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Mg-based hydrogen storage alloys Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 0.06) were successfully prepared by means 
of mechanical alloying (MA). The effects of Zr addition on the discharge capacity and the cycle performance of the 
Mg-based electrodes were also studied. It was found that the discharge capacities were improved with addition of a 
small amount of Zr and the cycle performances of the alloy were stabilized with the addition of Ti. The effects of 
surface modification or coating on the properties of Mg0.9Ti0.06Zr0.04Ni were also studied. The results indicated that 
coating with graphite improved both the discharge capacity and cycle life of the amorphous Mg0.9Ti0.06Zr0.04Ni elec-
trode.  
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Introduction 

Mg-based hydrogen storage alloys are attractive ma-
terials for energy conversion and hydrogen storage be-
cause of their lighter weight, higher hydrogen storage 
capacity and lower cost compared to other series of hy-
drogen storage materials.1 

In recent years, it was found that some amorphous 
Mg-Ni alloys prepared by mechanical alloying (MA) 
could absorb and desorb electrochemically a large 
amount of hydrogen at room temperature. Zhang et al.2 
reported that the Mg-Ni type alloys substituted with Zr 
possessed a high cycling capacity retention and a larger 
initial discharge capacity than original alloy 
Mg35Ti10Ni55.

 Goo et al.3 reported that the discharge 
capacity of (Mg0.7Zr0.3)2 reaches 530 mA•h•g 1. 

However, the practical application of Mg-based al-
loys is prevented by their poor hydriding/dehydriding 
kinetics at room temperature and their rapid degradation 
in alkaline solution. Those amorphous MA alloys make 
a new promise of research application of Mg-based al-
loys. The mechanism of degradation for amorphous 
Mg-Ni alloys and the methods to improve it have been 
widely studied at present.4-7 Iwakura et al.8 and Liu  
et al.9 reported that the main reason for degradation of 
amorphous MgNi alloy is serious oxidation of magne-
sium and nickel by the electrolyte. 

Surface coating is a kind of surface modification, 
which plays an important role in improving the surface 
activation of Mg-based hydrogen storage alloys, pro-
tecting alloys form oxidation and depressing the capac-

ity degradation. Iwakura et al.10 have studied electro-
chemical characterization of MgNi alloy which was 
surface modified with graphite, and it was reported that 
the discharge capacity of those alloys were improved. 
Han et al.11 reported that the surface of the amorphous 
MgNi alloy was coated with Ti, Al and Zr by ball mill-
ing in order to improve the cycle life. Iwakura et al.12 
reported that Mg0.9Ti0.06V0.04Ni-graphit composite ex-
hibited better high-rate discharge ability and cycle per-
formance than either Mg0.9Ti0.06V0.04Ni alloy or 
MgNi-graphite composite. These results indicate that 
both bulk and surface modifications of in the MgNi al-
loy are very effective in improving their hydrogen de-
sorbability and charging-discharging characteristics. 

In this paper, on the basis of the previous work, par-
tial substitution of elements Ti and Zr for Mg and the 
surface modification with graphite were carried out in 
order to improve the electrode characteristics of MgNi 
amorphous alloys and the effects of Ti, Zr addition were 
investigated. 

Experimental  

MgNi and Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 0.06) 
alloys were prepared from mixed powder of pure Mg, 
Ni, Ti, and Zr by MA. Metal powders the purity of 
which was higher than 99% with sizes of 200 mesh 
were used. The experiment conditions were adopted as 
follows: the mixed pure metal powder with a ball to 
powder weight ratio of 20 1 in a stainless steel vessel 
under an Ar atmosphere was milled for 80 h. The rolling 
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speed of ball milling machine was 450 r/min. The con-
tainers (250 mL in volume) and balls (10 20 mm in 
diameter) were made of stainless steel. 

The method of surface modification is that the MA 
80 h alloys and 10 wt% graphite were mixed together in 
the stainless steel vessel with a ball to powder weight 
ratio of 100 1 at a speed of 450 r/min under an Ar at-
mosphere for 1 h. The prepared powder was amorphized 
composite alloy, which was made of Mg0.9Ti0.06Zr0.04Ni 
alloy and graphite. 

The crystal structure and surface configuration of the 
alloy were characterized by X-ray diffraction (Rigaku 
D/Max-2500, Cu K� radiation), scanning electron mi-
croscopy (Hitachi X-650), and EDAX Falcon-60 energy 
apparatus.� 

The test electrodes were prepared by mixing the MA 
alloy powder with Ni powder in a mass ratio of 1 3, 
and 0.6 g of the mixture was pressed under a pressure of 
30 MPa into pellets of 10 mm in diameter. After that, 
both sides of the resulting pellet were covered with a 
foam nickel sheet (2 2 cm2) and pressed at 20 MPa 
and soldered to a Ni wire to prepare a negative electrode. 
Charging-discharging cycle tests of the alloy electrodes 
were carried out in 5 mol/L KOH solution at room tem-
perature. Electrochemical measurements were per-
formed using an automatic land battery-testing instru-
ment controlled by a computer. The electrochemical 
charge-discharge test has used a three-electrode system, 
a testing electrode, a NiOOH/Ni(OH)2 counter electrode 
and Hg/HgO reference electrode. The preparation of the 
testing electrode and the measuring methods has been 
reported before.13 Each negative electrode was charged 
at 100 mA•g 1 for 6 h and discharged to 0.5 V vs. 
Hg/HgO at 25 mA•g 1. The resting time between charg-
ing and discharging was 10 min.  

Result and discussion 

Structural characteristics  

Figure 1 shows the XRD patterns of the MA 40 h 
MgNi and Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 0.06) alloys, 
and the XRD patterns of the MA 80 h alloys have been 
given in Figure 2. With the ball-milling time increasing, 
the peaks of MgNi and Ni become broader and less in-
tense. All alloys exhibit a broad diffuse peak at around 
40 45 degree, which implies that the partial substitu-
tion of MgNi by the elements of Ti and Zr studied does 
not change the amorphous major phase structure. All the 
alloys of MA 80 h exhibit a trace of elemental Ni except 
Mg0.9Ti0.04Zr0.06Ni alloy, that is to say, Mg0.9Ti0.04- 
Zr0.06Ni alloy has been completely amorphized. This 
indicates that the partial substitution by Zr in MgNi type 
alloys can promote the extent of amorphism in those 
alloys.14 That is because the atomic radius of Zr is larger 
than that of Mg or Ni. Therefore, Zr addition to MgNi 
type alloys may lead to severe volume expansion of 
MgNi lattice. Chakk et al.15 advanced a model for 
amorphization by MA. During the mechanical alloying 

of Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 0.06) alloy, the Zr 
atom penetrates into the host MgNi lattice, which may 
occupy either a substitutional or interstitial site in the 
MgNi lattice. During ball milling of Mg0.9Ti0.1 xZrxNi (x

0.02, 0.04, 0.06) alloys, the lattice strain is caused by 
comminution. The mechanical strain at room tempera-
ture can effectively destroy ordering of the host lattice 
with the help of the impurity Zr and Ti. 

 

Figure 1  XRD pattern of MgNi, Mg0.9Ti0.1 xZrxNi (x 0.02, 
0.04, 0.06) by MA 40 h. 

 

Figure 2  XRD pattern of MgNi, Mg0.9Ti0.1 xZrxNi (x 0.02, 
0.04, 0.06) by MA 80 h. 

Figure 3 is XRD patterns of Mg0.9Ti0.06Zr0.04Ni sur-
face modified or coated with graphite and Mg0.9Ti0.06- 
Zr0.04Ni uncoated alloy. Compared to XRD patters of 
both alloys, the peak of the coated alloys is boarder and 
less intense, but the change is not very distinctive. The 
Mg0.9Ti0.06Zr0.04Ni alloy coating  with graphite and 
uncoated Mg0.9Ti0.06Zr0.04Ni alloy were examined by 
SEM. As can be seen form the SEM image shown in 
Figures 4 and 5, after coated with graphite, some small 
graphite grains were absorbed on the surface of 
Mg0.9Ti0.06Zr0.04Ni alloy, and the other graphite grains 
penetrated into the inside surface alloy lattice. Figure 5 
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shows that there is a thin graphite sheet on the surface 
of Mg0.9Ti0.06Zr0.04Ni alloy. 

 
Figure 3  XRD patters of Mg0.9Ti0.06Zr0.04Ni coated with graph-
ite and uncoated alloys. 

 

Figure 4  SEM micrograph of Mg0.9Ti0.06Zr0.04Ni alloy uncoated 
with graphite. 

 

Figure 5  SEM micrograph of Mg0.9Ti0.06Zr0.04Ni alloy coated 
with graphite. 

Charging/discharging characteristics  

MA MgNi and Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 
0.06) alloy possess good activation behavior, and all 
alloys reach their maximum discharge capacity at the 
first cycle. Figure 6 shows discharge capacities of those 
alloy electrodes. Compared to MgNi alloy, the discharge 
capacity of Mg0.9Ti0.08Zr0.02Ni and Mg0.9Ti0.06Zr0.04Ni 
alloys was increased. Especially, the Mg0.9Ti0.06Zr0.04Ni 
alloy has the maximum discharge capacity, which is 
401.56 mA•h•g 1 at a discharge density of 25 mA•h•g 1 
in the first cycle. The increasing discharge capacity in-
dicates that partial substitution of alloying elements Ti 
and Zr for Mg has distinctively improved the discharge 
capacities of MgNi alloy. From Figure 6, a few substitu-
tion of Zr for Mg could improve the discharge capacities 
of x 0.02, 0.04 alloys, but much substitution of Zr for 
Mg decreased the discharge capacities of x 0.06 alloy. 
That is because, the atomic radius of Zr is larger than 
that of Mg, little partial Zr substitution atom penetrates 
into the alloy lattice so that it prefers a good channel for 
hydrogen diffusion. But there is not enough reason to 
excuse why much substitution of Zr for Mg decreased 
the discharge capacities of the x 0.06 alloy. 

 
Figure 6  Discharge capacities of MgNi and Mg0.9Ti0.1 xZrxNi (x

0.02, 0.04, 0.06) all electrodes. 

Figure 7 shows cycle performance of MgNi and 
Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 0.06) alloy electrodes. 
The Mg0.9Ti0.1 xZrxNi (x 0.02, 0.04, 0.06) alloy elec-
trodes have better cycle life than MgNi alloy. With the 
substitution of Ti lower and the substitution of Zr higher, 
the cycle stability was decreased. It indicated that partial 
substitutions of Ti for Mg can improve the cycle per-
formance of the alloys and the corruption of alloy in the 
alkali solution, but this partial substitutions of Ti can not 
improve the discharge capacity of the alloys. Iwakura 
et al.8 reported that it is because in the process of dis-
charge, Ti performed a thick sheet of oxidation that the 
partial substitution improved the anti-corruption ability 
of the alloys. This result agrees with the correlate study 
by Ye et al.16 In conclusion at the MgNi type hydrogen 
storage alloys, little partial substitutions of Zr for Mg 
can improve the discharge capacities of the alloys, and 
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partial substitutions of Ti for Mg can improve the cycle 
performance of the alloy electrodes. 

 
Figure 7  Cycle life of MgNi and Mg0.9Ti0.1 xZrxNi (x 0.02, 
0.04, 0.06) alloy electrodes. 

Figure 8 is the XRD figure of Mg0.9Ti0.06Zr0.04Ni al-
loy electrode after 30 cycles charge-discharge. Except 
the Ni peak in this XRD pattern, we can see Mg(OH)2 
peak, which indicates that after 30 cycles, Mg(OH)2 has 
been formed on the surface of the alloy electrode, de-
creasing the stability of Mg0.9Ti0.06Zr0.04Ni alloy elec-
trode in alkali solution. This is because the corrosion 
outcomes surround the alloy particle to prevent them 
from contacting basal body and absorbing-desorbing 
hydrogen which consequently led to rapid decrease of 
alloy electrode capacity. Therefore, the form action of 
Mg(OH)2 on the electrode surface is the main reason. 

From Figure 9, we can see that both the discharge 
capacity and the cycle performance of the 
Mg0.9Ti0.06Zr0.04Ni alloy electrode were improved after 
MA 1 h with graphite. Graphite has a good surface 
modification effect on alloy to improve its electro-
chemical characteristics.

 
Figure 8  XRD figure of Mg0.9Ti0.06Zr0.04Ni alloy electrode after 30 cycles of charging-discharging.

 

Figure 9  Discharge capacities of Mg0.9Ti0.06Zr0.04Ni alloy elec-
trodes coated and uncoated with graphite. 

The surface element distribution of the 
Mg0.9Ti0.06Zr0.04Ni-graphite alloys (EDAX)  

EDAX is a method to test the surface element dis-
tribution of the alloys. In order to further study the rea-
sons for the improvement of anticorruption in the alkali 
solution, the coated with graphite and uncoated 
Mg0.9Ti0.06Zr0.04Ni alloys were tested by EDAX meth-
ods. Figure 10 is the EDAX pattern of uncoated 
Mg0.9Ti0.06Zr0.04Ni alloy, and Figure 11 is the EDAX 
pattern of that alloy coated with graphite. 

As can be seen from Figures 10, 11 and Tables 1, 2, 
before and after coating with graphite, the mass and 
atom content of element Mg, Ni on the surface of the 
alloy decreased. Before and after alloys were coated 
with graphite, the mass proportion of Ni/Mg on the sur-
face of the alloy increased from 2.052 to 2.056, and 
atom proportion of Ni/Mg increased from 0.8499 to 
0.8515. With the content of Ni/Mg increasing, the mass 
and atom content of Mg on the alloy surface decreased, 
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Figure 10  the EDAX pattern of uncoated Mg0.9Ti0.06Zr0.04Ni alloy. 

 

Figure 11  the EDAX pattern of coated Mg0.9Ti0.06Zr0.04Ni alloy.

Table 1  The mass content of partial surface elements of the 
Mg0.9Ti0.06Zr0.04Ni coated with graphite (wt%) 

 C Mg Ni 

Before coated 11.86 25.56 52.46 

After coated 33.63 16.37 33.66 

Table 2  The atom content of partial surface elements of the 
Mg0.9Ti0.06Zr0.04Ni coated with graphite (wt%) 

 C Mg Ni 

Before coated 32.10 34.17 29.04 

After coated 65.82 15.83 13.48 

which decreased the corrupted probability of Mg in al-
kali solution. Therefore, we can draw the conclusion 
that the mass and atom proportion of Ni/Mg on the sur-
face of the Mg0.9Ti0.06Zr0.04Ni alloy is the main reason 
for the improving of anticorruption characteristic. In 
addition, graphite coated sheet on the alloy surface pro-
tected the alloy from corruption in the alkali solution at 
the same time improving the anticorruption of 
Mg0.9Ti0.06Zr0.04Ni alloy. 

Conclusions 

(1) The Mg-based hydrogen storage alloys MgNi 

and Mg0.9Ti0.1 Zr Ni (x 0.02, 0.04, 0.06) were suc-
cessful prepared by means of mechanical alloying (MA). 
The XRD patters indicated that all the alloy were almost 
amorphized and the partial substitution of Zr for Mg in 
MgNi type alloys can promote the extent of amorphism 
in those alloys.  

(2) In all alloys prepared in this work, Mg0.9Ti0.06- 
Zr0.04Ni alloy electrode has a maximum discharge ca-
pacity, but the cycle life of this alloy is not very satis-
factory. Discharge capacities of Mg0.9Ti0.1 Zr Ni (x
0.02, 0.04, 0.06) alloys were improved by little Zr add-
ing and cycle life of the alloy was stabilized by Ti add-
ing. 

(3) Both of the discharge capacity and cycle perfor-
mace of Mg0.9Ti0.06Zr0.04Ni alloy were improved by sur-
face modification or coating with 10 wt% graphite. The 
pattern of XRD indicated that the main amorphous 
structure is not changed much by coating with graphite, 
but the SEM pattern of the Mg0.9Ti0.06Zr0.04Ni coated 
alloy showed that little grains of graphite were pene-
trated into the inside crystal structure of the alloy sur-
face. And the SEM pattern also showed that there was a 
thin sheet on the alloy surface, and the sheet protected 
and shielded Mg from corruption in the alkali solution, 
thus it could improve the anti-corrosion behavior of the 
Mg0.9Ti0.06Zr0.04Ni alloy electrode. 

(4) The EDAX pattern indicated that the mass and 
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atom proportion of Ni/Mg were increased, which de-
creased the corrupted probability of the Mg in alkali 
solution and that further illuminated that the cycle per-
formance of the Mg0.9Ti0.06Zr0.04Ni alloy electrode is 
improved by coating with graphite. 
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