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ABSTRACT

The adsorption and dissociation of hydrogen molecules on Mg;;Al;1,(100), Mg;,Al;,(110),
Mg;7Al15(111) and Mg(0001) surfaces are investigated by the first-principles calculations.
We find that the H adsorption on Mg;;Al;; systems are all stronger than that of Mg(0001).
Among them, the lowest adsorption energies of H atoms are obtained in the Mg;;Al;5(110)
system, which is —0.278 and —0.247 eV/H when the H coverage is 1/11 and 2/11 ML,
respectively. Furthermore, the Mg;,Al;,(110) surface presents an energy path of hydrogen
dissociation with a minimum barrier of 0.59 eV, which is smaller than that of Mg(0001)
surface (0.84 eV). The electronic structure analysis illustrates that the bonding between H
atoms and Mg;,Al;,(110) surface is enhanced, although H atoms obtain similar charges on
the Mg;,Al;1,(110) and Mg(0001) surfaces. Moreover, the lowered dissociation barrier on the
three studied Mg;,Al;, surfaces, are likely ascribed to the stronger hybridization of H 1s and
Al 3s orbitals, leading to the accelerated hydrogen adsorption kinetics on Mg;,Al;, surface
with respect to the pure Mg surface.
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Introduction

Hydrogen is an ideal new energy source for automobiles,
because it is not only lightweight, highly abundant, environ-
mentally friendly, recyclable, but also has a high combustion
calorific value [1-3]. In the application of hydrogen energy, the
storage of hydrogen is critical. While researching how to store
hydrogen safely, scientists have found that solid-state storage
systems based on metal hydrides are highly promising due to
their high safety, high hydrogen storage density, and revers-
ible hydrogen absorption and desorption [2—10]. Especially,
MgH, has attracted various interests due to its high storage
capacity (7.6 wt% H,) and low price [9,10]. However, further
improvement is required before it meets the market applica-
tion needs [11].

Many efforts have been made to improve the hydrogen
storage properties of MgH,, both thermodynamically and
kinetically, the addition of a catalytic metal is believed to
improve the hydrogen absorption properties [12—19]. Al
element is considered due to its similar physical properties
[12,15,20—32]. Bououdina et al. [21] prepared Mg:Al (90:10,
75:25, 58:42, 37:63, 20:80) alloys in their high-energy ball mill-
ing and Al-leaching forms, found that Al acts essentially as a
diluent and does not decrease the hydrogen absorption ca-
pacities of Mg significantly in the materials. There is an
improvement in the kinetics of hydrogen absorption and
desorption following Al leaching. Moreover, the adding of
0.8 mol Al into 1.0 mol MgH, gives the second fastest dehy-
drogenation kinetics after Ni at 300 °C under vacuum,
compared with Fe, Nb, Ti and Cu [12]. A series of researches by
Crivello et al. [22,26] also claimed that Al promotes to desta-
bilize MgH, by forming the two Mg—Al alloys, B-Mg,Al; and y-
Mgy7Al5. Al-based phases should be the key factor which
controls the thermodynamics properties of hydrogenation.
Further study [33] found that the substitution of Al for Mg in
MgH, weakens the interaction between Mg and H atoms and
has a high potential to drive the formation of Al-Mg clusters.
The extra electrons occupy the minimum of the conduction
band so that the band gap could disappear when Al atoms are
doped at Mg sites. Consequently, the stepwise removal of H,
molecules from Al-substituted MgH, is much easier than the
pure MgH, [34]. Andreasen [25] announced that improved ki-
netics were generally found in the hydrogenation and dehy-
drogenation of Mg—Al alloy.

Since the addition of Al has a positive effect on the
hydrogen storage properties of MgH,, the stable Mg—Al phase
(y-Mgq7Aly5) with 4.4 wt% hydrogen content, has reversible
hydrogen absorption and desorption reaction, attracting in-
terests from scientists [20,22,24,25,28,30]. However, it is still
unclear why the hydrogen absorption kinetics of Mg;;Al;, is
faster than that of pure Mg. What is the role of Al in the pro-
motion of hydrogen absorption kinetics? It is clear that
hydrogen absorption consists of the following procedure:
firstly, hydrogen molecules are adsorbed on the surface, then
dissociated into two hydrogen atoms, and finally hydrogen
atoms diffuse on the surface or enter the interior of the bulk
phase [35].

Here, we have selected its three low-index surfaces (100),
(110) and (111) for hydrogen adsorption investigation based on

the three major X-ray diffraction peaks of Mg;,Al;, [23]. The
microscopic mechanism of hydrogen adsorption, dissocia-
tion, and sticking on the Mg;7Al1,,(100), (110) and (111) surfaces
are theoretically studied, by employing first-principles calcu-
lations. The above calculation is also performed for Mg(0001)
surface to be a comparison. As a result, the kinetics of
hydrogen adsorption on the surfaces of Mg;;Al;,(100),
Mg;,Al;15(110) and Mg;7Al15(111) are revealed to be faster than
that of Mg(0001) by a series of analytical means, especially for
the Mg;7Al15(110) system. It is demonstrated that the kinetic
improvement is attributed to the presence of Al in the
Mg,,Al,, alloy.

Methods

All total-energy calculations of bulk Mg;,Al;,, the three low-
index surfaces of Mg;7Al;, and Mg(0001) surface with and
without hydrogen atoms were performed using Vienna ab
initio simulation package (VASP) [36] based on density func-
tional theory (DFT). The generalized gradient approximation
(GGA) [37] of Perdew, Burke, and Ernzerhof (PBE) [38] was
adopted to elaborate exchange-correlation function. The
criteria for convergence of electronic states and Hellmann-
Feynman forces were set to 1x 106 eV and 0.01 eV/A,
respectively. The cutoff energy was set to 520 eV and
Monkhorst-Pack special k-point scheme [39], 3 x 3 x 3and 3 x
3x1 (or2x 2x 1) k-point grids were used for bulk and slab
systems. In all slab systems, the lower half of the atomic layer
was fixed and the other half was relaxed. Activation energies
have been calculated using the climbing image nudged elastic
band (CI-NEB) method [40] to find the minimum energy path of
hydrogen dissociation.

Results and discussion
Structural stability

Mg, 7Al;, (143m, group no. 217) contains 17 Mg and 12 Al atoms
in a primitive cell. The optimized lattice parameters of
Mgy;Al, area =b =c=10.53 A for the conventional cell, very
close to the experimental values [25]. The three low-index
surfaces, actually have various possible terminations. Here
we have singled out the stable terminations of (100), (110) and
(111) surfaces from the mostly possible terminals by their
structure regularity and stoichiometry. In detail, 4, 3, 4 ter-
minals, with 8, 6, 8 atomic layers, are considered for
Mg;,Al;5(100), (110) and (111) surfaces, respectively, as shown
in Fig. 1(a—c). The surface energy is a good value to reflect the
stability of various terminals. Here, the surface energies of
different terminations for Mg;,Al;7(100), (110) and (111) are
calculated using the following formulas [41,42]:

slab
Jslab _ 1 Eunrelax _ NA] 'ubulk + 1 Erelax _ Eunrelax (1)
Mg-Al — slab bulk"Mg—Al slab slab
2A Ny A

Where A is the surface area of the slab, Nji2* (N5f°) and Ny*
(NBulk) are the number of Mg (Al) atoms of the slab (see Table 1)
and bulk. Euelax and E%lax js the total energy of the slab before


https://doi.org/10.1016/j.ijhydene.2023.01.273
https://doi.org/10.1016/j.ijhydene.2023.01.273

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 18375-18384

18377

(a) (b)

(]

@ © & %oao”
,°8% ¢ 8 Q?

S (c)

o
4
®

— 0.75 ° ogpRap® O
4 0.697 RRB2-
£ 070
= 0651
5
2 0.60- 08880
£ 055 o o © 00 00O
& 97 Mg AL@00) 0507 0.513 ©co0o0o0o0
451
E 0.4 MgnAllz(llO) Oo@fﬁgdboo reRew
@ 0.40 Mg Al ,(111) ' © 0|0 00
0.351— ' - : ©—© 60
T T2 T3 T4
Terminals

Fig. 1 — The slabs of (a) Mg;,Al,,(100), (b) Mg,,Al;,(110), (c) Mg,7Al;5(111) cleaved form Mg,,Al,, conventional cell. T1, T2, T3
and T4 refer to different terminals in the slabs. (d) Surface energy varies by terminations. T4, T3, T1 of the (100), (110), (111)
slabs with the lowest surface energy are selected. (f) The slab of Mg(0001) surface with 5 layers. Golor legend: Mg, orange; Al,
blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

Table 1 — Calculated lattice parameters and E®® of Mg;,Al;,(100), (110), (111) slabs and Mg(0001) slab.

form

slab NP Ngkab a (A) b (A) angles (degrees) Egkb (eV/atom)
Mg1,Al;,(100) 68 48 10.531 10.531 ¥ = 90.00 0.068
Mg17Al1,(110) 34 24 9.120 9.120 y = 7053 0.093
Mg1,Al,(111) 68 48 14.893 14.893 ¥ = 120.00 0.154
Mg(0001) 45 0 9.569 9.569 ¥ = 120.00 0.124

and after relaxing, respectively. i* 5, are the chemical po-

tentials corresponding to bulk Mg;,Al,. The calculated sur- Eslb — (E;ﬂi" _ le\/llagb #mlk — NSlb #E\‘l‘lk> / (Ni,léb + Nillab) 2)

face energy is presented in Fig. 1(d). As shown in Fig. 1(d), it
indicates that the T4, T3, T1is the most stable terminations for
the Mg;,Al1,(100), (110) and (111) surfaces with 0.513, 0.507,
0.697 J/m?, and the (110) as the most stable surface, in line with
the experimental report [43]. For the Mg(0001) surface, a (3 x 3)
slab model containing 45 Mg atoms is employed as shown in
Fig. 1(f), which has 5 atomic layers along the c direction with a
vacuum of 15 A.

To identify the relative stability of the three low-index
surfaces of Mg;;Al;, comparing to the Mg(0001) slab, the for-
mation enthalpy is estimated via definition

The formation enthalpy of pure Mg(0001) slab is 0.124 eV/
atom (c.f. Table 1), higher than that of Mg;;Al;,(100) and
Mg;,Al15(110) slabs, but lower than Mg;7Al;,(111) slab. There-
fore, the Mg;,Al;1,(100) and Mg;,Al;15(110) slabs are energeti-
cally favorite to be formed comparing to the Mg(0001) slabs.

Hydrogen adsorption

In order to obtain the dissociation paths of H, molecules, the
adsorption model of one H, molecule and that of two H atoms


https://doi.org/10.1016/j.ijhydene.2023.01.273
https://doi.org/10.1016/j.ijhydene.2023.01.273

18378

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 18375-18384

(a)

R O
o 00

00000
00900

Fig. 2 — Possible adsorption sites for H atoms and H, molecule on (a) Mg;,Al;,(100) slab, (b) Mg,,Al;,(110) slab, (c)
Mg;,Al;5(111) slab, (d) Mg(0001) slab. The top and bottom panels illustrate the top view and side view, respectively. Color
legend: Mg, orange; Al, blue; Mg (Al) below the termination, light orange (blue). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

need to be used as the initial and final states, respectively. The
adsorption model for two H atoms is obtained by searching for
the preferred adsorption sites of single H atom. As there are
14, 11, 14 and 9 atoms in the selected terminals of
Mg;7Al;15(100), (110), (111) and Mg(0001) systems, respectively.
The coverage of the adsorption model for the single H atom
was 1/14, 1/11, 1/14, and 1/9 ML (stands for monolayer, a unit
of coverage) for the Mg;7Al;,(100), (110), (111) and Mg(0001)
systems, respectively. The coverage is doubled in the
adsorption system of two H atoms. Selected atomic adsorp-
tion sites for the single H adatom and H, on Mg;,Al;,(100),
(110), (111) surfaces and Mg(0001) are shown in Fig. 2(a) and (b),
2(c) and 2(d), respectively. For Mg;7Al;,(100), the top sites of a
to e and the bridge site between these are considered. As for
(110) and (111) surfaces, the corresponding atop sites area ~ g
and a ~ i, respectively. As for the adsorption sites of hydrogen
on the Mg(0001) surface, there has been a lot of research

[44,45], thus the same sites, hcp, fcc, top, bri, are repeated in this
work as shown in Fig. 2(d). The adsorption energies of H atom
(H, molecule) on these adsorption sites are employed for the
preferred adsorption sites. The adsorption energy was defined
as Eads = Eslab+adsorbate — Eslab — Eadsorbate, where Eslab-+adsorbate,
Eslab, and Eagsorbate are the total energies of the surface with
adsorbate, of the bare surface, and of adsorbate, while Ey =
1/2Ey,, i.e., corresponding to the H-rich condition. Ey, repre-
sents the energy of the isolated H, molecule, which is calcu-
lated in a large box of 10 x 11 x 12 A%

The adsorption sites with negative adsorption energies are
shown in Fig. 3. For the Mg;,Al;,(100) surface, total adsorption
energy calculations indicate that the H atom with the coverage
of 1/14 ML is deviated to adsorb at the bridge site as shown in
Fig. 3(a). The H atoms in the preferred adsorption sites are all
bonded to the Al atoms. The lowest adsorption energy
(—0.176 eV/H) is obtained when the H atom is adsorbed between
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Fig. 3 — Preferred adsorption sites for single H atom on the (a) Mg;5Al,5(100), (b) Mg,7Al,5(110), (c) Mg;7Al;»(111) and (d)
Mg(0001) surface with negative adsorption energies (in eV), and the bond lengths (in A) of H—Mg (H—Al) are marked in (e), (f),
(g), (h). Color legend: Mg, orange; Al, blue; H, light pink; Mg (Al) below the termination, light orange (blue). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the Mg and Al atoms with distances of 2.06 and 1.70 A, respec-
tively. In the Mg;,Al;,(100) system with H coverage of 2/14 ML,
the model with lowest adsorption energy (—0.219 eV/H) is
considered as the final state for the dissociation of the H,
molecule. Here one H is adsorbed on the site with the lowest
adsorption energy, while the other is adsorbed on another
equivalent site. When the H atom is adsorbed on the
Mg;,Al;5(110) surface at a coverage of 1/11 ML, it is more pref-
erentially adsorbed at the interstitial and bridge sites between
Mg atoms, as shown in Fig. 3(b). The most stable site (—0.278 eV/
H) appears to be at the interstitial site among three Mg atoms in

the (110) system. We have considered all the possible combi-
nation of two H adsorption configurations for the adopted slab
model, i.e., a coverage of 2/11 ML. It reveals that the most stable
one (—0.277 eV/H) is with one H atom at the bridge site between a
and d, and the other at the interstitial site among b, c and d.

As demonstrated in Fig. 3(c, g), in the Mg;7Al;5(111) system
with H coverage of 1/14 ML, the adsorption energies of H
atoms adsorbed on multiple bridge sites between Mg and Mg,
Mg and Al are similar, tending to —0.164 eV and —0.159 eV,
respectively. The bond length of Mg—H varies from 1.95 to
2.05 A, while that of the Al-H bond is about 1.72 A. This
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Fig. 4 — MEPs of H, dissociation on the Mg;,Al;,(100),
Mg;,Al;5(110), Mg,7Al;,5(111), Mg(0001) surfaces. The
energy barrier of hydrogen dissociation on the
Mg1,Al;1,(110) surface is the lowest.

surface has the most preferred adsorption sites, and the
model with double H, i.e. coverage of 2/14 ML, is correspond-
ingly the most abundant, although the lowest adsorption en-
ergy of the two-atom adsorption model is —0.203 eV/H. The
models of two different coverage of H for the three low-index
surfaces of Mg;,Al;, is obtained, followed by the well inves-
tigated Mg(0001) system. According to Fig. 3(d, h), the H atoms
of all four preset adsorption sites (top, bri, fcc, hcp) migrate to
the hcp site (—0.054 eV/H) and the fcc site (—0.078 eV/H) after
optimization when H coverage is at 1/9 ML.

The most stable site for H atom adsorb on Mg(0001) surface
is at fcc site, with adsorption energy of —0.078 eV/H, in line
with the reported —0.080 eV/H [44], —0.076 eV/H [46].
Compared to —0.219 eV/H for Mg;;Al;,(100), —0.277 eV/H for
Mg;,Al;5(110), and —0.203 eV/H for Mg;;Al;5(111), the adsorp-
tion energy of the Mg(0001) system with H coverage of 2/9 ML
is the largest (—0.074 eV/H). Moreover, the adsorption energies
of H, molecule on the Mg;;Al;, surfaces and the Mg(0001)
system are not much difference, around —0.040 to —0.110 eV/
H,. Overall, Fig. 3 shows that the bond length of Mg—H is
roughly between 1.73 and 2.05 A, while that of Al-H is around
1.59 to 1.72 A. When H atom is bonded with Mg and Al atoms
at the same time, the adsorption energy of H atom is lower
than that of bonding alone. Besides, the lowest adsorption
energies of single and double H atoms on Mg;,Al;,(100), (110)
and (111) surfaces are all lower than that of Mg(0001) system.
Overall, Mg;7Al;5(110) surface has the lowest H adsorption
energy, followed closely by the (100) and (111) surfaces.

Hydrogen molecule dissociation

As the adsorption model of the one H, molecule and two H
atoms are obtained, the possible hydrogen molecule dissoci-
ation paths are searched here. The minimum energy paths
(MEPs) and activation barriers of H, dissociation over the
various low-index surfaces of Mg;,Al;; and Mg(0001) surface,
are described in Fig. 4. It is clear that the order of magnitude of
the dissociation barrier for the MEPs is: Mg;7Al1,(110) < Mg;7-
Al;5(100) < Mg;7Al15(111) < Mg(0001), which means that the
hydrogen adsorption kinetics of Mg;,Al,, is faster than that of
pure Mg, consistent with the experimental observations [25].

1S, 88 9 o
4

(a) Mg,;Al,,(100)

(b) Mg,;,Al;5(110)

(c) Mg ;AL (111)  (d) Mg(0001)

Fig. 5 — The charge density difference of H, dissociation on the (a) Mg;,Al;,(100), (b) Mg,,Al;15(110), (c) Mg17Al,15(111), (d)
Mg(0001) surfaces in the IS, TS and FS. The yellow and blue isosurfaces indicating charge accumulation and charge
depletion regions, respectively. Isosurface charge density is taken to be 7 x 10~ e/Bohr>. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)
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The calculated barrier of MEP on the Mg(0001) is 0.84 eV,
similar to the earlier reported results of 0.87 eV [47] and 0.85 eV
[44]. The hydrogen molecules gradually approached the sur-
face, and the two hydrogen atoms also gradually pulled apart
due to the attraction of the surface Mg atoms, ranging from
0.755 to 1.059 to 2.264 A, and the two H atoms were finally
adsorbed at the hcp and fcc sites on the Mg(0001) surface,
respectively. For the Mg;,Al;5(100), (110) and (111) surfaces,
the images at the initial state (IS) are similar. The H—H dimer is
perpendicular to the slab with a H—H bond of ~0.755 A, away
from the surface. Subsequently, the H-H dimers gradually
descended to the surfaces and the two hydrogen atoms
gradually pulled apart, reaching a distance of 1.148, 1.044,
1.256 A in the transition state (TS) on Mg;,Al;,(100), (110) and
(111) surfaces, respectively. It is confirmed that the structures
of TS have only one imaginary frequency, which are 1199.56,
821.71 and 1025.01 cm~* for the three surfaces, respectively. In
the final state (FS), the two H atoms on the Mg;;Al;,(100)
surface are both adsorbed between the Mg and Al atoms to
form Mg—H—Al bond, respectively. This is different from the H
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atoms on Mg;;Al15(110) and (111) surface, which are both
firmly bonded to its nearest Mg atoms. In addition, for the
Mg;7Al15(100), (110) and (111) surfaces, the energy difference
between FS and IS are —0.38, —0.49, —0.25 eV, respectively,
during the dissociation of the hydrogen molecule.

Electronic structure analysis

In order to understand why the H, molecule dissociation
barrier of Mg;,Al;, surfaces are smaller than that of pure Mg
surface, the differential charge density and projected density
of states (PDOS) of Mg;7Al;, and pure Mg surfaces are present
in Figs. 5 and 6. The PDOS of Mg and Al atoms with remarkable
charge transfer are selected out based on the differential
charge density. The Mg (Al) orbitals presented in Fig. 6 is the
sum of the PDOS of all the Mg (Al) atoms involved in the
reaction.

Fig. 5 shows that there is no chemical interaction between
the H, molecule and the metal surfaces in the IS. The charge of
H1 and H2 atoms in all systems listed in Table 2 are all around
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Fig. 6 — PDOS of two H atoms and their immediate neighbors on the (a) Mg;,Al;,(100), (b) Mg,,Al,5(110), (c) Mg,7Al,2(111), (d)

Mg(0001) surfaces in the IS, TS and FS.
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Table 2 — The Bader charge (in e) of the H1 and H2 (after the slash) atoms for the Mg,,Al,,(100), (110), (111) systems and

Mg(0001) system, respectively, in the IS, TS, and FS.

State/system Mg;,Al;,(100) Mg;,Al;5(110) Mgy,Al15(111) Mg(0001)
IS 1.04/0.99 1.03/1.01 1.00/1.04 1.00/1.05
TS 1.24/1.24 1.54/1.57 1.66/1.65 1.57/1.67
ES 1.82/1.82 1.84/1.91 1.94/1.94 1.95/1.97

1.00 e per H, indicating that there is negligible charge transfer
from the metal surface to the H, molecule. In the TS, both H1
and H2 atoms on Mg;,Al;,(100) are bonded to the Al atom on
the surface, while H atoms gain electrons from the Al atom,
which also gains electrons form the nearby atoms. At the same
time, the charge of H1 and H2 are the same, both being 1.24 ¢,
reflecting H1 and H2 occupy two equivalent adsorption sites.
The H1 and H2 atoms in the Mg;;Al;5(110) system bond only
with Mg and gain electrons from the neighbor Mg atoms.
Moreover, the electrons lost by these Mg atoms are given not
only to the H atoms but also to the subsurface Al atom by a
small part. The obtained electrons of the two H atoms in the
Mg;,Al15(110) system are twice as that in the Mg;7Al;,(100)
system.

Compared with the three Mg;;Al;15(100) and (110) system,
the (111) system has the largest value of charges, 1.66 e for H1
and 1.65 e for H2, in the TS. Furthermore, the electrons H
atoms obtained in the Mg(0001) system are only from two Mg
atoms. This may be attributed to fact that the average valence
charge of Mg atoms in the free Mg(0001) surface is 2.00 e, while
it is only about 1.00 e in Mg;;Al;, system. This reflects that
there are significant charge transfers from Mg to Al. In the FS,
H atoms obtain a large number of electrons from the nearby
atoms of the four metal surfaces and forms some strong
bonds with Mg or Al atoms. The charges of H1/H2 in the
Mg;,Al;5(100), (110), (111) systems and Mg(0001) system in FS
are 1.82/1.82, 1.84/1.91, 1.94/1.94, 1.95/1.97 e, respectively. It is
obvious that when a hydrogen molecule dissociates into two H
atoms and then chemisorbed on the metal surfaces, the two
hydrogen atoms can gain 0.82 to 0.97 e per H from the surface,
respectively. It can be speculated that the bonding between
the two H atoms and the three surfaces of Mg;;Al;, are
stronger than that of pure Mg(0001) system. This is due to the
reduced charge value of the Mg atoms in the former system.
As a result, the adsorption energies of the Mg;;Al;,(110) sys-
tems in the TS and FS are much lower than that of pure
Mg(0001) when H atoms gain about the same number of
charges from the metal surfaces.

In the IS, the H, molecule is still far from the metal surface
and there is no overlap between the H, molecule orbitals and
the orbitals of the Mg;,Al;, and pure Mg surfaces as shown in
Fig. 6. The main peaks of the hydrogen molecule orbitals of the
IS for the Mg;7Al;5(100), (110), (111) and Mg(0001) surfaces are
all around —6.7 eV. At the TS, instead, there is a clear interac-
tion between the H 1s orbital and the orbitals of the surface
metal atoms in both Mg;;Al;, and pure Mg systems when
gaseous hydrogen has started dissociating over the surface. In
addition, not only the position of the H 1s orbit seems to have a
significant negative shift during the transition from IS to TS,
the magnitude of the H 1s peak under the Fermi level is also
reduced. This is consistent with the calculations by Pozzo et al.

[47] on the hydrogen dissociation of Mg(0001) system. Among
them, the peak of the H 1s orbital of the Mg;;Al;5(110) system
not only shifts to the lower energy, but also splitinto two peaks
at transition state. The main peak overlaps with the Mg s
orbital and the secondary peak overlaps with the Al 3s orbital.
The distributions of main bonding peaks of are concentrated in
the energy region of —8.0 to —7.5 eV. On the contrast, the
overlap area of H 1s orbitals and Al 3s orbitals in the
Mg;7Al;15(100) system is larger than that of H 1s orbitals and Mg
3s orbitals. Overall, the H 1s orbitals of Mg;,Al;, and pure Mg
systems are shifted positively toward to the Fermi level from
the TS to FS. In the FS, several peaks appear in the H 1s orbitals
in all systems, and the peaks also shift towards the Fermilevel.
Unlike the Mg;7Al;,(100) and Mg(0001) systems, the orbitals of
the H1 1s and H2 1s in the Mg;;Al;15(110) system no longer
completely overlap. Interestingly, the Al 3s orbitals in all three
Mgy7Al; systems show a remarkable change when over-
lapping with H 1s orbital in the TS. Moreover, the main peaks of
Al 3s orbitals are closer to H 1s, which facilitates the overlap of
Al 3s and H 1s orbitals. This likely leads to the fact that the
hydrogen dissociation barrier energies of the MEPs of the three
Mg;,Al;, systems are all lower than Mg(0001) system.

Conclusions

In summary, the structural and electronic characteristics of
Mg(0001) surface and (100), (110) and (111) surfaces of Mg;,Al;»
alloy on hydrogen adsorption are studied with the first-
principles calculations. Through the calculation of surface
energy, the terminations with the lowest corresponding sur-
face energy for Mg;,Al;,(100), (110) and (111) surfaces respec-
tively are selected to investigate the kinetic process of
hydrogen adsorption and dissociation. It is revealed that the
adsorption of Hatoms on Mg;7Al;,(100), (110) and (111) surfaces
are all stronger than that on Mg(0001). The hydrogen dissoci-
ation barriers of these three low-index surfaces of Mg;,Al;, are
all smaller than Mg(0001) system, implying that the kinetics of
hydrogen adsorption on all the three surfaces are faster than
Mg(0001) system. Especially for the Mg;;Al;5(110) system, its
dissociation barrier is 0.59 eV, which is significantly lowered
compared to the Mg(0001) system of 0.84 eV.

Interestingly, analysis of the electronic properties explains
the role of Al in faster hydrogen adsorption kinetics on
Mgy7Aly; surfaces. The differential charge density shows that
there is a significant charge transfer from Mg to Al in the
Mg;,Al;, system. However, the H atoms of (110) and Mg(0001)
gain about the same value of charges in TS and FS, which may
lead to a stronger bonding between the H and the surface of
the former. PDOS shows that the position of the H 1s orbit in
both Mg;,Al;, and pure Mg systems have a significant negative
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shift during the transition from IS to TS, and finally shifts
positively toward back from the TS to FS. Moreover, the main
peaks of Al 3s orbitals are closer to H 1s, which facilitates the
overlap of Al 3s and H 1s orbitals. This explains why the
hydrogen dissociation barrier energies of the MEPs of the
three Mg;,Al;, systems are all lower than Mg(0001) system.
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