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Mg—Fe mixtures, with a nominal Fe content of 3 wt.% and 6 wt.%, hereafter Mg—Fe (3 wt.%)
and Mg—Fe (6 wt.%), were produced by ball milling and exposed to air for 12 h. After a
proper activation procedure, which consisted in heating in vacuum and three hydriding/
dehydriding cycles; their hydriding and dehydriding reactions were characterized by a
gravimetric method. The hydrogen uptakes were 5.3 wt. %, 5.6 wt. % and 6.2 wt. % for the
air-exposed Mg, Mg—Fe (3 wt.%) and Mg—Fe (6 wt.%) mixtures respectively at 350 °C and
30 bar. Pressure-Composition-Temperature (PCT) curves demonstrated a reduction of the
hysteresis of the Mg—Fe mixtures as compared to pure Mg. Powder X-ray diffraction of the
studied materials confirmed the formation of fine mixtures of Mg and Fe, without evidence
of solid solution or mixed hydride formation.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

and insufficient energy storage density. However, niche ap-
plications, where neither the working temperature nor
weight/volume restrictions applies or where a low-cost ma-

Hydrogen is a promising alternative to fossil fuels; however
for tangible applications, it is necessary to develop the “per-
fect” hydrogen storage material and the corresponding large-
scale production systems. On the road for that “perfect”
hydrogen storage material, Mg/MgH, and its alloys had been
extensively studied [1—4]. It is agreed that Mg/MgH, is not
suitable for mobile applications due to its high dehydriding
temperature, relatively slow hydriding/dehydriding kinetics,

terial is needed, are still possible. Heat storage or hydrogen
storage for stationary applications are some examples of
such possible applications [5].

Fe had been reported as a suitable additive for improving
hydriding/dehydriding kinetics in several systems. Some
outstanding examples include: i) the addition of Fe to Mg/
MgH, in several concentrations, from fractions of mole up to
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2Mg—Fe (i.e. formation of Mg,FeH after hydriding) [6—10]. ii)
Fe addition from micrometric to nanometric powders size
[11].iii) Addition of Fe in order to form binary or ternary alloys
with a wide range of metals and compositions [12—15]. iv)
Addition of Fe as part of another compound such as Fe,03,
FeTi, 5, ZrFe; 4Cro 6 [2,16] or FeF3 [17]. v) Addition of Fe in other
systems such as Mg@Fe core—shell structures [18], graphite
[19] or LiBH4/MgH, reactive hydride composites [20]. Also, Fe
is a common contaminant of the ball milling process when
steel milling vials or balls are used [20—21]. Therefore Mg—Fe
materials, in which the Fe source and content had been var-
ied from just doping amounts to contents enough to form
Mg,FeHg, appear as interesting and promising materials for
hydrogen storage.

A large-scale production system of hydrogen storage ma-
terials must be efficient, cheap and environmentally friendly.
An important weakness of any intended large-scale produc-
tion system of hydrogen storage materials will be the high
cost of preparation, handling, and storage under a high purity
inert atmosphere. This weakness is common to all hydrogen
storage materials based on metal hydrides that are sensible
to oxygen and moisture. However; if large-scale utilization of
hydrogen storage materials is envisioned, intentional or un-
intentional exposition to the air of materials might not be
avoided at some point. Thus, it is highly advisable, to know a
quick way to re-activate the materials and their hydriding/
dehydriding response after such expositions. After exposition
to air, it is expected the formation of MgO over the Mg surface.
The formation of a MgO layer on the surface of Mg has been
observed, theoretical and experimentally, to drastically
decrease the diffusion of atomic hydrogen and to diminish
the hydrogen storage capacity [22,23]. However, appropriate
activation procedure could alleviate some of the adverse ef-
fects of the oxide formation in hydrogen storage materials
[24]. Recently, Mg-LiH and Mg-M-LiH (M =Y, Zn, Al, Ag) alloys
that were intentionally exposed to air demonstrated activity
towards hydrogen storage [25]. In the present work, we study
the production of Mg—Fe mixtures, their intentional exposi-
tion to air, an activation procedure, and the materials
response to hydriding/dehydriding reactions.

Materials and methods
Materials preparation

Mg—Fe mixtures were prepared by ball milling in two
different nominal proportions: 3 wt.% and 6 wt. % of Fe,
respectively. Hereafter they will be referred to as Mg—Fe
(3 wt.%) and Mg—Fe (6 wt.%). The raw metal powders of Fe and
Mg (both 2.3 mm size, 99.8% purity, Alfa Aesar) were stored in
an argon-filled glove box until mixture preparation. Each
milling batch consisted of 30 g of metal powders and 3 mL of
methanol as the milling control agent. The ball to powder
ratio was 11:1. The milling vial and the balls were made of
hardened steel. The milling vial, containing the powders,
methanol, and balls, was tightly closed inside a glove box
under high purity argon atmosphere. Then the vial was
transferred to the mill located outside of the glove box. The
milling process was performed in a planetary mill (Fritsch

Pulverisette 6) at 350 rpm. The total effective milling time was
60 h in 40 cycles of 1.5 h of milling and 0.5 h of pause. After
milling, the vial was cooled down to room temperature; then
the lid of the vial was carefully loosened (so as to allow the
influx of air) and the as-milled powders were exposed in this
way to the air for 12 h. The whole milling procedure and air-
exposure was settled accordingly previous experience of our
research group [25]. As-milled powders were then collected
and stored in argon atmosphere to avoid further oxidation. A
sample of pure Mg powders was also milled and exposed to
air for 12 h with the same procedure as the Mg—Fe mixtures.
In the following, the characterization of the air-exposed Mg is
presented for comparison whenever necessary.

Activation, hydriding/dehydriding cycling and Pressure-
Composition-Temperature (PCT) data collection

Activation and hydrogen storage properties were performed
on a carefully calibrated gravimetric equipment (PCTM-6000
Techno Systems Co., Ltd). Samples of 3 g of Mg, Mg—Fe
(3 wt.%) and Mg—Fe (6 wt.%) were used for hydriding/dehy-
driding characterization. The weighing of each sample and
transfer to the PCTM-6000 equipment was performed without
atmosphere protection, i.e. in the open air. Once the sample
was in place and sealed in the PCTM-6000, a pre-treatment or
activation was performed consisting of vacuum pumping for
30 min at room temperature, followed by heating to a tem-
perature of 350 °C (10 °C/min heating rate) while continuing
vacuum pumping.

After reaching the 350 °C temperature, hydriding/dehy-
driding cycling was performed. Hydriding reactions were
performed at 30 bar hydrogen pressure. Dehydriding re-
actions were performed by reducing the hydrogen pressure to
0.1 bar. The hydriding/dehydriding cycles were performed in
a time-programmed way. For the hydriding reaction, the
hydrogen pressure was increased from 0.1 bar to 30 bar over a
period of 5 min and then the pressure was held at 30 bar for
55 min. The dehydriding reaction was carried out by
decreasing the hydrogen pressure from 30 bar to 0.1 bar over a
period of 5 min, then the pressure was held at 0.1 bar for
55 min. Three hydriding/dehydriding cycles were performed,;
the data shown in the Results section correspond to the 1st
and the 3rd cycle. Following the cycles at 350 °C, the tem-
perature was decreased to 300 °C and three cycles of
hydriding/dehydriding were again performed. After that, a
temperature of 250 °C was fixed and another three hydriding/
dehydriding cycles were done. In case that the dehydriding
reaction was not completed in the fixed time, particularly at
250 °C, the dehydriding was forced by heating up to 350 °C for
30 min, and then decreasing again the temperature to 250 °C.
The sample of pure Mg powders was pre-treated in the same
way as the Mg—Fe mixtures. However, the time-window of
cycling was increased to 2.5 h for both the hydriding and the
dehydriding reactions.

Pressure-Composition-Temperature (PCT) curves were
determined at 350 °C and 300 °C using the same samples after
performing the cycling tests described above. Each complete
PCT curve data collection lasted about 1 week. The hydrogen
pressure was gradually increased or reduced in a pro-
grammed way, provided a “stability” condition was achieved.
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This stability condition is defined as no changes in the
recorded weight in a selected number of measurements; in
our experiments, this translated as no changes above 0.1 mg
(3000 mg samples) in 60 measurements. One measurement
was taken every 60 s. The sensibility of the balance of the
gravimetric PCTM6000 system is 0.1 mg.

Finally, to perform the physical characterization of the
hydrided materials, the samples were heated-up to 350 °C and
exposed to 30 bar hydrogen pressure for 1 h. Then the system
was cooled down to room temperature, the H, pressure was
reduced then exchanged for Argon, and then the samples
were transferred to an argon-filled glove box.

Physical characterization

The morphology of the as-prepared powder mixtures and the
hydrided materials was observed in a scanning electron mi-
croscope (SEM, XL/SFEG/SIRION, FEI Company). Samples were
dispersed on carbon tape and transferred to the SEM cham-
ber. X-ray diffraction (XRD) experiments were performed on a
SIEMENS D-500 diffractometer, using monochromatic CukK,;
radiation (A = 1.54056 A). The XRD patterns were taken over
the range from 20° to 80° in 260, with a step of 0.03° and 5 s per
step. XRD patterns were analyzed with the help of the MAUD
software and the crystal data available at the ICSD (Inorganic
Crystal Structure Database- Karlsruhe) or at the COD (Crys-
tallography Open Database). Rietveld analysis was performed
with the MAUD Software over the whole experimental 26
range.

Results

SEM and DRX characterization of as-milled and air-exposed
materials

Fig. 1 presents the SEM image of as-milled Mg—Fe (3 wt.%). As-
milled Mg and Mg—Fe (6 wt.%) SEM images are very similar to
Fig. 1 and they are available in the Supplementary material.
The ball-milling process produced Mg—Fe particles with sizes

AccV Spotag
20.0kv 30 20000x SE 63 1 MgFe3

Det WD Exp

Fig. 1 — SEM micrographs of as-prepared materials of
Mg—Fe (3 wt.%).

between 1 and 50 pm, with a majority of particles around
10 um in size. The “popcorn-like” morphology was a common
characteristic of Mg, Mg—Fe (3 wt.%) and Mg—Fe (6 wt.%)
samples. The particle surfaces show features corresponding
to stacked material, in agreement with the occurrence of cold-
welding of particles during ball milling.

XRD patterns of the as-milled and air-exposed materials
are presented in Fig. 2. The patterns exhibit the characteristic
Mg and Fe peaks. Thus, the as-prepared materials consist of a
fine mixture of Mg and Fe particles. Despite the expected
formation of oxides after 12 h of air exposition, neither mag-
nesium oxides nor iron oxides were evident from the XRD
patterns. This is taken again in the Discussion section. Table 1
shows the results of calculations of lattice parameters and
crystallite sizes. The Mg lattice was essentially unmodified by
ball milling or the Fe addition. The crystallite size of Mg ranges
between approximately 300 and 400 A.

Activation and hydriding/dehydriding cycling results

Fig. 3 presents the first hydriding curve of Mg, Mg—Fe (3 wt.%)
and Mg—Fe (6 wt.%) after the activation procedure; i.e. 30 min
of vacuum pumping at room temperature, followed by heat-
ing to 350 °C while continuing vacuum pumping. As corre-
spond to air-exposed materials, the hydrogen uptake is not
completed in the programmed time, particularly at the air-
exposed Mg. The Mg-Fe (6 wt.%) presented the best
hydrogen uptake among the three samples, the numbers
were: 2.5 wt.% for Mg; 4.2 wt.% for Mg—Fe (3 wt.%) and
5.1 wt.% for Mg—Fe (6 wt.%). Figs. 4—6 presents the third cycle
of hydriding/dehydriding of the studied materials. The
cycling led to the improvement of hydrogen uptake; this ef-
fect indeed alleviated in some degree the adverse effects of
the air-exposure. Fig. 4 presents the hydriding/dehydriding
cycling of Mg—Fe (3 wt.%) mixture at 350 °C, 300 °C and 250 °C.
A maximum hydrogen uptake of 5.6 wt.% was achieved at
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—
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Mg-Fe(6wt.%)

SR
e o3 RS
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Intensity [a.u.]
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Fig. 2 — Powder X-ray diffraction patterns of as prepared
(milled and air-exposed) Mg, Mg—Fe (3 wt.%) and Mg—Fe
(6wt.%) mixtures. Dots: experimental data; line: Rietveld
refined data.
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Table 1 — Refined cell parameters and crystallite size of as-milled materials.

Material Cell Parameters [A] Crystallite size [A]
Mg (ICSD 642651): a = 3.20944 A, c = 5.21076 A
Fe (ICSD 180969): a = 2.869 A

Mg Mg: a = 3.212(4); ¢ = 5.2153(5) Mg: 355 + 3
Mg—Fe (3 wt.%) Mg: a = 3.212(2); c = 5.216(4) Mg: 299 + 2

Fe: a = 2.869(3) Fe: 354 + 16
Mg—Fe (6 wt.%) Mg: a = 3.203(1); c = 5.200(4) Mg: 407 + 7

Fe: a = 2.862(2) Fe: 1000 + 59

350 °C. Released hydrogen accounted for 5.4 wt. % at 350 °C.
Hydriding/dehydriding reactions were completed in 10 min at
this temperature. At 300 °C, the hydrogen uptake was finished
in 30 min reaching 5.4 wt.%; meanwhile, the dehydriding
reaction was slower, achieving only 4.8 wt.% of released
hydrogen in 50 min. The hydriding/dehydriding reactions at
250 °C were not completed in the programmed time. The
hydrogen uptake was 4.8 wt.%, while only 1.1 wt. % hydrogen
was desorbed (both measurements made in one hour time).
The amount of hydrogen uptake/release and the hydriding
kinetics correspond well with the temperature, i.e. at higher
temperature, faster kinetics and larger hydrogen uptake.

Fig. 5 presents the hydriding and dehydriding cycles for the
Mg-Fe (6 wt.%) mixture. In this mixture, the maximum
hydrogen uptake was 6.2 wt. % at 350 °C. This is slightly higher
than the hydrogen uptake observed in Mg—Fe (3 wt.%) at the
same temperature. The maximum hydrogen uptake at 300 °C
was 5.8 wt.%. Hydriding reactions were mostly completed in
10 min at 350 °C and 300 °C. At 250 °C, the hydrogen uptake
was 5.0 wt% and the kinetics was remarkable slower
compared with the experiments at higher temperatures.
Other observed effects of the larger Fe addition were an
improvement of the dehydriding kinetics and an increase in
the total amount of released hydrogen. At 350 °C and 300 °C
the fast stage of the hydriding reaction lasted for about 10 min;
at 250 °C, it was about 30 min. The dehydriding reaction was
well completed at 350 °C and 300 °C, while during 1 h
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Fig. 3 — First hydriding curve of air-exposed Mg, Mg—Fe
(3 wt.%) and Mg—Fe (6 wt.%) materials at 350 °C and 30 bar.

dehydriding at 250 °C, the Mg—Fe (6 wt.%) mixture released
2.9 wt. % H,.

Fig. 6 presents the hydriding/dehydriding cycles of air-
exposed Mg powders. Hydrogen uptake at 350 °C was about
5.4 wt.% after 2.5 h reaction. The dehydriding reaction was
slow; it was completed after 1 h reaction. The hydriding re-
action at 300 °C followed practically the same kinetics than at
350 °C; however, dehydriding was not completed within the
2.5 h test time (only about 1 wt.% hydrogen was released). No
hydriding/dehydriding reactions were observed for the air-
exposed Mg powders at 250 °C. Thus, a clear beneficial effect
of Fe addition was found. Table 2 summarizes the data on
hydrogen uptake for Mg—Fe and Mg powders.

Pressure-Composition-Temperature (PCT) data collection

Figs. 7 and 8 present the PCT curves of Mg—Fe (3 wt.%) and
Mg—Fe (6 wt.%) mixtures at 350 °C and 300 °C respectively. The
hydrogen uptake and release values were the same as ob-
tained in the hydriding and dehydriding cycle reactions. PCT
curves at Figs. 7 and 8 demonstrate that the hydrogen release
can be possible at 1 bar although in the present work 0.1 bar
hydrogen pressure was used at the cycling experiments. In a
related study of air-exposed Mg-Li alloys of our research
group [25], PCT curve of air-exposed Mg at 350 °C showed a

Mg-Fe(3wt.%)
1

—e—350°C

Hydrogen content [wt.%]
w
f

[1eq] ainssaid uaboipAH

—&— 300°C

—&— 250°C

—— Hydrogen pressure

Time [hours]

Fig. 4 — Hydriding/dehydriding cycles of the Mg—Fe (3 wt.%)
mixture (ball milled and air-exposed). Hydriding at 30 bar,
dehydriding at 0.1 bar.
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Fig. 5 — Hydriding/dehydriding cycles of the Mg—Fe (6 wt.%)
mixture (ball milled and air-exposed). Hydriding at 30 bar,
dehydriding at 0.1 bar.

huge hysteresis between the hydriding and dehydriding
equilibrium pressures: 17 bar for hydriding and 0.7 bar for
dehydriding. At the Mg—Fe (3 wt.%) and Mg—Fe (6 wt.%) mix-
tures, there was an appreciable hysteresis between hydriding
and dehydriding equilibrium pressures. However, PCT
graphics of Figs. 7 and 8 show that the hysteresis was appre-
ciably reduced by the Fe incorporation, compared to Mg [25].
The equilibrium pressures are at 350 °C: 8.5 bar for hydriding
and 2.5 bar for dehydriding at the Mg—Fe (3 wt.%) mixture and
9.0 bar for hydriding and 3.5 bar for dehydriding at Mg—Fe
(6 wt.%) mixture.

Hydrogen content [wt.%)]
ns
[1eq] ainssaid uabolpAH

—0—350°C
1L ——300°C

—— Hydrogen pressure

S S e S N B 0
0 1 2 3 4 5

Time [hours]
Fig. 6 — Hydriding/dehydriding cycles of the Mg (ball milled

and air-exposed). Hydriding at 30 bar, dehydriding at
0.1 bar.

Table 2 — Hydrogen uptake/release data of air-exposed
Mg, Mg—Fe (3 wt.%) and Mg—Fe (6 wt.%).

Material Hydrogen uptake Hydrogen release
[wt.%] [wt.%]

Mg 250 °C: No reaction 250 °C: No reaction
300 °C: 5.0 (24.0 min®) 300 °C: 1.0 (60 min")
350 °C: 5.4 (19.8 min®) 350 °C: 5.4 (45.6 min®)

Mg—Fe (3 wt.%) 250 °C: 4.8 (16 min?) 250 °C: 1.1 (60 min?)
300 °C: 5.4 (6.0 min®) 300 °C: 5.0 (30 min?)
350 °C: 5.6 (4.8 min?) 350 °C: 5.3 (7.2 min?)

Mg—Fe (6 wt.%) 250 °C: 5.0 (10.8 min®) 250 °C: 2.9 (60 min®)
300 °C: 5.8 (5.4 min®) 300 °C: 5.8 (15.6 min®)
350 °C: 6.2 (7.2 min®) 350 °C: 6.2 (10.8 min?)

® o = 0.8 completed within the experimental time; value in

parenthesis.

o = 0.8 not completed within the experimental time; value read at
60 min of experiment.

o is the transformed fraction, i.e. the ratio between the hydrogen
uptake at any time and the final hydrogen uptake.

b

Although only two PCT experiments at different tempera-
tures (350 °C and 300 °C) were performed on the studied
Mg—Fe mixtures, the reaction enthalpy and entropy was ob-
tained with the van't Hoff relationship [26]:

100 -ttt
E Mg-Fe(3wt.%)

-
o

Hydrogen pressure [bar]

0.1

0 1 2 3 4 5 6 7
Hydrogen content [wt. %]

Fig. 7 — PCT diagram of Mg—Fe (3 wt.%) mixture, all data
experimental shown.

100 4 : ! | ! ! 1

Mg-Fe(6wt.%)

Hydrogen pressure [bar]

Hydrogen content [wt. %)]

Fig. 8 — PCT diagram of Mg—Fe (6 wt.%) mixture, all data
experimental shown.
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In(py,) = o 2. )

The enthalpy and entropy values were basically the same
for both Mg—Fe mixtures. For the hydriding reactions, the
values: AHps = —62 k] mol~* H, and ASzps = —117 J K~ mol?
H, were obtained. For the dehydriding reactions the values
were: AHges = —74kJ mol™ " H, and ASges = —130J K~ "mol ™" H,.
The enthalpy and entropy values are consistent with values
reported for Mg/MgH, system [26]. These data indicate rather a
kinetic effect than a thermodynamic effect by the addition of
Fe to Mg.

SEM and DRX characterization of hydrided materials results

Fig. 9 presents the SEM image of hydrided Mg—Fe (3 wt.%).
Interestingly, the formation of globular nodules all over the
particle surface was observed. After heat pre-treatment and
hydriding/dehydriding cycles, particle sizes do not experi-
ment significant changes. The particle size ranged between 1
and 50 um, with a large number of particles around 10 um size.
SEM images of hydrided Mg and Mg—Fe (6 wt.%) are similar to
Mg—Fe (3 wt.%) SEM images and can be found in the
Supplementary material.

Fig. 10 presents the XRD patterns of hydrided materials; the
main phases are MgH,, unreacted Mg, Fe and MgO. This result
suggests that MgO was formed after the 12-h of air exposition
as an amorphous layer over the Mg—Fe particles and, that only
after heat treatment the MgO crystalized and become evident
at RXD experiments. Table 3 presents the relevant Rietveld-
refined data of hydrided materials. Cell lattices of MgH,,
MgO and Fe were not presented in Table 3; their values were in
agreement with the reported data at ICSD or COD crystallo-
graphic databases. Thus, no changes in the crystallographic
parameters were generated by heat activation and hydriding/
dehydriding reactions. On the other hand, MgO content seems
to have a direct relationship to the Fe addition level. MgO
content was reduced from 31.8 wt.% to 12.5 wt.% by the
addition of 6 wt.% Fe.

Discussion

The Fe catalyst and the activation effects

Antisari et al., in a study of a MgH,—Fe material, suggested
that Mg nucleation sites are constituted of structural defects
at grain boundaries; and that ball milling and the addition of
Fe increase the number of nucleation sites [27]. The intensive
ball-milling time was performed to ensure the homogeneous
distribution of the Fe and the creation of a considerable
number of structural and surface defects. After the air-
exposure, MgO formation was expected to block a huge frac-
tion of nucleation or active sites. After the pre-treatment, i.e.
heating in vacuum, it was demonstrated that many of the
active sites were still suitable for inducing hydrogen storage
(Fig. 3). Nonetheless, the main activation procedure was the
hydride/dehydriding cycling (Fig. 4). The effects of Fe addition
to Mg were an increase of the hydrogen uptake, hydrogen
release, and in general, an improvement of hydriding/dehy-
driding kinetics. Another interesting Fe effect was that the

Det WD Exp F—— 5um
SE 68 1 MgFe3-H

N cc.V  Spot Magn
15.0 KV 3.0 5000x
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Fig. 9 — SEM micrographs of hydrogenated Mg—Fe (3 wt.%).
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Fig. 10 — Powder X-ray diffraction patterns of
hydrogenated Mg, Mg—Fe (3 wt.%) and Mg—Fe (6 wt.%)
mixtures. Dots: experimental data; line: Rietveld refined
data.

addition of 6 wt.% of Fe demonstrated a reduced formation of
crystalline MgO and an increased hydrogen uptake. Hydrid-
ing/dehydriding and PCT curves clearly demonstrated a pos-
itive effect of Fe in increasing the hydrogen uptake/release
and reducing the hysteresis between the hydriding/dehy-
driding pathways. Similar results on hydrogen uptake have
been reported for Mg materials that were carefully protected
against air exposition [2,6—21,28]. Thus, air-exposure could
not be as critical as believed for hydrogen uptake on Fe—Mg
mixtures.

The air exposition effect

After the air exposition of Mg particles, it is always expected
the formation of an oxide layer. The major negative effects of
the MgO layer have been recognized as the reduction of the
hydrogen uptake capacity and slowing the hydriding/dehy-
driding kinetics [29]. In the studied materials, only after heat
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Table 3 — Rietveld analysis of hydrogenated materials and the expected hydrogen storage capacity.

Material MgO Expected H, storage Mgo MgH, Fe )
content [wt.%)] capacity [wt.%]* crystal size [A] crystal size [A] crystal size [A]
Mg 31.8 + 0.4 5.2 36.5 + 0.6 251.3+0.8 =
Mg—Fe (3 wt.%) 235+ 04 5.6 47.6 +0.9 252.6 +0.9 603.0 + 17
Mg—Fe (6 wt.%) 12,5+ 0.4 6.2 443 +1.8 4195 +2.3 630.1 + 11
& (100-wt.%MgO-wt.%Fe)*7.6/100.
activation, hydriding/dehydriding cycles and PCT data -
Conclusions

collection, it was observed the crystallization of that layer.
The kinetics of the MgO growing over Mg or MgH, is well-
known [30—33]. For the MgO layer growing over Mg, it con-
sists of three stages; i) oxygen chemisorption, ii) oxide
nucleation and island growth, and iii) coalescence of the
oxide islands [30]. Do et al. also proposed that the oxide layer
rapidly grows up to some critical thickness and then stops.
The critical thickness is dependent on a critical temperature,
above which the oxide growth continues without limit [30].
Do et al. estimated the critical thickness of MgO over
Mg + Air as 2.55 nm, although no clear reference to the
critical temperature was given. Meanwhile, McIntyre et al.
[33], suggested that an oxide thickness of about 2.2 nm can be
formed even at 10 s of ambient exposure and that the oxide
thickness continued increasing with the time of exposition.
The data presented reached up to 10 months and 4.5 nm
thickness [33]. Accordingly to the data presented by McIntyre
et al. [33], and based on the exposure time of 12 h, the Mg
oxide film thickness would be about 3 nm. Do and McIntyre
thickness estimations do not match with the high percent-
age of MgO obtained by our Rietveld analysis; which in turn is
indeed consistent with the kinetics and PCT curves, i.e. the
proportion of MgO and MgH, formed (Table 3). Based just on
geometry and density of materials; a Mg spherical particle of
10 um diameter covered by a MgO 500—800 nm layer will give
a MgO content about 17—29 wt.%, which is in the range of the
values presented in Table 3. SEM images after hydriding of
materials (Fig. 9) demonstrated the formation of globular
nodules or protuberances at the particle surface. Although it
is difficult to assign based solely on SEM images, it is possible
that these protuberances correspond to coalesced MgO,
formed in turn by MgO nano-crystal of about 35-50 A
(3.5-5.0 nm, Table 3). MgO cracks, fissures or incomplete
coverage of Mg/MgH, can lead to hydrogen reaching clean
surfaces as a result of the pre-treatment and cycling, i.e. the
whole activation process. At our samples, still with the
negative effects of the MgO formation, the hydrogen uptake
reached a maximum of 6.2 wt.% of stored hydrogen. The
6.2 wt.% of hydrogen uptake (350 °C and 30 bar) of our air-
exposed materials is comparable to a recent report of a
Mg—Fe material (5 wt.% Fe) [34], where the sample was
carefully protected by argon atmosphere and the hydrogen
uptake was 7 wt.% (375 °C and 80 bar). Thus, it was demon-
strated the feasibility of hydrogen storage after an air expo-
sition event. However, an important delay in the time for
completing hydriding and dehydriding reactions was
observed as compared with carefully protected materials,
where the same reactions can be completed even in less than
100 s [2,6—21,28,34].

Mg—Fe (3 wt.%) and Mg—Fe (6 wt.%) mixtures were prepared by
ball milling, exposed to air for 12 h and tested for hydrogen
storage capabilities. It was demonstrated that between
5.6 wt.% and 6.2 wt.% of hydrogen storage is feasible in an
experimental range of 250°C—350 °C at the air-exposed Mg—Fe
mixtures. Fe proved to be an effective catalyst to improve the
hydriding/dehydriding reactions for the air-exposed mate-
rials. The MgO formation by air exposition was not, after all, a
critical factor that impedes the hydriding/dehydriding re-
actions if proper activation is carried out. However, an
important delay in the time for completing hydriding/dehy-
driding reaction is recognized.
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