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Abstract: The hydrogenation kinetics of Mg is slow, impeding its application for mobile hydrogen storage.
We demonstrate by ab initio density functional theory (DFT) calculations that the reaction path can be
greatly modified by adding transition metal catalysts. Contrasting with Ti doping, a Pd dopant will result in
a very small activation barrier for both dissociation of molecular hydrogen and diffusion of atomic H on the
Mg surface. This new computational finding supportssfor the first time by ab initio simulationsthe proposed
hydrogen spillover mechanism for rationalizing experimentally observed fast hydrogenation kinetics for
Pd-capped Mg materials.

Introduction

To develop efficient and safe storage materials for hydrogen
is becoming increasingly important for promoting the “hydrogen
economy”. Magnesium and its alloys have been considered
among the most promising candidates for automotive applica-
tions due to its high capacity in the stoichiometric limit (7.6 wt
%) and low cost.1,2 Unfortunately, the application is primarily
limited by the hydrogenation reaction temperature and slow
kinetics. One of the possible reasons is that the hydrogen
molecules do not readily dissociate on a Mg surface.3,4

Experimentally, many studies have been devoted to the catalytic
effect on hydrogen adsorption of mixing transition metals into
Mg hydride powder during ball milling.5-8 The transition metals,
such as Ti, Nb, and V, etc., are believed to act as catalysts for
enhancing the breaking up of the molecular hydrogen into
adsorbed atoms, albeit at the cost of a partial reduction of
weight-percent capacity.9 Recently, a palladium-capped Mg thin
film was found to hydrogenate very quickly even at room
temperature.10-12 However, the catalytic mechanism involved
when using Pd additives was not clear.

The activation barrier for the dissociative chemisorption of
H2 onto a clean magnesium surface is known to be very high

(more than 1.0 eV).13-15 We have recently studied computa-
tionally the catalytic effects of Ti on dissociation of hydrogen
on Mg surface.15 However, the subsequent diffusion of the
dissociated H atoms away from the metal site was not
elaborated. To provide a full rationalization, herein we have
performed state-of-art ab initio DFT calculations to investigate
both the dissociation of H2 and the subsequent diffusion of
atomic H away from the metal sites on Ti- and Pd-doped Mg
(0001) surfaces. Remarkably, the Pd dopant is found to modify
the minimum energy pathway (MEP) greatly for both the
dissociation of H2 and the diffusion of atomic H on the Mg
(0001) surface. This supports the proposal of a hydrogen
spillover mechanism on the Pd-doped Mg (0001) surface close
to room temperature, potentially explaining the underlying
mechanism for Pd catalysis as observed in recent experi-
ments.10,12 In the next section, we outline our computational
method. The Results and Discussion section presents our
calculated results for the dissociation of the hydrogen molecule
and diffusion of atomic H on Ti- or Pd-doped Mg (00001)
surface. The last section is devoted to the conclusions.

Computational Methods

All of the calculations were performed using the plane-wave basis
VASP code16,17 implementing the generalized gradient approximation
(GGA) of PBE exchange correlation functional18 and the projector
augmented wave method.19,20 The lattice constant of bulk Mg was
calculated to be 3.191 Å, which was only 0.5% in error compared with
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the experimental value. The Ti- or Pd-incorporated Mg (0001) surface
was modeled by using a (4× 4) surface unit cell with five layers of
Mg atoms. Onlyγ point was used for the Brillouin-zone sampling due
to the large cell used, and the cutoff energy for plane waves was 312.5
eV. The vacuum space was up to 16 Å, which is large enough to
guarantee a sufficient separation between periodic images. To determine
dissociation barriers and MEP, the nudged elastic band (NEB) method
was used.21,22 This method involves optimizing a chain of images that
connect the reactant and product state. Each image is only allowed to
move into the direction perpendicular to the hyper-tangent. Hence the
energy is minimized in all directions except for the direction of the
reaction path. A damped molecular dynamics was used to relax ions
until the force in each image is less than 0.02 eV/Å.

Results and Discussion

Figure 1 presents the energy profiles for the dissociation of
H2 onto two fcc sites and diffusion of atomic H between two
fcc sites on the pure Mg (0001) surface and the Ti-doped Mg
(0001) surface. Clearly, the effective barrier for the dissocia-
tion of a hydrogen molecule on the Mg (0001) surface
(ISfTS1fTS2fLS) is considerable (Ea ) 1.05 eV). The
diffusion of atomic H from one fcc to another fcc site
(LSfTS3fTS4fFS) is predicted to be around 0.182 eV, which
indicates a fast migration at room temperature. However, on
the Ti-incorporated surface, the hydrogen molecule can dis-
sociate on top of the Ti atom spontaneously with an activation
barrier of 0.103 eV only. However, one should note that the
LS (TiH2-like species) is very stable compared to the IS (see
Figure 1). This may suggest a significant diffusion barrier of
atom H away from the surface-incorporated Ti site. A good
catalyst should not bind hydrogen strongly. As shown in Figure
1, diffusion away from the Ti site is found to be strongly
unfavorable (endothermic, 0.53 eV) and the activation barrier
is as high as 0.77 eV. This implies that the rate-determining
step has shifted in the presence of the Ti dopant from the
molecular dissociation step to the diffusion step, but still there
remains a significant activation barrier for the overall process.

To explore the apparent catalytic role of Pd on the hydro-
genation of Mg, a reasonable model should be a Pd-incorporated
Mg (0001) surface (Pd@Mg(0001)), in which one surface Mg
atom was substituted with a Pd atom. The energy for formation
of single Mg vacancy on a Mg (0001) surface is calculated to

be 0.86 eV. Mg vacancies may not be difficult to create and
then be easily filled by a Pd atom during a high-energy ball
milling and DC magnetron sputtering process. Starting from
an initial guess, wherein one surface Mg is replaced by Pd, full
structural relaxation shows the position of the Pd atom changing
slightly (0.45 Å, downward) along thez-axis. The formation
energy (Ef) of the Pd@Mg(0001) surface (coverageθ ) 1/16)
was calculated by the following equation23

whereEPd/Mg(0001), EMg, EPd-atom, andEMg(0001)represent the total
energy of the relaxed Pd-incorporated Mg (0001) surface, the
bulk Mg atom, the isolated Pd atom, and the clean Mg (0001)
slab, respectively. The formation energy is up to-4.62 eV,
which indicates high thermodynamic stability.

The activation barrier for the dissociation of a hydrogen
molecule on the Pd@Mg(0001) surface was calculated first
utilizing the NEB method. We set one H2 molecule a large
distance from the relaxed surface structure as the IS. In the
relaxed FS, the positions of two H atoms were located around
0.75 Å from the surface with a Pd-H distance of 1.745 Å.
Figure 2 presents the energy profile along MEP for the
dissociation of H2 on the Pd@Mg(0001) surface. Compared to
the pure Mg surface, the effective barrier for the dissociation
of molecule H2 is decreased from 1.05 to 0.305 eV. It is about
10-12 times the thermal energy at room temperature. On the
basis of the Arrhenius equation, the dissociation event on the
Pd@Mg(0001) surface should be fast near room temperature.
A series of configurations (IS, TS1, and LS1) along the MEP
for the dissociation of hydrogen molecule are also shown in
Figure 4. The hydrogen molecule first moves toward the Pd
atom and dissociates nearly on the top of it, around 1.32 Å from
the Mg surface. This can be understood in terms of the strong
interaction between the molecular orbital of H2 and the metal d
orbitals of Pd.24,25 Figure 3 presents a three-dimensional iso-
surface plot for charge density differences at the transition state
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Figure 1. The energy profiles for the dissociation of H2 and diffusion of
atomic H on pure the Mg (0001) surface and the Ti-doped Mg (0001)
surface. Here IS, TS, LS, and FS represent the initial state, transitional state,
local minimum state, and final state, respectively.

Figure 2. Similar to Figure 1 but for the energy profile of the dissociation
of H2 and diffusion of first and second atomic H on the Pd-doped Mg (0001)
surface.

Ef ) EPd/Mg(0001)+ EMg - EPd-atom- EMg(0001)
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(TS1 shown in Figure 2) during the dissociation of H2 on a
Pd@Mg(0001) surface. There is a charge donation from theσ
orbital of H2 to the d orbital of Pd first. Then the binding is
stabilized by back-donation of electrons from the filled orbital
of Pd to the antibonding orbital (σ*) of the bound H2, and finally
two Pd-H bonds are formed.24-2626

As above, we now explore the diffusion of dissociated H
atoms on the Pd-doped Mg (001) surface. The implementation
details for obtaining the MEP are similar to those used in the
former calculation. Path I (LS1fTS2fLS2) and Path II
(LS2fTS3fLS3fTS4fFS), which indicate the diffusion of

first and second atomic H to adjacent fcc sites, are also plotted
in Figure 2. The corresponding configurations are shown in
Figure 4. The two transition states (TS3 and TS4 shown in
Figure 2) for the diffusion of the second atomic H are actually
due to a two-step diffusion, namely, a move to an hcp site first
and then to the neighboring fcc site. Clearly, the diffusion of
the two dissociated H atoms on the Pd@Mg(0001) surface is
energetically favorable, with exothermicities of-0.094 and
-0.086 eV, respectively. The effective activation barriers for
the diffusion of first and second atomic H atoms are calculated
to be 0.247 and 0.195 eV, respectively. This indicates a fast
migration of atomic H on Pd@Mg(0001) surface, even at room
temperature.

In Table 1, we summarize the results for the dissociation of
H2 and diffusion of atomic H on pure, Ti-doped and Pd-doped
Mg (0001) surfaces. We have found that the MEP involving
the dissociation of H2 and diffusion of atomic H atoms on a
Mg surface can be greatly modified by the incorporation of a
transition metal catalyst. Contrasting with the Ti-doped Mg
(0001) surface, a Pd dopant will result in a small activation
barrierbothfor dissociation of hydrogen moleculeandmigration
of H atoms on the Mg surface. This finding supports the
proposal of a hydrogen spillover mechanism on the Pd@Mg-
(0001) surface, a phenomenon that has been proposed previously
in order to explain experimental observations over supported
metal catalyst on nanostructured carbon materials and metallo-
organic frameworks.27,2827-28 The present results not only help
to clarify the experimentally observed fast hydrogenation
kinetics for Pd-capped Mg materials but may also help to design
new types of hydrogen storage materials for practical applica-
tions in the auto industry.

Conclusions

In summary, we have performed ab initio DFT calculations
to study the effect of dopant (Ti and Pd) on the dissociation of
H2 on a Mg (0001) surface. We found that the reaction path
can be greatly modified by adding transition metal dopant. In
remarkable contrast with Ti doping, a Pd dopant will result in
a very small activation barrier forbothdissociation of molecular
hydrogenand diffusion of atomic H on the Mg surface. This
new computational finding supportssfor the first time by ab
initio simulationsthe proposed hydrogen spillover mechanism
for rationalizing experimentally observed fast hydrogenation
kinetics for Pd-capped Mg materials.
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Figure 3. A 3D iso-surface plot for charge density difference of the
transition state (TS1 shown in Figure 2) during the dissociation of H2 on a
Pd@Mg(0001) surface. The magenta balls represent Mg atoms. Red and
blue surface represents charge accumulation and depletion in space,
respectively.

Figure 4. Corresponding configurations (IS, TS, LS, and FS) as shown in
Figure 2. The green, red, and small white balls represent Mg, Pd, and H
atoms, respectively.

Table 1. Comparison of the Dissociation of Hydrogen Molecule
and the Diffusion of Atomic H on Mg (0001), Ti-Doped Mg (0001),
and Pd-Doped Mg (0001) Surfacesa

systems Mg (0001) Ti@Mg(0001) Pd@Mg(0001)

dissociation of Er 0.023 -1.289 -0.160
mol. H2 Ea 1.051 0.103 0.305

diffusion of Er 0.015 0.525 -0.094
first H atom Ea 0.182 0.780 0.247

diffusion of Er -0.086
second H atom Ea 0.195

a Units are all in electronvolts;Er and Ea represent reaction enthalpy
and activation energy (at 0 K), respectively.
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