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It is my great pleasure to be awarded with the 2005’ Gaston
lanté Medal for significant contribution to the development of

ead–acid battery science and technology. I would like to thank
ost heartily to Prof. D. Pavlov of Chairman, and all members of

he Organic Committee of LABAT’2005 for the best treatment
o select me as a 2005’ Gaston Planté Medallist.

The first practical rechargeable lead–acid battery was demon-
trated by G. Planté in 1860. The cell was consisted of the rolled
wo large lead sheets separated by a sheet of felt dipped in sul-
uric acid solution, and it was formed by the repeats of charge
nd discharge in long time. The battery was formed from nine of
uch cells. Though the nickel–cadmium battery by W. Jüngner in
899, and recently the nickel–hydrogen battery in 1990, and then
he lithium ion battery in 1991 were demonstrated and produced
ractically, the lead–acid battery has been produced and used as
he main battery up to now over about 150 years. The lead–acid
attery is the battery for the wide range of applications, e.g., for
he starting automobiles, the electric utility load-leveling, and
he electric vehicle propulsion, because they have high perfor-

ance, as which the energy density of 40 Wh kg−1, 80 Wh l−1,
he power density of 300 W kg−1, and the cycle life of more than
000 times.

I wondered why the lead–acid battery has such high perfor-
ance and it has been produced and used as the main battery over

bout 150 years and I had the interest for such performances.
hus, I tried to clear the reaction mechanisms of the positive
nd the negative active materials in lead–acid battery. It is very
mportant to know the reaction mechanism in the lead–acid bat-
ery for the improvement of the lead–acid battery and for the
evelopment of the new batteries with high performances, such
s the lithium ion battery.

I would like to introduce a lecture on some researches by my
roup at Kyoto University on the reaction of the positive and the
egative active materials in the lead–acid battery [1,2].
. Cathodic reduction of �-PbO2 to PbSO4 in sulfuric acid
solution (discharge reaction of the positive active mate-
rial) [3–5]
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The overall discharge reaction of the lead–acid battery is
iven by

-PbO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O (1)

bSO4 is formed on the positive and the negative electrodes
esulting from the discharge of �-PbO2 and Pb in sulfuric acid
olution. These reactions proceed via dissolution–precipitation
eactions, that is the formation of Pb2+ ions by an electron-
ransfer step, followed by the precipitation of PbSO4. For the
ositive electrode, the reaction proceeds as follows:

-PbO2 + 4H+ + 2e− → Pb2+ + 2H2O (2)

b2+ + HSO4
− → PbSO4 + H+ (3)

he reaction on the cathodic reduction of �-PbO2 to PbSO4 was
nvestigated by using a rotating ring-disk electrode. A cyclic

oltammogram on the �-PbO2 disk in 0.5 M H2SO4 and a ring
urrent on the Pb, which is kept at the potential of Pb deposi-
ion from Pb2+ ions, corresponding to the reaction of the disk
ere measured, as shown in Fig. 1. A peak in the cathodic disk

dx.doi.org/10.1016/j.jpowsour.2005.11.014
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ig. 1. Cyclic voltammogram on �-PbO2 disk scanned between 0.6 and 1.4 V
s. Hg/Hg2SO4 at scan rate of 10 mV s−1 and rotation speed of 33.3 rev s−1 (A),
nd the ring current on Pb ring corresponding to the reaction of the disk (B).

urrent is due to the formation of PbSO4 during the discharge
f �-PbO2 and a broad peak in the anodic current is due to the
ormation of �-PbO2 during the charge of PbSO4. This shows
hat the discharge and the charge reactions are irreversible and
he reaction rate of the discharge is larger than that of the charge.

peak of ring current corresponding to a cathodic current on the
isk is observed during the discharge, but the change of cathodic
ing current corresponding to a anodic current on the disk is not
bserved during the charge.

From the changes in the disk current (id) and the ring current
ir) at the potentiostatic discharge, the values of ir/id corresponds
o the ratio of the formation rate of Pb2+ ions to the precipita-
ion rate are determined, as shown in Fig. 2. The values of ir/id
ncrease after the formation of PbSO4 nuclei, and then decrease

ntil the value reaches 0.03 due to the increase of the precipita-
ion rate. This value, which is smaller than the theoretical value
f 0.145, shows that the precipitation rate is much larger than
hat the formation rate.

ig. 2. Changes of ir/id during potentiostatical discharge at: (a) 0.85 V; (b)
.80 V.
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ig. 3. Concentrations of Pb2+ ions: (a) during discharge at 2.5 mA cm−2; (b)
alculated from solubility of PbSO4 in different concentrations of the sulfuric
cid solution.

The concentrations of Pb2+ ions on the electrode surface in
ifferent concentrations of sulfuric acid, calculated from the
ing current in the steady state at 2.5 mA cm−2 discharge are
uch higher than the equilibrium solubility of PbSO4, as shown

n Fig. 3. This shows that not all of the Pb2+ ions generated
uring discharge diffuse out into the sulfuric acid solution,
ut those dissolved more than the equilibrium concentration,
nd the colloidal PbSO4 with larger solubility in sulfuric acid
olution was formed in the steady state of discharge. Such super-
aturation of Pb2+ ions can be understood only in terms of the
issolution–precipitation mechanism. Also, at the anodic oxida-
ion of Pb to PbSO4, the same colloidal PbSO4 was formed. But,
he concentrations of Pb2+ ions in the steady state were smaller
han those at the cathodic reduction of �-PbO2 to PbSO4.

The particle shapes of PbSO4 crystal formed during galvano-
tatic discharge were observed by SEM. The largest crystal size
s obtained in 0.5–1 M H2SO4 with the largest Pb2+ ion concen-
ration on the surface. The number of PbSO4 nuclei generated
n the electrode surface in 0.5–1 M H2SO4 may be less those
n other electrolyte. Thus the crystal size of PbSO4 increases
ith discharge current. If the discharge capacity is limited by

he passivation of the electrode surface with PbSO4 crystals, the
ondition forming the large PbSO4 crystals may be favored.

. Anodic oxidation of PbSO4 to �-PbO2 in sulfuric acid
solution (charge reaction of the positive active material)
[6–8]

It is difficult to oxidize the PbSO4 to �-PbO2 quantitatively,

ecause a large ionic crystal with neither electronic nor ionic
onductivity would not be able to oxidize in the same way as
oluble species. The dissolving Pb2+ ions from PbSO4 crys-
als of low solubility are oxidized to Pb4+ ions on �-PbO2 with
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lectronic conductivity and react with H2O to precipitate on the
lectrode surface as �-PbO2, by the following reaction:

bSO4 → Pb2+ + SO4
2− (4)

b2+ + 2H2O → �-PbO2 + 4H+ + 2e− (5)

he reaction site is considered to be the interface between PbSO4
nd �-PbO2. To know the place where the reaction proceeds, the
bSO4 electrode was made by the cathodic reduction of �-PbO2
lectrodeposited onto a gold planar plate, in order to avoid the
omplication caused from the composition of the anodic film on
b alloy as the grid. This electrode was oxidized at +200 mV
ersus PbO2/PbSO4 in 0.5 M H2SO4 to 20, 50 and 100% of the
lectricity passed during the discharge. The surface, the cross-
ection, and the interface between a gold substrate and the PbSO4

lm for each state were observed by SEM, as shown in Fig. 4.
he electrode surface oxidized to 20% is perfectly covered with
ery large PbSO4 crystals. At 50%, �-PbO2 crystals appear on
he electrode surface. At 100%, all parts of the electrode surface

o
s
t
t

ig. 4. The electrode surface (A), the cross-section of the electrode (B), and the inter
0%, (b) 50%, and (c) 100% of the discharge capacity, observed by SEM.
urces 158 (2006) 825–830 827

s covered with �-PbO2 crystals. The �-PbO2 layer is observed
n the cross-section of the electrode oxidized to 20% and PbSO4
xists on the �-PbO2 layer. At 50%, PbSO4 near the electrode
urface is oxidized to �-PbO2. The PbSO4 is observed at 20%
ut it is not observed beyond 50%, on the interface between
gold plate and the PbSO4 film. Thus, the oxidation of PbSO4

akes place in the deepest part and �-PbO2 forms at the interface
etween a gold plate and the PbSO4 layer. Then, the oxidation
roceeds at the interior of the film where the two-dimensional
hange of reaction interface area and the thick �-PbO2 layer
rows. Lastly, PbSO4 remaining near the interface between the
lectrolyte and the electrode is oxidized without an increase of
he reaction interface area.

The potentiodynamic current–voltage curves for the oxida-
ion of PbSO4, which are obtained after the subtraction of the

xygen evolution current from the whole anodic current, are
imilar to those for a surface reaction controlled electrode reac-
ion. The charge-transfer process of Eq. (5) is very slow. Thus,
he anodic reaction rate is considered to depend on both the

face between a gold substrate and the PbSO4 film (C), oxidized at 1.11 V to (a)
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Fig. 5. Current–potential curves of the cathodic reduction of PbSO4 to Pb, on
the Pb/PbSO4 electrode prepared by the galvanostatic discharge at 1 mA cm−2
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or 2 min in 1 M H2SO4 by the potential sweet method at various sweep rates:
a) 20 mV s−1; (b) 10 mV s−1; (c) 7 mV s−1; (d) 5 mV s−1; (e) 2 mV s−1; (f)
mV s−1.
eaction interface area and the charge-transfer rate at the reac-
ion site. The rate of the reaction of Eq. (5) is increased by the
ncrease of Pb2+ ions and the decrease of H+ ions. Thus, the
harge-transfer rate in 0.5 M H2SO4 is largest in the various sul-
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ig. 6. The schematic illustrations of the PbSO4 crystals deposited on the Pb surface
he interface region (C), the change of the PbSO4 crystal during the cathodic reductio
urces 158 (2006) 825–830

uric acid solutions, while the concentration of Pb2+ ion has a
aximum at 1 M H2SO4.

. Cathodic reduction of PbSO4 to Pb in sulfuric acid solu-
tion (charge reaction of the negative active material) [9]

The potentiodynamic current–voltage curves for the cathodic
eduction of PbSO4 to Pb in 1 M H2SO4 on the Pb/PbSO4 elec-
rode prepared from a Pb rod were determined, as shown in
ig. 5. The cathodic current rapidly increases and then gradu-
lly decreases. The peak currents increase with increasing sweep
ate and change linearly with the square root of the sweet rate.
ame change is obtained in the case of the semi-infinite linear
iffusion controlled current on a planer electrode. However, in
his case, the diffusion of the Pb2+ ion is not explained by semi-
nfinite linear diffusion, because the electrochemical reaction
akes place where both PbSO4 and Pb exist.

Thus, the reaction site model illustrated, as shown in Fig. 6(A)
as proposed. In this model, it is assumed that the Pb2+ ions

re transported from the PbSO4 crystal surface to the Pb sur-
ace and then reduced on the Pb of electronic conductor. The
eaction rate depends on the electrochemical kinetic parameters,
.g., exchange charge-transfer rate, the real area of the interface
etween the PbSO4 and the Pb and the mass-transfer of Pb2+
ons. The gap between the PbSO4 and the Pb may be narrow,
nd the diffusion phenomena in such a gap can be assumed to be
ike those in a thin layer cell, as in Fig. 6(B). The concentration
rofile of Pb2+ ions is illustrated in Fig. 6(C), and the PbSO4

(A), the model of the reaction site (B), the concentration profile of Pb2+ ions at
n (D).
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ig. 7. Calculated current–potential curves for the cathodic reduction of PbSO4

o Pb at various sweep rates: (a) 20 mV s−1; (b) 10 mV s−1; (c) 7 mV s−1; (d)
mV s−1; (e) 2 mV s−1; (f) 1 mV s−1.

rystal becomes smaller as in Fig. 6(D). By using this model, the
urrent–voltage curve for a single PbSO4 crystal is calculated.
hen, the total current is calculated by the multiplication of the
umber PbSO4 crystal.
Since the exchange current density is estimated to be the
rder of 1–10 mA cm−2, the rate-determining step for the reduc-
ion of PbSO4 to Pb is controlled by the mass-transfer. Then,
he current–voltage curves were calculated at various sweep
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ig. 8. The porous �-PbO2 electrode surface (A), and the interface between a Pb pla
ischarge, (c) after potentiostatic discharge during 5 days, observed by SEM.
urces 158 (2006) 825–830 829

ates, under following conditions; the concentration of Pb2+

ons: 2.4 × 10−5 M, the diffusion coefficient: 5 × 10−6 cm2 s−1,
he height of a single PbSO4 crystal: 1 �m, its length: 1 �m,
ts width: 1 �m, the diffusion path length: 5 × 10−3 �m, and
he volume of PbSO4 crystal: 1.2 × 10−6 cm3. The calculated
urves are similar to those observed in Fig. 5, as shown in Fig. 7.
owever, the observed curves show some deviation from the cal-

ulated curves, due to the distribution of PbSO4 crystal sizes and
he uncertainty of estimating the number of PbSO4 crystals.

From the above model, it can be expected that the large crystal
ize gives a smaller reaction site area per unit volume, and a large
olubility of PbSO4 gives a large current. The cathodic reduction
f the negative active material strongly depends on the crystal
ize and the solubility of PbSO4 crystals.

. Oxidation of PbSO4 at the interface between the grid and
the active material [10–12]

The porous �-PbO2 prepared from a paste active material
thickness of about 2 mm) on a Pb plate was discharged in
.5 M H2SO4 at 8 mA cm−2, and then potentiostatic discharged
t −450 mV versus PbO2/PbSO4 at 30 ◦C. The electrode sur-
ace and the interface between the active material and a Pb plate
ere observed under the conditions before discharge, before and

fter potentiostatic discharge during 5 days by SEM, as shown in
ig. 8. No PbSO4 crystals are observed on the surface before dis-

harge. After discharge, surface is covered with the PbSO4 crys-
als of size about 20–30 �m. Most of the PbSO4 crystals on the
lectrode surface are formed during the galvanostatic discharge,
hile further crystals are formed within the inner part of the elec-

te and the porous electrode (B): (a) before discharge, (b) before potentiostatic
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Fig. 9. The �-PbO2 electrode surface (A), and the interface between a gold

rode during the following potentiostatic discharge. The PbSO4
rystals do not grow at the interface during the galvanostatic dis-
harge. Then, the PbSO4 crystals develop at the interface during
he potentiostatic discharge. And then, the whole of the interface
s covered with the large and plate-like PbSO4 crystals during
he course of the following potentiostatic discharge of 5 days.

The growth rate in a parallel direction to the substrate at
he interface region may be larger than that in a perpendicular
irection, because it is limited by the substrate. The discharge
eaction rate at the interface region is slow because of the slow
ass transport. The crystal size of PbSO4 increases with the

ecrease in the discharge current. Moreover, the concentration
f sulfuric acid solution at the interface decreases with the extent
f the discharge reaction because the sulfuric acid is consumed
nd the diffusion rate through the �-PbO2 film is not sufficient.
he solubility of PbSO4 in sulfuric acid solution increases with
ecreasing the concentration from 5 to 1 M H2SO4. The re-
rystallization process rate increases with increasing solubility
f PbSO4. Thus, the large and plate-like PbSO4 crystals will
e formed at the interface between the active material and a Pb
late. Such an electrode was potentiostatic charged at +200 mV
ersus PbO2/PbSO4 in 2.5 M H2SO4 at 30 ◦C. The charge accep-
ance of an electrode discharged under galvanostatic condition
s very good. However, in the case of electrode, galvanostatic
nd then potentiostatic discharged for 5 days, a constant very
mall current, which is caused by the resistance layer formed on
he interface is observed.

In order to know clearly the characteristics of the plate-like
bSO4 crystals, a dense �-PbO2 film on a gold plate (thickness
0–40 �m) was discharged at 50 �A cm−2, and then potentio-
tatic discharged at−420 mV versus PbO2/PbSO4 in 5 M H2SO4
or 2 days at 50 ◦C. The electrode surface and the interface
etween a gold plate and the �-PbO2 film were observed by
EM, as shown in Fig. 9. The PbSO4 crystals of large and plate-

ike exist at the interface between a gold plate and the �-PbO2
lm. The change of �-PbO2 to PbSO4 produces stress in the
lm due to the difference in the molar volumes of �-PbO2 and
bSO4. Thus, a dense �-PbO2 film cracks during the course of

otentiostatic discharge at 50 ◦C. Sulfuric acid solution pene-
rates through such cracks and, as the result, PbSO4 crystals are
ormed at the interface between a gold plate and the �-PbO2
lm.

[

[

and the �-PbO2 film (B), discharged for 2 days at 50 ◦C, observed by SEM.

Though the lead–acid battery has higher equilibrium voltage
f about 2.04 V than the equilibrium voltage of the water decom-
osition, 1.23 V, the water decomposition is controlled due to
he high over-potential of oxygen evolution on the �-PbO2 and
hat of hydrogen evolution on the Pb. But, it is impossible to
void the self-discharge on the positive and the negative active
aterials. These come from the formation of a local cell con-

isting of either the anodic reaction of oxygen evolution on the
-PbO2 or the cathodic reaction of hydrogen evolution on the
b. The self-discharge with small current causes the formation
f the large, plate-like PbSO4 crystals on the interface between
he active materials and the grid materials. Thus, the float-
ng charge at the more positive potential than the equilibrium
otential of �-PbO2/PbSO4 electrode and the more negative
otential than the equilibrium potential of Pb/PbSO4 electrode
s necessary. The upper limit of the floating potential of the pos-
tive electrode must be restricted by the corrosion of the grid

aterials.
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