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Abstract: In order to improve the hydrogen storage kinetics of the Mg,Ni-type alloys, Ni in the alloy was partially substituted with
element Co. The Mg,Ni-type Mg,Ni;_,Co, (x=0, 0.1, 0.2, 0.3, 0.4) alloys were fabricated by melt-spinning technique. The structures
of the as-spun alloys were characterized by XRD and TEM. The gaseous and electrochemical hydrogen storage kinetics of the alloys
was measured. The results show that the substitution of Co for Ni notably enhances the glass forming ability of the Mg,Ni-type alloy.
The amorphization degree of the alloys visibly increases with rising of Co content. Furthermore, the substitution of Co for Ni
significantly improves the hydrogen storage kinetics of the alloys. With an increase in the amount of Co substitution from 0 to 0.4,
the hydrogen absorption saturation ratio of the as-spun (15 m/s) alloy increases from 81.2% to 84.9%, the hydrogen desorption ratio
from 17.60% to 64.79%, the hydrogen diffusion coefficient increases from 1.07x107"! to 2.79x10™"" cm?/s and the limiting current

density increases from 46.7 to 191.7 mA/g, respectively.
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1 Introduction

Mg,Ni-type intermetallic compounds are
intensively studied because they are expected to be used
as hydrogen storage materials [1] or negative electrode in
Ni-MH batteries [2]. However, their practical application
to hydrogen suppliers has been limited mainly due to
their sluggish hydriding/dehydriding kinetics as well as
high thermodynamic stability of their corresponding
hydride. Therefore, a variety of attempts, mechanical
alloying (MA) [3], melt spinning [4-5], surface
modification [6], adding catalysts [7], hydriding
combustion synthesis [8], GPa hydrogen pressure
method [9], gravity casting [10], alloying with other
elements [11], spark plasma sintering [12] etc, have been
developed to enhance their hydriding/dehydriding
kinetics and to reduce their thermodynamic stability. It
was documented that the researches in this area have
achieved great improvements in the hydrogen
absorption/desorption kinetics of the Mg-based alloys.

However, the key challenge about the reduction in
thermodynamic stability of Mg-based hydrides still
remains intact.

High energy ball-milling is regarded as a quite
powerful method for the fabrication of nanocrystalline
and amorphous Mg and Mg-based alloys. Especially, it is
the most appropriate method to solubilize particular
elements into MgH, or MgNiH,; above the
thermodynamic equilibrium limit, facilitating the
destabilization of MgH, or Mg,NiH, [13]. However, the
milled Mg,Ni-type alloy electrodes exhibit extremely
poor electrochemical cycle stability owing to the
disappearance of the metastable structures formed by ball
milling during the multiple electrochemical charging and
discharging cycles [14], which is an insurmountable
bottleneck for its practical application as the electrode
materials.

On the contrary, the melt-spun treatment may
inhibit the sharp degradation of the hydrogen absorbing
and desorbing cyclic characteristics of Mg-based
compounds [15]. Furthermore, the melt-spinning
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technique is an important method to produce a
nanocrystalline structure and has been regarded to be the
most appropriate for the mass-production of the
nanocrystalline Mg-based alloys. The alloys, possessing
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.
SPASSOV and KOSTER [16] have prepared Mg,(Ni,Y)
hydrogen storage alloy with the composition of
Mgs;NizY; by rapid solidification process, exhibiting a
maximum hydrogen absorption capacity of about 3.0%.
In addition, the melt-spun Mg,(Ni,Y) alloys have
demonstrated an enhanced hydrogenation kinetics
compared with those of the conventionally prepared
polycrystalline Mg,Ni alloys, to be comparable to that of
the nanocrystalline ball-milled Mg,Ni. HUANG et al [17]
have concluded that the amorphous and nanocrystalline

Mg-based alloy (MgeNizs)eoNd;y prepared by
melt-spinning technique displays the highest discharge
capacity of 580 mA-h/g.

In the present work, the Mg-Ni-based Mg,Ni;_,Co,
(x=0—0.4) nanocrystalline and amorphous alloys have
been synthesized by melt-spinning technology. Moreover,
the effects of substituting Ni with Co on the structures
and hydrogen storage kinetics of the alloys were
investigated in detail.

2 Experimental

The nominal compositions of the experimental
alloys were Mg,Ni,_Co, (x=0, 0.1, 0.2, 0.3, 0.4). For
convenience, the alloys were denoted with Co content as
Cop, Cog1, Cogy, Cog; and Copy, respectively. The
experimental alloys were prepared by using a vacuum
induction furnace in a helium atmosphere at a pressure of
0.04 MPa. A part of the as-cast alloys were re-melted and
spun by melt-spinning with a rotating copper roller
cooled by water. The spinning rate was approximately
expressed by the linear velocity of the copper roller. The
spinning rates used in the experiment were 15, 20, 25
and 30 m/s, 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 Cu K, radiation
filtered by graphite. The effective crystal sizes were
calculated from Scherrer’s formula [18].

The thin film samples of the as-spun alloys were
prepared by ion etching method in order to observe the
morphology with high resolution transmission electron
microscope (HRTEM) (JEM—2100F, operated at 200 kV),
and also to determine the crystalline state of the samples

with electron diffraction (ED). The average grain size of
the as-spun alloys was measured by a linear intercept
method on the HRTEM micrographs.

The hydrogen absorption and desorption kinetics of
the alloys was 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 was conducted at a pressure of 1x10™* MPa
and 200 °C.

The alloy ribbons were pulverized into fine powder
of about 20 pm by mechanical milling and then mixed
with carbonyl nickel powder in a mass 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 was tested by a
tri-electrode open cell, consisting of a metal hydride
electrode, a sintered NiOOH/Ni(OH), counter electrode
and a Hg/HgO reference electrode. The electrolyte is a
solution of 6 mol/L 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 constant current density,
and following the resting for 15 min, it was discharged at
the same current density to cut-off voltage of —0.500 V.
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 4 500 s on electrochemical workstation (PARSTAT
2273), using the CorrWare electrochemistry corrosion
software.

3 Results and discussion

3.1 Structural characteristics

The XRD profiles of the as-spun (15 and 25 m/s)
alloys are presented in Fig. 1. It is evident that the
as-spun alloys have a multiphase structure, comprising of
a major phase Mg,Ni and secondary phases MgCo, and
Mg, and the amount of these secondary phases obviously
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increases with rising of Co content. The melt-spinning
treatment has an unapparent influence on the structure of
the Co, alloy, while it causes a great change of the
structure of the Cog4 alloy. As the spinning rate reaches
25 m/s, the Cog4 alloy exhibits an obvious amorphous
structure. Therefore, it may be surmised that the
substitution of Co for Ni facilitates the glass formation in
the Mg,Ni-type alloy. Two possibilities may be
considered the reasons for the above result. Firstly, the
addition of the third element to Mg-Ni or Mg-Cu alloys
significantly facilitates the glass-formation [19].
Secondary, the glass forming ability of an alloy is closely
related to the difference of the atomic radii in the alloy.
The higher difference of the atomic radii enhances the
glass forming ability [20]. Therefore, the much larger
atomic radius of Co compared with that of Ni facilitates
the glass-formation. The lattice parameters, cell volumes
and full width at half maximum (FWHM) values of the
main diffraction peaks of the as-spun alloys are listed in
Table 1, which were calculated by using Jade 6.0
software. It is derived in Table 1 that increasing the
amount of Co substitution causes not only an visible
increase in the FWHM values of the main diffraction

ZHANG Yang-huan, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2002—-2009

peaks of the as-spun alloys but also an evident
enlargement in the lattice parameters and cell volume of
the alloys, which is attributed to the larger atomic radius
of Co than Ni. Based on the FWHM values of the broad
diffraction peak (203) in Fig. 1, the grain sizes (Dj.) (A)
of the as-spun alloys are calculated using Scherrer’s
equation, and also listed in Table 1. It reveals that the
substitution of Co for Ni causes an obvious reduction of
the grain sizes of the alloys. It must be mentioned that
the data in Fig. 1(b) and Table 1 corresponding to the
spinning rate of 25 m/s are from Ref. [21].

The TEM micrographs and ED patterns of the
as-spun (25 m/s) alloys are shown in Fig. 2. It can be
seen that the as-spun Cog; alloy displays a nearly
complete nanocrystalline structure, and its electron
diffraction (ED) pattern displays sharp multi-haloes,
corresponding to a crystalline structure, while the Cog4
alloy exhibits a clear feature of the nanocrystalline
embedded in the amorphous matrix, and its electron
diffraction pattern consists 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

@) :
m\k |
AR L P YO

a—Mg,Ni
4 —MgCo,

N :
A * FLH |. " A _| Mg COU.J

...-4JJ~‘* o], 'U|-ILJJk PR T VO VPN »._)LC()“ ! -—L* . Co,
4(203) 4(203)
_,"]f_i .D‘AL.A aas_2a b 2C% AJU T‘J} g sa b s C%
20 40 60 80 100 20 40 60 80 100
20/(°) 20/(%)
Fig. 1 XRD patterns of as-spun alloys: (a) 15 m/s; (b) 25 m/s
Table 1 Lattice parameters, cell volumes, FWHM values and grain sizes of as-spun alloys
o Lattice parameter and cell volume
FWHM value (260=45.14°)  Grain size D,y;/nm 3
Alloy a/nm c¢/nm Vinm
15 m/s 25 m/s ISm/s  25m/s 15 m/s 25 m/s 15 m/s 25 m/s 15 m/s 25 m/s
Coy 0.171 0.179 50 48 0.5210 0.5211 1.3251 1.3265 0.3115 03119
Cog 0.191 0.310 45 27 0.5213 0.5219 1.3256 1.3318 03120  0.3141
Cog, 0.265 0.425 32 20 0.5217 0.5225 1.3305 1.3323 03136  0.3150
Cogs 0.357 0.461 24 18 0.5224 0.5226 1.3312 1.3401 03146  0.3170
Cog4 0.449 - 19 - 0.5224 - 1.3318 - 0.3147 -
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Fig. 2 HRTEM micrographs and ED patterns of as-spun (25 m/s) alloy: (a) Coy ; alloy; (b) Cog; alloy; (c) Cog; alloy; (d) Cog4 alloy

amount of Co substitution, which conforms to the XRD
observations depicted in Fig. 1.

3.2 Hydrogen absorption and desorption kinetics

The hydrogen absorption was carried out under
hydrogen pressure of 1.5 MPa (in fact, this pressure is
initial pressure of hydriding process), and hydrogen
desorption was carried out in an initial pressure of
1x10* MPa at 200 °C. Our previous work [22] has
revealed that crystallization temperatures of the as-spun
alloys are higher than 200 °C, suggesting that there is not
an obvious change of the phase structure of the alloy at
the hydriding and dehydriding temperature.

The hydrogen absorption kinetics of the alloy is
signified by hydrogen absorption saturation ratio (R} ),
defined as R} =C} / Cioo x100% , where Cfy, and C?
are hydrogen absorption capacities in the time of 100
min and ¢ min, respectively. Apparently, for a fixed time ¢,
a larger saturation ratio R/ means better hydrogen
absorption kinetics. The experimental result indicates
that, for all the experimental alloys, the Cf, values are
more than 98% of their saturated hydrogen absorption
capacities. Therefore, it is reasonable to take
the Cfj, value as the saturated hydrogen absorption
capacity of the alloy. The evolution of the hydrogen
absorption saturation ratio (R;') (¢=5) of the alloys with
Co content is presented in Fig. 3. It is evident that all the
as-spun alloys exhibit superior hydrogen absorption

kinetics. The substitution of Co for Ni notably enhances
the RZ values of the alloys, but the positive function of
Co substitution on hydrogen absorption kinetics clearly
reduces with rising of spinning rate. It is noteworthy that,
as Co content increases to 0.4, the substitution of Co for
Ni leads to a slight decline of the R: values of the alloys,
but the R{ values of the alloys substituted by Co always
are higher than those of the Co-free alloys, confirming
that thus substitution improves the hydrogen absorption
kinetics of the as-cast and spun Mg,Ni-type alloys. The
slight decrease in the RZ value of the alloy induced by
superfluous Co substitution (x=0.4) is probably ascribed
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Fig. 3 Evolution of hydrogen absorption saturation ratio ( RZ)
of alloys with Co content
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to the formation of secondary phases MgCo, and Mg
created by thus substitution. The convincing mechanism
needs to be investigated further.

The improved hydrogen absorption kinetics can be
explained with 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 [23].

Similarly, the hydrogen desorption kinetics of the
alloy is indicated by hydrogen desorption ratio (R,d ),
defined as R =C / Cloo x100% , where Cjy, is the
hydrogen absorption capacity in 100 min and C td is the
hydrogen desorption capacity in the time of ¢ min,
respectively. The hydrogen desorption ratio (Rgo) of the
alloys as a function of the Co content is depicted in
Fig. 4. It can be seen from Fig. 4 that the substitution of
Co for Ni visibly enhances the RS, values of the alloys,
suggesting that thus substitution facilitates hydrogen
desorption of Mg,Ni-type alloy. With the increase in the
amount of Co substitution from 0 to 0.4, the RS, value
increases from 3.43% to 54.47 % for the as-cast alloys,
and from 26.1% to 70.19% for the as-spun (30 m/s)
alloys. It must be mentioned that, for a fixed Co content,
the R§0 value of the alloy markedly grows with the
increase of the spinning rate.

80
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Fig. 4 Evolution of hydrogen desorption ratio ( Ry, ) of alloys
with Co content

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 increased hydrogen desorption kinetics by
Co substitution is ascribed to two reasons. Firstly, the
substitution of Co for Ni notably intensifies the glass
forming ability of Mg,Ni-type alloy because amorphous

Mg,Ni shows an excellent hydrogen desorption
capability. Secondly, such substitution decreases the
stability of the hydride and makes the desorption reaction
easier [24].

3.3 Electrochemical hydrogen storage kinetics

Electrochemical galvanostatic charge/discharge is a
more effective and less time-consuming method for
determining the hydrogen storage kinetics than a gaseous
technique. It is quite important to restrict the rapid
attenuation in the discharge capacity even at a high
charge/discharge current density for the practical
application of hydride electrode in Ni-MH battery.
Generally, the electrochemical kinetics of the alloy is
characterized by its high rate discharge ability (HRD),
calculated according to following formula: HRD=
Cimax/C20.max¥100%, where Cimax and Cyomex are the
maximum discharge capacities of the alloy electrode
charged-discharged at the current densities of i and 20
mA/g, respectively.

The evolution of the HRD values of the as-spun (15
and 25 m/s) alloys with the discharge current density is
illustrated in Fig. 5. It indicates that the HRD values of
all the alloys increase with rising of Co content. As Co
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Fig. 5 Evolution of high rate discharge ability (HRD) of alloys
with discharge current density: (a) 15 m/s, (b) 25 m/s
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content rises from 0 to 0.4, the HRD value (=100 mA/g)
increases from 61.2% to 69.0% for the as-spun (15 m/s)
alloys, and from 65.3% to 71.1% for the as-spun (25 m/s)
alloys.

In order to reveal the mechanism of Co substitution
improving hydrogen absorption kinetics of the alloy, it
evidently is necessary to determine the influence of Co
substitution on H diffusion ability in the alloy. Figure 6
shows the semilogarithmic curves of anodic current
versus working duration of the as-spun (15 m/s) alloys.
The diffusion coefficient D of the hydrogen atoms in the
bulk of the alloy can be calculated through the slope of
the linear region of the corresponding plots according to
the following formulae [25]:

6FD > D
lgi=1g| + Cy-C.)|-——=¢ 1
g g( daz( 0 s)j 2303 2 (1
2 .
p_ 2303 dlgi @

11;2 dr
where i is the diffusion current density (A/g); D is the
hydrogen diffusion coefficient (cm*/s); Cp is the initial
hydrogen concentration in the bulk of the alloy
(mol/em’); Cs is the hydrogen concentration on the
surface of the alloy particles (mol/cm’); a is the alloy
particle radius (cm); d is the density of the hydrogen
storage alloy (g/cm’); ¢ is the discharge time (s),
respectively. The D values calculated by Eq. (2) are also
presented in Fig. 6. It can be seen that D value increases
with the increase in the Co content. As the amount of Co
substitution rises from 0 to 0.4, the D value of the
as-spun (15 m/s) alloy increases from 1.07x107'' to
2.79x10"" cm’/s.

High rate discharge ability (HRD) is a kinetic
performance of hydrogen absorbing/desorbing of the
alloy electrode, basically depending on the charge
transfer at the alloy-electrolyte interface, the hydrogen
diffusion process from the interior of the bulk to the
surface of alloy particle [26]. The substitution of Co for
Ni visibly enhances the HRD values of the alloys, which
is attributed to a positive action of Co substitution on the
hydrogen diffusion in the alloy. Furthermore, Co
substitution accelerates the formation of a concentrated
metallic Ni layer on the surface of the alloy electrode
which is highly beneficial to enhance electrochemical
catalytic property and to improve the reaction rate of
hydrogen [26].

Figure 7 shows the electrochemical impedance
spectra (EIS) of the as-spun (15 m/s) alloy electrodes at
50% DOD. It shows that each EIS spectrum contains two
semicircles followed by a straight line. According to
KURIYAMA et al [27], the smaller semicircle in the
high frequency region is attributed to the contact
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Fig. 6 Semilogarithmic curves of anodic current density vs time
(a) and D vs x (b) of as-spun (15 m/s) alloys

1.5r
o 1.0r
NE
|
0.5r
*—Coy;
=—Coyp,
0 0.5 1.0 1.5 2.0 2.5
Zrcal"rQ

Fig. 7 Electrochemical impedance spectra (EIS) of as-spun (15
m/s) alloy electrodes at 50% depth of discharge (DOD)

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 response at low frequencies
is indicative of hydrogen diffusion in the bulk alloy.
Hence, the electrode kinetics of the as-spun alloys is
dominated a mixed rate-determining process. It can be
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seen from Fig. 7 that the radius of the large semicircle in
the low frequency visibly decreases with increasing Co
content, implying that the refined grain by Co
substitution facilitates charge-transfer of the alloy
electrode.

To determine the kinetics of hydrogen
absorption/desorption, Tafel polarization measurements
were carried out on the experimental alloy electrodes.
Figure 8 shows the Tafel polarization curves of the
as-spun (15 m/s) alloy electrodes at the 50% DOD. It
indicates that, in all cases, the anodic current densities
increase to a limiting value, then decrease. The existence
of a limiting current density, i1, suggests forming an
oxidation layer on the surface of the alloy electrode,
which resists further penetration of hydrogen atoms [28].
The decrease of the anodic charge current density on
cycling implies that charging is becoming more difficult.
Hence, the limiting current density, i, may be regarded
as a critical passivation current density. The limiting
current density ip obtained from the Tafel polarization
curves is also presented in Fig. 8. It can be seen from
Fig. 8 that iy values of the alloys notably increase with
rising of Co content. With an increase in Co content from
0 to 0.4, the i value of the as-spun (15 m/s) alloy
increases from 46.7 to 191.7 mA/g, indicating a higher
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Fig. 8 Tafel polarization curves of as-spun (15 m/s) alloy
electrodes at 50% DOD (a) and evolution of limiting current
density (ip) with Co content (b)

rate of hydrogen diffusion caused by substituting Ni with
Co.

Based on the mentioned above, it can be concluded
that the substitution of Co for Ni produces a significant
improvement on the hydrogen storage kinetics of
Mg,Ni-type alloy. However, it must be pointed out that
the action mechanism of Co substitution is directly
associated with the preparation technology of the alloy.

4 Conclusions

1) The nanocrystalline and amorphous Mg,Ni;_.Co,
(x=0, 0.1, 0.2, 0.3, 0.4) alloy ribbons are successfully
fabricated by melt-spinning technology. The result
indicates that the substitution of Co for Ni facilitates the
glass formation in the Mg,Ni-type alloy. And the
amorphization degree of the alloys visibly increases with
increasing Co content. Furthermore, the substitution of
Co for Ni, instead of changing the major phase Mg,Ni in
the alloy, leads to forming secondary phases MgCo, and
Mg.

2) The substitution of Co for Ni significantly
improves the hydrogen storage kinetics of the alloys. The
hydrogen absorption saturation ratio and hydrogen
desorption ratio as well as the high rate discharge ability
increase with rising of Co content, for which the notable
increase of the hydrogen diffusion coefficient along with
the limiting current density and the obvious decline of
the electrochemical impedance caused by Co substitution
are basically responsible.
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