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a b s t r a c t

Mg is a promising candidate material for hydrogen storage but its application is restricted by high sorption
temperatures and slow sorption kinetics. Major efforts have focused on overcoming these two obstacles.
Alloying, nanostructuring and/or catalysts, particularly at low temperatures, have considerably improved
the hydrogenation kinetics of Mg powders. Further investigation is still desirable to reach the same
properties for bulk materials because hydrogen desorption in bulk Mg-based systems still remains at a
critical high temperature, and this, represents a major obstacle to their practical application. The aim of
this work was to evaluate the reduction in desorption temperature and the increase in hydrogenation
kinetics of bulk Mg-based composites in response to the following variables: particle/grain size, density of
defects, the use of iron as catalyst, volume modifications, and the presence of carbon as a pore-confining
element. We compared the behavior of 2Mg–Fe powder mixtures produced by high-energy ball milling
processed as follows to produce bulk samples: (i) hot extrusion of 2Mg–Fe with extrusion ratio of 5/1 (S-1),

(ii) hot compaction of 2Mg–Fe (S-2), and (iii) hot compaction of ball-milled 2Mg–Fe + 5%C, all processed
at 300 ◦C (S-3). The samples were activated and subsequently hydrogenated at 15 bar, sample S-1 for
24 h and sample S-2 and S-3 for 5 h. After the hydrogenation treatments, the complex hydride Mg2FeH6

was formed in all the conditions. Desorption temperatures varied according to the processing conditions
and the results indicated that porosity was an important factor, as it was the addition of carbon, which
accelerated the desorption kinetics.
. Introduction

Hydrogen storage materials for mobile applications, e.g., in
ydrogen-fueled vehicles, should present high gravimetric and vol-
metric hydrogen capacities. Metal hydrides (solid state storage)
re safer due to their stability at room temperature, and more effi-
ient than gas or liquid state storage. Magnesium and Mg-based
lloys are promising materials for hydrogen storage in the solid
tate due to their efficiency in mass and volume of storage, their
afety, since the decomposition of hydrides is usually an endother-
ic process, and also their easier handling at ambient temperature

han other storage methods. Magnesium hydride (MgH2) has the
ighest gravimetric storage capacity (∼7.6 wt% of H), and among
he Mg-based hydrides, ternary intermetallic Mg2FeH6 has a high
apacity of 5.5 wt% of H and the highest volumetric storage capac-

ty of 150 kg/l of H, which is almost double that of liquid hydrogen.
owever, for possible practical applications, the hydrogen sorp-

ion rates of Mg/Mg-based alloy need to be faster, the temperatures
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for these reactions should decrease, and also the reactivity toward
air and oxygen should be lower [1]. With the development of
nanostructured materials processed by high-energy ball milling
(HEBM) in the 1990s, reasonable sorption kinetics was observed in
Mg-based hydrides [2]. The addition of catalyst elements and the
formation of nanocomposite materials also contributed to enhance
their kinetics [3,4].

The addition of Fe to MgH2 was also found to improve the
hydrogen absorption properties, but not the hydrogen desorption
kinetics [5]. Further studies focused on the synthesis of the complex
Mg2FeH6 hydride [6,7]. More recently, the various techniques of
severe plastic deformation (SPD) have been also used in the devel-
opment of Mg-based hydrides [8,9]. These SPD techniques applied
to Mg-based systems have resulted in improved hydrogen sorption
properties and kinetics.

The aim of this work was to evaluate the reduction in desorp-
tion temperature and the increase in the hydrogenation kinetics of
bulk Mg-based composites in response to the following variables:

particle/grain size, density of defects, the use of iron as catalyst, vol-
ume modifications, and the presence of carbon as a pore-confining
element. We compared the behavior of 2Mg–Fe powder mixtures
produced by high-energy ball milling processed as follows to pro-
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Fig. 1. XRD patterns of the samples extruded and treated by hydrogen absorption
in the following conditions: (S-1) 2Mg–Fe hot-extruded and hydrogenated under
15 bar of H2 for 24 h. (S-3) 2Mg–Fe + 5%C hot-compacted and hydrogenated under

F
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uce bulk samples: (i) hot extrusion of 2Mg–Fe, (ii) hot compaction
f 2Mg–Fe, and (iii) hot compaction of ball milled 2Mg–Fe + 5%C.
he hydrogenation properties of the samples extruded under dif-
erent conditions were also investigated.

. Experimental

Pure magnesium (+20–100 mesh, 99.98%, Alfa Aesar) and Fe (−20 mesh, 99.998%,
lfa Aesar) were mixed into the 2Mg–Fe (at.%) composition for 12 h by means of
igh-energy ball milling using the SPEX 8000M Mixer/Mill, in the following con-
itions: 0.395 g of material, 1080 shake cycles/min, ball-to-powder ratio of 40:1
8 chromium steel balls), under argon gas atmosphere. Samples of 2Mg–Fe + 5%C
Carbon: <200 mesh, 99.9995%, Alfa Aesar) were prepared similarly, but with the
ddition of 5%C to the former powder, followed by milling for 30 min.

Cold-pressed preforms were produced using powders with particle sizes of up to
20 �m. The preforms were then processed in the following conditions: (i) 2Mg–Fe
as hot-extruded at 300 ◦C at a ram speed of 1 mm/min and an extrusion ratio of

/1 (S-1), (ii) 2Mg–Fe (S-2) and 2Mg–Fe + 5%C (S-3) were hot compacted at 300 ◦C
n same matrix as that of condition (i). In these two last conditions, the samples

ere pressed continually up to a load increase of 10%. The bulk samples produced
n all the conditions were reactivated (30 bar of H2, 1 h, 300 ◦C) and subsequently

ydrogenated at 15 bar, sample S-1 for 24 h and samples S-2 and S-3 for 5 h, all at
00 ◦C.

The microstructure was characterized by transmission electron microscopy
TEM), FEI-TECNAI G2-F20, equipped with an Energy-Dispersive X-ray Spectrom-
ter (EDS), EDAX-EDAMIV/DPP2, STEM module (scanning transmission electron

ig. 2. (a), (b) and (c) TEM Bright Field images of samples S-1, S-2 and S-3, respectively. (d
-3.
15 bar of H2 for 5 h. (S-2) 2Mg–Fe hot-compacted and hydrogenated under 15 bar of
H2 for 5 h.

) STEM HAADF (left) and X-ray mapping of Mg and carbon images (right) of sample
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ig. 3. STA measurements: (a) differential scanning calorimetry for samples S-3, S
-1, respectively.

icroscopy), and HAADF (high angle annular dark filed – Z-contrast). For preparing
EM specimens from the bulk samples, the extruded were cut and ground in a 190 ml
nglazed porcelain mortar and wooden pestle in an isopropyl alcohol medium and,
ubsequently, droplet in a 3 mm–200 mesh carbon copper grid.

The phases were identified by X-ray diffraction (XRD) using monochromatic
u K� radiation with an angular pass of 0.032◦ in a Rigaku DMAX diffractome-
er equipped with a C-monochromator. Crystallite size was estimated by the
all–Williamson methodology [10].

The thermal and thermogravimetric properties of the compacts were analyzed
sing a Netzsch DSC-TGA 404 calorimeter. Hydrogen desorption temperatures were
easured during continuous heating of 12 mg of hydrides at a constant heating rate

f 10 ◦C/min, using purified and dried argon gas in an overflow regime.

. Results and discussion

Cold-pressing to produce the preforms resulted in relative den-
ities of around 0.51. The relative density of the samples increased
s follows: 0.85 for sample S-1, and 0.65 for samples S-2 and S-
. The XRD patterns of the powders and the 2Mg–Fe mixtures
rocessed by hot-extrusion and hot-compaction revealed the pres-
nce of hcp-Mg and bcc-Fe. The XRD patterns of the powders and
he 2Mg–Fe + 5%C mixtures processed by hot-extrusion and hot-
ompaction revealed the presence of hcp-Mg, bcc-Fe and carbon.

Fig. 1 shows the XRD patterns of processed samples after the
eat treatment to absorb hydrogen. The phases were indexed. The
nalysis of S-1, the 2Mg–Fe mixture extruded and hydrogenated
nder 15 bar of H2 for 24 h, indicated Fe, MgH2 and Mg2FeH6. Sam-
le S-2, the 2Mg–Fe mixture compacted and hydrogenated under
5 bar of H2 for 5 h, showed only Fe and Mg2FeH6. The analysis of
ample S-3, 2Mg–Fe + 5%C compacted and hydrogenated as in S-2,
ndicated only carbon, Mg2FeH6 and a residual portion of Fe. The
stimated grain size in all the samples was about 20 nm for Fe and
0 nm for Mg.

Fig. 2 shows images of the hydrogenated samples. Fig. 2(a)–(c)
hows TEM Bright Field images of samples S-1, S-2 and S-3, respec-
ively. Fig. 2(d) shows STEM HAADF (left) and X-ray mapping of Mg
nd carbon images (right) of sample S-3. The main features that
an be observed in Fig. 2 are: (i) the grain size is consistent with
he crystallite size determined by the Hall–Williamson methodol-
gy; (ii) the iron (black regions in Fig. 2(a)–(c) and white regions in
ig. 2(d)) is well distributed in all the samples; (iii) Fig. 2(c) indicates
hat carbon is well distributed over the particle surfaces.

Fig. 3 shows STA results of the hydrogenated samples. Fig. 3(a)
epicts the desorption temperatures of extruded and compacted
amples compared with commercial MgH2 powder. The data indi-

ate a nucleation time prior to the onset of dehydrogenation. The
nset and peak temperatures of S-1, S-2 and S-3 occurred at about
59–391 ◦C, 248–366 ◦C and 232–345 ◦C, respectively. All the sam-
les presented lower onset temperatures than the commercial
and commercial MgH2, respectively. (b) Thermogravimetry for samples S-3, S-2,

MgH2 powder, i.e., about 157 ◦C, 168 ◦C and 184 ◦C lower for S-1, S-
2 and S-3, respectively. The onset behavior can be explained by the
nanostructuring, which increased porosity in the same sequence,
and by the presence of carbon in S-3. Fig. 3(a) also shows that the
desorption kinetics of these samples are still slow when compared
to the MgH2 powders, but that they increase in the sequence of S-1
to S-3. There are at least two possible explanations for the signifi-
cant effect of carbon additive on the hydrogen storage of Mg: (i) the
carbon likely segregates at the grain boundaries (Fig. 2(d)) during
ball milling, thereby increasing hydrogen diffusion at the bound-
aries; (ii) sublayer carbon atoms may be formed by incorporation
into Mg and Fe structures during ball milling, enhancing the atomic
hydrogen diffusion from surface to bulk Mg + Fe.

The results depicted in Fig. 3(a) and (b) indicate that the addition
of Fe is expected to significantly reduce the dissociation barriers for
H2 dissociation as well as the onset temperature of dehydrogena-
tion (S-1 and S-2). This may indicate that the dissociation of H2 and
recombination of H to H2 occur mainly in association with iron,
due to its lower barrier than that of pure magnesium, even with
the small percentage of Fe present. Possibly, this suggests that Fe
catalyzes mainly the dissociation/recombination reaction barrier
for H2 while exerting a minor effect on other processes. Moreover,
Fig. 3(b) also shows the faster dehydrogenation kinetics of sample
S-3, which is visible along with the sigmoidal curves. Here, even
with the presence of MgH2 in S-1, which can accelerate the H2
reactions, the combined effect of porosity and iron in sample S-
2 and the combined effect of porosity, iron and carbon in sample
S-3 seems to play a catalytic and diffusive role, considerably has-
tening the Mg–H reactions in what appears to be a more efficient
way than when only iron and nanostructuring is employed for this
same purpose. In addition, the thermogravimetric analyses (TG)
(Fig. 3(b)) indicated that all the samples studied in this work pre-
sented a very good and equal percentage of hydrogen absorption,
i.e., about 4.56%. However, it is very important to keep in mind that,
unlike sample S-1, which was hydrogenated for 24 h, samples S-2
and S-3 were hydrogenated for only 5 h, again demonstrating the
beneficial effect of porosity and the combination of porosity and
carbon in these samples, respectively.

4. Conclusions

Desorption temperatures varied with the processing conditions
and the results indicated that porosity was an important factor,
which, allied to the addition of carbon, accelerated the desorption

kinetics. This effect was also exhibited by the absorption kinetics
of samples S-2 (hot-compacted 2Mg–Fe) and S-3 (hot-compacted
2Mg–Fe + 5%C), even with only 5 h of hydrogenation, compared to
24 h for sample S-1 (hot-extruded 2Mg–Fe).
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