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Abstract: The microstructure, hydrogen storage thermodynamics and kinetics of La5Mg95−xNix (x=5, 10, 15) ternary alloys with 
different Ni contents were investigated. The evolutions of the microstructure and phase of experimental alloys were characterized by 
X-ray diffractometry and scanning electron microscopy. The hydrogen storage kinetics and thermodynamics, and P−C−I curves were 
tested using a Sievert apparatus. It is found that increasing Ni content remarkably improves hydrogen storage kinetics but reduces the 
hydrogen storage capacity of alloys. The highest hydrogen absorption/desorption rate is observed in the La5Mg80Ni15 alloy, with the 
lowest hydrogen desorption activation value being 57.7 kJ/mol. By means of P−C−I curves and the van’t Hoff equation, it is 
determined that the thermodynamic performance of the alloy is initially improved and then degraded with increasing Ni content. The 
La5Mg85Ni10 alloy has the best thermodynamics properties with a hydrogenation enthalpy of −72.1 kJ/mol and hydrogenation entropy 
of −123.2 J/(mol∙K). 
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1 Introduction 
 

Hydrogen energy is a clean, efficient, safe, abundant, 
and sustainable secondary energy [1−3], and hydrogen 
storage technology is the critical aspect of hydrogen 
energy development and application. Hydrogen storage 
refers to the methods and equipment to confine hydrogen 
in a certain form (molecular, atomic, or ionic states) 
within a volume and mass that fit the actual application 
and achieve a suitable volumetric and mass energy 
density [4,5]. Globally, the application of hydrogen 
energy is considered to be critical. One of the 10 major 
scientific developments in China in 2017 was the 
realization of cryogenic preparation and storage of 
hydrogen. Mg and Mg-based alloys have become 
attractive hydrogen storage materials because of their 
high hydrogen capacity (7.6 wt.% for MgH2, 3.6 wt.% 
for Mg2NiH4) and abundant reserves [6]. Nevertheless, 
hydrogen storage has many problems, including high 

dehydrogenation temperature, sluggish hydrogen  
storage kinetic performance, and poor electrochemical 
cycle stability that seriously affect its practical 
development [7,8]. 

In 1980, OESTERREICHER and RITTNER [9] 
introduced the La1−xMgxNi2 alloy using the induction 
melting method, which introduced the hydrogen storage 
research field to the study of RE−Mg−Ni-based materials. 
La0.33Mg0.67Ni2 compounds can form hydrides at room 
temperature. Related studies revealed that Re−Mg−Ni 
alloys have good capacities and excellent hydrogen 
absorption/ desorption properties [10−13]. For example, 
ZHANG et al [14] comprehensively reported that the 
melt-spun Mg10NiLa specimens show an amorphous 
phase and minor crystalline La2Mg17 after melt spinning. 
KALINICHENK et al prepared Mg90Ni8RE2 (RE=Y, Nd, 
Gd) and melt-spun Mg−Ni−Cu−Y and obtained 
hydrogen storage and absorption capacities of 5.6 [15] 
and 4.8 wt.% [16], respectively. They also prepared 
Mg80Ni10Y10 and obtained a reversible hydrogen capacity 
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of 5.2 wt.% [17]. HAO et al [18] prepared Mg88.5NixLay 
(y/x=1/16) alloys and obtained a hydrogen storage 
capacity of 4.45 wt.%. LV et al [19] reported on the 
microstructural evolution of Mg−xNi−3La (x=5, 10, 15, 
20, at.%) alloys and determined that the Mg−15Ni−3La 
alloy had the lowest hydrogen desorption activation 
value (Ea) of 80.36 kJ/mol. ZHANG et al [20] studied 
nanocrystalline and amorphous LaMg11Ni+x% Ni (x=100, 
200, mass fraction) alloys by mechanical milling and 
found that increasing Ni content visibly improves the 
gaseous hydrogen storage properties. SPASSOV and 
KÖSTER [21] prepared a series of Mg−Ni−RE alloys 
(RE=La, Ce, Y) with nanocrystalline and amorphous or 
partially amorphous microstructures by rapid quenching 
and the as-quenched Mg75Ni20Mm5 (Mm=Ce, La-rich 
misch metal) alloy could absorb 4.0 wt.% H2 in 100 min. 
YUAN et al [22] reported the effect of Mm content on 
the microstructure and hydrogen storage properties of the 
as-cast Mg−10Ni−xMm (x=1, 2, 3, at.%) in which alloys 
were prepared using a simple one-step method of 
induction melting. The amount of hydrogen absorption 
reached 5.26 wt.% within 350 s at 573 K and the 
hydrogen desorption amount reached 4.72 wt.% in less 
than 300 s at the same temperature. The Ea value of 
MgH2 in this system was decreased to 88.6 kJ/mol. 
These studies reveal that RE−Mg−Ni alloys have good 
hydrogen absorption and desorption properties, and thus 
deserve additional examination. 

LIU et al [23] reported that Mg100−xNix (x=5, 11.3, 
20, 25) specimens have excellent hydrogen storage 
properties but did not consider alloying methods. 
Considering that the addition of rare-earth elements can 
enhance hydrogen storage performance, the target 
materials were determined to be La5Mg95−xNix (x=5, 10, 
15). In this study, changes in the microstructure, 
hydrogen storage kinetics, and thermodynamics 
performance of La5Mg95−xNix (x=5, 10, 15) ternary alloys, 
which were fabricated using vacuum induction melting 
with increasing Ni content, were systematically studied. 
 
2 Experimental 
 

The vacuum induction furnace was utilized to 
prepare La5Mg95−xNix (x=5, 10, 15) ternary alloys and for 
preventing Mg volatilizing, the furnace was put in a 
helium atmosphere. The source of He is from CISRI 
corporation, and its purity is at least 99.999%. In the 
preparation conditions, putting excess Mg (10%) and La 
(5%) is crucial to compensate for evaporative loss based 
on our experience. After the alloys were melted, 
insulation for 10 min made them well mixed, then 
molten alloys were poured into a copper cooled mould. 
When cooling to room temperature, a cast ingot was 
obtained. 

X-ray diffraction (D/max/2400) was utilized to 
determine the phase structures of as-milled alloys. The 
experimental parameters were set as 160 mA, 40 kV and 
10 (°)/min, and it was performed with Cu Kα1 radiation 
filtered by graphite. The morphologies of the as-cast 
La5Mg95−xNix (x=5, 10, 15) alloys were observed using A 
Philips SEM (QUANTA 400). 

The P−C−I curves, hydrogen absorption and 
desorption kinetics of La5Mg95−xNix (x=5, 10, 15) ternary 
alloys were measured by an automatically controlled 
Sieverts apparatus produced by Suzuki Shokan Co., Ltd. 
(PCT−4SDWIN) with a furnace controlled to an 
accuracy of ±1 °C. 0.5 g sample which passed through a 
300-mesh sieve was put into a cylindrical reactor in 
every experiment. The hydrogen absorption was 
conducted at an initial H2 pressure of 3.5 MPa at 100, 
150, 200, 240, 300 and 360 °C and the hydrogen 
desorption at an initial H2 pressure of 1×10−4 MPa at 280, 
300, 320, 340 and 360 °C. After every experiment, the 
temperature was reset to 360 °C, and the sample chamber 
was evacuated below 1×10−4 MPa for 30 min to make 
sure that the hydrogen was released completely. For 
simplification, La5Mg95−xNix (x=5, 10, 15) alloys are 
abbreviated as Mg90, Mg85 and Mg80. 
 
3 Results and discussion 
 
3.1 Crystal and microstructural characteristics 

The X-ray diffraction (XRD) patterns of 
La5Mg95−xNix (x=5, 10, 15) ternary alloys can be seen in 
Fig. 1. Figure 1(a) indicates that the Mg90, Mg85, Mg80 
alloys are all composed of La2Mg17 as the main phase, 
and Mg2Ni, La2Ni3 and Mg phases. However, the 
LaMg2-based second phase is found in Mg90 and Mg85 
alloys, but not in Mg80 alloy. This indicates that the 
amount of Mg2Ni phase increases, whereas that of the 
Mg phase decreases with increasing Ni content. The 
actual compositions of the La5Mg95−xNix (x=5, 10, 15) 
alloys were measured by inductive coupled plasma 
emission spectrometer. Table 1 lists the compositions of 
experimental alloys. 

In Fig. 1(b), XRD patterns of the alloys after 
hydriding show that the Mg90, Mg85 and Mg80 alloys 
after hydriding are all composed of MgH2, Mg2NiH4 and 
rare earth hydride LaH3. Combined with the previous 
study [24,25], we found that La2Mg17+H2→LaH3+MgH2, 
Mg2Ni+H2→Mg2NiH4, and Mg+H2→MgH2 occurred in 
Mg90, Mg85, and Mg85 alloys during the first hydrogen 
absorption. Moreover, LaMg2+H2→LaH3+MgH2 also 
occurred in Mg90 and Mg85. 

From Fig. 1(c), the XRD patterns of the alloys after 
dehydriding show that the Mg90, Mg85, and Mg80 
alloys after dehydriding are all composed of Mg2Ni, Mg 
and rare earth hydride LaH3. This indicates that MgH2 
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Fig. 1 XRD patterns of La5Mg95−xNix (x=5, 10, 15) alloys:    
(a) As-cast; (b) After hydriding; (c) After dehydriding 
 
Table 1 Actual compositions (wt.%) of La5Mg95−xNix (x=5, 10, 
15) alloys measured by ICP 

Alloy La Mg Ni 
Mg90 21.87±0.20 68.89±0.27 9.24±0.03 
Mg85 20.75±0.19 61.72±0.24 17.53±0.02 
Mg80 19.73±0.22 55.24±0.25 25.02±0.05 

 
and Mg2NiH4 transform into Mg and Mg2Ni during the 
dehydrogenation process, whereas the rare earth hydride 
LaH3 is difficult to disintegrate. The rare earth hydride 
LaH3 phase is unable to participate in reversible 

hydrogen absorption and desorption, due to its higher 
decomposition temperature. It is inferred that the 
reactions occurring during hydrogen absorption and 
desorption are Mg+H2↔MgH2 and Mg2Ni+H2↔ 
Mg2NiH4. 

For observing the microstructures of La5Mg95−xNix 

(x=5, 10, 15) ternary alloys, Fig. 2 shows back-scattered 
SEM images. It is indicated that the microstructure has 
great changes with the rising of Ni content. According to 
the EDS and Mg−Ni−La ternary phase diagram [26], the 
alloys are all composed of four phases. The dark region 
 

  
Fig. 2 Back-scattered SEM images of La5Mg95−xNix (x=5, 10, 
15) ternary alloys: (a) x=5; (b) x=10; (c) x=15 
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is Mg, the bright region is Mg2Ni, the dark gray region is 
LaMgx (LaMg2 + Mg + La2Mg17), and the shiny gray 
region is LaMgx + Mg2Ni, represented by A, B, C, D in 
the images. It is shown that the microstructure of LaMgx 
changes from reticular to planar, and the amount of 
Mg2Ni phase increases considerably, whereas the Mg 
phase gradually disappears with the rising of Ni content. 

Scanning electron microscopy (SEM) images of the 
powders before and after hydriding are shown in Fig. 3, 
with Mg90 as representative. Figures 3(a) and (b) shows 
that the surface of the powder particles is smooth before 
hydriding. However, many cracks are produced after 
hydriding, as shown in Figs. 3(c) and (d). These cracks 
are produced by the accumulation of internal stresses 
caused by the constant expansion and contraction of unit 
cells during the hydrogen absorption/desorption process. 
The cracks can provide diffusion paths for hydrogen 
atoms, which help to improve the hydrogen storage 
performance of the alloys. 

Figure 4 shows isothermal hydrogenation and 
dehydrogenation curves for La5Mg95−xNix (x=5, 10, 15) 
ternary alloys. Hydrogenation activation and the 
dehydrogenation reaction occur at 360 °C and 3.5 MPa 
and at 360 °C and 1×10−4 MPa, respectively. With more 

than five activation cycles, the Mg90, Mg85 and Mg80 
alloys have 5.8, 5.3 and 4.9 wt.% reversible hydrogen 
absorption/desorption capacity, respectively. Clearly, the 
capacity reduces with increasing Ni content because the 
hydrogen absorption/desorption capacity of Mg is much 
greater than that of Mg2Ni. Meanwhile, the capacity of 
each alloy hardly changes as the cycles are increased. 
Moreover, the maximum capacities of Mg90, Mg85, and 
Mg80 during the first absorption activation process are 
6.4, 5.9 and 5.5 wt.%, respectively, which are greater 
than the reversible capacities. 

This phenomenon is due to the fact that rare earth 
hydride LaH3 is difficult to disintegrate during the 
desorption process because of its high thermal stability. 
Regarding the first desorption process, 246, 180 and  
144 s are considered for Mg90, Mg85 and Mg80 alloys, 
respectively, to reach complete desorption activation. 
After reaching a stable state, Mg90, Mg85 and Mg80 
require 192, 156 and 120 s, respectively, to reach 
complete desorption activation. As shown in Fig. 4, 
Mg90 reaches complete activation after five cycles, 
whereas Mg85 and Mg90 reach it after only three cycles. 
The activation is significantly reduced with increasing Ni 
content. 

 

 
Fig. 3 SEM images of powders of La5Mg90Ni5: (a, b) Before hydriding; (c, d) After hydriding 
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Fig. 4 Isothermal hydrogen absorption and desorption curves of La5Mg95−xNix (x=5, 10, 15) alloys in cycle activation with 
hydrogenation reaction at 360 °C and 3.5 MPa (a, c, e), and dehydrogenation reaction at 360 °C and 1×10−4 MPa (b, d, f): (a, b) x=5; 
(c, d) x=10; (e, f) x=15 
 
3.2 Hydrogen storage kinetics 

The isothermal hydrogen absorption/desorption 
kinetic curves are shown in Figs. 5 and 6. Clearly, the 
hydrogen absorption rate and capacity of the alloys 
increase remarkably with rising temperature. Moreover, 
although the reversible hydrogen capacity decreases with 
increasing Ni content, the rate notably increases. The 
curves at 100 °C and particularly at 150 °C show that the 
absorption rate increases with increasing Ni content. This 
means that Ni remarkably improves hydrogen storage 
kinetics in the experimental range. 

As seen from Fig. 6, the dehydrogenation capacities 

also decrease with increasing Ni content. To complete 
dehydrogenation at 360, 340, 320, 300 and 280 °C, 
Mg90 requires 192, 252, 450, 684 and 2760 s, 
respectively, Mg85 requires 156, 204 384, 600 and 960 s, 
respectively, and Mg80 requires 120, 156, 216, 343 and 
660 s, respectively. Clearly, the dehydrogenation rate 
increases with increasing Ni content, and Ni remarkably 
improves the hydrogen storage kinetics of alloys. The 
Johnson−Mehl−Avrami (JMA) model was utilized to 
simulate the curves related to hydrogen storage kinetics 
and hydrogen desorption activation, and the Arrhenius 
method was employed to calculate the critical value. 
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Fig. 5 Isothermal hydrogenation kinetic curves of La5Mg95−xNix 

(x=5, 10, 15) alloys at different temperatures: (a) x=5; (b) x=10; 
(c) x=15 
 

Then, the influence of Ni content on the hydrogen 
storage kinetics could be obtained from the results. In 
general, activation energy is seen as an obstacle in which 
all potential barriers that perform a gas−solid reaction 
must be overcome, as activation energy is an extremely 
critical part of gas−solid reaction kinetics. It is widely 
acknowledged that hydrogen desorption reactions are 
related to total energy barriers, which must be considered 
in hydrogen desorption processes. The JMA model can 
be used to simulate the nucleation and growth processes 
of the alloys:  
ln[−ln(1−α)]=ηln k+ηln t                        (1) 

 

 
Fig. 6 Isothermal dehydrogenation kinetic curves of 
La5Mg95−xNix (x=5, 10, 15) alloys at different temperatures:   
(a) x=5; (b) x=10; (c) x=15 
 
where t, α, η and k characterize the time, the fraction of 
the alloy converted to hydride at time t, the Avrami 
exponent, and an effective kinetic parameter. As seen 
from Fig. 7, by utilizing the logarithmic transformation, 
we can obtain JMA curves of ln[−ln(1−α)] and ln t at 320, 
340 and 360 °C for the dehydrogenation of alloys. The 
JMA curves are found to be nearly linear, which means 
that the dehydriding reaction of the alloys is activated by 
instantaneous nucleation, which is followed by an 
interface-controlled three-dimensional growth process. 
The value of k can be obtained from the slope η and 
intercept ηln k. Arrhenius methods can be then used to 
calculate the Ea: 
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Fig. 7 JMA plots and Arrhenius plots for dehydrogenation of 
La5Mg95−xNix (x=5, 10, 15) alloys: (a) x=5; (b) x=10; (c) x=15 
 
k=Aexp[−Ea/(RT)]                            (2)  
where A, R and T characterize a temperature independent 
coefficient, the universal gas constant, and an absolute 
temperature. As seen from Fig. 7, by utilizing the 
logarithmic transformation, we can obtain Arrhenius 
curves of ln k and 1/T at 320, 340, and 360 °C for the 
dehydrogenation of alloys. The Arrhenius curves are 
found to be nearly linear and the Ea values of the alloys 
can be calculated by the slopes of the line. The Ea values 
of Mg90, Mg85 and Mg80 are calculated as 77.0, 65.1 
and 57.7 kJ/mol, respectively. In addition, hydrogen 
storage kinetics is improved with increasing Ni content. 
The value is considerably lower than 150−160 kJ/mol of   
the MgH2 [27,28] and 80.36 kJ/mol of Mg−15Ni−3La  
alloy [19], but approximates 59.1−78.6 kJ/mol of the 

LaMg11Ni+xNi alloy [20]. The lower Ea value is mostly 
the result of alloying and the presence of the rare earth 
hydride. The addition of Ni causes the alloy to produce 
more Mg2Ni, whereas Mg2Ni has very low hydrogen 
evolution activation energy, even though its hydrogen 
storage capacity is less than that of Mg. Moreover, 
adding the rare earth La causes the activated alloy to 
produce a rare earth hydride phase LaH3, where LaH3 has 
a “hydrogen pump effect” that greatly reduces the 
hydrogen activation energy value of the alloys. 
 
3.3 Thermodynamic properties 

The P−C−I curves of La5Mg95−xNix (x=5, 10, 15) 
ternary alloys were tested at 300, 320, 340, and 360 °C to 
explore the influence of Ni content on the thermodynamic 
properties of the alloys, as shown in Fig. 8. Two distinct 
 

 

Fig. 8 P−C−I curves of La5Mg95−xNix (x=5, 10, 15) alloys 
measured at different temperatures: (a) x=5; (b) x=10; (c) x=15 
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hydrogen absorption/desorption plateaus can be clearly 
seen on the P−C−I curves. The reactions at the first and 
second absorption plateaus are Mg+H2→MgH2 and 
Mg2Ni+H2→Mg2NiH4, respectively, according to XRD. 
A slight slope appears on the upper plateau because 
Mg2Ni phase undergoes internal stress, particularly in the 
Mg90 alloy. The XRD patterns show obvious diffraction 
peaks of Mg2Ni. In addition, the P−C−I curves reveal 
that the critical thermodynamic parameters of 
La5Mg95−xNix (x=5, 10, 15) ternary alloys, namely, ΔH 
and ΔS, are easily calculated using the van’t Hoff 
equation:  
ln[P(H2)/P0]=ΔH/(RT)−ΔS/R                    (3)  
where P(H2) and P0 characterize the equilibrium plateau 
pressure and 1.01325×105 Pa, respectively. Figure 9 
shows the van’t Hoff curves of [P(H2)/P0] and 1/T. The 
 

 
Fig. 9 van’t Hoff plots of La5Mg95−xNix (x=5, 10, 15) alloys 
measured at different temperatures: (a) x=5; (b) x=10; (c) x=15 

curves are found to be nearly linear, where the ΔH and 
ΔS values can be estimated by the slopes and intercepts 
of the line. The ΔH and ΔS values of Mg90, Mg85 and 
Mg80 are calculated to be −74.4, −72.1, −73.0 kJ/mol 
and −128.2, −123.2, −126.8 J/(mol∙K), respectively. It is 
found that both the ΔH and ΔS values initially decrease 
and then increase with increasing Ni content. We can  
see that the ΔH for the alloys is slightly lower than  
−78.6 kJ/mol of pure Mg [25,26], −82.1 kJ/mol of the 
Mg−Ni−La composite powders (Mg:Ni:La=85:10:5 in 
mass ratio) [29], and −76.12 kJ/mol of PrMg11Ni [30], 
and approximates −74.0 kJ/mol of Mg−5Ni−3Ni   
(at.%) [31]. This indicates that the thermodynamic 
properties of the alloys initially increase and then 
decrease with increasing Ni content in this range, which 
means that alloying enhances the thermodynamic 
properties. The excellent performance is mostly due to 
the proper mixing ratio, the microstructure of the alloy, 
and the presence of the rare earth hydride. 
 
4 Conclusions 
 

(1) The as-cast Mg90, Mg85 and Mg80 alloys are 
all composed of La2Mg17 as the main phase, Mg2Ni, 
La2Ni3 and Mg second phases, whereas LaMg2 is only 
found in Mg90 and Mg85 alloys. The amount of Mg2Ni 
increases as the amount of Mg decreases with increasing 
Ni content. The alloys after hydriding are all composed 
of MgH2, Mg2NiH4 and the rare earth hydride LaH3, 
whereas those after dehydriding are all composed of 
Mg2Ni, Mg and rare earth hydride LaH3. We can infer 
that the reactions that occur during hydrogen absorption 
and desorption are Mg+H2↔MgH2 and Mg2Ni+H2↔ 
Mg2NiH4, respectively. 

(2) The increased Ni content remarkably improves 
the hydrogen storage kinetic performance of the alloys 
but reduces their hydrogen absorption/desorption 
capacity. The Mg80 alloy shows the lowest Ea value of 
57.7 kJ/mol and the highest hydrogen absorption/ 
desorption rate. 

(3) The thermodynamic properties are initially 
improved and then degraded with increasing Ni content. 
These changes are caused by the proper mixing ratio, the 
microstructure of the alloy, and the presence of the rare 
earth hydride. The Mg85 alloy is proven to have the best 
thermodynamic properties with ΔH of −72.1 kJ/mol and 
ΔS of −123.2 J/(mol∙K). 
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摘  要：研究 Ni 含量对 La5Mg95−xNix(x=5、10、15)三元合金的显微组织、热力学和动力学性能的影响。采用 XRD
和 SEM 探索合金的相和组织的变化情况，采用自动 Sievert 设备测试合金吸放氢性能曲线和 PCI 曲线。研究表明，

随着 Ni 含量的增加，合金的储氢动力学性能得到提高，但是合金的储氢容量有所下降。三种成分的合金中, 
La5Mg80Ni15 合金表现出最低的放氢活化能以及最高的吸放氢速率, 其放氢活化能为 57.7 kJ/mol。通过测定合金

PCI 曲线和 van’t Hoff 方程发现, 随着 Ni 含量的增加, 合金的热力学性能先提高后降低, 其中 La5Mg85Ni10表现出

最优异的热力学性能, 其焓和熵的数值分别为−72.1 kJ/mol 和−123.2 J/(mol∙K)。 
关键词：储氢；镁基合金；热力学性能；动力学性能；Ni 含量 

 (Edited by Bing YANG) 
 


