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In order to improve the hydrogen storage kinetics of the Mg2Ni-type alloys, Ni in the alloy was partially
substituted by element Co, and melt-spinning technology was used for the preparation of the Mg2Ni1−xCox

(x = 0, 0.1, 0.2, 0.3, 0.4) hydrogen storage alloys. The structures of the as-cast and spun alloys are character-
ized by XRD, SEM and TEM. The hydrogen absorption and desorption kinetics of the alloys were measured
by an automatically controlled Sieverts apparatus. The electrochemical hydrogen storage kinetics of the
as-spun alloys is tested by an automatic galvanostatic system. The hydrogen diffusion coefficients in the
alloys are calculated by virtue of potential-step method. The electrochemical impedance spectrums (EIS)
and the Tafel polarization curves are plotted by an electrochemical workstation. The results show that the
g2Ni-type alloy

elt spinning
ubstituting Ni with Co
ydrogen storage kinetics

substitution of Co for Ni notably enhances the glass forming ability of the Mg2Ni-type alloy. Furthermore,
the substitution of Co for Ni, instead of changing major phase Mg2Ni, leads to forming secondary phases
MgCo2 and Mg. Both the melt spinning treatment and Co substitution significantly improve the hydrogen
absorption and desorption kinetics. The high rate discharge ability, the hydrogen diffusion coefficient and

ity of
tion.
the limiting current dens
the amount of Co substitu

. Introduction

Mg and Mg-based metallic hydrides are considered to be more
romising materials for hydrogen storage because of their major
dvantages such as low specific weight, low cost and high hydro-
en capacity, e.g. 7.6 wt.% for MgH2, 3.6 wt.% for Mg2NiH4 [1,2].
owever, their practical application to hydrogen suppliers has been

imited mainly due to their sluggish hydriding/dehydriding kinet-
cs as well as high thermodynamic stability of their corresponding
ydride. To achieve the application goal, a variety of attempts,

nvolving mechanical alloying (MA) [3], melt spinning [4,5], surface
odification [6], adding catalysts [7,8], hydriding combustion syn-

hesis [9], alloying with other elements [10], GPa hydrogen pressure
ethod [11] etc., have been developed and employed to ameliorate

he kinetics of Mg-based metallic hydrides. It was documented that
he researches in this area have achieved great progress in hydro-

en absorption/desorption kinetics of Mg-based alloys. However,
hermodynamic stability and decomposition temperature of Mg
ased hydrides are still too high for their practical utilization as
ydrogen accumulators. Therefore, the scientists in this field still
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the alloys significantly increase with raising both the spinning rate and

© 2010 Elsevier B.V. All rights reserved.

continue their attempts towards decreasing thermal stability of the
Mg-based hydride.

Especially, high energy ball-milling, a very powerful method
for the preparation of nanocrystalline and amorphous Mg and Mg-
based alloys, is quite suitable to solubilize particular elements into
MgH2 or Mg2NiH4 above the thermodynamic equilibrium limit,
which may facilitate to destabilize MgH2 or Mg2NiH4 [12]. 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
[13], which is an insurmountable bottleneck for their practical
applications.

Alternatively, melt-spun technique can overcome the above
mentioned shortcoming and effective restraining the rapid degra-
dation of hydrogen absorbing and desorbing cycle properties
of Mg and Mg-based [14]. Furthermore, the alloys, possess-
ing the nanocrystalline and amorphous structure produced by
melt-spinning method, exhibit excellent initial electrochemical
hydrogen storage characteristics similar to those of the alloys
fabricated by the MA process. Tanaka et al. [15] prepared the

Mg85Ni10La5 hydrogen storage alloy with a nanostructure by melt
spinning to obtain reversible absorption and desorption amount of
about 5 wt.% hydrogen at temperatures as low as 200 ◦C in mod-
erate time periods. Spassov et al. [16] have prepared Mg2 (Ni,
Y) hydrogen storage alloy with the composition of Mg63Ni30Y7

dx.doi.org/10.1016/j.jallcom.2010.11.113
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zyh59@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2010.11.113
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Fig. 1. SEM images of the Co0, Co0.1 and Co0.3 alloys together with typical E

y rapid solidification process, exhibiting a maximum hydrogen
bsorption capacity of about 3.0 wt%. In addition, the melt-spun
g2 (Ni, Y) alloys have demonstrated an enhanced hydrogena-

ion kinetics compared to those of the conventionally prepared
olycrystalline Mg2Ni alloys, to be comparable to that of the
anocrystalline ball-milled Mg2Ni.

In the present work, the Mg-Ni-based Mg2Ni1−xCox (x = 0–0.4)
anocrystalline and amorphous alloys have been synthesized by
elt-spinning technology. Moreover, the effects of both spinning

ate and Co content on the structures and hydrogen storage kinetics
f the alloys have been investigated in detail.

. Experimental

The experimental alloys were prepared by using a vacuum induction furnace in
helium atmosphere at a pressure of 0.04 MPa. A part of the as-cast alloys was re-
elted and spun by melt-spinning with a rotating copper roller cooled by water. The

s-spun alloy ribbons, having a continuous length, a thickness of about 30 �m and a
idth of about 25 mm, are obtained. The spinning rate was approximately expressed

y the linear velocity of the copper roller. The spinning rates used in the experiment
ere15, 20, 25 and 30 m/s, respectively. The nominal compositions of the experi-
ental alloys were Mg2Ni1−xCox (x = 0, 0.1, 0.2, 0.3, 0.4). For convenience, the alloys
ere denoted with Co content as Co0, Co0.1, Co0.2, Co0.3 and Co0.4, respectively.

A Philips SEM (QUANTA 400) linked with an energy dispersive spectrometer
EDS) was used for morphological characterization and chemical analysis of the
s-cast alloys.

The phase structures of the as-cast and spun alloys were determined by X-ray
iffraction (XRD) (D/max/2400). The diffraction, with the experimental parameters
f 160 mA, 40 kV and 10◦/min respectively, was performed with CuK�1 radiation
ltered by graphite. The effective grain sizes were calculated from Scherrer’s formula
17].
The thin film samples of the as-spun alloys were prepared by ion etching method
n order to observe the morphology with high resolution transmission electron

icroscope (HRTEM) (JEM-2100F, operated at 200 kV), and also to determine the
rystalline state of the samples with electron diffraction (ED). The average grain sizes
f the as-spun alloys were measured by a linear intercept method on the HRTEM
icrographs.
ectra of sections A and B in (b): (a) Co0 alloy, (b) Co0.1 alloy, (c) Co0.3 alloy.

The hydrogen absorption and desorption kinetics of the alloys were measured
by an automatically controlled Sieverts apparatus. Prior to measuring the hydriding
and dehydriding kinetics of the alloys, several hydrogen absorbing and desorbing
cycles were performed in order to activate the materials. The hydrogen absorption
was conducted at 1.5 MPa and 200 ◦C, and the hydrogen desorption at a pressure of
1 × 10−4 MPa and 200 ◦C.

The alloy ribbons were pulverized into fine powder of about 20 �m by mechani-
cal milling and then mixed with carbonyl nickel powder in a weight ratio of 1:4. The
mixture was cold pressed under a pressure of 35 MPa into round electrode pellets
of 10 mm in diameter and total mass of about 1 g. The electrochemical hydrogen
storage kinetics of the alloy electrodes were tested by a tri-electrode open cell, con-
sisting of a metal hydride electrode, a sintered NiOOH/Ni(OH)2 counter electrode
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 −0.500 V cut-off voltage. The environment temperature of
the measurement was kept at 30 ◦C.

The electrochemical impedance spectra (EIS) and the Tafel polarization curves
of the alloys were measured using an electrochemical workstation (PARSTAT 2273).
The fresh electrodes were fully charged and then rested for 2 h up to the stabilization
of the open circuit potential. The EIS spectra of the alloy electrodes were measured
in the frequency range from 10 kHz to 5 mHz at 50% depth of discharge (DOD). The
Tafel polarization curves were measured in the potential range of −1.2 to +1.0 V
(vs. Hg/HgO) with a scan rate of 5 mV/s. For the potentiostatic discharge, the test
electrodes in the fully charged state were discharged at 500 mV potential steps
for 4500 s on electrochemical workstation (PARSTAT 2273), using the CorrWare
electrochemistry corrosion software.

3. Results

3.1. Structural characteristics
Depicted in Fig. 1 are the SEM images of the as-cast Co0, Co0.1
and Co0.3 alloys. It is very evident that the substitution of Co for Ni
causes the visible refinement of the grains of the as-cast alloy. The
morphologies of the as-cast alloys exhibit primary crystals of Mg2Ni
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Table 1
Lattice parameters, cell volumes, FWHM values and grain sizes of the as-spun
(25 m/s) alloys.

Alloys FWHM values Grain sizes Lattice parameters and cell
volumes

2� (45.14◦) D203 (nm) a (nm) c (nm) V (nm3)

Co0 0.179 48 0.5211 1.3265 0.3121
Co0.1 0.310 27 0.5219 1.3318 0.3149
ig. 2. XRD profiles of the as-cast and spun alloys: (a) Co0.2 alloy, (b) As-spun
25 m/s).

light) and a eutectic (dark) consisting of Mg, Mg2Ni and MgCo2. The
esult obtained by energy dispersive spectrometry (EDS) indicates
hat, instead of altering the major phase Mg2Ni (denoted by A) in
he alloys, the substitution of Co for Ni leads to forming secondary
hases MgCo2 (denoted by B) and Mg (denoted by C).

The XRD profiles of the as-cast and spun alloys are illustrated
n Fig. 2. The figure displays that the as-cast and spun alloys have

multiphase structure, comprising of a major phase Mg2Ni and

econdary phases MgCo2 and Mg. The melt spinning treatment has
n unapparent influence on the structure of the Co0.2 alloy, while
t causes a great change of the structure of the Co0.4 alloy. As the
pinning rate reaches to 25 m/s, the Co0.4 alloy exhibits an obvi-
us amorphous structure, confirming that the substitution of Co
Co0.2 0.425 20 0.5225 1.3323 0.3150
Co0.3 0.461 18 0.5226 1.3401 0.3169
Co0.4 – – – – –

for Ni facilitates the glass formation in the Mg2Ni-type alloy. Listed
in Table 1 are the lattice parameters, cell volumes and full width
at half maximum (FWHM) values of the main diffraction peaks of
the as-spun (25 m/s) alloys which were calculated by using Jade 6.0
software. It is derived in Table 1 that the increase in the amount of
Co substitution causes not only an visible increase in the FWHM
values of the main diffraction peaks of the as-spun alloys but also
an evident enlargement in the lattice parameters and cell volume of
the alloys, to be attributed to the larger atomic radius of Co than Ni.
Based on the FWHM values of the broad diffraction peak (2 0 3) in
Fig. 2(b), the grain sizes 〈Dh k l〉 (nm) of the as-spun (25 m/s) alloys
are calculated using Scherrer’s equation, also listed in Table 1. It
reveals that the substitution of Co for Ni causes an obvious reduc-
tion of the grain sizes of the alloys.

The TEM micrographs and ED patterns of the as-spun (25 m/s)
alloys are demonstrated in Fig. 3. It is clearly viewable that the
as-spun Co0.1 alloy displays a nearly complete nanocrystalline
structure, and its electron diffraction (ED) pattern appears sharp
multi-haloes, corresponding to a crystalline structure, while the
Co0.4 alloy exhibits a clear feature of the nanocrystalline embed-
ded in the amorphous matrix, and its electron diffraction pattern
consisted of broad and dull halo, confirming the presence of an
amorphous structure. It is quite evident that the amorphization
degree of the as-spun alloys visibly increases with the increase in
the amount of Co substitution, which conforms to the XRD obser-
vations depicted in Fig. 2.

3.2. Hydrogen absorption and desorption kinetics

The hydrogen absorption was carried out under 1.5 MPa hydro-
gen pressure (in fact, this pressure is initial pressure of hydriding
process), and hydrogen desorption was performed in an initial pres-
sure of 1 × 10−4 MPa at 200 ◦C.

The hydrogen absorption kinetics of the alloy is signified by
hydrogen absorption saturation ratio (Ra

t ), being defined as Ra
t =

Ca
t /Ca

100 × 100%, where Ca
100 and Ca

t are hydrogen absorption capac-
ities in the time of 100 min and t min, respectively. Apparently, for
a fixed time t, a larger saturation ratio Ra

t means better hydrogen
absorption kinetics. The experimental result indicates that, for all
the experimental alloys, the Ca

100 values are more than 98% of their
saturated hydrogen absorption capacities. Therefore, it is reason-
able to take the Ca

100 value as the saturated hydrogen absorption
capacity of the alloy. The evolution of the hydrogen absorption
saturation ratio (Ra

t ) (t = 5) of the alloys with the spinning rate is
presented in Fig. 4. The figure reveals that the Ra

5 values of the alloys
notably increase with rising spinning rate. With an increase in the
spinning rate from 0 (As-cast is defined as spinning rate of 0 m/s) to
30 m/s, the Ra

5 value increases from 80.4 to 94.3% for the Co0.2 alloy.
As the amount of Co substitution rises from 0 to 0.4, the Ra value of
5
the as-spun (25 m/s) increases from 89.0 to 91.8%. It is noteworthy
that the difference of the Ra

5 values of the alloys clearly reduces with
rising spinning rate. When the spinning rate reaches to 30 m/s, all
the alloys show a nearly same Ra

5 value, suggesting that the hydro-
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in the amount of Co substitution from 0 to 0.4.
Fig. 3. HRTEM micrographs and ED patterns of the as-spun (25

en absorption kinetics of the as-spun alloy chiefly depends on its
tructure.

Similarly, the hydrogen desorption kinetics of the alloy is indi-
ated by hydrogen desorption ratio (Rd

t ), being defined as Rd
t =

d
t /Ca

100 × 100%, where Ca
100 is the hydrogen absorption capacity

n 100 min and Cd
t is the hydrogen desorption capacity in the time

f t min, respectively. The evolution of the hydrogen desorption
atio (Rd

20) (t = 20) of the alloys with the spinning rate is illustrated
n Fig. 5. It can be seen in Fig. 5 that the melt spinning treatment
emarkably enhances the Rd

20 values of the alloys, suggesting that
elt spinning facilitates hydrogen desorption of Mg2Ni-type alloy.
ith the increase in the spinning rate from 0 to 30 m/s, the Rd

20
alue of the Co0.2 alloy increases from 24.52 to 51.67%. It must
e mentioned that, for a fixed spinning rate, the Rd

20 value of the
lloy markedly increases with the increase in the amount of Co
ubstitution.
.3. Electrochemical hydrogen storage kinetics

Electrochemical galvanostatic charge/discharge is a more effec-
ive and less time-consuming method for determining the

ig. 4. Evolution of the hydrogen absorption saturation ratio (Ra
5) of the alloys with

he spinning rate.
lloy: (a) Co0.1 alloy, (b) Co0.2 alloy, (c) Co0.3 alloy, (d) Co0.4 alloy.

hydrogen storage kinetics than a gaseous technique. It is quite
important to restrict the rapid attenuation in the discharge capac-
ity even at a high charge/discharge current density for the practical
application of hydride electrode in Ni–MH battery. Usually, the
electrochemical kinetics of the alloy is characterized by its high rate
discharge ability (HRD), being calculated according to following
formula: HRD = Ci max/C20,max × 100%, where Ci,max and C20,max are
the maximum discharge capacities of the alloy electrode charged-
discharged at the current densities of i and 20 mA/g respectively.

The relationship between the HRD values of the as-cast and spun
alloys with the discharge current density is exhibited in Fig. 6. The
figure shows that the HRD values of all the alloys increase with
rising both spinning rate and Co content. As the spinning rate rises
from 0 to 30 m/s, the HRD value (i = 100 mA/g) of the Co0.2 alloy
increases from 56.7 to 71.7%. And the HRD value (i = 100 mA/g) of
the as-spun (25 m/s) alloy raises from 65.3 to 75.3% with a increase
In order to reveal the mechanism of both melt spinning and Co
substitution improving hydrogen absorption kinetics of the alloy, it
is evidently necessary to investigate the influences of the melt spin-
ning and Co substitution on the H diffusion ability in the alloy. The H

Fig. 5. Evolution of the hydrogen desorption ratio (Rd
20) of the alloys with the spin-

ning rate.
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ig. 6. Evolution of the high rate discharge ability (HRD) of the alloys with the
ischarge current density: (a) Co0.2 alloy, (b) As-spun (25 m/s).

iffusion coefficients in the as-cast and spun alloys were measured
sing the potential step technique. A potential step of +500 mV
ersus the stabilized open circuit potential of the fully charged
lectrode was applied and the decrease in discharge current was
onitored as a function of time. Fig. 7 presents the semilogarith-
ic curves of anodic current versus working duration of the as-cast

nd spun alloys. The diffusion coefficient D of hydrogen atoms in
he bulk of the alloy can be calculated through the slope of the linear
egion of the corresponding plots according to following formulae
18].

og i = log
(

±6FD

da2
(C0 − Cs)

)
− �2

2.303
D

a2
t (1)

= −2.303a2

�2

d log i

dt
(2)

here i is the diffusion current density (A/g), D is the hydrogen dif-
usion coefficient (cm2/s), C0 is the initial hydrogen concentration
n the bulk of the alloy (mol/cm3), Cs is the hydrogen concentration
n the surface of the alloy particles (mol/cm3), a is the alloy particle
adius (cm), d is the density of the hydrogen storage alloy (g/cm3), t
s the discharge time (s), respectively. In Eq. (2), d log i/dt is the slope
f the linear region of the semilogarithmic curves of anodic current
ersus working duration, which can easily be obtained by using ori-
in 75 software. a is the alloy particle radius, supposing a = 15 �m.
hus, hydrogen diffusion coefficient D can easily be obtained. The

values calculated by Eq. (2) are also shown in Fig. 7. It is quite

vident that an increase in the spinning rate turns out a notable
ise in the D value. As the spinning rate rises from 0 to 30 m/s, the

value increases from 6.23 × 10−12 to 3.35 × 10−11 cm2/s for the
o0.2 alloy. And the D value of the as-spun (25 m/s) alloys mounts
Fig. 7. Semilogarithmic curves of anodic current vs. time responses of the alloys:
(a) Co0.2 alloy; (b) As-spun (25 m/s).

up from 2.22 × 10−11 to 3.34 × 10−11 cm2/s with an increase in the
amount of Co substitution from 0 to 0.4.

To determine the kinetics of hydrogen absorption/desorption,
Tafel polarization measurements are carried out on the experimen-
tal alloy electrodes. Fig. 8 illustrates the Tafel polarization curves
of the as-cast and spun alloy electrodes at the 50% DOD. It shows
that, in all cases, the anodic current densities increase to a limiting
value, then decrease. The existence of a limiting current density,
IL, indicates the formation of an oxidation layer on the surface of
the alloy electrode, which resists further penetration of hydrogen
atoms [19]. The decrease of the anodic charge current density on
cycling implies that charging was becoming more difficult. Hence,
the limiting current density, IL, may be regarded as a critical passi-
vation current density. Fig. 8(a) exhibits that IL values of the alloys
notably increase with rising spinning rate. With an increase in the
spinning rate from 0 to 30 m/s, the IL value increases from 57.5 to
772.3 mA/g for the Co0.2 alloy. Fig. 8(b) reveals that the IL value of
the as-spun (25 m/s) alloys enhances from 247.9 to 712.4 mA/g as
the amount of Co substitution rises from 0 to 0.4. Furthermore, an
interesting phenomenon in Fig. 8 displays that the corresponding
peak potential of the limiting current apparently shifts to positive
direction with the increase of both spinning rate and Co content,
indicating an enhanced antioxidation or anticorrosion ability by
both the melt spinning and Co substitution.

Shown in Fig. 9 are the electrochemical impedance spectra (EIS)
of the as-cast and spun alloy electrodes at 50% DOD. It is view-
able that each EIS spectrum contains two semicircles followed by a
straight line. According to Kuriyama et al.’s opinion, [20] the smaller

semicircle in the high frequency region is attributed to the contact
resistance between the alloy powder and the conductive material,
while the larger semicircle in the low frequency region is attributed
to the charge-transfer resistance on the alloy surface. The linear
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Fig. 8. Tafel polarization curves of the as-cast and spun alloy electrodes at the 50%
DOD: (a) Co0.2 alloy; (b) As-spun (25 m/s).

Fig. 9. Electrochemical impedance spectra (EIS) of the alloy electrodes at the 50%
depth of discharge (DOD): (a) Co0.2 alloy, (b) As-spun (25 m/s).
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response at low frequencies is indicative of hydrogen diffusion in
the bulk alloy. Hence, the electrode kinetics of the as-cast and spun
alloys are dominated a mixed rate-determining process. It is seen
in Fig. 9 that the radius of the large semicircle in the low frequency
for the as-cast and spun alloys visibly decreases with increasing
both spinning rate and Co content, implying that the refined grain
by both the melt spinning and Co substitution facilitates charge-
transfer of the alloy electrode.

4. Discussion

Based on a systematic investigation on the structures of the
Mg2Ni1−xCox (x = 0–0.4) alloys, some explanations may be offered
as the reasons of the melt spinning and the substitution of Co for
Ni leading to the notable changes of the structure and hydrogen
storage kinetics of the Mg2Ni-type alloy.

The results as shown in Figs. 2 and 3 reveal that the substitu-
tion of Co for Ni facilitates the glass formation in the Mg2Ni-type
alloy, for which two possibilities are mainly responsible. On the
one hand, the addition of third element to Mg–Ni or Mg–Cu alloys
can significantly facilitate the glass-formation [21,22]. On the other
hand, the glass forming ability of the alloy is closely related to the
difference of the atom radius of the alloy. The bigger the difference
of the atom radius prefigures the higher the glass forming ability
of the alloy [23]. It must be mentioned that the structure of the
alloy with a fixed composition basically depends on its preparation
technology. A lot of literatures have reported that melt spinning can
leads to a marked refinement of the grains in the alloy. The similar
results have been obtained by our group [24]. The grain sizes of the
alloy are closely related to the spinning rate. The higher spinning
rate will create the smaller grain size.

Generally, the diffusion ability of hydrogen atoms in the alloy
is a crucial factor for the hydrogen absorption kinetics. The melt
spinning treatment markedly enhances the hydrogen absorp-
tion kinetics (Fig. 4). The improved hydrogen absorption kinetics
is mainly ascribed to the enhanced hydrogen diffusivity in the
amorphous and nanocrystalline microstructures as the amorphous
phase around 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. Upon refining the microstructure, a lot
of new crystallites and grain boundaries evolve, which may act as
fast diffusion paths for hydrogen absorption [25]. It is quite evi-
dent that the positive function of Co substitution on the Ra

5 value
of the alloy clearly decreases with increasing spinning rate. As the
spinning rate reaches to 30 m/s, the all the alloys have nearly same
Ra

5 values. It reveals that the hydrogen absorption kinetics of the
as-spun alloy basically depends on its structure.

It is well known that the hydrogen desorption kinetics of the
alloy primarily relies on the hydrogen diffusion ability as well as
the thermal stability of its hydride. The poor hydriding/dehydriding
kinetics of the Mg and Mg-based alloys is principally ascribed to the
high thermodynamic stability of their corresponding hydride. The
improved hydrogen desorption kinetics is mostly associated with
the change of the structure of the alloy induced by the melt spin-
ning. It is well known that, when crystalline materials are spun,
they become at least partially disordered. And at same time, some
crystal defects such as dislocations, stacking faults and grain bound-
aries are introduced. As a result, a large amount of internal energy
would be stored and lead to non-stabilization of the lattice, yield-

ing the nanocrystalline or even an amorphous phase. Niu et al. [19]
clarified that the introduction of defects, disordering and inter-
nal strain gives rise to an increasing hydriding/dehydriding rates
and capacity. It was reported [25] that the hydrogen absorbing
and desorbing rates of Mg-based alloys were strongly enhanced
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y refinement of the grains. As noted, the internal strain increases
ith rising spinning rate. The higher the spinning rate, the more
efects are introduced into the Mg2Ni alloy. Furthermore, the grain
ize of the alloy markedly decreases with increasing spinning rate.
ence, it is understandable that the hydrogen desorption ratio (Rd

20)
f the alloy markedly increases with rising spinning rate. It is note-
orthy that, for a fixed spinning rate, the Rd

20 value of the alloy
arked increase with rising Co content, suggesting that increasing

o content facilitates hydrogen desorption. The increased hydrogen
esorption kinetics by Co substitution is ascribed to two reasons.
irstly, the substitution of Co for Ni notably intensifies the glass
orming ability of Mg2Ni-type alloy because amorphous Mg2Ni
hows an excellent hydrogen desorption capability. Secondly, such
ubstitution decreases the stability of the hydride and makes the
esorption reaction easier [26]. It is must be pointed out that
he total hydrogen storage capacities of the experimental alloys
nder our test conditions are not as large as would be found
romMg2NiH4. It was confirmed by our previous work [27] that the
roducts of the hydriding reaction of the as-cast and spun alloys are
g2NiH4 + MgH2 + MgCo2 and that the products of the dehydriding

eaction of the alloys are Mg2Ni + MgH2 + MgCo2. The formation of
gH2 phase is probably relevant to the substitution of Co for Ni.

he low hydrogen absorption capacity of the as-cast and spun is
scribed to the formation of the Mg2Co phase because it is not a
ydride forming phase. And low hydrogen desorption capacity of
he alloys is attribute to the formation of the MgH2 phase owing to
he fact that the thermal stability of the MgH2 phase is higher than
hat of the Mg2NiH4 phase and it keeps unreaction under our test
onditions.

High rate dischargeability (HRD) is a kinetic performance of
ydrogen absorbing/desorbing of the alloy electrode, which prin-
ipally depends on the charge transfer at the alloy-electrolyte
nterface the hydrogen diffusion process from the interior of the
ulk to the surface of alloy particle [28]. The radiuses of the larger
emicircle on the EIS spectra in the low frequency region exhibit a
ame change with the HRD values of the alloys, indicating that the
RD values of the alloy electrodes is directly associated with the
harge-transfer resistance of the alloy. Figs. 7 and 8 indicate that
he diffusion coefficient (D) of hydrogen and the limiting current
ensity (IL) visibly increase with rising spinning rate and Co con-
ent. Ratnakumar et al. [29] and Liu et al. [30] presumed that the
imiting current can be related to and is mainly controlled by the
olid state diffusion of hydrogen in metal-hydride electrode. Fur-
hermore, it was known that the limiting current density, IL, may
e regarded as a critical passivation current density. The results
hown in Figs. 2 and 3 indicate that the glass forming ability of the
g2Ni-type alloy can significantly be enhanced by both increasing

pinning rate and Co substitution. Hence, the positive impacts of
elt spinning and Co substitution on the IL value can be ascribed

o the increased glass forming ability because an amorphous phase
an markedly improves anti-corrosion and anti-oxidation abilities
f the alloy electrode in a corrosive electrolyte [31], suggesting
hat the critical passivation current density of the alloy electrode is
ncreased.

Based on above mentioned results, it can be concluded that both
elt spinning treatment and the substitution of Co for Ni are benefi-

ial for improving the hydrogen storage kinetics of the Mg2Ni-type
lloy.
. Conclusions

The nanocrystalline and amorphous Mg2Ni1−xCox (x = 0, 0.1, 0.2,
.3, 0.4) alloy ribbons are successfully fabricated by melt spin-

[

[

ompounds 509 (2011) 2808–2814

ning technology. The investigation of the structures of the alloys
indicates that the substitution of Co for Ni facilitates the glass for-
mation in the Mg2Ni-type alloy. And the amorphization degree
of the alloys visibly increases with increasing Co content. Both
the melt spinning and Co substitution significantly improve the
hydrogen storage kinetics of the alloys. The hydrogen absorption
saturation ratio (Ra

t ) and hydrogen desorption ratio (Rd
t ) as well

as the high rate discharge ability (HRD) increase with rising spin-
ning rate and Co content. The hydrogen diffusion coefficient (D),
the Tafel polarization curves and the electrochemical impedance
spectra (EIS) measurements show that the electrochemical kinetics
notably increases with rising spinning rate and Co content. Fur-
thermore, all the as-spun alloys, when the spinning rate reaches
to 30 m/s, have nearly same hydrogen absorption kinetics, indicat-
ing that the hydrogen absorption kinetics of the as-spun alloy is
predominately controlled by diffusion ability of hydrogen atoms.
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