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a b s t r a c t

This review is devoted to new rare earth–Mg–Ni-based (R–Mg–Ni-based) hydrogen storage alloys that
have been developed over the last decade as the most promising next generation negative electrode mate-
rials for high energy and high power Ni/MH batteries. Preparation techniques, structural characteristics,
gas–solid reactions and electrochemical performances of this system alloy are systematically summa-
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eywords:
ydrogen storage materials
etal hydride electrodes
i/MH batteries

rized and discussed. The improvement in electrochemical properties and their degradation mechanisms
are covered in detail. Optimized alloy compositions with high discharge capacities, good electrochemical
kinetics and reasonable cycle lives are described as well. For their practical applications in Ni/MH bat-
teries, however, it is essential to develop an industrial-scale homogeneous preparation technique, and
a low-cost R–Mg–Ni-based electrode alloy (low-Co or Co-free) with high discharge capacity, long cycle
–Mg–Ni-based alloys
lectrochemical reactions

life and good kinetics.
© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical energy storage and conversion systems have

electrical energy, which contains mainly an electro-positive elec-
trode (the anode), an electro-negative electrode (the cathode), a
separator and an electrolyte [3]. Primary (non-rechargeable) and
eceived an increasing amount of attention because of the rapid
evelopment of portable electronic devices and the requirement
or a greener and less energy-intensive transportation industry
1–5]. A battery is a transducer that converts chemical energy into

∗ Corresponding author. Tel.: +86 571 8795 2615; fax: +86 571 8795 2615.
E-mail address: hgpan@zju.edu.cn (H. Pan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.157
secondary (rechargeable) batteries exist [6,7] and secondary bat-
teries can be restored to full charge by the application of electrical
energy. This generally offers lower usage cost and longer service
life than primary batteries [7]. Moreover, the proper selection of

a secondary battery system reduces the amount of disposed toxic
materials compared to an equivalent series of primary batteries.

Commonly used secondary batteries include lead-acid batteries,
nickel–cadmium (Ni/Cd) batteries, nickel metal hydride (Ni/MH)

dx.doi.org/10.1016/j.jallcom.2010.08.157
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hgpan@zju.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.08.157
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ig. 1. Schematic diagram of the electrochemical charge–discharge reaction process
f a Ni/MH battery.

atteries, lithium ion (Li-ion) batteries and lithium ion polymer (Li-
on polymer) batteries [5,7]. The Ni/MH battery was discovered in
he 1970s [8,9] and introduced into market in the 1990s [10]. It is
new type of green rechargeable battery with a nickel hydroxide

lectrode as its positive electrode, a hydrogen storage alloy elec-
rode as its negative electrode and a potassium hydroxide (KOH)
olution as its electrolyte [6]. Fig. 1 shows schematically the electro-
hemical charge–discharge process of a Ni/MH battery. The overall
lectrochemical reaction of a Ni/MH battery can be described as
ollows [6,7,13]:

Ni(OH)2 + M
charge
�

discharge
xNiOOH + MHx (1)

Upon charging, hydrogen atoms dissociate from Ni(OH)2 at the
ositive electrode and are absorbed by the hydrogen storage alloy
o form a metal hydride at the negative electrode. Upon discharg-
ng, the hydrogen atoms stored in the metal hydride dissociate at
he negative electrode and react with NiOOH to form Ni(OH)2 at
he positive electrode. Therefore, the charge–discharge mechanism
or a Ni/MH battery is merely a movement of hydrogen between
metal hydride electrode and a nickel hydroxide electrode in an

lkaline electrolyte, viz., the “rocking-chair” mechanism.
The Ni/MH battery has been widely used and quickly replaced

he Ni/Cd battery for portable electronic applications because of
ts high energy density, long cycle life, high rate capacity, superior
olerance to overcharge/overdischarge and good environmental
ompatibility [2,6,7,11–13]. Today, it is the power source of choice
or electric vehicles (EV) and hybrid electric vehicles (HEV), and is
eginning to challenge the Ni/Cd battery for power tool applica-
ions [14]. The capacity, durability (cycle life) and dischargeability
kinetics) of Ni/MH batteries depend strongly on the intrinsic prop-
rties of the electrode materials, especially for hydrogen storage
lloys used as negative electrode materials [4,6,7,13,15,16]. Hydro-
en storage alloys are well known as a group of new functional
ntermetallics, which can reversibly absorb/desorb a large amount
f hydrogen at or around standard temperatures and pressures

6,13,16]. A large number of hydrogen storage alloys have been
eveloped as negative electrode materials for Ni/MH batteries, and
hese include AB5-type rare earth-based alloys [6,13,14,15–21],
B3- or A2B7-type rare earth–magnesium-based alloys [22–31],
B2-type multicomponent alloys [31–36], Mg-based amorphous
mpounds 509 (2011) 675–686

alloys [37–42] and Ti–V-based multiphase alloys [43–50]. Their
performances differ greatly in terms of specific capacity, acti-
vation, rate dischargeability, and cyclic lifetime. AB5-type rare
earth-based alloys have been successfully used in Ni/MH bat-
teries. However, it is increasingly difficult to meet the urgent
demand for high-performance Ni/MH batteries from the rapid
development of portable electronic devices because of their lim-
ited discharge capacity (∼320 mAh/g). Recently, a new alloy family
of AB3- or A2B7-type rare earth–magnesium-based alloys with high
specific capacity and good rate dischargeability was developed as
the most promising next generation negative electrode materi-
als for high energy and high power Ni/MH batteries. Numerous
investigations have been conducted for their practical applica-
tions [22–30,51–109,111–122,124–130], especially in China and
Japan. However, no systematical survey has been carried out on
this newly developed hydrogen storage electrode alloy. This review
essentially focuses on rare earth–Mg–Ni-based (R–Mg–Ni-based)
hydrogen storage alloys with high energy densities and that are
used as negative electrode materials in Ni/MH batteries. The prepa-
ration techniques, alloy compositions, structural features, gas–solid
reaction and electrochemical properties of this system alloy are
thoroughly described. Approaches for the improvement of their
overall electrochemical performances are discussed as well.

2. Preparation and structural characteristics of
R–Mg–Ni-based alloys

The electrode performances of Ni/MH batteries correlate closely
to the compositions and microstructures of the hydrogen stor-
age alloys [7], especially the composition homogeneity and the
phase homogeneity of the alloys. Therefore, it is essential to
develop suitable preparation techniques for homogeneous alloys
with optimum and reproducible properties. In R–Mg–Ni-based
alloys, the melting point of metallic Mg (650 ◦C) is obviously lower
than that of the other constituent elements such as Ni (1455 ◦C),
Co (1495 ◦C) and Mn (1244 ◦C), etc. [110]. The reduction of Mg
volatilization to ensure a stable and homogeneous composition is
of interest. Several preparation techniques such as powder sin-
tering [22–27,30,51–56], vacuum magnetic levitation induction
melting [28,29,57–92], arc melting [93–97], rapid solidification
[89,98–103], spark plasma sintering [104], laser sintering [105] and
ball milling [106–109] have been used to produce R–Mg–Ni-based
hydrogen storage electrode alloys. Structures of the corresponding
alloys have been characterized and identified by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission elec-
tron microscope (TEM).

In 1980, Oesterreicher and Bittner [57] were the first to pre-
pare single-phase ternary compounds with a C15-type structure
(La1−xMgxNi2 (x = 0–0.67)) by induction melting on water-cooled
copper boats under argon. Although Mg-rich La1−xMgxNi2 speci-
mens appear to evolve hydrogen at room temperature, they did not
attract attention for a long time because of their rather low hydro-
gen desorption rate caused by the highly stable hydride. Kadir et al.
[22,24] successfully synthesized a series of new ternary R–Mg–Ni-
based alloys, RMg2Ni9 (where R = La, Ce, Pr, Nd, Sm, Gd and Y) by
sintering a mixture of MgNi2 with RNi5 intermetallic compounds
or by directly sintering elements in an atomic ratio R:Mg:Ni = 1:2:9
as shown below:

RNi5 + 2MgNi2
900−1100 ◦C−→

6 bar Ar
RMg2Ni9 (2)

◦

R + 2Mg + 9Ni −→

6 bar Ar
RMg2Ni9 (3)

These compounds crystallize in an ordered variant of the PuNi3
type rhombohedral structure (R 3̄ m space group) which can be
described as a stacking of RNi5 and MgCu2 (MgZn2) units along
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he c-axis as shown in Fig. 2. The R atoms occupy site 3a and the
g atoms are located at site 6c. All the atoms at site 3a belong to

he RNi5 blocks whereas the atoms at position 6c are located in
he MgNi2 units. Three sites are available for Ni atoms: 3b, 6c and
8h. Table 1 lists the crystallographic parameters of YMg2Ni9 as an
xample [24].

The reports by Kadir et al. motivated intense interests in
–Mg–Ni-based hydrogen storage alloys. By a similar sintering pro-
ess, Chen et al. [26,27] obtained several kinds of R–Mg–Ni-based
lloys with a PuNi3-type structure and these included LaCaMgNi9,
aCaMgNi6Al3 and LaCaMgNi6Mn3, etc. Crystallographic results
ndicated that the Mg atoms only occupy 6c sites while the La
nd Ca atoms are located at the 3a and 6c sites. Almost simultane-
usly, Kohno et al. [28] prepared quaternary La0.67Mg0.33Ni2.5Co0.5,
a0.7Mg0.3Ni2.8Co0.5 and La0.75Mg0.25Ni3.0Co0.5 alloys by induction
elting under Ar gas at atmospheric pressure. However, they did

ot provide the detailed structural information for these alloys.

Following the aforementioned work, much research has

een carried out on R–Mg–Ni-based hydrogen storage elec-
rode alloys since 2003. Pan and co-workers [29,58–78] obtained

series of R–Mg–Ni-based alloys with a multiphase struc-

able 1
rystallographic parameters for YMg2Ni9 in a space group R 3̄ m (Z = 3) [24].

Atoms Site Metal atom position Biso (Å2) Occupancy

x y z

Y 3a 0 0 0 1.51(1) 1
Mg 6c 0 0 0.1445(5) 0.86(2) 1
Ni1 3b 0 0 0.5 0.65(1) 1
Ni2 6c 0 0 0.3344(4) 0.75(2) 1
Ni3 18h 0.5019(6) 0.4981(6) 0.0848(2) 1.51(1) 1
mpounds 509 (2011) 675–686 677

ture by vacuum magnetic levitation melting. Their composi-
tions range from quaternary La–Mg–Ni–Co alloys to multinary
La–Pr(Nd)–Mg–Ni–Co–Mn–Al alloys, which are mainly composed
of a LaNi5 phase and a LaNi3 phase. Rietveld refinement reveals
that Mg atoms exist only in the LaNi3 phase and are located at
the 6c sites [29]. Consequently, the LaNi3 phase is expressed as
a (La,Mg)Ni3 phase or a La(La,Mg)Ni3 phase in these cases. Liao
et al. [30,51–55] synthesized La–Mg–Ni-based alloys with a stoi-
chiometry of La2MgNi9 by a powder sintering method followed by
annealing treatment. All sintered samples contained a PuNi3-type
primary phase and a few impurity phases like LaNi5, MgNi2 and
La2Ni7, etc. At the same time, a number of La–Mg–Ni-based alloys
with refined crystal grains were prepared by the rapid quenching
technique [98–104]. XRD reveled that all quenched alloys possess a
multiphase structure and TEM images showed that part of samples
tended toward amorphization. Also, R–Mg–Ni-based alloys can be
prepared by arc melting constituent elements on a water-cooled
copper hearth under an argon atmosphere [100–104].

Recently, several new synthesis techniques have been used
to prepare R–Mg–Ni-based hydrogen storage electrode alloys.
Zhu et al. [106] obtained a nanocrystalline Ml0.7Mg0.3Ni3.2
alloy by high energy ball milling and annealing. With increase
milling time, the grain size decreased gradually and the AB3
phase tended to transform into an AB5 phase. After anneal-
ing treatment, the alloy was recrystallized and a decrease
in the AB3 phase with a corresponding increase in the AB5
phase resulted. La0.7Mg0.3Ni3.5–Ti0.17Zr0.08V0.35Cr0.1Ni0.3 compos-
ites were obtained by ball milling the corresponding alloy powders
under an argon atmosphere [109]. Results show that short-time
ball milling does not change the structural features after a decrease
in the average particle size. The La0.7Mg0.3Ni3.5 alloy produced by
green compact laser sintering LaNi5, MgNi2 and Ni mixtures is com-
posed of Ce2Ni7, LaNi5 and LaMgNi4 phases [105]. With LaNi3, Mg
and carbonyl Ni powders as starting materials, Dong et al. [104]
prepared La0.80Mg0.20Ni3.75 alloy using spark plasma sintering. The
product possesses a multiphase structure consisting of (La,Mg)2Ni7,
LaNi5 and Ni phases and their relative amounts correlate closely to
the sintering temperatures.

To evaluate the quality of preparation techniques, Akiba et
al. [111] analyzed the chemical compositions of quaternary
La–Mg–Ni–Co alloys prepared by induction melting with induc-
tively coupled plasma (ICP) spectrometry and energy-dispersive
X-ray spectroscopy (EDX). Results show that their chemical com-
position is very close to the nominal composition. A similar
phenomenon was also observed by Cuscueta et al. [84] with elec-
tron dispersion spectroscopy (EDS). Li et al. [112] determined that
the loss of Mg in La–Mg–Ni-based alloys was more severe at higher
annealing temperatures while the composition of the as-cast alloys
was very close to the designed value. Moreover, an investigation
into arc-melting alloys using ICP showed that the final composi-
tion was identical to the designed composition by the addition of a
slight excess of Mg to compensate for the volatilization loss of Mg
caused by its high vapor pressure [96]. It is therefore believed that
the above-mentioned preparation techniques are reliable under
optimized and controlled conditions.

3. Gas–solid reaction of R–Mg–Ni-based alloys

The electrochemical capacity of a hydride electrode is deter-
mined by its hydrogen absorption capability. In general, for

electrochemical applications the most suitable hydrogen desorp-
tion plateau pressure of a metal hydride should be between 0.1
and 1 atm at room temperature [13]. Thus, to obtain the desired
discharge capacity the nature of gas–solid reaction should be con-
sidered as represented by the pressure–composition–temperature
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ig. 3. Pressure–composition isotherms of the AB3.5-type La–Mg–Ni-based alloy and
he commercial AB5-type alloy at 303 K [68].

PCT) curve, which consists of a family of isotherms that relate the
ydrogen desorption equilibrium pressure to the amount of hydro-
en stored in specimens. As described above, RMg2Ni9-type alloys
an be regarded as ternary compounds built by a stacking of RNi5
nd MgCu2 (MgZn2) units. As a result, more hydrogen atoms are
xpected to be stored in RMg2Ni9-type alloys than in LaNi5-type
lloys.

Kadir et al. [22–25] pointed out that RMg2Ni9-type alloys have
ifferent hydriding/dehydriding behavior dependences on their
onstituent elements. It has been found that LaMg2Ni9 alloy stored
nly ∼0.33 wt% (∼0.2 H/M) with a plateau pressure of 2 atm at
03 K [25]. XRD analyses revealed that the PuNi3-type structure
emained unchanged after hydriding. Partial substitution of La and
g with Ca increases the hydrogen storage capacity because of an

ncrease in lattice parameters. It has also been found that ∼1.87 wt%
ydrogen is absorbed by the (La0.65Ca0.35)(Mg1.32Ca0.68)Ni9 alloy
nd its unit cell volume increases by ∼20% [25]. La2MgNi9-
ype alloys of LaCaMgNi9, La0.5Ca1.5MgNi9, LaCaMgNi6Al3 and
aCaMgNi6Mn3 are easily activated at room temperature under
hydrogen pressure of 3.3 MPa with a capacity of 0.9–1.1 H/M.

CT curves of LaCaMgNi9, LaCaMgNi6Al3 and LaCaMgNi6Mn3 alloys
how a single plateau region while La0.5Ca1.5MgNi9 exhibits two
lateaus [26]. Kohno et al. [28] reported that the hydrogen stor-
ge capability of the La0.7Mg0.3Ni2.8Co0.5 alloy is superior to that
f the MmNi4.0Mn0.3Al0.3Co0.4 alloy. Moreover, the AB3.5-type
a0.7Mg0.3Ni2.875Co0.525Mn0.1 alloy has better plateau perfor-
ance and a larger hydrogen storage capacity than the AB5-type
mNi3.55Co0.75Mn0.4Al0.3 alloy, as shown in Fig. 3 [68]. In the

ase of La0.7Mg0.3(Ni0.85Co0.15)x (x = 2.5–5.0), the plateau region
s larger and the plateau pressure remains almost unchanged

hen x increases from 2.5 to 3.5, whereas the width decreases
nd the plateau pressure rises gradually when x further increases
o 5.0 (Fig. 4) [29]. The maximum hydrogen storage capacity of
a0.7Mg0.3(Ni0.85Co0.15)3.5 alloy is about 1.03 H/M (∼1.5 wt%) and
he desorption plateau pressure is about 0.65 atm at 30 ◦C. Clearly,
he hydrogen storage performance of R–Mg–Ni-based alloys cor-
elates closely to their structural features especially their phase
onstitution and phase abundance [58–72].

Moreover, Peng and Zhu [113] showed that annealed
l0.7Mg0.3Ni3.2 alloy has a flatter pressure plateau and a

arger hydrogen storage capacity than the as-cast alloy

ecause of an increase in the abundance of the AB3 phase
fter annealing. The maximum hydrogen storage capacity of
LaPrNdZr)0.83Mg0.17(NiCoAlMn)3.3 alloy increases initially and
hen decreases with an increase in the annealing temperature
112], and the optimum storage capacity was obtained after
Fig. 4. Pressure–composition isotherms of the La0.7Mg0.3(Ni0.85Co0.15)x (x = 2.5–5.0)
hydrogen storage alloys at 303 K [29].

annealing at 1198 K for 5 h. Energetic ball milling worsens hydro-
gen storage properties of Ml0.7Mg0.3Ni3.2 alloy because of the
formation of an amorphous phase [106]. Fortunately, a subsequent
annealing treatment enables this alloy to gradually recover its
hydrogen storage performance.

The influence of metallic elements like Co, Mn, Al, Ni, Mo,
Mg, Ce and Nd on the hydrogen storage performance of AB3-
and AB3.5-type La–Mg–Ni-based alloys has been widely investi-
gated and discussed [30,51–55,58–72,83,85,94,97,114]. Liao et al.
[30] examined the electrochemical PCT curves of LaxMg3−xNi9
(x = 1.0–2.0) alloys at 25 ◦C. By decreasing Mg content, the plateau
pressure for hydrogen absorption and desorption lowers notice-
ably and the plateau region becomes much wider and flatter,
which leads to an increase in hydrogen storage capacity from 0.17
to 1.05 H/M. The increase in Mg content in Ml1−xMgxNi2.4Co0.6
(x = 0–0.6) alloys decreases the stability of their hydrides [83].
An investigation into La2−xMgxNi7 (x = 0.3–0.6) alloys found sim-
ilar behavior [114]. Partial substitution of Ce for La increases the
plateau pressure for hydrogen absorption/desorption of AB3.5- and
AB3.3-type La–Mg–Ni-based alloys associated with a decrease in
hydrogen storage capacity because of cell volume shrinkage and
changes in the phase content [63,94]. Appropriate substitution of
La by Nd improves the hydrogen storage properties of AB3.4-type
La–Mg–Ni-based alloys [85]. The presence of Mn on the B side
of AB3.0–5.0-type La–Mg–Ni–Co-based alloys decreases the plateau
pressure and increases the available hydrogen storage capacity
for electrochemical applications [59–63]. Metallic Co plays a sim-
ilar role to Mn in AB3.5-type La–Mg–Ni–Co–Mn alloys [64]. An
increase in Co content improves the hysteresis performance of
hydrogen absorption/desorption and increases the plateau slope
[64]. Higher Al substitution for Ni results in more stable hydrides
and decreases the hydrogen storage capacity [67]. A similar phe-
nomenon is observed for La0.7Mg0.3Ni4.0−x(Al0.5Mo0.5)x alloys as
the desorption pressure continually reduces with an increase in Al
and Mo. Obviously, the gas–solid reaction behavior of R–Mg–Ni-
based hydrogen storage alloys can be tuned by modifying the
composition and the type of annealing treatment. Therefore, the
selection of a suitable alloy composition and proper preparation
technique is required for optimum hydrogen storage performance.

4. Electrochemical properties of R–Mg–Ni-based alloys
The electrochemical properties of R–Mg–Ni-based alloys,
including discharge capacity, activation, cycle stability, high rate
dischargeability and electrochemical kinetic parameters, which are
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Table 2
Properties of individual elements for R–Mg–Ni-based alloys.

Element Selected properties Ref.

La Increase the unit cell volume [30,51]
Improve the plateau properties
Increase the discharge capacity, easy activation and good high-rate dischargeability
Poor cyclic stability due to the corrosion of La and large unit cell expansion rate

Mg Eliminate the amorphization of hydrides [57,70,83,84,114]
Decrease the unit cell volume and the stability of hydride
Increase the discharge capacity, the high-rate dischargeability and the cyclic stability

Ce Decrease the unit cell volume [66,94]
Increase the plateau pressure of hydrogen absorption and desorption
Reduce the hydrogen storage capacity
Decrease the discharge capacity
Improve the cyclic stability and increase the high-rate dischargeability

Pr and Nd Decrease the lattice parameters and cell volumes of constitute phases [76,78,85]
Increase the plateau pressure of hydrogen desorption
Decrease the maximum discharge capacity
Improve the cyclic stability and the high-rate dischargeability

Zr Decrease the cell volumes [74]
Decrease the maximum discharge capacity
Improve the high-rate dischargeability

Co Increase the lattice parameters and cell volumes [53,64,65,88,92,116,117]
Decrease the plateau pressure and the hysteresis of hydrogen absorption and desorption
Increase the hydrogen storage capacity
Improve effectively the cyclic stability due to the decrease of cell volume change and the increase
of the suface passivation
Increase the electrochemical kinetics

Mn Increase the lattice parameters and cell volumes [52,59–63,86,96]
Facilitate the formation of LaNi5 phase
Decrease the plateau pressure
Increase the maximum discharge capacity, improve the cyclic stability and increase the
electrochemical kinetics

Al Increase the lattice parameters and cell volumes [54,67,72,87,90,91,95,118]
Decrease the plateau pressure, increase the plateau slope and reduce the hydrogen storage
capacity
Improve significantly the cyclic stability due to the formation of a dense oxide film
Decrease the maximum discharge capacity and the high-rate dischargeability

Fe and Cu Decrease the discharge capacity, the high-rate dischargeability and the discharge potential [101,102]
Improve the cyclic stability

Cr Increase the unit cell volumes [77,99]
Decrease the discharge capacity
Improve the cyclic stability
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Decrease the high-rate dischargeability
W and Mo Decrease the maximum discharge capacity

Increase the cyclic stability and the high-rate dis
surface properties and the increase of electronic

ependent on alloy composition and structural features, have been
xtensively investigated over the last decade and the degrada-
ion mechanisms of R–Mg–Ni-based alloy electrodes have been
lucidated as well [27–30,51–122,124–130]. Table 2 summarizes
etailed information about the function of the individual elements
sed in R–Mg–Ni-based alloys. Optimized R–Mg–Ni-based elec-
rode alloys have been produced for high-energy and high-power
i/MH batteries, as shown in Table 3.

.1. Composition modifications

As the active material of the negative electrodes in Ni/MH
atteries, hydrogen storage alloys play several important roles

ncluding that of an electrochemical catalyst for hydrogen genera-
ion/oxidation and a hydrogen storage reservoir/hydrogen source
uring charge/discharge. Thus, a reasonable compositional change

s required for high discharge capacity, good electrochemical
ctivity and corrosion resistance. A large amount of work has
een carried out on this subject and the effects of stoichiometry
nd substitution elements have been investigated and reported

27–30,51–114].

.1.1. Stoichiometry optimization
In 2000, Kohno et al. [28] studied (La,Mg)(NiCo)x (x = 3.0–3.5)

ystem alloys with compositions La0.67Mg0.33Ni2.5C00.5,
[75,90,95]
eability due to the presence of the desirable
ic conductivities

La0.7Mg0.3Ni2.8C00.5 and La0.75Mg0.25Ni3.0Co0.5. Among them,
the La0.7Mg0.3Ni2.8Co0.5 alloy had a discharge capacity as large as
410 mAh/g, which is 1.3 times larger than that of AB5-type alloys.
This discovery led to a great deal of interest in La–Mg–Ni-based
alloys as high-energy density negative electrode materials. Pan et
al. [29] formulated a series of La0.7Mg0.3(Ni0.85Co0.15)x (x = 2.5–5.0)
alloys and found that all the important electrochemical properties
of these alloy electrodes including maximum discharge capacity,
high rate dischargeability, exchange current density and limiting
current density increased as x increased from 2.5 to 3.5 and then
decreased with a further increase in x because of the change in
alloy composition and phase structure. The maximum discharge
capacity of La0.7Mg0.3(Ni0.85Co0.15)3.5 alloy is about 396 mAh/g,
which is far higher than conventional AB5-type alloys and it
provides a starting alloy composition for the further improvement
of the electrochemical performance of La–Mg–Ni–Co-based alloys
[58–78]. Unfortunately, this system alloy exhibits poor cycling
durability in alkaline electrolytes (Fig. 5) [29]. After 60 cycles, the
capacity retention (C60/Cmax × 100%) of La0.7Mg0.3(Ni0.85Co0.15)3.5
alloy is only 45.9% when measured using a charge current density

of 100 mAh/g and a discharge current density of 60 mA/g. A recent
electrochemical examination on annealed La0.7Mg0.3(Ni0.9Co0.1)x

(x = 3.0–3.8) alloys found an increase in the maximum discharge
capacity from 356.6 mAh/g (x = 3.0) to 392.1 mAh/g (x = 3.5) and
then a decrease to 344.1 mAh/g (x = 3.8) [81]. These results are
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Table 3
Structures and electrochemical properties of various R–Mg–Ni-based alloy electrodes.

Alloy Preparation
methoda

Structure Electrochemical properties Ref.

Measurement
system

Charge/discharge
current density
(mAh/g)

Compacting
materials
(Powder)

Maximum
discharge
capacity
(mAh/g)

High-rate dis-
chargeability

Capacity
retention

La2MgNi9 S PuNi3-type Tri-electrode 300/100 Ni 397.5 HRD1200 = 52.7% S100 = 60.6% [51]
Ml0.7Mg0.3Ni3.2 IM + BM Amorphous phase Tri-electrode 100/50 Ni 105 – S20 = 62% [114]
La0.8Mg0.2Ni3.75 SPS(1223K) (La,Mg)2Ni7 Tri-electrode 60/60 Ni 368.2 HRD900 = 60.75% S150 = 58.4%b [105]

LaNi5
La0.7Mg0.3Ni3.5 LS(1200W) Ce2Ni7-type Tri-electrode 100/50 Cu 352.8 HRD800 = 79.4% S100 = 58.4% [106]

LaNi5
LaMgNi4

La0.75Mg0.25Ni3.5 IM (La,Mg)2Ni7 Tri-electrode 60/60 Ni 343.7 HRD900 = 77.96% S100 = 55.83% [82]
LaNi5

La1.5Mg0.5Ni7 IM + A (La,Mg)2Ni7 Tri-electrode 100/100 Ni 389.48 HRD900 = 92.3% S70 = 85.8% [115]
LaNi5

LaCaMgNi9 S PuNi3-type Two-electrode 150/150 Ni 356 – – [27]
La0.7Mg0.3Ni2.8Co0.5 IM – Tri-electrode 100/100 Cu 410 – – [28]
La0.7Mg0.3(Ni0.85Co0.15)3.5 VMLM (La,Mg)Ni3 Tri-electrode 100/60 Ni 395.6 HRD1000 = 85.8% S60 = 45.9% [29]

LaNi5
La2Mg(Ni0.8Co0.2)9 S PuNi3-type Tri-electrode 200/50 Ni 404.5 HRD800 = 64.2% S100 = 69.3% [53]
La2Mg(Ni0.98Co0.02)9 S PuNi3-type Tri-electrode 200/50 Ni 374.5 HRD800 = 13.8% S150 = 73.8% [54]

La2Ni7
La0.7Mg0.3(Ni0.9Co0.1)3.5 IM + A (La,Mg)Ni3 Two-electrode 60/60 Ni 392.1 – S100 = 93.5%c [81]

(La,Mg)2Ni7
Ml0.6Mg0.4Ni2.4Co0.6 IM + A LaNi3 Tri-electrode 100/100 – 326 HRD1200 = 40% S100 = 80% [83]

LaNi5
LaNi2

La1.5Mg0.5Ni5.2Co1.8 IM + A PuNi3 Tri-electrode 100/100 Ni 405.69 HRD900 = 90.64% S70 = 68.9% [88]
Ce2Ni7

La0.7Mg0.3Ni2.65Mn0.1Co0.75 VMLM (La,Mg)Ni3 Tri-electrode 100/60 Ni 403.1 HRD1500 = 69.2% S90 = 36.9% [65]
LaNi5

La0.7Mg0.3Ni2.9(Al0.5Mo0.5)0.6 AM La(La,Mg)2Ni9 Tri-electrode 60/60 Ni 397.6 HRD1200 = 70.5% S70 = 70.8% [95]
LaNi5
LaNi

Ml0.8Mg0.2Ni3.2Co0.4Al0.2 IM LaNi5 Tri-electrode 100/100 – 327 HRD1200 = 59% S300 = 89%b [87]
LaNi3

La0.7Mg0.3Ni3.4(MnAl2)0.1 VMLM (La,Mg)Ni3 Tri-electrode 300/100 Ni 355.2 HRD800 = 79% S100 = 43.7% [91]
LaNi5

La0.7Mg0.3Ni2.45Mn0.1Co0.75Al0.2 VMLM (La,Mg)Ni3 Tri-electrode 100/60 Ni 370 HRD1000 = 71.3% S100 = 67.1% [67]
LaNi5

La0.4Nd0.4Mg0.2Ni3.2Co0.2Al0.2 IM + A LaNi5 Tri-electrode 60/60 Ni 372 HRD1200 = 39.2% (Cd/C60) S100 = 82.3% [85]
La2Ni7
LaNi3
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Fig. 5. Discharge capacity vs. cycle number of the La0.7Mg0.3(Ni0.85Co0.15)x

(x = 2.5–5.0) hydrogen storage alloys at 303 K [29].

in good agreement with the report of Pan et al. [29]. Therefore,
varying the stoichiometric ratio could be used to roughly optimize
the alloy composition and phase structure of hydrogen storage
electrode alloys.

4.1.2. A-side substitution
Liao et al. [30,51] prepared LaxMg3−xNi9 (x = 1.0–2.2) alloys

and found that La-rich alloys (x = 1.8–2.1) possessed promis-
ing electrode properties including a large discharge capacity (∼
400 mAh/g), easy activation and good high-rate dischargeability,
although cyclic durability was needed for further improve-
ment. A specific amount of Mg substitution for La in the
La2−xMgxNi7.0 (x = 0.3–0.6) alloys increases its maximum dis-
charge capacity and enhances its electrochemical kinetics [114].
However, its cyclic stability deteriorates with increasing Mg
substitution because of more serious corrosion and pulveriza-
tion. An increase in the La/Mg ratio in La0.75+xMg0.25−xNi3.5
(x = 0–0.1) alloys improves the cycling stability of the alloy
electrodes but decreases their discharge capacity and high-rate
dischargeability [82]. The cycle life of the Mm0.83Mg0.17Ni3.1Al0.2
alloy is 2.5 times longer than that of the Mm0.7Mg0.3Ni3.1Al0.2
alloy, measured using 1500 mAh AA size batteries [115]. For
Ml1−xMgxNi2.4Co0.6 (x = 0–0.6) alloys, however, a higher Mg content
leads to a larger discharge capacity, better high-rate discharge-
ability and longer cycling durability because of the reduction of
unit cell volume and a decrease in decrepitation upon cycling
[83].

To improve the cyclic durability and to cut the cost of
R–Mg–Ni-based alloys, La has been partially substituted by Ce in
the La0.7−xCexMg0.3Ni2.875Co0.525Mn0.1 (x = 0–0.5) alloys [66]. By
increasing Ce content, the cycling stability of the alloy electrodes
improved as expected because the capacity decay rate decreased
from 2.65 mAh/g cycle (x = 0) to 0.10 mAh/g cycle (x = 0.5). Two
major factors govern the effects of Ce on electrochemical cycling
stability. First is that an increase in Ce content leads to a smaller
change in the unit cell upon hydriding and hence less pulveriza-
tion. Second is the formation of a protective surface film which
effectively inhibits further oxidation of the alloy and slows down
the corrosion rate. However, a big problem with increasing Ce
content is that the discharge capacity is dramatically decreased

from 382 mAh/g (x = 0) to 48.6 mAh/g (x = 0.5). Zhang et al. [94]
observed a similar phenomenon for the La0.7−xCexMg0.3Ni2.8Co0.5
alloys. Thus, the Ce content should be carefully considered before
use in R–Mg–Ni-based electrode alloys.
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Recently, Pan et al. [76,78] investigated the function of Pr
nd Nd in La0.7−xRxMg0.3Ni2.45Co0.75Mn0.1Al0.2 (R = Pr and Nd,
= 0.0–0.3) alloys. They found that Pr and Nd have similar effects

n La–Mg–Ni–Co–Mn–Al-type alloys. An increase in Pr and Nd con-
ent in the alloys decreases maximum discharge capacity, improves
ycling stability and enhances electrochemical kinetics. Simi-
ar behavior was found for La0.75−xPrxMg0.25Ni3.2Co0.2Al0.1 alloys
125]. The decrease in maximum discharge capacity is attributed
o a reduction in the abundance of the (La,Mg)Ni3 phase. This
hange in phase abundance and the reduction in unit cell volume
ead to an improvement in the electrochemical kinetic properties.
n addition, the higher anisotropy factor c/a, which results from
he presence of Pr and Nd, is responsible for the improvement in
yclic stability. Considering the overall effects of partial substitu-
ion of La with Pr and Nd on La0.7−xRxMg0.3Ni2.45Co0.75Mn0.1Al0.2
lloy electrodes, the optimized compositions were found to be
= 0.15 for Pr and x = 0.1 for Nd [76,78]. The introduction of Zr into
a0.7−xZrxMg0.3Ni2.45Co0.75Mn0.1Al0.2 (x = 0–0.1) alloys decreases
ischarge capacity, but improves high-rate dischargeability [74].
he optimum substitution of Zr for La is x = 0.02 for the enhance-
ent of electrochemical kinetics. However, the electrochemical

ycling stability remains almost unchanged over the measured
omposition range. A small amount of Ti for La substitution in AB3-
ype (La1−xTix)0.67Mg0.33Ni2.75Co0.25 hydrogen storage alloys is also
ffective in improving the overall electrochemical properties [126].

.1.3. B-side substitution
For a hydrogen storage electrode alloy, the B-side component

enerally consists of metallic elements with a weak hydrogen affin-
ty (transition metals from Groups 5–10), which determines its
atalytic activity and chemical stability [4]. The optimization of the
-side component can improve the discharge capacity, activation,
igh-rate dischargeability and/or cyclic stability (Table 2). Conse-
uently, it is regarded as one of the most effective ways to improve
he electrochemical performance of hydrogen storage electrode
lloys.

Co, Cu and Mn substituted La2Mg(Ni0.95M0.05)9 quaternary
lloys show a slight reduction in discharge capacity and mod-
rate improvement in cycle stability [52]. The influence of Ni
eplacement by Mn on the electrochemical properties of AB3.0−5.0-
ype La–Mg–Ni–Co alloys was studied systematically by Pan and
o-workers [59–63]. All the alloys exhibited good electrochem-
cal activation. For AB3.0-, AB4.0-, AB4.5- and AB5.0-type alloys,
ppropriate substitution of Ni with Mn increases the discharge
apacity of the alloy electrodes because of the optimized phase
tructure and the decreased desorption plateau pressure. How-
ver, the maximum discharge capacity of the AB3.5-type alloy
s first almost unchanged and then decreases with an increase
n Mn content. The electrochemical kinetic properties of all the
lloy electrodes improve after partial substitution of Ni by Mn
ecause the dissolution of Mn into the electrolyte leads to an

ncrease in Ni content on the alloy surface upon cycling. However,
heir cyclic stabilities do not change noticeably. Recent inves-
igations on Mn-substituted AB3.5-type ReNi2.6−xMnxCo0.9 alloys
resent similar results [127]. The low-temperature discharge-
bility of La0.7Mg0.3Ni2.975−xCo0.525Mnx (x = 0–0.4) alloy electrodes
ncreases remarkably with an increase in Mn content because of
he increase in hydrogen diffusion coefficient caused by cell vol-
me expansion [96]. Moreover, specific amount of Mn incorporated

nto La0.7Mg0.3Ni2Co1−xMnx alloys prolongs the cycle life of the
lloy electrodes and decreases the maximum discharge capacity

86].

Metallic Co is a very important element for improving the
verall electrochemical properties of rare earth based hydro-
en storage electrode alloys, especially for prolonging their
ycle lives [6,7,16]. The roles played by Co in La–Mg–Ni-based
Fig. 6. Cyclic stability of the La0.7Mg0.3Ni3.4−xMn0.1Cox (x = 0.0–1.6) alloy electrodes
at 303 K [65].

electrode alloys have been extensively studied and elaborated
[53,65,88,92,116,117,128]. Liu et al. [65] revealed in detail
the effects of Co content on the electrochemical properties
of La0.7Mg0.3Ni3.4−xMn0.1Cox (x = 0–1.6) alloy electrodes by a
series of electrochemical measurements. Firstly, partial substi-
tution of Ni with Co effectively improves the cyclic stability of
La–Mg–Ni–Mn–Co system alloys with a slight loss of maximum
discharge capacity (Fig. 6), which is due to a relatively smaller cell
volume change during charging/discharging and an increase in sur-
face passivation. Secondly, the appropriate substitution of Co for
Ni increases the electrochemical kinetic performance of the alloy
electrodes because of the concentration of Co and Ni on the sur-
face of the alloy particles and the subsequent formation of a Raney
Ni-Co film with relatively higher electrocatalytic activity. Taking
into account the overall electrochemical performance and cost of
the alloy, the optimum content of Co in La0.7Mg0.3Ni3.4−xMn0.1Cox

alloys for the negative electrodes in Ni/MH secondary batter-
ies should be within x = 0.75–1.15 [65]. However, an increase in
Co substitution decreases the high-rate dischargeability (HRD)
of La2Mg(Ni1−xCox)9 (x = 0.1–0.5) alloys [53]. Lower Co substitu-
tion (x ≤ 0.2) results in a slight decrease in the HRD because of a
decrease in electrocatalytic activity for the charge-transfer reac-
tion. At a Co substitution of more than 0.2, the HRD decreases
sharply because of the lower hydrogen diffusion rate in the alloy
bulk. La0.67Mg0.33Ni3.0−xCox alloys and La1.5Mg0.5Ni7−xCox alloys
have a large discharge capacity (>390 mAh/g) and good activation
ability [88,116]. Strangely, their cyclic durability becomes worse
with an increase in Co content, especially for the La1.5Mg0.5Ni7−xCox

alloys, which differs from all the other reports. Optimized elec-
trochemical kinetics was achieved for the alloy electrode with
x = 0.3. However, the discharge capacities of La0.75Mg0.25Ni3.5Cox

and La0.75Mg0.25Ni2.5Cox alloys increased dramatically after the
addition of a specific amount of Co [92,117].

Al in La–Mg–Ni-based alloys has been found to improve the
cyclic durability of alloy electrodes [54,67,72,87,90,91,95,118].
Increasing Al content in AB3-type La2Mg(Ni1−xAlx)9 (x = 0–0.05)
alloys leads to a decrease in the discharge capacity and
electrochemical kinetics but the cyclic stability of the alloy
electrodes improves significantly [54]. The cyclic durability
of La0.7Mg0.3Ni2.65−xMn0.1Co0.75Alx (x = 0–0.05) alloy elec-

trodes improves noticeably as the capacity retention after
100 cycles increases from 32.0% (x = 0) to 73.8% (x = 0.3) (Fig. 7)
[67]. Investigations on La0.7Mg0.3Ni2.55−xCo0.45Alx alloys and
Ml0.8Mg0.2Ni3.2Co0.6−xAlx alloys further confirm the improvement
in cyclic stability [87,118]. This is explained by a decrease in
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ig. 7. Cyclic stability of the La0.7Mg0.3Ni2.65−xMn0.1Co0.75Alx (x = 0–0.5) alloy elec-
rodes at 303 K [67].

he pulverization of the alloy particles during charge/discharge
ycling because of smaller cell volume expansion and contrac-
ion, and an increase in anti-oxidation/corrosion because of the
ormation of a dense Al oxide film upon cycling. The latter is the

ost important reason for the improvement in cycling stability
f La–Mg–Ni–Co–Mn–Al type alloy electrodes [72]. The electro-
hemical reaction kinetics of La0.7Mg0.3Ni3.5−x(MnAl2)x (x = 0–0.2)
lloys decreases when x < 0.1 because of an increase in the
harge-transfer resistance, which is caused by the formation of an
l-containing passive film [91]. When x > 0.1, the electrochemical
inetics increases because the Al oxide film on the electrode sur-
ace is cracked and this is caused by the dissolution of Mn into the
lkaline electrolyte. The co-substitution of Al–W [90] and Al–Mo
95] for Ni noticeably improved the cyclic stability of AB3-type
a1.3CaMg0.7Ni9−x(Al0.5W0.5)x and La0.7Mg0.3Ni3−x(Al0.5Mo0.5)x

lloys while their discharge capacities decreased. The high-rate
ischargeabilities decreased initially and then increased with an

ncreasing Al–W and Al–Mo content because of the interaction
f Al and W (Mo). However, an increase in Al–Mo content in
B3.5-type La0.7Mg0.3Ni3.5−x(Al0.5Mo0.5)x alloys results in a linear

ncrease in the high-rate dischargeability [95].
The substitution of Ni by other transition metals like W,

e, Cu and Cr in La–Mg–Ni–Co-based electrode alloys has also
een studied [75,77,99,101,102,129]. Specific amounts of W
x = 0.02–0.05) in AB3.5-type La0.7Mg0.3Ni2.45−xCo0.75Mn0.1Al0.2Wx

lloys imparts desirable surface properties and improves electronic
r ionic conductivities of the alloys, consequently ameliorating
he cyclic stability and electrochemical kinetics of the alloy
lectrodes [75]. The introduction of Fe and Cu into AB3-type
a0.7Mg0.3Ni2.55−xCo0.45Mx (M = Fe or Cu) alloys improves the
yclic stability of the alloy electrodes because of an increase in
heir anti-pulverization abilities but it also reduces their maximum
ischarge capacity [101,102,129]. Miao et al. [77] reported that the
ormation of a dense Cr-oxide film on the alloy surface increased
he cyclic stability of La0.7Mg0.3Ni2.45−xCrxCo0.75Mn0.1Al0.2 alloys
ith x = 0.05–0.10. Wang et al. [99] also found that the addition of
r into La2Mg(Ni0.85Co0.15)9Crx alloys increased the cyclic durabil-

ty of alloy electrodes because of an increase in their anti-corrosion
bility.
.2. Heat treatment

Annealing treatment is very useful to eliminate component
egregation and to improve the structure of hydrogen storage
mpounds 509 (2011) 675–686 683

alloys, consequently leading to an improvement in the overall elec-
trochemical properties [13]. Pan et al. [119–121] first reported
the effects of annealing treatment on La–Mg–(NiCo)x (x = 3.0–3.5)
alloys and found that La0.7Mg0.3Ni2.8Co0.5 alloy annealed at 1123 K
for 8 h exhibited a large discharge capacity of 414 mAh/g, a longe
cycle life and better electrochemical kinetics because of the homog-
enization of the composition and structure. Further investigation
showed that higher annealing temperature (1273–1373 K × 8 h)
reduces the maximum discharge capacity because of a change in
the phase abundance and deteriorates the high rate discharge-
ability due to an increase in its anti-pulverization property and
a reduction in defects although the cyclic stability of AB3.5-type
La0.7Mg0.3Ni2.45Co0.75Mn0.1Al0.2 alloy improved significantly [73].
The maximum discharge capacity of the Ml0.7Mg0.3Ni3.2 alloy that
was ball-milled for 20 min increased more than 1.5 times after
being annealed at 900 ◦C for 4 h because of recrystallization [113].
Moreover, the discharge capacity, cyclic stability and high rate
dischargeability of La0.8Mg0.2Ni2.4Mn0.1Co0.55Al0.1 alloy improved
obviously after annealing at 1173 K for 7 h [122]. The annealed
(LaPrNdZr)0.83Mg0.17(NiCoAlMn)3.3 alloy has an increased dis-
charge capacity and improved electrochemical kinetics while its
cycling capacity retention decreased because of the formation of a
new phase with a CeNi3-type structure, which was caused by the
presence of Pr and Nd [112]. We believe that annealing treatment
leads to different effects for La–Mg–Ni-based electrode alloys with
different compositions.

Hydrogen storage electrode alloys with small crystal grains are
usually prepared by rapid quenching and melt spinning [123].
Zhang et al. [89,98–104] prepared a series of La–Mg–Ni-based elec-
trode alloys by rapid quenching and studied the effects of the
solidification rate on their electrochemical properties. They found
that the rapid quenching obviously enhances the cyclic stability of
the alloy electrodes because of the reduction in grain size, but the
discharge capacity and activation performance decreased.

4.3. Ball milling, surface treatment and electrolyte modification

Other methods such as ball milling treatment, surface
treatment and electrolyte modification have been used to ame-
liorate the electrode performance of R–Mg–Ni-based alloys
[106–109,113]. The Ml0.7Mg0.3Ni3.2 alloy ball-milled for 20 min
only discharges 105 mAh/g [113], which is obviously lower than
its theoretical capacity of 455 mAh/g because of the forma-
tion of a nanocrystalline phase [106]. The discharge capacity
of La0.7Mg0.3Ni3.5–Ti0.17Zr0.08V0.35Cr0.1Ni0.3 composite electrode
decreases with an increase in ball milling time [109]. Surface treat-
ment has also been employed to improve the electrochemical
properties of La0.7Mg0.3Ni2.4Co0.6 alloy [93]. After surface treat-
ment with KBH4, KOH and KOH containing KBH4, the discharge
capacity, cyclic stability and electrochemical kinetics of the alloy
electrodes increased markedly, especially for alloys treated by
KOH containing KBH4. The addition of Cu(OH)2 to a 6 mol/L KOH
electrolyte lowers the activation property and high rate discharge-
ability of La2Mg0.9Al0.1Ni7.5Co1.5 alloy electrode. However, the
cyclic stability improves dramatically due to the formation of a Cu
film on the surface of the alloy electrode [124].

4.4. Temperature effect

The operating temperature has a noticeable effect on the capac-
ity and voltage characteristics of Ni/MH batteries [131]. Liu et al.

[68] systematically investigated the electrochemical performance
of La0.7Mg0.3Ni2.875Co0.525Mn0.1 alloy from −20 to 30 ◦C and found
that the operating temperatures had a striking effect on the over-
all electrochemical properties, especially on the electrochemical
kinetics. The discharge capacity and high-rate dischargeability of
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Fig. 8. Schematic model of disintegration and surface oxidation

he alloy electrode decreased with decreasing testing temperature
ue to slower hydrogen transfer in the bulk and lower electro-
atalytic activity at low temperatures. In-depth studies on kinetic
arameters indicate that the diffusion of hydrogen in the bulk is the
ate-determining factor for the discharge process of La–Mg–Ni–Co-
ased alloy electrodes at temperatures above 10 ◦C while the
harge-transfer reaction is rate-determining at lower temperatures
<10 ◦C). Zhang et al. [94–96] also reported that the substitution of

n and Al–Mo for Ni enhanced the low-temperature discharge-
bility of La–Mg–Ni-based electrode alloys. The low-temperature
erformance of La0.75Mg0.25Ni3.5 alloy are improved by the addition
f Cu(OH)2 to the alkaline electrolyte due to the decomposition of
u powder to the alloy electrode as recently reported by Shen et al
130].

.5. Degradation mechanisms

Determining the capacity degradation mechanisms of hydro-
en storage alloy electrodes is important for improving their cyclic
urability [13]. Systematic investigations have been conducted
n the degradation behavior of R–Mg–Ni-based alloy electrodes
51,69–72]. Liao et al. [51] attributed the fast capacity degrada-
ion of LaxMg3−xNi9 alloys to the corrosion of La and Mg, and
he large VH in the hydride phase. Pan et al. [69–72] pointed
ut that the serious pulverization and oxidation/corrosion of
ctive components during cycling were the two main factors
esponsible for capacity loss of La–Mg–Ni-based AB3.5-type alloys
uch as La0.7Mg0.3Ni3.4−xCoxMn0.1. The degradation process of
a0.7Mg0.3Ni3.4Mn0.1 alloy electrode consists of three consecutive
tages: particle pulverization and Mg oxidation, Mg and La oxida-
ion and oxidation-passivation (Fig. 8) [69]. Over the initial 5–10
ycles, the alloy particles are pulverized to smaller particles with
arger fresh surface areas exposed to the KOH solution. In the

eantime, Mg on the alloy surface is oxidized and accordingly
decrease in the amount of active Mg element is apparent. The

ooperation of these factors results in a fast activation and capacity

oss for La–Mg–Ni-based alloy electrodes. In Mg and La oxidation
tage (subsequent 10–30 cycles), a further oxidation/corrosion of
ctive elements such as Mg and La takes place. In this stage, Mg
s oxidized first to form a permeable Mg(OH)2 passive layer as

gel-type film because it is the most active element, and it is
–Mg–Ni–Mn alloy powder during charge/discharge cycling [69].

too loose to prevent the alloy from further oxidation/corrosion.
La then separates from the bulk to the alloy surface, and subse-
quently oxidized to form La(OH)3. In oxidation-passivation stage
(after 30 cycles), the oxidation of Mg and La continues with a
constant loss of capacity and the oxide layer on the alloy surface
grows thicker as cycling continues. A composite surface film of
Mg(OH)2 and La(OH)3 decreases the surface reaction kinetics and
the diffusivity of hydrogen. Further investigation shows that dur-
ing electrochemical hydriding/dehydriding, the constituent phases
undergo a discrete cell volume expansion between the �- and �-
phases, which is the most important reason for the pulverization
of alloy particles [70]. The increase in Co content in R–Mg–Ni-
based alloys leads to a decrease in the cell volume expansion ratio
�V/V of the constituent phases. It prevents alloy pulverization
and increases their anti-oxidation/corrosion ability, consequently
improving the cycling stability of alloy electrodes [71]. Likewise,
the presence of Al decreases alloy pulverization and strengthens
anti-oxidation/corrosion property because of the formation of a
dense Al oxide film during cycling, which is responsible for the sig-
nificant improvement in the cycling durability of R–Mg–Ni-based
alloys containing Al [72].

5. Conclusions

R–Mg–Ni-based hydrogen storage alloys are a new group of
negative electrode materials with high energy density for use in
Ni/MH batteries. The introduction of Mg into AB3.0−5.0-type rare
earth-based hydrogen storage alloys facilitates the formation of
a (La,Mg)Ni3 phase with a rhombohedral PuNi3-type structure
or a (La,Mg)2Ni7 phase with a hexagonal Ce2Ni7-type structure.
These phases possess long-periodic one-dimensional superstruc-
tures in which the AB5 unit (CaCu5-type structure) and the AB2
unit (Laves structure) are rhombohedrally or hexagonally stacked
with a ratio of n:1 along the c-axis direction, consequently result-
ing in a larger hydrogen storage capacity. The presence of Mg in
LaNi3 phase and in La2Ni7 phase prevents the amorphization of

their hydride phases, leading to a higher electrochemical capac-
ity. As a result, R–Mg–Ni-based hydrogen storage alloys have
attracted an increasing amount of attention as next generation
negative electrode materials for Ni/MH batteries with high energy
density and high power density. For practical applications, numer-
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us efforts to improve the overall electrochemical properties of
–Mg–Ni-based electrode alloys have been undertaken and stud-

es of interest include composition optimization, heat treatment,
all milling treatment, surface treatment, electrolyte modification,
perating temperatures and degradation mechanism. Electrode
erformance was found to depend strongly on the stoichiometric
atio, alloy components and microstructure. The AB3.0- and AB3.5-
ype R–Mg–Ni-based alloys exhibit a higher discharge capacity and
etter electrochemical kinetics. The specific function of the con-
tituent elements including Mg, Ce, Pr, Nd, Co, Mn, Al, Zr, W, Fe,
u and Cr are discussed. Optimum compositions contain mainly
etallic elements of La, Mg, Ni, Co, Mn and Al. Annealing treatment

ignificantly increased the discharge capacity, improves the cyclic
tability and enhances the high rate dischargeability. The optimized
nnealing temperature lies between 850 and 950 ◦C. Mechanistic
nvestigations indicate that the pulverization of alloy particles and
he oxidation/corrosion of active components during cycling are
he two main factors responsible for the fast capacity degradation
f R–Mg–Ni-based alloy electrodes, and the degradation progress is
ivided into three consecutive stages including pulverization and
g oxidation, Mg and La oxidation, and oxidation-passivation. Con-

equently, a decrease in the pulverization of the alloy particles and
n increase in their anti-oxidation/corrosion ability are necessary
or an improvement in cyclic stability. Co and Al produce these
ffects in R–Mg–Ni-based electrode alloys. Despite the overall elec-
rochemical properties of R–Mg–Ni-based electrode alloys being
ignificantly improved over the last decade, their practical appli-
ation is still a challenge because of the industrialized preparation
echniques and the cost of alloys. Therefore, optimized prepara-
ion techniques for industrial scale and low-cost R–Mg–Ni-based
lectrode alloys (low-Co or Co-free) with a high discharge capac-
ty, a long cycle life and good kinetics are still needed to satisfy the
equirements for Ni/MH batteries.
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