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bstract

Potential step was applied to Pb–Ca–Sn alloy electrode at various potential and time regimes. No severe corrosion was observed during potential
tep cycle with cathodic potential under −140 mV or over −40 mV versus Pb/PbSO4 (3.39 M H2SO4), or at constant potential without stepping.

n the other hand, the Pb–Ca–Sn alloy was severely corroded during potential step with cathodic potential from −120 mV to −60 mV and with

nodic potential of +40 mV or more positive. The corrosion could not be decreased with periodical rest at 0 mV, while it could be decreased with
eriodical reduction at high polarization of, e.g. −160 mV. It was found out that the severe corrosion occurs when the oxidation of Pb to PbSO4

nd partial reduction of passive film of PbSO4 take turns many times.
2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that positive lead alloy parts in lead-acid
atteries, for example positive posts, straps, plate-lugs or grids,
re often suffered by corrosion [1–3]. These parts tend to be
asily corroded because of its high potential in sulfuric acid
lectrolyte, but are corroded much slower than other metal since
he corrosion layer of PbO2 forms passive film [1,2]. On the
ther hand, negative parts are not suffered from so high potential
s positive parts. Negative electrode potential is more negative
han Pb/PbSO4 equilibrium potential during charging, therefore,
xidation of negative parts and negative active mass does not
rogress. Recently, however, some cases have been reported
here negative parts out of electrolyte are suffered by corrosion

4–6]. It is because the equilibrium potential of metal Pb oxida-
ion to PbSO4 is more negative than the potential of H2 evolution
n negative electrode. Pb metal is corroded much slower in the
lectrolyte also at the potential of negative electrode of lead-acid
attery, since the corrosion layer of PbSO4 forms passive film

3].

Under specific potential conditions in the electrolyte, how-
ver, it has been found that Pb alloy can be easily corroded during
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E-mail address: ken.sawai@jp.gs-yuasa.com (K. Sawai).
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otential step cycles around Pb/PbSO4 equilibrium potential.
herefore, potential step cycle tests were performed at var-

ous anodic and cathodic potential of Pb alloy electrode to
nvestigate the corrosion characteristics. The amount of cor-
osion layer formed during the cycle was measured and the
esults are compared with that of constant potential corrosion
est.

The electrode surface during the potential step cycles was
bserved by in situ electrochemical atomic force microscope
EC-AFM) [7–11] to investigate the corrosion mechanisms. This
bservation technique is very useful for studying the electrode
eactions in detail, because it can observe the electrode surface
n sulfuric acid electrolyte directly. Various types of knowledge
bout the electrochemical reactions on the negative and posi-
ive electrodes of lead-acid batteries have been obtained through
C-AFM observation of the morphological changes on Pb and
bO2 electrodes in sulfuric acid solution during oxidation and
eduction.

. Experimental
.1. Potential-controlled corrosion test

First, mass loss of Pb alloy working electrode during potential
tep test and constant potential test was measured.

mailto:ken.sawai@jp.gs-yuasa.com
dx.doi.org/10.1016/j.jpowsour.2007.08.109
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A three-electrode cell was assembled. Working electrode was
b–0.06 mass% Ca–0.6 mass% Sn alloy rolled sheet. The elec-

rode surface area was 24 cm2 for both sides. Counter electrode
as Pb sheet with 120 cm2 for both sides. Reference electrode
as Pb/PbSO4 (3.39 M H2SO4). The reference electrode was
repared as follows. Leady oxide powder (the row material of
ead-acid battery active mass) and water and sulfuric acid was

ixed to a paste, and the paste was put on Pb metal wire. The
aste was reduced to sponge Pb in H2SO4 solution, washed and
ried, and soaked into 3.39 M H2SO4. Mass of the sponge Pb
as ca. 1 g, and BET surface area of the reference electrode was
000–5000 cm2 g. The test cell and the reference electrode were
onnected via bridge of silica gel and H2SO4. The potential of
eference electrodes was checked each other at every test, and it
as stable enough during these tests. It may be because enough

urface area of the electrode. All the potentials described below
re referred to this electrode. Electrolyte was 3.39 M H2SO4
queous solution.

The working electrodes were prepared by cathodic reduction
n the cell at 30 mA for 2 h in 3.39 M H2SO4 at 40 ◦C. Potential
egime of the working electrodes in corrosion test will be shown
n Sections 2.1.1 and 2.1.2. Test period was 168 h, and ambient
emperature was 40 ◦C.

The working electrode after the corrosion test was rinsed with
istilled water and the corrosion layer was removed by alkaline
annitol solution. Mass of the working electrode before the

orrosion test and after elimination of the corrosion layer was
easured and the mass loss was calculated.

.1.1. Potential step corrosion test
Potential step corrosion tests were performed under condi-

ions as follows.
Cycle regime was set to repeat step at anodic potential for

0 s and cathodic potential for 30 s alternately. The cycle was
epeated for 168 h (10,080 cycles).

Test A: The test regime is shown in Fig. 1. Anodic potential

as set at +40 mV, and cathodic potential was changed to inves-

igate the potential region for severe corrosion, at 0 mV, −20 mV,
40 mV, −60 mV, −80 mV, −100 mV, −120 mV, −140 mV and
160 mV.

ig. 1. Potential profile of working electrode in the potential step test A to
easure mass loss by corrosion.

2

+

F
m

ig. 2. Potential profile of working electrode in the potential step test B to
easure mass loss by corrosion.

Test B: The test regime is shown in Fig. 2. Cathodic potential
as set at −80 mV and anodic potential was changed at +20 mV,
40 mV, +70 mV, and +100 mV.

Test C: The test regime is shown in Fig. 3. The cycle regime
as changed. Step interval at +40 mV anodic potential and
80 mV cathodic potential was changed for 15 s, 30 s, 45 s, and

0 s. Time for one cycle during these tests was 30 s, 60 s, 90 s,
nd 120 s, respectively.

Test D: The test regime is shown in Fig. 4. The rest at 0 mV
as taken for 1 h or 2 h every 60 cycles of 30 s interval steps.
hese potential step cycles were also repeated for 168 h, and test
ycles were changed due to each regime.

Test E: The test regime is shown in Fig. 5. More negative
otential step at −160 mV was taken for 180 s with various fre-
uencies. The frequency of the potential step at −160 mV was
et at once per 20 min, 30 min, 1 h, and 2 h. They correspond to
tep at −160 mV every 17, 27, 57 and 117 cycles, respectively.
hese potential step cycles were also repeated for 168 h, and test
ycles were changed due to each regime.
.1.2. Constant potential corrosion test
The working electrodes were kept for 168 h at +20 mV,

30 mV, +40 mV, +50 mV and +60 mV. These potentials cor-

ig. 3. Potential profile of working electrode in the potential step test C to
easure mass loss by corrosion.
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ig. 4. Potential profile of working electrode in the potential step test D to
easure mass loss by corrosion.

espond to negative electrode potential during continuous
ischarge in a lead-acid battery.

.2. In situ electrochemical atomic force microscope
EC-AFM) observation during potential step

In situ EC-AFM observation [7–11] was performed to inves-
igate corrosion mechanisms.

Fig. 6 shows schematic illustration of the EC-AFM measure-
ent. Working electrodes were Pb alloy rolled sheet. They were

00 mm in length, 20 mm in width. The alloy composition was
b–0.06 mass% Ca–0.6 mass% Sn. Counter electrode was PbO2
nd reference electrode was Hg/Hg2SO4 (0.5 M H2SO4). The
lectrode potential will be converted to voltage versus Pb/PbSO4
3.39 M H2SO4) in convenience.

Electrolyte was 3.39 M H2SO4 aqueous solution.

.2.1. Electrode preparation
Surface of working electrode was polished with abrasive

apers and then buffed with fine Al2O3 powder. Next, the elec-
rode surface was polished chemically with a mixed solution of

cetic acid and hydrogen peroxide, rinsed with distilled water,
ubstituted with ethanol, and finally dried.

The working electrode was assembled into the EC-AFM cell,
nd then the cell was filled with 3.39 M sulfuric acid electrolyte.

ig. 5. Potential profile of working electrode in the potential step test E to
easure mass loss by corrosion.
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he electrode was reduced by two steps of potential, starting
t −390 mV for 10 min followed by −190 mV for 10 min, to
emove lead sulfate from the surface.

.2.2. EC-AFM observation
Electrode surface morphology was observed by EC-AFM

mmediately after sample preparation. Fig. 7 shows time sched-
le for the EC-AFM observation and electrode potential step.
ime for oxidation or reduction was 30 s, and the rest time
or EC-AFM observation was 60 s. Cycle regime was varied
o compare the surface morphology of the working electrode
uring cycling. The oxidation potential was set at +40 mV,
nd the reduction potential was set at −200 mV, −80 mV, and
20 mV. The same region of the electrode was observed in every

ycle for each sample. The temperature was 25 ◦C through the
hole experiment. The observed area for an AFM image was
0 �m × 10 �m, its mode was deflection mode, and its time per
ne image was 52 s.

. Results and discussion

.1. Potential-controlled corrosion test

.1.1. Potential step corrosion test
Test A: Fig. 8 shows the mass loss of working electrode by

orrosion during the potential step cycle. Working electrode
as severely corroded at cathodic potential from −60 mV to
120 mV. Corrosion of working electrode was less when the

athodic potential of cycle was more positive than −60 mV or
ore negative than −120 mV. The maximum mass loss was

45 mg cm2 during 168-h cycles at −80 mV cathodic potential.
orrosion layer of PbSO4 cannot prevent the electrode sur-

ace from further oxidation during the specific potential step.
hen the structure of the corrosion layer was observed. Fig. 9
hows photograph of the working electrode and corrosion layer
n cross-section of the sample, after potential step cycles between
40 mV and −80 mV. The corrosion layer was made of PbSO4.
t shows that the corrosion layer was porous and uniform, unlike
he grain boundary corrosion at the positive grid. It shows that
he electrode repeated dissolution and precipitation and passive
ayer of dense PbSO4 is not formed under these conditions.
he corrosion layer was 0.4 mm thick measured from Fig. 9.
he 145 mg cm2 mass loss of the electrode is corresponding to
.128 mm depth of corrosion on Pb alloy electrode surface. The
olume becomes 3.1 times from 0.128 mm to 0.4 mm after the
orrosion, because the density of PbSO4 is lower than that of Pb
etal, and the corrosion layer is porous.
Test B: Fig. 10 shows the mass loss of working electrode by

orrosion during the potential step cycle with various anodic
otential. Mass loss of electrode increased steeply at +40 mV
nodic potential and remained at almost the same level when the
nodic step potential was more positive than +40 mV. It shows
hat malfunction of passive layer against the corrosion is caused

y the specific cathodic potential during cycling, and not by the
nodic potential.

Test C: Fig. 11 shows the mass loss of working electrode
y corrosion during the potential step cycle with various inter-
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Fig. 6. Schematic of

als. Mass loss of electrode during 168 h was increased with
horter step interval. The mass loss during 10,080 cycles of each
tep interval was calculated from the data. It was increased with
onger step interval.

Test D: Fig. 12 shows the mass loss of working electrode by
orrosion during the potential step cycle with no rest or with
h or 2 h rest, for every 60 cycles. Although the mass loss of
lectrode during 168 h was decreased with longer rest, the mass
oss during 10,080 cycles calculated from the data was almost

he same under these conditions. It shows that the corrosion
ate is not affected by the rest during the cycles but is deter-
ined by time and number of steps between anodic and cathodic

otential steps during cycles. Function of PbSO4 layer against

3

d

C-AFM apparatus.

urther corrosion of the surface does not change during the
est.

Test E: Fig. 13 shows the mass loss of working electrode
y corrosion during the potential step cycle with reduction
tep at −160 mV for 180 s with various frequencies. The mass
oss of electrode was decreased with more frequent reduc-
ion at −160 mV. It shows that corrosion layer formed during
he oxidation–reduction cycles is reduced to metal Pb during
athodic polarization at −160 mV and corrosion do not advance.
.1.2. Constant potential corrosion test
Fig. 14 shows the mass loss of working electrode by corrosion

uring the constant potential corrosion test.
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Fig. 7. Potential profile of working electrode to observe surface morphology by
EC-AFM during potential step test.

Fig. 8. Mass loss of working electrode during potential step corrosion test at
various cathodic potential.

Fig. 9. The SEM photograph of cross-section of the working electrode after
potential step test.

Fig. 10. Mass loss of working electrode during potential step corrosion test at
various anodic potential.

Fig. 11. Mass loss of working electrode during potential step corrosion test with
various step intervals.

Fig. 12. Mass loss of working electrode during potential step corrosion test with
rest for various periods.
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Fig. 13. Mass loss of working electrode during potential step corrosion test with
cathodic polarization at −160 mV for 180 s at various frequencies.
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ig. 14. Mass loss of working electrode during constant potential corrosion test
t various potential.

Corrosion of working electrode was not so severe than those
f potential step tests. Corrosion layer did not develop with con-

tant anodic potential. It is supposed that dense passive layer
f PbSO4 is formed on the electrode. It shows that the corro-
ion advances only when the potential is stepped to the specific
athodic potential.

ig. 15. The EC-AFM images of working electrode surface: (a) at the initial state; (b
he first cycle; of potential step test. Side length of the photographs is 10 �m.
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.2. In situ AFM observation during potential step

Fig. 15 shows the EC-AFM images of electrode surface at
nitial state (Fig. 15(a)), after oxidation at +40 mV (Fig. 15(b))
nd after reduction at −200 mV (Fig. 15(c)) of the same part of
he working electrode surface at the first cycle.

At the initial state, the AFM image (Fig. 15(a)) shows the
urface of Pb alloy. After the first oxidation, smooth particles
f 5 �m or more covered the electrode surface (Fig. 15(b)). It
hows that PbSO4 particles were formed by oxidation on the
urface. Then, after the first reduction, the particles disappeared
Fig. 15(c)). The surface image after the reduction is similar to
hat at the initial state (Fig. 15(a) and (c)). It shows that PbSO4
articles on the surface were reduced to Pb. It is found out that
bSO4 particles formed at anodic potential disappear at cathodic
otential.

Fig. 16 shows the EC-AFM images of electrode surface dur-
ng potential step between +40 mV and −200 mV. The images
ere taken before the seventh cycle (Fig. 16(a)), and after oxi-
ation at +40 mV (Fig. 16(b)) and after reduction at −200 mV
Fig. 16(c)) at the seventh cycle.

The surface image before the seventh cycle (Fig. 16(a)) is
imilar to that at the initial state (Fig. 15(a)). Particles, which
ere supposed to be PbSO4, covered the electrode surface after
xidation at +40 mV (Fig. 16(b)), and they disappeared after
eduction at −200 mV (Fig. 16(c)). Appearance of electrode
urface seemed not to be changed before (Fig. 16(a)) and after
he seventh cycle (Fig. 16(c)). It shows that PbSO4 formed at
nodic potential is reduced to metal Pb at −200 mV for 30 s in
very cycles and corrosion do not advance further.

Fig. 17 shows the EC-AFM images of electrode surface dur-
ng potential step between +40 mV and −80 mV. The images
ere taken before the seventh cycle (Fig. 17(a)), after oxida-

ion at +40 mV (Fig. 17(b)) and after reduction at −80 mV
Fig. 17(c)) at the seventh cycle.

The electrode surface was already partially covered with
mooth particles of PbSO4 (Fig. 17(a)). After oxidation
Fig. 17(b)), more PbSO4 particles were formed at lower cen-
er and upper left corner of image, and the particle at left side
rew larger. After the reduction (Fig. 17(c)), the particle at lower
) after oxidation at +40 mV at the first cycle; (c) after reduction at −200 mV at

enter disappeared. However, the particle at left side did not dis-
ppeared or seemed grown more, and the particles at upper left
orner changed the shape and also did not disappeared. The
lectrode surface was covered more with PbSO4 particles after
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Fig. 16. The EC-AFM images of working electrode surface: (a) before oxidation at the seventh cycle; (b) after oxidation at +40 mV at the seventh cycle; (c) after
reduction at −200 mV at the seventh cycle; of potential step test. Side length of the photographs is 10 �m.
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ig. 17. The EC-AFM images of working electrode surface: (a) before oxidati
eduction at −80 mV at the seventh cycle; of potential step test. Side length of t

Fig. 17(c)) the seventh cycle than before (Fig. 17(a)). It was
ound out that PbSO4 formed at anodic potential is not fully
educed to metal Pb at −80 mV for 30 s in every cycles and cor-
osion advances. Each PbSO4 particle is not equally reduced,
nd some PbSO4 particles are reduced to Pb and the other
emained unreduced at −80 mV. PbSO4 particles accumulate
n the surface unevenly, and during repetition, porous corro-
ion layer is formed at the surface. Unreduced PbSO4 particles
ould not be distinguished from reduced particles by their size
r shape by the image (Fig. 17(b) and (c)). Other conditions like
ulfuric acid concentration or local current density may affect
eactivity.

Fig. 18 shows the EC-AFM images of electrode surface dur-

ng potential step between +40 mV and −20 mV. The images
ere taken before the seventh cycle (Fig. 18(a)), after oxida-

ion at +40 mV (Fig. 18(b)) and after reduction at −20 mV
Fig. 18(c)) at the seventh cycle.

+
P

c

ig. 18. The EC-AFM images of working electrode surface: (a) before oxidation at
eduction at −20 mV at the seventh cycle; of potential step test. Side length of the ph
the seventh cycle; (b) after oxidation at +40 mV at the seventh cycle; (c) after
otographs is 10 �m.

The electrode surface was already covered firmly with PbSO4
articles (Fig. 18(a)), and little change was observed during the
eventh cycle (Fig. 18(b) and (c)). The PbSO4 particles seem
o form passive layer and it cannot be reduced during step at

20 mV.

.3. Mechanism of corrosion of Pb–Ca–Sn alloy during
otential step

Fig. 19 shows the schematic diagram of the corrosion
echanism during potential step cycles with various reduction

otentials.
When the reduction potential is −200 mV, PbSO4 formed at
40 mV is fully reduced at −200 mV for 30 s in every cycle and
bSO4 does not accumulate.

The severe corrosion observed during the potential step
ycle is caused by repetition of oxidation and reduction of Pb

the seventh cycle; (b) after oxidation at +40 mV at the seventh cycle; (c) after
otographs is 10 �m.
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Fig. 19. Schematic diagram of corrosion mechanism du

lloy. When the electrode potential is stepped between +40 mV
nd −80 mV, PbSO4 formed at +40 mV is not fully reduced
t −80 mV for 30 s and PbSO4 accumulates gradually. Some
f the PbSO4 particles are reduced and the corrosion layer
ecome porous, sulfuric acid can go into the deeper elec-
rode surface, and the corrosion advances at the next +40 mV
tep.

When the reduction potential is −20 mV, PbSO4 formed at
40 mV is not reduced at −20 mV for 30 s and PbSO4 forms
ense passive layer like constant potential corrosion.

The corrosion rate is depend on the number of partial reduc-
ion times of passive layer, or cycle number, therefore, the rate
s not lowered by the rest at 0 mV or longer step interval for the
ame cycle number.

On the other hand, frequent cathodic polarization at−160 mV
or 180 s is effective to decrease the thickness of corrosion layer.
ven if the corrosion layer is developing, it can be reduced to
etal Pb at −160 mV.

Some of PbSO4 particles can be reduced to Pb and some

emain at −80 mV, therefore PbSO4 accumulates on the elec-
rode surface but passive layer is broken at each cycle. That
auses the porous thick corrosion layer on the surface.

R

potential step cycles with various reduction potentials.

. Conclusions

Potential step was applied to Pb–Ca–Sn alloy electrode
t various potential and time regimes. No severe corrosion
as observed with cathodic potential under −140 mV or
ver −20 mV versus Pb/PbSO4 (3.39 M H2SO4), or at con-
tant potential without potential step. On the other hand, the
b–Ca–Sn alloy was severely corroded during potential step
ycles when the cathodic potential was from −120 mV to
40 mV for 30 s and the anodic potential was +40 mV or more

ositive for 30 s. The corrosion could not be decreased with peri-
dical rest at 0 mV, while it could be decreased with periodical
eduction at high polarization, e.g. −160 mV. It was found out
hat the severe corrosion occurs when the oxidation of Pb to
bSO4 and partial reduction of PbSO4 passive film take turns
any times.
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