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Abstract

La;;_,Sm,CaMg;Nig (x=0-0.3) hydrogen storage alloys were prepared by inductive melting and the effect of the Sm content on the
structure and electrochemical properties was investigated in the paper. The Sm substitution for La in La; 5 ,Sm,CaMg7Nig (x = 0-0.3) alloys
does not change the main phase structure (the rhombohedral PuNis-type structure), but leads to a shrinkage of unit cell and a decrease of
hydrogen storage capacity. With the increase of the Sm content in the alloys, the maximum discharge capacity of electrode decreases from
400.2 (x=0) to 346.6mAh g~! (x=0.3), but the high-rate dischargeability and cycling stability is improved. After 100 cycles, the capacity

retention rate increases from 75 (x=0) to 85% (x=0.3).
© 2005 Elsevier B.V. All rights reserved.

Keywords: Hydrogen storage alloy; Ni-MH battery; Crystal structure; Electrochemical property

1. Introduction

The nickel-metal hydride (Ni-MH) secondary batteries
using ABs-type hydrogen storage alloys as the negative
electrode materials have many advantages, such as high
energy density, high dischargeability, long cycle life and
environmental compatibility [1]. However, due to the limited
capacity (300-320 mAh g~ 1) of ABs-type alloys, the energy
density of the Ni-MH batteries is not competing with some
other advanced secondary batteries.

Recently, a new type of R-Mg—-Ni (R=rare earth, Ca,
Y) system alloys with PuNi3-type structure have attracted
much attention, due to their higher discharge capacity than
that of the ABs-type alloys [2-12]. For example, Chen et
al. [6] reported that the discharge capacity of LaCaMgNig
alloy reached 356 mAh g’l, and almost the same time,
Kohno et al. [7] reported that the discharge capacity of
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Lag7Mg(.3Niz sCog 5 alloy reached 410 mAh g_l. However,
at present, the R-Mg—Ni system alloys cannot be used as neg-
ative material of Ni-MH batteries due to their poor cycling
stability. At present, this problem is ameliorated by partial Ce
substitution for La and Co, Al substitution for Ni [13—17]. In
this paper, it is expected that a proper amount of Sm substi-
tution for La in La; 3CaMg( 7Nig alloy may lead to an alloy
with high discharge capacity and good cycling stability. The
effect of the Sm content on the structure and electrochemical
properties of Laj 3 SmyCaMgg7Nig (x=0-0.3) hydrogen
storage alloys was investigated.

2. Experimental

Laj3_ Sm,CaMgg7Nig (x=0-0.3) alloys (where all the
elements have a purity more than 99.9 wt.%.) were prepared
by induction melting under argon atmosphere. To obtain an
accurate composition, a little excess of Ca and Mg was con-
sidered during preparation because Ca and Mg have high
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vapor pressure and are easy to evaporate. The composition of
the prepared alloy ingots was examined by means of atomic
absorption spectrometry. The results showed that the differ-
ence between the obtained composition and the nominal value
was less than 0.01 wt.% for each element. The prepared alloy
ingots were mechanically pulverized and the average particle
size measured using a JL-9200 laser particle size analyzer is
28 pm.

Crystallographic characterization of the alloys was carried
out using a D/max-3A X-ray diffractometer (XRD) with Cu
Ka radiation.

The pressure-concentration-temperature (P—C-T) curves
of the alloys were measured using a Sieverts’ type appara-
tus. At first, the reaction container, which contained 10g
of alloy powder was heated to 353K and the air was
evacuated. After the samples were fully activated through
3 absorbing/desorbing hydrogen cycles, the measurements
started.

A amount of 0.5 g of alloy powder mixed well with addi-
tive and binding polymer solution was pasted into a porous
nickel foam (size 4 cm x 3 cm) and then dried under vacuum
at 363 K and finally pressed into the MH working electrode.
A Ni(OH); electrode (whose preparation process was the
same as the working electrode) with a capacity of four times
that of the working electrode and a Hg/HgO (6 M KOH)
electrode were used as the counter electrode and reference
electrode, respectively. The electrochemical properties of
the alloy electrodes were measured in a half-cell with 6 M
KOH solution at 298 K. The electrode activation and mea-
surements of maximum discharge capacity were carried out
at the charge/discharge current of 100 mA g~! with 4 h for
charge and the cut-off potential of —0.7 V (versus Hg/HgO)
for discharge. The measurements for cycling stability were
carried out at the charge/discharge current of 300mA g~
To evaluate the dischargeability, the discharge current den-
sities were changed from 100 to 1200mA g~!. The linear
polarization curves of the alloy electrodes were measured at
the rate of 0.1 mV s~! from —5 to 5mV (versus open circuit
potential) at 50% depth of discharge (DOD). The hydrogen
diffusivity in the bulk of the alloys was evaluated using the
potential-step method. After the test electrodes had been fully
activated, they lay up in fully charged state until their potential
reached the equilibrium potential, and then an overpotential
of +200 mV was applied to these electrodes. The current—time
transient curves were recorded after the potential step.
The measurements of linear polarization and potential step
were conducted using a PS-168 electrochemical interface
analyzer.

3. Results and discussion

3.1. Crystal structure

Fig. 1 shows the XRD patterns of La; 3 — ,Sm,CaMgq 7Nig
(x=0-0.3) alloys. It is found that all the alloys contain a
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Fig. 1. XRD patterns of La; 3 — \Sm,CaMgg 7Nig (x=0-0.3) alloys.

Table 1
Crystallographic data of La; 3 — ,Sm,CaMgq 7Nig (x=0-0.3) alloys

Unit cell volume (A3)

Samples (x) Lattice constants

aA) c(A) cla

0 5.013 23.030 4.595 501.2
0.1 5.005 23.028 4.601 499.6
0.2 4.996 23.024 4.608 497.7
0.3 4.988 23.013 4.614 495.9

main phase with the rhombohedral PuNis-type structure and
a very few minor impurity phase including LaNis and LaNi,.
The crystallographic parameters are listed in Table 1. It can
be seen that the Sm substitution for La in the alloys leads
to a decrease of lattice constants and a shrinkage of unit
cell due to the atomic radius of Sm (1.80 10\) being smaller
than that of La (1.88 A). Besides, the value of c/a shows a
small increase, indicating that the increase of Sm content
in the alloys leads a less decrease of the c-axis than that
of the g-axis. The unit cell volume of as a function of x in
Laj3_,Sm,CaMgp7Nig is shown in Fig. 2. It is found that
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Fig. 2. Variation of the unit cell volume as a function of x in
Laj 3 - xSm,CaMgq 7Nig (x=0-0.3) alloys.
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Fig. 3. P-C-T curves of La;3_,Sm,CaMgg7Nig (x=0-0.3) alloys for
hydrogen absorption and desorption.

the cell volume is a linear function of the Sm content. The
cell volume is of interest because it can be corrected with
the stability of hydride phase in any homologous alloy series
[18].

3.2. Thermodynamic characteristics

Fig. 3 shows the P-C-T curves of Lajz_,Smy
CaMg.7Nig (x=0-0.3) alloys at 298 K. It can be seen that
with the increase of the Sm content in the alloys, the plateau
region becomes narrower, which leads to the decrease of
hydrogen storage capacity from 1.7 (x=0) to 1.43wt.%
(x=0.3). The variation of the P-C-T curve characteristics
can be attributed to the reduction of the unit cell volume. It is
generally accepted that hydrogen storage alloys with larger
unit cell volumes would result in more sites available for
hydrogen storage. Besides, the plateau pressure for hydro-
gen absorption and desorption increases noticeably as the
Sm content in the alloys increases. This result indicates that
the stability of hydride reduces with increasing Sm content
of the alloy. Fig. 4 shows the relationship between the unit
cell volumes of the alloys and the plateau pressures for hydro-
gen desorption at 298 K. A linear correlation between log Peq
and the unit cell volume is observed, which is similar to most
ABs-type alloys [19].

3.3. Electrochemical properties

The activation properties and maximum discharge capac-
ity of Laj3_,Sm,CaMgp7Nig (x=0-0.3) alloy electrodes
at the discharge current density of 100mAhg™! are listed
in Table 2. It can be seen that these alloys can be acti-
vated to reach their maximum capacity within five cycles.
With the increase of the Sm content in the alloys, the max-
imum discharge capacity decreases from 400.2 (x=0) to
346.6mAhg~! (x=0.3). The variation of maximum dis-
charge capacity is in agreement with the variation of the
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Fig. 4. Variation of the desorption plateau pressure as a function of the unit
cell volume of Laj 3 - ,Sm,CaMg 7Nig (x=0-0.3) alloys.

hydrogen storage capacity measured. Besides, it is also found
that the utilization efficiency of alloy increases from 88.6
(x=0) to 91.3% (x=0.3) as the increase of Sm content
results in less stability of hydride and better electrochem-
ical kinetics. As a results, the maximum discharge capac-
ity of the Laj 3 _ ,Sm,CaMgo7Nig alloys with x=0-0.2 is
noticeably higher than that of the commercialized ABs-type
alloys.

The dischargeability of Lajj3_,Sm,CaMgp7Nig
(x=0-0.3) alloy electrodes, expressed as the percentage of
Cq to Cioo (wWhere C4 and Ciop are the discharge capacity
at the discharge current density of Ig and 100mA g~!,
respectively), is shown in Fig. 5, It is found that the
Sm substitution for La in the alloys resulted in a better
high-rate dischargeability (HRD). It can be seen from
Table 2 that the increase of the Sm content in the alloys,
the HRD increases from 38.2 (x=0) to 53.4% (x=0.3)
at the discharge current density of 1200mAh~!. In
electrochemical cells, the HRD of metal hydride elec-
trode is determined by the charge transfer process at the
metal/electrolyte interface and the mass transfer (hydrogen
diffusion) process in the bulk of alloy particles [20].
These electrochemical characteristics were investigated as
follows.

The electrocatalytic activity of metal hydride surface dur-
ing the charge transfer reaction is evaluated using surface

Table 2
Electrochemical properties of Laj3_,Sm,CaMgp7Nig (x=0-0.3) alloy
electrodes

Samples ()  Cmax mAhg™")  N,*  HRDjz00° (%) Sioo (%)
0 400.2 2 38.2 75
0.1 389.5 3 42.5 77
0.2 373.8 3 46.7 81
0.3 346.6 5 53.4 85

2 The cycle numbers needed to activate the electrodes.
b The high-rate dischargeability at the discharge current density of
1200mA g~ 1.
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Fig. 5. Dischargeability of La; 3 - ,Sm,CaMg( 7Nig (x=0-0.3) alloy elec-
trodes.

activation enthalpy (AH"), which can be calculated from the
temperature dependence of the charge transfer resistance (Rg)
according to the following equation [21]

In(T/Rq) = Co — AH*/RT (1)

where T is the absolute temperature, Cy is a constant includ-
ing surface area, R is the gas constant. The Ry value can be
calculated from the slope of linear polarization curve accord-
ing to the following equation [22]

Ry =n/1 (2)

where 7 is the total overpotential, / is the applied current.
Fig. 6 shows the plots of In (7/Ry) versus 1/T. It was found
that all the plots exhibited good linear relations. The AH"
values are listed in Table 3. It can be seen that with the
increase of the Sm content in the alloys, the AH* value
decreases. This result indicates that the electrocatalytic activ-
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Fig. 6. Plotsof In (7/Rq) vs. 1/T of La; 3 — xSm,CaMg 7Nig (x = 0-0.3) alloy
electrodes.

Table 3
Surface activation enthalpy and hydrogen diffusion coefficients of
La; 3 - xSm,CaMg 7Nig (x=0-0.3) alloy electrodes

Sample (x) AH" (KJmol™!) D (x10710m?s~1)
0 27.33 3.86
0.1 25.97 5.14
0.2 24.28 7.69
0.3 21.87 8.80

ity of hydride increases with increasing Sm content in the
alloys.

Fig. 7 shows the semilogarithmic curves of anodic
current-time  responses of Laj3_,Sm,CaMgp7Nig
(x=0-0.3) alloy electrodes. The diffusion coefficient
of hydrogen in the bulk of the alloys can be calculated
through the linear portion of the responding plots in Fig. 7
according to the following equation [20]

logi = log (6FD/da*)(Cy — Cs) — (7*D/2.303a*)t  (3)

where i, D, d, a, Cy, Cs and ¢ are the diffusion current
(A g_l), the diffusion coefficient of hydrogen (cm?s™1), the
density of the hydrogen storage alloy (g cm™?), the alloy par-
ticle radius (cm), the initial hydrogen concentration in the
bulk of the alloy (mol cm™3), the hydrogen concentration on
the surface of the alloy particles (molcm™3) and the dis-
charge time (s), respectively. Using the average particle radius
(a=28 pm), the D values are calculated and also listed in
Table 3. It can be seen that with the increase of the Sm con-
tent in the alloys, the D value increases, indicating that the
hydrogen diffusivity within the bulk of the alloy particles
accelerates. This result can be ascribed to the reduction of
the stability of hydrides due to the decrease of the unit cell
volume.

Fig. 8 shows the cycling stability of Lajz_,Sm,
CaMgp7Nig (x=0-0.3) alloy electrodes. The -cycling

Log (i/A)

0 1000 2000 3000 4000
Time (s)
Fig. 7. Semilogarithmic plots of anodic current-time responses of

La; 3 - xSm,CaMg 7Nig (x=0-0.3) alloy electrodes after the potential step
(+200 mV).
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Fig. 8. Cycling stability of La; 3 — .Sm,CaMgp 7Nig (x=0-0.3) alloy elec-
trodes.

capacity retention rate, also listed in Table 2, is expressed
as

S100 = C100/ Cmax x 100% “4)

where Cjgpp is the maximum discharge capacity, Cpax 1S
the discharge capacity at the 100th cycle. It can be seen
that with the increase of the Sm content in the alloys, the
capacity retention rate increases from 75 (x=0) to 85%
(x=0.3). This result can be ascribed to the decrease of the
unit cell volume with increasing Sm content. It is generally
believed that the volume change of an alloy during hydrid-
ing is proportional to the amount of hydrogen absorbed in
cycling. The increase of Sm leads to a lower hydrogen stor-
age and smaller change of unit cell volume on hydriding
and hence less pulverization and improvement in the cycling
stability.

4. Conclusions

The Sm substitution for La in Laj 3 _ ,Sm,CaMgg7Nig
(x=0-0.3) alloys does not change the main phase struc-
ture (the rhombohedral PuNisz-type structure), but leads to
a shrinkage of unit cell and a decrease of hydrogen storage
capacity. With the increase of the Sm content in the alloys,
the maximum discharge capacity of electrode decreases from
400.2 (x=0) to 346.6mAhg~! (x=0.3), but the high-rate
dischargeability and cycling stability is improved. After 100

cycles, the capacity retention rate increases from 75 (x=0)
to 85% (x=0.3).
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