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Methods

Hebb-Wagner polarization method

Electrical conductivities were measured using the Hebb-Wagner polarization method' with an
asymmetric (—)Pd/NdHO/Au(+) cell. The Pd reversible hydrogen electrode and the ion blocking Au
electrode were deposited on the pellet by either thermal deposition. Measurements were carried out
using a Bio-Logic VSP-300 frequency response analyzer in a flow of H, gas at 300 °C, with an applied
potential between 0.2 and 2.0 V. Figure S7 shows the Hebb-Wagner polarization i-} curve at 300 °C.
The total electrical conductivity (electrons o, + holes o) at the irreversible Au/NdHO interface of the
cell is given by the following equation:

0c + on = (LIA)(d|[ep|/dE) (eq. S1)
where L represents the electrolyte thickness, 4 the electrolyte-electrode surface area, |/ 1| the absolute
value of the total electronic current, and £ the polarization voltage. As shown in Fig. S7, the total
electrical conductivity (. + on) at 300 °C calculated by the linear fitting of i-V curve between 0.6-1.6
V gave 2.15 x 107 S cm™'. This electronic contribution is negligible given the total conductivity

determined by the ac impedance method.

First-principles calculation

We considered point defects of vacancy and octahedral interstitial atoms of each element (La, O and
H), and anti-site atoms of O and H in anion-ordered LaHO. The 2b, 2¢, and 4d sites were considered
for the interstitial sites. For the La vacancy, we considered 2a, 2¢, and 4e sites. The formation energies
of point defects, E(D?) are given by

E;(D9) = {E(D?) + Ecorr (DD} — E(perfect) — Yinip; + q{(eypm + Av) + Aep}  (eq. S2)
where E(D?) and E(perfect) are the total energies of the supercell with a defect D in charge state of ¢
and the perfect supercell without any defect, respectively. #; is the number of removed (7; < 0) or added
(n; > 0) i atoms to make the defects and 4 is the chemical potential of atom i. gvswm is the energy level
of the valence band maximum, Ag is the Fermi level referenced to evem. Ecor(Dy) and Av correspond
to the image-charge correction and potential alignment correction, respectively. Ecornr(Dg) and Av were
calculated by extended FNV scheme.? z41 was taken as the hydrogen-rich limit (s = 1/212(molecule))
and LaH3 was considered as an equilibrium phase (g = fransouik)— 3441) and fo = fiaHObulk) — Hia —
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Figure S1. Laboratory XRD patterns of LnHO-AP (Ln = Nd, Gd, and Er). The presence (absence) of
the 101 reflection in NdHO (GdHO and ErHO) indicates anion order (anion disorder).
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Figure S2. Laboratory XRD patterns of LnHO-HP (Ln = La, Nd, Gd, and Er). The presence (absence)
of the 101 reflection for Ln = La and Nd (Ln = Gd and Er) indicates the anion order (anion disorder).



Table S1. Lattice parameters derived from Le Bail analysis using XRD data of LnHO (La, Nd, Gd, Er)

prepared under high pressure (LnHO-HP) and ambient pressure (LnHO-AP) method. The reported

data are also shown.>”

Material Space group a(A) c(A)
LaHO-HP P4/nmm 8.07783(7) 5.7343(1)
LaHO ? P4/nmm 8.074(1) 5.739(1)
NdHO-HP P4/nmm 7.8574(2) 5.5461(2)
NdHO-AP P4/nmm 7.8501(2) 5.5476(3)
NdHO * P4/nmm 7.8480(5) 5.5601(8)
GdHO-HP Fm3m 5.3889(1) -
GdHO-AP Fm3m 5.39397(3) -
GdHO * Fm3m 5.4035(1) -
ErHO-HP Fm3m 5.2453(2) -
ErHO-AP Fm3m 5.24467(4) -
ErHO ° Fm3m 5.2473(1) -

Figure S3. The photos of (a) ErtHO-AP, (b) ErHO-HP, (c) NdHO-AP, and (d) NdHO-HP. The dark

color for ErHO-AP indicates the presence of conduction electrons derived from hydrogen deficiency.

Tables S2. Crystallographic data for ErtHO-HP from powder neutron diffraction at room temperature.

Atom Site X y z Biso (AZ)
Er 4a 0 0 0 0.430(8)
O 8¢ 1/4 1/4 1/4 0.53(3)
H 8¢ 1/4 1/4 1/4 0.53(3)

g
1

0.505(1)
0.494(3)

Space group: Fm3m, a=5.2490(1) A, x> =10.8, R, = 3.17%, Ryp = 3.88%, Rexp = 1.17%.



Table S3. Crystallographic data for NdHO-HP from powder neutron diffraction at room temperature.

Atom Site X y z Biw (A%) g
Ndl 2a 3/4 1/4 0 0.71(1) 1
Nd2 2c 1/4 1/4 0.9479(3) 0.71(1) 1
Nd3 4e 0 0 1/2 0.71(1) 1
0) 8i 1/4 0.5086(3) 0.7463(3) 1.02(2) 0.985(4)
H 8i 1/4 0.5263(5) 0.2556(7) 1.37(7) 0.706(9)

Space group: P4/nmm, a = 7.85159(3) A, ¢ = 5.55541(5) A, x> = 9.6, R, = 2.10%, Ryp = 2.67%, Rexp
=0.87%.

Table S4. Crystallographic data for NdHO-HP with hydride ion at all the octahedral sites (25, 2¢, and

4d) from powder neutron diffraction at room temperature.

Atom Site X y z Biso (A?) g
Nd1 2a 3/4 1/4 0 0.74(1) 1
Nd2 2c 1/4 1/4 0.9450(3) 0.74(1) 1
Nd3 4e 0 0 1/2 0.74(1) 1

0] 8i 1/4 0.5091(2) 0.7471(3) 0.93(1) 1

H1 8i 1/4 0.5319(4) 0.2544(7) 2.25(6) 0.897(3)
H2 2b 1/4 3/4 1/2 2.25(6) 0.103(3)
H3 2c 1/4 1/4 0.691(7) 2.25(6) 0.103(3)
H4 4d 0 0 0 2.25(6) 0.103(3)

Space group: P4/nmm, a = 7.85165(3) A, ¢ = 5.55529(5) A, x> = 9.7, R, = 2.11%, Ryp = 2.69%, Rexp
=0.87%.

Table S5. Considered crystallographic data for NdHO-HP with hydride ion at the octahedral (2¢) site

from powder neutron diffraction at room temperature.

Atom Site X y z Biso (A?) g
Ndl 2a 3/4 1/4 0 0.79(1) 1
Nd2 2c 1/4 1/4 0.9456(3) 0.79(1) 1
Nd3 4e 0 0 172 0.79(1) 1

0] 8i 1/4 0.5107(2) 0.7478(3) 0.93(1) 1
H1 8i 1/4 0.5354(4) 0.2516(6) 2.18(5) 0.884(3)
H3 2c 1/4 1/4 0.690(2) 2.18(5) 0.46(1)

Space group: P4/nmm, a = 7.85166(3) A, ¢ = 5.55530(5) A, x> =9.7, R, = 2.11%, Ryp = 2.69%, Rexp

=0.87%.



Figure S4. Fourier difference map for NdHO-HP calculated from the ideal anion-ordered model but

without hydrogen. The yellow isosurfaces indicate negative nuclear scattering length densities.
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Figure S5. The lattice parameters of NdHO-HP as a function of temperature in the range of (a) 27—
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Figure S6. DSC curves of NdHO-HP.
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Figure S7. Cole-Cole plot for (a) GdHO-AP and (b) ErHO-AP at 300 °C. (c) Arrhenius plots for the
conductivity of NdHO-AP, GdHO-AP, and ErHO-AP.



Table S6. Fitting results from EIS experiments for LaHO-HP and NdHO-HP at 300 °C.

Elements LaHO-HP NdHO-HP

R: (nQY) 0.2537 4.568x1073
Obluk (nF-s%a1) 0.3421 0.7716
Oloulk 0.800 0.751
Rouik (k) 59.88 67.38
Ogb (UF-s% ) 76.09x1073 0.1713
Olgh 0.512 0.461
Rgp (kQ) 185.5 190.2

The subscripts ‘c’ and ‘gb’ stand for circuit and grain boundary, respectively. R is resistance and Q is

constant phase element (CPE).
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Figure S8. Hebb-Wagner polarization curve obtained from the (—) Pd / NdHO / Au (+) cell at 300 °C.




AR | e H_octa2b
—— H_octa2c

-------- La_octa2b
—— La_octa2c
— — La_octa4d

ox!

()
N
[V

Formation energy (eV)

a2c

oo

I|<<<<<
[
S
®

2+

|
ol
T'o

40 1 2

Fermi energy (eV)

w
»

Figure S9. Formation energy of defects in stoichiometric LaHO. For example, H octa2b indicates an

H atom at interstitial octahedral 25 site and V_H means a vacancy defect at lattice H site (8i).
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Figure S10. Enlarged view of low formation energy region in Figure S9.
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Figure S11. (a) is the bottleneck proposed by Kilner.® (b) The geometrical concept where A and /a-a
represent cation and the distance between A cations, respectively. rpn and ra indicate the bottleneck

radius and cation radius.
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Figure S12. Considerable hydride ion conduction pathways in anion ordered LnHO (P4/nmm). Blue
circles and white circles indicate T§l sites and O sites, respectively. White line, dark blue line and
light blue line indicate Tg! — 0,,, Tit — 0,. and Tg! — 0,4, respectively. Black dot lines represent

unit cells.
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Figure S13. Migration energies for interstitial hydride ions, via (a) indirect interstitial mechanism, (b)
direct interstitial mechanism, and (c) vacancy mechanism. NN and 2NN in (c¢) indicate the middle
position between nearest-neighboring 8i sites and between 2nd-nearest-neighboring 8i sites,
respectively. For indirect interstitial mechanism, each migration state for O, — O,., O,p — O4q O

044 — 0,4 pathway was optimized to a structure with hydrogen in remaining interstitial sites.

Table S7. Formation and migration energies yielded by the first-principles calculations. The activation
energies for hydride ion conduction based on three mechanisms (indirect interstitial, direct interstitial,
and vacancy) were calculated as the sum of the formation energy and the migration energy. For the
direct and indirect interstitial mechanisms, the formation energy of interstitial hydride at 4d site was

employed. For the vacancy mechanism, the formation energy of hydride vacancy was used.

Mechanism Formation energy (eV)  Migration energy (eV)  Activation energy (eV)
Indirect interstitial 0.3 0.7 1.0
Direct interstitial 0.3 1.3 1.6
Vacancy 0.5 1.8 23

Figure S14. Crystal structures of y-LaHO (PbCl-type, Space group Pnma) and 8-LaHO (Fe,P-type,
Space group P62m).



(a) y-LaHO

Figure S15. Proposed hydride ion diffusion pathways (light blue or dark blue lines) in (a) y-LaHO and
(b) 5-LaHO.
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