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Abstract

Silver/metal hydride (Ag/MH) cells of about 1 Ah capacity have been fabricated and their discharge characteristics
at di�erent rates of discharge, faradaic e�ciency, cycle life and a.c. impedance have been evaluated. These cells
comprise metal±hydride electrodes prepared by employing �60 lm powder of an AB2-Laves phase alloy of nominal
composition Zr0:5Ti0:5V0:6Cr0:2Ni1:2 with PTFE binder on a nickel-mesh substrate as the negative plates and
commercial-grade silver electrodes as the positive plates. The cells are positive limited and exhibit two distinct
voltage plateaus characteristic of two-step reduction of AgO to Ag during their low rates of discharge between C/20
and C/10. This feature is, however, absent when the cells are discharged at C/5 rate. On charging the cells to 100%
of their capacity, the faradaic e�ciency is found to be 100%. The impedance of the Ag/MH cell is essentially due to
the impedance of the silver electrodes, since MH electrodes o�er negligible impedance. The cells may be subjected to
a large number of charge±discharge cycles with little deterioration.

1. Introduction

In recent years, metal hydrides have been found to be
viable replacements for toxic cadmium electrodes of
nickel/cadmium (Ni/Cd) cells [1, 2]. Nickel/metal hy-
dride (Ni/MH) batteries also provide relatively high
energy density and longer cycle life. Another system,
that employs metal hydride electrodes, is the silver/metal
hydride (Ag/MH) battery. The Ag/MH cell combines
the high energy density of the silver electrodes with the
long cycle life of the metal hydride electrodes and, thus,
potential improvement in performance over Ni/MH and
silver/zinc (Ag/Zn) cells. The half-cell reactions during
charge±discharge of the Ag/MH cells are as follows.
At the negative electrode:

2MH� 2OHÿ ) *
discharge

charge
2M� 2H2O� 2 eÿ �1�

�E� � ÿ0:93V vsMMO�

and at the positive electrode:

2AgO�H2O� 2 eÿ ) *
discharge

charge
Ag2O� 2OHÿ �2�

�E� � 0:51V vsMMO�

On further discharge, Ag2O is reduced to Ag following
the reaction:

Ag2O�H2O� 2 eÿ ) *
discharge

charge
2Ag� 2OHÿ �3�

�E� � 0:29V vsMMO�

The overall cell reaction, thus, is given as

2MH� 2AgO ) *
discharge

charge
2M�Ag2O�H2O �4�

�E�cell � 1:44V�

The cell has a nominal voltage of about 1.4 V, which is
marginally higher than the cell voltage of 1.35 V for
the Ni/MH system. In the literature, the studies on the
Ag/MH cells are rather scanty. Eagle Picher were the
®rst to report the development of Ag/MH cells for
aerospace and military applications [3±5]. Some prelim-
inary studies on bipolar Ag/MH cells have also been
reported [6]. But, these studies are limited to determin-
ing the capacity of the Ag/MH cells and their ability
towards charge retention.
In this communication, we report detailed investiga-

tions on fabrication of Ag/MH cells using AB2 metal
hydride electrodes and commercial-grade silver-positive
plates along with their discharge characteristics, cycle
life and a.c. impedance behaviour at various state-
of-charge values. The study suggests that primarily the
impedance of the positive Ag-electrodes limits the
performance of these Ag/MH cells.
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2. Experimental details

An ingot (�500 g) of Zr0:5 Ti0:5 V0:6 Cr0:2 Ni1:2 alloy was
prepared from the spongey constituent elements by
repeated arc melting under an argon atmosphere in the
range 10ÿ3±10ÿ4 Pa in a water-cooled copper crucible.
The alloy was pulverized mechanically and was passed
through graded sieves to obtain alloy particles in the
range 50±73 lm (average particle-size 60 lm).
Roll-compacted metal hydride electrodes were pre-

pared following the procedure reported elsewhere [7]. In
brief, the alloy powder (85 wt%), graphite (10 wt%)
and polytetra¯uoroethylene (PTFE) GP2-Fluon suspen-
sion (5 wt%) were mixed intimately, and the resulting
paste was spread as a thin layer onto a degreased nickel
mesh (4 cm � 3 cm) followed by compaction at a
pressure of 3000 kg cmÿ2 for 5 min and heat treatment
in hydrogen atmosphere at 350 �C for 30 min. Positive
limited 1.4 V/1 Ah Ag/MH secondary cells were assem-
bled using commercial Ag electrodes, which were
stacked alternatively with the metal hydride electrodes.
The electrodes were separated by a polypropylene
cloth and were housed in polypropylene containers.
The cells were ®lled with 6 M KOH electrolyte and
had the provision to insert a microtipped Hg/HgO,
KOH (6 M) reference electrode (MMO) for measuring
the individual electrode potentials. All the experiments
were carried out at ambient temperature (�30 �C) but
for the a.c. impedance measurements, which were
carried out in an air conditioned room maintained at
20 � 1 �C. The batteries were subjected to a few initial
charge±discharge cycles at C/20 rate. The electrodes
were formed during these low rate charge±discharge
cycles. Thereafter, a charge±discharge schedule at the C/
10 rate was adopted. The electrical circuit for charge±
discharge cycles consisted of a regulated d.c. power
source, a high resistance and an ammeter in series. The
cell voltage and electrode potentials were measured
using a digital multimeter with a high input impedance.
An impedance analyser (EG&G PARC model 6310) was
employed for the a.c. measurements of the cells. The cell
was excited with an a.c. signal amplitude of 5 mV in the
frequency range from 100 kHz to 5 mHz. The state-of-
charge (SOC) at a cut-off voltage of 1 V was taken as
zero. The cell was fully charged at the C/10 rate
and allowed to stand on open circuit for 2 h before
the a.c. impedance measurements were carried out.
The cell was allowed to reach equilibrium conditions
under open circuit for 2 h prior to each impedance
measurement.

3. Results and discussion

The ingot, as well as the powdered samples of Zr0:5 Ti0:5
V0:6 Cr0:2 Ni1:2 alloy, were subjected to powder XRD
and SEM studies [7]. The data suggested that the alloy
was homogeneous in composition and its structure
conforms to AB2-Laves phases. The electrochemical

reactions corresponding to individual electrodes of Ag/
MH cells are given in Equations 1±3. In the charged
state, the positive electrode constitutes essentially AgO,
the discharge of which proceeds in two steps [8]. In the
®rst step (Equation 2), Ag2O is formed, which subse-
quently undergoes reduction to Ag in the second step
(Equation 3). Since the reversible potentials of the
two steps are distinctly di�erent, the potential of the Ag
electrode varies in two separate plateau-regions during
charge/discharge of the Ag/MH cell.
The 1.4 V/1 Ah Ag/MH cells were subjected to

charge±discharge cycles at several rates and typical data
of cell voltage together with potentials of the individual
electrodes at C/20 and C/5 rates are shown in Figures 1
and 2, respectively. The cells were discharged to a cut-o�
voltage of 1 V, where the corresponding silver and metal
hydride electrode potentials were 0.15 V and ÿ0:85 V vs
MMO. At low rates of discharge between C/20 and
C/10, two plateaus for the cell voltage were observed
essentially due to the variation in the Ag electrode
potential. During charging (Figure 1), the nominal cell-
voltage values corresponding to the two plateaus were
1.48 V and 1.17 V and the respective values of Ag
electrode potential were 0.56 V and 0.27 V vs MMO.
On the other hand, the potential of the MH was nearly
invariant at a value of ÿ0:91 V vs MMO. On comparing
the cell voltage during its charge and discharge, the
overvoltages for the two plateaus of the cell were about
0.1 V (high-voltage plateau) and 0.08 V (low-voltage
plateau). These values corresponded to the overvoltages
of the Ag electrode during its charge±discharge processes.
It may be noted from Figures 1 and 2 that, the cell
capacity was limited by the positive silver plates. The cell
delivered an average capacity of 1.1 Ah at the C/10 rate
(discharge current 0.1 A).
The faradaic e�ciency of the cell obtained at the C/10

rate as a function of the charge input is shown in Figure 3.
The faradaic e�ciency close to 100% was achieved when
the cell was charged to 80% of its nominal capacity.
At charge inputs >100%, the cell delivered a capacity of
1 Ah. The faradaic e�ciency, however, decreased from
92% to 60% with an increase of charge input from
100% to 160% of its nominal capacity. These data
suggest that the maximum cell capacity may be obtained
by charging the cell to 100% of its nominal capacity; the
overcharging of the cell seemingly does not in¯uence its
discharge capacity. Overcharging, by contrast, may
a�ect the cell performance due to the evolution of
oxygen and hydrogen gases at the Ag and MH elec-
trodes, respectively.
The Ag/MH cells were subjected to charge±discharge

cycles at di�erent rates. The cell capacity decreased with
an increase in charge±discharge rate as shown in
Figure 4. The decrease in cell capacity on increasing
the discharge current may be attributed to the discharge
behaviour of the silver electrodes, as seen from Figures 1
and 2. During charging of the cell at the C/20 rate, the
two potential plateau regions of the Ag electrode are
clearly separated atleast by about 0.3 V (Figure 1(a)).
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Similarly, during discharge at the C/20 rate, the two
plateaus are well separated by about the same magnitude
(Figure 1(b)). During C/5 rate charging (Figure 2(a)),
however, the lower-potential plateau of the Ag electrode
is higher due to its higher overpotentials than at the C/20
rate charging (Figure 1(a)). Since the potential regions
are closely located during charging at C/5 rate, the
oxidation of Ag to AgO (Equations 3 and 4) may not be
quantitatively complete before oxygen evolution reac-
tion commences. On initiation of discharge at C/5 rate
(Figure 2(b)), the Ag electrode potential falls rapidly to

the second plateau due to a high overvoltage, yielding
most of the discharge capacity of the cell at about 1.1 V.
The high rates of discharge, therefore, are not favour-
able. Besides, the following aspects of Ag electrodes are
also not conducive for high discharge rates. Silver oxide
has a pronounced tendency to form colloids in alkaline
electrolyte, which are transported to the negative plate
due to cataphoresis [8]. This factor decreases the
capacity of the cell and causes internal short circuiting.
It is known that the electrical resistance of Ag2O is
considerably higher than AgO. As the oxidation of silver

Fig. 1. Variation of Ag/MH cell voltage and individual electrode potentials at C/20 rate during (a) charge and (b) discharge.

Fig. 2. Variation of Ag/MH cell voltage and individual electrode potentials at C/5 rate during (a) charge and (b) discharge.
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proceeds during initial charging, a ®lm of Ag2O is
formed on the surface of the electrode. During high rates
of charging, Ag2O ®lm builds up and increases the
resistance at the electrode/electrolyte interface. During
the second plateau of cell charging, Ag2O is oxidized to
AgO and the resistance of the surface ®lm decreases [9].
Since high rates of charge±discharge do not favour the
performance of the Ag/MH cell, C/10 rate was chosen
for obtaining the cycle-life data. The capacity of the cell
over about 40 cycles is shown in Figure 5. The ®rst few

cycles gave low cell capacity followed by a nearly
constant capacity of about 1 Ah.
The impedance spectra for the Ag/MH cell at

SOC �1 and for the individual electrodes are shown in
Figure 6. All three sets of data points take the shape of
semicircles in the Nyquist plots suggesting a parallel
combination of resistances and capacitances in the
corresponding equivalent circuits. An estimation of the
diameter of the semicircle provides the charge-transfer
resistance (Rct) of the electrochemical reaction. A
comparison of the impedance data in Figure 6 suggests
that the MH electrodes have negligibly smaller imped-
ance in relation to Ag electrodes. Also, the impedance of
the Ag/MH cell is similar to Ag electrodes. TheseFig. 3. Faradaic e�ciency (%) and capacity (Ah) of the Ag/MH cell

as a function of charge input.

Fig. 4. Capacity (Ah) of the Ag/MH cell as a function of its discharge

rate.

Fig. 5. Cycle-life data of the Ag/MH cell at C/10 rate.

Fig. 6. A.c. impedance spectrum of (a) MH-electrode, (b) Ag-elec-

trode and (c) the Ag/MH cell at SOC �1.
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observations also suggest that the performance of the
Ag/MH cell is mainly governed by the kinetics of the Ag
electrode reactions.
Since the Ag electrode behaviour is di�erent in the

two voltage plateaus, it is of interest to examine the
nature of the impedance data of Ag/MH cells in these
two regions as well as at the transient region between the
two plateau-regions (Figure 7). The high-frequency
intercept of the impedance of the cell at a voltage of
1.42 V (Figure 7(a)) is 1.2 X whereas at 1.08 V the
intercept is 0.3 X. Since the high-frequency intercept
provides ohmic resistance of the cell, which includes the
resistance of the electrolyte, the current collectors,
electrode materials etc., a higher value of 1.2 X at

1.42 V accounts for the presence of AgO phase, the
resistance of which is higher than Ag. The lower ohmic
resistance of 0.45 X at 1.08 V is due to more conducting
Ag phase in the positive electrodes. At a cell voltage of
1.2 V, prior to change over of the cell from 1.4 V
plateau to 1.1 V plateau, the ohmic resistance is as high
as 2.35 X. This is because the electrode essentially
consists of Ag2O phase. Since the diameter (or low-
frequency intercept) is a measure of Rct of the electro-
chemical reactions occurring at the Ag electrodes, a
comparison of the three sets of data in Figure 7 reveals
that Rct value of about 70 X obtained from Figure 7(b)
is considerably higher than Rct value of <2:5X obtained
from Figure 7(a) and (c). Accordingly, the reaction
corresponding to AgO/Ag2O couple is highly sluggish in
relation to the Ag/Ag2O couple.

4. Conclusions

The AB2-alloy of composition Zr0:5 Ti0:5 V0:6 Cr0:2 Ni1:2
has been successfully employed for fabrication of metal
hydride electrodes and assembly of Ag/MH cells of 1 Ah
capacity. The cell performance is limited by the Ag
electrodes and not the MH electrodes since the imped-
ance of the latter is negligibly smaller than the Ag
electrodes. A nominal discharge capacity of about 1 Ah
has been obtained at the C/10 rate even when the cells
are not overcharged. A constant cell capacity over forty
charge±discharge cycles suggests that Ag/MH cells are
suitable for commercial exploitation.
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