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Hydride ions (H™) endow oxides with various functionalities such as catalytic activity and superconductivity.
However, precise control of the H™ content is difficult because introduction of H™ depends on the
reduction of transition-metal cations, which is governed not only by thermodynamic parameters such as
T and pO, but also by kinetics. Additionally, charge compensation by unstable reduced cations makes
H™ thermally unstable. This study proposes to enable H™ introduction by acceptor doping, where the H™
content is stoichiometric and its thermostability is enhanced owing to stable acceptors. Based on the

defect formation energy calculations, Sc-doped BaZrOs was selected as a host oxide and heat-treated
with CaH, at 500 °C for 48 h. Even under a strong reducing atmosphere, cation reduction hardly
occurred, as confirmed by unchanged lattice parameters and the absence of Zr** electron paramagnetic
resonance peaks. 'H MAS NMR spectra revealed that H™ was successfully introduced and its content was
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precisely controlled by the acceptor doping level. Moreover, H™ compensated by the acceptor was

retained above 800 °C regardless of H™ content, and Sc doping preferentially stabilized cis coordination,
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1 Introduction

Owing to their high chemical reactivity and strong reducing
potential, the incorporation of hydride ions (H™) in oxides
significantly alters intrinsic material properties and thus gives
rise to new functionalities.' For example, transition-metal oxy-
hydride nanoparticles exhibit remarkable catalytic activity for
ammonia synthesis because the presence of H™ reduces the
activation energy for ammonia formation and thus enhances
the catalytic performance.>® Furthermore, in some cases,
emergence of new functionalities requires precise control of H™
content, as was shown for Ni-based oxyhydrides, which exhibit
superconductivity within a very narrow H-doping window due to
the changes in the electronic structure resulting from the
addition of an appropriate amount of hydride ions.*
Unfortunately, precise control of the H doping content in
oxides has become a bottleneck in the further development and
exploitation of this promising approach for design of new
functionalities. One of the most common methods for
preparing oxyhydrides is a topochemical reaction using H-
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as confirmed by 45Sc MAS NMR. Therefore, acceptor doping offers an effective approach for introducing
stoichiometric and thermally stable H™ into oxides.

containing reducing agents such as CaH,, in which 0> is
exchanged with H™ while maintaining the crystallographic
framework. However, the obtained H™ content is highly sensi-
tive to process parameters such as temperature and reaction
time. Even more problematically, over-reduction of the oxide to
metal hydride can occur because of the strong reducing atmo-
sphere provided by CaH,.* Moreover, the use of these materials
in practical applications must overcome the challenges posed
by their insufficient thermal stability. Most oxyhydrides release
H™ at approximately 400-500 °C and rarely contain H™ at
temperatures above 800 °C,°® hindering the use of oxyhydrides
for high-temperature applications such as solid-oxide cells.

The above-mentioned drawbacks are primarily caused by the
mechanism of H™ introduction, namely charge compensation
via the partial reduction of transition-metal cations such as
Ti, V, and Cr.*”*?> This mechanism makes precise control of H™
content difficult because cation reduction is determined not
only by thermodynamic parameters such as T and pO, but also
by kinetics. Furthermore, the reduced cations, while essential
for charge compensation, are thermally unstable, leading to
poor thermal stability.

To overcome the above-discussed limitations, this study
focused on the introduction of H™ that does not rely on cation
reduction, thus enabling precise control of the H™ content and
achieving thermally stable H™ in oxyhydrides. In oxides, posi-
tive defects such as protons, oxygen vacancies, and holes can be
introduced by acceptor charge compensation. For example,
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BaZrO; becomes an excellent proton conductor through
acceptor doping with low-valence cations such as Sc and Y."*>°
For proton incorporation, oxygen vacancies generated by
acceptor doping are consumed via a hydration reaction, leading
to the formation of protonic defects, as described in eqn (1) and

(2).
M,0; = 2M,, + 305 + Vg 1)

H,0 + O} + V = 20H, 2)

Since H™ present at the oxygen site can be considered
a positively charged defect, i.e., Hy, charge compensation by an
acceptor is also effective for its incorporation. This implies that
for the ABO; perovskite, when trivalent cation M is doped on the
tetravalent B cation site, the H™ content is precisely determined
by acceptor content according to the M cation stoichiometry, as
represented in eqn (3).

M, | = [H] (3)

For the acceptor-doping approach to be effective, the host
tetravalent cation (B) should not be able to assume lower
valence states, thereby suppressing the risk of over-reduction.
In this case, the thermal stability is also enhanced because
H™ is compensated solely by stable acceptor defects. Thus,
acceptor doping is a highly promising approach for obtaining
thermally stable and stoichiometric H™ in oxyhydrides.

BaZrO; was selected as the host oxide to demonstrate the
acceptor-doping stabilization of H™ in oxyhydrides. Highly
electropositive cations (alkaline or alkaline earth metals) are
necessary to stabilize both O*~ and H™,?* and mixed-valence
cations must be avoided because the effects of acceptor
doping and cation reduction cannot be distinguished in the
presence of such cations. Thus, BaZrOj3, which contains strongly
electropositive Ba®>" and tetravalent-stable Zr*', satisfies the
selection criteria. Moreover, BaZrO; also shows appropriate
stability of oxygen vacancies,* in contrast to other oxide mate-
rials with a too large negative oxygen vacancy formation energy,
for which the topochemical reaction with CaH, results only in
oxygen vacancy formation.>*"’

The appropriate acceptor for BaZrO; was determined based
on density functional theory (DFT) calculations of defect
formation energies for different cations. It was found that Sc
doping is energetically favored for H™ introduction, and there-
fore a topochemical reaction was performed on Sc-doped
BaZrO;. 'H magic-angle spinning (MAS) NMR revealed that
H™ was successfully introduced, and its content was controlled
precisely by the acceptor doping level. Thermal desorption
spectroscopy (TDS) demonstrated that regardless of its content,
H™ was retained at temperatures above 800 °C, owing to stable
charge compensation by the acceptor. Furthermore, the local
structure and coordination preferences of H~ were elucidated
using **Sc MAS NMR spectroscopy, DFT+U calculations, and
statistical structure analysis.
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2 Experimental
2.1 Sample preparation

BaZrO; and BaZr; ,Sc,03 ;s (x = 0.05-0.5) were prepared by
a solid-state reaction method using ZrO, (99.99%, Kanto
Chemical), BaCO; (99.99%, Wako Pure Chemical Industries),
and Sc,0; (99.9%, Mitsuwa Chemicals) as the starting mate-
rials; hereafter, the compositions are referred to as BZ and
BZS5-50 (x = 0.05-0.5). Stoichiometric amounts of the raw
materials were mixed in isopropyl alcohol using a planetary ball
mill apparatus at 300 rpm for 1 h. After the solvent evaporated,
the powders were compacted using a hydraulic uniaxial hand
press and calcined in air at 1300 °C for 10 h at a heating rate of 5
°C min~" (bottom-load electric furnace, Deltech Furnaces).
After calcination, the pellets were finely ground using a ball mill
at 300 rpm for 6 h. After re-pelletizing, the samples were sin-
tered in air at 1600 °C for 10 h at a heating rate of 5 °C min .
After drying at 800 °C for 10 h under vacuum, Sc-doped BaZrO;
and the undoped parent phase were treated via a topochemical
reaction. The dried samples were mixed with three times the
molar amount of CaH, (97%, Sigma-Aldrich) for 10 min and
pelletized in an Ar-filled glove box. The pellets were vacuum-
sealed at a pressure of 1 Pa and annealed at 500 °C for 48 h.
The annealed pellets were crushed in a 0.1 M NH,Cl/methanol
solution and ultrasonically washed in a beaker filled with
250 mL of 0.1 M NH,Cl/methanol solution for 1 h to remove the
residual CaH,. After removing the solutions by centrifugation,
the samples were dried on an evaporating dish heated to 50 °C,
and Sc-doped Ba-Zr based oxyhydrides (H-BZ and H-BZS) were
prepared. The samples were stored under ambient conditions,
and the measurements described below were subsequently
performed.

2.2 Characterization techniques

The crystal structures and lattice constants of all samples were
characterized using powder X-ray diffraction (XRD) with Cu Ko
radiation. A D8 ADVANCE (Bruker) diffractometer was used for
the measurements, with a 26 range of 20°-90° and a step size of
0.02°. Lattice constants were determined using TOPAS4 soft-
ware. Synchrotron XRD was performed to check the phase
purity using the NanoTerasu BLOSW-XAFS beamline. H, gas
evolution and O, absorption were evaluated by thermogravi-
metric analysis (TGA) using a Pyris 1 TGA instrument (Perki-
nElmer) with simultaneous measurement of the oxygen partial
pressure pO,. '"H MAS NMR measurements were conducted
using an ECZL600G (JEOL) under a magnetic field of 14.1 T at
a '"H Larmor frequency of 600.17 MHz. The **Sc MAS-NMR
spectra were measured using an ECZL600G and an ECZL800G
(JEOL) under magnetic fields of 14.1 and 18.8 T, which corre-
spond to the **Sc Larmor frequencies of 145.79 and 194.37
MHz, respectively. A2 mm ¢ or 3.2 mm ¢ probe was used for all
NMR measurements. The "H and **Sc chemical shifts of all the
spectra were referenced to TMS and a 1 M Sc(NOj3); aqueous
solution at 0 ppm. Spectral peak deconvolution was performed
using the Dmfit software.”® The H content was quantified using
the calibration line obtained from the "H MAS NMR spectra of

This journal is © The Royal Society of Chemistry 2026
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the hydrated BZSs. The details are provided in Fig. S1 and Table
S1 in the SI. Electron paramagnetic resonance (EPR) spectros-
copy (JES-X330, JEOL) was performed at an X-band frequency of
9445 MHz. Mn, with g; = 2.003 and g, = 1.981, was used as the
standard magnetic-field marker. Thermal desorption spectros-
copy (TDS) was used to determine the hydrogen content of the
specimens.>=** TDS (ESCO Ltd.) measurements were performed
in a vacuum chamber at temperatures ranging from room
temperature to 1000 °C.

2.3 Computational details

DFT calculations were performed using the VASP code with 2 x
2 x 2 supercells of the perovskite structure of BaZrO;. Zr and O
atoms were replaced by Sc and H atoms, respectively.>* The
cutoff energy was set to 500 eV (600 eV for NMR chemical shift),
and the k-points were 4 x 4 x 4. A Hubbard U parameter of 3 eV
was applied to the Sc d orbital.**** For a direct comparison with
the experimental data, the calculated isotropic NMR shift 65
was converted to the calculated chemical shift 6., according to
eqn (4). The values of a = 0.863 and k = 740.16 (ppm) were
determined with reference to the *>Sc NMR isotropic shielding
of NaScO,, Sc,0;, BaSc,0,, and LiScO,.***¢ The calibration line
is shown in Fig. S2. The defect formation energy was obtained
using the pydefect package.’” The calculation conditions,
including the types of charged defects to consider and the
corrections for defect formation energies in finite-size super-
cells, were set to the default values recommended by the pyde-
fect package, except for the band-edge state, which was
calculated with the hybrid functional (HSE06) to improve
accuracy.

6cal = aéiso +k (4)

Statistical analysis was conducted by using the Monte Carlo
special quasi-random structure (MCSQS) method.**** A thou-
sand random models were prepared with 5000 atoms (1000 Zr
sites and 3000 O atoms). 15, 30, 45, 60, and 75% of the Zr sites
were replaced with Sc, and the same number of H atoms were
placed on the O sites.

3 Results and discussion
3.1 Selection of an acceptor dopant

First, defect formation energy calculations were performed
using DFT to determine the most suitable acceptor for H™
introduction. The chemical potential was selected as that of the
triple point C (BaZrO;-Ba-Zr;0) in the Ba-Zr-O phase diagram,
which is close to the actual reducing topochemical environment
(Fig. 1a). Trivalent cation species (Al, Cr, In, La, Sc, and Y) at the
Zr site were considered as possible acceptors, and the obtained
values of the defect formation energy as a function of the Fermi
energy Er are shown in Fig. 1b. The slope of the line represents
the charge state of the defects, and the intersection between the
donor (H;, and V) and acceptor (e.g. Sc,,) represents the
charge compensation. For Sc, Y, and Al, the intersection with
H,, is energetically favorable compared to that with V. The
lowest intersection with H™ occurred for Sc, followed by Y and

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Chemical potential diagram of the Ba-Zr—-O system. (b)

Defect formation energy diagram for acceptor species (Al Cr, In, La,
Sc, and Y) and donors (Ho and Vo) in BaZrOs.

Al, suggesting that Sc is the most stable acceptor for charge
compensation with H~ . Furthermore, models with high
acceptor doping concentrations were also investigated. The
computational procedure is provided in the SI. As shown in
Fig. S3(b), Sc had the lowest-energy structural group, followed
by Y and then Cr. Although there were some changes in the
order of favorable acceptors between low- and high-concentra-
tion models, Sc is the most suitable acceptor for H™ incorpo-
ration in both models. Additionally, from an experimental
perspective, Sc is favorable because of its high solubility limit
(>50 mol%),**** which enables investigation over a wide range
of doping levels, from dilute to heavily doped compositions.
Therefore, Sc-doped BaZrO; was selected to demonstrate the
proposed approach.

3.2 Topochemical reaction for Sc-doped BaZrO;

Undoped and Sc-doped BaZrO; were prepared by solid state
reactions, and the X-ray diffraction (XRD) patterns of the
samples obtained after drying revealed that both materials were
single-phase cubic perovskite BaZrO; within the detection limit
of laboratory-based XRD, as shown in Fig. 2a. Lattice contrac-
tion with increasing Sc substitution was observed (Fig. S4)

J. Mater. Chem. A
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Fig. 2 X-ray diffraction patterns of Sc-doped and undoped BaZrOs along with images of the powders (a) before and (b) after the topochemical
reaction. (c) Electron paramagnetic resonance spectra of undoped BaZrOz and (d) 10-50 mol% Sc-doped BaZrOs.

because the lattice expansion caused by Sc doping cannot fully
compensate for the lattice contraction caused by the formation
of oxygen vacancies.”>*®* The single-phase cubic perovskite
BaZrO; structure was maintained after the topochemical treat-
ment, as shown in Fig. 2b. It was thoroughly verified by the
high-resolution synchrotron XRD that no secondary phases
formed even in highly Sc-doped samples (Fig. S5). The white
powders underwent color changes to grey, due to the intro-
duction of electron charge carriers. However, the color change

J. Mater. Chem. A

gradually weakened with Sc doping, suggesting suppression of
reduction. Additionally, unlike for conventional oxyhydrides,**
no changes in the lattice constants were observed, implying the
absence of cation valence changes (Fig. S4). The invariance of
the lattice constants indicates that the topochemical reaction
was not accompanied by cation reduction.

To determine the redox state after the topochemical reac-
tion, electronic paramagnetic resonance (EPR) spectroscopy
measurements were performed. Fig. 2c shows the EPR spectrum

This journal is © The Royal Society of Chemistry 2026
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of the undoped sample, which exhibited peaks at g-values of
2.003, 1.973, and 1.949. The main resonance peak at g = 2.003 is
assigned to an electron trapped by an oxygen vacancy, called the
F'-center, and the other two peaks were attributed to reso-
nances perpendicular and parallel to the unpaired electron,
corresponding to Zr**.*** By contrast, as shown in Fig. 2d, the
Sc-doped samples did not exhibit any Zr**-related signals at g-
values of 1.973 and 1.949. Moreover, the intensity of the F'-
center peak decreased with increasing Sc doping level. Another
peak with a g-value of 1.96 may be due to the Ti impurities in the
precursors.*® Thus, even Zr ions, which are normally stable as
Zr"" were reduced through topochemical treatment of the
undoped BaZrO;. By contrast, owing to Sc doping, Zr was not
reduced from the +4 to the +3 oxidation state, and over-
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reduction represented by the F'-center was suppressed.
Oxygen vacancies can be charge-compensated by either elec-
trons or acceptor dopants. Under acceptor-rich conditions,
oxygen vacancies are predominantly compensated by acceptors
instead of electrons. Therefore, the sample color changes
weakened, and the F'-center peak decreased. These results
suggest that acceptor doping enables topochemical reactions
without cation reduction, thereby preventing excessive
reduction.

Next, we examined whether H™ was incorporated without
cation reduction. To check for H, gas evolution, thermogravi-
metric analysis (TGA) was performed simultaneously with pO,
measurements. As shown in Fig. 3a and b, after the initial
weight loss due to the absorbed water, the 10 mol% Sc-doped

(b)

log Po,

10" H-BZS50 =

H-BZ

1
200 400

Temperature / °C

800

(d)

o

60 B
® 'HNMR

B TDS .
40} .

30+ # -

H content (mol%)

10+

ok 1 1 1 I I
20 30 40

Sc doping amount (mol%)

Fig.3 (a) Weight and (b) pO, changes for each Sc doping level upon heating at a rate of 10 °C min~* under a dry N, atmosphere. (c) *H MAS NMR
spectra of H-BZS10-50 under 14.1 T. (d) Relationship between H™ content and doped Sc amount estimated by *H MAS NMR and TDS.
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sample (H-BZS10) showed weight increases at 400 °C, while pO,
clearly decreased in this temperature range. By contrast, H-BZ
did not show either a weight gain or pO, drop. At higher Sc
substitution levels, the onset temperature of the weight gain
shifted to lower temperatures, and the degree of mass gain
increased.” Similar to the weight increase, the pO, decrease
also shifted, and the effect was extended by Sc doping. This
behavior can be attributed to H, gas evolution, as described by
eqn (5). As the temperature increases, H™ evolves into H, gas
and the oxygen sites become vacant. To maintain charge
neutrality, half of the oxygen sites, which are left unoccupied by
H™ release, are filled by oxygen. As a result, simultaneous mass
increases and pO, decreases were observed.

/ 1 /
2Sc,, + 2Hg + 502 —2Sc,, + 05 + Vg + Ha (5)

The stronger changes observed with greater Sc doping imply
that the introduction of H™ is proportional to the acceptor
charge compensation. It should also be noted that pO, drops
occur over a wide temperature range, indicating that H-species
with different thermal stabilities exist in the system and that
a fraction of H™ can be retained under high-temperature
conditions within the perovskite host structure. This can be
attributed to variations in the local structure of the perovskite
lattice. The crystal structure of BaZrO; was retained after the
TGA measurement, as shown in Fig. Sé6.

3.3 Quantitative evaluation of H™ content

To accurately evaluate the H™ content, "H MAS NMR measure-
ments were performed. As shown in Fig. 3c, the intensity of the
'H NMR signals centered at 4.7 ppm increased with increasing
Sc content. The chemical shifts of the main peaks shifted to
higher magnetic fields, corresponding to the lattice contraction
observed in the XRD patterns. The other peaks located at
approximately 1-2 ppm and 7 ppm were confirmed to originate
from washing (Fig. S7a). Previous studies have assigned a sharp
peak at 4-5 ppm to H™ in the perovskite lattice.*® However, it is
premature to assign this peak to H™ in our case because protons
also show similar peaks in BaZrO;. Therefore, low-temperature
'H MAS NMR measurements were performed to distinguish
between the protons and H™. Peak broadening is known to be
induced by dipolar-dipolar interactions, reflecting a decrease in
the proton mobility at low temperatures.***° However, as shown
in Fig. S7b, cooling did not cause peak broadening for Sc-doped
BaZrO; because H™ located at the oxygen site shows limited
mobility at room temperature, so that only slight changes in the
peak shape were observed upon cooling. Therefore, it can be
concluded that the main resonance at 4.7 ppm represents H™
inside the perovskite lattice.

The relationship between the H™ content and Sc-doping
amount is shown in Fig. 3d, where the H™ content values esti-
mated from NMR and TDS results are shown by circles and
squares, respectively. It is observed that the H™ content shows
a linear relationship (shown by the dashed line) with the Sc-
doping amount with a slope close to one. Within the doping
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range of 10-30%, the '"H NMR and TDS values were highly
consistent, whereas there was discrepancy in the 50 mol% Sc-
doped sample. This is because strong dipole-dipole interac-
tions of "H-'H and '"H-*’Sc cause spectral broadening, leading
to overestimation in highly doped samples. Additionally, the
large and broad H™ peak overlaps with the peak derived from
adsorbed water and obscures these peaks, reducing the accu-
racy of peak fitting and the evaluated H™ content. Despite the
lack of accuracy of the results for H-BZS50, it is clear that the H™
content is proportional to the Sc doping amount, providing
a precise method for evaluation and control of H™ content. In
a previous study, Sano et al. reported that image-based machine
learning achieved high accuracy in prediction of H™ content in
BaTiO; using temperature and CaH, amount as parameters.
However, despite its high predictive accuracy, this model is only
applicable to BaTiO; and required a large amount of training
data.®* By contrast, acceptor doping can be easily carried out
and is not limited to a specific host material. Thus, a stoichio-
metric amount of H™ can be successfully introduced by acceptor
doping without accompanying cation reduction. One reason for
the stoichiometric incorporation of H™ is that the anion
vacancies prepared by Sc doping enhanced the topochemical
anion exchange kinetics.**

3.4 Local structure analysis by **Sc MAS NMR

Sc doping also enables the determination of the local arrange-
ment of the H™ ions as well as enhanced thermal stability, as
discussed below. Local structure analysis was performed using
*Sc MAS NMR. Fig. 4a shows the **Sc MAS NMR spectrum of H-
BZS30 at 18.8 T, along with the results of the peak deconvolu-
tion using a Gaussian function. Four peaks were observed at
148, 168, 195, and 240 ppm, and their estimated integrated
intensity ratio was 44 : 40 : 14 : 2, corresponding to four different
local structures. Considering the chemical shift and sharp peak
shape, the largest peak corresponds to 6-coordinated Sc
(ScO¢).*® The next peak at 168 ppm is assigned to ScOsH, in
which one oxygen in the ScOq octahedron is substituted by H™,
which is consistent with the chemical shift calculated for this
configuration. Naively, it can be expected that the fraction of the
ScOsH peak would be 100% because the contents of Sc and H™
are equal, whereas in fact the area of this peak is only 40% of the
total integrated peak area. However, as suggested by TGA, H™
can be found in several stable states. Thus, it is possible that
two H™ ions are incorporated into a single octahedron, in which
case two different H™ arrangements are possible. Previous work
has found that the Sr-Ti-O system prefers cis coordination,
where two H™ ions occupy neighboring positions, whereas the
Sr-V-O system prefers trans coordination, where two H™ ions
occupy opposite positions.**** Our DFT+U calculations sug-
gested that in the Ba-Zr-O system, cis-ScO,H, is more stable by
0.56 eV than trans-ScO4H,. Therefore, the third peak at 195 ppm
is assigned to cis-ScO4H,. The smallest peak at 240 ppm corre-
sponds to 5-coordinated Sc with a trapped electron (ScOs5 + e7),
as observed in the EPR spectrum. Taken together, the four
observed peaks can be assigned to ScOg, ScOsH, cis-ScO,H,, and
ScOs + e, respectively.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) “®*Sc MAS NMR spectrum of H-BZS30 at 18.8 T with
deconvoluted peaks and calculated chemical shifts. (b) Distribution of
Sc-centered local structures when 30% of Zr sites are replaced by Sc,
and the ratios between cis- and trans-ScO4H, configurations with
different Sc ratios obtained by MCSQS.

To elucidate whether Sc doping leads to site selectivity,
a statistical analysis was conducted. The fractions of different
local Sc coordination arrangements obtained when 30% of the
Zr sites were substituted with Sc and the same amount of O sites
were substituted with H are shown in Fig. 4b. In a random
configuration, the proportions of ScOg, ScOsH, and ScO4H, (cis
and trans) were 53%, 35%, and 10%, respectively. However, the
statistical ratio of cis to trans configurations is always 4:1, as
dictated by the octahedral geometry. That is, the observed
fraction of cis coordination was higher than that obtained by
random distribution of H on the O sites. In other words, Sc
doping stabilizes the cis coordination.

This journal is © The Royal Society of Chemistry 2026
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3.5 Evaluation of thermal stability

Acceptor doping not only provides preferred local coordination
but also enhances the thermal stability of the material. Even in
the high-temperature region, continuous H, gas release was
confirmed by TGA and pO, measurements. Fig. 5a shows the
TDS spectra of H-BZS30 and H-BZS50, represented by light-blue
and blue lines, respectively. H™ release occurred over a wide
temperature range, and a fraction of H™ was retained even
above 800 °C. Regardless of the Sc doping level, H™ remained
stable under high-temperature conditions. To verify that lattice
H™ remained, NMR measurements were performed on H-BZS50
after a heating-cooling cycle up to 800 °C under a vacuum of
10" Pa. From Fig. S8(a), approximately one-third of the H™
remained after heat treatment. The proton (OH ™) peak was also
confirmed, indicating that H™ was released, accompanied by
a hydration reaction to maintain charge compensation with Sc.
In Fig. S8(b), two peaks with chemical shifts similar to that of
ScOsH and cis-ScO,H, were observed, indicating lattice-retained
H™. A peak assigned to proton-coordinated Sc (ScO5(OH)) was
observed slightly downfield of ScOsH, consistent with the OH™
signal observed in the "H NMR spectrum. Thus, one-third of the
lattice H™ was retained after the heating-cooling cycle up to 800
°C.
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Fig. 5 (a) TDS spectra of H-BZS30 and H-BZS50 and (b) BaTiOs_,H,
with different H™ contents, x.
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In contrast, the previously reported oxyhydrides cannot
withstand temperatures in the 800-1000 °C range. As shown in
Fig. 5b, BaTiO;_,H, releases a large fraction of H™ at approxi-
mately 400-500 °C, and hardly any H™ species remain above 800
°C. Additionally, the desorption temperature shifted with
increasing H™ content.’*® Conventional cation reduction
cannot ensure thermal stability because it is governed by the
degree of thermally unstable Ti reduction. By contrast, the
thermal stability was enhanced by acceptor doping, and the Sc-
doped oxyhydride did not become unstable even at high H™
contents. This demonstrates that acceptor doping enables the
synthesis of highly stable oxyhydrides. The realization of ther-
mally stable and stoichiometrically controlled H™ in perovskite-
type oxyhydrides opens new avenues for the development of
high-temperature applications.

Finally, the potential of Ba-Zr-based oxyhydrides as high-
temperature anion conductors was investigated. As shown in
Fig. S9(b), the activation energy for in-plane H  migration is
0.54 eV, which is comparable to that of Ba-Li oxyhydrides, with
the latter being among the most advanced hydride-ion
conductors reported to date. Although Ba-Li oxyhydrides
showed over 1 x 1072 S ecm™! at 315 °C, the measurements
could not be carried out over 350 °C, indicating low thermal
stability.’”*® The notable advantage of H-BZS is the coexistence
of a relatively low H™ migration energy and high stability at high
temperatures. Electrical conductivity measurements will be
carried out in future work.

4 Conclusions

Thermally stable and tunable H™ was introduced into Sc-doped
BaZrO; by a topochemical reaction with CaH,. Defect formation
energy calculations suggested that Sc-doped BaZrO; is the most
suitable host oxide for H™ introduction. The invariance of the
lattice constants and the absence of EPR peaks originating from
Zr** observed for the Sc-doped BaZrO; samples indicated that
no cation reduction occurred even in the strongly reducing
atmosphere provided by CaH, because, owing to Sc doping,
chemical anion exchange proceeded without cationic reduction.
"H MAS NMR spectra showed that introduction of H™ was
enabled by acceptor doping with the H™ content controlled by
the Sc doping level. Additionally, regardless of its content, H™
compensated by the acceptor remained stable at temperatures
above 800 °C. It was also found that Sc doping leads to the
preference for cis coordination in the local structure. This study
introduces a new approach for the control of H™ content in
oxyhydrides and opens new avenues for the application of oxy-
hydrides in high-temperature devices.
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