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Ab initio density functional theory calculations are performed to study the experimentally observed
catalytic role of V,05 in the recycling of hydrogen in magnesium hydride. We find that the Mg-H
bond length becomes elongated when MgH, clusters are positioned on single, two, and three
coordinated oxygen sites (O;, O,, and O3) on the V,05(001) surface. Molecular hydrogen is
predicted to spontaneously form at the hole site on the V,05(001) surface. Additionally, the
activation barrier for the dissociation of hydrogen on V-doped Mg(0001) surface is 0.20 eV, which
is only é of that on pure Mg(0001) surface. Our results indicate that oxygen sites on the V,05(001)
surface and the V dopant in Mg may be important facilitators for dehydrogenation and
rehydrogenation, respectively. The understanding gained here will aid in the rational design and
development of Mg-based hydrogen storage materials. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2916828]

The development of efficient, safe, and lightweight stor-
age materials for hydrogen is a key technological objective
within the drive toward the hydrogen economy. Magnesium
and its alloys have been considered among the most promis-
ing candidates for automotive applications due to its high
capacity in the stoichiometric limit (7.6 wt %) and low
cost.'™ Unfortunately, the application is primarily limited by
the hydrogenation reaction temperature and slow kinetics.
One of the possible reasons is that the h}ldrogen molecules
do not readily dissociate on Mg surface. - Experimentally,
many studies have been devoted to the catalytic effect on
hydrogen adsorption of mixing transition metals or their ox-
ides in small quantities into Mg hydride powder during ball
milling.7"10 The transition metals, such as Ti, Nb, V, etc. are
believed to act as catalysts for enhancing the surface disso-
ciation of molecular hydrogen into adsorbed atoms,'™" al-
beit at the cost of a partial reduction in the weight-percent
capacity. Ball milling MgH, with 1 mol % of a transitional
metal oxide such as V,05, Mn,03, Fe;O,4, or Nb,Os, etc.
leads to a similar improvement of magnesium-H sorption
properties.lo’16 Moreover, some oxides such as Fe;0,, VZO?,
and Nb,Os also show the enhanced desorption Kinetics. !
Clearly, the use of a cheap metal oxide compared to the pure
metal for catalytic purposes is an advantage from the cost
perspective. However, the underlying mechanism for how
this works is completely unresolved.

To explore the role of V,05 on fast dehydriding (hydrid-
ing) kinetics of Mg, herein, we perform state-of-the-art
ab initio density functional theory (DFT) calculations to in-
vestigate the dehydrogenation of a MgH, cluster supported
on the V,05(001) surface and the rehydrogenation of Mg in
the presence of a V dopant on Mg surface. We predict that
the oxygen and hole sites on the V,05(001) surface are cata-
lytically active for the destabilization of a MgH, cluster. Ad-
ditionally, a V dopant on the Mg surface is predicted to
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greatly modify the minimum energy pathway (MEP) for the
dissociation of H, on a Mg(0001) surface compared to that
on the clean magnesium surface.*'** In the next section,
we outline our computational method. Section III presents
the calculated results for optimized geometries of MgH,
cluster supported on the V,05(001) surface and the dissocia-
tion of H, on a V-doped Mg(0001) surface. The last section
is devoted to the conclusions.

All calculations have been performed by using the plane-
wave basis Vienna ab initio simulation package (VASP)
code'®"? implementing the generalized gradient approxima-
tion of Perdew—Burke-Ernzerhof exchange correlation
functional® and the projector augmented wave method.?"?
The V,05(001) surface is modelled as a one-layer (1X3)
surface slab with all the atoms allowed to relax. This one-
layer model is justified because bulk V,0s has a layered
structure, with interlayer bonding based on van der Waals
interactions. A 2X2X 1 Monkhorst—Pack grid of k points
was used for the Brillouin-zone sampling and the cutoff en-
ergy for plane waves was 312.5 eV. The vacuum space was
up to 16 A, which is large enough to guarantee a sufficient
separation between periodic images. Additionally, the lattice
constant of bulk Mg was calculated to be 3.191 A, which
was only 0.5% in error compared with the experimental
value. The V incorporated Mg(0001) surface was modelled
by using a (4 X 4) surface unit cell with five layers of Mg
atoms. Only gamma point was used in this calculation. To
determine dissociation barriers of H, on the V-doped
Mg(0001) surface, the nudged elastic band (NEB) method
was used.”** This method involves optimizing a chain of
images that connect the reactant and product states. Each
image is only allowed to move into the direction perpendicu-
lar to the hypertangent. 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 are less than 0.02 eV/A.

The single-layer V,05 sheet was first fully optimized by
conjugate gradient methods. Figures 1(a) and 1(b) present a

© 2008 American Institute of Physics
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FIG. 1. (Color online) (a) A side view of (1 X 3) V,05(001) surface. (b) The
same as (a) but from a top view. (c) The optimized MgH, cluster. O;, O,,
and O; represent single, two, and three coordinated oxygen sites, respec-
tively. The red, grey, green, and white balls represent O, V, Mg, and H
atoms, respectively.

side and top view of the fully relaxed V,05(001) surface.
The V,05(001) surface is characterized by single, two-, and
three-coordinated oxygen sites (O;, O,, and O;) and two
types of fourfold hollow sites (Hole T and Hole II). As re-
ported in Refs. 25 and 26, the physical properties of MgH,
could be determined in a localized region and, thus, we use a
MgH, cluster model as in Refs. 25 and 26 to explore the
possible role of the oxide-hydride interactions in facilitating
the dehydrogenation of MgH,. In our calculation, MgH,
clusters were positioned onto six specific sites (O, O,, Os,
V, Hole 1, and Hole II) on the V,05(001) surface and then
fully relaxed. The Mg—H bond length in free MgH, cluster is
around 1.72 A, as shown in Fig. 1(c), and the desorption
energy of H, from MgH, is known to be high.zs’27 However,
the Mg—H bond lengths in the presence of the V,05 support
are found to be 1.76, 1.75, and 1.77 A for O;, O,, and O,
sites, respectively. In Figs. 2(a)-2(d), we present the opti-
mized geometries for MgH,—-0,;,0,,05, and Hole sites, re-
spectively. Generally, longer chemical bonds imply weaker
bond strength. The activation barrier for the recombination
of two H atoms to form hydrogen molecule should, thus, be
significantly decreased. Most interestingly, a hydrogen mol-
ecule can be spontaneously formed during geometry optimi-
zation of the MgH, cluster on Hole I and Hole II sites of the
V,05(001) surface [see Fig. 2(d)]. This can be understood by
the fact that charge transfer from the Mg atom to the O atom
will be induced and, thus, weaken the Mg—H bonds. Addi-
tionally, the MgH, cluster was found to be repelled from the
top of the V site and, hence, the V site on the V,05(001)
surface is not catalytically active for desorption of hydrogen.

Having studied the dehydrogenation of the MgH, cluster
on a single-layer V,05 sheet, we now turn to study rehydro-
genation of Mg, which is important for reversible loading

Appl. Phys. Lett. 92, 163106 (2008)

FIG. 2. (Color online) Fully relaxed configurations for MgH, clusters on (a)
0Oy, (b) Oy, (c) O3, and (d) Hole I sites as shown in Fig. 1. The Mg-H bond
lengths were also presented.

and unloading of hydrogen. It may plausibly be suggested
that, during high energy ball milling experiments, the reduc-
tion of V,0Os (phase transformation) can occur, yielding
MgO and metallic V.28 This, however, could be difficult to
detect due to the low addition levels of V,05. Motivated by
our previous theoretical studies on catalytic effects of Ti and
Pd dopants on a Mg surface,13 14 as well as more recent work
on Ni,” we have explored the possible role of V dopants in
facilitating the surface dissociation of H, on the Mg(0001)
surface. Experimentally, a V-incorporated Mg(0001) surface
(V@Mg(0001) may not be difficult to form by creating a
Mg vacancy and then be filled by a V atom. The formation
energy (E;) for a V@Mg(0001) surface (coverage 6=1/16)
was calculated according by the following equation:

E ;= Evmg0001) + Emg — Ev-atom = EMg(0001)»

where Evmg(0001)s EMgs Ev-atoms a0d Enge(o001) represent the
total energy of the relaxed V-incorporated Mg(0001) surface,
the bulk Mg atom, the isolated V atom, and the clean
Mg(0001) slab, respectively. The formation energy is up to
—2.86 eV, which indicates a high thermodynamic stability.

The activation barrier for the dissociation of a hydrogen
molecule on the V@Mg(0001) surface was then calculated
by utilizing the NEB method. We set one H, molecule a large
distance from the relaxed V-doped Mg(0001) surface as the
initial state. In the relaxed final state, the positions of two H
atoms were located around 0.75 A from the surface with a
V-H distance of 1.745 A. Figure 3 presents the energy pro-
file along the MEP for the dissociation of H, on the
V@Mg(0001) surface. The effective barrier for the dissocia-
tion of Hy, on V@Mg(0001) surface was calculated to be
0.20 eV, which is only é of that on a pure Mg surface.
Clearly, the dissociation event on the V@Mg(0001) surface
should be fast near room temperature. The underlying
mechanism can be understood in terms of the strong interac-
tion between the molecular orbital of H, and d orbitals of
transitional metal. First, there is a charge donation from the
o orbital of H, to the d orbital of V. Then, the binding is
stabilized by back donation of electrons from the filled or-
bital of V to the antibonding orbital (¢*) of the bound H,
and, finally, two V-H bonds are formed.”!

We should note here that the hydrogenation of Mg in-
volves not only the dissociation of hydrogen onto the
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FIG. 3. (Color online) The energy profiles for the dissociation of H, on a
pure and V-doped Mg(0001) surface.

Mg(0001) surface in the first step, but also the subsequent
diffusion of dissociated surface H atoms away from catalytic
active site. As clearly shown in Fig. 3, the final state (VH,) is
very stable compared to the initial state. It is not clear
whether this stability would lead to a subsequent barrier to
diffusion of atomic H away from the V site, analogous to the
case recently elaborated for Ti."* While the present spin-
polarized calculations are very time consuming, preventing
us from addressing these subsequent stages of the sorption
process in the present article, it is worthy to note that experi-
mentally, V hydride was reported to decompose easily even
though V displays a high affinity for hydride formation.**™
The reaction (VH,— V+2H) was reported to occur at 35 C
with an activation barrier of 0.04 eV for the diffusion of
atomic H from free V surface.”* Subsequently, the atomic H
transfers to Mg atoms, forming MgH, around the V site and,
thus, V can be regarded as an “atomic hydrogen pump,”
which facilitates the adsorption of atomic H. While our re-
sults presented herein shed light on the nature of the initial
surface adsorption of hydrogen onto V sites in the Mg sur-
face, they do not provide a full rationalization of the experi-
mentally observed catalytic role of V for hydrogen sorption
into ball milled Mg nanocomposite materials. In order to
probe for possible low-energy diffusion pathways that might
provide a more complete theoretical explanation of the cata-
lytic role, further studies on H diffusion away from the V site
will be required. Additionally, our initial study deals only
with MgH, cluster on the V,05(001) surface, a more ambi-
tious model based on the MgH,-V,0O5 interface might be
expected to provide a more complete mechanistic elabora-
tion. Both H migration away from the V site and
MgH,/V,05 interface model are reserved as the subject of
fuller subsequent studies.

In summary, ab initio DFT calculations were performed
to explore the catalytic effect of V,0O5 on the hydrogenation
and dehydrogenation of magnesium hydride. We found that
Mg-H bond length became elongated and weakened when
MgH, clusters were positioned on single, two, and three co-
ordinated oxygen sites on the V,05(001) surface. Most in-
terestingly, hydrogen molecule could be spontaneously
formed at the hole site on the V,05(001) surface. On the
other hand, the activation barrier for the dissociation of H,
on top of V atom was calculated to be cnly 0.20 eV, which ic
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% of that on pure Mg(0001) surface. Our results indicate that
oxygen and hole sites on the V,05(001) surface are catalyti-
cally active for the destabilization of MgH, and V dopant on
Mg surface could accelerate the dissociation of H, on
Mg(0001) surface. The understanding gained here will aid in
the rational design and development of Mg-based hydrogen
storage materials.

We acknowledge generous grants of high-performance
computer time from both the Computational Molecular
Science cluster computing facility at The University of
Queensland and the Australian Partnership for Advanced
Computing (APAC) National Facility. The authors also
greatly appreciate the financial support by Australian Re-
search Council through the ARC Centre for Functional Na-
nomaterials.

'R. B. Schwarz, MRS Bull. 24, 40 (1999).

L. Schlapbach and A. Zuttel, Nature (London) 414, 23 (2001).
3G. Liang, J. Huot, A. Van Neste, and R. Schulz, J. Alloys Compd. 292,
247 (1999).

A, Zaluska, L. Zaluski, and J. O. Strom-Olsen, Appl. Phys. A: Mater. Sci.
Process. 72, 157 (2001).
5F. Von Zeppelin, H. Reule, and M. Hirscher, J. Alloys Compd. 330-332,
723 (2002).
°T. Vegge, Phys. Rev. B 70, 035412 (2004).

’s. Rivoirard, P. de Rango, D. Fruchart, J. Charbonnier, and D. Vempaire,
J. Alloys Compd. 356-357, 622 (2003).
8G. Liang, J. Alloys Compd. 370, 123 (2004).
°C. X. Shang, M. Bououdina, Y. Song, and Z. X. Guo, Int. J. Hydrogen
Energy 29, 73 (2004).

10y Oelerich, T. Klassen, and R. Bormann, J. Alloys Compd. 315, 237
(2001).

y, Song, Z. X. Guo, and R. Yang, Phys. Rev. B 69, 094205 (2004).

2A. J. Du, S. C. Smith, X. D. Yao, and G. Q. Lu, J. Phys. Chem. B 109,
18037 (2005).

BA. T Du, S. C. Smith, X. D. Yao, and G. Q. Lu, J. Phys. Chem. B 110,
21747 (2006).

“A. 1. Du, S. C. Smith, X. D. Yao, and G. Q. Lu, J. Am. Chem. Soc. 129,
10201 (2007).

Bc. x. Shang and Z. X. Guo, J. Power Sources 129, 73 (2004).

K. S. Jung, E. Y. Lee, and K. S. Lee, J. Alloys Compd. 421, 179 (2006).

Tw. Oelerich, T. Klassen, and R. Bormann, Adv. Eng. Mater. 3, 487
(2001).

3G, Kresse and J. Furthmuller, Comput. Mater. Sci. 6, 15 (1996).

'G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169 (1996).

25 p Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).

2'P. E. Blochl, Phys. Rev. B 50, 17953 (1994).

#G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

3G, J. Henkelman and H. Jénsson, J. Chem. Phys. 113, 9978 (2000).

*G. J. Henkelman, B. P. Uberuaga, and H. J6nsson, J. Chem. Phys. 113,
9901 (2000).

M. Tsuda, W. A. Dino, H. Nakanishi, and H. Kasai, J. Phys. Soc. Jpn. 73,
2628 (2004).

M. Tsuda, W. A. Dino, H. Kasai, and H. Nakanishi, Appl. Phys. Lett. 86,
213109 (2005).

YA, J. Dy, S. C. Smith, X. D. Yao, and G. Q. Lu, Surf. Sci. 600, 1854
(2006).

B R Aguey-Zinsou, T. Nicolaisen, J. R. Ares Fernandez, T. Klassen, and
R. Bormann, J. Alloys Compd. 434-435, 738 (2007).

M. Pozzo, D. Alfe, A. Amieiro, A. S. French, and A. Pratt, J. Chem. Phys.
128, 094703 (2008).

%A, Kiejna, Phys. Rev. B 68, 235405 (2003).

31G. J. Kubas, Science 314, 1096 (2006).

325, Charbonnier, P. de Rango, D. Fruchart, S. Miraglia, L. Pontonnier, S.
Rivoirard, N. Skryabina, and P. Vulliet, J. Alloys Compd. 383, 205
(2004).

33J. J. Reilly and R. H. Wiswall, Inorg. Chem. 9, 1678 (1970).

. Takagi, T. Sugihara, T. Sasaki, K. Moritani, and H. Moriyama, J. Alloys
Compd. 328, 434 {2004},


http://dx.doi.org/10.1038/35102126
http://dx.doi.org/10.1016/S0925-8388(99)00442-9
http://dx.doi.org/10.1103/PhysRevB.70.035412
http://dx.doi.org/10.1016/j.jallcom.2003.09.031
http://dx.doi.org/10.1016/S0360-3199(03)00045-4
http://dx.doi.org/10.1016/S0360-3199(03)00045-4
http://dx.doi.org/10.1016/S0925-8388(00)01284-6
http://dx.doi.org/10.1103/PhysRevB.69.094205
http://dx.doi.org/10.1021/jp052804c
http://dx.doi.org/10.1021/jp063286o
http://dx.doi.org/10.1021/ja0722776
http://dx.doi.org/10.1016/j.jpowsour.2003.11.013
http://dx.doi.org/10.1016/j.jallcom.2005.09.085
http://dx.doi.org/10.1002/1527-2648(200107)3:7<487::AID-ADEM487>3.0.CO;2-0
http://dx.doi.org/10.1016/0927-0256(96)00008-0
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1063/1.1323224
http://dx.doi.org/10.1063/1.1329672
http://dx.doi.org/10.1143/JPSJ.73.2628
http://dx.doi.org/10.1063/1.1931045
http://dx.doi.org/10.1016/j.susc.2006.02.019
http://dx.doi.org/10.1063/1.2835541
http://dx.doi.org/10.1103/PhysRevB.68.235405
http://dx.doi.org/10.1126/science.1135430
http://dx.doi.org/10.1016/j.jallcom.2004.04.059
http://dx.doi.org/10.1021/ic50089a013

