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The adsorption, diffusion and penetration of H on the Mg;,Al;, (110) surface are investi-
gated systematically by means of the density functional theory calculations. Results
indicate that H and H, prefer to adsorb on the Mg-Mg bridge sites of the Mg;;Al;, (110)
surface. The lowest barrier energy of molecular hydrogen dissociation on the (110) surface
is ~0.87 eV. The penetration processes of atomic hydrogen incorporation into the Mg;;Al;,
(110) surface are discussed. It is obtained that the H penetrates from the Mg;;Al;, (110)
surface into the subsurface with the minimum barrier of ~0.63 eV, while the hydrogen
atom spreads into the deeper Mg;;Al;, (110) surface with lower barrier.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

As lightweight materials with high hydrogen storage capacity,
nontoxic, low cost, and convenient synthesis, Mg-based alloys
have been investigated widely in the field of hydrogen fuel
cells and hydrogen storage. However, the poor thermody-
namic and kinetic performance of the magnesium hydride
limits the practical environmental application. Experiments
reported that aluminum composes the main alloying element

to improve the hydrogen storage properties of magnesium
alloys, providing enhanced the hydrogenation rate, reduced
the dehydrogenation temperature, and weakened the thermal
stability et al. [1-10]. In Mg-Al alloys, Mg;7Al;, is a dominant
intermetallic phase, its theoretical hydrogen storage capacity
is 4.4 wt%. Recently, we have studied that in the process of
hydrogenation and dehydrogenation, Mg-Al alloy reaction
with hydrogen can be regulated as a one-step reversible re-
action by ball-milling, sintering, and quenching [11]. The
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related reversible hydrogenation reaction can be described as
M917A112 + Hy < MgH, + Al

According to our understanding, few theoretical in-
vestigations of hydrogen reaction with Mg-Al alloy have been
reported. Recently the dissociation and incorporation of H on
(in) Mg,,Al;, (100) surface have been investigated [12]. The
adsorption energies, dissociation barriers, and penetration
pathways of H (H,) on the (100) surface were discussed by the
density functional theory (DFT) method. Xiao et al. [13] have
reported that the surface energy of Mg;,Al;, (110) surface is
lower than that of Mg;,Al;, (100) surface, suggesting that the
(110) surface is more steady than the (100) surface. Moreover,
in experiments, the X-ray diffraction (XRD) analysis reveals
that the amount of Mg;,Al;, (110) surface is larger than that of
Mg,;Al;, (100) surface [14]. Thus, the aim of this work is to
explore the hydrogenation process of Mg;;Al;, alloy
comprehensively. The quantitative calculations of hydrogen
adsorption on the Mg;7Al;, (110) surface and the pathways of
hydrogen dissociation and penetration on (in) the surface
have been carried out. We expect that the results can be used
to study the effect of catalysts on the hydrogen storage ma-
terial of Mg-Al alloy in the near further.

Computational details

All density functional theory calculations in this study were
performed on the CASTEP program [15] from Materials Studio
software. We used a 330 eV kinetic energy cutoff and 6 x 6 x 6
(6 x 6 x 1) k-point mesh for bulk (surface) simulations. The
Perdew, Burke, Ernzerhof (PBE) and generalized gradient
approximation (GGA) were used for the exchange correlation
potential [16—18]. For the Mg;;Al;, (110) surface, the model
was built using a supercell with 29 atoms, consisting of 17 Mg
atoms and 12 Al atoms. The vacuum spacing between the
neighboring slabs was selected as 15 A. Along the super-cell z
axis, there are seven atomic planes in the Mg;,Al;, (110) sur-
face, the top two atomic planes (seen in Fig. 1(b)) and the ad-
sorbates were relaxed to simulate the approximate surface
conditions, while the remaining atomic planes were fixed,
playing a role of bulk alloy. More than two atomic planes (up to
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four outmost planes) of the Mg,,Al;, (110) surface were free to
relax. Calculations show that there are tiny differences be-
tween the various optimized surfaces in total energies, in
which the energy of the surface with relaxing the outmost two
planes is the minimum. In adsorption calculations, to obtain
the correct interfacial properties, we considered the disper-
sion corrected DFT (DFT-D) with Grimme type [19]. In
hydrogen incorporation calculations, all atoms were relaxed
in the whole systems. For the optimized structures, the
convergence criteria was as follows: 1 x 107> eV for energy
change, 1 x 1073 eV/A for maximum displacement, 0.03 eV for
residual force, and 0.05 GPa for maximum stress. In addition,
the linear synchronous transit (LST) calculations and
quadratic synchronous transit (QST) [20] with conjugate
gradient (CG) methods [21] were used to gain the barriers en-
ergies and transition states (TS) of hydrogen dissociation and
incorporation on (in) the Mg;;Al;, (110) surfaces.

The adsorption energies (E.qs) of H and H, on the Mg;;Al;,
(110) surfaces were calculated as:

Eads = N (Esurface/adsorbate - Esurface —Nx Eadsorbate)y

where N is the number of absorbates, Egyrface/adsorbate are the
total energies of total systems, Esurface is the total energy of the
Mgi7Aly, (110) surface. Eqgsorbate are the total energies of 1 H,
and H, respectively. The positive energy of E,4s demonstrates
the endothermic process of hydrogen on the Mg;;Al;, (110)
surface, while the negative energy of E,4s indicates the
exothermic process.

Results
Structure of the Mg;7Al;, (110) surface

The unit cells of bulk Mg;;Al;, and Mg;;Al;, (110) surface are
presented in Fig. 1. The lattice parameters of Mg;,Al,, alloy as
well as the surface energies of Mg;,Al;, (100) and (110) sur-
faces are derived and listed in Table 1. For Mg;,Al,, alloy, the
Mg atoms locate at the 2a, the 8c, and the 24 g positions,
marked by Mgl, Mg2, and Mg3, respectively, and the Al atoms
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Fig. 1 — Structures of (a) Mg;,Al,, alloy and (b) the Mg;,Al;, (110) surface.
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