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ARTICLE INFO ABSTRACT

Handling Editor: Dr M Mahdi Najafpour Flake-like particles are interesting materials for the preparation of alloys and homogeneous nanocomposites,
they also have potential use as hydrogen storage materials. However, limited information is available regarding
the synthesis of pure magnesium with flake-like morphology. In this study, the successful production of Mg flakes
was conducted using a cost-effective and simple method, such as high energy ball milling. Various milling pa-
rameters, including different milling times and process control agents, were tested. Optimal conditions led to the
formation of coarse flakes with ~1.72 pm thickness, while a two-step milling process produced thinner flakes
with submicron thickness (~242 nm). Ductilization of the material and a significant reduction in crystal size
during the milling process were observed via X-ray diffraction. Isothermal kinetic tests at 350 °C and 20 bar
revealed improved hydrogen storage performance for both coarse and thin flakes compared to pristine Mg.
Coarse flakes achieved capacities of 4.1 wt% in 60 min while thin flakes reached 4.6 wt% in 6 min, compared to
3.4 wt% achieved in 100 min by pristine Mg. The improved behavior of thin flake-shaped Mg was maintained at
300 °C and 20 bar, with 4.5 wt% of hydrogen absorbed in 6 min. Even at lower testing pressures (10 bar) higher
capacities were achieved at the expense of slower kinetics. These findings suggest that thin flake-shaped Mg is a
suitable material with enhanced performance for hydrogen storage applications.
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1. Introduction to ductilization of hcp materials and severe deformation of the particles

[11].

Interest in magnesium-based materials has been rising in the last
decades due to its abundance on earth’s crust, low density, low cost,
high specific properties and its potential as a solid-state hydrogen stor-
age material [1-8]. Among the many methods for processing Mg, High
Energy Ball Milling (HEBM) has got great attention lately due to the
possibility to prepare ultrafine materials with a wide range of properties
at lower costs than conventional and complex synthesis methods [9,10]
it is also an easily scalable process and is widely used for mechanical
alloying of powders [11-17]. However, it is a complex process due to the
high number of parameters involved in it, all of them influence on the
shape and size modification of the material as a result of a transference
of energy from the milling balls to the particles [18-20]. This energy
could cause many phenomena, from comminution and grain refinement
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This type of deformation could lead to flake-shaped particles, which
are of special interest as precursors for the preparation of various alloys
and nanocomposites due to their ability to promote the uniform distri-
bution of additives in processes such as mechanical alloying [21,22].
Several applications have been reported for the use of flake-like shaped
particles in this type of processes [23-28]. However, there is a lack of
information about the production of flake-shaped powders of magne-
sium, which have potential for applications in the automotive,
biomedical, aeronautical, and energetic fields [29]. In the latter, mag-
nesium stands out as a promising solid-state storage material due to its
ability to reversibly absorb and release hydrogen and its high gravi-
metric capacity (7.6 wt%) [15]. Nevertheless, it poorly performs in
hydrogenation/dehydrogenation reactions, due to its slackened kinetics
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and high thermodynamic stability, requiring morphological, micro-
structural and/or compositional modifications to promote faster sorp-
tion/desorption rates and lower pressure and temperature conditions for
these processes to occur [11,30-37]. The aim of the present work is to
assess the impact of various milling conditions, including milling time
and the use of two process control agents (PCA), on the production of
flake-like magnesium through high energy ball milling, conducted either
in one or two stages. Additionally, kinetic performance in hydrogen
sorption/desorption of the synthesized materials will be evaluated for its
potential use as a solid-state storage material.

2. Experimental
2.1. Mg flakes preparation

Two types of Mg flakes were prepared from powders of commercially
pure magnesium (96 wt%) from Tangshan Weihao Magnesium Powder
Co. Milling took place in a Retsch Emax high-energy ball mill using
stainless-steel jars with a ZrO; coating. All samples were handled in an
argon-filled glovebox (Vigor Tech USA) with oxygen and moisture
contents lower than 1 ppm. For the first set of flakes (which later will be
referred as coarse flakes), milling speed of 300 rpm, filling vial per-
centage of 50% and ball-to-powder weight ratio (BPR) of 40:1 were kept
constant, while zirconia ball size, milling/resting interval, milling time,
hexane and stearic acid (SA) as process control agents (PCA) were varied
in order to improve the flake content in the samples until obtaining the
optimal quantity of flakes with desired morphology. Detailed conditions
used for milling of coarse flakes can be found on Table 1.

To compare hydrogen storage performance of flakes of different
thickness, a second set of samples (later referred as thin flakes) was
produced under a two-step ball milling process at 1400 rpm, hexane and
2 wt% stearic acid were used as PCAs to evade excessive cold welding.
First step consisted in milling for 2 h at a BPR of 40:1 with 1 mm zirconia
balls for comminution, second step required a higher BPR of 60:1 during
0.5 h to produce the desired thin flakes.

2.2. Materials characterization

A JEOL JSM-6490LV scanning electron microscope (SEM) was used

Table 1
Parameters used during milling of magnesium particles for coarse flakes samples
(125 ml jar, 300 rpm speed, BPR of 40:1).

Sample Name® Milling Parameters

Zirconia ball Milling Milling Process
size (mm) time (h) interval (min/  Control
min) Agent, PCA
Z1T1i1:3H 1 1 5/15 Hexane
Z1T2i1:3H 1 2 5/15 Hexane
Z1T3il:3H 1 3 5/15 Hexane
Z1T3i1:3HO0.5SA 1 3 5/15 Hexane - 0.5
wt% SA
Z1T3i1:3H2SA 1 3 5/15 Hexane - 2.0
wt% SA
Z1T4i1:3H 1 4 5/15 Hexane
Z1T5il:1H 1 5 10/10 Hexane
Z1T5i1:3 1 5 5/15 None
Z1T5i1:3H 1 5 5/15 Hexane
Z1T10i1:3H 1 10 5/15 Hexane
Z1T15i1:3H 1 15 5/15 Hexane
Z3T1i1:3H 3 1 5/15 Hexane
Z3T3i1:3H 3 3 5/15 Hexane
Z3T5i1:1H 3 5 10/10 Hexane
Z3T5i1:3H 3 5 5/15 Hexane
Z10T5i1:1H 10 5 10/10 Hexane

@ Each letter in the sample name stands for each parameter used, Z is for
zirconia ball size, T is for milling time, i for milling interval, H for hexane and SA
for stearic acid used as PCAs.
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to study the morphology of both the as-received and the milled powders
(coarse and thin flakes) before and after hydrogen tests. Average size of
the particles as well as the flake percentage (number of flakes relative to
the total number of particles) were determined using the ImageJ soft-
ware [38].

Microstructure of Mg-cp and flake-like powders were determined by
X-ray diffraction (XRD) upon a PANalytical Empyrean Malvern diffrac-
tometer (Cu Ka radiation, 45 kV, 40 mA) scanning in the 26 range of
20-80° with a 0.026° step, further crystalline phase identification was
conducted using X’pert High Score Analysis software and ICSD database,
crystallite size, lattice strain and dislocation density were determined
using the Scherrer calculator tool from the aforementioned software and
the methodology explained by Rios, J. et al. in Ref. [39], Goodness of Fit
and Weighted R Profile values were kept under 4 and 10 respectively, to
assess trustworthy results.

2.3. Hydrogen tests

Kinetics experiments were conducted in a Sievert’s type apparatus
designed and constructed by the researchers, consisting of one volume
for the sample reaction and a reference volume similar to the one re-
ported by Suarez-Alcantara et al. in [40]. Sorption and desorption re-
actions were conducted over 100-300 mg of sample which was
charged/discharged under argon atmosphere to prevent oxygen
poisoning of the materials. Tubing and reference reactor were purged
with three argon-vacuum cycles before running the calibration and
measurement processes. Calibration is required to determine the total
void volume in the system for future calculations and is done by filling
both tubing and reference reactor with argon (7 bar) at 100 °C, a simple
calculation from pressure and temperature changes before and after
communicating both the sample and the reference reactors is done
through the ideal gas equation.

After proper calibration, an activation process was done at 400 °C
during 6 h for sorption (20 bar) and 6 h for desorption (1 bar), this aimed
to generate cracks on previously formed oxides or detach the oxide layer
on the particles to expose pure Mg on the surface, facilitating direct
contact with hydrogen during the tests. Afterwards, isothermal
hydrogen sorption/desorption experiments were performed at 350 °C on
both coarse and thin Mg flakes, as well as on commercially pure Mg for
comparison. Heating was conducted once each sample was loaded in the
analysis reactor, after reaching the isothermal condition at the desired
temperature, a valve located between the sample and the reference
reactor was opened to let a calculated aliquot of hydrogen expand in the
void space, thus, allowing the hydrogenation process to happen, once a
pressure stabilization occurred, i.e., an apparent equilibrium was
reached, the reactor valve was closed and hydrogen in the reference
reactor and tubing was released through a vacuum pump until reaching
a pressure of 0.8 bar. Subsequently, all valves were closed and only the
reactor valve was reopened to start the dehydrogenation process.
Communication of the volumes resulted in a slight expansion of the gas,
thereby, increasing the starting pressure for the desorption experiments
to 1 bar.

Additional sorption tests at 300, 250 and 200 °C at 20 bar were
conducted for thin flakes, desorption reactions were all performed at
350 °C and 1 bar of pressure. Another set of sorption tests were con-
ducted at 350 °C and 300 °C at 10 bar to compare the Mg thin flakes
performance at relatively low pressure against the previously tested
pressure (20 bar). Pressure changes were recorded through a datalogger
every second during the experiments, and data sets obtained were later
used for wt.% Hj uptake/release determination.

3. Results & discussion
3.1. Morphological characterization of materials

Morphology of the starting powders and particle size distribution can
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Fig. 1. As-received powders of commercially pure magnesium, secondary
electron - SEM micrograph (a), and particle size distribution (b).

be observed in Fig. 1, the powders exhibited a spherical well-defined
shape and Log-Normal monomodal distribution with an average parti-
cle size (APS) of 18.07 pm.

A study on the effect of different milling parameters in the produc-
tion of magnesium coarse flakes was conducted to find conditions for the
fabrication of flake contents above 70% in a sample. Among the pa-
rameters studied, milling time and surfactant assisted milling were the
most significant parameters in producing the highest content of flakes,
description of the effect of other parameters in flake morphology and
content (ball size, milling-resting interval, hexane addition and ball size-
time mixed effect) can be found on Supplementary material.

Variations described in sections S1, S2 and S3 from Supplementary
material, such as 1 mm zirconia balls, a milling-resting interval of 1:3
and hexane as PCA were kept constant due to their interesting effect in
the morphology of magnesium flakes with an APS of 32.88 + 6.32 ym
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and thickness of 1.72 + 0.68 pm. Different milling times (1, 2, 3, 4, 5, 10
and 15 h) were tested to improve the flake content of the desired
morphology in the powders, results are presented in Fig. 2. In general,
the variation in average particle size was not significative as observed in
Fig. 2a. Conversely, there were significant variations for the flake con-
tent by varying time, a peak of 73.00% of flakes appeared for the 2 h
milled powder (Z1T2i1:3H), while the flake percentage started to
decrease to values of 50.40%, 35.18%, 32.84%, 14.45%, 14.42% and
3.40% for samples milled at 3, 4, 5, 10, 1 and 15 h respectively, it can
qualitatively be seen in the micrographs presented in Fig. 2b-h. At
milling times as low as 1 h (Fig. 2b), little to no deformation or size
reduction is observed due to insufficient energy transfer from the milling
balls to the powders. However, with further milling (2 h), collisions
between Mg powders and milling balls lead to material deformation and
an increase in the flake content in the powders (Fig. 2c). Although Mg
exhibits a brittle behavior due to its hexagonal closed packed structure
which lacks twinning deformation and have few slip systems, it can be
ductilized by activation of non-basal slip systems when refining the
grain size by ball milling [41,42], in these type of processes an increase
in localized temperature occurs, which could also improve ductility of
HCP-Mg by promoting mobility of dislocations and activation of pris-
matic and pyramidal slip systems [2,43], which can explain the
deformed Mg particles at 2 h of milling.

Further milling at longer times than 2 h, results in a repetitive
agglomeration and fracture process that competes against the defor-
mation of the particles. As a result, newly formed particles with a
spherical shape become predominant over the flake-shaped particles
(Fig. 2d-h).
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Fig. 2. Influence of milling time in the particle size and flake percentage of the particles milled under various times (a) and SE - SEM micrographs of samples
Z1T1i1:3H (b), Z1T2i1:3H (c), Z1T3i1:3H (d), Z1T4i1:3H (e), Z1T5i1:3H (), Z1T10i1:3H (g) and Z1T15i1:3H (h).
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Fig. 3. Particle size and flake percentage for samples processed under surfac-
tant assisted ball milling (a). SE - SEM micrographs of samples Z1T3i1:3H0.5SA
(b) and Z1T3i1:3H2SA (c).

A surfactant such as stearic acid (SA), was added to hexane to eval-
uate its impact on flake production during ball milling. Fig. 3 displays
the change in size, flake content and morphology of the samples pro-
cessed at this stage. The addition of 0.5 %wt. of SA, resulted in a slight
decrease in the flake percentage from 50.40% (sample Z1T3i1:3H) to
41.24% (sample Z1T3i1:3H0.5SA), while a significant increase to
70.74% was observed for sample Z1T3i1:3H2SA, milled with 2.0% of SA
(Fig. 3a). This could be explained by studies where Surfactant Assisted
Ball Milling (SA-BM) was applied [44-46], which propose that incor-
porating a surfactant agent like stearic acid or oleic acid and a liquid
PCA such as hexane or heptane provides a dual effect of lubrication by
creating a surfactant film around each particle that hinders
particle-to-particle interaction during milling, thereby preventing
excessive cold-welding and promoting particle deformation. The sam-
ples with SA addition displayed similar morphology (Fig. 3b and c), both

International Journal of Hydrogen Energy 71 (2024) 1191-1200

consisting of smooth spherical and flake-like particles, although the
Z1T3i1:3H2SA sample had a greater number of flakes.

With the above-mentioned results, a brief mechanism of deformation
is proposed to understand the evolution of the morphology of magne-
sium (Fig. 4). Two schematic routes are presented, both use similar
parameters of high energy ball milling for c.p Mg powders (1 mm ZrO,
balls, 300 rpm, BPR of 40:1, 1:3 milling interval), one of them uses only
hexane as PCA and the other one uses a hexane-2 wt.% stearic acid
mixture. In the hexane-only route, the particles start to deform in a
micro-rolling process that occurs between the starting powders and the
milling balls as stated by Sadeghi, B. & Cavaliere, P in [21]. At 1 h of
milling, there is not enough energy transferred to the material, so little
to no deformation neither size reduction are observed; However,
increasing the time around 2 h leads to a thorough deformation of the
material as a result of the collisions and rolling between the ductilized
powders of magnesium and the zirconia milling balls [2,21], generating
a percentage of flakes higher than 70%. At further milling times (ty, > 3
h) there is additional energy that is allocated to other processes such as
agglomeration, re-welding and fracture of the powders [11], which
occur repetitively and compete against the deformation process, leading
to a decrease in flake content, a refinement of the microstructure caused
by plastic deformation, and the formation of new spherical-shaped
particles with a similar size to that of the starting powders, this was
due to the almost mandatory use of wet milling for Mg because of its
high reactivity to prevent it from sticking to the jar walls and balls
surface [47], which in combination with the low milling speeds (300
rpm) inhibited further comminution of the particles. In the second route,
the addition of 0.5 wt% of stearic acid caused a decrease in flake content
possibly because this quantity is not enough to create a thin film around
the Mg particles. In contrast, a 2 wt% stearic acid promotes the forma-
tion of a thin layer around each particle, as a result of polar groups from
SA being adsorbed onto freshly generated surfaces, since non-polar
groups repulse against each other; cold-welding, agglomeration and
subsequent fracture is prevented [48,49], leading to a higher content of
flake-like magnesium.

Understanding the formation mechanism of the abovementioned
flakes, specifically those in sample Z1T3i1:3H2SA (from now on “Mg
coarse flakes”), an effort to reduce flake particle size and thickness was
done, among the many strategies used, a two-step ball milling method
was the most effective alternative. A first step of milling was conducted
to comminute the particles and induce defects to activate deformation
planes and increase dislocation density before the actual deformation as
Rios et al. stated in Ref. [39]. In Fig. 5a, finer particles than the starting
material with an average particle size of 9.44 4+ 4.72 pm and an irregular
shape were obtained, DRX analysis confirmed the grain refining and
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Fig. 4. Schematic representation of the flake-like particles formation mechanism for magnesium powders at low milling speed (300 rpm).
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Fig. 5. SE - SEM images of Mg particles after (a) first step and (b) second step of thin-flakes synthesis through SA-BM.

Table 2

Results from Scherrer Analysis conducted on XRD patterns of c.p Mg and milled samples.

Sample FWHM (°) Crystallite size (nm) Lattice Strain (%) Dislocation density (x10'* m'2)
c.p Mg 0.0920 197.9 0.065 0.43

Mg Coarse flakes 0.1395 77.5 0.152 2.59

Mg Thin flakes (1st step) 0.3220 26.6 0.425 21.11

Mg Thin flakes (2nd step) 0.4220 17.8 0.633 46.91

dislocation density increase by Scherrer analysis (Table 2).

Mg thin flakes were obtained after a second step of milling, where
high deformation was expected since there were already activated slip
planes, producing flakes with an APS of 12.89 + 7.47 pm and a thickness
of 242 + 72 nm, as seen in Fig. 5b.

3.2. Microstructural analysis

XRD analysis was conducted on starting powders (c.p Mg) and both
Mg coarse flakes (Fig. 3c) and Mg thin flakes (Fig. 5b) to elucidate if a
microstructural change took place during the ball milling process in one
or two-steps. Fig. 6 displays the diffractograms obtained, all samples had
the same reference pattern fitting (ICSD 98-007-7908), showing char-
acteristic magnesium peaks at 20 = 32.18°, 34.40° and 36.62° corre-
sponding to the planes (010), (002) and (011) of hcp-Mg, respectively.
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Fig. 6. XRD patterns of commercially pure Mg (c.p Mg), Mg coarse flakes
(Z1T2i1:3H sample), first and second step of milling for Mg Thin-
flakes production.
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The position of the peaks had no significant change when comparing Mg
coarse flakes spectra with commercially pure sample, indicating that the
hexagonal structure was retained. Nevertheless, a slightly displacement
was observed for both steps of Mg thin flakes formation, which agrees
with the higher lattice strain compared to that of c.p Mg (Table 2).
Additionally, broadening of the main peak occurred for the milled
samples as seen in the inset of Fig. 6, which was later confirmed with the
Full Width at Half Maximum (FWHM) measurements presented in the
same table; indicating that a microstructural refinement with ball mill-
ing of the c.p Mg took place and led to a nanostructured material after
the milling process as reported elsewhere [39]. Hence, reductions of
60.8%, 86.5% and 91.0% in crystallite size were observed when milling
at 2 h/300 rpm (Mg coarse flakes), 2 h/1400 rpm (1st step Mg thin
flakes) and 0.5 h/1400 rpm (2nd step Mg thin flakes) respectively, this
reduction is attributed to the severe deformation induced by ball milling
and an increase in the nucleation sites resulting from a higher density of
dislocations generated during the collisions between the powders and
the milling balls [42,50].

3.3. Hydrogen storage performance

After activation process, isothermal kinetic tests were conducted on
the samples, both thin and coarse flakes were evaluated against c.p Mg.
As seen from the results presented in Fig. 7a, flakes performed better
than c.p Mg in sorption tests at 350 °C/20 bar, with higher capacities
and lower times for reaching those values. Specifically, a hydrogen
storage capacity of 4.6 wt% was reached after 6 min for thin flakes,
followed by 4.1 wt% achieved by the coarse flakes after 60 min of hy-
drogenation, in contrast, c.p Mg presented the lowest capacity (3.4 wt%)
at the longest time (100 min). This improvement in capacity can be
attributed to the nanostructured nature of both type of flakes as
mentioned in the microstructural analysis (Section 3.2), which consti-
tutes more nucleation sites for the formation of magnesium hydride and
diffusion of hydrogen through smaller structures within the material,
allowing a higher hydrogenated volume of the particle and improved
kinetics [51,52]. Additionally, the thickness play an important role in
the kinetics of sorption due to shorter diffusion pathways for the
hydrogen in one dimension (thickness of flakes) [40], this goes in
agreement with the difference in sizes among both types of flakes, where
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Table 3
Results from the kinetics model fitting.
Model Equation” Adjusted R? Activation Energy (kJ/mol)
JMA - 3D [In(1 - )3 — ke 0.96171 110.6 + 22.9
JMA - 2D [In(1 — )|/ = ke 0.97349 79.1 +17.6
-Diffusi 2 . .2 + 16.
CV-Diffusion 1— (Z?Y) Sa-v —ke 0.99844 80.2 + 16.6

# Y = fraction of Mg transformed to MgH,; k = kinetic constant at a given temperature; t = time.

thin flakes present thicknesses in the submicron scale and coarse flakes
in the micron scale, further deformation could lead to thinner particles
with thicknesses in the nanometric scale, which could achieve both
higher capacities and faster kinetics of absorption as seen in 2D particles
of other hydrogen storage materials, due to the higher surface to volume
ratio [23,53]. As expected, desorption processes were slower than
sorption ones (Fig. 7b), due to the thermodynamic stability and sluggish
kinetics of the already formed MgH, [54]. However, improvements in
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kinetics of dehydrogenation were also observed for the flakes, with
complete hydrogen desorption at 30 min for both types of flakes, while
c.p Mg took more than 120 min to completely desorb.

Fig. 8 displays results from isotherms at different temperatures of Mg
thin flakes, a drop in sorption kinetics is observed with a decrease in
temperature (Fig. 8a), except for samples at 350 °C and 300 °C which
behaved similarly and reached capacities of 4.6 wt% and 4.5 wt% at 6
min, respectively. A sample evaluated at 250 °C reached a similar
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Time (min)

Fig. 9. Kinetics of sorption (a) and desorption (b) of Mg thin flakes at 20 and 10 bar.
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Fig. 10. Cycling test of Mg thin flakes (a), SE - SEM analysis (b) and XRD spectra (c) after 10 cycles of hydrogenation/dehydrogenation.

capacity of about 4.5 wt% after 50 min. Dehydrogenation was tested at
temperatures below 350 °C; However, changes in pressure were not
observed after 6 h at 300 °C, leading to no release of hydrogen, same for
test at 250 °C. Hence, all desorption tests were conducted at 350 °C and
1 bar to assess complete desorption (Fig. 8b). All samples behaved
analogously in desorption tests with times for complete release of
hydrogen in the range of 12-15 min, slight differences in total hydrogen
release were observed and they follow the values of previously absorbed
hydrogen.

A kinetics analysis was conducted on the sorption isotherms. Models
that follow the nucleation and growth principle were used: the Johnson-
Mehl-Avrami considering two (JMA-2D) and three dimensional (JMA-
3D) growth of the new phase, and the contracting volume model with
three-dimensional diffusion-controlled growth (CV-Diffusion). Calcula-
tions were performed following the procedure described in Refs. [40,
55]. Briefly, kinetics curves were fitted using the three models in order
to calculate kinetic constants (k) from the slope of these curves. There-
fore, all k’s were plotted against the inverse of temperature for all the
models evaluated (Fig. S4, supplementary material) and activation en-
ergy was computed from the slope of the linear fitting of these graphs;
results as well as the models equations are presented in Table 3.

Both JMA-2D and CV-Diffusion models presented a good fitting
(inset Fig. 8a) with the adjusted R-square values closest to 1 (Table 3).
Nevertheless, residuals were lower for CV-Diffusion compared to JMA-
2D model, leading to conclude that the best fit was the diffusion
controlled model, which indicates that the rate limiting step for the
hydrogenation of Mg thin flakes from 200 to 350 °C, is the diffusion of
hydrogen through the newly formed MgHj phase [40,55]. According to
this model, activation energy for sorption was 80.2 + 16.6 kJ/mol for
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the Mg thin flakes, which goes in agreement with the kinetic results
performance of the material compared to pristine Mg, whose activation
energy is in the range of 95-130 kJ/mol according to literature [56-58].
Due to the similar behavior of Mg thin flakes at 350 °C and 300 °C,
additional tests were performed varying the pressure from 20 to 10 bar
at both temperatures, these tests aimed to identify performance under
lower pressure conditions. Although Mg thin flakes presented slower
kinetics at 10 bar compared to the previous tests, due to a lower driving
force of the hydrogen sorption reaction as a result of a pressure closer to
the equilibrium pressure of pure Mg (4 bar at 360 °C) that leads to
slower rate of sorption [59,60]. Higher capacities were also achieved in
comparison to those exhibited at 20 bar (Fig. 9), this goes in agreement
with Tien et al. [61], who states that a small difference between tem-
perature of the test and equilibrium temperature at a given pressure
could lead to higher capacities thanks to the formation of few nuclei on
the surface that then grow until almost complete hydrogenation of the
particle. In contrast, when the difference is bigger, the kinetics of
nucleation are faster and more nuclei are formed before the growing
stage, leading to faster coalescence of the MgH, formed that prevents the
diffusion of hydrogen to complete hydrogenation of the particle.
Equilibrium temperature for MgH, reaction at 20 bar is about 403 °C,
while at 10 bar decreases to 367 °C [62] and both test temperatures (350
and 300 °C) are closer to the later one than to the equilibrium temper-
ature at 20 bar. However, lowering the pressure of the test to 10 bar
implies a reduction in the driving force that accelerates the kinetics of
hydrogenation [62,63], leading to sorption values of 5.3 wt% in 12 min
and 4.9 wt% in 16 min for tests at 350 °C/10 bar and 300 °C/10 bar,
respectively. This also helped to elucidate the rate-limiting stages at
different pressures. At 20 bar, the rapid formation of the MgH, layer,
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seen as a fast absorption until 4 min (Fig. 9), led to the rate-limiting step
which was the slow process of hydrogen diffusion through the hydride
layer. In contrast, the slow nucleation process in the samples evaluated
at 10 bar, exhibited a faster rate after 4 min compared to those tested at
20 bar, in this case, the rate limiting step was the growth of the nucle-
ated phase because of the low driving force of reaction [8,64].

When comparing values of maximum capacity over the time to
achieve it for the four set of conditions, Mg thin flakes performed better
at 350 °C/20 bar and 300 °C/20 bar than at 350 °C/10 bar and 300 °C/
10 bar, althought the latter have potential for practical applications due
to the operational conditions and the increased hydrogen capacity,
additional modifications such as alloying or using other additives could
help to improve kinetics as seen in other studies [32,40,65-67].

Finally, to evaluate the cyclability of Mg thin flakes, a repetitive
hydrogenation/dehydrogenation test was conducted at 350 °C and 20
bar. From the results presented in Fig. 10a, an additional activation was
observed in the first three cycles, with a hydrogen storage capacity of
4.2 wt% achived after 10 cycles. The material exhibited stable hydrogen
sorption/desorption behavior, showing an increased capacity with each
cycle. Further tests are required to determine the cycle at which a
decrease in hydrogen storage capacity occurs. SEM analysis conducted
after the tests revealed that the flake-like morphology was preserved
(Fig. 10b). This preservation could provide an additional advantage of
using micrometric flakes with submicron thickness over 3D nano-
particles; The latter tend to agglomerate and cold weld with cycling,
resulting in the loss of their interesting nanoscale properties [52,68].
XRD spectra presented in Fig. 10c, evidenced the MgH, formation after
cycling and hydriding, a substantial part of Mg was transformed to its
hydrided form as characteristic peaks at 20 = 27.91, 35.73, 39.88 and
54.61° were observed according to the ICSD-98-002-6624 pattern. A few
peaks of unreacted Mg were also identified, along with peaks associated
to MgO formation. This occurrence was inevitable due to the sample’s
exposure to oxygen for a brief period of time (about 10 s) during XRD
analysis.

4. Conclusions

Different magnesium flakes were successfully obtained from milling
of commercially pure Mg using an Emax high energy ball mill, process in
one or two step led to coarse and thin flakes, respectively. Among the
many parameters evaluated, low milling times (2-3 h) and the use of
hexane + stearic acid as PCAs promoted the formation of highest content
(>70%) of coarse flakes with ~1.72 pm thickness and APS of ~32.88
pm. The two-step process led to the formation of finer and thinner flakes,
thanks to the comminution and activation of slip planes in the first step
and the further deformation in the second step.

The hydrogen storage performance of Mg flakes was assessed
through isothermal kinetic tests at 350 °C and 20 bar, revealing that an
increase in kinetics was achieved by reducing thickness of the flakes,
thinner flakes exhibited faster sorption/desorption rates, reaching a
capacity of 4.6 wt% after 6 min of hydrogenation; even at 300 °C, Mg
thin flakes achieved 4.5 wt% of hydrogen uptake in 6 min microstruc-
tural changes were also evidenced in the flake formation, a decrease in
crystallite size with increased milling time resulted in improved
hydrogen storage capacities and kinetics, lower testing pressure of 10
bar increase capacity as well at expenses of slower kinetics. Among the
highlights of this work, Mg thin flakes presented a high cyclic stability
and preserved morphology after 10 hydrogenation/dehydrogenation
cycles.

The enhanced performance of Mg thin flakes in sorption/desorption
tests makes them a suitable starting material for hydrogen storage ap-
plications, other modification techniques such as alloying with transi-
tion metals can be used to improve storage properties such as
thermodynamics of hydrogenation/dehydrogenation.
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