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Aabstract : In this work, MgH2, Mg2Ni, and Ni were added to Mg in order to improve the hydrogen-storage

properties of Mg. A 84 wt% Mg + 10 wt% MgH2 + 5 wt% Mg2Ni + 1 wt% Ni sample (designated the Mg-based

sample) was prepared by milling under a hydrogen atmosphere in a planetary ball mill for 5 h. The hydrogen

absorption and release properties of the prepared sample were investigated and compared with those of a 94

wt% MgH2 + 5 wt% Mg2Ni + 1 wt% Ni sample (the MgH2-based sample). The Mg-based sample had larger

quantities of hydrogen absorbed and released for 60 min than the MgH2-based sample. The Mg-based sample

had an effective hydrogen-storage capacity (the quantity of hydrogen absorbed for 60 min) of near 5.7 wt%.

At n = 2, the Mg-based sample absorbed 5.18 wt% for 2 min, 5.57 wt% for 10 min, and 5.67 wt% for 60 min

at 648 K. At n = 1, the Mg-based sample released 0.083 wt% for 2 min, 5.13 wt% for 10 min, and 5.49 wt%

for 60 min at 648 K. The addition of MgH2, Mg2Ni, and Ni to Mg had stronger effects than the addition of

Mg2Ni and Ni to MgH2. It is believed that the effects of the reactive mechanical grinding (reducing the Mg

particle size, making clean surfaces, and creating defects) are stronger in the Mg-based sample than in the

MgH2-based sample.
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1. INTRODUCTION

Magnesium is a prospective hydrogen-absorbing solid-

state material with a high volumetric hydrogen-storage

capacity (7.6 wt%). However, the hydriding rate of

magnesium drops substantially when magnesium hydride

forms on the surfaces of magnesium particles [1]. 

An intermetallic compound, Mg2Ni, reacts easily with

hydrogen at about 573 K under a moderate hydrogen

pressure to form its hydride, Mg2NiH4. Mg2Ni is known to

have higher hydriding and dehydriding rates than Mg [2-7].

The hydride of Mg2Ni, Mg2NiH4, is less stable than that of

Mg, MgH2. Many works have investigated the Mg2Ni-H2

system [8-13]. The addition of Mg2Ni is believed to increase

the hydriding and dehydriding rates of Mg. For example, the

hydrogen-storage properties of Mg were enhanced by

preparing Mg2Ni-containing Mg alloys [2,3,14,15]. Cermak

et al. [14] investigated the separate catalytic effects of Ni,

Mg2Ni, and Mg2NiH4 on the hydrogen desorption

characteristics of MgH2. They chose the chemical

composition samples so that the mass ratio of Mg/Ni was

always close to 3.25 (eutectic composition of the Mg-Mg2Ni

binary alloy) and observed that the catalytic efficiency of

Mg2NiH4 was considerably higher than that of pure Ni and

non-hydrated intermetallic compound Mg2Ni. Zaluska et al.

[15] reported that a sample of ball-milled mixture of 65 wt%

of MgH2 and 35 wt% of Mg2NiH4 desorbed hydrogen

quickly at temperatures around 493-513 K with a hydrogen

capacity exceeding 5 wt%, concluding that mechanically-

treated hydride mixtures offer a new opportunity for

magnesium-based materials, which take advantage of the

high capacity of magnesium hydride and operate at much

lower temperatures than conventional magnesium. Mg2Ni

was chosen as a compound additive. 
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The hydriding and dehydriding rates of Mg were also

increased by adding Ni [4-7,16] and by adding by adding

nano-sized Ni particles [17] in a high-energy ball mill. Niaz

et al. [18] synthesized nanostructured Mg–Ni alloy by the

thermal decomposition of bipyridyl complexes of Mg and Ni

metals at 773 K for 24 h under dry argon gas atmosphere.

They reported that the alloy exhibited superior hydrogen

absorption and desorption behavior with 3.2 wt% absorption

within 1 min at 573 K and about 3 wt% desorption within 5–

10 min at 573 K. In the present study, we selected Ni as a

transition element additive. 

The addition of MgH2, which is brittle, is believed to

increase the hydriding and dehydriding rates of Mg by being

pulverized during reactive mechanical grinding and helping

make the Mg particles smaller. 

Only a small amount of Ni (1 wt% Ni) was added to avoid

significantly reducing the hydrogen storage capacity of the

material. Slightly more Mg2Ni (5 wt%) was added since the

added Mg2Ni can increase hydriding and dehydriding rates

and the Mg2Ni itself can absorb and release hydrogen under

the same conditions as those for Mg. 10 wt% MgH2 was

added to help the pulverization of Mg during the reactive

mechanical grinding.

The purpose of this work was to improve the hydriding and

dehydriding kinetics of Mg by using comparatively cheap

Mg instead of MgH2, which is expensive, and adding MgH2

and catalysts Mg2Ni and Ni. Zaluska et al. [15] prepared a

mixture of 65 wt% of MgH2 and 35 wt% of Mg2NiH4 by ball

milling. In the previously reported works [2-7,14,16-18],

MgH2, Mg2Ni, or Ni was added respectively (not together) to

Mg. In contrast, in the present work, MgH2, Mg2Ni, and Ni

were added simultaneously. In addition, the percentages of

additives were different from those of the reported previous

works and kept small to avoid significantly reducing the

hydrogen storage capacity of the material. A sample with a

composition of 84 wt% Mg + 10 wt% MgH2 + 5 wt%

Mg2Ni + 1 wt% Ni (named the Mg-based sample) was

prepared by milling under a hydrogen atmosphere in a

planetary ball mill for 5 h. The hydrogen absorption and

release properties of the prepared sample were investigated

and compared with those of a 94 wt% MgH2 + 5 wt%

Mg2Ni + 1 wt% Ni sample (named the MgH2-based sample). 

2. EXPERIMENTAL DETAILS

Pure Mg powder (purity 98.5%, Cu < 0.02%, Zn < 0.05%,

Al < 0.05%, Si < 0.05%, Mn < 0.1%, Fe < 0.05%, particle

size -50 mesh + 325 mesh, Daejung, Korea), pure MgH2

powder (hydrogen storage grade, Aldrich), Mg2Ni (High

Purity Chemicals, Japan, shape powder, purity 99.9%), and

Ni (Nano Technology, particle size 100 nm, purity 99.9%)

were used to prepare the samples. 

Mixtures with a composition of 84 wt% Mg + 10 wt%

MgH2 + 5 wt% Mg2Ni + 1wt% Ni (total weight =15 g) were

mixed in a planetary ball mill with SUS balls (diameter =

about 6 mm, total weight = about 416 g) for 5 h by repeating

a cycle of 15 min milling and 5 min pause. A mill container

with a volume of 307 mL was filled with high-purity

hydrogen gas of 15 bar before milling. The revolution speed

was 250 rpm [19,20].

The quantity of hydrogen absorbed or released was

measured as a function of time by a volumetric method with

an automatic hydriding and dehydriding apparatus. The

initial hydrogen pressures of the reactor were 17 bar H2 for

the hydriding measurement and 0 bar H2 for the dehydriding

measurement [19,20].

After measurement of the hydriding and dehydriding

properties, the sample was cooled in furnace under hydrogen

atmosphere. X-ray diffraction (XRD) analysis was carried

out with Cu Kα radiation for the as-milled powders and for

the samples after desorption using an X-ray diffractometer

Rigaku D/max 2200. The scanning speed was 5o/min, and the

range of the scanning diffraction angle (2θ) was 20o-80o. The

microstructures of the prepared samples were observed by

scanning electron microscope (SEM, JSM-5800, JEOL)

[19,20].

3. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD pattern of the as-milled Mg-based

sample. The as-milled sample contains Mg, MgH2, Mg2NiH4,

and Ni, showing that Mg2Ni and Mg may be hydrided during

reactive mechanical grinding. During milling under hydrogen

of the Mg-based sample, a part of the Ni forms Mg2NiH4 by

reaction with Mg and hydrogen, and a part of the Mg forms
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MgH2 with hydrogen. The reaction during milling under

hydrogen of the Mg-based sample can be expressed as

follows:

4Mg + MgH2 + Mg2Ni + 2Ni + 5H2 → Mg + 2MgH2 +

2Mg2NiH4 + Ni                                      (1)

Figure 2 shows the XRD pattern of the Mg-based sample

after hydriding-dehydriding cycling (dehydrided at the fourth

hydriding-dehydriding cycle). The sample after hydriding-

dehydriding cycling contains Mg, MgH2, Mg2Ni, and Ni. A

small amount of MgH2 remains undecomposed, even after

the sample was dehydrided. The background of the XRD

pattern for the sample after cycling is lower than that of the

XRD pattern of the as-milled sample, showing that the

crystallinity of the sample after hydriding-dehydriding

cycling is good and the as-milled sample is slightly non-

crystalline. During dehydriding of the Mg-based sample, a

part of the starting material, MgH2, decomposes and MgH2

formed during the milling decomposes. The reactions during

the dehydriding-hydriding cycling of the Mg-based sample

can be expressed as follows:

Mg + 2MgH2 + 2Mg2NiH4 + Ni ⇔ 3Mg + MgH2 +

2Mg2Ni + Ni + 6H2                                      (2)

SEM micrographs at different magnifications of the as-milled

Mg-based sample are shown in Fig. 3. Fine particles of the as-

milled sample form agglomerates. The agglomerates of the as-

milled sample are quite spherical in shape and the particle size

is not homogeneous. 

SEM micrographs at different magnifications of the Mg-

based sample after hydriding-dehydriding cycling (dehydrided

at the fourth hydriding-dehydriding cycle) are shown in Fig. 4.

Fine particles of the sample after hydriding-dehydriding

cycling (dehydrided at the fourth hydriding-dehydriding

cycle) also form agglomerates. The agglomerates of the sample

after cycling are irregular in shape and the agglomerate size is

not homogeneous. The fine particles forming the agglomerates

in the sample after cycling are smaller than those of the as-

milled Mg-based sample. The particles became smaller,

possibly since the expansion and contraction of the particles

Fig. 1. XRD pattern of the as-milled Mg-based sample.

Fig. 2. XRD pattern of the Mg-based sample after hydriding-
dehydriding cycling (dehydrided at the 4th hydriding-dehydriding
cycle). 

Fig. 3. SEM micrographs at different magnifications of the as-
milled Mg-based sample. 
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due to hydriding and dehydriding reactions made cracks and

caused the particles to become smaller. The sizes of the

agglomerates in the sample after cycling are similar to those

for the as-milled Mg-based.

The variation in the hydriding curve (hydrogen content vs.

absorption time curve) with the number of cycles, n, at 573-

648 K for the Mg-based sample is shown in Fig. 5. At n =

1, in the beginning the hydriding rate is quite high until 6 min

and then becomes very low at 648 K. At n = 2-4, at the

beginning the hydriding rate is very high until 1-3 min and

then becomes very low at 573-648 K. At n = 1, the sample

absorbs 0.32 wt% for 2 min, 1.86 wt% for 5 min, 2.78 wt%

for 10 min, and 3.03 wt% for 54 min at 648 K. At n = 2, the

sample absorbs 5.18 wt% for 2 min, 5.40 wt% for 5 min,

5.57 wt% for 10 min, and 5.67 wt% for 60 min at 648 K. The

Mg-based sample has an effective hydrogen-storage capacity

of near 5.7 wt%. At n = 4, the sample absorbs 2.95 wt% for

2 min, 4.13 wt% for 5 min, 4.45 wt% for 10 min, and 4.92

wt% for 60 min at 573 K. 

Figure 6 shows the variation in the dehydriding curve

(hydrogen content vs. desorption time curve) with the

number of cycles, n, at 573-648 K for the Mg-based sample.

At n = 1 and n = 2, in the beginning the dehydriding rate is

extremely high until 11 and 9 min, respectively, and then

becomes very low at 648 K. At n = 3, at the beginning the

hydriding rate is very high until 14 min and then becomes

very low. At n = 4, the sample is dehydrided at 573 K and

then at 623 K. The sample releases 2.79 wt% H at 573 K and

2.12 wt% H at 623 K, the total quantity of hydrogen released

at the 5th cycle being 4.91 wt%. At n = 1, the sample releases

0.083 wt% for 2 min, 1.63 wt% for 5 min, 5.13 wt% for 10

min, and 5.49 wt% for 60 min at 648 K. At n = 3, the sample

releases 0.15 wt% for 2 min, 0.83 wt% for 5 min, 3.48 wt%

for 10 min, and 4.93 wt% for 60 min at 623 K. 

Figure 7 shows the hydriding curves at 648 K for the

MgH2-based sample and the Mg-based sample at n = 2. From

the beginning, the hydriding rates are extremely high until 1

min for the MgH2-based sample and 2 min for the Mg-based

sample, then become low until 6 min for the MgH2-based

sample and 13 min for the Mg-based sample, and finally they

Fig. 4. SEM micrographs at different magnifications of the Mg-
based sample after hydriding-dehydriding cycling (dehydrided at
the 4th hydriding-dehydriding cycle).

Fig. 5. Variation in the hydrogen content vs. absorption time curve
with the number of cycles for the Mg-based sample. 

Fig. 6. Variation in the hydrogen content vs. desorption time curve
with the number of cycles for the Mg-based sample. 
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are very low. The Mg-based sample has a very slightly lower

initial hydriding rate but a larger quantity of hydrogen

absorbed for 60 min than the MgH2-based sample. The Mg-

based sample and the MgH2-based sample have initial

hydriding rates of 2.59 and 4.63 wt% H/min, respectively.

Their quantities of hydrogen absorbed for 60 min are 5.67

and 4.98 wt% H, respectively. 

The dehydriding curves at 648 K for the MgH2-based

sample and the Mg-based sample at n = 2 are presented in

Fig. 8. The dehydriding rates are high at the beginning, very

high from about 3 min until about 11 min for the MgH2-

based sample and from about 1 min until about 9 min for the

Mg-based sample, then low until 16 min for the MgH2-based

sample and 11 min for the Mg-based sample, and finally they

are very low. The Mg-based sample has a slightly higher

maximum dehydriding rate and a larger quantity of hydrogen

desorbed for 60 min than the MgH2-based sample. The Mg-

based sample and the MgH2-based sample have maximum

dehydriding rates of 0.62 and 0.57 wt% H/min, respectively.

Their quantities of hydrogen desorbed for 60 min are 5.45

and 4.96 wt% H, respectively. 

Figure 9 shows the dehydriding curves at 573 K and then

623 K for the MgH2-based sample at n = 5 and the Mg-based

sample at n = 4. In the beginning at 573 K, the Mg-based

sample has a slightly lower dehydriding rate, but from about

18 min it has a higher dehydriding rate than the MgH2-based

sample. The quantities of hydrogen desorbed for 60 min are

2.80 and 2.36 wt%, respectively, for the Mg-based sample

and the MgH2-based sample. At 623 K, the two samples

exhibit very high dehydriding rates of 0.32 and 0.26 wt% H/

min, respectively. The total quantities of hydrogen desorbed

from the Mg-based sample and the MgH2-based sample are

4.91 and 4.94 wt%, respectively. The results show that, on

the whole, the Mg-based sample has a lower dehydriding

temperature than the MgH2-based sample. 

Figure 10 shows a SEM micrograph of the as-milled

MgH2-based sample. Some large particles consist of smaller

particles and other large particles have polyhedrons

surrounded by flat surfaces. Figure 3 shows that the as-milled

Mg-based sample is composed of very fine particles.

Compared with the large particles of the as-milled MgH2-

based sample, those of the Mg-based sample are composed

Fig. 7. Hydriding curves at 648 K for the MgH2-based sample and
the Mg-based sample at n = 2.

Fig. 8. Dehydriding curves at 648 K for the MgH2-based sample
and the Mg-based sample at n = 2.

Fig. 9. Dehydriding curves at 573 K and then 623 K for the MgH2-
based sample at n = 5 and the Mg-based sample at n = 4.
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of finer particles. The Mg-based sample is believed to have

more clean surfaces and more defects than the MgH2-based

sample. 

Figure 11 shows a SEM micrograph of as-purchased Mg.

The particles are rounded in shape. The surfaces of the

particles are quite flat and have few cracks.

Compared with the particles of as-purchased Mg, shown in

Fig. 11, the particles of the as-milled Mg-based sample,

shown in Fig. 3, are much smaller and have much more

defects. The reactive mechanical grinding of Mg (with

MgH2, Mg2Ni, and Ni) is believed to reduce the particle size

of Mg (leading to decrease in the diffusion distances of

hydrogen atoms), make clean surfaces (leading to an increase

in the reactivity with hydrogen), and create defects, which act

as active sites for nucleation, on the surface and in the inside

of the Mg particles (leading to facilitation of nucleation). Fig.

3 and Fig. 10 show that, compared with the large particles of

as-milled MgH2-based sample, those of the Mg-based sample

are composed of finer particles. The Mg-based sample is

believed to have more clean surfaces and more defects than

the MgH2-based sample. The Mg-based sample has a larger

quantity of hydrogen absorbed for 60 min than the MgH2-

based sample, as shown in Fig. 7. The Mg-based sample has

a larger quantity of hydrogen desorbed for 60 min than does

the MgH2-based sample, as shown in Fig. 8. These results

show that the effects of reactive mechanical grinding are

stronger in the Mg-based sample than in the MgH2-based

sample; the addition of MgH2, Mg2Ni, and Ni to Mg has

stronger effects on the increase in the hydriding and

dehydriding properties of Mg than the addition of Mg2Ni and

Ni to MgH2. 

The rate-controlling steps, for the hydriding reaction of an

activated, mechanically alloyed mixture of Mg–10 wt% Ni at

575–615 K and 5.4–16.1 bar H2 were the bulk and Knudsen

flows through the pores, cracks, and interparticle channels in

the ranges of weight percentage of absorbed hydrogen (Ha)

smaller than 4.0 < Ha ≤ 4.25 [21]. The expansion due to the

relatively rapid hydrogen absorption of Mg2Ni in 94MgH2 +

5Mg2Ni + 1Ni is believed to provide the paths for the

hydrogen released from neighboring MgH2, facilitating the

hydrogen absorption of Mg. In the dehydriding reaction of a

mechanically alloyed alloy of 90 wt% Mg + 10 wt% Ni [22]

after activation, both the bulk and Knudsen flows control the

dehydriding rate in the ranges of weight percentage of

desorbed hydrogen (Hd) higher than 0.5 < Hd ≤ 0.1, the

Knudsen flow mainly controlling the dehydriding rate as the

ranges of weight percentage of desorbed hydrogen become

higher [22]. The contraction of the Mg2Ni lattice owing to the

relatively rapid desorption of Mg2NiH4 in the Mg-based

sample and the MgH2-based sample is believed to provide

passages for the hydrogen released from neighboring MgH2,

increasing the hydrogen desorption rate of MgH2.

Ni is known to act as active chemisorption sites for

hydrogen [23]. The Ni in the Mg-based sample and the

MgH2-based sample is believed to contribute to the increase

in the hydriding and dehydriding rates of Mg by acting as

active chemisorption sites for hydrogen.

If we exclude the 5 wt% Mg2Ni and 1 wt% Ni from

Fig. 10. A SEM micrograph of the as-milled MgH2-based sample. 

Fig. 11. A SEM micrograph of the as-purchased Mg. 
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consideration, the addition of 10 wt% MgH2 to 84 wt% Mg

is thought to bring about stronger effects of reactive

mechanical grinding than 94 wt% MgH2 alone without

adding another material.

Takacs [24] insisted that mechanical grinding brings about

size reduction, mixing, and defect formation. Suryanarayana

et al. [25] reported that mechanical grinding in a high-energy

ball mill involves cold welding, fracturing, and rewelding of

powder particles. Aoyaki et al. [26] reported that ball milling

of alloy powders like FeTi, Mg2Ni, and LaNi5 reduces the

particle size and creates new clean surfaces. Orimo and Fujii

[27] pointed out that mechanical grinding produces nano-

crystalline materials, having interesting hydriding properties

such as increased hydrogen solubility and increased

hydrogen diffusion rate depending on hydrogen content in

grain boundaries. Zaluska et al. [15] reported that ball milling

of MgH2 can introduce formation of defects and local

imperfections, reduction of grain size, and induction of

micro-stress in the structure. 

Song et al. [28] reported that the main effects of

mechanical alloying in a planetary mill on the material are an

increase in surface area and the creation of many defects on

the surface and in the interior and the expansion and

contraction of the lattice during hydriding-dehydriding

cycling also stimulates a decrease in the effective particle size

and create defects.

4. CONCLUSIONS

An Mg-based sample was prepared by milling under a

hydrogen atmosphere in a planetary ball mill for 5 h. The

hydrogen absorption and release properties of the prepared

sample were investigated and compared with those of a

MgH2-based sample. The Mg-based sample had larger

quantities of hydrogen absorbed and released for 60 min than

the MgH2-based sample. The Mg-based sample had an

effective hydrogen-storage capacity of near 5.7 wt%. At n=2,

the Mg-based sample absorbed 5.18 wt% for 2 min and 5.67

wt% for 60 min at 648 K. At n=1, the Mg-based sample

released 0.083 wt% for 2 min, 5.13 wt% for 10 min, and 5.49

wt% for 60 min at 648 K. The reactive mechanical grinding

of Mg (with MgH2, Mg2Ni, and Ni) is believed to decrease

the diffusion distances of hydrogen atoms, increase reactivity

with hydrogen, and facilitate nucleation. The addition of

MgH2, Mg2Ni, and Ni to Mg was found to have stronger

effects on the increase in the hydriding and dehydriding

properties of Mg than the addition of Mg2Ni and Ni to MgH2.

The contraction of the Mg2Ni lattice owing to the relatively

rapid desorption of Mg2NiH4 in both samples is believed to

provide passages for the hydrogen released from neighboring

MgH2, increasing the hydrogen desorption rate of MgH2.
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