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Abstract: The effects of the alloy preparation methods, including the conventional casting, annealing and melt-spinning, on the
crystallographic and electrochemical properties of the Co-free LaNi, 9sSng 5 alloy samples were investigated. The results reveal that
the as-cast alloy consists of a main phase of CaCus-type structure and a little second phase (Sn) with noticeable composition
segregation and rather poor cycling stability (S500=40.1%). While the annealed and melt-spun alloys are of single CaCus-type
structure phase with a more homogeneous composition and lower cell volume expansion rate (AV/V) on hydriding, and a
dramatically improved cyclic stability (S,00=73.6%—76.2%), although their activation rate, initial capacity and high-rate
dischargeability are lowered somewhat. It is found that the decrease in both the electrocatalytic activity and the hydrogen diffusion
rate of the annealed and melt-spun alloys is the main cause for their relatively lower high-rate dischargeability, and the improved
cycling stability is due to their lower volume expansion on hydriding and more uniform composition.
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1 Introduction

Mischmetal-based ABs-type alloys containing about
10% Co (mass fraction) are now widely used as the
negative electrode materials of Ni/MH batteries because
of their long cycle life and good overall properties. It is
known that Co is an essential element for suppressing the
pulverization and corrosion of the alloys during
charge/discharge cycling, which enhances the cycle
life[1,2]. However, Co is expensive and drastically
increases the alloy cost. Therefore, in order to reduce the
alloy cost, much work on the substitution of Co with
other low-cost elements (Cu, Fe, Si, Sn, etc) has been
carried out, and several low-Co or Co-free alloys were
developed[3—5]. However, for commercial applications
the cycling stability and overall electrode properties of
these alloys have to be improved further. It has been
found that the use of overstoichiometric alloys (ABs.,) is
a promising way to reduce the alloy pulverization[6—8],
and the cycling stability of the ABs alloys with different
Co contents can also be improved by different material

processing methods such as heat treatment[9,10] and
rapid solidification process[11—13]. However, it appears
that the influence of alloy composition and preparation
methods on the cycling performance is quite complex
and not very clear yet. In addition, for the recently
reported Co-free La(Ni, Sn)s., alloys[2,14], which has
been considered a new class of Co-free alloys due to
their simple composition and good storage capacity, no
farther information on the effects of the material
processing methods on the electrochemical properties is
available in the literature.

In this study, the Co-free LaNis9sSng; alloy was
prepared by vacuum melting followed either by an
annealing or by a melt-spinning treatment, the influence
of the alloy preparation methods on the crystallographic
and electrochemical properties of the alloys was
investigated in order to improve the overall electrode
properties of the alloys.

2 Experimental

LaNiy9sSny3 alloy was prepared by vacuum levita-
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tion melting in argon atmosphere and remelted three
times to ensure a high homogeneity. All starting
elemental metals have a purity higher than 99.9%.
One-third of the as-cast ingot was annealed under
vacuum at 1 223 K for 10 h. Another one-third of the
as-cast ingot was remelted and quenched by
melt-spinning method. The linear velocity of the rotating
copper roller used for the rapid quenching process was 5
m/s.

The alloy samples thus prepared were ground
mechanically into powder below 50 um and used for
electrochemical tests and XRD analysis. The crystal
structure of the alloy samples was determined by XRD
analysis using a Rigaku D/max 2500/PC diffractometer
with CuK, radiation, the XRD patterns were obtained by
step scan mode with the step size of 26=0.02°. These
analyses were also made for the hydride samples of the
alloys under investigation. To avoid the desorption of
hydrogen during measurement, the electrochemically
hydrided samples were coated with a glue layer on the
sample surface. The composition of the samples was
examined by EDS analysis.

For electrochemical tests, pellet type alloy
electrodes (=10 mm) were prepared by cold pressing
the mixtures of the alloy powder with carbonyl Ni
powder in a mass ratio of I 4 and the electrochemical
tests were carried out at 298 K in a conventional
tri-electrode cell consisting of a working electrode (MH
electrode), a sintered Ni(OH),/NiOOH counter electrode
and a Hg/HgO reference electrode, and the electrolyte
was 6 mol/L KOH solution. The discharge capacity was
determined galvanostatically by using an automatic
charge/discharge unit (DC-5). Each electrode was
charged at 100 mA/g for 4 h, and discharged at 60 mA/g
to the cut-off potential of —0.7 V (vs Hg/HgO). The
high rate dischargeability (HRD), defined as C,/(C,+Cyo)
> 100, was determined from the ratio of the discharge
capacity C,(with n=300 or 600 mA/g, respectively) to the
total discharge capacity defined as the sum of C, and Cg,
which was the additional capacity measured
subsequently at 60 mA/g after C, was measured. The
cycling test was conducted at the charge/discharge
current of 300 mA/g. The cycling capacity retention rate
Sroo was defined as Srp0=Crg0/Cmax>< 100, where C,oo was
the discharge capacities at 200th cycles. In evaluating the
kinetic properties of the electrodes reaction, the linear
polarization curves of the electrode were plotted with a
Solarton SI 1287 potentiostat by scanning the electrode
potential at the rate of 0.ImV/s from —5 to +5 mV(vs
open circuit potential) at 50% depth of discharge (DOD).
The potentialstatic discharge technique was used to
evaluate the diffusion coefficient of hydrogen within the
alloy bulk. After being fully charged followed by a 30
min open circuit rest-period, the test electrodes were

discharged with +600 mV potential-step for 5 000 s on a
Sloartron SI1287 potentiostat, using the CorrWare
electrochemical corrosion software.

3 Results and discussion

Fig.1 shows the XRD patterns of the LaNi95Sng;
alloy prepared by three different methods. The lattice
parameters of the alloys and their hydrides are listed in
Table 1. It is found that the as-cast alloy contains a main
phase with CaCus-type structure and a little second phase
(Sn), while both the annealed and melt-spun alloys are
single phase of CaCus-type structure. In addition, the
diffraction peaks for CaCus-type phase become narrower
and sharper after the alloy being annealed or rapid
quenched, indicating that both the annealed and the
melt-spun alloys have a higher crystallinity and relaxed
lattice strain. As shown in Table 1, compared with the
as-cast alloys, both the annealed and melt-spun alloys
show an increase of the value of c/a ratio and cell
volume (¥), and show a noticeable decrease in the
expansion rate of the cell volume (AV/FV) on hydriding
(from 20.6% to the range of 17.7%—18.2%). This result
reveals that the cell volume expansion of the alloy
induced by hydrogenation can be effectively decreased
through the annealing or rapid quenching treatment,
which is beneficial to the improvement of the ability of
anti-pulverization of the alloys during charge/discharge
cycling.
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Fig.1 XRD patterns of LaNi9sSng; alloys prepared by three
different methods

Fig.2 shows the scanning composition of La, Ni and
Sn for sites every 0.77 pm apart along a horizontal
straight line on the surface of these alloys by EDS
analysis. Compared with the as-cast alloy, it can be seen
that the componential fluctuation curves of La, Ni and Sn
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Table 1 Lattice parameters of LaNi, 9sSng ; alloys and their hydrides
All Hydrid
Sample oy yanee (AV/VY%
a/nm ¢/nm Vinm® c/a a/nm c/nm V/nm® c/a
As-cast 0.5054 0.4033 0.089 21 0.798 0 0.540 0 0.426 0 0.107 55 0.788 9 20.6
Annealed 0.5059 0.4050 0.089 76 0.800 5 0.5358 04251 0.105 67 0.793 4 17.7
Melt-spun 0.5049 0.4050 0.089 40 0.802 1 0.5354 0.4259 0.105 71 0.795 5 18.2
in the annealed and melt spun alloys is more flat,
especially the Sn element. This means that the annealing 100
and melt-spinning process effectively improves the '
compositional homogeneity of the alloy. ”
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Fig.2 EDS analysis results of Ni, La and Sn distribution in
LaNi4ngSn0_3 alloys

As shown in Fig.3, the desorption plateaus of the
annealed and melt-spun alloys are much flatter and little
lower than that of the as-cast alloy, which can be
ascribed to their more homogeneous composition and the
slightly increase in hydride stability of the alloys. The
electrochemical properties of the alloys are summarized
in Table 2. It can be seen that the as-cast alloy needs only
2 cycles to reach its maximum discharge capacity (Cpax)
of 326.9 mA-h/g, while the activation cycles (V,) of the
annealed and melt-spun alloys increase to 5—6 cycles
with a lower discharge capacity of 320.8 mA-h/g and
315.7 mA-h/g, respectively.

From Table 2, it is also found that the annealing or
melt-spinning treatment results in a decrease of the
high-rate dischargeability(HRD), but the HRD of the
annealed alloys is higher than that of the melt-spun alloy.
At the discharge rate of 300 mA/g, the HRDjq of the
as-cast alloy is 95.4%, and it decreases to around 90%
for the annealed and melt-spun alloys. When the
discharge rate increases to 600 mA/g, the HRDyg of the
as-cast alloy is 85.8%, and it drops to 75.6% and 71.2%
for the annealed and melt-spun alloys, respectively.

It is known that the high-rate dischargeability of

chemical reaction rate on the alloy surface and the
diffusion rate of hydrogen in the bulk of the alloy[15]. To
examine the effect of alloy preparation method on the
discharge kinetics, the linear polarization and
potential-step experiment were performed on the alloy
electrodes. Fig.4 shows the linear polarization curves of
the alloy electrodes. The exchange current density J,
which is a measure of catalytic activity of the electrode
for charge transfer reaction on the alloy surface, was
calculated from the slope of polarization -curves
according to the following equation[15]:

RT J
JO :(?j'(;jnao (l)

where J is the applied current density, mA/g; 7 is the
over-potential, mV; and R, F, T are the gas constant,
Faraday constant and absolute temperature respectively.
The exchange current densities J; calculated from Eqn.(1)
are listed in Table 2. It can be seen that the J; value of
the as-cast alloy is 123.2 mA/g, and it decreases to 100.1
mA/g and 95.0 mA/g for the annealed and melt-spun
alloys respectively, which is consistent with the variation
of HRD values of the alloy electrodes. This indicates that
the electrochemical reaction rate on the alloy surface
slows down slightly after the alloy being annealed or
rapidly quenched due to their lower surface electro-
catalytic activity, which can be attributed to the decease
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Table 2 Electrochemical properties of LaNig 9sSng ; alloys prepared by three methods

o HRD/% -1 -10., 2 -1
Sample Cha/(MA-h-g ™) N, Jo/(mA-g ) D/(10 "cm™s ) S200/%
HRD3y HRDg

As-cast 326.9 2 95.4 85.8 123.2 3.22 40.1

Annealed 320.8 5 90.9 75.6 100.1 2.47 76.2

Melt-spun 315.7 6 90.1 71.2 95.0 2.38 73.6
20 similar particle distribution with an average particle
15k radius of 10 um, the hydrogen diffusion coefficient D in
the bulk of the alloys was calculated and listed in Table 2.
e It can be seen that the D value of the as-cast alloy (3.22
= 57 ><10""%m?/s) is slightly larger than that of the annealed
j’ ol and melt-spun alloys ((2.38-2.47) > 107"° cm?s),
£ suggesting that the annealing or rapid quenching
® treatment leads to some decrease in the diffusion rate of
-10 T 2;:::12 q hydrogen within the alloy bulk, which agrees with their
15 4+ — Melt-spun lower HRD values and the increased hydride stability of
the alloys. Therefore, it is believed that the decrease in
= 3 . F 3 5 both the surface -electrocatalytic activity and the
o/mV hydrogen diffusion rate of the annealed and melt-spun

Fig.4 Linear polarization curves of LaNi, 9sSng 3 alloys

in effective surface area of the alloys as a result of the
decreased volume expansion (AV/V) on hydriding.

Fig.5 shows the semi-logarithmic plots of anodic
current vs time response of the LaNiggsSng; alloy
electrodes. It can be seen that the current-time responses
can be divided into two time domains, in the first time
region, the oxidation current of hydrogen rapidly
declines due to the rapid consumption of hydrogen on the
surface. However, in the second time region followed,
the current declines more slowly and drops linearly with
time. Since hydrogen is supplied from the bulk of the
alloy at a rate proportional to the concentration gradient
of hydrogen, hence the electrode current is controlled by
the diffusion of hydrogen in the second time region. It is
reported that in a large anodic potential-step test, after a
long discharge time, the diffusion current varies with
time according to the following equation[16]:

6FD(C, —cs)}_ n? (D]t @)

lei= lg{ da’ 2303\ o2

2
a

where D is the hydrogen diffusion coefficient, cm®/s; i
the diffusion current density, A/g; a the radius of
spherical alloy particle, cm; C, the initial hydrogen
concentration in the alloy bulk, mollcm®; C, the
hydrogen concentration on the electrode surface,
mol/cm’; d the density of the hydrogen storage alloy,

g/em’; ¢ the discharge time, s; and F the Faraday constant.

Thus from the slope of the linear part of the 1gi vs 7 plot
in Fig.5, according to Eqn.(2), D/a’ can be obtained, and
the D value can be estimated if the radius of the alloy
particle a is known. Assuming that all the alloys have a

alloys is the main cause for their relatively lower
high-rate dischargeability.
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Fig.5 Semi-logarithmic plots of anodic current-time responses
for LaNi, 95Sng 5 alloys after +600 mV potential-steps at 298 K

The data (S,500) of the capacity retention rate of the
alloys after 200 cycles are also listed in Table 2. It can be
seen that the as-cast alloy shows a rather poor cycling
stability. Its discharge capacity reduces to less than half
of the initial value after 200 cycles (S,00=40.1%) at the
charge/discharge rate of 300 mA/g, while the cycling
stability of the alloy is improved remarkably by the
additional annealing or melt-spun process. The capacity
retention rate (Syy) of the melt-spun alloy goes up to
73.6%, and increases to 76.2% for the annealed alloy.
The great improvement of cycling stability for the
annealed and melt-spun alloy can be attributed to their
higher homogeneity of composition and the lower
volume expansion rate (AV/V) of the alloys on hydriding.
By using the least square method, the effect of the alloy
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preparation methods on the cycling stability (Syy) and
the cell volume expansion rate (AV/V) of the alloys are
correlated and shown in Fig.6. It can be seen that the
value of S5y as a function of the value of AV/V of the
alloys shows a nearly linear relationship, indicating that
the alloy has a smaller volume expansion and thus an
improved cycling stability. It is well accepted that alloy
having a smaller volume expansion on hydriding would
lead to a lower degree of pulverization and thus exposes
less surface area to the corrosive electrolyte, and hence
corrodes less and has a better cycling stability[2]. It is
thus clear that the annealing and melt-spinning are the
effective methods to improve the cycling stability of the
Co-free LaNigosSng; alloy without much detrimental
effect on its other electrochemical properties. It can be a
good candidate for the low-cost negative electrode
materials for Ni/MH batteries.
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Fig.6 Relation between Syy and AV/V of LaNiy 95Sng 5 alloys

4 Conclusions

Co-free LaNiy¢sSng 3 alloys were prepared by three
different processing methods, and their phase structure
and electrochemical properties were examined and
compared. It is found that the crystallographic and
electrochemical properties of the alloys are influenced
greatly by the alloy preparation methods. The as-cast
alloy consists of a main phase with CaCus-type structure
and a few second phase (Sn), has high cell volume
expansion rate on hydriding and noticeable element
segregation, which all results in a poor cyclic endurance.
Annealing or melt-spinning changes the alloy to an
single CaCus-type structure phase, lowers the cell
volume expansion rate on hydriding and improves the
composition homogeneity greatly, leading to a marked
improvement in cyclic stability. The activation rate,
initial capacity and high-rate dischargeability of the
annealed and melt-spun alloys are somewhat lower in
comparison with the as-cast alloy. The Co-free
LaNis9sSng; alloys prepared by annealing or melt-
spinning in this study show a reasonable high capacity

(315.7-320.8 mA-h/g), good cycling stability
(8200=73.6%—76.2%) and good 1C rate dischargeability
(HRD;(¢~90%), which is a promising candidate for the
low-cost negative electrode materials for Ni/MH
batteries.
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