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Our earlier study Yartys et al. (2015) showed that at high hydrogen pressures, hexagonal MgNi2 under-
goes a hydrogen assisted phase transition into the orthorhombic MoSi2-type structure. Here we report on
a combined high resolution synchrotron and neutron diffraction investigation of the crystal structure of
MgNi2D3, and ab initio calculation of its electronic structure that revealed the nature of the metal–hydro-
gen bonding. The diffraction data (293 and 1.8 K) are well described with a Cmca unit cell with H atoms
filling the deformed octahedra Mg4Ni2 and the positions within the buckled nets –Ni–H–Ni–H– penetrat-
ing through the structure. DFT and phonon calculations showed that the Cmca structure of MgNi2D3 is the
most stable, both from the electronic structure and the lattice dynamical arguments. The Bader charge
analysis indicates an electronic transfer from Mg (�1.59e�) to Ni (+0.21e�), H1 (+0.55e�) and H2
(+0.31e�). The phonon dispersion curves of MgNi2H3 show positive frequencies, indicating that the struc-
ture is mechanically stable. The calculated gross heat of formation for the Cmca phase of MgNi2H3 is
�37.3 kJ/mol-H2, which makes it more stable by 3 kJ/mol-H2 than the prototype structures tested in
Yartys et al. (2015). The stability of the Cmca crystal structure of MgNi2H3 is enhanced by the formation
of the directional Ni–H covalent bonds supplemented by the electron transfer from Mg to both Ni and H.
The heat capacity as a function of temperature is obtained by phonon calculation in the quasi-harmonic
approximation.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In our earlier study, we have shown that the hydrogenated
MgNi2 intermetallic compound with C36 Laves-type structure
forms a trihydride MgNi2H3 and undergoes a hydrogen-induced
phase transformation into an orthorhombic MoSi2-type related
structure [1]. The hydrogenation was carried out in a hydrogen
(deuterium) gas compressed to 2.8–7.4 GPa at 300 �C.
The orthorhombic structure of MgNi2D3 was studied using
time-of-flight neutron scattering in the d-spacing range between
1 and 5 Å performed at the Joint Institute for Nuclear Research in
Dubna, Russia. These studies showed that hydrogen atoms fill
two types of interstices, inside the Mg4Ni2 octahedrons and inside
the buckled nickel nets [1].

It should be noted, however, that phase transformations in the
MgNi2-H(D)2 system are rather complex and can result in the for-
mation of tetragonal and orthorhombic modifications of
MgNi2H(D)3 according to Kataoka and coworkers [2,3]. In this con-
nection, a high resolution powder diffraction investigation of
MgNi2D3 would be of great value in order to improve quality of
the raw experimental data and determine the nature of chemical

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2015.07.053&domain=pdf
http://dx.doi.org/10.1016/j.actamat.2015.07.053
mailto:volodymyr.yartys@ife.no
mailto:volodymyr.yartys@gmail.com
http://dx.doi.org/10.1016/j.actamat.2015.07.053
http://www.sciencedirect.com/science/journal/13596454
http://www.elsevier.com/locate/actamat


V.A. Yartys et al. / Acta Materialia 98 (2015) 416–422 417
bonding stabilizing the formed trihydride and causing the rebuild-
ing of the metal sublattice.

It is well known that intermetallic hydrides demonstrate a close
interrelation between their crystal chemistry and hydrogen stor-
age behaviours thus allowing optimization of the H storage perfor-
mance [4]. Hydrogen accommodation by the metal lattice is
typically accompanied by a modest (few percent) increase of the
interatomic metal–metal distances, while the H atoms fill the
available interstices in the intermetallic structures. However, in a
number of cases a formation of the metal hydride leads to rebuild-
ing of the metal sublattice. Such a rebuilding is of particular inter-
est as it could be related to the unconventional metal–hydrogen
bonding in the hydrides thus formed. It is exactly the case of the
MgNi2H3 hydride. In this hydride, only small part of the hydrogen
atoms fills the interstitial sites available in the structure of the vir-
gin MgNi2 compound, whereas the major part of the H atoms is
exclusively bound to the nickel atoms and produce � � �H–Ni–H–Ni
� � � nets because of the formation of directional, partially covalent
Ni–H bonds [1].

The objective of the current study is:

(a) application of combined synchrotron X-ray diffraction and
neutron diffraction to the characterization of the crystal
structure of MgNi2H(D)3;

(b) theoretical density functional theory (DFT) and phonon cal-
culations based on the initial high accuracy crystallographic
data to describe the nature of the chemical bonding and the
thermodynamic properties of the studied hydride.

2. Experimental

2.1. Synthesis of MgNi2 and MgNi2D3

The starting MgNi2 material was the same as that used in [1]
and prepared from high-purity Mg (99.8%) and Ni (99.995%) pow-
ders mixed with a slight excess of Mg (2 wt.%) as compared to the
stoichiometric ratio Mg:Ni = 1:2. The mixture was compacted by
pressing into pellets with a diameter of 15 mm. The pellets
were sintered in argon gas at 800 �C for 12 h and quenched into
ice water. XRD study showed the formation of a MgNi2 intermetal-
lic compound crystallizing with a Laves type hexagonal MgNi2

type structure (C36) with the unit cell parameters a = 4.82565(6),
c = 15.8323(3) Å. This compound constituted about 90 wt.%
of the material, the impurities being Ni metal, MgO and MgNi3

compound [1].
A 1000 mg sample of the MgNi2-based deuteride was prepared

by a 24 h exposure of the powdered MgNi2 to a D2 pressure of
2.8 GPa at 300 �C. The sample was prepared in 5 batches, each con-
taining appr. 200 mg of the material. Before releasing the pressure,
the synthesized deuteride was rapidly cooled (quenched) to 100 K.
The hydrogenation method is described in more detail elsewhere
[5]. The experiment was carried out in a Toroid-type
high-pressure chamber [6] using AlD3 as an internal deuterium
source.

In agreement with results of [1] for the MgNi2-D sample pre-
pared in the same way, our quenched sample consisted of the
orthorhombic MgNi2D3 phase with admixture of MgO and NiD
deuteride; the latter was formed from the impurities of Ni and
MgNi3 contained in the starting material. When the quenched sam-
ple was further heated to room temperature, the NiD phase rapidly
decomposed to Ni metal and D2 gas, while the MgNi2D3 phase did
not lose deuterium for a week at least.

In the present work, we examined the MgNi2-D sample com-
posed of all 5 synthesized batches mixed together and powdered
in an agate mortar in an Ar glove box. The resulting powder sample
was exposed to room temperature and pressure in an Ar
atmosphere for a few days needed for the sample transportation
between our institutions. Rest of the time the sample was
stored in liquid nitrogen to prevent the deuterium loss and
oxidation by air.

2.2. Synchrotron X-ray diffraction

The study was performed at the beam station BM1A at the
Swiss-Norwegian Beam Lines, European Synchrotron Research
Facility, Grenoble, France, using a multipurpose diffractometer
based on the PILATUS2 M detector. The data were collected at
293 K using monochromatic X-ray beam with a wavelength of
0.68894(1) Å in the 2h range 2.5–73.2�; step size 0.021748�. The
wavelength was calibrated by collecting the data for a standard
sample of LaB6 (NIST standard). The measured MgNi2D3 sample
was enclosed in a sealed glass capillary with a diameter of 0.3 mm.

2.3. Neutron powder diffraction (NPD)

The MgNi2D3 deuteride was studied by neutron diffraction at
the Spallation Neutron Source SINQ at Paul Scherrer Institute,
Villigen, Switzerland, using a high resolution powder diffractome-
ter HRPT in the high intensity mode (k = 1.494 Å, 2h range 4.5–
164.7�, step 0.05�). The sample with the overall mass of 1 g was
placed into a 6 mm vanadium sample holder. Loading the deu-
teride into the sample holder was performed in an argon glove box.

Two data sets were measured, at 293 K and at 2 K. The latter
dataset was collected on a sample placed into a standard orange
cryostat.

2.4. Combined SR XRD and NPD Rietveld profile refinements

Combined Rietveld refinements of the neutron and synchrotron
powder diffraction data collected at 293 K and at 2 K were per-
formed using the GSAS software [7].

2.5. Electronic structure calculations

The calculations are based on the density functional theory
(DFT) and performed in the same conditions (method, accuracy)
as in the previous study [1]. We use the projector augmented wave
method (PAW) [8] implemented in the Vienna Ab initio Simulation
Package (VASP) [9,10] with the Perdew–Burke–Ernzerhof
exchange–correlation functional [11] including semi-core p elec-
trons of Mg and Ni. After the necessary tests to control the stability
of the energy differences between the phases, the energy cut-off for
the PAWs was set to 800 eV. Phonon calculations are carried out in
the harmonic (HA) and quasi-harmonic (QHA) approximation [12]
from the supercell approach (2 � 1 � 2: 96 atoms) with the finite
displacement method [13] using the Phonopy code [14]. Charge
transfers are computed using Bader’s prescription [15,16].

3. Results and discussion

3.1. Thermal stability of MgNi2D3

The thermal stability and the total hydrogen content of the
sample were studied by deuterium desorption in the temperature
range 15–350 �C in the regime of heating at a rate of 2 �C/min in a
closed-volume, pre-evacuated measuring system. In this experi-
ment, we used a portion of the sample with a mass of 150 mg.
The initial pressure in the system was near 0 bar, and the final
pressure was 2.97 bar. The results are shown in Fig. 1.

As seen from Fig. 1, the total amount of deuterium released
from the MgNi2-D sample reached 3.6 wt.% with a peak of



Fig. 1. Thermal desorption traces of deuterium release from the MgNi2D2�93 sample
pre-exposed to ambient conditions for a few days.
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deuterium desorption at appr. 205 �C. According to the syn-
chrotron XRD investigation (see Section 3.2), the sample was com-
posed of about 90 wt.% MgNi2D�3. Two impurity phases (total
content �10 wt.%) were identified as MgO and Ni containing no
deuterium. Consequently, the MgNi2D�3 deuteride contained
3.6/0.9 = 4.0 wt.% D that corresponds to the stoichiometry
MgNi2D2.93.
3.2. Synchrotron X-ray diffraction study

In agreement with our earlier study [1], the refinements of the
SR XRD pattern concluded that MgNi2D3 crystallises with
orthorhombic structure. The refinements indicated presence of
two impurity phases, nickel and magnesium oxide (both coming
from the original alloy).

However, the refinements also showed that the Fmmm space
group (S.G.) proposed in [1] does not allow one to describe all
observed reflections. The strongest extra peaks are marked by
arrows in Fig. 2. We have tried several other space groups with a
lower symmetry, including the Pmmm space group proposed in
[2,3]. These refinements did not provide satisfactory improvements.
The observed extinctions of the Bragg indexes of the strongest
Fig. 2. SR XRD pattern (k = 0.68894 Å) of MgNi2D3 at 293 K used in the combined
refinements of the SR XRD and NPD patterns. Rp = 5.5%, Rwp = 5.7%, RF^2 = 3.4.
Vertical bars show positions of the Bragg peaks for the phase constituents (from top
to bottom): MgNi2D3 (90.9%); Ni (7.6%); MgO (1.5%). Crosses represent the
experimental data, solid lines are for the calculated profile and difference plot.
Inset: strongest extra peaks and their hkl indexes.
resolved extra peaks (021, 221 and 132) suggested that the struc-
ture has a C centred orthorhombic unit cell instead of the F type cell.

One of the possible space groups is Cmca (No. 64), which is
related to the S.G. Fmmm via the group-subgroup relations
[Fmmm (No. 69) ? Cmca (No. 64; setting 1): a ? a; b ? c; c ? b].
This group provided an excellent description of the observed
diffraction pattern (see the fit of the SR XRD pattern in Fig. 2).
Consequently, the Cmca space group was used in the profile anal-
ysis of the neutron powder diffraction patterns.
3.3. Neutron powder diffraction study at 293 K

During the deuteration, the MgNi2 compound underwent a
volumetric expansion of 15.6%, from V(MgNi2) = 319.291/8 =
39.91 Å3/f.u. to V(MgNi2D3) = 189.17/4 = 47.29 Å3/f.u.

The NPD data collected at 293 K were refined together with the
SR XRD data discussed in Section 3.2. The refinement showed
excellent agreement between the experimental and calculated pat-
terns (Fig. 3). Crystal structure data for the MgNi2D3 deuteride are
given in Table 1.

In the structure of MgNi2D(H)3 hydrogen atoms occupy two
types of sites, (a) inside the deformed octahedra Mg4Ni2 and (b)
within the buckled nets –Ni–H–Ni–H– containing infinite bended
spirals penetrating through the structure. This is schematically
shown in Fig. 4. As is also seen from Fig. 4, the D2 position of the
deuterium atoms has chair coordination by the neighbouring Ni
atoms.

Fig. 5 compares the Fmmm and Cmca structures of MgNi2H(D)3.
As one can see, both the Mg4Ni2 octahedra and buckled networks
� � �Ni–H2–Ni–H2� � � undergo a significant deformation in the
Cmca structure. This deformation makes the Cmca structure more
thermodynamically favourable than Fmmm.

The bonding Me–H(D) distances in the Cmca structure are: D1–
Ni 1.6213(5) Å; D1–Mg 2.2951(1) Å; D1–Mg 2.3431(1) Å; D2–Ni
1.7444(4) Å; D2–Ni 1.7947(4) Å. These distances well agree with
the average Mg–H and Ni–H separations observed in the structures
of binary and ternary hydrides. As an example, consider 1.97–
2.17 Å for the Mg–H and 1.52–1.74 Å for the Ni–H distances in
La2MgNi9D13 deuteride [17].

The shortest D–D separations in the structure are in agreement
with the ‘‘rule of 2 Å’’ [4]; D2–D2: 2.295 Å and 2.402 Å; D1–D2:
2.536 Å.
Fig. 3. NPD pattern (k = 1.494 Å) of MgNi2D3 at 293 K used in the combined
refinements of the SR XRD and NPD pattern. NPD: Rp = 3.7%, Rwp = 4.9%, RF^2 = 4.4.
Vertical bars show positions of the Bragg peaks for the phase constituents (from top
to bottom): MgNi2D3 (90.9%); Ni (7.6%); MgO (1.5%). Crosses represent the
experimental data, solid lines are for the calculated profile and difference plot.
Inset: strongest extra peaks and their hkl indexes.



Table 1
Crystal structure data for the deuteride MgNi2D3 at 293 K from the combined refinements of the SR XRD and NPD data and from the theoretical calculations. Sp.gr. Cmca (No. 64).
Experimental data: a = 4.5902(1); b = 8.7943(2); c = 4.6861(1) Å; V = 189.17(1) Å3. Theoretical calculations: sp.gr. Cmca (No. 64). a = 4.5356; b = 8.8407; c = 4.6938 Å;
V = 188.21 Å3.

Atom Wyckoff site Experimental results Theoretical calculations

x y z Uiso � 100 (Å2) x y z

Mg 4a 0 0 0 0.65(3) 0 0 0
Ni 8f 0 0.3167(1) 0.0363(1) 0.30(1) 0 0.3154 0.0478
D1 4b ½ 0 0 2.7(1) ½ 0 0
D2 8e 1=4 0.2199(2) 1/4 2.7(1) 1=4 0.2143 1=4

Site occupancy factors for all atoms were fixed to 1.0 and not refined. Phase fractions: MgNi2D3 – 90.9(1) wt.%; Ni (Fm�3m a = 3.5265(1) Å)–7.6(1) wt.%; MgO (Fm�3m;
a = 4.2135(6) Å)–1.5(1) wt.%.

Fig. 4. Crystal structure of MgNi2D3. Two types of sites occupied by deuterium
include a Mg4Ni2 octahedron for H1(D1) and a chair Ni4 configuration for H2(D2)
located within the buckled Ni–H nets containing bended spirals –Ni–H2–Ni–H2–.

Fig. 5. Relationship between the crystal structures of MgNi2D3 in the space group
Fmmm [1] and in the space group Cmca (present study).

Fig. 6. NPD pattern (k = 1.494 Å) of MgNi2D3 at 2 K. Rp = 3.8%, Rwp = 4.8%, RF^2 = 3.2.
Vertical bars show positions of the Bragg peaks for the phase constituents (from top
to bottom): MgNi2D3 (91.9%); Ni (6.8%); MgO (1.3%). Crosses represent the
experimental data, solid lines are for the calculated profile and a difference plot.
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3.4. Neutron powder diffraction study at 2 K

Crystal structure data for MgNi2D3 were also collected at 2 K
(neutron powder diffraction study only). This study showed that
the cooling of the sample from 293 to 2 K is accompanied by a
small contraction of the unit cell slightly exceeding 1% in total.
Interestingly, this contraction is very anisotropic and is confined
to the [100] direction only. Indeed, Da/aRT = �1.18%;
Db/bRT = �0.05%; Dc/cRT = �0.01%; DV/VRT = �1.25%.

The NPD pattern of MgNi2D3 collected at 2 K is shown in Fig. 6.
Results of the refinements of the crystal structure of MgNi2D3 at
2 K are summarized in Table 2. The bonding Me–H(D) distances
in this structure show only minor changes due to the cooling from
293 to 2 K and attain the following values: D1–Ni 1.6336(9) Å; D1–
Mg 2.2680(1) Å; D1–Mg 2.3428(1) Å; D2–Ni 1.732(4) Å; D2–Ni
1.8094(9) Å.
3.5. DFT calculations of the electronic structure of MgNi2H3

Starting with the crystal structure data experimentally deter-
mined in the present study, the theoretical calculations allowing
a full relaxation of the unit cell led to a symmetry converged to
the base centred orthorhombic Cmca space group (S.G. No. 64),
with very comparable values of the cell parameters and internal
positions to those from the experiments, see Table 1. One may
notice that the Cmca space group and the monoclinic C2/m group
(S.G. No. 12) resulting from ab initio calculations [1], are both max-
imal non-isomorphic subgroups of the Fmmm (S.G. No. 69) symme-
try proposed for the MgNi2H3 phase on the experimental basis [1].

Since the atomic environments are very similar, the electronic
density of states (DOS) of MgNi2H3 calculated in the Cmca S.G.
and shown in Fig. 7, is very similar to the DOS in the Fmmm S.G.
(shown in Fig. 10 of Ref. [1]). Thus, the discussion is intentionally
omitted and we suggest reading the Section 3.5.2 of [1] for



Table 2
Crystal structure data for MgNi2D3 at 2 K. Sp.gr. Cmca, a = 4.5360(2), b = 8.7895(4),
c = 4.6857(2) Å; V = 186.81(2) Å3.

Atom Wyckoff site x y z Uiso � 100 (Å2)

Mg 4a 0 0 0 0.0(–)
Ni 8f 0 0.3157(1) 0.0456(2) 0.0(–)
D1 4b 1/2 0 0 1.5(1)*

D2 8e 1/4 0.2143(2) 1/4 1.6(1)*

Phase fractions: MgNi2D3 – 91.9(1) wt.%; Ni (Fm�3m; a = 3.5160(3) Å)–6.8(1) wt.%;
MgO (Fm�3m; a = 4.206(1) Å)–1.3(1) wt.%. Site occupancy factors for all atoms were
fixed to 1.0.

* Atomic displacement parameters.

Fig. 7. Total electronic DOS of the Cmca phase of MgNi2H3 (left vertical scale) and
the number of its electrons (right vertical scale). The Fermi level is chosen as the
origin of the energies.
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complementary details. The directional Ni–H covalent bonds asso-
ciated with short Ni–H distances are supplemented, as in [1], by an
electron transfer from Mg to H and Ni atoms. The Bader charge
analysis is also similar and predicts an electronic transfer from
Mg (�1.59e�) to Ni (+0.21e�), H1 (+0.55e�) and H2 (+0.31e�).
Fig. 8. Phonon dispersion curves of M
The large difference in the charge transfer between H1 and H2 is
due to their different local environment: as one can see from
Fig. 4, H1 is surrounded by 2 Ni and 4 Mg atoms, while the first
nearest neighbours of H2 are Ni atoms, the Mg atoms being more
distant neighbours.

Concerning the MgNi2 + 3/2 H2 ? MgNi2H3 reaction, the DFT
and phonon calculations of all products and reactants allowed us
to obtain the energy of reaction and zero-point energy (ZPE). The
gross heat of formation of the Cmca hydride, without ZPE correc-
tion, is DH = �37.35 kJ/mol-H2 that makes this hydride by about
3 kJ/mol more stable than all the prototype structures previously
tested in [1]. The ZPE energy contribution is however larger,
nevertheless the final ZPE corrected heat of formation is still
the lowest in the Cmca structure with DHcorr = �27.89 kJ/mol-H2.
The values obtained in [1] for the Fmmm structure are
DH = �34.10 kJ/mol-H2 for the gross heat of formation and
DHcorr = �26.15 kJ/mol-H2 for its ZPE corrected value.

The phonon dispersion curves of MgNi2H3 calculated in the
Cmca symmetry are presented in Fig. 8. All frequencies are positive
therefore indicating that the structure is mechanically stable. An
analysis of the different vibrational contributions can be obtained
from the partial phonon DOS shown in Fig. 9. At lower frequencies,
the contributions from the heaviest Ni and Mg atoms are dominant
with some coupled modes, whereas the contributions at higher fre-
quencies come from the hydrogen vibrations.

The high-energy very localized mode at �48.5 THz
(1 THz = 4.15 meV) is believed to be determined by the strong
interactions of H1 with its 2 Ni first neighbours located at short
distances, 1.647 Å in the DFT relaxed structure, while the H2 optic
modes located between 21.5 and 35.0 THz, are much softer since
the H2 distances to its 4 Ni neighbours are much larger, ranging
from 1.728 to 1.818 Å. The high energy localized modes of H1
obtained in the present calculation have frequencies �48.5 THz,
which are slightly smaller than �51 THz calculated in [18] for
the low temperature phase of Mg2NiH4 and associated with very
short Ni–H distances, �1.54–1.56 Å, H being in a distorted tetrahe-
dral environment. The lowest H2 frequencies are comparable to
the experimental characteristic optic phonon frequencies
�21.5 THz of NiH1.05 [19], where H occupies octahedral interstices
gNi2H3 in the Cmca space group.



Fig. 9. Partial phonon DOS of MgNi2H3 in the Cmca space group.

Fig. 10. Heat capacities of MgNi2 and MgNi2H3 at constant volume (harmonic
approximation: HA) and at constant pressure (quasi-harmonic approximation:
QHA). Experimental results of Cp measured for MgNi2 are taken from the literature
[20,21].

Fig. 11. Unit cell volume (solid curve, left vertical scale) and thermal expansion coeffic
MgNi2 and MgNi2H3 in the QHA approximation.
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with a Ni–H distance of 1.86 Å. The strong~q dependence of the H2
optic modes points to significant H-H long range interaction. In the
11.5–17.5 THz range, the H1 vibration modes can be mostly asso-
ciated with the interaction of H1 with its 4 Mg neighbours in the
plane.

The calculated heat capacities of the MgNi2 and MgNi2H3 com-
pounds at constant volume, Cv, and at constant pressure, Cp, are
given in Fig. 10. As expected, the Cp values are enhanced relative
to Cv, since Cp = CV + a2TV/b, where V(T) is the molar volume,
a = (1/V)(oV/oT)p the thermal coefficient of volume expansion,
and b = �(1/V)(oV/oP)T the isothermal compressibility.

Fig. 11 shows the temperature dependence of the unit cell vol-
ume for these compounds calculated in QHA. One can see that the
volume of the hydride increases more rapidly at high tempera-
tures. The temperature dependence of the thermal coefficient of
volume expansion a(T) is also given as a helpful information for
the reader. The calculated Cp(T) of MgNi2 agrees with experimental
results of Ref. [20] obtained at low and moderate temperatures.
The experimental values of Cp measured at higher temperatures
in Ref. [21] noticeably differ from our estimates. The discrepancy
could be due, in part, to some anharmonic contributions neglected
in our calculations, but further experimental confirmation is also
desirable. The calculated Cp in the high temperature limit is slightly
larger than the 3R/mol-atom �24.9 J/K/mol-atom of the Dulong–
Petit law. At low and moderate temperatures, when the high fre-
quency H vibrations are not yet excited, the heat capacity of the
hydride MgNi2H3 on a per atom basis should be lower than that
of MgNi2, as found in Fig. 10.

As a conclusion from the theoretical part of the paper, the Cmca
structure of MgNi2H3 is shown to be the most stable one from both
the electronic and the lattice dynamical arguments, in agreement
with the XRD and NPD-2K results.

4. Conclusions

The combined high resolution synchrotron and neutron diffrac-
tion studies of MgNi2H(D)3 showed that during the hydrogenation
of the hexagonal Laves type intermetallic compound MgNi2, it
transforms into the orthorhombic MoSi2-type structure. Together
with the ab initio calculation of the electronic structure, these stud-
ies revealed the mechanism of the metal–hydrogen bonding in the
Cmca phase of MgNi2H(D)3.
ient (dashed curve, right vertical scale) as a function of temperature calculated for
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The diffraction data collected at 293 and 2 K are perfectly
described by the Cmca unit cell, in which H atoms fill two types
of sites, inside the deformed octahedral Mg4Ni2 site and in the infi-
nite bended spirals –Ni–H–Ni–H– penetrating through the
structure.

The DFT calculations showed that the Cmca phase of MgNi2H3 is
the most stable one among all considered alternatives, both from
the electronic structure and the lattice dynamics arguments.
Quasi-harmonic phonon calculations allowed estimating the heat
capacity of the tri-hydride MgNi2H3. The Bader charge analysis
for MgNi2H3 indicates an electronic transfer from Mg (�1.59e�)
to Ni (+0.21e�), H1 (+0.55e�) and H2 (+0.31e�). The phonon disper-
sion curves of MgNi2H3 all show positive frequencies, indicating
that the structure is mechanically stable. The calculated gross heat
of formation of the Cmca-type MgNi2H3 is �37.3 kJ/mol-H2, which
makes it by 3 kJ/mol-H2 more stable than the prototype structures
tested earlier (Yartys et al. [1]). The stability of the crystal structure
of MgNi2H3 is enhanced by the formation of the directional Ni–H
covalent bonds supplemented by the electron transfer from Mg
to both Ni and H atoms. Similar directional covalent Ni–H bonding
has been observed earlier in the anisotropic CeNi3H2.7 [22] and
Ce2Ni7H4.7 [23] hydrides and it also led to a significant rebuilding
of the metal sublattices [24]. Thus, a strong Ni–H bonding interac-
tion appears to be a key feature causing the rebuilding of the metal
lattice during the process of formation of ternary hydrides.
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