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Abstract: Magnesium hydride (MgH;) has attracted considerable interest due to a number of
favourable characteristics for hydrogen production via hydrolysis. In this study, MgH,-NaH com-
posites with varying composition ratios were prepared by ball milling for different durations. The
hydrogen production performances and enhancement mechanisms were subjected to meticulous
investigation. The results revealed that the hydrogen production rate and kinetic properties of the
composites were significantly improved with the rise in NaH content. For the MgH,-10 wt% NaH
composites, the hydrogen production rate exhibited an initial increase followed by a subsequent
decrease with the prolongation of ball milling. It is noteworthy that the hydrolysis of the composites
in deionised water exhibited a significant improvement in reaction kinetics even after a mere 1 h of
ball milling, releasing 1119 mL gfl of hydrogen in 30 s, with a conversion rate of 69.2%. The highest
hydrolysis hydrogen generation rate of the 10 h milled MgH,-10 wt% NaH composite in deionised
water at 30 °C was 1360 mL g_l, with a hydrogen conversion rate of 83.7% and a hydrolysis activation
energy of 17.79 k] mol 1. The notable improvement in the hydrolysis performance of the MgH,-NaH
composite is attributed to the rapid generation of high temperatures at the interface, resulting from
the exothermic reaction of sodium hydride hydrolysis.

Keywords: MgH,; NaH; ball milling; hydrolysis for hydrogen production; activation energy

1. Introduction

Today, the world energy structure is still predominantly reliant on traditional fossil
fuels: coal, oil, and natural gas. However, the traditional fossil energy reserves are limited
and non-renewable. Their combustion emits significant quantities of pollutant gases, such
as CO,, Sox, and NOx, leading to serious environmental issues like greenhouse effects,
acid rain, and haze [1]. Consequently, the development of clean and sustainable renewable
energy and new materials is critical for human sustainability [2]. Hydrogen energy is
widely considered as the most promising alternative energy carrier to traditional fossil
fuels due to its abundant availability, high energy density (142 MJ/kg), and clean and
non-polluting nature [3-6]. Hydrogen fuel cells, which use hydrogen as their “fuel”, are one
of the most attractive new energy sources, making efficient and safe hydrogen production
technology particularly important [7-9].

In recent years, hydrogen production based on the hydrolysis of light metals and hy-
drides, such as MgH,, NaBH,4, CaHj, and LiH, has garnered considerable attention. These
systems offer significant potential for seamless integration into a wide range of applications.
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The hydrolysis of hydrides presents an effective on-demand hydrogen production method
that can be readily integrated into various mobile applications [10-12]. Many researchers
are currently focusing on hydrogen production from the hydrolysis of metal hydrides and
chemical hydrides, such as MgH,, NaBHy4, CaH,, and LiH. The theoretical hydrogen yields of
the above materials are 15.32 wt%, 21.32 wt%, 9.58 wt%, and 25.36 wt%, respectively, without
considering water consumption. Among them, NaBH, has been considered as a promising
material due to its high hydrogen storage density. However, its reliance on precious metal
catalysts and the issue of by-product recovery result in high cost [13-15]. Additionally, CaH,
and LiH react violently with water, making the experimental process difficult to control [16,17].
NaMgHj3; was synthesised by grinding an equimolar mixture of NaH and MgHj for 40 h and
hydrogenating it in a reaction cell filled with 5 MPa hydrogen for 5 h at 623 K to obtain high-
purity NaMgHj [18]. The synthesised substance was further hydrolysed at room temperature
to give an instantaneous hydrogen production of 1360 mL g~ !.

In contrast, the hydrolysis of MgH, can be performed at room temperature and stan-
dard atmospheric pressure without the need of expensive catalysts [19-23]. Furthermore,
the by-product of this reaction, Mg(OH),, can be used directly as a flame retardant and is
environmentally friendly and non-polluting. Therefore, MgH, is considered as one of the
most promising materials for hydrogen production through hydrolysis [24-26].

However, the dense passivation layer of Mg(OH),, formed during hydrolysis, hin-
ders further contact between water and the inner MgH)j, resulting in slow hydrolysis
kinetics [27,28]. To address this issue and remove the passivation layer to promote the con-
tinuous hydrolysis reaction of MgH), researchers have explored various methods, including
introducing different cations/anions into the solution [29,30], adding additives [31,32], in-
corporating organic and inorganic acids [20,33], and reducing the MgH), particle size [34,35].
These approaches have improved the hydrolysis kinetics and hydrogen production rate of
the hydrolysis reaction to some extent. However, some challenges remain with the above
method, such as the corrosivity and low hydrogen capacity associated with the addition of
acid or salt solutions, as well as the overall slow kinetics of the hydrolysis process.

Light metal hydrides are renowned for their high hydrogen storage capacities and
catalytic activities, which have been shown to enhance the hydrolysis of MgH,. However,
research into the catalytic mechanisms and the impact of adding NaH to the MgH, system
remains limited. This paper introduces NaH as an effective catalytic agent to improve
MgH,'s hydrolysis performance. NaH, as a potent catalyst, can integrate high hydrogen
conversion rates with rapid hydrolysis reaction rates, thus further enhancing the hydrolysis
efficiency of MgHy. In this study, NaH was incorporated as a promoter, and a series of
MgH,-X wt% NaH (X =5, 10, 30, and 50) composite materials were synthesised using high-
energy ball milling to optimise the hydrolysis performance of MgH,. We systematically
examined the effects of ball milling duration, reaction temperature, and NaH concentra-
tion on the kinetics and hydrogen production rate of MgH, hydrolysis. The chemical
composition and microstructure of the MgH,-based composite materials and hydrolysis
products were characterised using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and other analytical techniques. Additionally, real-time temperature and pH mea-
surements were employed to elucidate the catalytic hydrolysis mechanism of NaH on
MgH,. The findings aim to advance the development of high-performance MgH, systems
to achieve superior hydrolysis performance. Light metal hydrides, known for their high hy-
drogen storage capacities and catalytic activities, have been shown to benefit the hydrolysis
of MgH,.

2. Experiments
2.1. Preparation of MgH,-NaH Composites

The additive composites of MgH,-x wt% NaH (x = 5, 10, 30, 50) were prepared using
a planetary milling machine (QM-35P4) with steel balls and mechanically ball-milled for
durations of 1, 5, 10, and 15 h. The ball-to-powder ratio was maintained at 30:1, and
the rotational speed was set at 521 rpm under an argon atmosphere to prevent oxidation.
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The specific procedure alternated between 30 min of ball milling and 10 min of cooling
to mitigate the heat effects during ball milling. In order to avoid the exposure of the
composites to oxygen and water, all the samples were processed in a glove box under an
argon atmosphere, with oxygen and water concentrations <0.01 ppm.

2.2. Structural Characterisation of Materials

The phase compositions of the samples and hydrolysis products were analysed by X-
ray diffraction (XRD, Panalytical Empyrean, Almelo, The Netherlands) using Cu radiation.
The XRD analysis was carried out over a range of 5° to 90° with a scanning speed of
5° min~!. Field emission scanning electron microscopy (SEM) was used to observe the
elemental distribution and surface morphology of the MgH, matrix composites as well as
the hydrolysis products.

Due to the high reactivity of the prepared hydrogen production composite powder, a
customised sample holder was developed to prevent the oxidation of the samples during
the structural analysis of MgH,-based composite hydrogen production materials using
X-ray diffraction (XRD). This holder was sealed with XRD transparent film, and samples
were loaded in an argon atmosphere glove box. This process ensures that the composite
materials are not oxidised, thus guaranteeing the accuracy of the test results.

2.3. Hydrogen Hydrolysis Performance Test

The hydrolysis setup used in this work is shown in Figure 1. The hydrolysis properties
of MgHj-based composites in deionised water were determined using the drained gas
collection method. An electronic balance (model: HZY-B2200, Huazhi Electronic Tech-
nology Co., Ltd., Putian, China) was used to measure the mass of water replaced by the
released hydrogen, and the number shown on the balance could be directly converted to
the volume of hydrogen produced by hydrolysis. The electronic balance was connected
to a computer, which can automatically record the real-time hydrogen yield as well as
the temperature, pH data, and reaction time throughout the process. Temperature and
pH measurements were collected by an acidometer (model: Sartorius Pb-30L) connected
to one end of a three-necked flask. In this experiment, the hydrogen yield of the sample
was calculated by hydrolysing 0.1 g of the composite sample and then converting it to the
hydrogen yield under the standard condition using the ideal gas equation. The hydrogen
conversion rate was calculated by dividing the actual hydrogen production volume by the
theoretical hydrogen production volume of the composites. The hydrogen generation rate
(mHGR) refers to the instantaneous hydrogen release rate, the maximum value of which is
derived from the differential curve of the hydrogen production over time. To investigate the
activation energy of the studied samples, the reaction temperature was adjusted to allow
for the hydrolysis of MgHj,-based composites milled for different durations (1, 5, 10, and
15 h) at various temperatures (30, 40, 50, and 60 °C). Each experiment was repeated three
times to ensure accuracy. Hydrolysis products were obtained by filtering the hydrolysed
solution and drying it in a blast oven at 60 °C overnight.
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Figure 1. A schematic diagram of the hydrolysis unit.
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3. Experimental Results and Discussion
3.1. Effect of NaH Addition Content

Figures 1-3 show the XRD patterns of MgH, ball-milled with different contents of
NaH for 10 h. The XRD results indicate that the product is composed of MgH, and NaH.
Additionally, the XRD patterns reveal the presence of NaMgH3, a new substance with a
perovskite structure. This suggests that NaH could react with MgH, to form NaMgHj3
during ball milling, which is consistent with the findings of Wang et al. [18]. In addition, it
can also be seen from Figure 2 that the diffraction peaks of NaMgH3 increase significantly
with the higher NaH addition content. When the mass percentages of MgH; and NaH are
equal, the product is predominantly NaMgHj.
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Figure 2. XRD patterns of MgH;,-x wt% NaH (x = 5, 10, 30, and 50) composites ball-milled for 10 h.
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Figure 3. (a) Hydrogen generation curves, (b) conversion yield and mHGR of MgH,—x wt%
NaH(x =0, 5, 10, 30, and 50) composites milled for 10 h in deionised water at 30 °C.

Figure 3a shows the hydrolysis curve of the MgH,-x wt% NaH composite in deionised
water after 10 h of ball milling. The hydrolysis kinetics of 10 h ball-milled pure MgH, in
deionised water were very poor, producing only 630 mL g~! of hydrogen in 10 min. It
can be clearly seen that the hydrolysis performance was significantly improved by adding a
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small amount of NaH. The MgH;-5 wt% NaH composite could produce
1181 mL g~! of hydrogen with a conversion rate of 73.1%, which is about twice that
of pure MgH, [30]. As NaH content increased, the rate of hydrogen production also in-
creased, but the amount of hydrogen produced first rose and then fell. This decline is
due to the fact that the hydrogen storage capacity of the composite decreases with higher
NaH content, and therefore, the amount of hydrogen production decreases. Figure 3b illus-
trate that the maximum instantaneous hydrogen production rate (mHGR) increased from
2098 mL g~ ! min~! to 3989 mL g~ ! min~! as the NaH content increased from 5 wt% to
50 wt%. Concurrently, the hydrolysis hydrogen production rose from 1181 mL g~! to
1448.5 mL g~ ! and then slightly decreased to 1264 mL g~!. Although a high NaH content
can greatly increase the reaction rate at the initial stage of hydrolysis, it reduces the overall
continuity of the hydrolysis reaction and the hydrogen storage capacity of the composites,
leading to a decrease in the total amount of hydrogen produced by hydrolysis. Additionally,
an excessively high NaH mass ratio can make the reaction too violent, compromising the
safety of the experiment. Therefore, 10 wt% NaH should be considered as the optimal
addition amount [23].

To further investigate the hydrolysis process of the composite materials, X-ray diffrac-
tion (XRD) was conducted on the by-products of MgH, with varying NaH content
(5, 10, 30, and 50 wt%). As shown in Figure 4, the primary hydrolysis products are
Mg(OH),, NaOH, and residual, unreacted MgH; and NaH. The diffraction peaks corre-
sponding to MgH, diminish as the NaH content increases. This reduction in residual
MgH), indicates a higher hydrolysis conversion rate, consistent with the results presented
in Figure 3a.

«MgH, ¢ Mg(OH),»NaOH
eNaH
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Figure 4. XRD plots of hydrolysis products of MgH;-x wt% NaH (x = 5, 10, 30, and 50) composites in
deionised water at 30 °C.

The above experimental results demonstrated that the addition of NaH is beneficial
to the improvement in the hydrolysis hydrogen production performance of MgH,. In
order to further explore the effects of the catalytic mechanism of NaH in enhancing the
hydrolysis hydrogen production performance of MgH,, the real-time temperature and
pH throughout the reaction stage of 10 h ball-milled MgHj-x wt% NaH composites in
deionised water were analysed. As shown in Figure 5a,b, the instantaneous temperature
rose to 4, 7,10, and 11.8 °C within 10 s for NaH addition contents of 5, 10, 30, and 50 wt%,
respectively. The temperature gradually decreased and tended to be constant as the reaction
progressed [33]. With the increase in NaH content, both the instantaneous temperature
and the pH of the reaction solution increased sharply. For the sample with the addition of
50 wt% of NaH, the instantaneous temperature rose to 11.8 °C in 10 s. This rapid tempera-
ture rise is attributed to the exothermic reaction of NaH hydrolysis [10]. The instantaneous
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high reaction temperature in the interface further increases the reaction rate of MgH,
hydrolysis, which is consistent with the results shown in Figure 3a.
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Figure 5. (a) Real-time temperature profiles and (b) pH profiles of MgH, —x wt.% NaH (x = 5, 10, 30,
and 50) composites milled for 10 h in deionised water at 30 °C.

3.2. Effect of Temperature on Hydrolysis Properties of MgH»-NaH Composites

The reaction temperature also plays an important role in the hydrolysis of MgH,.
In order to investigate the effect of temperature on the hydrolysis performance of the
composites, the MgH;-10 wt% NaH composite ball-milled for 10 h was tested in deionised
water at 30, 40, 50, and 60 °C. The hydrolysis curves are shown in Figure 5a. It is indicated
that the hydrolysis reaction rate and the hydrogen yields gradually increased with the rising
solution temperature. When the temperature increased from 30 to 60 °C, the hydrolysis
hydrogen production of MgH,-10 wt% NaH composites increased from 1360.1 mL g~! to
1422.7 (40 °C), 1536.2 (50 °C), and 1601.6 (60 °C) mL g~ .

The fitting of the hydrolysis curves at different temperatures reveals a good linear
relationship between both In(k) and 1/T for the hydrolysis reaction of the MgH,-10 wt%
NaH composite, according to the Arrhenius equation:

Ink=In A — Ea/RT

where k is the reaction rate constant, Ea is the activation energy, R is the gas constant
8.314 (8.314J mol~1.K~1), and T is the temperature of the reaction (in Kelvin). The activation
energy Ea for the hydrolysis of MgH, catalysed by NaH can be calculated by multiplying
the slope of the fitted straight line in Figure 6b by the gas fraction R. The calculation results
show that the activation energy Ea for the hydrolysis of MgHj is 17.79 k] mol~! with the
addition of NaH, which is substantially lower than that of pure MgH, (58.058 k] mol 1) [26].
This reduction in activation energy indicates that the hydrolysis reaction of MgH, is more
likely to occur after the addition of NaH. Compared to the other additives reported in
Table 1, the MgH, composite with NaH in this study demonstrates a lower hydrolysis
activation energy, suggesting that the MgH»-10 wt% NaH composite exhibits superior
hydrolysis performance.
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Figure 6. (a) Hydrogen generation curves of MgH;—10 wt% NaH composite milled for 10 h in
deionised water at different temperatures, (b) Arrhenius plot of hydrolysis of MgH,;—10 wt%
NaH composite.

Table 1. A comparison of the activation energy of the hydrogen generation reaction for various MgH;
composite systems.

Materials Hydrolysis Solution E; (k] mol—1) Ref.

MgH,—10 wt% NaH deionised water 17.79 This work
MgH;—10 wt% CoCl, deionised water 31.3 [27]
MgH, (HCS) 0.1 M AICl; solution 34.68 [21]
MgH, (HCS) 0.5 M AIClj3 solution 21.64 [21]
16MgH, —LiNH, pure water 37.40 [10]
MgH, 0.5 M Fe; (SOy4)3 solution 19.15 [23]

3.3. Effect of Ball Milling Time on Hydrogen Production Performance of MgH;-10 wt% NaH

In addition to NaH content and hydrolysis temperature, ball milling time is also a
crucial factor affecting the hydrolysis performance of MgH, for hydrogen production.
MgH,; mixed with 10 wt% NaH was ball-milled for different times (1, 5, 10, and 15 h)
and subsequently tested for its hydrolysis performance in deionised water. Figure 7a
shows the hydrolysis hydrogen production curves of MgH,-10 wt% NaH ball-milled for
different durations. The figure indicates that all the composites exhibit excellent hydrolysis
hydrogen production performance compared to pure magnesium hydride, underscoring
the significant enhancement effect of NaH addition during ball milling. It is notable that,
even after just 1 h of ball milling, the hydrolysis of composites in deionised water showed
a remarkable improvement in kinetics, releasing 1119 mL g~! of hydrogen in 30 s, with a
conversion rate of 69.2%, which could be considered as a nearly instantaneous completion
of hydrogen production. As shown in Figure 7a,b, the hydrolysis hydrogen production and
maximum hydrogen generation rate (mHGR) of the MgH,-10 wt% NaH composites initially
increased with longer ball milling time, reaching a peak before declining. Specifically, the
highest hydrolysis hydrogen production and mHGR were achieved after 10 h of ball milling,
with values of 1360 mL g~! and 2873.5 mL g~! min~!, respectively. However, extending
the ball milling time to 15 h resulted in a decrease in hydrogen production and mHGR to
1262 mL g~ ! and 2707 mL g~ ! min—!, respectively.
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Figure 7. (a) Hydrogen generation curves, (b) conversion yield and mHGR of MgH; —10 wt% NaH
composite milled for different times in deionised water at 30 °C.

Ball milling is widely recognised as a highly effective and straightforward technique
for altering particle size and morphology, which can significantly influence the hydrolysis
properties of magnesium-based materials. It can be seen that the ball milling time has a great
influence on the hydrolysis performance of the MgH,-NaH system. With the prolongation
of the ball milling time, the reaction rate increases, and the hydrolysis hydrogen production
and mHGR first increase and then decrease. The observed decrease in hydrolysis hydrogen
production and mHGR with the prolongation of ball milling time, as shown in Figure 7a,
could be attributed to the prolonged ball milling time disrupting the structure of NaMgH3.
This disruption leads to the loss of a significant number of active sites and the agglomeration
of MgH), particles, which ultimately deteriorates the hydrolysis performance of MgH,.
In order to further investigate the presence of the agglomeration, SEM analyses were
performed on the micro-morphology of the MgH,-10 wt% NaH composites after different
ball milling times. The results are presented in Figure 8a—d. Figure 8a—c reveal that as the
ball milling time increased from 1 h to 10 h, MgH, and NaH were broken up from the
original lumps into smaller-sized particles. Additionally, NaH became more uniformly
dispersed within the matrix of MgH, (Figure 8c). This improvement in dispersion is mainly
due to NaH acting as an effective grinding aid during the ball milling process, preventing
MgH, particles from agglomerating and thereby refining their size. However, when the
ball milling time was extended to 15 h, it can be seen from Figure 8d that the structure of
NaH was severely damaged, causing it to lose its grinding aid effect. As a result, MgH,
began to agglomerate into large particles, negatively impacting its hydrolysis performance.

To evaluate the dispersion of the NaH additive within the composite materials, Energy-
Dispersive Spectroscopy (EDS) was performed on the MgH,-10 wt% NaH composite
after 10 h of ball milling. The results, depicted in Figure 9a—c, reveal that extensive ball
milling results in a uniform distribution of NaH throughout the composite. The NaH
particles are finely and evenly dispersed across the surface of the MgH,. This uniform
dispersion significantly enhances the hydrolysis activity of the composite, leading to a
marked improvement in its hydrolysis kinetics.
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Figure 8. SEM images of MgH, —10 wt% NaH composites ball-milled for different times: (a) 1 h;
(b) 5h; (c) 10 h; (d) 15 h.

Figure 9. SEM images of MgH, —10 wt% NaH composites (a) and corresponding elemental distribu-

tion map of magnesium (b), and Sodium (c).

4. Conclusions

In this paper, highly active MgH,-NaH composites were prepared and synthesised

via planetary ball milling, with NaH serving as the catalyst for MgH,. The impacts of NaH
content, ball milling duration, and hydrolysis temperature on the hydrolysis properties of
these composites were carefully investigated.

1.

MgHj,-NaH composites prepared by mechanical ball milling have excellent hydrolysis
properties. The hydrolysis reaction kinetics of MgH, can be significantly improved
by adding a trace amount of NaH. The hydrogen production of MgH;-5 wt% NaH
composites was 830 mL g~ ! hydrogen in 20 s, which is 50% of the theoretical hydrogen
production, and this can be regarded as almost instantaneous hydrogen production.
With the increase in NaH addition content, this instantaneous hydrogen production
effect was continuously amplified while ensuring high hydrogen production, which
further enhanced the hydrolysis reaction rate and shortened the reaction time.

The increase in temperature can improve the hydrolysis hydrogen production perfor-
mance of composites. By analysing hydrolysis curves at different temperatures, the
activation energy of the hydrolysis reaction of MgH,-10 wt% NaH was determined to
be 17.79 k] mol !, indicating a significant reduction compared to pure MgH,. The
highest hydrolysis hydrogen production and mHGR were achieved after 10 h of ball
milling, with values of 1360 mL g~! and 2873.5 mL g~ ! min~!, respectively.
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