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Abstract

Zr_Ti,VyoMng ¢Cr ¢5C0g osNij » (0<x<0.3) alloys have been characterized as metal-hydride electrodes for
nickel-metal hydride batteries. Although the alloy electrodes with no Ti substitution in place of Zr exhibit a specific
capacity value of 375 mA h g™, it has been possible to enhance the specific capacity of the electrodes to
395mA h g_l by Substituting 10% Ti in place of Zr, that iS, with ZroA()Ti()_1V0A2MHOA6CTOA05C00A05Ni1A2 alloy. The
specific capacity value of ZrgoTig1Vg2Mng¢Crg9sC0g.0sNij» alloy was further enhanced to 415 mA h g_1 on
copper powder addition. Interestingly, the discharge curves for the latter electrode are quite flat thus providing an
advantage of constant specific energy output over the entire regime of electrode discharge. Both a.c. impedance and
d.c. linear polarization studies conducted on these electrodes lead to a lower charge-transfer resistance value for the
metal-hydride electrode with copper additive suggesting the electrode with copper powder additive to have a higher
catalytic activity than those without copper. The electrode with the copper additive also exhibits little change in its

capacity over about 100 charge—discharge cycles.

1. Introduction

The rechargeable nickel-metal hydride battery is char-
acteristically akin to the nickel-cadmium battery, which
allows ready interchangeability [1]. The principal differ-
ence is that the nickel-metal hydride battery uses
hydrogen absorbed in an ABs-type or AB,-type alloy
for the active negative material in place of cadmium
used in the nickel-cadmium battery [2]. The AB,-type
alloys are claimed to have a higher capacity for
hydrogen to provide superior oxidation and corrosion
resistance, and to be less costly [3]. Among the AB»-type
alloys, ZrB, (B=Mn, Cr, V) Laves-phase alloys are
known to exhibit high specific capacities. However, in
order to make these alloys adequate for battery appli-
cations, it is mandatory to partially substitute the B-site
component with nickel and other appropriate elements
[4]. Alternatively, partial substitution of Ti for Zr has
also been reported to be equally beneficial [5]. It has also
been documented that Zr-based alloy electrodes show
remarkable improvement when copper powder is used
as an additive [0].

As a part of our ongoing research programme on
nickel-metal hydride cells [7-11], in the present study,
ZI'VOAzMn0A6CTOA05COOA05Ni1A2 alloy has been partlally
substituted with Ti for Zr, and its optimum composi-
tion, namely ZI‘O.QTio_1V0.2Mn0‘6CI‘0'05C00_05Ni1.2, has
been studied for the improved effect due to copper

addition. It has been possible to achieve a capacity value
of ca. 415 mA h g™" with such metal-hydride electrodes.

2. Experimental details

Ingots of Zr;_,Ti,V2Mng ¢Cr05C0005Nij > (0<x<
0.3) alloy compositions were obtained by arc melting
the spongy constituent elements under argon atmosphere
at 107 to 107 Pa in a water-cooled copper crucible. The
powdered alloy ingots were annealed at 1050 °C under
argon atmosphere for a week. The alloy samples thus
obtained were further powdered and sieved to obtain
particles in the range 50-75 um. Elemental composition
of the alloy samples were determined from energy
dispersive analysis by X-rays (EDAX) employing a Jeol-
JSM-840A scanning electron microscope linked to an
Oxford-ISIS elemental analyser by averaging the results
from ten randomly chosen spots. Powder X-ray diffrac-
tion (XRD) patterns of the alloy samples were obtained
on a Siemens-D005 Diffractometer using Cuk, radiation
and were indexed using the Proszki algorithm [12].
Roll-compacted clectrodes were prepared from the
dough obtained by mixing powdered alloy (85 wt %),
graphite powder (10 wt %) and polytetrafluroehthylene
suspension (5 wt %) in an ultrasonicator. The resultant
paste was rolled onto a smooth steel plate and the rolled
sheet of the active material with additives was folded
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around a degreased nickel mesh (28 mm X 23 mm X
0.02 mm) which was compacted at a pressure of
3000 kg cm™ for 2 min to obtain the metal-hydride
electrodes. The roll-compacted electrodes were sintered
in a gas stream comprising 10% hydrogen and 90%
argon at 350 °C for 30 min. Metal-hydride electrodes
with copper additive were prepared similarly but for
replacing 70% of graphite with copper powder (Koch
Chemicals Ltd, England). The physical thickness of the
finished electrodes was about 1 mm. The metal-hydride
electrodes thus prepared were subjected to galvanostatic
formation in electrochemical cells which contained 6 M
KOH as electrolyte and sintered nickel hydroxide
electrodes placed on cither side of the metal-hydride
electrode as counter electrodes.

A.c. impedance in the frequency range between
10 mHz and 10 kHz, and linear d.c. polarization mea-
surements on the electrodes were carried out as a function
of their state-of-charge (SOC) values using an Autolab-
PGSTAT30 set-up. For both the a.c. impedance and d.c.
polarization measurements, the electrodes were fully
charged and kept at open-circuit stand for about 2 h for
their open-circuit potentials to stabilize. For attaining

electrodes were left at open-circuit stand for 30 min prior
to each impedance measurement. The SOC value of the
metal-hydride electrodes was taken as zero at —0.6 V vs
Hg/HgO, OH™ (MMO) electrode. The impedance data on
the various metal-hydride electrodes were analyzed using
a nonlinear least-square fitting program [13]. Tempera-
ture-dependent capacity studies on the metal-hydride
electrodes were also carried out using specially designed
hot and cold chambers. Morphological analyses on the
electrodes were carried out on a Jeol-JSM-840A scanning
electron microscope both prior and after subjecting them
to electrochemical charge—discharge cycling studies.

3. Results and discussion
The chemical composition of various alloy samples
employed in the present study is given in Table 1. The

powder XRD patterns of various samples given in
Figure 1 exhibit well defined peaks corresponding either

Table 1. Compositions of the alloy samples employed during the study

different SOC values, the electrodes were discharged Alloy Alloy compositions Alloy compositions as
galvanostatically at C/5 rate up to a predetermined period ~ sample  aimed at determined by EDAX
so as to attalp the required SOC value. After discharging Z1Vo 5Cro.0sMig ¢Co00sNiy 2 Z11 05V 2Cro.0s/ Mg sye-
up tq a required SOC value, the cel.I was l.<jcpt. at open- C00.035Ni; 106
circuit stand for about 2 h to attain equilibrium. The 2 Z10,9Tio.1Vo2Cro0sMno 6- Z10.9Tio.11V02Croos
stable value of open-circuit potential (E.) was noted and Cog,osNi > Mg 53C00.042Ni >
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Fig. 1. Powder XRD patterns of the alloy samples (a) as prepared, and (b) after annealing.



to the cubic CI5 or hexagonal Cl4 Laves phase
structures. Mixed phases of Zr;Nijy and ZrgNiy; are
seen in as prepared alloy samples (Figure 1(a)) while the
presence of Zr;Nijo phase is observed in annealed
samples (Figure 1(b)) [4].

The electrode formation data for electrodes obtained
from various alloy samples are presented in Figure 2.
While the metal-hydride electrodes without any copper
powder additive form and achieve their stable capacity
values within 10-15 charge—discharge cycles those with
copper powder additive form within 6—7 charge—dis-
charge cycles as shown in Figure 2. Several approaches
have been adopted to increase the activation behavior of
metal-hydride electrodes [14-21]. It is evident that
metal-hydride electrodes comprising ZrgoTig1Voo-
Mny ¢Crg 95C0g osNij » and copper additive deliver the
highest capacity. A typical charge—discharge data for
such an electrode is presented in Figure 3. The galva-
nostatic discharge capacity data obtained at a discharge
current density of 80 mA g~' for various alloy elec-
trodes is given in Figure 4. Among all the electrodes, the
discharge curve for the electrode with copper powder
additive is quite flat hence providing an advantage of
constant specific energy out-put over the entire regime
of the electrode discharge. The flat discharge curve is
also indicative of a discharge where the effect of change
in reactants and reaction products is minimal until the
active materials are nearly exhausted.

To further examine the effect of copper powder
additive on the performance of alloy electrodes, we
have carried out impedance study as a function of state-
of-charge values of the electrodes and the data are
shown in Figure 5. It has been possible to fit the
impedance plots for the various alloy electrodes at all
SOC values to a Rq (R1Q)) (R>,Q») equivalent circuit,
shown in an inset to Figs. 5(a)-5(d), using a non-linear
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Fig. 2. Discharge capacity data obtained at 25 °C during formation
cycles for metal-hydride electrodes comprising () sample 1, (O)
sample 2, (A) sample 3 and (@) sample 2 + Cu.

least-square fitting program [22, 23]. The impedance
spectrum comprising two semicircles is due to two pairs
of parallel resistances and capacitances. However, the
semicircles are depressed with their centers below the
real axis. Accordingly, a constant phase element (CPE)
is considered in place of a capacitance. Consequently, R;
and Q; are the respective values for resistance and CPE
corresponding to the high-frequency semicircle, and R,
and Q, are the respective values for resistance and CPE
corresponding to the low-frequency semicircle. It is
noteworthy that while R; is the resistance due to
morphology of the porous-electrode subsequent to its
formation, R, refers to the charge-transfer resistance for
the electrode reaction. The two constant phase elements
0, and Q, refer to the capacitance due to the porous-
electrode morphology and electrode double-layer ca-
pacitance, respectively.
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Fig. 3. Typical charge—discharge data at C/5 rate for a metal-hydride electrode of sample 2 having copper additive obtained at 25 °C.
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Fig. 4. Discharge curves obtained at a load current density of
80 mA g~ for metal-hydride electrodes comprising (CJ) sample 1,
(O) sample 2, (A) sample 3 and (@) sample 2 + Cu, at 25 °C.

From the impedance data, it is evident that the
electrode reaction is primarily activation controlled. In
the above scheme for fitting the impedance data, Ro
refers to the ohmic resistance comprising electrolyte
resistance, resistance due to electrode material and the
resistance due to the electrical contacts. It is noteworthy
that while the R; value ranges between 22 and 97 mQ
for SOC values between 1 and 0 for electrodes without
copper additive, the R; value for the alloy sample 2
electrode with copper additive ranges between 26 and
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36 mQ for SOC values between 1 and 0. This clearly
shows that the morphology of the alloy sample 2
electrodes with copper additive is different from those
without copper additive. The charge-transfer resistance
(R¢) values for various alloy electrodes as obtained from
the impedance plots at different SOC values are shown
in Figure 6. The data show that the alloy having 10% of
titanium in A-site, namely ZrgoTiy;VooMngeCrgos-
CogosNij » exhibits the least R, value and hence is
most adequate for battery applications. Ohmic resis-
tance values for all the metal-hydride electrodes report-
ed here happen to be less than 50 mQ.

We also carried out discharge experiments for elec-
trodes with and without copper additive at C/5, C/3, C,
2C and 3C rates at 25°C, and data are shown in
Figure 7. These data show that metal-hydride electrodes
with copper additive have distinct advantage in relation
to those without copper additive at all discharge rates.
Similar findings have been reported [5, 24]. Metal-
hydride electrodes with copper additive deliver a dis-
charge capacity of 53% at 3C rate in relation to the
electrode capacity value at the C/5 rate. By contrast,
metal-hydride electrodes without any copper powder
additive delivered a capacity of 46% at 3C rate in
relation to the electrode capacity value at the C/5 rate.
We also conducted linear-polarization experiments on
metal-hydride electrodes at different SOC values for
electrodes with and without copper additive. Linear-
polarization data at various SOC values for the metal-
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Fig. 5. Electrochemical impedance spectra obtained at 25 °C for metal-hydride electrodes comprising (a) sample 1, (b) sample 2, (c) sample 3, and
(d) sample 2 + Cu. Equivalent circuit employed to fit the impedance data is also shown in the inset.
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hydride electrode having copper additive are shown in
Figure 8. R values for metal-hydride electrodes were
also calculated from the linear-polarization measure-
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ments and were found to be in good agreement with
those obtained from impedance measurements. The R,
values for metal-hydride electrodes derived from imped-
ance measurements were used for calculation of ex-
change current density values at different SOC values.
The exchange current density values obtained for all the
metal-hydride electrodes studied here at various SOC
values are given in Table 2. Data show a higher
exchange current density value at all SOC values for
metal-hydride electrodes with copper additive. This
shows that the activity of metal-hydride electrode is
enhanced by addition of copper. These exchange current
density values are higher than the values reported for
both the La-based ABs alloys [25, 26] and Zr-based AB,
alloys [27, 28], but are lower than cerium-substituted La-
based ABs alloys [29].

The faradaic efficiency of the metal-hydride electrodes
at 25 °C at the C/5 rate is about 98% for the 100%
charge input. Metal-hydride electrodes with copper
additive were also subjected to a charge stand for 12
days and were found to retain about 95% of their
nominal capacity. This suggests that the self-discharge
rate of these electrodes is about 0.4% per day which is
well within the self-discharge rates for alloy electrodes
reported in the literature [1, 30, 31]. Temperature-
dependent capacity measurements on the electrodes
were also conducted and data considering the discharge
capacity at 25 °C at C/5 rate to be 100% are shown in
Figure 9. Metal-hydride electrodes with copper additive
delivered more than 50% of capacity at —40 °C. At
higher temperatures, these eclectrodes delivered lesser
capacity in relation to the electrode capacity at 25 °C
[32]. Peukert plots for alloy sample electrodes with and
without copper additive are shown in Figure 10. From
these Peukert plots, we obtained values of n in the
Peukert relationship, I"t=a, where I is the discharge
current, ¢ is the discharge time and »n and «a are constants
[33]. The values of n for alloy electrodes with and
without copper additive are 0.83 and 0.74, respectively,
which suggest a higher faradaic efficiency for the
electrode with copper additive.

Metal-hydride electrodes were also subjected to
charge—discharge cycle-life test at C/5 rate and data
shown in Figure 11 depict little loss in the nominal
capacity of the electrodes up to 100 cycles. In literature
[34-36], several approaches have been attempted to
suppress the capacity loss during electrode cycling. It
has been reported that the charge—discharge character-
istics of metal-hydride electrodes can be improved to a
greater extent by microencapsulation of the alloy
powder with a thin copper layer [37]. We also believe
that the copper addition protects the alloy surface from
oxidation facilitating the charge-transfer reaction on the
alloy surface. This also decreases irreversible losses in
electrode capacities [6, 31].

A knowledge of change in morphology of the metal-
hydride particles during electrode charge—discharge
processes is important to reflect on the performance
characteristics of the electrodes [38]. Therefore, scanning
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Table 2. Exchange current density values obtained for various alloy electrodes as a function of their SOC values

SOC Value Exchange current density
Sample 1 Sample 2 Sample 3 Sample 2 + Cu
/mA cm™ /mA g /mA cm™ /mA g~ /mA cm™ /mA ¢! /mA cm™ /mA g
1.00 30.0 241.8 43.0 346.1 21.0 168.8 31.1 250.0
0.75 18.4 147.8 26.2 210.6 14.2 114.5 29.4 236.4
0.50 13.3 107.0 18.2 146.9 10.5 84.4 27.9 224.8
0.25 8.6 68.9 13.5 108.9 7.0 56.4 24.4 196.1
0.00 4.6 374 6.2 50.0 3.8 30.5 12.0 96.3
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Fig. 9. Low-temperature dischargeability of the electrodes of sample 2
(O) without copper additive and (@) with copper additive.
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Fig. 10. Peukert plots at 25 °C for the electrodes of sample 2 (O)
without copper additive, and (@) with copper additive.

electron micrographs for various alloy electrodes were
also obtained prior and after their cycle-life tests as
shown in Figures 12 and 13. As seen from the electron
micrographs, the alloy particles were free from any
surface cracks prior to charge—discharge cycling of the
electrodes. However, subsequent to cycling, morphology
of the alloy electrodes changed significantly and micro-
cracks were found to develop in the bulk alloys owing to
its volumetric deformation due to absorption/desorp-

Cycle number

Fig. 11. Cycle-life data obtained at 25 °C for metal-hydride electrodes
comprising ((J) sample 1, (O) sample 2, () sample 3 and (@) sample
2 + Cu at C/5 rate.

tion of hydrogen. Interestingly, the micrographs for
metal-hydride electrodes with copper additive show
distinct morphological changes after charge—discharge
cycling in relation to other electrodes which is in
conformity with the impedance data.

4. Conclusions

ZI'],xTixVO_2Mn0_6cr0A05C00A05Ni1Az (0 <x< 03) alloy
electrodes have been characterized electrochemically
and the effect of copper powder additive on Zry¢Tig -
Vo-Mng ¢Crg 05C0¢.0sNi; » alloy electrodes, which ex-
hibit the highest discharge capacity, has been
investigated. It has been found that the performance
of the ZroAgTiOA1V0A2Mn0A6Cr0.05C00,05Ni12 alloy elec-
trode improves on inclusion of the copper powder
additive and the exchange current densities for this
electrode are higher in relation to other electrodes at all
SOC values. This electrode exhibits a discharge capacity
of 83% at C rate in relation to its maximum value at C/5
rate. At —40 °C, this electrode exhibits a discharge
capacity of 52% in relation to its maximum value at
27 °C at C/5 rate. The electrode with copper additive
exhibited little change in its discharge capacity value of
415 mA h g7' over 100 charge—discharge cycles con-
ducted during the study.
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Fig. 12. Scanning electron micrographs for the electrodes comprising (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 2 + Cu prior to
their cycling.

Fig. 13. Scanning electron micrographs for the electrodes comprising (a) sample 1, (b) sample 2, (c) sample 3 and (d) sample 2 + Cu subsequent
to their cycling.
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