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Influence of selected alloying elements on the stability of magnesium dihydride for hydrogen
storage applications: A first-principles investigation
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MgH2 is a promising compound for hydrogen storage. Its relatively high stability has been the main obstacle
for practical applications. Here, first-principles calculations of MgH2 and MgH2-X (X5Al, Ti, Fe, Ni, Cu, or
Nb! were carried out to investigate the influences of selected alloying elements on the stability of the magne-
sium hydride. The full-potential linearized augmented plane-wave method within the generalized gradient
approximation was used in the present study. The influence of alloying elements on the stability of magnesium
dihydride was investigated through calculations of the total energy of the considered systems. It was shown
that the alloying elements considered here decrease the heat of formation of (Mg,X)H2—i.e., destabilizing the
hydride—with decreasing order of effect from Cu, Ni, Al, Nb, and Fe to Ti. The destabilization of the
magnesium hydride by the alloying elements was due to a weakened bonding between magnesium and hydro-
gen atoms. Hence, the dehydrogenation properties of MgH2 are expected to be improved to a different extent
by the addition of alloying elements.

DOI: 10.1103/PhysRevB.69.094205 PACS number~s!: 61.50.Ah, 61.66.Dk
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I. INTRODUCTION

A desirable material for ‘‘on-board’’ vehicular storage
hydrogen should possess a high hydrogen density and r
discharge kinetics at a sufficiently low temperature to util
exhaust-gas waste heat. Magnesium alloys exhibit some
standing features for such applications. The hydrogen sto
capacity of pure MgH2 is 7.6 wt %, with a formation en-
thalpy of 276 kJ/mol H2 . However, its slow hydriding and
dehydriding kinetics and high dissociation temperature c
rently limit its practical applications for hydrogen storage1

The main objective of many current studies has been to
duce the high Mg-H binding energy by alloying additions,
as to reduce the sorption temperature.

Numerous studies have been carried out in order to id
tify a suitable alloy that absorbs hydrogen close to ro
temperature and desorbs hydrogen at a temperature
enough to use the waste heat of exhaust gas.2–4 It has been
reported experimentally that mixing magnesium with ca
lytic transition elements, such as Ti, V, Fe, Co, and Ni,
fectively improves the hydriding and dehydriding kinetics
magnesium at high temperatures~.573 K!.5,6 Ti and V,
when mixed with the magnesium hydride by ball milling, a
better catalysts than Ni for magnesium hydrides.6 Although
Ni is commonly used for hydrogen absorption in Mg and
alloys, it is not as good a catalyst as Ti and V. This has b
attributed to the effect of oxygen. Titanium and vanadiu
have very strong affinities to oxygen, and their oxides can
be reduced by hydrogen under normal conditions, while N
can be readily reduced by hydrogen to form nickel clust
on the surfaces.7 This is the reason that Ni has better cataly
effects than Ti and V in conventional Mg-based alloys. M
chanical milling of MgH2 with Ti or V leads to titanium or
vanadium hydrides, which could protect Ti or V from oxid
tion, and therefore the catalytic effect towards hydrogen
preserved.6
0163-1829/2004/69~9!/094205~11!/$22.50 69 0942
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It is desirable to understand the intrinsic mechanisms
alloying effects on the properties of the magnesium hydri
In the present study, we intend to investigate the influen
of selected alloying elements on the hydrogen storage p
erties of magnesium hydride, particularly the stability of t
compound. To this end, we have calculated the total ene
and, then, the heat of the formation of the MgH2 and
(Mg,X)H2 (X5Al, Ti, Fe, Ni, Cu, or Nb! with the full-
potential linearized augmented plane-wave~FP-LAPW!
method. As a result of the calculation, it is noted th
the calculated heat of formation of MgH2 reproduces the
experimental value. From a detailed analysis of the cal
lated heat of formation and the electronic structure of
considered systems, it is noted that the bonding betw
magnesium and hydrogen atoms was weakened by
additional elements.

II. METHOD OF CALCULATION

The thermodynamic aspects of hydride formation fro
gaseous hydrogen are described by pressure-compos
isotherms. The host metal initially dissolves some hydrog
to form a solid solution~a phase!. As the hydrogen pressur
together with the concentration of H in the metal is i
creased, interactions between hydrogen atoms become
cally important and then lead to the formation of th
hydride ~b! phase. While the two phases coexi
the pressure-composition isotherms show a flat plateau,
length of which determines how much H2 can be stored
reversibly with small pressure variations. The plate
or equilibrium pressure depends strongly on temperature
is related to the changes of enthalpy (DH) and entropy
(DS).

As the entropy change corresponds mostly to the cha
from molecular hydrogen gas to dissolved hydrogen, it
roughly 130 JK21 mol21 for all metal-hydrogen systems un
der consideration. The enthalpy termDH, the heat of forma-
©2004 The American Physical Society05-1
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tion of a hydride, characterizes the stability of the met
hydrogen bond. There are many models to estimate the
of formation of a hydride.8–11 One of the most successful
that of Bouten and Miedema,8 based on Miedema’s origina
approach to the heat of formation of two transition metals12

and was generalized to ternary metal hydridesABnH2m using
the rule of reversed stability, where the transition metalA is
assumed to have a stronger affinity to hydrogen than
transition metalB and, as a result, hydrogen atoms are
tracted to theA atoms in theABn compounds and ‘‘shield’’
the A atoms from the surroundingB atoms.13 By means of
this approach the heat of formation ofABnH2m hydrides is
approximately given by

DH~ABnH2m!5DH~AHm!1DH~BnHm!2DH~ABn!.
~1!

The breaking of theA-B bonds is accounted for by the la
term in Eq. ~1!. Generally speaking, the first term on th
right-hand side of Eq.~1! is negative and has the large
absolute value, whereas the second term is relatively s
and may be positive. Therefore, the sum of the first a
second terms is almost a constant for any alloy that has
same hydrogen-absorbing metal. This means that if the
term in Eq.~1! becomes more negative—i.e., the alloyABn
is more stable—the left-hand side of Eq.~1! is more
positive—i.e., the hydride is less stable. Therefore, the
dride stability decreases when the stability of the alloyABn
increases. This model can be applied to the case thatA andB
form a compound only. In some cases—for example,
MgH2-Ti system—there exists no compound between
and Ti. Then Eq.~1! cannot be used to estimate the heat
formation of such systems.

In principle, theoretical evaluation of the hydride stabili
can be made directly from the total energy of the allo
involved in the hydrogenation reaction. There are someab
initio calculations of the heat of formation for th
LaNi5,14–16 Mg2NiH4,17 and K2PtCl6-type intermetallic
hydrides,18 CsCl-type titanium compounds,19 and transition
metal dihydrides.20 No similar studies have been carried o
on the MgH2 system.

In the present work we employab initio calculations
based on the FP-LAPW method to study the energies
evolution of the electronic charge density of the magnes
hydrides with and without alloying addition. The ful
potential linearized augmented plane-wave codeWIEN2K

~Ref. 21! was used in the present work. In brief, this is
implementation of the density functional theory with diffe
ent possible approximations for the exchange and correla
potential. The Kohn-Sham equations are solved using a b
of linearized augmented plane waves.22 The
Perdew-Burke-Ernzerhof23 generalized gradient approxima
tion ~GGA! exchange and correlation potential was us
in the calculations. A muffin-tin radius was chosen
1.8 bohr for both Mg and alloying atoms and 1.5 bohr
the hydrogen atom. The self-consistency procedure
performed with 1000k points in the irreducible part o
the Brillouin zone. The total energy was computed accord
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to Weinert et al.24 In all calculations, self-consistenc
was achieved with a tolerance in the total energy
0.1 mRy.

III. RESULTS

A. Stability

MgH2 has a tetragonal symmetry (P42 /mnm, group No.
136!. The Mg atom occupies the 2a(0,0,0) site and the H
atom the 4f (0.304,0.304,0) site, Fig. 1~a!. The lattice param-
eters area50.4501 nm andc50.301 nm.25 In this study
we employed a supercell 5 times the size of the unit cel
thec axis, Fig. 1~b!. Due to the symmetry requirement, the
are three nonequivalent sites for magnesium and hydro
atoms in the supercell, as detailed in Table I. To investig
the influence of the alloying elements on the stability and
the total energy and the electronic structure of the hydrid
two Mg atoms in the supercells were replaced by alloy
atoms.

The influence of alloying elements on the stability of t
magnesium hydride was studied by calculation of the to
energy of the alloyed magnesium dihydride. To consider
relaxation induced by the alloying elements, geometric o
mizations of the magnesium dihydride with and without
loying elements were performed by first varying the sup
cell volume while fixing thec/a ratio as a constant. The
variation of the total energy against the lattice parametera is

FIG. 1. Schematic of atomic cells used in the calculation:~a!
unit cell of MgH2 and ~b! supercell, where the nonequivalen
atomic positions are denoted by 1, 2, and 3.

TABLE I. Structure of the supercell used in the prese
calculation.a

Atom x y z Number of atoms

Mg1 ~X! 0 0 0 2
Mg2 0 0 0.2 4
Mg3 0 0 0.6 4
H1 0.304 0.304 0 4
H2 0.196 0.804 0.1 8
H3 0.304 0.304 0.2 8

aThe space group of the supercell isP42 /mnm ~No. 136! with
lattice parameters ofa50.4501 nm,c855c51.503 nm. The non-
equivalent atoms are denoted by the numbers 1, 2, and 3.x, y, and
z are atomic coordinates in terms of lattice vectorsa, b, and c,
respectively. The symbolX denotes that the Mg1 atom will be
replaced by an alloying atomX in the MgH22X systems.
5-2
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FIG. 2. Total energy curves against the lattice parametera with a constant ratio ofc0 /a0 of the MgH2-X systems.
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plotted in Fig. 2, where the data are fitted to a third-ord
polynomial. Accordingly, the lattice parameters were e
mated from the minimized total energy points of the cons
ered systems. The estimated lattice parametersa and c of
MgH2 are 0.4535 nm and 0.3033 nm, respectively, which
very close to the experimental values ofa50.4501 nm and
c50.301 nm.25 Then the full geometric relaxation was ca
ried out for the alloyed systems using the lattice parame
estimated from Fig. 2 as the starting point with 100k points
09420
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for computational efficiency. The dependence of the ac
racy of the calculated total energy with thek points was
estimated. For example, the total energy of MgH2-Nb is
218 510.696 526 ~Ry! for the 100 k points and
218 510.698 842~Ry! for the 1000k points. The relaxation
was performed by changing the lattice parametersa and c
independently. Therefore the lattice parametersa andc of the
considered MgH2-X systems were reestimated from th
minimum area of the energy surface viaa andc. The values
5-3
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TABLE II. Lattice parametersa andc in nm, relative change of the atomic coordinatesDz5z2z0 , Dx5x2x0 , and the total energies
of the MgH2 and MgH22X systems after the full geometry optimization of the supercell.

Lattice parameters

a ~nm! c ~nm! Dz(Mg2) Dz(Mg3) Dx(H2) Dx(H3)
Total energyEtot

~Ry!

MgH2 0.4535 0.3033 2806.089126~unit cell!
Al 0.4515 0.3020 0.0001 0.0001 0.0006 0.0112 24200.040855
Ti 0.4475 0.2994 0.0001 0.0002 0.0008 0.0006 26644.177974
Fe 0.4333 0.2850 0.0000 20.0001 0.0007 0.0231 28319.915554
Ni 0.4379 0.2993 0.0000 20.0001 0.0006 0.0124 29311.834185
Cu 0.4420 0.3171 0.0000 0.0006 0.0008 0.0008 29848.619694
Nb 0.4487 0.3049 0.0002 0.0000 0.0004 0.0007 218510.698842
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of the lattice parametersa andc are listed in Table II. Analy-
sis of the forces shows that~a! the force on the alloying atom
is F(X)50, ~b! the forces on the Mg2, Mg3, and H1 atom
are zero in thex and y directions, but nonzero in thez
direction, and~c! the forces on the H2 and H3 atoms are ze
in the z direction, but nonzero in thex and y directions.
Using these lattice parameters, internal relaxation of
atoms within the supercell was carried out for the alloy
systems. As required by group symmetry, the atomsX
and H1 were fixed during the relaxation@Fig. 1~b!#. Then
the internal relaxation was performed in two steps. First,
Mg2 and Mg3 atoms were relaxed independently along thz
direction, while the H2 and H3 atoms were kept at th
initial positions. The variation of the atomic coordinat
of the Mg2 or Mg3 atoms was defined asDz(Mg2/Mg3)
5z2z0 , wherez0 is the initial atomic coordinate of the Mg
or Mg3 atom~Table I!. The energy surface as a function
the Dz(Mg2) and Dz(Mg3) was constructed and th
final values ofDz(Mg2) andDz(Mg3) were estimated from
the minimum area of the energy surface and are lis
in Table II. The changes of the position of the Mg2 a
Mg3 atoms in thez direction are very small due to th
addition of the alloying elements, owing to the fact that t
Mg2 and Mg3 atoms are the second nearest-neighbor at
resulting in a small energy difference between the rela
and unrelaxed positions~within 0.3 mRy for the considered
alloyed systems!. Second, the Mg2 and Mg3 atom
were fixed at their new positions, and the H2 and H3 ato
were relaxed along thex direction independently, with the
change ofDx5x2x0 , wherex0 is the initial atomic coordi-
nate of the two atoms in the supercell~Table I!. The H2 and
H3 atoms were maintained in 8j symmetry (x5y) in the
supercell during the relaxation. Again, the final values of
Dx(H2) andDx(H3) were estimated from the total energ
surface and are listed in Table II. The value of theDx(H2) is
smaller than that of theDx(H3). This is consistent with the
fact that the H3 atom is the nearest neighbor of the alloy
atom in the present supercell~Fig. 1!.

In brief, from the relaxation study, it is noted that th
alloying elements mainly influence the position of the mat
atoms in their vicinity: i.e., only the positions of the neare
neighbor H3 atoms were significantly changed. The influe
of alloying elements on the position of the H3 atoms
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creases in the order of Ti, Nb, Cu, Al, and Ni to Fe. Part
densities of states show that the bonding between thed elec-
trons and H3s electrons is much stronger in the MgH2-Fe
and the MgH2-Ni than that in the MgH2-Ti and MgH2-Nb
systems~Figs. 4–6!. This is the reason why the influence o
the Fe and Ni atoms on the position of the H3 atoms is m
stronger than that of the Ti and Nb atoms.

Using these structural parameters, we recalculated
electronic structure and total energy of the alloyed mag
sium hydrides with 1000k points. The resulting tota
energies are also listed in Table II. The lattice parame
in Table II show that the unit cell volume of MgH2 was
reduced by the alloying elements considered in the pre
work. The level of the reduction of the unit cell volum
increases from Cu, Al, Nb, Ti, and Ni to Fe. The variatio
of the unit cell volume influences the hydrogen stora
properties of magnesium dihydrides as will be discus
below.

The heats of formation of hydrogen in solution and in t
hydride were calculated by subtracting the total energies
the host alloy and the absorbed hydrogen molecule from
of the final state:

DHMgH25Etot~MgH2!2Etot~Mg!2Etot~H2!. ~2!

The total energy of the hydrogen molecule was calcula
using the same code as used previously with an equilibr
bond length of 0.74 nm. The result is22.324 803 Ry, very
close to the value of22.320 Ry obtained by using the vo
Barth–Hedin exchange-correlation potential.14 The resulting
heat of formation of MgH2 is 271.149 kJ/mol H2 , which
is very close to 276.1569.2 kJ/mol H2 measured
experimentally.26

In order to investigate the influence of alloying elemen
on the stability of the magnesium dihydride, a parame
DEr was introduced to estimate the relative stability of t
alloyed magnesium dihydrides compared with that of MgH2.
The definition ofDEr is

DEr5Etot~Mg8X2H20!210Etot~MgH2!

22@Etot
e ~X!2Etot

e ~Mg!#, ~3!
5-4
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where the first two terms on the right-hand side are the t
energy of the MgH2-X with the current supercell and that o
MgH2, respectively.Etot

e (X) denotes the total energy of th
elementX and was calculated using the same code as for
MgH2-X. The values ofEtot

e (X) andDEr are listed in Table
III. The data in Table III show that the stability of the ma
nesium dihydride was reduced by the alloying elements:
example, an increase in energy of 22.91 kJ/mol H2 due to
alloying with titanium is noted. The amount of reductio
increases in the order of Ti, Fe, Nb, Al, and Ni to Cu. It
noted that theDEr values for the MgH2-Ni and MgH2-Cu
systems are very close to the absolute value of the hea
formation of MgH2, implying the two alloyed systems ar
more destabilized. In fact, some alloying elements con
ered here can form compounds with Mg and hydrogen
form complex magnesium hydrides.27 The influence of alloy-
ing elements on the stability of MgH2 should be addresse
by considering the formation of these second phases as
cussed below.

TABLE III. Total energy of pure metal considered in the prese
study,Etot

e , and the parameterDEr defined by Eq.~3!, which de-
scribes the relative stability of alloyed MgH22X compared to
MgH2 .

Etot
e ~Ry/atom! DEr (kJ/molH2)

Mg 2400.665547 0
Al 2485.639253 46.21
Ti 21707.618998 22.91
Fe 22545.527570 33.34
Ni 23041.616215 67.88
Cu 23310.016085 69.12
Nb 27640.927552 35.53
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B. Formation of the second phase and stability of the
compounds

As mentioned above, we estimated the influence of
alloying elements on the stability of MgH2 by assuming that
the additions do not form a compound with the host elem
Mg or H. In fact, some alloying elements, such as Ti, Fe, a
Ni, can form compounds with either magnesiu
(Mg2FeH6,Mg2NiH4) or hydrogen (TiH2). In the parallel
experiments carried out in our group, it was found that so
second phases were formed during ball milling. For exam
TiH2 compound was identified in the MgH2-Ti system,
MgCu2 in the MgH2-Cu system, and Mg2NiH4 in the
MgH2-Ni system.27 Considering these experimental finding
the influence of compound-forming alloying elements on
stability of MgH2 was reestimated according to the form
tion of the second phase as follows:

TABLE IV. Total energyEtot
s , heat of formationDH, and sta-

bility parameterDEr8 of MgCu2 , TiH2 , Mg2NiH4 , and Mg2FeH6 ,
in comparison with experimental values.

Etot
s ~Ry/unit cell!

DH (kJ/molH2)

Present Expt. DEr8 (kJ/molH2)

MgCu2 27020.797210 2130.79a — 82.18
TiH2 21710.076807 2174.68 2164b 43.60
Mg2NiH4 23847.687365 259.35 262.7c 63.17
Mg2FeH6 23354.126006 2124.15 279.2b 67.54

aunit: kJ/mol.
bReference 30.
cReference 28.

t

DEr855
Etot~Mg8Ti2H20!28Etot~MgH2!22Etot~TiH2! for MgH2-Ti,

Etot~Mg8Ni2H20!26Etot~MgH2!22Etot~Mg2NiH4!12Etot~Mg! for MgH2-Ni,

Etot~Mg8Fe2H20!24Etot~MgH2!22Etot~Mg2FeH6! for MgH2-Fe,

Etot~Mg8Cu2H20!210Etot~MgH2!2Etot~MgCu2! for MgH2-Cu.

~4!
ere
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ys-
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To estimate the value ofDEr8 , one needs to calculate th
total energy of the second phases involved, and it was ca
lated with the present code using the experimental lat
parameters, but no geometry optimization was performed
these second phases. The calculated total energies and
of formation of these compounds are listed in Table IV. Al
the experimental values of the heat of formation of the
phases are listed in the table for comparison. The calcul
heat of formation of these compounds is in good agreem
with the experimental values, except for Mg2FeH6, the the-
oretical value of which is about 60% larger than the expe
mental data. The values ofDEr8 also shown in Table IV
u-
e
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eat

e
ed
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suggest that the assumed structure for which Mg atoms w
replaced by alloying atoms is unstable. The system may
compose to MgH2 and a second phase through structu
relaxation. The dehydriding behavior of the considered s
tems will then be influenced by the formation of the seco
phase.

C. Electronic structures

The total and partial densities of states~DOS! of the mag-
nesium hydride are shown in Fig. 3. The total DOS sho
five bonding peaks in the energy range between the Fe
level and26.0 eV. The three main peaks~between22.0 and
5-5
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0 eV! are the result of the bonding between Hs electrons and
the Mg p and s electrons. The other peaks~between26.0
and 22.5 eV! are caused by the bonding of Hs and Mg s
electrons. There is a gap of about 4 eV between the bon
and antibonding states. The total DOS in Fig. 3 shows
the highest bonding band possesses the characteristic o
nificant s-p hybridization, contributed by the hydrogens
and magnesiump ands electrons. This leads to a relative
high formation energy of MgH2. This aspect was change
in the alloyed (Mg,X)H2 (X5Al, Ti, Fe, Ni, Cu, or Nb!
systems.

The alloying elements considered here may be class
into three groups:~I! Ti and Nb,~II ! Al and Cu, and~III ! Fe
and Ni, according to experimental findings.27–29 In group I,
Ti and Nb do not form compounds with Mg, but can for
hydrides TiH2 and NbH2, respectively. For group II, Al and
Cu can form compounds with Mg, but no stable hydrid
were found experimentally.27 The elements Fe and Ni ca
form hydrides with Mg. These features are determined by
electronic structure.

1. Ti and Nb

Figure 4 shows the total DOSs of the MgH2-Ti and
MgH2-Nb systems. The common features of the total DO
of the two systems are that the major bonding peaks nea
Fermi energy are mainly controlled by the alloyin
elements—e.g., Ti or Nb—and the host atoms of magnes
and hydrogen make only a small contribution. In MgH2-Ti
@Fig. 4~a!#, the bonding peak near the Fermi energy is co
tributed by the Tid, the main part, and a weak Mgs, and H
s electrons, implying that the bonding between Ti, Mg, and
is weakened. Thes-p bonding peaks between magnesiu
and hydrogen appear in the energy range between22.5 eV
and25.0 eV in the total DOS. Also there is a weak cont

FIG. 3. Total and partial densities of states of the MgH2 system.
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bution of the Ti d electrons to the bonding peaks. Thes
electron bonding between magnesium and hydrogen app
in the energy region from25.5 eV to 27.0 eV. For
MgH2-Nb, the partial DOS of magnesium are similar
those for the MgH2-Ti. Thes-pbonding between magnesium
and hydrogen in MgH2-Nb is stronger, while thes-sbonding
between them is weaker than in MgH2-Ti. The weak bond-
ing between magnesium, hydrogen, and titanium around
Fermi energy may be the reason for the reduced stability
MgH2 alloyed with elements Ti or Nb.

2. Al and Cu

The total and partial DOSs of MgH2-Al are shown in Fig.
5~a!. There is a weak bonding peak in the total DOS near
Fermi energy, contributed by Als and Mg s electrons. The
peaks in the total DOS of MgH2-Al in the energy range
between210.0 eV and24.0 eV are similar to the total DOS
of MgH2 ~Fig. 3!. These peaks are the result of the intera
tions between Al, Mg, and H. The highest peak located
24.5 eV below the Fermi energy is due to the interaction
Mg2 p, Mg3 p, H2 s, H3 s, and Al p electrons. The second
bonding peak, located at24.25 eV, is dominated by the Als,
Mg s, p, and Hs electrons. Considering the fact that the A
atom was surrounded by four H1 and H3 atoms in the sup
cell used in the present work, the partial DOS of Al, Mg, a
H show that the bonding between Al and H3 is thes-p inter-
action, while Al-Mg2 bonding is controlled by thep-p and
s-s interactions. The interaction between Mg and H ato
was weakened by the addition of Al as the partial DOS
both Mg and H atoms near the Fermi energy were sign
cantly reduced.

The total and partial DOS of the MgH2-Cu are plotted in
Fig. 5~b!. Four bonding peaks appeared in the total DOS
the energy range from the Fermi energy to24.0 eV. The
peak near the Fermi energy is contributed by Cud, Mg p,
and H s electrons. The contribution of the H2s electron to
the peak is smaller than that of the other two H atoms. T
highest bonding peak, located at22.0 eV, shows the charac
teristics of Cud electrons, while it also contains the contr
butions of Mg2p and H2s electrons. The other two peak
were dominated by Mg2p, Mg3 p, H1 s, and H3s, with
some level of the Cud electrons.

Comparing the partial DOS of the MgH2-Cu with that of
the MgH2-Al, we identified that the bonding between M
and H atoms is stronger in the MgH2-Cu than that in the
MgH2-Al, due to the presence of a Hs electron peak nea
the Fermi energy in the MgH2-Cu, while in MgH2-Al sys-
tem, the peak due to Hs electron near the Fermi energy ca
be ignored.

3. Fe and Ni

Figures 6~a! and 6~b! are the total and partial DOS of th
MgH2-Fe and MgH2-Ni, respectively. In Fig. 6~a!, the bond-
ing peaks of the total DOS in the energy range from21.0 eV
to 20.5 eV show an Fed electron characteristic, while Mg2
p, Mg3 p, and H1s electrons also contributed, to some e
tent, to the highest bonding peak in the total DOS at ab
21.0 eV below the Fermi energy. This feature implies th
5-6
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FIG. 4. Total and partial densities of states of the MgH2-Ti ~a! and MgH2-Nb ~b! systems.
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Figs.

of
there is a relatively weak bonding between Fe, Mg, and H
the MgH2-Fe system. The other bonding peaks in the to
DOS are located in the energy range from29.0 eV to22.5
eV below the Fermi energy. These peaks are the result o
interactions between Mg and H. Compared with Fig. 3,
amplitudes of the partial DOS of Mgp and Hs electrons are
reduced, implying that the interactions between Mg and H
MgH2-Fe are weaker than that in MgH2.

Figure 6~b! shows the total and partial DOS of th
MgH2-Ni. There is a bonding peak near the Fermi energy
the total DOS dominated by the Nid, Mg s, and Hs elec-
trons. Again, the highest peak in the total DOS was do
nated by the Nid electrons. In the partial DOS, the magn
tude of the Mgp electron peaks in the energy range fro
near24.0 eV to22.0 eV below the Fermi energy is reduce
in the MgH2-Ni system compared with that in MgH2. This
leads to a relatively weak interaction between Mg and
atoms. The bonding peak at24.0 eV in the partial DOS of
Mg2 s, Mg3 s andp, H1 s, and H3s electrons constitutes th
second highest bonding peak in the total DOS. This fea
suggests that the interactions between Mg atoms, and
09420
n
l

he
e

n

n

i-

re
e-

tween Mg3 and H1 atoms are enhanced as confirmed by

charge distribution on the (11̄0) plane@Fig. 10~b!#.

D. Bonding and charge density distribution

In order to understand the microscopic origin of the bon
ing and the influence of alloying elements on the stability
MgH2, a charge density analysis was carried out on
(1̄10) plane. Figure 7 shows the charge distribution on
(1̄10) plane of MgH2. The bonds between Mg and H atom
are clearly seen in the diagram. The influence of alloy
elements on the charge density within the (11̄0) plane of the
considered systems was analyzed and is presented in
8–10.

Figure 8 shows the charge distribution of the MgH2-Ti
@Fig. 8~a!# and the MgH2-Nb @Fig. 8~b!# on the (1̄10), re-
spectively. The Ti-H1 bonds can be identified in Fig. 8~a!,
while Mg2-H2, and Mg3-H3 bonds are similar to the case
MgH2, but slightly reduced. The feature of Fig. 8~b!, which
shows the charge density of MgH2-Nb on the (1̄10) plane, is
5-7
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FIG. 5. Total and partial densities of states of the MgH2-Al ~a! and MgH2-Cu ~b! systems.
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similar to that of Fig. 8~a!. Due to more valence electrons o
Nb, a high charge density around the Nb atom was foun

The charge density of MgH2-Al and MgH2-Cu on the
(1̄10) plane is shown in Figs. 9~a! and 9~b!, respectively. In
Fig. 9~a!, the bonds between Mg2-H1, Mg2-H2, an
Mg3-H3 were weakened by the addition of Al atoms, wh
in Fig. 9~b!, the distributions of electrons between Mg and
atoms are similar to that in the MgH2 system. Only the
Mg2-H2 bonds were slightly weakened compared with
case of MgH2 ~Fig. 7!.

Figures 10~a! and 10~b! show the charge distribution
of the MgH2-Fe and MgH2-Ni on the (1̄10) plane, respec
tively. The bond strength between Mg and H atoms w
reduced by the addition of Fe or Ni atoms. This conclus
agrees with the analyses of the DOSs shown in Figs.~a!
and 6~b!.

E. Dehydriding properties

The influence of selected alloying elements on the de
driding kinetics of MgH2 was investigated experimentally.27

It was shown that the dehydriding properties were improv
09420
e

s
n

-

d

by the addition of the alloying elements. After 10 h, abo
2.0 wt % hydrogen was released from the MgH2-X (X
5Cu, Nb, or Ti!, 4.0 wt % from the MgH2-Fe, 5.0 wt %
from the MgH2-Al, and 7.0 wt % from the MgH2-Ni sys-
tems. The dehydrogenation rate is reasonably h
in the MgH2-Al system and most of the 5.0 wt % hydroge
was already released after 4 h.27 The present first-principles
calculations are in agreement with those experimen
findings.

For the MgH2-Ti system, although the stability of MgH2
was reduced by the addition of titanium, due to the format
of the second phase TiH2 , the hydrogen atoms were held b
Ti atoms. However, the DOS@Fig. 4~a!# and the charge dis

tribution on the (1̄10) plane@Fig. 8~a!# of the system show
that the bonding strength between Mg and H atoms w
slightly reduced, compared with that of MgH2, and the unit
cell volume was also reduced in this system~Table II!. The
dehydriding properties should then be slightly improved. T
alloying element Nb shows a similar effect to Ti due to th
similar electronic structural features shown in Figs. 4~b! and
8~b!.
5-8
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FIG. 6. Total and partial densities of states of the MgH2-Fe ~a! and MgH2-Ni ~b! systems.
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For the MgH2-Al and MgH2-Fe systems, the stability o
the considered system was reduced by 46.22
33.35 kJ/mol H2 , respectively. Weak bonding peaks near t
Fermi energy were found in the DOS of both MgH2-Al and
MgH2-Fe systems@Figs. 5~a! and 6~a!#. The charge distribu-
tions on the (1̄10) plane@Figs. 9~a! and 10~a!# also show a

FIG. 7. Charge distribution on the (11̄0) plane of MgH2 . The
symmetrically nonequivalent atoms are denoted by 1, 2, and 3
09420
d
reduction of the electron density between Mg and H atom
These electronic structural features support the experime
findings that Al and Fe improve the dehydriding kinetics
MgH2.1

For the MgH2-Cu system, the parameterDEr is greater
than the absolute value of the heat of formation of MgH2,
implying that the assumed structure is unstable and will m
likely decompose to MgH2 and MgCu2 as found in experi-
ments. On the other hand, nonequilibrium processing, s
as mechanical alloying, may embed a certain level of Cu i
the MgH2 compound. The DOS@Fig. 5~b!# show that the
bonding peak near the Fermi energy is contributed by Cud,
Mg s, p, and Hs electrons. It also shows that the bondin
between Mg and H2 atoms is weak. This may be due to
formation of MgCu2 , in which the Mg atoms were com
pletely held by the Cu atoms, and the previously engage
atoms were released. Therefore, the H atoms can be re
released from the MgH2-Cu system, leading to improvemen
of the dehydriding properties of MgH2.

For the MgH2-Ni system, the dehydriding kinetics o
MgH2 was significantly improved by the addition of Ni a
mentioned above. The stability parametersDEr andDEr8 are
5-9
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67.88 and 63.17 kJ/mol H2 , respectively, indicating that th
assumed structure is more unstable. The DOS@Fig. 6~b!#
indicate the possibility of the formation of Mg2NiH4 because
the main bonding peaks near21.2 eV below the Fermi en

FIG. 8. Charge distribution on the (11̄0) plane of the MgH2-Ti
~a! and MgH2-Nb ~b!. The symmetrically nonequivalent atoms a
denoted by 1, 2, and 3.

FIG. 9. Charge distribution on the (11̄0) plane of the MgH2-Al
~a! and MgH2-Cu ~b!. The symmetrically nonequivalent atoms a
denoted by 1, 2, and 3.
09420
ergy were contributed by the Ni, Mg, and H atoms. Improv
ment of the dehydrogenation properties of the system is
pected due to the following facts:~i! the bonding between
Mg and H was weakened as evidenced by the reduced b
ing peaks near the Fermi energy@see the DOS of Fig. 6~b!#
and ~ii ! the formation of the second phase Mg2NiH4 with a
heat of formation of262.7 kJ/mol H2 ,28 larger than that of
MgH2. This means that the H atoms in the mixture of MgH2
and Mg2NiH4 compounds can be released more readily th
those in MgH2.

IV. CONCLUSIONS

The influence of several alloying atomsX (X5Al, Ti, Fe,
Ni, Cu, or Nb! on the stability of the magnesium hydrid
MgH2 was clearly demonstrated by means of electro
structure and total energy calculations using the FP-LAP
method within the GGA. The influence of selected alloyi
elements on the stability of MgH2 was determined from the
difference between the total energy of MgH2-X and the total
energies of the magnesium dihydride, the pure metals,
the hydrogen molecule. Full relaxation of the alloyed sy
tems was considered. The alloying elements mainly influe
the position of the matrix atoms in their vicinity: i.e., onl
the positions of the nearest-neighbor H3 atoms were sig
cantly changed. The influence of alloying elements on
position of the H3 atoms increases in the order of Ti, Nb, C
Al, and Ni to Fe. The stability of the alloyed hydride
reduced by the alloying elements, the effectiveness of wh
decreases from Cu, Ni, Al, Nb, and Fe to Ti. The effect
further enhanced due to the formation of a second phas
the MgH2-Ti, MgH2-Ni, MgH2-Cu, and MgH2-Fe systems.

FIG. 10. Charge distribution on the (11̄0) plane of the MgH2-Fe
~a! and MgH2-Ni ~b!. The symmetrically nonequivalent atoms a
denoted by 1, 2, and 3.
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Analysis of the DOS and charge distribution shows that
bonding between magnesium and hydrogen was weake
by the additional elements, while there exists stronger bo
between the alloying atom and its nearest-neighbor hydro
atoms. The interaction is the strongest between the alloy
atoms Ti~Nb! and H and the weakest between Al~Cu! and H
atoms among the considered elements. The results sugg
that the hydriding and dehydriding properties of the mag
sium hydride—e.g., dehydriding temperature and
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