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Abstract: The La-Mg-Ni system PuNi3-type La0.5Ce0.2Mg0.3Co0.4Ni2.6−xMnx (x=0, 0.1, 0.2, 0.3, 0.4) hydrogen storage alloys were 
prepared by casting and rapid quenching. The effects of the rapid quenching on the structure and electrochemical characteristics of 
the alloys were studied. The results obtained by XRD, SEM and TEM indicate that the as-cast and quenched alloys mainly consist of 
two major phases, (La,Mg)Ni3 and LaNi5, as well as a residual phase LaNi. The rapid quenching does not exert an obvious influence 
on the phase composition of the alloys, but it leads to an increase of the LaNi5 phase and a decrease of the (La, Mg)Ni3 phase. The 
as-quenched alloys have a nano-crystalline structure, and the grain sizes of the alloys are in the range of 20−30 nm. The results by the 
electrochemical measurements indicate that both the discharge capacity and the high rate discharge(HRD) ability of the alloy first 
increase and then decrease with the variety of quenching rate and obtain the maximum values at the special quenching rate which is 
changeable with the variety of Mn content. The rapid quenching significantly improves the cycle stabilities of the alloys, but it 
slightly impairs the activation capabilities of the alloys. 
Key words: La-Mg-Ni system electrode alloy; rapid quenching; structure; electrochemical performance 
                                                                                                             
 
 
1 Introduction 
 

Intermetallic compounds for reversible hydrogen 
absorption/desorption have been the subject of extensive 
research for about 30 years. Consequently, a series of 
metal hydride electrode materials have been discovered, 
including the rare-earth-based AB5-type alloys[1], the 
AB2-type Laves phase alloys[2], the V-based solid 
solution alloys[3] and the Mg-based alloys[4], and the 
output of the small size Ni-MH cells has rapidly grown 
and gained a good share of the rechargeable battery 
market since the commercialization of the small size 
Ni-MH cells in 1990. Recently, Europe community and 
major developed countries in the world issued in 
succession decree to forbidding the Ni-Cd power battery 
to be continually used, which provides a golden 

opportunity for the development of the Ni-MH battery. 
However, none of the available electrode alloys above- 
mentioned can meet the specification of the power 
battery owing to the limitation of their properties, such as 
the low discharge capacity of the AB5-type electrode 
alloy, the poor activation capability of the AB2-type 
Laves phase as well as V-based solid solution electrode 
alloys and the poor cycle stability of the Mg-based 
electrode alloy. Therefore, the attention in this area has 
been paid to finding new type electrode alloys with 
higher capacity and longer cycle life. Recently, 
R-Mg-Ni-based (where R is a rare earth or Y, Ca) 
PuNi3-type alloys were reported, which were considered 
to be one of the most promising candidates owing to 
their high discharge capacities (360−410 mA·h/g) and 
low production costs in spite of their poor cycle 
stabilities[5-13]. KADIR et al[5−7] revealed that the  
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alloy had a PuNi3-type rhombohedral structure, and 
reported that the hydrogen storage capacity of 
(Y0.5Ca0.5)(MgCa)Ni9 alloy was 1.98% (mass fraction) at 
3.3 MPa and 263 K for the gas-solid reaction. KOHNO 
et al[8] found that the La5Mg2Ni23-type electrode alloy 
La0.7Mg0.3Ni2.8Co0.5 had a capacity of 410 mA·h/g, and 
good cycle stability during 30 charge-discharge cycles. 
LEI et al[9] investigated the electrochemical properties 
of LaxMg3−xNi9 (x=1.0−2.0) alloys and found that the 
alloy (x=2) exhibited the highest discharge capacity of 
403 mA·h/g. After the structures and electrochemical 
performances of the La0.67Mg0.33Ni3.0−xCox (x=0−0.75) 
alloys were investigated, LUO et al[10] reported that the 
alloy (x=0.5) obtained a maximum discharge capacity of 
404.47 mA·h/g, and the addition of Co significantly 
improved the cycle stabilities of the alloys. TANG et 
al[11] investigated the influence of Al substitution for Co 
on the structure and hydrogen storage characteristics of 
the Ml0.8Mg0.2Ni3.2Co0.6−xAlx (x=0−0.6) hydrogen storage 
alloys, confirming that the Al substitution significantly 
enhanced the stability of the alloy hydrides. ZHANG et 
al[12] researched the crystal structures and the 
electrochemical characteristics of the La0.7Mg0.3- 
Ni3.5−x(Al0.5Mo0.5)x (x=0−0.8) alloys and obtained the 
maximum discharge capacity of 397.6 mA·h/g (x=0.6). 
PAN et al[13−14] researched the influence of element 
addition and substitution on the structures and 
electrochemical behaviours of the alloys, indicating that 
the addition and substitution of elements Al, Cu, Fe, Mn, 
Co and Zr significantly improved the electrochemical 
performances of the alloys. It is well known that the 
preparation technology is vital for improving the 
performances of the alloys. Our previous works have 
confirmed that rapid quenching is a very effective 
method for improving the electrochemical characteristics 
of the electrode alloys, especially their cycle 
stabilities[15−17]. Therefore, it is expected that the 
combination of an optimized amount of Mn substitution 
for Ni with a proper rapid quenching technique may 
produce an alloy with high discharge capacity and good 
cycling stability. Aiming on this purpose, the effects of 
the rapid quenching on the structures and 
electrochemical characteristics of the La0.5Ce0.2Mg0.3- 
Co0.4Ni2.6−xMnx (x=0−0.4) electrode alloys were 
systematically investigated. 
 
2 Experimental 
 

The purity of La, Ce, Ni, Co, Mg and Mn used as 
the raw materials was at least 99.8%. The experimental 
alloys were melted by a vacuum induction furnace. High 
purity helium with a pressure of 0.04 MPa was used as a 
protecting atmosphere for effectively preventing the 

volatilization of magnesium during melting. A cast ingot 
was thus obtained by pouring the melt into a copper 
mould cooled by water. Part of the as-cast alloys was 
re-melted and quenched by melt-spinning with a rotating 
copper roller in a helium atmosphere. The quenching rate 
is approximately expressed by the linear velocity of the 
copper roller because it is too difficult to measure a real 
quenching rate, i.e. cooling rate of the sample during 
quenching. The quenching rates used in the experiment 
were 5, 10, 15, 20, 25 and 30 m/s, respectively. The 
nominal compositions of the experimental alloys were 
La0.5Ce0.2Mg0.3Co0.4Ni2.6−xMnx (x=0, 0.1, 0.2, 0.3, 0.4), 
and for convenience, the alloys were represented with 
Mn content as Mn0, Mn1, Mn2, Mn3 and Mn4, 
respectively. 

The cast ingot and quenched flakes were 
mechanically crushed and ground into the powder of less 
than 50 μm. The phase structures and compositions of 
the alloy powders were determined by XRD 
diffractometer (D/max/2400). The diffraction, with the 
experimental parameters of 160 mA, 40 kV and 10 
(˚)/min was performed with Cu Kα1 radiation filtered by 
graphite. The samples of the as-cast alloys were directly 
polished, and the flakes of the as-quenched alloys were 
enclosed in epoxy resin for polishing. The samples as- 
prepared were etched with a 60% HF solution. The 
morphologies of the as-cast and quenched alloys were 
examined by scanning electron microscope(SEM) 
(Philips QUANTA 400). The thin film samples of the 
as-quenched alloys were prepared for observing the grain 
morphology with the transmission electron microscope 
(TEM) (JEM−2100F, operated at 200 kV), and for 
determining the crystalline state of the samples with 
selected area electron diffraction(SAED). 

Round electrode pellets of 15 mm in diameter were 
prepared by cold pressing a mixture of 0.2 g alloy 
powder and carbonyl nickel powder in a mass ratio of 
 under a pressure of 35 MPa for 5 min. After dried for 4׃1
4 h, the electrode pellets were dipped in a 6 mol/L KOH 
solution for 24 h in order to wet fully the electrodes 
before the electrochemical measurement. 

A tri-electrode open cell, consisting of a metal 
hydride electrode, a sintered NiOOH/Ni(OH)2 counter 
electrode and a Hg/HgO reference electrode, was used 
for testing the electrochemical characteristics of the 
experimental alloy electrodes. A 6 mol/L KOH solution 
was used as electrolyte. 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 with a constant current 
density, then after 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 ℃. 
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3 Results and discussion 
 
3.1 Effect of rapid quenching on structural 

characteristics 
The XRD patterns of the as-cast and quenched (30 

m/s) alloys shown in Fig.1 indicate that all the alloys 
have multiphase structures, consisting of two major 
phases, (La, Mg)Ni3 and LaNi5, and a residual phase 
LaNi. The rapid quenching exerts an unconscious 
influence on the phase compositions of the alloys. The 
lattice parameters and phase abundances of LaNi5 and 
(La, Mg)Ni3 major phases in the as-cast and quenched 
Mn0 and Mn4 alloys are listed in Table 1, which were 
calculated from the XRD data by the software Jade 6.0. 
It can be derived from Table 1 that the rapid quenching 
leads to c axis increase and a axis and cell volume of 
LaNi5 and (La, Mg)Ni3 main phases slightly decrease 
and that it leads to an increase of LaNi5 phase and a 
decrease of (La, Mg)Ni3 phase. When the quenching rate 
increases from 0 (as-cast was defined as quenching rate 
of 0 m/s) to 30 m/s, LaNi5 phase increases from 27.16% 
to 31.01% for the Mn0 alloy, and from 38.28% to 40.72% 
for the Mn4 alloy. But (La, Mg)Ni3 phase decreases from 
 

 
Fig.1 XRD profiles of as-cast and quenched alloys: (a) Mn0 
alloy; (b) Mn4 alloy 

71.34% to 67.39% for the Mn0 alloy, and from 59.02% to 
57.02% for the Mn4 alloy. In order to distinctly show the 
influence of quenching rate on the abundance of major 
phases in the alloys, the quenching rate dependence of 
the abundances of LaNi5 and (La,Mg)Ni3 major phases in 
the Mn0 and the Mn4 alloys is plotted in Fig.2. It can 
clearly be seen in Fig.2 that the rapid quenching leads to 
an increase of LaNi5 phase and a decrease of (La, 
Mg)Ni3 phase. For a fixed quenching rate, the amount of 
LaNi5 in the Mn0 alloys is less than that in the Mn4 alloy, 
and the amount of (La, M)Ni3 in the Mn0 alloys is more 
than that in the Mn4 alloy, suggesting that the 
substitution of Mn for Ni leads to an increase of LaNi5 
phase and a decrease of (La, Mg)Ni3 phase. 
 

 
Fig.2 Evolution of abundances of major phases LaNi5 and 
(La,Mg)Ni3 with quenching rate 
 

The SEM images of the as-cast and quenched (15 
m/s) M0 and Mn4 alloys are shown in Fig.3. The result 
obtained by SEM with an energy dispersive spectrometry 
(EDS) indicates that all the experimental alloys are of 
multiphase structure, containing both (La,Mg)Ni3 and 
LaNi5 phases, which is in agreement with the results by 
XRD. Because the amount of LaNi phase is small and it 
attaches itself to (La, Mg)Ni3 phase in the process of 
growing, so, it is difficult to observe the morphology of 
LaNi phase. As shown in Fig.3, the as-cast alloys display 
coarse grains and poor composition homogeneity. The 
rapid quenching basically eliminates these structural 
defects of the as-cast alloys. 

The morphologies and crystalline states of the 
as-quenched Mn4 alloy were examined by TEM, as 
shown in Fig.4. The figure exhibits that both the 
as-quenched alloys have nano-crystalline structures and 
the sizes of the grains are in the range of 20−30 nm. 
 
3.2 Effect of rapid quenching on electrochemical 

characteristics 
3.2.1 High rate discharge(HDR) ability 

The high rate discharge(HRD) ability of the alloy 
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Table 1 Lattice constants and abundances of LaNi5 and (La, Mg)Ni3 major phases 

Lattice constant 
Alloy Condition Major phase 

a/nm c/nm 
Cell 

volume/nm3 
Phase abundance
(mass fraction)/%

(La, Mg)Ni3 0.502 3 2.418 5 0.528 4 71.34 
As-cast 

LaNi5 0.501 2 0.401 3 0.087 3 27.16 

(La, Mg)Ni3 0.501 9 2.481 7 0.527 6 71.07 
5 m/s 

LaNi5 0.501 0 0.401 7 0.087 3 27.55 

(La, Mg)Ni3 0.501 4 2.419 0 0.526 6 70.60 
10 m/s 

LaNi5 0.500 9 0.401 9 0.087 3 27.95 

(La, Mg)Ni3 0.501 1 2.419 2 0.526 0 69.39 
15 m/s 

LaNi5 0.500 8 0.402 1 0.087 3 28.51 

(La, Mg)Ni3 0.500 8 2.419 4 0.525 5 69.08 
20 m/s 

LaNi5 0.500 3 0.402 3 0.087 2 29.38 

(La, Mg)Ni3 0.500 3 2.420 1 0.524 6 68.01 
25 m/s 

LaNi5 0.499 6 0.402 8 0.087 1 30.42 

(La, Mg)Ni3 0.499 7 2.420 6 0.523 4 67.39 

Mn0 

30 m/s 
LaNi5 0.499 2 0.403 2 0.087 0 31.01 

(La, Mg)Ni3 0.507 1 2.448 3 0.545 2 59.02 
As-cast 

LaNi5 0.504 9 0.405 2 0.089 5 38.28 

(La, Mg)Ni3 0.506 6 2.448 6 0.544 2 58.93 
5 m/s 

LaNi5 0.504 5 0.405 3 0.089 3 38.46 

(La, Mg)Ni3 0.505 9 2.448 9 0.542 7 58.67 
10 m/s 

LaNi5 0.504 0 0.405 6 0.089 2 38.77 

(La, Mg)Ni3 0.505 3 2.449 1 0.541 5 58.33 
15 m/s 

LaNi5 0.503 0 0.405 8 0.089 1 39.24 

(La, Mg)Ni3 0.504 4 2.450 1 0.539 8 57.92 
20 m/s 

LaNi5 0.503 1 0.406 2 0.089 0 39.7 

(La, Mg)Ni3 0.503 6 2.450 9 0.538 7 57.48 
25 m/s 

LaNi5 0.502 6 0.406 7 0.088 9 40.19 

(La, Mg)Ni3 0.503 2 2.451 3 0.537 5 57.02 

Mn4 

30 m/s 
LaNi5 0.502 2 0.407 1 0.088 9 40.72 

 
electrode, which was mainly determined by the kinetic 
property, was calculated according to following formula: 
HRD=C600, max/C100, max×100%, where C600,max and C100,max 
are the maximum discharge capacities of the electrode 
charged-discharged at the current densities of 600 and 
100 mA/g, respectively. The quenching rate dependence 
of HRDs of the alloys is shown in Fig.5. It can be seen 
that the HRDs of the alloys first increase and then 
decrease with increasing quenching rate. The HRDs of 
the alloys have the maximum values with the variety of 
quenching rate, which is known as the optimal quenching 
rate, and it changes with the variety of Mn content. 

The HRD is a dynamic problem of hydrogen 
absorbing/desorbing of the alloy electrode, which is 
influenced mainly by the electrochemical reaction 
kinetics on the alloy powder surface and the diffusion 

rate of hydrogen in the bulk of the alloy[18]. The rapid 
quenching leads to an increase of LaNi5 phase, which 
significantly enhances the electrocatalytic activity of 
alloy electrode. The grain refinement produced by rapid 
quenching enhances the diffusion capability of hydrogen 
in the alloy[19], but the lattice distortion and internal 
stress caused by rapid quenching lower the diffusion 
capability of hydrogen[20]. It seems to be self-evident 
that the above contrary effects consequentially result in 
an optimum quenching rate for the HRDs of the alloys. 
3.2.2. Discharge capacity 

The evolution of the maximum discharge capacities 
of the alloys with quenching rate is shown in Fig.6, for a 
charge-discharge current density of 100 mA/g. Fig.6 
shows that the maximum discharge capacity of the 
alloys first increases and then decreases with the increase 
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Fig.3 SEM images of as-cast and quenched (15 m/s) alloys: (a) As-cast Mn0 alloy; (b) As-cast Mn4 alloys; (c) As-quenched Mn0 aloy; 
(d) As-quenched Mn4 alloy 
 

 
Fig.4 TEM morphologies and SAED patterns of as-quenched Mn2 alloys: (a) 20 m/s; (b) 30 m/s 
 

 
Fig.5 Evolution of high rate discharge(HRD) capabilities of 
alloys with quenching rate 

 
Fig.6 Evolution of discharge capacities of alloys with 
quenching rate 
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of the quenching rate. The discharge capacity of the 
alloys obtains the greatest values at a special quenching 
rate named the optimal quenching rate, and the optimal 
quenching rate is changeable with the variety of Mn 
content. The discharge capacity increases from 364.06 
mA·h/g (0 m/s) to 371.34 mA·h/g (5 m/s), after that it 
drops to 334.65 mA·h/g (30 m/s) for the Mn0 alloy, and 
mounts up from 382.01 mA·h/g (0 m/s) to 385.38 
mA·h/g (5 m/s), and then declines to 351.32 mA·h/g (30 
m/s) for the Mn2 alloys. The discharge capacity of the 
alloys has the maximum value with the variety of 
quenching rate, which is relevant to the change of alloy 
structure caused by rapid quenching. The decrease of a 
cell volume caused by rapid quenching is unfavourable 
for the discharge capacity of the alloy, but the decrease 
of grain size of the alloy and the improvement of 
composition homogeneity of the alloy produced by rapid 
quenching are helpful for the discharge capacity of the 
alloy. The amount of LaNi5 in the alloy increases with 
increasing quenching rate, which is disadvantageous to 
the discharge capacity of the alloy due to the fact that the 
discharge capacity of LaNi5 phase is less than that of (La, 
Mg)Ni3 phase[21]. However, it is noteworthy that LaNi5 
phase works not only as a hydrogen reservoir but also as 
a catalyst to activate (La,Mg)Ni3 phase to absorb/desorb 
reversibly hydrogen in alkaline electrolyte[22]. It is the 
above contrary effects that result in an optimum 
quenching rate for the discharge capacities of the alloys. 
3.2.3 Activation capability 

The quenching rate dependence of the activation 
number of the electrode alloys is shown in Fig.7. The 
figure indicates that all the as-cast and quenched alloys 
display excellent activation performances and can attain 
their maximum discharge capacities after 2 to 5 
charging-discharging cycles. The rapid quenching 
slightly impairs the activation capabilities of the alloys. 
Basically, the activation capability of hydrogen storage 
alloy is directly relevant to the change of internal energy 
of the hydride system before and after absorbing 
hydrogen. The larger the additive internal energy, 
involving the surface energy which is originated from the 
oxidation film formed on the surface of the electrode 
alloy and the strain energy which is produced by 
hydrogen atom entering the interstitials of the 
tetrahedron or octahedron of the alloy lattice, the poorer 
the activation performance of the alloy[23]. The reason 
why rapid quenching impairs the activation 
performances of the alloys is attributed to the reduction 
of cell volumes of the alloys caused by rapid quenching, 
increasing the ratios of expansion/contraction of the 
alloys in the process of hydrogen absorption/desorption, 
which means increasing the strain energy. Although the 
increase of LaNi5 phase caused by rapid quenching is 

helpful for the activation performance, the negative 
impact produced by rapid quenching is obviously more 
predominant. 
 

 
Fig.7 Relationship between quenching rate and activation 
number 
 
3.2.4 Cycle stability 

The cycle life is defined as the cycle number after 
which the discharge capacity of the alloy at a current 
density of 600 mA/g is reduced to 60% of the maximum 
capacity. Fig.8 shows the evolution of discharge 
capacities of the as-cast and quenched Mn2 alloy with 
cycle number. A tendency can be seen in Fig.8 that the 
decay rate of discharge capacity of the Mn2 alloy 
decreases with increasing quenching rate, suggesting that 
the rapid quenching enhances the cycle stability of the 
alloy. The capacity retaining rate (S100), which is 
introduced to evaluate accurately the cycle stability of 
the alloy, is defined as S100=C100/Cmax×100%, where Cmax 
is the maximum discharge capacity, and C100 is the 
discharge capacity of the 100th cycle at a current density 
of 600 mA/g, respectively. The capacity retaining rates 
(S100) of the alloys as a function of quenching rate are 
shown in Fig.9. It can be seen in Fig.9 that rapid 
quenching leads to a significant increase of capacity 
retaining rate (S100) of the alloy. When the quenching rate 
rises from 0 to 30 m/s, the capacity retaining rate (S100) 
increases from 67.71% to 83.77% for the Mn0 alloy, and 
from 62.04% to 78.51% for the Mn4 alloy. It can also be 
derived in Fig.9 that for a fixed quenching rate, the 
capacity retaining rates (S100) of the alloys decline with 
the increase of Mn content, meaning that the substitution 
of Mn for Ni clearly impairs the cycle stabilities of the 
alloys. 

The electrode failure is characterized by the decay 
of discharge capacity and the drop of discharge voltage. 
Refs.[24−25] revealed that the fundamental reasons for 
the capacity decay of electrode alloy were the pulveriza- 
tion and oxidation of alloy electrode during charging- 
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Fig.8 Evolution of discharge capacities of Mn2 alloy with cycle 
number 
 

 
Fig.9 Evolution of capacity retaining rates (S100) of alloys with 
quenching rate 
 
discharging cycle. The lattice stress and the expansion of 
the cell volume, which are inevitable when hydrogen 
atoms enter into the interstitials of lattice, are the real 
driving force that leads to the pulverization of the alloy. 
The positive impact of rapid quenching on the cycle 
stability of the alloy is primarily ascribed to the 
significant refinement of grains caused by rapid 
quenching. The anti-pulverization capability of the alloy 
basically depends on its strength. The smaller the grain 
size, the higher the strength of the alloy. Therefore, it is 
understandable that the cycle stability of the alloy 
increases with increasing quenching rate. The 
substitution of Mn for Ni significantly impairs the 
anti-corrosion capability of the alloy electrode[26], 
which is responsible for the slight decrease of the cycle 
stability of the alloy caused by Mn substitution. 
 
4 Conclusions 
 

1) The rapid quenching does not change the phase 
compositions of La0.5Ce0.2Mg0.3Co0.4Ni2.6−xMnx (x=0, 0.1, 

0.2, 0.3, 0.4) electrode alloys, but it leads to an increase 
of LaNi5 phase and a decrease of (La, Mg)Ni3 phase in 
the alloys. The rapid quenching basically eliminates the 
structural defects of the as-cast alloy, involving coarse 
grains and poor composition homogeneity. 

2) The rapid quenching has significant influences on 
the electrochemical performances of the alloys. The 
discharge capacities and high rate discharge(HRD) 
abilities of the alloys have the maximum values for a 
special quenching rate, which is changeable with the 
variety of Mn content. The rapid quenching significantly 
improves the cycle stabilities of the alloys, but it slightly 
impairs the activation performances of the alloys. 
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