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Abstract

Hydrogen diffusion through magnesium metal is one of the rate determining steps for sorption kinetics of magnesium. From known
Gibbs free energies for the magnesium-hydrogen system we have calculated the concantfatigdrogen in MgH in equilibrium with
MgH,: x = 1.13 x 103 at 673 K. From an ab initio dynamical simulation we obtained the position of hydrogen in magnesium metal (mostly
in tetrahedral sites), the Debye—Waller factors (0"\660r tetrahedral sites and 0.88 for octahedral sites) and the diffusion constant
D = 6.6 x 10°m?%/s at 673 K.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Hydrogen storage materials; Density functional calculations; lonic diffusion

1. Introduction diffusion also plays a role, especially when the driving force
is small[5]. After the dissociation of hydrogen molecules
Hydrogen storage in light metals and alloys is interesting into atoms, hydrogen atoms have to diffuse through magne-
for mobile applications of hydrogen as an energy carrier. sium metal to a magnesium hydride nucleus (the transport
Until now the ideal metal alloy has not been foufig2]. properties of MgH are generally expected to be very poor).
The search for new materials or new treatments for existing This paper focusses on the diffusion of hydrogen through Mg
compounds is being undertaken by many scientists. Becausanetal. New results on the location and dynamics of hydrogen
of their low density, Mg and MgNi currently draw interest.  in the magnesium metak(phase) will be reported, based on
However, the application of magnesium metal as a hydrogenab initio simulations. First we calculate the amount of hydro-
storage compound is hampered by the slow dynamics atgen in magnesium alpha using thermodynamical data. From
moderate temperatures so that operation temperatures abovihe ab initio calculations we derive the positions of hydro-
350°C are necessary for bulk materials. Magnesium may gen, its Debye—Waller factor and the microscopic diffusion
be loaded with hydrogen to form Mgiiwhich possesses constants, which are in accordance with experiment.
a reversible storage capacity by weight of about 7%. It
has been shown that a ball milling treatment increases the
dynamics of hydrogen sorption by about a factor of 10, and @ 2, Density functional calculations
further increase may be achieved by the addition of catalysts
such as V and NE8] or metal oxideg4]. Measurements on Ab initio computer calculations were performed on a
ball milled MgH, + 5at.% V indicate that the nucleationand  pC-cluster using density functional theory as implemented in
growth process is important for this material, but long range the VASP codg6]. A supercell of 3x 3 x 2 unit cells (space
group 194, = 3.250A, ¢ = 5.276,&), with one hydrogen
* Corresponding author. Tel.: +31 15 2784870; fax: +31 15 2788303.  atom per supercell was used, giving an effective hydrogen
E-mail address: f.m.mulder@iri.tudelft.nl (F.M. Mulder). concentration of B x 10-2. Onek-point, an energy cutoff
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of 200 eV and LDA PAW-potentials were appli¢d]. The ]
energy difference between two typical confirmations was 10 -
off by 10% with respect to a high precision calculation
using a 4x 4 x 4 k-point-grid and a cutoff of 250eV. The
Methfessel-Paxton method with a SIGMA of 0.6 was used to
model the occupation of bands around the Fermi level. With
a timestep of 1fs, a molecular dynamics simulation was run
of 20 ps. Limited by the computing power, the concentration
that we use in our calculations is much higher than the equi-
librium value that we find below,.13 x 10~3. Since we do a ] B}
periodic calculation, the movements of the hydrogen atom in 4+ 4t 19.5-20 ps
the adjacent unit cells are exactly the same and therefore no 5 . : b %
direct interaction effects (like Coulomb interactions between . 10
. . y coordinate [10° 'm]

the hydrogen atoms) play a role in the calculations, apart
from a constantbias in the energies. Furthermore, the fact thatFig. 2. During the 20 ps ab initio molecular simulation, the hydrogen atom
we use only oné-point, means that no interactions between followed this trajectory through the magnesium lattice, shown in a (cartesian)
adjacent unit cells are taken into account. So we regard theseprojection along the-axis (i.e. alongr). Hydrogen exchanges on a sub-
calculations to be representative for the low concentration picosegond timescale between the two tetrahedral sites which are separated
limit. by 1.3A. Jumps between octa}hedral (2a) and teFrahedraI (4f) sites oceur

on average every 2 ps. Some jumps over larger distances occur. The line is

drawn between positions which are separated by 10 fs simulation time.

4f
2a 0.5-5 ps
| 0-0.5ps éf\ 2a14.6-14.8 ps and 16.5-18 ps

10

z coordinate [10°"'m]

3. Results and discussion As for the dynamic part it is known that the diffusion co-
efficients of hydrogen in magnesium at 673 K may be as high
A precise thermodynamic modelling of the magnesium as 2x 108m2/s (D = 1.54 x 10°% exp(~24, 100/RT)
hydrogen system was performed by Zeng et[8]. They [9]) or 3x 10~9m?/s (D = 3.8 x 106 exp(~40, 000/ RT)
calculated the Gibbs free energies for all phases of the[10]). Our ab initio computer calculations show that hydro-
Mg-H system as a function of temperature and gas pres-gen diffuses through the metal by jumps between octahedral
sure. The Mga phase is described with a sublattice model and/or tetrahedral sites. During the 20 ps of the simulation,
(Mg)1(H,Va) 5. Whenthere is equilibrium betweenthe metal the hydrogen atom spent roughly 5 ps on octahedral and in-
a-Mg phase and MgHo, the Gibbs free energies per mole termediate positions and 15 ps on tetrahedral positieigs.
of MgH,. and Mg+H> are equal. Inserting the dependence 2 shows the path of the hydrogen atom in space during the
of the equilibrium pressure of Mghbn temperature (which  simulation viewed along the crystallographi@xis. The fig-
can be found in the same way), we can predict the con- ure shows clearly that the hydrogen atom moves on a sub-
centrationx of hydrogen in MgH in equilibrium with H, picosecond time-scale between the two adjacent tetrahedral
gas and MgH. A graph is shown irFig. 1L We calculate sites (Wyckoff site 4f) which are separated by A.3n the
x = 1.13 x 10~ at 673 K. The calculated points can be ap- -direction (i.e. along the-axis). Jumps from the set of tetra-
proximated byx = 20 exp(54, 800/ RT). hedral sites towards neighboring octahedral sites (Wyckoff
site 2a) at a distance of 280 occur as well. Furthermore
direct jumps in the direction of theaxis between two octa-
hedral sites, which are 2% apart, are observed. From the
animation of the motions, it becomes clear that once the hy-
drogen atom escapes from a site, it may travel over quite a
distance before it settles down in a new site (i.e. the jumps
may be correlated).
The Debye-Waller facta/ = ((u, — (u))?), whereu,, is
the inner product of the displacemenand the momentum
transfer vectorg, of magnesium is 0.082, which agrees
with the value of 0.04A2 from recent experimenf4l]. The
mean square displacement of the hydrogen atom during the
time that it stays in a certain site are about oiBaor the
- . - - tetrahedral sites and 0.6& for the octahedral sites.
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diffusion coefficientD is [12]
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Fig. 1. The concentration of hydrogen in thephase of magnesium as a
function of temperature in equilibrium with4tjas and MgH at the same D= — (1)
temperature. 2dt
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using the distance from the starting poinsimulation time with hydrogen gas and magnesium hydride around 673 K.
t and the dimensionality of the systaf(d = 3). From the From ab initio computer simulations we calculate a diffusion
trajectory that we calculated, we find a diffusion constant of constant in agreement with previously published values. For
D = 6.6 x 10-2m?/s, in agreement with the values quoted large particles at low temperatures the diffusion of hydrogen
earlier. through the metal is normally not expected to be the limit-

Fick’s first law stateg = —D dc/dx, connecting the flux  ing factor. However, when hydrogen enters the magnesium
J, the diffusion constanD and the concentration gradient particle only via small catalyst particles, the cross section of
dc/dx. According to this law, it takes approximately 1.2s the diffusion channels may be so low that the diffusion speed
to transport the amount of hydrogen in.In® MgH, via becomes rate-limiting.
a magnesium metal cube ofxIm®. The diffusion constant
evaluated here and a concentration difference 852104
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