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a b s t r a c t

Mg2Ni–x mol% Mg3MnNi2 (x = 0, 15, 30, 60, 100), the novel composite alloys employed for hydrogen stor-
age electrode, have been successfully synthesized by a method combining electric resistance melting
with isothermal evaporation casting process (IECP). X-ray diffraction (XRD) analysis results show that
the composite alloys are composed of Mg2Ni phases and the new Mg3MnNi2 phases. It is found on the
electrochemical studies that maximum discharge capacities of the composite alloys increase with the
increasing content of the Mg MnNi phase. The discharge capacity of the electrode alloy is effectively
eywords:
omposite hydrogen storage alloy

sothermal evaporation casting process
lectrochemical characteristics

3 2

improved from 17 mAh g−1 of the Mg2Ni alloy to 166 mAh g−1 of the Mg3MnNi2 alloy. Among these alloys,
the Mg3MnNi2 phase possesses a positive effect on the retardation of cycling capacity degradation rate
of the electrode materials. Cyclic voltammetry (CV) results confirm that the increasing content of the
Mg3MnNi2 phase effectively improves the reaction activity of the electrode alloys. Surface analyses indi-
cate that the Mg3MnNi2 phase can enhance the anti-corrosive performance of the particle surface of these

composite alloys.

. Introduction

Mg-based hydrogen storage alloys are considered as the nega-
ive electrode materials for nickel–metal hydride (Ni–MH) batteries
ecause of their high theoretical discharge capacity, light weight,

ow cost and abundant resources [1]. However, their rapid capac-
ty decay in KOH electrolyte limited the practical application of

g-based alloys to Ni–MH battery systems. In order to improve
he electrode performance of Mg2Ni alloy, modification of its com-
osition by partial substitution of Mg and/or Ni has been widely
tudied [2–6]. It was found that Mn as partial substitute for Mg or
i in Mg2Ni alloys was effective in increasing the electrode cycle life

2–5]. Mg2Ni-based alloys containing the Mg3MnNi2 phase of the
ubic crystal structure could restrain the alloy surface from corro-
ion in alkaline solution [5]. It was reported by Denys et al. [7] that
ew intermetallic compound Mg3MnNi2 also exhibited an ideal dis-
harge capacity and good cyclic stability in comparison with other

g-based alloys.

Most of hydrogen storage materials with the nanocrystalline
tructure have been widely prepared by the method combining
echanical alloying with the annealing or sintering procedure
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[2–4,7]. However, it usually takes a longer time to prepare alloy
by the mechanical alloying method and the homogeneous sample
is difficult to obtain. Besides, the impurity could be introduced into
the desired composition during the milling process [8]. An inno-
vative method integrating conventional melting and isothermal
evaporation casting process (IECP) has been proposed to produce
the Mg2Ni alloy. It was reported [9] the attractive characteristics of
this method was used on the mass production of highly pure and
homogeneous Mg2Ni alloy.

In spite of some studies on improving the electrochemical char-
acteristics of Mg2Ni alloy through manganese addition [2–6], few
ones on the surface analyses of modified alloy electrode were per-
formed. Therefore, the composite alloys Mg2Ni–x mol% Mg3MnNi2
(x = 0, 15, 30, 60, 100) have been synthesized by the method com-
bining electric resistance melting with IECP. The influence of the
Mg3MnNi2 phase on the structure, surface chemical composition
and electrochemical properties of the synthesized materials was
studied. These measurements may supply useful information over
the anti-corrosion performance on the surface of the studied mate-
rials.
2. Experimental

Section 3 will detail the concept and the procedure to prepare
the composite alloys Mg2Ni–x mol% Mg3MnNi2 (x = 0, 15, 30, 60,

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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00). To confirm the purity of the composite alloys, the structure
nd composition were examined by X-ray diffraction (XRD) and
nductively coupled plasma-atomic emission spectroscopy (ICP-
ES). The bulk sample was mechanically ground to 2000 grade SiC
aper and polished to 0.05 �m Al2O3 powders before microstruc-
ure observation. Then, the surface morphology and atomic ratio
f the composite alloys were investigated with the scanning elec-
ron microscopy (SEM) and the electron probe X-ray microanalyzer
EPMA). In order to determine the freezing point of the Mg3MnNi2
hase, a pure Ar flow was induced into the differential scan-
ing calorimeter (DSC) heated from 25 to 1200 ◦C at a rate of
0 ◦C min−1. The constituent elements of the surface of the compos-
te alloys were examined with X-ray photoelectron spectroscopy
XPS) depth profiles after cycle life testing. Accelerated Ar+ ions
t 3.0 keV were sputtered on the alloy surface at a rate of ca.
.0 Å s−1.

Electrochemical charge and discharge cycling tests were
erformed with a Neware battery test system, employing a two-
lectrode cell in 6 M KOH and 1 wt% LiOH electrolyte at room
emperature. The working electrode was fabricated in the following
rocedure. The mixture that was composed of 1 g composite mate-
ials, 2 g nickel powders and 0.01 g polyvinyl alcohol solution was
asted onto both sides of the foam nickel sheet, which was previ-
usly spot-weld onto a nickel wire. The mixture pasted onto foam
ickel, after being dried, was cold pressed at 40 MPa. The counter
lectrode was NiOOH/Ni(OH)2. The working electrode was charged
t 50 mA g−1 for 10 h and discharged at 10 mA g−1 with a cut-off
otential set at 1.0 V. The resting time between charge and discharge
as 10 min.

The cyclic voltammetry (CV) curves were measured with a
H/600C instrument in a three-electrode system with the compos-

te alloys as working electrode, a platinum as counter electrode and
g/HgO as reference electrode. The scan rate of CV measurement
as 5 mV s−1 and the scan range was between −1.2 and −0.35 V.

. Results and discussion

.1. The concept and procedure of alloy fabrication

The primary Mg3MnNi2 alloy could be formed first at around
120 ◦C according to DSC analysis and the final products would be
he mixture of Mg3MnNi2, Mg2Ni and Mg, respectively. The primary
nd eutectic reactions based on the Mg–Ni binary phase diagram
ook place during the cooling process because the electric resistance

elting of Mg, Ni and Mn elements was adopted. Reaction Eq. (1)
as as follows:

(3x + 2y + z)Mg(l) + xMn(l) + (2x + y)Ni(l)

→ xMg3MnNi2(s) + yMg2Ni(s) + zMg(s) (1)

his experiment intends to produce the composite alloys
g2Ni–x mol% Mg3MnNi2 with various Mg3MnNi2 contents. There-

ore, reaction Eq. (2) is acquired through modifying reaction Eq. (1)
y adjusting the proportion of Mg, Ni and Mn elements and utilizing

ECP to evaporate the Mg element.
Suppose z = 0, y = 1 − x from Eq. (1):

(x + 2)Mg(l) + xMn(l) + (x + 1)Ni(l)

→ xMg3MnNi2(s) + (1 − x)Mg2Ni(s) (2)

When the nominal composition of 15 mol% Mg3MnNi2–85 mol%

g2Ni, i.e. 40.8 Mg–52.7 Ni–6.5 Mn (wt%) was applied to prepare

he MMN15 alloy, an unexpected MgNi2 phase would be produced.
o avoid the formation of MgNi2 phase, an excess amount of Mg
as added to change the weight ratio of Mg and Ni in the Mg–Ni
hase within an appropriate range after formation of the primary
Fig. 1. The thermal profile of the MMN15 (15 mol% Mg3MnNi2–85 mol% Mg2Ni) alloy
preparing.

Mg3MnNi2 phase. According to the binary Mg–Ni phase diagram,
the appropriate wt% of Ni to produce Mg2Ni phase is between 23.5
and 49.7. Therefore, a modified composition 50.3 Mg–44.3 Ni–5.4
Mn (wt%) was employed for the raw materials to make the MMN15
alloy. The thermal profile of the MMN15 alloy prepared by the
method combining electric resistance melting with IECP is illus-
trated in Fig. 1. There are three main steps: Mg–Mn–Ni melting
and mixing, primary Mg3MnNi2 alloy formation and Mg2Ni alloy
purifying.

(1) Mg–Mn–Ni melting and mixing: Mg bulks prepared from com-
mercial pure Mg ingot (99.9 wt% purity) without cutting oil,
commercial fine Mn powder (<75 �m, 99.9 wt% purity) and Ni
powder (<10 �m, 99.99 wt% purity) were used in this work. A
weight of 160 g mixture of Mg bulk, Mn powder and Ni powder
with the composition of 50.3 Mg–44.3 Ni–5.4 Mn (wt%) was
prepared as raw materials for the preparation of the MMN15
alloy. The raw materials were put into a stainless steel crucible
(diameter 10 cm × 25 cm) and heated by an electric resistance
furnace under an argon atmosphere at 1200 ◦C for 0.5 h. The
homogeneous Mg–Mn–Ni liquid phase was easily obtained at
1200 ◦C by continuous stirring.

(2) Primary Mg3MnNi2 alloy formation: after the homogeneous
Mg–Mn–Ni liquid formation, the well-mixed melt was cast into
a preheated thin plate mold and held at 1120 ◦C for 0.5 h to
obtain primary Mg3MnNi2 alloy. The proportion of primary
Mg3MnNi2 alloy and liquid phase was affected by the holding
temperature and the composition of the raw materials. When
the Mg3MnNi2 alloy was composed of 7.2 wt% Mg, 5.4 wt% Mn
and 11.6 wt% Ni, and produced at 1120 ◦C, the un-reactive com-
position of 56.9 wt% Mg–43.1 wt% Ni still existed in the liquid
phase.

(3) Mg2Ni alloy purifying: after the primary Mg3MnNi2 alloy for-
mation, the homogeneous Mg–Ni liquid was cooled and held at
750 ◦C for 3.0 h to accelerate the evaporation of the excess Mg
in the liquid phase. With the decrease of Mg, the composition of
liquid phase would gradually shift to the Ni-rich direction and
end at the theoretical composition of Mg2Ni alloy based on the
Mg–Ni phase diagram.

Eventually, the mixture of primary Mg3MnNi2 and Mg2Ni alloy
was left. The characteristic of synthesizing the composite alloys

Mg2Ni–x mol% Mg3MnNi2 with various Mg3MnNi2 contents could
be applied to both formation proportions of Mg3MnNi2 through
adding Mn element and Mg2Ni alloy synthesis through IECP.
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3.3. Discharge performance

The effects of the electrode alloys with various Mg3MnNi2
contents on the discharge behavior are shown in Fig. 5. The dis-
Fig. 2. SEM images of the as-cast alloys: (a) MMN15, (b) MMN30, (c) MMN60

.2. The microstructure of the as-cast alloys

The observations on the microstructure of the composite alloys
MNX (X represents Mg3MnNi2 content in the composite alloy)

re shown in Fig. 2. According to EPMA analysis, the A region sig-
ifies Mg2Ni alloy with few Mn solute atoms and its atomic ratio

s nearly 65.9 Mg, 31.9 Ni and 2.2 Mn in Fig. 2(a)–(c). EPMA indi-
ates the B region is Mg3MnNi2 alloy with a similar atomic ratio of
9.6 Mg, 34.6 Ni and 15.8 Mn, which is close to the ideal ratio of
0 Mg, 33.3 Ni and 16.7 Mn in Fig. 2(a)–(d). The C regions are deep
orosities caused by the loss of Mg during the evaporation proce-
ure. With the increase of the Mg3MnNi2 phase, the microstructure
f the composite alloys turns gradually from two phases to single
hase.

Fig. 3 shows the X-ray diffraction patterns of the composite
lloys MMNX with various Mg3MnNi2 contents. All diffraction
eaks of MMN0 alloy correspond to the JCPDS 75-1250 standards
f Mg2Ni alloy in Fig. 3(a). In Fig. 3(b), it was also found that a new
hase, Mg3MnNi2, was formed in the MMN15 alloy according to
he SEM analysis. With the rise of Mg3MnNi2 contents, the amount
f the Mg2Ni phase gradually decreases and the relative amount of
he new phase gradually increases. Fig. 3(e) shows that, when the

g3MnNi2 concentration reaches x = 100, the Mg2Ni phase almost
isappears. It was found that only single phase Mg3MnNi2 was

ormed in the MMN100 alloy, which echoed the result of the SEM
nalysis. In addition, Table 1 demonstrates the impurity amount of
s-cast alloys evaluated with ICP-AES identification. Except for few
mounts of Cr, Fe and O, the analytic compositions of as-cast alloys

re close to the theoretical compositions of the composite alloys.

According to the identification of SEM and ICP-AES, the pure and
omogeneous Mg3MnNi2 alloy would be successfully fabricated by
lectric resistance melting of Mg, Ni and Mn element. In order to
etermine the freezing point of the Mg3MnNi2 phase, DSC analysis
d) MMN100 (A: Mg2Ni with Mn solute atoms, B: Mg3MnNi2 and C: porosity).

of a pallet-type one is carried out at the temperature range from 25
to 1200 ◦C. The resulting profile is shown in Fig. 4. An endothermic
peak can be observed at around 1120 ◦C after melting of the alloy
powder.
Fig. 3. XRD patterns of the as-cast alloys: (a) MMN0, (b) MMN15, (c) MMN30, (d)
MMN60 and (e) MMN100.
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Table 1
The ICP-AES identification of the as-cast MMNX (0�X�100) alloys.

Alloys Theoretical composition (wt%) Real composition (wt%)

Mg Ni Mn Mg Ni Mn Fe Cr O

MMN0 45.3 54.7 0 45.7 53.9 0.02 0.3 0.03 0.04
MMN15 40.8 52.7 6.5 41.2 52.2 6.2 0.31 0.03 0.05
MMN30 37.6 51.3 11.1 38.1 50.7 10.8 0.32 0.02 0.05
MMN60 33.3 49.4 17.3 33.6 48.9 17.1 0.3 0.03 0.06
MMN100 29.7 47.9 22.4 30.0 47.5 22.1 0.31 0.02 0.06
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ig. 4. DSC profile of the as-cast Mg3MnNi2 alloy (the endothermic peak around
120 ◦C indicated the melt of Mg3MnNi2 alloy).

harge capacity of the Mg2Ni alloy was significantly improved by
he addition of Mg3MnNi2. With the increment of Mg3MnNi2 in
he electrode alloys, the discharge capacity gradually increased.
he discharge capacity of the MMN100 alloy was found to be
66 mAh g−1 at discharge current density of 10 mA g−1, while the
ischarge capacity of the MMN0 alloy was only 17 mAh g−1 at the
ame discharge current density.
The cyclic discharge stability of MMNX electrode alloys with
arious Mg3MnNi2 contents within 15 cycles at 25 ◦C is shown
n Fig. 6. The electrode alloys MMNX (0�X�100) reached their

aximum discharge capacity after 1–3 cycles. The discharge capac-

ig. 5. Discharge curves of the as-cast alloys: (a) MMN0, (b) MMN15, (c) MMN30,
d) MMN60 and (e) MMN100.
Fig. 6. Discharge capacity as a function of the number of cycles of the as-cast alloys:
(a) MMN0, (b) MMN15, (c) MMN30, (d) MMN60 and (e) MMN100.

ity of the electrode alloys gradually increased with the rise in
Mg3MnNi2 content. When the phase ratio of Mg3MnNi2 reached
x = 100, the maximum discharge capacity of the MMN100 alloy
was 166 mAh g−1, which was higher than that of the MMN0 alloy
(17 mAh g−1). It means that the additional Mg3MnNi2 helped to
improve the discharge capacity of the electrode alloys. By compar-
ing the discharge capacity retention rates, C15/Cmax, of the electrode
alloys listed in Table 2, one can see that the cyclic discharge stabil-
ity of the electrode alloys could be enhanced with the increase of
Mg3MnNi2 content. It was suggested that Mg3MnNi2 was useful to
inhibit the formation of corrosive reaction against the alloy surface
in the alkaline solution and improve the cyclic discharge stability.

Fig. 7 shows the cyclic voltammogram curves of the electrode
alloys MMNX (0�X�100) in the electrolyte (6 M KOH + 1 wt% LiOH)
at 25 ◦C. The anodic peak around −0.65 V versus Hg/HgO could be
referred to the oxidation reaction of hydrogen absorbed in the alloys
according to the equation [10]:

− −
MH + OH → M + H2O + e

The cathodic peak around −1.0 V versus Hg/HgO is referred to the
reduction reaction of hydrogen and adsorption on the surface of

Table 2
The cyclic stability of the as-cast MMNX (0�X�100) alloys.

Alloys Cmax
a (mAh g−1) C15

b (mAh g−1) C15/Cmax (%)

MMN0 17 5 29.41
MMN15 35 18 51.42
MMN30 93 53 56.98
MMN60 146 87 59.58
MMN100 166 103 62.05

a The maximum discharge capacities of the alloy.
b The discharge capacities of the alloy at the 15th cycle.
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Fig. 7. Cyclic voltammograms curves for the as-cast alloys: (a) MMN0, (b) MMN15,
(c) MMN30, (d) MMN60 and (e) MMN100.

Fig. 8. XPS depth profiles of cycled as-cast alloys: (a) MMN0 and (b) MMN100 after
five cycles.

)

ources 195 (2010) 374–379

alloys in terms of the equation:

M + H2O + e− → MH + OH−

It can be seen in Fig. 7 that the anodic/cathodic peak current of the
electrode alloys gradually increases with the rise of Mg3MnNi2 con-
tent. It indicated that additional Mg3MnNi2 promoted the reduction
reaction of hydrogen and improved the absorbability of hydrogen
on the electrode surface. This suggested that the electrocatalytic
activities of the electrode alloys for hydrogen oxidation could be
enhanced with the increase of Mg3MnNi2 content. These results
revealed that the anodic peak current of the electrode alloys
increases with the rise of Mg3MnNi2 content, which is consistent
with the results of the discharge capacity.

3.4. Surface analysis

In order to clarify the reason for the improvement in the electro-
chemical characteristics, elemental concentration distribution on
the surface of the electrode alloys during charge–discharge cycles
is investigated using XPS. Fig. 8 shows depth profiles of constituent
distribution of the alloy powders after five charge–discharge cycles.
For the MMN0 alloy after the cycles, it was observed that oxygen
content was ca. 55 at.% on the top surface and immediately started
to decrease until a saturated high level content of ca. 42 at.%. This
indicated that the thick oxidized layer was formed on the alloy sur-
face by charge–discharge cycles in alkaline solution. Kim et al. [11]
have demonstrated that Mg is oxidized to Mg(OH)2 on the surface
of the Mg alloy in alkaline solution. The surface layer oxidized of the
MMN100 alloy becomes thinner during charge–discharge cycles as
can be seen from Fig. 8(b). This result showed that the MMN100
alloy had a positive effect on suppressing of the oxidation of the
alloy surface. The results of electrochemical test and XPS as men-
tioned above reveal that the Mg3MnNi2 phase may be effective
in suppressing the oxidation of the alloy surface and contain the
characteristic of maintaining the electrocatalytic activities of the
alloy, leading to the improvement in the charge–discharge cycle
performance.

4. Conclusions

The influences of differential molar ratio of Mg2Ni to Mg3MnNi2
on the structure and electrochemical performances of the com-
posite alloys were investigated. The preparation method of the
Mg2Ni–Mg3MnNi2 composite alloy system adopted the method
combining electric resistance melting with IECP. The core concept
of this preparation method is centered on adjusting the element
rate and the evaporative properties of Mg. The equation is listed
below:

(x + 2)Mg(l) + xMn(l) + (x + 1)Ni(l) → xMg3MnNi2(s) + (1 − x)Mg2Ni(s

It was found that the main phase of the composite alloys was trans-
formed Mg2Ni with hexagonal crystal structure into a new phase
Mg3MnNi2.

The composite alloys Mg2Ni–x mol% Mg3MnNi2 (x = 0, 15, 30,
60, 100) required 1–3 cycles to reach their maximum dis-
charge capacity. The discharge capacity increased from 17 to
166 mAh g−1 with the increasing of Mg3MnNi2 content from x = 0
to x = 100. The Mg3MnNi2 alloy electrode possessed the highest
cyclic stability of discharge capacity among the alloys because

oxide was not easily generated on the surface by the electrolyte
after five charge/discharge cycles according to XPS depth pro-
files. Cyclic voltammetry demonstrated that the Mg3MnNi2 phase
could improve the electrocatalytic activities and the anti-corrosion
behavior.
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