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Abstract

The variation of the hydrogen-storage properties of Mg contained in the
mechanically-allyed mixture with the weight percentage of nickel in the sample is
investigated. The weight percentage of nickel transformed into the MgZ2Ni phase, on
the basis of the nickel weight, is highest in the Mg-10 wt.%Ni sample. For the first
hydriding cycle, the effect of mechanical alloying on the hydriding rate of Mg is
highest in the Mg-25 wt.%Ni sample. After activation, the effects of mechanical
alloying and hydriding-dehydriding cycling on the hydriding rate of Mg are highest in
the Mg-10 wt.%Ni sample. After sufficient hydriding-dehydriding cycling, the effects
on the hydrogen-storage capacity of Mg are highest in the Mg-10 wt.%Ni sample.
The effects on the hydriding and dehydriding rates of Mg are highest in the Mg-25
wt.2%Ni sample. Mg-25wt.%Ni, followed by Mg-10 wt.%Ni, is the optimum
composition which has the best effects on the hydrogen-storage properties of Mg
contained in the sample. The mechanical alloying and the hydriding-dehydriding
cycling produce many defects, which can act as active nucleation sites, and increase
the specific surface area, shortening the diffusion distance of hydrogen.

1. Introduction hydriding and dehydriding rates of
magnesium. The influence of mechanical
Magnesium has large hydrogen storage alloying and hydriding-dehydriding cycling
capacity(8.3 wt.%), but its hydriding and on the hydrogen-storage properties of Mg
dehydriding rates are very low" . contained in the mixtures is investigated.
In order to improve the reaction kinetics
of magnesium with hydrogen, certain 2. Experimental

metals were alloyed with magnesium®”,

metal . additives were mixed with For this study magnesium(Alpha) and
magnesiumd), metal was plated on the pickel obtained from nickel carbonyl(3-5

L 9) :
surface of magnesium and magnesium ;) particles were used. Magnesium and

hydride was synthesized in the presence pjckel mixtures(about 5 g), with
10)

of a  homogeneous  catalyst™. In  compositions Mg-x wt%Ni(x=5 10, 25
particular for the Mg-Ni-H2 system many and 55), were mechanically alloyed under

researchers have studied the alloying an argon atmosphere in a planetary mill

effects™ ""while Eisenberg et al. have with an acceleration of about 60 ms™? for
investigated the plating method”, 5 min. The composition Mg-55 wt.%Ni

In this work, magnesium is alloyed corresponds to that of Mg2Ni. The
mechanically with nickel to increase the planetary mill contained 200 g of stainless
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steel balls whose diameters were about 4
mm. Magnesium alone was also treated
under the same conditions.

A Sievert’s type hydriding-dehydriding
apparatus was used for the measurements
of hydniding and dehydriding rates. The
specific surface areas of the mixture
before and after hydriding-dehydriding
cycling measured by the BET method by
using liquid nitrogen at 77 K. The
microstructures of samples before and
after hydriding-dehydriding cycling were
observed by scanning electron
microscope(SEM).

3. Results and Discussions

X-ray diffraction pattern of the samples
prepared by the above method showed
only magnesium and nickel. With the
hydriding-dehydriding cycling, the Mg2Ni
phase formedl5). The Mg:Ni phase is
known to have higher hydriding and
dehydriding rates than Mg under the
same experimental conditions.

Fig.l1 shows the variation of the weight

percentages of the nickel which is
transformed into the MgaNi phase
[wt.%Ni(— MgoNi)] with the weight

percentage of nickel (wt.%Ni) at the 10th
hydriding cycle at 583 K. The quantities
of the wt.%Ni(— MgaNi) were calculated
by measuring the quantities of hydrogen
desorbed under a hydrogen pressure under
which Mg hydride is stable and only

MgsNi hydride decomposes. Curve A
concerns the variation of wt.%Ni(—
Mg:Ni) on the basis of the sample

weight, and curve B concerns its variation
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Fig.l Variation of the weight percentage of
nickel transformed into the Mg2Ni phase
[wt.% Ni(— Mg2Ni)] with - the weight

percentage of nickel(wt.%Ni) on the basis
of the sample weight(curve A) and the nickel
weight (curve B) at 10th hydriding cycle at
583 K.
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Fig.2 Variation of the weight percentages of
hydrogen, for the first hydriding cycle at
573 K 7 barH2absorbed during 10
min{Ha(wt.2%, 10 min)] with wt.%Ni by the
sample(curve A) and by Mg(curve B), and
variation of the reacted fraction of Mg
during 10 min [FMg{l0 min)] with
wt.%Ni(curve C).
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on the basis of the nickel weight
contained in the sample. wt.%Ni(—
Mg2Ni) on the basis of the sample weight
increases monotonically with the increase
in the wt%Ni. On the other hand
wt.%Ni(— MgzNi) on the basis of the
nickel weight is highest in the Mg-10
wt.%Ni sample, followed in order by the

Mg-25 wt%Ni and Mg-55 wt.%Ni
samples. The composition Mg-10wt. %Ni
is considered to be the optimum

composition for the homogenized mixing
of Mg and Ni under our conditions of
mechanical alloying.

Fig.2 shows, for the first hydriding
cycle at 573 K, 7 bar H», the variation of
the weight percentages of hydrogen
absorbed during 10 min[Ha(wt.%6, 10 min)]
with the weight percentage of nickel

(Wt.%Ni). Curve A  concerns the
variations of Ha(wt.9%, 10 min) by the
sample, and curve B concerns its

variation only by Mg in the sample.
Ha(wt.2%6, 10 min) by Mg was calculated
by subtracting the quantity of hydrogen
absorbed by the Mg2Ni phase from
Ha(wt.%, 10 min) by the sample. The
quantity of the Mg:Ni phase was obtained
by the method explained in Fig.l. The
hydriding rate of Mg2Ni is known much
higher than that of Mg. Curve C shows
the wvariation of the reacted fraction of
Mg during 10 min[Fmg(10 min)] with
wt. % Ni. The samples Mg and
Mg-5wt.%Ni does not absorb hydrogen.
Ha(wt.%, 10 min) by the sample is
highest in the Mg-25 wt.%Ni sample,
followed in order by the Mg-55 wt.%6Ni
and Mg-10 wt.%Ni samples. Ha(wt.%, 10

min) by Mg is highest in the Mg-10
wt.%Ni sample, followed in order by the
Mg-25 wt.%Ni and Mg-5 wt.%Ni
samples. The reacted fraction of Mg is
highest in the Mg-25 wt.%Ni sample,
followed in order by the Mg-10 wt.%Ni
and Mg-55 wt.%Ni samples. For the first
hydriding cycle, the effect of mechanical
alloying on the hydriding rate of Mg is
highest in the Mg-25 wt.2%Ni sample.

In order to compare the hydriding rates
of the samples the after activation, we
obtained the weight percentages of
hydrogen absorbed at 583 K, 8 bar HZ2
during 10 min[Ha(wt.%, 10 min)] for each
sample at the 10th hydriding cycle. Fig. 3
shows its variation with the weight
percentage of nickel(wt.2%Ni). Curve A
concerns the wvariation of Ha(wt.%, 10
min) by the sample. Curve B concemns its
variation only by Mg in the sample.
Curve C shows the variation of the
reacted fraction of Mg during 10
min[Fmg(10 min)] with wt.%Ni. Ha(wt.%,
10 min) by the sample is highest in the
Mg-10 wt.%Ni, followed in order by the
Mg-25 wt%Ni and Mg-55 wt.%Ni
samples. Ha(wt.%, 10 min) by Mg and
FMg(10 min), respectively, highest in the
Mg-10 wt.%Ni sample, followed in order
by the Mg-25 wt.%Ni and Mg-5 wt.%Ni.
After activation, the effects of mechanical
alloying and hydriding-dehydriding cycling
on the hydriding rate of Mg are highest
in the Mg-10 wt.%Ni sample.

For the comparison of the
hydrogen-storage capacities of the samples,
we obtained the weight percentages of
hydrogen absorbed at 583 K, 8 bar H2
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Fig. 3 Variation of the weight percentages of
hydrogen absorbed at 583 K, 8 bar H2
during 10 min[Ha(wt.%, 10 min)] at the 10th
hydriding cycle with wt%Ni by the
sample(curve A) and by Mg(curve B), and
variation of the reacted fraction of Mg
during 10 min [FMg(10 min)] with
wt.%Ni(curve C).
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Fig. 4 Variation of the weight percentages of
hydrogen absorbed at 583 K 8 bar H2
during 60 min[Ha(wt.%, 60 min)] after
sufficient hydriding-dehydriding cycling
with wt.%Ni by the sample(curve A) and by
Mg(curve B), and variation of the reacted
fraction of Mg during 60 min [FMg(60 min)]
with wt.%Ni(curve C).
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Fig.5 Variation of the weight percentages of
hydrogen absorbed at 583 K 8 bar H2
During 5 min[Ha(wt.%, 5 min)] after sufficient
hydriding-dehydriding cycling with wt.%Ni by
the sample(curve A) and by Mg(curve B), and
variation of the reacted fraction of Mg during
5 min [FMg(5 min)] with wt.%Ni (curve C).
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Fig.6 Variation of the weight percentages of
hydrogen desorbed at 583 K 15 bar H2
during 30 min [Hd(wt.%, 30 min)] after
sufficient hydriding -dehydriding cycling
with wt.%Ni by the sample(curve A) and by
Mg(curve B) , and variation of the reacted
fraction of Mg during 30 min [FMg(30 min)]
with wt.%Ni(curve C).
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during 60 min(Ha(wt.%, 60 min)] for each
sample after the samples were sufficiently
hydriding-dehydriding cycled. Fig. 4
shows its variation with the weight
percentage of nickel{(wt.%Ni). Curve A
concerns the wvariation of Ha(wt.%, 60
min) by the sample. Curve B concerns its
variation only by Mg in the sample.
Curve C shows the variation of the
reacted fraction of Mg during 60 min
[FMg(60 min)] with wt.2%Ni. Ha(wt.%, 60
min) by the sample is highest in the
Mg-10 wt.%Ni sample, followed in order
by the Mg-25 wt.%Ni and Mg-55 wt.%Ni
samples. Ha(wt.%, 60 min) by Mg is
highest in the Mg-10 wt.9%Ni sample,
followed in order by the Mg-25 wt.%6Ni
and Mg-5 wt.%Ni samples. FMg(60 min)
is highest in the Mg-10 wt.%Ni sample,
followed in order by the Mg-25 wt.2%Ni
and Mg-5 wt.%Ni samples. After the
samples are sufficiently
hydriding-dehydriding cycled, the effects
of mechanical alloying and
hydriding—-dehydriding cycling on the
hydrogen-storage capacity of Mg are
highest in the Mg-10 wt.%Ni sample.

In order to compare the hydriding rates

of the samples after sufficient
hydriding-dehydriding cycling, we
obtained the weight percentages of

hydrogen absorbed at 583 K, 8 bar H:
during 5min[Ha(wt.%, 5 min)] for each
sample. Fig.5 shows its variation with the
weight percentage of nickel(wt.2%Ni).
Curve A concerns the variation of
Ha(wt.2%6, 5 min) by the sample. Curve B
concerns its variation only by Mg in the
sample. Curve C shows the variation of

the reacted fraction of Mg during 5
min{Fmg(5 min)] with wt.%Ni. Ha(wt.%,
5 min) by the sample is highest in the
Mg-10 wt.%Ni, followed in order by the

Mg-25 wt%Ni and Mg-5 wt.%Ni
samples. Ha(wt.9%6, 5 min) by Mg is
highest in the Mg-10 wt.%Ni sample,

followed in order by the Mg-25 wt.%Ni
and Mg-5 wt.%Ni samples. Fumg(5 min) is
highest in the Mg-25 wt.%Ni sample, a
little higher than that of the Mg-10
wt.%Ni sample, then followed by the
Mg-5 wt.%Ni sample. After sufficient
hydriding-dehydriding cycling, the effects
of mechanical alloying and
hydriding-dehydriding cycling on the
hydriding rate of Mg are highest in the
Mg-25 wt.%Ni sample.

For the comparison of dehydriding
rates of the samples after sufficient
hydriding-dehydriding cycling, we

obtained the weight percentages of
hydrogen desorbed at 583 K, 1.5 bar H2
during 30 min [Ha(wt.%, 30 min)] for
each sample. Fig.6 shows its variation
with wt.%Ni. Curve A concerns the
variation of Ha(wt.%, 30 min) by the
sample. Curve B concerns its variation
only by Mg in the sample. Curve C
shows the variation of the reacted fraction
of Mg during 30 min [Fmg(30 min)] with
wt.%Ni. Ha(wt. %, 30 min) by the sample
is highest in the Mg-10 wt.2%Ni sample,
followed in order by the Mg-25 wt.%Ni
and Mg-5 wt.%Ni samples. Ha(wt.%, 30

‘min) by Mg is highest in the Mg-10
wt.%Ni sample, followed in order by the
Mg-5 wt2%Ni and Mg-25 wt.%Ni

samples. Fmg(30 min) is highest in the
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The effects of mechanical alloying and hydriding-dehydriding cycling on

the

hydrogen-storage properties of Mg(The smaller number means the better hydrogen

storage property).

Mg- Mg- Mg- Mg-
Samples property Mg | 5ot 96N | 10wt 9Ni | 25wt.%Ni | 55wt.%Ni
transformation into
Mg>Ni phase 4 L 2 3
hydriding rate at n=1 4 4 2 1 3
hydndmg rgte after 4 3 1 9 5
activation
hyrogen-storage capacity 5 3 1 2 4
hydnfhpg rate ?fter 5 3 9 1 4
sufficient cycling
dehydrjlc;mg rate. after 5 9 3 1 4
sufficient cycling
total 23 15 9 7 20
rating’ 5 3 2 1 4

(a)

(b)

Fig.7 Microstructures, observed by SEM, for (a)the cleavage surface of the -

mechanically-treated Mg before hydriding-dehydriding cycling(X650) and

(b)the Mg-5wt.%Ni sample after 6 hydriding-dehydriding cycles( X 700).
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Specific surface area (m’lg)
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Fig.8 Variation of the specific surface area(m’
/g) with wt%Ni at various hydriding-
dehydriding cycles(n).

Mg-25 wt.%Ni, followed in order by
the Mg-5 wt.2%Ni and Mg-10 wt.2%Ni
samples. After sufficient
hydriding-dehydriding cycling, the effects
of mechanical alloying and
hydriding-dehydriding cycling on the
dehydriding rate of Mg are highest in the
Mg-25 wt.2%Ni sample.

The Mg-10 wt.%Ni sample shows the
best performance in the hydriding rate of
Mg after activation, and the
hydrogen-storage capacity of Mg. The
Mg-25 wt.%Ni sample shows the best
performance in the hydriding rate of Mg
for the first cycle, and the hydriding and
dehydriding rate of Mg after sufficient
hydriding -dehydriding cycling.

The effects of mechanical alloying and
hydriding-dehydriding cycling on the
hydrogen-storage properties of Mg are

¥4

summarized in Table 1. The numbers are
the orders of the mechanically-alloyed
mixtures for each hydrogen storge
property of Mg. The smaller number
means the better hydrogen storage
property. Mg-25 wt.%Ni, followed by
Mg-10 wt.2%6Ni, is the optimum
composition which has the best effects on
the hydrogen-storage properties of Mg
contained in the sample.

Fig.7 shows the microstructures,
observed by SEM, for cleavage surface of
the mechanically-treated Mg  before
hydriding-dehydriding cycling [Fig. 7(a)l
and of the Mg-5 wt.%Ni sample after 6

hydriding-dehydriding cycles[Fig. 7(b)].
The cleavage surface of the
mechanically-treated Mg is relatively

smooth. The Mg-5 wt.%Ni sample shows
a surface which is very irregular and has
many defects, with the surface area
increased. The defects are considered to
act active nucleation sites for the hydrides
and the «a-solid solutions of MgaNi
and/or Mg.

Fig.8 shows the variation of the specific
surface area (m%/g) with the weight
percentage of nickel (wt.%6Ni) at various
hydriding-dehydriding cycles(n). For the
same sample, the specific surface area
increases with the increase in the number
of hydriding-dehydriding cycles(n). From
the points for the Mg-10 wt.%Ni, we can
see that during earlier cycles the specific
surface area increases rapidly with cycling
and it increases slowly during later
cycles. The specific surface area of
Mg-55wt.%Ni increases very slowly from
n=18 to n=58. The enlargement in the
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specific surface area decrease the particle
size, shortening the diffusion distance of

hydrogen in the hydriding and
dehydriding reactions. The points for
similar cycles(n=7-19) shows that the

specific surface area decreases with the
increase in the wt.%Ni.

4. Conclusions

The weight percentage of nickel
transformed into the Mg:Ni phase, on the
basis of the nickel weight, is highest in
the Mg-10 wt.2%6Ni sample.

For the first hydriding cycle, the effect
of mechanical alloying on the hydriding
rate of Mg are highest in the Mg-25
wt.%6Ni sample. After activation, the
effects of mechanical alloying and
hydriding-dehydriding cycling on the
hydriding rate of Mg are highest in the
Mg-10 wt.%Ni sample.

After sufficient hydriding-dehydriding
cycling, the effects on the
hydrogen-storage capacity of Mg is
highest in the Mg-10 wt.%Ni sample.
The effects on the hydriding and
dehydriding rates of Mg are highest in
the Mg-25 wt.%Ni sample.

Mg-25 wt.%Ni, followed by Mg-10
wt.%Ni, is the optimum composition
which has the best effects on the
hydrogen-storage  properties of Mg
contained in the sample.

The mechanical alloying and the
hydriding-dehydriding  cycling  produce
many defects, which can act as active
nucleation sites, and increase the specific

shortening the diffusion

surface area,

distance of hydrogen.
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