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ABSTRACT: Metal hydride oxides are an emerging field in
solid-state research. While some lanthanide hydride oxides
(LnHO) were known, YHO has only been found in thin films so
far. Yttrium hydride oxide, YHO, can be synthesized as bulk
samples by a reaction of Y,0; with hydrides (YH;, CaH,), by a
reaction of YH; with CaO, or by a metathesis of YOF with LiH
or NaH. X-ray and neutron powder diffraction reveal an anti-
LiMgN type structure for YHO (Pnma, a = 7.5367(3) A, b =
3.7578(2) A, and ¢ = 5.3249(3) A) and YDO (Pnma, a =
7.5309(3) A, b = 3.75349(13) A, and ¢ = 5.3192(2) A); in other
words, a distorted fluorite type with ordered hydride and oxide
anions was observed. Bond lengths (average 2.267 A (Y-0),

o

Intensity / 104 counts.
2N e
Lg Lo
o
o

300 < T<1075K

285
300 400 500 600 700 800 900 1000
T/K

2.352 A (Y-H), 2.363 A (Y-D), >2.4 A (H-H and D-D), >2.6 A (H-0O and D-0), and >2.8 A (O—0)) and quantum-
mechanical calculations on density functional theory level (band gap 2.8 eV) suggest yttrium hydride oxide to be a
semiconductor and to have considerable ionic bonding character. Nonetheless, YHO exhibits a surprising stability in air. An in
situ X-ray diffraction experiment shows that decomposition of YHO to Y,Oj; starts at only above 500 K and is still not complete
after 14 h of heating to a final temperature of 1000 K. YHO hydrolyzes in water very slowly. The inertness of YHO in air is very

beneficial for its potential use as a functional material.

Bl INTRODUCTION

Hydrogen-containing functional materials are usually con-
textualized with hydrogen storage concepts. Apart from this,
the employment of hydrides in catalysts,"” battery materi-
als,”™* and phosphors® is becoming more important. LiLa,HO,
is a prominent example, as it was the first material to show
pure hydride ion H™ conduction.” It is a hydride oxide
(sometimes also called oxyhydride and not to be confused with
hydroxides), a term generalizing substances whose anionic
sublattices are composed of both hydrogen and oxygen. This
class of compounds is the least developed in comparison to the
group of mixed anionic oxides, which are an emerging field for
the development of new materials.® Other recent examples for
hydride oxides are LaSrCoH,,0;,° SrvVO,H,'’
Sr;Co,Hy 40,35 " and BaTiH,O,_,'" which are promising
candidates in the design of hydrogen-containing functional
materials, as some of them are usually inert to air. This is an
outstanding behavior, as ionic hydrides such as lithium hydride
(LiH) and calcium hydride (CaH,) decompose quickly in air.

Hydride oxides with the general formula REHO (RE: rare
earth element) were first reported in the 1960s'® and studied
more intensively during recent years. They crystallize in two
different structure types. The fluorite structure type with space
group Fm3m is known for La—Pr and Sm—Er.”"~"” It exhibits
a face centered cubic lattice of RE atoms, whose tetrahedral
voids are occupied by H and O in a disordered fashion. For
SmHO, GdHO, and HoHO, long-term stability in air at room
temperature was shown.'®'” Variable H/O ratios were
reported for the large lanthanides (La—Pr), whereas the ratios
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of the smaller ones seem to be fixed at 1:1. YHO was observed
only in thin films,'® and its crystal structure was discussed on
the basis of quantum-mechanical calculations.'” The large
lanthanide ions (La—Nd) crystallize in a fluorite type
superstructure with a space group of P4/nmm, in which the
anions are ordered (LaHO structure type).""*°~>* The
lanthanum, cerium, and praseodymium compounds are
hygroscopic and react quickly with humid air. While LaHO
and PrHO can be stored in dry air, CeHO reacts pyrophori-
cally to form CeO,. No report is given on the air stability of
NdHO.

In our study, we aimed to expand the known REHO series
toward yttrium and investigate its thermal resistivity toward air
at elevated temperatures by in situ powder X-ray diffraction
(PXRD). Furthermore, YHO can form from yttria Y,05 and
has a similar diffraction pattern. As yttria is an important
material for luminophors,” spectral filtering,”* and quantum
information processing, for example,” this study provides an
important insight into its chemistry under reducing conditions.

B EXPERIMENTAL SECTION

Four different methods were employed for the synthesis of yttrium
hydride oxide YHO (Table 1) using (a) yttria Y,O; and yttrium
hydride YH;, (b) yttria and calcium hydride CaH,, (c) yttrium
hydride and calcium oxide CaO, and (d) yttrium oxide fluoride YOF
and alkaline hydride AH (A = Li or Na). Unless otherwise stated, all
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Table 1. Overview of the Different Synthesis Strategies for
YHO“

label reaction scheme yield/wt %
a Y,0; + YH; — 3YHO 83
b Y,0, + CaH, — 2YHO + CaO 85
c YH; + CaO - YHO + CaH, 95
d YOF + NaH — YHO + NaF 81
YOF + LiH — YHO + LiF 72

“Experiments were conducted in fused silica ampules under an argon
atmosphere at 975 K < T < 1175 K (a, b, and c) or in aluminum
crucibles under a hydrogen atmosphere and 725 K (d). The yield
refers to the weight ratio of yttrium-containing phases, which were
determined by a Rietveld analysis.

samples were handled in an argon filled glovebox, in which the oxygen
and water content were kept below 1 ppm. Yttria (Aldrich, 99.99%)
was dried prior to use at 1373 K for 6 h*® and transferred while hot
into the glovebox. Yttrium hydride or yttrium deuteride was obtained
from metallic yttrium (Smart Elements, 99.99%, stored under argon)
and hydrogen (Air Liquide, 99.9%) or deuterium (Air Liquide,
99.8%) at 2—5 MPa and 573 K in Inconel (Bohler L718V) autoclaves.
Yttrium oxide fluoride was obtained from yttria and a slight excess
(1.1 equiv) of powdered polytetrafluoroethylene (Alfa Aesar) at 823
K in air.”” Calcium hydride was obtained from calcium (Alfa Aesar,
99.5%) and hydrogen at 6 MPa and 675 K; calcium oxide was
prepared from calcium carbonate at 1275 K and transferred while hot
into the glovebox. Syntheses (a), (b), and (c) were conducted in
fused silica glass ampules, and synthesis (d) was conducted in sealed
aluminum crucibles. For synthesis (a), 1—2 g of 1:2 molar mixtures of
yttria:yttrium hydride or deuteride, respectively, was annealed at 1173
K for 48 h with a heating rate of 50 K h™". For synthesis (b), 0.4 g of a
1:4 molar mixture of yttria:calcium hydride was annealed at 1173 K
for 48 h with a heating rate of S0 K h™.'¢ For synthesis (c), 0.1 gof a
1:1 molar mixture of yttrium hydride:calcium oxide was heated at a
rate of 25 K h™ to 973 K and annealed for 48 h. For synthesis (d), 35
mg (NaH) and 30 mg (LiH) of 1:1.3 molar mixtures of yttrium oxide
fluoride:sodium hydride (Aldrich, 95%) and 1:1 molar mixtures of
yttrium oxide fluoride:lithium hydride were transferred into a
differential scanning calorimeter (DSC, Q1000, TA Instruments)
with an attached pressure chamber and heated to 723 K at 1 MPa
hydrogen gas with a rate of 1 K min™'; then, the mixture was annealed
for 2 h and cooled at the same rate to 300 K. After 0.5 h, the
procedure was repeated. To investigate the air stability of YHO at
room temperature, a sample was prepared via synthesis (a) for
powder X-ray diffraction (PXRD) in Guinier geometry (for details,
see below) with exposure to air while collecting PXRD patterns in
regular intervals. The stability toward liquid water was investigated by
grinding a sample of (a) under deionized water for 1 min before
preparing a Guinier PXRD sample.

Powder neutron diffraction (PND) data of YDO and YHO
obtained from route (a) were collected on the E9 high resolution
diffractometer at Helmholtz Zentrum Berlin (HZB) at 298(2) K
using a vanadium sample holder of 6 mm diameter.”® All powder X-
ray diffraction experiments were conducted with Cu Kal radiation
from curved Ge(111) monochromators at T = 296(2) K. Most
specimens were measured in Debye—Scherrer geometry on a Stoe
STADI-P diffractometer. Samples were mixed with powdered
diamond and filled into 0.3 mm glass capillaries (WJM Glas/Miiller
GmbH, Berlin) prior to fusing. Experiments in Guinier geometry were
conducted on a Huber G670 diffractometer. The powders were
dispersed in Apiezon grease and placed either on top of one or
between two Kapton sheets (for noninert or inert measurements,
respectively). In situ data were collected on a Rigaku Smart Lab
diffractometer using an Anton Paar HTK1200 reaction chamber and
Bragg—Brentano geometry. The sample (YHO, obtained from route
(a)) was heated in 25 K steps from 300 to 1075 K with a rate of S K
min~" in air. At each step, the temperature was equilibrated for 10 min

before starting the measurement that lasted 15 min. In total, each
temperature step lasted 30 min.

PXRD data were analyzed by the Rietveld technique using the
software Topas version S (Bruker AXS) and full profile analysis. The
background was fitted using a Chebychev fifth order polynomial.
PND data were analyzed with FullProf using a pseudo-Voigt reflection
profile. A polynomial of third (YDO) and fifth (YHO) order
described the background. In both PXRD and PND, zero-point error,
scaling factor, lattice, profile and atomic parameters, and isotropic
displacement factors By, were refined if the phase ratio exceeded 10
wt %; otherwise only the former four parameters were refined. The
B, values from PXRD data were corrected by an offset value (overall
B). It was refined from the diamond reflections using a literature value
for diamond (B,,(C) = 0.142 A?)* and fixed afterward. The H
content of YHO obtained from Y,0; and YH; was determined by the
carrier gas hot extraction method on four specimens using a VARIO
EL microanalyzer (Elementar Analysensysteme GmbH).

The density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP)***! version 5.4.4
using projector-augmented wave pseudopotentials (PAWs)** from
the VASP database. In case of the rare earth elements, PAWs
simulating trivalent ions were employed for RE = Ce—Lu (RE_3),
and for yttrium, the s- and p-levels of the fourth principal quantum
number were treated as semicore states (Y _sv). For lanthanum,
hydrogen, and oxygen, the standard PAWs were used (La, H, O). The
exchange correlation potential was approximated with the GGA-PBE
method,* and the Brillouin zone was integrated using the tetrahedron
method with Blochl corrections.®® The k-grid was generated
automatically and I'-centered, ensuring a k-point density of 0.03
A™'. The cutoff energy was set to 800 eV. Structure optimizations
were conducted with full degrees of freedom (cell volume, cell shape,
and atomic positions) using a conjugate gradient algorithm,
converging forces to 10 eV A™' and electronic energies to 1 ueV.
Thus, obtained energies were used to calculate free reaction
enthalpies A,G. The energies of RE,O; and REH; stem from
structures with space groups Ia3 (bixbyite structure type) and P3cl
(YDj structure type), respectively, which exhibited smaller values than
other modifications. The optimized structures were used as input for
density of states (DOS) calculations. Here, the k-grid was enhanced
to a k-point density of 0.01 A, and the DOS were calculated with a
resolution in energy of 1 meV.

B RESULTS AND DISCUSSION

The reaction of yttrium oxide and yttrium hydride produced a
gray powder. As the latter decomposes at elevated temper-
atures,” an excess of it ensured high yield. However, small
amounts of yttrium hydride (5—20 wt %) remained in the
sample. The sample’s color is thus a mixture of the dark
colored yttrium hydride and the reaction products. PXRD
analysis showed a new phase with a reflection pattern similar to
Y,0; or LaHO as well as reflections belonging to fluorite type
YHO (Figure SI in the Supporting Information). The latter
has only been reported in thin films.'® Indexing the remaining
reflections yielded a primitive orthorhombic cell with a = 7.537
A, b =7516 A, and ¢ = 5.325 A. A model in P2,mn, derived
from LaHO in P4/nmm via Pmmn, explained all the reflections
of the PXRD pattern. The hydrogen content of the sample,
determined by CHN elemental analysis, suggested the
composition of YHO (exp.: 1.220(5) wt %, calc.: 1.14 wt
%). The other synthesis approaches (Table 1, b—d) yielded
orthorhombic YHO, whose lattice parameters are not
significantly different (Figures S3—S6). Thus, YHO seems to
exhibit a fixed composition. The DSC experiments of the
reaction of YOF with LiH and NaH show broad exothermic
signals at mild conditions (ca. 600 K; Figures S9 and S10). To
determine the atomic positions of hydrogen in YHO, neutron
diffraction data were collected on a deuterated sample of YDO
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(D = *H, Figure 1). D has a significantly smaller incoherent
scattering length compared to 'H (b;,('H) = 25.3 fm, b;(D) =
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Figure 1. Rietveld refinement of the crystal structure of YDO (top)
and YHO (bottom) obtained from synthesis route (a) (Table 1) on
the basis of PND data at 298(2) K (E9, HZB, Germany, A =
1.79820(2) A). Top: = 7.7%, GooF = 1.6. Bragg markers denote
from top to bottom YDO Pnma (68.2(7) wt %, Rpng, = 42%, a =
7.5309(3) A, b = 3.75349(13) A, ¢ = 5.3192(2) A), YDO Fm3m
(12.3(3) wt %, a = 5.28501(14) A), and YD, Fm3m (19.4(4) wt %, a
= 5.19688(8) A). Bottom: R,,, = 1.6%, GooF = 2.1. Bragg markers
denote from top to bottom YHO Pnma (71(1) wt %, Rpragg = 11.4%, a
= 7.5367(3) A, b = 3.7578(2) A, ¢ = 5.3249(3) A), YHO Fm3m
(10.7(6) wt %, a = 5.30227 A), and YH, Fm3m (18.2(8) wt %, a =
5.2081(2) A). Red: measurement. Black: calculated. Blue: difference.
An offset of 10* counts was added to the difference curve of YHO.
Rietveld refinements of PXRD data of both structures are provided in
Figures S1 and S2 in the Supporting Information.

4.0 fm),*® which results in a lower background. Starting from
the anion positions derived from LaHO, O and D sites were
successfully allocated and positions refined. Furthermore, the
1:1:1 composition was confirmed by the refinement. A
subsequent symmetry search resulted in a smaller cell (b’ =
b/2) with space group Pnma and an isotypical structure to
LiMgN®’ (Table 2). YDO is thus the first representative of the
LiMgN antitype. There is no direct crystallographic group—

Table 2. Crystal Structure Parameters of YDO and YHO on
the Basis of Powder Neutron Diffraction Data at 298(2) K

atom  Wyckoff label b y z B,./A

Y 4c 0.3756(7) 1/4 0.2806(5) 0.20(3)
* 0.3734(S) 1/4 0.2782(5) 0.52(4)

0 4c 0.6434(5) 1/4 0.4852(7) 0.24(6)

* 0.6442(4) 1/4  0.4828(8) 0.51(6)
D 4c 0.0996(5) 1/4 0.5156(8) 1.67(9)
H * 0.1031(6) 1/4 0.508(2) 2.29(9)

“YDO: o, Puma, a = 7.5309(3) A, b = 3.75349(13) A, ¢ = 5.3192(2)
A.YHO: *, Pnma, a = 7.5367(3) A, b =3.7578(2) A, ¢ = 5.3249(3) A.

subgroup relationship between the YDO and LaHO structures,
but of said crystallographic relationship, there is an indirect
one via the aristotype CaF, in Fm3m (cf. Birnighausen tree in
Figure S12). Similar structures (i.e., bixbyite type Y,0; (Ia3),
YOF type (R3m), and LaOF type (P4/nmm)) are also found in
different branches of the fluorite type symmetry tree.”® The
most related structure is that of LaOF, which is obtained from
a klassengleiche transformation of the Pt,Si type, which is in
turn an aristotype of YDO.

The coordination polyhedron of yttrium atoms in YDO is a
distorted tetragonal prism; deuterium and oxygen atoms are
both coordinated in a distorted tetrahedral fashion (Figure 2).

Figure 2. Coordination polyhedra in the crystal structure of YDO.

Table 3. Atomic Distances in YDO (Pnma) and YHO
(Pnma) up to 3 A on the Basis of Powder Neutron
Diffraction Data at 298(2) K

distance/A
atom 1 atom 2 quantity YDO YHO
Y D/H 1 2.308(6) 2.307(8)
2 2.355(3) 2.372(6)
1 2.425(6) 2.377(7)
2.363° 2.352°
Y 0 1 2.249(6) 2217(5)
2 2.257(3) 2.273(3)
1 2.292(6) 2.314(5)
2.266" 2.268%
D/H D/H 2 2.408(3) 2.440(4)
D/H 0 1 2.676(6) 2.633(11)
1 2.684(6) 2.727(11)
2 2.696(4) 2.676(4)
2.685% 2.679%
0 0 2 2.866(4) 2.879(3)

“Mean values are given in italics.

The Y—D and Y—O bond lengths (Table 3) agree with those
in trigonal YD, (Y—D: 2.13—2.52 A)*” and bixbyite type Y,0;
(Y-0: 224-2.33 A).* The large D—O bond distances
illustrate the anionic nature of D and prove that YDO is a
hydride oxide and not a hydroxide (D—O distance in YOOD:
0.959 A).*' The D—D bond distance is slightly smaller than
that of O—O due to the higher Coulomb repulsion of O*~
compared to D™. In comparison with LaHO, the yttrium
polyhedra show a si§niﬁcant tilt toward a (5.0(1)°, cf. Figure 3;
LaHO: 2.803(3)°,*" NdHO: 4.049(2)°).”* This results from
the smaller size of yttrium compared to lanthanum ions (r(Y**)
=1.159 A, r(La*") = 1.300 A),*” as the tilt enables the anions
to better shield the cationic charges. It furthermore demands
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Figure 3. Crystal structures of YDO (left) and LaHO (right).*°

the cations to shift from another in the ¢ direction, which is
incompatible with the symmetry in P4/nmm. Here, half of the
lanthanum atoms, La3, are situated on a mirror plane.

The second major difference between YDO and LaHO is
the ordering scheme of the anions in the polyhedra
surrounding the yttrium and lanthanum atoms, respectively.
From the seven ways to distribute two atomic species on the
vertices of a cube (Figure 4), the one with m symmetry is

/g8t

43m 4

1

Figure 4. The ordering scheme for anions X and Y in fluorite type
related compounds MXY has seven possible rotationally distinct two-
coloring of the eight vertices of a cube. The respective point
symmetries given below are often lowered in compounds MXY by the
distortion of the cubes. Ordering schemes for different anionic ratios
are provided in Figure SIS.

found in YDO, and those with 43m, 4mm, and mmm
symmetries are found in LaHO. They result from the ordering
of hydrogen (deuterium) and oxygen atoms and the tendency
of similar ions to occupy symmetrically equivalent positions;
the latter is equivalent to Pauling’s rule of parsimony.* Only
specific Wyckoff positions are compatible with these require-
ments (ie, 4c in YDO and 8i in LaHO), causing different
coordination environments. In comparison with oxide fluorides
REOF, which show ordering schemes with symmetry 3m (YOF
type R3m) and 4mm (LaOF type P4/nmm),*" the tendency of
hydrogen (deuterium) atoms to occupy neighboring positions
to oxygen atoms is prominent; this is in contrast to fluorine
atoms, which tend to segregate. Due to the different charges of

F~ and O, this segregation results in an inhomogeneous
shielding of the cationic charges. As fluorine is highly
electronegative, it can compensate this, contrasting hydrogen,
which has only a medium electronegativity. Therefore, the
anions in hydride oxides REHO will surround the cations more
homogeneously, which is why they adopt different structure
types than oxide fluorides REOF. A similar anionic ordering
scheme to REHO is found in lithium hydride nitride Li,NH.*

The driving force for the formation of anionically ordered or
disordered REHO compounds was attributed in the literature
to the bonding behavior of oxygen: as the RE—O bond length
increases with the RE radius, an ordered modification is
preferred for larger RE cations because they enable shorter
RE—O bond distances.” In YDO, a similar driving force might
be present, as the ordering also enables a shorter RE—O
distance (Figure S14). Thus, the anti-LiMgN structure type
might be suitable for other small rare earth elements as well.

The crystal structure of YHO, as refined with PND data
(Figure 1, Table 2), is very similar to that of YDO. The major
differences are the lattice parameters and the thermal
displacement factors (Table 2), which are caused by the
isotopic effect of deuterium with a doubled mass as compared
to protium. The high Rg,,, value results from the inferior
signal-to-noise ratio, which is due to the high incoherent
scattering length of 'H. Further details of the crystal structure
investigations may be obtained from FIZ Karlsruhe, Eggen-
stein-Leopoldshafen 76344, Germany (Fax: + 49-7247-808-
666. E-mail: crysdata@fiz-karlsruhe.de) on quoting the
deposition number CSD-1903936 (YDO) and CSD-1903938
(YHO).

DFT calculations of the anti-LiMgN and the LaHO
structure type for REHO (RE =Y, La—Lu) show a structure
directing effect of the cation radius. The free reaction enthalpy
of the reaction as a function of the ionic radii r (Figure S16)
shows a stabilization of the anti-LiMgN over the LaHO
structure type with decreasing r. The offset of yttrium and
lanthanum in the plot is due to the different pseudopotentials,
which did not contain f states. The difference in the value of
YHO to a previous publication of ours'’ stems from an
updated pseudopotential of yttrium. A calculation of the DOS
confirmed the ionic character of YHO (Figure S17). In
comparison with that of Y,0; (Figure S18), the smaller band
gap (Eg,(YHO) = 2.8 eV, E,, (Y,03) = 4.1 eV), which results
from the hydrogen states near the Fermi level, and the higher
dispersion is evident. Therefore, YHO seems to be a
semiconductor. It should be noted that DFT calculations are
known to underestimate band gaps.*® The experimental Egp of
Y,0,, for example, is about 5 eV."’

To evaluate the air stability of YHO, an in situ PXRD
experiment was conducted from 300 to 1075 K in air (Figure
5). Orthorhombic YHO starts to decompose only at above 500
K, and even at 1025 K, a significant amount is still present.
Fluorite type YHO is observed up to 600 K, and YH, is
observed until 725 K. Bixbyite type Y,O; is the decomposition
product of each phase (2YHO + O, — Y,0; + H,0). The
reaction mechanism of YHO to Y,Oj; needs further evaluation,
as at least one intermediate phase is observed with a reflection
pattern similar to Y,O;. This disturbed the refinement of Y,Oj,
particularly at 800 + S0 K, which is why the phase ratios
derived here show inconsistencies. The corresponding
intensity maximum is a result of interfering reflections of all
these phases. The total duration of the experiment, 16 h,
further illustrates the remarkable stability of YHO in air. A
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Figure S. In situ X-ray diffraction data and phase analysis of the
thermal decomposition of YHO in air (heating rate: 5 K min™"). Top:
part of diffraction data (A: CuK,,; square root of intensity). Bottom:
phase ratios from Rietveld refinement. Error bars are smaller than the
displayed symbols. The full diffraction plot is shown in Figure S11.

similar thermal stability of an ionic hydride was only observed
for the hydride silicate LiSr,(SiO,)H.*® At room temperature,
YHO did not react with air in 20 days. Only the YH, phase
showed a decrease in intensity; the decomposition product is
probably amorphous (Figure S7). Treatment of YHO with
liquid water did not produce any gas bubbles or a change in
color. The Rietveld refinement showed a decrease in the phase
ratio of YHO toward YH, (85.8(1)% to 75.7(2)%), which
indicates a slow hydrolysis to a probably amorphous product
(¢f. Figure S8).

For thin films, the hydrolysis of YH, led to the formation of
isotypic YH,COy.18 After treatment with water, a group of
reflections between those of YH, and YHO appears, indicating
a variable composition of cubic YHO at mild conditions.
Treatment with mineralic acids (pH <1) leads to a
decomposition of YHO under formation of hydrogen gas.

B CONCLUSION

We reported on the synthesis of orthorhombic yttrium hydride
oxide, YHO, a new representative of the REHO compound
class, and we analyzed its crystal structure by powder neutron
and powder X-ray diffraction. It is the first example of the anti-
LiMgN structure type with space group Pnma, and it is thus
related to the LaHO, YOF, LaOF, and bixbyite structure types
via the fluorite aristotype, in which most rare earth hydride
oxides crystallize. Additionally, a second modification of YHO
(fluorite type, Fm3m) was observed in a bulk material for the
first time. Orthorhombic YHO can be obtained by different
synthesis routes, starting from Y,0; YH; or YOF, with
varying yields. DFT calculations confirmed its ionic character.
These calculations predicted a semiconducting behavior and
the possibility of other small rare earth elements to crystallize
in this structure type. The stability of YHO in air and moisture,
as observed in situ at elevated temperatures and ex situ at room
temperature, is outstanding for an ionic hydride, and this
stability marks YHO’s significance in the search for functional
materials containing anionic hydrogen-like catalysts or
phosphors, as it is stable toward oxygen up to 500 K and

can still be observed at 1025 K after 14 h of heating.
Furthermore, YHO hydrolyzes only slowly in liquid water.

Bl ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.9b02308.

PXRD analysis of YHO obtained from Y,0;, YH;, and
YOF; PXRD data of YHO stored in air; PXRD data of
YHO treated with liquid water; DSC curves of YOF +
AH (A = Li, Na); full in situ diffraction plot;
Bérnighausen tree; comparison of the unit cells of
orthorhombic YDO, cubic REHO, and tetragonal
LaHO; correlation of normalized cell volume and
polyhedral volumes of O and H with cationic radius;
ordering schemes for MX,Y,_, (0 < x < 2) compounds;
DFT results; and DOS plots of YHO and Y,0; (PDF)

Accession Codes

CCDC 1903936 and 1903938 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, by e-
mailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: holger.kohlmann@uni-leipzig.de. Phone: +49 341 97
36201.

ORCID
Holger Kohlmann: 0000-0002-8873-525X

Author Contributions
This manuscript was written through contributions of all
authors.

Funding

This work was supported by funds from Leipzig University via
a Ph.D. scholarship (Doktorandenforderplatz) and the
Deutsche Forschungsgemeinschaft (DFG, Grant Ko1803/12-
1).

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is dedicated to Dr. Robert Haberkorn on the
occasion of his 65th birthday. We thank Alrik Dorn (Leipzig
University) for help with the synthesis, Christian Pflug
(Leipzig University) for providing educts, Manuela Rofiberg
(Leipzig University) for conducting the elemental analysis, and
Harald Krautscheid (Leipzig University) for granting access to
an X-ray powder diffractometer. The Ph.D. scholarship from
Leipzig University (Doktorandenforderplatz) is greatly appre-
ciated. We thank the Helmholtz-Zentrum Berlin for providing
beamtime and Dr. Alexandra Franz (Helmholtz-Zentrum
Berlin) and Anton Werwein (Leipzig University) for carrying
out the neutron diffraction experiments. Computations for this
work were done with resources of the Leipzig University
Computing Centre. We thank A. Rost (Leipzig University) for
his support as the software administrator.

DOI: 10.1021/acs.inorgchem.9b02308
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02308/suppl_file/ic9b02308_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02308/suppl_file/ic9b02308_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b02308
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b02308
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02308/suppl_file/ic9b02308_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1903936&id=doi:10.1021/acs.inorgchem.9b02308
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1903938&id=doi:10.1021/acs.inorgchem.9b02308
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:holger.kohlmann@uni-leipzig.de
http://orcid.org/0000-0002-8873-525X
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02308/suppl_file/ic9b02308_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02308

Inorganic Chemistry

B REFERENCES

(1) Waldie, K. M.; Brunner, F. M.; Kubiak, C. P. Transition Metal
Hydride Catalysts for Sustainable Interconversion of CO, and
Formate: Thermodynamic and Mechanistic Considerations. ACS
Sustainable Chem. Eng. 2018, 6, 6841—6848.

(2) Yamashita, H.; Broux, T.; Kobayashi, Y.; Takeiri, F.; Ubukata,
H.; Zhu, T.; Hayward, M. A,; Fujii, K; Yashima, M.; Shitara, K;
Kuwabara, A.; Murakami, T.; Kageyama, H. Chemical Pressure-
Induced Anion Order-Disorder Transition in LnHO Enabled by
Hydride Size Flexibility. J. Am. Chem. Soc. 2018, 140, 11170—11173.

(3) Choi, J. W.; Aurbach, D. Promise and reality of post-lithium-ion
batteries with high energy densities. Nat. Rev. Mater. 2016, 1, 16013.

(4) Unemoto, A.; Matsuo, M.; Orimo, S.-i. Complex Hydrides for
Electrochemical Energy Storage. Adv. Funct. Mater. 2014, 24, 2267—
2279.

(5) Verbraeken, M. C.; Cheung, C; Suard, E; Irvine, J. T. S. High
H™ conductivity in barium hydride. Nat. Mater. 2015, 14, 95—100.

(6) Kunkel, N.; Wylezich, T. Recent Advances in Rare Earth-Doped
Hydrides. Z. Anorg. Allg. Chem. 2019, 645, 137—145.

(7) Kobayashi, G.; Hinuma, Y.; Matsuoka, S.; Watanabe, A.; Igbal,
M.; Hirayama, M.; Yonemura, M.; Kamiyama, T.; Tanaka, I; Kanno,
R. Pure H™ conduction in oxyhydrides. Science 2016, 351, 1314—
1317.

(8) Kageyama, H.; Hayashi, K;; Maeda, K.; Attfield, J. P.; Hiroi, Z.;
Rondinelli, J. M.; Poeppelmeier, K. R. Expanding frontiers in materials
chemistry and physics with multiple anions. Nat. Commun. 2018, 9,
1-1S.

(9) Bridges, C. A;; Darling, G. R.; Hayward, M. A; Rosseinsky, M. J.
Electronic Structure, Magnetic Ordering, and Formation Pathway of
the Transition Metal Oxide Hydride LaSrCoO3H,. J. Am. Chem. Soc.
2008, 127, 5996—6011.

(10) Denis Romero, F.; Leach, A.,; Moller, J. S.; Foronda, F.;
Blundell, S. J.; Hayward, M. A. Strontium Vanadium Oxide-Hydrides:
"Square-Planar” Two-Electron phases. Angew. Chem., Int. Ed. 2014,
53, 7556—7559.

(11) Helps, R. M.; Rees, N. H.; Hayward, M. A. Sr;C0,0,33Hs4:
An Extended Transition Metal Oxide-Hydride. Inorg. Chem. 2010, 49,
11062—11068.

(12) Kobayashi, Y.; Tang, Y.; Kageyama, T.; Yamashita, H.; Masuda,
N.; Hosokawa, S.; Kageyama, H. Titanium-Based Hydrides as
Heterogeneous Catalysts for Ammonia Synthesis. J. Am. Chem. Soc.
2017, 139, 18240—18246.

(13) Carter, F. L; Nachman, J. F. Certain Mixed Hydride-
Chalcogenide Rare-Earth Compounds. Proceedings of the Second
Conference on Rare Earth Research 1961, 2, 311—-320.

(14) Brice, J. F.; Moreau, A. Synthese et cunductivite anionique des
hydruro-oxydes de lanthane de formule LaHO, LaH,,, O, et
LaH,,,0,., (y < 2x). Ann. Chim. Fr. 1982, 7, 623—634.

(15) Tellefsen, M.; Kaldis, E.; Jilek, E. The Phase-Diagram of the Ce-
H, System and the CeH,-CeHj Solid Solutions. J. Less-Common Met.
1985, 110, 107—117.

(16) Ueda, J.; Matsuishi, S.; Tokunaga, T.; Tanabe, S. Preparation,
electronic structure of gadolinium oxyhydride and low-energy S5d
excitation band for green luminescence of doped Tb** ions. J. Mater.
Chem. C 2018, 6, 7541—7548.

(17) Zapp, N.; Kohlmann, H. The lanthanide hydride oxides SmHO
and HoHO. Z. Naturforsch., B: ]. Chem. Sci. 2018, 73, 535—538.

(18) Montero, J.; Martinsen, F. A.; Garcia-Tecedor, M.; Karazhanov,
S. Zh.; Maestre, D.; Hauback, B.; Marstein, E. S. Photochromic
mechanism in oxygen-containing yttrium hydride thin films: An
optical perspective. Phys. Rev. B: Condens. Matter Mater. Phys. 2017,
95, 201301.

(19) Pishtshev, A.; Strugovshchikov, E.; Karazhanov, S. Conceptual
Design of Yttrium Oxyhydrides: Phase Diagram, Structure, and
Properties. Cryst. Growth Des. 2019, 19, 2574—2582.

(20) Malaman, B.; Brice, J. F. Etude structurale de I'hydruro-oxyde
LaHO par diffraction des rayons X et par diffraction de neutrons. J.
Solid State Chem. 1984, 53, 44—54.

(21) Broux, T.; Ubukata, H.; Pickard, C. J.; Takeiri, F.; Kobayashi,
G.; Kawaguchi, S.; Yonemura, M.; Goto, Y.; Tassel, C.; Kageyama, H.
High-Pressure Polymorphs of LaHO with Anion Coordination
Reversal. J. Am. Chem. Soc. 2019, 141, 8717—8720.

(22) Wideree, M.; Fjellvig, H; Norby, T.; Willy Poulsen, F.;
Willestofte Berg, R. NdHO, a novel oxyhydride. J. Solid State Chem.
2011, 184, 1890—1894.

(23) Ronda, C. R. Phosphors for lamps and displays: an applicational
view. J. Alloys Compd. 1995, 225, 534—538.

(24) Kunkel, N.; Ferrier, A.; Thiel, C. W.; Ramirez, M. O.; Baus3, L.
E.; Cone, R. L,; Tkesue, A.; Goldner, P. Rare-earth doped transparent
ceramics for spectral filtering and quantum information processing.
APL Mater. 2015, 3, 096103.

(25) Kunkel, N.; Bartholomew, J.; Welinski, S.; Ferrier, A.; Tkesue,
A.; Goldner, P. Dephasing mechanism of optical transitions in rare-
earth-doped transparent ceramics. Phys. Rev. B: Condens. Matter
Mater. Phys. 2016, 94, 184301.

(26) Kohlmann, H.; Hein, C.; Kautenburger, R.;; Hansen, T. C,;
Ritter, C.; Doyle, S. Crystal structure of monoclinic samarium and
cubic europium sesquioxides and bound coherent neutron scattering
lengths of the isotopes '**Sm and A Kristallogr. 2016, 231,
517-523.

(27) Dutton, S. E; Hirai, D.; Cava, R. J. Low temperature synthesis
of LnOF rare-earth oxyfluorides through reaction of the oxides with
PTFE. Mater. Res. Bull. 2012, 47, 714—718.

(28) Franz, A; Hoser, A. E9: The Fine Resolution Powder
Diffractometer (FIREPOD) at BER II. Journal of large-scale research
facilities 2017, 3, A103.

(29) Bindzus, N.; Straase, T.; Wahlberg, N.; Becker, J.; Bjerg, L.;
Lock, N.; Dippel, A.-C.; Iversen, B. B. Experimental determination of
core electron deformation in diamond. Acta Crystallogr, Sect. A:
Found. Adv. 2014, 70, 39—48.

(30) Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plance-wave basis
set. Comput. Mater. Sci. 1996, 6, 15—50.

(31) Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B: Condens. Matter Mater. Phys. 1996, 54, 11169—11186.

(32) Blochl, P. E. Projector augmented-wave method. Phys. Rev. B:
Condens. Matter Mater. Phys. 1994, 50, 17953—17979.

(33) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(34) Blochl, P. E.; Jepsen, O.; Andersen, O. K. Improved
tetrahedron method for Brillouin-zone integrations. Phys. Rev. B:
Condens. Matter Mater. Phys. 1994, 49, 16223—16233.

(35) Khatamian, D.; Manchester, F. D. The H-Y (Hydrogen-
Yttrium) System. Bull. Alloy Phase Diagrams 1988, 9, 252—260.

(36) Sears, V. F. Neutron scattering lengths and cross sections.
Neutron News 1992, 3, 26—37.

(37) Yamane, H.; Okabe, T. H.; Ishiyama, O.; Waseda, Y.; Shimada,
M. Ternary Nitrides prepared in the Li;N-Mg;N, system at 900—
1000 K. J. Alloys Compd. 2001, 319, 124—130.

(38) Meyer, A. Symmetriebeziehungen zwischen Kristallstrukturen
des Formeltyps AX,, ABX,, AB,X; sowie deren Ordnungs- und
Leerstellenvarianten. Ph.D. Thesis, University Karlsruhe, Karlsruhe,
1981.

(39) Udovic, T. J.; Huang, Q; Santoro, A.; Rush, J. J. The nature of
deuterium arrangements in YD; and other rare-earth trideuterides. Z.
Kristallogr. 2008, 223, 697—705.

(40) Coduri, M.; Scavini, M.; Allieta, M.; Brunelli, M.; Ferrero, C.
Defect Structure of Y-Doped Ceria on Different Length Scales. Chem.
Mater. 2013, 25, 4278—4289.

(41) Christensen, A. N.; von Heidenstamm, O. Neutron Diffraction
Study of YOOD. Acta Chem. Scand. 1966, 20, 2658—2662.

(42) Shannon, R. D. Revised Effective Ionic Radii and Systematic
Studies of Interatomic Distances in Halides and Chalcogenides. Acta
Crystallogr. 1976, 32, 751-767.

(43) Pauling, L. The Principles Determining the Structure of
Complex Ionic Crystals. . Am. Chem. Soc. 1929, 51, 1010—1026.

DOI: 10.1021/acs.inorgchem.9b02308
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.9b02308

Inorganic Chemistry

(44) Zachariasen, W. H. Crystal chemical studies of the Sf-series of
elements. XIV. Oxyfluorides, XOF. Acta Crystallogr. 1951, 4, 231—
236.

(45) Niewa, R.; Zherebtsov, D. A. Redetermination of the crystal
structure of tetralithium mononitride monohydride, Li,NH. Z.
Kristallogr. 2002, 217, 317—318.

(46) Perdew, J. P. Density Functional Theory and the Band Gap
Problem. Int. J. Quantum Chem. 198S, 28, 497—523.

(47) Jollet, F.; Noguera, C.; Thromat, N.; Gautier, M.; Duraud, J. P.
Electronic structure of yttrium oxide. Phys. Rev. B: Condens. Matter
Mater. Phys. 1990, 42, 7587—759S.

(48) Gehlhaar, F.; Finger, R.; Zapp, N.; Bertmer, M.; Kohlmann, H.
LiSr,SiO4H, an Air-Stable Hydride as Host for Eu(II) Luminescence.
Inorg. Chem. 2018, 57, 11851—11854.

DOI: 10.1021/acs.inorgchem.9b02308
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.9b02308

