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Electronic mechanism of dehydrogenation
of the Mg—Ge mixture during milling under hydrogen
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The energy and electronic structure of the hydride phase are calculated by using the first-principles
plane-wave pseudopotential method to explain experimental results of milling of a Mg—Ge mixture under
hydrogen. The electronic mechanism of dehydrogenation of the Ge alloying system is also considered. By
calculating heats of formation of MgH, and (MgGe)H, solid solutions, it is found that the structural sta-
bility of the alloying system is reduced when a little Ge dissolves in MgH,. As the Ge content increases,
Mg,Ge may be formed by the reaction: 2MgH, + Ge <> Mg,Ge + 2H,, at the same time, the dehydroge-
nating properties of the system are improved compared with that of MgH,, but are reduced by contrast
with that of (MgGe)H, solid solutions. Based on the analysis of the densities of states (DOS) of MgH,
before and after Ge alloying, it is found that the improvement of the dehydrogenating properties of MgH,
dissolved into a little Ge is attributed to the weakened bonding between magnesium and hydrogen caused
by the interactions between Ge and Mg.
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1. Introduction

Nowadays, many efforts have been made to develop hydrogen storage materials
for non-polluting applications. Magnesium-based hydrogen storage alloys have been
extensively researched, due to their high hydrogen storage capacity, light weight and
low cost. However, the slow hydriding and dehydrogenating kinetics and high disso-
ciation temperature caused by its relatively high stability limits its practical applica-
tion for hydrogen storage. The reaction kinetics of Mg and hydrogen is strongly de-
pendent on the method of synthesis and the presence of additives. Samples can be
synthesized by melting, sintering or mechanical milling, each method having its own
characteristics. In particular, ball milling produces special microstructures, metastable
phase, modified surfaces, defects, etc., which generally improve the hydriding
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—dehydrogenating process [1, 2]. Recent experimental investigations [1, 3—10] have
shown that the mechanical alloying of MgH, and 3d elements such as Ni, Co, Mn, Cu,
Ti, Fe, V, non-3d elements — Ge, Nb, intermetallic compounds — LaNis, FeTi,
ZrFe, 4Cr, effectively improves the hydriding and dehydrogenating kinetics of MgH,
at high temperature. In this work, at first, experimental results of milling of Mg—Ge
mixture under hydrogen as described by Gennari et al. [5], are introduced, then, the
energy and electronic structure of the hydride phases are calculated by using the first-
principles plane-wave pseudopotential method to explain the experimental results
from Gennari et al., Moreover, the dehydrogenating properties of milling the Mg—Ge
mixture under hydrogen and the electronic mechanism of the Ge alloying system are
analyzed and discussed.

2. Experimental results

Mg was initially milled for up to 100 h under a hydrogen atmosphere, and sequen-
tial XRD patterns were obtained after various milling times with Ge addition, which is
the same method as that used by Gennari et al. [5]. It can be found that the tetragonal
B-MgH, and orthorhombic y-MgH, were synthesized by RMA of Mg after 75 h, and
the broadening of the p-MgH, and y-MgH, peaks was observed for a milling time of
between 75 to 100 h.
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Fig. 1. DSC curves from Mg milled with and without Ge
under hydrogen atmosphere for different milling time

Figure 1 shows the DSC curves of Mg initially milled for up to 100 h under a hy-
drogen atmosphere. For 75 and 100 h of milling, the curve shows a double endother-
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mic peak located around 400 °C. When Ge (5 at. %) was added to Mg after 100 h of
RMA, significant structural modifications were observed by Gennari et al. [S]. The
XRD pattern shows that after 5 h of milling, compound Mg,Ge appears. From the
intensity of the peaks, the amount of Mg,Ge increases with the milling time, whereas
the amount of Ge decreases. In addition, the DSC curve (Fig. 1) shows a sharp endo-
thermic peak at 355 °C. Thus, Ge addition decreases the temperature for hydrogen
desorption at about 50 °C compared with pure Mg after 100 h of RMA.
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Fig. 2. TDS hydrogen spectra of Mg—Ge after RMA for different milling times

The Mg—Ge mixture was milled under a hydrogen atmosphere for various times.
As the milling time increases, the intensity of the peaks corresponding to Mg and Ge
decreases. The Mg,Ge and B-MgH, hydride appear after 5 h of milling. The intensity
of the peaks associated with Mg,Ge grows with the milling time, whereas the peaks
corresponding to the hydride initially increase and then decrease. The TDS spectra
that describe the entire evolution of the hydrogen desorption kinetics for between
5 and 25 h of milling are shown in Fig. 2. For 5 to 15 h of milling, desorption peaks
shift towards lower temperatures. In this range of milling time, the amount of hydride
grows and desorption improves as a consequence of better Ge and MgH, intermixing.
After 15 h or more, such as after 20 h, the effect reverses which can be seen in Fig. 2.
Desorption begins at higher temperatures. This is a consequence of the consumption of
Ge to form Mg,Ge, as can be seen from the XRD patterns given by Gennari et al. [5].
After 25 h of milling, the amount of hydride that remains on the sample is hardly de-
tected.

The above experimental results from Gennari et al. [5] show that Ge has an impor-
tant effect on the hydrogen desorption process. This effect is enhanced with the mill-
ing time, probably due to a better Ge intermixing or because a little Ge is dissolved in
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the magnesium hydride. As the Ge content increases, Mg,Ge may be formed by the
reaction:

2MgH, + Ge <> Mg,Ge + 2H,

at the same time the dehydrogenating properties of the system are improved compared
with those of MgH,, but reduced by contrast with those of (MgGe)H, solid solutions.
However, more effort is needed to explain the experimental results shown in Figs. 1
and 2. Moreover, electronic mechanism on the dehydrogenating properties of Ge al-
loying magnesium hydride is also worth studying.

3. Method and models of computation

The Cambridge Serial Total Energy Package (CASTEP) [11], a first-principles
plane-wave pseudopotentials method, based on density functional theory, was used in
this work. The CASTEP uses a plane-wave basis set for the expansion of single parti-
cle Kohn—Sham wave functions, and pseudopotentials to describe the computationally
expensive electron—ion interaction, in which the exchange-correlation energy with the
generalized gradient approximation (GGA) of Perdew was used for all elements in our
models by adopting the Perdew—Burke—Ernzerhof parameters [12]. The ultrasoft
pseudopotential, represented in the reciprocal space, was used [13]. In the present
calculations, the cutoff energy of atomic wave functions (PWs) £, was set at 310 eV.
Sampling of the irreducible wedge of the Brillouin zone was performed with a regular
Monkhorst—Pack grid of special k-points, in a 6x6x6 configuration. A finite basis set
correction and the Pulay scheme of density mixing [14, 15] were applied for the
evaluation of energy and stress. All atomic positions in our model have been relaxed
according to the total energy and force, using the BFGS scheme [16], based on the cell
optimization criterion (RMs force of 0.05¢ V/A, stress of 0.1 GPa, and displacement
of 0.002 A). The calculation of the total energy and electronic structure are followed
by the cell optimization with the SCF tolerance of 2.0x10°° eV.

In this work, the unit cell, super cell model of MgH, and the crystal model of
Mg,Ge are used for studying the dehydrogenating properties of milling the Mg-Ge
mixture under a hydrogen atmosphere and for studying the electronic mechanism of
Ge alloying magnesium hydride. The lattice parameters of MgH, with a tetragonal
symmetry (P4,/mnm, Group No.136) are a = 4.501A and ¢ = 3.010 A. The positions of
atoms are + 2Mg(0,0,0) and + 4H(0.304,0.304,0), respectively [17], as shown Fig. 3a.
Two hypothesised super cells with 3 and 5 times in ¢ axis of MgH, unit cell are shown
in Figs. 3b, and 3c, respectively. When a little Ge is dissolved in MgH,, it is thought
that (MgGe)H, solid solutions are formed. As far as the solution concentration of Ge
in MgH, is concerned, one Mg atom in threefold unit cell (Fig. 3b) or fivefold unit cell
(Fig. 3c) is replaced by Ge atoms. Therefore, the corresponding super cell with Ge
additions is (MgsGe)H;, with 8.33 at. % of Ge or (MgyGe)H,, with 5.0 at. % of Ge.
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Two Mg atoms in threefold unit cell (Fig. 3b) or fivefold unit cell (Fig. 3¢) are re-
placed by Ge atoms. Hence, the corresponding super cells are (Mg,Ge;)H;, with 16.67
at. % of Ge or (MgyGe,)H,, with 10.0 at. % of Ge.

b)

d)

| Mg1(Ge)
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®

Fig. 3. Model of a unit cell of MgH, phase(a), threefold (b), and fivefold unit cells (c)
of MgH, phase, cell of Mg,Ge (d), where the nonequivalent atoms are denoted by the numbers 1-3

The lattice parameters of Mg,Ge with CaF,-type structure (Fm3m, group No. 225)
are a = b = ¢ = 6.370 A. The positions of atoms are +8Mg (0.25,0.25,0.25) and
+4Ge(0,0,0), respectively [18] (Fig. 3d). Hence, the chemical formula of Mg,Ge crys-
tal cell can be expressed as MggGe,. Here, it must be pointed out that when the Ge
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content of the (MgGe)H, solid solution is 20.0 at. %, the following reaction may pro-
ceed:

2MgH, + Ge <> Mg,Ge + 2H,
4. Results from first-principles calculations

4.1. Dehydrogenating properties

Thermodynamic aspects of formation/decomposition of magnesium hydride can
be described by pressure—composition isotherms at a given temperature. The overall
reaction of hydride formation consists of three steps. Firstly, the host metal dissolves
some H atoms to form a solid solution, i.e., a-Mg(H) phase. Secondly, under increas-
ing pressure of hydrogen or oncentration of H in the host metal, the interactions be-
tween H atoms locally strengthen and lead to nucleation and growth of the tetragonal
B-MgH, phase. While the two phases of o and B coexist, the isotherms appear as a flat
plateau, their lengths show how many H, can be stored with small pressure variations.
This plateau or equilibrium pressure depends strongly on temperature and is related to
the changes of enthalpy (AH) and of entropy(AS). Finally, the concentration of H in
the host metal shows no further change if the hydrogen pressure continues to increase.
The reaction of hydride decomposition is opposite to hydride formation, but occurs in
time retardation compared with hydride formation. During the second step, it is often
related to the equilibrium hydrogen pressure through the van’t Hoff equation [19]:

| L |2AH_AS )
P) RT R

where P is a flat plateau pressure for decomposition, P° is the standard pressure
(0.1 MPa), AH is the heat of formation, AS is the entropy change, T is temperature and
R is the gas constant. The entropy change in Eq. (1) is dominated by the entropy loss
of gaseous hydrogen, roughly 130.8 J/mol [19] for the MgH, under consideration.
Hence, Eq. (1) can be expressed as

a(lnzi) AH
—Y T ® ®
(7]
T

From Equation (2), it can be found that AH of magnesium hydride determines the
flat plateau pressure of decomposition of magnesium hydride at a given temperature.
The smaller the heat of formation, the lower the pressure is, which indicates the en-
hanced dehydrogenating properties of magnesium hydride [20, 21]. Hence, one need
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only concentrate on the heat of formation in order to understand the dehydrogenating
properties of magnesium hydride.

4.2. Heat of formation

The lattice constants of Mg,Ge, MgH,, Ge and hcp-Mg are estimated from the
minimized total energy (Table 1). It can be found that the lattice parameter a of
Mg,Ge is 6.370A, which is close to the experimental values (6.3849A) in Ref. [18],
and also in agreement with the calculated results (6.309A [18], 6.12A [22]). At the
same time, we can calculate that the lattice parameters a and ¢ of MgH, are 4.533 A
and 3.022 A, respectively, which are close to the experimental values of
a=4501 A and ¢ = 3.010 A in Ref. [17] and are also in agreement with the results
(a = 4.535A and ¢ = 3.023A) calculated by Song et al. [20]. Moreover, the calculated
lattice parameters a and ¢ of hcp-Mgare 3.152 A and 5.435 A, respectively, which are
close to the experimental values of @ = 3.211A and ¢ = 5.215A in Ref. [23]. Hence it
can be concluded that the computational methods used in the present work are indeed
effective.

Table 1. Equilibrium lattice constants and total energies of the crystal and super cell model

Material Lattice parameter [A] Total energy Total energy
a c of the crystal cell [eV] | of the primitive cell [eV]
Mg 3.152 5.435 -977.8677
Ge 5.658 - -109.2592
MgH, 4.533 3.022 —2020.1572 —1010.0786
MgH, 4.533 9.069 —6060.4722
4.533 15.104 —10100.7856
MgsGe)H,, | 4.556 9.218 —5189.0300
Mg,Ge))Hy, | 4.545 9.371 -4317.8333
MgoGe)Hy, | 4.543 15.282 —9229.3451
(MggGey)Hyo | 4.566 15.378 —8357.9166
MgsGe, 6.370 — —8263.2466 —2065.8117

The heat of formation of MgH, can be calculated from [20]

AI_IMgH2 :Etot (MgHZ)_Etot (Mg)_Etot (Hz) (3)
where E(MgH,) is the energy of the primitive cell of MgH,, E(Mg) is a single
atomic energy of hcp-Mg in the solid state, and E,(H,) is the total energy of the hy-
drogen molecule. The calculation energies of Mg atoms are also listed in Table 1 us-
ing the same code as for the primitive cell model. The total energy of the hydrogen
molecule was calculated as —2.320Ry (ca. —31.5652 eV) [24], using the von Barth-
Hedin exchange correlation potential. The AH(MgH,) value (—62.30 kJ/(mol H;)) in
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this work is slightly higher than —73.5 kJ/(mol H,) deduced from the thermodynamic
data at 7= 673 K and reported by Bogdanovi¢ et al. [24]. Taking into account that the
temperature of computation is different from that of the experiment, the present results
of computation should be suitable.

The heat of formation of (MgGe)H, solid solution is calculated from [25, 26]

tot

AH 1= %[Etot (Mgﬁfoelez ) - (6 - x) Etot (Mg) - XEtot (Ge) —6F (H2 )J (4)

1

AH, = —
10

l:Etot (MgIO—xGetzo) - (10 - x)Etot (Mg) —XE, (Ge) —10E,, (Hz)J ()

Here E.«(Mgs.GeH),) and E\(Mgo..GeHy) are the energies of three or five
MgH, unit cells with Ge addition, respectively. Ey,(Ge) is the energy of per Ge atom,
X denotes the number of atoms replaced by Ge. The total energies of the (MgsGe)H;,,
(MgoGe)H,y, (MgsGe,)H ,, (MggGe,)Hy super cell are calculated and the results are
also listed in Table 1. The heat of formation of (MgGe)H, solid solutions, calculated
from Eq. (4) and Eq. (5), are shown in Fig. 4. When the Ge content changes from 0 to
10.0 at. %, the heat of formation of the system is negative but the absolute value
gradually decreases compared with that of MgH,. However, when the Ge content is
above 10.0 at. %, its value is positive, which means the system is unstable.
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Fig. 4. Heat of formation of MgH, and (MgGe)H,

The change of the energy from the reaction of
2MgH, + Ge <> Mg,Ge + 2H,

is calculated from [23]
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1
AH3 - E[Etm (Mnge) + 2Etot (Hz ) - ZEtot (MgH2 ) - E“’t (Ge):| (6)

Here E\(Mg,Ge) is the energy of the primitive cell of Mg,Ge. The calculated en-
ergy of Mg,Ge is listed in Table 1. Its value is 22.9 (kJ/mol H,) from Eq. (6), which
means that the amount of released heat during the reaction

2MgH, + Ge <> Mg,Ge + 2H,

is smaller than 25.5 kJ/mol H, of (Mg,Ge,)H;, solid solutions containing 16.7 % Ge.
Hence, as the Ge content increases, Mg,Ge may be formed in the above reaction.

The parameter AE,(Mg,Ge) is used to estimate the influence of Mg,Ge on the de-
hydrogenating properties of MgH,. It is calculated from [20]:

AE, (Mnge) =E, (ngGeszo) —10E,, (MgHz) —2E

tot

(Mg,Ge) +6E,, (Mg) (7)

Here the calculated value of AE,(Mg,Ge) is 69.3 kJ/mol H,.

4.3. Electronic structure

Analysis of the total and partial density of states (DOS) of three- and fivefold Ge
alloying MgH, unit cells is performed to understand the electronic mechanisms of the
change of structural stability. The total and partial DOSs of Mg;oHyo, (MgyGe)Hyo and
(MggGe,)Hy are plotted in Figs. 5a—c, respectively. The signs of Mg, Ge, H atoms are
as shown in Fig. 3c. Figure. 5a shows the DOS of MgH, system without Ge addition. It
is found that the main bonding peaks lie in the energy region between the Fermi en-
ergy (Er) and —7.0 eV. The bonding peak between Er and —3.0 eV mainly originates
from the contribution of valence electrons of H(s), Mg(p) and a few Mg(s) orbitals.
The bonding peak between —4.0 eV and —3.0 eV corresponds to the interaction be-
tween H(s) and Mg(s) as well as a few Mg(p) electrons. The bonding peak between
—7.0 eV and —4.0 eV results from the bonding of valence electrons of H(s) and Mg(s).
For Ge alloying the MgH, unit cell, a distinct difference in DOS between Fig. 5b and
Fig. 5c can be seen:

e Compared with the MgH, super cell without Ge addition, the gap between the —
2.0e V and —1.0 eV in the MgH, super cell disappears.

e The bonding electron numbers between —2.0 eV and 2.0 eV result mainly from
the presence of Ge(s) orbits. For the (MgyGe)H,, model, the bonding peaks increase
the contribution of a few Mg2(p) and H3(s). For the (MgsGe,)H,, model, not includ-
ing the contribution of Mg2(p) and H3(s), the bonding peaks increase the contribution
of valence electrons of a few Mg3(p), HI(s) and H2(s) orbitals.

e For the (MgyGe)H,, model, compared with the MgH, super cell without Ge addi-
tion, the heights of the bonding peaks of H3 significantly increase between —9.0eV and
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—11.0eV, and the bonding peaks increase the contribution of Ge(s) orbitals. For the
(MggGe,)Hyy model, not including the contribution of valence electrons of Ge(s), the
height of the bonding peaks of H3 and H1 both significantly increase in the same re-
gion. In addition, the height of the bonding peaks of Mg(s), Mg(p) and H(s) decrease
near Er . Hence, when a little Ge dissolves in magnesium hydride, the weakened bond-
ing between magnesium and hydrogen is caused by the interactions between Ge and
Mg [20].

--- Mg1

= a
X §2p§ Er ) b
04 (
0. eSO A 0

0.8 ---- Mg3(3s 0.4]
it v A :

0.4 ¢ ]

0 OV S A4 0.9

E b) 2--Ge(s) E o)

j W\----g(s ,
/f\ 0.4] /) 08 Mg2(p)
N O W I LA - 0.0 N I’I'Nx

o
K

%
©
>

DOS [states/eV]
o o
B
T
£
2
DOS[states/eV]
o o
=)
-
>
DOS[states/eV]
o o
2 ("]
> £
B
>

] I E-Loaih U 4 NJ\ ,,,,,,,
[ BRI ' T—H1s) og )
0.4 M/\/“ 0.4 M,\M/\ .
0“ P 0."- - , 0.0 FAN /MAI‘ .0

o o
D

I

N

z

o o
'S

N

)

o o

1

N

)

— Mgkbo —(Mgfe)o —(MgBath
j ] A WA
o O A~ S 0 A /A VA N
2T T A T 278 40 a8 12 -8 -4 0 4 8 12
Energy [eV] Energy[eV] Energy[eV]

Fig. 5. Total and partial densities of states of: a) Mg;oHa, b) (MgoGe)H,, ¢) (MggGe,)Hyg

4.4. Influence of Ge on dehydrogenating properties of MgH,

In Section 4.2, it can be found that when the Ge content changes from
0 to 10.0 at. %, the heat of formation of the Ge alloying system is negative but the
absolute value gradually decreases compared with that of MgH,. However, in case the
Ge content exceeds 10.0 at. %, its value is positive because the heat of formation of
magnesium hydride determines the flat plateau pressure of magnesium hydride de-
composition at a given temperature 7. The smaller the heat of formation, the lower the
pressure is. Hence, for Mg—Ge powder mixtures, with increasing milling time, a small
amount of Ge are dissolved into MgH, to form (MgGe)H, solid solutions. Hence, for
Mg—Ge powder mixtures, as the milling time increases, a small amount of Ge is dis-
solved in the MgH, to form (MgGe)H, solid solutions. As the concentration of the Ge
solution in the MgH, lattice increases, the dehydrogenating properties of the system
are improved compared with the system without Ge addition, which is in good agree-
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ment with the results shown in Fig.1 and Fig.2 from the analysis of Gennari et al. [5].
The value 22.9 (kJ/mol H,) from Eq. (6) is smaller than 25.5 (kJ/mol H,) for
(MgsGey)H), solid solutions. Hence, as the Ge content increases, Mg,Ge may be
formed by the reaction: 2MgH, + Ge <> Mg,Ge + 2H, (Fig. 4). As the Ge content
increases, the dehydrogenating properties of the system are improved compared with
those with the system without Ge addition but not as good as those of (MgGe)H, solid
solutions, which is in good agreement with the results of milling for 20 h, as shown in
Fig. 2 from the analysis of Gennari et al. [5]. Moreover, the calculated value for
AE,(Mg,Ge) from Eq. (7) is 69.3 kJ/mol H,. Since the modified MgH, phase is still
the major phase in the coexistence mixtures of two types of hydrides: B-MgH, and
Mg,Ge [5], which indicates that Mg,Ge phase acts as a catalyst, it can therefore reduce
the structural stability of MgH, and further improve its dehydrogenating properties,
which is in good agreement with the results from the analysis of Gennari et al. [5]

(Fig. 3).

5. Conclusions

Based on the experimental results of milling the Mg—Ge mixture under a hydrogen
atmosphere, as obtained by Gennari et al., the energy and electronic structure of the
hydride phase are calculated by using a first-principles plane-wave pseudopotential
method based on the density functional theory. The main conclusions are summarized
as follows: (1) when a little Ge dissolves in magnesium hydride, the structural stability
of the alloying system is reduced compared with that of MgH,; (2) as the Ge content
increases, Mg,Ge may be formed in the reaction: 2MgH, + Ge <> Mg,Ge + 2H,, while
at the same time the dehydrogenating properties of the system are improved compared
with that of MgH, but are reduced by contrast with that of (MgGe)H, solid solutions;
(3) the improvement in the dehydrogenating properties of MgH, in which a small
quantity of Ge is dissolved, results in weakened bonding between magnesium and
hydrogen caused by the interactions between Ge and Mg.
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