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Abstract

Several studiesin the author’s former laboratory at Kyoto University, have been reviewed on the dissol ution—precipitation reactions on
the electrodes in the lead acid battery. At the discharges of B-PbO, in the positive electrode and Pb in the negative electrode, PbSO,
deposited on both electrode surfaces through the large supersaturation of Pb2* ion. Thus, the discharge reactions of the positive and the
negative electrodes proceeded smoothly, and the largest crystal size of PhSO, was obtained in 0.5-1.0 M H, SO, with the largest Po?*
ion concentration on the surface. The size of its PhSO, crystals became smaller at a higher current discharge through the formation of
many of nuclei on the electrode surface. On the other hand, the charge reactions, which are the anodic oxidation of PbSO, at the positive
electrode and the cathodic reduction of PhSO, at the negative electrode, did not proceed in the same way as the discharge reactions,
because PbSO, is a large ionic crystal without electronic or ionic conductivities and its solubility is very low in sulfuric acid solutions.
The reaction site is considered to be the interface between B-PbO, of the positive active material, or Pb of the negative active material,
and PbSO,. At such an interface, Pb?* ions can be adequately supplied from the PbSO, crystal, and a charge-transfer reaction can occur
on B-PbO, or Pb. The reaction rate depends on the electrochemical kinetics parameters, e.g., exchange charge-transfer rate, real area of
the interface between PbO, or Pb and PbSO,, and the mass-transfer in the narrow gap can be assumed to be like that of a thin layer cell.
For the oxidation of PbSO, to [3-PbO,, the charge-transfer process was the rate-determining step. For the reduction of PbSO, to Pb, the
mass-transfer process was the rate-determining step. For both processes, it was concluded that a large crystal size of PbSO, gives a
smaller current because of the smaller reaction site area per unit volume. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction the precipitation of 3-PbO, or Pb by an electron-transfer

step.

The charge and discharge mechanisms of the positive
and the negative electrodes in sulfuric acid solution are
very important for the improvement of the lead acid
battery. In this paper, research to clarify the reaction
mechanisms of both electrodes is reviewed. The overall
discharge reaction of the lead acid battery is given

B-PbO, + Pb + 2H,S0, — 2PbSO, + 2H, (1)

PbSO, is formed on the positive and the negative elec-
trodes resulting from the discharge of B-PbO, and Pb in
sulfuric acid solution. These reactions proceed via dissolu-
tion—precipitation reactions, that is the formation of Pb**
ions by an electron-transfer step followed by the precipita-
tion of PbSO,. On charge, the inverse reactions proceed
via dissolution—precipitation reactions, that is the forma-
tion of Pb?* ions by a dissolution of PbSO, followed by

During the discharges on both B-PbO, and Pb elec-
trodes, the large supersaturation of Pb?* ions on the
electrode surface may be obtained during the initial period
by an electron-transfer reaction. PbSO, nuclei are then
formed, and the precipitation of PbSO, proceeds smoothly
on the PbSO, nuclei in sulfuric acid solution supersatu-
rated with Pb?" ions. The particle sizes of PbSO, precipi-
tated during discharge, may be changed by the change of
the concentrations of Pb?* ions, and this parameter exer-
cises an important influence on the discharge and charge
performances. The concentration of Pb?* ions is con-
trolled by the concentration of sulfuric acid solution and
the current density of discharge.

During charge on both PbSO, electrodes, Pb?* ions are
supplied from PbSO, crystals. Since PbSO, is a noncon-
ducting ionic crystal, the anodic oxidation to B-PbO, and
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the cathodic reduction to Pb proceed at the interface
between PbSO, crystal and B-PbO, or Pb on the grid
aloy, which is an electronic conductor, and such reaction
site areas are changed during the course of the reaction.
Thus, besides the exchange current densities of the elec-
trode reactions, the crystal size and the solubility of PbSO,
in sulfuric acid solution and the diffusion coefficient and
the length of the diffusion path of Pb?" ions places
important roles in the charge process.

2. The discharge reaction of the positive electrode
(Cathodic reduction of B-PbO, to PhSO,)[1]

Reaction mechanism was investigated by using a rotat-
ing ring-disk electrode. Both the ring and the disk were
made of Pb (purity:99.9%). The disk was oxidized anodi-
caly in 0.5 M H,SO, a 2 mA cm2 for 2 h. The
formation of B-PbO, on the Pb surface after such treat-
ment was confirmed by X-ray analysis. Fig. 1 shows a
cyclic voltammogram on a 3-PbO, disc in 0.5 M H,SO,
and the ring current on Pb, which is kept at —1.02 V vs.
Hg/Hg,S0,, corresponding to the reaction of the disk.
The peak in the cathodic disk current is due to the forma
tion of PbSO, during the discharge of PbO, and a broad
peak in the anode current is due to the formation of PbO,
during charge. This shows that the discharge and charge
reactions are irreversible and the reaction rate of discharge
is larger than that of charge. A peak in the ring current
corresponding to a cathodic peak on the disk was observed
during discharge, but the increase of cathodic ring current
was observed during charge.

Thus, the dissolution of Pb?* ions during discharge is
different from that during charge. Though the theoretical
ring current corresponding to a cathodic peak current of
the disc is —18.3 mA, the observed current is only —4.0
mA. Moreover, though the solubility of PbSO, in 0.5 M
H,S0, is 1.88 X 10~° M, the concentration of Pb?* ions
on the disk is 2.65 X 10~2 M. This shows that not all of
the Pb2* ions generated during discharge diffuse out into
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Fig. 1. (A) Cyclic voltammogram on PbO, disk in 0.5 M H,SO, scanned
between 0.6 V and 1.4 V vs. Hg,/Hg, S0, at scan rate of 10 mV s~* and
a rotation speed of 2000 rev min~1. (B) Ring current corresponding to
the reaction of the disk.
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Fig. 2. Change of i, /iy during potentiostatic discharges calculated from
the disk currents at 1500 rev min~* and ring currents corresponding to
the reaction of the disk in 0.5 M H,SO,. a 0.85 V; b: 0.80 V vs.
Hg/Hg,S0,.

the sulfuric acid solution, but they do dissolve more than
the equilibrium concentration. Such a large supersaturation
of Pb2* ions can be understood only in terms of the
di ssol ution—precipitation mechanism.

From the changes in the disk current (i ) and the ring
current (i) at potentiostatic discharge, the value of i, /iy,
corresponds to the ratio of the formation rate of Pb?" ions
to the precipitation rate and is shown in Fig. 2. The
precipitation rate during the initial period is smaller than
the formation rate due to the absence of PbSO, nuclei on
the electrode surface. The values of i, /i, increase after the
formation of PbSO, nuclei, and then decrease until the
value reaches 0.03 due to the increase of the precipitation
rate. This value, which is smaller than the theoretical value
of 0.145, shows that the precipitation rate is much larger
than the formation rate.

Fig. 3 shows the concentration of Pb?* ions on the
electrode surface in different concentrations of sulfuric
acid, calculated from the ring current in the steady state
during galvanostatic discharge at 1 mA /0.4 cm? The
concentration of Pb®* ions at each concentration of sulfu-
ric acid is higher than the solubility of PbSO,, as shown in
Table 1 from Refs. [2,3]. This may be due to the formation
of a colloidal compound with Pb?* ions. The concentra-
tion of Pb?* ionsin 1.0 M H,SO, was the largest found
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Fig. 3. Concentration of Pb?>" ions on the electrode surface during
discharge at 1.0 mA /0.4 cm? in different concentrations of sulfuric acid.
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Table 1
The concentrations of Pb?>T and H' ions in various sulfuric acid
concentrations

Ch,s0,/M Cpp2+ /1075 M Cy+ /M
01 1.58 0.0293
05 1.88 0.0793
1.0 2.40 0.1335
2.5 1.60 0.3667
5.0 0.56 1.6540

among five different acid concentrations, and this may be
related to the stability of the formation of a colloidal
compound.

Fig. 4 shows scanning electron micrographs of PbSO,
crystals formed during galvanostatic discharge in various
electrolytes. The largest crystal size was obtained in 0.5 M
H,SO, with the largest Pb®* ion concentration on the
surface. Since the colloidal compound in 0.5 M H,SO,
may be unstable, the number of PbSO, nuclei generated on
the electrode surface may be less than those in other
electrolytes. In this way, the concentration of Pb?* ions on
the surface during discharge is the important factor to
determine the particle size of PbSO, crystals formed on
the electrode surface.

Fig. 5 shows scanning electron micrographs of PbSO,
crystals by galvanostatic discharge in 5.0 M H,SO, at 0.5,
1.0, 5.0 and 10.0 mA cm 2. A large discharge current
resulted in a large supersaturation of Pb?* ions on the
electrode surface and caused the formation of a lot of
PbSO, nuclei. On the other hand, the large supersaturation
of Pb?* ions could not be generated by a small current
discharge. Thus, the crystal size of PbSO, increases with a
decreasing discharge current.

If the discharge capacity is limited by the passivation of
the electrode surface with PbSO, crystals, the condition
forming the large PbSO, crystals may be favoured.

3. The discharge reaction of the negative electrode
(anodic oxidation of Pb to PbSO,)[4]

Pb rod (purity: 99.9%, diameter: 6 mm) was used. It
was mounted in a polytetrafluoroethylene tube and was
polished with emery paper and then etched in a dilute
nitric acid solution. After these treatments it was immersed
in sulfuric acid solution, and was then held at —1.3 V vs.
Hg,/Hg,SO, for a few minutes to removed the residual
lead sulfate crystals before experiment.

Pb is discharged in sulfuric acid solution through the
formation of Pb?" ion by an electron-transfer step fol-
lowed by the precipitation of PhSO,. Apart from the fact
that the exchange current density of the anodic oxidation
of Pb may be larger than that of the cathodic reduction of
B-PbO,, Pb is discharged by the same process as the
discharge of B-PhO,.

Fig. 6 shows scanning electron micrographs of PbSO,
crystals formed during galvanostatic discharge in various
conditions. The size of PbSO, crystals in 0.5 M H,SO,
was larger than that in 5 M H,SO,, in the case of
galvanostatic discharge at 1.0 mA cm™2. Crystals prepared
by the discharge at 0.1 mA cm~2 were marginaly larger
than those prepared by the discharge at 1.0 mA cm™2, in
the case of discharge in 0.5 M H,S0O,. Since the concen-
tration of Pb?* ions on the electrode surface during steady
state discharge in 0.5 M H,SO, was larger than that in 5
M H,SO,, the largest crystal size was obtained in 0.5 M
H,S0O,. The PbSO, formed during the discharge depend
on the formation of the nuclel and the crystal growth. A lot
of nuclei are formed on the electrode surface at a high
current discharge. So, the size of PbSO, crystals tends to
become smaller a a high current discharge.

4. The charge reaction of the positive electrode (anodic
oxidation of PbSO, to B-PbO,)[5-7]

The surface of a Pb rod as used in Section 3 was
oxidized to PbO, in 0.5 M H,SO, at 1 mA cm™2 for
about 24 h, and then galvanostatically discharged at 1 mA
cm~2 in 0.5 M H,S0,. The discharge—charge cycle was
continued until the capacity of the PbO, electrode in-
creased to 40 mA min.

Fig. 7 shows the potentiodynamic current—voltage
curves which were obtained after the subtraction of the
oxygen evolution current from the whole anodic current.

10 pm  50M H:S0.

10 ym 25M H:50.

Fig. 4. Scanning electron micrographs of the electrode surface after
discharge of PbO, at 1.0 mA /0.4 cm? in different concentrations of
sulfuric acid.
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Fig. 5. Scanning electron micrographs of the electrode surface after discharge of PO, in 5.0 M H, SO, at different current densities.

Symmetric current—potential curves were observed. Such
curves are similar to those for a surface reaction rather
than a diffusion-controlled electrode reaction. The peak
potential shifted to a more anodic potential upon increas-
ing the sweep rate, and the half-wave width became larger
with increasing sweep rate. These results indicate that the
charge-transfer process of the oxidation of PbSO, to -
PbO, is very slow.

However, it is difficult to treat the oxidation of PbSO,
to B-PbO, quantitatively, because a large ionic crysta
with neither electronic nor ionic conductivity would not be
able to oxidize in the same way as would a soluble species.
The dissolving Po?* ions from PbSO, crystal are oxidized
to Pb** ions and react with H,O to precipitate on the

10 um

electrode surface as B-PbO,. Conditions for the oxidation
of PhSO, are not equal over the electrode surface, and the
high oxidation rate is sustained by the high concentration
of Pb?* ions on the B-PbO,. Thus, the reaction site is
considered to be the interface between 3-PbO, and PbSO,.
At such an interface, Pb?* ions can be adequately supplied
from the PbSO, crystal, and a charge transfer reaction can
occur on B-PbO,.

Fig. 8 shows potentiodynamic current—voltage curves
for the oxidation of PbSO, formed by galvanostatic dis-
charge at 0.5, 1.0 and 10.0 mA ¢cm~? in 5.0 M H,SO,.
The anodic peak potential shifted to a more positive value
upon decreasing the discharge current. This shows the
oxidation of PbSO, formed under a low discharge current

10 pm
1.0 mAcm * 0. 5M H2S04 0.1 mAcm “(_5M H,SO, 1.0 mAcm *5. QM H2SO,

Fig. 6. Scanning electron micrographs of the electrode surface after galvanostatic discharge of Pb in sulfuric acid solution under different conditions.

10 pm
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Fig. 7. Potentiodynamic current—voltage curves in 5.0 M H,SO, of
B-PbO, electrode discharged at 10 mA cm™2 in 5.0 M H,S0, at various
sweep rates. sweep rate: a 10; b: 8; ¢c: 7; d: 5; e 3; f: 2, g: 1; h: 0.5 mV
s—l

is more difficult than that formed at a high discharge
current. The size of the PbSO, formed at a low discharge
current was very large, as aready shown in Fig. 5. Thus,
increasing the PbSO, crystal size caused difficulty with
regard to the oxidation of PbSO,. Fig. 9 shows potentiody-
namic current—voltage curves for the oxidation of PbSO,
formed by galvanostatic discharge at 1.0 mA cm~2 in 5.0
M and 0.5 M H,SO, for 60 s. Both electrodes were
oxidized in 5.0 M H,SO, by a potential sweep method.
The oxidation rate of PbSO, formed in 5.0 M H,SO, was
larger than that in 0.5 M H,SO,. The size of the PbSO,
depends on the concentration of the sulfuric acid solution,
as aready shown in Fig. 4. In this case, the size of the
PbSO, formed in 5.0 M H,SO, was less than that in 0.5
M H,SO,. Thus, the reaction rate of the oxidation of the
PbSO, depends on the crystal size of the PbSO, precipi-
tated on the electrode surface during discharge. This indi-
cates that the reaction site at which a high reaction rate is
sustained is the interface between PhSO, and B-PbO,.
Such reaction site was examined by using the 3-PbO,
electrode prepared by electrodeposition onto a gold plate
from 25 M HNO, containing 0.03 M Pb(NO,), for 30
min at 3 mA cm2. The thickness of the lead dioxide on
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Fig. 8. Potentiodynamic current—voltage curves at sweep rate of 1 mV
s ! for the oxidation of PbSO, formed by galvanostatic discharge at
various current densities in 5.0 M H,S0,. discharge current: a 10.0; b:
1.0; c: 0.5 mA cm~2,
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Fig. 9. Potentiodynamic current—voltage curves in 50 M H,SO, at
sweep rate of 1 mV s~ for the oxidation of PbSO, formed galvanostatic
discharge at 1.0 mA cm™~2 for 60 s in various concentrations of H,S0O,.
concentration of H,SO,: a 5.0 M; b: 0.5 M H,SO,.

the gold plate was about 7 wm. The eectrode was dis-
charged at 0.1 mA cm~2 in 0.5 M H,SO, until 0.8 V vs.
Hg/Hg,S0,, after immersion in 0.5 M H,SO, for about
30 min.

Fig. 10 shows the current time transient in 0.1 M, 0.5
M, 1.0 M, 25 M, and 5.0 M H,SO, during the potentio-
static oxidation at (Ee + 0.2)V vs. Hg/Hg,S0,, where Ee
is an equilibrium potential of the 3-PbO, electrode in each
concentration of sulfuric acid solution. All the transients
consisted of both rising and faling parts. The anodic
current in 0.5 M H,SO, was the largest of five transients.
The oxidation of lead sulfate film to 3-PbO, depends on
the concentration of the sulfuric acid solution, and its rate
is fastest in 0.5 M H,SO,. The oxidation of lead sulfate
proceeded through the dissolution—precipitation mecha-
nism at the interior of the film, written as follows,

PbSO, — Pb?* + SO~ (2)
Pb?* + 2H,0 — B-PbO, + 4H" + 2e~ (3)
and then the following equation for the anodic current may
be written,

i = NFA(t)kCh2: CLY (4)
where A(t) is the reaction interface area, which changes
with the proceeding oxidation, Cp2+ and C,+ are the

A0 1M @:0.54, M:1.0H
[J:2.54, O:5.0H
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Fig. 10. The current—time transients for the oxidation of PbSO, to
B-PbO, at (Ee+0.2)V in various sulfuric acid concentrations.
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concentration of Pb?* ion and H™ ion in the sulfuric acid
solution. These concentrations depend on the concentration
of sulfuric acid solution, x and —y are the reaction order
of Pb?" ion and H™ ion respectively for the anodic
reaction. k is the potential dependence constant. The an-
odic current, i, depends on the concentrations of sulfuric
acid solution and the reaction area. The Pb?* and H™ ion
concentrations in various sulfuric acid concentrations are
already shown in Table 1. The rate of the charge reaction
may be mainly determined by the concentration of the
Pb?* ion. But the peak current in 0.5 M H,SO, was larger

(b):
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than that in 1.0 M H,S0O,. Thus, the H* ion concentration
reflects the peak current.

The change of the reaction interface area during the
oxidation of PbSO, is aso obvious from the scanning
electron micrographs of the surface, the cross section, and
the interface between a gold substrate and the lead sulfate
film of the electrode oxidized at 1.11 V [(Ee + 0.2)V] vs.
Hg,/Hg,S0, to 20, 50 and 100% of the electricity passed
during the discharge, as shown in Fig. 11. The elec-
trode surface oxidized to 20% was perfectly covered with
very large lead sulfate crystals, whose size was about

electrode surface

D,

i -

interface between gold substrate and electrode

Fig. 11. Scanning electron micrographs of the electrode surface, the cross section of the electrode, and the interface between a gold substrate and the lead
sulfate film oxidized at 1.11 V to () 20%, (b) 50%, and (c) 100% of the discharge capacity.
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20-30 pm. At 50% the lead dioxide crystals appeared on
the electrode surface, but the ratio of the surface areas of
lead dioxide and lead sulfate was smaller than 50%. At
100% all parts of the electrode surface covered with lead
dioxide. The lead dioxide layer was observed in the cross
section of the electrode oxidized to 20% and lead sulfate
was present on the lead dioxide layer. At 50% lead sulfate
near the electrode surface was oxidized to lead dioxide.
The lead sulfate was observed at 20%, but it was not
observed beyond 50%, on the interface between a gold
plate and the lead sulfate film. From these micrographs,
the oxidation of a lead oxidation takes place in the deepest
parts of the lead sulfate film to lead dioxide, consisted of
three steps, as illustrated schematically in Fig. 12: (i) The
film, and the lead dioxide layer at the interface between a
gold plate and the lead sulfate is formed; (ii) The oxidation
proceeds at the interior of the film where the two-dimen-
sional change of the reaction interface area and the thick
lead dioxide layer grows; and (iii) Lead sulfate remaining
near the interface between the electrolyte and the electrode
is oxidized without an increase of the reaction interface
area. The rising and falling current—time transient of Fig.
10 seems to corresponds to the growth of the lead dioxide
layer at the interior of the lead sulfate film.

5. The charge reaction of the negative electrode
(Cathodic reduction of PbSO, to Pb)[4]

The Pb rod as used in Section 3 was used. Fig. 13
shows potentiodynamic current—voltage curves during the
cathodic scan of the Pb/PbSO, electrodein 1.0 M H,SO,
at various sweep rates. The cathodic current rapidly in-
creased at about —0.98 V vs. Hg/Hg,SO, and then
gradually decreased. In the case of the oxidation of PbSO,
as explained in Section 4, such a rapid increase in current
was not observed.

Thus, the reaction site model illustrated in Fig. 14 was
proposed. In this model, it is assumed that the Pb?* ions
are transported from the PbSO, crystal surface to the Pb

Reaction site (A)

[ Iy

3 b4 444 b4

4 (o
14 b Rttt H H A

50%

N N

100%
PbO; [:] PBSO: (g,
Fig. 12. (A) Schematic representation of the reaction site for the charging

reaction of the B-PbO, /PhSO, electrode (B) Schematic illustration of
the model for the oxidation of PbSO, film to B-PbO, in three step.
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Fig. 13. Potentiodynamic current—voltage curvesin 1.0 M H,SO, of the
cathodic reduction of PbSO, to Pb electrode prepared by galvanostatic

discharge at 1.0 mA ¢cm~2 for 2 min in 1.0 M H,SO, at various sweep
rates. sweep rate: & 20; b: 10; c: 7, d: 5; e 2, f: 1mV st

surface and then are reduced. The reaction rate depends on
the electrochemical kinetic parameters, e.g., the exchange
charge transfer rate, the real area of the interface between
Pb and PbSO,, and the mass-transfer of Pb?* ions. The
gap between the Pb and PbSO,, as shown in Fig. 14(c),
may be narrow, and the diffusion phenomenain such a gap
can be assumed to be like those in a thin layer cell. The
concentration profile of Pb?* ions is illustrated in Fig.
14(d), and the PbSO, crystal becomes smaller as shown in

Fig. 14(b).
In this model, the diffusion current, i, is obtained from
i :ZFDA(t)[CPbZJr* _CPb“]/l (5)

where | is the gap distance between the lead and the lead
sulfate and A(t) is the area of the interface region, Cpy2+

Interface Region PbSO,

Lead Sulfate

Cpp’

Lead Interface Region  Lead Sulfate
(b) (d)

Fig. 14. (a) Schematic illustration of the lead sulfate crystals deposited on
the lead surface. (b) The change of the lead sulfate crystal during the
cathodic reduction. (c) The model of the reaction site. (d) Concentration
profile of lead ion at the interface region.
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is the concentration of Pb?* ions a the lead surface and
Cpy2++ i the concentration of Pb?* ions at equilibrium
(solubility of PbSO,). The effective gap distance was
assumed to be constant, and A(t) was calculated using the
following empirical equation

A(t) = [2(a+ b) + ab] x? (6)

where the lead sulfate crystal is assumed to be an oblong
box, ax long by bx wide by x deep. With such assump-
tions, the current—voltage curve for a single lead sulfate
crystal was calculated. The total current was calculated by
the multiplication of the number of lead sulfate crystals.

Since the exchange current density is estimated to be
the order of 1-10 mA cm™2 [8,9], the rate-determining
step for the reduction of PbSO, to Pb is controlled by
mass-transfer. Then, current—voltage curves were calcu-
lated at various sweet rates, under the following condi-
tions: concentration of Pb?* ions. 24X 107° M, the
diffusion coefficient: 5x 107°% cm? s™1, height: 1 um,
length: 1 wm, width: 1 wm, diffusion path length: 5 x 10~3
wm, and the volume of PbSO, crystal: 1.2 X 107° cm?®,
and these curves are shown in Fig. 15. The calculated
curves are similar to those measured in Fig. 13. However,
the observed curves showed some deviation from the
calculated curves. These deviations may be due the distri-
bution of PbSO, crystal sizes and the uncertainty of esti-
mating the number of these crystals.

From the above model, it can be expected that the large
crystal size gives a smaller current because of the smaller
reaction site area per unit volume, and a large solubility of
PbSO, gives a large current. Thus, the peak current in the
current—potential curves of the cathodic reduction of PbSO,
crystals depends on the crystal size and the solubility of
PbSO, crystal in sulfuric acid. Fig. 16 shows current—volt-

i/ mA

0.15 0.2

0 0.05

0.1
Ee-E/V

Fig. 15. Calculated current—voltage curves for the cathodic reduction of
PbSO, to Pb at various sweep rates. sweep rate: a 20; b: 10; ¢: 7; d: 5; e
2 f:1mvs i
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Fig. 16. Current—voltage curves for the cathodic reduction of PbSO,
crystas in 0.5 M H,S0, at 10 mV s™%, Pb/PbSO, electrodes were
prepared by the galvanostatic discharge at 1.0 mA cm~2 for 20 siin (a)
05M and (b) 5.0 M H,S0,.

age curves for the Pb/PbSO, electrodein 0.5 M H,SO, at
10 mV s !, which were prepared by the galvanostatic
discharge of Pb at 1.0 mA cm~2 for 20 sin 0.5 M and 5.0
M H,SO,. From Fig. 16, it can be seen that the current in
5.0 M H,SO, is much larger than that in 0.5 M H,SO,.
The solubility in 5.0 M H,SO, is one-third of that in 0.5
M H,SO,, and the crystal sizein 5.0 M H,SO, is smaller
than that in 0.5 M H,SO,, as aready shown in Fig. 6.
From the comparison of experimental results with the
expected peak current it can be seen that the size of the
crystals has a greater effect on the reaction current than the
solubility of the crystals. Since a lot of nuclei are formed

-09 -095 -1 -1.05 -1.1 -1.15 -1.2
E/ V vs Hg/Hg:SO«

Fig. 17. Current—voltage curves for the cathodic reduction of PbSO,
crystals at 10 mV s™1, Pb/PbSO, electrodes were prepared by the
galvanostatic discharge in 0.5 M H,SO, a (a) 1.0 mA cm~2 for 30 s,
and (b) 0.1 mA cm™2 for 300 s.
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on the electrode surface at a high discharge current, the
PbSO, crystal becomes smaller at a high current discharge,
as already shown in Fig. 6. Fig. 17 shows current—voltage
curves for the Pb/PhSO, electrode in 0.5 M H,SO, at 10
mV s~ !, which were prepared by galvanostatic discharge
at 1.0 mA cm~2 for 30 s and 0.1 mA cm~2 for 300 s in
05 M H,SO,. The biggest observed difference is the
crystal size of PbSO,. Thus it can be seen that the electro-
chemical reaction of Pb/PbSO, strongly depends on crys-
tal size. Then, the peak currents increased with increasing
diffusion coefficient and increased with decreasing diffu-
sion path length. The diffusion coefficient of Pb?* ions
does not depend much upon concentration and it will not
influence the reduction of PbSO,. If a PbSO, crysta is
isolated in a porous lead electrode, the PbSO, crystal may

not be completely reduce during a potential sweep from Ee
to Ee+ 0.2V a 10 mV s 1.
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