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Abstract

In this paper the results of ab initio electronic structure investigations of several Mg-based compounds are presented. From our total energy
calculations and from the analysis of the electronic factors that control the stability of the intermetallic compounds and their hydrides, we show
why Mg, NiH, is stable while Mg, Si does not absorb hydrogen. Our results are in agreement with recent experimental data on the hydrogenation
of Mg, X phases (X =Ni, Si, Ge, Sn) of Janot et al., as well as with studies of the role of Si in the destabilization of MgH, through the formation

of Mg,Si, by Vajo et al.

‘We have also analyzed the structural and electronic properties of one of the cubic SnMgCuy-type structure ternary compound, YMgNiy, recently
synthesized and of its hydride YMgNi,Hy. For the hydride, we predict that the Pmn2, structure is more stable than a cubic structure. The calculated
enthalpy of formation of the hydride, —37.7 kJ/mol H; is in good agreement with the experimental data, —38.5 kJ/mol H, of Aono et al.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Extensive research effort has been devoted to the hydrid-
ing properties of Mg-based alloys. One of the crucial goals
being to maintain a high massic hydrogen storage capacity
while forming hydrides less stable than MgH;. One of the
routes explored to obtain hydrogen storage materials suitable
for mobile applications has been to search for alloys of magne-
sium with elements having a low affinity for hydrogen. Reilly
and Wiswall [1] showed that Mg;Ni absorbs reversibly hydro-
gen with a lower, but still too high, desorption temperature.
More recently, extensive research has been conducted on light
alloys. Mechanical alloying (MA) techniques including reactive
MA (RMA) under hydrogen atmosphere have been successfully
used to improve the hydrogen absorption and desorption kinet-
ics of magnesium [2,3], Mg, Ni [4-6], magnesium aluminium
alloys. An important effort has been made to improve the MA
and RMA results by incorporation of simple metals (Al, Li)
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[4], transition elements [4,7,8] and intermetallic compounds
[9].

Another strategy has been explored recently [10,11] that con-
sists of destabilizing the too stable ionic metal hydrides LiH and
MgHj; by elements such as Si [10], or Ge [11], via the formation
of Li,Si or Mg>Si [10] or Mg,Ge [11], upon dehydrogenation.
Motivated by the recent experimental data on the hydrogena-
tion of Mg, X phases (X=Ni, Si, Ge, Sn) of Janot et al. [13],
the controversy on the possible hydrogen absorption by Mg, Si
[12], as well as by studies of the role of Si in the destabilization
of MgH, through the formation of Mg,Si [10], we performed
ab initio electronic structure investigations of several Mg-based
compounds using an ab initio method. We show why Mg,y NiHy
is stable while Mg, Si does not absorb hydrogen.

We have also investigated the hydrogenation properties of a
ternary compound YMgNi, that belongs to a series of ternary
intermetallic compounds AMgNis (A=Y, Ca, La, Ce, Pr, Nd),
recently explored experimentally in several groups [14—17]. This
series of compounds could be of interest for hydrogen storage
applications since Aono et al. [14] found that in the case of
YMgNiy, the reversible hydrogen capacity is ~1.05 wt% and
the thermodynamic properties are comparable to those of the
LaNis;—H system.
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2. Approach

We have performed density-functional calculations of the
electronic properties of Mg-based binary and ternary compounds
Mgr X (X =S8i, Ni), YMgNiy4 and their hydrides. These calcula-
tions were done using the full potential linearized augmented
plane-wave (FPLAPW) method [18]. Well-converged basis sets
of LAPW functions were employed. Additional local orbitals
were used to treat the high-lying semicore states of metal atoms
and to relax linearization errors [19]. Convergence tests were
performed as a function of the number of k points in the irre-
ducible wedge of the Brillouin zone in order to get converged
values of the total energies to better than 0.1 mRy. For Mg, SiHy
and Mgy NiHy, the total energies have been calculated as a func-
tion of the lattice parameter as well as a function of the X-H
distances (X =Si, Ni) assuming a tetrahedral configuration of
the H atoms around X.

In the case of the hydride YMgNisHy, since structural deter-
minations are not yet available to our knowledge, the structure
was determined within the Pmm?2; space group [16] by relaxing
all the internal coordinates as well as the cell shape and cell
volume.

3. Results

3.1. Hydrogenation properties of the binary compounds
Mgy X (X = Si, Ni)

Guinet et al. [12] claimed that Mg;Si can absorb 2 wt% of
hydrogen after 10h at 300 °C, while recent studies on Mgy X
phases (X =Si, Ge, Sn) prepared by powder metallurgy and ball-
milling showed that Mg, Si does not absorb hydrogen; it rather
decomposes into Si and MgH» when ball-milled under hydrogen
atmosphere [13].

We thus considered the possibility of hydrogen absorption
by Mg, Si. The silicide cristallizes within the antifluorite cubic
structure (space group Fm-3m) in which the Si atoms form an
fcc lattice and the Mg atoms located at the (1/4,1/4,1/4) posi-
tions form a simple cubic lattice. The minimization of the total
energy as a function of the lattice parameter resulted in a cal-
culated value of 11.83 a.u. in satisfactory agreement with the
experimental value, a =12 a.u. [20]. The total density of states
(DOS) plotted in Fig. 1 shows that the silicide, in agreement
with experimental findings and previous band structure calcu-
lations [21,22], is a small gap semi-conductor. The first rather
narrow band centered around —8eV corresponds to the Si-3s
band slightly hybridized with Mg s and p states. This band is
separated by a gap from the next three Si-3p bands hybridized
with Mg s and p states. Since the silicide has eight valence elec-
trons, the first four bands are filled, they are separated by an
indirect energy gap of 0.3 eV between the I" and X points of the
fcce Brillouin zone, from the conduction band states. Due to the
difference in electronegativity between Mg and Si, the essential
part of the Mg-s, p states are empty and located above the energy
gap.

The calculated formation energy of the silicide obtained
by subtracting from the total energy of the silicide, the ener-
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Fig. 1. The total density of states (states/eV formula unit) of Mg, Si. The origin
of energies is chosen at the top of the valence band.

gies of silicon and magnesium in their solid state form is
AHg (Mg,Si)=—70kJ/mol. This calculated result is in satis-
factory agreement with the experimental value, —77.8 kJ/mol
[10].

We considered the possible formation of a hydride Mg, SiHa
assuming that the metal sublattice retains the cubic antifluorite
structure. For the H atoms, by analogy with the silane SiHa
molecule, we assumed a tetrahedral configuration around Si.
Since hydrogen absorption leads usually to lattice expansion,
we varied the lattice parameter, a, and also the Si—H distance
(dsi—pg =2.8 a.u. for the silane molecule) in a broad range. The
energy surface plotted in Fig. 2 as a function of a and ds;_y is
found to be fully dissociative, it does not present any minimum,
indicating that the hydride under study is not stable. We also con-
sidered other geometries for the SiHy units. Keeping the Si-H

Fig. 2. The total energy surface of Mg>SiHy is plotted vs. the lattice parameter
of the cubic cell, a, and vs. the Si—H distance, di_g.



92 J. Prigent, M. Gupta / Journal of Alloys and Compounds 446—447 (2007) 90-95

distance fixed, we flattened progressively the SiH, tetrahedron
up to a square planar configuration. In all cases, the formation
energy of the hydride calculated by subtracting from the total
energy of the hydride, the energy of the silicide and the energy
of two Hp molecules was found to be largely positive and greater
than 90 kJ/mol Hj for all the configurations tried, indicating that
the corresponding hydrides are not stable.

Our results are consistent with the experimental results of
Janot et al. [13] who found that ball milling Mg and Si powder
in the Mg>Si proportions under hydrogen atmosphere does not
result in hydrogen absorption, in contradiction with previous
claims [12].

In order to understand the microscopic origin of this result,
we analyzed the total DOS of Mg,SiH, plotted in Fig. 3. The
first two structures observed in the total DOS correspond to
bonding states of hydrogen, respectively, with Si-3s and -3p
states, hybridized with Mg-s, p orbitals. As in Mg, Si, these four
bands are filled. Since these are mostly associated with the Si-H
covalent bonding interaction, they are stabilized in energy com-
pared to the intermetallic. As a result, the energy gap separating
the Mg-s, p and antibonding Si—H sates increases from 0.3 to
4.16eV. Since the hydride has 12 valence electrons, the Fermi
level falls above the wide gap in the DOS structure associated
with the antibonding states, a situation highly unfavourable for
the formation of a stable hydride.

Since the enthalpy of formation of MgHj; is —75 kJ/mol H»,
while the calculated formation energy of Mg, Si is —70 kJ/mol,
in the presence of Si, as found by Vajo et al. [10], MgH> is
expected to cycle according to the reaction:

MgH, + 1/2Si — 1/2Mg,Si + Hp

The calculated energy of the above reaction, resulting in the
release of an Hy molecule, is 40kJ, in satisfactory agreement
with the experimental value of 36.4kJ [10]. This should corre-
spond to a desorption temperature lower than that obtained for
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Fig. 3. The total density of states (states/eV formula unit) of Mg,SiH4. We
assumed an antifluorite Mg,Si sublattice with a=12.5a.u. and the H atoms
in perfect tetrahedral configuration around Si, as in silane S1H4 molecule,
dsi-p =2.8 a.u. The origin of energies is chosen at the Fermi energy.

the reaction of formation of MgH; from the elements. How-
ever, it is to be noted that, in the presence of Si, the hydrogen
absorption capacity is reduced from 7.6 to 5 wt% [10].

In order to understand the origin of the differences in the
hydrogen absorption properties of Mg, Si and Mg, Ni, we stud-
ied the hydride MgoNiHy. In their pioneering work, Reilly and
Wiswall [1] showed that the intermetallic compound Mg, Ni, of
hexagonal structure absorbs reversibly hydrogen and forms a sta-
ble hydride phase B-Mg>NiHy4 with a massic capacity of 3.6 wt%
and a desorption temperature of 523 K, still too high for mobile
applications. Neutron scattering data [23—-25] showed that above
508 K, the hydride has a cubic structure (space group Fm-3m)
with a lattice parameter a=12.294 a.u. At lower temperature,
a slight distortion of the cubic structure leads to a monoclinic
phase. In the cubic phase, high resolution neutron diffraction
data [23] indicate that the H atoms form quasi regular tetrahedra
around the Ni atoms, the Ni—H distances are short, 2.778 a.u.,
leading to quasi-molecular weakly interacting NiHy entities. We
studied the high temperature cubic phase Mg, NiH, in which the
cubic antifluorite structure metal sublattice is isostructural to that
of Mg, Si.

Following the same procedure as that described above for
Mg,SiH4, we varied the lattice parameter, a, and the Ni-H dis-
tance, d. The corresponding total energy surface plotted in Fig. 4
presents a minimum for a=12.50 a.u. and d =2.83 a.u., contrary
to the result obtained for the energy surface of Mg,SiHy. These
calculated values of a and d are in good agreement with the
neutron data.

The total DOS of Mgy NiHy4 is plotted in Fig. 5. The first struc-
ture located between —9.5 and —6.7 eV corresponds to one band
resulting from an interaction between the H-s, Ni-s and Mg-s,
p states, while the second structure located between —6.7 and
—4.3 eV corresponds to three bonding Ni-d, H-s bands. These
four low energy bands associated with the metal-hydrogen
bonding in the NiH4 units are filled and separated by a gap of
~1.75 eV from the next manifold of the five non-bonding Ni-d
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Fig. 4. The total energy surface of Mgy NiHy is plotted vs. the lattice parameter
of the cubic cell, a, and vs. the Ni—H distance, dni_q.
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Fig. 5. The total density of states (states/eV formula unit) of MgyNiHy. The
origin of energies is chosen at the top of the valence band.

bands that are fully occupied since the hydride counts a total of
18 valence electrons. An energy gap of ~1.4eV separates the
nine occupied valence bands from the higher energy Mg-s, p
and antibonding Ni-H states, conferring to the material semi-
conducting properties, in agreement with experimental findings.
The transition from a metallic state of the intermetallic Mg, Ni to
a semi-conducting state of the hydrogen-loaded compound has
been extensively studied for a possible application as switchable
mirror [26].

This hydride is characterised by important covalent
intramolecular Ni—H interactions inside the NiH4 cages, while
the direct interaction between the molecular entities is very
weak. The formal charge of the NiH, cages is 4—, the interaction
with Mg is essentially ionic.

Itis the filling of the Ni—-H bonding and Ni-nonbonding states
by 18 valence electrons that confer to the hydride its stabil-
ity [27-30]. Mgy NiH, belongs to a series of isovalent stable
hydrides Mg>FeHg, MgyCoHs that obey the 18 valence elec-
trons rule. In this series of compounds, the maximum hydrogen
absorption capacity increases when the atomic number of the
transition element decreases.

The calculations performed explain on a microscopic basis
why Mg, Ni forms a stable hydride Mg, NiHy and strongly sug-
gest that Mg, SiH, does not form.

3.2. Structural and electronic properties of YMgNiy and
YMgNi Hy

The structural and hydriding properties of Mg-based ternary
intermetallic hydrides have recently been investigated by several
groups. This series of compounds can be of interest for hydrogen
storage applications since Aono et al. found that in the case of
YMgNiy, the reversible hydrogen capacity is ~1.05 wt% and
the thermodynamic properties are comparable to those of the
LaNis—H system.

Powder diffraction data analysis showed that the AMgNiy
compounds (A=Y, La, Ce, Nd, etc.) crystallize within the

40
YMgNi,
304
<}
0O 204
®
=}
g J
Y T T ¥ T T T T T T T T
-10 -8 6 -4 -2 0 2

Energy (eV)

Fig. 6. The total density of states (states/eV formula unit) of YMgNi4. The
origin of energies is chosen at the Fermi energy.

cubic SnMgCuy structure (space group F-43m) This structure
that can also be viewed as an order derivative of the cubic
AuBes type structure is closely related to the cubic AB; Laves
phase. The Y atoms form an fcc sublattice, they occupy the
(4a: 0,0,0) sites; while the tetrahedral sites (4c: 1/4,1/4,1/4),
are occupied alternatively in an ordered way by Mg atoms and
Niy tetrahedra. The density of states plotted in Fig. 6 shows
that the occupied states are dominated by the Ni-3d bands of
width ~4 eV, hybridized with broad Y-4d sates and with the
s—p states of Mg, Ni and Y. The Ni-d states are almost filled
and the compound is found to be metallic with a rather low
value of the DOS at the Fermi energy, Er. The main parts
of the Y-4d states are located above Er. These results show
that this intermetallic cannot be considered as a simple charge
transfer compound. A minimization of the total energy as a
function of the volume led to a calculated lattice parameter
a=7.0149 A, a value in excellent agreement with the experi-
mental data of Aono et al. [14], a=7.01 A, and Paul-Boncour
[31],a=7.008 A, while Kadir et al. [15] reported a much larger
value, a=7.1853(3) A.

The hydride YMgNisH4 was also investigated. Since, to our
knowledge no structural data exist for this compound, we consid-
ered two possible crystal structures. Following the synchrotron
and neutron powder diffraction data of Guénée et al. [16] on
deuterated NdNisMgD3 ¢, we used an orthorhombic lattice with
space group Pmn2; in which Y and Mg occupy 2a sites. Three
types of Ni and H atoms occupy, respectively, 2a, 2a and 4b sites.
Two H atoms are coordinated by trigonal bipyramids (A;B3
base: B=2Ni, Mg; apices: A=2Y) and one H is coordinated
by a tetrahedron (AB3, A=Y, B=3Ni). In our calculation, we
relaxed the internal coordinates of the metal and H atoms as well
as the volume and cell shape. The calculated lattice parameters
are a=5.0033 A, b=5.4296 A, ¢=7.2548 A. This corresponds
to a calculated relative volume expansion AV/V=14.2% from
the intermetallic to the hydride, a value of the same order of
magnitude as that observed for hydrides of SnMgCuys type
structure.
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Fig. 7. The total density of states (states/eV formula unit) of YMgNisH4. The
origin of energies is chosen at the Fermi energy.

The density of states plotted in Fig. 7 shows that the hydride
is characterised by the presence of four metal-H bonding bands
centred around 7 eV below Eg. H interacts mostly with the Y-
4d and Ni-3d states as well as with the s, p states of Mg, Y,
Ni. The position of the Fermi level of the hydride is similar
to that of the intermetallic, at the top of the almost filled Ni-d
states hybridized with the Y-4d states. The DOS at Eg remains
low as in the intermetallic. The stability of the hydride results
from the stabilisation of metal states due to the metal-hydrogen
bonding as well as with the absence of notable shift of the
Fermi level towards higher energies upon formation of the
hydride.

Within this structure, from the difference in the calculated
total energies, we find this hydride to be stable. We obtained a
formation enthalpy of the hydride of —37.7 kJ/mol H», a value
in very good agreement with the experimental data of Aono et
al. [14], —38.5 kJ/mol H,.

We have also considered for the hydride, a possible metal
sublattice with the cubic structure of SnMgCu4 type and an
ordered occupancy of YMgNij sites (corresponding to the A> B>
site occupancy often observed in AB; Laves phase compounds.
Within this structure, the total energy could be minimized as
a function of the lattice parameter. However, the calculated
value of the formation enthalpy of the hydride was found to be
only —3.3kJ/mol H». This value indicates that in this structure,
the hydride is nearly unstable. The Pmn2; structure has been
found to be the more stable of the two structures considered for
YMgNiyHy.

4. Conclusions

In this work, we have shown that Mg;Si cannot form a
concentrated hydride of composition Mg,SiHy isostructural to
the cubic phase MgyNiHy. We find the reaction enthalpy of
such hypothetical hydride to be highly positive, the energy
surface as a function of lattice parameter and Si—H distances
does not present a minimum, it is rather fully dissociative. We

explain on a microscopic basis why Mg,NiHy is stable while
our results strongly suggest that Mg>SiH4 cannot be formed.
In contrast to the claims of Guinet et al. [12], our results are
in agreement with recent experimental data on the hydrogena-
tion of Mgy X phases (X=Ni, Si, Ge, Sn) of Janot et al. [13],
as well as with studies of the role of Si in the destabiliza-
tion of MgH; through the formation of Mg,Si by Vajo et al.
[10].

We calculated the structural and electronic properties of the
recently synthesized ternary intermetallic YMgNiy4, and of its
hydride YMgNigHy. For the hydride, we predict that the Pmn2,
structure is more stable than a cubic structure. The calculated
enthalpy of formation of the hydride, —37.7 kJ/mol H; is in good
agreement with the experimental data, —38.5 kJ/mol H; of Aono
et al. [14].
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