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a b s t r a c t

This work deals with the assessment of the thermo-kinetic properties of Mg–Fe based materials for
hydrogen storage. Samples are prepared from MgxFe (x: 2, 3 and 15) elemental powder mixtures via
low energy ball milling under hydrogen atmosphere at room temperature. The highest yield is obtained
with Mg15Fe after 150 h of milling (90 wt% of MgH2). The thermodynamic characterization carried out
between 523 and 673 K shows that the obtained Mg–Fe–H hydride systems have similar thermodynamic
parameters, i.e. enthalpy and entropy. However, in equilibrium conditions, Mg15Fe has higher hydro-
gen capacity and small hysteresis. In dynamic conditions, Mg15Fe also shows better hydrogen capacity
(4.85 wt% at 623 K absorbed in less than 10 min and after 100 absorption/desorption cycles), reasonably
good absorption/desorption times and cycling stability in comparison to the other studied compositions.
Metal hydrides From hydrogen uptake rate measurements performed at 573 and 623 K, the rate-limiting step of the
hydrogen uptake reaction is determined by fitting particle kinetic models. According to our results, the
hydrogen uptake is diffusion controlled, and this mechanism does not change with the Mg–Fe proportion
and temperature.
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. Introduction

In recent years the demand for an alternative energy carrier for
ehicular applications has become more pronounced due to the
ncreasing price of oil-derived fuels and the pollutant emissions
hat their burning produces (CO2, NOx). Hydrogen is one of the

ost attractive alternatives owing to its abundance, easy synthe-
is and non-polluting nature when used in fuel cells. Nevertheless,
or its commercial application one of the technological constraints
hat must be tackled is the storage of this highly inflammable
as in an efficient and safe way. The relatively advanced method
uch as high-pressure gas and liquefied hydrogen tanks cannot
ulfill the established storage goals (6 wt% H and 45 kg L−1 for
010) [1], since they are neither safe nor density-efficient stor-
ge procedures (hydrogen gas: 0.99 × 1022 H atoms cm−3; liquefied
ydrogen: 4.2 × 1022 H atoms cm−3). Solid-state storage of hydro-

en in metal hydride form gives a safety advantage over the gas and
iquid storage methods. In addition, metal hydrides have higher
ydrogen storage density (6.5 × 1022 H atoms cm−3 for MgH2)
2].
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Magnesium hydride is considered as a potential candidate for
olid-state hydrogen storage for on-board applications. MgH2 has
he highest energy density (9 MJ kg−1 Mg) of all reversible hydrides
pplicable for hydrogen storage. It also combines a high hydrogen
apacity of 7.6 wt%, low cost and reversibility. Furthermore, it is
bundantly available. However, the practical use of MgH2 is pre-
luded by the poor rates of its hydrogen release/uptake reactions,
specially at temperatures below 573 K. This fact is ascribed to the
trong ionic bond between Mg and H, which makes MgH2 ther-
odynamically very stable within the practical useful temperature

ange [3].
Many efforts have been devoted to improve the hydrogen

torage properties of magnesium, such as the production of
icro/nanocrystalline powder and creation of defects by ball
illing [4–9], synthesizing composite of metal hydrides [10–13]

nd adding catalyst [4,10,14–31]. Ball milling is a well-known
ethod for processing metallic powders which can reduce the crys-

allite size down to the nanometer range and disperse an added
atalyst effectively. Reactive ball milling (RBM) in hydrogen atmo-

phere is a one step synthesis method which involves the in situ
ynthesis of hydrides phases facilitated by the accompanied refine-
ent of the microstructure of the materials during the process. In

he case of magnesium, the crystallite size reduction and the proper
ispersion of a 3d-transition metal can significantly improve the H

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jpuszkiel@cab.cnea.gov.ar
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ransport properties and hydrogenation–dehydrogenation kinetics
9,14,21,25,31].

One of the 3d-transition elements added to Mg in order to
mprove its hydrogen storage properties is Fe. The interest in the

g–Fe–H system is based on its better hydrogen storage proper-
ies compared to the Mg–H hydride system. The former system has
ower dissociation temperature and pressure than the latter sys-
em and reasonably good capacity, 5.47 wt% [32]. Despite the fact
hat Mg–Fe–H is considered a promising material for hydrogen stor-
ge, many of its features, like hydrogen capacity, thermodynamic
tability and thermal conductivity, must be enhanced.

In order to improve the hydrogen storage properties of the
g–Fe–H system, in the present work MgxFe (x: 2, 3 and 15) are

nvestigated. Such materials are synthesized via RBM in hydrogen
tmosphere at room temperature. Thermodynamics of the as-
illed materials is assessed in the temperature range of 523–673 K

y pressure–composition isotherm (PCI) plots (reversibility and
quilibrium pressure) and van’t Hoff graphs (heat of hydrogen
bsorption/desorption). The effects of the pressure and tempera-
ure on the kinetic behavior of the Mg–Fe–H system are evaluated.
he kinetic behavior is studied between 523 and 673 K, compar-
ng the hydrogen uptake capacity, absorption/desorption rates and
ycling stability of the synthesized Mg–Fe compositions. At 573 and
23 K, typical kinetic models are applied to determine the rate-

imiting step of the hydrogen absorption reaction. Throughout this
tudy we conclude that the material with Mg15Fe composition has
etter hydrogen storage properties.

. Experimental

.1. Preparation of the Mg–Fe–H hydride system

The synthesis of the Mg–Fe–H system was performed via low
nergy ball milling in hydrogen atmosphere, i.e. RBM. Stoichiomet-
ic MgxFe (x: 2, 3 and 15) elemental powder mixtures (purity of the
tarting materials higher than 99%) were mechanically milled in
magneto-mill Uni-Ball-Mill II (Australian Scientific Instruments)
evice, using stainless steel balls as a grinding medium. The milling
etails are in Table 1.

The vial was opened several times during the milling processes
n order to take samples of the as-milled powders. Before and after
ubtracting the samples the vial was evacuated and purged several
imes with argon gas (+99.9995%). During the RBM procedures the
ial was refilled with hydrogen each 10 h to maintain hydrogen gas
ressure of 0.5 MPa. All handling was carried out in a globe box with
rgon gas and oxygen and moisture controlled atmosphere, so as
o minimize the oxidation of the samples.

.2. Characterization

The microstructural and hydrogen storage properties of the
amples extracted during the milling processes and the obtained
ydride systems were characterized via diverse techniques. X-ray
iffraction (XRD) analysis on a Philips PW 1710/01 Instruments with
uK� radiation (� = 1.5405 Å, graphite monochromator, 30 mA and
0 kV) was employed to observe the present phases in the sam-
les and to determine the crystallite size. The X-ray intensity was
easured over diffraction angle 2� from 10◦ to 90◦ with a scan-

ing rate of 0.02◦ s−1. Considering the crystallite size as the unique

omponent responsible for the XRD peak broadening, the degree
f microstructural refinement of MgH2 and unreacted Fe of the as-
illed powders was estimated applying the Scherrer equation. The
icrostructural morphology of the samples was studied by scan-

ing electron microscopy (SEM 515, Philips Electronic Instruments)

g
t
a

ig. 1. X-ray diffraction patterns: Mg2Fe, Mg3Fe and Mg15Fe at 30 h and after the
BM process.

n stick dispersed powders, and resin-mounted and polished
amples. The thermal behavior was investigated by differential
canning calorimetry (DSC) using a TA 2910 calorimeter at a heat-
ng rate of 5 K min−1 and an argon flow rate of 122 ml min−1. The
mount of absorbed hydrogen and the proportion of hydride phases
ere estimated from the DSC curves, using the peak area and the
eats of formation reported in this work.

A modified Sieverts-type device coupled with a mass flow con-
roller was used to perform both the thermodynamic and kinetic
haracterization [33]. Absorption/desorption PCIs were measured
n the temperature range of 523–623 K in order to study the ther-

odynamics of the Mg–Fe–H systems. The equilibrium plateau
ressures were calculated as an average of the experimental points

n the plateau region, taking into account the error propagation
heory to assign an error range to each calculated equilibrium
ressure. From the calculated equilibrium pressures the absorp-
ion/desorption van’t Hoff graphs were plotted.

Hydrogen absorption/desorption rate measurements were car-
ied out between 573 and 623 K in the Sieverts-type device. In
rder to compare the temperature effects on the hydrogen uptake
ates and capacities of Mg15Fe, Mg3Fe and Mg2Fe, all measure-
ents were performed at the same relationship between the initial

ressure at which the absorption process starts and the respec-
ive equilibrium pressure (Pi/Pequilibrium = 2.4). This ensures that the
bsorption kinetics is not influenced either by different pressure
rops at the tested temperatures or by the equilibrium pressure
f the hydride system. Due to the experimental fluctuations, each
ydrogen absorption measurement was performed three times, so
hat the hydrogen capacity was calculated as an average. Measure-

ents of the hydrogen desorption rate were performed through
mass flow controller. These measurements only give an estima-

ion of the time required for the hydrogen desorption, since the
g–Fe–H systems under study release more hydrogen than the

ow mass controller can intake.

. Results and discussion

.1. Preparation of Mg–Fe–H hydride systems by reactive ball
illing
Mg–Fe–H hydride systems were synthesized via RBM in hydro-
en atmosphere using as initial materials MgxFe (x: 2, 3 and 15);
he details of the milling processes can be seen in Table 1. In Fig. 1
re presented the XRD diffraction patterns at 30 h and 150–200 h
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Table 1
Processing parameters for the reactive mechanical milling carried out with different Mg–Fe stoichiometric mixtures.

Sample Atmospherea Ball to powder ratio Milling ode Vial speed [rpm] Temperature [K] Final milling time [h]

Mg2Feb H2 (0.5 MPa) ∼44:1 Low energy ∼180 ∼300 200
Mg3Fec H2 (0.5 MPa) ∼47:1 Low energy ∼180 ∼300 150
Mg15Fec H2 (0.5 MPa) ∼44:1 Low energy ∼180 ∼300 150

a Hydrogen purity: +99.999%.
b Mg powder with an agglomerate size distribution between 130 and 260 �m and Fe powder with an agglomerate size distribution between 40 and 130 �m (estimated by

particle size distribution analysis—Mastersizer Micro. MAF 5000).
c Mg and Fe powders with an agglomerate size >1000 �m.

Fig. 2. Secondary electron micrographs showing the conglomerate size distribution (on the left) and backscattered electrons micrographs showing the dispersion of Fe
(bright phase) and Mg (dark phase) of the as-milled powders (on the right). (A) and (B) Mg2Fe after 200 h of RBM, (C) and (D) Mg3Fe after 150 h of RBM and (E) and (F) Mg15Fe
after 150 h of RBM.
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changes induced by milling, i.e. particle size reduction, crystallite
size reduction, creation of grain boundaries and defects density
[34,38]. Second, the catalytic effect produced by Fe [34,36,38],
since the desorption temperature of milled MgH2 (milled for 100 h,

Table 2
Estimation of the relative amount of phases (±5% error) of the as-milled composi-
tions and maximum desorption temperature from DSC analysis.

Sample Tpeak [K] Relative amount of phases [wt%] Total hydrogen
88 J.A. Puszkiel et al. / Journal of

f RBM. At 30 h of RBM, in all the investigated compositions �-
gH2 (JCPDS Powder Diffraction Data Card No. 12–0697), Fe (JCPDS

owder Diffraction Data Card No. 06–0696) and Mg (JCPDS Pow-
er Diffraction Data Card No. 35–0821) phases were identified.
he XRD patterns taken between 30 h and the final milling time
re not shown as the unique hydride phase detected was �-MgH2.
n the case of the Mg2Fe composition, at 200 h of RBM two small
eaks of the intermetallic hydride Mg2FeH6 (JCPDS Powder Diffrac-
ion Data Card No. 38–0843) appeared, coexisting with �-MgH2
nd unreacted Fe. Considering the reported information about the
ynthesis of Mg2FeH6 via low energy RBM from 2Mg–Fe, the fact
hat the ternary complex was formed after long hours of milling is
ttributed to the insufficient energy input due to the low energy
illing mode, insufficient nanostructurization of Fe and the insuf-

cient nanocrystalline �-MgH2 required to react with Fe [34–37].
oreover, the low intensity of the Mg2FeH6 peaks is attributed to

he high amorphisation degree reached after 200 h of RBM.
After milling, in the XRD pattern of Mg3Fe (Fig. 1) only �-MgH2

nd unreacted Fe were detected. In the case of as-milled Mg15Fe,
-MgH2 and Fe were also present together with the metastable �-
gH2 (JCPDS Powder Diffraction Data Card No. 35–1184) and MgO

JCPDS Powder Diffraction Data Card No. 45–0946). Metastable �-
gH2 appeared owing to the structural defects and the mechanical

eformation that occur during the RBM [6]. The presence of MgO
nly in Mg15Fe composition can be attributed to a larger surface
rea of free Mg generated by the milling process, large proportion
f Mg particles which are not coated with Fe and the high reactivity
f Mg to oxygen.

An estimation of the crystallite size reduction was carried out
y Scherrer equation. For Mg2Fe, Mg3Fe and Mg15Fe, the crystallite
ize of MgH2 (lattice plane (1 1 0), 2�: 27.9◦) and Fe (lattice plane
1 1 1), 2�: 44.5◦) reached stable values after 100 h of RBM (XRD
ot shown). Taking into account the crystallite size of the initial
aterials (Mg2Fe: Fe ∼40 nm and Mg ∼50 nm; Mg3Fe and Mg15Fe:

e and Mg >1000 nm) and the peak broadening observed in all XRD
atterns of the samples (Fig. 1), it is clear that the crystallite size has
een reduced as a direct consequence of the RBM process. The final
rystallite size values of MgH2 and Fe are in the order of ∼10 nm
nd ∼30 nm respectively.

Fig. 2 shows secondary electrons (on the left) and backscat-
ered electrons (on the right) images of the as-milled powders.
he agglomerate size distributions are between 10 and 150 �m for
g2Fe (Fig. 2A) and 10 and 300 �m for Mg3Fe and Mg15Fe com-

ositions (Fig. 2C and E). The conglomerate average sizes of the
s-milled powders range between 20 and 30 �m and present a
pherical porous kind morphology. This evidences that the con-
lomerates size of the materials has been reduced in comparison
o the initial materials (see Table 1). Micrographs taken on resin-

ounted and polished powders show the intermixture degree
etween Mg and Fe. For Mg2Fe composition, the iron particles
mbedded in the Mg matrix cannot be distinguished showing a
ood intermixing degree and particle size reduction (Fig. 2B). On
he other hand, particles of Fe bigger than 50 �m can be observed
n the micrographs of Mg3Fe and Mg15Fe compositions (Fig. 2D
nd F). Hence, the intermixture degree and particle size reduction
eached in Mg3Fe and Mg15Fe is not as effective as in Mg2Fe. Con-
idering the same milling conditions, this fact can be attributed to
he smaller conglomerate size of the initial materials (see Table 1)
nd the further refinement degree rendered by larger amounts of
e [9].
The reduction of the crystallite and agglomerate size is caused
y the mechanical action of the grinding medium, the embrittle-
ent of Mg by hydrogen gas and the in situ formation of MgH2

rittle phase [34]. While the crystallite size reduction down to the
anometer range enhances the hydrogen transport properties of

M
M
M

ig. 3. Hydrogen desorption from the as-milled Mg2Fe, Mg3Fe and Mg15Fe compo-
itions.

he hydride materials, the reduction of the agglomerate size results
n an increase of specific area for hydrogen absorption. Both effects
mprove the kinetic characteristics of the Mg–Fe based materials
9,10,23,25].

In Fig. 3 are shown the DSC curves of the synthesized MgH2–Fe
ompositions. From these curves the maximum desorption temper-
tures are subtracted and the relative amount of hydride phases and
ydrogen capacity estimated (with an error of ±5%). The amounts
f unreacted Mg and Fe are calculated taking into account the per-
entages of hydride phases and the stoichiometric proportions of
he initial materials, see Table 2. The initial desorption tempera-
ure is about 475 K and it does not change with the quantity of Fe,
rom 7 to 39 wt%. Moreover, as proportion of Fe increases the total
ydrogen capacity decreases from 6.9 to 4.1 wt% H.

The non-symmetrical shape of the DSC curve of Mg2Fe can be
ssigned to the presence of Mg2FeH6 identified in the XRD pattern,
ee Fig. 1 (Section 3.1), as Mg2FeH6 decomposes at lower temper-
tures than MgH2 [37]. The deconvolution of the DSC curve of the
s-milled powders gives an estimation of the relative amounts of
gH2 and Mg2FeH6, see Table 2. It is considered that the amount

f the ternary hydride obtained from DSC analysis does not con-
radict the low intensity peaks observed in the XRD pattern of

g2Fe (Fig. 1, Section 3.1) owing to the high degree of amorphi-
ation of this hydride phase after long milling. The DSC curve of
g15Fe also presents a non-symmetrical form. This is due to the

ower decomposition temperature of the metastable �-MgH2 [6].
The desorption temperatures of the milled materials are sub-

tantially lower than that of the non-milled MgH2, ∼720 K [16]. This
eduction is a consequence of two factors. First, the microstructural
amount [wt%]

MgH2 Mg2FeH6 Mg Fe

g2Fe 533 36 25 2 37 4.1
g3Fe 541 60 – 1 39 4.6
g15Fe 571 90 – 3 7 6.9
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Table 3
Equilibrium pressures and relative amount of hydrogen stored in the Mg–Fe–H hydride system as a function of the temperature, obtained from the absorption/desorption
PCI curves.

Sample Temperature [K] Absorption Desorption

MgH2–Mg2FeH6 MgH2 Mg2FeH6

Peq [kPa] Hydrogen content [wt%] Peq [kPa] Hydrogen content [wt%] Peq [kPa] Hydrogen content [wt%]

Mg2Fe 673 1925 ± 100 3.90 1565 ± 30 0.93 900 ± 60 2.97
648 1160 ± 70 2.80 1000 ± 40 0.90 470 ± 130 1.90
623 730 ± 20 2.60 590 ± 20 1.95 260 ± 65 0.65
573 250 ± 30 2.00 163 ± 11 2.00 – –
523 60 ± 4 1.90 50 ± 1 1.58 – –

Mg3Fe 673 2360 ± 160 4.20 1955 ± 45 2.80 915 ± 40 0.90
648 1440 ± 80 4.00 1210 ± 40 3.42 510 ± 70 0.53
623 865 ± 65 3.90 710 ± 30 3.80 – –
573 290 ± 60 3.70 200 ± 10 3.70 – –
523 75 ± 30 2.80 40 ± 4 2.80 – –

Mg15Fe 673 1955 ± 43 6.15 1700 ± 57 5.95 900 ± 40 0.20
663 1600 ± 35 6.05 1380 ± 40 5.95 650 ± 60 0.10
648 1245 ± 80 6.00 1010 ± 37 6.00 510 ± 90 0.05
633 980 ± 80 6.00 750 ± 24 6.00 – –
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623 800 ± 88 6.00
573 190 ± 8 5.50
548 150 ± 48 5.30
523 70 ± 24 3.90

rystallite size of 12 nm) is 655 K [39,40]. As it can be noticed,
he decomposition temperature lowers as the Fe proportion is
ncreased. However, a small quantity of Fe is enough to reduce the
ecomposition temperature and to reach better hydrogen capacity.

The reactive ball milling method has been used to synthesized
ydride materials from MgxFe (x: 2, 3 and 15). Via this one step
ynthesis procedure nanostructurized materials composed by dif-
erent amounts of hydride phases have been obtained. Among the
nvestigated compositions, Mg15Fe has the higher yield of hydride
hase and hydrogen capacity, see Table 2.

.2. Thermodynamic characterization

The equilibrium properties of the synthesized Mg–Fe–H systems

ere examined between 523 and 673 K. Pressure–composition

sotherms were measured to determine the absorption/desorption
quilibrium pressures and hydrogen capacities of the Mg2Fe, Mg3Fe
nd Mg15Fe compositions. The equilibrium pressures and hydrogen
eversible capacities were estimated from the plateau widths. As it

a
M
p
t
p

Fig. 4. Pressure–composition isotherms for (A) Mg2Fe an
± 30 6.00 – –
± 7 5.50 – –
± 6 5.30 – –
± 3 3.90 – –

an be noticed in Table 3 as well as in Fig. 4, hydrogen capacities
nd equilibrium pressures decrease as the temperature falls. This
s due to the atom diffusion mechanisms which are hampered by
he lower temperatures [41].

The PCI of the extreme compositions, viz. Mg2Fe and Mg15Fe,
an be observed in Fig. 4. The hydrogen absorption/desorption sto-
chiometric reactions can be seen in Ref. [42]. One plateau is only
bserved during the absorption processes because the equilibrium
ressures of Mg2FeH6 and MgH2 are similar [41]. On the other
and the equilibrium pressures of MgH2 and Mg2FeH6 during the
elease of hydrogen are different, thus hydrogen desorption pro-
esses show two plateaus. In the case of Mg2Fe, two plateaus can be
oticed during the desorption process at temperatures above 623 K.
his is a result of the Mg2FeH6 formation via thermal enhanced

tom diffusion mechanism during the hydrogen absorption. For
g3Fe and Mg15Fe, two desorption plateaus are observed at tem-

eratures above 648 K, but they are not seen at 623 K. In this case,
he amount of available Fe is not in the right stoichiometric pro-
ortion for the Mg2FeH6 formation, the Fe conglomerates are in

d (B) Mg15Fe compositions at 573, 623 and 673 K.



190 J.A. Puszkiel et al. / Journal of Power Sources 186 (2009) 185–193

� exp

t
s
t
d
p
p
a
i

n
t
o
t
c
a
t
t
a
o

e
t
s
c
o
t
v
i

c
[
t
d
r

T
F
c

A

M
M
M
R
R

D

M
M
M
R
R
R
R
R
R

Fig. 5. (A) Absorption and (B) desorption van’t Hoff plots of the (— fitting,

he order of 50 �m and are not well dispersed as in Mg2Fe compo-
ition (see Fig. 2—backscattered electrons). Therefore, below 648 K
he thermal enhanced atom diffusion mechanism to form Mg2FeH6
uring the hydrogen absorption process might be hampered by the
oor Fe–Mg contacting. The presence of one absorption/desorption
lateau below 623 K (Mg2Fe) and 648 K (Mg3Fe and Mg15Fe) is
ttributed to MgH2 which is the unique hydride phase formed dur-
ng the hydrogen absorption process [40].

Another important characteristic shown in Fig. 4 is the phe-
omenon of hysteresis in the absorption/desorption cycles. As the
emperature increases it becomes more noticeable. It can be clearly
bserved in the PCIs of the Mg2Fe composition, even at 573 K. On
he contrast, it is not too pronounced in the PCI cycles of the Mg15Fe
omposition. The phenomenon of hysteresis is ascribed to elastic
nd plastic strain energies related to the volume changes during

he formation of the hydride phases [43]. Moreover, at tempera-
ures above 623 K, at which Mg2FeH6 is formed during the hydrogen
bsorption process, the hysteresis arises manly from the presence
f Mg2FeH6 [44,45].

p

p
s

able 4
ormation and decomposition enthalpies and entropies obtained from the van’t Hoff
ompositions.

bsorption MgH2 and

�H [kJ mol

g2Fe (523–673 K) −68 ± 1
g3Fe (523–673 K) −68 ± 5
g15Fe (523–673 K) −65 ± 2

ef. [41] (548–723 K) −66 ± 2
ef. [48] (698–723 K) −55 ± 3

esorption MgH2

�H [kJ mol−1 H2] �S [

g2Fe (523–673 K) −68 ± 2 −12
g3Fe (523–673 K) −76 ± 1 −13
g15Fe (523–673 K) −71 ± 1 −12

ef. [41] (548–648 K)1, (573–648 K)2 −67 ± 21 −12
ef. [42] (573–673 K) −79 ± 3 −14
ef. [46] (587–849 K) −74
ef. [47] (648–723 K) –
ef. [48] (623–698 K) −77 ± 4 −13
ef. [32] (623–798 K) –
erimental) Mg2Fe and (– · – fitting, � experimental) Mg15Fe compositions.

The thermodynamic parameters (absorption/desorption
nthalpy and entropy) of Mg2Fe, Mg3Fe and Mg15Fe composi-
ions were calculated from the van’t Hoff graphs. In Fig. 5 are
hown the absorption/desorption van’t Hoff plots of the extreme
ompositions, i.e. Mg2Fe and Mg15Fe, in the temperature range
f 523–673 K. For the sake of clarity and due to the similarity of
he calculated thermodynamic parameters of Mg3Fe (Table 4), the
an’t Hoff plots of this intermediate composition are not included
n Fig. 5.

In Table 4 the values of enthalpy and entropy are shown and
ompared with those found in the literature and our previous works
32,40–42,46–48]. The calculated parameters show a good correla-
ion with those found in the literature for the hydride mixture. The
ifferences between the values of calculated parameters and those
eported in the literature might be related to the measurement

rocedure and the temperature ranges considered.

The assessed compositions, i.e. Mg2Fe, Mg3Fe and Mg15Fe,
resent thermodynamic parameters that lay in the same range. This
hows that the thermodynamic of the Mg–Fe–H system is not mod-

plot of the Mg–Fe–H hydride system synthesized from different stoichiometric

Mg2FeH6

−1 H2] �S [J mol−1 H2 K−1]

−124 ± 2
−127 ± 7
−122 ± 4
−124 ± 3

–

Mg2FeH6

J mol−1 H2 K−1] �H [kJ mol−1 H2] �S [J mol−1 H2 K−1]

4 ± 3 −87 ± 5 −147 ± 7
8 ± 2 −85 −144
8 ± 2 −96 ± 24 −161 ± 36

3 ± 31 −80 ± 72 −137 ± 132

0 ± 7 −87 ± 3 −147 ± 15
135 – –

– −98 ± 3 –
8 ± 3 −86 ± 6 −147 ± 9

– −77 –
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Table 5
Hydrogen absorbed in 500 s at 523, 573, 623 and 673 K after a number of hydrogen absorption/desorption cycles, between parentheses.

Sample Theoretical capacity H [wt%] H [wt%] absorbed in 500 s at different temperatures

523 K 573 K 623 K 673 K

Mg2Fe 3.8 0.95 (80) 1.35 (100) 1.70 (110) 2.50 (120)
Mg3Fe 4.7 1.40 (10) 2.4 (20) 3.45 (35) 3.50 (50)
Mg15Fe 7.1 1.50 (50) 3.00 (60) 4.85 (110) 4.90 (100)

Table 6
Integral forms of various gas–solid kinetics models used for fitting experimental sorption data [49,50].

Model Description Integral form g(˛) = k·t
Nucleation models

Johnson–Mehl–Avrami (JAM), n = 2 Two-dimensional growth of existing nuclei with constant interface velocity. [ln(1 − ˛)]1/n

Johnson–Mehl–Avrami (JAM), n = 3 Three-dimensional growth of existing nuclei with constant interface velocity.

Geometrical contracting models
Contracting area (CA) Two-dimensional growth with phase boundary controlled reaction. 1 − (1 − ˛)1/2

Contracting volume (CV) Three-dimensional growth with phase boundary controlled reaction. 1 − (1 − ˛)1/3

D
tion).
sion c

fusion

i
n
t
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3

u

a
t
a
c
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F
(

iffusion models
1D diffusion Surface controlled (chemisorp
2D diffusion Two-dimensional growth diffu
3D diffusion (Ginstling–Brounshtein) Three-dimensional growth dif

fied by the stoichiometric proportions of Mg and Fe. It is also worth
oting that Mg15Fe has the advantages of higher capacity than
he other compositions and small hysteresis between the hydro-
en uptake and release. These two features are quite important for
otential practical applications.
.3. Kinetics: hydrogen realize/uptake behavior

The kinetic behavior was investigated between 523 and 673 K
sing an established relationship of P/Pequilibrium equal to 2.4 in

M
a
a
c
a

ig. 6. Hydrogen absorption/desorption rate for the different Mg–Fe compositions: (A) ab
D) desorption kinetics at 573 K.
˛2

ontrolled with decreasing interface velocity. [(1 − ˛)ln(1 − ˛)] + ˛
controlled with decreasing interface velocity. 1 − (2/3)˛ − (1 − ˛)2/3

Sieverts-type device. Measurements of the hydrogen absorp-
ion capacity reached in 500 s and after different numbers of
bsorption/desorption cycles are shown in Table 5. The reported
apacities correspond to MgH2 in presence of free Fe. At an inter-
ediate temperature, 623 K, the hydride material composed by

g15Fe shows a capacity of 4.85 wt% H absorbed in less than 10 min

nd after 100 absorption/desorption cycles. These hydrogen stor-
ge uptake characteristics are better in comparison to the other
ompositions and are also interesting conditions for a potential
pplication.

sorption kinetics and (B) desorption kinetics at 623 K; (C) absorption kinetics and
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A comparison between the hydrogen absorption and desorp-
ion rates at 523 and 623 K is shown in Fig. 6. At 623 K (Fig. 6A), it is
lear that Mg15Fe is faster than the other compositions. However,
t 573 K (Fig. 6C), the rate of hydrogen uptake of Mg3Fe is slightly
aster than Mg15Fe. The hydrogen release behavior of the hydride

aterials is shown in Fig. 6B and D. Due to the experimental limita-
ions (see Section 2.2), these measurements are an estimation of the
imes required for the hydrogen desorption. At 573 and 623 K, des-
rption times range between 400 and 600 s. In the case of Mg15Fe,
hich is the composition with higher capacity, at 573 and 623 K the

ydrogen release takes 400 and 500 s respectively.
In order to obtain information about the reaction mechanism

uring the hydrogen uptake, an analysis of the curves shown in
ig. 6A and C applying gas–solid kinetic models was performed.
he general expression to study the rate of gas–solid reactions is as
ollows

d˛

dt
= K(T) × F(P) × G(˛) (1)
here the overall reaction rate is function of the temperature
T), hydrogen gas pressure (P) and the absorbed hydrogen frac-
ion (˛—defined in this work as fraction of the total hydrogen
t% reached in 500 s). The temperature term is a function of the
rrhenius equation K(T) = A × e−(Ea/RT), and the F(P) term is taken as

a
i
f
i
b

els to the hydrogen absorption rate measurements at 573 and 623 K for the different
by the range of time required to reach the specified H.F. (between parentheses) and

/Pequilibrium equal to 2.4. Considering that K(T) does not change at
iven temperature and F(P) is constant, Eq. (1) can be expressed as

(˛) =
∫ ˛

0

d˛

G(˛)
= k × t (2)

here g(˛) is the integral form of the models, which are shown in
able 6.

Although metal–hydrogen reactions involve a complex
equence of steps, in the above context a simplified scheme
ith three steps can be proposed. In this sense, hydriding reaction

nvolves a first stage starting at the gas-surface region, following
y the nucleation/growth of the hydride phase and ending with
he diffusion through the transformed phase. When absorption
ate is governed by one of these steps, the kinetic rate-limiting step
an be identified by fitting the integral equations of the particle
eaction models (Table 6).

The reaction of Mg and Mg-based materials with hydrogen is
nfluenced by three dominant factors: crystallite size, particle size

nd catalyst [50]. From the application of the integral forms of var-
ous gas–solid kinetics models (Table 1) to the absorbed hydrogen
raction, ˛, reached in 500 s (Fig. 7), it is evident that the mechanism
s neither surface controlled nor nucleation/growth controlled. This
ehavior is attributed to the catalytic effect of Fe on the hydro-
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en dissociation and the refinement degree of the microstructure,
espectively. As it can be observed, for all the practised composi-
ions the best fit is obtained with the 3D diffusion model, which
ndicates that the hydrogen mechanism is controlled by the diffu-
ion of hydrogen into the MgH2 bulk. Our results are in agreement
ith the previously reported for hydrogen absorption in milled
gH2 catalyzed with Nb2O3 [50]. Then, the microstructural refine-
ent and the dispersion of Fe imparted by RBM have enhanced both

ydrogen dissociation and nucleation/growth rate, without effect
n the hydrogen diffusion coefficient through the hydride phase.

. Conclusion

Mg–Fe based materials for hydrogen storage were produced via
BM using mixtures of MgxFe (x: 2, 3 and 15) elemental powders.
ia this one step method of synthesis, a high degree of microstruc-

ural refinement and catalyst dispersion (Fe), which enhanced the
ydrogen storage properties, was reached. The higher yield of
ydride phase (90 wt% of MgH2) and hydrogen capacity (6.9 wt% H)
as obtained from the Mg15Fe composition. Studies under equilib-

ium conditions showed that the thermodynamic parameters for
ifferent Mg–Fe compositions are similar and are in good agree-
ent with those reported in the literature. An assessment of the

ydrogen uptake reaction mechanism by fitting kinetic models
howed that the absorption reaction is diffusion controlled. This
echanism does not change with the Mg–Fe proportion at the
easured temperatures.
From the studied compositions, Mg15Fe showed the highest

ydrogen capacity (4.85 wt% H after 100 absorption/desorption
ycles at 623 K), reasonable absorption/desorption times (absorbs
0% of its final capacity in about 200 s and the hydrogen release
akes 600 s) and narrow hysteresis cycle. These are promising char-
cteristics from the application point of view.
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