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a b s t r a c t

H2 absorption and desorption reactions in MgH2 promoted by ball-milling with 1 mol% MgNb2O6,
Mg4Nb2O9 and Mg3Nb6O11 have been investigated. MgH2 was milled with the bare oxides for 12 h under a
high purity Ar atmosphere. Absorption and desorption reactions in the ball-milled samples were studied
by in situ X-ray diffraction (XRD) in isothermal conditions with Anton Paar XRK 900 reaction chamber.
XRD patterns for absorption were recorded at 573 K under hydrogen pressure of 0.9 MPa and for desorp-
eywords:
ydrogen storage materials
igh-energy ball milling
-ray diffraction

tion at 623 K in vacuum. Experimental data were analysed according to the Rietveld method. Ball-milled
samples showed the presence of a mixture of � and � allotropes of MgH2, with significantly broadened
diffraction peaks due to reduced crystallite size and strain, together with bare additives. The presence of
Mg–Nb oxides significantly accelerates the hydrogen absorption and desorption processes. The amount
of hydrogen absorbed in the presence of Mg–Nb–O phases is lower than the maximum stoichiometric
capacity, because of the presence of a non-reactive MgO layer on the surface of the powders or at the grain

l resu
boundaries. Experimenta

. Introduction

Magnesium hydride is considered a promising hydrogen storage
aterial because of a high nominal H2 storage capacity (7.6 wt%).
owever, the reaction kinetics of hydrogen absorption and desorp-

ion is too slow in moderate conditions. Ball milling of pure MgH2
as reported to increase significantly the absorption and desorp-

ion reaction rates [1]. Kinetic parameters seem to be related to
article size distribution [2] and to the presence of impurities [3].

t was reported that milling MgH2 with various additives leads to a
ignificant improvement in the reaction kinetics [4]. In particular,
b2O5 addition showed a remarkable effect on kinetics during the
ydrogen sorption cycles [5–10]. Explanations for these improve-
ents of the reaction kinetics have been suggested on the basis

f mechanical effects of the oxide particles on MgH2 grain refine-
ent during ball milling [4,6] or on a pinning effect, limiting the

rain growth during reactions [11]. On the other hand, chemical
ffects on MgH2 of the additive have been also considered [5–7]. A
estabilization of the magnesium hydride by the oxide, leading to a
gH2−ı phase, has been suggested as a results of the interaction of
he additive with the MgO layer surrounding the Mg particles [12].
he reaction kinetic improvement has been also explained by the
ormation of ternary Mg–Nb–O phases [6–9]. On the basis of a care-
ul X-ray photoelectron spectroscopy and transmission electron

∗ Corresponding author. Tel.: +39 011 670 7569; fax: +39 011 670 7855.
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lts are discussed on the basis of thermodynamic and kinetic arguments.
© 2011 Elsevier B.V. All rights reserved.

microscopy analysis, the evidence of a reduction on the oxidation
state of Nb in the oxide phase has been suggested and a reactive
pathway model, where Nb2O5 is reduced to metallic Nb, together
with a simultaneous formation of ternary Mg–Nb–O phases of var-
ious stoichiometry at the interface with the MgH2 phase, has been
proposed to facilitate hydrogen diffusion [7].

In order to understand the specific role of Mg–Nb oxides on
the hydrogen sorption reactions in MgH2, specific studies on the
hydrogen interactions with the bare additives have been carried
out. The interaction of hydrogen with bare Nb2O5 (and other oxides
such as WO3) was first investigated [13,14]. This was done to con-
nect the kinetic activity of these promoters to their propensity to
include hydrogen and form typical intercalation compounds called
bronzes. A preliminary study on reversible hydrogen uptake prop-
erties of binary and ternary Mg–Nb–O compounds, suggested that
Mg3Nb6O11 has a significant reactivity with hydrogen [15,16]. On
the other hand, a specific investigation on the role of ternary Mg–Nb
oxide addition to MgH2 during ball milling on the hydrogen sorp-
tion kinetics is still lacking.

In this work, H2 sorption and desorption reactions in MgH2
promoted by ball-milling with 1 mol% MgNb2O6, Mg4Nb2O9
and Mg3Nb6O11 will be investigated. Milled pure MgH2 and
MgH2–Nb2O5 mixtures were taken as reference materials. In situ

X-ray diffraction (XRD) has been shown to be a suitable tool for
the study of the effect of additives on hydrogen sorption kinetics
in Mg [17]. So, in this paper, the sorption reactions will be studied
by in situ XRD, with the aim to follow the relative amount of the
various phases in the mixture as a function of time. Experimental

dx.doi.org/10.1016/j.jallcom.2011.02.064
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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esults will be discussed on the basis of the effects of the nanos-
ructured MgH2 and of the additive on the thermodynamics and
inetics of the hydrogen sorption reactions.

. Experimental

The starting materials used for solid-state synthesis of ternary oxides were
ommercially available magnesium oxide (MgO), niobium (V) oxide (Nb2O5) and
etallic niobium (Nb). Three Mg–Nb–O compounds were synthesized by calcina-

ion of the parent materials for 24 h at different temperatures, ranging from 873 to
473 K. Annealing temperatures were reached from room temperature (RT) with
eating rate of 5 K/min. MgNb2O6 and Mg4Nb2O9 were prepared by heating the
gO/Nb2O5 precursors in the correct molar ratio in air. Mg3Nb6O11 was prepared

n evacuated quartz ampoules.
1 mol% of oxide was added to 5 g of commercial MgH2. Mechanical treatments

ere performed in a commercial Spex Mod-8000 Mixer-Mill for 12 h under a high
urity Ar atmosphere. The milling runs were carried out at 875 rpm by employing
special hardened steel vial and two hardened steel milling balls with a ball-to-
owder ratio of 7:1. Ball milled mixtures with the various oxides will be named
n the basis of the additives: Nb2O5 (O5), MgNb2O6 (O6), Mg4Nb2O9 (O9) and
g3Nb6O11 (O11). Ball milled pure MgH2 was taken as a reference (BM).

The structure of as-prepared materials has been analysed by XRD at room tem-
erature with an X-Pert diffractometer (Panalytical) with Cu K� radiation. In situ
RD was performed using a hot stage and environmental chamber (Anton Paar
RK 900). XRD patterns were collected in a 0.017◦ step for 6 min, with suitable

emperature step programs. For desorption experiments, after heating from room
emperature up to 623 K at 20 K/min under 0.9 MPa of H2 pressure, a continuous
otary vacuum was introduced in the chamber and XRD diffraction patterns were
ecorded as function of time for 10 h. For absorption experiments, after heating from
oom temperature up to 673 K at 20 K/min under 0.9 MPa of H2 pressure, a continu-
us rotary vacuum was introduced in the chamber for 15 h in order to complete the
esorption reaction in the sample. After cooling down to 573 K, a constant pressure
f 0.9 MPa of H2 was introduced in the chamber and XRD diffraction patterns were
ecorded as function of time for 15 h.

Assessment of structural information contained in the powder XRD patterns
as made using MAUD (Material Analysis Using Diffraction), a general diffrac-

ion/reflectivity analysis program mainly based on the Rietveld method and oriented
o materials science studies [18].

. Results

The XRD patterns of as-prepared ternary oxides are shown in
ig. 1 (patterns a–c). After the synthesis, pure compounds have been
btained. The grain size is rather big in all cases, as evidenced by
he doublet splitting in the diffraction peaks. Ball milling of MgH2
eads to a microstructure refinement, as shown in Fig. 1 (pattern d).
ogether with the presence of parent �-tetragonal MgH2, the for-
ation of a small amount of �-orthorhombic MgH2 is observed.

his phase is stable at high pressure and its formation is often
romoted by ball milling [2]. In addition, a significant amount of
gO phase (lower than 10 wt%) is also obtained, because of possi-

le Mg oxidation during the milling process. After ball milling with
gH2, a significant broadening of diffraction peaks of additives is

videnced in the XRD patterns, as shown in Fig. 1 (patterns e–h).
he crystallite size of the additives becomes lower than 100 nm, but
t never reaches that of MgH2 (around 10 nm). A detailed descrip-
ion of phase constitution, lattice constants and microstructural
arameters for as milled samples is reported in Table 1, as obtained
rom Rietveld refinement with a R% of about 7–9%. In all cases,
fter ball milling, the lattice constants of �-MgH2 are very simi-
ar to those measured on as-received materials and those reported
n the crystallographic database (ICSD-01-074-0934, a0 = 4.5168 Å
nd c0 = 3.0205 Å). On the basis of the 1 mol% addition, the theoret-
cal phase fraction of the additive for the various mixtures is equal
o 9.2 wt%, 10.5 wt%, 14.1 wt% and 23.6 wt% for the O5, O6, O9 and
11 samples, respectively. From the results of the Rietveld analysis

Table 1), it turns out that during ball milling the relative amount

f additive remains basically unchanged, suggesting no interaction
ith MgH2.

The results of the in situ experiment of hydrogen desorption at
23 K are reported in Fig. 2. For each sample, three patterns are
hown, corresponding to the beginning (bottom pattern, 3 min),
Fig. 1. XRD patterns taken at room temperature for (a) MgNb2O6, (b) Mg4Nb2O9,
(c) Mg3Nb6O11, (d) ball milled MgH2, (e) O5, (f) O6, (g) O9 and (h) O11 ball milled
mixtures.

the middle (middle pattern, 250 min) and the end (top pattern,
990 min) of the reaction. The phase evolution is well evident, with
the diffraction peaks of MgH2 progressively decreasing as a func-
tion of the annealing time, together with a continuous increase of
the diffraction peaks of Mg. A significant grain refinement occurs
for MgH2, which reaches a crystallite size of about 50–60 nm during
the heating from room temperature to the annealing temperature.
A significant shift (about 0.5◦) of diffraction peaks is observed in
the XRD patterns measured at 623 K (Fig. 2) with respect to those
obtained at room temperature (Fig. 1). It seems to increase during
the isothermal treatment, as well evidenced by the position of the
diffraction peaks of the MgH2 phase at different annealing times.
The thermal expansion of the ceramic sample holder has been esti-
mated with a sample of pure Ni, and it brings to an angle shift of
less than 0.1◦. On the other hand, the observed peak shift cannot
account for the thermal expansion of the crystalline phases, which
would bring to a limited variation of the lattice constants. So, it is
considered that during desorption, the powdered sample surface
moves significantly from the centre of the goniometer, because of
the volume variation due to hydrogen desorption. In the case of
mixtures with ternary oxides, the presence of the additive is well
evident also at 623 K. On the contrary, when Nb2O5 is added, only
the diffraction peaks of Mg and MgH2 phases are clearly evidenced.

The XRD patterns obtained during the in situ absorption exper-

iments at 573 K are reported in Fig. 3. For each sample, the pattern
obtained after desorption in vacuum at 673 K and before H2 inser-
tion in the reaction chamber is reported for reference (top pattern).
During the experiment, the intensity of the MgH2 diffraction peaks
increase because of hydrogen absorption, together with the simul-
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Table 1
Crystallographic parameters extracted from Rietveld analysis of XRD patterns of as-received, ball-milled MgH2, MgH2 + Nb2O5, MgH2 + MgNb2O6, MgH2 + Mg4Nb2O9 and
MgH2 + Mg3Nb6O11 measured at room temperature.

Sample Phase Wt% Lattice constants (Å) Crystallite size (nm) Microstrain R%

a b c

MgH2 as received �-MgH2 93 4.519 – 3.022 220 5.7E−4 9.0
Mg 7 3.213 – 5.218 250 1.0E−3

MgH2 ball milled �-MgH2 70 4.513 – 3.021 10 1.9E−3 7.0
�-MgH2 16 4.505 5.420 4.916 15 8.0E−4
Mg 5 3.213 – 5.232 20 1.0E−3
MgO 9 4.229 – – 4 8.0E−4

MgH2 + Nb2O5 ball milled �-MgH2 72 4.516 – 3.019 11 1.7E−3 6.9
�-MgH2 9 4.505 5.412 4.917 25 8.0E−4
Mg 5 3.213 – 5.211 30 1.0E−3
MgO 5 4.217 – – 4 8.0E−4
Nb2O5 9 21.204 3.823 19.338 25 1.3E−3

MgH2 + MgNb2O6 ball milled �-MgH2 70 4.517 – 3.020 10 2.0E−4 6.9
�-MgH2 5 4.517 5.426 4.916 20 8.0E−4
Mg 7 3.248 – 5.237 15 1.0E−3
MgO 5 4.228 – – 6 8.0E−4
MgNb2O6 13 14.194 5.703 5.039 30 3.7E−4

MgH2 + Mg4Nb2O9 ball milled �-MgH2 69 4.513 – 3.019 10 2.9E−4 7.3
�-MgH2 5 4.524 5.415 4.934 20 8.0E−4
Mg 5 3.228 – 5.206 20 1.0E−3
MgO 5 4.187 – – 6 8.0E−4
Mg4Nb2O9 16 5.163 – 14.027 80 9.6E−4

MgH2 + Mg3Nb6O11 ball milled �-MgH2 58 4.515 – 3.020 10 2.3E−4 7.9
�-MgH2 15 4.495 5.557 4.907 70 1.0E−3
MgO 3 4.217 – – 25 8.0E−4
Mg3Nb6O11 24 6.038 – 7.463 45 1.1E−3
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Fig. 3. In situ XRD patterns for H2 absorption at 573 K for (a) ball milled MgH2, (b)

illed MgH2, (b) O5, (c) O6, (d) O9 and (e) O11 ball milled mixtures. For each sample,

hree patterns are shown, corresponding to (bottom pattern) 3 min, (middle pattern)
50 min and (top pattern) 990 min of annealing.
aneous decrease of the diffraction peaks of the Mg phase, as shown
n Fig. 3 for XRD patterns collected after 3 min (middle pattern)
nd 300 min (bottom pattern). A part for the BM mixture, in all
O5, (c) O6, (d) O9 and (e) O11 ball milled mixtures. For each sample, three patterns
are shown, corresponding to vacuum condition (top pattern), 3 min (middle pattern)
and 300 min (top pattern) under 0.9 MPa of H2 pressure.
the cases after 3 min of reaction, a significant H2 absorption is
already observed, suggesting a significant role of additives also on
the rate of absorption reaction. Also in this case, a significant shift
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ig. 4. Calculated driving forces for hydrogen absorption/desorption in Mg as a
unction of temperature and pressure. Lines connect constant values in kJ mol−1

H2
.

f the diffraction peaks with respect to the theoretical position is
bserved, likely because of the volume variation during absorption.

. Discussion

In order to estimate the thermodynamic and kinetic effects of
ydrogen absorption and desorption in MgH2 with various addi-
ives, a thermodynamic analysis of the phase transformation has
een carried out. In particular, from available thermodynamic
atabases [19], the driving forces for hydrogen absorption and des-
rption in Mg have been calculated according to the reaction:

g + H2 ↔ MgH2 (1)

The results are reported in Fig. 4, where lines connecting con-
tant values of free energy difference for reaction (1) are reported
s a function of pressure and temperature. It turn out that, for a con-
tant pressure of 0.9 MPa, a driving force of about 10 kJ mol−1

H2
is

cting at 573 K for the absorption reaction. On the other hand, for
he desorption reaction at 623 K, the driving force strongly depends
n the actual H2 partial pressure in the chamber. If a value of about
0−2 MPa is considered, a much higher driving force for the reac-
ion is estimated. As a consequence, on the basis of thermodynamic
rguments, a faster reaction would be expected for desorption with
espect to absorption. It is worth to note that, for the absorption
eactions at constant pressure, an increase of the temperature will
educe significantly the driving force. As a consequence, the bene-
cial effects on the kinetics of the reaction due to a higher diffusion
oefficient, can be slowed down for absorption processes at high
emperatures.

The presence of nanostructured materials may have significant
ffects on the thermodynamics and kinetics of the hydrogena-
ion/dehydrogenation reaction [19]. The presence of free surfaces
ill affect the free energy of both Mg and MgH2 phases, according

o the Gibbs–Thompson effect [20]. In standard conditions, the free
nergy change (�G) of reaction (1) due to the presence of particles
ith radius (r) will be given by [21]:

G(r) =
3VMg

[
�MgH2 (VMgH2 /VMg)2/3 − �Mg

]

r
(2)
here VMg and VMgH2 are the molar volumes and �Mg and �MgH2
re the surface energies of the Mg and MgH2 phases, respectively.
s a consequence, at standard peq

H2
= 1 bar, the variation in the

ecomposition temperature (�Tdec) can be calculated according
particle radius / nm

Fig. 5. Variation of equilibrium decomposition temperature for hydrogen absorp-
tion/desorption in Mg as a function of the particle radius, according to Eq. (3).

to:

�Tdec =
3VMg

[
�MgH2 (VMgH2 /VM)2/3 − �Mg

]

�S0r
(3)

where �S0 is the standard entropy for reaction (1). An estima-
tion of the effect of free surface on the decomposition temperature
for the Mg/MgH2 reaction has been obtained with [21,22]: �S0 =
−130 J mol−1

H2
K−1, VMg = 1.38 × 10−5 m3 mol−1, VMgH2 = 1.81 ×

10−5 m3 mol−1, �Mg = 0.55 J m−2 and �MgH2 = 2.08 J m−2. The
results are shown in Fig. 5, where the decrease of Tdec at 1 bar
is reported as a function of the particle radius. It is clear that,
if a Tdec = 577 K is considered for the bulk sample, corresponding
to a standard enthalpy for reaction (1), �H0 = −75 kJ mol−1

H2
, a

crystallite size of about 2.3 nm would be necessary to bring the
decomposition temperature close to room temperature. This sta-
bilisation effects have been recently estimated for Mg clusters by
ab-initio calculations, suggesting a decrease of Tdec of more than
100 K for particle sizes of the order of 1.3 nm [23]. Such a small
values of particle size can be hardly obtained, even by ball milling
or inert gas condensation [2,10,24]. In addition, it is to consider
that, in real systems, free standing surfaces will be strongly reduced
by adhesion and surface reconstruction, so that surface energies
should be replaced by grain boundaries energies (�gb) [21]. On
the other hand, the presence of a hydrogen pressure in the grain
boundaries, might modify the values of �gb. Of course, the pres-
ence of combined parameters in �G(r) (Eq. (2)) might also brings
to destabilisation effects in H2 sorption reactions. In fact, a reduc-
tion of particle size might lead to more negative values of �H0, as
recently demonstrated with ab-initio calculations [25]. As an exam-
ple, a reduction of particle size for the Ti/TiH2 reaction brings to an
increase of Tdec. Of course, this effect might be useful for unstable
hydrides (e.g., AlH3) that might become stable with a significant
reduction of the particle size.

From the analysis of possible effects of a nanostructured mate-
rial on the thermodynamics of hydrogenation/dehydrogenation
reaction, the occurrence of an excess volume (Vexc) plays the major
role. In particular, the presence of moderate strained region in the
material leads to a reduction of Tdec if [21]:

VMgH2 B0,MgH2 > VMgB0,Mg (4)
0,Mg 0,MgH2 2
phases, respectively. If B0,Mg = 45 GPa and B0,MgH2 = 55 GPa are
considered [22], it turns out that a decrease of Tdec can be obtained,
as recently demonstrated for absorption experiments in thin films
[26]. Even in this case, different elastic properties for the metal and
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out that a faster desorption reaction would be expected on the
ig. 6. Relative fraction of (a) MgH2 and (b) Mg–Nb oxides as a function of desorption
ime at 623 K. The relative fraction is calculated as the ratio of the theoretical and

easured wt% in the mixture.

ydride phases might bring to a destabilisation of the desorption
eaction due to an increase of the elastic strain in the nanostruc-
ured material, leading to an increase of Tdec. In fact, this trend has
een estimated for the Ti/TiH2 reaction [21].

In order to preserve the beneficial effects on the free energy
hange of desorption reaction due to the presence of nanos-
ructured phases, both small size and elastic strain should be

aintained during the hydrogen loading and unloading cycles.
ctually, the presence of a higher free energy in the nanostruc-

ured with respect to the bulk material develops a driving force for
ecrystallisation, which promotes a coarsening of the nanostruc-
ured phases [20]. This effect could be avoided if a strong activation
nergy barrier is developed against recrystallisation and grain
rowth, as recently demonstrated for Mg prepared by inert gas con-
ensation [24]. On the other hand, the dependence of enthalpy and
ntropy on the excess volume in nanostructured materials seems
o suggest a stabilisation of the nanostructure for high values of
xcess volume [22]. For the Mg/MgH2 system, this stabilisation has
een estimated for Vexc > 1.3, which appears rather high for real
ystems.

From the experimental results obtained by in situ experiments
or both absorption and desorption, it seems clear that a thermo-
ynamic effects on reaction rates should be excluded, because of
he observed significant grain growth. On the other hand, even if
he nanostructure obtained after ball milling would be preserved
uring the absorption/desorption cycles, a limited effect should be
bserved. So, the sharpening of the diffraction peaks of MgH2 and
he limited broadening of the diffraction peaks of Mg, suggest that
inetic effects will take the main role in the reaction rate.

Together with thermodynamic effects, the occurrence of a
anostructured phase might have a significant role on the reaction
inetics, reducing the hydrogen release time in isothermal con-
itions [2]. In fact, smaller diffusion paths and possible reduction

f the activation energy for hydrogenation, promoted by the high
ensity of grain boundaries and interfaces, have to be taken into
ccount in nanostructured materials. In order to estimate the effect
f additives on the velocity of dehydrogenation reaction, the MgH2
Compounds 509S (2011) S438–S443

relative fraction, obtained from Rietveld refinement for selected
patterns, is reported in Fig. 6a as a function of time for various
samples. The MgH2 relative fraction is calculated as the ratio of the
theoretical and measured wt%. Data are reported as a function of the
logarithm of time, so that the occurrence of a linear dependence can
be associated with a first order reaction, with the slope proportional
to the rate constant. It appears clear that the simple ball milling
shows a limited effect on the reaction rate. On the contrary, with
additives, the desorption reaction appears to be much faster, as sug-
gested by the smaller relative fraction of MgH2. Among the various
additives, O11 mixture turns out to have the major effect. In order
to identify possible interactions of the additive with the Mg/MgH2
mixture, the relative fraction of oxide phase is reported in Fig. 6b.
At the beginning of the desorption reaction, a significant decrease
of the additive is observed, with respect to the as-milled mixtures
(Table 1). The reduction of the relative fraction is very strong for O5
mixture and limited for O9 mixture. In the case of the O11 mixture,
there is a clear progressive decreasing of the additive content as a
function of desorption time, suggesting a significant chemical inter-
action with the Mg/MgH2 matrix. This effect can be also related to
the interaction of the oxide phase with MgO layer surrounding the
Mg/MgH2 particles [7]. In fact, with respect to the oxidation effects
of Mg already observed after ball milling, an increase of the amount
of MgO phase is observed during the desorption at 623 K, reaching
values up to 40 wt%, likely due to a reaction with residual oxygen
in the high temperature XRD chamber.

In all the cases, it turns out that the additives accelerate the
desorption reaction and reduce its relative amount during the reac-
tion, suggesting an active role of these phases during the process.
This observation is in agreement with suggested “pathway effects”
for hydrogen sorption in Mg [7], where a reduction of the oxida-
tion state of Nb from V in Nb2O5 to lower values is suggested. It
is worth noting that, for the O11 mixture a lower oxidation state is
already present in the additive, which can facilitate the hydrogen
permeation through the MgO layer. In fact, Mg3Nb6O11 compound
has been shown to be more active for hydrogen absorption at
low pressure with respect to Nb(V) based compounds [14–16].
The reversible interaction of hydrogen with Mg3Nb6O11 has been
tentatively explained in terms of an original structural feature of
the solid, i.e., the presence of octahedral niobium clusters in the
structure [16]. The octahedral clusters exist in particular structural
position in Mg3Nb6O11 lattice and are not found in the other oxides
here considered. The niobium clusters could act as a sort of insertion
site for hydrogen uptake and release, thus explaining the peculiar
fast sorption reactions after additions of this compound [16].

5. Conclusions

The H2 sorption reactions in ball milled MgH2 with addition of
Mg–Nb oxides have been studied by in situ XRD analysis. In particu-
lar, additions of MgNb2O6, Mg4Nb2O9 and Mg3Nb6O11 compounds
have been considered, and compared with the addition of Nb2O5
and simple ball milling of MgH2. It was observed that the rate of the
H2 desorption reaction at 623 K and of hydrogen absorption at 573 K
is significantly accelerated by the presence of additives. Among
the various additives considered, Mg3Nb6O11 seems to show the
best performances for the desorption reaction, whereas a simi-
lar behavior was observed for the absorption process. The driving
forces for hydrogen absorption and desorption have been calcu-
lated on the basis of available thermodynamic databases. It turns
basis of thermodynamic arguments. The effect of nanostructure
on the thermodynamics of hydrogen desorption in MgH2 has been
presented and it has been demonstrated that a very small crystal-
lite size (lower than 3 nm) would be necessary in order to change
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