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MgH, is one of the most promising hydrogen storage materials. However MgHj is thermodynamicly too stable,
leading to a too high desorption temperature of 300 °C at atmospheric pressure, which is a major impediment
for practical applications. In this study, aiming to tune the thermodynamic stability of the MgH,, nanosized
two-dimensional Mg/Ti/Mg sandwich and three-dimensional Ti(core)/Mg(shell) hydrides have been investigated
by using density functional theory calculations. For both structures, four types of hydrogen atoms can be
distinguished: on the surface of the Mg (Hyy), within the Mg (Hyy, ), at the Mg/Ti interface (Hyeri), and within
the Ti (Hp;). For the dehydrogenation reaction, the hydrogen desorption from the hydride is in the order Hyys,
Hyig, Hyvgri, Hri. The desorption energy of Hg,t is unexpectedly high. As expected, due to the well-preserved
fluorite structure of the partially hydrogenated hydride, the desorption energy of Hyy, is significantly lower than
that of bulk rutile MgH,. The further desorption of Hy,; and Hy; becomes more difficult due to the strong Ti-H
bonding. We propose that partial hydrogenation without adsorption of Hy, and partial dehydrogenation without
desorption of Hyri and Hr; would keep the fluorite symmetry with its favorable thermodynamics. The reversible
hydrogen capacity (Hy;,) of the Mg/Ti/Mg sandwich structure is low, whereas the reversible hydrogen capacity
of the Ti(core)/Mg(shell) is calculated to be reasonable high. Our results predicted Ti(core)/Mg(shell) structures

are potential useful materials for hydrogen storage application.
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I. INTRODUCTION

MgH, is one of the most attractive hydrogen storage
materials because it is inexpensive and light.'3> However, the
kinetics of the hydrogen uptake and release in Mg is poor.
It is generally accepted that the diffusion limitations, high
oxidation sensitivity of the Mg surface, and high activation
barrier of hydrogen molecule dissociation leads to poor
hydrogen kinetics in Mg. Another disadvantage of MgH, is
too stable, leading to too high desorption temperatures (7) at
atmospheric pressure. For example, the desorption energy of
MgH, is 75 kJ/mol H,, i.e.,0.78 eV /H; (T; = 300°C),* while
adesorption energy of 20-50kJ/mol H, i.e.,0.21-0.52eV /H,
(T = 20-100°C) is desirable. Tuning kinetics of MgH, has
been achieved by means of alloying Mg with transition
metals (TMs), adding catalyst and mechanical ball milling.>~8
Among the Mg-TM-H hydrides, Mg-Ti-H is one of the
most widely investigated systems because of its tremendous
potential for improving the (de)hydrogenation kinetics.'8-!
The fcc symmetry of the Mg-Ti-H system has been claimed to
be responsible for the improved kinetics.'*>! The structural
transformation from rutile to fluorite in Mg-Ti-H has been
theoretically confirmed for both bulk?*2° and multilayered
systems.’!

Besides the improved kinetics, tuning of the thermodynam-
ics of Mg-Ti-H has been reported for various morphologies,
i.e., nanostructured particles,’® thin films,?” and multilayers.”
Nanostructured Mg-Ti-H by mixing MgH, and TiH, and
ultrahigh energy high-pressure mechanical milling has been
prepared by Lu et al.?® Their results show that the de-
hydrogenation energy of MgH,-0.1TiH, is lower than that
of MgH,. For the rehydrogenation of the dehydrogenated
alloys, fast hydrogen absorption was also observed at room
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temperature. Baldi et al.?’*® managed to tune the thermo-

dynamics of hydrogen absorption in the Mg-Ti-Pd system
by means of elastic clamping. Their results show that the
thermodynamics of hydrogen absorption in Pd-capped Mg
films are strongly dependent on the Mg thickness.?’ Further-
more, Mg/Ti multilayers with various monolayer thicknesses
between 0.5 and 20 nm were prepared. The layer thickness
dependence of the hydrogenation properties was reported.
Besides the elastic clamping effect of the Pd layer, the interface
effect was also proposed to be responsible for the different
thermodynamics.?

Despite all the experimental progress, the origin of the
tuned thermodynamics of Mg-H bonding is still not well
understood. Theoretical studies*>3” have reported that using
nanoparticles instead of bulk or coarse particles of hydrides
can alter the thermodynamics of hydrogen uptake and release.
Because the energies of both metals and hydrides change
going from bulk materials to nanosized particles, the reaction
thermodynamics will be affected by the size of the grains.
Moreover, our previous theoretical study has shown that the
structural transformation of MgH, from rutile to fluorite
induced by contacting with a TM plays an important role in
tuning the thermodynamics in the MgH,/TMH, multilayers.?'
In MgH,/TMH, multilayers, notable destabilization of Mg-H
bonding could be observed with a high Ti:Mg ratio and very
thin Mg layers (a few nanometers). This, however, leads to
a significant reduction of the reversible hydrogen storage
capacity due to the fact that parts of the hydrogen atoms
are trapped in the TM. Stimulated by the promising results
reported above, we consider combining the destabilized Mg-H
bondings in the fluorite structure by alloying with Ti, and
the surface effect in the nanosized materials. We propose
that by extending the two-dimensional (2D) structure to three
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FIG. 1. (Color online) Four types of hydrogen atoms in
(a) 2D Mg/Ti/Mg sandwich structure and (b) 3D Ti(core)/Mg(shell)
structure. The red (large), green (medium), and dark gray (small)
spheres represent Ti, Mg, and hydrogen atoms, respectively. The
same colors (scheme) are applied in the following figures.

dimensions (3D), the kinetics and thermodynamics can be
improved and that a larger reversible hydrogen storage capacity
can be expected. To verify this hypothesis, 2D Mg/Ti/Mg
sandwich and 3D Ti(core)/Mg(shell) structures have been
designed and studied by large-scale density functional theory
(DFT) calculations. We intend to give a prediction of the
thermodynamic properties in such nanostructured materials,
thus helping to design unique hydrogen storage materials.

II. STRUCTURAL MODELS AND COMPUTATIONAL
METHODS

Figure 1 shows the models for the Mg/Ti/Mg sandwich and
Ti(core)/Mg(shell) structures. For simplicity, the 2D slab is cut
from fluorite hydride with a (100) plane and the 3D particle is
cut from fluorite hydride with a cubic symmetry. Four types of
hydrogen atoms can be recognized in both structures: hydrogen
on the surface of the Mg (Hgyy), within the Mg (Hyye), at
the Mg/Ti interface (Hygri), and within the Ti (Hr;). Three
different sizes of the 2D (Fig. 2) and 3D (Fig. 3) structures are
constructed by putting one, two, or three atomic layers of Mg
on a fixed-sized Ti slab or Ti core.

All calculations were performed using DFT as implemented
in the Vienna Ab Initio Simulation Package (VASP).**3° The
Kohn-Sham equations were solved using a basis of plane-wave
functions with a plane-wave energy cutoff of 400 eV,** and
using pseudopotentials*' to describe the core electrons. The
Perdew-Wang 1991 generalized gradient approximation was
used for the electron-exchange correlation potential.*? For the
2D Mg/Ti/Mg sandwich structure (Fig. 2), (2 x 2) supercells
were always used. A total of 7 x 7 x 1 k points were used
to model the Brillouin zone. For the 3D Ti(core)/Mg(shell)
structures, k-space integration is restricted to the I" point only.
Since periodic boundary conditions are involved, the size of the
supercell containing the 2D nanoslab and 3D nanoparticle was
chosen such that the distance between atoms of the periodic
images exceeded 15 A. This was sufficient to avoid interaction
of the cluster with its images. Therefore, the calculations of
Tij4Mgasg, TijaMg;ss, and Tij4Mgsso (shown in Fig. 3) have
been proformed using a cubic supercell with sizes of 22 x
22 x 22, 30 x 30 x 30, and 38 x 38 x 38 A3, respectively.
For all structures, the lattice parameters, the volume, and the
atom positions were allowed to relax.
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III. RESULTS AND DISCUSSIONS

This section is divided into two parts. In the first part, the
Mg/Ti/Mg sandwich structure is studied. The absorption sites
and concentration of Hg,s and the absorption and desorption
sequences of the four types of hydrogen atoms are investigated.
After that, the size dependence of the dehydrogenation ener-
gies is studied. In the second part, extending the 2D structure
to a 3D one, the Ti(core)/Mg(shell) structure is studied in a
similar manner to the sandwich structure. We focus on the
tuned thermodynamics, in particular, the relations between
the thermodynamics and the structures and the Ti:Mg ratios.
Furthermore, an oversaturation of the Ti(core)/Mg(shell)
structure with extra Hgy,s is studied by electronic and geometric
structure calculations. Finally, the reversible capacities are
determined and compared to the 2D structure.

A. Mg/Ti/Mg sandwich structure
1. Hgy,y

Figure 4 displays the top view of the optimized Mg/Ti/Mg
sandwich structure with five different distributions of Hgyf.
After optimization, the hydrogen molecules in structure (a)
and (b) have been “pushed” out from the Mg surfaces. The
optimized Mg-H, distances are 3.79 and 3.76 A for (a) and
(b), respectively. The desorption energies of these hydrogen
molecules are nearly zero. This indicates that molecular
hydrogen does not form chemical bonds with the Mg surface.
For atomic hydrogen with a concentration of H/M = 2 shown
in (c), half of the hydrogen atoms have associated to molecular
hydrogen after optimization. These hydrogen molecules are
far away from the Mg surface with a distance of ~3.50 A.
The remaining half of the hydrogen atoms are located closely
to the Mg surface at short bridge sites. The optimized structures
of (d) and (e) both demonstrate that short bridge sites with
a concentration of H/M =1 is the most stable structure.
Altogether, considering two Mg surfaces per 2D slab, a
hydrogen concentration of H/M = 2 for the whole system can
be obtained. Therefore, the possibility of the oversaturated
hydride can be excluded.

2. Hydrogen absorption and desorption sequences

To study the different thermodynamic properties for the four
types of hydrogen atoms, hydrogen absorption and desorption
energies in the Mg/Ti/Mg sandwich structure [Tip4Mgs,H, in
Fig. 2(b)] have been calculated according to the following
equations,

Z
AE‘Habsorp(ion = EMg,vTil—xHy+z - EngTilfoy - EEHZ’ (1)

AEHdeS(\rplion = EngTil—xHy + %Eﬂz - EngTi]—xHH-z’ @)
where Ewvg,Ti,_H, and Evg,Ti,_n,,. are the total energy of
Mg, Ti;_H, and Mg, Ti;_H, ., normalized to the number of
metal atoms.

The hydrogen absorption and desorption sequences are
determined by comparing the hydrogen absorption and des-
orption energies at different hydrogen locations. The cal-
culated energies are summarized in Table I. For instance,

195403-2



FIRST-PRINCIPLES PREDICTIONS OF POTENTIAL ...

(i) Ti2aMg1eHso  (ii) TizaMgteHes  (iii) TizaMg1e

o0t

) (i) TizaMg32H112  (ii) TizaMg32Hee  (iii) Ti2aMg3z2He4

-.Q.l.i. “...... @ o 00
. o P . ® @ 0 @ e @ o @
él léll é é'é.é‘ égé'Lé\
fetelely EEX
(c) [i}T|24Mg43H1u (u}leaMgasHus (iii) TizaMga4sHes

lied el 14
0 0 0 Rege
tetelets i i‘é i et ed
!.t.l.t. wlelelel el
l 0 ..0.-.1. s o000
:' : f :. e 00 "R R

TiaMg3,H 12— 16 denotes that 16 hydrogen atoms are removed
from each type of hydrogen location in the TipsMg3,H;». Four
types of hydrogen are considered and the desorption energy
of Hgyt is the lowest, therefore Hg,s will desorb first. After
the desorption of Hgy,f, TinaMg3,Hog—3, denotes desorption of
32 hydrogen atoms of HMga HMgTia or HTi from Ti24Mg32H96.
The desorption energy of Hyy, is the lowest, therefore it will
desorb secondly. When there are only Hyet; and Hr; left, Hyieri
will desorb before Hry. Therefore, for the dehydrogenation
reaction, the desorption of hydrogen follows the order of
Hgurt, Hmg, Hugri, and Hry. For the stepwise dehydrogenation
energies are 1.15 eV/H, for Hgys, 0.38 eV/H, for Hyg,
1.30 eV /H; for Hyer;, and 1.10 eV /H; for Hy;. The desorption
energy of Hy,¢ is surprisingly high. They are many higher than
the hydrogen desorption energy in bulk MgH, (0.65 eV /H;).3!
After the desorption of Hgy, the desorption of Hy,, becomes
much easier with very low desorption energy. As expected,
after the desorption of Hyyr and Hyyg, the desorption of Hyr
and Hp; becomes more difficult due to the introduction of
strong Ti-H bonding. The absorption sequence was determined
in a similar manner: The location with the lowest absorption
energy (Hr;) absorbs hydrogen first; after the absorption of
the Hrj, the absorption of the Hyr; is the most favorable in
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the remaining three. The absorption sequence is calculated to
be the opposite to the desorption sequence: Hrj, Hyeri, Hmg,
Hsurf .

3. The size dependence of the dehydrogenation energies

The different thermodynamic properties of the four types
of hydrogen species predicted above indicates the potential
to tune the thermodynamics of dehydrogenation reaction
of the 2D Mg/Ti/Mg sandwich structure. In particular, the
populations of different types of hydrogen depend highly on
the size and composition of the structure. Average and stepwise
dehydrogenation energies of the TipsMg;¢Hgo [Fig. 2(a)] and
TipsMgssH 144 [Fig. 2(c)] have been calculated and compared
to those of the Ti,4Mgs,Hj 1, [Fig. 2(b)] studied in Sec. IIT A 2.
The calculated hydrogen desorption sequence of Hgyf, Humg,
Hwgri, and Hr; in Sec. IIT A 2 were applied.

As one can see in Table II, the dehydrogenation energies
of all the three structures with the desorption of Hgyy
are surprisingly high. The reason will be explained further
with the structural analyses in Sec. III B2. Similar to that
of TipysMgsHji12, the desorption of Hy, for TinaMgsoHiin

TABLE I. Hydrogen desorption and absorption energies (in eV/Hy).

Desorption Hsurf HMg HMgTi HTi AbSOI'ptiOl’l Hsurf HMg HMgTi HTi
TipysMgaHipn_16 1.15 1.56 1.45 1.60 TiryMgaHp 16 0.09 0.48 —1.10 —1.21
T124Mg32H96—32 — 0.38 1.40 1.49 Ti24Mg32H32+16 —0.43 —-0.19 —1.39 —
Ti24Mg32H64,32 — — 1.30 1.38 Ti24Mg32H64+16 —0.31 —0.36 — —
TixuMgsHzo 3, — — — 1.10 TizsMgz:Hos 16 —1.11 — — —
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(a) (i) TitaMg4sH124

(b) (i) TitaMg1ssH3s0
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(ii) TitaMg4sHes

(ii) TitaMg1ssH216
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FIG. 3. (Color online) Optimized 3D Ti(core)/Mg(shell) alloys and their fully and partially hydrogenated hydrides involved in the
(de)hydrogenation processes. For each Ti/Mg composite, the structures from the left-hand side to the right-hand side indicate the dehydrogenation

process.

(0.36 eV/H,) is very low and after the desorption of Hgyy
and Hyy,. Because of the strong Ti-H bonding, the desorption
energies of Hy,ri and Hry are always larger than the rutile
MgH, (0.65 eV/H,). To save computational time, we com-
bined the desorption of Hy,1; with Hr; and only the average
desorption of the two was calculated.

Comparing the three hydrides, one can notice the particle
size dependence of the hydrogen thermodynamics. On the
one hand, the average dehydrogenation energies of all the
hydrogen atoms are decreasing with increasing size of the Mg
layer, i.e., from 1.22, 0.97, and 0.91 eV /H; for Ti,4Mg;6Hgo,
TisMg3oH) 12, and TipgMgagH a4, respectively. This can be ex-
plained as follows: The larger the population of the Mg-related
sites, and the smaller the average hydrogen desorption energy.
On the other hand, the desorption energy of Hgys increases
with increasing Mg layer thickness, from 0.95 eV/H, for

TABLE II. Stepwise and average dehydrogenation energies
(in eV/H,) of three Mg/Ti/Mg sandwich hydrides with different
particle sizes and compositions. The hydrogenation energies are
not shown as they are identical to the dehydrogenation energy apart
from the sign change.

Fig. 2 Mg/Ti/Mg sandwich  Hg,t Hyme Hwmer+Hri  Average
(a) Ti24Mg16Hg() 0.95 —_— 1.29 1.22
(c) TipaMgagH 44 142 0.36 1.33 0.91

Ti24Mg16H30, to 1.15eV/H, for Ti24Mg32H112, to1.42eV/H,
for TipsMgusH 44. The reason for the unexpectedly high
desorption energies of Hg,s and the size dependence will be
explained together with the 3D Ti(core)/Mg(shell) structure in
Sec. ITII B 2.

It is worth IlOtiIlg that, for Ti24Mg32H1 12 and Ti24Mg48H144,
the desorption energies of Hyy (0.38 and 0.36 eV/H;) are
much lower than that of bulk rutile MgH, (0.65 eV /H;). The
desorption energy of Hyg is low because the Hy, always
occupy the tetrahedral sites in the partially dehydrogenated
fluorite type hydrides [see Figs. 2(b)(ii) and 2(c)(ii)]. This
is favorable for hydrogen storage application. However, the
population of these destabilized hydrogen atoms (Hyy,) is low:
1.7 wt % for Ti24Mg32H112 and 2.7 wt % for Ti24Mg4gH144. To
obtain a larger population of Hy, we extend the 2D Mg/Ti/Mg
sandwich structure to a 3D Ti(core)/Mg(shell) structure in the
next section.

B. Ti(core)/Mg(shell) structure

Because the same hydrogen locations can be found in the
2D and 3D structures, we assume that the adsorption sites
of Hgyr, and absorption and desorption sequences found in
the 2D structure, also apply for the 3D Ti(core)/Mg(shell)
structure. However, it should be emphasized at this point that
in the 2D structure, the Mg surfaces are infinitely extended two
dimensionally. When hydrogen adsorbs on the Mg surface with
a ratio of H/M = 1, an overall ratio of H/M = 2 can always
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FIG. 4. (Color online) Top view of Hg,s on a Mg/Ti/Mg sandwich structure [Ti,sMgs,H, in Fig. 2(b), only the top layer of Mg atoms is
shown]. The initial and optimized structures are shown as hydrogen dimer adsorption at top sites parallel (a) and perpendicular (b) to the Mg
surface with coverage of H/M (surface Mg) = 2, hydrogen atom adsorption at short bridge sites with a coverage of H/M = 2 (c) and H/M = 1
(d), and hydrogen atom adsorption at top site with coverage of H/M = 1 (e).

be obtained. However, for the Ti(core)/Mg(shell) structure
slightly different situations were observed. During optimiza-
tion, the hydrogen atoms adsorbed on the crystallographic
facets were indeed stabilized at short bridge (sb) sites, whereas
hydrogen atoms on the edges migrated from the sb to the long
bridge (Ib) sites. The number of sb and 1b sites depend highly
on the configuration of the core-shell alloy. For instance, 36
(24sb 4 121b), 144 (108sb + 361b), and 228 (192sb + 361b)
sites are available for hydrogen atoms on the surfaces of
Ti]4Mg4g, Ti]4Mg158, and Ti14Mg350 (see Flg 3), respectively.
Together with Hyig, Humgri, and Hrj, the fully hydrogenated hy-
drides are Tij4MgagH124, TiisMg1ssHs60, and TiaMgzsoHz4o,
ie., H/M =2 or slightly larger than 2. Four single-point
calculations with a concentration of TijsMg;ssH3s» (where
eight hydrogen atoms of each type were taken out from
Tij4Mg;ssHs60) were calculated. The results show the same
desorption sequence with what was predicted for the 2D
sandwich structure. Therefore, we are confident that the 3D
(de)hydrogenation process is similar to that of the 2D structure.

1. The stepwise dehydrogenation energies

The average and stepwise dehydrogenation energies were
calculated in the same manner as for the 2D structure. As
one can see in Table III, the trends found for the energies in
the 2D structure are reproduced: The desorption energies of
Hgys are very high (except that of Tij4MgsgsHio4); after the
desorption of Hgyf, the desorption energies of Hy,, become
lower than that of bulk MgH,; the desorption of Hyr; + Hr;
become more difficult due to the strong Ti-H bondings. It is
worth noting that for Ti;4Mg;ssH3e0 and Tij4Mg3s0H740, the
desorption energies of Hy, (0.39 and 0.27 eV /H;) are much
lower than that of the rutile MgH, (0.65 eV/H;). They are
within the desired thermodynamics range and even lower than
the lowest Hyy, desorption energy of 0.44 eV /H, predicted for
the MgH,/TiH, multilayers.’ The desorption energy of Hyg
is low because the Hyj, atoms always occupy the tetrahedral
sites in the partially dehydrogenated hydrides [shown in
Figs. 3(b)(ii), and 3(c)(ii)]. This is favorable for hydrogen
storage applications.

Comparing the three hydrides, one can again notice the
same size dependence of the energies to that of the 2D struc-
ture. On the one hand, the average dehydrogenation energies of
all hydrogen atoms are decreasing with increasing size of the
Mg shell, i.e., 080, 068, and 0.65 CV/HZ for Ti14Mg48H124,
Ti]4Mg]58H360, and Ti|4Mg350H740, respectively. On the other
hand, the desorption energy of Hy¢ increases with increasing
size of the Mg shell, from 0.59 eV/H, for Tij4uMgssH24,
to 1.11 eV/H, for Tij4sMgssHsep, to 1.42 eV/H, for
Tij4Mg3s0H749. The reason for the unexpectedly high values
and the size dependence of the desorption energies of Hgys
will be explained by comparing the structures of the fully and
partially hydrogenated hydrides in Sec. III B 2.

2. Structures

To explain the trend found in the dehydrogenation energies
of Hgyt in both 2D and 3D structures, Figs. 2 and 3 should be
referred. As one can see, for the fully hydrogenated hydrides,
the Hgyr atoms do not occupy the perfect short bridge site.
The hydrogen atoms at the subsurface are also dislocated from
perfect tetrehedral sites. These distortions are similar with
the deformations which were found in the Mg/Ti multilayers,
where with the increasing Mg thickness the fluorite structure
tends to change into rutile.>! For instance, approximately half
of the Hy;, atoms are closely bonded to Hgys. These atoms are
~0.2-0.4 A closer to the surface Mg than the other half, which
are less affected by Hgy,s. This effect extends from one layer
to another through the H-H bonding, i.e., from the subsurface
of the Mg layer to the Mg/Ti interface. It becomes minor for
Hwmgri and Hr; atoms as they are stabilized by the strong Ti-H

TABLE III. Stepwise and average dehydrogenation energies (in
eV/H,) of the Ti(core)/Mg(shell) structure.

Fig. 3 Ti(core)/Mg(shell) Hgwr Hme Hwmeri +Hr Average
(a) Ti14Mg48H124 0.59 — 0.95 0.80
(C) Ti14Mg35()H740 1.42 0.27 0.80 0.65

195403-5



TAO, NOTTEN, VAN SANTEN, AND JANSEN

bonding. Therefore, the structural deformations depend on the
size of the Mg layer: The thicker the layer, the more Hyy,
atoms dislocated by Hgys. The structural deformation is direct
evidence that Hyy, atoms are stabilized upon forming the H-H
bonding by the absorption of Hgys. This also explains why Hye
becomes unstable upon the desorption of Hgyr in Sec. III A 2.

However, after the desorption of H,¢ from the Mg surface,
Hwm, atoms will relocate at the tetrahedral sites (see Figs. 2
and 3). A well-defined fcc structure is formed again. The fcc
symmetry can be preserved in the continuing dehydrogenation
process. The desorption energies of Hg,s were calculated by
comparing the energies of the fully hydrogenated and partially
hydrogenated hydrides. In this case, they consist of the energy
cost of the breaking of the Mg-Hg,+ bond and the energy
difference of the Mg-Hy, bonding between the fully and
partially hydrogenated hydrides. The latter closely relates to
the population of Hye. Thus the thicker the Mg layer, the more
Hyyg is stabilized in the fully hydrogenated hydrides, and the
larger the Hy,¢ desorption energy.

3. Oversaturation of the Ti(core)/Mg(shell) structure

The hydrogen storage capacities in nanosized materials can
vary from their corresponding bulk materials.>>* For instance,
Kobayashi et al.* reported that the capacity of the Pd-Pt
nanoparticles with a Pt content of 8-21 at. % was higher
than that of pure Pd nanoparticles. The amount of hydrogen
absorption is controllable by altering the alloy compositions
of Pd and Pt. Wagemans et al.*> predicted that small MgH,
particles (smaller than Mg;sH3g) have the potential to take
up 10%-15% extra hydrogen. They proposed these extra
hydrogen atoms are less strongly adsorbed onto the surface
of the cluster than the hydrogen absorbed within the cluster.
The above results suggest oversaturation of the surface metal.

To verify the potential extra hydrogen in the present
nanosized Ti(core)/Mg(shell) alloys, an oversaturation of the
Tij4Mg;sg alloy has been studied. Figure 5(a) shows the initial
structure of TijsMgssHs;p (H/M = 2.98), i.e., the fluorite
structure with hydrogen terminations. As shown in Fig. 5(b),
during the geometric optimization the hydrogen atoms on the
Mg surface (Hgy ) did not dramatically distort the structure of
the alloy, but formed different types of hydrogen species. They
can be classified as the hydrogen dimer (H-H), hydrogen trimer
(H-H-H), hydrogen atoms on facets (Hg,e), and hydrogen
atoms at vertices (Hyer and Hyern). Except for the hydrogen
atoms on the Mg shell surface, the other ones occupy different
tetrahedral sites within the Mg shell (Hy), at the Ti/Mg
interface (Hyeti), and within the Ti core (Hr;).

To study the hydrogen bonding properties, the partial
density of states (PDOS) of all types of hydrogen atoms
in Ti;4Mg;sgsHsj» have been calculated [see Fig. 5(c)]. In
the PDOS plot, a sharp peak ~—7.5 eV can be found for
the hydrogen dimer. The extremely localized density clearly
indicates that no chemical bonds are formed between hydrogen
molecules and the alloy. In fact, the hydrogen molecules are
“pushed” out of the Mg surface with distances of 2.42 A
(facets) and 2.36 A (edges), respectively. At vertices, each
Mg atom is surrounded by one Hyer, and three Hyerp. The Hyery
is very close to the Mg with a distance of 1.71 A, whereas
the other three Hyeq, are further with a distance of 1.90 A.
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(a) Initial structure

(b) Optimized structure

(c) PDOS of H

E-E (eV)

FIG. 5. (Color online) (a) Initial, (b) optimized structure of
Ti1sMg;ssHsi2, and (c) partial density of states (PDOS) of different
types of hydrogen atoms found in (b). H-H (hydrogen dimer), H-H-H
(hydrogen trimer), Hye, and H,,» (hydrogen atoms on the vertexes),
and Hyg,. (hydrogen atoms on the faces) are different types of
hydrogen atoms at the Mg surface (Hgy).

The overlap of PDOS of Hy. and Hyey ~—6 eV suggests
relatively strong bonding between Hye, (light blue) and Hyep
(dark blue). Moreover, the sharp main peaks of these two
indicate barely any bonds formed with the alloys. A similar
overlap of the PDOS can be found for the hydrogen trimer
but with relatively broader main peaks than the dimer. This
indicates that the chemical bonding is mainly localized within
the trimer and hardly between the alloy and the trimer.
From the structural and electronic analyses above, we conclude
that the nonbonding or weak bonding of the hydrogen (trimer,
dimer, and the ones on the vertexes) with the Mg surface is a
direct consequence of the artificial oversaturation of the alloy.
The Ti;4Mg;ssHs12 (H/M = 2.98) is not a stable hydride. This
agrees with the conclusion drawn for the Mg/Ti/Mg sandwich
structure in Sec. IIT A 1.

4. Reversible capacity

According to the calculated energies in Secs. I A3 and
HIB 1, the very stable Hgyf, Hwmgri, and Hr; prohibits the
Mg/Ti/Mg sandwich and Ti(core)/Mg(shell) structures from
being used for hydrogen storage materials. However, if one
refers to the hydrogenation and dehydrogenation processes in
Figs. 2 and 3, one can notice the adsorption of Hgy and the
desorption of Hyeti + Hry are the last steps in the hydrogena-
tion and dehydrogenation reactions, respectively. Therefore,
partial hydrogenation without absorption of Hg,¢ and partial
dehydrogenation without the desorption of Hyieri + Hr; would
preserve the fluorite symmetry of the core-shell structure and
only Hyg with desirable thermodynamic. Partial operation
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means that only Hy, will be reversible in the hydrogen
cycles. Such reversible hydrogen capacities are estimated to
be reasonable high: 3.3 and 4.8 wt % for Ti;sMg;ssHsey and
Tij4Mg3s0H740, respectively. They are much higher than the
reversible capacity of 1.4 wt % in the Mg/Ti multilayers with
a Hyy; desorption energy of 0.44 eV/H,,*! and also higher
than the ones predicted in the Mg/Ti/Mg sandwich structures
in Sec. IIT A3 (1.7 and 2.7 wt %).

IV. CONCLUSIONS

Hydrogen storage properties of nanosized 2D Mg/Ti/Mg
sandwich and 3D Ti(core)/Mg(shell) hydrides have been
studied using large-scale DFT calulations. For both structures,
four types of hydrogen atoms can be distinguished in the
Ti(core)/Mg(shell) hydrides: Hgys, Hyvg, Hveri, and Hrj. For
the hydrogenation reaction, the hydrogen absorption in the
alloys is in the order of Hrj, Hvgri, Hmg, and Hgy,r. For the de-
hydrogenation reaction, the hydrogen desorption is in the
reverse order. The desorption energies of Hg, are calculated
to be high. The reason is the structural transformation
from fluorite to a deformed fluorite structure upon the
adsorption of Hgys. In other words, the absorption of Hgy
induces dislocation of Hy, and stabilizes the hydrides. This
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stabilization effect increases with increasing thickness of the
Mg layer. Due to the well-preserved fluorite structure of the
partially hydrogenated hydrides, the desorption energies of
Hyw, are significantly lower than that of bulk MgH,. This is
favorable for hydrogen storage applications. But the further
desorption of Hyer; and Hr; is more difficult than that of
bulk MgH, due to the strong Ti-H bonding. Furthermore,
oversaturation of the 3D Ti(core)/Mg(shell) structures is
studied. Both the geometric and electronic structure analyses
show that the oversaturation of the structure is not stable.

Based on the observed thermodynamic properties, partial
hydrogenation without the adsorption of Hg,s and partial
dehydrogenation without the desorption of Hyer; and Hyer; is
proposed to preserve the fluorite structure of the hydride with
desired thermodynamics. However, this leads to a reduction
of the reversible hydrogen capacity. The reversible hydrogen
capacity (Hyy) of the Mg/Ti/Mg sandwich structures are low:
1.7 wt % for TipsMgs,Hy12 and 2.7 wt % for TipaMgasHa4.
Those of the Ti(core)/Mg(shell) structures are estimated to
be reasonable high: 3.3 and 4.8 wt % for TijuMg;ssHse0
and TijuMgssoH740, respectively. Our results indicate that
the nanosized Ti(core)/Mg(shell) hydrides are very promising
hydrogen storage materials with favorable thermodynamics
and reasonable hydrogen capacity.
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