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Herein,  we  prepared  a new  type  of  magnesium  and  transition  metal-based  alloys  with  the  formula  of
LaMg8.40Ni2.34−xAlx (x  =  0 and  0.20).  Their  phase  structures,  morphologies  and  hydrogen  storage  prop-
erties  were  studied  by different  methods.  The  XRD  patterns  show  that  LaMg8.40Ni2.34−xAlx alloys  are
made  of  La2Mg17, LaMg2Ni and  Mg2Ni phases.  The  SEM  images  indicate  that  the  phase  distributions  in
LaMg8.40Ni2.14Al0.20 alloy  are  more  uniform  compared  with  LaMg8.40Ni2.34 alloy.  In addition,  the  reversible
hydrogen  storage  capacity  of LaMg8.40Ni2.14Al0.20 alloy  is  3.22  wt.%  at 558  K,  which  is  higher  than  that  of
ydrogen storage
a–Mg–Ni alloy
hermodynamics
inetics

LaMg8.40Ni2.34 alloy.  The  partial  substitution  of  Al for  Ni  effectively  improves  the  hydrogen  storage  capac-
ity,  as well  as the  hydriding/dehydriding  kinetics  of  the alloys,  with  the  evidence  that  89%  hydrogen  in  the
saturated  state  in  LaMg8.40Ni2.14Al0.20 alloy  was  released  in  1500  s at 573  K, while  only  74%  hydrogen  in
the  saturated  state  in  LaMg8.40Ni2.34 alloy  was  released  at the  same  conditions.  Consequently,  we believe
that  the  alloying  of  aluminum  in  the  magnesium-rare  earth-transition  metal-based  alloys  can  effectively
improve  their  hydrogen  storage  performance.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Magnesium and magnesium-based alloys are attractive candi-
ate materials for reversible hydrogen storage due to their high
ydrogen storage capacity, outstanding reversibility and low cost
1]. However, their slow hydriding/dehydriding kinetics as well as
he highly thermodynamic stability of their corresponding hydrides
low down the rhythms of Mg-based alloys for practical appli-
ations [2,3]. Many attempts have been made to improve the
ydrogen storage performance of Mg-based alloys, such as chemi-
al doping [4,5], addition of catalyst [6,7], mechanical alloying [8,9],
elt spinning [10,11] and GPa hydrogen pressure method [12].

he refinement of alloy microstructures down to nanometer-sized
rains by mechanical alloying or melt spinning obviously enhanced
he hydrogen storage performance. However, both mechanical
lloying and melt spinning need extensive precautions to keep the
aterials pure and dense to minimize the oxidation and fire risk

13]. Consequently, alloying with some simple and low-cost meth-
ds such as inducing melting is a more practical method to improve

he hydrogen storage properties.

Generally, the alloying of rare earth (RE) elements or transition
etal is effective to improve the hydrogen storage properties of Mg

∗ Corresponding author. Tel.: +86 335 807 4648; fax: +86 335 807 4648.
E-mail address: hanshm@ysu.edu.cn (S. Han).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2012.02.085
[14–16].  One reason is that the RE hydrides can form during the first
hydrogen absorption process and catalyze the hydrogen absorp-
tion and desorption reactions in the alloys, therefore improve the
hydriding/dehydriding kinetics of Mg  hydride. Recently, the alloy-
ing of transition metals, such as Ti, Mn,  Ni, Co, V, Cu, have been
demonstrated to be effective in destabilizing the Mg  hydride and
enhancing the hydriding/dehydriding kinetics [17–19].  Further-
more, people have reported that LaMg2Cu alloy with LaMg2Cu2
and LaMg3 phases and LaMg2Ni1.67 alloy with La2Mg17, LaMg3
and Mg2Ni phases can exhibit excellent adsorption and desorp-
tion kinetics with the explanation of abundant phase interfaces
as hydrogen diffusion channels and buffer areas for the release
of distortion and stress of the crystal lattice in the alloys [20,21].
Therefore, it is believed that the multiphase RE-Mg-Ni alloys should
exhibit outstanding hydrogen storage properties.

Later on, further investigation revealed that Al hydride can
exhibit even higher hydrogen storage capacity compared with Mg
hydride, with both the theoretical and experimental evidences that
the alloying of Al can decrease the decomposition enthalpy of the
alloys [22,23]. Thus, it can be expected that the hydrogen stor-
age properties will be further improved by partially alloying of Al
in La–Mg–Ni alloys. Our previous research has demonstrated that

LaMg8.40Ni2.34 alloy with multiphase structures can exhibit fast
hydriding/dehydriding kinetics [24]. Herein, we studied the influ-
ence of Al on the microstructures and hydrogen storage properties
of the LaMg8.40Ni2.34−xAlx (x = 0 and 0.20).

dx.doi.org/10.1016/j.jallcom.2012.02.085
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hanshm@ysu.edu.cn
dx.doi.org/10.1016/j.jallcom.2012.02.085
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.  Experimental procedures

LaMg8.40Ni2.34−xAlx (x = 0 and 0.20) alloy ingots were prepared by melting La, Mg,
i  and Al (purity more than 99.9%) in an alumina crucible under argon atmosphere.
fter melting, the alloys were annealed at 723 K for 10 h under argon atmospheres
ith the pressure of 0.08 MPa. The phase structures of the alloys were studied

y  D/max-2500/PC X-ray diffractometer with Cu K� radiation. The SEM speci-
ens were mechanically smoothed and then polished under the distilled water.

he  phase composition images were obtained by using HITACHI S-4800 scanning
lectron microscope (SEM) with an energy dispersive X-ray spectrometer (EDS).
he average element composition was  calculated based on five different spots.
he  hydrogen storage properties of the alloys were studied by using pressure-
omposition-temperature (PCT) (made by Suzuki Shokan in Japan). To calculate
he enthalpy and entropy, hydrogen pressure at midpoint of the absorption pres-
ure plateau of PCT curves was taken. In the PCT measurement, the delay time was
00  s and the maximum pressure was 3 MPa. The hydriding/dehydriding kinetics
f  the alloy were tested with the initial hydrogen pressure of 5 MPa  and 0.01 MPa,
espectively.

. Results and discussion

.1. Phase structures and morphologies of LaMg8.40Ni2.34−xAlx
lloys

Fig. 1 shows the XRD patterns of LaMg8.40Ni2.34−xAlx alloy as
ell as the simulated XRD pattern of LaMg2Ni which is calculated

ased on the cell parameters and the atom positions of the single
rystal LaMg2Ni [25]. It can be seen that LaMg8.40Ni2.34−xAlx alloys
re made of La2Mg17, LaMg2Ni and Mg2Ni phases. Fig. 2a shows the
EM image of LaMg8.40Ni2.34 alloy with different color distribution,
ncluding dark grey areas (A, La2Mg17), white areas (B, LaMg2Ni)

nd light grey areas (C, Mg2Ni), indicating the phase distribution
n LaMg8.40Ni2.34 alloy is not uniform. As a comparison, the SEM
mage of LaMg8.40Ni2.14Al0.20 alloy (Fig. 2b) shows continuous dark
rey areas (D, La2Mg17), dispersive white areas (E, LaMg2Ni) and

Fig. 2. SEM images of LaMg8.40Ni2.34−xA
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separated grey dots (F, Mg2Ni), which clearly demonstrates that
the phase distribution of LaMg8.40Ni2.14Al0.20 alloy is more uniform
than that of LaMg8.40Ni2.34 alloy. In addition, according to the EDS
results listed in Table 1, Al element can only be observed in the
La2Mg17 phase, not in the LaMg2Ni or Mg2Ni phase.

3.2. Hydrogen storage properties of LaMg8.40Ni2.34−xAlx alloys
The hydrogen storage property of LaMg8.40Ni2.34−xAlx alloys was
analyzed by using PCT at different temperatures. Before the mea-
surement, LaMg8.40Ni2.34−xAlx alloys were activated with initial

lx alloys; (a) x = 0 and (b) x = 0.20.
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Table 1
Results of EDS analysis for LaMg8.40Ni2.34−xAlx alloys.

Element LaMg8.4Ni2.34 alloy LaMg8.4Ni2.14Al0.20 alloy

Mg2Ni LaMg2Ni La2Mg17 Mg2Ni LaMg2Ni La2Mg17

w (%) x (%) w (%) x (%) w (%) x (%) w (%) x (%) w (%) x (%) w (%) x (%)

Mg  43.94 66.21 21.38 52.98 49.93 80.89 44.47 66.90 27.43 61.19 42.53 76.95
Ni  52.75 32.92 22.10 22.64 12.68 8.51 50.64 31.55 19.63 18.14 9.09 6.82
La  3.31 0.81 56.52 24.47 37.79 10.60 5.89 1.55 52.92 20.67 47.73 15.13
Al 0.68 1.10
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ydrogen pressure of 5 MPa  at 588 K. Fig. 3 shows the PCT curves of
aMg8.40Ni2.34−xAlx alloys at 558 K, 573 K and 588 K, respectively. At
58 K, the reversible hydrogen storage capacities of LaMg8.40Ni2.34
nd LaMg8.40Ni2.14Al0.20 alloys are 3.01 wt.% and 3.22 wt.%, respec-
ively. The higher hydrogen capacity of LaMg8.40Ni2.14Al0.20 alloy
an be ascribed to the following factors. Firstly, the alloying of Al
an effectively boost the dehydrogenation process, thus increase
he hydrogen storage capacity of Mg-based alloys [23,24].  Secondly,
l atoms are lighter than Ni atoms, which is favorable to increase

he hydrogen capacity of the alloys per unit mass. In addition, both
he alloys exhibit two pressure plateaus, indicating that two dif-
erent hydrides were formed in the hydriding process. After the
rst hydrogen absorption, the XRD patterns of LaMg8.40Ni2.34−xAlx
lloys (588 K, initial pressure of 5 MPa) shown in Fig. 4 indicates
hat both LaMg8.40Ni2.34 and LaMg8.40Ni2.14Al0.20 alloys are made
f the LaH2.43, Mg2NiH4 and MgH2 phases without any observed
eak of the La2Mg17 or LaMg2Ni phases. That can be ascribed
o the reactions of La2Mg17 and LaMg2Ni phases with hydrogen.
etailed discussions of the phase transformation during the acti-
ation process of LaMg8.40Ni2.34 alloy can be found in our previous
eport [22]. Because the hydrogen storage capacity of La hydride
s limited [16], Mg2Ni and Mg  have been the main hydrogen stor-
ge phases in the following hydrogen absorption and desorption
ycles. Thus, it is believed that the plateau in the hydriding curves
t the lower pressure is corresponding to the formation of MgH2
nd the other plateau at the higher pressure is corresponding to
he formation of Mg2NiH4. However, only one pressure plateau
ppears in the dehydriding curves of the two alloys, which is due
o the simultaneous reactions of both MgH2 and Mg2NiH4 in the

ehydriding process. Since the desorption pressure of Mg2NiH4 is
igher than that of MgH2 at the same temperature, Mg2NiH4 should
rst desorbs hydrogen and exhibit a significant volume contrac-
ion, thereby resulting a significant contraction strain of MgH2.In
sses of LaMg8.40Ni2.34−xAlx alloys; (a), (b) x = 0 and (c), (d) x = 0.20.

addition, the dehydrogenation of Mg2NiH4 can be slightly inhibited
due to the stabilization by MgH2 [26,27].

To obtain the thermodynamic parameters of the hydriding reac-
tions of Mg  and Mg2Ni in LaMg8.40Ni2.34−xAlx alloys, the plateau
pressure and the temperature were correlated based on the Van’t
Hoff equation, which is shown in Fig. 5. The enthalpy and entropy
of hydriding Mg  in LaMg8.40Ni2.34 alloy are −76.0 ± 0.6 kJ/mol and
−116 ± 2.4 J/mol/K, respectively, and those of hydriding Mg2Ni in
LaMg8.40Ni2.34 alloy are −54.9 ± 0.1 kJ/mol and −88.9 ± 1.1 J/mol/K,
respectively. For, the enthalpy and entropy in the reaction of
hydriding Mg  in LaMg8.40Ni2.14Al0.20 alloy are −73.4 ± 0.3 kJ/mol
and −111 ± 1.3 J/mol/K, respectively, and those in the reac-
tion of hydriding Mg2Ni in the LaMg8.40Ni2.14Al0.20 alloy are
−54.3 ± 0.3 kJ/mol and −87.9 ± 1.2 J/mol/K, respectively. Based on
those data, we believe that the Mg  hydride in LaMg8.40Ni2.14Al0.20
alloy is less stable than that in LaMg8.40Ni2.34 alloy, whereas
the stability of Mg2Ni hydride in two  alloys is similar. As men-
tioned above, Al element can be observed in the La2Mg17 phase
of LaMg8.40Ni2.14Al0.20 alloy. Furthermore, La2Mg17 phase can be
transferred to LaH2.43 and Mg  hydride in the first hydrogen absorp-
tion. Therefore, it is believed that Al atoms can partially solute in
the Mg  hydride of the LaMg8.40Ni2.14Al0.20 alloy and make the Mg
hydride in LaMg8.40Ni2.14Al0.20 alloy less stable. However, the sta-
bility of the Mg2Ni hydride in the two alloys is close to each other
because Al element cannot be found in the LaMg2Ni and Mg2Ni
phases in LaMg8.40Ni2.14Al0.20 alloy, as well as the LaMg2Ni and
Mg2Ni phases can be transferred to the Mg2Ni hydride in the acti-
vation process.

Hydrogen sorption kinetic properties of LaMg8.40Ni2.34−xAlx

alloys were studied independently at 558 K, 573 K and 588 K.
Hydrogen sorption curves of two  alloys are shown in Fig. 6. The
hydrogen in the two alloys reached 99% of the saturated value
in less than 450 s. In the dehydriding process, 89% hydrogen of
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he saturated state in LaMg8.40Ni2.14Al0.20 alloy can be released
n 1500 s at 573 K. In comparison, only 74% hydrogen of the sat-
rated state in LaMg8.40Ni2.34 alloy can be released under the same
ondition, which indicates that the dehydriding performance of
aMg8.40Ni2.14Al0.20 alloy is better than that of LaMg8.40Ni2.34 alloy.

The sorption reaction mechanisms of two alloys were analyzed
y fitting the observed hydriding/dehydriding rate curves with the
ate equation derived from the two different processes [28,29].
he hydriding and dehydriding curves of two alloys at different
emperatures can be fitted by using Jander diffusion model with
he equation of (1−(1 − ˛)1/3)2 = kt (Fig. 7). The activation energy
Ea) values of two alloys in the hydriding and dehydriding pro-
esses can be obtained based on the methods described by Hu et al.
21] and Li et al. [29]. The Ea values in the hydriding process of
aMg8.40Ni2.34 and LaMg8.40Ni2.14Al0.20 alloys are 52.4 ± 0.4 kJ/mol
nd 50.3 ± 0.1 kJ/mol, respectively. The Ea values in the dehy-
riding process of LaMg8.40Ni2.34 and LaMg8.40Ni2.14Al0.20 alloys
re 59.2 ± 0.1 kJ/mol and 57.3 ± 0.2 kJ/mol, respectively. Those
esults further confirm that the sorption performance of
aMg8.40Ni2.14Al0.20 alloy is better than that of LaMg8.40Ni2.34 alloy.
he major reason can be explained by more uniform phase distri-
utions in LaMg8.40Ni2.14Al0.20 alloy. RE hydride can catalyze the
ydrogen desorption of Mg  hydride and Mg2Ni hydride [15,16].
urthermore, Mg2Ni are useful in the dehydriding process of Mg
ydride [30]. Thus, the size, shape and distribution of RE hydride,
g2Ni hydride and Mg  hydride will affect the catalytic performance

n hydriding/dehydriding process. In our studies, La2Mg17, LaMg2Ni
nd Mg2Ni phases can be transferred to La hydride, Mg  hydride
nd Mg2Ni hydride in the first hydrogen absorption. It is reason-
ble to assume that La, Mg  and Ni atoms cannot diffuse into the
urroundings during the activation process because of the rela-
ively low temperature (588 K). In other words, the distribution of
a hydride, Mg  hydride and Mg2Ni hydride is determined by the
hase distribution of the alloys. As shown in Fig. 2, the phase dis-
ribution of LaMg8.40Ni2.14Al0.20 alloy is more uniform than that
f LaMg8.40Ni2.34 alloy. Therefore, RE hydride and Mg2Ni phase in
aMg8.40Ni2.14Al0.20 alloy can exhibit better catalytic effect during
he hydrogen sorption process than that in LaMg8.40Ni2.34 alloy.

. Conclusions

The LaMg8.40Ni2.34−xAlx (x = 0, 0.20) alloys have the same phase
ompositions of La2Mg17, LaMg2Ni and Mg2Ni. However, their
hase morphologies are obviously different. The phase distribution
f LaMg8.40Ni2.14Al0.20 alloy is more uniform compared with that of
aMg8.40Ni2.34 alloy. The PCT curves show that the reversible hydro-
en storage capacity of LaMg8.40Ni2.14Al0.20 is higher at 558 K, with
he value of 3.22 wt.% versus 3.01 wt.% of LaMg8.40Ni2.34. Accord-
ng to the calculations, the Mg  hydride in LaMg8.40Ni2.14Al0.20
lloy is less stable than that in LaMg8.40Ni2.34 alloy, which should
e attributed to the fact that Mg  hydride is transformed from
he reaction of La2Mg17 with hydrogen in the activation process

nd the Al element can solute in the La2Mg17 phase. In addition,
aMg8.40Ni2.14Al0.20 alloy also shows faster hydriding and dehy-
riding kinetics. Therefore, we believe the partial substitution of
l for Ni can effectively enlarge the hydrogen storage capacity

[

[
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and improve the kinetic performance of magnesium and transition
metal-based alloys, which will definitely boost the development of
high hydrogen storage alloys.
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