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Thermal analysis methods - such as TGA, DSC analysis, DTA, and TDS analysis - have been used in many reports to
determine the activation energy for hydride decomposition. In our preceding work, we showed that the dehydriding rate
of Mg-5Ni samples obeyed the first-order law and the Kissinger equation could thus be used to determine the activation
energy. In the present work, we used the Mg-5Ni samples after activation. We obtained 7w at different heating rates by
finding the temperature at which the ratio of the desorbed hydrogen quantity Ha change to 7' change, dHd4/dT, was the
highest from the desorbed hydrogen quantity Ha versus temperature 7" curves. Tm’s at different heating rates were also
obtained from points of inflection (@ = d7/d¢=0) in temperature T versus time t curves. The activation energy for
hydride decomposition was then calculated by applying 7m’s at different heating rates to the Kissinger equation.
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1. INTRODUCTION

Thermal analysis methods - such as thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC)
analysis, differential thermal analysis (DTA), and thermal
desorption spectroscopy (TDS) analysis - have been used
in many reports to determine the activation energy for
hydride decomposition applying the Kissinger equation
[1-3]. For the thermal analyses, the samples should be
transferred to thermal analysis equipment after
hydrogenation. To prevent the samples from being
oxidized, pieces of equipment to isolate the hydrogenated
samples are required. Analysis using thermal analysis
equipment is not easy to be performed because evolved
hydrogen is considered to contaminate parts of sensors for
thermal analysis equipment. In the present work, we
obtained the activation energy for the hydride
decomposition of hydrided Mg-5Ni samples by applying
data from a volumetric method to the Kissinger equation.
This method has an advantage: data can be obtained in the
same apparatus where samples were activated and
hydrided.

A rate constant k is generally given by the Arrhenius
equation:

k=Zexp (- E/RT), (1)

where Z is the constant, E is the activation energy, R is the
gas constant, and T is the temperature.

In order that the Kissinger equation can be used to
obtain the activation energy, the reaction rate equation
must obey a first-order law [4, 5]. The Kissinger equation
is expressed by [4, 5]:

In(®/T2) = In (ZR/E) — (E/R) (1/Tw); ©)
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d(In (®/T2) / d(1/Tw) = — E/R, 3)

where @ = d7/dt, the heating rate, Ti, is the temperature at
which the reaction rate has the maximum value, and E is
the activation energy for the reaction.

Mg has many advantages as a hydrogen-storage
material, but it has a low dehydriding rate even at 573 K
around. To prepare a sample of Mg with increased
hydriding and dehydriding rates, Ni was added, noting the
reports of many researchers [6 —10].

In our previous work [11], we showed that the
dehydriding rate equation of Mg-5Ni samples obeyed a
first-order law and the Kissinger equation could thus be
used to determine the activation energy. A desorbed
hydrogen quantity, Hi, was defined as the weight
percentage of the desorbed hydrogen to the sample weight.
In another preceding work [12], three methods from the
following curves were used: (i) dehydriding rate dHqy/d¢
versus time ¢ curves and 7 versus ¢ curves, (ii) the ratio of
Hy change to T change, dHy/dT, versus T curves, and (iii)
the ratio of 7 change to t change, d7/d¢, versus ¢ curves and
T versus ¢ curves.

In the present work, we used the Mg-5Ni samples after
activation and simpler methods than in the work [12] to
find T,. We obtained 7, at different heating rates by
finding the temperature at which the ratio of the desorbed
hydrogen quantity Hg change to 7' change, dH4/dT, was the
highest from Hy versus temperature 7 curves. Tiy’s at
different heating rates were also obtained from points of
inflection (& =d7/d¢=0) in temperature T versus time ¢
curves. The activation energy for hydride decomposition
was then calculated by applying 7i’s at different heating
rates to the Kissinger equation.



2. EXPERIMENTAL DETAILS

Mg [-20+ 100 mesh, 99.8 % (metals basis), Alfa
Aesar] and Ni (Nickel powder APS, 2.2—-3.0 um, purity
99.9 % metal basis, C typically < 0.1 %, Alfa Aesar) were
used as starting materials. The purity of hydrogen used was
99.999 % purchased from Hankook Special Gases Co.
LTD (Iksan, Republic of Korea).

For the synthesis of Mg-5Ni, milling was carried out in
a planetary ball mill (Planetary Mono Mill; Pulverisette 6,
Fritsch). A mixture of Mg and Ni at the weight ratio of
95:5 (total weight =8 g) was mixed in a hermetically
sealed stainless steel container (with 105 hardened steel
balls, total weight = 360 g). The sample to ball weight ratio
was 1:45. All sample handling was performed in a glove
box under an Ar atmosphere to minimize oxidation. The
mill container (volume of 250 ml) was then filled with
high purity hydrogen gas (about 12 bar), which was
refilled every 2 h. Milling was performed at the disc
revolution speed of 400 rpm for 6 h.

Hydrogen absorption and release of Mg-5Ni were
investigated using a Sievert-type volumetric apparatus,
which was described previously [13]. The amount of the
sample used for measurements was 0.5g. Before
dehydrogenation measurements, Mg-5Ni samples were
hydrogenated at 593 K under 12 bar H, for 60 min. The
samples were cooled to room temperature in the furnace.
The quantity of the hydrogen released under 1.0 bar H, and
the temperature of the reactor were measured as a function
of time as the sample was heated at the heating rates (®) of
3,6,9, 12, and 15 K/min. The upper limit of temperature
was set as 673 K.

Samples dehydrided after hydrogen absorption-release
cycling were characterized by X-ray diffraction (XRD)
with Cu Ka radiation, using a Rigaku D/MAX 2500
powder diffractometer. The microstructures of powders
after reactive mechanical milling and powders dehydrided
after hydrogen absorption-release cycling was observed
using a JSM-5900 scanning electron microscope (SEM)
operated at 20 kV.

3. RESULTS

Fig. 1 shows micrographs obtained by SEM at various
magnifications of the Mg-5Ni sample after reactive
mechanical milling. Shapes of particles are irregular.
Particle size is not homogeneous. Large particles have
quite flat surfaces. Particles are agglomerated. Quite small
particles are on the surfaces of the particles.

Micrographs  obtained by SEM at various
magnifications of Mg-5Ni dehydrided after the number of
cycles, n, of eight are shown in Fig. 2. Particles are in
irregular shapes, having many different sizes. Particles are
agglomerated. Quite small Particles are found on the
surfaces of the particles. The microstructure is similar to
that of the sample after reactive mechanical milling (before
hydrogen absorption-release cycling) except that particles
have many cracks, which were formed due to expansion
(by hydrogen absorption) and contraction (by hydrogen
release) with cycling.

Fig. 3 shows the XRD pattern of Mg-5Ni after reactive
mechanical grinding. The sample contains Mg, B-MgHo,
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and Ni, and small amounts of y-MgH, and MgO. The XRD
pattern of Mg-5Ni dehydrided after n =8 contained Mg
and small amounts of 3-MgH,, Mg,Ni, and MgO [11].

Fig. 1. Micrographs obtained by SEM at various magnifications
of Mg-5Ni after reactive mechanical milling

i JsM-s9@e

Fig. 2. Micrographs obtained by SEM at various magnifications
of Mg-5Ni dehydrided after n =8
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Fig. 3. XRD pattern of Mg-5Ni after reactive mechanical
grinding

After hydrogen absorption-release cycles, the sample
was under vacuum pumping for 1 h. The existence of the
B-MgH, phase shows that some Mg hydride is not
decomposed even after vacuum pumping for 1 h. Mg;Ni is
believed to have been formed while the sample was heated
at the first cycle [14]. The formed Mg,Ni together with Mg



absorbs hydrogen and then releases hydrogen during
hydrogen absorption-release cycling at the temperatures of
this work.

The activation of the Mg-5Ni sample was completed
after the third cycle (n = 3) [10].

As the temperature of the reactor in the Sievert-type
apparatus increases monotonically, dH4/d7T has a maximum
value when the dehydriding rate is the highest. The
temperature at which dH¢/dT has a maximum value is thus
T

The variation in a desorbed hydrogen quantity Hg
versus temperature 7' curve with heating rate for hydrided
Mg-5Ni after activation is shown in Fig. 4. The number of
cycles, n, is indicated. Desorption begins at about 577,
584,590, 592, and 597 K at the heating rates of 3, 6, 9, 12,
and 15 K/min, respectively. Hydrogen is then released
more rapidly and most rapidly at the temperature where
about 18.7 % of the total absorbed quantity of hydrogen is
released. Thereafter the sample releases hydrogen less
rapidly and finally the dehydriding rate becomes very low.
As the number of cycles increases, the total absorbed
quantity of hydrogen decreases. It is believed that the
decrease in the total absorbed quantity of hydrogen is
because a part of Mg is oxidized to form MgO and the
particles agglomerate when the temperature reaches
relatively high temperatures.
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590 K
o 21 592K 7
NS 597K
- 34
2
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5 (n=7) 12 K/min; 4.42 wi% H
(n=8) 15 K/min; 4.18 wt% H
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T,K

Fig. 4. Variation in a desorbed hydrogen quantity Ha versus
temperature 7 curve with a heating rate for hydrided Mg—
5Ni after activation

The ratio of the desorbed hydrogen quantity Hy change
to T change, dH4/dT, was the highest when about 18.7 % of
the total absorbed quantity of hydrogen was released. Tm
was thus the temperature when 18.7 % of the total
absorbed quantity of hydrogen was released. At heating
rates of 3, 6, 9, 12, and 15, Tiw’s were the temperatures
when Hg=1.02, 0.93, 0.88, 0.84, and 0.79 wt.% H,
respectively.

Table 1 shows the variations in T, In (@/T?), and
1/Tw, with heating rate @ under 1.0 bar H, for hydrided
Mg-5Ni after activation, obtained from the temperature
when 18.7 % of the total absorbed quantity of hydrogen
was released.

Fig. 5 shows the plot of In (®/Tw?) versus 1/Tm,
obtained from the data of Hy versus 7 curves. The linearity
of the plot is very good (correlation coefficient: 0.997).
The activation energy for hydride decomposition, E, was
calculated as 225 kJ/mol from this plot.

Table 1. Variations in T, In (®/Tw?), and 1/Tm, with heating rate
@ under 1.0bar H> for hydrided Mg-5Ni after
activation, obtained from the temperature when 18.7 %
of the total absorbed quantity of hydrogen was released
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2 -
3 1.02 585.35 -11.646 0.0017084
6 093 | 594.45 -10.984 0.0016822
9 0.88 600.15 -10.597 0.0016663
12 0.84 | 602.75 10318 0.0016591
15 0.79 605.25 -10.103 0.0016522
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Fig. 5. Plot of In (®/Tw?) versus 1/Tm, obtained from the data of
Ha versus T curves

Now we try another way to calculate £ from data
obtained in a Sievert-type apparatus. T, will be obtained
from T versus ¢ curves. The difference in heat between the
heat supplied by the furnace and the heat absorbed by the
sample for hydride decomposition will increase the
temperature of the reactor. When hydrides do not
decompose, all the heat supplied by the furnace will
increase the temperature of the reactor. When the reaction
begins, a part of the heat will be used for hydride
decomposition, leading to a slower increase in the
temperature of the reactor. At the moment when all the heat
supplied by the furnace is consumed for hydride
decomposition, the temperature of the reactor will not
increase and stay constant. This is the temperature when
d7/dt is zero (a point of inflection in T versus ¢ curve) and
when the sample has the maximum hydride decomposition
rate. Thus, the temperature at which d7/d¢ is zero in T
versus ¢ curves is Tm. After Tm, the temperature of the
reactor will increase because less and less heat will be used
for hydride decomposition.

T versus ¢ curves for hydrided Mg-5Ni after activation
when heated with a heating rate of 3, 6, 9, 12, and 15
K/min are shown in Fig. 6. From these curves, Ti’s were
obtained. The temperature increases slowly and then quite
rapidly, reaching the heating rate programmed. At some
point the temperature increases less rapidly and arrives at a
temperature where the temperature remains constant. This
is the point for Ty, which is a point of inflection in the T
versus ¢ curve. After passing the point of inflection, the
temperature increases slowly and reaches again the heating
rate programmed. And finally, the temperature increases
less rapidly and then stays unchanged because the
temperature limit was set as 673 K.

Table 2 shows the variations in T, In (&/Tw?), and




1/Tm, with heating rate @ under 1.0 bar H, for hydrided
Mg-5Ni after activation, obtained from the data of 7 versus
t curves.
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Fig. 6. T versus ¢ curves for hydrided Mg-5Ni after activation
when heated with a heating rate of 3, 6, 9, 12, and
15 K/min

Table 2. Variations in Tm, In (®/Tw?), and 1/Tm, with heating rate
@ under 1.0 bar Hz for hydrided Mg—5Ni, obtained from
the data of T versus ¢ curves.

@, K mim'! Tm, K In (®/Tw?), K 'mim'! 1/Tm, K!
3 585.00 -11.645 0.0017094
6 595.00 -10.985 0.0016807
9 600.00 -10.597 0.0016667
12 603.50 -10.321 0.0016570
15 606.00 -10.106 0.0016502
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Fig. 7. Plot of In (&/Tw?) versus 1/Tm, obtained from the data of T
Versus ¢ curves

Fig. 7 shows the plot of In (®/Tw?) versus 1/Tm,
obtained from the data of 7 versus ¢ curves. The linearity of
the plot is very good (correlation coefficient: 0.998). From
this plot, the activation energy for hydride decomposition,
E, was calculated as 215 kJ/mol. The margin of error was
relatively large.

4. DISCUSSION

As Mg-based hydrogen storage materials [15, 16],
many works were performed in our laboratory to increase
the hydrogenation and dehydrogenation rates of Mg by
adding metallic elements or compounds [17—20], which
form defects and clean surfaces and decrease the particle
size. In this work, 5 wt.% Ni-added Mg samples, Mg-5Ni
samples, were prepared.
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The sample dehydrided after n =8 contained Mg and
small amounts of B-MgH>, Mg:Ni, and MgO. Neglecting
the quantity of MgO, the composition of the sample was
97.8 mol% Mg + 2.2 mol % MgNi. Mg and Mg,;Ni absorb
hydrogen and then release hydrogen during hydriding-
dehydriding cycling under the conditions of the present
work.

Particles after » =8 have many cracks, which were
formed due to expansion and contraction with hydrogen
absorption-release cycling.

In the T versus ¢ curves of Fig. 6, a point of inflection
appears. The temperature at this point is 7m. At the end of
the T versus ¢ curves, the temperature increases less rapidly
because, even though the hydride decomposition reaction
stops, less heat is supplied by the furnace since the
temperature limit is set as 673 K in the program of the
temperature controller.

Now we’ll mention the result of our previous work
[11], in which the obtained activation energy for hydride
decomposition was 174 KJ/mol, which is smaller than
those obtained in this work. In that work [11], T\n was
obtained assuming that 7, was the temperature at the time
corresponding to the center of the asymmetric peak. This
assumption is thought to have led to a different result,
which was shown to be incorrect by the results of the
present work.

Tw’s were obtained at different heating rates by finding
the temperature at which dHy/dT is the highest from the Hyq
versus T curves. Tn’s at different heating rates were also
obtained from points of inflection in the T versus ¢ curves.
These methods to obtain 7, are simpler than the method
used in our previous work [12].

The Mg-5Ni sample is composed of approximately
97.8 mol% Mg and 2.2 mol% Mg;Ni. Because it was hard
to find the results of the samples with compositions similar
to Mg-5Ni and the mol% of Mg,Ni is relatively small, we
compared the results of this work with those of MgH». The
activation energies for dehydrogenation (225 and
215 kJ/mol) of the hydrogenated Mg-5Ni samples obtained
in the present work are larger than that of Zhao-Karger et
al. [1] for the hydrogen release of the commercial MgH,
(195 kJ/mol) and that of Sabitu and Goudy [2] for MgH,
decomposition of MgH, without oxide (174 kJ/mol), but
smaller than that of Campostrini et al. [21] for the
hydrogen release of the commercial MgH, powders
(240 kJ/mol). Our result has a value similar to that of Xiao
et al. [22] for MgH, decomposition of an as-received
MgH> (213 KJ/mol).

For the thermal analyses, transfering of the samples
after isolation is required and danger of contamination for
the sensors exists. The volumetric method is simpler
because data can be obtained in the same apparatus where
samples were hydrided. In this work, we obtained 7Tn’s
from Hy versus T curves and T versus ¢ curves which were
obtained from the volumetric method.

5. CONCLUSIONS

We proposed simple ways to obtain the activation
energy for hydride decomposition of the hydrided Mg-5Ni
sample after activation by applying data from a volumetric
method to the Kissinger equation. In our previous work,



we showed that the dehydriding rate equation of Mg-5Ni
samples obeyed the first-order law and the Kissinger
equation could thus be used to determine the activation
energy. The composition of the sample was approximately
97.8 mol% Mg+ 2.2 mol% MgoNi. We obtained 7, at
different heating rates by finding the temperature at which
the ratio of the desorbed hydrogen quantity Hq change to T
change, dH4/d7, is the highest from the desorbed hydrogen
quantity Hy versus temperature 7 curves. The activation
energy was calculated as 225 kJ/mol. Ty’s at different
heating rates were also obtained from points of inflection
in temperature 7 versus time ¢ curves. The activation
energy was calculated as 215 kJ/mol.
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