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ABSTRACT: We have studied hydrogen adsorption on the
Mg(0001) surface under biaxial strain, using density-functional
theory calculations. A phase diagram is obtained for an
intuitive sense of how the strain and hydrogen chemical
potential affect the structural stabilities of Mg−H system. It is
found that the compressive (negative) strains facilitate the
formation of the H−Mg−H trilayers, a precursor of the
transition to magnesium hydride, due to the fact that the lattice
constant of H−Mg−H trilayer is shorter than that of pure Mg.
However, the magnesium hydride is more energetically favored
with greater lattice constant caused by tensile (positive) strains
which exceed +6%. During the hydrogenation, the H−Mg−H
trilayer and MgH2 bulk-like structures could be coexisting,
where the strain is able to modulate their relative stabilities. These findings are helpful for the understanding of hydrogenation/
dehydrogenation of the Mg−H system and could ultimately improve the design of Mg-based hydrogen storage materials.

1. INTRODUCTION
The fossil fuels have been playing a vital role in human
civilization. The world, however, faces a cruel fact that the fossil
fuels will not take a long time to be run out of in the future.1

Hydrogen energy, with high efficiency and environmental
friendliness, is considered to be one of the most promising
candidates of the clean energies and automotive applications.2,3

There are three crucial steps for the hydrogen economy, i.e.,
production, storage, and utilization. It is a growing consensus
that the hydrogen storage hits a bottleneck due to the lack of
efficient hydrogen storage materials, which meet the ultimate
gravimetric and volumetric targets (2.5 kWh/kg and 2.3 kWh/
L) as well as proper kinetic performance set by DOE.4

Magnesium, which is fairly accessible at low cost, is a
promising hydrogen carrying medium5 for the onboard
applications due to the high gravimetric hydrogen content,
high volumetric density,6 and the highest energy density,7 i.e. 9
MJ/kg Mg. However, there are two main hurdles for MgH2 for
practical usage: (i) slow kinetics in the reaction of hydro-
genation, which may account for surface oxidation of
magnesium,8 low dissociation rate of H2 on magnesium
surface,9 and hydrogen penetration blocking induced by a
surface magnesium hydride layer;10,11 (ii) a high temperature of
350−400 °C and a high hydrogen pressure of more than 3 MPa
are required for the hydrogenation and dehydrogenation
reactions,12 which is ascribed to its high thermodynamic
stability.

To improve the efficiency of hydrogen storage, various
methods have been applied to the design of Mg-based
materials. Previous studies13,14 showed that nanostructuring
of magnesium materials provides rapid storage kinetics,
especially in the hydrogen desorption process, since it lowered
the activation energies of hydrogenation and dehydrogenation.
Moreover, the nanostructuring-induced high surface area, both
in Ti-catalyzed nanocrystalline MgH2

13 and air-stable gas-
barrier polymer matrix with Mg nanocrystals,14 plays an
important role in improvement of sorption kinetics. In addition,
doping and alloying with other metals15−18 have also improved
the efficiency of hydrogen storage.
Strain, often introduced by the mismatched substrate during

epitaxial growth of samples, may be a simple and controllable
approach to modulate the efficiency of hydrogen storage
materials. According to the model analysis,19 the hydride
process of a spherical metallic nanoparticle is found to be
limited in the hydride phase by vacancy diffusion, which is
influenced by lattice strain that impacts the gradient of
hydrogen chemical potential and the vacancy diffusion
coefficient in hydride shell. Experimentally, it has been reported
that20 the strain induced by high pressure torsion of Mg
improves the hydrogen storage capacity drastically. Ye et al.21

have found that the variation of hydrogen absorption and
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desorption hydrogen pressure plateaus attributes to the strain
created upon milling. Moreover, Higuchi et al.22 reported that
the improvement in the dehydriding properties in the
multilayered Pd/Mg/Pd films is due to the elastic interaction,
namely the strain effect, between metal layers. These reports
implied that the strain effect could be helpful to the hydrogen
storage properties of Mg or Mg-based materials.
In this paper, we have systematically investigated the biaxial

strain effect on the Mg−H system by employing the
calculations based on density-functional theory. Considering
various Mg−H configurations, the stabilities of Mg−H
compounds as a function of hydrogen chemical potential and
the strain are determined. The theoretical method and model is
mentioned in section 2, the results are described and discussed
in section 3, and the paper is concluded in section 4.

2. METHODOLOGY

2.1. Computational Details. Our calculations are
performed using Vienna Ab initio Simulation Package.23−25

We use the exchange-correlation with generalized-gradient
approximation (GGA)26 and projector-augmented wave
(PAW) potentials.27 A 5 × 5 × 1 Monkhorst−Pack28 k-point
sampling is used for the Brillouin-zone integration, and the
plane-wave cutoff energy was set to be 310 eV. The internal
optimization is converged with the force on each atom to be
less than 0.01 eV/Å. The energy convergence with respect to
the k-points and cutoff energy has also been tested to be in the
precision of ∼0.01 eV per cell.
We calculated the bulk Mg of hexagonal structure and found

the optimized bulk lattice constant is a = 3.190 Å with the c/a
value of 1.623, which is in good agreement with the
experimental values29 (a = 3.209 Å and c/a = 1.623) and
previous theoretical results.30−32 The Mg (0001) surface is
modeled by a five-layer slab containing a 2 × 2 unit cell with a
vacuum of 15 Å, and the lattice constant of the slab is optimized
to be a = 3.134 Å. The difference of lattice constants is
attributed to the small number of slab layers and is expected to
disappear when the number of layers is large enough. For the
hydrogen uptake, hydrogen atoms are placed evenly and
gradually on both sides of the first three outermost Mg layers,
where the two bottommost layers are fixed and the other layers
are fully relaxed.
We have considered various adsorption configurations, as

shown in Figure 1a−d. More specifically, there are four on-
surface adsorption sites (top, bridge, hcp, and fcc, shown in
Figure 1a) and three subsurface adsorption sites (octa, tetra1,
and tetra2, as the superscripts of 1 and 2 indicate the first and
the second outermost Mg layers shown in Figure 1b−d). The
quantities of adsorbed hydrogen atoms are described by
coverage θ, which indicates the number of adsorbed hydrogen
monolayer. In our models, only the adsorption configurations
with θ ranged from 0 to 6 ML are considered, where the
hydrogen atoms are covering one by one on or below the
magnesium layers from the first outermost to the third
outermost. Note that two adsorption configurations on and
below the second Mg layer, including the f1/t21 + h2/o2

structure [shown in (g) and (h)] and the f1/t21 + f2/t22 one
(not shown), are being considered.
2.2. Surface Thermodynamics. Adopting the formalism

of ab initio atomistic thermodynamics, we compare the relative
stabilities of surface structures under varied strains. The surface
free energy is described as

γ μ μ= − −
A

G m x
1

( )slab Mg H (1)

where Gslab is the Gibbs free energy of the slab model used in
our calculations, A is denoted as the in-plane surface area, and
m and x are the numbers of the magnesium and adsorbed
hydrogen atoms in the unit cell, respectively. The hydrogen
chemical potential, μH, is tunable by the ambient environment
to which the surface is exposed.
The magnesium chemical potential is assumed to be μMg =

(1/m)GPureMgSlab, where m is the number of magnesium atoms
in the slab model of pure magnesium.

Figure 1. Calculation configurations used in this paper. (a−d) The
hydrogen adsorption sites, on Mg(0001), of (a) on-surface top, bridge,
hcp hollow, and fcc hollow (abbreviated as t, b, h, and f, respectively),
(b) subsurface octa, (c) subsurface tetra1, and (d) subsurface tetra2.
(e−h) The H−Mg−H trilayer adsorption configurations of (e) θ1 =
θon
1 = 1 ML (f1 sites), (f) θ1 = θon

1 + θsub
1 = 1 ML + 1 ML = 2 ML (f1/

t21), (g) θTOT = θ1 = θon
1 = 2 ML + 1 ML = 3 ML (f1/t21 + h2), (h)

θTOT = θ1 = θ2 = 2 ML + 2 ML = 4 ML (f1/t21 + h2/o2). (i−n) (i) Top
view and (l) side view of one layer of the MgH2(110) surface. (j) Top
view and (m) side view of one H−Mg−H trilayer. (k) Top view and
(n) side view of the structure of three MgH2(110) layers with two
bottommost layers of magnesium atoms. The notations of
configurations could simply be recognized by the symbol of
abbreviations of adsorption sites (f, h, t, o) and the superscript,
which represents the number of the topmost Mg layer. They are
devided by the slash, which means the combination of the on-surface
and subsurface adsorption sites. For example, f1/t21 + h2/o2 means the
on-surface and subsurface adsorption sites of the first and second
topmost Mg layers are fcc, tetra2, hcp, and octa sites, respectively.
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According to the literature,33−37 the Gibbs free energies in eq
1 can be approximated as the total energies, ETOT, calculated by
the first-principles calculations, as the contributions from
entropy and work done by pressure are negligible for the
solid system. Consequently, Gslab and GPureMgSlab are replaced by
EMg(0001)+xH and EMg(0001), respectively. The stable Mg−H
compounds are obtained by determining the minima of surface
energies under the sameμH, which depends on the ambient
temperature T and pressure P.
To study the strain effect on the adsorption stability, we

investigate various hydrogen adsorption configurations on the
Mg slab under tensile and compressive strains. The lattice strain
is given as follows: εxx = (a − a0)/a0 × 100%, where a (a0) is
the strained (unstrained) lattice constant Mg slab and εxx is in
the range from −9% to 9%. A similar theoretical approach was
previously adopted to study the biaxial strain effect of hexagonal
wurtzite structures.38 The average adsorption energy Ead per
hydrogen atom is calculated by

= − ++ ⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠
⎤
⎦⎥E

x
E E

x
E

1
2xad Mg(0001) H Mg(0001) H2

(2)

where x is the number of the adsorbed hydrogen atoms in the
system, and EMg(0001)+xH, EMg(0001), and EH2 are the total
energies of the optimized Mg−H adsorption system, the clean
Mg slab, and H2 in gas phase, respectively. The value of Ead
indicates the stability of hydrogen adsorption: a negative Ead
denotes that the hydrogen uptake is thermodynamically stable
(exothermic), and the positive one represents that it is unstable
(endothermic). Throughout the present work, both spin
polarization and non-spin polarization are taken into account
in the calculations, and the results show that the energy
difference between them is negligible, which is in agreement
with the result of Jiang et al.31

3. RESULTS AND DISCUSSION
Overall, various adsorption configurations mentioned above
(shown in Figure 1) have been investigated under the strains
ranged from −9% to +9%, and the total number of considered
surface structures exceeds 350. We focus on the structure
stability as a function of the strain and the hydrogen chemical
potential, including an attempt of investigating the transition
from the H−Mg−H trilayer to magnesium hydride bulk
structure. In section 3.1, we present the phase diagram of
structural stabilities. The phase transition of H−Mg−H trilayer
to MgH2 hydride is specified in section 3.2. The geometrical
and electronic characteristics of H−Mg−H trilayer are
discussed explicitly in section 3.3.
3.1. Phase Diagram of Mg−H System. The stable surface

structures are determined as a function of strain and μH by the
lowest surface free energy of all the calculated configurations at
a given strain. The pressure and temperature range of interest
in Figure 2 is determined by the hydrogen chemical potential,
whose dependence on pressure and temperature was proposed
by Reutal et al.33 Test calculations show that H energetically
favors the on-surface fcc site among seven potential adsorption
sites on and below the outermost Mg layer of the slab at low
coverage. Hydrogen atoms would be located at the subsurface
tetra2 site after taking up all the four on-surface fcc sites, and
the fcc/tetra2 configuration becomes the most energetically
favored one (with the average adsorption energy of −0.26 eV)
for θ = 2 ML, in line with the previous results.31 As the
hydrogen coverage increases, there are four typical adsorption

structures shown in Figure 1e−h, in which the H−Mg−H
trilayers are regarded as a precursor of magnesium hydride31

with the same chemical composition. We also consider the
MgH2(110) surface-like structures with the hydrogen coverage
of 2, 4, and 6 ML, as shown in Figure 1k,n for θ = 6 ML.
The stable configurations with respect to the hydrogen

chemical potentials and strains are summarized in a phase
diagram as shown in Figure 2. There are three kinds of stable
structures: the H−Mg−H trilayers, MgH2(110) surface-like
structures, and the intermediate structures (the incomplete
trilayers). It is clear that H2 uptakes are enhanced as μH
increases. With the strains in the range between −9% and
+2%, complete H−Mg−H trilayers are formed on the clean
magnesium slab layer by layer, while the thermodynamically
favorable surface structures are the incomplete H−Mg−H
trilayers rather than those of the complete ones in the range
from +2% to +9%. Thus, the system under compressive
(negative) strains shows a preference for the formation of the
H−Mg−H trilayers.
The calculated phase diagram (cf. Figure 2) also shows that

the structure of the H−Mg−H trilayer is the most energetically
favored within a wide range of strain and chemical potential.
Thus, the formation of H−Mg−H trilayer is a highly
competitive tendency during the hydrogen uptake. However,
the structure of magnesium hydride will be more energetically
favored when the hydrogen coverage reaches a critical value,
which depends on the strain. MgH2 is expected to be
energetically favored at high H coverage, especially under
tensile strain due to lattice expansion after H2 uptake, while the
incomplete trilayers could appear at relatively low H coverage.

Figure 2. Structural stabilities phase diagram showing the principle
surface structure regions of the hydrogen-adsorbed slab as a function
of hydrogen chemical potential and biaxial lattice strain. Five insets are
indicating the specific structures of the phase regions. The region of
incomplete H−Mg−H trilayer includes four subregions, which are
small in size and shown as the overall region in brown. Specifically,
they are incomplete regions with θ = 1.5, 1.75, 2.25, and 2.5 ML. In
the inset of 2.5 ML, the hydrogen atoms in blue represent the sites
with no hydrogen atom adsorbed.
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It should be pointed out that, in our five-layer model, we
keep the two bottommost layers fixed and consider the H2
adsorption in the other three layers. Thus, the coverage of 6
ML corresponds to the maximum of H2 uptake, which is the
most stable for the high μH. It is found that the H−Mg−H
trilayers with θTOT = 6 ML are more stable structures under
strains ranged from −9% to +6%, while the phase transition
into magnesium hydride structure would occur at the strain
near +6% in our model. The compressive (negative) strains is
found to facilitate the transition to the complete trilayers
relatively more easily. The biaxial strain, therefore, imposed on
the Mg−H system provides a tunable way for stabilizing the
adsorption configuration.
In addition, in our model, the fact that the coverage of 6 ML

corresponds to maximum of H2 uptake cause the oversized
region of complete trilayers of 6 ML in the phase diagram (cf.
Figure 2). Also, it leads to the disappearance of the region of
complete trilayer of 4 ML, which shows the similar competence
on the adsorption energy with the complete trilayer of 6 ML.
With a thicker model, the lattice of slab is expected to approach
that of bulk and the regions of H−Mg−H trilayers with θTOT =
2n ML (n is positive interger) are expected to show up as the
hydrogen chemical potential goes up. Nevertheless, the trend
caused by the strain effect is still shown clearly despite of the
limitedness of our five-layer model. With a thicker model, the
phase transition into MgH2 is thought to occur with less
positive strains as the number of uptake hydrogen atom
increases.
3.2. Stability of H−Mg−H Trilayers. We notice that the

phase transition from θTOT = 0 region to a region where a
complete H−Mg−H trilayer forms with θTOT = 2 ML seems to
be abrupt for strain of −9% to +2% (cf. Figure 2). Our
calculations show that the complete H−Mg−H trilayer is
energetically more favored than other adsorption configu-
rations. The local H−Mg−H trilayer, rather than the structures
with hydrogen dispersed in the Mg film, tends to form when
the coverage is less than 2 ML. Hence, the complete H−Mg−H
trilayer with various monolayers dominates the phase diagram.
In addition, the H−Mg−H trilayers are novel precursors, which
possess a smaller lattice length compared to the Mg substrate,
in contrast to the expectation of lattice expansion of the
substrate due to H2 uptake. The H−Mg−H trilayers are stable
and the interactions between neighboring layers are weak. In
the following sections, we would study the stability of the H−
Mg−H trilayers on Mg(0001) surface according to the analysis
of geometrical and electronic properties.
We have investigated the variations of hydrogen adsorption

energies as a function of θ, as shown in Figure 3. The calculated
adsorption energies are all with respect to the energy of H in its
molecule as expressed in eq 2. The adsorption energy of
complete trilayers corresponding to θTOT = 2 and 4 ML are
more favored than those of the incomplete ones. The
adsorption energies are also dependent on the adsorption
configurations. The adsorption configuration prefers f1/t21 +
f2/t22 to f1/t21 + h2/o2 (cf. Figure 1), except for the situations
of θTOT = 2.25 ML and θTOT = 2.5 ML with tiny differences of
0.01 eV. It indicates that the f1/t21 + f2/t22 configuration, when
the coverage is in the range from 2 to 4 ML, is the most stable
one among the studied adsorption configurations.According to
the partial densities of states shown in the inset of Figure 3, it is
found that the atomic orbital hybridization in H−Mg−H
trailyer is dominated by bonding states consisting of Mg s and
H s states. The hybridizations between Mg s and H s are strong

in the complete trilayer (the peak sharpness), while the extents
of the hybridizations are much weaker in the incomplete
trilayers with θTOT = 1.75 ML and θTOT = 3.75 ML. Thus, the
relative stabilities of the complete trilayers are attributed to the
strong hybridization between Mg s and H s.
We further studied the structural symmetry of H−Mg−H

trilayer, as the higher structural symmetry of the trilayer might
strengthen the hybridization. The free H−Mg−H trilayer
shows high symmetry at its lattice constant of 3.01 Å. More
specifically, in a H−Mg−H bond, the bond lengths of Mg and
both Hon and Hsub are 1.97 Å with a bond angle of 180°. It is,
therefore, the straight-linear configuration where the electro-
static repulsion between the H atoms is screened by the middle
Mg and a drastic system energy decrease occurs. Figure 4 shows
the related structural variations of the system under strains. For
a free H−Mg−H trilayer, shown in the inset of Figure 5, both
the bonding state and the antibonding state are witnessing the
peaks of strong hybridization between the Mg which stands in
the middle and the two hydrogen atoms on both sides.
Consequently, the configuration of high symmetry leads to a
drastic system energy decrease and forms the ground state of
H−Mg−H trilayer which is in high symmetry. The lattice
preference of free H−Mg−H trilayer means that the pure Mg
system with a smaller lattice constant of 3.01 Å, approximately
−4% of the strain, tends to form the structure of H−Mg−H
trilayer, especially when the hydrogen coverage is relatively low.
When the biaxial compressive strains are imposed on the a−b

plane, the distance between two Mg on the same plane is
shortened. This may cause the hurdle for the hydrogen
diffusion along the [0001] direction. We estimate that the effect
of squeezed Mg atoms does not influence the kinetic properties
dramatically, and we here mainly focus on the thermodynamics
problems. As shown above, the formation of H−Mg−H trilayer
would shorten the distance between Mg atoms on the a−b
plane. Thus, the H−Mg−H trilayers would become unstable
when the tensile (positive) strains are imposed. In addition, the
tensile strains on the Mg slab shorten the interlayer distance
along the z direction. Figure 4a,b shows the variations of the
interlayer spacing after the formations of H−Mg−H trilayers

Figure 3. Adsorption energies of the system where the coverage range
is between 0.25 and 4 ML at zero strain. In the coverage range from
2.25 to 4 ML, two adsorption configurations have been considered.
The inset shows the partial densities of states for the hydrogen and Mg
atoms of the same H−Mg−H trilayer ((a) and (b) in the first
outermost one, (c) and (d) in the second outermost one) at zero
strain.
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under strains. It is significantly enlarged with the compressive
strains introduced while it does not change dramatically with
the tensile strains introduced. We describe the coupling by the
interaction energies (Eint) between the trilayers and the rest of
the magnesium atoms underneath, as shown in Figure 4c. The
coupling is significantly weakened at negative strains with the
Eint of 0.1 eV, while the Eint is much greater at tensile strains.
The stronger coupling indicates that the trilayers can not be
independently stable under large tensile strains, which confirms

the rationality of the existence of the incomplete trilayer(s) in
the phase diagram. As the tensile strain increases, the stabilities
of H−Mg−H trilayers decrease and the coupling between
interlayers increases, leading to the transitions from the
complete H−Mg−H trilayers to the incomplete ones and the
MgH2 bulk structures finally.

3.3. Phase Transition from H−Mg−H Trilayers to
MgH2. According to the phase diagram, there will be either a
stacking of the H−Mg−H trilayers or a phase transition to
MgH2 bulk structure, depending on the biaxial strain, as the
hydrogen coverage keeps increasing. We take in account both
the H−Mg−H trilayer and the MgH2 (110) surface structures,
investigating the stability dependence on both the strain and
the number of layers (shown in Figure 5). It is manifested that
the total energy decreases remarkably with the increasing
number of layers of the MgH2(110) surface structure, while the
energies of the H−Mg−H trilayers are insensitive to the
number of trilayers. The interaction between the trilayers is
clearly weak, since the single H−Mg−H trilayer is stable with a
large energy difference over 4 eV (shown in the inset of Figure
5). When the number of layers is four or more, the MgH2(110)
surface structure is more energetically favored. The structure of
H−Mg−H trilayer acts like a precursor, and the transition will
occur as the coverage increases. The favored lattice constants of
the H−Mg−H trilayer and the structure of single layer of MgH2
(110) surface are found to be 3.01 and 3.45 Å, respectively.
Though the interface of MgH2 and H−Mg−H trilayer is
complicated, the negative strain is expected to enhance the
stability of the H−Mg−H trilayer, and MgH2 (110) surface will
be energetically favored at the positive strain since the lattice
constant of Mg film is 3.134 Å. It can be inferred that, during
the hydrogenation, the structure of H−Mg−H trilayer shows
big energetic advantages at the beginning and has a great
impact at the initial stage of hydrogenation while the structure
of MgH2(110) surface is absolutely more favored as θ reaches a
critical value. The reason is that the drastic energy decrease
would be induced by the saturation of dangling bonds in the
structure of MgH2(110) surface as the number of hydrogen
adsorbed Mg layers keeps increasing. Therefore, the bulk-like
structure tends to form as the hydrogen atoms penetrate into
the Mg material. Of note, the lattice constant we defined here is
based on an assumption of the hexagonal unit cell of Mg ab-
plane. The included angle between a- and b-axes of H−Mg−H
trilayer is found to be 120° while the one of MgH2(110) is
129°19′, suggesting that the Mg atoms on MgH2(110) surface
unit cell is as-hexagonal. The area of the ab-plane of the unit
cell, therefore, is adopted in Figure 5 to describe the strain
effect more intuitionally rather than the lattice constants
themselves. It is known that the high temperature is always
required for the Mg−MgH2 phase transition.39 The lattice
constant preference of the single layer of MgH2 (110) surface
may illustrate us a possible approach of promoting the Mg−
MgH2 phase transition by imposing a positive strain.
According to our study, the metal−hydride phase transition

resulted from the competition between the H−Mg−H trilayer
and MgH2. That is, when the hydrogenation starts (θ is small),
the system without strain prefers to the formation of H−Mg−
H trilayer(s). Subsequently, the formation of H−Mg−H
trilayer(s), which has a smaller lattice constant, will induce
the compressive (negative) strains and facilitate the formation
of more H−Mg−H trilayers. As θ increases, the MgH2
structures would be energetically more favorable, and the
phase transition occurs. Meanwhile, the tensile (positive)

Figure 4. (a, b) Variations of spacing between the neighboring Mg
layers in the configurations where the H−Mg−H trilayer(s) is (are)
formed. (c) The interaction energies between the H−Mg−H
trilayer(s) and the rest of Mg atoms. The variation of spacing Δdmn
is calculated by the following equation: Δdmn = (dmn − d′mn)/d′mn ×
100%, where d′ and d and the subscripts of m and n mean the distances
before and after structure optimization and the mth and nth outermost
Mg layers, respectively. The interaction energies are calculated by the
equation Eint = ETrilayer(s) + ERestofMgLayer(s) − ETrilayer(s)/RestofMgLayer(s).

Figure 5. Comparisons of structural stabilities of multilayers of two
structures. The blue line represents the ab-plane area of unit cell with
lattice constant (a = b = 3.134 Å) of our slab model. The energies of
each structure have been divided by the number of layers. The inset
shows the partial densities of states for the hydrogen and Mg atoms of
free H−Mg−H trilayer. T′ and M′ represent the structure of trilayers
and MgH2(110) surface, respectively.
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strains will be induced and the MgH2 structure is further
stabilized as it has a greater lattice constant. Thus, the
compressive (negative) strain is important at the initial stage
of hydrogen adsorption on Mg metal, leading to a more easily
formed H−Mg−H trilayer structure.
It is concluded that the strain effect is important for the

hydrogenation process because it can lead the hydrogen
adsorbed system to different stable structures. Namely, the
strains can be utilized as a tool to tune the hydrogenation
process. Although MgH2 is energetically favored at the positive
strain region in the phase diagram, where all the strains are with
respect to the lattice constant of pure Mg slab (3.134 Å), a
negative (compressive) strain with respect to the lattice of
MgH2 is required to destabilize it and thus facilities the
dehydrogenation process.
Note that the phase transition from trilayer to hydride is

complicated, which concerns not only the energetic stabilities
of structures but also interface matching. Experimentally,
Kelekar et al.40 have found that the MgH2(110) surface could
form epitaxially on Mg(001) surface, which shares similar
arrangements of Mg atoms with MgH2(110) surface. For
simplicity, the interface matching here is based on similar
arrangements of Mg atoms of H−Mg−H trilayer and MgH2
(110) surface for a preliminary study. Nevertheless, the trend of
the phase transition from H−Mg−H trilayer to MgH2 with
respect to H chemical potential and strain (cf. Figure 2) are
reasonable based on our discussions.
In fact, there are some recent experimental observations and

theoretical reports supporting our discussions above. Baldi et
al.41 indicated experimentally that the clamping effect, which
can be regarded to the compressive (tensile) effect in our work,
results in a higher MgH2 formation enthalpy and is the hurdle
for the metal−hydride formation of H−Mg−H trilayers
precursor. From theoretical prospective, Jiang et al.31 showed
that the sequence of phase transition during hydrogen uptake
was: five pure magnesium layers → one H−Mg−H trilayer and
four pure magnesium layers→ two H−Mg−H trilayers and
three pure magnesium layers → transition to magnesium
hydride. It is mainly in accordance with the result shown in our
phase diagram. Jiang et al.31 forecast the trilayer−hydride
transition happens as the coverage reaches to 6 ML in the way
of stacking the MgH2(110) surfaces freely, which leads to a
lower formation of energy. The model we used (see Figure
1k,n) is built based on the lattice of pure Mg(0001) surface, in
order to stimulate the authentic hydrogen uptake process.
Consequently, the lattice misfit of the bottommost layers of
pure Mg and the layers of MgH2(110) surfaces results in a high
total energy for the MgH2 phase.

4. CONCLUSION
In summary, we have investigated the biaxial strain effects on
the magnesium hydrogen storage material. According to the
phase diagram and the analysis geometrical and electronic
properties, we demonstrated that the compressive (negative)
strains benefit the hydrogenation to form H−Mg−H trilayers
precursor at the initial stage with relatively small number of
layers. With further hydrogen uptake, bulk MgH2 is energeti-
cally favored, especially under tensile (positive) strain with
respect to the lattice constant of Mg slab. We found that the
stability of H−Mg−H trilayers precursor, which is vital at the
initial stage of hydrogen adsorption, can be modulated by the
biaxial strain effectively. Negative (compressive) strains can
facilitate the hydrogenation process for Mg system at the initial

stage. Negative strains (with respect to the lattice of MgH2, not
the reference of Mg slab as adopted in Figure 2) also promote
the dehydrogenation of the MgH2 systems. We propose that
the biaxial strain tuned hydrogenation/dehydrogenation could
provide a practical approach for promoting the efficiency of the
Mg−H system.
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