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Abstract

The electronic properties of the Mg, NiH4 monoclinic phase are calculated using a density functional approach calculation. The crystalline
parameters and interatomic distances calculated are close to the experimental values within a 3% error. We also evaluate the density of states
(DOS) and character of the chemical bonding for the hydrogen’s located in their equilibrium positions. While the Ni-Mg interaction is dominant
in the pure alloy, in the hydride the hydrogen atoms present a bonding much more developed with Ni than with Mg. The principal bonding
interaction is Ni sp—H s. Moreover, a small bonding between Ni deg and H 1s is observed. Up the Fermi level, the Ni—H interaction is slightly
antibonding. The Mg—Ni bonding interactions are weaker in the hydride phase when compared with the pure Mg, Ni alloy. The present study
is potentially useful because the alloys Mg-Ni are good materials for hydrogen storage.
© 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen storage materials are one of the key steps for the
development of a future clean energy system. For a variety
of materials, alloying has been used to improve its hydrogen
absorption and desorption characteristics [1-5]. Special inter-
est has been focused on LaNis, Mg,Ni, FeTi, or closely re-
lated alloys that form semiconducting hydride phases such as
Mg,NiH4, Mg,CoHs and Mg,FeHg [6-8]. However, despite
such great effort, the alloying effect still remains unclear. There-
fore, an electronic structure study could be useful to shed more
light on this problem [9].

Magnesium-based alloy are considered to be the most
promising materials for hydrogen storage because of their
storage capacity, the abundance of magnesium in the earth’s
crust and low-cost compared with alternative systems [6].
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Of all the magnesium-based alloys, Mg,Ni is the most re-
markable due to its relatively high-capacity and favourable
thermodynamics [10,11]. It absorbs hydrogen at moderate tem-
peratures and pressures and forms a hydride, Mg,NiHy4, which
contains 3.6 wt% hydrogen. The hydrogen absorption rate of
pure magnesium is greatly improved by alloying with Ni due
to the catalytic activity of the transition metal.

Since 1968, when Reilly and Wiswall [12] discovered the
reversible hydrogen adsorption ability of the Mg, Ni to form the
ternary hydride Mg, NiHy, its physics and chemistry have been
a matter of study [1-5,11,13-21]. Most studies have performed
experimental research and many works have been dedicated to
the high-temperature (HT) phase (CaF; type structure) [22,23].
Only a few studies have analysed the electronic structure by
quantum chemical calculations [7,9,23-25].

Upon hydrogenation, Mg,Ni transforms into the hydride
phase Mg,NiHy, so as to form a stable covalent-type bonding
composed of Mngr and [NiH4]4_ complex [15]. Each Ni atom
is surrounded by four hydrogen atoms in a tetrahedral array,
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Fig. 1. Schematic view of the unit cell of the Mg,NiH4 hydride (a) and minimal representation of the structure (b).

Table 1
Atomic positional parameters in direct coordinates for Mg,NiH4 LT phase
Atom Experimental® Calculated/optimized

X y b4 X y Z
H1 0.2113 0.2995 0.3037 0.211 0.300 0.308
H2 0.1360 0.3163 0.8811 0.137 0.315 0.882
H3 0.0105 0.2868 0.5370 0.011 0.287 0.536
H4 0.1306 0.9950 0.0815 0.131 0.994 0.081
Mgl 0.2652 0.4827 0.0754 0.262 0.484 0.074
Mg2 0.0000 0.0144 0.2500 0.000 0.018 0.250
Mg3 0.0000 0.5130 0.2500 0.000 0.516 0.250
Ni 0.1194 0.2308 0.0832 0.119 0.230 0.083

?Atomic positions determinate by X-ray diffraction profile at room temperature by Zolliker et al. [30].

with short Ni-H bond lengths and Mg—H bonds slightly longer Below 510K, Mg,NiH4 exhibits a monoclinic distorted
than those in magnesium hydride (MgH,) [26]. low-temperature (LT) modification of a cubic HT phase, where
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Fig. 2. DOS curves for the MgyNiHy hydride. Total (a), DOS projected on a Ni atom (b), on a Mg atom (c) and on the four H atom shown in Fig. 1(b).

Table 2

Electron density, overlap population and distances for Mg, Ni and for Mg, NiH4 LT phase

Structure Electron density Bond type OpP? Distance (A)
S p d
Mg, Ni
Nil 0.15 0.18 3.56 Ni-Ni 0.000 4.41
Ni2 0.13 0.16 4.00 Nil-Ni2 0.231 2.60
Mgl 1.94 5.84 0.00 Mg-Mg 0.000 2.86
Nil-Mgl 0.083 2.70
Mg2 1.95 5.89 0.00 Nil-Mg2 0.108 252
Ni2-Mgl 0.068 2.70
Ni2-Mg2 0.107 252
Mg, NiHy
Ni 0.35 0.50 1.81 Ni—Ni 0.000 3.92
Mgl 1.94 5.70 0.00 Ni-Mgl 0.084 2.40
Mg2 1.94 5.70 0.00 Ni-Mg2 0.046 2.48
Mg3 1.96 5.77 0.00 Ni-Mg3 0.088 2.74
H1 1.40 0.00 0.00 Ni-H1 0.375 2.05
H2 1.33 0.00 0.00 Ni-H2 0.560 1.50
H3 1.15 0.00 0.00 Ni-H3 0.445 1.61
H4 1.14 0.00 0.00 Ni-H4 0.463 1.52
Mgl 1.94 5.66 0.00 Mgl-H4 0.025 1.84
Mgl-H3 0.013 1.98

Ep=—11.42eV.
2OP: Overlap population.

magnesium ions form a cube around zerovalent NiH4-complex
in an antiflourite arrangement [27]. The orientation of the NiHy
complex is quenched in a monoclinic distortion of the cubic
(CaF,) HT phase [28]. The phase transformation in Mg,NiHy
is essentially due to an order—disorder transition of the hy-
drogen atoms [11,29]. In the HT phase the hydrogen atoms
perform a rapid reorientation motion around the central nickel
atom. In the LT phase, this motion is ‘frozen’ and an ordered
arrangement of slightly distorted tetrahedral NiH4-complex is
observed by neutron diffraction [19,29].

Under normal conditions Mg,NiHy is a stable compound,
i.e. at room temperature the equilibrium pressure is so low that
Mg,NiHy practically does not desorb hydrogen. Therefore, it
is essential to decrease the stability of Mg, NiH4 to produce a
suitable material for practical hydrogen storage [25,27].

Recently, an ab initio total-energy density functional study
was used to investigate the LT form of Mg,NiHy [14]. This
hydride phase was found to be a semiconductor with a band
gap of 1.4eV.

Héaussermann et al. have showed the bonding and stability
of hydrogen storage materials Mg,NiH4 (LT) and compared
with those of BayPdH4 using DFT calculations. The differences
in the bonding between both compounds are originated in the
difference strength of the TM—H interactions [30].

We expect to contribute with theoretical calculations to the
understanding of bonding in this Mg—Ni hydride.

2. Crystal structure and calculation methods

Zolliker et al. determined the structure of the unit cell for LT
phase of Mg,NiH, from a combined study of high-resolution
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Fig. 3. OPDOS curves for the MgyNiHy hydride for the Ni-H (a), Mg-H (b) and Mg-Ni (c) bonds.
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Fig. 4. DOS curves for the Mg,Ni alloy. Total (a), DOS projected on Ni atoms (b) and on Mg atoms (c) for each type of the metallic atom.
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Fig. 5. OPDOS curves for the Mg, Ni alloy for the Mg-Mg (a), Mgl-Ni (b), Mg,—Ni (c) and Ni-Ni (d) bonds.
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Table 3
Orbital overlap population contribution to the Ni-H and Mg—H bonds

Orbital Mg% Ni%
2s 45 4p, 4py 4p, 3y 3d. 3d,, 3dys 3d,.
H1 Is - 28 13 0.26 64 1.87 2.13 0.26 15.7 2.4
H2 Is - 30.5 0.36 6.96 332 0.53 16.96 0.53 2.14 3.93
H3 Is - 31 312 2.47 0.90 21.12 7.19 4.04 225 -
H4 Is 100 34.56 0.21 2721 - 30.24 756 0.21 - -

X-ray and time-of-flight neutron powder diffraction data
[11,31]. It has a monoclinic symmetry (space group C2/c)
with parameters a = 14.343 A, b = 6.4038 A, ¢ = 6.4830A
(Fig. 1(a)).

The atomic positional parameters in direct coordinates are
indicated in Table 1. The H atoms are surrounded by the Ni
atoms in a nearly regular tetrahedral configurations. Each H
atoms is bonded to one Ni atom and has either four (H2, H3,
H4) or three (H1) nearest Mg atom neighbours. Three of the
H atoms (H2, H3 and H4) are located near the centres of the
face of a (deformed) cube, in such a way that these atoms form
nearly tetrahedral angles with the Ni atom. The fourth H atom
(H1) is located away from a centre of the face, thereby strongly
displacing one of the alkaline metal atoms (Mgl) (Fig. 1(b)).

Gradient-corrected density functional theory (GC-DFT) cal-
culations [32,33] were performed on a Mg—Ni hydride contain-
ing 13 atoms in a monoclinic lattice to model bulk Mg,NiHy,
with a 8 x 8 x 8 reciprocal space grid in the supercell Bril-
louin zone and a plane wave kinetic energy cutoff of 500 eV for
the Mg—Ni—H system [30,32-34]. We use the Amsterdam Den-
sity Functional 2000 (ADF-BAND2000) [35]. The molecular
orbitals were represented as linear combination of Slater func-
tions. For the gradient correction, the Becke [36] approxima-
tion for the exchange energy functional and the Lee et al. [37]
approximation for the correlation functional were employed.

In order to increase the computational efficiency, the internal
atomic layers are kept frozen for every atom except hydrogen,
since the internal electrons do not contribute significantly to the
bonding. A basis set of triple-{ quality was used (this means
three Slater-type functions for each atomic valence orbital oc-
cupied) with polarization functions to express the atomic or-
bitals of Mg and Ni. The basis set of Ni consisted of 3d, 4s and
4p orbitals and for Mg 2s and 2p. To understand the Mg-Ni—H
system interactions, we used the concept of density of states
(DOS) and overlap population density of states (OPDOS). The
DOS curve is a plot of the number of orbitals as a function of
the energy. The integral of the DOS curve over an energy inter-
val gives the number of one-electron state in that interval; the
integral up to the Fermi level (Ef) gives the total number of
occupied molecular orbitals. If the DOS is weighted with the
overlap population between two atoms the OPDOS is obtained.
The integrations of the OPDOS curve up to Ef gives the to-
tal overlap population of the specific bond orbital and it is a
measure of the bond strength. If an orbital at certain energy is
strongly bonding between two atoms, the overlap population is
strongly positive and OPDOS curve will be large and positive

around that energy. Similarly, OPDOS negative around certain
energy corresponds to antibonding interactions.

The absorption energy was computed as the difference AE
between the Mg—Ni—H composite system when the H atom is
absorbed at its minima location geometry and when it is far
away from the Mg—Ni alloy.

3. Results and discussion

We started our calculations considering the stability of the
alloy and the hydride formation. The Mg,NiH4 LT phase is
1.37eV more stable than Mg, Ni plus two hydrogen molecules.
This value is in good agreement with that of Hdussermann
et al. [30].

In Fig. 2 we have plotted the total DOS for the Mg, NiHy
LT phase hydride and the projected DOS on Ni, Mg and H
atoms in its optimum geometry. The band at —28 eV comes
from Mg p based states somewhat mixed with H based states.
The contribution of Ni to this band is very small. The metal
Ni d states form a main band between —17 and —11eV. Mg
presents a band in the same region and is composed by s and
p states. H states are mainly located close to the Ni states.

The states above the Fermi level correspond to Ni dyg and H
states (see the sharp peak near —10eV). The band gap above
EFr is 1.5eV, which is close to that reported by Richardson et al.
[26] and Héussermann et al. [30]. The band gap of Mg,NiHy
has been determined experimentally by Lupu et al. [38] with a
value of 1.68eV. The DOS is similar to that reported by Myers
et al. [14] and Haussermann et al. [30].

Table 2 summarizes the distances, electronic density and
overlap populations for selected bonds. It can be seen that the
Ni—H interaction present the higher OP, the Ni-Mg bond is
small. There is also a small Mg—-H bond. The Ni—Ni bond in
the pure alloy is 0.231 while the Ni-Mg OP is 0.070-0.110.
The first interaction not present in the hydride phase and the
second one is reduced to its half value in the case of Mg,.
The Ni-H distances are close to that reported by Haussermann
etal. (1.516 A) while the Mg—H distances are a little bit shorter
(1.9A vs. more 2.0 A from [30]).

The OPDOS curves in Fig. 3 shows that the Ni-H interaction
between —11 and —18eV are bonding and the Ni-Ni is non-
bonding. The Ni-Mg and Mg—H OPDOS both have antibonding
states near the EF.

The DOS of the Mg,Ni alloy is shown in Fig. 4 and the
OPDOS curves for Mg-Mg, Mg—Ni and Ni-Ni are shown in
Fig. 5. The more important interaction in the alloy is Nil-Ni2
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(see Fig. 5(d)). The Ni—Ni bond in the hydride phase is not
present because four hydrogen atoms surround each Ni.

The compositions of each atomic orbital to the Ni-H and
Mg-H bonds are shown in Table 3. The main interactions are
Ni 4s—H 1s. In the case of HI and H2 there is also an important
contributions coming from Ni 4p, orbitals and in the case of
H3 and H4 from Ni 4py and 3d,>_>. The Mg-H interaction is
only developed through the 2s—1s orbitals (see Table 3). There
is no H-H interaction present. Our results confirm the hydride
behaviour of Mg,NiHy (LT) that is partially as an ionic hydride.
Mg2+H£ and partially are hydride complex Mg%*NiOHiT

4. Conclusion

We calculated the electronic structure and bonding of the LT
phase of Mg-Ni hydride. Our calculations are in good agree-
ment with previous reports and also reveal that the main bond-
ing interaction comes from Ni sp—H s orbitals and s orbitals
in the case of Mg. The computed Ni—H distances are close to
that previously reported while the Mg—H distances are a lit-
tle bit shorter. The Mg,—Ni bonds decrease its strength to half
the value when compared with the pure alloy. No Ni-Ni bonds
are detected in the hydride phase.
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