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Abstract: In order to investigate the influences of the stoichiometric ratio of La/Mg (increasing La and decreasing Mg on the same
mole ratio) on the structure and electrochemical performances of the La—Mg—Ni-based A,B-type electrode alloy, the as-cast and the
annealed ternary Lagg.,Mgg, Nizs (x=0—0.05) electrode alloys were prepared. The characterization of electrode alloys by X-ray
diffraction (XRD) and scanning electron microscopy (SEM) shows that all the as-cast and the annealed alloys hold two major phases
of (La,Mg),Ni; and LaNis as well as a residual phase of LaNi;. Moreover, the increase of La/Mg ratio brings on a decline of
(La,Mg),Ni; phase and a rise of LaNis and LaNi; phases. The variation of La/Mg ratio gives rise to an evident change of the
electrochemical performances of the alloys. The discharge capacities of the as-cast and the annealed alloys evidently decrease with
growing the La/Mg ratio, while the cycle stabilities of the alloys visibly augment under the same condition. Furthermore, the high
rate discharge ability (HRD), the electrochemical impedance spectrum (EIS), the Tafel polarization curves, and the potential step
measurements all indicate that the electrochemical kinetic properties of the alloy electrodes increase with the La/Mg ratio rising.
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1 Introduction

The discovery of rare earth-based ABs-type
hydrogen storage alloys makes the Ni-MH batteries
commercialized in 1990. Consequently, the rare
earth-based ABs-type alloys have been industrialized on
a large scale in China and Japan. With the development
of the hydrogen storage electrode alloys, the application
field of the Ni—MH is increasingly expanded.
Particularly it is worth mentioning that the Ni/MH
battery was considered to be one of the most promising
candidates as the power sources for electric vehicles
(EVs) [1]. As a matter of fact, hybrid electric vehicles
(HEVs) with Ni—-MH battery as the auxiliary power have
been classified as mature products for nationwide selling
by the Ministry of Industry and Information Technology
of China, which provides a golden opportunity for the
development of the Ni—MH battery. Some of the
electrode alloys, involving the rare earth-based ABs-type

alloys [2,3], the AB,-type Laves phase alloys [4], the
V-based solid solution alloys [5] and the Mg-based
alloys [6,7], are selected as potential electrode materials.
However, none of which is qualified for the transport
applications due to their limited properties, for example,
the low discharge capacity for the ABs-type alloy, the
difficulty to be activated for the AB,-type Laves phase as
well as the V-based solid solution alloys, and the poor
cycle stability for the Mg-based electrode alloy. Hence,
the demand for new electrode materials with superior
performances, especially higher discharge capacity, has
become increasingly urgent. In view of this, La—Mg—Ni-
based A,B;-type alloys have been deemed to be one of
the most promising candidates as the negative electrode
materials of Ni-MH battery on account of their higher
discharge capacities (380—410 mA-h/g) and lower
production costs, as reported by KADIR et al [8] and
KOHNO et al [9]. However, this is seriously frustrated
by their poor electrochemical cycle stability. Therefore,
how to improve the cycle stability is still a main
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challenge faced by researchers in this area.

It was found that the capacity deterioration of the
La—Mg—Ni system alloy electrodes is mainly associated
with the pulverization of the alloy particles and the
oxidation/corrosion of the elements Mg and La during
the electrochemical charge—discharge cycling [10—12].
Hence, it seems to be reasonable to believe that reducing
the Mg content in the alloy will facilitate to improve the
cycle stability of the alloy. Doubtlessly, the decrease of
Mg content can result in some changes in the structures
and the electrochemical performances of the alloys, so a
deeper investigation is clearly necessary.

In this work, the as-cast and the annealed ternary
La—Mg—Ni-based A,B-type Lagg:xMgp > Nij 5
(x=0—0.05) alloys were prepared. The decreased amount
of Mg is equal to the increased amount of La at the
stoichiometric ratio of the alloys so as to keep the
element content proportion of A-site and B-site the same
(A: gross A-site elements, B: gross B-site elements). A
systematic investigation about the effects caused by
reducing the Mg content on the structures, morphologies
and electrochemical properties of the experimental alloys
was preformed.

2 Experimental

The purities of the raw materials of La, Mg and Ni
can reach to 99.8% at least. The chemical compositions
of the electrode alloys were Lag g Mgg, Nizs (x=0, 0.01,
0.02, 0.03, 0.04 and 0.05), that is to say, the change of x
representing the variation of La/Mg ratio. For
convenience, the La/Mg ratio is donoted with the x value.
The alloy ingots were prepared using a vacuum induction
furnace in a helium atmosphere under the pressure of
0.04 MPa in order to prevent element Mg from
volatilizing during the melting. A part of the alloys were
annealed at 950 °C for 8 h in vacuum. Afterwards, the
as-cast and the annealed alloys were crushed and
mechanically ground to fine powders (passed through a
200-mesh sifter).

The phase structures and compositions of the alloys
were characterized by X-ray diffraction (XRD)
(D/max/2400). The diffraction, with the experimental
parameters of 160 mA, 40 kV and 10 (°)/min, was
performed with Cu K, radiation filtered by graphite. The
morphologies of the as-cast and the annealed alloys were
examined by scanning electron microscopy (SEM)
(QUANTA 400).

The round electrode pellets with a diameter of
15 mm were prepared by cold pressing the mixture of the
alloy powder and carbonyl nickel powder with the mass
ratio of 1:4 under the pressure of 35 MPa. Then the
electrode pellets were immersed in 6 mol/L KOH
solution for 24 h in order to wet the electrodes fully

before the electrochemical measurement.

The electrochemical measurements were performed
at 30 °C using a tri-electrode open cell, consisting of a
working electrode (the metal hydride electrode), a
sintered Ni(OH),/NiOOH counter electrode and a
Hg/HgO reference electrode, which were immersed in
the electrolyte of 6 mol/L KOH, and the voltage between
the negative electrode and the reference one was defined
as the discharge voltage. In every cycle, the alloy
electrode was first charged with a constant current
density. After resting for 15 min, it was discharged with
the same current density to the cut-off voltage of —0.5 V.

To determine the electrochemical kinetics of the
alloy electrodes, the EIS and the Tafel polarization
curves of the alloys were measured at 30 °C using an
electrochemical workstation (PARSTAT 2273). Prior to
measuring the impedance and polarization curves,
several electrochemical charging and discharging cycles
were carried out in order to activate the materials. The
fresh electrodes were fully charged and then rested for
2 h up to the stabilization of the open circuit potential.
The EIS of the alloy electrodes was measured at 50%
depth of discharge (DOD), the frequency was ranged
from 10 kHz to 5 mHz, the amplitude of signal
potentiostatic or galvanostatic measurements was 5 mV,
the number of points per decade of frequencies was 60.
The Tafel polarization curves were measured within the
potential range of —1.2 to +1.0 V (vs Hg/HgO) at a scan
rate of 5 mV/s. For the potentiostatic discharge, the test
electrodes in the fully charged state were discharged at
500 mV potential steps for 5 ks on the electrochemical
workstation (PARSTAT 2273) using the electrochemistry
corrosion software (CorrWare).

3 Results and discussion

3.1 Influence of La/Mg ratio on structures of alloys

The phase components and structure characteristics
of the as-cast and the annealed Lagg. Mgg, . Niss
(x=0-0.05) alloys are detected by XRD analysis, just as
shown in Fig. 1. The identification by means of
international centre for diffraction data (ICDD) reveals
that all the as-cast and the annealed alloys are of a
multiphase structure, containing two major phases of
(La,Mg),Ni; and LaNis as well as a residual phase of
LaNi;. Evidently, the variation of La/Mg ratio and the
annealing give rise to a clear change in the phase
abundances instead of altering the phase composition.
The lattice parameters together with the abundances of
the three phases in the alloys which were calculated with
Jade 6.0 software based on the XRD data are listed in
Table 1. It is found that the rise of La/Mg ratio results in
a clear increase of LaNis and LaNi; phase while a
decrease of (La,Mg),Ni; phase.
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Fig. 1 XRD profiles of as-cast (a) and annealed (b) Lag g:.Mgg,_,Ni3 5 (x=0—0.05) electrode alloys

Table 1 Lattice parameters and abundances of three phases in alloys

Lattice constant Phase abundance

Condition La/Mg ratio Major phase Cell volume/nm® .
a/nm c/nm (mass fraction)/%

(La, Mg),Ni; 0.50587  2.46431 0.5461 62.3

x=0 LaNis 0.50533  0.38675 0.0855 25.5
LaNij 0.50876  2.47109 0.5539 12.2

(La, Mg),Ni; 0.50589  2.46433 0.5462 60.2

x=0.01 LaNi; 0.50534 0.38677 0.0855 26.7
LaNi; 0.50577 2.47106 0.5474 13.1

(La, Mg),Ni; 0.50603  2.46441 0.5465 57.7

x=0.02 LaNis 0.50537  0.38705 0.0856 28.4
As-cast LaNi; 0.50581  2.47109 0.5475 13.9
(La, Mg),Ni; 0.50605  2.46502 0.5467 54.8

x=0.03 LaNis 0.50541  0.38741 0.0857 29.5
LaNi; 0.50602  2.47171 0.5481 15.7

(La, Mg),Ni; 0.50611  2.46508 0.5468 52.9

x=0.04 LaNi; 0.50563 0.38794 0.0859 30.1
LaNi; 0.50609 2.47182 0.5483 17.0

(La, Mg),Ni; 0.50618  2.46513 0.5470 51.6

x=0.05 LaNis 0.50572  0.38805 0.0859 31.2
LaNi; 0.50615  2.47191 0.5484 17.2

(La, Mg),Ni; 0.50602  2.46613 0.5469 70.3

x=0 LaNis 0.50617  0.39025 0.0866 20.5
LaNij 0.50881  2.47213 0.5542 9.2

(La, Mg),Ni; 0.50611  2.46625 0.5471 68.2

x=0.01 LaNi; 0.50619 0.39044 0.0866 21.7
LaNi; 0.50886 2.47218 0.5544 10.1

(La, Mg),Ni; 0.50615  2.46631 0.5472 65.6

x=0.02 LaNis 0.50623  0.39049 0.0867 23.9
LaNi; 0.50894  2.47225 0.5546 10.5

As-annealed -

(La, Mg),Ni; 0.50627  2.46652 0.5475 63.8

x=0.03 LaNis 0.50658  0.39052 0.0868 25.1
LaNij 0.50901  2.47272 0.5548 11.1

(La, Mg),Ni; 0.50631  2.46707 0.5477 59.2

x=0.04 LaNi; 0.50665 0.39079 0.0869 27.4
LaNi; 0.50913 2.47285 0.5551 134

(La, Mg),Niy 0.50642  2.46711 0.5479 56.1

x=0.05 LaNis 0.50672  0.39085 0.0869 28.4

LaNi; 0.50926  2.47301 0.5554 15.5
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Moreover, the variation of La/Mg ratio has few
effects on the lattice constants and the cell volumes of
the alloys. It can be found from Table 1 that the
annealing treatment makes the (La,Mg),Ni; phase visibly
increase and the LaNis phase as well as the LaNi; phase
decrease. Meanwhile, the annealing treatment causes an
obvious growth of lattice constants and cell volumes of
the three phases in the alloy.

The SEM images and the energy dispersive
spectrometer (EDS) patterns of the as-cast and the
annealed Lajgi.Mgp, Nizs (x=0-0.05) alloys are
illustrated in Fig. 2. The EDS profiles reveal that all the
experimental alloys hold a multiphase structure,
containing phases of (La, Mg),Ni; and LaNisas well as
LaNi;, which is consistent with the XRD examination.
The morphologies of the as-cast alloys display a typical
dendrite structure, which is hardly affected by the
variation of La/Mg ratio. The annealing treatment gives
rise to a significant variation which changes from the
dendrite structure to the approximately equiaxial crystal.
Meanwhile, the grains of the as-cast alloy are

dramatically coarsened by the annealing.

3.2 Influence of La/Mg ratio on electrochemical

performances
3.2.1 Activation capability and discharge capacity

Easy activation is indispensable for the alloy
electrode applied in Ni-MH battery. The activation
capability was evaluated by a number of charging—
discharging cycles which are required for attaining the
greatest discharge capacity at a constant current density.
The variations of discharge capacities of the as-cast and
the annealed Lagg..Mgo, ,Nizs (x=0—0.05) alloys with
the cycle number are shown in Fig. 3. All the alloys
demonstrate an excellent activation performance,
attaining their maximum discharge capacities at most
three charging—discharging cycles. Moreover, the growth
of La/Mg ratio hardly impairs the activation capability of
the as-cast and the annealed alloys. Based on the data in
Fig. 3, the relationship between the discharge capacities
and the La/Mg ratio of two states of the alloys can be
established, as shown in Fig. 4. Apparently, the discharge

(iiNi (La, Mg),Ni, | [() N LaNi; (k) I LaNi,
Ni ]
La ! |
| ' - \ Ni he
I | ‘l *] La !
I' La { ( i | \
] | |
| | (1 |
M | I | N | | .
Ml e | | Mt | |/ M
MLJLM..J\.\J»LL A I i nd VS L) | L A L L
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
E/keV ElkeV E/keV

Fig. 2 SEM images (a—h) together with typical EDS spectra (i—k) of as-cast and annealed Lay g Mg, Niz s (x=0—0.05) electrode
alloys: As-cast x=0 (a), 0.01 (b), 0.03 (c) and 0.05 (d); As-annealed x=0 (e), 0.01 (f), 0.03 (g) and 0.05 (h)
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capacities of the as-cast and the annealed alloys clearly
decline with growing the La/Mg ratio. Specifically,
increasing the La/Mg ratio from x=0 to x=0.05 makes the
discharge capacities reduce from 307.2 to 219.7 mA-h/g
for the as-cast alloy and from 366.0 to 258.5 mA-h/g for
the as-annealed one. Furthermore, it is evident that, for
all the La/Mg ratios, the as-annealed alloy exhibits much
higher discharge capacities than the as-cast one,
suggesting that the annealing treatment facilitates to

improve the discharge capacity of the alloy. The
annealing treatment makes the discharge capacity of the
alloy considerably increase, which is attributed to the
homogenization of the composition and the changes of
the phase abundances as well as the lattice parameters
originated by the annealing treatment.

It is believed that the superior activation
performance of the as-cast and the annealed alloys is
mainly ascribed to their multiphase structures. To sum up,
the activation capability of the hydrogen storage alloy
directly is associated with the change of the internal
energy of the hydride system before and after absorbing
hydrogen. The added internal energy comes from two
aspects, which are the surface energy originating from
the oxidation film on the surface of the electrode alloy,
and the strain energy produced by the hydrogen atom
entering into the interstitial sites of the tetrahedron or
octahedron of the alloy lattice. The larger the added
internal energy is, the poorer the activation performance
of the alloy will be [13]. We all know that the phase
boundary can decrease the lattice distortion and strain
energy originated from the process of hydrogen
absorption. Also, the phase boundary can provide good
diffusion tunnels for the hydrogen atoms, enhancing the
activation capability of the alloy. So, it can be concluded
that the impaired activation capability by raising the
La/Mg ratio can be ascribed to the increased amount of
LaNis, as the activation ability of the LaNis phase is a
little lower than that of the (La, Mg),Ni; phase [10—12].
The reduced discharge capacity of the as-cast and the
annealed alloys resulted from the La/Mg ratio growing is
attributed to the increase of LaNis and LaNi; phases,
because their discharge capacities are much lower than
those of the (La, Mg),Ni; phase.

3.2.2 Electrochemical cycle stability

The cyclic stability of hydrogen storage alloy,
which is one of the major performance indicators that
evaluate whether or not a kind of alloy can be applied as
a negative electrode material, is characterized by the
capacity retaining rate (S,) which is defined as:

S, =C,/Crax*100% (D

where Cy,,x is the maximum discharge capacity and C, is
the discharge capacity of the nth charge—discharge cycle
at a current density of 300 mA/g. The variations of S,
values of the as-cast and the annealed Lagg.,Mgg, Nij s
(x=0-0.05) alloys with the cycle number are shown in
Fig. 5, from which the degradation process of the
discharge capacity of the alloys can be seen clearly. It is
very evident that the slopes of curves substantially
decline with rising the La/Mg ratio, suggesting that a
higher La/Mg ratio is favor of the cycle stability of the
alloy. In order to directly demonstrate the effects of the
La/Mg ratio on the cycle stability of the as-cast and the
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annealed alloy, the relationship between the S;oy (#=100)
values and the La/Mg ratio of the alloys is also inserted
in Fig. 5. It is found that the Sjop (#=100) values of the
as-cast and the annealed alloys significantly grow with
increasing the La/Mg ratio. More specifically, the Sjgo
(n=100) values are enhanced from 44.9% to 78.8% for
the as-cast alloy and from 56.8% to 86.9% for the
as-annealed one by raising the La/Mg ratio from x=0 to
x=0.05. It is worthy mentioning that the as-annealed
alloy, for the same La/Mg ratio, exhibits clearly a higher
S100 value than that of the as-cast one, meaning that the
annealing treatment can improve the cycle stability of the
alloy. Here, some elucidations are provided as the
reasons why the increase of La/Mg ratio and the
annealing treatment can ameliorate the cycle stability of
the alloys. It is convinced that the following aspects are
principally responsible for the fast degradation of the
discharge capacity of La—Mg—Ni-based A,B;-type alloy
during the charge—discharge cycling. Firstly, the
constantly thickening surface layer of Mg(OH), or
La(OH), hinders the hydrogen atoms from diffusing in or
out of the alloys, in alkaline solution [14]. Moreover, an
inevitable expansion and contraction of the cell volumes
of the alloys during the charge—discharge process

aggravates the cracking and pulverizing of the alloy and
then makes the surface of the material apt to be oxidized,
which was confirmed by the previous work [15]. The
improved cycle stability of the as-cast and the annealed
alloys by raising the La/Mg ratio is believed to be
associated with the increase of LaNis phase, due to an
undoubted fact that the LaNis phase possesses much
higher electrochemical cycle stability than the
(La,Mg),Ni; phase. As to the positive contribution of the
annealing to the cycle stability of the alloys, it is ascribed
to the increase of the cell volumes and more
homogeneous compositional distribution generated by
the annealing, which facilitates to restrain the
pulverization and corrosion of the alloy [16,17].
3.2.3 Electrochemical kinetics

It is well known that with growing the current
density, the discharge capacity of an electrode alloy will
reduce in some degrees. However, keeping high
discharge capacity during the charge—discharge cycles
even with a high current density is important for the
practical application of alloy electrode in Ni-MH battery,
especially in power battery. Usually, the electrochemical
kinetics of an alloy electrode is symbolized by its high
rate discharge ability (HRD for short) which is defined as

HRD=C,/Cspx100% ©)

where C; and Cg are the maximum discharge capacities
of the alloy electrode charged—discharged at the current
densities of J and 60 mA/g, respectively. The evolutions
of HRD of the as-cast and the annealed
Lag Mg, (Nizs (x=0-0.05) alloys with the discharge
current density are shown in Fig. 6. Evidently, the
variation of La/Mg ratio affects the HRD of the as-cast
and the annealed alloys significantly. On the basis of the
current density of 300 mA/g (/=300 mA/g), the
relationships between the HRD of the as-cast and the
annealed alloys and the La/Mg ratio are established, as
inserted in Figs. 6(a) and (b), respectively. This indicates
that the HRD values of all the alloys obviously augment
with rising the La/Mg ratio. More specifically, the HRD
is enhanced from 83.7% to 95.3% for the as-cast alloy
and from 80.2% to 87.8% for the as-annealed one by
increasing the La/Mg ratio from x=0 to x=0.05.
Noticeably, the annealing treatment leads to a visible
decline of HRD.

It is known that the high rate discharge ability of an
alloy electrode basically depends on the charge-transfer
rate on the alloy electrode surface and the hydrogen
diffusion capability in the alloy bulk [18]. Hence, it
seems to be compulsory to investigate the effects of the
La/Mg ratio on the diffusion ability of hydrogen atoms
and the charge-transfer rate, with the aim of discovering
the mechanism that impacts the electrochemical
kinetics of the alloy by varying the La/Mg ratio. The
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hydrogen diffusion ability is evaluated by the hydrogen
diffusion coefficient, which can be derived by means of
the semilogarithmic curves of anodic current density
versus working duration of an alloy electrode, as shown
in Fig. 7. Based on the WHITE’s model [19], the
diffusion coefficient of the hydrogen atoms in the bulk of
the alloy can be calculated by the slope of the linear
region of the corresponding plots according to the
following formulae:

6FD > D
lgJ, =lg| +—=(C, - C.) |- =t 3
g d g( daz ( 0 s)j 2303 612 ( )
2
2303 digJy @

n’ dr
where Jy is the diffusion current density (A/g), D is the
hydrogen diffusion coefficient (cm?/s), C, is the initial
hydrogen concentration in the bulk of the alloy
(mol/cm®), C; is the hydrogen concentration on the
surface of the alloy particles (mol/cm®), a is the alloy
particle radius (cm), d is the density of the hydrogen
storage alloy (g/cm®), and ¢ is the discharge time (s). The
evolutions of the D values of the as-cast and the annealed
alloys obtained by Eq. (4) with the variation of La/Mg

ratio are also inserted in Figs. 7(a) and (b), respectively,
which indicate that the D values of the alloys clearly rise
with the La/Mg ratio growing.

o
5 0.06
S
20
2.4} ——x-001
—om— x=0,02 Ry
3} ——0m A ST ”‘j&m
<[ ——x=004 g
——x=0.05
0 1 2 3 4 5
Time/ks
8
_‘: 7 /5
& 3
<
S
=
20

n

Time/ks

Fig. 7 Semilogarithmic curves of anodic current density vs time

response of as-cast (a) and annealed (b) Lagg:,Mgg, Niss
(x=0-0.05) alloys

Limiting current density (J.), which is another
important electrochemical kinetic parameter of an alloy
electrode and is regarded to be related with the diffusion
rate of hydrogen in the alloy electrode [20], can be
obtained by measuring the Tafel polarization curve, as
shown in Fig. 8. It is found that each anodic polarization
curve shows an obvious inflection point, i.e., a critical
value, which is called as J;. It is indicated that an
oxidation reaction takes place on the surface of the alloy
electrode, and the oxidation layer hinders the hydrogen
atoms from further penetrating [21]. Here, the J; can be
viewed as a critical current density for passivating. Based
on the data in Fig. 8, the relationships between the Ji
values and the La/Mg ratios of the as-cast and the
annealed electrode alloys can be found, just as inserted in
Figs. 8(a) and (b), respectively. The figures exhibit that
the Ji values of the alloys evidently rise with increasing
the La/Mg ratio. To be specific, raising the La/Mg ratio
from x=0 to x=0.05 makes the J; value increase from
0.927 to 1.917 A/g for the as-cast alloy and from 0.832 to
1.698 A/g for the annealed one.
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Fig. 8 Tafel polarization curves of as-cast (a) and annealed (b)

Lao_ngngo_z,xNij,j (XZO_OOS) alloys

With regard to the charge-transfer capability, it can
be qualitatively evaluated by the EIS based on the
KURIYAMA'’s model [22]. The EIS of the as-cast and
the annealed Lagg. Mg, Nizs (x=0—0.05) alloys are
provided in Fig. 9, from which it can be found out that
each EIS has two distorted capacitive loops at high and
middle frequencies separately as well as a line at low
frequency, which very well express the electrochemical
process of the alloy electrode. Among them, the smaller
semicircle in the high frequency region is regarded to
reflect the contact resistance between the alloy powder
and the conductive material, and the larger one in the
middle frequency region corresponds to the
charge-transfer resistance on the alloy surface, while the
straight line in low frequency represents the diffusion of
hydrogenation in the alloy. In such cases, the
charge-transfer capability can be estimated -easily,
namely the larger the radius of the semicircle in the
middle frequency region is, the higher the charge-transfer
resistance of the alloy electrode will be. It can be seen
from Fig. 9 that the radii of the large semicircles of the
as-cast and the annealed alloys in the middle frequency
region markedly shrink with the La/Mg ratio growing,
indicating that the increase of La/Mg ratio plays a

significant positive contribution to the charge-transfer
capability on the alloy electrode surface. Moreover, the
radii of the large semicircles of the as-annealed alloy in
middle frequency are larger than those of the as-cast one.
This means that the annealing treatment decreases the
charge-transfer capability on the alloy electrode surface.
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Fig. 9 Electrochemical impedance spectra (EIS) of as-cast (a)
and annealed (b) Laj g, Mg(, ,Ni; 5 (x=0—-0.05) alloys

Based on the above-mentioned results, some
acceptable elucidations can be provided as the reasons
why increasing the La/Mg ratio brings about a positive
contribution to the HRD and the electrochemical kinetics
of the alloys. The electrochemical hydriding/dehydriding
reaction can be described as follows:

M+xH,0+xe =—=MH, +xOH" (5)

where M is the hydrogen storage alloy. The hydrogen
atom attaching to the surface of the alloy electrode is
suggested to have two possible whereabouts, combining
together to form hydrogen molecule or producing metal
hydride via diffusion. This means that the utilization of
charging current, depending on the diffusion rate of
hydrogen atom within the surface layer of alloy, is just
the ratio of the diffusion current to the imposed current.
Equation (5) indicates that when the alloy electrode is
charged in KOH solution, hydrogen atoms on the
alloy—electrolyte interface diffuse into bulk alloy and
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then store themselves in the metallic lattice in the form
of hydride. In the process of discharging, the hydrogen
stored in the bulk alloy diffuses toward the alloy
electrode surface where it is oxidized. Hence, it can be
concluded that the electrochemical hydrogen storage
kinetics of the alloy electrode is controlled by the
charge-transfer rate on the surface of the alloy electrode
and the hydrogen diffusion capability in the alloy bulk.
Thus, it is believed that the enhanced capabilities of the
diffusion of hydrogen atom and the charge-transfer by
raising the La/Mg ratio are the direct causes that increase
the HRD values of the as-cast and the annealed alloys.
As to the enhanced hydrogen diffusion and
charge-transfer rate, it should be ascribed to the
increased amount of LaNis phase generated by the
La/Mg ratio rising because the LaNis; phase possesses
better electro-catalytic activation than that of the
(La, Mg),Ni; phase. The annealing treatment changes the
structure of the alloy, therefore causes a decreased HRD,
detailedly described as follows: the annealing treatment
eliminates the internal strain of casting and diminishes
crystalline defects such as dislocations and grain
boundaries, thus not only increases the charge-transfer
resistance of the alloy electrode but also hinders the
diffusion of hydrogen from the inner of the bulk to the
surface, and subsequently aggravates the decline of
electrochemical kinetic property.

4 Conclusions

1) The ternary La—Mg—Ni-based A,B;-type
Lagg:Mgp, ,Nizs (x=0—0.05) electrode alloys were
successfully fabricated by casting and annealing. All the
alloys contain two major phases of (La, Mg),Ni; and
LaNis as well as a residual phase of LaNi;. The increase
of La/Mg ratio gives rise to an increase of LaNis and
LaNi; phases and a decrease of (La, Mg),Ni; phase
clearly instead of altering the phase structure of the
alloys.

2) The variation of La/Mg ratio engenders an
evident influence on the electrochemical performances of
the alloys. Specifically, the rise of La/Mg ratio results in
a significant reduction of discharge capacity of the
as-cast and the annealed alloys while improves the cycle
stability and the HRD, for which the changed phase
abundances of the alloys introduced by varying the
La/Mg ratio are chiefly responsible.

3) Furthermore, the annealing treatment brings on
an obvious impact on the structure and the
electrochemical characteristics of the alloys. In particular,
it not only enhances the discharge capacity and cycle
stability of the alloys dramatically, but also leads to a
decline of HRD values of the alloys.
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