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In an attempt to improve the cyclic stability of La-Mg-Ni-based A,B;-type electrode alloys,
Lay gMgg->Ni3 3C0(,Si, (x = 0—0.2) electrode alloys were fabricated by casting and annealing,
and the effects of annealing temperature on the structures and electrochemical hydrogen storage
performances of the alloys were systematically investigated. The results indicate that the as-cast
and annealed alloys exhibit multiple structures that contain two major phases, (La,Mg),Niy
with a Ce,Nis-type hexagonal structure and LaNis with a CaCus-type hexagonal structure; and
one residual phase, LaNiz. Both the lattice constants and cell volumes of the two major phases
increase with the increasing annealing temperature. Instead of altering the phase composition,
the annealing treatment causes the abundances of these two major phases to vary. Based on
electrochemical measurements, the cycle stabilities of the alloys are found to be considerably
improved by annealing, and the alloy’s discharge capacity yields a maximum value with the
increasing annealing temperature due to the variation in phase abundance and the ho-
mogenization of the composition, respectively. The influence of the annealing treatment on the
electrochemical kinetics of the alloys is associated with the alloy’s composition; the electro-
chemical kinetics of the Si-free alloy become slower with the increasing annealing temperature,
whereas those of the Si-added alloys first mount up and then go down under the same condi-

tions.

DOI: 10.1007/s11661-015-2788-5

© The Minerals, Metals & Materials Society and ASM International 2015

I. INTRODUCTION

DUE to their major advantages including high-
energy density, excellent power density, and long cycle
life, Ni/MH batteries are considered to be promising
candidates as battery power sources for electric vehicles
(EVs).!"! A series of metal hydride electrode materials
including the rare-earth-based ABs-type alloys,”) AB,-
type Laves phase alloys,”) V-based solid solution
alloys, and Mg-based alloys®® are the potential elec-
trode materials for on-board vehicle applications. In
particular, the rare earth-based ABs-type alloys have
been industrialized on large scales in China and Japan.
However, among the above-mentioned electrode mate-
rials, there is no perfect choice that meets all the needs
for transportation applications due to their limiting
properties such as the low discharge capacity of the
ABs-type alloy,[) the poor activation capabilities of the
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AB,-type Laves phasel”’ and V-based solid solution
alloys,”! and the poor cycle stability of the Mg-based
electrode alloy.”"'” Hence, the development of new
electrode materials with superior performances has
become increasingly ur%ent. Currently, based on the
reports of Kadir er al""! and Kohno et al.,"” La-Mg-
Ni-system A,B5-type alloys are thought to be the most
promising candidates for the negative electrode materi-
als of Ni-MH rechargeable batteries due to their high
discharge capacities (380 to 410 mAh/g) and low pro-
duction costs. Encouraged by their high hydrogen-
storage capacity and the financial support through
programs such as the National High Technology Re-
search and Development Program of China (“*863”
Program for short), intensive research has been under-
taken to promote the industrialization of La-Mg-Ni-
system A,B;-type alloys. Although considerable pro-
gress has been achieved, as summarized by Liu
et al "' the development of La-Mg-Ni-system
A,B;-type alloys has been hindered by their poor cycle
stability, and a suitable alloy of this type has not yet
been identified as the negative electrode for Ni-MH
batteries. Researchers still face a serious challenge in
enhancing the cycle stability of the alloy without
reducing its discharge capacity.

It has come to light that the capacity deterioration in
La-Mg-Ni system alloy electrodes is mainly attributed to
the pulverization of the alloy particles and the oxida-
tion/corrosion of Mg and La.!"*! Elemental substitution
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or addition is an effective method for improving the
overall properties of hydrogen storage alloys. For
example, the partial replacements of Ni with Co, Fe,
Mn, Al, and Cul">'®: La with Ce, Pr, and Nd"" ") and
Mg with Ca®” have been systematically studied. The
addition of Si can ameliorate the anti-oxidation and
anti-corrosion abilities of the alloy and improve the
cycle stability due to the formation of a dense silicon
oxide film on the surface of the alloy electrode.l"
Moreover, the fabrication technology is also extremel
vital for improving alloy performance. Huang er al.*”
reported that annealing changes the phase composition,
increases the capacity, and improves the plateau perfor-
mance of La-Mg-Ni-based A,B;-type electrode alloys.
Hence, we expect that the combination of the addition
of an optimized amount of Si and a proper annealing
temperature may yield an alloy with superior electro-
chemical performance. To validate this, the effects of Si
content and annealing temperature on the structures
and electrochemical hydrogen storage performances of
Lag gMgg,Niz 3C00,Si, (x = 0 to 0.2) electrode alloys
have been systematically investigated.

II. EXPERIMENTAL

A. Alloy Preparation

The La, Ni, Co, Mg, and Si as raw materials had
purities of at least 99.8 pct, and the chemical composi-
tions of the electrode alloys were LaggMgg>Ni3 3C0(,Si,
(x = 0to 0.2). For convenience, the alloys were denoted
in terms of Si content as Siy, Siggs, Sig.1, Sip.15, and Sig .
The alloy ingots were prepared using a vacuum induction
furnace in a helium atmosphere at a pressure of
0.04 MPa to prevent Mg from volatilizing during the
melting. The alloys were annealed at temperatures of
1173 K, 1223 K, 1273 K, and 1323 K (900 °C, 950 °C,
1000 °C, 1050 °C) for 8 hours in vacuum.

B. Microstructural Characterization

The phases and compositions of the as-cast and
annealed alloys were characterized by X-ray diffraction
(XRD: Rigaku D/max/2400) using Cu-K,, radiation
(4 = 0.15418 A) filtered by graphite at 160 mA, 40 kV,
and 10°/min. The morphologies and compositions of the
as-cast and annealed alloys were examined by scanning
electron microscope (SEM: FEI QUANTA 400) and
energy-dispersive X-ray spectroscopy (EDS: EDAX
Apollo 40 silicon drift detector).

C. Electrochemical Measurements

1. Samples for testing

Round electrode pellets with diameter of 15 mm were
prepared by cold pressing the mixture of the alloy
powder and carbonyl nickel powder with the weight
ratio of 1:4 under a pressure of 35 MPa. After drying
for 4 hours, the electrode pellets were immersed in a
6 M KOH solution for 24 hours in order to fully wet the
electrodes before electrochemical measurements.
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The cycle stability, activation capability, and dis-
charge capacity were performed in a battery test system
(LAND-CT2001A) at 303 K (30 °C) by using 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 M KOH,
and the potential difference between the negative and
reference electrode is defined as the discharge voltage. In
every charge—discharge 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 —0.500 V.

The electrochemical impedance spectra (EIS) and the
Tafel polarization curves of the alloys were measured
using an electrochemical workstation (PARSTAT 2273).
The fresh electrodes were fully charged and then allowed
to rest for 2 h to reach open-circuit potential stabiliza-
tion. For the collection of EIS, the frequency ranged
from 10 kHz to 5 mHz at a 50 pct depth of discharge
(DOD), the amplitude of signal potentiostatic or gal-
vanostatic measurements was 5 mV, and the number of
points per decade of frequencies was 60. For the Tafel
polarization curves, the potential ranged from —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 seconds on an electrochemical worksta-
tion (PARSTAT 2273) using electrochemistry corrosion
software (CorrWare).

III. RESULTS AND DISCUSSION

A. Structural Characteristics

As shown in Figure 1, the XRD profiles of the as-cast
and annealed LaggMgy,Ni33C00,Si, (x = 0 to 0.2)
alloys indicate that all the alloys possess multiphase
structures with two major phases, (La,Mg),Ni; and
LaNis, as well as a residual phase LaNi;. The annealing
treatment hardly changes the component phases, but it
significantly changes the abundances of the different
phases. Table I lists the lattice parameters along with the
abundances of the (La,Mg),Ni; and LaNis phases in the
alloys, which were calculated from the XRD data using
Jade 6.0 software. The annealing treatment clearly
increases the lattice constants and cell volumes of the
two major phases. Furthermore, annealing also induces
a notable change in the abundances of the different alloy
phases: the abundance of (La,Mg),Ni; first increases
and then decreases with the increasing annealing tem-
perature, while the opposite trend (an initial decrease
followed by an increase) is observed for the LaNis
phase.

The SEM images of the as-cast and annealed Si, and
Sig.15 alloys are presented in Figure 2. Apparently, the
dendritic morphologies of the as-cast Sig and Si 5 alloys
exhibit obvious changes after annealing at different tem-
peratures. In particular, when the annealing temperature
increases to 1323 K (1050 °C), the grains of the alloys
become very coarse. According to XRD, SEM, and EDS
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Fig. I—XRD profiles of the as-cast and annealed LaygMgg,>Ni;3C0(,Si, (x = 0—0.2) alloys: (a) Siyp and (b) Sig ;5.

Table I. Lattice Parameters, Abundances of

Major Phases (La, Mg),Ni, and LaNis

Lattice Constants
(nm)
Annealing Major Cell Volumes Phase Abundance

Alloys Temperature Phases a ¢ (nm?) (Wt Pct)
Sig As-cast (La, Mg),Ni, 0.5062 2.4568 0.5452 73.2
LaNis 0.5037 0.4002 0.0879 22.6
1173 K (900 °C) (La, Mg),Niy, 0.5065 2.4569 0.5458 76.2
LaNis 0.5040 0.4006 0.0881 19.6
1223 K (950 °C) (La, Mg),Ni, 0.5066 2.4571 0.5461 74.3
LaNis 0.5042 0.4007 0.0882 20.2
1273 K (1000 °C) (La, Mg),Ni, 0.5067 2.4572 0.5463 70.6
LaNis 0.5043 0.4009 0.0883 25.8
1323 K (1050 °C) (La, Mg),Ni, 0.5068 2.4572 0.5466 68.2
LaNis 0.5044 0.4011 0.0884 28.3
Sig 15 As-cast (La, Mg),Ni, 0.5064 2.4571 0.5457 61.4
LaNis 0.5053 0.4019 0.0889 333
1173 K (900 °C) (La, Mg),Ni, 0.5068 2.4573 0.5466 64.4
LaNis 0.5055 0.4023 0.0890 30.3
950 K (950 °C) (La, Mg),Ni, 0.5068 2.4573 0.5466 63.2
LaNis 0.5056 0.4024 0.0891 323
1273 K (1000 °C) (La, Mg),Ni, 0.5069 2.4574 0.5468 59.6
LaNis 0.5057 0.4025 0.0891 35.1
1323 K (1050 °C) (La, Mg),Niy 0.5070 2.4575 0.5471 57.6
LaNi; 0.5059 0.4026 0.0892 38.1

results, all the experimental alloys have multiphase struc-
tures containing (La, Mg),Ni; (denoted as A), LaNis
(denoted as B), and LaNi; (denoted as C) phases. In
addition, the intensity of the Si peak in Figure 2(h) is greater
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than that in Figure 2(g), indicating that the Si concentra-
tion in the LaNis phase is clearly higher than that in the
(La,Mg),Ni; phase. This implies that Si prefers to form a
solid solution with the LaNis phase.
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Fig. 2—SEM images of the as-cast and annealed Si, and Siy ;5 alloys along with typical EDS patterns: (a) as-cast Siy; (b) as-annealed Siy [1173 K
(900 °C)]; (¢) as-annealed Siy [1323 K(1050 °C)]; (d) as-cast Sig s, (e) as-annealed Sig;s [1173 K (900 °C)], (f) as-annealed Sij,;s [1323 K

(1050 *CO); (¢,

B. Electrochemical Hydrogen Storage Performance

1. Cycle stability

The cycle life of the electrode alloy is characterized by
the cycle number when the discharge capacity is reduced
to 60 pct of the maximum capacity and is a decisive
factor for the application of the electrode in Ni-MH
batteries. Evidently, the greater the number of charging—
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h, i) EDS spectra of positions A, B, and C indicated by arrows in Fig. 2(c), respectively.

discharging cycle is, the better the cycle life will be. The
evolutions of the discharge capacities of the as-cast and
annealed LaygMg,Niz3C00,Si, (x = 0 to 0.2) alloys
with cycle number are demonstrated in Figure 3, where-
in the degradation process of the discharge capacity of
the alloys can be seen clearly. The slopes of the curves
qualitatively reflect the degradation rate of the discharge
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Table II. The Slope of Discharge Capacity Curves for Degradation Process
As-cast 1173 K (900 °C) 950 K (950 °C) 1273 K (1000 °C) 1323 K (1050 °C)
Siy alloys —1.1866 —0.89633 —0.63577 —0.54716 —0.69121
Sip 15 alloys —0.76902 —0.57805 —0.26805 —0.22495 —0.36063
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loys as functions of annealing temperature.

capacity during the charge—discharge cycles (as listed in
Table II); a smaller curve slope is associated with a
better cycle life of the alloy. We note that the slope of
the curve clearly decreases with the increasing annealing
temperature up to 1273 K (1000 °C); however, when the
temperature is further increased to 1323 K (1050 °C), an
undesired augment appears. Furthermore, regardless of
annealing temperature, the slope of the curve of the as-
annealed alloy is always less than that of the as-cast one,
and the slope of Sig 5 alloys is also less than that of
Siy alloys, indicating that the anncaling treatment and
the addition of Si have positive effects on the cycle life of
the alloy electrode.

In order to establish a relationship between alloy cycle
stability and annealing temperature, the capacity retain-
ing rate (Sjqg), defined as S1g0 = Cioo/Cmax X 100 pct,
where C,.x 1s the maximum discharge capacity, and
Cioo 1s the discharge capacity at the 100th cycle with a
current density of 300 mA/g, is introduced to accurately
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evaluate the cycle stability of the alloy. The S, values of
the LaggMgg,Ni33C0p-Si, (x = 0 to 0.2) alloys at
different annealing temperatures are shown in Figure 4.
The Sy¢o values of the alloys clearly augment with the
annealing temperature rising to 1273 K (1000 °C); how-
ever, when the temperature reaches 1323 K (1050 °C), an
undesired decline in S}q is observed. In spite of this, the
S100 values of all the as-annealed alloys are always higher
than those of the as-cast ones, suggesting that the
annealing treatment is beneficial to alloy cycle stability.
In addition, we find whatever the annealing temperature
is, the Sjgo value of the alloy always increases with the
increasing Si content, indicating that the addition of Si
positively affects alloy cycle stability.

Some explanations as regards why cycle stability is
improved by annealing are provided as follows. Nor-
mally, the failure of an electrode is characterized by the
decay of discharge capacity and drop in discharge
voltage.!”’ The degradation of the discharge capacity in
A,B-type alloy electrodes primarily originates from the
forming and continuous thickening of Mg(OH), and
La(OH), surface layers, which hinder the hydrogen
atoms from diffusing in or out, in alkaline solutions.**
In addition, hydrogen storage alloys suffer from volume
changes during the charging—discharging process. This
inevitably aggravates the cracking and pulverization of
the alloy, which consequently facilitates the oxidation of
the alloy surface. The positive effect of annealing on
cycle stability is attributed to the enlarged cell volume
and the more homogeneous composition distribution,
which retard alloy pulverization and improve the cycle
stability of the alloy electrode. Annealing at a higher
temperatures such as 1323 K (1050 °C) will inevitably
cause grain coarsening, which is responsible for the
decreased Sjo¢ value of the alloy because coarse grains
are harmful to cycle stability. As reported by Sakai
et al.** the formation of passivation layers on the grain
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Fig. 5—Activation capabilities of the LagsMgy>Ni; 3C0(,Si, (x = 0 to 0.2) alloys: (a) Sig alloy and () Sig 5 alloy.

boundaries could provide effective protection until the
alloy is pulverized to a smaller grain size. Hence, it can
be concluded that alloys with smaller grain sizes exhibit
better cycle stabilities. The positive effect on cycle
stability due to the addition of Si is attributed to the
following two considerations. First, the addition of Si
facilitates the formation of a dense silicon oxide layer on
the alloy surface,”?*! which effectively prevents alloy
corrosion. Second, the enlarged cell volume caused by
the addition of Si reduces the ratio of expansion/con-
traction in the process of hydrogen absorption/desorp-
tion, enhancing the anti-pulverization capability.

2. Activation capability and discharge capacity

The activation capability of an alloy electrode is
evaluated by the number of charge—discharge cycles
required to attain the maximum discharge capacity at a
constant current density of 60 mA/g. A lower number of
charging—discharge cycles corresponds to a better acti-
vation property. The cycle number dependencies of the
discharge capacities of the as-cast and annealed
Lay Mgy »Nis 3C0(,Si, (x = 0 to 0.2) are described in
Figure 5. All the alloys attain their maximum discharge
capacities at the first charge—discharge cycle, suggesting
that the annealing treatment does not affect the activa-
tion capability of the alloy. The superior activation
performances of the as-cast and annealed alloys result
from their multiphase structures because the phase
boundary not only decreases the lattice distortion and
strain energy produced in the hydrogen absorption
process, but also provides good diffusion tunnels for
hydrogen atoms, which greatly improves the activation
performance of the alloy. In addition, the enlarged cell
volume produced by annealing reduces the expan-
sion/contraction ratio of the alloy in the hydrogen
absorption/desorption process, lowering the strain en-
ergy and diffusion activation energy.

The discharge capacities of the as-cast and annealed
LagsMgj,Niz 3C0p,Si, (x = 0 to 0.2) alloys as a
function of annealing temperature are presented in
Figure 6. Alloy discharge capacity first increases and
then decreases with the increasing annealing tem-
perature. When annealed at 1173 K (900 °C), the Siy,
Sip.os, Sig1, Sipis, and Sig, alloys yield maximum
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discharge capacities of 405.5, 402.3, 384.8, 357.9, and
354.1 mAh/g, respectively. Figure 6 indicates that re-
gardless of state, alloy discharge always decreases with
the increasing Si content. The discharge capacity is
reduced from 375.5 to 341.6 mAh/g for the as-cast alloy
and from 405.5 to 354.1 mAh/g for the as-annealed
[1173 K (900 °C)] alloy with the increasing Si content
from 0 to 0.2.

The maximum discharge capacities of the alloys result
from the change in alloy structure due to the annealing
treatment. When the annealing temperature is 1173 K
(900 °C), the abundance of the (La,Mg),Ni; phase in-
creases, and the cell volume enlarges; these effects both
facilitate the improvement in discharge capacity. When
the annealing temperature is above 1173 K (900 °C), the
annealing decreases the abundance of the (La,Mg),Ni; _
phase and increases that of the LaNis phase; this thus
results in a decline in the discharge capacity since the
(La,Mg),Ni; phase possesses a much higher discharge
capacity than the LaNis phase. The decrease in discharge
capacity due to the addition of Si is ascribed to two
aspects. First, the addition of Si plays a negative role on
the discharge capacity of LaNis phase, which is univer-
sally acknowledged.””*®! Second, the reduction in the
abundance of (La,Mg),Ni; resulting from the addition of
Si is harmful to the discharge capacity of the alloy.
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3. Electrochemical hydrogen storage kinetics

The electrochemical hydrogen storage kinetics of an
alloy electrode is evaluated by its high-rate discharge
ability (HRD), which is defined as HRD = Cogp max/
Coo.max X 100 pct, where Coppmax and Cgomax are the
maximum discharge capacities of the alloy electrode
charged and discharged at current densities of 900 and
60 mA/g, respectively. The evolutions of HRD values of
the as-cast and annealed Lag gMgg ,Ni3 3C0(,Si, (x = 0
to 0.2) alloys with the discharge current density are
demonstrated in Figure 7, from which it is found that
the HRD value of the Si-free alloy always declines with
the rising annealing temperature, while that of the Si-
added alloys reaches maximum values under the same
circumstances, namely 84.2, 80.2, 78.9, and 75.9 pct
corresponding to the Sig s, Sig 1, Sig.15, and Sig, alloys,
respectively. Although all the Si-added alloys annealed
at 1173 K (900 °C) exhibit slightly increased HRD
values, the general trend suggests that annealing actually
negatively affects HRD.

A clear understanding of the mechanism of electro-
chemical hydriding/dehydriding is very necessary to
better comprehend the influences of annealing on
electrochemical hydrogen storage kinetics. The electro-
chemical hydriding/dehydriding reaction that takes
place at the hydrogen storage electrode in an alkaline
solution during the charging and discharging process
can be summarized as follows:

M +2H,0 + ¢ < MH, + ~OH",
2 2 2
where M is the hydrogen storage alloy. From the above
equation, it can be seen that when the alloy electrode is
charging in KOH solution, hydrogen atoms originating
from electrolyzing H,O diffuse from the interface
between the alloy and electrolyte into the 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. The hydrogen atoms
adhering to the grain surface of the alloy electrode have
two possible destinations: forming hydrogen molecules
or diffusing into the bulk alloy, where they exist in the
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form of hydride. This means that the diffusion rate of
hydrogen atom on the surface layer of the alloy is simply
the ratio of the diffusion current to the imposed current,
which is a vital factor for determining the utilization of
charging current. That is to say, the electrochemical
hydrogen storage kinetics of the alloy electrode is
determined by the charge-transfer rate on the surface
of the dlloy electrode along with the hydrogen diffusion
capability in the bulk alloy.”! Therefore, it seems to be
absolutely inevitable to investigate the hydrogen diffu-
sion coefficient and charge-transfer rate.

The charge-transfer ability on the surface of an alloy
electrode can be qualitatively evaluated by its electro-
chemical impedance spectrum (EIS), as interpreted and
modeled by Kuriyama ez al.*” The EIS curves of the as-
cast and annealed LaggMgy-Niz3C0(-Si, (x = 0 to
0.2) alloys are displayed in Figure 8, from which it can
be seen that each EIS spectrum contains two distorted
capacitive loops at high and middle frequencies as well
as an almost straight line at low frequency. The smaller
semicircle in the high-frequency region symbolizes the
contact resistance between the alloy powder and the
conductive material, and the larger one in the middle-
frequency region signifies the charge-transfer resistance
on the alloy surface, while the line in low frequency
emblematizes the atomic hydrogen diffusion in the alloy.
Thereby, it seems to be self-evident that 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. Interestingly, the radii of the large
semicircles of the Sij alloy always swell with the rising
annealing temperature, but those of the Sij ;5 alloy first
shrink and then expand in the same case, which is well
consistent with the results provided in Figure 7.

Figure 9 exhibits the semilogarithmic curves of anodic
current vs working duration of the as-cast and annealed
LagsMg,Niz 3C0p,Si, (x = 0 to 0.2) alloys. The
diffusion coefficient of the hydrogen atoms in the bulk
of the alloy could be calculated through the slope of the
linear region of the corresponding plots by the following
formulae:*!

. 6FD
logi = log(iW(Co - CS)> -

2.3034*dlogi
72 dr

where i is the diffusion current dens1ty (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 partlcles (mol/ecm?), « is the alloy particle
radius (cm) d is the density of the hydrogen storage
alloy (g/em?), and ¢ is the dlscharge time (s). In Eq. [2],
dla‘l)g’ is the slope of the linear region shown in Figure 9.
The annealing temperature dependence of the D values
of the as-cast and annealed alloys are also inserted in
Figure 9. Evidently, the D values of the Si, alloy
monotonically decline from 595 x 107" to
5.08 x 1072 cm?/s, while the annealing temperature

72 D
32’

D=—

2]
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grows from 0 [as-cast is defined as the annealing
temperature of 273 K (0 °C)] to 1323 K (1050 °C),
whereas that of the Sij ;s alloy reaches its maximum
value of 6.02 x 107'" cm?/s at the annealing tem-
perature of 1173 K (900 °C), which is the same tem-
perature at which the Sij 5 alloy exhibits its maximum
HRD value as demonstrated in Figure 7.

Figure 10 displays the Tafel polarization curves of the
as-cast and annealed LaygMg,,Ni33C0(,Si, (x = 0 to
0.2) alloys. We discover that, in all cases, there is a clear
point of inflection in each anodic polarization curve,
implying the presence of critical value which is termed as
limiting current density (/;). It suggests that an oxida-
tion reaction takes place on the surface of the alloy
electrode, and the oxidation la?/er hinders hydrogen
atoms from further penetrating.®? Hence, I; can be
viewed as a critical current density of passivation that
essentially depends on the diffusion rate of hydrogen in
alloy electrode matrix.?® The I; values of the alloys as
functions of annealing temperature are also provided in
Figure 10, from which we note that the /1 values of the
Sij alloy drops from 2.13 to 1.138 A/g with the anneal-
ing temperatures rising from 0 K to 1323 K (—273 °C to
1050 °C), whereas that of the Sij s alloy exhibits a

METALLURGICAL AND MATERIALS TRANSACTIONS A

maximum value of 2.26 A/g at an annealing tem-
perature of 1173 K (900 °C).

In summary, the hydrogen diffusion coefficient (D),
electrochemical impedance spectra (EIS), and limiting
current density (/1) decline with the increasing annealing
temperature for Si-free alloys, whereas for Si-containing
alloys, they reach maximum values as the annealing
temperature increases. These variation tendencies are
consistent with the relationship between HRD and
annealing temperature for Si-free alloys and Si-added
alloys, respectively. Based on the above-mentioned
results, we can conclude that the HRD of the ex-
perimental alloys is jointly dominated by the charge-
transfer rate and the hydrogen diffusion capability.

The diffusion coefficient of hydrogen atoms in metal-
lic lattices is considered to depend on the strength of
metal-hydrogen interactions as well as the structure of
the alloy.*¥ As considered by Cui ez al.,** the increases
of the lattice constants and cell volumes reduce the
diffusion activation energy of hydrogen atoms, thus
enhancing hydrogen diffusion. The diffusion ability of
hydrogen atoms is also very sensitive to grain sizel®”
because grain boundaries can provide sites with lower
activation energies for diffusion, facilitating the diffu-
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sion of hydrogen atom in alloys. Based on the change in
alloy structure generated by annealing, we can conclude
that the annealing treatment has both positive and
negative effects on the electrode hydrogen-storage ki-
netics. The positive contribution to the electrochemical
kinetics is inarguably ascribed to the increased cell
volumes induced by anncaling, whereas the negative
effects are attributed to the coarse grains that result
from annealing. In fact, the electrochemical kinetics of
the Sig alloy always decrease with the increasing an-
nealing temperature, suggesting that the effect of the
grain boundaries on the electrochemical kinetics is
predominant. The variations in the electrochemical
kinetics of the Si-added alloys with the annealing
temperature obviously reflect the positive and negative
impacts, which can be ascribed to the addition of Si. The
positive contribution of adding Si is affiliated with two
aspects: on one hand, the enlarged cell volume due to Si
addition reduces the diffusion activation energy of
hydrogen atoms; on the other hand, the abundance of
the LaNis phase increases when Si is added, which
dramatically improves the electrocatalytic activity of the
alloy electrodes. In contrast, the compact silicon oxide
layer resulting from the addition of Si not only severely
impairs the charge-transfer rate on the alloy surface but
also hinders the hydrogen diffusion from the inner of the
bulk to the surface, consequently weakening the elec-
trochemical kinetic property.

IV. CONCLUSIONS

Annealing has been shown to have significant effects
on the structures and electrochemical hydrogen-storage
performances of LaygMg,Ni33C00,Si, (x = 0 to 0.2)
electrode alloys. The major conclusions are summarized
as follows:

1. Instead of altering the component phases, the an-
nealing treatment results in notable changes in the
abundances of the phases present in the alloy. The
abundance of the (La,Mg),Ni; phase first increases
and then declines with the increasing annealing tem-
perature, whereas the LaNis phase exhibits the op-
posite trend. Meanwhile, the annealing treatment
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clearly increases the lattice constants and cell vol-
umes of the major phases and coarsens the grains
of the alloys.

2. Although the annealing treatment does not affect the
activation capability of the alloy, it significantly im-
proves its cycle stability. Annealing at higher tem-
perature [1323 K (1050 °C)] impairs the cycle
stability of the alloy, which is primarily due to the
grain coarsening caused by annealing. The discharge
capacity of the alloy first increases and then decreas-
es with the increasing annealing temperature.

3. The high-rate discharge abilities (HRDs) of the Si-
added alloys reach maximum values when the an-
nealing temperature is increased, whereas that of
the Si-free alloy declines with the increasing anneal-
ing temperature. Similar trends are obtained for hy-
drogen diffusion coefficient (D), limiting current
density (/p), and electrochemical impedance spectra
(EIS), suggesting that the HRD values of the ex-
perimental alloys depend on the charge-transfer rate
along with the hydrogen diffusion capability.
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