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Abstract

:

Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys were prepared by induction levitation melting, and the effect of substitution of Al for Ni on the microstructure and hydrogen storage properties was studied in the present work. The results illustrated that the solidification path, phase constitution, and grain size were significantly altered by Al addition. Appropriate Al addition improved abundance and grain refinement of the Mg, Mg2Ni, and Mg15NiY ternary eutectic. But as Al further increased, Mg solidified independently rather than in the formation of the ternary eutectic. More Al favored the formation of Al3Ni2Y but suppressed Mg2Ni and YMgNi4. Although the hydrogen absorption activation and the kinetic property deteriorated, the thermodynamic stability of hydrides was enhanced by adding Al. Hydrogen absorption ability under low pressure was improved, and the Mg80Ni8Al8Y4 alloy could absorb nearly 3.5 wt% hydrogen under 1 bar hydrogen at 250 °C.
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1. Introduction


Conventional energy sources are gradually proving insufficient to meet contemporary energy demands due to their nonrenewable nature and the associated environmental pollution. Hydrogen energy has emerged as an ideal alternative to conventional sources due to its pollution-free characteristics, abundant availability, and high combustion efficiency. Nevertheless, the practical implementation of hydrogen energy faces persistent challenges related to the development of safe, efficient, and economically viable hydrogen storage methods.



In comparison to high-pressure and liquid hydrogen storage approaches, solid-state hydrogen storage offers considerable advantages in terms of high volumetric hydrogen storage density and enhanced safety, thereby demonstrating significant developmental potential. Among the solid-state hydrogen storage materials, magnesium-based alloys have garnered substantial attention due to their notable attributes, including a high energy density of 7.6 wt% by weight and 110 kg/m3 H2 by volume, as well as their abundant presence in the Earth’s crust [1].



However, the application of Mg-based hydrogen storage alloys remains constrained by the high thermal stability of MgH2 and the sluggish kinetics of hydrogenation/dehydrogenation processes. Various strategies, including amorphization [2,3,4], alloying [5,6], nanocrystalline structures [7,8,9,10,11], and catalysis [12,13,14,15], have demonstrated efficacy in enhancing the hydrogen storage properties of Mg-based alloys [1,16,17]. Among these strategies, the modification of phase constitution and micro-morphology through the addition of other elements is considered pivotal for optimizing hydrogen storage properties. During the hydrogenation process, rare-earth magnesium intermetallic compounds, such as REMg12, RE2Mg17, and RE5Mg41, will decompose into MgH2 and REHx nano phases [18]. The nano REHX particles formed through this disproportionation decomposition facilitate nucleation and hydrogen diffusion, thereby effectively enhancing the alloy’s hydrogen absorption/desorption kinetics. Due to the positive impact of REHX phases, the addition of RE elements to magnesium-based alloys has gained widespread acceptance.



In addition to rare-earth (RE) elements, the hydrogen storage properties of Mg-based alloys can be effectively enhanced through the alloying of B-side elements (hydrogen non-affinity elements). The impact of the third transition metals, including Cu, Fe, Co, and Ni, on the hydrogen storage properties of Mg/MgH2 has been investigated by Hanada et al. [19], with a particularly positive influence noted for Ni. Yong et al. [20] fabricated Mg90RE3Ni7 alloy by incorporating Co via mechanical milling. Three distinct hydrogen plateaus were identified, corresponding to Mg6Co2H11/Mg2CoH, Mg/MgH2, and Mg2Ni/Mg2NiH4, respectively. Improved hydrogen absorption and desorption kinetics were demonstrated, attributed to the preferential nucleation of Mg induced by the chain reaction of Mg6Co2H11/Mg2CoH5. Furthermore, Ti and V have been shown to reduce the thermal stability and activation energy of the Mg-Ce-Y-Ni alloys [21]. Overall, introducing secondary metal hydrides through the addition of transition metals can also promote hydrogen diffusion and enhance hydrogen storage properties.



In recent years, Mg-Ni-RE ternary alloys have garnered considerable attention owing to their unique microstructure and hydrogen storage properties. Xie et al. [22] reported that Mg-Ni-Ce alloys demonstrate exceptional kinetic performance, attributed to the catalytic effect of the in-situ formed CeH3. Among the Mg-Ni-RE alloys, long-period stacking ordered (LPSO) phases were usually formed in the Mg-Ni-Y alloys. Li et al. found that the 18R-type LPSO phase decomposed under 0.05 MPa hydrogen pressure at 280 °C [23]. Song et al. [24] fabricated an alloy with a composition of Mg76.87Ni12.78Y10.35 via induction melting, which included phases such as Mg2Ni, Mg, Mg15NiY, and MgNi4Y. The investigation observed that the LPSO phase (Mg15NiY) with a 14H crystal structure undergoes in-situ decomposition into nano RE hydrides during hydrogenation. These nano RE hydrides exhibit a pronounced catalytic effect, thereby enhancing hydrogenation kinetics. The addition of Ce, Ni, and Y effectively introduced multiple reaction pathways and nucleation sites, contributing to a hydrogen pump effect through the transition between Mg2Ni/Mg2NiH4 and YH2/YH3, thereby significantly improving the hydrogenation/dehydrogenation kinetics [25]. Yu et al. prepared Mg95−xNixY5 (x = 5, 10, 15) alloys by vacuum induction melting, among which Mg80Ni15Y5 alloy can absorb hydrogen at 200 °C and presented excellent hydrogen absorption and desorption properties [26].



Alloying with aluminum (Al) has found widespread applications in various hydrogen storage alloy systems, including AB5, superlattice A2B7, V-based solid solutions, and Mg-based alloys [27,28,29,30,31,32]. Notably, Mg-Al intermetallics such as Mg17Al12 and Mg2Al3 have been identified for their capacity to engage in reactions with hydrogen, thereby enhancing the decomposition kinetics of MgH2 [33,34,35,36]. In a study conducted by Lu et al. [37], the dehydrogenation enthalpy was observed to decrease from 77.9 kJ/mol to 70.8 kJ/mol for the Mg90Al10 alloy compared to pure Mg. Similar results were reported by Zhong et al. [38]. Additionally, the work of Cao et al. [39] highlighted that the introduction of Al into Mg2Ni resulted in grain refinement and improved thermodynamics (53.9 kJ/mol), attributed to the formation of AlNi.



These studies have highlighted the effectiveness of aluminum (Al) in enhancing the hydrogen storage properties of Mg-based alloys, though a comprehensive investigation is still lacking. While practical applications of Mg-based alloys are currently limited, efforts are underway to explore potential scenarios such as solid-state hydrogen storage [40]. In certain applications, such as hydrogen purification [41], the heightened dehydrogenation temperature no longer serves as the predominant limitation for magnesium-based hydrogen storage alloys. Instead, greater emphasis is placed on discerning hydrogen absorption characteristics, encompassing parameters such as hydrogen absorption temperature, plateau, and low-pressure hydrogen absorption kinetics. While considerable attention has been directed towards the dehydrogenation thermodynamics and kinetics of Mg-based alloys, hydrogen absorption properties, especially under low-pressure conditions, are frequently overlooked.



Given that dramatic alloying effects can be introduced by Al addition, substitution by Al has seldom been reported in the Mg-Ni-Y system. In the present study, we systematically investigated the effects of aluminum (Al) on the microstructure and hydrogen storage properties of Mg80Ni16−xAlxY4 alloys (x = 2, 4, 8). Effort was placed on hydrogen absorption thermodynamics and kinetics under varying temperatures and hydrogen pressures. We paid particular attention to hydrogen absorption ability under a hydrogen pressure of no more than 1 bar.




2. Experiment


2.1. Alloy Preparation


The Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys were prepared by induction levitation melting in a water-cooled copper crucible under an argon atmosphere. The purity of the raw Mg, Y, Ni, and Al elements was greater than 99.5%. Y-Ni binary alloys were first melted three times for homogeneity. Then, Mg and Al metals were added and remelted three times again. Excess Mg (10 wt%), Al (5 wt%), and Y (5 wt%) were added to compensate for the evaporative loss during melting. The three alloys were referred to as Al2, Al4, and Al8 alloys, respectively.




2.2. Characterization


Phase constitution and crystal structure of the as-cast alloys were characterized by X-ray diffraction (XRD, Rigaku-SmartLab, Rigaku, Tokyo, Japan) with Cu Kα radiation by a step of 0.02° under 40 kV and 40 mA. For data analysis, Rietveld refinement on XRD datasets was conducted with Maud (Material analysis using diffraction, Maud v.2.33 version, Luca Lutterotti Research Group, University of Trento, Trento, Italy). Firstly, the standard crystal structure (added by CIF files) was imported, and the unit cell parameters were adjusted based on the measured XRD profiles one by one. Then, the background of XRD was refined based on the instrument parameters, including the wavelength of the X-ray, diffraction type (B-B type), the range of tested angles, etc. Next, the proportion factors, peak shape parameters, lattice parameters, atomic position parameters, etc., of each phase were modified. Finally, all the phase structures were added, and the refinement was successively conducted by background, basic phase parameters, microstructure parameters, crystal structure parameters, texture factors, and strain factors. Crystallographic Information Files (CIFs) from the ICSD database were used in the procedure of the Rietveld refinement, as shown in Table S1. The Rwp value is the residual calculated directly from the XRD spectrum calculated by the model structure and the experimental data after adding weights to a specific position, which is a description of the fitted graph. The results are generally considered to be credible when the Rwp value is <15% [42].



Microstructure morphology was observed by electron probe X-ray micro-analyzer (EPMA, JEOL Ltd., Tokyo, Japan) under backscattered electron mode (BSE). The chemical information was measured by energy dispersive spectroscopy (EDS) equipped on EPMA.




2.3. Hydrogen Storage Property


Heat changes in hydrogenation and dehydrogenation were measured by high-pressure differential scanning calorimetry (HPDSC, NETZSCH-DSC 204 HP, NETZSCH, Selbu, Germany). The hydrogen storage capability and kinetic properties were measured by Setaram-PCTPRO (Hy-Energy, Newark, CA, USA) using Sievert’s method [43]. To fully activate, the samples were first pumped at 100 °C for 2 h and then cycled under 3 MPa pressure at 300 °C five times. Each hydrogenation/dehydrogenation cycle consists of absorption at 3 MPa for 1h and desorption by evacuating for 2 h at 300 °C. Pressure–composition–temperature (PCT) absorption curves were measured at 200 °C, 250 °C, and 300 °C, and the enthalpy changes were calculated based on Vant’ Hoff equation.





3. Experimental Results and Discussion


3.1. Phase Composition of the Original as-Cast Alloys


Presented in Figure 1 is the X-ray diffraction (XRD) pattern of the as-cast Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys. Analysis of the XRD pattern reveals Mg, Mg2Ni, YMgNi4, Mg15NiY, and AlNi phases in the Mg80Ni14Al2Y4 alloy. Additionally, minor Al3Ni2Y can also be identified through comparison with the XRD curve of the Mg80Ni8Al8Y4 alloy. The standard crystal structures from ICSD (The Inorganic Crystal Structure Database) are listed in Table S1 in the Supplementary Materials. The cell parameters of the phase structures are refined and displayed in Table S2 in the Supplementary Materials. Since the standard structure of LPSO is still unclear, the determination of the unit cell parameters of LPSO was ignored. Unit cells of Mg and Mg2Ni are larger than the standard crystal structure, which may be caused by a trace of solid solution of Y and Al. The Mg15NiY phase was characterized by TEM, as shown in Figure 2. From electron diffraction and HRTEM analyses, Mg15NiY was identified as a typical 14H-type LPSO [44]. Different from the ternary Mg-Ni-Y alloys, the Al-Ni or Al-Ni-Y phases were introduced by Al substitution. In addition, compared with the similar Mg80Ni15Y5 alloy [26], where the main phases were also Mg and Mg2Ni, the Y-Ni phase was reported in the ternary alloy.



As Al substitution increases (i.e., the Ni content decreases), there is a notable alteration in the content and type of constituent phases. The phase composition of the Mg80Ni12Al4Y4 alloy remains identical to that of the Mg80Ni14Al2Y4 alloy. However, with the preferential binding of elemental nickel by aluminum, there is a reduction in the Mg2Ni phase. In the case of the Mg80Ni8Al8Y4 alloy, there is a substantial emergence of the Al3Ni2Y phase. Additionally, this is accompanied by a notable reduction in the Mg2Ni phase, along with the disappearance of the YMgNi4 and AlNi phases. All three alloys contain Mg, Mg2Ni, and Mg15NiY phases, and the contents of the Mg2Ni and Mg15NiY phases are inversely proportional to the amount of Al substitution. In addition, the cell parameters of Mg and Mg2Ni gradually decrease (as indicated in Table S2) as Al increases. This may result from a decrease in Y or Al dissolving due to the consumption of Y-Al compounds.




3.2. Microstructure of the Original as-Cast Alloys


EPMA-BSE images showed five different contrasts in the as-cast Mg80Ni14Al2Y4 alloy, as displayed in Figure 3. Combined with the EDS results (listed in Table 1), the large block phase presents a bright contrast and is identified as YMgNi4 (marked with “B”), deduced by the quantitative chemical measurement. Moreover, the AlNi phase with relatively bright contrast exhibited a little square shape marked with “C”. Furthermore, the ternary eutectic composed of Mg, Mg2Ni, and Mg15NiY is illustrated in Figure 3d. Mg presents a black contrast marked with “A”, which is attributed to the low average atomic number. This morphology was also reported in other works on Mg-RE-Ni-based alloys [24,45,46,47,48] It should be noted that large strip shape Mg15NiY can also be observed in the as-cast Mg80Ni14Al2Y4 alloy, indicating Mg15NiY solidified by both proeutectic and eutectic processes. In addition, Al3Ni2Y could not be observed in the EPMA test, possibly due to its low content.



The same characteristics can be illustrated by EDS mapping (corresponding to the region in Figure 3c), as shown in Figure 4. Y element is mainly dissolved in YMgNi4 and Mg15Ni (see Figure 4d). Furthermore, Y can be detected in Mg2Ni, as illustrated by both the EDS quantitative test and mapping characterization, indicating a solid solution of Y in Mg2Ni, while Y can hardly be detected dissolving in Mg, which is attributed to the low solid solution ability of Y in Mg. In addition, the Al element is mainly distributed in AlNi and YMgNi4, and little Al can also be observed in Mg2Ni, as displayed in Figure 4c.



As to the Mg80Ni12Al4Y4 alloy, five contrasts can be observed, as shown in Figure 5a,b, which are similar to that of the Mg80Ni14Al2Y4, based on the chemical composition quantitative analysis. It is obvious that block-shaped YMgNi4 decreased, and the size became small, as shown in Figure 5b,c, which is consistent with the XRD characterization. Combined with the morphology and EDS mapping observation (see Figure 6), an abundance of the Mg15NiY phase increased. In addition, the ternary eutectic microstructure tends to be more fine, indicating the grain refinement effect of adding Al. Furthermore, AlNi became coarser and squarer, as illustrated in Figure 5c. The result indicated that increasing Al promoted the development of AlNi.



By further increasing Al, the microstructure morphology significantly changed, as displayed in Figure 7. A large number of squared phases with bright contrast can be observed in the Mg80Ni8Al8Y4 alloy. Chemical composition analysis of the bright phases confirmed the formation of Al3Ni2Y (marked with “B”). Different from the Al2 and Al4 alloys, Mg presented block grains instead of strip eutectic morphology. Mg2Ni and Mg15NiY dramatically decreased according to EDS mapping (Figure 8b,d), which agreed well with the XRD result. This resulted from the great expropriation of Y and Ni by the abundant formation of Al3Ni2Y. In addition, ternary eutectic microstructure was absent, but Mg2Ni and Mg15NiY binary eutectic appeared. Obviously, adding more Al led to a change in the solidification routes, where the formation of Mg separated from the ternary eutectic. On the contrary, grain coarsening was caused by adding more Al.




3.3. Hydrogen Absorption/Desorption Activation and Kinetic Properties


Figure 9 shows the PDSC curves of the first hydrogenation and dehydrogenation of the three alloys. Al2 alloy presents an exothermic peak of around 160 °C when heating under hydrogen pressure, which corresponds with the hydrogenation process. A similar exothermic peak can be observed for the Al4 alloy. However, a delayed exothermic peak around 250 °C occurred for the Al8 alloy. This may be attributed to the coarse microstructure or dense oxidation coating due to the addition of a lot of Al. The dehydrogenation behaviors of the three alloys exhibit a decreasing trend with decreasing Al content, indicating a negative effect of Al on the activation property.



Figure 10 illustrates the first hydrogen absorption and isothermal cycling hydrogen absorption curves during the activation process of the as-cast alloy Mg80Ni16−xAlxY4 (x = 2, 4, 8). It is evident that the initial hydrogen absorption rate exhibits marked variations. Figure 10a presents the initial hydrogen absorption curves of the three alloys under conditions of 300 °C and 3 MPa hydrogen pressure. Substantial disparities are evident among the initial activation hydrogen absorption curves of the three alloys. Specifically, the Al2 and Al4 alloys exhibit no activation period, enabling rapid hydrogen absorption, whereas Mg80Ni12Al8Y4 demonstrates a more prolonged activation period. The Al2, Al4, and Al8 alloys exhibit initial hydrogen absorption capacities of 1.97 wt.%, 1.77 wt.%, and 0.29 wt.% within the first 20 min, respectively. It is evident that the initial hydrogen absorption property of the alloys gradually declines with an increase in Al substitution.



Figure 10b,c depicts the cyclic activation hydrogen absorption curves. Friedrichs et al. [49] reported that an unavoidable oxide layer, approximately 3–4 nm thick, forms on the surface of Mg during experimental processes, even when protected by inert gas. During the initial hydrogen absorption stage, hydrogen must traverse the oxide layer before penetrating the alloy’s interior, severely impeding hydrogen absorption performance. Following the completion of the initial hydrogen absorption, the oxide layer ruptured, leading to a significant increase in the rate and capacity of subsequent hydrogen absorption. The third hydrogen absorption curve of the Mg80Ni14Al2Y4 alloy essentially overlaps with the second curve, indicating completion of activation. In contrast, the Al4 and Al8 alloys require four and five hydrogen absorption/desorption cycles, respectively, for full activation. In summary, Mg80Ni14Al2Y4 alloy has the best activation properties; Mg80Ni12Al4Y4 is the next best, and Mg80Ni8Al8Y4 is the worst.



Figure 11 illustrates the hydrogen absorption curves of fully activated Mg80Ni16−xAlxY4 (x = 2, 4, 8) as-cast alloys under a hydrogen pressure of 3 MPa and temperatures of 200, 250, and 300 °C. The results indicate that the hydrogen absorption kinetics curves of the alloys exhibit nearly identical processes, particularly at temperatures of 250 and 300 °C.



The temperature plays a crucial role in the hydrogen absorption process. Firstly, the absorption is an exothermic process, and a decrease in temperature favors the progression of the hydrogen absorption reaction. However, the reduction in temperature is accompanied by the suppression of hydrogen diffusion rates, thereby weakening hydrogen absorption kinetics. Therefore, there exists an optimal hydrogen absorption temperature for the absorption process. As depicted in Figure 11, the optimal hydrogen absorption temperature for all three alloys is 250 °C. In Figure 11, at 250 °C, the as-cast alloys of Al2, Al4, and Al8 can absorb 2.66 wt.%, 2.96 wt.%, and 2.63 wt.% H2 in 3600 s, respectively. The Al4 alloy exhibits the highest hydrogen-absorbing capacity. However, it is noteworthy that the elevated Al substitution decelerates the hydrogen absorption rate, especially at low temperatures.



To assess the kinetic characters further, the apparent activation energy     E   α     was calculated based on the Johnson–Mehl–Avrami (JMAK) [50] kinetic model using the Arrhenius equation [51], where T is the hydrogen absorption temperature; R is the gas constant, and A is the frequency factor.


  l n   − l n   1 − α     = η l n k + η l n t  



(1)




where α (0–1) denotes the fraction of Mg converted to MgH2 at moment t (i.e., hydrogen uptake/maximum hydrogen uptake); k is a kinetic parameter, and η denotes the Avrami index.


  k = A e x p   −     E   α     R T        



(2)







Figure 12d shows the Arrhenius plots of Mg80Ni16−xAlxY4 (x = 2, 4, 8) as-cast alloys; the corresponding data are listed in Table S3 in the Supplementary Materials. The apparent activation energies of hydrogen absorption for Mg80Ni14Al2Y4, Mg80Ni12Al4Y4, and Mg80Ni8Al8Y4 alloys are 46.36, 48.27, and 59.82 kJ/mol, respectively. The three alloys have significantly lower hydrogen absorption activation energies compared to pure MgH2 (70.76 kJ/mol) [52]. The apparent activation energies of hydrogen absorption of the alloys are linearly related to the Al content, and Al2 has the lowest apparent activation energy of hydrogen absorption.




3.4. Hydrogen Absorption Thermodynamics and Low-Pressure Hydrogenation Properties


P-C-T curves were measured at 200 °C, 250 °C, and 300 °C to explore the thermodynamics of the three alloys, as shown in Figure 13. The characteristic P-C-T data are summarized in Table 2. Two plateaus existed in the Al2 and Al4 alloys, especially at 250 °C and 300 °C. The higher plateau corresponds to the Mg2Ni phase and the lower one belongs to Mg. The higher plateau of Mg2Ni of the Al8 alloy is faint, which is consistent with the microstructure characterization that Mg2Ni significantly decreased with added Al. Plateaus below 250 °C of all three alloys are lower than 1 bar, indicating close affinity with hydrogen. The Al4 alloy presents the highest hydrogen absorption ability at all three temperatures, which is consistent with the result of kinetic measurement. In addition, the plateau pressure gradually decreased with increasing Al, indicating an increase in the thermodynamic stability. The hydrogen absorption enthalpies were calculated based on Vant’ Hoff equation [17]:


  l n       P   H       P   0       =   Δ H   R T   −   Δ S   R      



(3)







    P   H     is the equilibrium pressure of hydrogen absorption;     P   0     is the standard atmospheric pressure; R is the gas constant; T is the absolute temperature, and   Δ H   and   Δ S   are changes in the enthalpy and entropy, respectively.



  Δ H   can be calculated by the slope according to Vant’ Hoff equation, as displayed in Figure 14; the corresponding data are listed in Table S4 in the Supplementary Materials. Hydrogen absorption enthalpies of the three alloys were lower than the pure MgH2 (72.29 kJ/mol as reported by ref. [53]). This trend agrees well with the change in equilibrium pressure of hydrogen absorption of the three alloys, demonstrating the enhancement of thermodynamic stability of the hydrides. Yu et al. reported that the hydrogen absorption enthalpy of the unalloyed Mg80Ni15Y5 alloy [26] was −62.6 kJ/mol H2, indicating the decreasing trend by adding Al. This trend agrees well with the change in equilibrium pressure of hydrogen absorption of the three alloys, demonstrating the enhancement of thermodynamic stability of the hydrides.



Theoretically, Al can hardly dissolve into the crystal lattice of Mg; therefore, the increase in thermodynamic stability is considered to not be directly related to the increase in Al. Instead, Y is reported to solid solute into Mg to a certain extent, which is, thus, suggested to be responsible for the change in the plateau pressure. Although the exact mechanism is still confused, speculation is that the solid solution of Y in Mg may be related to the solidification route and Y content. As mentioned above, block Mg rather than strip eutectic was observed in the Al8 alloy, which illustrated the preferential formation of Mg. Therefore, more Y was likely to dissolve into Mg in the early stage of the solidification process.



For some applications, such as industrial residual of hydrogen, the export hydrogen pressure is quite low, which is the approximate atmosphere. Hydrogen absorption ability at low hydrogen pressure is, thus, considered to be critical to the usability of the Mg-based alloys. To examine the hydrogen absorption ability at low pressure, hydrogen absorption tests were measured by staged p-hydrogenation experiments at 250 °C, where the hydrogen pressure was set at 1 bar for every hydrogen absorption test. The pressure after hydrogenation and the total hydrogen absorption content were recorded, as shown in Figure 13d. The result shows that the Al8 alloy presents minimum residual pressure at a low pressure of no more than 1 bar. Furthermore, nearly 3.5 wt.% hydrogen can be absorbed in the Al8 alloy. This is consistent with the thermodynamics assessment, as discussed above, illustrating improved low-pressure hydrogen absorption ability by increasing Al.




3.5. Phase Transformation during Hydrogen Ab/Desorption


XRD patterns of the three alloys after hydrogenation are displayed in Figure 15; the measured profiles were refined based on the Rietveld method. The phase compositions of hydrogenated alloys are listed in Table 3. The hydrogenated Mg80Ni14Al2Y4 alloy consists of MgH2, Mg2NiH4, Mg2NiH0.29, YH2, YH3, YMgNi4, and AlNi. The Mg2NiH0.29 is the intermediate product of Mg2Ni hydrogenating to Mg2NiH4 in the hydrogenation process. The existence of YHx is attributed to the disproportionation of Mg15NiY upon hydrogenation, which has been reported by Song et al. [24]. The result indicated that YMgNi4 and AlNi did not participate in hydrogenation. As reported, YMgNi4 reacted with hydrogen only under a pressure higher than 4 MPa when the temperature was 80 °C [54], thus retained in the present work due to the low hydrogen pressure.



For Al4 alloy, the phase composition is identical to that of the Al2 alloy except for a change in content. Due to the rise in Al content and the combination of Al and Ni elements, the Al4 alloy may have a higher Mg content, which leads to an increase in the hydrogen uptake of the alloy compared to the Al2 alloy. As the Al content continues to increase, the phase composition of the alloy changes. The hydrogenated Al8 alloy consists of Mg, MgH2, Mg2NiH4, YH2, YH3, and Al3Ni2Y phases. Abundant Al3Ni2Y can be detected, indicating nonreaction of Al3Ni2Y with hydrogen. In addition, the diffraction peaks of Mg can be observed due to the unfavorable effect of the increased Al content on the hydrogen absorption kinetics, making incomplete hydrogenation of Mg. In general, MgH2 increases, but Mg2NiH4 decreases after hydrogenation. This is consistent with the trend of the phase constitution of the as-cast alloys that shows that adding Al decreases the abundance of Mg2Ni.



Figure 16 shows the XRD profiles after dehydrogenation. The content of each phase in the alloys after dehydrogenation is also summarized in Table 3.



The dehydrogenated Al2 alloy is composed of Mg, Mg2Ni, YMgNi4, AlNi, YH2, and YH3. The presence of YHx indicates that the hydride remains stable at the experimental temperature and has a high thermodynamic stability. The YMgNi4 phase is also stabilized during the hydrogen absorption/del absorption process, illustrating the negative effect on the hydrogen storage property of YMgNi4. The dehydrogenated Al4 alloy has the same phase structure as the Al2 alloy, with an increased Mg content and a decreased Mg2Ni phase, which leads to an increase in the hydrogen uptake of the alloy compared to the Al2 alloy. The YMgNi4 phase content decreases substantially due to the increase in Al and the combination of Al and Ni. As to the dehydrogenated Al8 alloy, more Mg and less Mg2Ni were illustrated, which corresponded with the phase constitution of the as-cast alloy. Although Al8 alloy presents the highest Mg content, a large number of residual Al3Ni2Y results in low hydrogen absorption content. A decrease in YHx with an increase in Al resulted from the formation of Al3Ni2Y, which did not participate in the hydrogenation reaction.





4. Conclusions


	
Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys present multi-phase microstructure, including Mg, Mg2Ni, YMgNi4, AlNi, Mg15NiY, and Al3Ni2Y. An increase in Al resulted in a decrease in Mg2Ni and YMgNi4 due to the reduction in Ni while promoting Al3Ni2Y;



	
The Al4 alloy showed fine Mg, Mg2Ni, and Mg15NiY ternary eutectic. However, grain coarsening was induced by a further increase in Al. Instead of ternary eutectic, the Al8 alloy revealed binary eutectic and independently solidified Mg caused by alternation of the solidification path;



	
The Al2 and Al4 alloys can be hydrogenated at no more than 200 °C. But increase in Al elevated the apparent activation energy and worsened the activation and hydrogen absorption kinetic property;



	
More than 4 wt.% hydrogen can be absorbed by all the alloys at 300 °C. Al reduced the hydrogen absorption enthalpy, leading to an increase in the thermodynamic stability of MgH2. Al improved low-pressure hydrogen absorption ability, and 3.5 wt.% hydrogen could be absorbed by Al4 alloy under only 1 bar hydrogen pressure at 250 °C.
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Figure 1. XRD patterns of as-cast Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys. 
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Figure 2. The TEM results of as-cast Mg80Ni8Al8Y4 alloy: (a) bright field image; (b) diffraction pattern; and (c) HRTEM of the LPSO Mg15NiY. 
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Figure 3. BSE images of Mg80Ni14Al2Y4 as-cast alloy: (a) 40×; (b) 500×; (c,d) 2000×. 
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Figure 4. EDS mapping of Figure 3c: (a) Mg; (b)Ni; (c)Al; (d)Y. 
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Figure 5. BSE images of Mg80Ni12Al4Y4 as-cast alloy: (a) 40×; (b) 500×; (c,d) 2000×. 
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Figure 6. EDS mapping of Figure 5c: (a) Mg; (b)Ni; (c)Al; (d)Y. 
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Figure 7. BSE images of Mg80Ni8Al8Y4 as-cast alloy: (a) 40×; (b) 500×; (c,d) 2000×. 
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Figure 8. EDS mapping of Figure 7c: (a) Mg; (b)Ni; (c)Al; (d)Y. 
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Figure 9. PDSC curves of Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloy at 2 °C/min: (a) hydrogen absorption; (b) hydrogen desorption. 
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Figure 10. Activation hydrogen absorption curve of Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloy: (a) the first activation of hydrogen absorption and cycles of (b) Al2, (c) Al4, and (d) Al8 alloys. 
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Figure 11. Hydrogen absorption curves of Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloy at different temperatures. 
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Figure 12. Avrami plots and Arrhenius plots and apparent activation energy of hydrogen absorption     E   α     of Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloy: (a) Al2; (b) Al4; (c) Al8; (d) Arrhenius Plots. 
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Figure 13. P-C-T curves of (a) Al2, (b) Al4, and (c) Al8 alloys at different temperatures and (d) pressure hydrogen absorption contents under less than 1 bar. 
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Figure 14. Vant’ Hoff plots and relationship between the absolute enthalpy of hydrogen absorption of Mg80Ni16−xAlxY4 (x = 2, 4, 8) and Al content: (a) Vant’ Hoff plots; (b) The relationship between hydrogen absorption enthalpy and Al content. 
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Figure 15. XRD patterns of hydrogenated as-cast Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys. 
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Figure 16. XRD patterns of dehydrogenated as-cast Mg80Ni16−xAlxY4 (x = 2, 4, 8) alloys: (a) Mg80Ni14Al2Y4; (b) Mg80Ni12Al4Y4; (c) Mg80Ni8Al8Y4. 
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Table 1. EDS data of Mg80Ni16−xAlxY4 (x = 2, 4, 8) as-cast alloys.
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Alloys

	
Position

	
Atomic Percent (%)

	
Phase




	
Mg

	
Ni

	
Al

	
Y






	
Al2

	
A

	
98.42

	
1.58

	
-

	
-

	
Mg




	

	
B

	
15.16

	
63.84

	
5.41

	
16.00

	
YMgNi4




	

	
C

	
-

	
48.51

	
51.49

	
-

	
AlNi




	

	
D

	
71.15

	
25.47

	
-

	
3.38

	
Mg2Ni




	

	
E

	
94.06

	
2.85

	
-

	
3.09

	
Mg15NiY (LPSO)




	
Al4

	
A

	
98.50

	
1.50

	
-

	
-

	
Mg




	

	
B

	
-

	
49.69

	
51.31

	
-

	
AlNi




	

	
C

	
15.78

	
59.80

	
6.54

	
17.88

	
YMgNi4




	

	
D

E

	
91.66

73.01

	
5.22

22.63

	
4.12

-

	
-

4.36

	
Mg15NiY (LPSO)

Mg2Ni




	
Al8

	
A

	
99.55

	
0.45

	
-

	
-

	
Mg




	

	
B

	
-

	
33.86

	
48.03

	
18.11

	
Al3Ni2Y




	

	
C

	
90.14

	
4.07

	
-

	
5.46

	
Mg15NiY (LPSO)




	

	
D

	
70.23

	
26.56

	
-

	
3.21

	
Mg2Ni











 





Table 2. Characteristic P-C-T data obtained from the corresponding P-C-T curves of the Mg80Ni16−xAlxY4 (x = 2, 4, 8) as-cast alloys.
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	Samples
	Temperature (°C)
	Hab (wt.%)
	Pab (Bar)





	Mg80Ni14Al2Y4
	200
	3.63
	0.07



	
	250
	3.72
	0.49



	
	300
	4.14
	2.16



	Mg80Ni12Al4Y4
	200
	4.46
	0.06



	
	250
	4.16
	0.42



	
	300
	4.54
	1.92



	Mg80Ni8Al8Y4
	200
	3.50
	0.06



	
	250
	3.45
	0.20



	
	300
	4.31
	1.90







Hab—absorbed hydrogen. Pab—absorption pressures.













 





Table 3. Contents of phases of Mg80Ni16−xAlxY (x = 2, 4, 8) as-cast alloys after hydrogenation/dehydrogenation.
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Phase

	
Hydrogenated (wt.%)

	
Dehydrogenated (wt.%)




	
Al2

	
Al4

	
Al8

	
Al2

	
Al4

	
Al8






	
MgH2

	
65.26 (±4.57)

	
71.41 (±2.07)

	
73.32 (±0.87)

	
-

	
-

	
-




	
Mg2NiH4

	
16.62 (±1.17)

	
13.94 (±0.38)

	
1.89 (±0.10)

	
-

	
-

	
-




	
Mg2NiH0.29

	
4.59 (±0.44)

	
3.94 (±0.90)

	
-

	
-

	
-

	
-




	
YH2

	
1.35 (±0.0)

	
2.73 (±0.61)

	
1.16 (±0.05)

	
1.85 (±0.08)

	
3.34 (±0.01)

	
1.93 (±0.07)




	
YH3

	
1.10 (±0.14)

	
1.32 (±0.30)

	
0.01 (±0.05)

	
1.71 (±0.10)

	
0.78 (±0.09)

	
0.28 (±0.07)




	
AlNi

	
9.46 (±0.69)

	
6.12 (±1.40)

	
-

	
1.95 (±0.13)

	
7.81 (±0.25)

	
-




	
Mg

	
-

	
-

	
5.48 (±0.20)

	
51.67 (±0.01)

	
65.14 (±1.72)

	
75.56 (±0.0)




	
Al3Ni2Y

	
-

	
-

	
18.14 (±0.0)

	
-

	
-

	
16.91 (±0.25)




	
YMgNi4

	
1.61 (±0.21)

	
0.53 (±0.01)

	
-

	
11.81 (±0.19)

	
0.78 (±0.13)

	
-




	
Mg2Ni

	
-

	
-

	
-

	
31.02 (±0.42)

	
22.16 (±0.62)

	
5.61 (±0.23)
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