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a b s t r a c t

The nanocrystalline Mg2Ni-type Mg2Ni1−xCux (x = 0, 0.1, 0.2, 0.3, 0.4) alloys were synthesized by direct
melt quenching technique. The structures of the as-cast and quenched alloys were investigated by XRD,
SEM and HRTEM. The gaseous hydrogen storage kinetics of the alloys was measured using an automat-
ically controlled Sieverts apparatus. The electrochemical hydrogen storage kinetics of the alloys was
tested by using constant current to charge and discharge the electrode. The results indicate that the sub-
eywords:
g2Ni-type alloy

apid quenching
ubstituting Ni with Cu
ydrogen storage kinetics

stitution of Cu notably rendered the grain refinement of the as-cast alloys without altering the major
phase Mg2Ni. All the as-quenched alloys exhibit a nanocrystalline structure without the presence of any
amorphous phase. It is found that the substitution of Cu for Ni and rapid quenching significantly ame-
liorated the gaseous and electrochemical hydrogen storage kinetics of the nanocrystalline Mg2Ni1−xCux

(x = 0–0.4) alloys. Furthermore, both the rapid quenching treatment and the Cu substitution results in a
notable increase in the hydrogen diffusion coefficient (D) as well as the limiting current density (IL) but
an obvious decline in the electrochemical impedance.
. Introduction

Mg2Ni-type intermetallic compounds are the most promis-
ng materials for hydrogen storage [1] and Ni-MH batteries [2]
wing to their abundance, light weight, and high hydrogen capac-
ty, e.g. 3.6 wt.% for Mg2NiH4, 4.5 wt.% for Mg2CoH5 and 5.4 wt.%
or Mg2FeH6. However, their practical application to hydrogen
uppliers has been limited mainly due to their sluggish hydrid-
ng/dehydriding kinetics as well as high thermodynamic stability of
heir corresponding hydride. It has already been documented that
he significant developments have been made in ameliorating the
ydrogen absorption/desorption kinetics of the Mg-based alloys.
owever, the key challenge about the reduction in thermodynamic

tability of Mg based hydrides still remains intact.
The hydrogen storage kinetics of the Mg-based alloy is strongly

ependent upon the nature of its alloying elements and structure. It

s reported that the use of various non-equilibrium processing tech-
iques such as mechanical alloying (MA) [3,4] and melt quenching
5] has improved the hydrogen absorption and desorption kinetics
f Mg and Mg-based alloys by virtue of the formation of a nanocrys-
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talline or nano-amorphous structure. As reported by Wu et al.
[6], the kinetics of the hydrogen absorption/desorption reactions
of the melt-spun Mg–10Ni–2Mm (at.%) alloy ribbons was greatly
improved by increasing the quenching rate, and a maximum hydro-
gen storage capacity of 5.1 wt.% H was obtained. Kalinichenka et al.
[7] testified that Mg–Cu–Ni–Y system alloys, prepared by melt spin-
ning technology, can reach reversible gravimetric hydrogen storage
densities of up to 4.8 wt.% H2. Even at a low temperature of 100 ◦C,
the hydrogenation kinetics of the investigated alloys is rather high
in the range of 1.5 wt.% H2 per hour. Révész et al. [8] found that
the maximum absorption capacity of ball-milled nanocrystalline
Mg70Ni30 powder, which was subjected to heavy shear deforma-
tion by the process of high-pressure torsion (HPT), is increased by
30–50%. Lang et al. [9] also reported that severe plastic deforma-
tion performed by a vertical cold rolling apparatus could be used
to enhance hydrogen sorption properties of metal hydrides. The
hydrogen sorption kinetics of magnesium hydride, after only five
rolling passes, was greatly enhanced without noticeable loss of
capacity.

Our previous work has testified that the substitution of Co for Ni
and the melt spinning process significantly ameliorated the hydrid-

ing and dehydriding kinetics of the Mg2Ni-type alloys [10,11].
Therefore, it is highly desirable to investigate the influence of
substituting Ni with Cu on the hydrogen storage kinetics of Mg2Ni-
type alloys. The Mg2Ni-type Mg2Ni1−xCux (x = 0–0.4) alloys have
been synthesized by rapid quenching technology. Furthermore, the

dx.doi.org/10.1016/j.jallcom.2011.02.085
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ffects of both the rapid quenching and the Cu substitution on the
tructures and the gaseous as well as the electrochemical hydrogen
torage kinetics of the alloys have been investigated in detail.

. Experimental

The nominal compositions of the experimental alloys were Mg2Ni1−xCux (x = 0,
.1, 0.2, 0.3, 0.4). For convenience, the alloys were denoted with Cu content as Cu0,
u0.1, Cu0.2, Cu0.3 and Cu0.4, respectively. The experimental alloys were prepared by
sing a vacuum induction furnace in a helium atmosphere at a pressure of 0.04 MPa.
part of the as-cast alloys was re-melted and quenched by rapid quenching with
rotating copper roller cooled by water. The quenching rate was approximately

xpressed by the linear velocity of the copper roller. The quenching rates, used in
he experiment, were15, 20, 25 and 30 m/s, 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 quenched alloys were determined
y X-ray diffraction (XRD) (D/max/2400). The diffraction, with the experimental
arameters of 160 mA, 40 kV and 10◦/min respectively, was performed with CuK�1

adiation filtered by graphite. The effective grain sizes were calculated from Scher-
er’s formula [12].

The thin film samples of the as-quenched alloys were prepared by ion etching
ethod in order to observe the morphology with high resolution transmission elec-

ron microscope (HRTEM) (JEM-2100F, operated at 200 kV), and also to determine
he crystalline state of the samples with electron diffraction (ED). The average grain
izes of the as-quenched alloys were measured by a linear intercept method on the
RTEM micrographs.

The gaseous hydrogen absorption and desorption kinetics of the alloys were
easured by an automatically controlled Sieverts apparatus. Prior to measuring the

ydriding and dehydriding kinetics of the alloys, several hydrogen absorbing and
esorbing cycles were performed in order to activate the materials. The hydrogen
bsorption was conducted at 1.5 MPa and 200 ◦C, and the hydrogen desorption was

arried out at a pressure of 1 × 10−4 MPa and 200 ◦C, too.

The alloy ribbons were pulverized into fine powder of about 20 �m by mechani-
al milling and then mixed with carbonyl nickel powder in a weight ratio of 1:4. The
ixture was cold pressed under a pressure of 35 MPa into round electrode pellets

f 10 mm in diameter and total mass of about 1 g. The electrochemical hydrogen
torage kinetics of the alloy electrodes were tested by a tri-electrode open cell, con-

Fig. 1. SEM images of the as-cast alloys coupled with EDS spect
ompounds 509 (2011) 5604–5610 5605

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 by 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 and discussion

3.1. Microstructure characteristics

The SEM images of the as-cast Cu0 and Cu0.4 alloys are illustrated
in Fig. 1. It is quite evident that the as-cast alloys exhibit a typical
dendritic structure. The substitution of Cu for Ni, instead of chang-
ing the morphology of the alloys, causes a significant refinement of
the grains. The result obtained by energy dispersive spectrometry
(EDS) reveals that the major phase of the as-cast alloys is Mg2Ni
phase (denoted by A). The Cu0.4 alloy clearly exhibits some small
massive particulates. The EDS analysis confirms that these partic-

ulates are Mg2Cu phase (denoted by B).

The XRD profiles of the as-cast and quenched Cu0.1 and Cu0.4
alloys are depicted in Fig. 2. It is clear that all the as-cast and
quenched alloys hold a single phase structure, visibly contrary with
the result of the SEM observation as shown in Fig. 1. The absence of

ra of sections A and B in (b): (a) Cu0 alloy, (b) Cu0.4 alloy.
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Fig. 2. XRD profiles of the as-cast and quenched alloys: (a) Cu0.1 alloy, (b) Cu0.4 alloy.

Table 1
Lattice parameters, cell volumes, FWHM values and grain sizes of the Cu0.1 and Cu0.4 alloy

Quenching rate (m/s) FWHM values Grain sizes Lat

2� (45.14◦) D203 (nm) a (n

Cu0.1 Cu0.4 Cu0.1 Cu0.4 Cu

0 0.133 0.165 64 52 0.5
15 0.194 0.241 44 35 0.5
20 0.218 0.252 39 34 0.5
25 0.237 0.273 36 31 0.5
30 0.241 0.285 35 30 0.5
ompounds 509 (2011) 5604–5610

the diffraction peaks of the Mg2Cu phase is probably due to its small
amount and weak X-ray scattering intensity. The rapid quench-
ing does not change the phase structure. Listed in Table 1 are the
full width at half maximum (FWHM) values of the main diffraction
peaks, the lattice parameters and the cell volumes of the of the Cu0.1
and Cu0.4 alloys, which were calculated by Jade 6.0 software. It can
be derived from the Table 1 that the rapid quenching causes an
evident increase in the FWHM values of the main diffraction peaks
of the alloys and a visible enlargement in the lattice parameters
and cell volumes of the alloys, which is doubtless attributed to the
refined grain and the stored stress in the grains produced by the
rapid quenching. Furthermore, the enlargement of the cell volume,
caused by the Cu substitution, justifies the successful alloying of
Cu with Mg2Ni. Based on the FWHM values of the broad diffraction
peak (2 0 3) in Fig. 2, the grain size 〈Dh k l〉 (nm) of the Cu0.1 and Cu0.4
alloy is calculated using Scherrer’s equation, also listed in Table 1.
It reveals that both the rapid quenching and the substitution of Cu
for Ni cause a visible decline in the grain sizes of the alloys.

The HRTEM micrographs and electron diffraction patterns of the
as-quenched Cu0.4 alloys are illustrated in Fig. 3. It is clear that the
crystalline structure of Cu0.4 is independent of the quenching rate.
Moreover, their electron diffraction (ED) patterns exhibit sharp
multi-haloes, testifying the crystalline structure. HRTEM observa-
tions indicate that the as-quenched alloys are strongly disordered
and nanostructured without the exhibition of any amorphous
phase. This result well coincides with the XRD observation shown
in Fig. 2.

3.2. Gaseous hydrogen absorption and desorption kinetics

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

t ), which is a ratio
of the hydrogen absorption capacity for a fixed time to the satu-
rated hydrogen absorption capacity of the alloy, being calculated
by formula, Ra

t = Ca
t /Ca

100 × 100%, where Ca
100 and Ca

t are hydrogen
absorption capacities at 100 min and t min, respectively. The exper-
imental 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 justifiable to take the Ca

100 value as the
saturated hydrogen absorption capacity of the alloy. Apparently,
for a fixed time t, a larger saturation ratio Ra

t implies better hydro-
gen absorption kinetics. The evolution of the hydrogen absorption
saturation ratio (Ra

5) (t = 5) of the alloys with the quenching rate
is presented in Fig. 4. It reveals that the Ra

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

5 value grows from 53.5 to 93.6% for the Co0.1
alloy, and from 57.7 to 91.4% for the Co0.4 alloy. It is noteworthy
that all the alloys exhibit similar Ra

5 values at the quenching rate

of 30 m/s, suggesting that the hydrogen absorption kinetics of the
as-quenched alloy is strongly dependant upon its structure.

The hydrogen desorption kinetics of all the as-quenched
nanocrystalline Mg2Ni-type alloys are found to be superior to those
of conventional polycrystalline materials with the same compo-

s.

tice parameters and cell volume

m) c (nm) V (nm3)

0.1 Cu0.4 Cu0.1 Cu0.4 Cu0.1 Cu0.4

210 0.5217 1.3252 1.3302 0.3115 0.3135
212 0.5220 1.3259 1.3311 0.3119 0.3141
215 0.5220 1.3262 1.3317 0.3124 0.3142
216 0.5221 1.3277 1.3323 0.3128 0.3145
216 0.5222 1.3303 1.3331 0.3134 0.3148
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Fig. 3. HRTEM micrographs and ED of the as-quenched Cu0

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

the quenching rate.

Fig. 5. The crystal defects in the as-quenched (30 m/s) Cu0.4 alloy taken by HRTEM: (a) stac
as C and sub-grain boundaries denoted as D.
.4 alloys: (a) 15 m/s, (b) 20 m/s, (c) 25 m/s, (d) 30 m/s.

sition. This amelioration may be associated with the refinement
of the grains produced by rapid quenching [13]. By refining the
microstructure, a lot of new crystallites and grain boundaries are
created which can act as fast diffusion paths for hydrogen absorp-
tion [14]. As the crystalline material undergoes the melt quenching,
it becomes partially disordered and its structure transforms to
nanocrystalline. Consequently, a high density of crystal defects
such as dislocations, stacking faults and grain boundaries are intro-
duced as shown in Fig. 5. The large number of interfaces and grain
boundaries provide easy pathways for hydrogen diffusion and ulti-
mately accelerates the hydrogen absorbing/desorbing process.

In order to identify the mechanism of the rapid quenching in
ameliorating the hydrogen absorption kinetics of the alloy, the

influence of the rapid quenching on the H diffusion ability in
the alloy has been investigated. The H diffusion coefficients were
measured by using the potential step method. A potential step
of +500 mV versus the stabilized open circuit potential of the

king fault denoted as A, (b) twin grain boundary denoted as B, dislocations denoted
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ig. 6. Semilogarithmic curves of anodic current vs. time responses of the alloys:
a) Cu0.1 alloy; (b) Cu0.4 alloy.

ully charged electrode was applied and the decrease in discharge
urrent as a function of time is monitored. Fig. 6 presents the
emilogarithmic curves of anodic current versus working duration
f the as-cast and quenched Cu0.1 and Cu0.4 alloys. The diffusion
oefficient D of the hydrogen atoms in the bulk of the alloy can be
alculated through the slope of the linear region of the correspond-
ng plots according to following formulae [15].

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 concen-
ration on the surface of the alloy particles (mol/cm3), a is the
lloy particle radius (cm), d is the density of the hydrogen stor-
ge alloy (g/cm3), t is the discharge time (s), respectively. In Eq.
2), (d log i/dt) is the slope of the linear region of the semiloga-
ithmic curves of anodic current versus working duration, which
an easily be obtained by software origin 75. a is the alloy particle
adius, supposing a = 15 �m. Thus, hydrogen diffusion coefficient D
an easily be obtained. The D values calculated by Eq. (2) are also

hown in Fig. 6. It is viewable that an increase in the quenching
ate brings about a notable rise in the D value. As the quenching
ate rises from 0 to 30 m/s, the D value increases from 6.52 × 10−12

o 2.91 × 10−11 cm2/s for the Cu0.1 alloy, and from 1.14 × 10−11 to
.08 × 10−11 cm2/s for the Cu0.4 alloy.
Fig. 7. Evolution of the hydrogen desorption ratio (Rd
20) of the alloys with the

quenching rate.

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

t ), which is a ratio of
the hydrogen desorption capacity for a fixed time to the saturated
hydrogen absorption capacity of the alloy, being calculated by for-
mula, Rd

t = Cd
t /Ca

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

capacity at 100 min and Cd
t is the hydrogen desorption capacity at

t min, respectively. The hydrogen desorption ratio (Rd
20) (t = 20) of

the alloys as a function of the quenching rate is depicted in Fig. 7.
It reveals that the rapid quenching visibly enhances the Rd

20 values
of the alloys, suggesting that rapid quenching facilitates hydrogen
desorption of Mg2Ni-type alloy. With an increase in the quenching
rate from 0 to 30 m/s, the Rd

20 value grows from 11.1 to 30.7% for
the Cu0.1 alloy, and from 28.7 to 59.0% for the Cu0.4 alloy. It has
also been observed that the Rd

20 value of the alloy markedly rises
with an increase in the amount of Cu substitution at a fixed quench-
ing rate. The hydriding/dehydriding kinetics of hydride materials
depend on their chemical composition and crystalline structure
[16]. The observed essential differences in the dehydriding kinetics
of the quenched nanocrystalline Mg2Ni type alloys may be associ-
ated with the different compositions of the alloys and their varying
microstructures caused by the different quenching rates. It has
already been reported that the high surface to volume ratios, i.e.
high specific surface area, and the presence of large number of grain
boundaries in nanocrystalline alloys facilitate the reaction of hydro-
gen desorption [17]. As reported by Zaluski et al. [18] and Orimo
et al. [19], the hydriding/dehydriding characteristics at low temper-
atures (lower than 200 ◦C) of nanocrystalline Mg2Ni alloys prepared
by mechanical alloying can be improved by reducing the grain size
(20–30 nm), due to hydrogen occupation in the disordered interface
phase. Several reasons may be accounted for the enhancement in
the hydrogen desorption kinetics of Mg2Ni-type alloys caused by
the substitution of Cu for Ni. Firstly, the partial substitution of ele-
ment Cu for Ni in Mg2Ni compound decreases the stability of the
hydride and makes the desorption reaction easier [20]. Secondly,
the presence of Mg2Cu phase engenders a catalytic effect for the
hydriding and dehydriding reactions of Mg and Mg-based alloys
[21]. Furthermore, the addition of the third element Cu probably
stabilizes the nanostructure of the alloy obtained by rapid quench-
ing, which is very important for practical H-storage materials on
the base of Mg2Ni.

3.3. Electrochemical hydrogen storage kinetics
It is quite essential to inhibit the rapid attenuation in the
discharge capacity even at a high charge/discharge current den-
sity for the practical application of hydride electrode in Ni-MH
battery. Generally, the electrochemical kinetics of the alloy is
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Fig. 8. Evolution of the high rate discharge ability (HRD) of the alloys with the
quenching rate.
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ig. 9. Electrochemical impedance spectra (EIS) of the alloy electrodes at the 50%
epth of discharge (DOD): (a) Cu0.1 alloy, (b) Cu0.4 alloy.

haracterized by high rate discharge ability (HRD), being calcu-
ated by formula, HRD = C100/C20,max × 100 % , where C100,max and
20,max are the maximum discharge capacities of the alloy electrode
harged–discharged at the current densities of 100 and 20 mA/g,
espectively.
The HRD values of the alloys as a function of the quenching rate
re exhibited in Fig. 8. The HRD values of all the alloys grow with
n increase in the quenching rate. As the quenching rate increases
rom 0 to 30 m/s, the HRD value rises from 34.2 to 64.4% for the Cu0.1
Fig. 10. Tafel polarization curves of the as-cast and quenched alloy electrodes at the
50% DOD: (a) Cu0.1 alloy, (b) Cu0.4 alloy.

alloy, and from 44.8 to 78.9% for the Cu0.4 alloy. This enhancement
in the HRD value of alloy may be attributed to the facilitation in the
hydrogen diffusion caused by the rapid quenching (Fig. 6).

High rate discharge ability is a kinetic performance of hydrogen
absorbing/desorbing of the alloy electrode, basically depending on
the charge transfer at the alloy–electrolyte interface and the hydro-
gen diffusion process from the interior of the bulk to the surface of
alloy particle [22]. It is well known that the charge transfer at the
alloy–electrolyte interface is characterized by the electrochemical
reaction impedance on the surface of the alloy electrode, whereas
the hydrogen diffusion ability from the interior of the bulk to the
surface of alloy particle is described by the limiting current den-
sity. The electrochemical impedance spectra (EIS) of the as-cast
and quenched Cu0.1 and Cu0.4 alloy electrodes at 50% DOD are illus-
trated in Fig. 9. It is viewable that each EIS spectrum consists of two
semicircles followed by a straight line. As considered by Kuriyama
et al. [23], 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 fre-
quency region is accounted for the charge-transfer resistance on the
alloy surface. The linear response at low frequencies is indicative of
the hydrogen diffusion in the bulk alloy. Hence, the electrode kinet-
ics of the as-cast and quenched alloys is determined by a mixed
rate-determining process. It can be seen in Fig. 9 that the radius

of the large semicircle in the low frequency for the Cu0.1 and Cu0.4
alloy clearly shrink with increasing quenching rate, implying that
the refined grain by the rapid quenching facilitates charge-transfer
of the alloy electrode.
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Fig. 10 displays the Tafel polarization curves of the as-cast and
uenched Cu0.1 and Cu0.4 alloy electrodes at the 50% DOD. It is vis-

ble that the anodic current densities first increase up to a limiting
alue and then decline sharply. The limiting current density, IL, for
ach Tafel polarization curve indicates that an oxidation reaction
akes place at the surface of the alloy electrode resulting in the
eneration of an oxidation layer at the surface of the alloy elec-
rode that resists the further penetration of hydrogen atoms [24].
he decrease in the anodic charge current density with cycling
mplies that charging is becoming difficult. Therefore, the limit-
ng current density, IL, can be regarded as the critical passivation
urrent density.

It is very evident in Fig. 10 that the IL values of the alloys grow
ith the rise in the quenching rate. An increase in the quenching

ate from 0 to 30 m/s yields the enhancement in the IL value from
4.1 to 470.4 mA/g for the Cu0.1 alloy, and from 148.5 to 480.2 mA/g
or the Cu0.4 alloy. Ratnakumar et al. [25] and Liu et al. [26] have
hown that the variation in the limiting current can be governed
y the solid state diffusion of hydrogen in metal-hydride electrode.
herefore, the positive impact of the rapid quenching on the IL value
ay be ascribed to the variation in the structure of alloy induced

y the rapid quenching.

. Conclusions

The structures, gaseous and electrochemical hydrogen storage
inetics of the nanocrystalline Mg2Ni1−xCux (x = 0–0.4) alloys were
nvestigated, and the conclusions obtained are summarized as fol-
ows:

All the as-quenched Mg2Ni1−xCux (x = 0, 0.1, 0.2, 0.3, 0.4) alloys
old an entire nanocrystalline structure and are free of amorphous
hase. The rapid quenching renders an evident reduction in the
rain size without altering the major phase Mg2Ni in the alloy.
urthermore, the rapid quenching itself significantly improves
he gaseous and electrochemical hydrogen storage kinetics of the
lloys. The hydrogen absorption saturation ratio (Ra

5) and the hydro-

en desorption ratio (Rd

20) as well as the high rate discharge ability
ll increase with rising quenching rate. As the quenching rate grows
rom 0 to 30 m/s, the Ra

5, Rd
20, and HRD values of the Cu0.4 alloy

ncrease from 57.7%, 28.7% and 44.8% to 91.4%, 59.0% and 78.9%
espectively.

[

[

[
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