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ABSTRACT

In order to improve the hydrogen storage characteristics of the Mg, Ni-type alloys, Ni in the alloy is
partially substituted by element Mn, and melt-spinning technology is used for the preparation of the
Mg, Ni;_xMny (x=0,0.1,0.2,0.3, 0.4) hydrogen storage alloys. The microstructures of the as-cast and spun
alloys are characterized by XRD, SEM and HRTEM. The hydrogen absorption and desorption kinetics of the
alloys are measured by an automatically controlled Sieverts apparatus. The electrochemical performances
are tested by an automatic galvanostatic system. The results show that the as-spun Mn-free alloy holds
typical nanocrystalline structure, whereas the as-spun alloys containing Mn displays a nanocrystalline
and amorphous structure. The hydrogen absorption and desorption capacities and kinetics of the alloys
increase with rising spinning rate. Additionally, melt spinning markedly improves the electrochemical
hydrogen storage capacity and cycle stability of the alloys containing Mn. With an increase in the spinning
rate from O (As-casts is defined as spinning rate of 0 m/s) to 30 m/s, the discharge capacity of the (x=0.3)
alloy mounts up from 92.3 to 211.1 mAh/g, and its capacity retaining rate at 20th charging and discharging

cycle grows from 36.21% to 76.02%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Mg and Mg-based intermetallic compounds are intensively
studied because they are considered as potential materials for solid
state hydrogen storage in the form of metallic hydrides such as
MgH, and Mg;NiH,. The theoretical hydrogen storage capacities
of MgH, and Mg;NiH, are 7.6 wt.% and 3.6 wt.% [1,2] respectively,
which is quite adequate for commercial applications as a hydrogen
fuel source [3]. However, their practical application to hydrogen
suppliers has been limited mainly due to their sluggish hydrid-
ing/dehydriding kinetics as well as high thermodynamic stability
of their corresponding hydride. To achieve the application goal,
a variety of approaches, involving mechanical alloying (MA) [4],
melt spinning [5], GPa hydrogen pressure method [6], hydriding
combustion synthesis [7], surface modification [8], alloying with
other elements [9], adding catalysts [10] etc., have been devel-
oped to overcome these drawbacks. Analysis of recent publications
shows that the researches in this area have achieved prominent
progress in hydrogen absorption/desorption kinetics of Mg-based
alloys. However, thermodynamic stability and decomposition tem-
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perature of Mg-based hydrides are still too high for their practical
utilization as hydrogen accumulators. Therefore, the scientists in
this field still continue their attempts towards decreasing thermal
stability of the Mg-based hydride.

Particularly, high-energy ball milling, a quite powerful method
for the preparation of nanocrystalline and amorphous Mg and Mg-
based alloys, is quite suitable to solubilize particular elements into
MgH, or Mg,;NiH, above the thermodynamic equilibrium limit,
which may facilitate to destabilize MgH, or Mg;NiH4 [11]. How-
ever, the milled Mg and Mg-based alloys show extremely poor
hydrogen absorbing and desorbing cycle stability due to the fact
that the metastable structures produced by ball milling tended to
vanish during multiple hydrogen absorbing and desorbing cycles
[12], which is an insurmountable bottleneck for their practical
applications.

Alternatively, melt-spun technique can overcome the above-
mentioned shortcoming and effective restraining the rapid
degradation of hydrogen absorbing and desorbing cycle proper-
ties of Mg and Mg-based [13,14]. Furthermore, the melt-spinning
technique is also an impactful method to obtain a nanocrys-
talline structure and is very appropriate for mass-production of
nanocrystalline Mg-based alloys. Many literatures have clarified
that nanocrystalline alloys produced by melt spinning could have
excellent hydriding characteristics even at room temperature,
similar to the alloys produced by the MA process. Spassov and
Koster [15] prepared Mg, (Ni,Y) hydrogen storage alloy with precise
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Fig. 1. XRD profiles of the as-cast and spun alloys: (a) Mng alloy, (b) Mng3 alloy.

composition MggsNizgY7 by melt spinning, and its maximum
hydrogen absorption capacity (about 3.0 wt.%) and hydrogenation
kinetics of the melt-spun Mg, (Ni,Y) were found to be comparable
to the hydrogen absorption characteristics of nanocrystalline ball-
milled Mg, Ni and to exceed those of the conventionally prepared
polycrystalline Mg, Ni alloys. Huang et al. [ 16] prepared amorphous
and nanocrystalline Mg-based alloy (MgggNiz5)9oNd g by melt
spinning, obtaining the highest discharge capacity of 580 mAh/g
and the maximum hydrogen capacity of 4.2 wt.% H.

In this paper, the element Ni in Mg, Ni alloy was partially sub-
stituted by Mn in order to enhance the glass forming ability of
the Mg, Ni-type alloys. The nanocrystalline and amorphous Mg, Ni-
type Mg, Nij_yMny (x=0-0.4) alloys are prepared by melt-spinning
technique. Moreover, the influences of melt spinning on hydrogen
storage performances of the alloys are examined in detail.

2. Experimental

The alloy ingots were prepared using a vacuum induction furnace in a helium
atmosphere at a pressure of 0.04 MPa in order to prevent the volatilization of Mg
during melting. A part of the as-cast alloys was re-melted and spun by melt spinning
with a rotating copper roller. The spinning rate was approximately expressed by the
linear velocity of the copper roller because it is too difficult to measure areal spinning
rate i.e. cooling rate of the sample during spinning. The spinning rates used in the
experiment were 15, 20, 25 and 30 m/s, respectively. The nominal compositions of
the experimental alloys are Mg, Ni;_yMn, (x=0, 0.1, 0.2, 0.3, 0.4). For convenience,
the alloys were denoted with Mn content as Mng, Mng 1, Mng,, Mngs and Mngg4,
respectively.

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 CuK,; radiation fil-
tered by graphite. The effective crystal sizes were calculated from Scherrer’s formula.

The thin film samples of the as-spun alloys were prepared by ion etching method
for observing the morphology with high-resolution transmission electron micro-
scope (HRTEM) (JEM-2100F, operated at 200 kV), and for determining the crystalline
state of the samples with electron diffraction (ED). The average grain sizes of the
as-spun alloys were measured by linear intercept method on HRTEM micrographs.

The alloy ribbons were pulverized into fine powder of about 20 wm in sizes by
mechanical milling and then mixed with carbonyl nickel powder in a weight ratio
of 1:4. The mixture was cold pressed at a pressure of 35 MPa into round electrode
pellets of 10 mm in diameter and total mass of about 1 g. The electrochemical char-
acteristics of the experimental alloy electrodes was tested by a tri-electrode open
cell, consisting of a metal hydride electrode, a sintered NiOOH/Ni(OH), counter elec-
trode and a Hg/HgO reference electrode. The electrolyte is a solution of 6 M KOH. The
voltage between the negative electrode and the reference electrode was defined as
the discharge voltage. In every cycle, the alloy electrode was first charged at a con-
stant current density, and following the resting for 15 min, it was discharged at the
same current density to —0.500V cut-off voltage. The environment temperature of
the measurement was kept at 30°C.

The hydrogen absorption and desorption kinetics of the alloys were measured
by an automatically controlled Sieverts apparatus. The hydrogen absorption was
conducted at 1.5MPa and the hydrogen desorption in a vacuum (1 x 10~4 MPa) at
200°C.

3. Results and discussion
3.1. Structure characteristics

Shown in Fig. 1 are the XRD patterns of the Mng and Mng 3 alloys,
indicating that that there is no detectable amorphous phase in the
as-spun Mng alloy, but the as-spun Mng 3 alloy clearly shows the
presence of an amorphous phase. Therefore, it can be concluded
that the substitution of Mn for Ni facilitates the glass formation in
the Mg, Ni-type alloy. Two possibilities can be considered as the
reasons for Mn substitution enhancing the glass forming ability of
Mg, Ni-type alloy. Firstly, the addition of third element to Mg-Ni or
Mg-Cu alloys can significantly facilitate the glass formation[17,18].
Secondary, atomic radius of Mn is larger than Ni due to the fact that
the glass forming ability of the alloy is closely relevant to the dif-
ference of the atomic radius of the components of the alloy. The
bigger the difference of the atom radius, the higher the glass form-
ing ability of the alloy is [19]. A comparison of Fig. 1(a) with (b)
indicates that the substitution of Mn for Ni, instead of changing the
major phase in the alloy, leads to the formation of Mg and MnNi
phases. Listed in Table 1 are the lattice parameters, cell volume and
full width at half maximum (FWHM) values of the main diffraction
peaks of the as-cast and spun Mng and Mng 3 alloys which were
calculated by Jade 6.0 software. It can be seen from Table 1 that the
melt spinning causes a visible increase in the FWHM values of the
main diffraction peaks of the alloys, to be doubtless attributed to
the refined grains and the stored stress in the grains produced by
the melt spinning. Based on the FWHM values of the broad diffrac-
tion peak (203) in Fig. 1, the crystalline sizes (Dp;) (nm) of the
as-spun alloy are calculated using Scherrer’s equation. The grain
sizes of the as-spun alloys are in a range of 3-8 nm, basically con-
sistent with results reported by Friedlmeier et al. [20]. It can also
be derived from Table 1 that the substitution of Mn for Ni causes an
evident increase in the FWHM values of the main diffraction peaks
and a notable enlargement in lattice parameters and cell volume
of the as-cast and spun alloys, to be attributed to the radius of Mn
atom being larger than Ni atom.
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Table 1

Lattice parameters, cell volume and FWHM values of the major diffraction peaks of the alloys.

Spinning rate (m/s) FWHM values Lattice parameters and cell volume

26 (20.02°) 260 (45.14°) a(nm) c(nm) V(nm?3)

Mng Mng3 Mng Mng3 Mny Mngs Mng Mng3 Mng Mng3

0 0.122 0.183 0.169 0.332 0.5210 0.5217 1.3244 1.3301 03112 03135

15 0.125 - 0.171 0.500 0.5210 0.5221 1.3251 1.3310 0.3115 0.3141
20 0.129 - 0.173 - 0.5210 0.5221 1.3258 1.3319 0.3117 0.3144
25 0.131 - 0.179 - 0.5211 0.5222 1.3265 1.3323 03119 0.3144
30 0.133 - 0.182 - 0.5211 0.5222 1.3287 1.3332 0.3124 0.3148

As the XRD analysis, a multiphase structure in the as-spun alloy
is detected by HRTEM. A grey block (denoted as A) and a white block
with a regular polygon morphology (denoted as B) can be seen in
Fig. 2, which are determined to be MnNi and Mg phases by EDS
analysis.

Illustrated in Fig. 3 are the HRTEM micrographs and electron
diffraction (ED) patterns of the as-spun Mng 3 alloy. It is evident that
the amorphization degree of the alloys visibly rises with increas-
ing the spinning rate. The as-spun (15 m/s) Mng3 alloy exhibits a
nanocrystalline microstructure with an average grain size of about
8 nm, and its ED pattern appears sharp multi-haloes, corresponding
to a crystal structure. With increasing the spinning rate, the mor-
phologies of the as-spun Mng3 alloy display a distinct feature of
the nanocrystalline embedded in the amorphous matrix, and their
ED rings consist of broad and dull halo, confirming the presence
of an amorphous structure, which agrees very well with the XRD
observation shown in Fig. 1.

3.2. Electrochemical hydrogen storage performances

3.2.1. Activation capability and discharge capacity

Electrochemical galvanostatic charge/discharge is a more effec-
tive and less time-consuming method for determining the
absorbing hydrogen capacity than a gaseous technique. The cycle

number dependence of the discharge capacity of the Mng and Mng 3
alloys was illustrated in Fig. 4, at a charging-discharging current
density of 20 mA/g. The figure shows that all the alloys have excel-
lent activation performances, attaining their maximum discharge
capacities at first charging-discharging cycle. The melt spinning
inflicts an imperceptible impact on the activation performances of
the alloys. The evolution of the maximum discharge capacities of
the alloys with the spinning rate is shown in Fig. 5, indicating that
the melt spinning clearly enhances the discharge capacity of the
alloys. As the spinning rate grows from 0 (As-casts is defined as
spinning rate of 0 m/s) to 30 m/s, the maximum discharge capac-
ity increases from 30.3 to 116.7 mAh/g for the Mny alloy, and from
92.3 to 211.1 mAh/g for the Mng 3 alloy. Some explanations may be
offered as the reason of which leads to above-mentioned results.
The observed essential differences in the discharge capacity of the
alloys caused by the melt spinning most probably have to be asso-
ciated with the differences in their microstructures. The crystalline
material, when melt spun, becomes at least partially disordered and
its structure changes to nanocrystalline or amorphous. Thus, high
densities of crystal defects are introduced. Additionally, as a result
of the defects introducing distortion of crystal lattice, the stored suf-
ficient energy as chemical disorder and the introduced defects will
produce internal strain. It was concluded by Niu and Northwood
[21] that the exchange current density and H-diffusion coefficient

N Mg
Section A Section B
) Ni
Ni Mn
Mg
M Mg
wly | I
0 2 4 6 8 10 0 1 2 3 4
keV keV

Fig. 2. HRTEM observation of Mg and MnNi phases in the as-spun (30 m/s) Mng4 alloy together with typical EDS patterns of sections A and B in (a) and (b): (a) MnNi phase,

(b) Mg phase.
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Fig. 3. HRTEM micrographs and ED patterns of the as-spun Mng3 alloy: (a) 15m/s, (b) 20m/s, (c) 25m/s, (d) 30 m/s.
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Fig. 5. Evolution of the maximum discharge capacity of the alloys with the spinning
rate.

are directly proportional to the internal strain. Therefore, it is
understandable that the introduction of defects, disordering and
internal strain leads to an increasing discharge capacity.

3.2.2. Charging and discharging cycle stability

The cycle stability of the electrode alloy is a decisive factor of
the life of the Ni-MH battery. The cycle stability of the alloy is
symbolized by the capacity retaining rate (Sp), being defined as
Sn=Cn/Cmax x 100%, where Cnmax is the maximum discharge capac-
ity and G, is the discharge capacity at the nth charge-discharge
cycle, respectively. The spinning rate dependence of the Syg (n=20)
values of the alloys is plotted in Fig. 6. Apparently, the melt spin-
ning exerts different impact on the Sy values of the Mn-free and
containing Mn alloys. With the increase in the spinning rate from
0 to 30my/s, the Syg value falls from 33.5% to 30.4% for the Mng
alloy, whereas it mounts up from 36.2% to 76.0% for the Mng 3 alloy.
In order to signally view the process of the capacity degradation
of the alloy electrode, the evolution of the S, values of the Mng
and Mng 3 alloys with the cycle number is shown in Fig. 7. A rough
tendency shows that the as-cast and spun Mng alloy exhibits the
nearly same decay rates of the discharge capacities, whereas those
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of the Mng 3 alloys evidently fall with rising spinning rate, suggest-
ing that the melt spinning enhances the cycle stability of the Mng 3
alloy. It was well known that the severe corrosion of Mg in the alka-
line KOH solution is the essential reason of leading to the capacity
degradation of the Mg-based alloy electrodes. Especially, during
the discharging process, the alloys are anodically polarized so that
corrosion would be faster [2]. On the other hand, the metastable
structures formed by melt spinning or ball milling tended to vanish
during multiple charging/discharging cycles, which is an important
factor for the capacity decay of the alloys [22]. The nanostructure
exhibiting by the alloys resulting from melt spinning has been con-
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sidered to be detrimental due to its corrosion in the electrolyte
during cycling on account of the fact that the intercrystalline cor-
rosion is facilitated by the nanostructure formation. This provides
an illustration for the decline in the cyclic stability of the Mg-Ni
system alloy caused by a higher spinning rate. The positive impact
of Mn substitution on the cycle stability of the alloy is ascribed to
following reasons. One is that the enlarged cell volume caused by
Mn substitution decreased the ratios of expansion/contraction of
the alloys in process of the hydrogen absorption/desorption, which
means increasing the anti-pulverization capability of the alloy. On
the other hand, the glass forming ability enhanced by Mn substitu-
tion is extremely important because an amorphous phase improves
not only anti-pulverization ability but also anti-corrosion and anti-
oxidation abilities of the alloy electrode in a corrosive electrolyte
[23]. Additionally, the addition of third element significantly sta-
bilizes the nanostructure of the as-spun alloy [14], reflecting an
increase of the cycle stability of the alloy.

3.3. Hydrogen absorption and desorption kinetics

The hydriding process was carried out under 1.5MPa hydro-
gen pressure (in fact, this is initial pressure of hydriding process)
at 200°C, and dehydriding process was carried out in a vacuum
(1 x 10~4MPa) at 200°C, too. The hydrogen absorption kinetic
curves of the Mng and Mng 3 alloys are plotted in Fig. 8.1t can be seen
that hydriding kinetic curves of the as-spun Mng and Mng 3 alloys
show an initial fast hydrogen absorption stage after which the
hydrogen content is saturated at longer hydrogenation time, indi-
cating that the melt spinning improves the hydrogen absorption
property of the alloys. Generally, the hydrogen absorption kinet-
ics of the alloy is symbolized by hydrogen absorption saturation
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ratio (R?), being defined as R} = C}/Cj,, x 100%, where Cj, is the
hydrogen absorption capacity in 100 min and C} is the hydrogen
absorption capacity in the time of t min, respectively. Apparently,
for afixed time ¢, a larger saturation ratio R? means better hydrogen
absorption kinetics. The hydrogen absorption saturation ratio (R3)
(t=5) of the alloys as a function of the spinning rate is presented in
Fig. 9. The figure indicates that the melt spinning leads to a marked
increase in the R values of the alloys. With the increase in the spin-
ning rate from 0 to 30 m/s, R value grows from 49.01% to 93.86%
for the Mng alloy, and from 79.73% to 97.89% for the Mng 3 alloy.
The hydrogenation kinetics and storage capacity of the as-spun
nanocrystalline Mg, Ni-type alloys studied are superior to those of
conventional polycrystalline materials with similar composition.
A similar result was reported by Spassov and Koéster [24]. Orimo
and Fujii [25] validated that the hydrides mainly exist in grain-
boundary amorphous phase regions. The improved hydrogenation
characteristics can be explained with the enhanced hydrogen diffu-
sivity in the nanocrystalline microstructure as the nanocrystalline
leads to an easier access of hydrogen to the nanograins, avoiding
the long-range diffusion of hydrogen through an already formed
hydride, which is often the slowest stage of absorption. It is known
that the nanocrystalline microstructures can accommodate higher
amounts of hydrogen than polycrystalline ones. The large number
of interfaces and grain boundaries available in the nanocrystalline
materials provide easy pathways for hydrogen diffusion and pro-
mote the absorption of hydrogen.

The hydrogen desorption kinetic curves of the as-cast and spun
Mng and Mng 3 alloys are illustrated in Fig. 10. An important fea-
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ture of the dehydrogenation process in the alloys is very slow initial
hydrogen desorption, followed by slack increase in the amount of
hydrogen absorbed. Fig. 10 shows that the melt spinning markedly
improves the hydrogen desorption capacity and kinetics of the Mng
and Mng 3 alloys. Similarly, the hydrogen desorption kinetics of the
alloy is signified by hydrogen desorption ratio (RS), being defined as
Rd = Cd/C3,, x 100%, where C3, is the hydrogen absorption capac-
ity in 100 min and CtCl is the hydrogen desorption capacity in the
time of ¢ min, respectively. It is reasonable to take the C3,, value
as the saturated hydrogen absorption capacity of the alloy because
the experimental result indicates that the Cj,, value is more than
95% of the saturated hydrogen absorption capacity for all the alloys.
The hydrogen desorption ratio (Rgo) (t =20) of the alloys as a func-
tion of the spinning rate is depicted in Fig. 11, indicating that the
Rgo values of the alloys increase with rising spinning rate. As the
spinning rate grows from 0 to 30 m/s, the Rgo value mounts up from
9.28%to 27.77% for the Mng alloy, and from 21.16% to 45.62% for the
Mng 3 alloy. Apparently, Mn substitution markedly enhances the
hydrogen desorption kinetics of the alloys. The observed essential
differences in the hydriding/dehydriding kinetics of the as-cast and
spun alloys studied most probably have to be associated with their
microstructure due to the different spinning rates. It was reported
that the high surface to volume ratios, i.e. high specific surface area,
and the presence of large number of grain boundaries in nanocrys-
talline and amorphous alloys enhance the kinetics of hydrogen
absorption/desorption [15]. Two reasons are mostly responsible
for the impact action of Mn substitution on the dehydriding
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Fig. 10. Hydrogen desorption kinetic curves of the as-cast and spun alloys: (a) Mng alloy, (b) Mng 3 alloy.
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kinetics of the alloys. Firstly, the partial substitution of element Mn
for Niin Mg, Ni compound decreases the stability of the hydride and
makes the desorption reaction easier [26]. Secondly, the presence
of secondary phase MnNi apparently has catalytic effects for the
hydriding and dehydriding reactions of Mg and Mg-based alloys
[12]. In multi-component Mg-Ni based hydrogen storage alloys
surface segregation and formation of microcrack passages for H-
diffusion improve the kinetics of hydriding/dehydriding.

4. Conclusions

1. The investigation on the structures of the as-cast and spun
Mg, Nij_yMn, (x=0,0.1,0.2,0.3, 0.4) alloys shows that there is no
amorphous phase in the as-spun Mn-free alloy, but the as-spun
alloys containing Mn present an evident feature of the nanocrys-
talline embedded in the amorphous matrix. The amorphization
degree of the alloys visibly increases with rising spinning
rate.

2. Melt spinning considerably enhances not only the electrochem-
ical discharge capacity of the alloys but also the electrochemical
cycle stability of the alloys containing Mn. But it slightly impairs
cycle stability of the Mn-free alloy, for which the different struc-
ture formed by the melt spinning is basically responsible.

3. Melt spinning significantly improves the hydriding and dehy-
driding properties of the alloys. Hydriding and dehydriding
capacities and rates of the alloy markedly increase with rising
spinning rate.
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