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a b s t r a c t

Three Mg–10 at.% LaNi5 nanocomposites were synthesized by high-energy ball milling at different con-
ditions. One of the composites was prepared by milling MgH2 and LaNi5, whereas for the other two
composites pure Mg and LaNi5 were used as starting materials. The last two composites were milled at
different conditions—dry milling and with heptane. Relatively narrow particle size distribution has been
determined by scanning electron microscopy for all composites. Mean particle size of about 2 �m has
been obtained for the first two composites, while the composite milled at milder mechanochemical con-
g-based composite
ydrogen storage materials
anostructured materials
all milling
as-phase hydrogen sorption

ditions (in heptane) shows substantially larger average particle size of about 6 �m. All composites have
shown nanocrystalline microstructure (28–33 nm), which appeared to be quite stable during hydrid-
ing/dehydriding cycling, slightly increasing the mean crystallite size regardless the high-temperature
of annealing (300 ◦C). Formation of new phases has been detected during the milling and further
annealing—Mg2Ni and Mg6Ni were formed. Hydriding and dehydriding kinetics were found to be very
fast for the composites with finer particle and grain sizes. Partial low-temperature hydrogen absorption

ump
has been observed and “p

. Introduction

The usage of magnesium as a hydrogen storage material is
imited by its relatively slow kinetics, high hydrogen absorption
nd desorption temperature and its susceptibility to oxidation.
n the other hand LaNi5 is a well-known material for both elec-

rochemical and gas-phase applications, which easily absorbs and
esorbs hydrogen even at room temperatures, but its limitations
re low capacity, high specific weight and high price. One approach
owards improving the H-sorption properties of Mg-based mate-
ials is reducing the particle size down to nanometer scale [1,2].
or coarse-grained polycrystalline MgH2 it could take as long as
everal hours to decompose at 300–350 ◦C. Size reduction gives
etter results [3,4], but is often not sufficient and comes with the
ost of sacrificing capacity for kinetics. Therefore research on cat-
lyst additions [5–7], composites [8–12] and alloys [13,14] based
n Mg (especially synthesized by reactive ball milling) has been
ntensively carried out. In our recent study [15] it was shown that

n addition to the grain size, the particle reduction (to less than
�m) improves the hydrogen sorption kinetics of nanocrystalline
g/MgH2 powders.
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-getter” mechanism was suggested and proved.
© 2010 Elsevier B.V. All rights reserved.

Mg–LaNix composites have been investigated widely both in
terms of H-storage capacity [16–21] and thermodynamics of
hydriding [22–24]. Certain common properties have been found,
including the ability to achieve partial hydrogenation at room tem-
perature and relatively high H-storage capacity (∼4 wt.%).

Composites based on RE–Mg–Ni (RE: rare earth element)
with PuNi3 structure can absorb and desorb via gas-phase
hydrogenation up to 1.8 wt.% hydrogen [25,26]. Electrochemical
hydrogenation/dehydrogenation of those systems [27,28] proved
that they appear to be a good potential candidates as negative
electrode materials. In our previous study [29] it was found that
nanocrystalline Mg–15 at.% MmNi5, produced by planetary ball
milling, shows maximum discharge capacity of 120 mAh/g (0.5 wt.%
of hydrogen) under electrochemical hydrogenation. It was found
that formation of Mg(OH)2 impedes further hydrogen penetration
and blocks the surface of the particles. Additional study carried
out by isolation of the surface of Mg–MmNi5 from the electrolyte
shows capacity of 350 mAh/g, which is an evidence that during
electrochemical charging both phases (Mg-rich and MmNi5) are
hydrogenated [30].

Studies on the Mg–LaNi5 composites [25] show that the
phase composition and microstructure influence critically on their

hydrogen storage properties (kinetics, hydrogen capacity, low-
temperature hydrogen absorption). Besides, decomposition of the
LaNi5–Mg composites during hydriding has been observed due to
the increased diffusivity of the metal atoms in the presence of
hydrogen [26]. Hence, the hydrogen storage properties of com-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tspassov@chem.uni-sofia.bg
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Table 1
Composition and milling conditions for the composites studied.

Composite Composition Starting materials Milling duration Milling atmosphere Milling conditions
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C1 Mg–10 at.% LaNi5 MgH2 + LaNi5
C2 Mg–10 at.% LaNi5 Mg + LaNi5
C3 Mg–10 at.% LaNi5 Mg + LaNi5

osites with different microstructure and particle and crystal size
s important to be determined. Therefore the aim of the present
tudy was the microstructural evolution of such composites during
eactive mechanical milling at different milling conditions as well
s during hydriding/dehydriding. Additionally, the low- and high-
emperature hydriding and dehydriding of the Mg–10 at.% LaNi5
anocomposites were investigated.

. Experimental

The composites were synthesized by ball milling, using a custom built planetary
all mill [11]. The milling process was carried out for 10 h with 1 h of continuous
illing, followed by 30 min relaxation. One of the composites (denoted as C1) was

repared using pure MgH2 (supplied by GKSS Research Center Geestacht GmbH)
nd commercial LaNi5, whereas for the other two composites Mg (>99%) and LaNi5
ere used as starting materials. The last two composites were milled at different

onditions—dry milling under Ar (composite C2) and milling in heptane under Ar
C3), Table 1. For this synthesis hardened Cr-steel vials were used as well as 6 mm
teel balls, as the powder to ball (P/B) ratio was 1:8. The samples were investi-
ated for contaminations with AAS, and the traces of Cr and Fe were found to be
nsignificant (Fe = 0.04 at.%, Cr = 0.006 at.%).

The handling and storage of the synthesized powders were performed in a
love box under Ar, however loading the specimen in the “pressure-composition-
emperature” (PCT) apparatus for the gas-phase hydriding as well as the X-ray
iffraction (XRD) experiments were realized in air, which may have resulted in a

ormation of a thin oxide layer (MgO) on the surface of the powders.

The hydrogen sorption behavior was investigated using Sievert’s type (PCT)
pparatus with samples from 100 to 150 mg. Structural information was obtained
y XRD, using Cu-K� radiation. Morphology and particle size distribution were
btained by scanning electron microscope (SEM) JEOL 5510 and using ImageJ soft-
are.

Fig. 1. SEM micrographs of the as-milled composites: C1
0 h Ar Dry milling
0 h Ar Dry milling
0 h Ar Milling in heptane

3. Results and discussion

The SEM micrographs (Fig. 1a) show for the composite C1 mean
particle size of about 2 �m. Similar particle size distribution and
average size are observed for the composite C2, whereas for the
composite C3 the powder particles are larger (about 6 �m). Fig. 1b
presents a typical SEM micrograph of the composite C3. Although
a number of particles of greater size can be observed for all com-
posites it is clearly seen at higher magnifications that these larger
particles are actually agglomerates of much smaller ones (Fig. 1c).
Moreover, extremely fine cold welded particles of less than 100 nm
can also be detected for the composite C1 (Fig. 1d), which is not
the case for the other two ball milled materials. Cracks can also be
observed on the particles surface for all composites, which present
good pathways for the hydrogen towards the particle inner parts.

The X-ray powder diffraction of the as-milled samples shows
LaNi5 phase only. No MgH2 or Mg can be found on the diffrac-
tograms in Fig. 2. MgH2 has decomposed during the milling process.
The evidence for this was the increase of the pressure within the
vials by 3 bar during the first 2–3 h of milling, most likely due to
the released H2, as a result of MgH2 decomposition. The last was
additionally proved by PCT desorption analysis of the as-milled

composite C1. The diffraction peaks of Mg and Mg-based phases
are very broad and strongly suppressed for all samples after 10 h
of milling. Most probably the high-energy milling introduces large
concentration of defects in the magnesium phases and strongly
reduces their grain size. As it will be reported later in this study

(a), C3 (b), C1 at higher magnifications (c) and (d).
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Fig. 2. X-ray diffractograms of the as-milled composites.

g2Ni and Mg6Ni phases were detected after annealing the ball
illed composites. The mean crystallite size, calculated by the

cherrer equation is 28 ± 2 nm for the LaNi5 phase (from the diffrac-
ion peaks at about 31 and 36◦ 2�) in the composites C1 and C2 and
3 ± 2 nm for C3.

The composites’ hydrogen sorption ability was studied in the
ievert’s type apparatus. The temperature was kept at 300 ◦C
±3 ◦C) and the applied pressure was 8 bar (Figs. 3 and 4).

Fig. 3 reveals hydrogen absorption kinetic curves for the three
omposites at 300 ◦C. The absorption curves are obtained after
ctivation of the materials, realized in this case by 3 preliminary
ydrogen absorption/desorption cycles. The activation is mainly
ecessary due to the thin oxide layer on the surface of the particles,
hich has probably been formed during the samples handling. For-
ation of suitable adsorption sites on the surface of the particles is

ctually connected with a process of decripitation—enlarging the

xisting gaps and cracks on the particle surface, resulting in forma-
ion of fresh and active reaction surface. This assumption was later
roved by X-ray powder diffraction measurements. Thus, high-
st hydrogen capacities of 4.0–4.3 wt.% as well as fastest kinetics
or all composites were measured after 2–3 hydrogen absorp-

ig. 3. PCT hydrogen absorption curves of the Mg-LaNi5 nanocomposites (C1—solid
ine; C2—dot; C3—dash).
Fig. 4. PCT hydrogen desorption curves of the Mg–LaNi5 nanocomposites (C1—solid
line; C2—dot; C3—dash).

tion/desorption cycles. The composites C1 and C2 reveal slightly
higher capacity (4.3 wt.%) than the composite C3, which shows
capacity of 4.1 wt.%. At later cycles (more than 10) the hydriding
kinetics gets a little faster, but capacity is slowly decayed. The rea-
son is decripitation again—creating new reaction surfaces by the
crystal lattice fracturing results in hydrogen sorption acceleration,
but at the same time it reduces the quantity of the interstitial
sites suitable for hydrogen atoms accommodation. Generally, the
absorption kinetics are very fast for all nanocomposites studied,
reaching 50% of hydriding within the first 100–200 s. Prelimi-
nary estimations suggest diffusion-controlled mechanism of the
H-absorption process. The higher hydrogen absorption rate for the
composites C1 and C2 can be attributed to their noticeably smaller
particle and grain sizes compared to those of the composite C3,
milled at milder conditions (in heptane).

The desorption of hydrogen shows markedly different behavior
of the composites C1 and C2 compared to C3 (Fig. 4). The kinetics are
extremely fast after the first cycle of activation for C1 and C2—50%
of the process takes place reproducibly during the first 40–50 s,
whereas for C3 about an hour is needed for complete hydriding.
One of the reasons for such behavior includes the finer grain and
particle sizes in the first two composites. Additionally, as it will
be later shown by XRD of the annealed samples the composites
C1 and C2 contain larger amount of Mg2Ni phase compared to
composite C3, in which the metastable Mg6Ni phase was detected.
The observed differences in the phase composition of the materials
milled under different conditions have certainly an effect on their
hydriding/dehydriding kinetics as well.

An effect of low-temperature hydrogen absorption was also
observed for the nanocomposites studied. If left for a few hours
at temperature of about 40–45 ◦C under 8 bar of pure hydrogen
pressure, the composite partially absorbs hydrogen. Such low-
temperature hydrogen charging does not lead to high storage
capacity, however it is still about 3–3.5 wt.%, but requires much
longer time than absorption at 300 ◦C. X-ray diffraction data show
presence of different phases in the composites after hydrogen
absorption/desorption (Fig. 5). For the composite prepared from
MgH2 and LaNi5, after hydrogen desorption at 300 ◦C, there are just
two intermetallic phases that can be indexed undoubtedly—Mg2Ni
and LaNi5, which actually means that the initial LaNi5 has partially

disproportioned, donating some of its Ni for the formation of Mg2Ni.
The nearest to LaNi5 La–Ni phase is LaNi3, which unfortunately,
cannot be clearly identified since all of its most intensive peaks
would be overlapped. The presence of Mg2NiH4 in the samples
after high-temperature and low-temperature hydrogen absorption
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ig. 5. XRD patterns of the samples in as-milled state and after different treatment
low-temperature hydriding at 40 ◦C and high-temperature hydriding at 300 ◦C): C1
a) and C3 (b).

as clearly observed (Fig. 5a). It is also shown that formation of
ell-crystallized Mg2Ni phase was only possible after appropri-

te annealing; annealing at about 50 ◦C of the ball milled samples
oes not result in clear Mg2Ni formation. The composite pre-
ared by milling Mg and LaNi5 in heptane (C3) reveals somehow
ifferent phase evolution during milling and subsequent hydrid-

ng/dehydriding at 300 ◦C, Fig. 5b. Formation of Mg2NiH4 and
etastable Mg6Ni phase was detected, revealing that the last phase

ractically does not form hydrides at these conditions, a fact, which
as also confirmed by Teresiak et al. [31]. This can also contribute

o the deteriorated hydrogen sorption properties of the compos-
te prepared in heptane. The presence of LaNi5H5.5 phase in the
omposite C3 after hydriding, Fig. 5b, is due to the cooling to room
emperature under 8 bar of hydrogen in the PCT device.

To explain the effect of low-temperature H-absorption in the
anocomposites studied a pump-getter mechanism of the hydrid-

ng process was suggested. Since LaNi5 easily absorbs hydrogen
t room temperatures and releases it at temperatures as low as
0 ◦C, there is a good chance that the hydrogen is absorbed by LaNi5

nd then released. When released the hydrogen is in atomic form.
owever, since the Mg-based phases are in intimate contact with
aNi5, certain quantities of pure, very active atomic hydrogen can
e absorbed by them at room temperature. To check this hypothe-

[
[

[
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sis another experiment was done. The composite was sealed under
argon at room temperature and consequently exposed to dynamic
vacuum to purify it from the absorbed during the loading gases and
water. After that the atmosphere was changed to 5 bar of pure H2.
After exposing the composite to that atmosphere for 15 min the
system was heated to 100 ◦C (at such conditions none of the Mg-
based phases would absorb H2) for 5 min, which is enough for the
LaNi5 to release the absorbed H2 and then cooled again to room
temperature quickly by using water. This procedure was repeated
three times and the sample was again purged with pure argon. The
XRD pattern of the so-treated composite is similar to that of the
low-temperature (40 ◦C) hydridied sample (Fig. 5a). Thus we can
conclude that the pump-getter mechanism actually takes place in
the hydriding process of the investigated nanocomposites.

4. Conclusions

Mg–10 at.% LaNi5 composites were synthesized by high-energy
ball milling at different conditions and using different initial sub-
stances (see Table 1). All composites show a relatively narrow
particle size distribution with mean particle size of about 2 �m
for C1 and C2 and about 6 �m for C3. The composites have shown
nanocrystalline microstructure, which appeared to be quite sta-
ble during hydriding/dehydriding at 300 ◦C—slight increase of the
mean crystallite size with few nm was only observed. Formation of
new phases (Mg2Ni and Mg6Ni) has been detected during milling
and subsequent annealing of the composites.

Hydriding and dehydriding kinetics were found to be very fast
for C1 and C2, reaching 0.035–0.04 wt.%/s, as the explanation is
the fine particle and grain size, appropriate phase composition and
microstructure. A low-temperature hydrogen absorption has been
observed for the composite C1 and pump-getter mechanism was
suggested and proved. It was found that LaNi5 does not decompose
completely during milling and subsequent hydriding/dehydriding
and has a positive effect on the low-temperature hydrogenation of
the composites.
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