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Intermetallic metal hydrides are critical materials for hydrogen storage applications, however, metal hy-
drides with greater storage capacities are still needed. Within metal hydrides, the volumetric storage ca-
pacities are limited by the number of hydrogen-accommodating interstitial sites which can be
simultaneously occupied given a minimum hydride nearest-neighbor distance of =~ 2.1 A, according to the
Switendick-Westlake criterion. To date, violations of this criterion are rare. Perhaps the most well studied
compounds violating this criterion are the RNilnH, compounds (R = Ce, La, Nd). Previous neutron diffraction
studies on the deuterated species revealed the presence of Ni-D---D-Ni-D---D-Ni chains with anomalously
close D--D contacts of = 1.6 A. Yet there are no neutron vibrational spectroscopic investigations reported for
these atypical hydrides. Here we use neutron vibrational spectroscopy (NVS) measurements to probe the
hydrogen dynamics in LaNilnH, (x = 0.67, 1.6) and CeNilnH4. For x > 0.67, the presence of close H--H
contacts yields two related features in the vibrational spectrum centered near = 90 meV corresponding to
the oscillations of paired H atoms simultaneously occupying neighboring R3Ni tetrahedra. Notably, these
features are energetically distinct from comparable vibrational motions for “unpaired” H atoms when
x < 0.67. To compare, we also present powder neutron diffraction and NVS measurements for the newly
characterized, chemically similar Sn compounds CeNiSnH, CeNiSnH,, and CeNiSnD,. These compounds also
contain R3Ni tetrahedra, however, the H-occupied tetrahedra are well separated from each other with the
closest H--H distances exceeding 2.1 A, and the Switendick-Westlake criterion is not violated. Consequently,
the spectral signature of the close H--H contacts is absent in these hydrides.
Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

fundamentally limited based on an empirical rule known as the
Switendick-Westlake criterion [8,9]. This criterion defines a

Hydrogen is emerging as a key renewable energy carrier in the
push towards a decarbonized energy economy [1]. Yet, the wide-
spread adaptation of hydrogen in energy systems is hindered by a
lack of suitable storage materials for both stationary and mobile
applications [2,3]. One promising class of materials for hydrogen
storage applications are the metal hydrides, which chemisorb mo-
lecular hydrogen and store the H atoms in the interstices of the
metal lattice [4]. Currently, the best metal hydride materials suffer
from low reversible hydrogen storage capacities at operationally
relevant conditions [5,6]. Although the volumetric capacity in metal
hydrides is high—exceeding that of liquid H, in many cases [7]—it is
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minimum threshold distance between the hydrogen atoms within
structures of metal hydrides of = 2.1 A. This minimum threshold
distance arises from HoooH coulombic repulsion [10]. The volumetric
capacity of H in metal hydrides at operationally relevant conditions
can be increased if the Switendick-Westlake criterion could be ra-
tionally overcome to increase the volumetric density of H atoms in
the metal lattice.

Powder neutron diffraction (PND) studies of intermetallic hy-
drides have shown that, in practice, the number of available inter-
stices is significantly higher than the number of occupied interstices.
As the hydrogen loading increases, the available interstices are either
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filled statistically, with occupancies not exceeding %, or they are
filled in an ordered way. For an ordered filling of the sites, the
thermodynamically most favorable interstices that first become oc-
cupied by H atoms can block nearby sites from filling, via coulombic
interactions. Consequently, one important observation is that tetra-
hedral interstices which share a common face, are never simulta-
neously filled by H atoms because the distances between their
centers are below 2.1 A, in accordance with the Switendick-Westlake
criterion. One typical example is the cubic AB, Laves-phase family of
intermetallic compounds [11,12]. This structure type contains 17
interstitial sites per AB, unit, including 12 A,B5 sites, 4 AB5 sites, and
1 B, site. Yet, the maximum observed stoichiometry of the hydride is
6 absorbed H atoms per AB; unit, as in ZrV,Dg (3 Zr,V, + 3 Zr'V; sites
occupied) [13-15]. At lower hydrogen content, H atoms form or-
dered superstructures, as in ZrV,D4 (4 Zr,V, sites | ZrV, unit occu-
pied) [16]. Hydrogen ordering results in H--H contacts exceeding 2 A.

Very few known compounds to date have displayed un-
ambiguous H--H contacts closer than 2 A. These include Th,AlH,
[17-20] and a series of RNilnH, hydrides (R = La, Ce, Nd, Pr) [21-27].
The RNilnH, (0 < x < ~1.6) compounds crystallize in the hexagonal
P62m space group (hexagonal ZrNiAl structure type) with hydrogen
(deuterium) atoms preferentially filling the R3Ni tetrahedra (4 h
crystallographic sites) below x = 1.33. Prior PND studies of the deu-
terided RNilnD, compounds [28] indicated that, as the deuterium
loading increases above x = 0.67, both R3Ni interstices of the NiR3Ni
trigonal bipyramids begin to become simultaneously occupied to
form close D---D contacts in the metal lattice. Such close pairings are
ideally maximized at full R3Ni-site occupation (x = 1.33). These D--D
contact distances are 1.635(8) A, 1.606(6) A, 1.562(9) A, and 1.570(8)
A for LaNiInD1 2, CeNilnD; 54, NdNiInD; 16, and NdNilnD; »3, respec-
tively (values in parentheses here and throughout represent 1) [28].
In the La congener, as the loading increases above x=1.33, an addi-
tional interstice, the 12 | Wyckoff site located within LasNiln, dis-
torted octahedra, becomes populated (although there are indications
that these sites can begin to fill before the 4 h tetrahedral sites are
fully occupied). Fig. 1 shows the structure of LaNilnD;¢3 and high-
lights the tetrahedral 4 h (blue polyhedra) and octahedral 121 (red
polyhedra) sites in the structure. As the deuteride concentration

Fig. 1. Two unit cells of the hexagonal P62m crystal structure for LaNilnD;¢s are
shown stacked in the (001) direction. Octahedral and tetrahedral coordination en-
vironments for the D atoms are highlighted as the red and blue polyhedra, respec-
tively. For clarity, only one column of octahedral polyhedra is shown. The
Ni-D--D-Ni-D--D-Ni chains containing the close D--D contacts between neighboring
LasNi tetrahedral sites run in the (001) direction along the LasN, chains. The close
D--D contact between adjacent LasNi tetrahedra is highlighted by a bold scale bar,
indicating a separation of 1.715(1) A. Gray, green, pink, and blue spheres depict Ni, La,
In, and D atoms, respectively, while partial shading denotes occupancy.

Figure adapted from reference [29].
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increases to x=1.63, the D--D contact length increases to 1.715(1)
A [29].

First-principles density functional theory (DFT) investigations of
the RInNiH, compounds revealed a possible mechanism enabling the
close H--H pairs. Electron localization function calculations showed
that, along the Ni-H chains aligned in the (001) direction, the
electron density is localized between the Ni and H atoms to form an
H-Ni-H bonded fragment with significant electron density polar-
ization directed towards the In and Ni atoms (i.e. away from the Las
face) [30-32]. It was suggested that the shared Rs faces joining ad-
jacent R3Ni tetrahedra effectively screen the H--H coulombic repul-
sion, thus enabling the close hydrogen contacts. Yet, further
experimental characterization of these materials is still highly de-
sirable to validate the DFT methodology and develop a more precise
understanding of the Ni-H, R-H, and possible H-H interactions. A
deeper understanding of these interactions may help to further shed
light on the mechanism by which these compounds violate the
Switendick-Westlake criterion. As such, spectroscopic measure-
ments coupled with DFT phonon calculations are needed to corro-
borate and enhance our current understanding of the bonding
interactions in the RNilnH, metal hydrides.

Here we present neutron vibrational spectroscopy (NVS) mea-
surements coupled with DFT calculations for the compounds
LaNilnH, (x=0.67, 1.6) and CeNilnH;4. We show that, as the hy-
drogen loading increases to above x = 0.67, large changes occur in the
vibrational spectra. Aided by the calculations, we identify the vi-
brational features associated with the close H--H contacts in these
metal hydrides. For comparison, we also report for the first time PND
and NVS measurements coupled with DFT calculations for the
ternary hydrides CeNiSnH, CeNiSnH, and CeNiSnD,. These materials
share some local structural similarities with the RNilnH, com-
pounds, however they do not show the crystallographic or spec-
troscopic signatures of close H--H contacts.

2. Experimental section
2.1. Synthesis of RNiln and CeNiSn based hydrides/deuterides

The parent RNiln intermetallic compounds were prepared by arc
melting mixtures of the compact pieces of pure elements (purity >
99.9%) followed by annealing at elevated temperatures in an evac-
uated quartz ampoule according to previously established proce-
dures [28,29,33]. Typically, the single pieces of the annealed samples
were transferred to a Sieverts-type system with an autoclave placed
in a furnace, activated at high temperatures (573-623 K), and then
exposed for a specific period to gaseous H,/D, at an appropriate
temperature and pressure. For LaNiln, approximately 1.4 g was ex-
posed to 0.5 MPaH, at room temperature to form LaNilnH;¢. La-
NilnHgg; was formed from LaNilnH;g by removal of the required
amount of H, outgassed from the sample at 473 K followed by
cooling to room temperature.

For CeNiSn (TiNiSi-type orthorhombic structure), hydrogenation
at 523 K under 5 MPa of H, gas has been found by X-ray diffraction
(XRD) to yield the dihydride CeNiSnH, (hexagonal, filled ZrBeSi-type
structure) (in house studies and [34]). Hydrogen evacuation of the
dihydride at this same temperature leads to decomposition towards
the monohydride CeNiSnH (orthorhombic, deformed TiNiSi-type
structure). In both hydrides, the metal sublattice has a similar
structure to the original intermetallic alloy, however, with different
degrees of deformation. Here, CeNiSnH, was prepared by heating 6 g
of CeNiSn at 500K under 3.5MPa H, gas for 20 h. An analogous
procedure using D, yielded CeNiSnD-. Finally, a roughly equimolar
mixed-phase monohydride +dihydride CeNiSnH;43 sample (53%
orthorhombic CeNiSnH + 47% hexagonal CeNiSnH, based on PND
results) was prepared by heating 6g of CeNiSn at 650K under
0.4 MPa H; gas for 4 h.



2.2. Powder neutron diffraction measurements of CeNiSnH,

PND patterns for samples of CeNiSnH,, CeNiSnD,, and CeNiSnH1 43
were collected at 295K using the high-resolution R2D2 instrument
(A=1551(1) A, 206 step=0.05°) at the R2 Reactor at the Studsvik
Neutron Research Laboratory, Uppsala University, Sweden (Figs. S6-S8).
The instrument calibration parameters and wavelength of the neutron
beam were determined by a least-squares fit for diffraction data col-
lected for the standard reference materials; Si, NIST 640c and Al,Os,
NIST 676. The samples were loaded in a vanadium sample can (inner
diameter = 6 mm). The Pawley [35] and Rietveld [36] refinements of the
structure parameters were performed with the GSAS/EXPGUI program
package [37].]

2.3. Neutron vibrational spectroscopic measurements

The neutron vibrational spectra for the LaNilnHpg; and
LaNilnH;s compounds were collected at the National Institute of
Standards and Technology Center for Neutron Research (NCNR)
using the BT-4 Filter Analyzer Neutron Spectrometer (FANS) [38]. To
collect these spectra, horizontal 20’ collimations were used before
and after the Cu(220) monochromator to collect higher-resolution
data in a neutron energy loss range from 33 meV (=266cm™) to
160 meV (=1290cm™'). Additional lower-resolution spectra in a
neutron energy loss range from 33 meV (= 266cm™') to 256 meV
(=2064cm™) were collected by employing horizontal 60’ and 40’
collimations before and after the monochromator (Figs. S1, S2 in the
Supplemental Information document). Because of the large neutron
absorption cross section of In (=194 b) [39], the samples were
measured as flat plates in a reflectance geometry to enhance scat-
tering signal.

The neutron vibrational spectra for CeNilnH;4 and for the
CeNiSnH, compounds were collected using the high-resolution
broadband TOSCA spectrometer at the pulsed neutron source of ISIS
at the Rutherford-Appleton Laboratory in Chilton, the United
Kingdom (Figs. S3-S5). In an inert atmosphere, the samples were
loaded into flat aluminum sample holders and data were collected
at 20K.

2.4. Density functional theory calculations

Density Functional Theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP) [40]. The
calculations used the Projector Augmented Wave (PAW) method
[41,42] to describe the effects of core electrons, and Perdew-Burke-
Ernzerhof (PBE) [43] implementation of the Generalized Gradient
Approximation (GGA) for the exchange-correlation functional. The
energy cutoff was 600eV for the plane-wave basis of the valence
electrons. The total energy tolerance for the electronic energy
minimization was 1078 eV. After structural optimization, a supercell
(2x2x3 of the unit cell except for CeNiSnH, for which it was
3x3x2) was used for the phonon calculations. The vibrational
eigen-frequencies and modes were then calculated by solving the
force constants and dynamical matrix using Phonopy [44]. The
OCLIMAX software [45] was used to convert the DFT-calculated
phonon results to the simulated NV spectra. The DFT calculations for
all spectra were conducted using both lattice-dynamics (LD) and
molecular-dynamics (MD) approaches. The simulated spectra based
on the calculations arise from sampling the entire Brillouin zone.
Based on the calculated I'-point phonons, animations depicting the

1 Certain commercial equipment, instruments, or materials are identified in this
document. Such identification does not imply recommendation or endorsement by
the National Institute of Standards and Technology, nor does it imply that the pro-
ducts identified are necessarily the best available for the purpose
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atomic motion for each mode were generated and these animations
were used to facilitate mode assignments for the measured spectra.
These animations—included as .phonon files in the Supplementary
Material Data—can be visualized using the Jmol software package
[46]. For LaNilnHg g, an ordered singlet model was used for the cal-
culations in which each Ni atom was paired with one H atom such
that the Ni-H bonds all pointed uniformly in the positive c-axis
crystallographic direction. An additional doublet model which as-
sumed an ordered structure of half-filled 4 h Wyckoff positions, but
with only H-Ni-H pair configurations present, was also used for the
calculations. Since the simulated spectrum using this model resulted
in poor agreement with the measured spectrum and its DFT-pre-
dicted potential energy (per H atom) was 0.32 eV higher than that
for the singlet structure, it was not considered further. As such, the
results discussed below are based on the calculations performed
using the ordered singlet model for LaNilnHg . In all LD simulations,
the DFT calculated energy bands are scaled to align with the corre-
sponding peak positions in the measured INS spectra, and the
scaling constant ranges from 0.9 to 1.1 (mostly within 1%+ 5%). In
addition, MD simulations were performed to better understand an-
harmonic effects. For example, strong anharmonicity is observed for
the three rattling modes of the hydrogen atom at the 12 [ octahedral
site in LaNilnH;g. The peak positions are nicely reproduced by
the MD simulation whereas they are substantially overestimated by
the LD simulation. On the other hand, the MD approach tends to
produce broader peaks, and the LD simulation reproduces the peak
profile (such as the splitting) better, as observed in Fig. 2. As such, we
use the animations associated with the calculations for the La-
NilnH;33 compound to describe the split modes centered near
92 meV in the measured spectrum for LaNilnH; . For the octahedral
H modes in the measured spectrum for LaNilnH;g, we use the ani-
mation for the corresponding feature in the simulated spectrum for
LaNilnH . Lattice dynamics DFT calculations were sufficient for the
CeNiSnH, compounds.

3. Results and discussion
3.1. Neutron vibrational signatures of close H--H contacts

The neutron-fast-background-corrected vibrational spectra for
LaNilnH, (x=0.67, 1.6) and for CeNilnH;4 are shown in Fig. 2 along
with the simulated spectra for LaNilnH, (x=0.67, 1.33, 1.6) and
CeNilnH;s. Below we detail the features in each spectrum, and,
aided by the DFT calculations, we give assignments for each ob-
served mode. The mode positions and assignments are tabulated in
Table 1. Based on the calculated animations, we identify dynamic
motions for the H atom at the 4 h Wyckoff sites which are either
orthogonal to the basal R; plane in the RsNi tetrahedra (Ni-H
stretching modes) or parallel to the basal plane (which we term
‘bending’ and ‘rocking’ modes). We note that, in true molecular
bending and rocking modes, the Ni-H distances would be constant,
and the H atoms would move in a sweeping motion. Here, the H
atom moves parallel to the R3 face, such that the Ni-H distances vary
slightly as the H atoms vibrate. As such, we use the terms ‘bending’
and ‘rocking’ in the following discussion as purely descriptive terms
to differentiate between the types of motions of the H atoms within
a single H-Ni-H bonded fragment, and the quotation marks around
the terms will not be used hereafter.

The crystal structure of LaNilnDg 45 Wwas shown to contain one
occupied hydrogen atom position, the 4 h site, with an occupancy of
0.36 such that there are no close D--D contacts in violation of the
Switendick-Westlake criterion at this loading concentration [26].
The neutron vibrational spectrum for the analogous LaNilnHgg;
contains two narrowly split features at neutron energy loss values of
120.7(5) meV (=974cm™) and 126.9(5) meV (=1024cm™) and a
broad band extending from =80 to 106 meV (=645cm™! to
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Fig. 2. The neutron vibrational spectra for LaNilnHg g7 (top), LaNilnH; g (middle), and
CeNilnH 4 (bottom). The measured spectra for LaNilnHg g7, LaNilnHy 6, and CeNilnH; 4
are depicted by the gray curves. LD-based and MD-based simulated spectra (red and
blue curves, respectively) for the La congener are plotted with arbitrary offsets below
the measured spectra. Note that the LD-based spectrum shown beneath the measured
LaNilnHq spectrum corresponds to the calculation conducted for LaNilnH33. The
MD-based spectrum for CeNilnH;¢ (blue curve) is plotted with an arbitrary offset
underneath the measured spectrum for CeNilnH, 4. Anharmonic effects arising for the
H atoms occupying the octahedral sites smear the otherwise sharp features in the
simulated spectra at high hydrogen loadings. Mode assignments are shown next to
each feature. Vertical error bars accompanying the measured spectra represent * 1c.

855cm™'). From the LD DFT calculations using the ordered singlet
structural model described above, animations of the modes for the
features in the simulated spectra were generated (see the .phonon
files included with the Supplemental Materials). Based on these
animations, the observed spectral features at 120.7(5) meV and
126.9(5) meV reflect two narrowly split Ni-H bending modes cor-
responding to correlated motions of the hydrogen atoms orthogonal
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to the Las faces. The weaker broad band ranging from = 80-106 meV
reflects v(Ni-H) stretching motions: an in-phase v(Ni-H) stretching
frequency is calculated to occur at =106 meV (=856cm™!) and an
out-of-phase v(Ni-H) stretching mode is calculated to occur at
~108 meV (=867cm™!). The unusually broad dispersion of the
stretching mode energies in the simulated spectrum shown in Fig. 2
(top) extending down to 80 meV matches well the behavior seen in
the experimental spectrum and arises from sampling the entire
Brillouin zone. In contrast, the distinct normal-mode energies for the
animations are associated with the phonons calculated at the
I'-point only.

The MD DFT calculations for LaNilnHq g revealed relatively com-
plex behavior for the H atoms in the 4 h Wyckoff sites at low tem-
perature. The calculations showed an inherent instability in the
singlet structural model resulting in imaginary modes towards the
zone boundary in the [0,0,z] direction. This instability is manifested
by the H atoms rattling/jumping between adjacent 4 h sites within
the same NiLasNi trigonal bipyramidal set of interstices even at very
low temperature. This dynamic motion of the H atoms at low tem-
perature reflects significant anharmonicity and low energy barrier
between the adjacent 4 h sites. The complex potential energy profile
leads to the significant dispersion observed for the u(Ni-H)
stretching modes. Future quasielastic/inelastic neutron scattering
measurements to probe lower-energy excitations may reveal further
details.

For LaNiInD;g3, the 4 h tetrahedral site was found to be nearly
fully occupied, thus forming close H--H pairs and violating the
Switendick-Westlake criterion [29]. At the same time, the octahedral
site at the 12 [ Wyckoff position was found to be partially occupied
with an occupancy of 0.36. The neutron vibrational spectrum for the
analogous LaNilnH; ¢ compound shows significant differences com-
pared to the spectrum for the x = 0.67 compound. The narrowly split
8(H-Ni-H) bending modes at 120.7(5) meV and 126.9(5) meV are
absent, and three new features are observed at 52.1(1) meV
~ 420cm™!), 87.68(9) meV (= 707cm™!), and 97.0(1) meV
(= 782cm™!). These modes correspond to bending, (H-Ni-H)
rocking, and §(H-Ni-H) bending modes, respectively. Note that here
we define the mode assignment with respect to the H-Ni-H bonded
fragments in the Ni-H--H-Ni-H--H-Ni chains (Table 2).

The two modes centered around =92 meV correspond to the
dynamic motions of H atoms in the close H--H pairs and represent
the key vibrational spectral signature for close H--H contacts in this
R3Ni environment below 200 meV. The hydrogen atom motions as-
sociated with these (H-Ni-H) rocking and §(H-Ni-H) bending
modes are parallel to the Las basal plane in the LasNi tetrahedra. The
animations generated from the calculations indicate that the rocking
mode at 87.68(9) meV corresponds to degenerate rocking motions of
the H-Ni-H bonded fragments which are all rocking in-phase within
the individual H-Ni-H--H-Ni-H columns in the (001) crystal-
lographic direction, but out-of-phase with respect to the H-Ni-H
motions in the neighboring columns. Here, the close H--H atoms in
adjacent LasNi tetrahedra, within the same NilLasNi trigonal

—

Table 1
d(Ni-H) and d(H--H) distances are tabulated along with the measured neutron energy loss values in meV for the assigned modes associated with the tetrahedrally coordinated H
atoms.
Hydride d(Ni-H) (A) d(H--H) (A) (Ni-H) ‘bending’ (meV) Y(Ni-H) stretching (meV)
LaNilnHp 67 1.68(1)" - 120.7(5), 126.9(5) ~80-106 (band)
CeNiSnH 1.626(6) 2.66(1) 102.01(3), 118.91(2) 156.21(5)
(H-Ni-H) ‘rocking’ (meV) 8(H-Ni-H) ‘bending’ (meV) y(H-Ni-H) stretching (meV)
LaNilnH; 6 1.494(6)° 1.715(1)° 87.68(9) 97.0(1) 209, 230 (calc.)
CeNilnH, 4 1.509(3)" 1.606(6)" 88.29(4) 97.00(7) -
CeNiSnH, 1.633(3) 2.76(1) - 85.93(4) 140.63(4)

‘Bending’ and ‘rocking’ refer to H || R3 motion in the R3Ni tetrahedra as described in the text. Values in parentheses indicate + 1
@ Contact distances for LaNilnHg g7 and CeNilnH, 4 based on crystal structures for LaNilnDg 4 and CeNilnD ,4, respectively [28].

b Contact distances for LaNilnH; g based on the crystal structure for LaNilnD; g3 [29].



Table 2

Crystallographic parameters for CeNiSnH (Pna2,, a=7.2804(5), b=8.4883(5),
c=4.4064(3) A; V=272.31(2) A%), CeNiSnH, (P6s/mmc, a=4.3956(1), c=8.5475(3) A;
V=143.020(5) A3), and CeNiSnD, (P6s/mmc, a=4.3947(2), c=8.5329(4)A;
V=142.72(1) A3).

CeNiSnHo.g7(1) W. X y z Uiso (A?)
Ce 4a 0.0104(6) 0.3088(4)  0.237(6) 1

Ni 4a 0.7821(3) 0.8995(2)  0.230(3) 1

Sn 4a 0.6607(4)  0.5674(5) 0.232(4) 1

H 4a 0.4404(8)  0.089(1) 0.709(4) 2
CeNiSnH1 7404 W. X y z Uiso (A?)
Ce 2a 0 0 0 0.81(5)
Ni 2c '3 %[5 a 0.74(4)
Sn 2d 2/ 15 4 0.70(6)
H 4f 15 2/5 0.0589(3) 2.7(1)
CeNiSnD, W. X y z Uiso (A?)
Ce 2a 0 0 0 1.04(8)
Ni 2c 15 2l % 1.15(5)
Sn 2d 2/4 15 " 0.81(8)
D 4f 15 25 0.0607(2) 2.34(6)

Values in parentheses indicate + 16. ‘W.” in the second column denotes Wyckoff po-
sition. Note a small isotopic effect on a replacement of H by D in CeNiSnH(D), with a
small contraction of the lattice for the dideuteride as compared to the dihydride.

bipyramid, move out-of-phase with each other. In contrast, the
bending mode at 97.0(3) meV corresponds to degenerate correlated
bending motions of the (H-Ni-H) moieties which are in-phase both
within and between the NiLasNi columns in the (001) crystal-
lographic direction. The close H--H atoms in adjacent LasNi tetra-
hedra move in-phase with each other (see .phonon files included
with the Supplemental Materials). Hence it is clear that the narrowly
split bending modes at 120.7(5) meV and 126.9(5) meV in La-
NilnHg g7 significantly red-shift and further split in LaNilnH g as the
close H--H contacts form.

The simulated spectrum for LaNilnH; g also contains the in-phase
and out-of-phase vsym(Ni-H) symmetric stretching modes at sig-
nificantly higher neutron energy loss values of =209 meV
(1690 cm™) and ~231 meV (= 1830cm™), respectively. For the in-
phase modes, the close H--H atoms vibrate with each other whereas
for the higher-energy mode, these atoms vibrate against each other.
These values are out of the measured spectral window for the high-
resolution measurement shown in Fig. 2 and are unfortunately not
well resolved by the higher-energy, low-resolution measurement
shown in Fig. S2.

Weaker modes at 52.1(1) meV, 122.0(5) meV, and 158.6(5) meV
correspond to the three normal-mode vibrations of the hydrogen
atoms filling the LasNiln, distorted octahedra. The modes at 52.1(1)
meV and 158.6(5) meV represent orthogonal vibrations of the H
atom within the equatorial LasNi plane, whereas the mode at
122.0(5) meV corresponds to motions of this atom in the c-axis di-
rection along the In-H-In axis. These motions are associated with
minimal accompanying motion from the hydrogen atoms at the 4 h
site (see .phonon files included as Supplemental Materials).

The measured spectrum for CeNilnH, 4 is also shown in Fig. 2. The
two features indicative of close H--H contacts are also prominent in
this spectrum. The features for the (H-Ni-H) rocking and §(H-Ni-H)
bending modes appear at neutron energy loss values of 88.29(4)
meV (=712cm™), and 97.00(7) meV (=782cm™), respectively.
Given the structural similarity in the R3Ni (R=La, Ce) tetrahedra
between LaNilnH;g and CeNilnH;4, these modes remain at nearly
the same energy loss values between the two compounds. The slight
differences in energy for the modes may arise from the slightly
longer La-Ni bonds in LaNilnH;3,5 (3.2445(8) A) compared to
CeNilnH1 236 (3.2128(11) A), [28] leading to slightly less confined H
atoms and therefore slightly lower energy modes in the La congener.
Unfortunately, similar to the LaNilnH,g case, the v(Ni-H) stretching
frequencies for CeNilnH;., above 200 meV are also not well resolved
in the higher-energy, high-resolution measurement shown in Fig. S3,
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likely due to factors including overlapping combination bands in this
energy range, inadequate statistics, and mode dispersion.

A slight increase is apparent in the neutron energy loss values for
the H rattling modes in the CesNiln, octahedra compared to the
LasNiln, octahedra. The modes blue-shift slightly from 52.1(1) meV,
122.0(5) meV, and 158.6(5) meV in the La congener to 56.4(2) meV,
123.9(8) meV, and 158.7(3) meV in the Ce compound, respectively.
These shifts may arise from a slightly stronger R-H interaction in the
Ce compound at the 121 octahedral site stemming from a slightly
larger Pauling electronegativity value for Ce (1.12) than for La (1.1) (H
Pauling electronegativity = 2.2) [47].

3.2. Comparison to structurally and chemically similar CeNiSnH,
hydrides

As a comparison to the RNilnH, compounds, we synthesized and
studied the CeNiSnH, (x = 1; 2) hydrides. Earlier, the CesNi tetrahedra
in CeNiSnH, were hypothesized as the most likely hydrogen sites
based on XRD measurements [48]. However, these sites in CeNiSnH,
have never been crystallographically identified by neutron diffrac-
tion measurements. Here, we present PND measurements of CeN-
iSnD,, CeNiSnH,, and CeNiSnH43 (mixed sample of the x=1 and
x=2 compounds). The PND measurements of the CeNiSnHg43
sample indicate a mixture of CeNiSnH, with 53% of the mono-
hydride, x =0.97(1) and 47% of the dihydride, x = 1.94(2) (yielding an
overall x=1.43). We find that these compounds crystallize in the
Pna2; (x=1) and the P6smmc (x =2.0) space groups, in agreement
with the earlier diffraction measurements conducted on these metal
hydrides (Figs. S6-S8) [34,49]. In the x=2 compound, the D atoms
indeed occupy the CesNi interstitial sites, as suggested earlier based
on the structure of the analogous LaNiSnD, compound [48]. A sig-
nificant difference in CeNiSnD, (Fig. 3b) compared to CeNilnD 3¢
(Fig. 3c) is that every other Ni atom in the Ni-H--H-Ni-H--H-Ni
chain is substituted with a Sn atom. The R;-face-sharing of adjacent
R3Ni tetrahedra is replaced by Rs-face-sharing between adjacent
Ce3Ni and CesSn tetrahedra, forming NiCesSn trigonal bipyramids.
Deuterium (hydrogen) occupation of the CesSn tetrahedra is not
observed in the structure, and chains of Ni-H[-}-Snf-}-H-Ni run in
the (001) crystallographic direction (wherg ]Jdenotes the lack of an H
atom, because the Sn atoms do not form chemical bonds in the (001)
direction; Fig. 3b). Because the Ce3Sn tetrahedra are not occupied by
D atoms, the Switendick-Westlake criterion is not violated in the
CeNiSnH, compounds.

The neutron vibrational spectra measured for CeNiSnH;43 and
CeNiSnH, are shown in Fig. 4 together with the corresponding si-
mulated phonon spectrum based on the DFT calculations. The neu-
tron vibrational spectrum measured for CeNiSnH 43 is shown in Fig.
4 (top). The modes for CeNiSnH occur at neutron energy loss values
of 102.01(3) meV (=839cm™), =118.91(2) meV (=951 cm™), and
156.21(5) meV (=1255cm™!). Aided by animations of these modes
generated from the DFT calculations, we assign these as bending,
bending, and v(Ni-H) stretching modes, respectively. Similarly, for
CeNiSnH,, we identify modes at 85.93(4) meV (=693 cm™') and
140.63(4) meV (= 1134 cm™ '), which we assign as 8(H-Ni-H) bending
and y(Ni-H) stretching modes, respectively. Four nearly degenerate
stretching modes are calculated at =140 meV: two asymmetric
stretching modes and two symmetric stretching modes differ-
entiated by the in-phase or out-of-phase nature of the vibrations of
the adjacent H-Ni-H moieties. These modes are calculated to occur
at 130.1 meV (asymmetric, in-phase), 140.1 meV (symmetric, out-of-
phase), 140.5 (asymmetric, out-of-phase), and 146.1 meV (sym-
metric, in-phase). Unlike the extensive energy dispersion across the
Brillouin zone associated with the Ni-H stretching modes of the
RNilnH, compounds, those for the CeNiSnH, compounds are rather
sharp. This may be due to the H-metal alternating arrangement in
CeNiSnHy resulting in a more harmonic and isolated local
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Fig. 3. The H(D)-occupied Ce3Ni tetrahedra are shown for CeNiSnH (a), CeNiSnD; (b), and CeNilnD 236 (c) [28]. For clarity, only selected chains of Ce3Ni tetrahedra are shown as
polyhedra for CeNiSnH (a), and only a fragment of the CeNilnD, 336 compound is shown in (c). Broken and continuous chains of occupied teterahedra run in the (001) crystal-
lographic direction for CeNiSnD, and for CeNilnD; »36, respectively. Yellow, orange, gray, and blue spheres depict Ce, Sn, Ni, and D atoms, respectively.
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Fig. 4. Depicted here are the neutron vibrational spectra (gray curves) for CeNiSnHj 43
(above) and CeNiSnH, (below). The LD-based simulated spectra for CeNiSnH (red
curve) and CeNiSnH; (blue curves) are offset arbitrarily below the measured spectra.
Above, the combination of the simulated spectra give successful qualitative agree-
ments with the measured spectrum. Full measured spectral windows are shown in
Figs. S4 and S5. Mode assignments are given next to each feature (above).

environment around H, such that their vibrational behavior is better
defined and more independent. In contrast, the two adjacent filled
4 h sites in LaNilnH, lead to complex H interactions with itself and its
neighbors, thus the vibrational frequencies are more sensitive to the
surrounding atoms, generating more dispersion. The spectral sig-
natures for the close H--H contacts are absent in the CeNiSnH,
compounds, as expected based on the neutron diffraction-derived
structures presented herein.

The modes corresponding to the dynamic motions of the hy-
drogen atoms in the Ce3Ni tetrahedra in CeNiSnH, can be compared
to the modes for the H atoms in the LasNi tetrahedra in LaNilnHg g7.
The three modes in the measured spectral window for LaNilnHg g7

are the y(Ni-H) stretching mode corresponding to the broad band
from = 80-106 meV and the two 8(H-Ni-H) narrowly split bending
modes at 120.7(5) meV and 126.9(5) meV. In CeNiSnH,, the bending
and stretching modes occur at 85.93(4) meV and 140.63(4) meV,
respectively. The bending mode is red- shifted by = 40 meV while the
stretching frequency is blue-shifted by = 50 meV in the Ce compound
compared to the La compound. These changes in energy may arise
due to tighter confinement of the H atoms due to a smaller Las face
in the R5Ni tetrahedra. The La-La distance is = 4.05 A compared to a
Ce-Ce distance =4.40A, leading to the polyhedral volumes of
~4.81A3 and = 5.95 A3, respectively).

4. Conclusions

In conclusion, we report here for the first time the vibrational
spectroscopic signature associated with H atoms with close H--H
contacts in violation of the Switendick-Westlake criterion in a metal
hydride. We investigated the compounds RNilnH, (R = La, x=0.67,
1.6; R = Ce, x = 1.4), which contain close H--H contacts in face-sharing
R3Ni tetrahedra above x = %5, We studied these compounds using NVS
measurements coupled with DFT calculations. Assisted by the si-
mulated spectra based on these calculations, we assign the observed
spectral modes for these compounds. The two RNilnH, metal hy-
drides studied here for R=La display two modes in the neutron vi-
brational spectra which arise from the basal plane H atom vibrations
in the R3Ni tetrahedra. As the loading increases above x =2, the
Switendick-Westlake criterion is violated, and these modes undergo
significant softening and increased splitting because of the interac-
tion of the close H atoms in neighboring RsNi tetrahedra (d
(H--H)= 1.6 A). As a comparison, we also synthesized and studied the
structurally similar CeNiSnH, (x=1.0, 2.0) compounds using PND
and NVS measurements combined with DFT calculations. During the
hydrogenation of the CeNiSn intermetallic alloy with a TiNiSi-type
orthorhombic structure, two hydrides are formed, a monohydride
CeNiSnH (orthorhombic, deformed TiNiSi type structure) and a di-
hydride CeNiSnH, (hexagonal, filled ZrBeSi type). These compounds
do not display the structural or spectroscopic signatures of close
H--H contacts. We envision that the results presented herein will aid
future characterization of metal hydrides using NVS measurements
and may help guide the effort towards developing new metal hy-
dride species with enhanced hydrogen storage capacities at oper-
ationally relevant temperatures.
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