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Abstract Magnesium’s high storage capacity, with
a theoretical value of about 7.6 wt.%, makes it a via-
ble candidate for hydrogen storage. However, slow
kinetics and strong thermodynamic stability lead to
a rather high desorption temperature, usually above
350 °C. It has been demonstrated that nanosizing
magnesium-based materials is a successful strategy
for simultaneously improving the kinetic and ther-
modynamic characteristics of MgH, during hydrogen
absorption and desorption. MgH, nanoparticles were
obtained by microwave assisted synthesis. To the best
of our knowledge, synthesis of MgH, nanoparticles
by this method has not been reported. It was possible
to produce MgH, nanoparticles smaller than 20 nm.
MgO and Mg(OH), were also present in the pro-
duced nanoparticles, although these compounds may
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enhance the processes involved in the release and
absorption of hydrogen.
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Introduction

Hydrogen is a desirable replacement for conven-
tional fossil fuels that power a sustainable civili-
zation. However, under typical atmospheric and
temperature conditions, hydrogen is a low-density
gas that presents considerable storage difficulty
[1]. Because of their low boiling point, 20.4 K
at 1 atm, hydrogen should be stored in cryogenic
or high-pressure tanks; however, this involves
further energy costs and hazards regarding stor-
age and transport [2]. Scientists have focused on
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hydrogen-containing compounds, especially in
solid state such as metal hydrides and related mate-
rials, to overcome the drawbacks of employing H,
in their native form. Magnesium-based materials
have aroused interest in hydrogen storage applica-
tions because they are lightweight compounds with
high theoretical hydrogen storage capacity (x7.6
wt.%), low cost, and good reversibility [3, 4]. How-
ever, magnesium hydride (MgH,) has a consider-
ably high activation energy (152 to 240 kJ mol™"),
which results in a slow desorption of hydrogen
and a high decomposition temperature, in some
instances up to 350 °C at 1 bar pressure in Ar
atmosphere [5-10]. Due to the above, commercial
hydrogen storage systems containing MgH, have
shown significant drawbacks, which have been try-
ing to be solved by including mechanical alloying,
multiphase complexes, catalytic doping, and using
MgH, with a nanostructured morphology [11]. The
use of MgH, in its nanostructured form allows for a
high surface area, which increases the MgH, reac-
tivity, thus improving both the release and capture
processes of hydrogen [3]. Because microwave
synthesis combines the benefits of uniform heating
of the reactants and speed, it has been used in the
synthesis of nanoparticles [12]. The advantage of
microwave synthesis over other conventional meth-
ods is the short reaction time; this is attributed to
the joined forces created by the microwave’s elec-
tric and magnetic components, which cause fric-
tion and collisions between molecules [12, 13].
Another advantage is the scalability of microwave
synthesis, which has been reported in previous
works [14-17].

Nanosizing Mg-based materials for hydrogen
storage improves kinetics and thermodynamics due
to the high density of grain boundaries in nanopar-
ticles, which gives hydrogen atoms additional dif-
fusion pathways. Besides, due to the smaller size
of the particles, the diffusion paths for hydrogen
diffusion are shorter. Nanosizing Mg-based materi-
als also modify the surface energy, promoting the
instability of MgH, and easing the adsorption of
H, on the surface of Mg nanoparticles [9, 18, 19].
Ball-milling, vapor deposition, plasma metal reac-
tion, chemical reduction of magnesium precursors,
inert gas condensation, and nanoconfinement have
been used to produce nanosized magnesium-based
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hydrogen storage materials [19-22]. However, those
methods could not be viable for mass production
or have a high cost [19]. Thus, it is necessary to
explore new routes to synthesize Mg/MgH, nano-
particles; therefore, we explored microwave synthe-
sis to produce MgH, nanoparticles.

In this experimental work, we propose a
method to produce MgH, nanoparticles assisted
by microwaves. In a tetrahydrofuran (THF)
medium, magnesium chloride (MgCl,) and lith-
ium hydride (LiH) react to produce magnesium
hydride (MgH,) nanoparticles assisted by micro-
waves according to the reaction reported by
Ashby and Schwartz [23]:

MgCly(l) + 2LiH(s) — MgH,(s) + 2LiCl(l)

Because of the lower solubility of MgCl, in
THF [24-28], different kinds of alcohols were
used to dissolve MgCl, in THF. The presence of
MgH, nanoparticles was corroborated by charac-
terization techniques such as SEM, TEM, HRTEM,
SAED, and XPS. MgH, nanoparticles with sizes
smaller than 20 nm were produced. The nano-
particles obtained were also composed of MgO
and Mg(OH),; however, these compounds could
improve the release and absorption of hydrogen
processes [29, 30]. To the best of our knowledge,
the synthesis of MgH, nanoparticles assisted by
microwave has not been reported.

Material and methods
MgH, nanoparticles synthesis

To increase the reactivity of the lithium hydride, the
LiH (Sigma,>95%) used in these experiments was
ball milled in a high-energy ball mill Emax from
Retsch company with a ball-to-powder weight ratio of
8:1 using a ten mm-diameter zirconia ball in a stain-
less-steel vessel of 50 ml coated with zirconia. MgCl,
(Sigma,>98%) was dissolved in the respective alco-
hol and THF (Sigma, >99.9%) until 20 mL; after that,
the LiH was added, and the mix was stirred at 400
RPM for one hour. The synthesis of MgH, nanoparti-
cles was carried out utilizing a Monowave 400 Anton
Paar equipped with an infrared temperature sensor.
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The nanoparticles were obtained with faster heating
until the reactants achieved 100 °C and a holding time
of 15 min. The lithium chloride (LiCl) was separated
from MgH, nanoparticles through cycles of centrifu-
gation and washed with THF. For producing MgH,
nanoparticles using ethanol (Sigma,>99.9%), we
evaluated two volumes of ethanol (2 and 4 mL) mixed
with 100 mg of MgCl,; each volume was mixed with
13 mg of LiH and THF until complete 20 mL; the
samples were named according to the volume of etha-
nol used (Et-4, and Et-2). For producing MgH, nano-
particles using isopropyl alcohol, we assessed three
volumes (3,6 and 9 mL) of a stock solution composed
of 26 mL of isopropyl alcohol (Sigma, >99.8%) and
150 mg of MgCl,; those aliquots were mixed with
5 mg of LiH and THF until 20 mL; the samples were
named according to the volume of a stock solution
used (Iso —3, Iso-6 and Iso0-9).

MgH, nanoparticles characterization

ThermoFisher Scientific Apreo 2 field emission scan-
ning electron (FESEM) microscope, outfitted with
an energy-dispersive X-ray (EDX) microprobe, was
utilized for particle morphologic characterization. A
Tecnai G2 F20 S-Twin TMP transmission electron
microscope (TEM) was utilized, with a field emis-
sion source, resolution of 0.1 nm at 200 kV, maxi-
mum magnification of 1.0 MX in TEM, GATAN
camera US 1000XP-P, and EDX Oxford Instruments
X-MAX. HRTEM images were evaluated using the
Digital Micrograph software with the Difftools script
[31]. SAED images were analyzed using the CrysT-
Box software [32]. Compounds were identified by
d-spacing analysis using the XRD files: MgH, (ICSD
98-015-8273), Mg (OH), (JCPDS 00-001-1169),
and MgO (JCPDS 00-001-1235). The MgH, nano-
particles were analyzed with X-ray photoelectron
spectroscopy (XPS) using a (NAP-XPS)-Spects
equipment that was outfitted with a monochromatic
Al-Ka source (1486.7 eV, 13 kV). The XPS data were
calibrated using adventitious carbon at 285 eV as the
reference. The XPS spectra were analyzed using the
casaXPS software. The DSC measurements were
run on Q200 equipment from TA instruments under
a 50 mL/min nitrogen flow from 100 to 400 °C. The
TGA measurements were run on Q500 equipment

from TA instruments under a 50 mL/min nitrogen
flow from 30 to 400 °C.

Results
Preliminary assays

Intending to produce MgH,, we mixed in preliminary
assays 50 mg of MgCl, and an excess of LiH (10 mg)
with THF; this mix was fast heated until the reactants
achieved 180 °C with a holding time of 15 min. Fig-
ure S1 shows the SEM images of the product obtained
in the preliminary essay 1 (PEl). From Figure S1,
a few particles larger than 20 pm were produced,
composed of Mg, O, and Cl. From these results, we
concluded that MgH, could be formed but in a lower
quantity. However, this temperature increased the vial
pressure; for this reason, we used a lower temperature
that allows a moderate pressure in the vial (100 °C).
Based on the scientific literature and our experiments,
we concluded that MgCl, has a very low solubility in
THF. Thus, based on the work of Wagner et al. [24],
we employed alcohols as electron donors to increase
the solubility of MgCl, in THF to produce a higher
amount of MgH, with a lower size, preferably nano.

MgH, nanoparticles obtained with ethanol

Figure 1 shows the particles obtained using etha-
nol to solubilize MgCl,. From Fig. 1, in both cases
(Et-4 and Et-2), particles with sizes smaller than
200 nm were formed; however, there are differ-
ences in particle size. For Et-4, the particle size was
161.10+44.71 nm compared to 62.84 +17.70 nm for
Et-2; in both experimental conditions, the particles
were seen to agglomerate. Thus, it is necessary to use
TEM to obtain the actual value of nanoparticle size.
Due to the lower particle size, we selected the Et-2
condition for further characterization. Figure S2 (a)
shows the EDX analysis of Et-2 samples; they were
made up of Mg, O, and CI.

Figure 2 shows the TEM characterization of MgH,
nanoparticles obtained with ethanol (Et-2). From
Fig. 2, we observed MgH, nanoparticles with a size
of 5.24+3.09 nm, and 80% of the particle size was
under 6 nm (see Figure S3 (a)). Besides, from Fig. 2,
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Fig. 1 SEM images of MgH, particles obtained with ethanol, Et-4 (a-c), and Et-2 (d-f)

the SAED and HRTEM images display that nanopar-
ticles were composed of MgH,, MgO, and Mg(OH),.

Figure 3 displays the X-ray photoelectron spec-
troscopic spectra of Et-2 samples. The Mg 2s and
Mg 2p regions were centered at 88.96 and 50.23 eV,
respectively, corresponding with magnesium hydride

@ Springer

[33-35]. The O 1s region has two peaks centered at
531.98 and 533.48 eV; those peaks are related to the
0?~ (MgO) and CO32', respectively [36]. The C 1s
region has three peaks at 285, 286.94, and 288.99 eV,
the peak at 285 eV corresponds to adventitious car-
bon; the peak at 286.94 eV corresponds to C-O, and
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Fig. 2 TEM and SAED
images of MgH, nanoparti-
cles obtained with ethanol
(Et-2)
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10 1/nm

Measured: 0.2515 Reported: 0.2515 MgH, (01 1)
Measured : 0.2169 Reported : 0.2199 MgH, (111)
O Measured : 0.1543 Reported : 0.1570 Mg(OH), (11 0)

the peak at 288.99 eV is related to the O-C=0 [37,
38]. From the C s and O 1s regions, as well as the Li
Is position (55.61 eV), we can conclude that a lith-
ium alkyl carbonate (ROCO,Li) was formed.

MgH, nanoparticles obtained with isopropyl alcohol

The particles produced by solubilizing MgCl, with
isopropyl alcohol are depicted in Fig. 4. From Fig. 4,
particles were formed in all conditions; however,
Iso-3 and Iso-9 samples have particles bigger than
5 pm. On the other hand, Iso-6 samples have parti-
cles with a size of 134.39+60.61 nm. Since only the
Iso-6 sample contains particles smaller than 200 nm,
we choose this condition for additional analysis. The
EDX analysis of the Iso-6 samples (see Figure S2 (b))
shows signals related to C, Mg, O, and Cl.

The TEM characterization of MgH, nanoparti-
cles made with isopropyl alcohol (Iso-6) is displayed
in Fig. 5. Based on Fig. 5, the MgH, nanoparticles
measured 17.14+5.60 nm, with 70% of the parti-
cles falling below 20 nm in size (refer to Figure S3
(b)). Furthermore, as seen in Fig. 2, the SAED and
HRTEM pictures show that the nanoparticles were
made up of MgH, and Mg(OH),.

The X-ray photoelectron spectroscopic spectra of
the Iso-6 samples are shown in Fig. 6. The centers of
the peaks in Mg 2s and Mg 2p regions were 49.97 eV
and 88.73 eV, respectively, corresponding to mag-
nesium hydride [33-35]. There are two peaks in the
O 1s area, with centers at 531.36 and 533.05 eV;
OH™ (Mg(OH),) and CO32_ are associated with those
peaks [36, 37, 39, 40]. Three peaks are seen in the
C Is region: 285 eV, 286.67 eV, and 288.78 eV. The
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Fig. 3 X-ray photoelectron spectroscopic spectra of Et-2 samples. Mg 2s region (a), Mg 2p and Li 1s region (b), O 1s region (c¢), C

1s region (d)

peak at 285 eV is associated with adventitious car-
bon, the peak at 286.67 eV is associated with C-O,
and the peak at 288.78 eV is associated with O-C=0
[37, 38]. We may infer that a lithium alkyl carbonate
(ROCO,Li) was produced based on the C Is and O 1s
regions and the Li 1s position (55.60 eV).

Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA)

Different heating rates (5, 10, and 15 °C/min) were

used for the DSC measurements of the Et-2 and Iso-6
samples, as seen in Fig. 7. From Fig. 7, at 5 °C/min,
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the peak of Et-2 and Iso-6 samples was 301.77 and
316.86 °C respectively. Kissinger equation was used
to calculate the activation energy (E,) according to:

B\_ Eif1L
‘“(ﬁ)‘ R<TP>+A

where P corresponds to the heating rate, Tp is the
temperature of the peak from the DSC curves for a
given heating rate, the gas constant value is R, and A
is a linear constant. The values of E, were 67.69 and
99.61 klJ/mol for the Et-2 and Iso-6 samples, respec-
tively. Figure 8 shows the TGA curve for the Et-2
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Fig. 4 SEM images of MgH, nanoparticles obtained with isopropyl alcohol, Iso-3 a, Iso-6 b-e, Iso-9 f

sample using a heat rate of 10 °C/min; from Fig. 8, in range from 150 to 280 °C there was a weight loss of
the temperature range from 295 to 330 °C there was around 6%.
a weight loss of 6.85%, besides in the temperature
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Fig. 5 TEM and SAED
images of MgH, nanoparti-
cles obtained with Isopropyl
alcohol (Iso-6)
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Discussion

TEM and XPS characterizations show that Et-2 and
Iso-6 samples were composed of MgH,, Mg(OH),,
and MgO. Previous reports have demonstrated that
MgO could be a catalyst of MgH, to improve the
kinetics and thermodynamics of hydrogen absorp-
tion and desorption [29, 30, 41-43]. Li et al. [30]
produced MgO in situ by mixing KOH and MgH,
through ball milling. The authors concluded that the
MgO generated in situ promotes MgH, desorption.
On the other hand, there is no evidence that Mg(OH),
could improve the kinetics or thermodynamics of
hydrogen absorption or desorption in MgH, [44].
However, Mg(OH), could be protective against
atmospheric contaminants such as water or oxygen
[42]. XPS analysis revealed a lithium alkyl carbonate
in both Et-2 and Iso-6 samples. However, from EDX
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characterization (see Figure S2), carbon was detected
only in the Iso-6 sample; thus, this sample could have
a considerable amount of this carbonate.

Previous experimental papers have reported that
the temperature of dehydrogenation of pristine MgH,
is higher than 400 °C [7, 41, 45-48]; using ball
milling, the dehydrogenation temperature could be
decreased until values between 350 and 400 °C [7,
34, 49, 50]. Comparing the values of dehydrogena-
tion temperature of MgH, nanoparticles produced in
this experimental work with pristine and ball-milled
MgH,, there is a dehydrogenation temperature reduc-
tion of at least 100 and 50 °C, respectively. Zhang
et al. [48] reported a dehydrogenation temperature
of 431.4 °C for pristine MgH, by DSC using a heat-
ing rate of 5 °C/min. In contrast, at 5 °C/min, the
temperatures of Et-2 and Iso-6 samples were 301.77
and 316.86; this is a decreasing in dehydrogenation
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Fig. 6 X-ray photoelectron spectroscopic spectra of Iso-6 samples. Mg 2s region (a), Mg 2p and Li 1s region, (b), O 1s region (c), C

1s region (d)

temperature of 130 and 115 °C correspondingly.
Babic et al. [50] reported a dehydrogenation tempera-
ture of 376 °C for ball-milled MgH, by DSC using
a heating rate of 5 °C/min, comparing the values of
dehydrogenation temperature of Et-2 and Iso-6 sam-
ples with the ball-milled MgH, a temperature reduc-
tion of 74 and 59 °C correspondingly. MgH, nanopar-
ticles have been obtained through dibutyl magnesium
decomposition in H,, Ar, or vacuum atmosphere
[51-60]. According to the literature review, the des-
orption temperature of MgH, nanoparticles obtained

by dibutyl magnesium decomposition was between
300 and 400 °C. All authors highlight that the MgH,
nanoparticles have advantages in terms of bet-
ter kinetics in hydrogenation and dehydrogenation.
Nevertheless, nowadays, this procedure to produce
MgH, nanoparticles is unfeasible for mass production
due to the cost of dibutyl magnesium and the com-
plexity of the process [19]. MgH, activation energy
related to dehydrogenation has a value between 152
to 240 kJ mol~! [5-10] when the MgH, is ball milled;
this value could be reduced until the range from 110

@ Springer
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Fig. 7 DSC curves for Et-2 (a) and Iso-6 (¢) samples. Kissinger plots for Et-2 (b) and Iso-6 (d) samples

to 140 kJ mol™! [49, 61, 62]. From Fig. 7, there is a
diminution in activation energy related to the dehy-
drogenation of Et-2 and Iso-6 samples compared with
pristine and ball-milled MgH,.

The TGA curve displayed in Fig. 8 shows two
zones of interest, from 150 to 280 °C and 295 to
330 °C; the first zone could be related to due to the
loss of solvent from the sample, and the second zone
corresponds to the dehydrogenation of MgH, nano-
particles which agrees to the results seen in DSC
(Fig. 7). In previous experimental works, TGA has
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been widely used to measure hydrogen storage capac-
ity in magnesium-based materials [41, 63—-67]. Thus,
due to the low amount of each sample we could
obtain, we used TGA to get an approximate value of
hydrogen storage capacity. However, it is essential
to highlight that we use TGA as a screening tool. To
obtain an accurate value of hydrogen storage capacity,
it is necessary to use other methods, such as measure-
ments of hydrogen absorption and desorption in Siev-
ert’s apparatus [68].
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Conclusions written through contributions of all authors. All authors have

In this experimental work, we could produce MgH,
nanoparticles with the help of microwaves. The MgH,
nanoparticles were produced by solubilizing MgCl,
in ethanol and isopropyl alcohol; those particles have
sizes of about 5 and 17 nm, respectively. From DSC
results, at 5 °C/min, the lowest dehydrogenation tem-
perature measured was for sample Et-2 with a value
of 301.77 °C, which is 130 and 74 °C lower than pris-
tine and ball-milled MgH,, respectively. The lowest
value of activation energy in dehydrogenation was for
the Et-2 sample, with a value of 67.7 kJ mol~'. Future
research involves increasing the amount of MgH,
nanoparticles obtained and evaluating the hydrogen
absorption and desorption in Sievert’s apparatus.
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