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Abstract: - Magnesium hydride is well known as the ideal candidate for solid-state hydrogen storage and
thermochemical thermal storage since both gravimetric and volumetric storage are considerably high. The main
drawbacks of magnesium hydride are thermodynamic unfavorable and poor kinetic. Adding Nickel as a
catalyst, which mainly incorporates mechanical modification (alloying or particle size reduction), can
accelerate the reaction rate and decrease the enthalpy formation. It is hard to determine the catalytic of Nickel
in magnesium hydride for the kinetic rate improvement. This study is focused on the observation of the effect
of Nickel on magnesium hydride by using the market size availability of magnesium and nickel powder (74 um
for Mg and 63 um for Ni). Mg and Ni are mixed by Ni variation (weight %) from 14%, 15%, and 16%. The
characterization starts with initial hydrogenation and dehydrogenation, continues with activation and PCI
measurement to obtain the kinetic characteristic of each sample. From this study, it is clear that the increase in
nickel ratio will improve the rate of reaction for magnesium hydride, where the maximum storage for
magnesium hydride is 4.2% by adding 16 wt% nickel.

Key-Words: - Catalytic Effect, Hydrogen Storage, Kinetic Rate, Magnesium Hydride, Nickel Catalyst

Received: April 30, 2021. Revised: October 19, 2021. Accepted: November 24, 2021. Published: December 27, 2021.

1 Introduction hydrogen [9-11] and can be coupled with the design
Hydrogen has the highest chance and plays a critical optimization for wind turbine [12,13]. _

role in renewable energy used as an energy carrier Hydrogen is mainly found as a molecule with
[1]. Vast availability and high energy density make some unfavorable properties due to high react|V|t_y
hydrogen suitable for further improvement to and less dense [14]. It makes hydrogen is
achieve large scale implementation and shift from impractical for long term and mobile storage neither
hydrocarbon society into hydrogen society [2]. through cryogenic storage nor high-pressure storage
Thermal energy storage in form as latent heat Latent [15,16]. The alternative method to stored hydrogen
thermal energy storage [3-5] can be maximized by in a relatively safe method. is solid-state hydrogen
combining the heat of reaction from hydrogen storage through metal hydride. Hydrogen can react
storage [6-8]. Also, hydrogen can help to with metals. and form mqtal _hydrlde [17]. _Storlng
maximizing the power generation for wind farm by hydrogen with metal hydride is much better in term
using multi storage system between heat, electricity, of storage capacity. The average density for storing
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hydrogen in liquid and gas are 4.2 H atoms/cm?® and
0.99 H atoms/cm?, which is lower than storing
hydrogen as solid-state with metal hydride, which
can reach up to 6.5 H atoms/cm® by using
Magnesium to form stable magnesium hydride or
MgH [18].

Hydrogen reacts with metal by splitting
hydrogen molecule into atomic hydrogen, which
bond with a metal lattice to form a metallic bond
with the metal host. As the molecular hydrogen
break the bond, the molecular bonding energy is
released as heat through an exothermic reaction
[19]. The excess heat from the reaction is also
valuable, applied in a thermal system or better
known as thermochemical heat storage. Under this
circumstance, storing hydrogen in metal hydride has
two significant benefits: solid-state hydrogen
storage and thermal energy storage [20]. Many
metals can react with hydrogen to form metal
hydride [18,21,22]. Considering the economic
aspect and storage capacity both in volumetric and
gravimetric, Magnesium is the ideal candidate as the
metal host for hydrogen storage [23]. Magnesium
and hydrogen react to form stable magnesium
hydride (MgH.) with high enthalpy reaction or AH
around — 75 kJ/molH, with standard entropy or AS
130 J.KL.(mol Hy)1[24].

The stored hydrogen in magnesium hydride can
be desorbed by providing sufficient heat into the
system. By making a close loop between the storage
and a reservoir, the system can run as a cycle which
able to use repeatedly. The system can be coupled
with some thermal load for harvesting the enthalpy
of reaction along the hydriding process [7].
Unfortunately, the high enthalpy of reaction
indicates a stable form of magnesium hydride,
which make high enough heat should be provided to
desorb hydrogen for dehydriding. Another challenge
is that magnesium hydride has a low Kinetic reaction
for hydrogenation and dehydrogenation [25].

One suitable method to eliminate the drawbacks
of the magnesium hydride is by adding catalyst into
the system. The ideal catalyst for magnesium
hydride is nickel [26]. Nickel is proven to accelerate
hydrogen  sorption  during hydriding and
dehydriding. 1t makes the system's equilibrium
pressure decrease and can reduce the enthalpy and
entropy of the reaction. The catalytic effect of
Nickel is worked by breaking the molecular
hydrogen and adsorbing the atomic hydrogen onto
the nickel surface, then dissociating Magnesium.
Though Nickel can accelerate the kinetic rate of the
magnesium hydride system, adding Nickel has a
side effect that decreases the amount of stored
hydrogen [27].
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Numerous studies are done to minimizing the
drawback of nickel addition against the decrease in
hydrogen storage capacity for magnesium hydride.
Mixing Magnesium through mechanical grinding
with Nickel at different weight ratio (38 wt% and 43
wt%) reduces the enthalpy formation and
equilibrium pressure of H, with a maximum storage
capacity of 3.6 wt% [28]. Another study report that
mixing Nickel at a range of 1-33 wt% through melt
spinning can maximize the hydrogen uptake by 6
wit% [29]. Another reportage is also confirmed that
using the same ratio for Nickel (15 wt%) and
combined with graphite 5 wt% and 1.5 wt% TiO,
with pellet size can also improve the hydrogen
storage capacity by 6 wt% [25]. The recent study
shows a noticeable storage capacity of magnesium
hydride system by adding 16 wt% Nickel without
nanosizing where the maximum storage can reach
up to 5.29% H [30]. It can reach a sufficient amount
of hydrogen storage as the effect of scaling during
hydriding and dehydriding of the samples [31].

In general, most of the study for improving the
magnesium hydride by nickel catalyst is done
through surface modification, particularly for
mechanical grinding for particle downsizing and
mechanical alloying [32]. However, processing the
material through mechanical modification and
nanoconfinement makes it not economically
feasible, delaying the implementation of magnesium
hydride systems for large-scale applications.
According to the recent studies of magnesium
hydride, adding Nickel by 15 wt% shows a positive
result for the magnesium hydride. Thus, this study
aims to observe the catalytic effect of magnesium
hydride by adding nickel 15 wt% using widely
available market grade nickel. To provide a more in-
depth understanding of the result, the nickel addition
varies by + 1 wt %. The result of the study is
expected to provide better information about the
nature of the catalytic effect from Nickel in
magnesium hydride.

2 Materials and Methods

Three different samples from Magnesium (74 pm,
purity: 99.9%, Tanyun Chemical Co., Ltd.) and
Nickel (63 pum, purity: 99.9%, Tanyun Chemical
Co., Ltd.) were prepared based on the mass ratio
(Table 1). Mg and Ni were mixed carefully to
ensure the homogeneity of the mixture. Each sample
is mixed by using a ring mill for 5 minutes under an
argon atmosphere. Stainless steel ball mill with a
diameter of 5 mm is used with the ball to powder
ratio of 20:1. Stearic acid (1 gram) was used to
prevent agglomeration during the milling process
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and then removed after milling using a vacuum gas
furnace. The materials handling and processing
were handled in the glove box (argon gas) to
eliminate the probability of oxide layer on the
sample surface where it can hinder the sorption
mechanism of the magnesium hydride [33].
Moisture test (Mettler Toledo) were done before and
after milling and obtained average moisture of
0.23%, which is considered acceptable [34].

After all sample ready, further characterization
is conducted using Sievert Type Apparatus for
volumetric ~ measurement.  The  volumetric
measurement is chosen as it has better accuracy and
easy to use for large-scale experiments [35]. Using a
large sample (100 grams) demanded proper
calibration. Thus, the measurement of void volume
for the sample holder and gas container is conducted
repeatedly, including  the instrumentation
measurement.

Table 1. Prepared sample based on magnesium and

nickel ratio
Code Magnesium (wt%o) Nickel (wt%)
A 86 14
B 85 15
C 84 16

Hydrogenation and dehydrogenation are taken
through a temperature-programmed method with a
constant heating rate (5K/min) for stable convective
heat transfer [36]. Each measurement is taken for
two hours with the pressure for hydriding and
dehydriding of 5 MPa and 0.1 MPa, respectively.
After that, the sample is prepared for Pressure-
Composition-Isotherm  (PCI) [37]. Before
conducting PCI, the sample was activated five times
by introducing hydrogen pressure of 5.01 MPa at
temperature 573 K then evacuated at 300 K. The
PCI is taken at 473 K, 523 K, and 573 K. PCI and
activation were taken for two hours. The
temperature for the PCI is selected by considering
the ideal working temperature for sustainable
hydrogen-producing and storage to improve the
overall efficiency of the hydrogen processing plant
[38].

3 Results
3.1 Initial and
Dehydrogenation

The initial hydrogenation test is aimed to study the
basic hydriding characteristic for each sample.
Figure 1 presents the amount of absorbed hydrogen

Hydrogenation
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from each sample during hydrogenation. Pure
magnesium absorb hydrogen insufficiently where
after two hours, it only absorbs by 0.21 wt% H:
where sample with nickel addition able to absorb
hydrogen at higher amount. The hydrogen content
for sample with nickel addition (Sample A, B and
C) are 0.29, 0.45 and 0.9 wt% H>. It proves that
nickel able to accelerate the hydrogen sorption for
magnesium.
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Fig. 1: Initial hydrogenation for each sample

Sample C Pure Mg

The releasing hydrogen during dehydrogenation
is shown in Figure 2. The same pattern for all
samples is observed where magnesium shows a
slower dehydrogenation and starts to desorb
hydrogen after 60 minutes. Compare to the absorbed
hydrogen from initial hydrogenation, the desorbed
hydrogen for sample A and B is lower. Sample A
and B only able to desorb hydrogen by -0.27 and -
0.43 wt% Ho, respectively.
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&
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Fig. 2: Initial dehydrogenation for each sample

Sample B Sample C

It shows that some of the hydrogen molecule cannot
be desorbed. Sample C also presents the same result
where the desorbed hydrogen is smaller with only -
0.89 wt% H,. Nevertheless, sample C able to release
more hydrogen compare to sample A and B. Also,
sample C has the highest stored hydrogen by 0.89
wit% H> can be stored effectively.
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The result of hydrogenation and
dehydrogenation for magnesium hydride with
Nickel as catalyst present the initial information for
the kinetic rate reaction. Nickel plays a vital role to
accelerate the hydrogen sorption for magnesium
hydride. Magnesium is the metal host to react with
hydrogen, while Nickel helps the formation and
decomposition of the hydride. Dissociation of
hydrogen molecule occurs with the help of strong
affinity between hydrogen molecules and Nickel
[39]. Thus, the information from initial
hydrogenation and dehydrogenation should be
supported by Pressure Composition Isotherm (PCI)
to understand Nickel's effect on the equilibrium
pressure of magnesium hydride.

3.2 Cycle Activation

———
—

Absorbed H, (wt %)
§ B -« 8 % & &

Absorbed H, (wt %)

Absorbed H (wt %)

—

Fig. 3: Absorbed hydroder{ fbr each sample from 5
times activation

Before conducting PCI measurement, the activation
must be conducted to eliminate the oxide layer on
the sample surface while also preparing the material
to maximize the sorption during PCI. Besides, the
result of activation itself is helpful to observe the
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cyclic ability of the material. The activation result
for each sample is shown in Figure 3. At first cycle,
sample A only able to desorb hydrogen by 1.09
wit%. As the cycle increased up to five times, the
maximum stored hydrogen is obtained at 1.69 wt%,
much lower compared to sample B and C. Sample
able to achieves a higher stored hydrogen at first
cycle by 1.27 wt% and after five cycles, the amount
of stored hydrogen is obtained at 2.24 wt%.

The highest stored hydrogen can be obtained by
sample C with 16 wt% nickel. At first cycle, the
absorbed hydrogen is 1.75 wt% and at the end of the
fifth cycle, the stored hydrogen is increased up to
2.70 wt%. During the first three cycle, the amount
of absorbed hydrogen is relatively increased slowly,
and after that, the hydrogen molecules able to
absorb at higher rate. Each sample shows different
cycle pattern which indicates the activation process
should be done at first place to promote a better
pathway for hydrogen to react with the metal host
(magnesium). As the cycle increase, the pathway
becomes clearer and help the hydrogen molecule to
penetrate easier. Thus, it increases the sorption rate
which elevates the amount of absorbed hydrogen to
form magnesium hydride.

3.3 Pressure-Composition-Isotherm

Figure 4 presents the hydriding/dehydriding rate for
sample A at different temperature. It is clear enough
to say that the sorption rate for hydriding and
dehydriding is prolonged. The critical sorption is
reached after 60 mins. Critical sorption can be
defined as more than 80 % hydrogen is absorbed
during hydriding or desorbed during dehydriding.

Sample A @ 473K
Sample A @ 523K
Sample A @ 573K

0.8

— Absorption

0.6

—— Desorption

0.4

Absorbed/Desorbed H: (fraction)

0 20 40 60 80
I'ime (Minutes)

Fig. 4: Hydriding/Dehydriding rate for sample A

The change in temperature does not affect the
sorption rate of sample A significantly.
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Furthermore, the dehydriding rate is relatively
slower than hydriding. The low concentration of
Nickel within the sample makes the physisorption
insufficiently. Thus, chemisorption for hydride
growth becomes slower. It also affected by low
surface penetration as the sample using a large
particle size. The maximum hydrogen uptake for
sample A only 3.2 wt%.

7

—_——

Sample B @ 473 K
Sample B @ 523 K
Sample B @ 573 K
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—— Desorption

Absorbed/Desorbed H: (fraction)
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Time (Minutes)

Fig. 5: Hydriding/Dehydriding rate for sample B

Compare to sample A, the sorption rate from
sample B is generally better, which is indicated by
faster critical sorption. The critical sorption of
sample B occurs after 40 mins (Figure 5). As the
sorption rate increased, the maximum hydrogen
storage in sample B is higher, with a total of 3.9
wit%. The effect of temperature on the sorption rate
is observed, especially during dehydriding. The
dehydriding rate becomes faster at higher
temperature (573 K). A higher temperature
facilitates the penetration of hydrogen to the bulk
metal lattice of Magnesium during hydriding, where
it helps the decomposition of hydride during
dehydriding. In this case, the increase in capacity is
solely affected by the improvement of kinetic rate
from sample B, and it is directly affected by the
presence of more Nickel within the sample.
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The accelerated sorption is observed from
sample C. The accelerated sorption is observed both
for hydriding and dehydriding. Sample C can absorb
and desorb hydrogen quickly and reach more than
80 % within 20 minutes (Figure 6). It leads to high
hydrogen uptake and makes high hydrogen storage
up to 4.2 wt%. It is clear to state that the catalytic
effect of Nickel for sample C is satisfactory, where
it helps accelerate the hydride formation during
hydriding and hydride decomposition during
dehydriding [40]. It is clearly evident that adding
Nickel by 16 wt% into magnesium hydrides will
improve the kinetic rate significantly and lead to a
high storage capacity.
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Fig. 6: Hydriding/Dehydriding rate for sample C

The hydride formation in magnesium hydride is
complex and involves many steps starting from
physisorption to hydride growth at the metal lattice.
The physisorption can be maximized by modifying
the surface structure and mechanical treatment (i.e.,
milling magnesium under a hydrogen atmosphere)
[41,42]. The chemisorption is the most complicated
step from the hydriding and dehydriding because it
is related to the splitting of hydrogen molecule into
atomic hydrogen till finally react with Magnesium
to form hydride formation. The two essential
properties of the reaction, AH and AS, are the
indicator to understand the hydride properties.
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Fig. 7: Van’t Hoff plot for each sample

The relation between the equilibrium pressure
and temperature to the reaction properties (enthalpy
dan entropy formation) can be derived from Van't
Hoff plot. As seen in Figure 7, the enthalpy and
entropy formation for all samples is lower than pure
Magnesium. Since the sample can reach lower
equilibrium pressure, it makes the enthalpy, and
entropy formation decreased gradually. A lower
enthalpy of formation makes the hydride formation
could occur at a lower temperature, where it is the
primary purpose of adding a catalyst (Nickel in this
study) in magnesium hydride. As the reaction rate of
sample C is increased significantly, then the
equilibrium pressure could be occurred at lower
pressure and then decreasing the reaction properties.
The lowest enthalpy and entropy formation is
achieved by sample C.

4 Discussion

The catalytic effect of Nickel in magnesium hydride
is observed, as can be seen in Fig. 1. All sample
with Nickel able to absorb hydrogen faster than pure
Magnesium. As the ratio of nickel increases, the
sorption rate becomes quicker, where sample C with
the highest nickel ratio shows the fastest sorption
rate. Accelerated sorption rate for the sample with
Nickel contributes to the elevated hydrogen uptake
where it can be observed sample with more Nickel
able to absorb more hydrogen under the same
duration. The addition of Nickel for each sample
acts differently, especially with sample C, where the
sorption started much earlier than sample A and B.
The differences of the stored hydrogen between
sample B and C are much higher than sample A and
B. It is clear to conclude that since the amount of
absorbed hydrogen varies from each sample, it
shows that the increase in nickel composition does
not increase the absorbed hydrogen linearly.
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The releasing hydrogen during dehydrogenation
is identically for each sample. As can be seen from
Fig. 2, It shows the desorption for each sample
where pure Magnesium still releasing hydrogen
slower than the sample with Nickel. It also can be
observed that the amount of desorbed hydrogen is
lower than the stored hydrogen. The losses or
known as hysterical losses for each sample, is
varied. Sample A and B experience a higher loss
with 0.02 wt% of stored hydrogen than sample C,
only 0.01 wt%. Another interesting result is also
shown from Figure 2 regarding the effect of nickel
addition on each sample, where adding 1 wt% of
Nickel makes the desorption model differently.
Compared to the hydrogenation, sample A and C
release hydrogen gradually slower, and sample B
can maintain sorption rate at the same duration.
Sample A and C start to release hydrogen after 30
mins and 20 mins while sample B starts to release
hydrogen after 20 mins, equal to the hydrogenation
(red circle in Fig. 2). It can be said that the sorption
behavior during hydriding and dehydriding for each
sample is diverse.

According to the activation result (Fig. 3), the
sorption pattern for each sample is different, and it
is mainly affected by the amount of Nickel within
the sample. For sample A, the amount of absorbed
hydrogen from the first to the second cycle is
relatively high, from 1.09 wt% to 1.31 wt%. After
the second cycle, the sorption has not increased
significantly. It indicates that the magnesium
bonding with hydrogen between the first and the
second cycle is destabilized by the Nickel. The
circumstance also occurred with sample B, where
the amount of absorbed hydrogen between the first
and second cycle is increased significantly, which is
also occurred between the third and fourth cycle.
Adding Nickel into the magnesium hydride system
decrease the binding energy for the hydrogen, and
as the cycle goes repeatedly, it makes the sorption
goes effortless. It is also proven by sample C where
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significant sorption occurs after the third cycle since
sample C has more Nickel than the other sample.
Besides, even though the high sorption occurred
after the third cycle, the absorbed hydrogen at the
first cycle is already high.

The Pressure Composition Isotherm (PCI)
shows the characteristic of hydriding and
dehydriding for the all samples under different
temperatures. Sample A has the lowest hydrogen
content by 3.2 wt%. as shown in Figure 4, the
change in temperature for sample A during PCI only
increase slightly the sorption and desorption rate
where the critical sorption is done after 60 mins.
Sample B (Figure 5) with a higher nickel content
shows a better sorption rate where the critical
sorption is obtained after 40 mins. Thus, the
hydrogen content for sample B able to absorb
hydrogen at higher amount by 3.9 wt%. The highest
hydrogen content is achieved by sample C with the
highest nickel ratio (16 wt%). Sample C able to
store hydrogen by 4.2 wt% and the critical sorption
occurs much earlier compared to the other sample
(within 20 minutes). Figure 6 is shown clearly the
hydriding and dehydriding rate for sample C with
accelerated sorption under different temperature.

The equilibrium pressure from each PCI
measurement is used for predicting the Van’t Hoff
plot to obtain the enthalpy and entropy formation for
each sample (Figure 7). The error for Van’t Hoff
plot can be minimized by adding more than two data
measurement (i.e. equilibrium pressure) [43]. Since
the PCI is done under three different temperatures,
thus, the value for enthalpy and entropy formation
from Van’t Hoff plot is considered accurately. It
also can be seen by the value obtained for each
sample where the higher hydrogen content, the
lower enthalpy and entropy formation for the
sample. It is the reason why sample C has the lowest
enthalpy and entropy formation by -55.378 kJ and
123.32 J, respectively since the same sample also
has the highest hydrogen content compared to the
other. Furthermore, the deviation for Van’t Hoff
plot is generally occurred at low temperature
formation [44]. Since the PCI is done at relatively
higher temperature (473 — 573 K), the metal hydride
is considered as stable formation. It also enhances
the nature of magnesium hydride which has stable
hydride formation, even after the addition of nickel
as catalyst. The remark conclusion for this matter,
the addition of nickel able to accelerates the sorption
process with only slightly reduces the
thermodynamic properties of magnesium hydride.
Nevertheless, a higher hydrogen content with
excellent hydriding and dehydriding rate for sample
with nickel still desirable.
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5 Conclusion

The study is specifically intended to observe the
catalytic effect of Nickel in micron size on
magnesium hydride. Nickel is a well-known catalyst
for magnesium hydride to accelerate the hydriding
and dehydriding process. Most of the study
combined the addition of Nickel in magnesium
hydride with mechanical modification and alloying,
which is hard to observe the nature of catalytic
effect for magnesium hydride. The result of this
study is indicated that adding 16 wt% nickel able to
improve the kinetic rate of the magnesium hydride.
It also helps to decrease the enthalpy and entropy
formation of the magnesium hydride. Since the
process is used commercially available particle size
for Nickel and Magnesium, Nickel's nature effect
within the magnesium hydride is observed. Overall,
adding Nickel by the range between 14 — 16 wt%
into magnesium hydrides will promote a better
hydriding/dehydriding rate. Despite that, still, the
maximum hydrogen storage is lower than pure
Magnesium. However, the result of this study is still
helpful for further characterization with Nickel and
Magnesium to improve the overall properties of
magnesium hydride to achieve a feasible level as
solid-state hydrogen and thermal energy storage.
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