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Pressure—composition isotherms of LaNis alloys were studied as function of ball-milling time. Results
indicate that ball-milling convert a part of the LaNis to a non-absorbing state—a state which does not
absorb hydrogen under conditions where un-milled LaNis powders absorb and transform to LaNisHg,
in addition to particle size reduction and creation of defects. The non-absorbing fraction in the milled
sample is found to grow with increase in the ball-milling time. The resistance to the hydride formation
of the long-time ball-milled LaNis samples is found to continue even after a 1-h high vacuum annealing
at around 1000 K. This indicates that the hydrogen-absorption-resist-anomalous state formed during the
long-time ball-milling is rather stable.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Storage of large quantities of hydrogen at safe pressures is a key
requirement in establishing a hydrogen-based economy [1]. The
most feasible hydrogen storage technique seems to be the solid state
storage of hydrogen [2]. In this regard, the inter-metallic compound
LaNis is one of the most widely studied material. The hydrogen
storage properties of LaNis were recognised a few decades ago [3].
Compared to some other possible hydrogen storage materials, the
gravimetric capacity of this material is relatively low (~1.4 wt%).
However, this compound continues to attract much interest due
to its excellent room temperature hydrogen storage capabilities.
LaNis-based compounds are also finding increasing applications
in storage batteries replacing nickel-cadmium based ones [4,5].
In some of the earlier studies, partial substitution of La or Ni has
been attempted to increase the performance of this compound. For
example, ‘A’ site substitution by Ce [6] or ‘B’ site substitution by Al,
Fe, Sn, Co, Mn, or a combination of few of these elements [4,5,7-14],
were found to have positive results in many cases. Although there
are several studies reported on this system, a systematic study on
the ball-milling effects of the parent compound, LaNis, seems to be
absent. Zaluka et al. had reported improved hydrogen absorption
kinetics for “nanocrystalline” LaNis particles with Pd catalyst [15].
In yet another study, Aoyagi et al. carried out ball-milling of LaNis
particles up to 1 min and found that such a ball-milling can improve
the hydrogen sorption kinetics [16]. However, in these studies, there
were no attempts to measure the pressure-composition isotherms
(PCIs) of the ball-milled samples. A later study on mechanical grind-
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ing of LaNis powders for 2 h, using a planetary mill at 250 rotations
per minute (RPM), showed the average size of the milled particles
to be around 1.2 wm [17]. The above study also showed that the
absorption properties of the milled samples were almost similar
to that of the un-milled samples. However, the first hydrogena-
tion cycle of the milled powders showed a strong slope which was
ascribed to the presence of several hydride phases in the milled
sample [17]. In a later study, mechanical alloying of La and Ni was
used to form LaNis nanoparticles, where the as-alloyed particles
were found to be amorphous with very little hydrogen absorption
[18]. However, annealing is found to result in grain growth, release
of microstrain, and increase in storage capacity. Similar results were
also found for a 5 h ball-milled LaNi5 sample [18].In an earlier study,
Anani et al. showed that mechanically milled and annealed LaNis
samples have similar hydrogen absorption behaviour as that of the
samples prepared by arc-melting [4]. In a recent study, Jurczyk et al.
reported the preparation of nanocrystalline LaNis using mechani-
cal alloying of La and Ni in appropriate ratio [7]. Their results show
that by mechanical alloying one can produce nanoparticles of LaNis,
but in amorphous form with little hydrogen absorption properties.
An annealing at 700°C for 30 min lead to recrystallization of the
amorphous nanoparticles and the annealed powders show hydro-
gen absorption similar to the bulk LaNis. However, none of the
above studies addressed the effect of long-time ball-milling on the
hydrogen sorption properties of LaNis. It is known from some of the
above studies that ball-milling up to 2 h is not capable of produc-
ing nanocrystalline LaNis particles [17]. Ball-milling studies on Mg
show that long-time ball-milling has a pronounced effect on the
hydrogen sorption properties [19,20]. This report presents a sys-
tematic study about the hydrogen sorption properties of long-time
ball-milled LaNis powders, with and without high temperature
annealing. Our results indicate that similar to mechanical alloying,
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ball-milling of the bulk LaNis has an adverse effect on the hydrogen
sorption properties. However, unlike mechanically alloyed samples,
in which amorphisation is the reason for the reduced hydrogen
sorption properties, ball-milling seems to result in the formation of
an anomalous state which is not absorbing hydrogen under usual
plateau pressures.

2. Experimental details

Hydrogen storage grade LaNis samples from Sigma-Aldrich
were used for the present study. Milling of these samples were
carried out using a FRITSCH miller, with a stainless steel vial and
stainless steel balls, at 240 RPM with a ball-to-powder ratio around
10. Ball-milling was carried out in cycles of 20 min mill-time and
20 min pause-time to avoid over-heating of the sample during the
milling process. Samples were prepared with milling times 2, 20
and 100 h. PCIs of the as-received and the ball-milled samples were
measured using Sievert’'s method [21] using an automated PCT
apparatus from HyEnergy. All the sample handlings were carried
outin an argon filled glove box (MBRAUN) to prevent possible con-
tact with air. After the completion of few PCI measurements on all
the ball-milled and the as-received samples, all these samples were
annealed at 730 °C for 1 hunder high vacuum (~5 x 10~ mbar). Fol-
lowing annealing, the PCI measurements were again carried out on
all the annealed samples.

3. Results and discussions

Fig. 1 shows the PCl absorption curves (rehydrogenation)at 35°C
for an as-received and ball-milled (2, 20 and 100h) LaNis sam-
ples. PCIs of the ball-milled samples are quite different compared
to the PCI of the as-received sample. Maximum hydrogen storage
capacity of LaNis seems to be gradually decreasing with increasing
ball-milling time. There is also a noticeable increase in the plateau
pressure for the 2h and the 20h milled samples. For the 100 h
milled sample, there is almost no plateau region in the PCI curve
[Fig. 1(d)]. Some earlier studies on LaNis, where the samples are
prepared by ball-milling of the elemental components in the appro-
priate ratio [4,7], show a similar pressure-composition data as that
of the present 100 h ball-milled sample. The X-ray diffraction (XRD)
studies of Jurczyk et al. show that such a pressure-composition
behaviour is due to amorphised LaNis particles [7]. During the ball-
milling process, the powder particles which are trapped between
the colliding balls are subjected to compressive impact forces. The
powder particles are deformed, fractured and cold-welded, leading
to defects in the system and also an average particle size reduc-
tion [22]. Following the studies on mechanical alloying of LaNis
[4,7], one would be tempted to attribute the observed reduction
in the storage capacity to the formation of an amorphous phase
in the ball-milled samples. As the amorphous phase will not con-
tribute to the hydride phase formation, there will be a decrease in
the hydrogen storage capacity with increase in the amorphisation.
It is interesting to note that the ball-milling process result in aver-
age particle size reduction and creation of defects, both contribute
to the faster hydrogen absorption kinetics. Mg is a classical example
showing this effect [19,20]. Ball-milling is a non-equilibrium pro-
cess, and there are chances for the creation of anomalous phases
during such non-equilibrium processes, which are otherwise diffi-
cult to form [22]. The reduction in the storage capacity observed in
the ball-milled sample can be either due to the creation of such an
anomalous state, which is not absorbing hydrogen at usual plateau
pressure of LaNis at room temperature, or, as mentioned, can be
due to the formation of an amorphous phase. In the present case,
it looks like the former is the cause; some justification for such an
argument is given in the next paragraph.

Although, the results shown in Fig. 1 show that the hydrogen
storage capacity decrease with increase in ball-milling time, an
independent kinetic measurements with a high starting pressure
(around 100bar) showed that the 100h milled sample absorbs
hydrogen up to the expected maximum capacity. Fig. 2 shows the
absorption kinetics of the 100 h milled sample and an as-received
sample at 35°C under an applied pressure of 100bar. The 100 h
milled sample shows quite slow absorption kinetics as compared to
the as-received sample. Under identical conditions with an applied
pressure of 20bar, the 100h milled sample hardly absorbs any
hydrogen. This is also evident from the PCI curve shown in Fig. 1(d).
These results support the idea that the ball-milling of LaNis lead
to the formation of some anomalous state which is resistant to the
hydrogen absorption rather than the formation of an amorphous
phase. If ball-milling might have lead to the formation of an amor-
phous phase, there is no chance that such an amorphous phase
absorbs hydrogen to the expected maximum capacity of the crys-
talline LaNis. In absence of this anomalous state formation, as in
the present case, one would have expected the ball-milled LaNis
powder to be a better hydrogen storage media with faster kinet-
ics. However, possibly due to the formation of an anomalous state
which is very resistant to hydrogen absorption at low pressures,
the ball-milled LaNis powders show rather poor hydrogen storage
properties compared to the un-milled samples.

It is interesting to note that some of the earlier studies [15,16]
showed an improvement in the kinetics of the ball-milled LaNis
samples, where the milling times were significantly lower than
the present case. As shown in one such similar study [17], such
short time ball-milling only leads to particle size reduction up to
few microns. Scanning electron microscopy studies on the cycled
samples show that after a couple of absorption-desorption cycles,
average particle size of LaNis get reduced and become of the order
of few microns [23]. Thus ball-milling for times less than 1 h, essen-
tially leads to somewhat similar effects as that of the hydrogen
absorption-desorption cycling. Thus short-time ball-milling can
lead to an improvement in the kinetics of LaNi5 samples compared
to un-activated powders. The slow kinetics of the un-activated pow-
ders is obvious from the higher plateau pressures observed in the
first cycle [23].

A careful look at the data presented in Fig. 1 reveals that, for the
milled samples there is a significant absorption at very low pres-
sures (initial part of the PCls), whereas for the un-milled sample
[Fig. 1(a)], there is almost no absorption until the applied pressure
reaches a value close to the plateau pressure. As mentioned earlier,
milling causes defects and particles size reduction. The enhanced
absorption observed for the milled samples at very low pressures
is mostly due to the hydrogen adsorption at the defect-states in
the surface. If one considers only the low pressure hydrogen sorp-
tion process, clearly the ball-milled samples have a faster kinetics.
Annealing can lead to the removal of such surface defect-states, and
hence the enhanced absorption observed at low pressures for the
milled samples are not expected for the ball-milled-and-annealed
samples. Indeed this is found to be true for the annealed samples
(shown later).

As mentioned in the experimental section, all the ball-milled
samples were further studied by annealing these samples under
high vacuum at 730 °Cfor 1 h. The PCI curves of the ball-milled-and-
annealed samples at 35°C corresponding to the rehydrogenation
(after activation, second PCI run) are shown in Fig. 3(a-c). For com-
parison, the rehydrogenation data corresponding to the as-received
sample is also included in the figures. This comparison shows that
there is a clear increase in the plateau pressures of the ball-milled-
and-annealed samples. The plateau pressure is found to increase
with increase in the milling time. A comparison of Figs. 1 and 3
clearly shows the difference in the low-pressure-absorption
behaviour of the as-milled and the milled-and-annealed samples
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Fig. 1. Rehydrogenation PCls at 35 °C for (a) as-received, (b) 2 h milled, (c) 20 h milled and (d) 100 h milled LaNis samples.

(initial parts of the PCIs). As mentioned earlier, for the annealed
samples there is almost no absorption at very low pressures. This
is due to the absence of the surface defects which were causing
adsorption in case of the milled samples. The maximum absorp-
tion capacity of the ball-milled samples after annealing is almost
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Fig. 2. Absorption kinetics at 35°C for a 100h ball-milled LaNis sample under
100 bar H, pressure (open circles). Absorption kinetics corresponding to an acti-
vated LaNis sample under identical conditions (solid line) is also included in the
figure for comparison.

identical with that of the as-received sample; however there is a
difference in the plateau pressure. This change is maximum for the
100 h milled-and-annealed sample.

The PCI curves of the ball-milled-and-annealed samples at 35°C
corresponding to the dehydrogenation are shown in Fig. 4. As
expected the dehydrogenation PCI of the as-received sample after
annealing have exactly the same behaviour as that of the sam-
ple before annealing [Fig. 4(a)]. Interestingly, there is also a good
overlap between the dehydrogenation PCI of the 20 h milled-and-
annealed sample with that of the as-received sample [Fig. 4(b)].
However, in case of the 100 h milled-and-annealed sample, there is
a significant increase in the dehydrogenation plateau as compared
to the as-received sample. It is interesting to recall that in the as-
milled case, the 100 h milled sample did not show any plateau in
the rehydrogenation process (below 20 bar).

Although ball-milling is very effective for the nano-structuring
of the powdered samples, there are chances of incorporation of
very small amounts of impurities, coming due to the erosion of
the milling media. Such an effect is seen in an earlier study involv-
ing the ball-milled LaNig gAlg > samples [12], where Auger electron
spectroscopy is used to study the effect the surface contamination
due to the ball-milling process. Following the above work, in the
present case also one may expect a slight contamination in the ball-
milled samples, the amount of impurities increasing with increase
in milling time. Thus the highest time milled sample is suppose to
have the largest contamination. Following such an argument, the
observed deviation of the dehydrogenation plateau pressure for the
100 h milled-and-annealed sample compared to the dehydrogena-
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Fig. 3. Rehydrogenation PCIs at 35 °C for milled-and-annealed LaNis samples (solid
circles): (a) 2 h, (b) 20 h and (c) 100 h. In all the cases, rehydrogenation curves corre-
sponding to the as-received sample (open circles) is also included for comparison.

tion plateau pressure of the un-milled LaNis, can be attributed to the
effect of impurities incorporated during the ball-milling. The effect
of such impurities will be more prominent when the particle sizes
are the smallest, especially in the nanometer regime. However, we
do not expect a significant amount of contamination in our samples.
Earlier studies on Fe doping of the LaNis is found to result only in a
decrease of the plateau pressure [8]. Similar is the case with dop-
ing Si, Ge, Sn [10], Co [11], Al or Mn [14]. Erosion of the ball-milling
media in the present case can at best lead to the addition of some Fe
to the LaNis powders. If that is the case, one expects a reduction in
the plateau pressure for 100 h milled-and-annealed sample. How-
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Fig.4. Dehydrogenation PCls at 35 °C for the annealed LaNis samples (open circles):
(a) as-received, (b) 20 h milled and (c¢) 100 h milled. In all the cases, dehydrogenation
curves corresponding to the as-received sample (solid circles) are also included for
comparison.

ever, for the 100 h milled-and-annealed samples, an enhancement
in the plateau pressure is seen to occur. This clearly indicates that
the Fe contamination induced effects may not be prominent in the
present ball-milled samples. Thus it is most probable that the long-
time ball-milling induces the creation of some anomalous state in
LaNis which is quite resistant to the hydrogen absorption. However,
it is important to mention that the present measurements are not
capable of directly probing any microscopic changes between the
bulk and the long-time-ball-milled samples. Analysis of the long-
time-ball-milled samples for the structure, surface states, etc., are
quite important in this regard.
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4. Conclusions

A systematic hydrogen sorption study of ball-milled LaNis
hydrogen storage alloys indicate that the long-time ball-milling
cause the formation of some anomalous state, which is very resis-
tant against hydrogen absorption, in addition to creation of lattice
defects and particle size reduction. This anomalous state is found
to cause a reduction in the hydrogen storage capacity of the LaNis
alloy at pressures under which the un-milled LaNis completely
transforms to LaNisHg. The dehydrogenation plateau pressure of
the 100 h milled-and-annealed sample is found to be significantly
higher compared to the un-milled samples. This indicates that the
anomalous state formed in the long-time ball-milled samples are
rather stable. Microscopic characterization of the nanostructures
produced in the long-time-ball-milled samples is very important
to understand the observed results.
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