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We compared the hydrogenation and dehydrogenation properties of Mg-based alloys to which small amounts of 
transition elements (Ni and Ti), halides (TaF5 and VCl3), and complex hydrides (LiBH4 and NaAlH4) were added 
through grinding in a hydrogen atmosphere (reactive milling). Mg-1.25Ni-1.25Ti is one of the samples compared, 
having a composition of 97.5 wt.% Mg + 1.25 wt.% Ni and 1.25 wt.% Ti. Even though Mg-1.25Ni-1.25Ti did not have 
the highest initial hydrogenation rate, it had the largest quantities of hydrogen absorbed and released for 60 min and the 
highest initial dehydrogenation rate. In addition, Mg-1.25Ni-1.25Ti did not show the incubation period in the 
dehydrogenation. We thus investigated the hydrogenation and dehydrogenation properties of Mg-1.25Ni-1.25Ti in more 
detail. Activated Mg-1.25Ni-1.25Ti absorbed 5.91 wt.% H in 12 bar H2 and released 5.80 wt.% H in 1.0 bar H2 at 593 K 
for 60 min at n = 3. For 5 wt.% hydrogen absorption by Mg-1.25Ni-1.25Ti, 18.7 min was required at 593 K in 12 bar H2 
at n = 3. Although only small amounts of Ni and Ti were added, the hydrogenation and dehydrogenation properties of 
Mg were greatly improved. Ni and Ti-added Mg had a higher initial dehydrogenation rate and a larger Hd (60 min) than 
only Ni-added Mg, suggesting that the TiH1.924 and NiTi formed in Mg-1.25Ni-1.25Ti play roles in the increases in the 
initial dehydrogenation rate and Hd (60 min), probably acting as active sites for the nucleation of the Mg-H solid solution 
phase. 
Keywords: hydrogen absorbing materials, mechanical milling, scanning electron microscopy (SEM), X-ray diffraction, 
dehydrogenation temperature. 

 
1. INTRODUCTION∗ 

As hydrogen storage methods, the followings have 
been developed to date [1]: storages as a gas and a liquid, 
storage via physical adsorption, storage as metal hydrides, 
storage as complex hydrides, and storage via chemical 
reaction. Compared to conventional high pressure gas and 
low temperature liquid state hydrogen storage systems, 
solid state hydrogen storage systems have the potential to 
achieve high energy efficiency, good cycle stability, high 
safety, and low cost. Many studies have been conducted on 
alloys with safety, fast performances for hydrogen release 
from hydrides, and high storage capacities over the last 40 
years [2]. Solid state hydrogen storage systems can be 
applied to fuel cell, stationary hydrogen storage, 
submarines, heat pumps, purification/separation 
installation, etc. Technical system targets of US 
Department of Energy (DOE) for light-duty fuel cell 
onboard hydrogen storage system in 2020 are a system 
gravimetric capacity of 5.5 wt.% (1.8 kWh/kg), a system 
volumetric capacity of 1.3 wt.% (40 gH2/L Sys.), operating 
temperature of – 40/60 °C, operational cycle life of 1500, 
and system fill time of 3 – 5 min [3]. 

Mg is a potential hydrogen storage material for use in 
a hydrogen energy system, as it has a high hydrogen 
storage capacity and is inexpensive. However, it is limited 
by its slow release rate of hydrogen and demanding high 
temperature for hydrogen release. In order to improve the 
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reaction kinetics between hydrogen and magnesium, many 
studies have been carried out on alloying magnesium with 
a specific metal such as Ni. An Mg-Ni-H2 system is 
reported favorable for hydrogen decomposition due to the 
formation of cracks and defects on the surface of 
magnesium particles and increasing their roughness [4 – 6]. 

Liang et al. [7] studied a nanocrystalline MgH2-Tm 
system by adding Ti, V, Mn, Fe, and Ni as Tm to MgH2 
through ball milling, whereupon MgH2 experienced 
drastically reduced activation energy for hydrogen release. 
According to this report, Ti-added MgH2 was found to 
have the best hydrogen release kinetics. However, since Ti 
and V have strong affinity with oxygen, they concluded 
that the best hydrogen release kinetics was attained in Ni-
added MgH2. Unlike other transition metals, Ti did not 
form any hydride complexes with magnesium. Kyoi et al. 
[8] reported the ternary Mg-Ti-H hydride, Mg7TiHx, which 
was synthesized by mixing MgH2 and TiH1.9 at various 
molar ratios under a high temperature of 873 K and high 
pressure of 8 GPa. The synthesized Mg7TiHx had a high 
hydrogen release capacity and a low release temperature. 
Asano et al. [9] synthesized the nanostructured Mg-Ti 
alloy by ball milling for 200 h and observed that the Mg-Ti 
alloys with body-centered cubic (BCC) and face-centered 
cubic (FCC) structures were formed with the higher Ti 
content. An Mg-Ti-H phase, MgTi22H, with a FCC 
structure was also reported to have been formed upon 
hydrogenation of Mg50Ti50 with a BCC structure [10]. It is 
known that when the Mg7TiH16 phase is generated, the 
efficiency of the electrochemical hydrogen storage reaction 
at a high temperature is good. 
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When Ti was added to Mg-Ni or Mg2Ni [11 – 13], Ni 
was added to Mg-Ti [14 – 17], or Ni and Ti were added 
together to Mg or MgH2 [12, 18 – 23], and Mg, Ni, and Ti 
are added at the same ratio or in a relatively larger amount 
of each element, MgH2, Mg2NiH4, and TiH2 were formed. 
In view of the effects of Ni and Ti additions on the 
hydrogenation and dehydrogenation kinetics of Mg, 
researchers have studied effects of the formation of various 
binary and ternary hydride phases such as MgH2, 
Mg2NiH4, and TiH2 on the hydrogen uptake and release 
kinetics of Mg. Previous studies have presented a series of 
reports on the NiTi-related phases involved in the synthesis 
of Ni-Ti alloy through melting or ball milling of Ni and Ti. 
NiTi-related hydride phases are generated at lower 
temperatures than Mg hydride. Zhou and Ju [14] reported 
that generating hydrogen absorbing phase of Mg2Ni and 
catalytic phase of NiTi played an important role for 
promoting the capacity of hydrogen absorption/desorption. 
Li et al. [24] calculated theoretically the enthalpies of 
formation of TiNi, MgNi, TiMg, TiMg3, Ti3Mg, and TiMg. 
In our previous research, reactive milling such as 
mechanical milling in a hydrogen atmosphere was used to 
improve the hydrogen release kinetics of magnesium  
[25 – 29]. The addition of nickel and titanium to 
magnesium can improve the hydrogen release kinetics of 
magnesium but it reduces the hydrogen capacity of 
magnesium. 

In order not to sacrifice the hydrogen-storage capacity 
of the alloy too much, it would be better to add small 
quantities. We compared the hydrogenation and 
dehydrogenation properties of Mg-based alloys to which 
small amounts of transition elements (Ni and Ti), halides 
(TaF5 and VCl3), and complex hydrides (LiBH4 and 
NaAlH4) were added through grinding in a hydrogen 
atmosphere (reactive milling). Mg-1.25Ni-1.25Ti is one of 
the samples compared, having a composition of 
97.5 wt.% Mg + 1.25 wt.% Ni and 1.25 wt.% Ti. Even 
though Mg-1.25Ni-1.25Ti did not have the highest initial 
hydrogenation rate, it had the largest quantities of 
hydrogen absorbed and released for 60 min and the highest 
initial dehydrogenation rate. In addition,  
Mg-1.25Ni-1.25Ti did not show the incubation period for 
dehydrogenation. We thus investigated the hydrogenation 
and dehydrogenation properties of Mg-1.25Ni-1.25Ti in 
more detail. 

2. EXPERIMENTAL DETAILS 
Samples were prepared by ball milling the following 

materials; pure Mg powder (particle size  – 20 + 100 mesh, 
purity 99.8 % (metals basis), Alfa Aesar), Ni (Nickel 
powder, Alfa Aesar, average particle size 2.2 – 3.0 μm, 
99.9 % (metals basis), C typically < 0.1 %), and Ti 
(~ 44 µm, purity 99.9 %, Aldrich). 1.25 wt.% Ni and 
1.25 wt.% Ti were added to magnesium of 97.5 wt.% of 
the sample total weight. The sample was milled in a 
pressure of 12 bar H2 for 6 h and at 400 rpm in a 
hermetically-sealed stainless-steel container (with 105 
hardened steel balls, total weight = 360 g, sample to ball 
weight ratio = 1/45) using a planetary ball mill, (Planetary 
Mono Mill; Pulverisette 6, Fritsch). All sample handling 

was performed in a glove box under Ar atmosphere in 
order to prevent oxidation.  

In order to track changes in the amounts of absorbed 
and released hydrogen with changes in time, was used a 
Sieverts’ type hydrogenation and dehydrogenation 
apparatus as previously explained [29]. Half a gram of 
each samples was introduced in the reactor of this 
apparatus. 

Phases in the samples after reactive milling and after 
hydrogenation-dehydrogenation cycling were identified by 
X-ray diffraction (XRD) with Cu Kα radiation, using a 
Rigaku D/MAX 2500 powder diffractometer. A scanning 
electron microscope (SEM, JSM-5900) operated at 15 kV 
was used to observe the microstructures of the powders. 

3. RESULTS AND DISCUSSION 
The quantity of the absorbed hydrogen, Ha, was 

defined using the sample weight as a criterion. The 
quantity of the released hydrogen, Hd, was also defined 
using the sample weight as a criterion. The quantity of 
hydrogen absorbed for x min is indicated as Ha (x min). 
The quantity of hydrogen released for x min is indicated as 
Hd (x min). The initial hydrogenation rate (wt.% H/min) 
was obtained dividing Ha (2.5 min) by 2.5 and the initial 
dehydrogenation rate (wt.% H/min) was obtained dividing 
Hd (2.5 min) by 2.5. 
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Fig. 1. a – Ha versus t curves under 12 bar H2; b – Hd versus t 
curves under 1.0 bar H2 at 593 K of the activated Mg-
1.25Ni-1.25Ti, Mg-1.25TaF5-1.25VCl3 [30], MgH2-2Ni-
2LiBH4, MgH2-2Ni-2NaAlH4, and Milled Mg [31] 
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We compared the hydrogenation and dehydrogenation 
properties of Mg-based alloys to which small amounts of 
transition elements, halides, and complex hydrides were 
added. The Ha versus time t curves in 12 bar H2 and the Hd 
versus t curves in 1.0 bar H2 at 593 K of the activated  
Mg-1.25Ni-1.25Ti, Mg-1.25TaF5-1.25VCl3 [30],  
MgH2-2Ni-2LiBH4, MgH2-2Ni-2NaAlH4, and milled Mg 
[31] are shown in Fig. 1. MgH2-2Ni-2NaAlH4 has the 
highest initial hydrogenation rate, followed in order by 
MgH2-2Ni-2LiBH4, Mg-1.25TaF5-1.25VCl3, Mg-1.25Ni-
1.25Ti, and milled Mg. Mg-1.25Ni-1.25Ti and MgH2-2Ni-
2NaAlH4 have the largest Ha (60 min), followed in order 
by MgH2-2Ni-2LiBH4, Mg-1.25TaF5-1.25VCl3, and milled 
Mg. The milled Mg does not release hydrogen. Mg-
1.25TaF5-1.25VCl3, MgH2-2Ni-2NaAlH4, and MgH2-2Ni-
2LiBH4 exhibit incubation periods. Mg-1.25Ni-1.25Ti 
shows no incubation period. After the incubation periods, 
Mg-1.25Ni-1.25Ti has the highest initial dehydrogenation 
rate, followed in order by MgH2-2Ni-2LiBH4, MgH2-2Ni-
2NaAlH4, and Mg-1.25TaF5-1.25VCl3. Mg-1.25Ni-1.25Ti 
has the largest Hd (60 min), followed in order by MgH2-
2Ni-2LiBH4, MgH2-2Ni-2NaAlH4, and Mg-1.25TaF5-
1.25VCl3. 

Even though Mg-1.25Ni-1.25Ti does not have the 
highest initial hydrogenation rate, it has the largest Ha 
(60 min), the highest initial dehydrogenation rate, and the 
largest Hd (60 min). Mg-1.25Ni-1.25Ti does not have the 
incubation period. We thus investigated the hydrogenation 
and dehydrogenation properties of Mg-1.25Ni-1.25Ti in 
more detail. 

The XRD patterns of Mg-1.25Ni-1.25Ti and Mg after 
reactive milling are shown in Fig. 2. Mg after reactive 
milling contains Mg, a small amount of β-MgH2, and a 
very small amount of γ-MgH2. MgH2 was formed by the 
reaction of Mg with hydrogen during reactive milling. Mg-
1.25Ni-1.25Ti after reactive milling contains Ni and 
TiH1.924 in addition to Mg, β-MgH2, and a very small 
amount of γ-MgH2. TiH1.924 was formed by the reaction of 
Ti with hydrogen during reactive milling.  
Mg-1.25Ni-1.25Ti after reactive milling contains more 
MgH2 than Mg after reactive milling, indicating that the 
particles of Ni and Ti-added Mg, Mg-1.25Ni-1.25Ti, are 
more reactive than those of Mg after reactive milling. The 
crystallite size of Mg in Mg-1.25Ni-1.25Ti after reactive 
milling (25.5 nm) was smaller than that in Mg after 
reactive milling (33.1 nm). The crystallite size of Mg was 
calculated using the Scherrer formula. 

We compared the XRD pattern of Mg-1.25Ni-1.25Ti 
with those of the Ni and Ti-added Mg or MgH2 samples 
such as Mg-14Ni-6Ti and MgH2-10Ni-4Ti, which were 
dehydrogenated after hydrogenation-dehydrogenation 
cycling. Fig. 3 shows the XRD patterns of Ni and Ti-added 
Mg or MgH2 samples, Mg-14Ni-6Ti (the number of cycles, 
n = 3) [22], MgH2-10Ni-4Ti (n = 4), and Mg-1.25Ni-
1.25Ti (n = 10) dehydrogenated after hydrogenation-
dehydrogenation cycling. All the samples contain Mg, β-
MgH2, Mg2Ni, Ni, TiH1.924, NiTi, and MgO. The Mg2Ni 
phase was observed which was not found in Mg-1.25Ni-
1.25Ti after reactive milling. The contents of the Mg2Ni 
and Ni phases increase as the content of Ni in the sample 
increases. The contents of the TiH1.924, NiTi, and MgO 
phases increase also as the content of Ni in the sample 

increases. The XRD pattern of Mg-14Ni-6Ti reveals 
clearly the NiTi phase. In Mg-1.25Ni-1.25Ti after 
hydrogenation-dehydrogenation cycling, the peaks for the 
TiH1.924 phase are weak. 
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Fig. 2. XRD patterns of Mg-1.25Ni-1.25Ti and Mg after reactive 
milling 

The crystallite size of Mg in Mg-1.25Ni-1.25Ti after 
hydrogenation-dehydrogenation cycling (35.8 nm) was 
smaller than that in Mg after hydrogenation-
dehydrogenation cycling (39.3 nm). 

Fig. 4 shows the SEM images of Mg-1.25Ni-1.25Ti 
after reactive milling and after hydrogenation-
dehydrogenation cycling. The particle size of Mg-1.25Ni-
1.25Ti after reactive milling is not homogeneous. The 
shapes of the particles are irregular. The large particles 
have quite flat surfaces. The particle size of Mg-1.25Ni-
1.25Ti after hydrogenation-dehydrogenation cycling is not 



274 
 

homogeneous, either. The shapes of the particles are also 
irregular. 
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Fig. 3. XRD patterns of Mg-14Ni-6Ti (n = 3) [21], MgH2-10Ni-

4Ti (n = 4), and Mg-1.25Ni-1.25Ti (n = 10) 
dehydrogenated after hydrogenation-dehydrogenation 
cycling 

The large particles are composed of fine particles. The 
particle sizes of Mg-1.25Ni-1.25Ti after hydrogenation-
dehydrogenation cycling are slightly smaller than those of 
Mg-1.25Ni-1.25Ti after reactive milling. Expansion due to 
hydrogenation and contraction due to dehydrogenation is 
believed to make the particles smaller.  

The sample was heated at a constant heating rate and 
the amount of released hydrogen was measured as a 
function of temperature, as described in our previous study 
[32]. Fig. 5 shows the desorbed hydrogen quantity Hd vs. 
temperature T curve and the variation, with temperature T, 
in the ratio of Hd change with temperature T change 
(dHd/dT) together with the Hd vs. T curve for as-prepared 

Mg-1.25Ni-1.25Ti when the sample was heated at a 
heating rate of 5 ~ 6 K/min. 
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Fig. 4. SEM images of Mg-1.25Ni-1.25Ti: a, b – after reactive 
milling; c, d – after hydrogenation-dehydrogenation 
cycling 

The sample begins to release hydrogen slowly at 
614 K, and from 643 K it releases hydrogen very rapidly. 
While the sample releases hydrogen from 643 K, the 
temperature decreases to 633 K. The total quantity of 
hydrogen released is 2.23 wt.%. The decrease in 
temperature from 643 K to 633 K during rapid release of 
hydrogen is believed to be because the decrease in 
temperature due to endothermic release reaction is larger 
than the increase in temperature due to heating to increase 
the temperature. The sample has the largest ratio of Hd 
change with temperature T change (dHd/dT) at about 
633 K.  

Fig. 6 shows the Hd vs. T curve after hydrogenation at 
n = 2, the dHd/dT vs. T curve and Hd vs. T curve after 
hydrogenation at n = 2, and the Hd vs. T curves for the Mg-
1.25Ni-1.25Ti samples as-milled and after hydrogenation 
at n = 2, when the sample was heated at a heating rate of 
5 ~ 6 K/min. The sample after hydrogenation at n = 2 
begins to release hydrogen rapidly at 613 K and releases 
rapidly to 645 K, and then from 645 K to 659 K it releases 
hydrogen very slowly. The total quantity of hydrogen 
released is 2.57 wt.%. The sample has the largest dHd/dT at 
about 625 K. Comparison of the Hd vs. T curves for the 
samples as-milled and after hydrogenation at n = 2 shows 
that the temperature at which the sample begins to release 
hydrogen rapidly decreases from 643 K for the as-milled 
sample to 613 K for the sample after hydrogenation at 
n = 2. This indicates that after cycling the temperature for 
significant dehydrogenation decreases to 613 K from 
643 K, the temperature for the as-milled sample. Lu et al. 
[20] reported that Differential Scanning Calorimetry (DSC) 
analysis of hydrogenated Ni/Ti-catalyzed Mg. exhibited 
two endothermic peaks at about 623 K (related to the 
dehydrogenation of Mg2NiH4) and 642 K (related to the 
dehydrogenation of MgH2). 

The variations in the Ha vs. t curve with the number of 
cycles, n, at 593 K in 12 bar H2 for Mg-1.25Ni-1.25Ti are 
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shown in Fig. 7. At n = 1, the sample has quite a high 
initial hydrogenation rate and quite a large quantity of 
hydrogen absorbed for 60 min, Ha (60 min). 
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Fig. 5. a – desorbed hydrogen quantity Hd vs. temperature T 
curve; b – the variation, with temperature T, in the ratio of 
Hd change with temperature T change (dHd/dT) together 
with the Hd vs. T curve for as-prepared Mg-1.25Ni-1.25Ti 
when the sample was heated at a heating rate of 
5 ~ 6 K/min 

The Ha vs. t curves show that the hydrogenation rate is 
quite high from the beginning to about 15 in and after 
about 15 min the hydrogenation rate is low. As n increases 
from one to eight, the initial hydrogenation rate increases 
and decreases from n = 8 to n = 10, in general. As n 
increases from one to three, the Ha (60 min) increases and 
decreases from n = 3 to n = 10. As n increases from three 
to eight, the initial hydrogenation rate increases whereas 
the Ha (60 min) decreases. This indicates that from n = 3 to 
n = 8, the particles near surface of the particles become 
finer while the particles inside the particles become larger 
due to coalescence. Table 1 shows the variations in Ha 
(wt.% H) as a function of t (min) at 593 K in 12 bar H2 at 
n = 1, 3, 4, 7, and 10 for Mg-1.25Ni-1.25Ti. At n = 3, the 
sample absorbs 5.91 wt.% H. 

Table 1. Variations in Ha (wt.% H) as a function of t (min) at 
593 K in 12 bar H2 at n = 1, 3, 4, 7, and 10 for Mg-
1.25Ni-1.25Ti 

 2.5 min 5 min 10 min 30 min 60 min 
n = 1 2.02 2.83 3.52 4.6 4.83 
n = 3 2.33 3.13 4.19 5.49 5.91 
n = 4 2.68 3.77 4.78 5.61 5.88 
n = 7 2.77 3.81 4.7 5.2 5.44 

n = 10 2.58 3.53 4.19 4.55 4.69 
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Fig. 6. a – Hd vs. T curve after hydrogenation at n = 2; b – dHd/dT 
vs. T curve and Hd vs. T curve after hydrogenation at n = 2; c – Hd 
vs. T curves for the Mg-1.25Ni-1.25Ti samples as-milled and 
after hydrogenation at n = 2, when the sample was heated at a 
heating rate of 5 ~ 6 K/min 
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Fig. 7. Variations in the Ha vs. t curve with the number of cycles, 

n, at 593 K in 12 bar H2 for Mg-1.25Ni-1.25Ti 
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Fig. 8. Variations in the Hd vs. t curve with the number of cycles 

at 593 K in 1.0 bar H2 for Mg-1.25Ni-1.25Ti 

Table 2. Variations in Hd (wt.% H) as a function of t (min) at 
593 K in 1.0 bar H2 at n = 1, 3, 4, 7, and 10 for Mg-
1.25Ni-1.25Ti 

 2.5 min 5 min 10 min 30 min 60 min 
n = 1 0.34 0.84 1.99 3.84 4.32 
n = 3 0.79 1.57 3.10 5.78 5.80 
n = 4 0.65 1.46 3.01 5.64 5.64 
n = 7 0.58 1.34 2.89 5.26 5.29 
n = 10 0.54 1.26 2.71 4.64 4.66 

Fig. 8 shows the variations in the Hd vs. t curve with 
the number of cycles at 593 K in 1.0 bar H2 for Mg-
1.25Ni-1.25Ti. At n = 1, the initial dehydrogenation rate is 
quite high and the quantity of hydrogen released for 
60 min, Hd (60 min), is quite large. The Hd vs. t curves 
show that the dehydrogenation rate is quite high from the 
beginning to about 20 min and after about 20 min the 
dehydrogenation rate is low. The initial dehydrogenation 
rate and Hd (60 min) increase as n increases from one to 
three and they decrease from n = 3 to n = 10. Table 2 
shows the variations in Hd (wt.% H) as a function of t 
(min) at 593 K in 1.0 bar H2 at n=1, 3, 4, 7, and 10 for  
Mg-1.25Ni-1.25Ti. At n = 3, the sample releases 5.80 wt.% 
H. 

The variations in Ha (5 min) and Ha (60 min) with the 
number of cycles at 593 K in 12 bar H2 for Mg and  
Mg-1.25Ni-1.25Ti are shown in Fig. 9.  
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Fig. 9. Variations in Ha (5 min) and Ha (60 min) with the number 

of cycles at 593 K in 12 bar H2 for Mg and Mg-1.25Ni-
1.25Ti 

Ha (5 min) and Ha (60 min) of Mg increase from n = 1 
to n = 8 and decrease from n = 8 to n = 10. Ha (5 min) and 
Ha (60 min) of Mg-1.25Ni-1.25Ti increase rapidly from 
n = 2 to n = 5. Ha (5 min) of Mg-1.25Ni-1.25Ti increase 
from n = 1 to n = 4 and decrease from n = 4 to n = 10, in 
general. Ha (60 min) of Mg-1.25Ni-1.25Ti increase from 
n = 1 to n = 3 and decrease from n = 3 to n = 10. Ha 
(5 min) of Mg-1.25Ni-1.25Ti increase relatively rapidly 
from n = 1 to n = 4. Ha (60 min) of Mg-1.25Ni-1.25Ti 
increase relatively rapidly from n = 1 to n = 2. At each 
cycle, Mg-1.25Ni-1.25Ti has larger Ha (5 min) and Ha 
(60 min) than Mg, showing that although only small 
amounts of Ni and Ti were added, the hydrogenation and 
dehydrogenation properties of Mg are improved.  

Fig. 10 shows the variations in Hd (5 min) and Hd 
(60 min) with the number of cycles at 593 K in 1.0 bar H2 
for Mg-1.25Ni-1.25Ti. Hd (5 min) and Hd (60 min) of  
Mg-1.25Ni-1.25Ti increase from n = 1 to n = 3 and 
decrease from n = 3 to n = 10.  
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Fig. 10. Variations in Hd (5 min) and Hd (60 min) with the 

number of cycles at 593 K in 1.0 bar H2 for  
Mg-1.25Ni-1.25Ti 

Fig. 7 – Fig. 10 and Table 1, Table 2 show that the 
activation of Mg-1.25Ni-1.25Ti is completed after n = 3. 

Reactive milling of Mg with Ni and Ti creates defects, 
produces clean surfaces, and decreases the particle sizes of 
Mg. The TiH1.924 formed during reactive milling and its 
pulverization during reactive milling are believed to 
strengthen these effects. Hydrogenation-dehydrogenation 
cycling brings about similar effects due to expansion and 
contraction of the particles. Mg2Ni is believed to have been 
formed when the sample was heated to the temperature to 
release the hydrogen absorbed during reactive milling [33]. 
The Mg2Ni phase, with a higher dehydrogenation rate than 
Mg, in the sample is thought to contribute partly to the 
relatively high dehydrogenation rate of Mg-1.25Ni-1.25Ti. 
The Mg2Ni phase has a higher dehydrogenation rate than 
Mg because Mg2NiH4 has a higher driving force for 
dehydrogenation (the difference between equilibrium 
plateau pressure and the applied hydrogen pressure) than 
MgH2. The formation of the NiTi phase was also reported 
in the references [15, 16, 20]. The NiTi phase is believed to 
remain without forming its hydride because a hydrogen 
pressure much higher than 12 bar is required to form its 
hydride at 593 K. 

Fig. 3 shows that Mg-1.25Ni-1.25Ti has the largest Ha 
(60 min), the highest initial dehydrogenation rate, and the 
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largest Hd (60 min), and the incubation period does not 
appear in the dehydrogenation of Mg-1.25Ni-1.25Ti. Fig. 3 
also shows that Ni or Ni + Ti-added samples have higher 
initial dehydrogenation rate and larger Hd (60 min) than the 
milled Mg containing neither Ni nor Ti. The formed 
Mg2Ni, TiH1.924, and NiTi in Mg-1.25Ni-1.25Ti are 
believed to have led to these results.  

It can be seen in Fig. 3 b that Ni and Ti-added Mg has 
a higher initial dehydrogenation rate and a larger Hd 
(60 min) than only Ni-added Mg. This suggests that the 
formed TiH1.924 and NiTi play roles in the increases in the 
initial dehydrogenation rate and Hd (60 min), probably 
acting as active sites for the nucleation of the Mg-H solid 
solution phase. 

Fig. 6 shows that after cycling the temperature for 
significant dehydrogenation decreases to 613 K from 
643 K, the temperature for the as-milled sample. We 
believe that this phenomenon results mainly from the rapid 
dehydrogenation of the Mg2NiH4. 

Table 3 shows the hydrogen storage capacities of 
various Mg-Ni-Ti alloys. System, composition, ball milling 
time, reaction temperature, reaction hydrogen pressure, and 
references for the various Mg-Ni-Ti alloys are given. A 
mark * is given for the reference in which the NiTi phase 
was reported. Mg-1.25Ni-1.25Ti has the largest hydrogen 
storage capacity among the Mg-Ni-Ti alloys. It has a 
hydrogen storage capacity of 5.91 wt.% at 593 K in 12 bar 
H2 at n = 3. For 5 wt.% hydrogen absorption by Mg-
1.25Ni-1.25Ti, 18.7 min was required at 593 K in 12 bar 
H2 and for 5 wt.% hydrogen release from the hydrogenated 
Mg-1.25Ni-1.25Ti, 17.4 min was required at 593 K in 
1.0 bar H2, at n = 3. Mg-1.25Ni-1.25Ti was prepared by 
reactive milling at a revolution speed of 400 rpm for 6 h.  

Zaluska et al. [35] reported that the diffusion distance 
of hydrogen which affects the Mg hydride growth rate can 
be reduced by reducing the Mg particle size via mechanical 
pulverization and alloying of MgH2 together with 
additives. Although Liang et al. [7] added small amounts of 
transition metals such as Fe, Ni, and Ti to magnesium, they 
reduced the magnesium particle size to nanometer scale 

through ball milling for 20 h, lowering the hydrogen 
absorption reaction temperature and improving the 
hydrogen release amount of Mg. 

4. CONCLUSIONS 
We compared the hydrogenation and dehydrogenation 

properties of Mg-based alloys to which small amounts of 
transition elements (Ni and Ti), halides (TaF5 and VCl3), 
and complex hydrides (LiBH4 and NaAlH4) were added 
through grinding in a hydrogen atmosphere (reactive 
milling). Mg-1.25Ni-1.25Ti with a composition of 
97.5 wt.% Mg + 1.25 wt.% Ni + 1.25 wt% Ti had 
relatively good hydrogen-storage characteristics. We thus 
investigated the hydrogenation and dehydrogenation 
properties of Mg-1.25Ni-1.25Ti in more detail. The 
Mg2Ni, TiH1.924, and NiTi formed in Mg-1.25Ni-1.25Ti are 
believed to have led to the results that Mg-1.25Ni-1.25Ti 
had the largest Ha (60 min), the highest initial 
dehydrogenation rate, and the largest Hd (60 min), and no 
incubation period in the dehydrogenation. Ni and Ti-added 
Mg had a higher initial dehydrogenation rate and a larger 
Hd (60 min) than only Ni-added Mg, suggesting that the 
formed TiH1.924 and NiTi play roles in the increases in the 
initial dehydrogenation rate and Hd (60 min), probably 
acting as active sites for the nucleation of the Mg-H solid 
solution phase. The NiTi phase is believed to remain 
without forming its hydride because a hydrogen pressure 
much higher than 12 bar is required to form its hydride at 
593 K. Mg-1.25Ni-1.25Ti has the largest hydrogen storage 
capacity among the Mg-Ni-Ti alloys. 
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Table 3. Hydrogen storage capacities of various Mg-Ni-Ti alloys. System, composition, ball milling time, reaction temperature, reaction 
hydrogen pressure, and references are given. (A mark * is given for the reference in which the NiTi phase was reported.) 

System Composition 
Ball milling 

time, h 
Reaction 

temperature, K  
Reaction hydrogen 

pressure, bar 
Hydrogen storage 

capacity, wt% Reference 

Mg-Ni-Ti Ti53Mg47Ni20 44 404  137  3.5 (SETRAM DSC 
111) (DSC) 

[34] 

MgH2-Ni/Ti (4:1) 35  673  (dehydrogenation in 
0.1 bar) 

2.9 [18] 

Mg0.5Ti0.67Ni0.83 10  RT 50 1.57 * [20] 
Mg50Ti16.7Ni33.3 10  623  40 2.93 * [20] 
Mg-14Ni-6Ti 6  573  12 4.98 [22] 

Mg-1.25Ni-1.25Ti 6  593  12 5.91 * In this work 
Mg2Ni-Ti (Mg2Ni)95Ti5 15  573  0.1-101  3.88 (PCT) [11] 
MgTi-Ni (Mg9Ti1)-20Ni 72  573  0.1-100  5.5 (PCT) * [15] 

(Mg0.8Ti0.2)2Ni 6  373  12 2.5 * [16] 
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