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Nanostructured magnesium hydride for pilot tank development
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bstract

The aim of the present work was a systematic investigation on MgH2 co-milled with transition metals M, in order to develop large batches
f suitable materials for hydrogen storage. Systematic ball-milling operations were done using a planetary miller, thus leading to combine the
ransition metal with MgH to form successive MH hydrides. The initiating role of the metal hydride MH was evidenced by in situ neutron
2 x x

iffraction experiments. The co-milling conditions were transferred to MCP Technologies SA, where highly reactive batches of powders were
rocessed. These powders appear to be very stable on cycling, provided the desorbed powders are not exposed to a temperature higher than 370 ◦C.
small scale MgH2 tank was developed. Absorption and desorption cycles have been operated in different experimental conditions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Magnesium hydride MgH2 is an excellent material for hydro-
en storage: it is abundant, cheap, and presents a high storage
apacity by weight (7.6 wt.%). Its limitation for practical appli-
ations, however, lies in both slow hydrogen sorption kinetics
nd high thermodynamic stability ranges. Many attempts have
een done to improve these properties. It has been shown that
anocrystalline MgH2 formed by intense ball milling leads
o more improved properties than conventional polycrystalline

gH2 [1]. A second improvement has been obtained by the
ntroduction of transition elements such as Ti, V, Mn, etc. which
ct as catalysts to further enhance the sorption kinetics of MgH2
2,3]. Oelerich et al. have shown that transition metal oxides

dditions are very efficient too [4]. Up to now, despite its high
torage capacity, very few attempts of tank conception have been
arried out with magnesium-based alloys. Most of the reactors

∗ Corresponding author at: Laboratoire de Cristallographie, CNRS, BP166,
8042 Grenoble Cedex 9, France. Tel.: +33 4 76 88 90 30;
ax: +33 4 76 88 12 11.

E-mail address: patricia.derango@grenoble.cnrs.fr (P. de Rango).

d
w
p
m
d
a
w
p
h
s

925-8388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2007.01.108
mputer simulations

tudied contain conventional LaNi5 based alloys to validate asso-
iated numerical models [5–8]. The aim of the present work is a
ystematic investigation of the co-milling process with transition
etals, in order to develop both large batches of suitable mate-

ials for hydrogen storage and a small scale MgH2 tank, in order
o demonstrate that MgH2 can be use for practical applications.

. Experimental

Pure MgH2 (95% MgH2, 5% Mg) was provided by MCP Technologies SA.
ransition elements M (M = Ti, V, Nb) were introduced into the form of fine
owders (typically 40 �m). Intensive ball-milling operations were done at the
aboratory scale using a planetary Fritsch miller. The 250 cm3 tempered steal
ots were sealed in glove box, and the ball to powder ratio was of 50:1. All
andling was also performed in a glove box under argon atmosphere. X-ray
iffraction analysis was carried out using a Siemens D5000 X-ray diffractometer
ith Cu K� radiation. In situ neutron diffraction experiments under deuterium
ressure were performed at ILL-Grenoble (D20), using a dedicated furnace. A
ulticounter detector allows diffraction diagrams to be recorded every 5 min

uring the hydrogenation. Particles size measurements were performed using

laser granulometer (Malvern Mastersizer 2000). A Philips 300 kV HREM
as used for nanostructural observations. The hydrogen absorption/desorption
roperties were measured with a HERA Sieverts device. To minimize the self-
eating during hydrogen absorption, we test only 100 mg of powder with a
tainless-steal sample-holders of 26 g.

mailto:patricia.derango@grenoble.cnrs.fr
dx.doi.org/10.1016/j.jallcom.2007.01.108
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Fig. 1. MgH powders ball milled for increasing durations in the planetary
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Fig. 2. X-ray diffraction patterns recorded for increasing milling times
(MgH2 + 5 at.% Nb).

F
i

F
fi
m
t
f
w
t
c
o
o
g
c
m
f

c
s
is comprised between 1 and 10 �m. After 15 min of milling, the
particles size was not reduced anymore. The size of individual
�-MgH2 crystallites was calculated using the Scherrer formula
from the X-ray diffraction lines (Table 1). After 15 min of milling

Table 1
Crystallite sizes of the �-MgH2 phase calculated using the Scherrer formula

Milling time Crystallite sizes (nm)
2

ritsch miller, with 5 at.% vanadium powders. Kinetic traces of hydrogen (a)
bsorption under 1 MPa hydrogen pressure at 240 ◦C and (b) desorption under
5 kPa gas pressure at 240 ◦C.

. Analysis of the milling process at laboratory scale

The milling process has been analysed for pure MgH2 and for
he addition of transition elements such as Ti, V and Nb. Absorp-
ion and desorption kinetics have been markedly improved,
hen using fine transition element powders (40 �m) instead of

aw chips. MgH2 powders with 5 at.% of vanadium powders
ave been ball-milled for increasing milling times ranging from
5 min to 60 h. A small amount of powder was sampled suc-
essively from the same milled batch for each measurement.
s observed on Fig. 1a, the absorption kinetics increase rapidly
etween 1 and 5 h of milling, then remain rather similar for 10
nd 20 h. On the contrary, the desorption kinetics, especially at
ow temperatures (240 ◦C and below) are very sensitive to the

illing time. In these experimental conditions, 20 h of milling
re needed to achieve good desorption kinetics (Fig. 1b).

.1. Structural and microstructural evolutions during
illing

Systematic and high-resolution XRD patterns were recorded

n the processed powders. Similar behaviours were observed for
ll the transition elements M. After about 1 h of milling time, the
etal M progressively transforms into MHx (0.65 < x < 0.9) thus

orming off-stoichiometric hydrides thanks to the MgH2 mass.

1
3
1
5

ig. 3. Particle sizes recorded on (MgH2 + 5 at.% Nb) powder milled for increas-
ng milling times, ranging from 15 min to 5 h.

or example with Nb additions (Fig. 2), �-NbH0.7 is formed
rst after 30 min of milling time. Then after at least 10 h of
illing, more and more loaded metal hydrides are formed (MH

o MH2) progressively, detrimental to the type of metal hydride
ormed first. Beside, a progressive increase of the XRD line
idth of the MgH2 major phase is observed due to the forma-

ion of high densities of defects and reduction of the size of the
rystallites. In parallel, weak lines of pure Mg and some traces
f Mg(OH)2 are observed for long MT (50–60 h). As a result
f the reaction kinetics, 20 h of milling time are sufficient to
et optimised reaction conditions. This specific milling length
orresponds approximately to that required to fully hydride the
etal additive, and could correspond to the achievement of a

ully mechanical binding between MgH2 and additive particles.
Particles size was systematically measured on the above pro-

essed powders (Fig. 3). Starting from a 20 to 80 �m particles
ize, in 15 min the milling procedure leads to particles which size
5 min 29 (3)
0 min 14 (2)
h 12 (2)
h 10 (9)
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amounts is now stated at MCP Technologies SA by solid gas
reaction, using a commercial type autoclave installed in a rotary
furnace. A protocol enabling the production of excellent MgH2
powders, which appears almost saturated (no free Mg metal).
ig. 4. X-ray diffraction patterns recorded after 20 h of milling (in red) and after
ve dehydrogenation/hydrogenation cycles (in black).

ime, the crystallite size reaches about 30 nm but it continues to
ecrease for longer milling time.

.2. Structural and microstructural evolutions during
ydrogen cycling

The efficient milling process both reduces the size of the
articles and produce large amounts of defects in the crystal
tructure (dislocations, grains defects, etc.). It results in a dra-
atic improvement of the reaction kinetics. It is four times faster

or pure MgH2 milled during 20 h than for un-milled MgH2
amples to absorb 80% of the maximum hydrogen uptake. This
eans that for a significant part, the activation process could

esult from the induced defects and reduction of the particle
ize. However, the diffraction pattern recorded after five dehy-
rogenation/hydrogenation (D/H) cycles at 240 ◦C shows very
arrow diffraction lines, as compared to the pattern recorded
mmediately after milling (Fig. 4). The partially amorphous state
isappears after the first H/D cycles and the high density of
efects induced during a long milling time is not directly respon-
ible for the kinetics enhancement, since reproducible kinetics
urves are observed for the further H/D cycles.

In order to better understand the basis of this process in terms
f microstructural transformations, fully hydrogenated particles
f magnesium were introduced in the chamber of a HREM
fter 20 h of milling time. The grain size of the MgH2 parti-
les was up to a tenth �m. Under the effect of both the high
acuum conditions in the microscope and the impact of the
lectron beam the hydride rapidly decomposes into pure Mg
etal. Microscopy photographs and diffraction patterns were

aken successfully, and reveal a net transformation between a
omogeneous MgH2 system into a mixture of MgH2 and Mg
ano-grains, and finally into desorbed grain composed of very
ell shaped hexagonal single crystallites of Mg. The size of the

rystallites was established to cover a wide range from less than
–40 nm as seen on Fig. 5. The corresponding diffraction pattern
eveals a unique Mg system. It emphases that the rapid hydro-
en diffusion in such milled and activated powders can be the

esult of the existence of numerous grains boundaries developed
etween nanometric crystallites. Then the ball milling induces
high density of defects as an intermediate state, which favors

he recrystallisation of a fine nanostructured state.

F
g
N

ig. 5. A microscopy photograph obtained under HREM conditions after hydro-
en desorption.

.3. Catalytic role of the transition elements

In order to better understand the catalytic role of the additives
n the hydrogen sorption, in situ neutron diffraction experiments
ere performed on nano-structured powders containing 5 at.%
b. The powders were out-gassed prior to the neutron diffraction

xperiment. The successive patterns were recorded every 5 min
uring hydrogenation at 280 ◦C under 2 MPa of deuterium pres-
ure. Fig. 6 clearly shows that the �-NbD0.7 phase (metastable
nder the applied conditions) has been formed first, prior to
rowth of MgH2 particles. Thus the initiating role of the metal
ydride MHx was directly evidenced, in agreement with previous
tudy based on synchrotron radiation experiments [9].

. Up-scaling of the nanostructured MgH2 production

The procedure to synthesise MgH2 precursors in large
ig. 6. Successive neutron diffraction patterns recorded in situ during hydro-
enation (deuteration) process at 280 ◦C, 2 MPa D2 gas pressure (MgH2 + 5 at.%
b milled for 20 h).
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5. Pilot tank development

The hydriding/dehydriding of Mg are strongly exother-
mic/endothermic reactions. Then, the main difficulty to solve for
ig. 7. Kinetic traces of (MgH2 + 5 at.% V) powder ball milled for 8 h at MCP
. Hydrogen (a) absorption under 1 MPa H2 pressure vs. temperature and (b)
esorption under 15 kPa H2 pressure.

The activating process at industrial scale is performed in a
pecific ball miller having a range of mechanical energy well
dapted for rapid deliveries of M-activated MgH2 powders. Such
25 l machine enabled MCP Technologies SA to start the milling
rocess of large batches of MgH2 powder. Thanks to the opti-
isation of the milling conditions, very reactive powders have

een prepared. As observed on Fig. 7a, and unexpectedly, hydro-
en absorption can be effective at temperatures as low as 50 ◦C.
lthough kinetics remains rather low at this temperature, the

xothermic absorption reaction induces an effective thermal acti-
ation. The increase of temperature, measured directly into the
owder itself is about 25 ◦C at 150 ◦C. The desorption kinetics
re slower than absorption ones. Nevertheless, at 220 ◦C and
nder 15 kPa (Fig. 7b), a complete desorption can be achieved
ithin 1 h only.
Cycling at 300 ◦C the powders produced at MCP Tech-

ologies SA demonstrate a very high stability in the H/D
haracteristics. Moreover, it is possible to restore the powders
hen damaged by air exposure. An outgas specimen has been

◦
xposed to air atmosphere at 300 C for 10 min. As observed
n Fig. 8, the absorption curve recorded immediately after
xidation is strongly affected, whereas further cycles allowed
eaching progressively the initial one. This phenomenon has

F
1

ig. 8. Absorption traces successively recorded on a damaged specimen
MgH2 + 5 at.% V). The outgassed powder has been exposed to air atmosphere
t 300 ◦C for 10 min.

een attributed to the formation of an oxide passivation layer
t the surface of the grains, as already observed by Friedrichs et
l. for all nanocrystalline magnesium samples [10]. This MgO
ayer first slows down the hydrogenation kinetics (especially
uring the 20 min of the first absorption) then split up under the
ffect of the expansion induce by hydrogenation.

In a second step, thermal annealing of 100 h have been per-
ormed on desorbed powders at temperatures ranging from 300
o 400 ◦C. As observed on Fig. 9, sorption kinetics remain
nchanged up to 350 ◦C, whereas a strong change in the sorption
ehaviour is observed after annealing between 370 and 380 ◦C,
ith a sharp decrease of kinetics, due to the rapid crystal growth
f Mg crystallites above this temperature. Then, it appears very
mportant not to exceed this critical temperature of 370 ◦C within
he tank.
ig. 9. Kinetic traces for powders ball milled for 8 h at MCP T and aged for
00 h at 350, 370 and 380 ◦C, respectively.
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a
A
a
to this decrease of temperature, and to maintain a reasonable
mass flow, a desorption temperature of 350 ◦C is needed for the
present geometrical configuration. However, heating directly the
center part of the tank could allow reducing the temperature.
ig. 10. (a) Hydrogen pressure and temperatures evolution loading the MgH2

ank, and (b) recorded hydrogen pressure vs. temperatures as compared to the
CT diagram.

he development of MgH2 based tank is to control the heat flow
extraction of the heat during charging, and maintaining the tank
bove the equilibrium temperature when discharging). A small-
cale tank (V = 260 cm3) filled with 110 gr of activated MgH2
owder has been developed. This tank is cylindrical to minimize
ncontrolled heat exchange and to ease numerical modeling.
t is heated from outside (up to 400 ◦C). Inside pressure, H2
ass flow and temperatures measured in different part of the

ank are recorded. The behaviour has been studied upon vari-
us experimental conditions (temperature, H2 pressure, cooling
uid, cycling, etc.).

.1. Charging process

The first absorption tests were performed at 280 ◦C without
ooling fluid in the exchangers. The introduction of hydrogen
roduces a sharp increase of temperature as measured in all
he different parts of the tank (Fig. 10a), so that the tempera-
ure immediately reaches the equilibrium conditions (Fig. 10b).
fter a few minutes, the thermocouples TC 3 and 4 (external
art, top and bottom) take off the equilibrium trace: hydrogen
bsorption has excellent kinetics in the external region of the
ank. On the contrary, in the central part of the tank (TC 1),

lmost 1 h is needed to auto-cool down the powder since the
ocal temperature follows the equilibrium curve until the end of
bsorption. When starting absorption at 280 ◦C, 60 Nl H2 have
een absorbed, corresponding to a capacity of 4.9 wt.% H2.

F
c

ig. 11. Comparison of the central temperatures (blue) and hydrogen mass flow
purple) evolution loading the MgH2 tank, with (straight lines) and without
ooling system (dashed lines).

Further experiments have been performed using water or
ompressed air as cooling fluids. By removing the heat gen-
rated by the hydriding reaction, the cooling system reduces the
ank-loading time. In Fig. 11, the mass flow and the central tem-
erature recorded with and without compressed air are reported.
ess than 30 min are now needed to load the tank, but only 45 Nl
2 are absorbed (3.65 wt.%. H2), the cooling being too efficient

t the end of the reaction. Compressed air seems to be a quite
ood solution as it offers a good efficiency with a reduced mass
ow (∼10 Nl/min). However, mass flow management is needed

o carry the reaction on to the end.

.2. Discharging process

Desorption experiments have been carried out between 350
nd 400 ◦C where the outlet pressure is the atmospheric pressure.
s observed on Fig. 12, an important decrease of temperature

ppears in the center part of the tank (endothermic reaction). Due
ig. 12. Hydrogen pressure, mass flow and temperatures evolution during dis-
harging of the MgH2 tank.



and

m
s
e
t

6

s
s
i
b
w
t
a
e
h
r
p
h

i
c
m
t

s
a

A

(
5

R

P. de Rango et al. / Journal of Alloys

For both absorption and desorption steps, the very low ther-
al conductivity of the powder and the thermal expansion

low down the reaction by preventing heat transfer. The use of
xpanded natural graphite or metallic foam matrix is expected
o increase the reaction rate due to improve thermal conduction.

. Conclusion

A systematic investigation on MgH2 co-milled with tran-
ition metals M for increasing milling time has identified the
uccessive MHx hydrides formed by reaction with MgH2. The
nitiating role of the metal hydride MHx has been evidenced
y neutron diffraction experiments. The co-milling conditions
ere transferred to MCP Technologies SA, where highly reac-

ive batches of powders were processed. Moreover, a specimen
ccidentally exposed to air was shown to recover the initial prop-
rties after a few cycles performed under hydrogen. However, it
as been demonstrated that it is essential to maintain the mate-
ial below 370 ◦C to avoid the rapid crystal growth of the Mg
articles associated to a strong degradation of the kinetics of the
ydriding/dehydriding reactions.

A small-scale tank was developed and tested in different cool-

ng conditions. Starting at 280 ◦C, 60 Nl H2 have been absorbed,
orresponding to a capacity of 4.9 wt.%. Numerical simulations
apping the heat and mass transfers during the hydrogena-

ion/dehydrogenation steps are in progress using the Fluent

[
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oftware. A systematic comparison with experimental data will
llow a better understanding of the tank behaviour.
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