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a b s t r a c t

The partial substitution of M (M = Cu, Co, Mn) for Ni has been performed in order to ameliorate the elec-
trochemical hydrogen storage performances of Mg2Ni-type electrode alloys. The melt spinning technol-
ogy was used to prepare the Mg20Ni10�xMx (M = None, Cu, Co, Mn; x = 0, 4) electrode alloys. The impacts
of the melt spinning and the M (M = Cu, Co, Mn) substitution on the structures and electrochemical
hydrogen storage characteristics of the alloys were investigated systemically. The analysis of XRD and
TEM reveals that the as-spun (M = None, Cu) alloys display an entire nanocrystalline structure, whereas
the as-spun (M = Co, Mn) alloys hold a nanocrystalline/amorphous structure, indicating that the substi-
tution of M (M = Co, Mn) for Ni facilitates the glass formation in the Mg2Ni-type alloys. Besides, all the as-
cast alloys have a major phase Mg2Ni, whereas the M (M = Co, Mn) substitution brings on the formation
of some secondary phases, MgCo2 and Mg for the (M = Co) alloy, and MnNi and Mg for the (M = Mn) alloy.
Based upon the electrochemical measurements, an evident impact engendered by melt spinning on the
electrochemical performances of the alloys appears. The cycle stability of the alloys augments monoto-
nously with the growing of the spinning rate. The discharge capacity and high rate discharge ability
(HRD), however, act differently. Melt spinning enhances the cycle stability of the (M = Co, Mn) alloys dra-
matically, but exerts an adverse impact on the (M = None, Cu) alloys. The high rate discharge ability
(HRD) of all the alloys grow considerably with the rising of the spinning rate except for (M = Mn) alloy,
whose HRD has a maximum value with the variation of the spinning rate. Furthermore, the substitution
of M (M = Cu, Co, Mn) for Ni enhances the electrochemical performances of the as-cast and spun Mg2Ni
alloys evidently, but the M (M = Mn) substitution gives rise to a decline of HRD when the spinning rate
reaches 20 m/s.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Mg2Ni-type metallic hydrides are looked upon as one of the
most promising negative electrodes applied to Ni-MH batteries
[1,2] or hydrogen storage materials because of their major advan-
tages, such as the theoretical electrochemical capacity being
1000 mAh/g and gaseous hydrogen absorption capacity being
3.6 wt.% for Mg2NiH4 [3,4]. However, the practical application of
these alloys is deeply frustrated by their relatively high hydro-
gen-desorption temperatures, sluggish hydriding/dehydriding
kinetics as well as extremely poor electrochemical cycle stability.
In fact, the specific capacity and hydriding/dehydriding kinetics
of hydride electrode materials depend on their chemical composi-

tion and crystalline structure [5,6]. It was documented that Mg and
Mg-based hydrogen storage alloys with a nanocrystalline/amor-
phous structure exhibit higher hydrogen-absorption capacity and
faster hydriding/dehydriding kinetics than crystalline Mg2Ni [7].

High energy ball-milling (HEBM) is undoubtedly deemed to be a
quite effective method for preparing nanocrystalline/amorphous
Mg and Mg-based alloys [8]. However, the milled Mg and Mg-
based alloys exhibit rather poor cycle stability owing to the vanish-
ment of the metastable structures formed by ball milling during
the multiple electrochemical charging and discharging cycles [9],
which is an insurmountable barrier for its practical application as
electrode materials. Alternatively, the melt spinning technique
not only overcomes the aforementioned shortcomings but also
prohibits the rapid degradation of the hydrogen absorbing/desorb-
ing cyclic characteristics of Mg and Mg-based compounds [10].
Huang et al. [11] reported that the nanocrystalline/amorphous
(Mg60Ni25)90Nd10 alloy prepared by melt spinning yields its highest
discharge capacity of 580 mAh/g. Spassov and Köster [12] prepared
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Mg63Ni30Y7 hydrogen storage alloy by rapid solidification process,
obtaining a maximum hydrogen absorption capacity of about
3.0 wt.%. In addition, the as-spun Mg2(Ni, Y) alloys demonstrated
an enhanced hydriding kinetics compared to the conventionally
prepared polycrystalline Mg2Ni alloys, even comparable to that
of the ball-milled nanocrystalline Mg2Ni.

It was documented that the partial substitution of some ele-
ments (Cu, Fe, V, Cr, Co) for Ni in Mg2Ni compound decreases the
stability of the hydride and makes the desorption reaction easier
[13,14]. Besides, such substitution facilitates the glass forming of
the Mg2Ni alloy. In which a single amorphous phase can be ob-
tained by adding a small amount of La, Y or Nd [11]. Based on these
results, the present investigation is focused on the influences of
substituting M (M = Cu, Co, Mn) for Ni and melt spinning on the
structure and electrochemical hydrogen storage performances of
Mg2Ni-type alloys. In this study, the Mg2Ni-type Mg20Ni10�xMx

(M = None, Cu, Co, Mn; x = 0, 4) alloys were synthesized by melt
spinning technology. Afterwards, we made a general comparison
of the impacts on the structure and the electrochemical perfor-
mances generated by element substitution and melt spinning.

2. Experimental

The compositions of the experimental alloys were Mg20Ni10-xMx (M = Cu, Co,
Mn; x = 0, 4). The alloy ingots were prepared by using a vacuum induction furnace
in a helium atmosphere at a pressure of 0.04 MPa to prevent Mg from volatilizing. A
part of the as-cast alloys was re-melted and spun by melt spinning with a rotating
copper roller cooled by water. The spinning rates used in the experiment were 15,
20, 25 and 30 m/s, respectively, which were approximately expressed by the linear
velocity of the copper roller.

The phase structures of the as-cast and spun alloys were determined by X-ray
diffraction (XRD) (D/max/2400). The diffraction, with the experimental parameters
of 160 mA, 40 kV and 10�/min respectively, was performed with CuKa1 radiation fil-
tered by graphite.

The thin film samples of the as-spun alloys prepared by using ion etching tech-
nology were observed by high resolution transmission electron microscope
(HRTEM) (JEM-2100F, operated at 200 kV).

The as-cast and spun alloy powders ground mechanically was filtered by a sieve
with the mesh of 20 lm. The alloy powder and carbonyl nickel powder were mixed
in a weight ratio of 1:4. The mixture was cold pressed under a pressure of 35 MPa
into round electrode pellets with 15 mm in diameter and 1 g in weight.

The electrochemical measurements were performed at 30 �C by using a tri-elec-
trode open cell consisting of a working electrode (the metal hydride electrode), a
sintered Ni(OH)2/NiOOH counter electrode as well as a Hg/HgO reference electrode,
which were immersed in 6 M KOH electrolyte. The voltage between the negative
electrode and the reference one was defined as the discharge voltage. In every cycle,
the alloy electrode was first charged with a constant current density, after resting
for 15 min, it was discharged at the same current density to cut-off voltage of
�0.500 V.

The electrochemical impedance spectra (EIS) and the Tafel polarization curves
of the alloys were measured by an electrochemical workstation (PARSTAT 2273).
The fresh electrodes were fully charged and then rested for 2 h up to the open cir-
cuit potential stabilization. For the EIS measurement, the frequency ranged from
10 kHz to 5 mHz at 50% depth of discharge (DOD), the amplitude of signal potentio-
static or galvanostatic measurements being 5 mV, the number of points per decade
of frequencies being 60. For the Tafel polarization curves, the potential range was
�1.2 to +1.0 V (vs. Hg/HgO) with a scan rate of 5 mV/s. For the potentiostatic dis-
charge, the test electrodes in the fully charged state were discharged at 500 mV po-
tential steps for 3500 s on electrochemical workstation (PARSTAT 2273), using the
electrochemistry corrosion software (CorrWare).

3. Results and discussion

3.1. Microstructure characteristics

Fig. 1 depicts the XRD profiles of the as-cast and spun Mg20-

Ni10�xMx (M = None, Cu, Co, Mn; x = 0, 4) alloys. The as-cast
(M = None, Cu) alloys hold a single phase structure, whereas the
(M = Co, Mn) alloys have secondary phases, being MgCo2 and Mg
for the former, MnNi and Mg for the latter, indicating that such
substitution generates secondary phases. Also, the diffraction
peaks of the as-spun (M = None, Cu) alloys display an entire crystal
structure, while the peaks of the as-spun (M = Co, Mn) alloys are
much broader around 40� ascribed to the mixture of nanocrystal-
line/amorphous structure, suggesting that the substitution of M
(M = Co, Mn) for Ni facilitates the glass formation in the Mg2Ni-
type alloy.

Fig. 2 demonstrates the TEM micrographs of the as-spun (30 m/
s) Mg20Ni10�xMx (M = None, Cu, Co, Mn; x = 0, 4) alloys. Evidently,
the as-spun (M = None, Cu) alloys exhibit a nanocrystalline struc-
ture, and some crystal defects such as sub-grains and grain bound-
aries can be seen clearly from the amplified morphologies of

Fig. 1. XRD profiles of the as-cast and spun Mg20Ni10�xMx (M = None, Cu, Co, Mn; x = 0, 4) alloys: (a) as-cast and (b) as-spun (30 m/s).
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