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In this work, the hydrogen storage properties of the Mg-based hydrides, i.e., Mg1−xMxH2 (M=Ti, V, Fe, 0 ≤
x ≤ 0.1), are studied using the Korringa–Kohn–Rostoker (KKR) calculation with the coherent potential approximation

(CPA) approximation. In particular, the nature and the concentrations of the alloying elements and their effects are

studied. Moreover, the material’s stability and hydrogen storage thermodynamic properties are discussed. In particular,

we find that the stability and the temperature of desorption decrease without significantly affecting the storage capacities.
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1. Introduction

Up to date, the magnesium is one of the most

attractive materials for hydrogen storage applications

due to its high gravimetric and volumetric capacities

(7.65 wt.% and 110 gH2/l, respectively) in the form of

stoichiometric binary MgH2.
[1] However, its slow hy-

drogen absorption and desorption kinetics as well as

the high dissociation temperature of 573–673 K, es-

sentially limit its application for hydrogen storage.[2]

Numerous attempts have been made to improve the

magnesium hydrogen absorbing-desorbing character-

istics. Experimentally, it has been reported that the

mixing magnesium or the magnesium hydride with

small amounts of transition metals (TM) or their ox-

ides drastically accelerates the hydrogen kinetics, and

a slight decrease of the desorption temperature was

observed.[3−9]

Electronic structure studies of Mg-based alloy hy-

drides are performed to predict further modifications

that destabilize the corresponding hydrides by low-

ering the desorption temperature and enhance the

hydrogen kinetics characteristics. Several theoretical

studies have been carried out to clarify the mecha-

nisms of the alloying effects on the thermodynamic

properties of the magnesium-based hydrides.[10−16]

On the other hand, the observed catalytic mechanism

is still not adequately explained.

The aim of this work is to study the elec-

tronic structures of Mg-based hydrides Mg1−xMxH2

(M=Ti, V, Fe) with 0 ≤ x ≤ 1 by using the

Machikaniyama2000 KKR (Korringa-Kohn-Rostoker)

code package from Akai of Osaka University.[17,18] The

code package is based on the coherent potential ap-

proximation (CPA), and provides an intuitive yet ac-

curate approach when combined with the generalized

gradient approximation (GGA) methods, and it gives

very good results for alloying systems. The obtained

results are used to discuss the hydrogen storage ther-

modynamic properties. In particular, we find that the

stability and the temperature of desorption decreases

without significantly affecting the storage capacities.

†Corresponding author. E-mail: elkenz@fsr.ac.ma

© 2012 Chinese Physical Society and IOP Publishing Ltd
http://iopscience.iop.org/cpb　http://cpb.iphy.ac.cn

097501-1



Chin. Phys. B Vol. 21, No. 9 (2012) 097501

2. Computational methods

To solve the density functional theory (DFT)

one-particle equations, we use the multiple-scattering

theory, i.e. the KKR Green’s function (KKR-GF)

method and the KKR-CPA for low impurity concen-

trations. The coherent potential approximation is em-

ployed to describe the random disordered distribution

of impurities. The relativistic effects are taken into ac-

count by using the scalar relativistic approximation.

The crystal potential is approximated by a muffin-tin

potential, and the wave functions in the respective

muffin-tin spheres are expanded in real harmonics up

to l = 3, where l is the angular momentum quan-

tum number defined at each site. In our calculations,

1000 k-points in the irreducible part of the first Bril-

louin zone are used. For the present KKR-CPA calcu-

lations, the package MACHIKANEYAMA2000 coded

by Akai[18] is used. In this study, the KKR method

within the GGA and the GGA91 for parameterization

of the exchange energy[19] is applied. Table 2 shows

that the calculated values are in good agreement with

those obtained by the Wien2K code.[14,20−22]

The hydride MgH2 crystallized in the rutile-type

structure (P42/mnm, space group N◦136) at ambi-

ent conditions.[23] The Wyckoff positions of Mg and

H are 2a (0, 0, 0) and 4f (0.304, 0.304, 0), respec-

tively (Fig. 1). The lattice constants used as the in-

put for our calculation are the experimental values,

a = 4.501Å and c = 3.01Å.[23] The lattice constants of

Mg, Ti, V, and Fe (Table 1) are taken as reference.[24]

Fig. 1. (colour online) Crystal structure of MgH2 in the

primitive cell.

Table 1. Lattice parameters of simple elements.

Element Space group Crystalline structure a/Å c/Å

Mg 194–P63/mmc Hcp 3.21 5.21

Ti 194–P3/mmc Hcp 2.95 4.68

V 227–Im3m Bcc 3.03 3.03

Fe 227–Im3m Bcc 2.87 2.87

3. Results and discussion

3.1. Structural relaxation

We first study the effect of doping on the struc-

ture relaxation. The total energy of the system

computed by the DFT method depends on the nu-

cleon positions, hence we can minimize the energy

functional with respect to the positions. The to-

tal energy of MgH2 as a function of lattice param-

eter a before and after doping with a certain el-

ement (Ti, V, and Fe), has been calculated using

the Hellmann–Feynman method[25] in the KKR-CPA

method with the GGA91 parameterization.[19] Our

results are given in Fig. 2. The equilibrium po-

sitions corresponding to the minimal energies for

both cases (MgH2 and MgH2:TM) are determined

by aeq = 4.585 Å and the ratio c/a = 0.6572.

These values are comparable to those obtained ex-

perimentally (a = 4.501 Å and c/a = 0.6687)[22]
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Fig. 2. Total energies of (a) MgH2,(b) Mg0.9V0.1H2, and

(c) Mg0.9Fe0.1H2 each as a function of parameter a of the

primitive cell.
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and (a = 4.515 Å and c/a = 0.6686).[26] This means

that the volumetric capacity is the same for MgH2

and MgH2:TM. This good agreement allows validating

our modeling approximations based on the KKR-CPA

method with the GGA91 parameterization.

3.2.Hydrides stability: heat of forma-

tion

We now evaluate the heat of formation (∆H) of

hydride MgH2 before and after doping with certain

transition metals to study the stability of these hy-

drides. The heat of formation ∆H is the most impor-

tant thermodynamic parameter used to identify and

classify hydrogen storage materials. This is due to the

fact that it can be used to determine the heat of the

hydrogenation reaction (∆H < 0 hydride is stable and

vice versa) and deduce the temperature of desorption

of hydrogen from the system. The ∆H of hydride can

be defined as the difference between the sums of total

energies of products and reactants[10]

∆HHF =
∑

Etot(products)−
∑

Etot(reactants). (1)

The reaction related to the formation of hydride

MgH2 reads

Mg + H2 → MgH2. (2)

To calculate the heat of formation of reaction (2),

we subtract the total energies of the pure element Mg

and the hydrogen molecule from that of hydride MgH2

∆H = Etot(MgH2)− Etot(Mg)− Etot(H2). (3)

The value of the total energy of the H2 molecule,

Etot(H2) = −2.320 Ry, has been taken from Refs. [6]

and [27], and that of Mg is calculated and is equal

to −400.6670692 Ry, which is comparable to that ob-

tained in Ref. [28].

The calculated enthalpy of formation based on

the KKR-CPA method for the magnesium hydride

with the optimized and the experimental struc-

ture parameters are −85.709 kJ/mol|cdotH2 and

−79.577 kJ/mol·H2, respectively (see Table 2). These

values are comparable to those obtained experimen-

tally, −74.3± 0.5 kJ/mol·H2,
[29] −81.2 kJ/mol·H2,

[30]

and −76.15 ± 9.2kJ/mol·H2.
[22] This good agreement

allows validating our modeling approximations based

on the KKR-CPA method with the GGA91 parame-

terization.

Table 2. Total energies and heats of formation obtained with experimental and optimized parameters of MgH2.

Element
Total energy/Ry·f.u.−1 Formation heat/kJ·mol−1·H2

Our cal. Literature Our cal. Literature

Mg –400.6670692 –400.6675[33] – –

H2 – –2.320[5,26] – –

MgH2
a) –403.0477706

–403.042937[13]
–79.577

–74.3 ± 0.5[27]
MgH2

b) –403.0524479 –85.709

a)with experimental parameters, b)with optimised parameters

In order to destabilize the MgH2 systems, transi-

tion elements have been introduced, which are known

for their role in the destabilization of magnesium

hydride[6,28] following the reaction

MgH2 + xM → Mg1−xMxH2 + xMg. (4)

Based on this reaction, we can calculate the enthalpies

of formation of doped Mg-based hydrides according to

the following formula:

∆EHF = Etot(Mg1−xMxH2) + x(Etot(Mg)

−Etot(M))− Etot(MgH2), (5)

where the total energies per atom for the pure ele-

ments are calculated and listed in Table 3. The total

energies as well as the resulting heats of formation of

the studied hydrides are listed in Table 4. It is shown

that the addition of the transition metal to MgH2 gen-

erally reduces the stability of MgH2, which can lead to

an improvement of the dehydrogenation kinetics. This

agrees well with the trend observed experimentally[6]

and theoretically.[6,28] This destabilization effects on

MgH2 obtained in this work increase in the order of

Fe, Ti, and V according to the values of heat of for-

mation of the mixtures. It follows from Eq. (5) that

we can control the value of the heat of formation in

Mg1−xMxH2 (M=V, Ti, and Fe, 0 < x < 1) by vary-

ing the concentrations of the doped elements. In fact,
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it is shown in Fig. 3 that when we increase the con-

centration, the heat of formation decreases linearly

with a specific slope for each dopant. Consequently,

for each doped element, the stability increases until

it reaches the one associated with MgH2 according

to its specific concentration CS in the following or-

der: CS(MgH2:Fe)<CS(MgH2:V)<CS(MgH2:Ti), see

Table 5.

Table 3. Total energy per atom for pure elements.

Element Total energy/Ry·f.u.−1

Mg –400.6670692

Ti –1707.629854

V –1898.637153

Fe –2545.544327

Table 4. Total energy and heat of formation of Mg1−xMxH2 (M=Ti, V, and Fe) with x = 0.01, 0.05, and 0.1.

System Total energy/Ry Heat of formation/kJ·mol−1·H2

MgH2 –806.104896 –85.709

Mg0.95Ti0.05H2 –936.82869 –18.05273336

Mg0.95V0.05H2 –955.932961 –20.37647298

Mg0.95Fe0.05H2 –1020.63547 –28.11172472

Table 5. Concentration limits (CS) and gravimetric hydrogen capacities of Mg1−xMxH2 (M=Ti, V, and Fe).

CS 31.01% 26.7% 18.57%

Gravimetric Mg1−CS
MCS

H2 5.994 5.208 6.264

hydrogen capacities Mg0.95M0.05H2 7.330 7.289 7.225
wt.% MgH2 7.658
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Fig. 3. (colour online) Heat of formation as a function of

concentration for MgH2 doped with Ti, V, and Fe.

3.3. Desorption temperature

The thermodynamic properties of the hydrides

are described with the standard Gibbs energy ∆G =

∆H − T∆S, where ∆H and ∆S are enthalpy and

entropy change of the dehydrogenation reaction, re-

spectively. For a complex hydride, when the material

is heated, the entropy factor slowly overcomes the en-

thalpy contribution. At the decomposition temper-

ature and under a constant pressure, the standard

Gibbs energy is zero. So the temperature of dehydro-

genation can be estimated by ∆H = T∆S. During

heating, the entropy change of the solid is very small

compared to that of the gas, so the entropy change

during the decomposition reaction is primarily due to

the H2 evolution. At the standard pressure and tem-

perature, for most simple metal hydrides, the entropy

is taken to be ∆S ≈ ∆S (H2)=130.7 J/mol·K, cor-

responding to the entropy change due to a mole of

gas transforming into the solid.[32] For most of the de-

hydrogenation reactions, it is estimated that ∆S is

in the range of 95 J/mol·K< ∆S < 140 J/mol·K.[33]

Therefore ∆H is, to some extent, a reliable predic-

tor of the dehydrogenation temperatures for various

metal hydrides.[34]
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Fig. 4. (colour online) Desorption temperature as a func-

tion of concentration for MgH2 doped with Ti, V, and

Fe.

The calculation results of this study show that

for the pure MgH2, the decomposition temperature is

097501-4



Chin. Phys. B Vol. 21, No. 9 (2012) 097501

equal to 655.76 K, which is close to values 573–673 K

in the other works.[2,6] On the other hand, alloying

MgH2 with small amounts of transition metals can

have large effect on destabilizing the parent compound

MgH2 by lowering the decomposition temperature (see

Fig. 4) without reducing significantly its high hydro-

gen capacity (listed in Table 5).

We can show that with the increasing concentra-

tion, the temperature also increases until it reaches

that of MgH2, the specific concentrations are CSs =

31.01%, 26.7%, and 18.57% for MgH2:Ti, MgH2:V,

and MgH2:Fe, respectively. Therefore, iron is the

best doping element, because it reduces the desorp-

tion temperature at a concentration smaller than that

in the other doping elements without excessively re-

ducing the storage capacity, see Table 5.

3.4. Electronic structure

The density of state has been used to understand

and explain the effect of the nature and the concentra-

tion of the transition metal on both the stability and

the kinetics of the hydrogen absorption-desorption in

Mg1−xMxH2. For this purpose, the total (DOS) and

the partial (PDOS) densities of electronic states of

MgH2 with and without transition metals (M=Ti, V,

and Fe) have been calculated.

Figure 5 shows the total density of states of MgH2

as well as the partial DOS related to Mg-s, Mg-p, and

H-s. We find that there are two parts in the valence

band (VB). In the first part, the band in the energy

range from −0.062 eV to −0.31 eV is called the high

VB and composed mainly of strongly hybridized H-s

and Mg-3p states. The second part is the band with

the energy ranging from −0.31 eV to −0.57 eV, which

is called the lower VB and originated mainly from Mg-

s and H-s states. While the contribution to the lowest

conduction band (CB) are from Mg-p, Mg-s and few

H-s states. We can see that the interactions of p (Mg)

and s (H) lead the top of the VB to move to a higher

energy and make the bottom of the VB move to a

lower energy, which increase the width of the VB and

consequently decrease the band gap, providing a per-

fect argument for the discrepancy between our calcu-

lation result of 2.745 eV and the experimental results

of 5.16 eV in Ref. [35] and 5.6 eV in Ref. [36]. This

is related with the result obtained using the GGA ap-

proximation, which overestimates the interaction en-

ergies between states of Mg and H. So it leads to a

large band width and a smaller band gap, and it is

well known that the first-principles calculation based

on the density functional theory suffers from the errors

in the calculated band gap.
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Fig. 5. (colour online) Total and partial DOS of MgH2

system.
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Fig. 6. (colour online) Total and partial DOS of (a)

Mg0.95Ti0.05H2, (b) Mg0.95V0.05H2 and (c) Mg0.95Fe0.05H2.

For MgH2 doped with transition metals (M=Ti,

V, and Fe) with concentrations varying from 1% to

10%, we find the same behavior. For this reason, we
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plot in Figs. 6 and 7 only the total and the partial

DOSs of MgH2 doped with 5% of M. These figures

show that the five orbits of the d state are divided

into two energy levels, called t2g and e2g. The t2g

energy level is below that of e2g. The appearance of

these levels is accord with the crystal field theory in

the case of transition metals inserted in the octahedral

symmetry,[37] which is the case in our compound. The

t2g and e2g states are localized in the band gap. This

indicates that there is a weak hybridization between

M-d and H-s unlike the case of pure MgH2, where

there is a strong hybridization between H and Mg.

Moreover, there is no hybridization between M and

Mg, which is consistent with the consideration that no

binary MgM exists after releasing the hydrogen.[30]
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Fig. 7. Total DOS of Mg0.95M0.05H2 (M=Ti, V, and Fe).

Figure 8 shows that the positions of the two lev-

els (t2g and e2g) of the impurity shift to the valence

band, and consequently the offset between the energy

level t2g and the VB decreases in the order of Ti, V,

and Fe. This observation accords with the results of

our calculations of heat formation, which increases in

the same order. This shows that for all concentra-

tions, the mixture MgH2:Fe is most stable (MgH2:

Fe>MgH2:V>MgH2:Ti) (see Fig. 4).

In order to explain the increases of both the sta-

bility and the hydrogen desorption temperature with

the increasing concentration of the transition metal

in hydrides based on Mg (Mg1−xMxH2, M=Ti, V,

and Fe, 0 ≤ x ≤ 0, 1), we plot the d states of these

transition metals with different concentrations on the

same figures (Figs. 8(a)–8(c)). For all systems, we ob-

serve that the more the concentration increases, the

more the d state of the transition metal shifts to the

valance band, which indicates that stability increases

with the increasing concentration. This is accord with

our calculation of heats of formation for different con-

centrations.
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Fig. 8. (colour online) Partial DOSs of d states for the

transition metals (a) Ti , (b) V, and (c) Fe in Mg1−xMxH2

with 0 < x ≤ 0.1.

4. Conclusion

In order to improve the hydrogen storage proper-

ties of the Mg-based hydrides, such as Mg1−xMxH2,

(M=Ti, V, and Fe), we have perfomed the first-

principles theoretical studies based on the KKR-CPA

method. The calculations results of heats of formation

for MgH2 and MgH2:TM as well as their electronic

structures confirm that alloying TM (Ti, V and Fe)

can lower the stability of MgH2. It is favorable for

the improvement of the dehydrogenating properties of

MgH2. As a consequence, it can be concluded that al-

loying MgH2 with small amounts of transition metals
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can drastically lower the decomposition temperature

without reducing much its high hydrogen capacity (be-

tween 7.225 wt.% and 7.369 wt.% at concentration

x = 5%).
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