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José Bellosta von Colbe b, Thomas Klassen b, Martin Dornheim b

a Instituto Balseiro (UNCuyo and CNEA), Consejo Nacional de Investigaciones Cientı́ficas y Técnicas (CONICET) and
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The hydrogen sorption behavior of the Mg2FeH6eMgH2 hydride system is investigated via

in-situ synchrotron and laboratory powder X-ray diffraction (SR-PXD), differential scanning

calorimetry (DSC), scanning electron microscopy (SEM), particle size distribution (PSD) and

volumetric techniques. The Mg2FeH6eMgH2 hydride system is obtained by mechanical

milling in argon atmosphere followed by sintering at high temperature and hydrogen

pressure. In-situ SR-PXD results show that upon hydriding MgH2 is a precursor for Mg2FeH6

formation and remained as hydrided phase in the obtained material. Diffusion constraints

preclude the further formation of Mg2FeH6. Upon dehydriding, our results suggest that

MgH2 and Mg2FeH6 decompose independently in a narrow temperature range between 275

and 300 �C. Moreover, the decomposition behavior of both hydrides in the Mg2FeH6eMgH2

hydride mixture is influenced by each other via dual synergetic-destabilizing effects. The

final hydriding/dehydriding products and therefore the kinetic behavior of the Mg2FeH6

eMgH2 hydride system exhibits a strong dependence on the temperature and pressure

conditions.
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1. Introduction [12,15e17,21,22]. Zhou et al. concluded that Mg2FeH6 can
Due to the highest known volumetric hydrogen density

(150 kg H2 m�3) and a gravimetric hydrogen density of

5.4 wt.%, Mg2FeH6 is considered a promising material for

hydrogen storage. It is also an interesting material for energy

storage owing to its high dissociation enthalpy of about 90 kJ/

mol H2 [1e5]. Moreover, Mg and Fe are low cost and abundant

metals. However, because of the absence of a Mg2Fe inter-

metallic compound [6], pure Mg2FeH6 is difficult to synthesize.

Several attempts were done to prepare pure Mg2FeH6 from

2MgeFe and 2MgH2eFe stoichiometric mixtures. Methods

such as thermal treatment like sintering or hydrogen cycling

[1,2,7e9], mechanical milling (MM) in argon and hydrogen

atmosphere [10e22] and combinations of the methods

mentioned before were utilized [3,23e25]. Most of these

methods involved extreme temperature and pressure condi-

tions: 450e500 �C and 1.5e12 MPa for the sintering process,

MM for 60e270 h or more than 20 hydrogen absorp-

tionedesorption cycles. Despite these conditions, pure

Mg2FeH6 was hardly obtained. Thus, the Mg2FeH6eMgH2

mixture is commonly the reversible hydride system.

The formationmechanism of Mg2FeH6 via MM in hydrogen

and heating under hydrogen was also investigated

[2,11,26e28]. Bodanovi�c et al. [2] proposed different reaction

paths based on equilibrium measurements from 2:1, 4:1 and

1:1 Mg:Fe stoichiometric mixtures. From 2:1 and 1:1 MgeFe

mixtures, Bodanovi�c et al. suggested the formation ofMg2FeH6

from 2Mg, Fe and H2. Moreover, from a 4Mg:Fe mixture, the

formation of Mg2FeH6eMgH2 was also proposed. Hauback

et al. [26] also obtained the direct synthesis of Mg2FeH6 from

2Mg, Fe and H2 at 349 �C and low pressure (0.49 MPa) starting

from an as-milled 2MgeFe material. On the contrary, Polanski

et al. [27] showed through in-situ synchrotron X-ray diffrac-

tion measurements that MgH2 is a precursor for the Mg2FeH6

formation in dynamic conditions, following a two-step reac-

tion, i.e. first MgH2 and thenMg2FeH6 formation. Gennari et al.

[11] first observed that the synthesis of Mg2FeH6 from 2Mg:Fe

via MM in hydrogen atmosphere occurred throughMgH2 as an

intermediate phase following a two-step simultaneous reac-

tion mechanism, i.e. the MgH2 and Mg2FeH6 formation at the

same time. Finally, Zhang et al. [28] confirmed the two-step

simultaneous reaction mechanism milling a 2MgeFe stoi-

chiometric mixture in hydrogen. The hitherto results proved

that the reaction paths to obtain the Mg2FeH6 are highly

influenced by the microstructural characteristics of the ma-

terial, procedure (MM or heating) and pressureetemperature

conditions. Regarding the desorption behavior, Polanski et al.

showed that Mg2FeH6 decomposes into Mg, Fe and H2 [27].

It is well known that Fe has a catalytic effect during the

MgH2 formation/decomposition on the dissociation/recombi-

nation of the hydrogenmolecule, respectively [29,30]. Inmany

works the hydrogen sorption properties of MgH2 catalyzed by

Fe were investigated [31e35]. In others, the hydrogen sorption

properties of Mg2FeH6eMgH2 were studied

[3e5,12,15e17,19,21,22]. It was found that above 375 �C the

hydrogen absorption rate slows down because of the Mg2FeH6

formation [5]. The desorption kinetic behavior of the

Mg2FeH6eMgH2 mixture was analyzed via thermal analysis
reduce the structural stability of MgH2 and further improve its

dehydrogenation properties [17].

In spite of all the published results, many aspects of the

Mg2FeH6eMgH2 mixture such as its in-situ formation/

decomposition, the influence of temperature and pressure

upon its formation and desorption kinetics was not exhaus-

tively investigated.

In this work, the Mg2FeH6eMgH2 hydride system is inves-

tigated via several techniques. The reaction paths of the

MgeFeeH systemuponhydriding and dehydriding are studied

by in-situ SR-PXD (Synchrotron Radiation e Powder X-ray

Diffraction). Volumetric techniques as well as calorimetric

(DSC e Differential Scanning Calorimetry) measurements are

utilized to examine the MgeFeeH system sorption behavior in

dynamic conditions. Additional characterization techniques

such as laboratory PXD, SEM (Scanning Electron Microscopy)

and PSD (Particle Size Distribution) are also performed to un-

derstand the MgeFeeH system reaction paths and sorption

behaviors.
2. Experimental

The investigated hydride system was synthesized via 100 h of

mechanicalmilling in argon atmosphere followed by sintering

as explained in references [4,5]. Additional experiments were

carried out with a 2MgH2 þ Fe stoichiometric mixture

(MgH2 > 99.99%, Sigma Aldrich and Fe > 99.5%, Riedel e de

Haën) milled for 2 h and sintered several times at 450 �C and

6.0 MPa of H2 for 24 h. In-situ synchrotron radiation powder X-

ray diffraction (SR-PXD), laboratory PXD (Lab PXD), differential

scanning calorimetry (DSC), scanning electron microscopy

(SEM), particle size distribution (PSD) and volumetric (Sieverts

devices) techniques were used to investigate the character-

istic properties of the obtained Mg2FeH6eMgH2 hydride

mixture [36e39].

The absorption and desorption reaction paths under dy-

namics and non-isothermal conditions were studied via in-

situ SR-PXD. The in-situ SR-PXD measurements were carried

out in the MAX II Synchrotron in Lund, Sweden, at Beamline

I711 in the research laboratory MAXlab using a X-ray wave-

length of l ¼ 0.99917 �A and a Mar 165 CCD detector for data

collection [36]. The samples (0.5e2 mg) were airtight encap-

sulated in a sapphire capillary and then mounted in a

specially developed sample holder [37]. The sample holder

was connected to the gas system, which was filled with argon

and evacuated till vacuum three times before opening the

valve to the sample and starting the experiment. For the

hydriding in-situ SR-PXD, a 2MgeFe stoichiometric mixture

after the preparation process (100 h of MM in Ar followed by

sintering and subsequent dehydrogenation at 400 �C and

20 kPa) was hydrided at 5.0 MPa of H2 from RT to 400 �C with

isothermal processes at 300, 350 and 400 �C. For the dehy-

driding in-situ SR-PXD, a 2MgeFe stoichiometric mixture after

the preparation process (100 h of MM in Ar followed by sin-

tering) was dehydrided at 0.1 MPa of H2 from RT to 400 �C. For
both hydriding and dehydriding processes a constant heating

rate of 3 �C/min was used. In order to study the formation/
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decomposition of the MgH2 and Mg2FeH6 hydride phases, the

peak areas were calculated and showed as a function of

temperature or time.

Lab PXD (Philips PW 1710/01 Instruments, CuKa radiation,

l ¼ 1.5405 �A, graphite monochromator, 30 mA and 40 kV) was

performed to characterize the crystalline phase in the sam-

ples after hydrogen interaction at different temperature and

pressure conditions. The crystallite size was calculated by the

Scherrer equation [40]. The thermal behavior of the samples

under argon atmosphere was studied by DSC (DSC, TA In-

struments 2910 calorimeter) using different heating rates of 1,

2, 5, 10, 15 and 25 �C min�1 and argon flow rate of

122 ml min�1. From the DSC curves, the activation energy (Ea)

of the desorption process was calculated by the Kissinger

method [41]. Morphological analyses of powder samples

dispersed on a stick were performed by scanning electron

microscopy (SEM 515, Philips Electronic Instruments). More-

over, the agglomerate size distributions of the as-milled

2MgeFe powder material was determined by using Master-

sizer Micro MAF 5000 device which range of measurement lay

between 0.3 and 300 mm. The sample was diluted in N-butane

and stirred at 2100 rpm and then the measurement was per-

formed. The volumetric technique (Sieverts devices [38,39])

was utilized to investigate the temperature and pressure ef-

fects upon the Mg2FeH6eMgH2 hydride mixture in dynamic

conditions and the mechanisms related to the absorption

process. The hydrogen absorption rates were measured using

the Sieverts method, while the hydrogen desorption rates

were measured through a mass flow controller in a Sieverts

type apparatus [38]. In order to examine only the temperature

effect upon the hydride mixture, we performed measure-

ments at 350, 375 and 400 �C and constant relationship be-

tween the initial absorption pressure and the equilibrium

pressure of the Mg2FeH6eMgH2 hydride mixture at each

temperature (Pi/Peq. ¼ 2.7; the equilibrium pressures of the

Mg2FeH6eMgH2 hydridemixture are reported in Refs. [4,5]). To

study the pressure effects, measurements at different rela-

tionship between the initial absorption pressure and the

equilibrium pressure of the Mg2FeH6eMgH2 hydride mixture

were done at 300 �C (range of initial pressures of the system:

0.6e4.3 MPa), at 350 �C (range of initial pressures of the sys-

tem: 0.9e4.4 MPa) and at 450 �C (range of initial pressures of

the system: 2.1e4.4 MPa). To assess the temperature and

pressure effects on the Mg2FeH6eMgH2 hydride mixture, the

synthesized material was dehydrided and then rehydrided at

the abovementioned conditions. All the absorption curves are

reported as hydrogen fraction vs. time (hydrogen fraction:

ratio between the hydrogen capacity absorbed during the

measurement and the saturation capacity of the material). In

order to study the absorption mechanism during hydriding, a

sintering process was carried out from as-milled 2MgeFe at

400 �C and 12 MPa in the Sieverts device: HERA Hydrogen

Systems, Quebec, Canada [39]. The hydrogen desorption rates

were measured through amass flow controller at 300, 350 and

400 �C and from a pressure above the desorption equilibrium

pressure of the MgeFeeH system down to vacuum pressure

(20 kPa). It is important to mention that the flow mass

controller can take out smaller amounts of hydrogen than

those released from the sample, mainly at 350 and 400 �C.
Thus, the hydrogen release is limited by the flow mass
controller capacity. For this reason, the desorption rate curves

are only useful to identify the hydride phase(s) in thematerial.

To carry out each measurement roughly 100 mg of material

was used in order to minimize the heat and mass transfer

problems through the powder bed [30].

All handling was carried out in MBraun Unilab globe boxes

with oxygen and moisture controlled argon atmosphere

(concentrations of<5 ppm of O2 and H2O), so as to prevent the

oxidation of the samples.
3. Results and discussion

3.1. Reaction paths of the MgeFeeH hydride system

3.1.1. Hydrogenation path of the MgeFeeH hydride system
In our previous works [4,5], the hydrogen storage properties of

theMgeFeeHhydride system, synthesized byMM (100 h in Ar)

of 2MgeFe powder blends and subsequent sintering (400 �C
and 6.0 MPa for 15 h) were investigated. Herein, in order to

gain a deeper understanding of the studied MgeFeeH hydride

system, the same as-milled and sintered 2MgeFematerial was

utilized [4]. The stored capacity of the sintered 2MgeFe was

about 4.5 wt.%. The phases detected by PXD (not shown) after

sintering were Mg2FeH6, MgH2 and unreacted Fe. The relative

amounts of MgH2 and Mg2FeH6 were about 20 wt.% and

50 wt.%, respectively [4,5]. After sintering, the Mg2FeH6 and

MgH2 hydride phases had crystallite sizes of 30 and 40 nm,

respectively, while the unreacted Fe had a crystallite size of

30 nm as well as in the as-milled sample. After Mg2FeH6 and

MgH2 decomposition, the crystallite sizes for Mg and Fe were

30 nm. Additionally, the as-milled 2MgeFe material was also

sintered at 400 �C and 12.0 MPa for 15 h in a HERA Hydrogen

Systems Sieverts device [39]. The obtained capacity, phases

and microstructure were similar to the material sintered at

6.0 MPa. Thus, the pressure did not caused any effect in the

yield of Mg2FeH6. Moreover, a fitting of gasesolid reaction in-

tegral models [42] to the absorption curves corresponding to

sintering for both pressures (6.0 and 12 MPa e curves and

fitting not shown) suggested that the reaction is controlled by

3D e diffusion mechanisms. Therefore, in order to investigate

the absorption path andmechanisms of the MgeFeeH system

several characterizations and experiments were performed.

Fig. 1 shows sticker-mounted SEM micrographs of the as-

milled (Fig. 1A and B) and sintered (Fig. 1C and D) 2MgeFe

samples. As seen in Fig. 1A and C, the 2MgeFe agglomerate

sizes are between 50 and 300 mm. This agglomerate size dis-

tribution is in agreement with the obtained from PSD analysis

of the as-milled 2MgeFe sample which is between 100 and

>300 mm (average volume agglomerate size: 200 mm). Thus, the

agglomerate size distributions of the as-milled and sintered

samples are practically alike with an average value of 200 mm.

For both samples (Fig. 1B and D) the surface is rather compact.

However, the sintered sample shows some cracks on the

surface and small agglomerates with irregular shapes owing

to the sintering process.

In-situ SR-PXD [36] analysis of the hydriding process of a

2MgeFe stoichiometricmixturewas carried out (as-milled and

sintered 2MgeFe sample desorbed at 400 �C and 20 kPa in a

Sieverts kind device [38]) (Fig. 2). The measurement was

http://dx.doi.org/10.1016/j.ijhydene.2013.08.068
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Fig. 1 e Secondary electron SEM micrographs of stick mounted samples: A and B e As-milled 2MgeFe stoichiometric

mixture. C and D e Milled and sintered 2MgeFe stoichiometric mixture.
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performed at 5.0 MPa from 30 to 400 �C with a heating rate of

3 �C/min, dwelled at 300, 350 and 400 �C for about 25 min

Fig. 2A shows the entire hydriding process from which the

formation of first MgH2 and secondMg2FeH6 can be noticed. In

Fig. 3, the peak areas calculated using the in-situ SR-PXD

(Fig. 2) in the same range of temperatures from 200 up to

250 �C (Fig. 3A), during the isothermal periods at 350 �C (Fig. 3B)

and 400 �C (Fig. 3C) can be observed. From 215 to 240 �C, MgH2

is formed and metallic Mg is totally consumed (Figs. 2A and

3A). Then, between 240 and 350 �C, MgH2 is still the unique

hydride phase (Fig. 2A). Mg2FeH6 appears during the

isothermal process at 350 �C (Figs. 2B and 3B). As seen in

Fig. 3B, the peak area of Mg2FeH6 starts to increase after about

7 min, while the peak areas corresponding to MgH2 and Fe

tend to decrease. During the constant temperature process at

400 �C, the same tendency observed at 350 �C steadily con-

tinues (Fig. 3C). Finally, at the end of the thermal process,

Mg2FeH6, MgH2 and remnant Fe are observed (Fig. 2A). This

result provides a clear insight of the hydriding path of the

MgeFeeH system under dynamic conditions. Hence, it can be

concluded thatMgH2 is a precursor for theMg2FeH6 formation.

Polanski et al. [27] also observed the formation of Mg2FeH6

fromMgH2 by SR-PXD (hydriding a 2MgeFe sample at 10 MPa).

On the other hand, Hauback et al. [26] obtained Mg2FeH6 from

the direct hydrogenation of Mg and Fe at 349 �C and 0.49 MPa

for about 20 h. This fact is attributed to the different absorp-

tion equilibrium pressures of the Mg2FeH6 (0.36 MPa [2]) and

MgH2 (0.57 MPa [43]) hydride phases. Furthermore, the direct

formation of Mg2FeH6 at the abovementionedmild conditions

was rather slow (20 h) suggesting strong kinetic constraints,

i.e. diffusion constraints. At 349 �C and high hydrogen pres-

sure of 2.8 MPa, the absorption rate was much faster and the

obtained amount of Mg2FeH6 was reduced by the simulta-

neous formation of MgH2 [26]. Hence, this result implies that
at relative low temperature and high pressure, the MgH2 for-

mation is kinetically favored.

In our case, the Mg2FeH6eMgH2 hydride mixture just ex-

hibits one absorption equilibrium pressure [4,5]. This fact can

be related to the following characteristics: (1) according to the

literature [2,43], the absorption equilibrium pressure of MgH2

is only slightly higher than that corresponding to Mg2FeH6; (2)

the apparent equilibriumpressure ofMgH2 is strongly affected

by the initial state of Mg as for examples particle size distri-

bution [44] and the related reaction kinetics; (3) as Mg and Fe

have a positive enthalpy of mixing and hydrogen diffusion is

much faster than Fe diffusion, the direct formation ofMg2FeH6

from Mg and Fe even in equilibrium conditions might not be

favored leading first to the MgH2 formation. Thus, the

described characteristics may not allow to measure two

equilibrium pressures for the MgeFeeH under the given

experimental conditions. During the experiment, though, a

pressure of 5.0MPa of hydrogenwas used. Hence, it is possible

to neglect any influence of the driving force upon the ab-

sorption behavior of theMgeFeeHhydride system (Pexperiment/

Peq400 �C ¼ 2.8). Additionally, based on the results shown in

Figs. 2 and 3, a competitive effect between the Mg2FeH6 and

MgH2 formation is also discarded. Now, the following ques-

tions arise: (1) eWhy just MgH2 is formed at 215 �C?, (2)eWhy

does Mg2FeH6 appears after about 7 min at 350 �C? and (3) e

What does preclude the Mg2FeH6 further formation from

MgH2?

The2MgeFematerial inequilibriumanddynamicconditions

at temperatures lower than350 �Creactswithhydrogentowards

the formation of MgH2 catalyzed by Fe [4,5]. Hence, at low tem-

peratures thecommonatomdiffusionmechanismthat involves

the Mg2FeH6 formation is hindered. Once MgH2 is formed at

350 �C after a while the reaction with Fe to form Mg2FeH6 is

observed. Considering the diffusion coefficient of hydrogen in

http://dx.doi.org/10.1016/j.ijhydene.2013.08.068
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Fig. 2 e In-situ SR-PXD of a 2MgeFe stoichiometric mixture

after the preparation process. A e Hydriding from 30 to

400 �C with isothermal processes at 300, 350 and 400 �C
and 5.0 MPa of H2. B e Zoom of the hydriding process

during the isothermal condition at 350 �C and 5.0 MPa.

Heating rate w 3 �C/min.
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MgH2 calculated for a powder of an average diameter of 100 mm

between300and400 �C [45], anestimationof themeandiffusion

time (tmean¼ d2/6D; d: particle diameter,D: diffusion coefficient)

for dw 200 mmandD350�Cw 1.06� 10�7 cm2/s leads to a tmean of

about 10 min at 350 �C. This result agrees very well with the

averageagglomerate size observedbySEM(Fig. 1) andmeasured
Fig. 3 e Peak areas calculated from the absorption in-situ SR-PX

temperature from 200 to 250 �C. B e Peak areas as a function of t

400 �C.
byPSDanalysisandthetimeatwhichtheMg2FeH6 isdetectedby

the SR-PXDduring thedwelling at 350 �C (Figs. 2B and 3B). Based

on this analysis, it is possible to assume that MgH2 can act as a

hydrogen diffusion barrier for the initial formation of Mg2FeH6

[46].Haubacket al. suggested thesamediffusionmechanismfor

materials obtained by cryomilling and hydrided at 349 �C and

different hydrogen pressures [26]. According to previous works

[2,27], Mg2FeH6 formation takes place at the phase boundary

between Fe seeds and the growing hydride phase. Therefore,

once a thick layer of Mg2FeH6 is formed between MgH2 and Fe,

the reaction between the outer MgH2 and the Fe seeds can be

precluded by solidesolid diffusion effects [19,47]. At 400e500 �C,
temperatures at which the sintering processes are carried out

[1,2,4e9], the diffusion of hydrogen though MgH2 cannot be the

main barrier since the diffusion coefficient increases exponen-

tially with the temperature (tmean in the order of seconds).

In order to further clarify the described hydriding mecha-

nism and to obtain only Mg2FeH6 hydride phase, experiments

were carried out with a sample composed of 2MgH2 þ Fe. This

sample was milled for two hours in Ar atmosphere and sin-

tered at 450 �C and 6.0 MPa in a muffle for 24 h. This process

was repeated four times till obtaining a material composed

only of Mg2FeH6 plus remnant Fe. In Fig. 4A, the PXD analyses

show that MgH2 is progressively consumed throughout the

thermal processes, which can be associated with the effect of

the previous mechanical milling, changing the microstruc-

tural characteristics of the material. This suggests that during

the intermediate milling process the layer of Mg2FeH6 as well

as MgH2 and Fe grain/particle sizes are reduced and the ma-

terial more homogenously mixed, so that MgH2 and Fe can

further react during sintering.

The DSC curves of the desorption processes shown in

Fig. 4B correspond to materials with different compositions.

After 2 h of milling, the DSC curve (Fig. 4B(a)) only belongs to

MgH2 catalyzed by Fe in a stoichiometric proportion 2:1. Then,

for the first, second and third thermal processes the endo-

thermic events (Fig. 4B(b), (c) and (d)) correspond to the

Mg2FeH6eMgH2 hydride mixture. Finally, after the fourth

thermal process, the endothermic event comes fromMg2FeH6

plus remnant Fe (Fig. 4B(e)). Just in the second thermal pro-

cess, where the material contains higher proportion of MgH2

than in the subsequent thermal processes, two endothermic

events are clearly seen. Considering that the obtained amount

of both hydride phases after the sintering are significant
D shown in Fig. 2. A e Peak areas as a function of the

he time at 350 �C. B e Peak areas as a function of the time at

http://dx.doi.org/10.1016/j.ijhydene.2013.08.068
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Fig. 4 e A e Lab. PXD and B e DSC of as-milled 2MgH2 D Fe at different stages: (a) e milled for 2 h (b) as-milled and then

subjected to the first thermal process (450 �C and 6.0 MPa for 24 h in muffle) plus 2 h of MM). (c) as-milled D the second

thermal process. (d) as-milled D the third thermal process. (e) as-milled D the third thermal process.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 4 6 1 8e1 4 6 3 0 14623
(MgH2 w 20 wt.% andMg2FeH6 w 50 wt.% [4,5]), it is expected a

similar decomposition behavior as observed in Fig. 4B e curve

(b). Now the question arises: What thermal process does the

decomposition of Mg2FeH6 and MgH2 account for? These facts

lead to the study of the dehydrogenation path in dynamic

conditions which will be developed in the following sections.

3.1.2. Dehydrogenation path of the MgeFeeH hydride system
In order to shed light on the desorption path of the

Mg2FeH6eMgH2 hydride mixture, an in-situ SR-PXD was per-

formed. This measurement was carried out with a 2MgeFe

absorbed sample (milled þ sintered sample). The in-situ SR-

PXD (Fig. 5) was performed at 0.1 MPa from 30 to 400 �C at a

heating rate of 3 �C/min. In Fig. 5A, the entire in-situ SR-PXD is

presented and two patterns are highlighted in dashedot and

dash lines at 275 and 285 �C, associated with the beginning of

MgH2 and Mg2FeH6 decompositions, respectively.

As clearly seen in Fig. 5B, the peak area of MgH2 starts to

diminish at 275 �C, while that corresponding to Mg begins to

increase. From 275 to 285 �C, Mg2FeH6 and Fe peak areas

remain practically stable. At 295 �C the MgH2 peak

completely disappears. From 285 to about 300 �C, the peak

area of Mg2FeH6 noticeable decreases and finally disappears.

Additionally, the peak area of Fe increases. Taking into ac-

count that MgH2 has higher desorption equilibrium pressure

than Mg2FeH6, the thermodynamic driving force favors first

the MgH2 decomposition [4,5]. Based on ex-situ PXD and

DSC measurements, Gennari et al. [12] reported that a ma-

terial composed of Mg2FeH6 þ remnant Fe obtained by

milling in H2 atmosphere decomposes toward Mg and Fe

between 260 and 360 �C. Furthermore, Polansky et al. [27]

also observed by in-situ SR-PXD that a Mg2FeH6 þ remnant

Fe mixture desorbs hydrogen at about 340 �C giving as

products elemental Mg and Fe. In Fig. 5C, the derivatives of

the peak areas corresponding to the MgH2 and Mg2FeH6

decompositions as a function of the temperature are shown.

It can be noticed that both decomposition processes are

overlapped and the peak maxima at 285 and 290 �C corre-

spond to MgH2 and Mg2FeH6, respectively. Hence, these re-

sults suggest that MgH2 and Mg2FeH6 decompose

independently in a narrow temperature range. First MgH2

starts to decompose in elemental Mg. Then, overlapped with
MgH2 decomposition, Mg2FeH6 decomposes directly in

elemental Mg and Fe. The MgH2eMg2FeH6 hydride mixture

decomposition behavior observed by in-situ SR-PXD can be

associated with the DSC curve of the first thermal process

(Fig. 4B(b)) where two endothermic events are observed. The

fact that one endothermic event is noticed for the

MgH2eMg2FeH6 hydride mixture for the second and third

thermal processes (Fig. 4B(c) and (d)) might be ascribed to

the tiny amounts of MgH2 and microstructural characteris-

tics of the materials. This last issue is investigated more in

detail in the subsequent sections, where the temperature

and pressure effects upon in the sorption behavior of the

MgH2eMg2FeH6 hydride mixture are analyzed.

3.2. Sorption behavior of the Mg2FeH6eMgH2 hydride
mixture

3.2.1. Temperature and pressure effects
In Fig. 6, the absorption and desorption curves of the

Mg2FeH6eMgH2 hydride mixture at 300, 350 and 400 �C and

several pressures are shown. Themeasurements were carried

out as explained in Section 2. The absorption curves (Fig. 6A, C

and E) exhibit a clear dependence on the pressure, mainly at

350 and 400 �C. At lower driving forces, nearby the absorption

equilibrium pressure of the Mg2FeH6eMgH2 hydride mixture,

the absorption rates are slow. The desorption curves (Fig. 6B, D

and F) correspond to the shown absorption rates (Fig. 6A, C

and E). As seen in Fig. 6B, D and F, the desorption processes

evolve into one or two steps. In the case of a two step process

(Fig. 6D(1), F(1) and (4)), this fact is related to the desorption

equilibrium pressures of Mg2FeH6eMgH2 hydride mixture and

the used method to carry out the measurement. In previous

works [4,5], it was found that MgH2 has a higher desorption

equilibrium pressure than Mg2FeH6. Additionally, the

desorption measurements are performed from an initial

pressure above the desorption equilibrium pressures of MgH2

and Mg2FeH6. Once the desorption pressure is below the

respective equilibrium pressures of the hydride phases, the

desorption process starts. Thus, in the first step MgH2 de-

composes. Then, a plateau period appears till the desorption

equilibrium pressure of Mg2FeH6 is reached. Finally, in the

second step, the Mg2FeH6 decomposition occurs.

http://dx.doi.org/10.1016/j.ijhydene.2013.08.068
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Fig. 5 e In-situ SR-PXD of a 2MgeFe stoichiometric mixture after the preparation process. A e Dehydriding from 30 to 400 �C
and 0.1 MPa of H2. B e Peak area of Mg (100), Fe (110), MgH2 (110) andMg2FeH6 (110) as a function of the temperature from 260

to 310 �C. C e Derivative as a function of the temperature for MgH2 (110) and Mg2FeH6 (110). Heating rate w3 �C/min.
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At 300 �C, the desorption curves (Fig. 6B) just show a single

step reaction which belongs to the MgH2 decomposition. In

Fig. 6D curve (5) at 350 �C, a two step desorption process can be

seen. It suggests that the Mg2FeH6 is only formed at pressures

above 4.4 MPa at 350 �C (isothermal conditions). At 400 �C, the
MgH2eMg2FeH6 hydride mixture is even present at a pressure

nearby the equilibrium one. These results are in agreement

with the in-situ SR-PXD experiments (Figs. 2 and 5). At tem-

peratures above 350 �C, the pressure enhances the formation

of Mg2FeH6 (Fig. 6C, D, E and F). However, as observed during

the sintering processes carried out at 400 �C and 6.0 MPa and

12.0 MPa, no difference was noticed in the MgH2eMg2FeH6

hydride mixture composition. Therefore, at isothermal con-

ditions, the Mg2FeH6 formation is meanly enhanced by higher

temperatures. It is important to mention that higher tem-

peratures can also cause material disproportion due to the

high vapor pressure of Mg, hence leading to the incomplete

formation of Mg2FeH6 [2].

In order to analyze more in detail the temperature effect,

additional measurements were done. In Fig. 7A, absorption

measurements at 350, 375 and 400 �C performed at the same

driving forceof Pi/Peq. equal to 2.7 are shown.After absorption,
the samples were characterized by PXD (Fig. 7B) and DSC

(Fig. 7C). It can benoticed that the absorption reaction rates are

slower as the temperature goes up (Fig. 7A). At 350 �C and low

Pi/Peq. ratio in comparison with the Pi/Peq. of 5.1 at which

Mg2FeH6 appears (Fig. 6C and D e curves (5)), MgH2, Fe and Mg

are only detected by PXD (Fig. 7B (c)). These low temperature

andpressure conditionsdonot allow the formationofMg2FeH6

since the effective solidesolid diffusion mechanisms are hin-

dered (seeSection3.1.1). Thus, the absorption rate at 350 �Ccan

be ascribed to the fast formation of MgH2 catalyzed by Fe

(Fig. 7A (c)). On the other hand, the PXDpatterns of the samples

hydridedat375and400 �CshowthepresenceofMg2FeH6,MgH2

and remnant Fe. Moreover, based on the PXD peak areas, the

relative amount ofMg2FeH6 increases as the temperature rises

from 375 to 400 �C. At these high temperature conditions, the

above mentioned diffusion effects are overcome, allowing the

Mg2FeH6 formation and leading to a slower kinetic behavior

(Fig. 7A (b) and (a)) [5].

As seen in Fig. 7C, the decomposition DSC curves of the

hydrided samples (Fig. 7A) are compared. The sample hydri-

ded at 350 �C (Fig. 7C (c)) only exhibits an endothermic event

corresponding to the MgH2 decomposition (see PXD e Fig. 7B

http://dx.doi.org/10.1016/j.ijhydene.2013.08.068
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Fig. 6 e Hydrogen sorption curves of the Mg2FeH6eMgH2 hydride mixture as a function of the pressure at 300, 350 and

400 �C: A e at 300 �C and from 0.6 to 4.3 MPa, C e at 350 �C in the range of pressure from 0.9 to 4.4 MPa, E L at 400 �C and

from 2.1 to 4.4 MPa. B, D, F e at 300, 350 and 400 �C and from a pressure over the Peq. (Equilibrium pressure) to 20 kPa.
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(c)). On the other hand, it can be observed that both samples

hydrided at 375 and 400 �C show two endothermic events

(Fig. 7C (b) and (a)).

According to the results shown in Section 3.1.2 e Dehy-

drogenation path of theMgeFeeHhydride system (Fig. 6D and

F and Fig. 7B (a) and (b)), the first step of the dehydriding re-

action of MgH2eMg2FeH6 belongs to the decomposition of

MgH2 and the second to the decomposition of Mg2FeH6.

Furthermore, as seen in the DSC curves (Fig. 7C (a), (b) and (c)),

the peak maxima of the first endothermic event (MgH2) are

between 275 and 280 �C which is in good correlation with the

analysis shown in Fig. 5C. In the case of the second thermal

event (Mg2FeH6), the peak areas increasewith the temperature

as the intensity of the PXD reflections of Mg2FeH6 (Fig. 7B (b)

and (a)). The peak maxima of Mg2FeH6 decomposition are at

300 (Fig. 7C (b)) and 310 �C (Fig. 7C (a)), while the obtained in

Fig. 5C is at 290 �C. Additionally, the material composed of

Mg2FeH6 plus remnant Fe has a peak maximum at 310 �C
(Fig. 4B (e)) which is in agreement with the thermal events

associated with Mg2FeH6 decomposition in Fig. 7C. Other

important characteristics are: (1) the broadening of the DSC

peaks as the material contains the MgH2eMg2FeH6 hydride

mixture, (2) lower starting temperature of hydrogen release at
about 210 �C (Fig. 7C (b) and (a)) in comparison with 250 �C for

MgH2 (Fig. 7C (c)) and (3) the lower temperatures of the peak

maxima of Mg2FeH6 as the amount of MgH2 increases. These

characteristics can be related to a broader particle size dis-

tribution and to a better microstructural refinement along

with the interaction between MgH2 and Mg2FeH6 [15e17]. This

issue will be addressedmore in detail in the following section.

3.2.2. Desorption kinetics: activation energy
In order to investigate the decomposition behavior of the

MgH2eMg2FeH6 hydride mixture, the desorption activation

energies (Ea) for samples hydrided at different conditionswere

calculated. Additionally, these samples were characterized by

PXD and DSC. To obtain materials with similar microstruc-

tural characteristics, all samples were prepared from the

same starting material and basic procedure. As starting ma-

terial, 2MgeFe stoichiometric mixture milled 100 h in Ar plus

sintering at 400 �C and 6.0 MPa of H2 was used. This material

was then subjected to a non-isothermal dehydriding (10 �C/
min) till 400 �C and at 20 kPa. Three samples were prepared

with the obtained 2MgeFe dehydrogenated material: (1)

sample hydrided at 300 �C and 3.7 MPa of H2, (2) sample

hydrided at 400 �C and 2.2 MPa of H2 and (3) sample hydrided

http://dx.doi.org/10.1016/j.ijhydene.2013.08.068
http://dx.doi.org/10.1016/j.ijhydene.2013.08.068


Fig. 7 e A e Hydrogen absorption curves of the

Mg2FeH6eMgH2 hydride mixture obtained from a milled

and sintered 2MgeFe stoichiometric mixture: (c) 350, (b)

375 and (a) 400 �C using a relationship of Pi/Peq. equal to

2.7. B e Lab. PXD and C e DSC (5 �C minL1) of the hydrided

samples at (c) 350, (b) 375 and (a) 400 �C.
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at 400 �C and 2.2 MPa of H2 and then dehydrided at 300 �C and

20 kPa down to 2 wt.% H. These procedures were performed in

the Sieverts kind device [38].

In Fig. 8 the DSC curves (Fig. 8A) and PXD (Fig. 8B) of the as

described above prepared samples are shown. The sample (1)

hydrided at 300 �C just exhibits an endothermic event (Fig. 8A

(a)) owing to the decomposition of MgH2 (PXD e Fig. 8B (a)). On

the other hand, the samples (2) hydrided at 400 �C (Fig. 8A (b))

and (3)hydridedat 400 �Cedehydridedat 300 �Cdownto2wt.%

H (Fig. 8A (c)), show two endothermic processes corresponding

to MgH2 and Mg2FeH6 (PXD e Fig. 8B (b) and (c)). Taking into

account that the decomposition ofMgH2 first starts (see Fig. 5e

Section 3.1.2 and Fig. 6e Section 3.2.1), the sample dehydrided

down to 2 wt.% H just has a small amount of MgH2, being

Mg2FeH6 the hydride phase in the higher proportion. The

observed decomposition behavior (Fig. 8A) is in agreement

with the results obtained by in-situ SR-PXD (Fig. 5) and with

those shown in Fig. 7B and C. In Table 1, the preparation
conditions and themajor hydride phases (underlined) in (1), (2)

and (3) samples are indicated.

In Fig. 9 the Kissinger plots for the activation energies (Ea)

of the dehydrided processes of the above described samples

(1), (2) and (3) (Fig. 8A and B) are shown. As comparison, the

sample composed of Mg2FeH6 and remnant Fe described in

Section 3.1.1e Fig. 4A(e) and B(e) is also included. As seen, two

regions belonging to MgH2 and Mg2FeH6 are distinguished

(separated by a green dashed line). In Table 1, a comparison

between the decomposition Ea values obtained here and those

reported in the literature is presented.

Previous works [12,15] showed that there is no clear cor-

relation between the decomposition Ea and the microstruc-

tural characteristics of the material. Moreover, it was found

that a MgH2eMg2FeH6 hydride mixture synthesized by mill-

ing in H2 atmosphere decomposes in a single endothermic

process. This fact was attributed to the small and well crys-

tallized hydride particles [15]. In our case, it is possible to

differentiate two endothermic events and to calculate the

decomposition Ea for both (Fig. 8A (b) and (c); Fig. 9 (b) and (c)).

It can be noticed that the Ea of the second thermal event

(Fig. 8A) associated with the Mg2FeH6 decomposition de-

creases as the amount of MgH2 in the hydride mixture in-

creases (see Table 1). In the literature [11,12,15], the

decomposition Ea values of Mg2FeH6 without MgH2 are much

higher. This fact is related to the oxidation (MgO) in some

cases and in others to the preparation process (Table 1). The

oxidation on the surface of the material can hinder the

recombination of hydrogen molecule, while a low degree of

microstructural refinement can delay the hydrogen release.

Thus, both effects can increase the decomposition Ea. In

some cases, though, oxidation is not detected and the ma-

terial is synthesized by milling in hydrogen atmosphere,

which would lead to lower decomposition Ea. However, for a

material composed of Mg2FeH6 þ Fe synthesized by 270 h of

milling in H2, the decomposition Ea value is rather high

(257.6 � 9.1 kJ/mol H2) [15].

In the case ofMgH2, the calculated Ea values (Fig. 9(a), (b) and

(c)) are higher than that reported for MgH2 catalyzed by Fe (see

Table 1) [11]. For the samples hydrided at 300 �C (Fig. 9(a)) and

400 �C (Fig. 9(b)) the Ea values are nearby the value of as-milled

MgH2 (see Table 1) [11] which can be related to the microstruc-

tural characteristics conferred by the synthesis, i.e.

milling þ sintering or milling in H2 [45]. The Ea values for MgH2

decompositionmight followa trend for the samples hydridedat

300 �C (Fig. 9(a), 167 � 3 kJ/mol H2) and at 400 �C (Fig. 9(b),

151 � 7 kJ/mol H2). However, the sample desorbed down to

2 wt.% H presents an unusual high value (Fig. 9(c), 330 � 30 kJ/

mol H2) with a large error band. It can be ascribed to the small

quantity of MgH2 in the sample that did not allow the determi-

nation of more than 3 points, with high uncertainty degree.

Despite this, the presence of Mg2FeH6 also seems to influence

the MgH2 decomposition.

Zaluska et al. [48] investigated the decomposition

behavior of as-milled Mg2NiH4eMgH2 mixtures. It was found

that the presence of Mg2NiH4 and MgH2 results in a syner-

getic effect enhancing the decomposition properties. This

fact was attributed to the interaction between Mg2NiH4 and

MgH2 through contraction e strain mechanisms upon dehy-

driding. Besides, the decomposition temperature of pure
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Fig. 8 e Characterization by A e DSC (2 �C minL1) and B e Lab. PXD of the 2MgeFe stoichiometric mixture after the synthesis

at different conditions: (a) sample hydrided at 300 �C and 3.7 MPa (absorbed hydrogen capacity: 2.9 wt.% H), (b) sample

hydrided at 400 �C and 2.2 MPa (absorbed hydrogen capacity: 3.7 wt.% H), (c) sample hydrided at 400 �C and 2.2 MPa

(absorbed hydrogen capacity: 4 wt.%) and then dehydrided at 300 �C till 2 wt.% H.
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Mg2NiH4 is lower than that corresponding to MgH2, thus

Mg2NiH4 decomposition acted as trigger for the MgH2

dehydriding.

In the case of MgH2eMg2FeH6 hydride mixture, the MgH2

decomposes before Mg2FeH6. However, the starting decom-

position temperature of MgH2 in the mixture (Fig. 7C (a) and

(b); Fig. 8A(b)) is being lowered. Moreover, there exists a cor-

relation between the temperature of the peakmaxima and the

decomposition Ea of Mg2FeH6 with the relative amount of

MgH2 in the mixture ((Fig. 7C (a) and (b); Fig. 9; Table 1). Both,

peak maxima and the decomposition Ea of Mg2FeH6 are low-

ered as the MgH2 quantity increases. Thus, the former MgH2

decomposition can activate the latter Mg2FeH6 decomposition

lowering the temperature of the peak maxima and acting as a

destabilizing agent in terms of Ea.
Table 1 e Decomposition activation energy: Comparison betw
the literature [11,12,15]. In the first three lines, underlined com
phases in the material (based on PXD peak intensities).

Staring material Preparation method

2MgeFe (1) e 100 h MM in Ar þ Sintering, then des. Non-iso

till 400 �C and rehydriding at 300 �C and 3.7 MPa e

2MgeFe (2) e 100 h MM in Ar þ Sintering, then des. Non-iso

till 400 �C and rehydriding at 400 �C and 2.2 MPa e

2MgeFe (3) e 100 h MM in Ar þ Sintering, then des. Non-iso

till 400 �C, then rehydriding at 400 �C and 2.2 MPa

desorption at 300 �C till 2 wt.% H e Fig. 9 e (b)

2MgH2eFe Repeated four times: Milled 2 h and sintered at 450

6.0 MPa (Fig. 4B e curve (e))

MgH2 Milled 30 h

2MgeFe Milled 30 h in H2 atmosphere

2MgeFe Milled 60 h in H2 atmosphere

2MgeFe Fe pre-milled 100 h in H2 atmosphere, then 2Mg þ
Fe milled 210 h in H2 atmosphere

2MgeFe Milled 270 h in H2 atmosphere (with sample substr

2MgeFe Milled 270 h in H2 atmosphere (without sample su
It is possible to conclude that the enhanced decomposition

behavior of the MgH2eMg2FeH6 hydride mixture might be

ascribed to a dual synergetic-destabilizing effect of both hy-

drides on each other. On one hand, the presence of both hy-

drides results in a material with improved microstructural

characteristics leading to a mutual interaction during dehy-

driding, i.e. contraction e strain mechanisms acting as

decomposition activators. On the other hand, destabilizing

effects can lower the decomposition Ea, meanly for Mg2FeH6.

3.3. Phase diagram of the MgeFeeH hydride system

The study of the thermodynamic [4,5] and kinetic (Figs. 5 and

6) behaviors of the MgeFeeH hydride system allows to build a

phase diagram. Fig. 10 describes the temperature and pressure
een the values obtained in this work and those reported in
pounds (MgH2 and Mg2FeH6) correspond to major hydride

Detected
phases (PXD)

Ea (kJ/mol H2) Ref.

thermal

Fig. 9 e (c)

MgH2, Mg and Fe 167 � 3 This work

thermal

Fig. 9 e (a)

MgH2, Mg2FeH6,

Mg and Fe

Peak 1:

151 � 7

Peak 2:

104 � 2

This work

thermal

and finally

MgH2, Mg2FeH6,

Mg and Fe

Peak 1:

330 � 30

Peak 2:

113 � 7

This work

�C and Mg2FeH6 and Fe 132 � 9 This work

MgH2 168 � 36 [11]

MgH2 and Fe 110 � 10 [11]

Mg2FeH6, MgO and Fe 174 � 36 [11]

pre-milled Mg2FeH6, MgO and Fe 162 � 2 [12]

action) Mg2FeH6, MgO and Fe 185 � 3 [12]

bstraction) Mg2FeH6 and Fe 257.6 � 9.1 [15]
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Fig. 9 e Decomposition activation energy: Kissinger plots

of the 2MgeFe stoichiometric mixture after the synthesis

and hydrided e dehydrided processes at different

conditions: (a) sample hydrided at 300 �C and 3.7 MPa, (b)

sample hydrided at 400 �C and 2.2 MPa, (c) sample

hydrided at 400 �C and 2.2 MPa and then dehydrided at

300 �C till 2 wt.% H, (d) 2MgH2eFe after four consecutive

thermal processes (composed of: Mg2FeH6 and Fe, from

Section 3.1.1 e Fig. 4A(e) and B(e)).
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conditions at which the Mg2FeH6eMgH2 hydride mixture is

obtained. The absorption equilibrium conditions for the

Mg2FeH6eMgH2 are drawn in black curve with circle points.

Both desorption equilibrium conditions forMgH2 andMg2FeH6

are shown in dash blue curve with square points and point

green curve with triangle points, respectively. Under dynamic
Fig. 10 e Phase diagram of the MgeFeeH system obtained

from as-milled and hydrided 2MgeFe stoichiometric

sample. Cd Absorption equilibrium pressures of the

Mg2FeH6eMgH2 hydride mixture, Desorption equilibrium

pressures of MgH2, . Desorption equilibrium pressures of

Mg2FeH6. Dynamic conditions: e✯ e Absorption

temperature and pressures (initial and final pressure of the

absorption process shown in Fig. 5). Pressure and

temperature conditions at which the Mg2FeH6eMgH2

hydride mixture is obtained.
conditions (indicated by black stars), at temperatures �350 �C
and pressures �4.4 MPa, the MgeFeeH hydride system is only

composed of MgH2 þ Fe and remnant Mg, while at higher

temperatures and pressures Mg2FeH6 þMgH2 and remnant Fe

are present (magenta rhombic points).
4. Conclusions

Based on our results, the Mg2FeH6 formation comprises a two-

steps reaction with MgH2 as an intermediate phase. Moreover,

the reaction during the hydrogen absorption process is hin-

dered by slow solidesolid diffusion, thus leading to the

MgH2eMg2FeH6 hydride mixture formation. The dehydroge-

nation process of the obtainedMgH2eMg2FeH6 hydridemixture

follows two almost simultaneous and independent reactions.

First, MgH2 decomposes into Mg. Then Mg2FeH6 desorbs

hydrogen giving directly elemental Mg and Fe as products.

Moreover, the observed desorption behavior and calculated

decomposition activation energy values indicate that the

Mg2FeH6eMgH2 hydride mixture decomposes via synergetic-

destabilizing effects as a result of hydride phases interactions.

An analysis of the pressure and temperature effects upon the

kinetic characteristics of MgH2eMg2FeH6 hydride mixture

showed that at temperatures �350 �C and pressures �4.4 MPa,

the MgeFeeH hydride system is only composed of MgH2 þ Fe

and remnant Mg, while above 350 �C and 4.4 MPa the hydride

phases Mg2FeH6 and MgH2 plus remnant Fe are present.
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