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Abstract: Reactive mechanical alloying (RMA) was carried out in a planetary ball mill for the synthesis of ternary hydride Mg2FeH6 
for hydrogen storage. The formation mechanism of Mg2FeH6 in RMA process and the sorption properties of the products were 
investigated. The results show that Mg2FeH6 has a yield ratio around 80%, and a grain size below 10 nm in the powder synthesized 
by milling 3Mg+Fe mixture for 150 h under the hydrogen pressure of 1 MPa. The synthesized powder possesses a high hydrogen 
capacity and good sorption kinetics, and absorbs 4.42% (mass fraction) of hydrogen within 200 s at 623 K under the hydrogen 
pressure of 4.0 MPa. In releasing hydrogen at 653 K under 0.1 MPa, it desorbs 4.43% (mass fraction) of hydrogen within 2 000 s. 
The addition of Ti increases the hydrogen desorption rate of the complex in the initial 120 s of the desorption process. 
Key words: reactive mechanical alloying (RMA); metal hydride; hydrogen storage material; kinetics; fuel cell 
                                                                                                             
 
 
1 Introduction 
 

Mg and Mg-based alloys are a group of attractive 
materials for hydrogen storage application[1−2]. 
Dimagnesium iron hydride, Mg2FeH6 , has the highest 
known volumetric hydrogen density of 150 kg/m3, which 
is more than double of liquid hydrogen, and a 
gravimetric hydrogen density of 5.66% (mass fraction, 
the same below if not mentioned). However, Mg2FeH6 is 
more difficult to synthesize than the conventional 
transition metal hydride like Mg2NiH4, mainly due to the 
absence of intermetallic compound of the type Mg2Fe in 
the Mg-Fe binary system[3−4]. The traditional way of 
preparing Mg2FeH6 is by sintering the raw powder at 
high temperature (723−793 K) under high hydrogen 
pressure (2−12 MPa)[5]. More recently, progress was 
made by mechanical alloying. The aim is to have a 
maximum yield of Mg2FeH6 and to minimize the content 
of Fe, MgH2, Mg and MgO. SAI RAMAN et al[6] 
reported a yield of 63% Mg2FeH6 when ball milling 
2Mg+Fe under 1 MPa of hydrogen pressure. SHANG et 
al[7] synthesized Mg2FeH6 by milling 3MgH2+Fe under 

Ar atmosphere up to 60 h, leading to a yield of 79% of 
Mg2FeH6  which co-existed with 16% of MgO. In our 
previous work[8−9], we reported a 57% Mg2FeH6 yield 
obtained by controlled reactive mechanical milling of 
Mg and Fe with the mole ratio of 2:1 under hydrogen 
pressure of 0.8 MPa in a proprietary Uni-Ball-Mill-5 and 
the product exhibited desorption peak temperature below 
573 K in DSC. To improve purity of the Mg2FeH6 yield 
will facilitate further investigation of the Mg2FeH6 
properties. Hydrogen sorption properties are important 
for application of the magnesium-based hydrides. In 
recent years, in order to improve the sorption kinetics of 
the magnesium hydrides, many additives have been 
tested. The studies [10−16] show that transition metals 
(TMs), such as Nb, Ti, V and Fe; mixed valence 
transition metal oxides [TMOs], such as Cr2O3 and WO3; 
and carbon allotropes, such as graphite and carbon 
nanotubes can improve the sorption kinetics of the 
magnesium hydrides like MgH2 and Mg2NiH4. However, 
little study has been undertaken on the catalytic effect of 
Mg2FeH6 on the sorption kinetics. SHANG et al[7] 
mentioned that Cu almost has no effect on the 
dissociation of Mg2FeH6. HERRICH et al[17] added 
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platinum group metals (PGMs) as additives; however, no 
catalytic effects on the sorption properties of Mg2FeH6 
were observed. 

In this work, we obtain a high yield of Mg2FeH6 

formation with high hydrogen storage capacity by 
reactive mechanical alloying of 3Mg+Fe mixture. The 
formation mechanism of Mg2FeH6 is discussed. Also, the 
sorption kinetics of the synthesized powder and the 
effects of Ti addition are investigated. 
 
2 Experimental 
 

Elemental powders of Mg (purity>99%, 883 μm), 
Fe (purity>99%, 100 μm) and a small amount of Ti 
(purity 99.7%, 200 μm) were used as raw materials. The 
powder mixtures with desired composition were 
mechanically milled for 150 h in hydrogen (purity 
99.99%) by using a XQM−4 type planetary ball mill 
(Nanjing University, China). A few drops of toluene were 
added, which served as lubricant to prevent the ductile 
Mg powder adhering and cold-welding to the balls and 
the vial wall. The composition of starting powder 
mixtures and reactive ball milling details are shown in 
Table 1. The powders without and with addition of Ti 
were designated as 3MFH and 3MFHT, respectively. The 
figure that came after the powder number expressed the 
milling time. For example, 3MFH150 meant the product 
was synthesized by milling the mixture of 3Mg+Fe for 
150 h. The inner pressure of milling vial was constantly 
monitored and refilled to 1 MPa every 0.5 h in the range 
of 3−15 h, and then refilled every 5 h until milling to 150 
h. The milling vial was always evacuated and purged 
several times with Ar (purity 99.99%) before the final fill 
up with hydrogen. A small amount of powder was 
removed at regular intervals for analysis. All the sample 
handling was performed in an Ar-filled glove-box 
equipped with purification system, in which the typical 
H2O and O2 levels were below 1×10−6. 

X-ray diffraction (XRD) spectra of milled powders 
were recorded with Rigaku D/max2550 using Cu Kα 
radiation (λ=0.154 18 nm) at operating parameters of 300 
mA, 40 kV, step size 0.02° and speed 2 (°)/min. The 
grain size of the phases in the milled powders was 
calculated from the XRD peaks by Scherrer equation and 
the abundance of phase in the milled mixtures was 
calculated by K value method with integrated intensities 
of the strongest XRD peaks according to the following  

equations (for a mixture containing phases A and B)[18]: 
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where IA is the integrated intensities of the strongest 
XRD peaks of phase A; A

BK  is a constant; WA is the 
abundance of phase A in the milled powder. 

Microstructure and morphology of the milled 
powders were carried out using scanning electron 
microscope (SEM, JSM 6700F), and transmission 
electron microscope (TEM JSM 3010). The chemical 
composition of the particles in the powders was 
determined using quantitative energy dispersive X-ray 
spectroscope (EDS). 

Hydrogen sorption properties of the samples, with a 
typical amount of about 1 g, were examined by a 
Sieverts-type apparatus. Absorption/desorption 
measurements were performed at desired temperatures 
with an initial hydrogen pressure of 4.0 and 0.1 MPa, 
respectively, without any activation. The hydrogen 
supply with a purity of 99.999% was used in this 
measurement. 
 
3 Results and discussion 
 
3.1 Synthesis of Mg2FeH6 

XRD patterns of both 3MFH and 3MFHT powders 
as a function of reactive milling time are shown in Fig.1. 
For the 3MFH powder, the Mg diffraction peaks 
disappear after 20 h of milling, and very strong β-MgH2 
peaks together with weak Mg2FeH6 peak appear. 
Simultaneously, the β-MgH2 peaks reach their maximum 
intensity and start weakening with further increase of 
milling time. From 20 to 100 h, both β-MgH2 and 
Mg2FeH6 hydrides phases are found coexisting with 
unreacted Fe. With increasing RMA time to 150 h, the 
peaks of β-MgH2 disappear and the intensities of 
Mg2FeH6 peaks increase measurably on the XRD pattern. 
In our previous investigation, the reflections of Mg2FeH6 
attained their maximum value after milling for 150 h in 
this RMA condition. Further milling does not improve 
the intensity of the Mg2FeH6 reflections, but it increases 
the formation of unneeded MgO[19]. The XRD pattern 
of the 3MFHT150 powder is similar to that of the 
3MFH150 powder. However, we can also find that the  

 
Table 1 Composition of raw powder mixtures and processing parameters for RMA 

Powder Composition (mole ratio) Pressure of H2/MPa Ball to powder mass ratio Milling speed/(r·min−1)

3MFH1) n(Mg)׃n(Fe)=3350 1׃40 1 1׃ 

3MFHT2) n(Mg)׃n(Fe)׃ n(Ti)=3350 1׃40 1 0.16׃1׃ 

1) Direct milling mixture of 3Mg+Fe in H2; 2) Direct milling mixture of 3Mg+Fe+0.16Ti in H2 
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Fig.1 XRD patterns of milled powders as function of reactive 
milling time: (a) 3MFHT, 150 h; (b) 3MFH, 150 h; (c) 100 h; 
(d) 60 h; (e) 20 h; (f) 2 h 
 
peaks of the 3MFHT150 powder on the XRD pattern are 
weaker and broader than those of the 3MFH150 mixture 
(according to the full width at half maximum of the 
strongest peaks). It could be reasonably deduced that the 
addition of Ti contributes to grain refinement and more 
micro-strains. There is no phase corresponding to Ti 
peaks observed, probably due to the very little amount of 
Ti addition in the starting milling powder. 

The content of Mg2FeH6 in 3MFH150 is 80.1%. 
The yield of Mg2FeH6 in 3MFHT150 powder is 80.4%, 
which is similar to that in 3MFH150 powder. HUOT et 
al[20] reported a yield of 56% Mg2FeH6 by milling the 
mixture of (2MgH2+Fe) in a planetary ball mill under Ar 
atmosphere for 60 h. Recently, LI et al[21] achieved a 
yield of 45% Mg2FeH6 and 48% MgH2 by controlled 
hydriding combustion synthesis(CHCS) in a single 
process from Mg and Fe elemental powders under 30 
MPa of hydrogen pressure. More studies for a higher 
yield of Mg2FeH6 are needed. 

Hydrogen pressure variations inside the milling vial 
were monitored as a function of milling time by taking 
periodic readings with the pressure gauge, which can be 
used to calculate the corresponding amount of hydrogen 
absorbed onto the starting materials according to the 
following equations [22]: 
 

ZRT
pVn =                                     (3) 

RTZMVp
Vpw
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2
+⋅Δ

⋅Δ
=                       (4) 

 
where n is the amount of substance; w is the mass 
fraction; P, V and T are the hydrogen pressure, the 
volume of the milling vial and the inner temperature, 
respectively; R, a constant (≈8.314) and Z, a compression 
coefficient which was used to modify the warp between 

the actual gas and the ideal gas. Fig.2 shows the 
hydrogen absorption amount of both 3MFH and 3MFHT 
mixtures with the corresponding ball milling time. It can 
be seen that the amount of hydrogen absorption increases 
with ball milling time. The hydrogen contents in 3MFHT 
and 3MFH increase rapidly in the first 15 h. XRD test 
shows that the rapid absorption of hydrogen corresponds 
to the rapid formation of MgH2. Within 15−150 h, the 
absorption rate of hydrogen decreases and finally the 
total hydrogen absorption rate reaches about 4.19% and 
4.67%, respectively. It can be found that the average 
absorption rate of 3MFHT is slightly greater than that of 
3MFH within the first 15 h. As reported in Ref.[23], Ti 
may have a catalytic function for the hydrogenation of 
Mg by dissociating hydrogen molecules efficiently and 
providing rapid diffusion passageway for hydrogen 
atoms into Mg matrix. 
 

 

Fig.2 Dependence of hydrogen absorption amount on 
corresponding ball milling time 
 
3.2 Microstructural characteristics 

The morphology of 3MFH powders at different 
RMA duration time is presented in Fig.3. There is a 
gradual refinement of powder particle size with 
increasing RMA time from 2 h to 150 h. The particle size 
of starting elemental Fe is within 50−100 μm, and the 
particle size of starting elemental Mg is 500−1 000 μm 
(estimated via SEM, not shown, seen from Ref.[19]). 
After 2 h of milling, the particles have sheet shape under 
high-intensity milling. Subsequent reactive milling leads 
to substantial powder particle refinement, the particles of 
3MFH20 have irregular shape with the particle size 
decreasing to 0.5−5μm (Fig.3(b)). Cold welding can also 
be seen in Fig.3(b). Additional milling up to 80 h still 
reduces the particle size and increases the specific area of 
the particles. After 150 h of continuous RMA,       
the 3MFH150 powder is very uniformly refined with a 
large fraction of powder particles within 100−500 nm. 
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Fig.3 SEM morphologies of 3MFH milled under hydrogen atmosphere for different periods: (a) 2 h; (b) 20 h; (c) 80 h; (d) 150 h 

 
The multiphase nature of the sample was further 

confirmed by TEM observations (Fig.4). A uniform 
distribution of Fe (dark particles) with 15−20 nm of 
grain size can be directly observed in Fig.4(a). According 
to EDX analyses of the particle (Fig.4(b)), region 1 and 
region 2 contain Mg and Fe in mole ratios of 0.63:1, 
1.5:1, respectively. It can be inferred that region 1 is 
associated with Fe-rich region (dark gray), where more 
Fe but less Mg2FeH6 are contained, and region 2 is 
associated with Mg-rich region (bright gray), where 
more Mg2FeH6 but less Fe are contained. In the EDX 
spectra, other elements except Mg and Fe were detected. 
The presence of C and Cu may be related with the grids 
and O, Si are probably brought during sample 
preparation. On the basis of TEM and XRD analyses, the 
initial formation of Mg2FeH6 may occur according to the 
following steps. At the initial step, the milling of Mg 
under hydrogen atmosphere with Fe coexistence 
promotes the formation of MgH2 and a very uniform 
mixing of Fe with Mg or MgH2. In the meantime, the 
grain size of Fe, Mg or MgH2 progressively decreases 
during milling and the Fe particles embed into the softer 
MgH2 particle agglomerates. Then Mg2FeH6 is formed 
via the reaction of MgH2 and Fe according to the 
following reaction[7, 24]: 
 
3MgH2(s)+Fe(s)  Mg2FeH6(s)+Mg(s)          (5) 

Reaction (5) shows that there exists unreacted Mg 
in the mixture, but it is hardly identified by XRD. 
Perhaps, it exists in an amorphous state [1]. Reaction 5 is 
a solid-solid phase reaction. The new synthesized 
Mg2FeH6 forms a shell between MgH2 and Fe. For 
further formation of Mg2FeH6, the outer MgH2 must 
react with the inner Fe atoms[20]. So, if the Mg2FeH6 
layer is too thick for the outer MgH2 to react, no more 
Mg2FeH6 will be produced and unreacted Fe and MgH2 

are left. This mode probably explains why it is hard for 
Mg2FeH6 to reach a 100% yield. The ball milling usually 
creates a nanostructured product. Table 2 lists the grain 
size of each phase in 3MFH powders. It can be seen from 
Table 2 that a clear crystallite size reduction of Mg and 
Fe from >1 000 nm (starting materials) to 28.1 nm and 
20.1 nm after 2 h of milling, respectively. The grain size 
decreases with increase of milling time. Up to 150 h, the 
grain size of Mg2FeH6 is all below 10 nm and the grain 
size of Fe is 11−12 nm, which agree well with our 
previous results[7−8]. These values are smaller than 
those obtained by mechanical milling (MM) in Ar 
atmosphere followed by sintering in H2 atmosphere[3] 
and those obtained by using controlled hydriding 
combustion synthesis (CHCS)[21]. A small nanograin 
size may be favorable for improvement of the hydrogen 
sorption kinetics of hydrogen storage materials[24−26]. 
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Fig.4 TEM images of composite 3MFH after milling for 150 h (a), (b) and EDX analysis (c), (d) 
 
Table 2 Grain size of each phase in milled powders calculated 
from XRD (nm) 

Ball milling/h Mg Fe MgFeH6 MgH2 

2 28.1 20.1 − − 

20 − 16.6 8.7 6.1 

60 − 16.9 6.8 8.9 

80 − 15.8 6.6 6.5 

100 − 14.5 9.3 10.2 

150 − 11.9 6.5 − 

 
3.3 Hydrogen sorption kinetics 

The milled powders were cycled three times in the 
temperature range of 593−653 K. The milled powders 
can release/absorb hydrogen directly without any 
activation step. The hydrogen desorption curves of 
3MFH150 powder in the temperature range of 593−653 
K under 0.1 MPa of H2 pressure are shown in Fig.5. 90% 
of hydrogen capacity of the 3MFH150 powder can be 
desorbed within 1 000 s and the powder completely 
releases 4.43% hydrogen at 653 K under 0.1 MPa of H2 
pressure within 1 800 s. Small particle/grain size could 

 

 

Fig.5 Hydrogen desorption kinetics for 3MFH150 powder in 
temperature range of 593−653 K under 0.1 MPa of hydrogen 
pressure 
 
reduce the diffusion path, and high quantity of phase 
boundaries will enhance diffusion. Therefore, a well 
desorption kinetics is obtained by reducing particle/grain 
size and refining microstructure (see Fig.4(a)).      
The hydrogen desorption rate and amount decrease 
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remarkably with decrease of temperature. It can be 
deducted that such difference may be associated with the 
reduced structural defects and grain growth in the 
restored hydride, compared with the as-milled 
sample[21]. 

Fig.6 shows the hydrogen desorption curves of 
3MFHT150 and 3MFH150 powders at 653 K with an 
initial hydrogen pressure of 0.1 MPa. The results show 
the H-desorption rate of 3MFHT150 powder in the first 
120 s is faster than that of 3MFH150 powder. The 
average desorption rates of 3MFHT150 and 3MFH150 
powder are ~1.4×10−2%/s and ~1.1×10−2%/s in the first 
120 s, respectively. Within 120−600 s, the H-desorption 
rates of the two powders reduce to ~2.5×10−3%/s and 
~4.1×10−3%/s, and finally reduce to 0.6×10−3%/s and 
0.9×10−3%/s within 600−1 800 s, respectively. The 
3MFHT150 powder releases 80% hydrogen stored 
within 600 s. However, for 3MFH150 powder, it needs 
720 s to release the same hydrogen fraction stored. The 
3d-transition metal Ti is a good catalyst for 
chemisorption of hydrogen. The addition of Ti induces 
more phase boundaries into the metal hydride and 
facilitates the dissociation of the hydride and the release 
of hydrogen from the decomposited hydride[27−28]. In 
MgH2 and NaAlH4 hydrides, Ti acts as a catalyst which 
promotes molecular hydrogen activation and hydrogen 
transfer during their complex phase transformations in 
the H2 environment [10, 29−30]. 
 

 
Fig.6 Hydrogen desorption curves of composites 3MFHT150 
and 3MFH150 at 653 K under 0.1 MPa of desorption pressure 
 

The hydrogen absorption was carried out under 4 
MPa of H2 pressure in the temperature range of 593−623 
K and the results are shown in Fig.7. A clear increase of 
both the absorption rate and the hydrogen storage 
capacity with increasing absorption temperature is 
observed. The 3MFH150 powder exhibits the fastest 
absorption kinetics by completely absorbing hydrogen 

4.42% within 200 s at 623 K under 4.0 MPa of H2 

pressure, and only 50 s is needed for the accomplishment 
of 80% hydrogen absorption. The hydrogen absorption 
kinetics and hydrogen capacity of 3MFH150 powder 
slightly decrease at 593 K under 4.0 MPa of H2 pressure. 
Recently, PUSZKIEL et al[3] reported that the 2Mg-Fe 
mixture absorbed 3.1% hydrogen within 800 s at 573 K 
under 5.2 MPa of hydrogen pressure. Therefore, our 
kinetics results for the sample 3MFH150 exhibit a better 
absorption rate, probably due to the smaller nanograin 
size and special nanostructure characteristics obtained by 
high-intensity milling. Fig.8 shows the hydrogen 
absorption of 3MFHT150 and 3MFH150 powders at 623 
K with an initial hydrogen pressure of 4.0 MPa. By 
comparing hydrogen absorption rate curves of 3MFH150 
and 3MFHT150 powder, it can be found that 3MFH150 
powder exhibits slightly faster absorption than 
3MFHT150 powder. 3MFH150 powder absorbs 100% 
hydrogen within 200 s. However, for 3MFHT150 powder, 
it needs more than 400 s to absorb 100% hydrogen. It is  
 

 
Fig.7 Hydrogen absorption curves of composite 3MFH150 at 
different temperatures under initial hydrogen pressure of 4 MPa 
 

 

Fig.8 Hydrogen absorption curves of 3MFHT150 and 
3MFH150 at 623 K under initial hydrogen pressure of 4.0 MPa 
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shown that Ti in 3MFHT150 powder does not help to 
increase the absorption rate, which can also be found in 
Mg2FeH6-Pt composite material[17]. This is possibly due 
to the fact that formation of Mg2FeH6 during 
hydrogenation requires the diffusion of metal atoms, and 
the diffusion process is not enhanced by Ti. The effect of 
transition metal additive on sorption properties of 
Mg2FeH6 is needed for further investigation. 
 
4 Conclusions 
 

1) Mg2FeH6 with a yield of about 80% was 
successfully synthesized by ball milling Mg and Fe with 
mole ratio of 3:1 in 1MPa hydrogen atmosphere using a 
planetary ball mill. There exist unreacted Fe and MaH2 in 
the substrate because the Mg2FeH6 layer is too thick for 
the outer MgH2 to react with inner Fe. That is why it is 
hard for Mg2FeH6 to reach a 100% yield. 

2) The synthesized Mg2FeH6 has a grain size of 
about 7 nm. The 3MFH150 powder possesses a 
compromised H-capacity and kinetics. It can release 
4.43% hydrogen at 653 K under 0.1 MPa of hydrogen 
pressure and absorb 4.42% hydrogen at 623 K under the 
initial 4 MPa of hydrogen pressure without any 
activation process. 

3) Ti acts as a catalyst in decomposition process of 
Mg2FeH6. The addition of Ti increases the hydrogen 
desorption rate in the initial 120 s of the desorption 
process. The 3MFHT150 powder releases 80% hydrogen 
stored within 600 s, while 3MFH150 powder within  
720 s. 
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