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The amount and distribution of additive species in zinc alloy particles containing 0.025wt% bismuth
modi®ed with 0.10wt% indium for mercury-free alkaline manganese batteries were examined after
storage at various discharging levels at 60 °C. The amount of hydrogen gas evolution due to the self-
discharging reactions of zinc and the internal cell impedance were also evaluated. The amount of
additive species in the zinc alloy particles was found to increase with increasing depth of discharge.
Indium was homogeneously distributed on the surface even after partial discharge and also after
storage for 1200 h at 60 °C. This behaviour is considered to contribute to the suppression of hydrogen
gas evolution and increase in the internal cell impedance to the same level as when mercury is
employed. As a result, mercury-free alkaline manganese batteries showed the same storage charac-
teristics as conventional batteries containing mercury.
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1. Introduction

Zinc is widely used as a negative active material for
batteries (e.g., LeclancheÂ batteries and alkaline
manganese batteries) because it has a large energy
capacity and economic advantages. Zinc has been
added with mercury to suppress the evolution of
hydrogen gas brought on by the self-discharge reac-
tions of zinc and by the increase in internal cell im-
pedance [1±14]. The use of mercury has become an
environmental issue and attention has been focused
on developing mercury-free batteries.

Miura et al. [9±11] and Yamakawa et al. [12] re-
ported that the addition of indium, lead, bismuth,
calcium or tin to a zinc particle has the e�ect of
suppressing hydrogen gas evolution. Sato et al. [15]
reported that the addition of indium oxide to zinc
alloy powder is also e�ective. However, zinc alloy
powder containing such additives has also been re-
ported to increase the internal cell impedance, re-
sulting in a decrease in the discharge capacity,
especially at high rate discharge [11].

We have shown that zinc alloy powder containing
0.025wt% bismuth modi®ed with 0.10wt% indium
by a dry coating process, where the zinc alloy pow-
der is mixed with indium metal in a nitrogen gas
atmosphere, improves the electrochemical charac-
teristics, including the internal cell impedance and
the self-discharge to the same level as in the case of
using mercury [6±8]. Consequently, we have suc-
ceeded in developing high-performance mercury-free

alkaline manganese batteries by using zinc alloy
powder.

In practical use, however, batteries are often
stored in a state of partial discharge and at high
temperature. Therefore, suppressing the deterioration
of the storage characteristics under such conditions is
very important. In this work, the amount of hydro-
gen gas evolution at partial discharge and the internal
cell impedance under high-temperature storage were
investigated.

2. Experimental details

2.1. Sample preparation

Preparation of the zinc alloy powder followed our
past approach. A dry coating process [6] was used to
modify the zinc alloy particle with indium.

In addition, zinc powder modi®ed with mercury
was prepared, as previously described [9].

2.2. Qualitative and quantitative analysis

Zinc alloy powder was dissolved in aqueous 30wt%
nitric acid and its composition was determined by
atomic absorption analysis. Content changes of the
additive species versus the depth of discharge were
also determined by atomic absorption analysis.

Test cells were fabricated to be of the LR6 type
with a diameter of 14mm and a height of 50mm, by
using 10 g of manganese dioxide and 3.7 g of zinc

JOURNAL OF APPLIED ELECTROCHEMISTRY 28 (1998) 1221±1225

0021-891X Ó 1998 Chapman & Hall 1221



alloy powder for the positive and negative electrodes,
respectively. As a result, the capacity of the positive
electrode was 1.2 times that of the negative electrode.
These cells were discharged with a constant load of
3:9X at 20 °C to various depths of discharge and the
zinc alloy powder was removed. The zinc oxide in the
zinc alloy powder was dissolved in aqueous 5wt%
ammonia and the additive species were analysed
quantitatively by the same procedure.

The distribution of indium in the zinc alloy parti-
cles was observed with an electron probe X-ray
microanalyser (EPMA) (model X-650, Hitachi Co.,
Ltd). The cross section of the particle was observed
with a transmission electron microscope (TEM)
(model H-9000UHR, Hitachi Co., Ltd). The indium
composition was determined by energy dispersive X-
ray spectroscopy (EDX) method which included a
process of ion etching in argon gas.

2.3. Measurement of hydrogen gas evolution

The amount of hydrogen gas evolution under the
various depths of discharge was measured by a pre-
viously described procedure [8]. Discharges of 25%,
50%, 75% and 100% the cell capacity was achieved
using a constant load of 3:9X at 20 °C. Storage for
480 h at a constant temperature of 60 � 1 °C was
made possible using a water bath.

2.4. Measurement of the electrochemical
characteristics

The test cells were stored in an oven at 60 � 1 °C.
After 240, 480, 720, 960 and 1200 h storage, the int-
ernal cell impedance was measured using an LCR
meter (Yokokawa Electric. Co., Ltd). In addition,
discharge was carried out a constant load of 3:9X at
20 °C to 0.9V.

3. Results and discussion

3.1. In¯uence of state of partial discharge
on hydrogen gas evolution

Figure 1 shows the amount of hydrogen gas evolu-
tion in test cells with zinc alloy powder containing
0.025wt% bismuth modi®ed with 0.10wt% indium
(Zn±In±Bi) and in cells with zinc powder modi®ed
with 0.15wt% mercury (Zn±Hg) under various
depths of discharge (DOD).

The amount of hydrogen evolution increased with
increasing DOD. The Zn±In±Bi alloy powder ex-
hibited almost the same behaviour as the Zn±Hg al-
loy powder.

Figure 2 shows the change in the amount of indi-
um, bismuth and mercury in the zinc alloy particles
under various DOD values. The amount increased
with increasing DOD. This is because zinc with more
negative redox potential than indium, bismuth and
mercury [16] dissolves into the electrolyte as
Zn(OH)4

2) during discharge [1]. Therefore, the con-

centrations of the indium, bismuth and mercury
increase in the zinc alloy particles. Figure 3 shows a
typical indium distribution on Zn±In±Bi alloy parti-
cles after 100% discharge. Even after discharge, the
indium showed a homogeneous distribution on the
surface.

Fig. 1. Relation between the depth of discharge and the amount of
hydrogen gas evolution in testing cells with Zn±In±Bi (s) and Zn±
Hg (d).

Fig. 2. Relation between the depth of discharge and the amount of
In (s), Bi (h) and Hg (d) in Zn±In (0.10wt%)±Bi (0.025wt%)
and Zn±Hg (0.15wt%).
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Yamasoto et al. [14] reported that the evolution of
hydrogen at partial discharge can be suppressed by
increasing the content of the additive species in a zinc
alloy particle with increasing DOD. This hydrogen
gas evolution suppression can be maintained despite

the content change of the additive species; this applies
even if the mercury content in a zinc alloy particle is
reduced from 3.0 to 1.5wt%. Sato et al. [15] reported
that the addition of indium oxide to zinc alloy pow-
der is e�ective in suppressing the evolution of hy-
drogen gas at partial discharge. This is because the
surface is modi®ed with indium metal due to reduc-
tion of indium oxide during discharge. The indium
increases the hydrogen overvoltage on the surface.

The results obtained are in good agreement with
those reported above. Consequently, the e�ect of Zn±
In±Bi on suppression of the evolution of hydrogen
under partial discharge was considered to be due to
the increase additive species content with increasing
DOD and to the homogeneous surface distribution of
indium, even on 100% discharge.

3.2. In¯uence of temperature on cell impedance

The internal cell impedance is likely to increase
strongly during high-temperature storage so that the
cell cannot discharge at all. This is because zinc oxide
forms on the zinc alloy particles causing increased
contact resistance. The internal cell impedance in-
creased with increasing storage time as shown in
Fig. 4; both Zn±In±Bi alloy powder and Zn±Hg alloy
powder exhibited almost the same result.

Figure 5 shows the discharge characteristics of
testing cells in the initial state and after 1200 h storage
at 60 °C. The results with the Zn±In±Bi alloy powder
were almost the same as those with the Zn±Hg alloy
powder even after high-temperature storage.

Figure 6 shows the distribution of indium after
storage for 1200 h at 60 °C. The indium exhibited
homogeneous surface distribution.

Figure 7 shows a TEM micrograph of the cross
section of a Zn±In±Bi alloy particle after storage for
1200 h at 60 °C. Table 1 shows the content of the

Fig. 3. X-ray image of In (a) and SEMmicrograph (b) for a Zn±In
(0.10wt%)±Bi (0.025wt%) alloy particle after discharge at 20 °C.

Fig. 4. Relation between the storage time at 60 °C and the internal cell impedance for Zn±In (0.10wt%)±Bi (0.025wt%) (s) and Zn±Hg
(0.15wt%) (d).
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additive species on the surface and in the bulk. The
surface exhibited the same double-layer structure as
that existing before storage [8]. The composition of
the surface layer determined by the EDX method, did
not change and no indium content was detected in the
bulk.

It is known that mercury on zinc alloy powder
di�uses into the bulk during storage, as reported by
Koda et al. [17] and Miura et al. [10]. The increase in
internal cell impedance with Zn±Hg alloy powder is
considered to be due to mercury di�usion into the
bulk and the self-discharge reactions of zinc.

By contrast, the e�ect of Zn±In±Bi alloy powder in
suppressing the increase in internal cell impedance
during high-temperature storage is considered to be
due to homogeneous surface distribution of indium.
This is because the conductive matrix between par-
ticles is maintained by the indium [6]. Hence, Zn±In±
Bi alloy powder exhibits the same storage character-
istics as Zn±Hg alloy powder.

4. Conclusions

The content change and the distribution of additive
species in Zn±In±Bi alloy powder were examined to
investigate their in¯uence on the storage character-
istics of mercury-free alkaline manganese batteries.

The results suggest:

(i) The amount of bismuth in the Zn±In±Bi alloy
particles increases as DOD increases and indium
distribution on the surface remains homoge-
neous. This helps maintain the hydrogen over-
voltage at its initial level during the entire
discharge.

(ii) After storage at 60 °C, indium distribution on
the surface of the Zn±In±Bi alloy particles also
remains homogeneous. This contributes to
maintaining conductivity between the alloy par-
ticles.

(iii) The self-discharge characteristics after partial
discharge and the discharge characteristics after
high-temperature storage can be maintained at
the same level as when employing zinc powder
containing 0.15wt% mercury as a negative
electrode.

Fig. 5. Continuous discharge curves of Zn±In (0.10wt%)±Bi (0.025wt%) (Ð) and Zn±Hg (0.15wt%) (- - -) under a constant load of
3:9
 at 20 °C.

Fig. 6. X-ray image of In (a) and SEMmicrograph (b) for a Zn±In
(0.10wt%)±Bi (0.025wt%) alloy particle after storage for 1200 h
at 60 °C.
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Table 1. Content of In and Bi on the surface layer and in the bulk of a Zn±In (0.10wt%)±Bi (0.025wt%) alloy particle

Additives Content of In and Bi/wt %

Surface layer Bulk

Initial After 1200 h storage

at 60 °C
Initial After 1200 h storage

at 60 °C

In 86 87 ± ±

Bi 14 13 0.01 0.01

Fig. 7. TEM micrograph of the cross section of a Zn±In (0.10wt%)±Bi (0.025wt%) alloy particle after storage for 1200 h at 60 °C. (a)
and (b) are analysed points by EDX.
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