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Abstract

An electrochemical atomic force microscope (EC-AFM) was used to study the reaction of a lead dioxide electrode in sulfuric acid
solution, while the reaction corresponding to what occurs at the positive electrode of a lead-acid battery took place. We observed continuous
in situ morphology change of the lead dioxide electrode and the potentiostatic transient, when the oxidation and reduction potentials were
applied to the electrode. As a result, it was confirmed that lead sulfate crystals began to deposit from the moment when the reduction
potential was applied and the reduction transient showed a sharp peak shape at the same time. On the other hand, the dissolution of lead
sulfate crystals was delayed from the moment when the oxidation potential was applied. It took about 2 min for all the crystals to dissolve,
and the oxidation transient was recorded as a broad shaped curve. © 2001 Published by Elsevier Science B.V.
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1. Introduction

We are now using an electrochemical atomic force micro-
scope (EC-AFM) as a new analysis technique for the
detailed understanding of the reaction processes in lead-
acid batteries, because the AFM can make in situ observa-
tion of the electrode surface morphology and its change. In
the previous investigation, we succeeded in observing the in
situ morphology change of a lead electrode in sulfuric acid
during oxidation and reduction, as a model of the negative
electrode reaction [1,2]. This successful observation result is
useful for designing a low cost battery for HEV, EV and other
novel applications with the improvement of the specific
power and the charge acceptability of the negative electrode
in the lead-acid battery [3.,4].

It is, however, also important for achievement of higher
battery performance to study positive electrode behavior.
Premature capacity loss (PCL), Sb free effect, active mate-
rial utilization and corrosion resistance of the grid in a
positive electrode are major issues that have to be solved
by more detailed analysis [5—11].
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Therefore, we have started to study the electrochemical
reaction of a lead dioxide electrode using the in situ EC-
AFM technique. As the first trial, we investigated the
morphology change of the lead dioxide electrode by EC-
AFM and the potentiostatic transient when the oxidation and
reduction potentials were applied. As a result, we observed
an interesting behavior of the lead dioxide electrode in
oxidation/reduction cycle, which was obviously different
from the behavior of the lead electrode.

2. Experimental
2.1. EC-AFM equipment

In this study, we used an EC-AFM unit made by Mole-
cular Imaging (MI) Co. with a control unit made by Digital
Instruments (DI) Co. (model NanoScope Illa) for in situ
observation of the electrochemical reaction, PbO,-+
H,SO, + 2H" + 2e2PbS0O, + 2H,0. The AFM experi-
ments were performed utilizing a commercial Si;Ny canti-
lever with integral Au coated tips, a PbO, electrode as a
counter and a Hg/Hg,SO, electrode as a reference for the
electrochemical cell. All potentials reported here are
referred to this electrode. The electrochemical operations
in this experiment were carried out by using a potentio/
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Fig. 1. Schematic experimental set-up of the EC-AFM equipment: W.E. is
a sample electrode; C.E. is PbO, counter electrode; R.E. is Hg/Hg,SO,
reference electrode.

galvano stat (model HA-151) made by Hokuto Denko Co. A
schematic experimental set-up of this EC-AFM equipment is
shown in Fig. 1.

2.2. Sample electrode preparation

Before the EC-AFM experiments, the cell was assembled
and the lead dioxide electrode was prepared in the EC-AFM
cell as a working electrode.

The surface of a pure lead sheet sample (99.99%) was first
polished and washed with ethanol, and then the sample was
assembled into the cell. The EC-AFM cell was filled with
1.250 g/cm? sulfuric acid electrolyte and two-step potentials
were applied to remove completely the lead oxide and lead
sulfate on the sample electrode surface at —1400 and
—1200 mV. Each reduction potential was maintained for
10 min by the potentiostat. It was confirmed by AFM
observation that no lead sulfate existed on the sample sur-
face at the second reduction step. After that, the sample
electrode was oxidized at 1250 mV for 10 min to form a lead
dioxide layer on the lead substrate. To increase the layer
thickness, the potentiostatic reduction/oxidation cycles were
repeated 10 times. The reduction and oxidation conditions
used in this electrode preparation cycle were 950 mV for
30 s and 1250 mV for 10 min, respectively. The potential of
the electrode was then measured, and this was found to be
1054 mV. The temperature was maintained at 25°C through-
out the operation. This sample electrode preparation process
is shown in Fig. 2, and the layer formed was identified as
B-PbO, by XRD analysis (Fig. 3).
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All potentials mentioned here were referred to Hg/Hg,SO, reference electrode.

Fig. 2. Sample electrode preparation process, and operation process of
continuous EC-AFM observation.

2.3. AFM observation of the lead dioxide electrode

The electrochemical reaction of the lead dioxide electrode
with sulfuric acid solution was observed under oxidation and
reduction potentials, which was corresponding to the charge
and discharge reactions of the positive electrode in a lead-
acid battery. The in situ surface morphology change was
observed by AFM when the potential was changed as
follows. At first, two AFM images were observed while
the potential was kept at 1250 mV for 10 min. Next, one
AFM image was observed while the potential was changed
from 1250 to 950 mV. And then, 11 AFM images were
observed in the reduction potential at 950 mV for 10 min.
Lastly, oxidation at 1250 mV for 10 min was applied again,
during which 6 AFM images of the electrode were observed.
During the observation of the 20 AFM images, the reduction
or oxidation transient was measured. The observation time
of an AFM image was 52 s, and the observation area was
Spm x 5 pm. The temperature was maintained at 25°C.
This operation process is also shown in Fig. 2.
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Fig. 3. X-ray diffraction pattern of the layer formed on the sample.
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3. Results and discussion

3.1. Current transition obtained during the oxidation/
reduction cycle

Fig. 4 shows the current transition observed with the
potential change during the EC-AFM experiment. An oxi-
dation potential of 1250 mV was applied to the lead dioxide
electrode for 10 min in the first period of this experiment.
Then the electrode was reduced at 950 mV for the next
10 min, and the potential was changed again to 1250 mV and
maintained for 10 min. These potential operations to the lead
dioxide electrode correspond to the charge, discharge and re-
charge of the positive electrode of a lead-acid battery,
respectively.

During the first oxidation period, little oxidation current
flowed to the electrode. This indicates that enough lead
dioxide layer was formed in the previous preparation pro-
cess, which covered the lead substrate completely. A sharp
current peak was detected when reduction potential was
applied and a broad current curve was observed when
oxidation potential was applied again. Detailed explanation
of these current peaks is made with AFM images later.

The AFM observations were carried out in this experi-
ment during the periods A—E shown in Fig. 4. The length of
the periods A, B and C corresponded to the observation
time of an AFM image, and the continuous 11 images and
six images were obtained during the terms of D and E,
respectively.

3.2. AFM image of the lead dioxide electrode

Fig. 5 shows two morphology images of an electrode
surface observed by AFM in 1.250 g/cm’ sulfuric acid
during the first oxidation. Fig. 5a and b are the AFM images
at the same point on the electrode indicated at periods A and
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Fig. 4. Current transition and operated potential.

B in Fig. 4, respectively. As described above, these images
are of the lead dioxide surface in sulfuric acid.

The AFM obtains a morphological image with the prin-
ciple that a micro probe scans and measures the roughness of
the sample surface. Therefore, it was previously considered
that AFM observation of a lead dioxide surface might not be
possible, because lead dioxide has rougher surface than a
lead. However, it was confirmed in this experiment that
observation of lead dioxide surface is possible in sulfuric
acid as shown in Fig. 5.

There were no changes between Fig. 5a and b, and stable
AFM images of lead dioxide surface were observed in the
electrolyte under the charge condition. The electrode surface
is composed of aggregates of small globular crystals, which
are ~0.2—0.5 um in diameter. For comparison, a SEM image
of the positive active material of a lead-acid battery is shown
in Fig. 6. Comparing the AFM and SEM images, it was
confirmed that the morphology of the lead dioxide in this

Fig. 5. AFM images of the lead dioxide electrode in sulfuric acid at 1250 mV vs. Hg/Hg,SO,: image a and b correspond to the period A and B in Fig. 4.
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Fig. 6. SEM image of the positive active material of a lead-acid battery.

experiment was similar to that of the positive active material
of the battery. Therefore, the prepared electrode was
assumed to be a suitable model of the positive electrode,
and so was used in the next electrochemical examination.

3.3. Morphology change of the lead dioxide electrode
during oxidation/reduction cycle

AFM images of the electrode during oxidation/reduction
cycle are shown in Figs. 7-9, which correspond to the
observed images at the periods C-E shown in Fig. 4,
respectively.

Fig. 7 shows an AFM image when the applied potential
changed from oxidation (1250 mV) to reduction (950 mV),
with the current transient shown in a large scale at the right
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side of the image. The image scan was made from bottom to
the top of the image. A narrow horizontal line in Fig. 7
represents the potential change point, and the part under the
line was the oxidation condition and the part over the line
was the reduction condition in this figure. From this, it was
found that the lead sulfate crystals were little formed until
the reduction current reached the maximum of the peak,
after which many crystals began to deposit. This result is
similar to that found in the AFM study on the lead electrode
[3,4], and can be understood as an indication that the
reaction is composed of two step processes, the dissolution
process of the lead dioxide electrode and the deposition
process of the lead sulfate crystals after super-saturation of
the electrolyte with lead ions.

Fig. 8 shows every second AFM image, from the sequence
taken, during the reduction period. These images clearly
show the morphology and sizes of the lead sulfate crystals
formed by the reduction. These sizes were ~0.3—1 pum in this
experimental condition, and they were larger than the lead
dioxide crystals. From these images, it is noted that some
crystals gradually grow during reduction. This behavior
implies that the lead dioxide was discharged slowly when
the electrode was kept in the reduction potential during these
observations.

Fig. 9 shows the continuous images and the oxidation
transient corresponding to period E in Fig. 4. The time
regions [-VIindicated in the transient data correspond to the
AFM images [-VI, respectively. White arrow in the images
means the scanning direction of each AFM observation. A
horizontal line in image I describes the potential change
timing of 950-1250 mV: the part under the line was the
reduction condition and the part over the line was the
oxidation condition.
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Fig. 7. AFM image of the lead dioxide electrode and reduction current transient with potential change; applied potential was changed from 1250 to 950 mV

at the horizontal line.
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Fig. 9. Continuous AFM image of the lead dioxide electrode and oxidation current transient; the applied potential was changed from 950 to 1250 mV at the
horizontal line in the image I. The arrow in the figures indicates the measurement direction.
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It can be seen from the region/image I in Fig. 9 that the
oxidation current was detected from the moment that the
oxidation potential was applied at the horizontal line, but the
formed lead sulfate crystals hardly dissolved for about 30 s
after the potential change. This oxidation behavior was
obviously different from the reduction behavior shown in
Fig. 7. Two reasons are considered for this in dissolution of
the crystals. One reason is the capacitance effect. Because
the current is only used to charge the capacitance of the
electrode, it does not resolve the lead sulfate. The other is the
internal reaction process. The AFM can obtain only surface
information of the sample, therefore, it cannot capture the
reaction if dissolution of the lead sulfate occurs from the
internal side of the electrode.

It was understood from the continuous AFM images that
the dissolution of whole crystals took ~2 min, and the
oxidation transient was recorded as a broad curve with its
maximum current being much smaller than the reduction
one. These results suggest that the oxidation is slower than
the reduction, indicating that the charge reaction of the posi-
tive electrode has to be studied in detail as well as that of
the negative electrode in order to improve the charge accept-
ability of the lead-acid battery for EV and HEV applications.

4. Conclusions

We succeeded in direct observation of morphology
change of a lead dioxide electrode during oxidation/reduc-
tion cycle by using EC-AFM. The experimental results led to
the following conclusions.

1. The in situ EC-AFM is a useful technique for
observation of the behavior of the lead dioxide electrode
during the oxidation/reduction cycle.

2. The reduction of a lead dioxide electrode is composed of
two step processes, which are the dissolution process of
the lead dioxide electrode and the deposition process of
lead sulfate crystals after saturation of electrolyte with
lead ions.

3. Lead sulfate crystals formed by reduction are gradually
dissolved at the oxidation potential, and this reaction is
obviously slower than the reduction of the lead dioxide
electrode.

We believe that the function of the positive electrode of
the lead-acid battery is further clarified by the application of
this EC-AFM technique.
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