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A new family of anti-perovskite oxyhydrides with tetrahedral 
GaO4 polyanions
Nur Ika Puji Ayu,ab Fumitaka Takeiri,*bcde Takafumi Ogawa,f Akihide Kuwabara,f Masato Hagihala,ab 
Takashi Saito,ab Takashi Kamiyama,abgh Genki Kobayashi*bce

The new solid compounds of A3–xGaO4H1–y (A = Sr, Ba; x ~ 0.15, y ~ 
0.3), that is the first oxyhydride containing gallium ion, have been 
synthesized by high-pressure synthesis. Powder X-ray and neutron 
diffraction experiments revealed that the series adopts an anti-
perovskite structure consisting of hydride-anion-centered HA6 
octahedra with tetrahedral GaO4 polyanions, wherein the A- and H-
sites have partially defected. Formation energy calculation from 
the raw materials supports that a stoichiometric Ba3GaO4H is 
thermodynamically stable with a wide band gap. Annealing the A = 
Ba powder under flowing Ar and O2 gas suggests topochemical H– 
desorption and O2–/H– exchange reactions, respectively.

Introduction
Hydride ions (H–) in oxides exhibit unique features that are 

unattainable in other anion species, leading to interesting 
properties/phenomena.1 For example, in SrVO2H, almost 
double compressibility of H– compared to O2– results in 
anisotropic lattice shrinkage and deformation under high 
pressure,2 while the highly mobile character of H– in simple 
perovskite BaTi(O,H)3 enables topochemical anion exchanges to 
form other mixed-anion compounds such as BaTi(O,N)3 and 
BaTi(O,F)3.3, 4 Besides these, a variety of transition metal 
oxyhydrides (hydride-oxides), e.g. LaSrCoO3H0.7,5 ACrO2H (A = 
Sr, Ba),6, 7 LaSr3NiRuO4H4,8 hexagonal-BaTiO2H,9 have been 
found. Moreover, H– conduction in oxyhydrides, which consists 
of electropositive cations including alkali, alkaline-earth, and 
rare-earth ions, also attracts attention from the perspective of 
the electrochemical use of hydrogen. By tuning the carrier 
amount and conduction path in crystal frameworks, fast ionic 
conduction was achieved in several compounds, such as La2–x–

ySrx+yLiH1–x+yO3–y,10 Ba2MHO3 (M = Sc, Y),11, 12 Ba1.75LiH2.7O0.9
13-15, 

and LaH3–xOx/2.16, 17

Despite such a rapid growth of oxyhydrides, the use of main 
group elements (p-block metals) has still been limited, possibly 
due to the strong reducing property of H– that easily induces p-
block metal deposition. Under such a restriction, the use of 
polyhedral units like AlO4 and SiO4 may become key to 
expanding the oxyhydride family. One example is 12CaO·7Al2O3 
mayenite that stabilizes “free hydride ions” in positively 
charged cages.18 The cages have reversible hydrogen storage 
ability, contributing to highly efficient ammonia synthesis.19, 20 
Another cases are A3AlO4H (A = Sr, Ba)21, 22 and Sr2LiSiO4H23, 24 
wherein the anionic AlO4/SiO4 tetrahedra and H– ions coexist in 
the crystal frameworks. The former compounds adopt anti-
perovskite structures with a general formula of A3BX, wherein 
Ba2+ or Sr2+, H–, and (AlO4)5– occupy A, B, and X sites, 
respectively, while the latter compound crystallizes in a 
monoclinic structure composed of face-shared (Sr4Li2H)4+ 
octahedra with isolated (SiO4)4– units. An oxyhydride series of 
Ba21M2O5H12+x (M = most of p-block metals) contains a 
suboxide-like cluster [O5Ba18] consisting of face-shared [OBa6] 
octahedra.25

Herein, we report a new member of oxyhydrides containing 
gallium ions. Although hydrogenated intermetallic Zintl phases 
such as AGaE (A = Ca, Sr, Ba; E = Si, Ge, Sn)26 and LaGa2

27 have 
been reported, ionic gallium hydride compounds are almost 
non-existent or highly unstable, such as GaH3 (gallane)28. Based 
on the above-mentioned strategy using polyanion units, we 
successfully synthesized anti-perovskite oxyhydrides A3–

xGaO4H1–y (A = Sr, Ba; Figure 1) that are Ga-analogues of 
A3AlO4H by calcination under high pressure. The crystal 
structures with unique defects in the H-site located at the 
octahedral center and its anion exchangeability were studied by 
experiments and calculations.

Fig. 1 The crystal structure of A3GaO4H (A = Ba, Sr). The green tetrahedral represents 
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GaO4. Grey and blue balls represent A and H atoms, respectively. Defects in A- and H-
sites are not considered.

Experimental section
Polycrystalline samples of A3–xGaO4H1–y (A = Sr, Ba) were 
synthesized by calcination under high pressure. Starting 
reagents of AH2 (99.5%, Mitsuwa Chemical Co.), AO (99.99%, 
Aldrich), and Ga2O3 (99.99%, Aldrich) were mixed with the 
molar ratio of 1:5:1 by planetary ball milling using ZrO2 jar and 
balls. The deuterated sample was prepared under the same 
conditions using BaD2 (Kojundo Chemical) as the deuterium 
source, replacing BaH2. In order to prevent loss of hydrogen 
during reaction, synthesis was carried out under high 
hydrostatic pressure. The mixture was pressed into pellets with 
a size of about 4 mm in diameter and sealed in a BN sleeve 
covered by a NaCl capsule inside a pyrophyllite cell. The cell was 
pressed under 2 GPa using a cubic anvil apparatus and heated 
up to 1073 K for 30 minutes before finally quenched to room 
temperature, followed by gradually releasing the pressure. 

As an initial phase characterization, laboratory powder X-ray 
diffraction (XRD) data were collected using Rigaku MiniFlex 600 
with Cu-K radiation. Synchrotron X-ray diffraction (SXRD) data 
were collected at room temperature at BL02B2, SPring-8. 
Incident beams from a bending magnet were monochromated 
to λ = 0.419987 or 0.774638 Å. Powder samples were loaded 
into Pyrex capillaries with an inner diameter of 0.3 mm. The 
sealed capillary was rotated during the measurements to 
reduce the effect of the preferred orientation of crystallites. 
Neutron diffraction (ND) data of Ba3GaO4H (310 mg), Ba3GaO4D 
(210 mg), and Sr3GaO4D (380 mg) were collected for 12 hours, 
8.5 hours, and 8 hours, respectively, at room temperature using 
a time-of-flight (TOF) diffractometer, SPICA, J-PARC. The sample 
was mounted in a 6-mm-diameter Ni-V can filled with Ar-gas 
and the can was rotated during data collection. The crystal 
structure was refined by the Rietveld analysis using Z–Rietveld 
software29, 30 and visualized using the VESTA program.31 
Thermogravimetry (TG) analysis was performed using Rigaku 
Thermo Plus 8121 with a heating rate of 5 °C/min up to 500 °C 
under 100 mL/min Ar or O2 gas flow. 

First-principles calculations based on density functional 
theory (DFT) were performed based on the PAW method as 
implemented in the VASP code.32 For the exchange-correlation 
function, HSE06 functional33 was used. The applied cut-off 
energies were 550 eV when lattice constants and internal 
positions were optimized and 400 eV when only internal 
positions were optimized. The interval of k-point grids was 
selected to be less than 0.4 Å-1 for all perfect cell calculations. 
Formation energies and densities of intrinsic defects are also 
evaluated,34 as described in Supplementary Information. 

Results and discussion
Laboratory XRD patterns of the products for the nominal 

composition of A3GaO4H (A = Sr, Ba) are shown in Figure 2. For 
A = Sr, the majority of reflections can be indexed with a 
tetragonal unit cell of a = 6.93 Å and c = 11.39 Å, together with 

reflections assigned to SrO. The tetragonal profile is similar to 
that of the anti-perovskite Sr3AlO4H oxyhydride (I4/mcm: a = 
6.7560 Å, c = 11.1567 Å), wherein the corner-shared HSr6 
octahedra form a three-dimensional framework with the 
tetrahedral AlO4 polyanions at the channels surrounded by the 
eight octahedra22. For A = Ba, a similar tetragonal phase with 
the larger lattice constants of a = 7.33 Å and c = 11.73 Å was 
obtained in nearly a single phase. These results indicate a 
successful preparation of new anti-perovskite oxyhydrides 
containing GaO4 polyanion units. Both powder products were 
grey in colour, suggesting the presence of a tiny amount of 
gallium metal or/and compound with reduced gallium ion 
species as an unidentified minor phase. When the product for A 
= Ba was exposed to air, it decomposed immediately (Figure S1). 

Fig. 2 Powder XRD pattern of the products for the nominal compositions of A3GaO4H 
(A = Sr, Ba) prepared by high-pressure synthesis, together with the simulated pattern of 
Sr3AlO4H (gray line)22.  

Synchrotron X-ray diffraction (SXRD) experiments were 
carried out for both A = Sr and Ba products. We performed 
refinements assuming structure models that were constructed 
referring to Sr3AlO4H22. Hydrogen species were not considered 
here, and a secondary phase of SrO was added for A = Sr. Given 
that tetrahedral MO4 polyanions (M = Al, Si, P, Ga, etc.) are 
robust units in general, the occupancy factors of Ga and O, g(Ga) 
and g(O), were fixed at unity in the following analysis. 
Refinements converged well, as shown in Figure 3, and the 
detailed crystal parameters are summarized in Table S1. The 
occupancy factors of A1 site, g(A1), were refined as 0.92916(6) 
for A = Ba and 0.9219(5) for A = Sr, while no significant 
deficiency was detected at the A2 site for both cases. Note that 
the refined isotropic displacement parameters of the A1 sites 
are relatively large at 1.33 and 0.892 for Ba and Sr species, 
respectively. This tendency is similar to that observed for 
isostructural compounds such as Sr3AlO4H22 and Sr3GaO4F35, 
although a deficiency in A1 sites has not been pointed out in 
previous works.
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Fig. 3 SXRD pattern of (a) Ba3GaO4H and (b) Sr3GaO4H. The red points and black curve 
indicate the observed and calculated intensities, respectively. The blue line shows the 
differential curve between the observed and calculated patterns, the green lines and 
yellow indicate the positions of the Bragg reflections of the main phase and the impurity 
of SrO, respectively.

In order to obtain information regarding the hydrogen 
species, powder neutron diffraction (ND) experiments were 
performed for both hydride/deuteride products of A =Ba. The 
contribution of incoherence scattering derived from hydrogen 
species appeared as a higher background level. The differences 
in the relative peak intensity (Figure S2) strongly support the 
presence of H/D species in the anti-perovskite, as seen in 202 
peaks as represented for A = Ba (Figure 4b). We refined the 
profiles of hydride and deuteride samples for A = Ba using the 
structural model based on the result of X-ray refinement, 
wherein H/D atoms were added at Wyckoff position 4c (0,0,0). 
Occupancies of g(Ba1) and g(D) were refined as independent 
variables, while the others were fixed as unity. The refinements 
converged well, as shown in Figure 4a, and the refined 
parameters are summarized in Table 1 for the deuteride sample 
with a composition of Ba2.85GaO4D0.70, while the refinement 
results of the hydride sample are shown in Figure S3 and Table 
S2 with the composition of Ba2.8GaO4H0.7. The ND profiles of A 
= Sr were also refined, yielding Sr2.93GaO4D0.76 (Figure S4 and 
Table S3). These results indicate the presence of defects at the 
A- and H-sites with the general formula A3–xGaO4H1–y. As for A = 
Ba, the defect manner seems Schottky-like coupled with A2+ and 
2H– in charge neutrality. It should be noted that some H– 
conducting materials include intrinsic Schottky-like deficiencies, 
e.g. Ba2–δH3–2δX (X = Cl, Br, I; δ ~ 0.15-0.3)36 and Ba2–x–yLiH3–2xO1–y 
(x ~ 0.15, y ~ 0.1)13.

Fig. 4 (a) Rietveld refinement of the powder ND pattern of Ba3–xGaO4D1–y at room 
temperature. The red points and black curves indicate the observed and calculated 
intensities, respectively. The blue line shows the differential curve between the observed 
and calculated patterns, the green lines indicate the positions of the Bragg reflections of 
the main phase. (b) The magnification of 202 peaks observed experimentally (top) and 
simulated with the H/D occupancy of 0.7 (bottom). The blue line and points represent H 
case, and the red line and points represent D case.

Table 1 Crystal structure parameters of Ba3–xGaO4D1–y obtained from Rietveld 
refinement of room temperature ND data. 

Unit cell: Tetragonal I4/mcm; a = b = 7.29261(4)Å, c = 11.68652(10)Å, S = 1.67, Rwp 
= 2.44%, Rp = 2.07%, Re = 1.46%, RB = 5.39%, RF = 5.60%.

Table 2 summarizes the bond valence sum (BVS) values 
calculated from the refined structures of the ND data. The 
values obtained for A2 and Ga were approximately +2 and +3, 
respectively, which agreed well with the formal charges of A2+ 
and Ga3+. In contrast, the values for A1, +1.32 for Ba1, and +1.20 
for Sr1 are smaller than the expected +2, meaning that they are 
under-bonding states. The under-bonding state of the A1 (4a) 
site was reported in other isostructural compounds with values 
of ~1.3 for Sr3GaO4F37 and Sr3AlO4H22, and ~1.4 for LaSr2AlO5.38 
In LaSr2AlO5, the under-bonding of the 4a site was reported due 
to the distribution of Sr-O observed in the pair distribution 
analysis38. BVS calculations for H and O give values that are 
slightly larger and smaller than the expected –1 and –2, 
respectively, although the origin of this trend is unknown. Note 
that refinements assuming H/O site mixing resulted in no 
improvement in fitting.

Table 2 Bond valence sum of A3GaO4D calculated from ND data. 

bond valence sumatom site
A = Ba (D) A = Sr (D)

(Ba,Sr)1 4a 1.32 1.20
(Ba,Sr)2 8h 2.15 2.04

Ga1 4b 2.94 3.06
D1 4c 1.42 1.14
O1 16l 1.78 1.80

The obtained new gallium oxyhydride was also studied using 
DFT calculations. We evaluated the formation energy ΔEf of 
stoichiometric “Ba3GaO4H” from the raw materials of -Ga2O3, 

atom site g x y z B/Å2

Ba1 4a 0.8496(14) 0 0 1/4 0.78(2)
Ba2 8h 1 0.17489(6) 0.67489(6) 0 0.19(1)
Ga1 4b 1 0 1/2 1/4 0.24(1)
D1 4c 0.699(3) 0 0 0 1.45(3)
O2 16l 1 0.13914(4) 0.63914(4) 0.65098(4) 1.13(1)
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NaCl-type BaO, and PbCl2-type BaH2. Calculations gave ΔEf = −
138.84 kJ/mol, showing that the anti-perovskite Ba3GaO4H is 
thermodynamically stable. The calculated lattice parameters of 
a = 7.2448 Å and c = 11.8021 Å were close to the experimental 
values with relative errors of –0.66% and +0.99%, respectively. 
Figure 5 shows the orbital-dependent density of states of each 
atom in Ba3GaO4H. While the valence band maximum (VBM) is 
composed of O-2p, H-1s, and p and d orbitals of cations, the 
conduction band minimum is mainly composed of Ba-d orbitals. 
This verifies that the 1s orbitals of H are occupied. The 
calculated bandgap of the material was 5.28 eV. From the large 
gap, we can expect that the crystals are transparent when such 
a stoichiometric composition was prepared in a single phase, 
though prepared samples are not in most cases. Note that, we 
also calculated the formation energies and related densities of 
isolated point defects in the crystal, but the results were 
inconsistent with the experimental results in the manner of Ba 
deficiency (details are provided in Supplementary Information).

Fig. 5 Density of states (DOS) of each orbital of each atom in Ba3GaO4H crystal, where 
the energy is measured from the valence band maximum and DOS are smeared using a 
Gaussian function with the width of 0.1 eV.

The newly synthesized gallium oxyhydrides can be 
categorized as new members of A3MO4X (A = Sr, Ba; M = Al, Ga; 
X = H, F) mixed-anion anti-perovskites. In comparison with the 
oxyhydrides (X = H), the larger GaO4 tetrahedra rather than AlO4 
give impact on the HA6 octahedral tilting manner. The Ga-series 
for both A = Sr and Ba adopts tetragonal unit cells (I4/mcm) with 
the point-shared HA6 octahedra along c-axis in straight (∠H-A1-
H = 180°; see Figure 1). The same symmetry was also reported 
for Sr3AlO4H, whereas Ba3AlO4H adopts a distorted 
orthorhombic cell (Pnma) with buckled HBa6 octahedra21. We 
calculated the Goldschmidt tolerance factor t, which is typically 
used to discuss the stability of the perovskite structure39, for the 
four A3MO4H anti-perovskite series, yielding 0.929-0.948 for the 
tetragonal class, and 0.916, the furthest from unity, for 
orthorhombic Ba3AlO4H (Table S4). 

The difference in the X site, i.e., oxyhydride vs. oxyfluoride, 
also provides an interesting insight. Oxyfluorides of A3AlO4F and 
A3GaO4F were well studied as phosphor materials,22, 35 
however, there is no report for pure A = Ba members like 
“Ba3AlO4F” and “Ba3GaO4F”.40 This trend may be derived from 

the somewhat large ionic radius of Ba2+ (1.35 Å with the 
coordination number of 6) for the vertex position of the FA6 
octahedra. In contrast, oxyhydrides of orthorhombic Ba3AlO4H21 
and tetragonal Ba3GaO4H (this work) are both stable, possibly 
owing to the size flexibility (tolerance) of hydride ion41. 

Sizable defects in hydrogen at the octahedral center in A3–

xGaO4H1–y have not been reported in the A3MO4X series, as far 
as we know. This non-stoichiometric nature may allow 
topochemical reactions via ion diffusion. Thermogravimetry 
(TG) result of Ba2.85GaO4H0.7 in heating under Ar gas flow, 
showed nearly no mass change, while the XRD pattern after TG 
showed a significant peak shift toward a higher angle that 
corresponds to lattice shrinkage (Figure 6), suggesting hydrogen 
release from the anti-perovskite framework. In contrast, TG 
under O2 gas flow exhibited ~2% mass gain, together with a 
peak shift toward a lower angle in XRD, together with 
broadening the profile. This result indicates that topochemical 
O2–/H– substitution occurred, and the composition of 
Ba2.85GaO4+δ (δ ~ 0.7) was obtained. Given that this type of 
structure, wherein oxygen species are located at the octahedral 
center in anti-perovskite, was reported in oxide-ion-conducting 
BaLa2ZnO5

42, partial oxygen occupancy after anion exchange 
may potentially enhance the oxide ion diffusivity. The highly 
mobile and anion-exchangeable property of H– was reported in 
regular perovskite oxyhydride BaTiO3–xHx with H– ions at the 
vertex position,43, 44 it is interesting in our case that such a 
property could appear even in H– at the octahedral center. This 
nature might be rather close to that of 12CaO·7Al2O3 mayenite 
with exchangeable H– ions in the positively charged cages. 

Fig. 6 (a) TG curve of the sample A = Ba during heating (solid line) and cooling (dotted 
line) under O2-gas flow (red lines) and Ar-gas flow (blue lines). (b) XRD pattern of the 
sample A=Ba before and after TG-measurement. The gray, and black curves represent 
the observed intensities of Si and the as-prepared sample. The blue and red curves 
indicate the observed intensities of Ar annealed and O2 annealed samples, respectively.
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Conclusions
A new member of the p-block metal oxyhydrides A3–xGaO4H1–y 
(A = Sr, Ba) was successfully obtained by high-pressure 
synthesis. Powder X-ray and neutron diffraction study revealed 
that this series adopts an iso-structure of Sr3AlO4H with unique 
defects at A- and H-sites. The formation energy calculation from 
the raw materials supported that stoichiometric “Ba3GaO4H” is 
thermodynamically stable with a wide band gap of 5.28 eV. 
Hydride ions at the octahedral center could be topochemically 
desorbed or exchanged by sintering under Ar or O2 gas flow. 
Recently, hydride-based anti-perovskites with polyanion units 
are expanding, e.g. transition-metal oxometallate hydride 
A3MO4H (A = Rb, Cs; M = Mo, W)45 and largely octahedral 
distorted Na3(ZnH4)H46. In the future, other p-block metal 
polyanions, such as GeO4 and InO4 units, could also be used as 
building blocks in hydride compounds, possibly leading to new 
functional materials including ion conductors and catalysis.
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