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Experimental Procedure 
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Ba5Er2Al2ZrO13.23∙xH2O
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≈

≈

≈

 (h′) layers

H2O(g) + 2OO3
× + VO4

× ↔ 2(OO3H)• + OO4
′′

supported by Rietveld analysis 

of neutron-diffraction data (Fig. S8)

𝐾W =  
[(OO3H)•]2[OO4

′′ ]

𝑃(H2O) [OO3
× ]2[VO4

× ]

[(OO3H)•] = 2[OO4
′′ ]
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[VO4
× ] + [OO4

′′ ]  =  1

[OO3
× ] + [(OO3H)•]  =  1

‒

𝐾W =  

1
2 [(OO3H)•]3

𝑃(H2O) (1‒ [(OO3H)•])2(1‒
1
2

[(OO3H)•])

𝐾W = exp 
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Ba5Er2Al2ZrO13∙xH2O

Ba5Er2Al2ZrO13∙xH2O

Δm/m represents the ratio of the weight change 

(m – m0) relative to weight at 1200 m0

Δm/m = (m – m0)/m0.   
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Figure S5. Weight change of Ba5Er2Al2ZrO13∙xH2O and temperature as a function of time in (a) wet 

(P(H2O) = 0.021 atm) and (b) dry (P(H2O) < 10–5 atm) air. Δm/m represents the ratio of the weight change 

(m – m0) relative to weight at 1200 m0 Δm/m = (m – m0)/m0. 
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Figure S6. Temperature dependence of the calculated proton transport number (tH) of Ba5Er2Al2ZrO13.23

∙xH2O  according to the following relation: tH = σH / σwet = (σwet – σdry) / σwet, where σwet and σdry represent 

the total electrical conductivities in wet (P(H2O) = 0.017 atm) and dry (P(H2O) < 10–5 atm) air, 

respectively. 
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Figure S7. Temperature dependence of the equilibrium constant Kw for the water incorporation reaction 

of Ba5Er2Al2ZrO13.23∙xH2O. 
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Å2

4e 0 0 0.3591(3) 0.0353(8) 1 1.916 

4f 2/3 1/3 0.5446(3) 0.0353(8) 1 1.668 

2d 2/3 1/3 1/4 0.0353(8) 1 1.401 

2a 0 0 0 0.0344(18) 1 3.940 

4f 2/3 1/3 0.39617(15) 0.0235(7) 1 3.163 

4f 2/3 1/3 0.8174(3) 0.0177(11)g 1 3.281 

12k 0.5079(5) 0.0158(9) 0.65796(15) 0.0620(16) 1 1.821 

12k 0.3256(8) 0.1628(4) 0.45000(12) 0.0401(9) 1 1.936 

6h 0.2981(17) 0.596(3) 1/4 0.065(9) 1/3 2.063 

2b 0 0 1/4 0.089(17)g 0.31(4)  

Å2 Å2 Å2 Å2 Å2 Å2

0.0360(9) 0.0360(9) 0.034(2) 0.0180(4) 0 0  

0.0360(9)f 0.0360(9)f 0.034(2)f 0.0180(4)f 0 0  

0.0360(9)f 0.0360(9)f 0.034(2)f 0.0180(4)f 0 0  

0.0341(19) 0.0341(19) 0.035(4) 0.0171(9) 0 0  

0.0231(8) 0.0231(8) 0.0242(16) 0.0115(4) 0 0  

0.0562(17) 0.037(2) 0.086(3) 0.0184(10) −0.0176(11) −0.035(2)  

0.0274(13) 0.0399(10) 0.0490(15) 0.0137(6) 0.0133(12) 0.0066(6)  

0.104(14) 0.055(13) 0.019(5) 0.027(6) 0 0  

d The occupancy of X atom at the Xn site. Occupancies are fixed to 1 at Ba1, Ba2, Ba3, Zr, Er, Al, O1, and O2 site, fixed to 1/3 at O3 

site, and allowed to vary at O4 site. 

e Bond valence sum. Each bond valence parameter was taken from the literature.7,8 

f Linear constraints: U11(Ba1) = U11(Ba2) = U11(Ba3) and U33(Ba1) = U33(Ba2) = U33(Ba3). 

g Uiso: Refined isotropic atomic displacement parameter. 
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Å2

4e 0 0 0.3592(3) 0.0399(8) 1 1.914 

4f 2/3 1/3 0.5445(3) 0.0399(8) 1 1.669 

2d 2/3 1/3 1/4 0.0399(8) 1 1.421 

2a 0 0 0 0.0388(17) 1 3.95 

4f 2/3 1/3 0.39616(15) 0.0286(7) 1 3.191 

4f 2/3 1/3 0.8174(3) 0.0242(11)e 1 3.223 

12k 0.5069(5) 0.0138(9) 0.65819(15) 0.0674(16) 1 1.816 

12k 0.3257(8) 0.1628(4) 0.45003(12) 0.0444(9) 1 1.941 

6h 0.301(3) 0.603(6) 1/4 0.094(13) 1/3 2.068 

2b 0 0 1/4 0.067(14)g,h 0.23(3)h  

6h 0.461(5) 0.921(10) 1/4 0.067(14) g,h 0.15(2)h  

Å2 Å2 Å2 Å2 Å2 Å2

0.0406(9) 0.0406(9) 0.038(2) 0.0203(4) 0 0  

0.0406(9)f 0.0406(9)f 0.038(2)f 0.0203(4)f 0 0  

0.0406(9)f 0.0406(9)f 0.038(2)f 0.0203(4)f 0 0  

0.0387(19) 0.0387(19) 0.039(4) 0.0193(9) 0 0  

0.0278(7) 0.0278(7) 0.0303(17) 0.0139(4) 0 0  

0.0613(17) 0.043(2) 0.092(3) 0.0216(10) −0.0175(12) −0.035(2)  

0.0326(13) 0.0443(9) 0.0524(15) 0.0163(7) 0.0138(12) 0.0069(6)  

0.16(2) 0.074(15) 0.018(5) 0.037(8) 0 0  

d g represents the occupancy of X atom at the Xn site. Occupancies are fixed to 1 at Ba1, Ba2, Ba3, Zr, Er, Al, O1, and O2 site, fixed 

to 1/3 at O3 site, and allowed to vary at O4 and H sites. 

e Bond valence sum. Each bond valence parameter was taken from the literature.7,8 

f Linear constraints: U11(Ba1) = U11(Ba2) = U11(Ba3) and U33(Ba1) = U33(Ba2) = U33(Ba3). 

g Uiso: Refined isotropic atomic displacement parameter. 

h Linear constraints: Uiso(O4) = Uiso(H) and g(O4) = 3/2 g(H). 
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Figure S10. Arrhenius plots of the total electrical conductivity σtot of Ba5M2Al2ZrO13∙xH2O (M = Dy, Er, 

Tm, Yb, and Lu) in static air (P(H2O) ≈ 0.02 atm).  
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