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Abstract: Hydrolysis is an efficient way of producing hydrogen by using Mg-based waste. In this
study, H2 production is realized in simulated seawater (i.e., 3.5 wt.% NaCl) using the Elektron21
(EL21) alloy as a reagent. This alloy is a magnesium-based alloy composed of 96 wt.% Mg and
4 wt.% rare earth (approx. 3 wt.% Nd and 1 wt.% Gd). EL21 is known for its excellent corrosion
resistance and high tensile strength. The impact of different mechanical treatments (ball milling, cold
rolling, cryo rolling, and cryo ball milling) on the hydrolysis yield of the material was discussed. A
pretreatment with cryo rolling before ball-milling treatment shows the best hydrolysis performance,
with a yield of 90.5% achieved in 10 min in salted water. The ductile-to-brittle transition induced a
modification of the microstructure, which explains the good hydrolysis performances.

Keywords: green hydrogen; hydrolysis; magnesium alloys

1. Introduction

Thanks to its high energy density per mass, cleanness, and abundance, hydrogen
is one of the best energy carriers [1]. By using it in a fuel cell or by burning it directly,
hydrogen can contribute to greenhouse gas reduction (no emission of CO2, only H2O).
Therefore, hydrogen can also be used as a means of locomotion or to produce electricity.

However, in addition to the cost, hydrogen storage [2] and production [3] are still
the factors limiting the commercial application of this element. Currently, the most used
method to produce hydrogen is through the use of fossil fuels (by different methods:
catalytic steam reforming, coal gasification, and partial oxidation) for almost 95% [4] or
electrolysis for 5% [5]. By using cleaner and/or easier methods of producing hydrogen, it
may be possible to increase the range of possible applications. For instance, in order to
produce hydrogen on demand, the hydrolysis of magnesium waste seems to be a good
solution in order to give the waste a second life [6–14]. In fact, magnesium and its alloys
have a low density (thus a high hydrolysis yield), low cost, and low toxicity, as well as
being abundant. Moreover, on-demand production would solve the problem of the storage
and distribution of hydrogen. It will be a three-in-one solution to Mg waste valorization
(as the end product, Mg(OH)2 will be non-hazardous).

Elektron 21 (UNS-M12310) is a light and durable alloy that is used in different fields:
aerospace, military, or motorsport applications. This alloy is composed of magnesium
(96 wt.%), neodymium (2.6–3.1 wt.%), and gadolinium (1–1.7 wt.%) [15]. The machining
of these alloys produces waste in the form of chips. Currently, this produced waste is not
valorized since recycling is prohibitively expensive.

The goal of this study is to find a good way to reuse these metal scraps coming from
industrial waste and give them a second life as a hydrogen generator. This goal can be
achieved by reacting this alloy with water thanks to the reaction:

Mg (s) + 2H2O (l)→Mg(OH)2 (s) + H2 (g) ∆Hr = −354 kJ·mol−1 (1)
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Some studies have already shown that the production of hydrogen from ball milling mag-
nesium and using different additives [6,12,16–22] and different reactive solutions [13,23,24]
increases the yield of the reaction.

The hydrolysis reaction is a great way to produce hydrogen: it only needs water, and
there is no need for extra energy to start the reaction (low-temperature operation). In
addition, this method offers rather pure hydrogen (some water vapor can be present, but
as PEMFC requires water vapor for optimum operation, it is an advantage).

The biggest issue with this method for the hydrolysis of magnesium is the formation of
a passivation layer of Mg(OH)2 on the surface of the alloy, which prevents contact between
water and unreacted Mg, thus limiting hydrolysis [16].

By performing the reaction in salted water (i.e., simulated seawater) [25], the pas-
sivation layer is broken by the formation of MgCl2, which has a higher solubility than
Mg(OH)2 This formation of soluble MgCl2 creates channels where the water penetrates
to reach the core of Mg. The presence of Cl− in the water prevents the agglomeration
of Mg(OH)2 particles around unreacted Mg. The main objective of this study is to apply
various mechanical treatments to EL21 alloy, to improve the hydrolysis reaction. All the
results will be discussed in regard to the XRD analysis (cell parameters and crystallite size)
and the SEM and granulometry measurement (morphology and specific surface). Modeling
will be performed to better understand the reactive mechanism.

2. Experimental Details

All the cold-rolling (CR) treatments were performed by laying magnesium alloy scraps
between two sheets of stainless steel and then rolling the sheets. The different parameters
modified are the number of passes through the rolling setup. For cryogenic rolling (CryoR),
the stainless plates were immersed inside liquid nitrogen for 10 min, then the sample was
placed between the plates and rolled.

Ball milling (BM) of the magnesium alloy (using a Fritsch-Pulverisette 5, FRITSCH
GmbH, Idar-Oberstein, Germany) was performed under argon at a rotation speed of
250 rpm/min for 1 h (four cycles of 15 min of milling then 2 min of rest). The ball to
powder weight ratio is 17:1, corresponding to 8 g of powder and 34 balls (10 mm in
diameter). For cryogenic ball milling (cryoBM), the setup was immersed in liquid nitrogen
for 10 min. It was then used in the milling machine for 15 min. This operation was repeated
four times (e.g., replacing the rest of the 2 min).

Hydrolysis tests were carried out between 25 ◦C and 37 ◦C in a simulated seawater
solution (3.5% NaCl) using a homemade experimental setup [26]. In order to reach the full
reaction (i.e., obtain the total yield), 1 mL of hydrochloric acid was added to the water at
the end of the reaction (after 1 h usually).

The samples were characterized by X-ray diffraction (XRD) using a PANalytical X’Pert
(PW1820, Malvern Pan Analytical, Palaiseau, France) diffractometer with Cu kα1 radiation
(λ = 15,405 Å). Crystallite sizes (according to the weighted Scherrer formula) and cell
parameters were estimated from XRD using EVA software.

Scanning electron microscope observations were made using a Tescan Vega3 SB micro-
scope (TESCAN ORSAY HOLDING, a.s. Brno – Kohoutovice, Czech Republic) equipped
with a secondary electron (SE) detector, a backscattered electron detector (BSE), and an
energy dispersive X-ray spectrometer (EDS) for the elemental surface composition analysis.

3. Results and Discussion

The XRD analysis of all the samples, presented in Figure 1, shows the presence of
magnesium peaks only (PDF 01-089-4894). For the ball-milled sample, the aluminum peaks
come from the sample holder.
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Figure 1. X-ray diffraction patterns of EL21, EL21 ball milled, EL21 cold rolled 7 times, and EL21 cold
rolled 15 times.

EL21, in contrast to pure magnesium, has a preferential orientation along the c-axis,
as shown by the relative intensity of the peaks at 34.4◦ (Plane 002) and 35.5◦ (Plane 101)
(maximum intensity for Plane 002). The cold-rolled samples do not change this preferential
orientation of the alloy since low deformation energy is involved. However, with higher
energy (i.e., ball milling), the preferential orientation disappears. By analyzing the XRD
pattern (Table 1), we can see that the lattice parameters for all samples are approximately
the same and close to those of pure magnesium.

Table 1. Cell parameters and crystallite size of pure magnesium and the different alloys before and
after treatment.

EL21 EL21-BM EL21-CR7 EL21-CR15 Mg (According to
ICSD n◦ 01-089-4894)

a (Å) 3.212 (3) 3.218 (4) 3.214 (4) 3.213 (4) 3.209
c (Å) 5.203 (5) 5.216 (7) 5.208 (7) 5.197 (7) 5.210

L002 (nm) 36 (2) 34 (3) 30 (3) 28 (3)
L101 (nm) 32 (2) 30 (3) 34 (3) 32 (3)

EL21 contains 4 wt.% rare earth. As the metallic radius of RE is larger than that of
Mg (1.82 nm and 1.80 nm for Nd and Gd, respectively [27] vs. 1.60 nm for Mg), a slight
increase in the cell parameter can be expected (in the case of a solid solution). Therefore,
4 wt.% represents only 0.65 mol%, and so the variation would be very limited.

Along the c-axis (L002), the crystallite size seems to decrease when the number of
cold-rolling passes increases. For the ball-milled sample, a small decrease in the crystallite
size in both directions is noticed. By comparing the values of the crystallite size between
EL21 and EL21CR15, we can see that along the c-axis, the crystallite size decreases, but
along both the a- and c-axes (Plane 101), the crystallite size does not change, meaning
that along the a-axis, the crystallite size increases. It is then possible to conclude that the
variation of the crystallite size is anisotropic.

For all the cold-rolling treatments, the surface of the alloy was flattened. We also do
not observe a significant change in thickness between CR3, CR7, and CR15.

Thanks to the SEM observation (Figure 2), we were able to highlight that CR3 does
not exhibit a lot of small cracks (surface defects). For CR7, some big cracks are present but
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also some small ones. Increasing the cold-rolling passes (from three to seven) leads to the
presence of numerous defects. However, comparing the CR15 sample with CR7, we can
notice that some of the small cracks (present on the CR7 sample) are welded back together,
so the number of cracks seems to decrease a little.
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Figure 2. SEM images of EL21 after different mechanical treatment.

Hydrogen generation for some samples is reported in Figure 3. The hydrolysis of the
as-received EL21 is very slow and weak (5% yield after 2 h) (Figure 3). The EL21 sample
without mechanical treatment is a material that has a specific surface and is known to resist
corrosion, so it is normal that it does not react a lot with water.
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Figure 3. Hydrogen generation kinetics and yield of EL21 after different mechanical treatment in
salted water.

Cold rolling increases the hydrolysis yield, with an optimum between CR3 and CR15
for CR7. Nevertheless, cold rolling seven times after 1 h only produces 28.5% hydrogen.
By comparison, Huang et al. [19] obtained after 1 h in seawater a yield of 27.5% with pure
magnesium powder.
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Since the yield of CR15 is lower than that of CR7, we can deduce that a too-severe
mechanical treatment can negatively impact the hydrogen generation of the material. Then,
it is possible to conclude that the number of cracks (cf. previous paragraph, Figure 2)
impacts the specific contact surface between Mg and H2O, thus increasing the efficiency of
the hydrolysis.

Nevertheless, the maximum yield remains low, and, so, in order to have a better
hydrolysis yield, another mechanical treatment might be necessary. Ball milling, cryogenic
rolling, and cryogenic ball milling were tested for that purpose.

Ball milling is influenced by a lot of different parameters such as the type of miller,
ball to powder weight ratio, milling speed, milling time, milling atmosphere, etc. As the
ball-milling process generates a lot of heat and can therefore lead to the agglomeration of
particles, a rest period is necessary to help the sample to cool down. That is why in our
process, ball milling was performed for 15′, and a rest of 2′ was applied.

According to that, this process helps to reduce the size of the particles. This reduction
in size helps to increase the specific surface contact area of the particles and thus increases
the kinetics and hydrolysis yield of the samples.

In addition, as explained by Bacha et al. [13], increasing the milling time without
additives beyond 2 h reduces the hydrolysis performance. Grosjean et al. [24] were the first
to report the beneficial effect of milling on the increase in corrosion of Mg and therefore on
its hydrolysis. It has also been described that milling under argon leads to better results
than milling under H2 [20].

SEM observations of the sample cryo rolled seven times with subsequent ball milling
are presented in Figure 4. Comparing Figures 2 and 4 for CR7 and cryoCR7 clearly
highlights that the number of cracks/defects is comparable in both cases. This means that
the temperature is not low enough to have the ductile–brittle transition for the magnesium
alloy. Ball milling (Figure 4) leads to a huge decrease in particle size. The sample is in the
form of a rough powder.
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Figure 4. SEM micrograph of the sample cryo rolled 7 times and the ball-milled samples with different
mechanical treatments.

We can see on the SEM micrographs that the particle sizes are different after ball milling.
For the BM sample, the particle sizes are larger than 100 µm; for the cryoR7+BM

and CR7+CryoBM samples, they are around 100 µm, and for the CR7+BM sample, the
particles have a size inferior to 100 µm. For these cold-rolled samples and cryo-rolled
ball-milled samples, they all have a platelet shape thanks to the mechanical treatment
performed before the milling. Only the ball-milled samples have a more spherical and
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smoother shape (without a lot of surface defects) in comparison with the other samples.
By comparing the ball-milled sample with the cold-rolled then ball-milled sample, we can
see that the treatment with CR7 considerably reduces the particle size, thus increasing the
surface contact of these particles with water (thus higher yield). We also do not observe a
lot of differences between the particle size and shape of the cryoR7+BM samples and the
CR7+cryoBM sample.

By performing SEM/EDS analysis, we were able to see three different types of phases.
The one that appears white corresponds to rare earth (e.g., gadolinium and neodymium).
The gray phase (the major phase) was composed of almost pure magnesium with a very
low amount of rare earth (within the detection limit of the EDS analysis). Additionally,
some traces of MgO were also detected.

The hydrolysis performances of these mechanically treated materials were measured
and are reported in Figure 5. From this figure, we observe that the sample cryo rolled seven
times has a hydrolysis performance below that just cold rolled seven times.
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Figure 5. Hydrogen generation kinetics and yield of EL21 after cold rolling and/or ball milling.

As observed, by cold rolling the samples before BM, we can obtain higher kinetics than
without CR (Figure 5). This could be explained by the absence (or very limited number) of
cracks on the surface of the sample (see Figure 4). The reduced number of cracks decreases
the reactive surface area between Mg and H2O. It is noticed that after 10 min, all the BM
samples have completely reacted (Figure 5).

By changing the treatment from ball milling to cryo ball milling, we do not notice any
significant change in the hydrolysis kinetics or yield. For all the ball-milling treatments, we
observe a plateau at around 90.5%. This could happen because the samples are a bit old, and
there could be oxidation of a part of the Mg that prevents the formation of MgO/Mg(OH)2
and thus H2. The darker gray phase found on the SEM/EDS sample (attributed to MgO)
could explain the plateau at 90.5%.

In order to obtain a deeper understanding of the hydrolysis behavior, various models
were tried. It is possible to see in Figure 6 that the Avrami model fits the hydrolysis yield
for this sample really well, which is also the case for all the other samples.
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Figure 6. Hydrogen generation kinetics and yield of EL21 CryoR7+BM and the Avrami model of the
same sample.

By comparing the different orders of reaction n reported in Table 2, it is shown that
the order of reaction for all the ball-milled samples stays between 1 and 2, and that the
cold-rolled samples are around 1 or below this value. We can maybe understand that there
is a change in the type of controlled reaction.

Table 2. Order of reaction and kinetic constant of the different samples by using the Avrami model.

CryoR7BM CR7+CryoBM CR7+bm BM CR7 CryoR7

n 1.381 1.276 1.278 1.328 0.958 0.882
k (T−1) 4.9 × 10−4 6.0 × 10−4 6.5 × 10−4 2.0 × 10−4 1.2 × 10−3 1.2 × 10−3

As explained by Sharp et al. [28,29], the ball-milled particles are more susceptible to
react as a phase-boundary-controlled reaction (R3) (reaction is controlled by the movement
of the interface at a constant velocity; it reacts from the surface inward), and the cold-rolled
and cryo-rolled samples are more susceptible to follow a first-order kinetics reaction (F1)
(random germination then instantaneous growth).

The various equations to be used are then:
f (t) = 1− e−ktn

For the Avrami model
F1(α) = Ln(1− α) = −kt with α the fraction of total product to the time of reaction t

R3 (α) =
(

1− (1− α)
1
3
)
=

( u
r t
)

with r the radius of the particle and u the movement
of the interface at a constant velocity

For the kinetic part, the variation of the kinetic constant (Table 2) is very limited
between the different treatments, but a larger kinetic constant for the slowest reactions is
reported. This difference between the model and the reality may come from the difference
in the activation energy (AE) between all the samples. For the cold-rolled samples, the AE
may be high, which is why there is a decrease in the overall kinetics of the reactions. The
AE was not determined since in an aqueous environment, the difference in temperature is
around 50◦ (under 10 ◦C the kinetics are too slow, and over 60 ◦C, there is the formation of
vapor), which provides a high inaccuracy of the measurement of the activation energy.
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4. Conclusions

In conclusion, we investigated the different strategies for hydrogen production from
the alloy Elektron21. Ball milling allows suppressing the preferential orientation of the
alloys along the c-axis.

Cryo rolling tends to change the properties from ductile to brittle behavior, and thanks
to that, increases, after ball milling, the hydrolysis kinetics by increasing the surface of the
sample reacting with water. Nevertheless, the temperature is not low enough to have a full
ductile to brittle transition, so the effect is limited.

It has been shown that ball milling under argon is one of the best ways to have high
kinetics of hydrolysis, but cold rolling before ball milling helps the kinetics even further
for H2 production. After 1 h of hydrolysis, CR7 has a hydrogen yield of 28.5%, and for
CR7+BM, the hydrogen yield increases to 90%.
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