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a  b  s  t  r  a  c  t

We  reported  the  structures  and  superior  hydrogen  storage  properties  of  the  composites  Mg90Ni10−xFex

(x  =  0, 2,  4,  6  and  8) prepared  by the  process  of HCS  + MM,  i.e.,  the  hydriding  combustion  synthesis  followed
by  mechanical  milling.  By means  of  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  with
an energy  dispersive  X-ray  spectrometer  (EDX)  and  gas  reaction  controller  (GRC),  the  crystal  structures,
surface  morphologies  and  hydriding/dehydriding  properties  of  the  composites  were  studied  in  detail.
The Mg90Ni10−xFex (x  =  2,  4, 6 and  8)  composites  consist  of  MgH2, Mg,  Mg2NiH4,  Mg2NiH0.3 and  Fe  phases,
eywords:
ydrogen storage
g–Ni–Fe composite
ydriding combustion synthesis
echanical milling

while Mg90Ni10 is  composed  of  MgH2, Mg, Mg2NiH4 and  Mg2NiH0.3. It  is found  that  Mg90Ni2Fe8 has
the best  hydriding  properties,  requiring  only  30 s to absorb  97%  of its  saturated  hydrogen  capacity  of
4.80  wt.%  at  373  K. The  best  dehydriding  result  is obtained  with  Mg90Ni8Fe2,  which  desorbs  2.02  and
4.40  wt.%  hydrogen  at 493  and  523  K, respectively.  The  microstructures  of the  composites  prepared  by
HCS  + MM  have  remarkable  influences  on  the  enhanced  hydriding/dehydriding  properties.  In addition,
the catalytic  effects  of  Mg2Ni  and  Fe  phases  during  hydriding/dehydriding  were  discussed  in this  study.
. Introduction

Nowadays, the primary energy sources including coal, natural
as, and petroleum are being severely challenged in meeting the
nergy and environmental needs, there is an increasing need for
ew and greater sources of energy for future global transportation
pplications. Hydrogen has been considered as an ideal substitute
o traditional fossil fuels, but the storage of hydrogen for applica-
ion faces strong obstacles today [1].  Hydrogen storage by solid
tate materials is considered as a promising way, which can be
sed in nickel-metal hydride secondary batteries and fuel cell vehi-
les [2–11]. Mg  and Mg-based materials are regarded as promising
andidates for vehicular hydrogen storage owning to their high
ydrogen storage capacities, low price, abundant resources and

riendly to environment [12–15].  Unfortunately, Mg  has a high ther-
odynamic stability (the enthalpy of hydride formation for Mg  is
74 kJ/mol) [16] and a lower plateau pressure at room temperature.
esides, Mg  usually absorbs and desorbs hydrogen at relatively

igh temperature and with slow kinetics. So far, extensive attempts
ave been made to improve the hydrogen absorption/desorption
ehavior of Mg.
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hina. Tel.: +86 25 83587242.
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© 2012 Elsevier B.V. All rights reserved.

Compositional optimization of Mg-based alloys has been proved
to be an effective way to improve the hydrogen storage properties.
These investigations can be classified into two directions. One is
alloying of other metals with Mg  such as Mg–Ni [17,18],  Mg–La–Cu
[19], Mg–Mn–Ni [20], Mg–Al [21], Mg–Fe [22], Mg–La [23], Mg–Co
[24,25] and so on. The other is preparing Mg-based composites
including Mg-metals (Mg–Nb [26], Mg–Ni–Cu [27], Mg–Ni–V [28],
Mg–Ni–Fe [29–31]), Mg-oxides (Mg–Fe2O3 [32], Mg–Nb2O5 [33],
Mg–Cr2O3 [34]), Mg-intermetallics (Mg–LaNi5 [35], Mg–TiVMn
[36], Mg–FeTi [37], Mg–ZrFeCr [38]), Mg-carbon [39,40], and so on.
Among these systems, Mg–Ni–Fe is one of the attractive hydro-
gen storage materials. Bobet et al. [29] reported that Mg–Ni–Fe
nanocomposite has better hydriding and dehydriding properties
than that of the nanocomposite without Fe.

Some material processing techniques have also been proved
to be able to improve the hydrogen storage properties of Mg-
based alloys, such as melt spinning [41], mechanical milling (MM)
[42–44] and hydriding combustion synthesis (HCS) [45]. HCS has
been developed especially for the preparation of Mg-based alloys
with the merits of low energy consumption, short processing time,
high activity of the product and simple experimental requirement.
MM is an effective method for the preparation of nanocrystalline
or amorphous Mg-based alloys with large grain boundaries as well

as lattice defects.

In our previous studies, we combined the process of HCS and
MM, i.e., HCS + MM to prepare binary Mg–Ni and ternary Mg–La–Ni
composites [46,47],  finding that the hydrogen storage properties

dx.doi.org/10.1016/j.jallcom.2012.01.018
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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re improved remarkably as compared to the HCS product, sug-
esting that HCS + MM is promising to prepare advanced Mg-based
ydrogen storage materials. However, it is not yet clear how about
he effect of Fe on the hydrogen storage properties of Mg–Ni sys-
em prepared by the process of HCS + MM.  Therefore, the aim of
his study is to investigate the structural and hydrogen storage
roperties of ternary Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites
repared by HCS + MM.

. Experimental

The metallic powders of Mg  (99 wt.% in purity and <74 �m in diameter), Ni
99  wt.% in purity and 2–3 �m in diameter) and Fe (99.9 wt.% in purity and <74 �m in
iameter) were commercially gotten. They were well-mixed in acetone with atomic
ompositions of Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) by an ultrasonic homogenizer for
0  min. After being completely dried at 323 K in air, the powder mixtures without
ny compressive treatment were used directly for HCS. During the HCS process, the
amples were first heated up to 853 K at the rate of 7 K/min and held for 60 min
nder 1.9 MPa  hydrogen pressure, then cooled down to 613 K and held for 120 min,
nd finally cooled down to room temperature. After HCS, the powders with 1 wt.%
raphite as process control agent were mechanically milled together under 0.1 MPa
rgon atmospheres on a planetary ball mill with ball to powder ratio of 30:1 at
00  rpm for 600 min.

The crystal structures of the composites were examined by X-ray diffraction
XRD) with Cu-K� radiation using ARL X’TRA diffractometer working at 45 kV and
5  mA.  The surface morphologies of the composites were observed by scanning
lectron microscopy (SEM) equipped with an energy dispersive X-ray spectrometer
EDX).

The hydrogen storage properties of the composites were measured without any
ctivation treatment using the Sievert’s method by the gas reaction controller. The
ransfer of the samples to the sample chamber was operated in a glove box filled
ith argon atmosphere to prevent possible Mg  oxidation. Before hydriding mea-

urement, the composites were dehydrided completely under vacuum by heating
p to approximately 603 K. Then the hydriding/dehydriding kinetics were measured

n  the temperature range from 373 K to 523 K. The initial hydrogen pressure was
.0 MPa for hydriding and 0.005 MPa  for dehydriding, respectively. To clarify the
hermodynamic properties of the composites, the pressure-composition isotherms
PCIs) were measured at 523 K, 573 K and 623 K, respectively.

. Results and discussion

.1. Structural characterization

Fig. 1 shows the XRD patterns of the as-synthesized
g90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites before dehydro-

enation. It can be seen that all of the composites include the

hases of MgH2, Mg2NiH4, Mg2NiH0.3 and Mg,  and MgH2 is the
ain phase supported by our previous study [46]. During the HCS

rocess, hydrides of MgH2, Mg2NiH4 and Mg2NiH0.3 were formed
nd part of Mg  was not fully hydrogenated. With the addition of
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Fig. 1. XRD patterns of the Mg90Ni10−xFex (x =0, 2, 4, 6 and 8) composites.
Fig. 2. XRD patterns of the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites after
dehydrogenation at 603 K.

Fe, the diffraction peaks of Fe appear in the patterns. Besides, the
diffraction intensities of Fe increase with the increased amount of
Fe, while the diffraction intensities of Mg2NiH4 are decreased, indi-
cating that Fe did not participate in any chemical reaction with
other substance during the period of HCS or MM.  The average grain
sizes of the main phase MgH2 in the composites were estimated
from the diffraction peaks of MgH2 according to Scherrer’s equation
[48]:

D  ̌ cos � = 0.9 � (1)

where D is the grain size, � is the X-ray wavelength of 0.154 nm, ˇ
is the full width at half maximum of the diffraction peak and � is the
Bragg angle. The average grain sizes of MgH2 in the Mg90Ni10−xFex

(x = 2, 4, 6 and 8) and Mg90Ni10 composites were estimated to
be 25–30 nm and 40 nm,  respectively. All of the composites have
nanometer-scale structures due to the effect of MM on the brittle
HCS products, and the addition of Fe is favorable to the reduction
of grain size of MgH2.

The XRD patterns of the five composites after dehydriding at
603 K are shown in Fig. 2, the dehydrogenated composites con-
tain only Mg2Ni, Mg  and Fe, indicating that all the hydrogen in the
hydrides can be fully desorbed at 603 K. Moreover, no reactions
between Fe and Mg2Ni or Mg  are observed.

The SEM images of the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) com-
posites are shown in Fig. 3. Compared with the binary Mg–Ni
system, the ternary Mg–Ni–Fe system possesses smaller and
uniform particle size especially for the Mg90Ni2Fe8 composite,
indicating that the addition of Fe is also helpful for the particle
refinement of the composites during the process of HCS and MM.
Fig. 3(c, e, g, i) shows the EDS mapping of Fe on the same area of
the corresponding secondary electron image. It can be seen that
Fe distributes uniformly on the surface of the composites, and the
distribution density is increased with increasing the Fe content in
the composite.

3.2. Hydriding/dehydriding properties

As the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites contained
hydride phases, they were dehydrogenated completely at 603 K

at first. Then the hydriding properties of these composites were
investigated. The hydriding kinetic properties of these composites
measured at 373 K and 493 K under 3.0 MPa  hydrogen pressure are
shown in Fig. 4. As can be seen in Fig. 4(a), Mg90Ni2Fe8 exhibits the
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ig. 3. SEM images of the composites with associated EDS maps for Fe: (a), (b), (d), 

i)  express the distribution of Fe with x = 2, 4, 6, 8, respectively.

est hydriding properties with the highest hydrogen capacity of

.80 wt.% at 373 K, and only needs 30 s to absorb 97% of its saturated
ydrogen capacity. However, Mg90Ni10 requires more than 100 s
o reach its saturated hydrogen capacity of 4.30 wt.%. Based on
he phase structures of the composites, the theoretical hydrogen
 (h) are secondary electron images with x = 0, 2, 4, 6, 8, respectively; (c), (e), (g) and

storage capacity was calculated to be 6.49, 6.50, 6.51, 6.53 and

6.54 wt.% for the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites,
respectively. The theoretical hydrogen storage capacity of the
composites changes little with Fe substitution for Ni. The differ-
ence between the experimental and theoretical hydriding capacity
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Fig. 4. Hydriding curves of the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites mea-
sured at 373 K (a) and 493 K (b) under an initial hydrogen pressure of 3.0 MPa.
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Fig. 5. Dehydriding curves of the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites
measured at 493 K (a) and 523 K (b) under an initial hydrogen pressure of 0.005 MPa.
f the composite is mainly due to the un-hydrogenated Mg  during
ydriding at 373 K. Besides, it is noticed that the hydriding rate
nd hydrogen absorption capacity of the composite increase with
ncreasing the Fe content. The results indicate that the Mg–Ni–Fe
omposite has superior low temperature hydriding properties.

Increasing the hydriding temperature to 493 K, as shown in
ig. 4(b), the hydrogen absorption capacities of the composites are
urther increased, and the Mg90Ni2Fe8 composite still shows the
est hydriding properties with the highest hydrogen capacity of
.04 wt.%.

Dehydriding kinetics of the Mg90Ni10−xFex (x = 0, 2, 4, 6 and 8)
omposites were investigated at 493 K and 523 K under an initial
ydrogen pressure of 0.005 MPa  and the results are shown in Fig. 5.
he hydrogen desorption capacities within 1800 s of the compos-
tes are also listed in Table 1. At 493 K, all the composites can desorb
ydrogen with a slow rate. Both of the dehydriding kinetics and
ydrogen desorption capacities of the composites are improved
hen the temperature is increased to 523 K. Besides, it is found that

he Mg90Ni8Fe2 composite exhibits the best dehydriding properties
mong the five samples. For example, it desorbs the largest hydro-
en capacity of 2.02 wt.% at 493 K and 4.40 wt.% at 523 K within

800 s.
3.3. Thermodynamic properties

Fig. 6 presents the pressure-composition isotherms (PCIs) of the
Mg90Ni10 and Mg90Ni8Fe2 composites measured at 523, 573 and
623 K. Each isotherm exhibit two  hydrogen absorption/desorption
plateaus, in which the low pressure plateau corresponds to Mg,  and
the high pressure plateau corresponds to Mg2Ni [49].

To obtain the thermodynamic parameters for hydrogena-
tion/dehydrogenation of the composites, Fig. 7 gives the Van’t Hoff
plots for Mg  and Mg2Ni in the Mg90Ni10 and Mg90Ni8Fe2 compos-
ites, and the calculated results are listed in Table 2. The enthalpies of
dehydrogenation for MgH2 and Mg2NiH4 in the Mg90Ni10 compos-
ite were calculated to be 79.1 kJ/mol and 66.2 kJ/mol, which are in
agreement with the reported values [50]. After Fe substitution, the
enthalpies and entropies of hydrogenation/dehydrogenation for
Mg and Mg2Ni in the Mg90Ni8Fe2 composite changes little, as can be
seen in Table 2. Thus, it can be concluded that the thermodynamic
properties of the Mg90Ni10 composite are not altered by substi-
tution of Fe for Ni. The improvement in hydriding/dehydriding
properties of the Mg–Ni–Fe composite might be related to the

micro-structural changes.
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ured at 523, 573 and 623 K.

.4. Discussion

Based on the experimental results above, we can conclude
hat the technique of HCS + MM is appropriate for preparing
g–Ni–Fe composites. The product has excellent hydrogen storage
roperties especially the hydriding kinetics partly related to the
avorable microstructures. Firstly, the HCS product, which is the
tarting material for MM,  is brittle and has many crystal defects

able 1
ydrogen desorption capacities (wt.%) of the composites measured at 493 K and 523 K w

Temperature (K) Mg90Ni10 Mg90Ni8Fe2

493 1.79 2.02 

523  4.39 4.40 

able 2
hermodynamic parameters obtained from the Van’t Hoff plots shown in Fig. 7 for Mg90N

Sample Phase Hydriding 

−�H (kJ/mol) 

Mg90Ni10
Mg  75.8 

Mg2Ni 60.2 

Mg90Ni8Fe2
Mg  76.4 

Mg2Ni 59.5 
Fig. 7. Van’t Hoff plots for Mg  and Mg2Ni in Mg90Ni10 (a) and Mg90Ni8Fe2 (b).

and fresh surfaces evidenced by our previous study [51]. Sec-
ondly, after MM,  the average grain size and particle size are both
reduced and nanocrystalline structures are generated. The above
factors are helpful for the dissociation/recombination of H2 on the
surface, increasing the active sites for reactions and shortening

the hydrogen diffusion distance, leading to an improved hydrid-
ing/dehydriding properties.

ithin 1800 s.

Mg90Ni6Fe4 Mg90Ni4Fe6 Mg90Ni2Fe8

1.77 1.38 1.31
4.16 4.29 4.25

i10 and Mg90Ni8Fe2.

Dehydriding

−�S (J/mol K) �H (kJ/mol) �S  (J/mol K)

142.6 79.1 146.3
123.0 66.2 127.6

143.8 79.8 147.6
122.4 65.3 124.2
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The phase of Mg2Ni in the composite plays a catalytic role in
nhancing the hydrogenation of Mg  by promoting dissociation
f hydrogen molecules on the surface [43]. Besides, as shown in
ig. 3(c, e, g, i), Fe distributes uniformly on the surface of the com-
osites, which also has catalytic effect on improving the hydrogen
torage properties. On the one hand, Fe addition results in grain
nd particle refinement of the composite as shown in Section 3.1,
hich increases the fraction of grain boundary and the specific sur-

ace area, favoring hydrogen adsorption/desorption on the surface
nd hydrogen diffusion in the bulk of the composite. On the other
and, the dispersed Fe may  act as nuclear center of hydrogena-
ion/dehydrogenation reactions during hydriding/dehydriding of
he composite. With increasing the Fe content, the hydriding prop-
rties are improved and Mg90Ni2Fe8 shows the best hydriding
inetics with the highest hydrogen capacity. This result indicates
hat Fe has better catalytic effect than Mg2Ni on hydriding of the
omposite.

For dehydrogenation, the Mg90Ni8Fe2 composite possesses
he best dehydriding properties. Both of the dehydriding kinetics
nd capacity are decreased with increasing the Fe content (x > 2)
lthough the hydriding capacity reaches the maximum for the
g90Ni2Fe8 composite. During dehydriding, Mg2NiH4 desorbs

ydrogen first as it is thermodynamically less stable comparing
ith MgH2 [52], promoting the dehydrogenation of adjacent MgH2
hase. While proper amount of Fe addition (x = 2) is found also
avorable to hydrogen desorption of the composite. In Section
.3, we have concluded that the thermodynamic properties of the
g90Ni10 composite are not altered with Fe addition. Therefore,
e ascribe the superior dehydriding properties of the Mg90Ni8Fe2

omposite to the synergistic catalytic effects of Mg2Ni and Fe
hases.

. Conclusion

Structures and hydrogen storage properties of the
g90Ni10−xFex (x = 0, 2, 4, 6 and 8) composites prepared by
CS + MM were investigated. All of the composites show multi-
hase structures. Fe cannot react with Mg  or Ni, and it distributes
niformly on the surface of the composites. XRD and SEM analyses
how that Fe is favorable to grain and particle refinement of the
omposite. The composites have superior low temperature hydrid-
ng properties, and the Mg90Ni2Fe8 composite exhibits the best
ydriding properties, which absorbs 4.80 wt.% hydrogen at 373 K
ithin 100 s. Fe has better catalytic effect than Mg2Ni on hydriding

f the composite. The best dehydriding properties are found for
he Mg90Ni8Fe2 composite, in which the Mg2Ni and Fe phases have
ynergistic catalytic effects on hydrogen desorption. Furthermore,
he addition of Fe cannot alter the thermodynamic properties of
he Mg90Ni10 composite, but improves the hydriding/dehydriding
inetics of the composite.
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