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Abstract

An electrochemical investigation is made on a Mischmetal—-iron (MmFe,) alloy for its suitability as an electrode for nickel-metal hydride

—1

(Ni-MH) batteries. Change—discharge characteristics, kinetics and life-cycle are studied. The charging capacity is around 350 mAh g™,
which corresponds to a hydrogen concentration of 2.62 hydrogen atoms per formula unit and 25 activation cycles are required to attain the
maximum capacity. Studies with the ac impedance method show that the kinetics are controlled by the charge-transfer mechanism. The
MmPFe, electrode can withstand prolonged charge—discharge with no deterioration in performance and high-rate capacity.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Mischmetal (Mm)-based AB, Laves phase alloys have
been considered as potential candidates for the negative
electrode material in nickel-metal hydride (Ni-MH) bat-
teries because of their higher electrochemical capacity, long
life-cycle and relatively low cost [1-5]. The composition of
Mischmetal depends on the source of the ore. The Mis-
chmetal sample used in the present investigation is 99.5%
pure and contains 30 wt.% La, 52 wt.% Ce, 13 wt.% Nd, and
5 wt.% Pr. Sakati et al. [6] reported that the decay in capacity
of a MH electrode made of Mischmetal (MmNi3; sCoq ;Alg g)
alloy was only 10% after 2000 cycles. As AB,-type, multi-
phase, hydrogen-storage alloys are mainly composed of Cy4
and C;s5 Laves phase and some solid solutions with bcc
structure, there exist abundant with enriched electrochemi-
cally catalytic elements as active reaction sites. Recently, we
have reported the hydrogen-storage capacity, charge—dis-
charge characteristics and diffusion coefficient for an AB,
compound with the composition Y,Zr(; _,yMn,Fe,Co,V,Cr,
(m+n+ o0+ p+ q=2), and have evaluated the processes
that occur during charge and discharge [6]. It was found that
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an electrode made of zirconium-based alloys exhibited
pulverization and deterioration properties with charge—dis-
charge cycling. A Mm-based alloy shows much longer life-
cycle and such alloys have a tendency to suffer less pulver-
ization and deterioration properties with charge—discharge
cycling. A Mm-based alloy shows much longer life-cycle
and such alloys have a tendency to suffer less pulverization
and deterioration on cycling. All these advantages are gained
at much less cost. In the present paper, the electrochemical
charging and discharging capacity, life-cycle and diffusion
coefficient are studied for a MmFe, electrode, and the
mechanism of hydrogen absorption is examined by ac
impedance methods.

2. Experimental

A Mm-based alloy of composition MmFe, was prepared
by arc melting Mischmetal with Fe in an argon atmosphere.
The alloy was turned upside down and remelted five to six
times in order to obtain good homogeneity. Alloy buttons
were annealed at 900 K for about 48 h. The alloy was
pulverized mechanically in an agate mortar. The structure
and phase density were characterized by X-ray diffraction.
The sample has an AB, phase. The electrodes were prepared
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by grinding the alloy down to 75 pm and mixed with copper
powder in the ratio 1:3 with a PTFE binder. The putty form
of the mixture was mechanically pressed on to a nickel mesh
which acted as a current collector. The electrode was then
sintered at 300 °C for about 3 h under vacuum. The electro-
chemical measurements were carried out in a glass apparatus

with three compartments and flooded electrolyte condition
in open cells. Potentials were monitored using a saturated
calomel electrode (SCE) as reference electrode. The geo-
metric area of the electrode was about 1.5 cm?. The counter
electrode was platinum, large, geometric area than the
working electrode. The electrolyte, 30% KOH, was prepared
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Fig. 1. Variation of (a) charging and (b) discharging capacity with life-cycle.



354 R. Muruganantham et al./Journal of Power Sources 114 (2003) 352-356

from reagent grade KOH and de-ionized water. The electro-
des were tested for their charge—discharge characteristics,
initial capacity, life-cycle, and kinetics. Electrochemical
measurements were carried out by means of Voltalab
PGZ 301 equipment.

3. Results and discussion

The electrochemical charge and discharge capacity of
MmPFe, alloy electrode as a function of cycle number are
shown in Fig. 1(a) and (b), respectively. The charge capacity
of the electrode reaches a maximum of 350 mAh g~ after
25 cycles, which corresponds to 2.62 hydrogen atoms per
formula unit, and remains at this value for almost 100 cycles,
with a coulombic efficiency of 83%. Hydrogen evolution is
found to occur at around —1.3 V, which shows that the metal
hydride electrode is not extensively oxidized and, hence, can
store hydrogen reversibly. The charge and discharge poten-
tial is around —0.7 and —0.4 V, respectively with respect to a
SCE, as shown in Fig. 2. The degradation of the electrode
also was found to be less than that of zirconium-based alloys.
Generally, the decay in the capacity results from deteriora-
tion of the metal hydride electrode which is due to oxidation
and pulverization of the alloy powder. It is considered that
many of the grain boundaries in the metal hydride alloys
have segregated layers, which are corroded in alkaline
electrolyte. This results in an increase in electrode resistance
which, in turn, decreases the hydrogen-absorbing capacity of
the alloy. Since the capacity of the electrode remains con-
stant even after repeated charging—discharging cycling,
pulverization and oxidation are almost absent in the case
of Mm-based alloys, and the electrodes are not corroded.

The value of the exchange current density reflects the rate
of the charge-transfer reaction (i.e. hydrogen absorption and
desorption) at the interface between the MH alloy powder
and electrolyte. The exchange current density is dependent
on both the activation of the MH alloy powder and the
reaction surface area. In addition, the value of the exchange
current density is influenced by the initial particle size, the
construction of the MH electrode, and the additives in the
electrode. An increase in exchange current density results in
an increase in the high-rate discharge capability of the
electrode.

With an increasing number of charge—discharge cycles,
the MH alloy powders will crack and be pulverized into
micron-sized particles because of hydrogen absorption and
desorption. The cracks lead to an increase in the reaction
surface and hence an improvement in activation for hydro-
gen adsorption at the electrode—electrotype interface.

It is known that the electrochemical hydriding and dehy-
driding processes of the hydrogen-storage alloy electrode in
an alkaline solution include a charge-transfer step and a
diffusion step. When charging, electrolytically generated
hydrogen at the interface of the alloy and electrolyte diffuses
into the bulk alloy and is stored in the metallic lattice in a
hydride form. When discharging, the hydrogen stored in the
bulk alloy moves towards the surface where it is oxidized.

The electrode reaction can be expressed as follows:

M + H,O + e~ — MH,+OH™ (1)

MH,qs — MHp 2

where H,4 and H,,s denote the hydrogen atoms on the
surface of the MH alloy powder and in the bulk of the MH
alloy, respectively. The electrochemical performance of the
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Fig. 2. Electrochemical charging and discharging of MmPFe, electrode.
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Fig. 3. Electrochemical impedance spectrum of MmFe, electrode.

hydriding and dehydriding reactions in alkaline solution is
determined by the charge-transfer reaction at the alloy—
electrolyte interface, i.e. Eq. (1), and the rate of hydrogen
diffusion within the bulk of the alloy, i.e. Eq. (2).

In order to understand the mechanism of the electroche-
mical hydriding and dehydriding process, ac impedance
spectra of the alloy electrodes were investigated for different
charged states of hydrogen. The results are presented in
Fig. 3. The electrochemical kinetics of the charge-transfer
process were determined by the dc polarization curve which

represent the electrode resistance (R.). The electrode resis-
tance is composed of the ohmic resistance (Rp) and the
polarization resistance (R,,). The latter resistance is deter-
mined mainly by the charged-transfer process at the inter-
face between the MH electrode and the electrolyte. This
process can be described in terms of the exchange current
density.

A semicircle at high frequencies and a slightly curved line
at low frequencies were observed for a completely dis-
charged electrode and a less charged electrode compared
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Fig. 4. Electrochemical charging capacity of MmFe, at various charging currents.
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Table 1
Charge-transfer resistance (R.), polarization resistance (R;,) and exchange
current density (ip) at different states-of-charge (SoC)

SoC (%) R, (MQ) R (MQ) io (mA g~
16.66 537 672 185
50.00 560 706 18.0
66.66 553 664 225
83.33 580 689 229
100.00 606 704 255

with a completely charged electrode. The loop at high
frequencies is characteristics of the charge-transfer process
at the alloy—electrolyte interface, as shown by several
authors [7,8]. The linear response at low frequencies is
indicative of hydrogen diffusion in a bulk alloy [9]. The
slight bending and slope deviation from 45° for the locus at
low frequencies may be attributed to hydrogen diffusion in
an alloy powder bulk and the pore geometry of a porous
powder electrode [10]. The values of charge-transfer resis-
tance R, calculated from the radius of semicircle at high
frequencies for different states-of-charge (SoC) are given in
Table 1, along with the polarization resistance and the
exchange current density.

The exchange current density, iy, a measure of the elec-
trocatalytic nature of the modified alloy electrode [11-13], is
calculated according to:

_RT
" nRF

o 3)
where R is the gas constant, 7 the absolute temperature, n the
number of transferred electrons and F the Faraday constant.
The values in Table 1 show that the value of ij, increases
significantly on charging the sample. This indicates that the
electrocatalytic activity on the surface of the alloy is greatly
improved which, thereby, reduces the overpotential during
the charge—discharge process. The capacity is lower when
the electrodes are charged at 2 and 3 C rate, as shown in
Fig. 4. The capacity decreases by about 30% when the
charging current is increased from 50 to 350 mA g .
The highest electrochemical capacity is obtained after 25
cycles at the 1 C rate.

4. Conclusions

The hydrogen absorption capacity of a MmFe, electrode
shows a charging capacity of 350 mA g~', which corre-

sponds to a hydrogen concentration of 2.62 hydrogen atoms
per formula unit. This capacity is comparable with that of
zirconium-based AB, alloys, but the kinetics are slow. The
exchange current density increases with state-of-charge,
which reflects a fast hydrogen-absorption process at the
interface between the metal hydride alloy powder and the
electrolyte. Nickel-metal hydride batteries using Mischme-
tal as the negative electrode decreases the magnitude of the
pulverization and deterioration of the alloy with charge—
discharge cycling. Since the cost of both Mm and Fe are low,
all these advantages are gained at much less cost.
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