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Abstract; In order to improve electrochemical property of as-cast La, MgNi,, alloy, the al-
loy was annealed at 1 123, 1 223 and 1 323 K under 0. 3 MPa Argon atmospheres for 10 h.
Microstructures and electrochemical properties of different annealed alloys have been investiga-
ted by XRD, SEM and electrochemical experiment. The obtained results show that as-cast al-
loy and alloy annealed at 1 123 K are compose of LaNi;, (La, Mg) Ni, and a small amount
of LaNi, phases. There are some LaNis, (La, Mg),Ni, and(La, Mg) Ni, phases in alloy
annealed at 1 223 K. However, LaNig and(La, Mg) Ni, phases became main phase at 1 323
K. Compared by as-cast alloy, composition of annealed alloys is more homogeneous, and
grains of annealed alloys are coarsened. With increasing annealing temperature, some elec-
trochemical properties and kinetic parameters of the alloys, involving maximum discharge ca-
pacity, discharge efficiency, cyclic stability, high-rate discharge ability( HRD) of the alloys
all increase,
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decrease.

however, potential difference and charge-transfer reaction resistance of the alloys
In order to balance between discharge capacity and cyclic stability, the most suitable annealing temperature for
preparation of La, MgNi,, alloy is recommended to be 1 323 K in present work.
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low or zero carbon energy. Hydrogen storage is more important

1 Introduction

As we known,

to all hydrogen energy system. Storage of metal hydride is one

clean hydrogen energy has sprung up due to of chemical methods of hydrogen storage. A series of metal hy-

dride materials have been discovered, such as rare-earth based

, rare-earth Magnesium based A,B,-type al-
loy”', AB,-type Laves phase alloy””’, Mg-based alloy™’,
and V-based solid solution alloy>’. Of these alloys,
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based AB;-type alloy has realized large-scale industrializa-

tion'®’. However, commercial AB,-type hydrogen storage alloy

could not meet demand of Ni/MH power battery applied to high-
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er power HEV owing to its low discharge capacity (310 ~ 330
mA - h/g) ). Therefore, higher capacity of hydrogen storage
alloy negative electrode is one of main approaches to improve-
ment of energy density of Ni/MH battery. In a decade, La-Mg-
Ni system A, B, -type alloys with higher discharge capacity were
paid much attention as the candidates for negative electrode ma-
terials of Ni/MH power batteries owing to their higher discharge
capacity( >350 mA - h/g) "’ co MPared to AB,-type alloys.
However, La-Mg-Ni system hydrogen storage alloy can not in-
dustrially product in their present state owing to fast discharge
capacity degradation in the process of charge/discharge cycles.
For slowing up capacity degradation of La-Mg-Ni system alloy e-
lectrodes, researchers have carried out lots of investigations and
obtained significant results. It is well known that manufacture
technology is extremely important for improving performances of
the alloys. Kohno et al. ™ found that La, MgNi,,-type electrode
alloy La, ;s Mg, ,5 Ni; , Co, 5 has capacity of 390 mA - h/g and
capacity decay is slow during 30 charge/discharge cycles.
Zhang et al. ! investigated that annealing treatment is favorable
for improvement of electrochemical property of La, Mg, sNi, al-
loy. Discharge capacities of as-cast and annealed at 1 173 K al-
loys are 358.2 and 402.5 mA - h/g, respectively. Cycling
stability was improved obviously from 47% ( as-cast) to 82% ( at
1 173 K) after about 150 cycles. Pan et al. "'°' prepared La, o,
Mg, 13 Ni, 5Co, 5 alloy annealed at 1 123 K and 1 223 K. Elec-
trochemical results show that, in three alloys( as-cast, 1 123,
1 223 K), discharge capacity of the alloy annealed at 1 123 K
is higher, and cycling stability of the alloy annealed at 1 223 K
is better, respectively. The above-mentioned results show that
appropriate annealing temperature is effective way to improve
discharge capacity and cyclic stability of hydrogen storage al-
loys. In this paper, in order to improve further cyclic stability
of the La;MgNi,, alloy, effects of annealing treatment on elec-
trochemical behaviors were investigated systemically.

2 Experimental

La;MgNi,, as-cast alloy was prepared using induction melt-
ing in high purity helium with 0. 04 MPa. Some of as-cast al-
loys by sealed under vacuum atmosphere, and in quartz tube
were annealed at 1 123, 1 223 and 1 323 K under 0. 3 MPa
Argon atmospheres for 10 h, respectively. Phase structure of
alloys was determined by X-ray diffractometer of D,,-RB in
RigaKu Ltd. Diffraction was performed with CuK, radiation fil-
tered by graphite. Experimental parameters for determining
phase structure are 150 mA, 40 kV and 8°/min, respectively.
Samples thus prepared were etched with a 15 g FeCl; + 50 ml
HCL + 100 ml deionized aqueous solution. Morphologies of the
alloys were observed by SEM of Cambridge S-360.

Electrode pellets with 15 mm diameter were prepared by
mixing 0. 200 g alloy powder( <74 pm) with Ni carbonyl pow-
der in a mass ratio of 1:4 together, and then pressing under 35
MPa. Electrode pellets were immersed in 6 mol/L KOH solu-
tion containing 15 g/L LiOH for 24 h in order to fully wet the e-
lectrodes before measurement. Electrode pellet was fixed on
terminal line of negative electrode of open tri-electrode cell. Ni
(OH) ,/NiOOH is positive electrode of experimental cell, Hg/
HgO is reference electrode and 6 mol/L. KOH solution contai-
ning 15 g/L LiOH is electrolyte. Electrochemical performance
of the alloy was measured by battery test system of Land-
CT2001A. Voltage between negative electrode and reference e-
lectrode is defined as discharge voltage. Each electrode was
discharged to cut-off potential —0.500 V vs. Hg/HgO refer-
ence electrode. Properties of the electrodes were measured with

current density of 100 mA/g. High-rate discharge abilities
( HRDs) of the alloys were determined at a series of current den-
sities. Electrochemical impedance spectroscopy ( EIS) and po-
tentiodynamic polarization curves were conducted at 50% depth
of discharge ( DOD ) using PARSTAT 2273 advanced electro-
chemical system. Before measured, the electrodes were com-
pletely activated by charging/discharging cycles. EIS spectra of
the electrodes were obtained in frequency range of 10 KHz to 5
MHz with amplitude of 5 mV under open-circuit condition. En-
vironment temperature of measurement was kept at 303 K.

3 Results and discussion
3.1 Property of the electrode

Cycle behaviors of the as-cast and annealed La,MgNi,, al-
loys are shown in Fig. 1. As can be seen, maximum discharge
capacities are 329. ImA - h/g, 347.6 mA - h/g, 360.0 mA

+ h/g and 383.0 mA - h/g for as-cast alloy, the alloys an-
nealed at 1 123 K, 1223 K and 1 323 K, respectively. It is
also ascertained from Fig. 1 that absolute value of slope of cyclic
stability curves of the as-cast and annealed at 1 123, 1223 and
1 323K alloys is about 1. 074, 0.859, 0.619 and 0. 534, re-
spectively, suggesting that annealing treatment can enhance cy-
clic stabilities of the alloys, that is to say, after 250 charging/
discharging cycles, capacity retention rate of the alloys is
17.93% , 39.99% , 59.11% , 62.89% for as-cast alloy and
annealed alloys at 1 123, 1 223, 1 323 K, respectively.

Charge and discharge potential curves of as-cast and an-
nealed La;MgNi,, alloys at maximum discharge capacity are
presented in Fig. 2. From Fig. 2, it can be obtained that dis-
charge potentials of the alloys at 50% depth of discharge
(DOD) increase with rising annealing temperature. Potentials
of charge/discharge are 0. 951 8/0. 883 0, 0.944 6/0.897 §,
0.932 8/0.909 3, 0.926 8/0.909 9 V for as-cast alloy, the
alloys annealed at 1 123, 1 223 and 1 323 K, respectively.
Potential difference of 50% depth of charge (DOC) and 50%
depth of discharge ( DOD) decrease from 68. 6 mV ( as-cast) to
16.7 mV ( annealing temperature at 1 323 K) with increasing
annealing temperature. Discharge efficiency of the alloy elec-
trode, which is denoted by ratio of discharge capacity to charge
capacity, is related to potential difference and widths of dis-
charge potential plateaus. The smaller the potential difference
is, the wider the discharge potential plateau is, and the more
the discharge efficiency is. From Fig. 2, it is also found that
widths of discharge potential plateaus of the alloys are ranked in
sequence 1 323 K>1 223 K >1 123 K > as-cast. Moreover,
discharge efficiency of the alloys increase from 73.13% ( as-
cast) to 85. 11% (annealing temperature at 1 323 K) with in-
creasing annealing temperature. Therefore, the results further
show that annealing temperature can enhance discharge capaci-
ties of the alloys in our experiment.

High rate discharge ability ( HRD ), which is deter-
mined mainly by electrochemical kinetic property of the alloy
electrode, is examined and shown in Fig. 3. High rate dis-
charge ability(HRD) is defined as following equation :

HRDZ&XIOO% (1)

Cl()()
where C, is discharge capacity at discharge current density I,
at cut-off potential of —0.500 V vs. Hg/HgO reference e-
lectrode, C,,, is discharge capacity at discharge current den-
sity 1 =100 mA/g also at cut-off potential of —0.500 V vs.
Hg/HgO reference electrode. High-rate discharge ability

(HRD ) decrease with increasing discharge current density
I,. For example, for the annealed alloy at 1 323 K, high-
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Fig. 2 Charge and discharge potential curves of as-cast and an-
nealed La; MgNi,, alloys at maximum discharge capacity

rate discharge ability ( HRD ) of the alloy decrease from
94.50% (1, =200 mA/g)to 62.50% (1, =800 mA/g) with
rising current density ( Fig. 3). Owing to rising discharge
current density, increasing hydrogen atoms diffused to sur-
face of the alloy particles is too late to arise reaction of elec-
tron transfer ( i. e. Volmer process ), as shown in formula
(2).
process of Tafel reaction increase ( as shown in formula(3) ).
Consequently, mechanism of Volmer-Tafel leads to the de-
crease of discharge capacity of the alloy electrode, and de-
crease high-rate discharge ability of the alloy.
MH, +OH" M + H, 0 + e( Volmer reaction) (2)
2MH,, ==H, +2M( Tafel reaction) (3)
Gradient of curve of high-rate discharge ability reflects

Hydrogen gas directly desorbs, 1. e. scale of the

sensitivity of high-rate discharge ability and variation of dis-
charge current density. From Fig. 3, it is also found that in

200 ~ 800 mA/g range, high-rate discharge ability of the al-
loys increase with increasing annealing temperature. Such as
500 mA/g, HRDs of the as-cast and annealed alloys en-
hance from 56. 10% ( as-cast) to 62. 50% (at 1 323 K) with

increasing annealing temperature.
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Fig. 3 High-rate discharge abilities ( HRDs) of as-cast and an-
nealed alloys

3.2 Discussion of property of the alloy electrode
XRD patterns of the as-cast and annealed La, MgNi,, al-
loys were exhibited in Fig. 4. As shown in Fig. 4, the as-
cast and annealed(at 1 123 K) alloys are compose of LaNi; ,
(La, Mg),Ni, and a small amount of LaNi, phases. Phase
compositions of the alloys obviously change with rising annea-
ling temperature. There are LaNig, ( La, Mg),Ni, and
(La, Mg) Ni, phases in the annealed alloy at 1 223 K.
However, LaNiy and ( La, Mg) Ni, phases became main
phase at 1 323 K. With increasing annealing temperature,
relative intensity of LaNi; phase peak increases because rising
annealing temperature benefits formation of LaNis phase ac-

U suggesting that relative

cording to La-Ni phase diagram
amount of LaNi; phase increase.

Microstructures of as-cast and annealed La;MgNi,, alloys
were illustrated in Fig. 5. It should be noted from Fig. 5 that
when annealing temperature increase, columnar texture de-
crease and massive texture increase in the annealed alloy at
1 223 K, massive texture is major in the annealed alloy at
1 323 K. In addition, for La;MgNi,, alloy, isothermal an-
nealing is carried out at the same temperature, there is equal
degree of supercooling during cooling. By contrast, compo-
sition of the annealed alloys is more homogeneous, grain
boundaries are more definite, and grains of the alloys are
coarsened.

©-(La,Mg)Ni, v-LaNi,

4 a-LaNi;, a-(La,Mg),Ni,
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Fig. 4 XRD patterns of the as-cast and annealed La; MgNi,,alloys
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Fig. 5 Microstructure of as-cast and annealed La; MgNi,, alloys

(a) as-cast, (b) 1123 K, (¢)1223 K, and (d)1 323 K

In our experiment, annealing treatment is helpful to en-
hancing maximum discharge capacity of the alloy, which mo-
notonously increases with increasing annealing temperature.
Result is related to phase component. At 1223 K and 1 323
K, appearance of (La, Mg) Ni, phase and disappearance of
LaNi, phase are favorable for improving discharge capacity.
It can be derived from calculate model of Dunlap et al. '’
that ideal capacity of hydrogen storage ( H/M) for La,Ni,
phase is 1. 17, but that of LaNi, phase is 1.25""'. There-
fore, the annealed alloys at 1 223 K and 1 323 K have high-
er discharge capacity. In addition, LaNi; phase is not only
used as hydrogen absorption phase, but also as catalytic
phase, and enhances utilization efficiency of hydrogen ab-
sorption for( La, Mg) Ni, or(La, Mg),Ni, phase. There-
fore, with increasing annealing temperature, the increase of
relative amount of LaNi; phase is favorable for improving ki-
netics of hydriding-dehydriding reaction of the alloys, and
high-rate discharge ability(HRD ) is improved. In addition,
annealing treatment can decrease lattice strain and defects
and improve the alloy’s structure homogenization. These fea-
tures weaken pulverization and strengthen anti-oxidation/cor-
rosion capabilities during charge/discharge process in KOH/
LiOH electrolyte. Owing to occurrence of electrochemical
corrosion among grains in alkaline solution, resistance capa-
bility of corrosion of coarsened grains better than that of fined
grains'"*'. Therefore, annealing treatment can enhance cy-
clic life of the alloy in present work.

It has been reported that electrochemical impedance
spectroscopy ( EIS) is very useful to analyze kinetics of hydri-
ding-dehydriding reaction of electrodes. Electrochemical im-
pedance spectra of La;MgNi,, alloy electrodes at 50% DOD
at 303 K were shown in Fig. 6. Proposed equivalent circuit for
the alloy electrode was shown in Fig. 7. Contact resistance
(R;) and charge-transfer reaction resistance ( R, ) were ob-
tained by fitting equivalent circuit in Table 1. For all the as-
cast and annealed La;MgNi,, alloys, as shown in Fig. 6, at
high and medium frequency, plot starts as capacitive loop,
respectively, and, as the frequency further decreases, it
changes to a straight line. According to result reported by
Evgenij et al. "° ') measured capacitive loop A in high-
frequency region is ascribed to resistance and capacitance of
current collector and pellet made of alloy powder. While me-

dium-frequency capacitive loop B is considered to be charge-
transfer process at electrode/electrolyte interface, as shown
in equation:

( La,MgNi,)H,, + OH"

discharge

(La;MgNi,,) +H,0 +e”
(4)

charge
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Fig. 6 Electrochemical impedance spectra of the as-cast and an-
nealed alloy electrodes
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Fig. 7 Proposed equivalent circuit for the alloy electrode

here, in the process of hydrogen releasing reaction,
stray capacity and charge-transfer reaction resistance of the e-
lectrode are caused by difference of dielectric constant,
which is produced by charge-transfer released by LaNiy and
(La, Mg),Ni, or( La, Mg) Ni, phases of the alloy during
hydrogen desorption reaction. It is clearly seen from Table 1
that charge-transfer reaction resistance( R, ) of the alloy elec-
trodes decreases with increasing annealing temperature.
Therefore, with increasing annealing temperature, capabili-
ties of hydrogen releasing and number of electrons produced
by dehydriding reaction increase in the alloy, and so do elec-
trochemical kinetic characteristics of the alloys, agreeing
with HRDs of the alloy electrodes. When frequency is very
low, diffusion of hydrogen atom from bulk to surface of the
alloy electrode leads to Warburg impedance. Therefore,
process of hydrogen desorption of hydride is controlled by
electrochemical reaction and hydrogen diffusion.

Table 1 Contact resistance( R;) and charge-transfer reaction
resistance ( R ) of the alloy electrodes
Temperature/K Contact resistance/m{) Charge-.transfer reaction
resistance/m{)
as cast 189.9 519.4
1123 165.5 413.9
1223 156.9 252.3
1323 172.6 211.3

4 Conclusions

Effects of annealing treatment on electrochemical properties
and structures of La;MgNi,, alloy electrode are studied in this
paper. Annealing treatment has important influence on micro-
structure of the alloys. As-cast and annealed at 1 123 K alloys
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are composed of LaNis, (La, Mg),Ni, and a small amount of
LaNi, phases. Annealing treatment at 1 223K benefit formation
of(La, Mg) Ni; phase. LaNi; and (La, Mg) Ni, phases be-
came main phase at 1 323 K. Co MPared by the as-cast alloy,
composition of the annealed alloys is more homogeneous, and
grains of the annealed alloys are coarsened after annealing treat-
ment.

With rising annealing temperature, maximum discharge
capacity of alloy electrodes increase from 329. 1 mA - h/g( as-
cast) to 383.0 mA - h/g(1 323 K). Cyclic life of the alloy
electrodes are all improved after being annealed alloys with more
homogeneous composition and coarsened grains. Kinetic prop-
erties are improved. In three annealed alloys, discharge capac-
ity and cyclic stability of the annealed alloy at 1 323 K has bet-
ter than that of others in present work.
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