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Abstract

Amorphous and nanocrystalline Mg-based alloys (MggoNizs)100-Nd, (x=2, 5, 10, 15) were prepared by rapid solidification. The microstructure
of the as-quenched ribbons was characterized by TEM, X-ray and electron diffraction. The electrode properties of these alloys were measured. The
experimental results showed that the discharge capacities increased with increasing Nd atomic content and the optimum Nd content is between in
10-15 mol%. The highest discharge capacity reached more than 580 mAh g~! at the discharge current densities of 50 mA g~! for (MggoNis)eoNd g
samples. The nanocrystalline (MggoNizs)9sNd, alloy showed the lowest discharge capacity compared to the other Mg—Ni—Nd amorphous alloys.
The alloy (MggoNias)9oNd, o displays the broadest discharge potential flat from 1.3 to 1.0 V. It was conformed that the increase of discharge capacities

is not only a function of the sample composition but strongly influenced by the amorphous phase proportion in the alloys.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium and magnesium-based hydrogen storage alloys
are promising energy conversion and storage materials because
of their absorbability of hydrogen in large quantities, lower spe-
cific gravity, richer mineral resources, low material cost and
so on. The MgyNi compound has been the most intensively
investigated and expected to have a bright future as an electrode
material for the Ni-MH battery [ 1-4]. Furthermore, the effect of
adding a third element to the Mg—Ni-based alloy on the discharge
capacity has been investigated [5—8]. This previous result has
shown that the discharge capacity of Mg—Ni-based ternary alloys
produced by the mechanical alloying (MA) and rapidly solidi-
fied technique significantly depend on the species and amounts
of the third element. In addition, the discharge capacities of these
ternary alloys decrease gradually with increasing cycle numbers
even in the low range of 10-20 cycles. The poor life cycle prop-
erties of Mg-based alloys are generally attributed to the poor
dissociation ability of metallic Mg for hydrogen molecules and
also to the formation of surface hydrides which hinder the further
transport of hydrogen into the matrix [9—11].
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In the present work, we used the melt-spun technique for
sample preparation with the aim of avoiding the significant
degradation of life cycle properties which was recognized in
many previous studies on Mg—Ni-based alloys [5—11]. Since
the Mgy Ni crystalline compound is well known to possess high
hydrogen storage capacity, we have chosen amorphous alloys
with the compositions near Mgy Ni. Consequently, we must add
other element, which can increase the glass forming ability of
Mg-Ni-based alloys and also act as an efficient catalyst for
dissociating Hy molecules and transferring the H atoms to the
surrounding MgoNi matrix. In this studies so far, it has been
found that an amorphous single phase can be obtained by the
addition of a small amount of La, Y or Nd to the Mgy Ni alloy
and the Nd addition is more effective to improve the life cycle
properties of amorphous Mg—Ni-based alloys as compared with
the other two elements. This study intends to present the elec-
trode properties of the rapidly solidified (MgeoNi2s)100—xINdx
(x=2, 5, 10, 15) amorphous alloy and to investigate the effec-
tiveness of the rapid solidification process on the development
of high discharge capacity materials.

2. Experimental

(MggoNizs)100—xNdy (x=2, 5, 10, 15) alloy ingots were pre-
pared by induction melting a mixture of pure Nd metal and
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a Mg-Ni alloy in a vacuum furnace under the protection of
argon gas. Based on the low melting point and the high vapor
pressure of Mg, a special melting technique, that is positive
pressure protection and repeated melting, has to be taken to
prevent massive Mg evaporation and ensure composition homo-
geneity during master alloy ingot preparation. The amorphous
or nanocrystalline ribbons were produced by a single roller
melt-spun technique (copper quenching disc with a diameter
of 250 mm and surface velocity of about 39 ms~!) in an argon
atmosphere of 400 mbar. The ribbons were about 2 mm wide
and 20 pm thick. The microstructure of the as-quenched ribbons
was characterized by transmission electron microscopy (Philips
CM200 operated at 200kV) and by X-ray (using Cu Ko radia-
tion) and electron diffraction.

In electrochemical measurement, the amorphous alloy rib-
bons were pulverized in a mortar and then mixed with nickel
powder and PTFE in the ratio 85:5:10, respectively. This com-
posite electrode material was pressed on a Ni grid to form
the negative electrode. The positive electrode was made of Ni-
oxyhydroxide/dihydroxide. The alkaline solution was 6 mol1~!
KOH containing 20 g1~! LiOH. The specimens were charged
at 100mA g~! for 12h and discharged at S0 mA g~!. The dis-
charged cut-off potential was set to 0.8 V between the two
electrodes. The resting time between the charge and discharge
was 1 h. Hydrogen charging of specimens (negative electrode)
was carried out electrolytically under galvanostatic conditions
in 6 mol 1~! KOH electrolyte containing 20 g1~' LiOH at room
temperature and a cathodic current densities i = 1 mA cm ™~ for
3h. The hydrogen content was measured from the increase
in mass after hydrogenation by a microbalance (Perkin-Elmer
TGS2) with an accuracy of 0.1 pg.

3. Result and discussion

Fig. 1 presents the X-ray diffraction patterns of the as-
quenched (MgeoNizs)ogNda, (MgeoNizs)osNds, (MgeoNizs)oo
Ndjp and MggoNipsNdjs. It is seen that the as-quenched
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Fig. 1. X-ray diffraction patterns (Cu Ka) of as-quenched alloys.
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Fig. 2. TEM image and electron diffraction pattern of as-quenched.
(MgeoNizs)9gNd2 (a) and (MgeoNizs)osNds (b).

(MgeoNias)9gNd; alloy reveals a nanocrystalline structure with
some amorphous phases. When the neodymium content exceeds
5mol%, the alloys (Mg6()Ni25)95Nd5, (Mg60Ni25)90Nd10 and
MggoNiysNdis all show only a broad and diffuse peak, namely
the featureless appearance is typical of amorphous structure. Itis
also seen that the typical amorphous peaks get smooth and low
with the neodymium content increasing, which implies more
uniform of elements in the amorphous structure.

The TEM image of as-quenched (MgegoNiz5)9gNd, alloy is
shown in Fig. 2a. It is found that the hexagonal Mg, Ni structure
was detected from the electron diffraction pattern, and a wide
diffraction ring typical of amorphous structure is in the XRD
pattern. It was presumed that the nanocrystalline MgoNi was
embedded in the amorphous matrix. The TEM image and elec-
tron diffraction pattern of as-quenched (MggoNis5)95sNds alloy
are showed in Fig. 2b. It is found that a uniform amorphous
structure was obtained.

Fig. 3 shows the variation of the discharge capacity of
the different samples: (MggoNios5)9gNd2, (MggoNins)g9sNds,
(MggoNias5)ooNdjp and MggoNizsNdis, versus the number
of cycles. It can be observed that whatever the cycle
number is (MgeoNi25)90Ndjo has the highest capacity and
(MggoNizs)9gNdy has the lowest one. For each composition,
with increasing the cycle numbers the discharge capacity to
reach a maximum after three or four cycles, and then decreases
for upper cycle numbers. The curves of the discharge capac-
ity turn to smooth after 10 cycles. The largest discharge
capacity of samples reached 80.2mAhg~! for 2mol% Nd,
262.6 mAh g~! for 5 mol% Nd, 580.5 mAh g~ for 10 mol% Nd
and 541.8 mAh g~! for 15mol% Nd.
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Fig. 3. Variation of the discharge capacity vs. the cycle number for the different
samples.

Fig. 4 gives the variation, as function of the Nd atomic
content, of the maximum discharge capacity (Cpax) and the
discharge capacity after 20 cycles (Cap). After 20 cycles, the dis-
charge capacity Cyg reaches 57% of the discharge capacity Cpax
for 2mol% Nd alloy, 83% for 5 mol% alloy, 80% for 10 mol%
alloy and 77% for 15 mol% alloy.

From above results, it is considered that the increase of dis-
charge capacities is not only a function of the sample composi-
tion but strongly influenced by the amorphous phase proportion
in the alloyed material. As the content of Nd increases, the
diffraction peak at about 40° shifts to lower angle (Fig. 1),
this suggests the disordered degree of their structures increased
[12]. That would enhance hydrogen diffusivity and solubility in
amorphous and disordered structures, associated with the wide
energy distribution of the available sites for hydrogen in the
glassy structure as well as avoiding the long-range diffusion
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Fig. 4. Variation of the discharge capacity (maximum capacity and after 20
cycles) as a function of the Nd atomic content.
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Fig. 5. Relationship of voltage and the discharge capacities (at the 10th cycle).

of hydrogen through an already formed hydride. At the same
time, the Mg(OH), hydroxide forms on the grain boundaries
during the electrochemical reaction, which obstructs the diffu-
sion of hydrogen atoms in the grain. Because the thickness of
the hydroxide layer increases with increasing the cycle num-
ber, the discharge capacity decreases with increasing the cycle
number.

The relationship of discharge potentials (voltage) and the dis-
charge capacities (at the 10th cycle) is shown in Fig. 5. It is
seen that there is a discharge potential flat from 1.3 to 1.0V
for each alloy with variation of the discharge capacity which
denotes a range of discharge capacity that the alloy can be
used. It is found that the discharge capacities of the discharge
potential flats have reached more than 400 mAh g~ for alloys
MgeoNipsNdy5 and (MggoNizs)9oNd1o. However, the discharge
capacity of the discharge potential flat of (MggoNios)9gNd» alloy
is only 50 mAh g~!. It is also important to point out that the dis-
charge capacity is significantly dependent on the composition
and microstructure of the electrode materials.

The rate of hydrogen absorption of (MgeoNi2s)9oNdjg amor-
phous alloys at room temperature is plotted in Fig. 6. In this
figure, another hydrogenation kinetic curve has been attached,
which is obtained in Tony Spassov’s previous study at simi-
lar charging conditions [13]. Tony Spassov et al. showed that
the best hydrogenation properties so far were found in the
nanocrystalline/amorphous Mg75NiogMms (Mm =Ce, La-rich
mischmetal) alloy, which possesses maximum hydrogen capac-
ity 4.0 wt.% H . Both of kinetic curves of hydrogenation show an
initial fast hydrogen absorption stage. Subsequently, the hydro-
gen content is saturated at longer hydrogenation times. It is
seen that the (MggoNia5)10Nd o sample displays the maximum
hydrogen absorption content, which is up to 4.2 wt.% although
its initial ratio of hydrogen absorption is lower in the beginning
of 60 min.

The discharge capacities and hydrogenation kinetics of
all as-quenched amorphous and nanocrystalline/amorphous
Mg-Ni-Nd alloys studied are superior to those of conven-
tional polycrystalline materials with similar compositions.



L.J. Huang et al. / Journal of Power Sources 160 (2006) 684—-687 687

A “ *
4| .
/:/
_ >
°\°. 3 b o/
3 «
b= o
2 «
g2r /[ / a :
5 |d £ a:  (MgNi,), Nd,
o T A
2/ b: Mg..Ni Mm_ [13]
Ry /‘ : 975N, MM,
A
/
0 — T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160

hydrogenation time (min)

Fig. 6. Rate of hydrogen absorption for as-quenched (MggoNips)ioNdjp and
Mg75NigoMms alloys.

The improved electrode properties can be explained with the
enhanced hydrogen diffusivity and solubility in amorphous and
nanocrystalline microstructures. In the case of the amorphous
(MgeoNias)9oNd o and MgeoNizsNdy5 alloys consist of a signif-
icant proportion of amorphous phase leading to an easier access
of hydrogen to the hydriding regions, avoiding the long-range
diffusion of hydrogen through an already formed hydride, which
is often the slowest stage of H-absorption.

According to the result of Orimo and Fujii [14] reported,
hydrogen concentrations in three nanometer-scale regions and
the maximum hydrogen concentrations of the three regions
have been experimentally determined to be 0.3 wt.% H in the
grain region of MgyNi, 4.0 wt.% H in the grain boundary and
2.2 wt.% H in the amorphous region. It revealed that the hydrides
mainly exist in grain-boundary region and the amorphous phase
region. It is necessary to be mentioned that the melt-spun amor-
phous (MgeoNizs)9oNdg alloy in the present study contains
substantially larger amount of amorphous phase compared to the
nanocrystalline Mg75NizoMms alloy studied by Tony Spassov
et al. [13]. Another possible reason for the higher H-capacity
and discharge capacity of the (MggoNia5)90Ndjg could be the
higher rare earth(Nd) content(10at.%) in this alloy as com-
pared to the Mg75NioMms alloy. Rare earth is known to work
as catalysts for the hydrogenations of Mg. Tony Spassov and
Uwekoster [15] observed an improvement in the hydrogena-
tion kinetics of Mgg3NizoY7 alloy due to the catalytic effect of
Yttrium.

For practical use of the Mg-based amorphous alloy as both
an electrode material and a hydrogen storage material, we have
to improve the composition more in detail, particularly in order
to attain the equilibrium state more quickly at which the highest
absorbed hydrogen amount is obtained.

4. Conclusions

The electrode properties of the rapidly solidified Mg—Ni—-Nd
amorphous alloys were examined. The results obtained are sum-
marized as follows:

1. The single amorphous phase was obtained in the melt-spun
(MgeoNiz5)9sNds, (MgeoNizs)ooNdig and MgeoNizsNds
ribbons.

2. In the cyclic life measurements, the discharge capacities
increased with increasing Nd atomic content and the opti-
mum Nd contentis between 10 and 15 mol%. The highest dis-
charge capacity reached more than 580 mAh g~ at the dis-
charge current densities of 50 mA g’] for MgeoNias)ooNd1g
samples and the discharge capacity reaches 80% of the max-
imum discharge capacity after 20 cycles.

3. There is a discharge potential flat from 1.3 to 1.0V for
each alloy with variation of the discharge capacity. The
discharge capacities of the discharge potential flat have
reached more than 400 mAh g~ for alloys MggoNiosNd5
and (MggoNiz5)90Ndjo. However, the discharge capacity of
the discharge potential flat of (MggoNizs)9gNdy alloy is only
50mAhg~!.

4. The amorphous (MggoNiz5)9oNdjg alloy shows the best
hydrogen absorption properties so far and its absorption
capacity up to 4.2 wt.% H.
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