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We have systematically studied the role of four typical metal impurities (Ti, Nb, Al, and In) in the 
diffusion of hydrogen atoms into magnesium bulk by first-principles calculations. We find that Ti, Nb, and 
Al energetically prefer to substitute Mg atoms in the inner layers rather than the outmost layer, which In 
favors, with the consideration of H adsorption. The existence of the subsurface Ti or Nb atoms enhances 
hydrogen atom diffusion with respect to the pure Mg system, beneficial to the formation of H–Mg–H
trilayer structure and its subsequent transition to Mg hydride. The doped Al or In atoms, however, provide
no obvious help to the formation of MgH2.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The widely challenged energy crisis and environmental pol-
lution are intensively associated with the large amounts carbon 
dioxide produced by limited fossil fuels [1], which could be re-
placed by many environment friendly energy sources, such as solar, 
wind, biomass energies etc. For the ultimate utilization of these re-
newable energies, especially in mobile industry, hydrogen energy 
is vital due to its high energy density and clean product, as well 
as easily transformed to various energy forms [2]. One of the key 
issues for the applications of hydrogen fuel cell technology is to 
find safe and efficient hydrogen storage materials. Hydrogen stor-
age materials mainly include conventional metal hydride, chemical 
hydrides, complex hydrides, and sorbent systems [3], but the chal-
lenge remains for finding suitable hydrogen storage materials to 
satisfy U.S. Department of Energy (DOE) 2020 light-duty vehicle 
system targets [4], regardless of constant effort of decades.

On the basis of the high gravimetric hydrogen capacity of 
7.7 wt% and high energy density of 9.9 MJ/kg [5], magnesium, 
a relative simple system with a low price as well, is a promising 
candidate for hydrogen storage materials of hydrogen fuel cells [6]. 
There are, however, still two serious limitations for the practical 
applications of magnesium hydride: high dehydrogenation tem-
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perature and slow hydrogen sorption kinetics [7]. It should be 
pointed out that the hydrogenation of Mg occurs at a temperature 
as high as 350–400 ◦C under a hydrogen pressure of greater than 
3 MPa [8]. In order to find feasible magnesium-based hydrogen 
storage materials, it is crucial to understand their hydrogenation 
process, which is often divided into several basic steps. The dis-
sociation of hydrogen molecules, the diffusion of hydrogen atoms 
from surface into bulk, the formation of host metal solid solution 
dissolved with hydrogen, and finally the transition to metal hy-
dride [9].

Vegge showed that the dissociation and recombination of hy-
drogen molecules was the rate-limiting processes in adsorption 
and desorption of hydrogen at the Mg (0001) surface [10]. It 
should be pointed out that earlier theoretical studies paid atten-
tion mostly to the effect of catalysts on the surface dissociation 
and adsorption of hydrogen. Several approaches have been pro-
posed to overcome the dissociation barrier of hydrogen molecules: 
catalysts [11], steps [12], defects [13] and tensile strain [14]. We 
also studied the stability of TMs on Mg (0001) surface and their 
effects on hydrogen adsorption and found that a combined Ti and 
Nb co-doping is effective in promoting hydrogen dissociation and 
adsorption [15]. Dai et al. reported that Al can improve the dehy-
drogenation properties of MgH2 system by weakening the interac-
tion between Mg and hydrogen atoms [16]. Magnesium can form 
Mg–In solid solution alloys through mechanical alloying with in-
dium. Mg (In) solid solution, which can be reversibly formed by 
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dehydriding from its hydrogenated produces, shows lowered reac-
tion enthalpy compared with pure Mg [17].

Nevertheless, the diffusion of hydrogen from surface into bulk 
interstitial sites is an essential step to form magnesium hydride 
since the rate-limiting step will become the diffusion of hydro-
gen through the growing MgH2 layer once MgH2 nucleates [18]. 
Jiang et al. found a stable local H–Mg–H trilayer, a precursor state 
for Mg hydride [19]. Later on, our study revealed that the biaxial 
strain remarkably affects the structural stabilities of Mg–H system 
and found that the formation of the H–Mg–H trilayers is assisted 
by compressed strains while the following transition to Mg hy-
dride would be helped by tensile strains [20]. We also studied the 
express penetration of hydrogen on Mg (10 1̄3) along the close-
packed-planes, indicating the crucial role of hydrogen diffusion in 
Mg hydrogenation [21]. With the repetition and stack of H–Mg–
H trilayer structure, the formation of MgH2 will be favorable. Xin 
et al. studied the effects of subsurface Mg vacancy on hydrogen 
trapping property and diffusion of hydrogen, concluding that the 
diffusion route and barrier of hydrogen atom are hardly affected 
by the subsurface vacancies [22].

In this paper, we select four typical metal impurities (Ti, Nb, 
Al, and In) with consideration of their interaction strength with 
H atoms and have systematically investigated the diffusion of ad-
sorbed hydrogen atoms from surface into bulk magnesium. We 
reveal that the doped Ti or Nb enhances hydrogen atom diffusion 
and promotes formation of H–Mg–H trilayer structure, while the 
doped Al/In does not.

2. Computational method

All our calculations were performed with Vienna Ab initio Sim-
ulation Package (VASP) based on the Density Functional Theory 
(DFT) [23,24]. We used projector augmented wave (PAW) poten-
tials [25,26] to describe the electron–ion interactions, and the gen-
eralized gradient approximation (GGA-PBE) [27] was used for the 
calculation of the exchange–correlation functional. For all calcula-
tion, the electron wave function was expanded using plane waves 
with an energy cutoff of 400 eV. For all of the relaxations, the en-
ergy difference of 10−4 eV was set as the convergence criterion 
between successive ionic steps and the forces on each atom were 
minimized up to 0.01 eV/Å [28].

The optimized lattice constants of bulk Mg of hexagonal struc-
ture were a = 3.19 Å and c = 5.21 Å, and the cohesive energy 
(Ecoh) was 1.50 eV/atom in our calculations, in good agreement 
with the experimental values [29] (a = 3.21 Å, c = 5.21 Å, and 
Ecoh = 1.51 eV/atom) and previous theoretical results [30]. The Mg 
(0001) surface with four catalysts doped for only single hydrogen 
adsorption and diffusion was modeled using a 3 × 3 surface unit 
cell with six atomic layers. The Brillouin zone of the Mg (0001) 
surfaces were sampled with a 5 × 5 × 1 k-point mesh following 
the Monkhorst–Pack scheme [31]. The vacuum space was set to 
15 Å to guarantee a sufficient separation between the periodic im-
ages along the z direction. Hydrogen and Mg atoms in the top four 
layers were fully relaxed in the calculations, whereas the bottom 
two layers were fixed at their bulk configurations. Convergence 
tests indicated that the cutoff energy and k-point sampling were 
sufficient to have the energy converged within 1 meV per atom.

The minimum energy path (MEP) for the diffusion and the cor-
responding diffusion barrier were determined using the climbing 
image nudged elastic band (CI-NEB) method [32]. For each diffu-
sion path, we selected at least seven images to optimize simul-
taneously to get the MEP and the migration barrier. The spring 
constant of 5.0 eV/Å2 was used for all diffusion barrier calcula-
tions and the force convergence criteria for each atom of images 
was set to 0.03 eV/Å.
Fig. 1. (Color online.) The substitutional energy of four typical metal impurities (Ti, 
Nb, Al, and In). The red, green, and blue bar graph represent metal impurities doped 
in the first, second, and third layers, respectively. The inset graph in the right panel 
shows the structure of our Mg (0001) surface model.

3. Results and discussions

3.1. Substitutional energy and site preference

First, we have studied the stability of four typical metal impu-
rities substitutions in different layers of Mg (0001). The interstitial 
sites are not considered for the impurities since Banerjee et al. has 
reported that these sites are not favored energetically [33]. The 
substitutional energy for metal impurities doped Mg (0001) sur-
face is defined as:

Esub = EM/Mg (0001) + EMg − EM − EMg (0001), (1)

where EM/Mg (0001) is the energy of the metal impurities substi-
tuted Mg surface, EMg and EM is the energy of the Mg and metal 
impurities in the corresponding bulk structures, and EMg (0001) is 
the energy of a clean Mg surface. By definition, a negative Esub
value implies that the metal impurities will not segregate from 
bulk Mg. The calculated Esub values for various metal impurities 
at different layers of the Mg surfaces are illustrated in Fig. 1.

The negative substitutional energy of In indicate that In is mis-
cible in bulk Mg. This is consistent with the fact that Mg and In 
will form Mg–In solid solution alloys by mechanical alloying. It is 
clear that the substitutional energy of Al is a rather small although 
positive, in line with the fact that Mg–Al compound can also form 
in experiment and Al can also dissolve in Mg at certain degree. 
Meanwhile, the other two metals will not form compounds or solid 
solutions with Mg. By comparing the substitutional energies of dif-
ferent layers, we find that all of the four metal impurities except In 
prefer to substitute Mg atoms in the inner layers rather than the 
outmost layer.

The interaction between transition metal impurities and Mg is 
dominated by the d levels of the metal impurities and the p levels 
of Mg [15]. When metals without partially filled 3d or 4d orbitals 
involved, we may discuss the charge transfer between metal im-
purities and Mg based on Pauling electronegativity. The Pauling 
electronegativity of Ti, Nb, and Al are 1.54, 1.60, and 1.61, while 
In is much stronger, with the value of 1.78. We have calculated the 
charge density difference of Mg (0001) surface structure alloyed 
with Ti/In (cf. Fig. 2). Here, ρdiff = ρMg/M − ρMg − ρM, and ρMg/M, 
ρMg, ρM stand for the charge corresponding to the metal impurity 
doped Mg (0001) surface, the doped Mg (0001) surface with the 
impurity atom removed, and the free impurity atom, respectively. 
For Ti/In, the charges are transferred from the six nearest neighbor 
Mg atoms to the doped atoms since the doped impurities are of 
stronger electronegativity than that of Mg. According to Fig. 2, the 
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Fig. 2. (Color online.) Charge density difference (in unit of e/Bohr3) of Mg (0001) 
surface structure alloyed with Ti and In. MgTi1, MgIn1, MgTi2, MgIn2, MgTi3, and 
MgIn3 represent Mg and In doped in the first, second, and third layers, respectively. 
Warm and cold colored areas indicate electron depletion and accumulation, respec-
tively.

Fig. 3. (Color online.) Different high symmetry sites on or below Mg (0001) sur-
face. (a) Four different adsorption sites for hydrogen atom on Mg (0001) surface; 
(b) Three different interstitial sites under the top layer of Mg (0001) surface; (c) Dif-
ferent interstitial sites in bulk Mg. The orange, white, and green balls denote Mg, 
hydrogen, and substitutional metal impurities, respectively.

accumulated electrons are mostly located around the center part 
of impurity metals, in particular for In cases, implying the stronger 
Pauli electronegativity of In than Ti.

According to the substitutional energy of different metal impu-
rities doped Mg surfaces in different layers, we choose Mg surface 
with Ti, Nb, and Al doped in the second layer and In doped in the 
first and second layers since they are energetically favored. There 
are four possible adsorption sites for hydrogen atom on an ideal 
Mg (0001) surface, top, bridge, fcc hollow, and hcp hollow sites. 
Considering that hydrogen atoms diffuse into the interstitial site 
near the outmost layer of Mg (0001) surface, we know that three 
nonequivalent high symmetry sites are available, tetrahedral site-1 
(tet-1), tetrahedral site-2 (tet-2), and octahedral site (oct), as illus-
trated in Fig. 3. Here, we select fcc hollow, hcp hollow, and three 
interstitial sites since they are more favorable for hydrogen atoms 
than the other sites.

The adsorption energy (Ead) for hydrogen atom adsorbed on Mg 
(0001) surface is defined as:
Fig. 4. (Color online.) The hydrogen adsorption energies of pure Mg (0001) surface 
and Ti or Nb doped Mg (0001) surface. The black empty squares represent hydrogen 
atom placed in the 1-tet-2 site, and consequently hydrogen atom will be pushed up 
to the surface hcp hollow site after a full structure relaxation.

Ead = EH/Mg (0001) − EMg (0001) − (1/2)EH2, (2)

where EH/Mg (0001), EMg (0001), and EH2 are the energies of the 
slab with one hydrogen adsorbed on Mg surface, the Mg surface 
without hydrogen adsorbed, and an isolated hydrogen molecule, 
respectively. A positive value of Ead indicates the adsorption con-
figuration is unstable with respect to the hydrogen environment 
since the reaction between Mg surface and hydrogen is endother-
mic.

Our calculated results show that hydrogen atoms energetically 
prefer the fcc hollow sites on pure Mg (0001) surface, and particu-
larly the nearest ones to the impurities when Ti and Nb are doped 
at the second layer. As for Al and In doped Mg (0001) surface, 
we find that the hydrogen atom placed on the nearest neighbor 
high symmetry sites around the doped atoms will be pushed to 
the second nearest neighbor high symmetry sites, i.e., the interac-
tion between hydrogen and Al or In is repulsive. The difference of 
adsorption energy of hydrogen at fcc hollow site for pure, Ti doped, 
and Nb doped Mg (0001) surface is nearly negligible, but for hy-
drogen at the hcp hollow site, the difference is about 0.2 eV, as 
illustrated at s-fcc and s-hcp site in Fig. 4.

Subsequently, we calculate the formation energy of interstitial 
hydrogen sites around the doped atoms in the top three Mg layers. 
It is found that the hydrogen atom located in the interstitial site 
around the doped Al or In atoms will also be pushed far away from 
the doped atoms, but for pure, Ti doped, and Nb doped Mg (0001) 
surfaces, the hydrogen atom will stay at their original interstitial 
sites nearby the doped atoms. Therefore, we will continue to com-
pare the formation energy of interstitial hydrogen at different high 
symmetry sites around the doped atoms in the top three layers of 
pure, Ti doped, and Nb doped Mg (0001) surfaces.

Fig. 4 shows the calculated formation energies of interstitial hy-
drogen at various sites corresponding to those in Fig. 3(c). We can 
come to a conclusion that the interaction between the hydrogen 
atom and Ti/Nb atom is remarkably strong. All the formation en-
ergies of interstitial hydrogen around Ti and Nb are negative with 
respect to the corresponding pure Mg interstitial sites. But when 
interstitial hydrogens is separated by a layer of Mg atoms with the 
doped Ti or Nb atom, such as the 3-oct site, the influence of Ti 
and Nb will degrade to be negligible. Thus, the doped impurities 
basically have an impact only on the formation of surrounding in-
terstitial hydrogen atoms. We can find that the formation energy 
of pure Mg (0001) surface and Ti doped or Nb doped Mg (0001) 
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Fig. 5. (Color online.) Diffusion routes and barriers of hydrogen atom from surface 
fcc hollow site into the deeper tet-1 site below the third layers of pure, Ti doped, 
and Nb doped Mg (0001) surfaces.

surface is roughly equal when hydrogen adsorbed on the surface 
of Mg (0001) or in the third layer below the outmost layer.

The black empty square in Fig. 4 represents the hydrogen atom 
placed in the 1-tet-2 site between the first and second layers in 
pure Mg (0001) surface. It will migrate to the surface hcp hol-
low site after a full relaxation. While the corresponding H stays 
at 1-tet-2 site in Ti and Nb doped Mg surfaces. This is mainly 
attributed to the doping metal impurity and indicating that the in-
teraction between hydrogen atoms and Ti/Nb atom is significantly 
strong.

According to above discussion, we know that the interaction be-
tween H and Nb/Ti is rather strong. However, Al and In have very 
weak interactions with H atom as H atoms are often pushed away 
from Al or In, although Al has a similar Pauling electronegativity 
of Nb (1.60 vs 1.61). We may summarize that H atoms has weak 
interaction with metals without partially filled 3d or 4d orbitals, 
while the interaction of transition metals are strongly related to 
their Pauling electronegativity, i.e., the larger electronegativity, the 
weaker interaction with H atom.

3.2. Diffusion of hydrogen

Following the above investigation of site preference of hydrogen 
atom, we investigate the diffusion of hydrogen atoms from surface 
into the bulk. For the diffusion of hydrogen from surface adsorbed 
site into subsurface interstitial site on impurity doped Mg (0001) 
surface, H at fcc or hcp hollow site on the surface and tetrahe-
dral site-1 between the first and second layers are considered as 
the initial and final states respectively, and the octahedral site be-
tween them is expected to be an intermediate state according to 
the calculated adsorption configurations. For the sequentially dif-
fusion of hydrogen from the shallower tetrahedral site-1 (between 
the first and second layer) into the deeper tetrahedral site-1 (be-
low the second layer), the most probable pathway should follow 
the route: shallower tet-1 → tet-2 → oct → deeper tet-1.

Fig. 5 shows the optimized MEP and their corresponding bar-
riers for hydrogen diffusion from surface fcc hollow site into the 
deeper tet-1 site below the third layer for pure, Ti doped in the 
second layer, and Nb doped in the second layer of Mg (0001) 
surfaces, respectively. For the dissociated hydrogen atom initially 
adsorbed on Ti or Nb doped Mg (0001) surface, the fcc hollow site 
near the doped atoms is the initial state and the diffusion pathway 
follows the route: s-fcc → 1-oct → 1-tet-1 → 2-tet-2 → 2-oct →
2-tet-1 → 3-tet-2 → 3-oct → 3-tet-1, as shown in Fig. 3(c). Mean-
Fig. 6. (Color online.) Diffusion routes and barriers of hydrogen atom from surface 
fcc/hcp hollow site into the deeper 2-tet-2 site of pure, the second layer Al and In 
doped Mg (0001) surfaces.

while, we choose the same path for pure Mg (0001) surface as a 
reference.

As shown in Fig. 5, the diffusion barrier of H from surface fcc 
hollow site into subsurface 1-tet-1 site in pure Mg system is about 
0.43 eV, which is in line with the theoretical result by Li et al. 
(0.45 eV) [34]. For Ti or Nb doped Mg systems, the corresponding 
diffusion barriers for adsorbed H are slightly higher to go through 
the first Mg layer. When hydrogen further diffuses from 1-tet-1 
site into the deeper 2-tet-1 between the second and third Mg lay-
ers, the situation are completely different. We see from Fig. 5 that 
the diffusion barrier for H in pure Mg system is 0.32 eV, which 
is in line with the result by Xin et al. (0.31 eV) [22], nearly twice 
as large as that in Ti or Nb doped Mg systems. Finally, for the 
following diffusion of H down to the 3-tet-1 below the third Mg 
layer, the diffusion barrier has no remarkable change for pure Mg 
system. For Ti and Nb doped Mg systems, the diffusion barriers 
away from the doped atoms climb up to 0.60 eV and 0.71 eV re-
spectively. It is understandable that the barrier will be small or 
negligible when H approaches to the impurities (such as Ti and 
Nb) with strong interaction with H, and a high barrier when H 
leaves the impurities.

It is obvious from our study that the hydrogen atom attempts 
to diffuse through the oct site to reduce the barriers, and hydro-
gen atoms diffuse easier around the doped Ti or Nb than in the 
pure Mg. With more Ti atoms spreading in Mg systems, the dif-
fusion of hydrogen atom will become much easier, and this will 
be beneficial to the formation of trilayer H–Mg–H structure and its 
transition to Mg hydride.

Fig. 6 shows the optimized MEP and their corresponding barri-
ers for hydrogen diffusion from surface fcc or hcp hollow site into 
the deeper 2-tet-2 site for pure, the second layer Al and In doped 
Mg (0001) surfaces. For the dissociated hydrogen atoms initially 
adsorbed on the second layer Al or In doped surfaces, the second 
nearest neighbor hcp hollow site near the doped atoms (not the 
top hcp hollow site of the doped atom) is the most preferable site 
and the diffusion pathway is expected to follow the route: s-hcp 
→ 1-tet-2 → 1-oct → 1-tet-1 → 2-tet-2, as shown in Fig. 3(c). 
Meanwhile, we choose the similar path for pure Mg (0001) surface 
for comparison. As shown in Fig. 6, the oct site between 1-tet-2 
and 1-tet-1 is not the intermediate state for the diffusion route of 
H around Al/In closely, due to the repulsive interaction between H 
and Al/In. As the hydrogen atom keeps away from the doped Al 
or In atoms, the practical diffusion routes and barriers in Al or In 
doped systems are basically no different from the pure Mg system.
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Fig. 7. (Color online.) Diffusion routes and barriers of hydrogen atom from surface 
fcc hollow site into the deeper 2-tet-2 site of In doped in the first layer of Mg 
(0001) surface.

Fig. 7 shows the optimized MEP and corresponding barriers for 
hydrogen diffusion from surface fcc hollow site into the deeper 
2-tet-2 site for the first layer In doped surface. In this case, the 
second nearest neighbor fcc hollow site near the doped atom is the 
most preferable site at the beginning and the diffusion pathway 
should be the route: s-fcc → 1-oct → 1-tet-1 → 2-tet-2, as shown 
in Fig. 3(c). As shown in Fig. 7, the octahedral site between 1-tet-2 
and 1-tet-1 is the intermediate state for the diffusion. Since the 
interaction between hydrogen and Al/In is repulsive, Al and In have 
little impact to the practical diffusion of hydrogen atoms as they 
are far away from the impurities.

As a result, we conclude that the existence of the Al/In impuri-
ties, no matter in the first or second layer, the adsorbed hydrogen 
atom will keep away from the doped atom, and the diffusion will 
no much different from the pure Mg system. So the doped Al or 
In provides no obvious helps to the formation of trilayer H–Mg–H 
structure and its consequently transition to Mg hydride, though it 
might be beneficial to the hydrogen release from MgH2.

4. Conclusions

In summary, we have performed a systematic theoretical in-
vestigation of hydrogen diffusion on four typical metal impurities 
(Ti, Nb, Al, and In) doped Mg (0001) surfaces. It is found that in-
dium is miscible with Mg, while Al, Ti, and Nb prefer to the inner 
layers of bulk Mg. The interaction between H and Nb/Ti is rather 
strong, while the interaction between H and Al/In is weaker than 
that with Mg. Meanwhile, we reveal that the existence of the sub-
surface Ti/Nb make hydrogen atom diffusion much easier into bulk 
Mg, and subsequently will be beneficial to the formation of tri-
layer H–Mg–H structure, which is crucial for the transition to Mg 
hydride. The doped Al or In atoms will, however, provide no clear 
helps in Mg hydrogenation.
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