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1837 kJ/kg for MgH,) [20—22]. It has been reported that, even
under conditions where almost no complex hydride is formed,
the presence of Fe has a strong effect on improving the
hydrogen hydrogenation—dehydrogenation kinetics of Mg.
For example, the mixture 15Mg—Fe has a faster kinetic
response than pure Mg and higher storage capacity than the
2Mg—Fe composition [8].

Technological applications of hydride forming materials
usually entail a large number of hydrogen absorp-
tion—desorption cycles. For this reason, a complete charac-
terization of hydrogen storage materials should include the
evaluation of their properties under cycling conditions. There
are few reports in the literature about the cycling behavior of
Mg—Fe—H system when both hydride phases (Mg,FeHs—MgH,)
are present [20—22]. Reiser et al. [20] have found that the
hydrogen storage capacity remains unchanged for both MgH,

Introduction

Several studies have shown that Mg—Fe mixtures exhibit
better hydrogen absorption—desorption properties than pure
Mg [1—-19]. Many of these works studied the catalytic effect of
Fe on the hydrogen absorption—desorption properties of MgH,
[1-8], while others investigated the hydrogen storage prop-
erties of the MgH,—Mg,FeHs hydride mixture [9—-19]. The
Mg—Fe—H hydride system is interesting from the technolog-
ical standpoint due to the low cost of Mg and Fe and its po-
tential hydrogen and energy storage properties, i.e. fast
intrinsic absorption — desorption rates (3—5 min at
300 °C—350 °C) [8], relative high hydrogen capacity (5.4 wt.% H
for Mg,FeHg and 7.6 wt.% H for MgH,) and high heat storage
capacities (energy to weight: 1817 kJ/kg for Mg,FeHs and
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(starting from pure Mg or 4:1 and 20:1 of Mg:Fe mixtures) and
Mg,FeHs (starting from a 2Mg—Fe mixture). Bogdanovic et al.
[21, 22] have performed experiments with several Mg—Fe
compositions. In the case of the Mg,FeHs complex hydride, its
hydrogen capacity remained constant at 5 wt. % H during 600
absorption—desorption cycles performed above 500 °C and
180 min each cycle. It has been concluded that the separation
of Mg and Fe in two immiscible phases upon dehydrogenation
and the formation of the complex hydride phase upon hy-
drogenation counteracts the agglomeration and it is one of the
causes of the cycling stability. All the above described in-
vestigations [20—22] have been performed at severe absorp-
tion and desorption conditions (high temperatures: above
500 °C, for long absorption and desorption times: several
hours and under high hydrogen pressures: around 100 bar),
aiming to evaluate the cycling stability of the Mg—Fe complex
hydride [21]. There are some works [23—25] about the cycling
stability of Mg-based films containing Al, Fe, Ti and about
ternary systems such as Mg—Fe—V, Mg—Al—-Ti, Mg—Fe—Ti and
Mg—Al—Fe studied at temperatures around 200 °C and pres-
sures below 5 bar during 100 cycles. It was found that mainly
Mg—Al-Ti and Mg—Fe—Ti are relatively stable against cycling
and can intake 4—6 wt. % H. Additionally, the Mg;oFe;, mate-
rial tested at such low temperature absorbed 4.8 wt % H during
the first cycle due to the formation of Mg,FeHs and smaller
amounts of MgH,. However, the material just absorbed
0.6—0.8 wt. % H in subsequent cycles. This low cycling stability
was attributed to the tiny amount of reversible MgH, and the
higher stability of Mg,FeHs that formed under the experi-
mental conditions.

As described above, the cycling stability of the Mg—Fe—H
system was tested either under very high temperature and
pressure conditions or under extremely low temperature
and pressure conditions [20—25]. These combinations of
pressure and temperature conditions are quite far from the
conditions found in most of the practical applications. On
one hand, the severe temperature and pressure conditions
require exceptional mechanical properties for the reservoir's
material at the time to build a tank. On the other hand,
when Mg—Fe—H system is used at too low temperatures
there is a limited reversible hydrogen storage capacity. The
cycling stability behavior of the Mg—Fe—H system over a
wide range of Mg—Fe compositions and under moderate
temperature (<400 °C) and pressure (less than 40 bar for
hydrogenation and more than 2 bar for dehydrogenation)
has not been yet investigated. These moderate conditions
would be closer to those found in possible practical appli-
cations, i.e. not too demanding for the vessel's material and
where the hydride still retains a high reversible hydrogen
capacity.

In this work, we studied the behavior of xMg—Fe materials
(x: 2, 3, 15) subjected up to 1000 successive hydrogen absorp-
tion—desorption cycles at 375 °C in a closed loop device. The
materials selection allows studying the cycling properties of
the stoichiometric mixture leading to the formation of Mg—Fe
complex hydride and the properties of Fe-catalyzed Mg [8]. All
investigated materials were synthesized via reactive me-
chanical milling under hydrogen atmosphere (RMM). The ef-
fects of cycling on the absorption capacity and the influence
on the hydrogenation—dehydrogenation characteristics were

investigated via X-ray diffraction, calorimetry, particle/
agglomerate size distribution and volumetric techniques.

Experimental
Synthesis

Mg—Fe elemental powder mixtures (Mg purchased in Riedel-
de Haén — purity: 99.9%; Fe purchased in Sigma Aldrich —
purity: 99.9%) with three different compositions, namely
2Mg—Fe, 3Mg—Fe and 15Mg—Fe, were prepared via low energy
reactive mechanical milling (RMM) at 5 bar of H, and during
150—200 h as explained in Ref. [8].

The prepared samples are hereafter referred to as 2Mg—Fe,
3Mg—Fe and 15Mg—Fe. All handling was carried out in Plas-
Labs and MBraun Unilab glove boxes with controlled H,0 and
O, atmosphere to minimize the oxidation/hydrolysis of the
samples.

Cycling behavior

The prepared Mg—Fe mixtures were subjected up to 1000
hydrogen absorption/desorption cycles at a constant temper-
ature of 375 °C in a closed loop device. For all materials,
200—-300 mg of mass was used to evaluate their cycling per-
formance. The samples were weighted in the hydrogenated
condition before and after the experiments in order to detect
and quantify possible mass loss due to cycling. The closed loop
device was designed to study intrinsic pressure cycling
degradation of hydride forming materials [26]. The device uses
a hydride forming material (LaNis) as a hydrogen source/sink.
Prior to each absorption cycle, hydrogen was released from the
source to fill an intermediate volume up to a pre-established
pressure. This volume was then isolated from the source and
connected to the sample reactor. A filling pressure in the in-
termediate volume was calculated in order to get an initial
pressure in the sample reactor of 3000 kPa after connecting
both volumes. After the initial pressure drop owing to the
connection of the intermediate and sample reactor volumes, a
traditional Sieverts measurement was performed (absorption
started at 3000 kPa and finished above 2500 kPa). The final
absorption pressure was far higher than the Mg—Fe—H
equilibrium pressures at 375 °C, i.e. Peq (375:c) is between 1000
and 1400 kPa [8]. The pressure drop caused by the hydrogen
absorption in the sample was monitored as a function of time.
For the desorption stage, the source/sink was first cooled in
order to reduce its equilibrium pressure down to a desired
value (300 kPa). All the volumes were then connected (sample
reactor, intermediate volume and hydrogen source/sink)
causing the sample dehydrogenation and the source/sink hy-
drogenation simultaneously. The dehydrogenation of the
sample started at 300 kPa and finished at a lower value of about
250 kPa because of source/sink continuous hydrogenation.
This dehydrogenation procedure did not allow to quantify the
storage capacity and to measure the reaction rate during the
desorption stages. The range of pressure used for the dehy-
drogenation process (from 300 kPa to 250 kPa) was much lower
than the decomposition equilibrium pressures for MgH, at
375°C, i.e. Peq.(375°c) is about 1000 kPa [8]. However, the range of
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pressure used was not so far away from the decomposition
equilibrium pressures of Mg,FeHs at 375 °C, i.e. Peq (375:c) about
500 kPa [8]. The time elapsed between two consecutive ab-
sorption stages was approximately 15 min. After each hydro-
genation and dehydrogenation cycle, the storage capacity of
the sample was recorded. In order to determine the evolution
of the reaction kinetics, detailed pressure drop measurements
were conducted every five cycles using absorption/desorption
intervals two times longer than during regular cycles (so
called: detailed cycles). The evolution of the hydrogen capacity
as a function of the number of cycles was plotted using the
measured hydrogen capacities corresponding to the hydro-
genation processes after the detailed cycles. These points were
selected in order to measure the hydrogenation processes with
a sample as fully dehydrogenated as possible, so that the
storage capacity can be accurately measured.

Characterization and kinetic behavior

The samples before and after cycling were characterized by
different techniques in order to identify possible changes
induced by the process. Phase identification, microstructural
properties and relative phase composition of the materials
were investigated by XRD (Philips Instruments PW 1710/01)
using CuK, radiation (x = 1.5405 A, graphite monochromator,
30 mA and 40 kV). The crystallite size of the hydride phases
was determined by the Scherrer equation [27]. In order to
calculate the ratio between the relative amounts of the hydride
phases (amount of MgH, to Mg,FeHg), the K value method with
the integrated intensities of the strongest XRD peaks was used.
This method is based on the following equations:

Ivgn, { Xwvg, }
= X 1
Ing, Feng MgH, /Mg;FeHs XMg,FeHs @
XMgHz + XMZZFEHB =1 (2)

where Iygy, and Ivgren, are the integrated intensities of the
strongest XRD peaks 26: 27.9°, referring to [110] for MgH, and
24.71°, referring to [111] for Mg,FeHs; Kugh, /mg,Fen, 1S @ constant
and Xuygu, and Xug,ren, are the relative abundances of the hy-
dride phases. This method is indeed applicable to a mixture
containing two phases. However, in this case it was utilized to
estimate the relative amounts of hydride phases in a mixture
containing more than two phases [28].

Morphological and agglomerate size distribution analyses
of the samples were performed by scanning electron micro-
scopy (SEM 515, Philips Electronic Instruments). The powder
samples were dispersed in stickers and observed with sec-
ondary electrons. Moreover, the agglomerate size distribu-
tions (so called PSD) of the cycled powder materials were
determined by using a Mastersizer Micro MAF 5000 device
with a measurement range between 0.3 um and 300 um. The
samples were first diluted in n-butanol, then stirred at
2100 rpm and subsequently measured.

Thermal desorption behavior of the hydride phases was
studied by differential scanning calorimetry (DSC, TA 2910
calorimeter), using heating rates of 1 °C/min, 2 °C/min, 5 °C/
min, 10 °C/min, 15 °C/min and 25 °C/min and argon flow rate
of 122 ml/min. The desorption capacities and the relative

weight percentages of the phases in the samples were deter-
mined from the area of the DSC curves and the stoichiometry
of the Mg—Fe starting materials without taking into account
the formed amount of MgO or Mg(OH)s,.

The mechanism for the hydrogenation process was
analyzed with the Johnson, Mehl and Avrami (J]MA) gas—solid
reaction model based on nucleation and growth of trans-
formations in metals and alloys [29]. This model describes the
reaction in terms of the following equation:

f=1-exp[-(kt)"] 3

Here, f is the transformed fraction, k the rate constant, t is
time and nis the so-called Avrami exponent which depends on
the controlling step mechanism (m = 1 for interface controlled
growth and m = 2 for diffusion controlled growth) and
dimensionality growth (d = 1,2 and 3 for 1D, 2D and 3D growth,
respectively). Thus, the exponent n can be expressed as:

d .

n=_+ 1 for constant nucleation rate 4)
d .

n=_ for constant nuclei number (5)

The JMA equation was fitted to the hydrogenation curves at
the first cycle and then every 100 cycles. The fittings were
performed from f = 0 to f = 0.8. The hydrogenation rate at
f = 0.5 obtained from each fitted expression was plotted as
against the number of cycles to assess the sorption kinetic
behavior through cycling.

In order to investigate the effect of the hydrogen cycling
upon the dehydrogenation behavior, the activation energy
was calculated by the Kissinger method based on the
following equation [30]:

8] E AR
In {ﬁ} = RT, +In {E—J +C (6)

where B is the value of the heating rate (when expressed in K/
min), T, is the absolute temperature of the DSC peak
maximum, R is the ideal gas constant, A is the pre-exponential
factor, E, is the activation energy and C is a constant.

Results
Cycling behavior xMg—Fe (x = 2, 3 and 15) materials

Milling in hydrogen atmosphere is a one-step synthesis
method which involves the in-situ formation of hydride
phases facilitated by the microstructure refinement of the
materials during the process. Hence, via reactive mechanical
milling (RMM) materials with improved hydrogen sorption
characteristics can be obtained [4,7,31]. Fig. 1 shows the re-
sults of hydrogen cycling experiments at 375 °C for xMg—Fe (x:
2, 3 and 15) samples. The 15Mg—Fe material has the highest
storage capacity throughout cycling (Fig. 1(a)). Its storage ca-
pacity sharply drops during the first 40 cycles, then suffers a
kind of activation and finally decreases steadily. In the case of
3Mg—Fe (Fig. 1b), the material does not show an initial stage
like the 15Mg—Fe. At the beginning and end of the cycling
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Fig. 1 — Evolution of the hydrogen storage capacity
throughout the hydrogenation—dehydrogenation cycles at
375 °C for: (a) 15Mg—Fe, (b) 3Mg—Fe, (c) 2Mg—Fe.

process, it has a hydrogen capacity higher than the 2Mg—Fe
(Fig. 1(c)). However, its storage capacity progressively falls
during cycling.

Characterization of the xMg—Fe (x = 2, 3 and 15) materials

The xMg—Fe materials before and after cycling were charac-
terized by XRD, DSC, SEM and PSD. Figs. 2 and 3 show the
XRD-DSC and SEM characterizations, respectively and Table 1
summarizes the main characteristics of the xMg—Fe (x: 2, 3
and 15) materials before and after cycling.

The XRD and DSC results of the 2Mg—Fe before and after
cycling are shown in Fig. 2A and B, respectively. After RMM
(Fig. 2A(a)), the XRD pattern shows Fe, MgH, and Mg,FeHg re-
flections. The observed MgH, and Mg,FeHs broad peaks ac-
count for the small crystallite sizes reached after the RMM
process [8,31]. After cycling (Fig. 2A(b)), all XRD peaks are nar-
rower due to crystallization by cycling at relative high tem-
peratures. The presence of Mg,FeHg, MgH,, Fe, Mg and MgO is
detected. The DSC curves shown in Fig. 2B correspond to a
heating rate of 5 °C/min. The non-cycled sample (Fig. 2B(a))
exhibits a shoulder at about 220 °C and a peak maximum at
about 260 °C. This behavior is related to overlapped endo-
thermic events associated to the decomposition of MgH, (first
peak maximum) and Mg,FeHg (second peak maximum) [19].
On the other hand, the DSC curve corresponding to cycled
2Mg—Fe (Fig. 2B(b)) only shows a single thermal event with a
peak maximum at about 260 °C. According to previous works
[14,15] both MgH, and Mg,FeH¢ phases were also present in this
kind of samples as well as in the 2Mg—Fe material after cycling.
Varin et al. [11] observed that the MgH,—Mg,FeH¢ hydride
mixture synthesized by RMM decomposes in a single endo-
thermic event. They also noticed that well-defined, narrow
peaks indicate the presence of small and well crystallized hy-
dride particles, providing homogeneous phase composition,
bulk hydrogen distribution and particle size distributions [11].

In order to calculate the ratio of hydride phases for the
2Mg—Fe material, DSC curves were measured at slower heat-
ingrate of 1 °C/min in which it was possible to distinguish two

thermal events belonging to MgH, and Mg,FeHs decomposi-
tion [19]. The MgH, to Mg,FeHg ratio for the 2Mg—Fe material
calculated by DSC and XRD shows a decrease about 60% after
cycling.

In Fig. 3A and B, SEM micrographs of 2Mg—Fe after cycling
conditions are shown. Agglomerate sizes of the material are in
the range from 10 pm to 100 um and it presents surfaces with
irregular shapes. In Table 1, it can be noticed that the crystallite
sizes as well as the average agglomerate sizes of 2Mg—Fe cycled
sample are larger than that of the non-cycled one.

Fig. 2C, D, E and F show the XRD patterns and DSC curves of
the 3Mg—Fe and 15Mg—Fe before and after cycling. In the XRD
patterns of non-cycled samples, MgH, and Fe are detected. In
the case of non-cycled 15Mg—Fe, it is also noticed the presence
of metastable y-MgH, and a small amount of MgO. Metastable
v-MgH, appears due to the structural defects and the me-
chanical deformation that occur during the RMM processing
[32]. The presence of small amounts of MgO can be attributed
to a larger surface area of free Mg generated by the milling
process, the large proportion of Mg particles which are not
coated with Fe and the high reactivity of Mg to oxygen [8,31].
After cycling, the XRD patterns of both materials show re-
flections of the MgH,, Mg,FeHg, Fe, Mg, and traces of MgO and
Mg(OH), phases (Fig. 2C(b) and E(b)). The small amount of the
last two phases might have been formed during storage inside
the glove box.

In Fig. 2D the DSC curves of the 3Mg—Fe material before
and after cycling are compared. For the non-cycled 3Mg—Fe,
the endothermic event corresponds to the MgH, decompo-
sition. In the case of 3Mg—Fe cycled, and considering the
corresponding XRD pattern, the thermal event includes the
MgH, and Mg,FeH¢ decompositions. In the DSC curve of
3Mg—Fe cycled there is a noticeable peak maximum at about
275 °C followed by a slight shoulder at about 300 °C, related
to the MgH, and Mg, FeH¢ overlapped decompositions,
respectively. This observation is supported by DSC curves
practiced at slower heating rates of 1 °C/min and 2 °C/min
(curves not shown) in which is possible to distinguish the
two thermal events associated with MgH, and Mg,FeHg de-
compositions [19]. The DSC curve of non-cycled 15Mg—Fe
(Fig. 2F(a)) presents a non-symmetrical form. This shape is
due to the lower decomposition temperature of the meta-
stable y-MgH, followed by the stable MgH, (B phase)
decomposition [8,31,32].

After cycling (Fig. 2F(b)), 15Mg—Fe decomposes in a single
endothermic event which seems to be almost in the same
temperature range of B-MgH, decomposition. In comparison
to the non-cycled materials, the peak areas of the cycled
materials are smaller indicating a decrease in the hydrogen
storage capacity after cycling. This is in agreement with the
decreasing behavior of the hydrogen storage capacity
observed in the cycling experiment (Fig. 1). As seen in Table 1,
the hydride phase ratio calculated by DSC and XRD for the
3Mg—Fe is noticeably higher than for the 2Mg—Fe. For the
15Mg—Fe, it was only possible to calculate the relative hydride
phase ratio by XRD. This material has the highest hydride
phase ratio, indicating that MgH, is the main hydride phase
after cycling.

Fig. 3 presents SEM micrographs of the agglomerate dis-
tribution and surfaces of the 3Mg—Fe (Fig. 3C and D) and
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Fig. 2 — XRD and DSC of the (A)—(B) 2Mg—Fe, (C)—(D) 3Mg—Fe and (E)—(F) 15Mg—Fe before and after cycling.
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15Mg—Fe (Fig. 3 E and F) samples after cycling. Both 3Mg—Fe
and 15Mg—Fe cycled samples show surfaces with irregular
shapes (Fig. 3 D and F). The observed agglomerate sizes for
3Mg—Fe (Fig. 3C), as well as for 2Mg—Fe (Fig. 3A), are in the
range from 10 um to about 100 pm. The average agglomerate
size and crystallite sizes of the 3Mg—Fe cycled material are
larger than that of the non-cycled (Table 1). For 15Mg—Fe the
agglomerates are thinner and their sizes are in the range be-
tween 5 um and 50 pm (Fig. 3E). The 15Mg—Fe after cycling
exhibits a larger crystallite size of MgH, and the crystallite size
of Fe remains in the same value (Table 1). Nonetheless, the
average agglomerate size of 15Mg—Fe after cycling is smaller
in comparison with the non-cycled 15Mg—Fe.

Discussion
Effect of hydrogen cycling upon the storage capacity

There are several works devoted to the study of the cycling
stability of pure Mg/MgH, and Mg/MgH, plus additives such as

200 um

200 pum

transition metals or transition metal compounds (Ni, V, Fe, Ti,
Al and Cr,03) [20—25,33—37]. In general, Mg—Fe mixtures were
found to be very stable against cycling. In most cases, no ca-
pacity loss was observed, in particular when the cycling pro-
cess was performed at a very high pressure range (around
100 bar) that might have prevented Mg loss due to evapora-
tion. However, hydrogen capacity loss upon cycling was
measured in some cases [21,22,34,36,37]. In particular, the
capacity loss was detected when samples contained a low
amount of Fe (for example, 40 Mg—Fe). In such cases, only a
small amount of complex hydride is formed upon hydroge-
nation. Under such conditions, the authors attributed the
observed capacity loss to the agglomeration of Mg particles
(associated with the high vapor pressure of Mg and low
melting point [21]), segregation of the additives and the for-
mation of stable undesired phases such as MgO or Mg(OH),.
In this work, a significant mass loss between 20 and 30 mg
was measured in all cases after cycling. This mass loss process
is associated with the conditions selected for the cycling ex-
periments: 375 °C and from 3000 kPa (absorption) to 300 kPa
(desorption). The relatively low desorption pressure can be

-~ FE¥

5 um

D

S pum

5 pm

Fig. 3 — SEM micrographs of the xMg—Fe (x: 2, 3 and 15) materials after cycling. A and B: 2Mg—Fe. C and D: 3Mg—Fe. E and F:

15Mg—Fe.
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Table 1 — Characterization of the xMg—Fe materials (x: 2, 3 and 15) after synthesis (non-cycled) and cycling at 375 °C: Ratio
of hydride phases calculated from the DSC curves and the XRD diffractograms via the K method [28]. Crystallite size

calculated by Scherrer method [27]: MgH, (26: 27.9°, [110]), Mg,FeHs (20: 24.1°, [111]) and Fe (26: 44.5°, [111]). Mean
agglomerate size of the materials after synthesis and cycling.

Sample DSC XRD PSD
Ratio between the relative Ratio between the relative  Crystallite size (nm) Mean volume
amount of hydride phases amount of hydride phases MgH, MgFeH, Fe agglomerate

[X MgH,/X Mg,FeHg] [X MgH,/X Mg,FeHg] size (pm)
2Mg—Fe/H, non-cycled® 0.8 1.65 10 10 20 20°

2Mg—Fe/H, cycled at 375 °C 0.5 1.10 20 - 30 30%P

3Mg—Fe/H, non-cycled® = = 10 = 30 25%

3Mg—Fe/H, cycled at 375 °C 4.5 5.80 65 35 50 40*P

15Mg—Fe/H, non-cycled = = 10 = 30 25°%

15Mg—Fe/H, cycled at 375 °C® = 7.20 30 30 30 10%°

# Mean agglomerate sizes taken from SEM micrographs of sticker mounted samples.
Y Mean volume agglomerate size determined by particle size distribution analyzer.
¢ The relative amounts of phases were not calculated by DSC because it was not possible to observe two thermal events, even at slower heating

rates.

responsible of Mg evaporation. Moreover, under these mild
conditions the Mg,FeHg complex hydride is not fully cycled. At
this point, it is worth remembering that these cycling condi-
tions were chosen in order to study the behavior of the system
under less-severe situations, closer to a possible practical
application of these materials.

Table 2 shows a comparison between the measured and
calculated hydrogen capacities of the extreme compositions:
2Mg—Fe and 15Mg—Fe. Additionally, the calculated relative
amounts of phases and the MgH,/Mg,FeH; ratios from XRD
patterns (Fig. 2 A and E) are shown. The hydrogen capacities
and relative amount of phases were determined taking into
account the MgH,/Mg,FeH¢ ratios from XRD patterns and
assuming that the sample mass loss during cycling is due to
active Mg evaporation. In Fig. 2A, C and E, the XRD patterns
before and after cycling show the presence of free Mg. How-
ever, the low intensity of the XRD peaks of free Mg suggests
that for the calculations the free Mg can be neglected owing to
its low amounts, in accordance with the mass loss
assumption.

As seen in Table 2, the measured and calculated hydrogen
capacities are in good agreement. In most cases, both hydrides
MgH, and MgyFeHg are detected (Fig. 2A, C, E). For both
2Mg—Fe and 15Mg—Fe materials, the amount of MgH, de-
creases after cycling (Tables 1 and 2). In the case of the 2Mg—Fe
material, the amount of Mg,FeHg is slightly larger after cycling
(Table 2). It suggests that Mg,FeHg is formed and then remains
stable. The 15Mg—Fe material does not contain Mg,FeH¢

before cycling. However, it has 11% of Mg,FeHs after cycling
(Table 2).

Based on the results and the analysis, the hydrogen ca-
pacity loss during cycling is ascribed to two effects: 1 — the
evaporation of the active fraction of Mg which causes the
mass loss and 2 — the formation of Mg,FeHs complex hydride
upon hydrogenation which remains stable because its equi-
librium pressure at 375 °C (about 500 kPa [8]) is near to the used
dehydrogenation pressure (300—250 kPa).

Effect of hydrogen cycling upon the hydrogen kinetic
behavior

Hydrogenation kinetic behavior

In our previous works [15,19], we found that under dynamic
conditions Mg,FeHs is mainly formed at temperatures above
350 °C. When the temperature is 375 °C, the pressure neces-
sary to form the complex hydride must be above 1500 kPa [19].
The formation of Mg,FeHg under dynamic conditions involves
a two-step reaction with MgH, as an intermediate phase and
the subsequent formation of Mg,FeH¢ from the reaction be-
tween MgH, and Fe particles. This MgH, and Fe particles
interaction is enhanced by higher temperatures since it in-
volves solid—solid diffusion mechanism. In addition, this
solid—solid diffusion effect also constraints the full conver-
sion under cycling to Mg,FeHs, leading to the MgH,—Mg,FeHg
hydride mixture formation [19]. It was also observed that the
formation of Mg,FeH¢ slows down the overall hydrogenation

Table 2 — Comparison between the measured hydrogen capacities and calculated hydrogen capacities with their relative

amount of phases before and after cycling for 2Mg—Fe and 15Mg—Fe.

Sample Hydrogen capacity Calculated relative amount Ratio between the relative amount of
(wt.%) of phases (wt.%) hydride phases [X MgH,/X Mg,FeHs] XRD
Measured Calculated MgH, MgFeHs Fe Mg
2Mg—Fe non-cycled 2.8 2.9 37 23 40 0 1.6
2Mg—Fe cycled at 375 °C 2.2 2.2 30 27 43 0 IS
15Mg—Fe non-cycled 6.6 6.7 88 0 12 0 =
15Mg—Fe cycled at 375 °C 4.3 5.2 80 11 9 0 7.2
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Fig. 4 — A — Hydrogenation kinetic behavior at cycle 200 for xMg—Fe (x = 2, 3, 15) and fitting of the JMA model with n = 1.08.
B — Hydrogenation rate at f = 0.5 obtained from each fitted expression against the number of cycles for xMg—Fe at 375 °C

(x =2, 3, 15).

rate owing to the solid—solid diffusion effect [15,19]. Thus, at
temperatures above 350 °C the hydrogenation rate is slower
than that observed at lower temperatures. The hydrogenation
process at low temperatures (<350 °C) just results in the faster
formation of MgH, catalyzed by Fe because the solid—solid
diffusion effect is totally hindered precluding the Mg,FeHg
formation.

In Fig. 4 the hydrogenation kinetic behavior at the cycle 200
(Fig. 4A) and the hydrogenation rates as a function of the
number of cycles (Fig. 4B) for all the compositions are shown.
The analysis of the hydrogenation mechanism for the curves
at 200 cycles was done by fitting the JMA equation as a func-
tion of the hydrogen storage capacity against time (Fig. 4A,
dash lines) and by applying the integral form of the equation
against time (figures shown as Supplementary Material:
Fig. S1). Moreover, the effect of cycling on the hydrogenation
mechanism and hydrogenation rates were evaluated by fitting
the JMA equation expressed as reacted fraction by using
equation (3). For all cases, i.e. Mg—Fe compositions and hy-
drogenation processes at different cycle numbers, excellent
fitting agreements (correlation coefficient R?> ~ 1) were ob-
tained with the same exponent n = 1.08. It has also been
noticed that the fitting agreement is quite sensitive to the
actual value of the n exponent. Thus, this exponent can be
reasonably taken as n = 1. Investigations via scanning elec-
tron microscopy with partially reacted MgH, particles showed
shrinking core morphology with continuous Mg—H (solid so-
lution)/MgH, interface boundaries during the hydrogenation
stage [38]. In addition, the fact that the hydrogen diffusion
coefficient in MgH, is much smaller than in Mg solid solution
supports the shrinking core morphology [39]. This observa-
tions suggests that the dimensionality of the hydrogenation
mechanism of MgH, can be taken as d = 2 and the controlling
step mechanism as m = 2 for a diffusion growth controlled
process. Assuming a constant nuclei number (eq. (5)) and
considering fast nucleation, the mechanism provided by the
obtained n = 1is consistent with two dimensional controlled
growth in accordance with ref. [29,40].

It is noticed that the hydrogenation kinetic behavior at the
cycle 200 and the hydrogenation rates show a correlation with

the Mg—Fe composition (Fig. 4). The hydrogenation rates in-
crease as the proportion of Fe decreases (Fig. 4 B). This fact is
due to the higher hydrogen capacity reached in similar times
as the amount of active Mg increases, i.e. from 2Mg—Fe to
15Mg-Fe (Fig. 4 A). Interestingly, for each composition the
hydrogenation mechanism does not change during the entire
cycling process and the hydrogenation rate is about constant,
suggesting that the cycling process only causes minor changes
in the hydrogenation kinetic behavior. Similar results have
been obtained by Dehouche et al. [33,35] with MgH, plus Cr,03
as additive. They observed that the hydrogenation rate is not
affected by cycling, but a detrimental effect was noticed for
the dehydrogenation kinetic behavior.

Dehydrogenation kinetic behavior

In order to elucidate the effect of hydrogen cycling upon the
dehydrogenation kinetic behavior of the Mg—Fe materials, the
dehydrogenation activation energies for the 3Mg—Fe and
15Mg—Fe materials after cycling were calculated by the Kis-
singer method [30] from DSC curves (figures shown as Sup-
plementary Material: Figs. S2, S3 and S4). The 3Mg—Fe and
15Mg—Fe were selected to this analysis since they are the
representative of extreme compositions. On one hand, the
3Mg—Fe composition is nearby 2Mg—Fe but it contains more
MgH,, which is the active hydride phase during cycling.
Additionally it is possible to easily characterize the activation
energy for both MgH, and Mg,FeHg from the DSC results. On
the other hand, the 15Mg—Fe practically contains MgH,. Thus,
this analysis allows evaluating the effect of cycling upon a
relevant kinetic parameter such as the activation energy over
the whole range of investigated compositions. In Table 3 the
dehydrogenation activation energies along with the mean
agglomerate and crystallite sizes and the ratios of hydride
phases are shown.

For the xMg—Fe (x: 3 and 15), both non-cycled and cycled
materials present refined microstructures with mean
agglomerate sizes below 40 ym and crystallite sizes ranging
between 10 nm and 65 nm (Table 1). Dornheim et al. have
reported that the influence of the crystallite size on the
hydrogen kinetic behavior for MgH, is more obvious when the
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particle size is larger than 0.7 um [41]. Furthermore, the kinetic
behavior of MgH, deteriorates substantially when the crys-
tallite size is larger than 80 nm. During cycling of xMg—Fe (x: 2,
3 and 15) materials, MgH, is the main cycled phase and it
presents small crystallite sizes (Table 1). Moreover, the mean
agglomerate sizes of these materials do not significantly
change after cycling. Hence, a degradation of the dehydroge-
nation kinetic behavior due to deterioration of the micro-
structure of the materials upon cycling can be discarded. It is
noticed that for all xMg—Fe (x: 2, 3 and 15) compositions, the
DSC decomposition peaks occur at higher temperatures for
the cycled materials than for the corresponding non-cycled
materials (see Fig. 2B, D and F). The fact that the decomposi-
tion temperatures measured by means of DSC are higher than
for the non-cycled material might be attributed to the pres-
ence of MgO [11,12].

We found that the dehydrogenation mechanism of the
MgH,—Mg,FeHg hydride mixture proceeds in two independent
steps: first MgH, decomposes and then the decomposition of
Mg,FeHg occurs. The first step can actually activate the latter
one, and the presence of Mg,FeH; can improve the dehydro-
genation characteristics of MgH,. This mechanism is due to
synergetic-destabilizing effects as a result of hydride phase
interactions. On one hand, the presence of both hydrides re-
sults in a material with improved microstructural character-
istics leading to a mutual interaction during dehydrogenation,
i.e. contraction — strain mechanisms acting as decomposition
activators. On the other hand, destabilizing effects can lower
the decomposition activation energy, Ea [19]. Nonetheless,
during cycling the Mg,FeHg is not active and the quantity of
Mg,FeH; formed during cycling is also reduced. Thus, there is
no beneficial effect of the Mg,FeH upon the dehydrogenation
kinetic during cycling.

The 3Mg—Fe and 15Mg—Fe cycled materials present prac-
tically the same dehydrogenation E, of 113 kJ/mol H, for MgH,
active hydride phase (Figs. S2 and S4, Table 3). For the Mg,FeHe¢
inactive hydride phase, the dehydrogenation E, has a value of
106 + 8 kJ/mol H, which is in agreement with the value re-
ported for this complex hydride in a MgH,—Mg,FeHg hydride
mixture without cycling, i.e. 104 + 2 kJ/mol H, [19]. Thus, it also
indicates that the Mg,FeHs does not take part during the
cycling process.

Considering the MgH, active hydride phase, the dehydro-
genation E, = (69 + 7) kJ/mol H, (Fig. S3, Table 3) corresponding
to 15Mg—Fe after 110 cycles is noticeably lower than that of
the samples after cycling of (E, = (113 + 1) kJ/mol H,) [31].
Therefore, the cycling process has a detrimental effect on the
dehydrogenation kinetic properties of the MgH, active hydride
phase. This deterioration can be mainly attributed to the fact
that Mg,FeHg is present in a small amount and does not take
part in the dehydrogenation process, precluding the previ-
ously observed dehydrogenation synergetic effect owing to
MgH, and Mg,FeH¢ simultaneous decomposition [19].

hydride phases
[X MgH,/X Mg,FeHg] XRD
5.80
7.20

Ratio between the relative amount of

Fe
50
30

MngeHs
35
30

Crystallite
size (nm) XRD

MgHZ
65
30

Mean volume agglomerate
size (um) PSD
40
10

MngeHs
106 + 8

[kJ/mol Hy]

Dehydrogenation E,

MgH2
113 +9
113 +1

Conclusions

Thehydrogen cycling characteristics of xMg—Fe (x=2,3and 15)
materials prepared via RMM were investigated at 375 °C in the
250 kPa—3000 kPa pressure range. It was found that active
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hydride phase upon cycling is MgH,. An analysis of the results
leads to the conclusion that the hydrogen capacity reduction
during cycling can be attributed to two combined effects: 1 —
Mgevaporation due to the mild pressure conditions and 2 — the
formation of stable Mg,FeHs owing to the dehydrogenation
pressure condition. The influence of cycling upon the hydrogen
kinetic behavior was also analyzed. The cycling process does
not alter the hydrogenation kinetic behavior. However, dehy-
drogenation kinetic properties of the MgH, are deteriorated by
cycling. This fact is attributed to the small amount of Mg,FeHg
that does not take part in the dehydrogenation process, hin-
dering the dehydrogenation synergetic effect owing to MgH,
and Mg,FeH; simultaneous decomposition.
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