δ. 

 

 
Figure S17. Variation of the fractional water uptake Fw with (a) experimental lattice volume V and (b) average 
lattice volume <Vc>. Red circle denotes BSW. Black circles represent BSM and BaSc0.75Mo0.25O2.875−y/2(OH)y.1 
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Figure S18. Comparison of the experimental D of BSW (black circles) with the D calculated by AIMD 

simulations (red circle). Dotted line is the guide for eyes. 
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