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Abstract: The Mg-based hydrogen storage alloy Mg2-xAlxNi(x=0.1-0.5) was synthesized by combustion synthesis. XRD indicates 

that a new phase with the cubic Ti2Ni structure appears in the product, and SEM shows that there are a large number of defects on 

the alloy surface. The effect of partial substitution of Al for Mg on the electrochemical performances of Mg2Ni was investigated. 

The results show that Al addition affects its electrode characteristics strongly. The electrochemical capacity and cycle lives of 

Al- containing alloys increase strongly compared to the Al-free alloy. This is attributed to the structure of a new phase (Mg3AlNi2), 

and the formation of the protect layer of Al2O3. In addition, the results reveal that mechanical grinding is beneficial to improve acti-

vation behavior and the maximum electrode capacity, but can not improve the cyclic stability due to breaking of Al2O3 protect layer. 
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Mg2Ni type metal hydride electrodes have been studied ex-

tensively in the recent years because of their large hydrogen 

capacity, low cost, light weight and non-toxicity etc. However, 

there are some difficulties of the conventional arc-melting 

process for synthesizing the Mg2Ni phase due to the large dif-

ference in the melting points of the two elements, and segrega-

tion problems. Some researchers have tried to overcome these 

drawbacks by employing a combustion synthesis process
[1,2]

. 

In our previous work
[3]

, the Mg2Ni phase was successfully 

synthesized by the thermal explosion mode of the 

self-propagating high-temperature synthesis. As a rule, the 

polycrystalline Mg2Ni phase forms a stable hydride, Mg2NiH4, 

which is unable to desorb hydrogen at room temperature and 

shows a very low electrochemical discharge capacity
[4]

. In or-

der to improve the electrochemical properties of the Mg-Ni-H 

system, the partial substitution of several foreign elements for 

Ni has been studied
[5-7]

. The results show that the partial re-

placement of Ni by V, Cr, Fe, Co, Cu or Zn weakens the 

Mg-Ni bond strength and makes the hydride unstable. Kohno 

et al
[8]

. also reported that the partial replacement of Mg by a 

more electronegative element (Al or Mn) could decrease sig-

nificantly the hydrogen absorption temperature. It is possible 

to improve the reversibility and increase the cycle life due to 

the formation of Al2O3 on the surface of this alloy. In the pre-

sent work, Al is added to the Mg-Ni system by the thermal 

explosion in order to improve electrochemical performance. 

Moreover, the alloy structure and electrochemical characteris-

tics are investigated. The parent alloy Mg2Ni is also charac-

terized for comparison. 

1  Experiment 

Pure Mg, Al and Ni powders were mixed with a composi-

tion Mg2-xAlxNi(x=0, 0.1, 0.2, 0.3, 0.4, 0.5), and ground uni-

formly in a ball mill for 2 h. The ratio of ball and material was 

5:1. The revolution was 150 r/min. Then the mixture was 

pressed into pellets with 20 mm in diameter and 25 mm in 

length under a pressure of 159 MPa. A W-3 % Re/W-25 %Re 

thermocouple inserted in the bottom of the sample was used 

to measure the temperature profile during the thermal explo-

sion. The obtained compact was put in a reaction chamber 

with 0.1 MPa argon. Rapid heating of the compact resulted in 

the ignition of the self-sustained 2Mg + Ni → Mg2Ni reaction 

in thermal explosion mode. Then the reaction chamber was 

cooled to room temperature, the sample was removed and 

crushed to the powder with –200 mesh in air. The phase con-

stituents of these alloys were examined by XRD using Cu Kα 
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radiation. 

To investigate the effect of mechanical grinding on the elec-

trochemical properties of Mg1.5Al0.5Ni alloy, the following ex-

perimental procedure was designed. The combus-

tion-synthesized ternary Mg1.5Al0.5Ni alloy was mechanically 

crushed and charged into Cr-Ni steel vials. The mechanical 

grinding was performed under an Ar atmosphere in a planetary 

ball mill (Fritsch, pulverisette P5). The milling speed of 250 

r/min, and the ratio of ball to powder weight of 30:1 were 

chosen. To minimize temperature rising during ball milling, 

the milling period of 20 min was alternated with an equal rest 

time. Total milling time was 5 h. After finishing the grinding 

process, the milled powders was divided into two portions, one 

was used for XRD measurement and the other was used for 

charge-discharge tests. 

The test electrodes were fabricated according to the follow-

ing procedures: the alloy powder was mixed with fine Ni 

powder in a mass ratio of 1:3,  and pressed into a pellet of 1.0 

cm in diameter under a pressure of 50 MPa. Both sides of the 

pellet were coated with a foam nickel sheet and pressed at 30 

MPa. Subsequently, as current conductor, a nickel lead wire 

was attached to the pressed foam nickel sheet by spot welding. 

The test electrode properties were measured at 298 K using a 

computer-controlled battery testing instrument (PCBT-110- 

32D- A). NiOOH/Ni(OH)2 and Hg/HgO were used as the 

counter electrode and the reference electrode, respectively. In 

charge-discharge cycle tests, each negative electrode was 

charged at 50 mA/g
 
for 3 h and discharged to 0.65 V vs. 

Hg/HgO at 100 mA/g in a 5 mol/L KOH aqueous solution. 

The resting time between charge and discharge was 10 min. 

When the capacity was calculated, the weight of the mixed Ni 

powder in the electrode was subtracted. 

2  Results and Discussion 

2.1  Effect of Al content on the temperature-time curves 

of combustion synthesis  

Fig.1 shows the effect of Al content on the reaction tem-

perature and adiabatic temperature under the thermal explo-

sion of Mg and Ni. It can be seen that the reaction temperature 

of the compact increase slowly with increasing of Al content 

(Fig.1a), while the adiabatic temperature increases strongly 

(Fig.1b). When the Al content reaches x=0.5, the adiabatic 

temperature is even over 1000 �. This is because melting of 

Mg and Al takes place first in the sample. With an increase in 

flow ability of the liquid, the contact area of the initial reac-

tants becomes larger and larger, accelerating the reacting rate 

of the compact. This demonstrates that the reaction is much 

more drastic between Ni and Mg with the  addition of Al. 

2.2  Structure of Mg2-xAlxNi (x=0.1-0.5) alloys   
The XRD patterns of Mg2-xAlxNi (x=0.1-0.5) alloys are 

shown in Fig.2. A new phase appears in the product when Al 

is added to Mg-Ni system, and the relative amount of the new 

phase increases with increasing of Al content. The combu s- 

 

 

 

   

 

 

 

 

 

 

 

 

Fig.1  Effect of Al content on (a) reaction temperature and (b) adia-

batic temperature 

 

tion-synthesized Mg2-xAlxNi alloy with x=0.5 is composed of 

the new phase and elemental Mg, and the Mg2Ni phase dis-

appears entirely. Fig.3 shows the surface structure of the 

Mg2Ni and Mg1.5Al0.5Ni alloys. It can be seen that there are a 

large number of defects on the surfaces of the alloys. The sur-

face of Mg1.5Al0.5Ni alloy is smoother than that of Mg2Ni. 

These features clearly give an evidence of eutectic reaction 

with liquid phase which happened in the combustion synthesis. 

The Mg1.5Al0.5Ni alloy phase has the cubic Ti2Ni structure
 [9]

. 

The bond lengths of Mg-Ni in Mg1.5Al0.5Ni are slightly longer 

than that in hexagonal Mg2Ni, so the instability of its hydride 

is higher than Mg2Ni. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  XRD patterns of Mg2-xAlxNi (x =0.1-0.5) alloys 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  SEM images of Mg2-xAlxNi alloy : (a) x= 0 and (b) x=0.5 
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2.3  Discharge capacity and cycle lifetime 

Electrochemical cycle data for Mg2-xAlxNi(x=0.1-0.5) elec-

trodes with various Al contents within 50 cycles are shown in 

Fig.4. The discharge current density was 100 mA/g. The dis-

charge capacities of electrodes with compositions x=0.5 is 

greatly increased, exceeding the results reported in Refs [9], 

and the Mg1.9Al0.1Ni electrode with x=0.1 displays the poorest 

discharge capacity, which is still higher than that of the Al-free 

alloy (20 mAh/g). From the charging/discharging curves 

shown in Fig.4, it can be seen that the electrochemical capaci-

ties of the alloys decrease gradually. The degradation in the 

discharge capacity of Mg2-xAlxNi electrodes is so weak that 

about 10% of the maximum capacity is lost within 20 cycles; 

the loss of the capacity is far lower than that of the addition of 

Zr
[10]

. After the addition of Al, the electrochemical capacity 

and cycle life increase strongly. On the one hand, owing to the 

high cooling rate in the combustion synthesis, high defect 

concentration and non-equilibrium structure exist in the alloys 

which has more activation
[11]

, as shown in Fig.3, accelerating 

the hydrogen diffusion in and out the alloys and promoting the 

charge transfer reaction. At the same time, as mentioned above, 

the bond lengths of Mg-Ni in the new phase are larger, the unit 

cell volume is increased, indicating a larger hole size where 

hydrogen can be accommodated
[12]

. On the other hand, the ad-

dition of Al improves the anti-corrosion behavior to a certain 

extent due to the formation of an oxide layer of Al2O3, which 

prevents further oxidizing of Mg on the surface of alloys in 

alkaline solution. These results suggest that the addition of Al 

improves greatly the performance of alloys and promotes the 

practical application of these type alloys in a Ni–MH battery. 

2.4  Effect of mechanical grinding on electrochemical 

properties of Mg1.5Al0.5Ni alloy 

Fig.5 shows the XRD patterns of combustion-synthe-sized 

Mg1.5Al0.5Ni alloys before and after 5 h ball milling. The re-

sults show that the width of the diffraction peaks of the pow-

ders increases after mechanical milling. The peak broadening 

means a refinement of the average crystallite size and an in-

crease in the internal strain by mechanical deformation 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relationship between discharge capacity and cycle number for  

Mg2-xAlxNi (x =0.1-0.5) alloys 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  XRD patterns of Mg1.5Al0.5Ni alloys before and after  

mechanical grinding 

 

during ball-milling. The electrochemical properties of the 

Mg1.5Al0.5Ni alloy before and after mechanical grinding are 

shown in Fig.6. It can be seen that the unmilled Mg1.5Al0.5Ni 

alloy electrodes can be only activated after twenty 

charge/discharge cycles, whose maximum discharge capacity 

is 88.7 mAh/g. However, the ball milled Mg1.5Al0.5Ni alloy 

electrodes can be fully activated within three cycles, whose 

maximum discharge capacity reaches 151.3 mAh/g. This is 

because the mechanical grinding results in the decrease of the 

particle size and the augmentation of the defect density of the 

materials. The refinement of the crystallite size causes an in-

crease of the grain boundaries that facilitate hydrogen diffu-

sion in the matrix, and an abundance of defects act as nuclea-

tion sites for the hydride phase, which may considerably im-

prove the diffusion of hydrogen atoms in the electrode mate-

rials
[13]

. Although the maximum capacity of the milled alloy 

electrodes increases strongly, it only maintains at 40% of the 

maximum capacity after 40 cycles, and that of the unmilled 

alloy electrodes is 60%. The ball-milling raises the maximum 

electrode capacity, but does not improve the cyclic stability. 

The reason is that the cyclic stability in milled alloy elec-

trodes is lower than that in unmilled because mechanical  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Electrochemical capacity of Mg1.5Al0.5Ni alloy before and   

after mechanical grinding 
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grinding will break the surface protective layer of Al2O3. A 

new metal hydride surface appears and is then rapidly oxidized, 

so it is not effective to protect the master alloy, resul ting in a 

progressive decrease in the cycle life. Sakai et al
[14]

. pointed 

out that Al could precipitate at the grain boundary in the form 

of AlNi3 preferentially for a Mm-deficient AB5 alloy. This 

compound is easily dissolved in 6 mol/L KOH solution, 

breaking the protective layer and degrading the cyclic stability. 

X-ray diffraction pattern confirms that Al2O3 does exist on the 

surface of unmilled Mg1.5Al0.5Ni after 50 charge-discharge cy-

cles (Fig.7 ). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  XRD pattern of unmilled Mg1.5Al0.5Ni after 50 cycles at dis-

charge current density of 100 mA/g. 

 

3  Conclusion 

1) The pure Mg-Al-Ni ternary hydrogen-storage alloys can 

be synthesized by combustion synthesis method.  

2) With increasing of Al addition, the adiabatic temperature 

of the reaction increases greatly, and the reaction becomes 

very drastic.  

3) A new phase Mg3AlNi2 appears in the product, and the 

relative amount of the new phase increases as increasing of Al 

content. The new phase has excellent electrochemical proper-

ties, the capacity of the alloys increases with the increase of 

the amount of the new phase.  

4) There are a large number of defects formed on the sur-

face of the alloys. 

5) Addition of Al not only increases the electrochemical 

capacity, but also prevents the alloys electrode from being 

further oxidized, and prolongs the cycle life of the alloy to a 

great extent. 

6) The mechanical grinding is beneficial to improve activa-

tion behavior and the maximum electrode capacity, but does 

not improve the cyclic stability. 
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