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Abstract

The discharge capacity, the high-rate dischargeability and the self-discharge characteristics of negative electrodes consisting of the
Zr-based, modified AB type alloys of ZrV Mn Ni alloy and ZrV Mn Mo Ni alloy, the latter having the form of partially2 0.1 0.7 1.2 0.1 0.5 0.2 1.2

substituted Mo for Mn sites in the former alloy, are investigated in 6 M KOH solution at 30, 40 and 608C. It is found that the discharge
capacities obtained at 30 and 408C are almost the same in both alloys, but they decrease at 608C. The activation process becomes faster in
both alloys with increasing temperature. The high-rate dischargeability increases slightly from 85% at 308C to 90% at 608C. At the very
high discharge current of 5 A gy1, however, the discharge capacity at 608C was increased by 7= and 17= more than that at 308C in
ZrV Mn Ni alloy and ZrV Mn Mo Ni alloy, respectively. The addition of Mo improved the self-discharge characteristics,0.1 0.7 1.2 0.1 0.5 0.2 1.2

especially at 608C. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Recently, extensive studies on ZrV Laves phase alloys2

have been conducted for the purpose of adopting them as
Žnegative electrode materials in nickelrmetal-hydride Ni–

. ŽMH batteries because of their discharge capacities theo-
y1 .retical discharge capacity of ZrV s763 mA h g are2

higher than those of rare-earth type hydrogen-storage al-
Ž y1 .loys LaNi s372 mA h g . Despite such a high dis-5

charge capacity, the activation process, high-rate capability
and self-discharge characteristics, especially at high tem-
perature, are rather poor. One strategy for the improvement
of these properties is to substitute other elements such as
Ni and Mn for the V site to lower the heat of hydride

Ž .formation yD H 8 . It has been reported that a dischargef

capacity over 400 mA h gy1 can be obtained in V–Ti–
w xMn–Ni and Zr–V–Mn–Ni alloys 1–3 . On the other

hand, the high-rate dischargeability and the self-discharge
rate of Ni–MH batteries using AB Laves alloys are poor2

compared with those of the Ni–Cd battery. This is mainly
due to the negative electrode material’s characteristics,

) Corresponding author

which have to be improved to provide practical electrode
w xmaterial 4 .

In this study, the activation process, high-rate capability
and self-discharge characteristics from 30 to 608C are
investigated with a ZrV Mn Ni Laves phase alloy.0.1 0.7 1.2

The effect of partial substitution of Mo for Mn sites
Ž .ZrV Mn Mo Ni on these properties is also exam-0.1 0.5 0.2 1.2

ined.

2. Experimental

ZrV Mn Ni Laves phase alloy and ZrV Mn -0.1 0.7 1.2 0.1 0.5

Mo Ni alloy were prepared by arc melting under an0.2 1.2

argon atmosphere. After mechanical pulverization of the
Žalloys, about 100 mg of the alloy powder size: 106 to 125

.mm was mixed with polyvinyl alcohol solution as binder.
The negative electrode was prepared by filling a porous
nickel substrate with the mixture, vacuum drying at 1208C
for 1 h and then pressing at 600 kgf cmy2 .

Charge–discharge cycle tests were conducted using a
three-compartment cell made of pyrex-glass in which the
negative electrode was set in the central compartment and
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Fig. 1. Activation profiles of ZrV Mn Ni and ZrV Mn -0.1 0.7 1.2 0.1 0.5

Mo Ni electrodes at various temperatures. ZrV Mn Ni : l0.2 1.2 0.1 0.7 1.2

308C, B 408C, ' 608C; ZrV Mn Mo Ni : e 308C, I 408C, ^0.1 0.5 0.2 1.2

608C.

a platinum positive electrode was placed either side. The
electrolyte was 6 M KOH and was de-aerated by argon gas

Žbubbling. A mercury oxide electrode HgrHgOr6 M
.KOH was used as a reference electrode. Galvanostatic

Ž . Ž .charging 20 mA and discharging 5 mA modes
Ž .HOKUDO DENKO HJ201B were repeated until the
discharge capacity of the negative electrode reached its
saturation value. There was a rest period of 10 min after
charge. The discharge was continued until the potential
reached y0.5 V vs. HgrHgOr6 M KOH reference elec-
trode. The cell temperature was maintained at 30, 40 and
608C by means of a water bath.

Ž .In this work, the high-rate dischargeability HRD was
defined by the following equation:

w xhigh-rate dischargeability % sC r C qC qCŽ . 50 50 5 2

=100 1Ž .
where C is the discharge capacity at a discharge current50

Ž y1 .of 50 mA ;500 mA g , C is the additional discharge5

capacity at a discharge current of 5 mA measured after 10
min of the rest period following the measurement of C ,50

and C is the additional discharge capacity at a discharge2

current of 2 mA following the measurement of C .5

The rate capability of the electrode was also investi-
gated by measuring the discharge capacities at discharge
currents of 25 mA gy1, 250 mA gy1, 1 A gy1, 2.5 A gy1

and 5 A gy1 and at 30, 40 and 608C.
Ž .The exchange-current density J was determined fromo

Ž .the slope hrJ of the polarization curve taken in the
vicinity of the rest potential by the linear polarization

Ž .method EG&G PotentiostatrGalvanostat Model 273 af-
ter charging at 20 mA for 5 min using the following
equation:

w x w xhrJs RT r J F 2Ž .o

The self-discharge characteristics of the negative elec-
Ž .trodes were determined by charge retention % , which is

expressed as the ratio of the discharge capacity after 7
days under open-circuit conditions at 30, 40 and 608C to
the saturated discharge capacity.

w xElectrochemical pressure-composition isotherms 5 at
30, 40 and 608C were determined by measurement of the
rest electrode potential after discharging a fully charged
electrode by a small amount of electric charge. This proce-
dure was repeated until the electrode was completely
discharged. According to the Nernst equation, the potential

Ž .of the negative electrode at an equilibrium state, E V ,
corresponds to the hydrogen gas pressure on the surface
which is equilibrated with atomic hydrogen in the hydride
Ž .H s2H as follows:2

o w x w xEsE y RT r nF ln a r g P 3Ž .Ž .H O H H2 2 2

Ž .where: E8 is the standard electrode potential V ; a isH O2

the activity of water; g is the fugacity coefficient; PH H2 2

Ž .is the hydrogen partial pressure bar . The hydrogen pres-
sure was calculated from the equilibrium potentials using
the electrochemical data in a concentrated KOH solution

w xreported by Balej 6 .
From the pressure-composition isotherms, the enthalpy

Ž .change for hydride formation yD H 8 was calculated byf

following equation derived from the van’t Hoff equation:

w x w xln p s2D H 8r xRT y2DS 8r xR 4Ž .H f f2

Ž .where: p is the plateau pressure atm at a given temper-H 2

ature; x is the number of hydrogen atoms per formula unit
of hydrogen-storage alloy.

The crystal structure of the two alloys was studied by
means of X-ray diffractometry using Cu K radiation.a

Cross-sectional views of the electrodes after activation
were observed using a scanning electron microscope
Ž .SEM . The hardness of the alloy was measured with a
Microvickers hardness tester.

3. Results and discussion

3.1. ActiÕation profiles

The discharge capacities of the two types of electrode
with charge–discharge cycling are shown in Fig. 1. For

Fig. 2. Changes in discharge overpotentials of ZrV Mn Ni and0.1 0.7 1.2

ZrV Mn Mo Ni electrodes at various temperatures. ZrV -0.1 0.5 0.2 1.2 0.1

Mn Ni : l 308C, B 408C, ' 608C; ZrV Mn Mo Ni : e0.7 1.2 0.1 0.5 0.2 1.2

308C, I 408C, ^ 608C.
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both electrodes, the number of cycles required to reach the
saturated discharge capacity value decreases with increas-
ing temperature. It is noticeable that the discharge capacity
of the two types of electrodes reaches ;230 mA h gy1 at
608C, even in the first cycle. The ZrV Mn Ni alloy is0.1 0.7 1.2

more easily activated than the alloy containing Mo at
308C, whereas its discharge capacity decreases from
320 mA h gy1 at 308C to 270 mA h gy1 at 608C. After

reaching the maximum discharge capacity, the electrode
starts to lose some of its discharge capacity. In case of the
ZrV Mn Mo Ni alloy, the activation at 608C be-0.1 0.5 0.2 1.2

comes comparable with the former alloy. Also this alloy
exhibited better maintenance of saturated discharge capac-
ity than the other alloy at 608C.

In order to reach the maximum discharge capacity, a
fresh electrode generally needs a few charge–discharge

Ž . Ž .Fig. 3. Cross-sectional view of a ZrV Mn Ni alloy and b ZrV Mn Mo Ni alloy after activation by SEM at 30, 40 and 608C.0.1 0.7 1.2 0.1 0.5 0.2 1.2
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cycles to eliminate any existing oxide layer or absorbed
gas on the alloy surface that interferes with the penetration

w xof hydrogen into the lattice 7 . Also, the appearance of an
oxide-free surface resulting from pulverization of the alloy
particles during cycling facilitates the activation process.
This process was further investigated by measuring the
overpotential during cycling, see Fig. 2. The cycle number
at zero overpotential corresponds to that needed for elec-
trode activation. Since the overpotential is related to the
reduction of any oxide film on the alloy surface, this fact
indicates that any obstacles which prevent the penetration
of the hydrogen are completely removed when the elec-
trode is fully activated. It is also seen that the overpotential
decreases with increasing temperature. The difference in
overpotential of the two alloys appears to be related to
their oxide characteristics.

Since the surface area of the particles also plays a
significant role in the activation stage, cross-sectional views

Ž .of the electrode particles were photographed Fig. 3 to
elucidate the difference in the activation behaviour of the
two alloys. More cracks are seen in ZrV Mn Ni0.1 0.7 1.2

alloy. The Microvickers hardness of this alloy and its
counterpart is 730 and 667, respectively. Therefore, crack
formation seems to be more favorable in the alloy possess-
ing the higher hardness. Thus, the larger oxide-free surface
area formed on ZrV Mn Ni alloy results in a low0.1 0.7 1.2

overpotential and shortens the activation cycles.

( )3.2. High-rate dischargeability HRD

The HRD of the two alloys is nearly the same at all
temperatures and increases with increasing temperature
from 85% at 308C to 90% at 608C. This increase can be
explained by the increase in the apparent exchange-current
density with increasing temperature, as shown in Fig. 4. It
is seen that the HRD increases linearly with the apparent
exchange-current density. As the exchange-current density
is related to the electrocatalytic activity of the negative
electrode, this result indicates that the discharge reaction is

w xcontrolled by the surface reaction 8 .

Fig. 4. High-rate dischargeability vs. apparent exchange-current density
of ZrV Mn Ni and ZrV Mn Mo Ni electrodes at various0.1 0.7 1.2 0.1 0.5 0.2 1.2

temperatures. ZrV Mn Ni : l 308C, B 408C, ' 608C; ZrV Mn -0.1 0.7 1.2 0.1 0.5

Mo Ni : e 308C, I 408C, ^ 608C.0.2 1.2

Fig. 5. Electrochemical pressure-composition isotherms of ZrV -0.1

Mn Ni and ZrV Mn Mo Ni electrodes at various tempera-0.7 1.2 0.1 0.5 0.2 1.2

tures. ZrV Mn Ni : l 308C, B 408C, ' 608C; ZrV Mn Mo -0.1 0.7 1.2 0.1 0.5 0.2

Ni : e 308C, I 408C, ^ 608C.1.2

The higher value of the apparent exchange-current den-
sity for the ZrV Mn Ni alloy compared with that of0.1 0.7 1.2

the ZrV Mn Mo Ni alloy is due to the larger sur-0.1 0.5 0.2 1.2

face area. As was mentioned before, this alloy was pulver-
ized more than the alloy containing Mo.

w xIt has been reported 9 that the HRD increases with
decreasing values of the heat of hydride formation
Ž .yD H 8 and of the unit cell volume in ZrV -f 2yxyy

Ž .Mn Ni xs0.2–0.8, ys1.0, 1.2, 1.4 . In this experi-x y

ment, the electrochemically measured yD H 8 and the unitf
Ž .cell volume FCC structure measured by the X-ray

˚3diffraction pattern are 38.4 kJrmol H and 350.9 A in the2

ZrV Mn Ni alloy, respectively. The corresponding0.1 0.7 1.2
˚3values are 33.8 kJrmol H and 357.7 A in the2

ZrV Mn Mo Ni alloy. The electrochemical pres-0.1 0.5 0.2 1.2

sure-composition isotherms and X-ray diffraction data are
shown in Figs. 5 and 6, respectively. The addition of the
Mo in Mn sites results in a decrease in the heat of hydride
formation and an increase in the unit cell volume. The
increase in the unit cell volume can be easily understood

˚Ž .from the size of the two atoms, i.e., Mn 1.26 A , Mo
˚Ž .1.39 A . Thus, the two counteracting effects of the addi-

tion of Mo do not affect the HRD value.

Ž .Fig. 6. X-ray diffraction patterns of a ZrV Mn Ni alloy and0.1 0.7 1.2
Ž .b ZrV Mn Mo Ni alloy.0.1 0.5 0.2 1.2
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Fig. 7. Dependence of capacity on discharge current for ZrV Mn Ni0.1 0.7 1.2

and ZrV Mn Mo Ni electrodes at various temperatures. ZrV -0.1 0.5 0.2 1.2 0.1

Mn Ni : l 308C, B 408C, ' 608C; ZrV Mn Mo Ni : e0.7 1.2 0.1 0.5 0.2 1.2

308C, I 408C, ^ 608C.

3.3. Rate capability

In order to examine the rate capability over a wide
range of current values, the discharge current was varied
from 2.5 to 500 mA. The discharge capacity as a function
of discharge current is shown in Fig. 7. A significant
difference in discharge capacity with temperature is seen
as the discharge current increases. This difference was not
observed in the HRD result, in which the discharge current
was 50 mA. At each discharge current, the discharge
capacity increases with temperature. At 500 mA, the dis-
charge capacity of the ZrV Mn Ni alloy at 308C is0.1 0.7 1.2

only about 28 mA h gy1, whereas it increases to 200 mA h
gy1 at 608C. In ZrV Mn Mo Ni alloy, it increases0.1 0.5 0.2 1.2

from 13 to 218 mA h gy1. Therefore, these alloys exhibit
good rate capability at high temperature. Such an increase
in discharge capacity seems to be related to the diffusivity
of the hydrogen and the electrocatalytic activity, both of
which increase with increasing temperature.

ŽThe data were replotted in the form of log discharge
. Ž . Ž .time vs. log discharge current , see Fig. 8 Peukert plot .

It is seen that the deviation from linearity starts only at 500

Fig. 8. Peukert plots of ZrV Mn Ni and ZrV Mn Mo Ni0.1 0.7 1.2 0.1 0.5 0.2 1.2

electrodes at various temperatures. ZrV Mn Ni : l 308C, B 408C,0.1 0.7 1.2

' 608C; ZrV Mn Mo Ni : e 308C, I 408C, ^ 608C.0.1 0.5 0.2 1.2

Table 1
Slope of the Peukert plots

308C 408C 608C

ZrV Mn Ni y1.32 y1.12 y1.040.1 0.7 1.2

ZrV Mn Mo Ni y1.42 y1.16 y1.040.1 0.5 0.2 1.2

mA for the ZrV Mn Ni alloy at 308C. In the case of0.1 0.7 1.2

the ZrV Mn Mo Ni alloy, the deviation is observed0.1 0.5 0.2 1.2

at 308C as well as at 408C at 250 and 500 mA, respec-
w xtively. Since the linearity of the Peukert plot 10 is

indicative of the capability of the negative electrode to be
efficiently discharged, the ZrV Mn Ni alloy has a0.1 0.7 1.2

better rate capability at low temperature.
The slope of the curve is shown in Table 1. As the

temperature increases, the slope of the Peukert plot in-
creases. The slope for the ZrV Mn Ni alloy is slightly0.1 0.7 1.2

higher than that for the ZrV Mn Mo Ni alloy, ex-0.1 0.5 0.2 1.2

cept at 608C. It is easily understood that the steeper the
slope, the poorer the rate capability becomes.

According to these results, it can be concluded that the
rate capability of ZrV Mn Ni alloy is better than that0.1 0.7 1.2

of ZrV Mn Mo Ni alloy at both 30 and 408C.0.1 0.5 0.2 1.2

3.4. Self-discharge

Ž .The charge retention % , which represents the self-dis-
charge characteristics of the electrodes stored at various
temperatures, is shown in Fig. 9, together with the plateau
pressure measured by the electrochemical pressure-com-
position isotherms. The charge retention decreases with
increasing temperature, which means that hydrogen in
the lattice escapes easily at higher temperature. The
ZrV Mn Mo Ni alloy is seen to suffer less self-dis-0.1 0.5 0.2 1.2

charge than the ZrV Mn Ni alloy over the whole0.1 0.7 1.2

temperature range. The self-discharge rate of the
ZrV Mn Ni alloy becomes very high at 608C.0.1 0.7 1.2

As shown in Fig. 5, the plateau pressure increases with
increasing temperature. The ZrV Mn Mo Ni alloy0.1 0.5 0.2 1.2

Fig. 9. Temperature dependence of charge retention and plateau pressure
Ž . Ž .of ZrV Mn Ni l and ZrV Mn Mo Ni ' electrodes.0.1 0.7 1.2 0.1 0.5 0.2 1.2
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has a lower plateau pressure than the ZrV Mn Ni0.1 0.7 1.2

alloy over the whole temperature range. It is noticeable
that the plateau pressure of the ZrV Mn Ni alloy0.1 0.7 1.2

becomes greater than 1 atm at 608C.
It is known that self-discharge occurs through the fol-

w xlowing two reasons 11 . First, it occurs when the equilib-
rium hydrogen pressure is higher than the cell inner pres-
sure. The amount of hydrogen charged above the cell inner
pressure will be easily released from the metal- hydrides
resulting in loss of discharge capacity. Furthermore,
NiOOH positive electrodes make the cell inner pressure
lower because of the chemical reaction of hydrogen with

Ž .NiOOH electrodes that results in the formation of Ni OH .2

This drop in cell inner pressure will also contribute to the
self-discharge. The other cause of self-discharge is the
deterioration of the negative electrodes due to the chemical
or electrochemical oxidation of the alloy.

In our experiments, the possibility of the effect of the
NiOOH positive electrode on the self-discharge can be
rejected because platinum mesh was used as the positive
electrodes. The decrease of charge retention with increas-
ing temperature, as shown in Fig. 9, can now be explained
by the fact that, at high temperature, the plateau pressure
increases and thereby the rate of dissociation of hydride
increases alongwith an enhanced hydrogen diffusion rate at
high temperature.

The high self-discharge rate of the ZrV Mn Ni0.1 0.7 1.2

alloy seems to be due to its higher plateau pressure,
compared with that of the ZrV Mn Mo Ni alloy.0.1 0.5 0.2 1.2

Thus, the largest drop in the charge retention at 608C in
ZrV Mn Ni alloy is due to the highest plateau pres-0.1 0.7 1.2

sure of 1.59 atm.

4. Conclusions

From the above results, the effect of temperature on
the ZrV Mn Ni alloy electrode and the ZrV -0.1 0.7 1.2 0.1

Mn Mo Ni alloy electrode can be summarized as0.5 0.2 1.2

follows:
Ž .i As the temperature increases, the discharge capacity
of the electrode decreases, but the electrodes are easily
activated.
Ž .ii The HRD is the same and increases from 85% at
308C to 90% at 608C in both alloys.
Ž .iii At temperatures below 608C, the rate capability of
the ZrV Mn Ni alloy electrode is superior to that0.1 0.7 1.2

of the ZrV Mn Mo Ni alloy electrode.0.1 0.5 0.2 1.2
Ž .iv The addition of Mo improves the self-discharge
characteristics over the whole temperature range.
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