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a b s t r a c t

Absorption energies of hydrogen in Mg0.75Ti0.25 alloys as a function of the hydrogen concentration were
calculated using Density Functional Theory. Four types of structures of alloys and their hydrides including
TiAl3, ZrAl3, AuCu3, and segregated types of structures were considered. The stability of the configurations,
and the structural and electronic bonding properties were studied. The hydrogenation properties depend
highly on the structure of the alloys. The ordered alloys have very similar properties to that of pure Mg.
For segregated alloys, the hydrogenation properties can be divided to Ti-like, ordered alloy-like and Mg-
eywords:
g–Ti alloy
ydrogen storage
ydrogen absorption energy

like from low to high hydrogen concentration. The formation energies show that for the four structures,
segregated Mg0.75Ti0.25 is favored for alloys, whereas TiAl3 type of Mg0.75Ti0.25H2 are favored for hydrides.
Therefore hydrogen induced structural rearrangement of the intermetallic structures of the Mg0.75Ti0.25

might occur upon hydrogen cycling. For the non-homogenous Mg–Ti–H system, further phase segregation
of Ti in Mg might occur. Partial dehydrogenation with some hydrogen remaining in the Ti-rich region

y.
may improve reversibilit

. Introduction

Progress in the 20th century in hydrogen storage in Mg-based
lloys has been summarized by Schlapbach and Züttel [1]. Kinetics
nd thermodynamic properties have been improved by alloying Mg
ith V, Cu, Al, Ni, Fe, Co, Mn and some of their oxides [2–13], but

he main challenges, such as high operation temperature and low
ydrogen absorption and desorption rates, still remain. Recently,
otten and co-workers [17–20] reported the excellent hydrogen

torage capacity of Mg–Ti–H bulk and thin films, which is approx-
mately five times larger than that of conventional metal hydride
lectrodes in NiMH batteries. Electrochemical measurements have
hown that adding Ti positively affects the kinetics of hydride
ormation compared with MgH2, which has been related to the
ransformation from rutile to fluorite of the hydride structure. The
mproved kinetics is in consistent with several theoretical predic-
ions [14–16]. Also, intriguing optical changes of MgxTi1−xH2y as a
unction of hydrogen concentration, going from absorbing to highly
ransparent, created new opportunities in, for instance, the field of
ydrogen sensing and switchable smart coatings in solar collectors
21–24]. A common property desirable for all applications is the

bility of the Mg–Ti alloy to rapidly take up and release hydrogen.

The binary phase diagram of Mg and Ti indicates that no stable
ulk compounds are formed. However, based on X-ray diffraction
esults (XRD) it has been reported that alloying of Mg and Ti does
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take place in mechanically alloyed bulk samples [25–27] and in
thin films by using physical vapor deposition [28], e-beam deposi-
tion [19,20], and sputtering [21,29]. Mitlin and co-workers [30,31]
reported that hydrogen sorption enhancement in Mg–Ti–Pd system
is due to improved kinetics rather than any altered thermody-
namics and stable TiH2 was formed at the Mg surfaces preventing
complete Pd–Mg interdiffusion or acting as hydrogen catalyst. Elec-
trochemical measurements revealed that the (de)hydrogenation
rate heavily depends on the ratio of Mg and Ti [20,29]. For alloys
containing 10 at.% Ti or less the system cannot be (de)hydrogenated
rapidly, whereas inserting and extracting hydrogen is greatly facil-
itated for alloys containing more than 10 at.% Ti. In line with
the difference in the ability to insert and extract hydrogen at
an appreciable rate the crystal structures of the associated Mg-
based hydrides were found to be different. XRD measurements
pointed to a face-centered cubic (fcc) structure with excellent
kinetics and a body-centered tetragonal (bct) lattice where hydro-
gen transport was strongly inhibited [32]. The hydride structure
transformation from rutile to fluorite by alloying Ti to Mg was
also confirmed by earlier DFT calculations [33,34]. The transition
point for Mg–Ti hydrides was determined to be around Mg0.8Ti0.2.
Vermeulen et al. [35] investigated the structural transformations
throughout the (de)hydrogenation process. XRD and electrochem-
ical (de)hydrogenation were performed in situ to monitor the

symmetry of the unit cells of MgxTi1−x thin film alloys along the
pressure-composition isotherms at room temperature. The lattice
spacings found for Mg0.7Ti0.3H2y revealed that the Mg-to-Ti ratio
changed continuously in the two phase coexistence region. Since
the XRD patterns have ruled out large scale segregation, the results

dx.doi.org/10.1016/j.jallcom.2010.09.091
http://www.sciencedirect.com/science/journal/09258388
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mplied a nanostructured alloy with Ti-poor and Ti-rich regions in
hich Mg and Ti atoms were not randomly distributed. In addi-

ion, Srinivasan et al. [36] investigated Mg0.65Ti0.35Dx prepared
y ball milling and gas-phase deuterium absorption. By com-
ined use of XRD, neutron diffraction, and magic-angle-spinning H
uclear magnetic resonance(NMR), partial segregation structures
ith rutile MgD2 domain and interdispersed TiDy and a separated

cc TiDz phases were observed. By continuously monitoring the
tructure during hydrogen uptake, Borsa et al. [23] have obtained
ata that are compatible with a coherent structure, and they pro-
osed that the average structure resembled rutile MgH2 at high
g content and was fluorite otherwise. On the other hand, Baldi et

l. [37] investigated MgxTi1−xH2y thin film systems by combining
RD and Extended X-ray Absorption Fine Structure (EXAFS) spec-

roscopy. Despite the positive enthalpy of mixing of Mg and Ti, they
ound that the degree of ordering did not vary upon loading and
nloading with hydrogen. The robustness of this system and the
ast and reversible kinetics of (de)hydrogenation were attributed to
he formation of nanoscale compositional modulations in the inter-

etallic alloy. Instead of preparing Mg–Ti alloys, nano-structured
g–Ti–H from mixing MgH2 and TiH2 by ultrahigh-energy-high-

ressure mechanical milling have been prepared [38–40]. Lu et al.
39,40] proposed that TiH2 is uniformly distributed in MgH2, and
ot only the kinetics but also the thermodynamics are changing
ith different MgH2/TiH2 ratios and milling conditions. As sum-
arized above, Mg–Ti–H systems made by different experimental

pproaches show a variety of hydrogen properties.
Thus, an unambiguous confirmation of the structures, thermo-

ynamics, and electronic bonding properties of Mg–Ti–H system is
ecessary. In our previous paper [41], the hydrogenation properties
f pure Ti and Mg were investigated, and we continue to investigate

g–Ti alloys in this paper. A composition of Mg0.75Ti0.25 is chosen

ecause 25 at.% Ti is large enough to obtain the structural trans-
ormations according to both experimental [32,35] and theoretical
redictions [33]. In addition, the ratio of Mg:Ti = 3:1 allows us to
se a relatively small unit cells in the model of the fcc structures.

Fig. 1. Unit cells used in the calcula
mpounds 509 (2011) 210–216 211

2. Computational methods and structural models

All calculations were performed using Density Functional The-
ory as implemented in the Vienna Ab-Initio Simulation Package
(VASP) [42,43]. The Kohn-Sham equations were solved using a
basis of Projector Augmented Wave-functions with a plane-wave
energy cut-off 300 eV [44], and using pseudopotentials [45] to
describe the core electrons. The Perdew-Wang 1991 generalized
gradient approximation was used for the electron-exchange cor-
relation potential [46]. A total of 13 × 13 × 13 k points were used
to model the Brillouin zone for the four metal unit cell structures
(see Fig. 1C). With this number of k points, the influence of the dis-
tribution of the k points on the calculated total energies became
less than 0.02% and therefore this number of k points was deemed
sufficiently large. For larger cells k points were scaled down pro-
portionally, e.g. for a lattice parameter of double length, only half
number of k points were required. Therefore for sixteen metal atom
cells (see Fig. 1A), 13 × 13 × 3 k points were used. For all structures
the lattice parameters, the volume and the atom positions were
allowed to relax. Mg is non-magnetic and therefore does not require
spin-polarized calculations. On the other hand, we have performed
spin-polarized calculations for Ti metals and its hydrides in the flu-
orite structures to estimate the importance of spin polarization on
the hydride formation energies. It turned out that the inclusion
of spin polarization has no effect on the bulk hydride formation
energies.

All models in this paper have a fixed ratio of Mg:Ti = 3:1. Since
the energy difference of the hcp and fcc metals is very small and
the hcp structure transforms immediately to fcc upon loading of
hydrogen [41], a hypothetical metastable fcc structure is assumed
for the alloys. Fig. 1 shows the four different structures and their

corresponding unit cells used in the calculations. They are ZrAl3
type (A), TiAl3 type (B), AuCu3 type (C) and segregated type (D)
Mg0.75Ti0.25H2 with hydrogen atoms in tetrahedral sites.

The hydrogenation processes are described by the following
reaction, where Y is the number of hydrogen molecule per metal

tions for the three structures.
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for fluorite hydride Y = 1, for the fcc alloy Y = 0).

.75Mg(hcp) + 0.25Ti(hcp) + yH2 � Mg0.75Ti0.25H2y (1)

he formation energy of alloys and hydrides are defined as

EM = EMgxTi1−x,fcc − xEMg,hcp − (1 − x)ETi,hcp (2)

EH2 =
EMgxTi1−xH2y

− xEMg,hcp − (1 − x)ETi,hcp − yEH2

y
(3)

EM is the formation energy of the alloys or metals with the
ame structure to their hydrides (in eV/M), whereas �EH2 is
he formation energy of the hydride normalized to the number
f H2 molecules (in eV/H2). Such normalization is always used
o compare the formation energies at different hydrogen con-
entrations. EH2 , EMg,hcp and ETi,hcp are the energies of the H2
olecule and the hcp metal (per metal atom) as obtained from

heir respective calculations; EMgxTi1−xH2y
and EMgxTi1−xfcc are the

otal energies normalized to the number of metal atoms in the
nit cell. The hydrogenation energy of the alloys per H2 molecule

s given by �EH2 − �EM. The calculation of atomic hydrogen and
he molecule H2 has been done using a cubic supercell with size
0 Å × 10 Å × 10 Å The bond length is predicted to be 0.746 Å and
he binding energy 461 kJ/mol H2. The agreement with the experi-

ental data (0.741 Å and 456 kJ/mol H2) is satisfactory. A validation
f the accuracy for the structural parameters of the metals were
ade in our previous paper [41]. The agreement with the litera-

ure values was fairly good, therefore the details will not be shown
ere again.

. Results

In this part, the formation energies as a function of hydro-
en concentration of the ZrAl3 type, TiAl3 type, AuCu3 type and
egregated type of Mg0.75Ti0.25H2y shown in Fig. 1 are studied,
espectively. Comparisons of hydrogenation properties between
he four types of alloys, and also those of pure Mg and Ti are made.

.1. Formation energy as a function of hydrogen concentration

.1.1. ZrAl3 type, TiAl3 type and AuCu3 type
The formation energy of ZrAl3 type, TiAl3 type and AuCu3 type

g0.75Ti0.25 alloys(�EM) are 0.21, 0.19 and 0.14 eV/M, respectively.
he positive value means that it is unfavorable to form the struc-
ure. The available tetrahedral sites and octahedral sites in these
hree structures are all identical, i.e. with one Ti and three Mg
eighbors for hydrogen in tetrahedral sites or with two Ti and four
g neighbors in octahedral sites. Distributions of hydrogen atoms

ver tetrahedral sites, octahedral sites, combination of tetrahedral
nd octahedral sites were calculated. The energies and structures
ere analyzed similarly as have been done for fcc Mg and Ti in our
revious paper [41].

The hydrogenation properties of these three types of alloys are

ualitatively similar to those of fcc Mg. For instance, the most favor-
ble distributions of hydrogen atoms in the metal lattice are the
ame as that of fcc Mg: (i) tetrahedral sites are always favored over
he octahedral sites with hydrogen atoms clustering in the metal
attice, and (ii) lattice distortions occur with increasing hydrogen

able 1
ifferent interstitial sites in the segregated alloy and the formation energies of Mg12Ti4H
nd number of tetrahedral and octahedral sites, respectively.

NTi–H Tetrahedral sites NT �EH2

4 T(4Ti) 2 0.06
2 T(2Ti) 10 0.35
1 T(1Ti) 6 0.62
0 T(0Ti) 14 1.58
mpounds 509 (2011) 210–216

loadings. Volume expansions and formation energies are quantita-
tively similar to the average of fcc Ti and fcc Mg with weight factor
of 0.25 and 0.75, respectively. Their values can be summarized as
follows. (1) The volumes (normalized by the number of metal atoms
in the unit cell) of three types of Mg0.75Ti0.25H2 (24.36, 24.43, and
24.26 Å3 for ZrAl3 type, TiAl3 type and AuCu3 type, respectively) are
larger than that of fluorite TiH2 (21.09 Å3) and smaller than that of
fluorite MgH2 (26.02 Å3). (2) The energy difference between hydro-
gen in octahedral and tetrahedral sites is smaller in the alloys than
in fcc Mg. For instance, hydrogen atoms occupying octahedral sites
in AuCu3 type alloy are 64 and 72 meV/H less stable than those
in tetrahedral sites when H/M = 0.25 and H/M = 1, respectively. In
addition, the formation energy of AuCu3 type Mg0.75Ti0.25H2 is the
same to the average of fluorite TiH2 and fluorite MgH2 with weight
factor of 0.25 and 0.75 (−0.63 eV/H2). However 0.05, and 0.07 eV/H2
lower formation energies than that of AuCu3 type are found for
ZrAl3 type and TiAl3 type, respectively. The comparison of stabil-
ities of these three systems together with the segregated system
will be further discussed later in this paper.

3.1.2. Segregated type
The formation energy of the segregated alloy (�EM) is

0.04 eV/M, which is much lower than those of the other three alloys.
Due to the different metal surroundings, four types of tetrahedral
and three types of octahedral sites were found in the segregated
type alloy. These are tetrahedral sites with four, two, one and zero
Ti neighbors and octahedral sites with four, one and zero Ti neigh-
bors. According to the type of sites and number of Ti neighbors, we
name them T(4Ti), T(2Ti), T(1Ti), T(0Ti), O(4Ti), O(1Ti) and O(0Ti),
respectively. To determine the order of hydrogen loading in dif-
ferent sites, the formation energies of Mg12Ti4H1 were calculated
(see Table 1). The stability of hydrogen in these sites is in the
order of O(4Ti) > T(4Ti) > T(2Ti) > T(1Ti) > O(1Ti) > T(0Ti) > O(0Ti). This
sequence of hydrogen loading into the alloy was followed when the
formation energies as a function of hydrogen concentration were
calculated. For instance, when hydrogen loads in the tetrahedral
sites, the order of T(4Ti), T(2Ti), T(1Ti) and T(0Ti) has been followed;
when hydrogen loads in octahedral sites, the order of O(4Ti), O(1Ti)
and Ti(0Ti) has been followed. When all of the tetrahedral sites are
occupied, a concentration of H/M = 2 is obtained. However, when
hydrogen loads in all of the octahedral sites, only a concentration
of H/M = 1 can be achieved, and in order to get a concentration of
H/M = 2, half of the tetrahedral sites needs to be further occupied
(the sequence of T(4Ti), T(2Ti), T(1Ti) and T(0Ti) is again applied).
The obtained formation energies are plotted in Fig. 2.

When hydrogen occupies tetrahedral sites, the formation
energy decreases when H/M < 1; when H/M ≥ 1 the formation
energy increases from −0.84 to −0.66 eV/H2 with full hydrogen
loading. When hydrogen atoms are stored in octahedral sites, the
formation energy is very negative at low loading, e.g. when four
O(4Ti) sites are filled up to H/M = 0.25, the formation energy is

−1.1 eV/H2. Whereas when more hydrogen atoms are introduced,
the formation energy increases except at concentration H/M = 1.25.
This is related to the beginning of the storing hydrogen in T(4Ti)
sites after all the octahedral sites are occupied. When H/M > 1,
the formation energies of hydrogen occupying a combination of

1. The energies are in eV/H2. NTi–H, NT , and NO represent number of Ti–H bonding

Octahedral sites NO �EH2

O(4Ti) 4 −0.16
– – –
O(1Ti) 8 0.77
O(0Ti) 4 1.74
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Fig. 2. Formation energies of hydrides �EH2 as a function of hydrogen concentration
in the segregated alloy. The stability sequence in Table 1 has been applied to load
the alloy in tetrahedral (black curve) and octahedral sites (red curve), respectively.
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Fig. 3. Formation energies �EH2 as a function of hydrogen concentration. The unit
is eV/H2. When H/M = 0, formation energies of alloys are in eV/M. Five structures
including bct Mg (left triangles), TiAl3 type (down triangles), ZrAl3 type (up trian-
gles), AuCu3 type (circles) Mg0.75Ti0.25, segregated Mg0.75Ti0.25 (diamonds) and fcc
s there are only sixteen octahedral sites in the sixteen metal atoms cell, octahedral
ites are occupied when H/M ≤ 1, and another sixteen tetrahedral sites are occupied
hen 1 < H/M ≤ 2. (For interpretation of the references to color in this figure legend,

he reader is referred to the web version of the article.)

ctahedral sites and tetrahedral sites are always higher than hydro-
en only occupying tetrahedral sites. This is because the repulsive
–H interactions between hydrogen atoms occupying the nearest
ctahedral and tetrahedral sites in the Mg-rich region. For instance
hen half of hydrogen atoms occupy the octahedral sites and

nother half occupy tetrahedral sites, the H–H distance of 1.96 Å is
maller than the minimum H–H distance of 2.1 Å claimed by West-
ake [49]. It should be mentioned that the Westlake criteria has
ome limitation as in some metal hydride, i.e. RTInH1.333 (R = La, Ce,
r, or Nd; T = Ni, Pd, or Pt) possess unusually short H–H separations
50]. To confirm this effect, formation energies of hydrogen atoms
ccupying combinations of O(4Ti) + T(4Ti), O(4Ti) + T(4Ti) + T(2Ti)
ave also been calculated. The calculated formation energies are
lways higher than the ones with hydrogen only occupying tetra-
edral sites or only occupying octahedral sites. This is also due to
he small H–H distance between the tetrahedral and octahedral
ites at Ti-rich region. For instance, hydrogen occupying a combi-
ation of four O(4Ti) and two T(4Ti) sites leads to a higher formation
nergy of −0.58 eV/H2 compared to those of hydrogen occupy-
ng only tetrahedral sites (−0.70 eV/H2) and only octahedral sites
−0.76 eV/H2). It should be noted that the total energy of the system
EMg0.75Ti0.25H2y

) always decreases with the increase of the hydrogen
oncentration.

Therefore, the most favorable hydrogenation process in Fig. 2
an be divided into three phases. (1) The O(4Ti) and O(1Ti) sites are
avored in the low hydrogen concentration region when H/M < 0.5.

hen H/M ≥ 0.5 the tetrahedral sites are always favored over
ctahedral sites. The hydrogen atoms already in the octahedral
ites will be redistributed over the tetrahedral sites. (2) When
.5 < H/M ≤ 1.125, the hydrogen atoms occupy T(4Ti), T(2Ti) and
(1Ti) sites. (3) When 1.125 < H/M < 2, the hydrogen atoms start
oading into the T(0Ti) sites. When H/M = 2, the hydrogen atoms are
ccupying all tetrahedral sites. The hydrogenation energies will be
ompared with those of pure Ti and Mg in the following sections.

.2. Comparison of hydrogenation properties between

g0.75Ti0.25 alloys, Mg and Ti

The formation energies as a function of hydrogen concentration
ith respect to six different structures, including Mg, ZrAl3 type,

iAl3 type, AuCu3 type, segregated type Mg0.75Ti0.25 alloys, and Ti
Ti (squares) are presented. For the hydrides the lattice types of the metal atoms are
specified. As the hydrogen atoms are at tetrahedral sites, fcc corresponds to a fluo-
rite structure, while as the hydrogen atoms are at trigonal sites, bct corresponding
to a rutile structure.

are plotted in Fig. 3. Structural information and formation energies
are summarized in 1. When H/M = 0, the formation energies are
the energy cost of converting hcp metals into the structures which
are the same as those of the corresponding hydrides. For instance,
the energy cost of converting hcp Mg to bct Mg is 0.11 eV/M. As
shown, the energy costs for creating the segregated type, and ZrAl3
type Mg0.75Ti0.25 alloy are the lowest (0.04 eV/M), and the highest
(0.21 eV/M), respectively. For those of AuCu3 type, TiAl3 type, the
energies are 0.14, and 0.19 eV/M, respectively. The relatively high
energies of the three ordered alloys are in line with the prediction
that Mg and Ti are immiscible. In fact, the calculated enthalpy of
mixing Mg and Ti metals to the ZrAl3 type alloy are very similar to
that of Mg0.50Ti0.50 (0.21 eV/M) [47].

With full loading of hydrogen, the stability of these four hydride
systems is TiAl3 type > ZrAl3 type > segregated type > AuCu3 type.
TiAl3 type Mg0.75Ti0.25H2 is 0.07, and 0.04 eV/H2 more stable than
the AuCu3 type and segregated type, respectively. The most nega-
tive formation energy of TiAl3 type Mg0.75Ti0.25H2 is probably due
to the smallest Ti–H bond length of 1.92 Å in the four structures.
However, the stability sequence of the hydrides is not consistent
with the stability sequence of the alloy systems where segregated
type > AuCu3 type > TiAl3 type > ZrAl3 type. The different stability
sequences of the alloys and hydrides indicates hydrogen induced
structural transformation upon hydrogen cycling.

As shown in Fig. 3 when hydrogen atoms are stored in the met-
als, the formation energies change very differently. The five systems
can be seen as three groups:

(1) The AuCu3 type, TiAl3 type, ZrAl3 type Mg0.75Ti0.25 alloys have
similar hydrogenation properties as Mg. Therefore we can
denote these as Mg-like structures. In these materials octa-
hedral sites are never favored and hydrogen atoms prefer to
occupy tetrahedral sites which are close to each other. In Mg,
an odd number of hydrogen atom always corresponds to an
increase in the energy, and coupling of two hydrogen atoms
is necessary to make the hydride stable [41]. For ZrAl3 type,

TiAl3 type and AuCu3 type systems, an odd number of hydro-
gen atoms does not cause the formation energy to increase, but
hydrogen atoms occupying sites close to each other are more
stable than occupying sites far apart. The formation energies
of hydrides at low hydrogen loading are positive but generally
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Table 2
Formation energies, structures and bonds of the rutile MgH2, fluorite TiH2 and four types of Mg0.75Ti0.25H2 shown in Fig. 1. �EM (in eV/M) is the energy cost of converting hcp
metals to bct, fcc metals and alloys. �EH2 (in eV/H2) are formation energies of hydrides. Parameters are in Å, and volumes are in Å3. Mg–H and Ti–H in segregated Mg12Ti4H32

are the distances between metal and hydrogen, where the hydrogen atom is in the tetrahedral site with only Mg or only Ti surroundings. In rutile MgH2, hydrogen atoms are
displaced from the ideal trigonal sites and two different Mg–H bond lengths were observed.

MgH2 TiAl3 ZrAl3 AuCu3 Segregated TiH2

�EM 0.11 0.19 0.21 0.14 0.04 0.05
�EH2 −0.67 −0.70 −0.68 −0.63 −0.66 −1.55
�EH2 − �EM −0.78 −0.89 −0.89 −0.77 −0.70 −1.60
Parameters a(4.45) a(4.57) a(4.59) a(4.59) a(9.24) a(4.40)

c(2.99) c(9.27) c(18.53) c(4.57)
389.75
2.26, 2
2.01
1.93

(

(

4

4

o
h
e
r
e
q
t
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h
d
F
a
M
H
h
t
b
M
s

Volume 59.42 194.72
H–H 2.73 2.20, 2.26
Mg–H 1.94, 1.92 2.01
Ti–H – 1.92

decrease with increasing hydrogen concentration and converge
at around −0.70 eV/H2 with full hydrogen loadings.

2) For fcc Ti, octahedral sites are favored when H/M ≤ 0.25; tetra-
hedral sites are favored when H/M > 0.25. The behavior of
hydrogen clustering which is found in Mg-like structures is
absent. The formation energies are much more negative than
those of the Mg-like metals, for example −1.06 and −1.55 eV/H2
for concentrations of H/M = 0.25 and 2, respectively.

3) For the segregated Mg0.75Ti0.25 alloy, at low hydrogen concen-
tration when H/M ≤ 0.25, hydrogen atoms load in the Ti-rich
region, so the hydrogenation properties are more Ti-like. After
the favorable octahedral sites of the Ti-rich regions are occu-
pied, the hydrogen atoms start loading in the Ti–Mg coherent
region when 0.25 < H/M ≤ 1.125, and the hydrogenation prop-
erties are similar to those of the ordered Mg0.75Ti0.25 alloys.
When H/M > 1.125, the Mg-rich region starts absorbing hydro-
gen, making this part of process more Mg-like. The formation
energy decreases dramatically in the Ti-rich region and the for-
mation energy curve has a high negative value of −1.10 eV/H2
at H/M = 0.25. After that hydrogen atoms start loading in Mg–Ti
coherent region, the formation energy increases to −0.70 eV/H2
at H/M = 0.5, and another minimum −0.82 eV/H2 can be found
at H/M = 1.0. When H/M > 1.125 (hydrogen is stored in the
Mg-rich region), the formation energy increases towards
the same value as that of rutile MgH2 with full hydrogen
loading.

. Discussion

.1. Electronic structures

Because Ti–H bonding is much stronger than that of Mg–H,
ne would expect that the formation energies of Mg0.75Ti0.25H2
ydrides are much more negative than that of rutile MgH2. How-
ver, all the calculated hydrides have similar energies to that of
utile MgH2 (see Fig. 3). How does Ti affect the structural and
lectronic bonding properties of the hydrides? To understand this
uestion, the structures and electron density of states (DOS) of
hese six hydrides are analyzed and shown in Table 2 and Fig. 4,
espectively. As important point should be mentioned that in alloys
ydrogen atoms do not occupy the ideal interstitial sites, but are
isplaced to a point where hydrogen atoms are closer to Ti than Mg.
or instance, the distance between Mg and H is larger than that of Ti
nd H in ordered Mg0.75Ti0.25H2. In the Ti and Mg coherent region in
g12Ti4H32, hydrogen atoms are also displaced closer to Ti atoms.
owever, despite the shortening, the Ti–H bond lengths in alloy

ydrides are still larger than that in the fluorite TiH2, which is due
o the larger volume of the Mg0.75Ti0.25H2 compared to TiH2. Mg–H
ond lengths in the alloy hydrides are also larger than that in rutile
gH2. The origin for the longer Mg–H bond is mainly due to the

tructure rearrangement of Mg from bct to fcc, while the longer
97.02 389.92 84.93
.35 2.23, 2.36 2.23, 2.30 2.20

2.01 2.02 –
1.93 1.94 1.90

Ti–H bond is mainly caused by the lattice expansion due to the
inclusion of Mg.

To confirm the effect of alloying Mg with Ti, the total DOSs of the
hydrides and the partial DOSs of Mg, Ti and H atoms were calculated
and the results are plotted in Fig. 4. A large band gap around the
Fermi level is observed in rutile MgH2. The valence bands are pri-
marily determined by mixing hydrogen 1s and Mg 3s states in the
peak at the lowest energy; whereas the second peak which is close
to the Fermi level is composed mainly of mixing hydrogen 1s and
Mg orbital with 2p character. The conduction bands have signifi-
cant unoccupied Mg 3s and 2p characters with a very small amount
of unoccupied hydrogen 1s states. These indicate that the bonding
in rutile MgH2 is dominantly ionic. This agrees with the results of
Vajeeston et al. [48]. In contrast, covalent bonding properties are
found in fluorite TiH2. Two peaks in both the valence and conduc-
tion bands with consecutive states around the Fermi level can be
seen in fluorite TiH2. The valence bands consist of mainly hydro-
gen 1s states, a small amount of Ti 3p and some of Ti 3d states. The
majority of Ti 3d states lie between −2.5 and 2.5 eV. For the partial
DOS of the hydrogen atom, two sharp peaks can be seen between
−5 and −5.5 eV in the valence bands, whereas hardly any hydrogen
state is contributing to the conduction bands.

For those four types of Mg0.75Ti0.25H2, the DOSs are clearly dif-
ferent from those of rutile MgH2 and fluorite TiH2. Very similar
properties of DOSs can be found except those of the three ordered
structures are more spread out than the segregated one. They can
be characterized by (i) the large band gap which was found in the
total DOS of rutile MgH2 is absent; (ii) a structure at low energy,
which is centered at around −5 eV below the Fermi level, consisting
mainly of Ti 3d and hydrogen 1s and a weaker Mg sp hybridization,
and (iii) the bonding peak near the Fermi level is dominated by the
stronger Ti–H, H–H, and weaker Mg–H interaction. In addition, the
Fermi level of ZrAl3 type, TiAl3 type, AuCu3 type and segregated
Mg0.75Ti0.25H2 are 4.2, 4.3, 4.4 and 4.0 eV, respectively. These value
are both larger than that of rutile MgH2 (0.2 eV) and smaller than
that of fluorite TiH2 (5.8 eV). The shift of the Fermi level leads to
a reduction of the stability of Mg–H bonding compared with that
of rutile MgH2. On the other hand, the Ti 3d and the hydrogen 1s
states are both broadened and shifted to higher energy compared
with that of fluorite TiH2, and the delocalization suggests weaker
Ti–H bonding in the alloy hydrides. The weakening of both Mg–H
and Ti–H bonding is in line with our prediction of the structure
analyse.

4.2. Reversibility of (de)hydrogenation of Mg0.75Ti0.25
Besides the thermodynamic and kinetics, the reversibility is also
a very important issue for hydrogen storage materials. As already
analyzed, the segregated type and TiAl3 type structures are favored
for the alloys and the hydrides, respectively. This means that
hydrogen induced structural rearrangement of the intermetallic
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gH2, fluorite MgH2, mixed Mg0.75Ti0.25H2, segregated Mg0.75Ti0.25H2, and fluorite

etrahedral site in Mg–Ti coherent region. For the DOSs of hydrides four metal ato
tates/atom eV.

tructures of the Mg0.75Ti0.25 might occur upon hydrogen cycling,
.e. segregated alloy transforms to TiAl3 type hydride upon hydro-
enation and reverse transformation upon dehydrogenation. In
act, for InPd3 alloys, hydrogen induced structural transforma-
ions from TiAl3 type and ZrAl3 type alloys to AuCu3 type hydride
ave been observed experimentally [51,52]. However, TiAl3 type
g0.75Ti0.25H2 and the hydrogen induced structure transforma-

ion between TiAl3 type and AuCu3 type or segregated type of
tructures has not been reported yet. This is probably due to the dif-
erent Mg/Ti ratio used, also probably because that the homogenous

g–Ti alloys or Mg–Ti–H have never been successfully prepared
xperimentally. In addition, the formation of the stable TiAl3 type
g0.75Ti0.25H2 compound indicate that inclusion of TiH2 into MgH2

s more feasible rather than adding Ti into Mg metals. The hydrogen
torage properties can be optimized by using different approaches
nd different composition of the materials.

The reality is that homogenous Mg–Ti alloys have never been
uccessfully prepared, whereas various structures including thin
lm and bulk alloys with partial or nano-sized segregation of Ti

n Mg were found in the products. Within these structures, the
emixing effect might bring in more segregation regions or even

omplete segregation upon running the hydrogen cycles. It can
e noticed that in Table 2, all the ordered and segregated fluo-
ite structures are less stable than the combination of rutile MgH2
nd fluorite TiH2. Therefore if enough thermal activation for atomic
earrangement is allowed, one would expect complete phase sep-
drides, PDOSs of Mg, Ti and H atoms in the hydrides. From top to bottom are rutile
The PDOS of hydrogen in the segregated Mg0.75Ti0.25H2 is the one which is in the
ll are used and the unit is states/atom eV; for the PDOSs of the atoms, the unit is

aration during hydrogen cycling. To search for solutions we would
like to refer to Fig. 3. The formation energy curve of hydrogen con-
centration from 2 to 0 corresponds to dehydrogenation. During the
dehydrogenation, there is a driving force to form Ti segregation
due to the low formation energy of the segregated alloy. However
if we take a look at the Ti-rich region in the segregated structure,
even with a little amount of hydrogen retained in the alloys after
dehydrogenation, the formation energy is still very negative. This
part of hydrogen can only desorb at higher temperatures than the
hydrogen atoms occupying Mg-rich region. This allows the possibil-
ity of partial dehydrogenation process and the trapped hydrogen
in Ti-rich region might help to maintain the original structure of
the alloys rather than demix to form larger scale of Ti segrega-
tion. Therefore the reversibility can be improved by regulating the
dehydrogenation process with a low-bound for the hydrogen con-
tent. At this point, it should be pointed out that the prediction of
the demixing scale is beyond the ability of the current DFT stud-
ies due to limited computational time. Future molecular dynamic
investigations are necessary in the future.

5. Conclusions
Formation energies of hydrogen absorbing in Mg0.75Ti0.25 alloys
as a function of the hydrogen concentration were calculated using
the Density Functional Theory. Energies and structures were ana-
lyzed and compared with those of pure Mg and Ti. The structural
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ransformation from rutile to fluorite is achieved by alloying Mg
ith 25 at.% Ti. The hydrogenation properties depend highly on

he structure of the alloys. The ordered alloys behave very simi-
arly to pure Mg. For the segregated alloy, Ti-rich, Mg–Ti coherent
nd Mg-rich regions are found. The hydrogenation process can be
ivided into three parts from low to high hydrogen concentration,
nd these are Ti-like, ordered alloy-like and Mg-like, respectively.
he DOSs of the hydrides were examined and relate with the
ormation energies. In Mg0.75Ti0.25H2, Mg–H and Ti–H bonds are
eakened compared with that of fluorite TiH2 and that of rutile
gH2. The weaker Mg–H bonding is mainly caused by the rear-

angement of the metal lattice from bct to fcc. The weaker Ti–H
onding is due to the expansion of the lattice because of the inclu-
ion of Mg metal. From the thermodynamic point of view, the
egregated structure is favored for alloy, whereas a stable TiAl3 type
g0.75Ti0.25H2y is favored for hydride. Therefore, hydrogen induced

tructure transformation between TiAl3 type and segregated type of
tructures might occur upon hydrogen cycling. In addition, for non-
omogenous Mg–Ti–H system further segregation of Ti in Mg might
ccur. It is not favorable for the reversibility of this system. Partial
ehydrogenation might be the solution to improve the reversibility
f this system.
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