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Hydrogen sorption properties for surface treated MgH2 and Mg2Ni alloys
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Abstract

In our group, strong enhancement of the hydrogen sorption capacities and kinetics of Mg and intermetallic alloys was recently achieved
by surface treatments using physical and chemical means separately or in convert. In the latter, our approach consists in the preparation of
tailor-made composites by ball-milling the alloy with preground graphite using specific milling conditions, followed by the deposition of Pd
nanoparticles on the alloys surface using the polyol process. The benefit of graphite was ascribed to the carbon coating leading to the protection
of the reactive metallic particles toward oxidation and the reduction character of carbon cleaning the alloy surface of NiO. Finally, the fine Pd
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articles deposited at the metallic surface probably act as hydrogen pumps during the desorption process. By combining both te
ydrogen desorption as high as 3 wt.% in 60 min at 150◦C and 6.2 wt.% in 30 min at 300◦C are obtained for surface treated Mg2Ni alloy and
gH2, respectively. The latter treatment for MgH2 is compared with the deposition of CeO2 doped 6 at.% of Pt.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mg and Mg-based alloys are well-known for their high
ydrogen storage capacities (up to 7.6% in weight for pure
g), but the sorption kinetics remain slow at temperature
elow 250◦C [1–3]. In the case of Mg the absorption rate is

he limiting step with a probability of the adsorption of a H2
olecule of only 10−6 [4]. To overcome this problem cata-

ysts have to be added to magnesium[5–8]. Mg powder is
lso very sensitive to the ambient atmosphere and the surface

ormation of Mg oxyde or hydroxide has a negative effect
n the sorption properties. Regarding the Mg2Ni intermetal-

ic alloy, its performances are limited by a slow desorption
inetics. The rate-controlling step for the desorption process

s attributed to the permeability of hydrogen through the alloy
urface. To improve the sorption properties of Mg and Mg
ased alloys ball-milling[9] is one of the promising process
nabling the creation of nanostructure and numerous paths for
ydrogen diffusion through grains boundaries. Nevertheless,
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ball milling which consists in the repeated fracture and w
ing of powders particles needs a control of the fresh su
generated versus contaminations. Herein, the enhanc
of the hydrogen sorption capacities and kinetics of Mg
intermetallic alloys is addressed by different types of sur
treatments. Our approach consists in the preparation of t
made composites by ball-milling the Mg2Ni alloy [10,11]or
the Mg with preground graphite using specific milling c
ditions[12], followed by the deposition of Pd nanopartic
on the alloys surface using the polyol process[13,14].

2. Experimental

The Mg2Ni alloys are prepared from Mg and Ni powd
(40�m, 99.9%, Alfa Aesar) by mechanical milling und
argon atmosphere using a SPEX 8000 mixer-mill. The 5
stainless steel milling container is filled with a mixture
stainless steel balls of 6 and 12 mm diameter. The ma
Mg and Ni powder mixture is 5 g corresponding to a ba
powder weight ratio of 8. The Mg2Ni–Ct,x composites wher
t is the milling time of the preground carbon andx its BET
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surface area are prepared by 2 h ball milling of the previously
mechano-synthesized Mg2Ni alloys with 10 wt.% of highly
reactive carbon C10,320. The alloys and the corresponding
composites with carbon are coated by Pd using the polyol pro-
cess (i.e. reduction of a metallic salt in a liquid polyol). Due to
the high reactivity of the ball-milled Mg2Ni alloys, ethylene
glycol is chosen, since no Mg(OH)2 formation is detected
when the alloys are dipped in this solvent. The Pd source con-
sists of Pd(NO3)2, 2H2O and the reduction occurs at room
temperature. All the samples are coated with 5 wt.% of Pd,
the content and the dispersion of Pd deposited on the alloy
being determined by EDX spectroscopy. After the deposition
is complete, the mixture is centrifuged and washed three times
in acetone. A short ball-milling (3 h) of the Pd coated compos-
ite is then realized in order to improve the Pd/alloy interface.
The Mg powder is ground using the SPEX 8000 mixer mill
under 25 bar of hydrogen in the 50 cm3 stainless steel milling
container with a ball to powder weight ratio of 20 in order to
produce the MgH2 hydride. The MgH2 obtained after 60 h is
then ground with a C10,320 carbon followed by the deposi-
tion of 5% of Pd in order to prepare a 5%Pd–MgH2–C10,320
composite. The sorption performances of this composite are
compared with the ones of the MgH2/CeO2 composite pre-
pared by ball-milling 30 mn 5 wt.% of CeO2 (doped 6 at.% of
Pt) with MgH2. Pt-doped CeO2 were prepared by a solution
combustion method[15].
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Fig. 1. Absorption (a) and desorption (b) kinetics at 150◦C for ball-milled
alloys: Mg2Ni, 5% Pd-coated Mg2Ni, Mg2Ni–10%C10,320 composite and
5% Pd–Mg2Ni–10%C10,320 composite.

ment is also noticed during hydrogen uptake (close to 2%) in
the first 60 min. The benefit of the surface treatments is even
more remarkable on the desorption process with a 2.6 wt.%
hydrogen release in 60 min at 150◦C for the Mg2Ni–C10,320
composite and the Pd-coated Mg2Ni powder (cf.Fig. 1). In
the case of Mg2Ni–C10,320 composite, the benefit in sorption
kinetics and capacity is strongly linked to a high reactivity
[12] of the preground carbon. Indeed, the broken graphene
layers created during grinding are at the origin of the strong
reducing character of carbon toward NiO oxide. So during the
milling process of Mg2Ni with C10,320 carbon, the alloy sur-
face is cleaned of NiO oxide contamination. The elemental
analysis shows that the oxygen content of the alloy decreases
from 1.4% to 0.4% after the surface treatment. As a conse-
quence, the disappearance of the NiO barrier diffusion at the
alloy surface facilitates the sorption process. The benefit of
the Pd deposition on the Mg2Ni alloy surface is high for the
desorption process, showing enhanced capacity and kinetics.
We speculate that during hydrogen desorption, Pd nanopar-
ticles dispersed on the Mg2Ni alloy surface act as hydrogen
pumps[16] and therefore accelerate the migration and diffu-
sion of hydrogen from the bulk into the Pd hydrided phase,
via the grain boundaries, prior to the hydrogen desorption
from Pd particles themselves.
The crystallinity of the ball-milled powders is inves
ated by means of X-ray diffraction using a Philips PW1
iffractometer Cu K�1.5418Å. The morphology of the part
les is observed by Scanning Electronic Microscopy (Ph
L30 FEG) coupled with a EDX spectrometer (Oxford IS
llowing the determination of the alloy composition. T
ET surface area is measured by N2 adsorption using
icromeritics Gemini II 2370 apparatus, after outgas
f the ball-milled powder at 100◦C for 2 h. The hydro
en storage performances of the samples are determin
ravimetric measurements using a Hiden IGA 001 app

us. After the powder is loaded into a quartz crucible (t
ally, with a sample mass of 150 mg) and heated at 15◦C
nder secondary vacuum for 3 h, the sorption kinetics
easured under 10 bar and secondary vacuum on ab

ion and desorption processes, respectively. The re
rrors on the experimental storage capacities are estim

o 5%.

. Results

.1. Surface treatments of Mg2Ni with C10,320 and
wt.% Pd: production of a 5%Pd–Mg2Ni–C10,320
omposite

Fig. 1 clearly shows that the surface treatments imp
he hydrogen absorption capacity of the composites to
.8 wt.% range, in comparison to the 1.6 wt.% of the
repared ball-milled Mg2Ni alloy. A marked kinetic enhanc



R. Janot et al. / Journal of Alloys and Compounds 404–406 (2005) 293–296 295

Fig. 2. XRD diagrams for MgH2 obtained by ball-milling under hydrogen.

3.2. Synthesis and hydrogen storage performances of
MgH2 produced by grinding

A fully hydrided MgH2 powder is obtained after 48 h of
grinding since no Mg is detectable (Fig. 2). This powder is
a mixture of tetragonal�MgH2 and metastable orthorhom-
bic �MgH2 phases, this last being known to desorb hydrogen
at temperature below that of more stable�MgH2 [1]. From
the intensities of the main reflections, the�MgH2 content is
estimated to 35% and 37% for 48 h and 60 h of milling time,
respectively. The Fe impurity (detected at 44.6◦ 2θ) coming
from the milling tools and determined by EDX spectroscopy
increases from 2 to 6 at.% between 24 and 60 h of grinding.
The hydrogen desorption kinetics at 300◦C under primary
vacuum for the mechanosynthesized MgH2 powders are pre-
sented inFig. 3. For the 24 h ball-milled powder, the first
hydrogen release is very limited (2.9 wt.% after 2 h), due to
a large amount of non-hydrided Mg. The 48 and 60 h ball-
milled powders desorb around 6.6 wt.% of hydrogen, a value
close to the theoretical one (7.6 wt.%). The hydrogen uptake
during the absorption is of the order of 6 wt.% in 120 min
for all samples. From the kinetic point of view, longer is the
milling time, faster is the sorption process in relation with a
larger number of defects making easier the hydrogen diffu-
sion. For the 60 h ball-milled MgH2 20 min are sufficient to
desorb 5.0 wt.% and absorb 6.0 wt.% of hydrogen.
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Fig. 3. Hydrogen desorption kinetics at 300◦C for mechanosynthesized
MgH2 with milling time.

CeO2 composite where CeO2 is doped with 6% at of Pt.
As expected, the desorption performances of the 5%Pd–
MgH2–10%C10,320 composite are higher than the ones of
MgH2 with 6.2 wt.% of hydrogen desorption in 30 mn (Fig.
4). In this case, the benefit of graphite was ascribed to the
carbon coating leading to the protection of the reactive
MgH2 particles toward oxidation whereas the metallic Pd
being the driving force useful for the hydrogen diffusion.
Interesting results are obtained for MgH2 ball-milled with
CeO2 doped with 6 at.% of Pt. The hydrogen desorption rate
of 5.2 wt.% in the first 15 min is higher than for the previous
composite while the capacity remains slightly lower than
6 wt.% (≈5.7 wt.%) after 50 mn. The addition of non doped
CeO2 on MgH2 appears to be not relevant and shows that
the presence of noble metal seems to play a major role in the
kinetics behavior of the CeO2 composite. Thus, the Pt and
Pd role need to be distinguished due to their different nature
of interaction with hydrogen. Pt does not form hydride with
hydrogen but give active sites enabling a better adsorption of
H2 molecules and probably a better recombination of hydro-
gen atom during desorption. For Pt-doped CeO2 samples, Pt
consists, both, in Pt metallic nanoparticles dispersed onto the
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.3. Surface treatments of ball-milled MgH2 with
10,320 and 5 wt.% Pd: production of a
%Pd–MgH2–C10,320 composite

Based on the results showing the strong improvem
f the hydrogen sorption kinetics of the 5%Pd–Mg2Ni–
0%C10,320 composite, similar experiments were exten

o MgH2. In addition the performances of the 5%Pd–MgH2–
0%C10,320 composite were compared with a MgH2-5%
ig. 4. First desorption kinetics at 300◦C for MgH2 ball-milled with dif-
erent additives (a) MgH2, (b) MgH2 + 5%Pd + 10%C10,320, (c) MgH2 + 5%
eO2 (6 at.% Pt).



296 R. Janot et al. / Journal of Alloys and Compounds 404–406 (2005) 293–296

CeO2 surface and in Pt2+ ions substituting Ce4+ in the CeO2
matrix, creating therefore defects in the electronic structure.
Such modifications of the local electronic structure of the
catalyst are reported to induce enhanced activity in respect
of facilitating hydrogen sorption[17]. Finally, this effect is
limited at the beginning of the desorption leading to a lower
capacity than the ones of the Pd hydride.

4. Conclusions

This paper reports a unique effect of the combination
of two types of surface treatments with carbon and Pd
on the hydrogen storage performances of mechanosynthe-
sized Mg2Ni alloy and MgH2 hydride. The first approach
consists in the preparation of tailor-made composites by
ball-milling with preground graphite using specific milling
conditions, whereas Pd-coated Mg2Ni alloy or MgH2 hydride
are obtained by deposition of Pd nanoparticles on the powder
surface using the polyol process. The starting MgH2 is previ-
ously obtained by ball-milling of Mg powder under hydrogen.
After 60 h of milling, the powder consisted in a mixture of�
and� MgH2 phases and the first hydrogen desorption was of
the order of 5.0 wt.% in 30 min at 300◦C. Finally, an hydro-
gen release as high as 2.8 wt.% at 150◦C is reached for a 5%
Pd-coated Mg2Ni–C10,320 and 6.2 wt.% in 30 min at 300◦C
f
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