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Abstract

Electrochemical studies on AB2 type Zr0:5Ti0:5V0:6Cr0:2Ni1:2 metal hydride electrodes with varying particle size
suggests that the electrodes with alloy particles of about 60 lm yield the optimum performance. The values for
di�usion coe�cient of hydrogen in the alloy particles >25 lm are found to be nearly invariant. Both a.c. impedance
and linear polarization data on electrodes with varying particle size suggest that the charge-transfer resistance
depends on state-of-charge of the electrodes. A comparison of scanning electron micrographs of fresh electrodes
and subsequent to their prolonged charge-discharge cycling suggests that the metal hydride particles develop stress-
induced cracks owing to their inherent expansion and contraction during the hydriding/dehydriding processes.

1. Introduction

Nickel/metal hydride (Ni/MH) battery is now widely
recognized as a substitute for the nickel/cadmium
system for a variety of applications. The key factor in
the development of the Ni/MH battery is the selection of
an appropriate hydrogen-storage alloy to function as the
negative electrode [1±3]. Various alloys that have been
employed as negative electrode material in Ni/MH cells
belonging to the AB2 and AB5 series. Among these,
zirconium-based AB2 alloys are documented as the most
appropriate metal hydride electrode materials [4±6]. The
composition and preparatory conditions of electrodes
have been reported to a�ect their performance [7, 8].
The electrochemical hydrogen storage within the alloy

during charging of the electrode in aqueous KOH
electrolyte occurs according to the following reactions:

M�H2O� eÿ !MHad �OHÿ �1�

Reaction 1 represents the formation of adsorbed
hydrogen at the electrode/electrolyte interface through
charge-transfer followed by absorption and subsequent
di�usion of hydrogen into the bulk resulting in forma-
tion of the metal hydride depicted as

MHad !MHab �2�

MHab !MHhyd �3�

where the subscripts ad, ab and hyd refer to adsorbed,
absorbed and hydrided states, respectively. The reverse

processes occur during discharge of the electrode. The
performance of the metal hydride electrode is deter-
mined by the kinetics of Reaction 1 at the electrode/
electrolyte interface, the rate of hydrogen di�usion
within the bulk of the alloy and its speci®c hydrogen-
storage capacity. The charge-transfer process controls
the overall electrode reaction at low charge/discharge
currents. At higher currents, the electrode reaction is,
however, restrained by hydrogen di�usion within the
bulk alloy. It is obvious that, if Reaction 1 determines
the electrode capacity, a high active surface area is
desirable. On the other hand, if di�usion of hydrogen in
the alloy (i.e., Reaction 3) controls the electrode
capacity, an optimization in particle size of the constit-
uent alloy powder would be desirable. However, an
attempt to enhance the surface area of metal hydrides
may lead to deleterious e�ects due to surface oxidation.
In contrast, a higher particle size of the alloy may hinder
hydrogen di�usion within the bulk alloy and hence a
reduction in charge storage. Therefore, it is mandatory
to optimize the particle size and morphology of the alloy
constituting the metal hydride electrode for improved
performance.
In the literature [9±11], there are a few reports on the

in¯uence of surface modi®cation of metal hydrides and
the electrode performance. For example, ball milling of
Mg2Ni alloy brings about a reduction in its particle size
with a positive e�ect on its charge storage [9]. By
contrast, for ZrCr0:4Mn0:2V0:1Ni1:3 alloy [10], continu-
ous amorphization by ball milling substantially reduces
its charge-storage capacity. Indeed, a recent study on a
misch metal AB5-alloy [11] shows that particle size has a
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crucial role on the performance of metal hydride
electrodes. In most cases, the change in capacities is
ascribed to the collapse in crystal structure and/or due
to a change in the surface activity of the alloy. Since the
e�ect of surface modi®cation on electrode performance
di�ers from system to system, it is imperative to examine
it for di�erent alloys.
In the literature [12±18], both impedance spectroscopy

and linear polarization techniques have been employed
to study the kinetics of charge±discharge and di�usion
processes during the hydrogen absorption/desorption
reactions. The electrode kinetic parameters obtained
from a.c. impedance studies have been found to com-
pliment the linear polarization studies. In this commu-
nication we report systematic morphological and
electrochemical studies employing both impedance and
linear polarization measurements to identify the kinetic
parameters for metal hydride electrodes with varying
particle size of the Zr0:5Ti0:5V0:6Cr0:2Ni1:2 alloy.

2. Experimental details

2.1. Alloy preparation and physicochemical
characterization

Ingots of Zr0:5Ti0:5V0:6Cr0:2Ni1:2 alloy each weighing
about 600 g, were obtained by arc melting of spongy
constituent elements under argon atmosphere at 10ÿ3 to
10ÿ4 Pa in water-cooled copper crucibles. Morpholog-
ical and compositional analyses of the alloy were carried
out on a Jeol-JSM-840A scanning electron microscope
coupled with an Oxford-ISIS elemental analyser. After
mechanical pulverization, the ingot was separated into
various particle sizes by passing it through graded
sieves, namely 97±146 lm (100±150 mesh), 86±97 lm
(150±170 mesh), 73±86 lm (170±200 mesh), 49±73 lm
(200±300 mesh), 42±49 lm (300±350 mesh), and
<42 lm (350 mesh). The average of the extreme sizes
from each batch was taken for data presentation and
discussion. Particle-size analyses for various ranges of
alloy particles were also carried out on a Malvern (UK)
Mastersizer-X ver. 1.2 by using the polydisperse model.
The X-ray powder di�raction (XRD) patterns of pow-
ders with di�erent particle size were recorded on a
Siemens-D 5005 X-ray di�ractometer using CuKa radi-
ation.

2.2. Electrochemical studies

Roll-compacted negative electrodes were prepared from
powders with varying particle size. The dough obtained
by mixing the alloy powder (85 wt %), graphite
(10 wt %), and polytetra¯uoroethylene (PTFE)-GP2
Fluon suspension (5 wt %) was rolled into a thin sheet
and folded around a degreased nickel mesh (24 mm ´
30 mm); the loading of active material on each elec-
trode was 800 mg. The details of electrode fabrication
have been reported elsewhere [4]. The electrochemical

cell for the electrode characterization was assembled
with metal hydride negative electrode, nickel-positive
electrode, and a Hg/HgO, OHÿ (6 M KOH) reference
electrode (MMO). All the potentials were measured with
respect to the MMO reference electrode. The state-of-
charge (SOC) value of the metal hydride electrode was
taken as zero when the potential was )600 mV vs
MMO.
To monitor the potentiodynamic behaviour of the

bulk alloy, the ingots were sliced to obtain alloy pieces
of dimensions: 20 mm ´ 20 mm ´ 2 mm. These alloy
pieces were mounted on a spring loaded Te¯on sample
holder with stainless steel connectors. The electrochem-
ical cell for the characterization of the ingot metal
hydride electrode was assembled akin to that for the
roll-compacted electrodes, with the ingot slice as the
negative electrode.
The linear sweep voltammograms of the electrodes

were obtained at room temperature using an EG&G
PARC Versastat driven by an IBM compatible com-
puter and EG&G PARC model M-270 electrochemical
software. The equilibrium potential (Ee) and exchange
current density for electrodes with di�erent particle sizes
was determined as a function of the SOC values.
Impedance measurements on the metal hydride elec-
trodes at di�erent SOC values were carried out using an
EG&G PARC model-6310 electrochemical impedance
analyser coupled to an IBM-PC and driven by EG&G
model 398 software, in the frequency range 5 mHz±
100 kHz with a signal amplitude of 5 mV. The imped-
ance data were analysed by using a nonlinear least
square (NLLS) ®tting programe [19].
During the initial formation cycles, the electrodes

were charged and discharged galvanostatically at C/10
rate. Subsequently, the electrodes were subjected to a
charge±discharge schedule at C/5 rate. For a.c. imped-
ance and d.c. polarization measurements, the electrodes
were fully charged and kept at open-circuit stand for
about 2 h to stabilize at open-circuit potential. For
attaining di�erent SOC values, the electrodes were
discharged galvanostatically at C/5 rate for a predeter-
mined period so as to attain the required SOC value.
After discharging up to a required SOC value, the cell
was kept at open -circuit stand for about 2 h to attain
equilibrium conditions. The stable value of OCV (Ee)
was noted and the linear-polarization experiments were
carried out within �15 mV around Ee at a scan rate of
1 mV s)1. The cell was again left at open-circuit stand
for 10 min prior to impedance measurements. This
procedure was repeated for measurements at all SOC
values.

3. Results and discussion

3.1. Physicochemical characterization of the alloy

The elemental composition of the alloy as obtained from
energy dispersive analysis of X-rays (EDAX) by aver-
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aging the results from ten randomly chosen spots was
found to be Zr0.49Ti0.46V0.65Cr0.21Ni1.19. The particle
size data for various ranges of sieved alloy powders were
found to agree well within the ranges obtained from
graded sieves. The typical data for particle size analysis
of the 100±150 mesh size powder are shown in Figure 1.
The sauter mean from the particle size analysis was
found to be 124 lm, which is in close agreement with the
average value of the sieve range, namely 122 lm. The X-
ray di�raction (XRD) patterns obtained for the powders
with three di�erent particle sizes are shown in Figure 2.
It is clear from the XRD patterns that the powdering
has little e�ect on the structure of the alloy particles.

3.2. Electrochemical studies on the alloy ingot

Potentiodynamic behavior of the alloy ingot was studied
in 6 M KOH. On immersing the ingot electrode in the
electrolyte, it showed an OCV of )0.3 V vs MMO. The
voltammogram recorded in the potential region encom-
passing both the anodic and cathodic sides of OCV at a
scan rate of 1 mV s)1 is shown in Figure 3. The
voltammogram obtained on the freshly soaked ingot
electrode (Figure 3, curve 1) shows an appreciably low
current in the potential region negative to OCV and the
current increases in the potential region of about )0.95 V
vs MMO due to hydrogen evolution. In the potential
region positive to OCV, the current increases from a low
value, probably due to the oxidation of one of the
metallic components of the alloy. Subsequent to the
experiment, the OCV remained at about )0.3 V vs
MMO thus suggesting that the hydrogen storage did not
take place in the alloy sample during the potentiody-
namic experiment. Therefore, a galvanostatic current of
10 mA cm)2 for about 1 h was passed through the
electrode to enhance hydrogen evolution. Subsequent to
the cessation of current, the electrode potential reached
equilibrium OCV of about )0.9 V vs MMO, which is

close to the theoretical value for the hydrogen evolution
reaction. Thus, the ingot electrode behaved as a metal
hydride electrode by absorption of hydrogen. The
voltmmogram (Figure 3, curve 2) now showed higher
magnitudes of current in both the cathodic and anodic
potential regions. Hydrogen evolution and absorption
into the electrodes occur in the cathodic regions. The
current plateau between )0.9 and 0.15 V vs MMO is due
to the oxidation of the absorbed hydrogen. At potentials
beyond 0.15 V vs MMO, the increase in current is due to
the oxidation of the ingot similar to curve 1. These data
suggest that the present alloy can be safely used as a
metal hydride electrode in the potential region up to
about 0.15 V vs MMO without its oxidation.

3.3. Electrochemical studies on roll-compacted electrodes

The cycle-life data of the electrodes with di�erent
particle sizes are shown in Figure 4. During the initial

Fig. 1. Particle-size distribution for the 100±150 mesh size powders of

the alloy.

Fig. 2. Powder X-ray di�raction patterns for the alloy powders of particle size: (a) 25, (b) 60 and (c) 120 lm.
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cycles, the capacity is low for all the electrodes. But,
subsequent to about the seventh charge-discharge cycle,
the electrodes yield nearly stable capacity values except
for the electrode with alloy particles of �25 lm. The
capacity of the electrodes with particles of �25 lm is
not stable even after their formation and shows a
continuous decrease with cycle number. The data on
particle-size e�ect on discharge capacity of the elec-
trodes obtained at di�erent rates of discharge at room
temperature are shown in Figure 5. It is evident that, at
lower rates of discharge, the electrodes with higher
particle size (average particle size 120 lm) are superior
in performance with a maximum speci®c capacity of
320 mA h g)1. By contrast, at higher discharge rates,
the capacity values for the electrodes decrease mono-
tonically with increasing particle size except for the
electrodes with particles of �25 lm which yield lowest
discharge capacity at all rates.
The grain size, surface morphology of the alloy

particles, charge-transfer kinetics at the electrode/elec-

trolyte interface, and di�usion of hydrogen in the alloy
normally determine the dischargeability of the alloy.
The lower capacity values observed for electrodes with
particles of �25 lm may be due to a partial surface
oxidation of the alloy and/or due to the lower porosity
of the electrodes, both of which suppress the e�ective
surface-area for hydrogen adsorption. The observation
that the electrodes with higher particles are superior in
performance at lower rates of discharge suggests that the
lower-sized particles have more inactive surface and
di�usion does not limit the discharge process at lower
rates. Furthermore, the higher discharge capacity values
observed for electrodes with higher particle sizes at
lower discharge currents can be attributed to a more
e�ective utilization of its charge-storage capacity. Since
the electrode dischargability is mainly controlled by the
charge-transfer reaction at the electrode/electrolyte in-
terface, a higher active-electrode surface area would
yield a higher discharge capacity. However, at higher
rates of discharge, both the charge transfer at the
interface and the di�usion of hydrogen in the bulk
alloy would determine the discharge capacity. The low
capacity values observed at high discharge rates for
electrodes with higher particle size may mainly be due to
the restricted di�usion of hydrogen in the bulk alloy.
The maximum capacity values at high discharge rates
are obtained for metal hydride electrodes with particles
ranging between 60±80 lm.

3.4. Di�usion coe�cient of hydrogen in the alloy powders

Assuming constant ¯ux at the surface and uniform
initial concentration of hydrogen in the spherical alloy
particles, the di�usion equation for large transition
times (s) is represented by [17, 18, 20, 21],

Qr � Q0 ÿ si � ia2=15D �4�

Fig. 3. Cyclic voltamogram of the alloy ingot (4 cm2) at scan rate of

1 mV s)1 before (1) and after (2) absorption of hydrogen.

Fig. 4. Cycle life data obtained with charge/discharge current of 50 mA g)1 for the electrodes of di�erent particle sizes.
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where Qr and Q0 are, respectively, the residual speci®c
charge and initial speci®c charge (in C g)1) in the alloy, i
is the speci®c discharge current (in A g)1), a is the
average radius of the alloy particles and D is the di�u-
sion coe�cient of hydrogen in the alloy. The estimation
of di�usion coe�cient requires the values for residual
capacity of the electrode (Qr) after discharge up to the
transient time (s) and the mean particle size of the alloy.
Since the same alloy composition was employed for
di�erent particle sizes, the theoretically attainable ca-
pacity per gram would be similar for all particle sizes. In
practice, however, both the morphology and surface
changes a�ect the hydrogen storage capacity of the
alloys, as discussed earlier [9±11, 17]. In particular,
surface oxidation of the alloy particles greatly reduces
the amount of active material available for storage and
hence hinders the electrode kinetics. Therefore, for the
same alloy with varying particle sizes, the charge storage
capacity di�ers appreciably. It is also found from the
discharge capacity data at di�erent rates that the
hydrogen storage capacity is greater for alloys with
higher particle size (Figure 6). Accordingly, the theoret-
ical capacity value is not appropriate for calculating the
di�usion coe�cient. Hence, the intrinsic discharge
capacity of the electrodes (for zero discharge current
density) with di�erent particle sizes have been estimated
by extrapolating their discharge capacity versus dis-
charge current plots to zero current [14]. The discharge
capacities as a function of discharge rate for di�erent
particle sizes are shown in Figure 6(a). The discharge
capacities of the electrodes of various particle size vary
linearly with their discharge rates. Since the maximum
attainable capacity is expected at zero rate of discharge,
extrapolation of discharge capacity versus discharge rate
plots to zero rate of discharge provides the maximum
attainable capacity (Q0). The Q0 values thus obtained
are also shown in Figure 6(b). It is found that the Q0

value is greater for higher particle sizes. The theoretical
capacity for the present alloy considering absorption of

one hydrogen atom per metal atom is 440 mA h g)1,
which is not very di�erent from its experimental value of
320 mA h g)1.
For longer discharge schedules, the transient times

can be obtained from the galvanostatic discharge curves
as the time taken to discharge the electrode up to a cut-
o� voltage of )0.6 V vs MMO. The galvanostatic
discharge curves for di�erent rates of discharge for the
electrodes with an average particle size of 60 lm are

Fig. 5. Discharge capacities of formed electrodes with di�erent particle size at various discharge current densities: (a) 50, (b) 80 and (c)

100 mA g)1.

Fig. 6. (a) Discharge capacity (Q) as a function of discharge current

density for electrodes with varying particle sizes and (b) maximum

attainable capacity (Q0) as a function of particle size.
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shown in Figure 7(a) and for other particle sizes,
namely, 25, 60 and 120 lm at C/5 rates in Figure 7(b).
The observed transition times at di�erent rates of
discharge for electrodes with average particles of
60 lm were found to be 21.72, 12.9 and 10.8 ks,
respectively, and the residual capacity (Qr) of the
respective electrodes after their discharge were found
to be 64.8, 104.4, and 129.6 C g)1 for the discharge
current densities of 50, 80, and 100 mA g)1, respectively;
the corresponding di�usion coe�cients for hydrogen are
4.78 ´ 10)10, 4.76 ´ 10)10 and 4.78 ´ 10)10 cm2 s)1.
The values of di�usion coe�cients for hydrogen (D)
calculated for the alloys with di�erent particle sizes are
shown in Figure 7(c). These data show that the D value
for alloy particles with an average particle size of 25 lm
is �10)11 cm2 s)1; but is nearly invariant at �5 ´
10)10 cm2 s)1 for alloy particles >25 lm. It is notewor-
thy that the value of D obtained presently are higher
than those reported for La-based hydrogen-storage
alloys [13, 17] but are smaller to those obtained for
Mm (misch metal)-based AB5 alloys [22].

3.5. Particle-size e�ect on impedance parameters and
electrode kinetics of the electrodes

The complex-impedance plots for the electrodes with
di�erent particle sizes subsequent to their formation are
shown in Figure 8(a). Each spectrum consists of a pure
resistive component (RW) followed by two overlapped
and depressed semicircles. This impedance behaviour
can be modeled with an equivalent circuit shown in
Figure 8(b). The resistive component (RW) comprises the
resistive contributions from the electrolyte, electrodes,
current collectors, tags, terminals etc. The semicircles in
the high frequency region were mainly attributed to be
the resistive (R1) and capacitive contributions arising
from the electrode processing parameters [14, 23]. The
impedance loci in the low frequency region represent the
charge-transfer process (charge-transfer resistance Rct

and associated double-layer capacitance) at the elec-
trode/electrolyte interface [6, 23]. The impedance pa-
rameters shown in Figure 8(b) were evaluated by using
the NLLS ®tting program [19]. The simulated imped-
ance values derived from the equivalent circuit were
found to ®t well with the experimental data as shown in
Figure 8(a). It is seen that, the electrodes exhibit a high
Rct prior to their formation. Subsequent to formation,
Rct decreases for electrodes of all alloy particle sizes. For
the fully formed electrodes, Rct shows an increase with
decrease in alloy particle size as shown in Figure 8(a).
The linear-polarization data for electrodes with dif-

ferent particle sizes recorded at SOC values �1 are
shown in Figure 9. The values of Rct were also evaluated
from Figure 9 using Equation 5:

dg
di

� �
g�0
� Rct � ÿ R T

F i0
�5�

Fig. 7. (a) Galvanostatic discharge curves at di�erent discharge

current densities for electrodes of average particle size 60 lm, (b)

discharge curves at a current density of 50 mA g)1 for electrodes of an

average particle size 25, 60 and 120 lm, and (c) di�usion coe�cient (D)

as a function of particle size.

Fig. 8. (a) Complex impedance plots for electrodes with di�erent

particle sizes subsequent to their formation and (b) the equivalent

circuit used for NLLS ®t (alloy powder weight 0.8 g; electrode area

7.2 cm2).
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where g (=E ) Ee) is the overpotential, i0 is the
exchange current density and the other symbols have
their usual meaning. The charge-transfer resistance (Rct)
for the electrodes calculated from their impedance data
as well as from linear polarization data (Equation 5) are
shown in Figure 10(a) as a function of particle size.
Although the Rct values obtained from these two
methods are slightly di�erent, the trend of their varia-
tion with particle size is similar for both methods. The
di�erence in Rct values obtained from the two experi-
mental techniques may be due to the slow potential scan
technique in relation to the steady-state technique
employed for measuring the linear polarization data.

The lower particle size shows a maximum Rct value and
the electrodes with particles of �60 lm exhibit the least
Rct value. As discussed earlier, this increase in Rct value
for lower particle size may be due to the presence of a
higher oxidized surface on the alloy particles. The
exchange current density (i0) values calculated from the
linear polarization method using Equation 5 are also
plotted in Figure 10(b) as a function of particle size. The
exchange current density is minimum for lower particle
size and maximum for electrodes with particle size of
�60 lm. The lower capacity observed for the electrode
with smaller particle size (�25 lm) may thus be ascribed
to the inactive oxide ®lm, which hinders the charge-
transfer process and hence gives a lower exchange
current density. It is also evident that the optimum
performance observed for the electrodes with average
particle size of 60 lm is due to faster electrode kinetics.

3.6. State-of-charge of the electrodes and electrode
kinetics

The impedance and linear polarization measurements at
di�erent state-of-charge (SOC) were also conducted to
monitor changes in the electrode kinetics. Impedance
plots and linear polarization curves recorded at di�erent
SOC values for the electrode with particles of�60 lmare
shown in Figures 11 and 12, respectively. The Rct values
obtained from both these methods at di�erent SOC
values for electrodes with average particle sizes of 25, 60
and 120 lm are shown in Figure 13. The Rct value
gradually increases from the fully-charged state (SOC
�1) of the electrodes to SOC �0.1; for the fully-
discharged electrodes (SOC �0), it increased to a higher
value. This increase may be due to the formation of a
passive oxide ®lm on the surface of the alloy particles in
the later stage of discharge. A similar trend in variation of
Rct as a function of SOC has also been observed for Mm-
based alloys [24, 25], and La and La±Zr based alloys [23].
The exchange current density obtained at di�erent

SOC values for three di�erent electrodes with particles
of 25, 60 and 120 lm, obtained by Equation 5 from the
linear polarization data are shown in Figure 14(a) as a
function of the SOC values. For electrodes with particle
of �25 lm, the i0 values decrease almost linearly with
SOC of the electrode. But for electrodes with higher
particle size (i.e., 60 and 120 lm) the i0 values initially
decrease as the SOC value of the electrode decreases and
then exhibit a plateau-like region followed by a steep fall
at lower SOC. This variation in i0 values, particularly, at
the lower SOC, may be due to a change in electrode
kinetics probably due to the surface oxidation of the
alloy particles. Such variation may also be attributed to
the change in kinetics of the electrode reaction as the
relative amounts of hydride phases change with hydro-
gen content within the alloy [16]. The i0 values for the
present system are found to be almost double the values
observed for La-based AB5 alloys [18] and much higher
than that reported for La [17], Mm and Zr-based alloys
[26, 27].

Fig. 9. Linear polarization data of the electrodes of di�erent particle

sizes obtained at a scan rate of 1 mV s)1 subsequent to their formation

at SOC �1 (alloy powder weight 0.8 g; electrode area 7.2 cm2).

Fig. 10. (a) Charge transfer resistance (Rct) as a function of particle

size of the alloy for fully-formed electrodes from impedance spectros-

copy (s) and linear-polarization data (h) and (b) the exchange current

density (i0) calculated from linear polarization data as a function of

particle size of the alloy particles (alloy powder weight 0.8 g; area

7.2 cm2).
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The dependence of equilibrium potential (Ee) on
SOC values for electrodes with three di�erent particle
sizes are shown in Figure 14(b). As the electrode is
discharged from its fully-charged state, the value of Ee

decreases at the initial stage of discharge followed by a
plateau-like region and again decreases beyond
SOC <0.6. The change in Ee values for lower size
particles is relatively higher. The Ee of the metal
hydride electrodes is proportional to the logarithm of
the equilibrium hydrogen pressure of the metal hydride
[14, 17]. The Ee against SOC curves can be regarded as
isotherms of the hydrogen storage alloy used for
electrode fabrication. Therefore, in the present system,

the rapid change in Ee values for SOC <0.2 is
characteristic of the a-phase or the solid-solution
whereas the plateau region is characteristic of the
(a + b) phase. The change in slope observed at SOC
�1 is representative of b-phase. The variation in Ee

with SOC di�ers from that reported for AB5 alloys
[14, 18] and, in particular, the plateau region is not
clearly distinguishable. Since a plot of the Ee against
SOC values is regarded as the isotherm of the system,
such a di�erence is expected [18]. It is noteworthy that
while the isotherms of AB5-alloys show a well-de®ned
plateau region, it is nearly absent for the AB2-type
alloys.

Fig. 11. Impedance plots at di�erent SOC values of a fully-formed electrode of average particle size 60 lm (alloy powder weight 0.8 g; electrode

area 7.2 cm2).

Fig. 12. Linear polarization data obtained at a scan rate of 1 mV s)1 for di�erent SOC values of a fully-formed electrode of average particle size

60 lm (alloy powder weight 0.8 g; electrode area 7.2 cm2).
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Fig. 13. Rct values obtained from (a) impedance and (b) linear

polarization data against SOC values for electrodes of average particle

size 25, 60 and 120 lm (alloy powder weight 0.8 g; electrode area

7.2 cm2).

Fig. 14. (a) Exchange current density (i0), and (b) equilibrium poten-

tial (Ee) against SOC of electrodes of average particle size 25, 60 and

120 lm.

Fig. 15. Electron micrographs for electrodes with average particle size of 60 lm before cycling (a) and (b), and after 50 charge±discharge cycles

(c) and (d).
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3.7. E�ect of electrode cycling on morphology and
electrode kinetics

A knowledge on the morphology of the metal hydride
particles is central to charge±discharge characteristics of
the electrodes. The hydrogen storage in the alloy causes
a lattice expansion of �25% with a mechanical strain
that leads to the pulverization and passivation of the
alloy by surface oxidation. Electron micrographs for
electrodes of particle size �60 lm before and after
cycling are shown in Figure 15. The alloy particles do
not have surface cracks before charge±discharge cycling
of the electrodes (Figure 15(a) and (b)). The electrode
structure (Figure 15(a)) also shows compact packing of
the alloy particles in the matrix. However, subsequent to
50 charge±discharge cycles, electrode structure and
morphology of the alloy (Figure 15(c) and (d)) change
signi®cantly and microcracks develop throughout the
alloy. There is also a concomitant increase in the volume
of the alloy particles during the cycling of the electrodes.
Similar observations during cycling of metal hydride
electrodes have been reported in the literature [28, 29].
The impedance plots recorded at various cycles for

electrodes with alloy particle of �60 lm clearly show the
e�ect of cycling on electrode kinetics (Figure 16). The
charge-transfer resistance is higher for the electrode
during initial cycling (curve 1) but decreases during
formation and is minimum for the formed electrodes
(curve 3). Pulverization of the alloy particles is expected
on prolonged cycling of electrodes. The pulverized
particles easily undergo oxidation causing an increase
in the charge-transfer resistance of the electrodes as
observed from the impedance plots recorded after 50
charge±discharge cycles (Figure 16, curve 4).

4. Conclusion

The study suggests an optimum particle size of 60 lm
for Zr0.5Ti0.5V0.6Cr0.2Ni1.2 alloy to fabricate e�cient
metal hydride electrodes for nickel/metal hydride cells.
These electrodes exhibit faster electrode kinetics and
undergo a minimum surface oxidation over their pro-

longed usage in relation to electrodes of other particle
sizes. Electron micrographs obtained on electrodes prior
and after their prolonged charge±discharge cycling
suggest a signi®cant change in their structure and
morphology; this a�ects the performance of the elec-
trodes. These ®ndings are supported by the a.c. imped-
ance studies on the electrodes.
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Fig. 16. Impedance plots obtained on fully-charged electrodes (SOC

�1) of 60 lm particles after 2nd (1), 9th (2), 15th (3) and 50th (4)

charge±discharge cycles (alloy powder weight 0.8 g; electrode area

7.2 cm2).
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