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Abstract:



X-ray diffraction showed that an La7.0Mg75.5Ni17.5 alloy prepared via inductive melting was composed of an La2Mg17 phase, an LaMg2Ni phase, and an Mg2Ni phase. After the first hydrogen absorption/desorption process, the phases of the alloy turned into an La–H phase, an Mg phase, and an Mg2Ni phase. The enthalpy and entropy derived from the van’t Hoff equation for hydriding were −42.30 kJ·mol−1 and −69.76 J·K−1·mol−1, respectively. The hydride formed in the absorption step was less stable than MgH2 (−74.50 kJ·mol−1 and −132.3 J·K−1·mol−1) and Mg2NiH4 (−64.50 kJ·mol−1 and −123.1 J·K−1·mol−1). Differential thermal analysis showed that the initial hydrogen desorption temperature of its hydride was 531 K. Compared to Mg and Mg2Ni, La7.0Mg75.5Ni17.5 is a promising hydrogen storage material that demonstrates fast adsorption/desorption kinetics as a result of the formation of an La–H compound and the synergetic effect of multiphase.
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1. Introduction


Hydrogen is considered a promising energy carrier to replace the traditional fossil fuels because it is abundant, lightweight, and environmentally friendly, and has high energy content (142 MJ∙kg−1) [1]. As an ideal energy carrier, hydrogen can be easily converted into a needed form of energy without releasing harmful emissions [2]. However, up to now, highly efficient hydrogen storage technology remains challenging, as the practical application of hydrogen energy is constrained [3]. More attention has been paid to magnesium hydride (MgH2), which is a highly promising material for hydrogen storage given its high hydrogen storage capacity (7.6 wt %), low density, good reversibility, and low cost [4,5,6,7,8]. Unfortunately, its practical application in hydrogen storage is limited by slow absorption/desorption kinetics and high thermodynamic stability (ΔH = −74.50 kJ∙mol−1 H2) [9,10]. In the past several decades, Mg has been alloyed with various metals to form Mg-based alloys to improve its hydrogenation properties. In numerous Mg-based alloys, rare-earth (RE) Mg alloys and Mg-transition metal alloys have been intensively investigated. An La–Mg alloy was first reported by Hagenmull et al. in 1980 with admirable hydrogen storage properties [11], and Zou et al. [12] found that RE (RE = Nd, Gd, Er) in solid state solutions in Mg contribute to the improved hydrogenation thermodynamics and kinetics of Mg ultrafine particles. Considering the relatively fine hydrogen storage properties, Mg2Ni alloys are a classic material in Mg-transition metal alloys [13].



In recent studies, ternary alloys defined as La–Mg–Ni alloys was successfully developed by introducing Ni into La2Mg17. This material with the optimized composition of LaMg2Ni exhibited a relatively low hydrogen desorption temperature and fine kinetic properties [14]. However, the hydrogen storage capacity of this alloy was dramatically reduced by excessive un-hydrogenation elements such as La and Ni. A feasible method of improving the hydrogenation capacity of an La–Mg–Ni alloy is to increase the account of Mg in the alloy. Balcerzak investigated the hydrogen storage capacity of La2−xMgxNi7 alloys (x = 0, 0.25, 0.5, 0.75, 1). It was observed that the gaseous hydrogen storage capacity of La–Mg–Ni alloys increases with Mg content to a maximum in La1.5Mg0.5Ni7 alloys [15]. In this paper, an La7.0Mg75.5Ni17.5 alloy was prepared by inductive melting to achieve a uniform phase distribution. Their hydrogenation properties and phase transformation in the hydrogen storage cycles were further investigated to evaluate their potential for application in hydrogen storage.




2. Experimental Section


An La7.0Mg75.5Ni17.5 alloy ingot was prepared by inductive melting of high-purity La, Mg, and Ni (purity more than 99.9%) in a magnesia crucible under an argon atmosphere. The ingots were mechanically crushed and ground in air into fine powders. Powders with particle sizes of 38–74 μm were used in a P–C–T test, and those with particle sizes less than 38 μm were used in X-ray diffraction analysis. The phase structure of the as-cast alloy and the hydrogenated alloy were measured with a D/max-2500/PC X-ray diffractometer (Rigaku, Tokyo, Japan) with Cu Kα radiation and analyzed using Jade-5.0 software. Scanning electron microscopy (SEM) images of the La7.0Mg75.5Ni17.5 alloy were obtained with a HITACHI S-4800 scanning electron microscope (Hitachi, Tokyo, Japan) with an energy dispersive X-ray spectrometer (EDS) (Shimadzu, Kyoto, Japan). Hydrogen storage property measurements were carried out using P–C–T characteristic measurement equipment (Suzuki Shokan, Tokyo, Japan). The measurement conditions were as follows: delay time: 300 s; maximum pressure: 3 MPa. The hydriding kinetic of the as-cast alloy was also tested via P–C–T characteristic measurement equipment under a hydrogen pressure of 3 MPa.




3. Results and Discussion


No standard powder diffraction pattern for LaMg2Ni is available in any of the ICDD (International Center for Diffraction Data) files. For a clear, standard XRD pattern of LaMg2Ni, the cell parameters and atom positions for single crystal alloys are listed in Table 1. Its crystal structure was drawn with Diamond 3.0 software in Figure 1. It can be seen that the La7.0Mg75.5Ni17.5 alloy had a multiphase structure containing an LaMg2Ni phase with a CuMgAl2-type structure [16,17,18], an La2Mg17 phase with an Ni17Th2-type structure, and an Mg2Ni phase. No La–Ni phase was observed, which is ascribed to the abundant Mg atoms in the alloy; thus, the La and Ni atoms are a solid solute and readily alloy with the Mg.


Figure 1. XRD patterns of the La7.0Mg75.5Ni17.5 alloy: (a) simulated LaMg2Ni phase; (b) as-cast and crystal structure of LaMg2Ni.
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Table 1. X-ray structure refinement results on a single crystal of LaMg2Ni.







	
Phase

	
Cell Parameters (Å)

	
Atom Position

	
References




	
a

	
b

	
c

	
Atoms

	
x

	
y

	
z

	
Site






	
LaMg2Ni

	
4.2266

	
10.3031

	
8.3601

	
La

	
0

	
0.4402

	
1/4

	
4c

	
[10]




	
Mg

	
0

	
0.1543

	
0.0552

	
8f




	
Ni

	
0

	
0.7266

	
1/4

	
4c










Figure 2 shows the SEM micrographs of the La7.0Mg75.5Ni17.5 alloy, and its EDS analysis is listed in Table 2. The La7.0Mg75.5Ni17.5 alloy contains three distinct crystallography phases: the first is the La2Mg17 phase in the black region (identified as A), the second is the LaMg2Ni phase in the bright region (identified as B), and the third is the Mg2Ni phase in the dark region (identified as C). According to the EDS analysis results of the phases in the alloy, which are listed in Table 2, the determinations of the phases correspond to the XRD analyses.


Figure 2. SEM micrographs and elements distribution images on the surface of the La7.0Mg75.5Cu17.5 alloy.
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Table 2. EDS analysis of the La7.0Mg75.5Ni17.5 alloy.







	
Elements (at.%)

	
La

	
Mg

	
Ni






	
A

	
11.01

	
88.04

	
0.95




	
B

	
26.08

	
49.04

	
24.88




	
C

	
0.89

	
65.05

	
34.06










The phase constituent of the alloys after dehydrogenation is presented in Figure 3. The peaks of LaH2.46, Mg, Mg2Ni, and MgH2 were observed after the hydrogen desorption process. When hydrogenation is carried out, the LaMg2Ni phase decompounds to an La phase and an Mg2Ni phase, the La phase then forms a stable La hydride, and the Mg2Ni turns into Mg2NiH4 in the hydrogen atmosphere [19,20]. The reaction of the LaMg2Ni phase can be summarized as follows:


[image: ]



(1)






Figure 3. XRD pattern of the dehydrogenated La7.0Mg75.5Ni17.5 alloy.
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The La2Mg17 phase decompounded to an La phase and an Mg phase. Then, the La phase turned into La–H, and Mg changed into MgH2. The phase transformation of La2Mg17 can be described as


[image: ]



(2)







The Mg2Ni phase turns into Mg2NiH4 when it absorbs hydrogen, and turns back into Mg2Ni in the hydrogen desorption process. The MgH2 phase can be seen in Figure 3, which shows that the hydrogen desorption process of the alloy is incomplete.



The P–C–T curves of the La7.0Mg75.5Ni17.5 alloy at different temperatures are shown in Figure 4. Because of the decomposition of the LaMg2Ni phase and the La2Mg17 phase, the actual absorb/desorb hydrogen phase are the Mg phase and the Mg2Ni phase, which is consistent with the XRD pattern of the dehydrogenated alloy in Figure 3. A slant plateau can be observed in each hydrogen absorb/desorb process, indicating that the amount of H solute in the alloy increases with the rise of H pressure. This is due to the multiphase structure of the alloy, which is abundant in phase interfaces. H atoms readily enter the interfaces and then compose with Mg or Mg2Ni to form the MgH2 and Mg2NiH4. With the reduction of hydrogenation temperature, the maximum capacity of the La7.0Mg75.5Ni17.5 alloy decreased from 3.18 wt % (588 K) to 2.45 wt % (523 K), suggesting that the activity of the interface is restricted by a relatively low temperature.


Figure 4. The P–C–T curves of the La7.0Mg75.5Ni17.5 alloy at different temperatures.
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In order to obtain the thermodynamic parameters of the hydriding reaction of the La7.0Mg75.5Ni17.5 alloy, the plateau pressure (P, absolute atmosphere) and temperature (T, in K) are plotted according to the van’t Hoff equation (Equation (3)).


[image: ]



(3)




where K is the equilibrium constant (K = 1/[image: ] in the hydriding process) and the van’t Hoff plots are demonstrated in Figure 5. According to the van’t Hoff equation, the enthalpy and entropy for the hydriding reaction are calculated to be −42.30 kJ·mol−1 and −69.76 J·K−1·mol−1, respectively. The results show that the alloy has a low enthalpy, its absolute value is lower than those of MgH2 and Mg2NiH4. The improvement on the hydrogen storage properties of the La7.0Mg75.5Ni17.5 alloy is because of the existence of LaH, which can reduce the enthalpy change of the hydriding process of the Mg and Mg2Ni phase in this alloy. The main reason for these experimental results is that LaH can increase the reactive surface area and dramatically reduce the diffusion length of hydrogen.


Figure 5. The van’t Hoff plot of the alloy in hydrogenation processes.
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The hydriding/dehydriding processes kinetic curves of the La7.0Mg75.5Ni17.5 alloy at different temperatures are shown in Figure 6. Figure 6a shows that the uptake time for the hydrogen content to reach 90% of the maximum storage capacity was less than 60 s at various temperatures. The amount of hydrogen desorption increased as the temperature increased. Figure 7 compares the dehydriding kinetic curves of La7.0Mg75.5Ni17.5 with that of pure MgH2 powder at 573 K. The hydride of the alloy presented a significant improvement on both hydrogen desorption kinetics and hydrogen absorption capacities. During 1800 s, 0.99 wt % hydrogen desorbed from the hydride of the La7.0Mg755Ni17.5 alloy, while pure MgH2 powder only desorbed 0.39 wt % hydrogen.


Figure 6. Kinetics of the La7.0Mg75.5Ni17.5 alloy at different temperatures: (a) hydriding processes, (b) dehydriding processes.
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Figure 7. Dehydriding kinetics of the La7.0Mg75.5Ni17.5 alloy and MgH2 at 573 K.
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The differential thermal analysis (DTA) of MgH2, Mg2NiH4, and hydride of the La7.0Mg755Ni17.5 alloy are presented in Figure 8. It can be seen that the initial hydrogen desorption temperature of the alloy hydride of 531 K was lower than that of MgH2 (714 K) and Mg2NiH4 (549 K). The ameliorations on the thermo and kinetic properties of La7.0Mg75.5Ni17.5 are attributed to the facts that hydrogen atoms in its hydride increase the crystalline parameters and further enhance the interaction between the MgH2 phase and the Mg2NiH4 phase. This interaction evolves into a synergetic effect in the multiphase structure and facilitates its hydrogen desorption [21,22]. During dehydrogenation, Mg2NiH4 first desorbed hydrogen and exhibited a significant volume contraction, causing a significant contraction strain of MgH2. Therefore, it increased the energy of the MgH2 phase and advantaged the dehydrogenation of the MgH2 phase [23,24,25].


Figure 8. DTA curves of MgH2, Mg2NiH4, and hydride of the La7.0Mg755Ni17.5 alloy.
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4. Conclusions


The phase transformation and hydrogen storage properties of a multiphase La7.0Mg17.5Ni17.5 alloy were investigated in this work. The hydriding process leads to the formation of the La–H, Mg2NiH4, and MgH2 phases. The hydrogen absorption capacity is 2.45 wt % at 523 K. A low enthalpy (−42.30 kJ·mol−1) that is lower than that of MgH2 (−74.50 kJ·mol−1) and Mg2NiH4 (−74.50 kJ·mol−1) was obtained. The uptake time for hydrogen content to reach 90% of the maximum storage capacity for the La7.0Mg75.5Ni17.5 alloy was less than 60 s at all testing temperatures, and the initial hydrogen desorption temperature of the alloy hydride (531 K) was lower than both MgH2 (714 K) and Mg2NiH4 (549 K). Generally, the dissociation of magnesium hydride does not occur below 573 K. Improvement in the hydrogen storage properties of the La7.0Mg75.5Ni17.5 alloy is due to the presence of La–H and the synergetic effect between the phases during the hydriding/dehydriding process.
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