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Abstract: The partial substitution of M (M=Sm, Nd, Pr) for La was performed in order to ameliorate the electrochemical hydrogen
storage performance of RE-Mg—Ni-based A,B;-type electrode alloys. The Lagg M, Mgg,Nij; 35Alg.1Siges (M=Sm, Nd, Pr; x=0-0.4)
electrode alloys were fabricated by casting and annealing and their microstructures were characterized by X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The major phases (La, Mg),Ni, with the hexagonal Ce,Ni;-type structure and LaNis with
the hexagonal CaCus-type structure make up the basic microstructure of the experimental alloys. The discharge capacities of the
as-cast and annealed alloys all gain their maximum values with the M (M=Sm, Nd, Pr) content varying. The electrochemical cycle
stability of the as-cast and annealed alloys clearly rises with the M (M=Sm, Nd, Pr) content growing. Furthermore, the
electrochemical kinetics of the alloys, including the high rate discharge ability, charge transfer rate, limiting current density and
hydrogen diffusion coefficient, all present a increase trend at first and then decrease with the rising of M (M=Sm, Nd, Pr) content.
Key words: hydrogen storage; elements substitution; microstructure; electrochemical performance

1 Introduction

Hydrogen storage alloys are of particular interest as
a novel group in functional materials owing to their
potential and practical applications in Ni—-MH
rechargeable batteries. Although a series of metal hydride
electrode materials, including the rare -earth-based
ABs-type alloys [1], the AB,-type Laves phase alloys [2],
the V-based solid solution alloys [3] and the Mg-based
alloys [4,5], are selected as the potential electrode
materials, there is no perfect choice among the above-
mentioned electrode materials to meet the transport
applications due to the limitations of their properties,
such as the low discharge capacity of the ABs-type alloy,
the poor activation capability of the AB,-type Laves
phase as well as the V-based solid solution alloys and the
poor cycle stability of the Mg-based electrode alloy. In
such circumstance, La—Mg—Ni-system A,B-type alloys
have been considered to be the most promising
candidates as the negative electrode materials of Ni/MH
rechargeable battery on account of their higher discharge

capacities (380—410 mA-h/g) and lower production costs
since KADIR et al [6] and KOHNO et al [7] reported
their research results. Although we have made some
notable achievements as summarized by LIU et al [8,9],
the attempt was still frustrated by the poor cycle stability
of the new alloy and the production of the new type
alloys as the negative electrode of Ni/MH battery has not
been found in China yet. The serious challenge faced by
the researchers still keeps intact, enhancing the cycle
stability of the alloy without reducing its discharge
capacity.

It was confirmed that the element substitution is an
effective method for improving the overall properties of
the hydrogen storage alloys [10]. With regard of the
La—Mg—Ni series hydrogen storage alloys, the partial
replacement of Ni with Co, Fe, Mn, Al, Cu [11-13] and
of La with Ce, Pr, Nd [14-16] were studied
systematically. Furthermore, it was convinced that the
capacity deterioration of the La—Mg—Ni system alloy
electrodes is mainly attributed to the pulverization of the
alloy particles and the oxidation/corrosion of the
elements of Mg and La [17].
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In this work, it is expected that a combination of
decreasing Mg content and substituting La with M
(M=Sm, Nd, Pr) will improve the electrochemical
performance of the La—Mg—Ni system A,B;-type alloys.
To validate this, a comparative study about the effects of
the substitution of M (M=Sm, Nd, Pr) for La on the
structures and electrochemical hydrogen storage
performance of the Layg .M, Mgy ,Ni; 35Al01Sig0s (M=Sm,
Nd, Pr; x=0-0.4) electrode alloys was performed.

2 Experimental

The chemical composition of the electrode alloys
was Lagg .M, Mg ,Nij;35Al01Sipes (M=Sm, Nd, Pr; x=0,
0.1, 0.2, 0.3, 0.4). For convenience, the alloys were
denoted with M content as My, M;, M,, M; and My,
respectively. The alloy ingots were prepared in a vacuum
induction furnace in helium atmosphere under the
pressure of 0.04 MPa in order to prevent element Mg
from volatilizing during the melting. A part of the alloy
was annealed at 950 °C for 8 h in vacuum.

The phase structures and compositions of the as-cast
and annealed alloys were -characterized by 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 as-annealed alloys were
observed by SEM (QUANTA 400).

The prepared alloy ingots were crushed and
mechanically ground to fine powders (passed through a
sifter with the mesh sizes of 75 umx75 pm). The round
electrode pellets with 15 mm in diameter were prepared
by cold pressing the mixture of alloy powder and
carbonyl nickel powder with the mass ratio of 1:4 under
a pressure of 35 MPa. Then the electrode pellets
were immersed in a 6 mol/L KOH solution for 24 h to
wet the electrodes fully before the electrochemical
measurement.

The electrochemical measurements were performed
at 30 °C by a tri-electrode open cell, consisting of a
working electrode (the metal hydride electrode), a
sintered Ni(OH),/NiOOH counter electrode and an
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 at the
same current density to cut-off voltage of —0.500 V.

The electrochemical impedance spectra (EIS) and
the Tafel polarization curves of the alloys were measured
through the electrochemical workstation (PARSTAT
2273). The fresh electrodes were fully charged and then
rested for 2 h until the open circuit potential was stable.

For the EIS measurement, the frequency ranged from 10
kHz to 5 mHz at 50% depth of discharge (DOD), the
amplitude of signal potentiostatic or galvanostatic
measurements was 5 mV, and the number of points per
decade of frequencies was 60. For the Tafel polarization
curves, the potential range was —1.2 to 1.0 V (vs
Hg/HgO) with a scan rate of 5 mV/s. For the
potentiostatic discharge, the test electrodes in the fully
charged state were discharged at 500 mV potential steps
for 5000 s on the electrochemical workstation
(PARSTAT 2273), with the electrochemistry corrosion
software (CorrWare).

3 Results and discussion

3.1 Microstructure characteristics

As shown in Fig. 1, the XRD profiles of the as-cast
and as-annealed Lagg M,Mgj,Ni335Al;Siges (M=Sm,
Nd, Pr; x=0—0.4) alloys indicate that all the as-cast and
as-annealed alloys are of a multiphase structure,
containing two major phases (La, Mg),Ni; and LaNis as
well as a residual phase LaNi;. We note that the partial
element substitution and annealing treatment obviously
change the phase abundances of the alloys but have little
effect on their phase composition. The lattice parameters
together with the abundances of the major phases (La,
Mg),Ni; and the LaNis are listed in Table 1, which were
calculated by Jade 6.0 software based on the XRD data.
It is found that the substitution of M (M=Sm, Nd, Pr) for
La makes the lattice constants and cell volumes of the
two major phases reduce visibly, due to the fact that the
atom radius of M (M=Sm, Nd, Pr) is smaller than that of
La. Furthermore, the reduction of the cell volume caused
by M (M=Sm, Nd, Pr) substitution indicates the
successfully alloying of M (M=Sm, Nd, Pr) with the two
major phases. It is evident that the substitution of M
(M=Sm, Nd, Pr) for La conduces to a decrease in the (La,
Mg),Ni; phase and an increase in the LaNis phase. We
also find that the width of the diffraction peaks of the (La,
Mg),Ni; and LaNis phases become markedly narrow
when annealed, suggesting that the annealing treatment
reduces grain stress and lattice defects of the alloy [18].
Besides, the annealing also renders an obvious increase
in the (La, Mg),Ni; phase and a decrease in the LaNi;

phase.
The SEM images and energy dispersive
spectrometer (EDS) patterns of the as-cast and

as-annealed Lagg ;M,Mgg,Ni;35Al0Siges (M=Sm, Nd,
Pr; x=0-0.4) alloys are illustrated in Fig. 2. The EDS
profiles reveal that all the experimental alloys hold a
multiphase structure, being of the (La, Mg),Ni; and the
LaNis as well as the LaNi; phases, which is consistent
with the XRD result. Obviously, the as-cast M,
alloy displays a dendrite structure. The substitution of M
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Fig. 1 XRD patterns of as-cast and annealed Lagg ,MMg;,Ni335Al;Sigos (M=Sm, Nd, Pr; x=0-0.4) alloys: (a) As-cast;

(b) As-annealed

Table 1 Lattice constants and abundances of (La, Mg),Ni; and LaNis major phases

Lattice constant

Condition Alloy Major phase Cell volume, V/nm® Phase abundance/%
a/nm c/nm

M (La, Mg),Ni;,  0.50640 2.46514 0.5475 70.23
’ LaNis 0.50536 0.41243 0.0912 23.57
(La, Mg),Ni;,  0.50432  2.44088 0.5376 63.09

M; (M=Sm)
LaNis 0.50398  0.41002 0.0902 30.21

As-cast

(La, Mg),Ni;,  0.50445  2.44369 0.5385 64.01

M; (M=Nd)
LaNis 0.50403  0.41052 0.0903 29.49
(La, Mg),Ni;,  0.50451  2.44358 0.5386 63.58

M, (M=Pr)
LaNis 0.50409 0.41061 0.0904 30.02
M (La, Mg),Ni;,  0.50687 2.46705 0.5489 72.65
’ LaNis 0.50573  0.41271 0.0914 21.75
(La, Mg),Ni;,  0.50492  2.44201 0.5392 65.89

M; (M=Sm)
LaNis 0.50413  0.40065 0.0882 27.81

As-annealed

(La, Mg),Ni;,  0.50501 2.44374 0.5397 66.41

M; (M=Nd)
LaNis 0.50435  0.41047 0.0904 27.79
(La, Mg),Ni;,  0.50497  2.44366 0.5396 65.32

M, (M=Pr)
LaNis 0.50432  0.41065 0.0904 28.98

(M=Sm, Nd, Pr) for La brings on a visible refinement of
the grains of the as-cast alloys. Furthermore, it can be
seen that the annealing treatment turns out an obvious
homogeneity of the composition segregation of the
alloys.

3.2 Electrochemical performance
3.2.1 Activation capability and discharge capacity

Easy to be activated is very important for the alloy
electrode in Ni-MH battery. Here, we use the number of
charge—discharge cycles which are required for attaining
the maximum discharge capacity at a constant current
density of 60 mA/g to evaluate the activation capability

of an alloy electrode. The fewer the number of
charge—discharge cycles is, the better the activation
property will be. The variations of the discharge capacity
of the as-cast and as-annealed Lajg M. Mgg,Ni335Alg -
Sigos (M=Sm, Nd, Pr; x=0-0.4) alloys with the cycle
number are presented in Fig. 3.

Apparently, all the alloys reach their maximum
discharge capacities at most two charge—discharge cycles,
expressing superior activation performance. The
substitution of M (M=Sm, Nd, Pr) for La has little effect
on the activation capability of the alloys, whereas the
annealing treatment slightly impairs the activation ability
of the My alloy. The superior activation performance of
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Fig. 2 SEM images and EDS spectra of Layg M Mgy ,Ni335AlgSiges (M=Sm, Nd, Pr; x=0-0.4) alloys: (a) As-cast My; (b)—(d)
As-cast M; (M=Sm (b), Nd (c), Pr (d)); (e) As-annealed My; (f)—(h) As-annealed M; (M=Sm (f), Nd (g), Pr (h)); (i), (j), (k) EDS
spectra of (La, Mg),Ni;, LaNis and LaNi; phase in as-cast My alloy in Fig. 2 (a)
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Fig. 3 Evolution of discharge capacity of as-cast (a) and as-annealed (b) Lagg .M Mgg,Ni335AlgSiges (M=Sm, Nd, Pr; x=0-0.4)
alloys with cycle number

the as-cast and as-annealed alloys comes from their
is because the phase
boundary not only decreases the lattice distortion and the

multiphase

structures.

This

strain energy produced in the process of hydrogen
absorption but also provides good diffusion tunnels for
hydrogen atoms, which facilitate to activate the alloys.
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The relationships between the maximum discharge
capacity of the experimental alloys and the M (M=Sm,
Nd, Pr) content are described in Fig. 4, from which it is
found that the discharge capacities of all the alloys first
augment and then decline with the M (M=Sm, Nd, Pr)
content growing. Namely, the
corresponding a special M (M=Sm, Nd, Pr) content of
the discharge capacities of the as-cast and as-annealed
alloys exists, which is termed as the optimal content.
Evidently, the optimal content is changeable for different
elements. For the as-cast alloys, the optimal content is
x=0.2 for Sm and x=0.3 for Nd and Pr, and for the
as-annealed alloys, it is x=0.1 for Sm and Nd and x=0.3
for Pr. The maximum discharge capacities are 346.6
mA-h/g (M=Sm), 357.9 mA-h/g (M=Nd) and 363.1
mA-h/g (M=Pr) for the as-cast alloys and 393.4 mA-h/g
(M=Sm), 383.4 mA-h/g (M=Nd) and 389.7 mA-h/g
(M=Pr) for the as-annealed ones, respectively. Obviously,
they are in sequence (M=Pr)>(M=Nd)>(M=Sm)>(M=
none) for the as-cast alloys and (M=Sm)>(M=Pr)>
(M=Nd)>(M=none) for the as-annealed alloys, meaning
that an amount of M (M=Sm, Nd, Pr) replacement
facilitates to enhance the discharge capacities of the
as-cast and as-annealed alloys. Furthermore, it is found

maximum value
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Fig. 4 Evolution of maximum discharge capacity of as-cast (a)
and as-annealed (b) Lajg .M Mgy ,Nijz35Al,1Siges (M=Sm, Nd,
Pr; x=0—0.4) alloys with M content x

that, the as-annealed alloy exhibits a much higher
discharge capacity than the as-cast one, suggesting that
the annealing treatment gives rise to a positive
contribution to the discharge capacity.

As to the capacity, it has been ascertained to be
determined by multiple factors, such as its crystal
structure, phase composition and structure, grain size,
composition uniformity and surface state. The observed
variations of the discharge capacity of alloys generated
by M (M=Sm, Nd, Pr) substitution and the annealing are
definitely associated with their changed microstructures.
Firstly, the substitution of M (M=Sm, Nd, Pr) for La
makes the alloy grains clearly refined, creating a huge
amount of grain boundary. This benefits the discharge
capacity since the grain boundary possesses the
maximum distribution of hydrogen concentrations [19].
Hence, it is understandable that such substitution gives
rise to an increase of the discharge capacities of the
as-cast and as-annealed alloys. On the other hand, this
substitution enables both the cell volume and the (La,
Mg),Ni; phase to decrease visibly, which is harmful to
the discharge capacity of the alloy. Here, it must be
mentioned that the LaNis phase works not only as a
hydrogen reservoir but also a catalyst to activate the (La,
Mg),Ni; phase to absorb/desorb hydrogen reversibly in
the alkaline electrolyte [17,20]. It is just the above
contrary effects that result in an optimum M (M=Sm, Nd,
Pr) content for the discharge capacities of the as-cast and
annealed alloys. As regards the positive impact of the
as-annealing treatment on the discharge capacity, it may
be attributed to the homogenization of the composition
and the changes of the phase abundance and the lattice
parameters originated by the annealing.

3.2.2 Cycle stability

The cyclic stability of hydrogen storage alloy is a
major factor to estimate whether it can be applied as a
negative electrode material or not. Generally, it is
symbolized by the capacity retaining rate (S,) which is
defined as S,=C,/Cyaxx100%, where Cpg 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. Figure 5 describes the variations of
the S, values of the as-cast and as-annealed
Lagg .M.,Mg»Ni; 35Al0,1Sig0s (M=Sm, Nd, Pr; x=0-0.4)
alloys with the cycle number, from which the
degradation process of the discharge capacity of the
alloys can be seen clearly. We can qualitatively estimate
the degradation rate of the discharge capacity during the
charge—discharge cycles by means of the slopes of the
curves. The substitution of M (M=Sm, Nd, Ni) for La
engenders an inconspicuous change for the curve’s
slopes of the as-cast alloys, but it makes the curve’s
slopes of the as-annealed alloys obviously decline,
suggesting that such substitution brings on a positive
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contribution to the cycle stability of the as-annealed
alloy. The relationships between the Sjqo (n=100) values
of the as-cast and as-annealed alloys and the M (M=Sm,
Nd, Pr) content are also inserted in Figs. 5(a) and (b),
respectively. Clearly, the Sjp (#=100) values of the
as-cast and as-annealed alloys markedly grow with the M
(M=Sm, Nd, Pr) content rising. To be specific, increasing
the M (M=Sm, Nd, Pr) content from 0 to 0.4 enables the
S0 (n=100) values to grow from 65.0% to 79.3%
(M=Sm), 75.2% (M=Nd) and 77.9% (M=Pr) for the
as-cast alloys, and from 72.8% to 89.4% (Sm), 89.3%
(M=Nd) and 91.8% (M=Pr) for the as-annealed ones,
separately. Comparing Figs. 5(a) with (b), it can be found
that the annealing treatment significantly ameliorates the
cycle stability of the alloy.
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Fig. 5 Evolution of S, of as-cast (a) and as-annealed (b)

Layg .M Mg ,Nis 35Alg1Sip 05 (M=Sm, Nd, Pr; x=0-0.4) alloys

with cycle number

It is convinced that the following aspects are
principally responsible for the degradation of the
discharge capacity of La—Mg—Ni-based A,B;-type alloy
during the charge—discharge cycling. Firstly, Mg(OH), or
La(OH), surface layer forming and constantly thickening
hinders the hydrogen atoms from diffusing in or out, in
alkaline solution [21]. Moreover, an inevitable expansion
and contraction of the cell volumes of the alloys during

the charge—discharge process aggravates the alloy’s
cracking and pulverizing and then makes the surface of
the material apt to be oxidized, which has been
confirmed by our previous work [22]. The improved
cycle stability of the as-cast and as-annealed alloys by
substituting La with M (M=Sm, Nd, Pr) is believed to be
associated with the refinement of the grains, owing to the
anti-pulverization capability of the alloy basically
depending on its grain size. Furthermore, the increase of
the LaNis phase resulting from the element substitution
is beneficial for improving cycle stability of the alloy due
to an undoubted fact that LaNis phase possesses much
higher electrochemical cycle stability than (La, Mg),Ni;
phase. As to the positive contribution of the annealing
treatment to the cycle stability of the alloys, it is ascribed
to the increase of the cell volumes and more
homogeneous compositional distribution generated from
the annealing, which facilitates to prohibit the
pulverization and corrosion of the alloy [8,9].

3.2.3 Electrochemical kinetics

As is well known, increasing the discharge current
density inevitably results in the discharge capacity of an
electrode alloy decreasing. Currently, the HRD of an
alloy electrode is used to symbolize its electrochemical
kinetics, being defined as HRD=C//Cgyx100%, where C;
and Cy are the maximum discharge capacities of the
alloy electrode charged—discharged at the current
densities of i and 60 mA/g, respectively. The evolutions
of the HRDs of the as-cast and as-annealed
Lagg .M, Mg ,Ni; 35Al0,1Sig0s (M=Sm, Nd, Pr; x=0-0.4)
alloys with the discharge current density are presented in
Fig. 6. From which it is found that the as-cast and
as-annealed M; (M=Sm, Nd, Pr) alloys exhibit higher
HRD than the My, meaning that such substitution makes
a positive contribution on the electrochemical kinetics of
the alloy. The relationships between the HRDs of the
as-cast and as-annealed alloys at a fixed current density
of 300 mA/g and the M (M=Sm, Pr, Nd) content are also
presented in Figs. 6(a) and (b), respectively. Evidently,
the HRD of all the experimental alloys first augments
then declines with the growing M (M=Sm, Pr, Nd)
content, which indicates that the excessive M (M=Sm, Pr,
Nd) substitution will impair the electrochemical kinetics.
The maximum HRDs are in sequence (M=Sm)>
(M=Nd)>(M=Pr)>(M=none) for the as-cast alloys
and (M=Nd)>(M=Sm)>(M=Pr)>(M=none) for the as-
annealed alloys.

As a matter of fact, it is ascertained that the high
rate discharge ability of an alloy electrode basically
depends on the hydrogen diffusion capability in the alloy
bulk and the charge-transfer rate on the surface of an
alloy electrode [18]. Hence, it seems to be compulsory to
investigate the effects of the M (M=Sm, Nd, Pr) on the
diffusion ability of hydrogen atoms and the charge-
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transfer rate in order to make the mechanism of the
impacted electrochemical kinetics of the alloy by
substituting La with M (M=Sm, Nd, Pr) clear. The
hydrogen diffusion ability which is signified by the
hydrogen diffusion coefficient, can be derived by means
of the semilogarithmic curves of anodic current versus
working duration of an alloy electrode, as demonstrated
in Fig. 7. Based on the model in Ref. [23], the diffusion
coefficient of the hydrogen atoms in the bulk of the alloy
could be calculated easily through the slope of the linear
region of the corresponding plots according to the
following formulae:

2 (1)

2

T
lgi=1g| + -C)) |-——
gi g( s)j 2303 3

2.3034% dlgi

D=-
n? dt

)

where i is the diffusion current density; D is the
hydrogen diffusion coefficient; Cj is the initial hydrogen
concentration in the bulk of the alloy; C; is the hydrogen
concentration on the surface of the alloy particles; a is
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the alloy particle radius; d is the density of the hydrogen
storage alloy; ¢ is the discharge time. The variations of
the D values of the as-cast and as-annealed alloys
obtained by Eq. (2) with the different M (M=Sm, Nd, Pr)
contents are also inserted in Figs. 7(a) and (D),
respectively. It is evident that the D values of the as-cast
and as-annealed alloys first grow and then decline with
the M (M=Sm, Nd, Pr) content rising, conforming well
to the results shown in Fig. 6, which clarifies that the
hydrogen diffusion ability is a crucial factor of the
electrochemical kinetics of the alloys.

Another important electrochemical kinetic character
of an alloy electrode related with the diffusion rate of
hydrogen in alloy electrode is the limiting current density
(i) [24], which can be obtained by measuring the Tafel
polarization curves, as depicted in Fig. 8. It can be seen
that, in all cases, each anodic polarization curve has a
clear inflection point, namely a critical value existing in
the process, which is termed as the #;. It is viewed as the
oxidation reaction takes place on the surface of the alloy
electrode, the oxide layer hinders hydrogen atoms
from further penetrating [25]. Here, the ii can be looked
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as a critical current density for passivating. Based on the
obtained Tafel polarization curves of all the as-cast and
as-annealed alloys, the relationships between the i
values of the as-cast and as-annealed electrode alloys and
the M (M=Sm, Nd, Pr) content are founded, just as
inserted in Figs. 8(a) and (b), respectively. It is found that
the ip values of the alloys first mount up and then go
down with the M (M=Sm, Nd, Pr) content growing. To
be specific, the maximum i, values are 2.56 A/g (M=Sm),
2.30 A/g (M=Nd) and 2.29 A/g (M=Pr) for the as-cast
alloys and 2.12 A/g (M=Sm), 2.14 A/g (M=Nd) and 1.94
A/g (M=Pr) for the as-annealed ones, respectively.
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Fig. 8 Tafel polarization curves of as-cast (a) and as-annealed
(b) Lags .M,Mgo,Ni335AlgSiges (M=Sm, Nd, Pr; x=0-0.4)
alloy electrodes

As for the charge-transfer ability, it can be
qualitatively evaluated by its EIS based on the model of
KURIYAMA et al [26]. Figure 9 shows the EIS curves of
the as-cast and as-annealed Layg .M, Mg ,Nij; 35Al0Sig o5
(M=Sm, Nd, Pr; x=0-0.4) alloys. It can be seen that each
EIS has two distorted capacitive loops at high and middle
frequencies respectively as well as a line at low
frequency, which expresses the electrochemical
processes very well. The smaller semicircle in the high
frequency region is regarded to reflect the contact
resistance between the alloy powder and the conductive
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Fig. 9 EIS of as-cast and as-annealed Lagg M, Mgj,Ni; 3s-
Alg;Sipgs (M=Sm, Nd, Pr; x=0-0.4) alloy electrodes: (a)
As-cast; (b) As-annealed; (c) As-cast (M=Sm)

material, and the larger one in the middle frequency
region represents the charge-transfer resistance on the
alloy surface while the straight line in low frequency
corresponds to the atomic hydrogen diffusion in the alloy.
In such cases, the charge-transfer ability can be estimated
easily, namely, the larger the radius of the semicircle in
the middle frequency region, the higher the charge-
transfer resistance of the alloy electrode. It can be seen
from Figs. 9(a) and (b) that the substitution of M (M=Sm,
Nd, Pr) for La enables the radii of the large semicircles
of the as-cast and as-annealed alloys in the middle
frequency region to shrink markedly. Besides, the effect
of M (M=Sm) content on the charge-transfer ability of
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the as-cast alloy is described in Fig. 9(c), revealing that
the radii of the large semicircles in the low frequency
first shrink and then expand with the M (M=Sm) content
growing. Similarly, the M (M=Nd and Pr) substitution
alloys also have the same property in this aspect.

The above-mentioned results indicate that all the
HRDs and the electrochemical kinetics of the as-cast and
as-annealed alloys first augment and then decline with
the M (M=Sm, Nd, Pr) content rising. Maybe the next
several reasons can explain why this phenomenon
appears. The electrochemical hydriding/dehydriding
reaction can be generalized by the following equation:

M+§H20+§e<—>MHX+§OH‘ 3)

where M represents the hydrogen storage alloy. The
above equation indicates that, when the alloy electrode is
charged in KOH solution, the hydrogen atoms at the
alloy—electrolyte interface diffuse into bulk alloy and
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 surface where
it is oxidized. Hence, it can be concluded that
electrochemical hydrogen storage kinetics of the alloy
electrode is controlled by two factors, the charge-transfer
rate on the surface of an alloy electrode and the diffusion
capability of the hydrogen atoms in the alloy bulk. The
variations of the structures and the phase abundances of
the alloys resulting from substituting M (M=Sm, Nd, Pr)
for La, i.e., the grain refinement and the increase of the
LaNis phase, bring on a quite different impact on the
electrochemical kinetics of the alloy. Firstly, as for the
diffusion ability of the hydrogen atoms, it is convinced to
be dominated by the strength of the metal-hydrogen
interaction as well as the structure of the alloy [27]. The
significant increase of LaNis phase enhances the
electrocatalytic activity of the alloy electrodes. Thanks to
the refined microstructure by M (M=Sm, Nd, Pr)
substitution, a lot of new crystallites and grain
boundaries evolve, which provide the fast diffusion paths
for hydrogen absorption [28]. But it must be mentioned
that the reduced cell volume incurred by M (M=Sm, Nd,
Pr) substitution gives rise to a negative effect on the
hydrogen diffusion because the reduction of the cell
volume means the growing of the expansion and
contraction degree during the process of hydrogen
absorbing and desorbing. It is the above-mentioned quite
opposite impact generated by M (M=Sm, Nd, Pr)
substitution that makes the diffusion coefficient of the
as-cast and as-annealed alloys have a maximum value
with the M (M=Sm, Nd, Pr) content varying. In the case
of the charge-transfer step, it is believed to be controlled
by both crystallographic and electronic structures [29].
The variation of the alloy compositions on the alloy

surface results in an evident impact on the valence
electron configurations which dominates the charge-
transfer reaction, i.e. the hydrogen dissociative reaction
[30]. The increase of LaNis phase improves the
electrocatalytic activity of the alloy, which accelerates
the charge transfer on the surface of an alloy electrode.
However, the refinement of the grains created by M
(M=Sm, Nd, Pr) substitution impairs the charge-transfer
ability on the alloy surface because it can effectively
prohibit the pulverization of the alloy particles and
hardly form new surface, decreasing the rate of charge
transfer at the alloy—electrolyte interface. At present, it is
found that similar to the hydrogen diffusion, the M
(M=Sm, Nd, Pr) substitution also exerts both positive
and negative effects on the charge transfer rate on the
of an alloy electrode. Based on the
aforementioned discussion, it is clear that why the HRD
of the as-cast and as-annealed alloys have a maximum
value with the M (M=Sm, Nd, Pr) content growing. With
regard to the negative effect produced by annealing
treatment, it is considered that the annealing treatment
eliminates the casting internal strain and diminishes
crystalline defects such as dislocations and grain
boundaries, which not only increases the charge-transfer
resistance of the alloy electrodes but also hinders the
hydrogen diffusion from inner of the bulk to the surface,
and subsequently brings on a drop in the electrochemical
kinetic property.

surface

4 Conclusions

1) The substitution of M (M=Sm, Nd, Pr) for La
makes the grains of the as-cast and as-annealed alloys
refined significantly. Moreover, such substitution gives
rise to a decrease of the (La, Mg),Ni; phase and an
increase of the LaNis phase in the alloys without altering
the major phase structures of the alloys.

2) The substitution of M (M=Sm, Nd, Pr) for La
nearly does not affect the activation ability of the as-cast
and as-annealed alloys. The maximum values of
discharge capacities of the alloy appear with the M
(M=Sm, Nd, Pr) content growing, which are 346.6
mA-h/g (M=Sm), 357.9 mA-h/g (M=Nd) and 363.1
mA-h/g (M=Pr) for the as-cast alloys and 393.4 mA-h/g
(M=Sm), 383.4 mA‘h/g (M=Nd) and 389.7 mA-h/g
(M=Pr) for the as-annealed ones, respectively. The
electrochemical cycle stability of the alloys augments
with the M (M=Sm, Nd, Pr) content growing. Moreover,
the HRD values of the as-cast and as-annealed alloys
first increase then decrease with the M (M=Sm, Nd, Pr)
varying.

3) Furthermore, the annealing
significantly enhances the discharge capacity and cycle

treatment
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stability of the alloy, whereas it slightly impairs the
electrochemical kinetic property of the alloy.
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