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1. Introduction

Although the lead-acid batteries have been widely used in auto-

motive, vehicle traction and other industry applications due to their
low cost and high performance, there still exist many problems for
positive plates, such as grid corrosion, active mass (AM) softening
and low AM utilization [1,2]. These problems are closely related to
the manufacturing technology of the positive plate and its paste
formula [3]. The former includes the curing and the formation, etc.
The latter is mainly composed of the lead powder, sulfuric acid
and water. It is significant to use the AM additives of the posi-
tive plate to promote the formation and increase AM utilization
[4–6].

The specific energy of lead-acid batteries is largely limited by the
positive plate, whose performance is greatly affected by the forma-
tion [7]. As the porosity of the positive active mass (PAM) decreases
in the formation, the transformation of the positive paste into PbO2
becomes more difficult. It normally takes very long time, especially
for the thick or tubular positive plate and the container formation of
valve-regulated lead-acid (VRLA) batteries [8]. The formation of the
positive plate depends on the cured paste composition, acid density
of the formation electrolyte, charge current profile and electrolyte
temperature [9–13]. The technology applied needs to obtain a high
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tive materials, Pb3O4 and BaPbO3, in automotive lead-acid batteries were
ir current and potential distributions in the course of formation and dis-

o conductive materials, especially Pb3O4, enhance the formation in the
ey make the current and potential distributions more uniform. In the dis-
creases the capacity of the positive plate, but it is unfavorable to the paste
t between active mass (AM) particles so that the polarization increases
e BaPbO3 additive improves not only the formation but also the discharge
bility in acidic media and at high polarization. The violent charge at high
in the initial formation can lead to poor AM contact and high polarization

© 2008 Elsevier B.V. All rights reserved.

content of PbO2 and an appropriate ratio of �-PbO2 to �-PbO2 in
PAM, in order to ensure the initial capacity of the battery and its
life [14].

The cured paste of the positive plate is composed of lead sulfate,
lead oxide, tri- and tetra-basic lead sulfates (3BS and 4BS). Since
they are very poor conductors or insulators, very high charge cur-
rent density appears in the initial stage of the formation, which

results in a very high polarization and violent gassing. In order to
improve the conductivity and reduce the polarization, the addition
of red lead (Pb3O4) to PAM has been widely used by many manufac-
turers [15–17]. Besides the thick or tubular positive plates of large
lead-acid batteries and the container formation of VRLA batteries,
recently Pb3O4 is also employed in the container formation tech-
nology of flooded automotive VRLA batteries with the thin plate
cured at high temperature. Other conductive additives in the posi-
tive paste like BaPbO3, Ti4O7 and graphite, etc. are also investigated
[18–23]. They enhance the formation greatly in the early stage and
increase the formation efficiency.

Although great efforts are made in the practical manufacture,
there always exists difference in different parts of the same plate
due to the plate dimension, grid design, paste mixing, pasting sym-
metry and formation, etc. [24,25]. This obviously affects the AM
utilization as well as the performance of lead-acid batteries. Sunu
and Burrows [26] predicted the potential and current distributions
on the surface of the orthogonal grids according to each intersec-
tion and the conductivity of grid members. Calábek et al. [27,28]
simulated the discharge of a positive–negative electrode pair and
optimized the orthogonal grid design according to the current dis-
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tribution. Other simulation investigations include the current and
potential distributions in the discharge of the flat, horizontal and
spirally designed plates [29–31]. However, less work is done to mea-
sure the current and potential distributions of the practical plate. In
our previous works, an in situ electrochemical scan technique has
been established to study the current and potential distributions
of various lead-acid battery plates and much information has been
obtained about them in their formation and discharge [32,33]. In
this paper, the effects of conductive substances, red lead and barium
metaplumbate (BaPO3), in the paste on the current and potential
distributions in the positive plate formation and its discharge are
studied.

2. Experimental

The commercial red lead was used and barium metaplumbate
was prepared by calcining the mixture of red lead and barium
carbonate with 1:1 molar ratio at 850 ◦C for 3 h in the air. The pos-
itive grids used were cast by multiple Pb–1.8%Sb alloy and were
the rectangle design with the dimensions of 14.3 cm (W) × 13 cm
(H) × 0.22 cm (T). The positive paste was composed of 1 kg lead
powder, 0.7 g fibre, 20 g Pb3O4 or BaPbO3 additive, sulfuric acid and
distilled water. It contained 50 g H2SO4 per 1 kg lead powder and
its apparent density was 4.2 g cm−3. The pasted positive plate with
119 g paste was cured at 50–55 ◦C in 95–100% relative humidity
for 24 h and was dried through reducing the relative humidity and

elevating the temperature in 24 h. In order to eliminate the effects
of the negative plate in the measurements, the pre-formed neg-
ative plates are used. Then one unformed positive plate and two
formed negative plates were formed at 2.2 A in 1.05 g cm−3 H2SO4
(40–45 ◦C) for 22 h. The C20 capacity of the positive plate was 12 Ah.

To measure the current and potential distributions of the pos-
itive plate, an experimental set-up was described in detail in the
previous work [24,25]. In short, the tested positive plate was placed
between two formed negative plates. The container used had the
internal dimensions of 14.5 cm (W) × 15 cm (H) × 8.4 cm (L). The
distance between the positive and negative plates was about 3.8 cm.
When the positive plate was formed or discharged, the IR voltage
drop appeared in the electrolyte. Two Hg/Hg2SO4/H2SO4 (1.285
specific gravity) reference electrodes were used to measure the
local IR drop in the electrolyte and the local potential on the posi-
tive plate. The measurement distance of the two reference electrode
tips was 3 cm. The data of 162 points were obtained by scanning the
three couples of reference electrodes from the bottom to top of the
positive plate twice. The IR voltage drop and the electrode poten-
tials were recorded by a HP 34970A Data Acquisition/Switch Unit
connected to a PC. The charge–discharge processes was controlled
by BT2000 Arbin Instruments.

Fig. 1. The current density distributions on positive plates (A1) without conduc
urces 183 (2008) 381–387

3. Results and discussion

The synthesized BaPbO3 was analyzed by X-ray diffractome-
ter (XRD) and its three characteristic diffraction peaks appeared at
29.70◦ (relative intensity: 100%), 42.34◦ (18.3%) and 52.68◦ (31.5%),
respectively. There are no diffraction peaks of other compounds. It
indicates that the synthesized material is BaPbO3.

To measure the local current density and potential, the test pos-
itive plate was divided into six channels. One scan measured three
channels by moving three couples of reference electrodes from bot-
tom to top of the plate, and the IR voltage drop in the electrolyte
and the reference electrode potential close to the test plate were
recorded per 0.5 cm height. So 162 points were measured in two
scans and each point corresponded to 1.148 cm2. The sum of 162 IR
voltage drops,

∑
�U, was proportional to half of the total charge

current, I, and each IR voltage drop, �U, was proportional to the
local current in the area of 1.148 cm2. Although great changes took
place in the sulfuric acid concentration in the formation, the time
needed in the measurements of 162 points was short and hence
the electrolyte resistance, i.e. R value above, was supposed to be
unchanged during the two scans. Therefore, the local current den-
sity, i, was calculated by the following expression

i = �U × I

1.148 ×
∑

�U
(1)

where I was equal to 1.1 A for 2.2 A formation current and 18 A for
36 A discharge current, respectively.
In the early stage of the formation, the high polarization and
uneven current distribution appeared because of the poor conduc-
tivity of the paste. However, the polarization fell and the current
distribution tended to be uniform with forming. After about 10 h
formation, most of the paste was transformed into lead dioxide on
the positive plate and the oxygen evolution was dominant. Then the
current distribution became increasingly uniform. So Figs. 1 and 2
only show the current density distributions on three positive plates
with and without conductive Pb3O4 and BaPbO3 at 1 and 8 h for-
mation, respectively. Its apparent current density is 5.92 mA cm−2

at 2.2 A. It is found that the current distribution is quite uneven
on the three positive plates in Fig. 1, although the formation pro-
ceeds for 1 h. On the whole, the current density around the three
plates is obviously higher than that in their middle. This is because
only a little paste is transformed into conductive lead dioxide at this
time and the big frame of the rectangle grid has higher conductivity.
Although there have been many reports on the conductive additives
or substances promoting the formation and used in the practical
applications [16–23], Fig. 1 shows that the addition of Pb3O4 greatly
improves the current distribution in the 3/4 regions of the positive
plate except near the lug. BaPbO3 additive in Fig. 1C1 only improves

tive material and with (B1) Pb3O4 and (C1) BaPbO3. Formation time: 1 h.
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are almost the same. It indicates that the BaPbO3 additive does
not have much effect on the paste conductivity in the early stage
of the formation. Fig. 4B1 shows that Pb3O4 reduces the polariza-
tion of the positive plate greatly. The average potential in the 3/4
regions decreases by 30 mV and the potential difference reaches
about 37 mV in most parts of the plate in Fig. 4B1, compared with
Fig. 4A1. It is clear that Pb3O4 has good conductivity and enhances
Y. Guo, H. Liu / Journal of Po

Fig. 2. The current density distributions on positive plates (A8) without c

a little. It is well known that the Pb3O4 has good conductivity and
is widely used as a component in the positive paste formula to
enhance the formation. In Fig. 1B1, however, the current density
near the lug of the positive plate is much lower than that in lower
parts. This is different from the expected results that the highest
current density should appear near the lug. This may be due to the
uneven mixing and dispersal of Pb3O4 and the preferential spread
of PbO2 zone near conductive Pb3O4. In the practical manufacture,
the Pb3O4 particles are large and are very difficult to disperse in
the paste, which can be observed from the red color on the prac-
tical cured positive plates. At 8 h formation, Fig. 2 shows that the
current distributions become relatively uniform on the three plates.
The high current appears only where the current is low in the mid-
dle of three plates in Fig. 1. But the current in the upper part of the
plate with BaPbO3 additive drops more quickly as compared with
the other two plates.

In order to compare the difference clearly among the three
plates, Fig. 3 shows the evolution of the current distributions from
the bottom to top in the middle parts of the three plates in their for-
mation. The greatest difference of the current distributions occurs
in the early stage of the formation and the distribution becomes
increasingly uniform as the formation proceeds. At 1 h formation,
the current density in the middle is much lower than that in the
upper and lower parts of the plates (Fig. 3A). The difference between
the highest and lowest current density reaches 2.48 mA cm−2 on
the plate without conductive substances while it is only 1.57 and
1.77 mA cm−2 on the plate with conductive Pb3O4 and BaPbO3,

respectively. It is seen from Fig. 3A and B that the uniformity order of
the current distributions on the three plates is Pb3O4 > BaPbO3 > no
conductive substance. At 8 h formation, their differences become
very small. The current density in the upper and lower parts of the
plates is a little lower than that in the middle where it is smaller
in the early stage of the formation. There is hardly any change in
the current distributions in the subsequent formation. At 22 h for-
mation, the current density at the bottom increases a little while
it drops at the top obviously, in comparison with the current den-
sity at 8 h formation. The falling of the current density in the upper
parts in Fig. 3D is related to the high polarization in this region
at the beginning of the formation, which will lead to high contact
resistance between the AM particles.

Figs. 4 and 5 show the potential distributions on different posi-
tive plates at 1 and 8 h formation, respectively. At 1 h formation, the
potential around the plate in Fig. 4A1 is obviously lower than that
in the middle because of the good conductivity of the grid frame.
And the lowest polarization appears in the upper parts of the plate.
When BaPbO3 was added to the paste, the average potential of the
positive plate in Fig. 4C1 decreases by 4 mV and the potential in
the upper parts falls a little more, but their potential distributions
urces 183 (2008) 381–387 383
Fig. 3. The current density distributions in the middle parts (Channel 4) of positive
plates with different conductive materials at different formation times. Formation
time: (A) 1 h; (B) 2 h; (C) 8 h; (D) 22 h.
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uctiv

uctive material and with (B8) Pb3O4 and (C8) BaPbO3. Formation time: 8 h.

dent. At 2 h formation, the average potentials are 1.159, 1.140 and
1.148 V for the positive plates without any additive, with Pb3O4
and BaPbO3, respectively. Therefore, the conductive materials can
diminish the polarization of the positive plates and enhance their
formation greatly.

In order to know the effects of the AM conductive materials on
the positive plate performance, the positive plates which had been
formed and dried were discharged at the 3 C rate (36 A) in the H2SO4
solution of 1.28 specific gravity. The amount of each recharge is
about 125% discharge capacity. The measurements of the current
and potential distributions on the positive plate were conducted in
Fig. 4. The potential distributions on positive plates (A1) without cond

Fig. 5. The potential distributions on positive plates (A8) without cond

the formation greatly, which is in agreement with the action of
the Pb3O4 in the practical application. However, an abnormal phe-
nomenon appears in Fig. 4B1, that is, the polarization near the lug
is not low but high. It is close to the data in Fig. 4A1. This may be
due to the fact that the Pb3O4 particles are large and their dispersal
is not uniform, which is often observed from red color distribution
on the cured positive plate.

At 8 h formation, most parts of the positive paste are trans-
formed into lead dioxide and the remainder is difficult to be formed
so that the polarization increases greatly in Fig. 5. At this time, the
potential distribution has become relatively uniform. And the polar-

ization in the upper parts of the plate is only a little lower than that
in the lower parts. The low polarization near the lug in Fig. 5B8 is
related to the delayed formation in Fig. 4B1. As reported [21], the
conductive additives can play an important role in the early stage
of the formation, yet their action becomes inconspicuous as the
conductive network of lead dioxide is established. In comparison,
the average potential in Fig. 5C8 is a little higher, but the potential
changes only within 14 mV among the three plates with different
conductive materials.

Fig. 6 shows the evolution of the average potential obtained by
162 measurement points on three positive plates. During the ini-
tial 2 h formation, the potential of the three positive plates drops
quickly and reaches the minimum. Then it increases gradually
and tends to be stable after 10 h formation. At the beginning of
the formation, the paste composed of basic lead sulfates and lead
oxide has very high resistance and the formation first starts from
the neighborhood of grid bar. As the PbO2 zones are formed and
advance into the paste, the current density decreases and so does
the polarization [34]. The addition of Pb3O4 and BaPbO3 increases
the paste conductivity and hence reduces the polarization of the
plates greatly. Fig. 6 shows that the action of Pb3O4 is more evi-
e material and with (B1) Pb3O4 and (C1) BaPbO3. Formation time: 1 h.
the same container as in the formation, in which the test positive

Fig. 6. Evolution of the average potentials on positive plates with and without con-
ductive materials during the formation.
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e material and with (B1) Pb3O4 and (C1) BaPbO3 at 3 C discharge rate. Discharge time:

e material and with (B6) Pb3O4 and (C6) BaPbO3 at 3 C discharge rate. Discharge time:
Fig. 7. The current density distributions on positive plates (A1) without conductiv
1 min.

Fig. 8. The current density distributions on positive plates (A6) without conductiv
6 min.

plate was put between two negative plates [25]. Figs. 7 and 8 show
the current density distributions on the three positive plates at 3 C
discharge rate at 1 and 6 min, respectively. It is noticed that their
lug positions are different from those in Figs. 1 and 2, thus a bet-
ter view is presented. At 1 min in Fig. 7, the current distributions of
the three positive plates with and without conductive materials are
similar and relatively uniform. The current density increases grad-
ually with the height of the plate, but it decreases close at the top
of the plate. At the end of the discharge in Fig. 8, their distributions

become a little uneven. The current density falls in the upper and
lower parts of the plates while it rises in the middle. In order to
compare the three plates more clearly, Fig. 9 shows the change of
their current density distributions from the bottom to top in the
middle of the positive plates. In the initial discharge in Fig. 9A, the
current density distributions of the three plates are the same in the
lower part but different in the upper part. And the positive plate
with Pb3O4 has higher current density. With discharging, the cur-
rent density rises in the middle while it falls at the bottom and top
of the plates in Fig. 9A, but it drops faster at the top. Its change trend
on the plate with BaPbO3 is very similar to that on the plate with-
out conductive materials. However, the current density on the plate
with Pb3O4 drops more quickly in the lower part. It means that the
Pb3O4 may be unfavorable to the electrochemical performance of
the plate although it enhances its formation.

Figs. 10 and 11 show the potential distributions on the three
positive plates at 3 C discharge rate at 1 and 6 min, respectively.
At 1 min in Fig. 10, their potential distributions are similar. The
potential decreases gradually from the upper to lower parts of the
plates due to the high discharge current and the grid resistance.
The maximum potential difference reaches about 100 mV. But at

Fig. 9. The current density distributions in the middle parts (Channel 4) of positive
plates with different conductive materials at 3 C discharge rate. Discharge time: (A)
1 min; (B) 6 min.
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erial a

rial and with (B6) Pb3O4 and (C6) BaPbO3 at 3 C discharge rate. Discharge time: 6 min.

the resistance of the plate increases, which can affect the battery
life.

In order to obtain the resistance distribution, the open circuit
potential of the fully charged positive plate was measured and it
was 1.156 V in the H2SO4 solution of 1.28 specific gravity. When the
positive plate is discharged, the polarization resistance is defined
by the ratio of the electrode polarization to the current density.
Fig. 13 shows the polarization resistance distributions on the three
plates at the end of the discharge. Their distributions are similar
and the polarization resistance is the lowest in the middle while
it becomes very high around the plates. It is different from the
Fig. 10. The potential distributions on positive plates (A1) without conductive mat

Fig. 11. The potential distributions on positive plates (A6) without conductive mate

the top, the polarization becomes high, where the current den-
sity is low in Fig. 7. It means that the high polarization appears
at the top of the plates, which is closely related to the high cur-
rent in these regions in the initial formation (Fig. 3A and B). In
comparison with Fig. 10A1 (no conductive materials), the BaPbO3
additive does not affect the potential distribution (Fig. 10C1), while
Pb3O4 makes the average polarization increase by 21 mV. As the
discharge proceeds, the potential of positive plates decreases grad-
ually and the larger potential falling occurs in the upper parts. At the
end of the discharge in Fig. 11, the polarization of the three plates
increases greatly and their potential distributions become more

uneven. Apart from the polarization rising of the overall plate, the
potential in the upper parts of the three plates drops more quickly,
compared with Fig. 10. And at this time, the potential distribution
on the plate with Pb3O4 (Fig. 11B6) is similar to that on the plate
without conductive materials (Fig. 11A6). But the plate with BaPbO3
additive has lower potential polarization in Fig. 11C6. It is obvious
that BaPbO3 has good conductivity and plays an important role in
the latter discharge. To further understand the effects of conduc-
tive materials, the evolution of the average potentials on the three
plates at 3 C discharge rate is shown in Fig. 12. Pb3O4 makes the
polarization increase while BaPbO3 reduces the polarization of the
positive plate obviously during discharging due to its good con-
ductivity and its stability. However, the potential of the positive
plate without conductive materials drops quickly as the discharge
proceeds. It indicates that the conductive BaPbO3 improve the dis-
charge performance of the positive plates greatly. Although the
addition of Pb3O4 to the paste enhances the formation, it is trans-
formed into PbO2 in the formation, whose conductivity is the same
as the PAM. In this case, Pb3O4 can increase the capacity of the pos-
itive plate, but it may affect the paste curing and recrystallization.
This makes the contact between the AM particles poor and then
nd with (B1) Pb3O4 and (C1) BaPbO3 at 3 C discharge rate. Discharge time: 1 min.
Fig. 12. Evolution of the average potential on three positive plates with and without
conductive materials at 3 C discharge rate. Discharge time: 1 min.
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Fig. 13. The polarization resistance distributions on positive plates (A6) without co
time: 6 min.

expected results that the lower polarization resistance is located
near the grid frame with higher conductivity. It is related to the high
polarization and high current density appearing around the plates
in the initial formation (Figs. 1 and 4). This violent charge at the
high polarization near the grid frame leads to poor contact between
AM particles and thus the polarization resistance increases greatly.
It can also be seen that the current distribution becomes more
uneven at the end of the formation in Fig. 3D. The overcharge
makes the current density at the top of the three plates drop obvi-
ously. In the whole discharge of the three plates in Fig. 9, the
lowest current density appears at the top of three plates. Therefore,
the current profile in the formation and the conductive materi-
als in the paste can affect the performance of the positive plate
greatly.

4. Conclusions

In this work, the effects of the conductive materials, Pb3O4 and
BaPbO3, in the positive plate pastes on the formation and the dis-
charge performance were investigated by measuring the current

and potential distributions. The formation of the positive plate
begins more easily from the grid frame with good conductivity.
Both Pb3O4 and BaPbO3 enhance the formation in the initial stage
(within 3–4 h) greatly, especially Pb3O4, which reduces the polar-
ization significantly. The presence of these conductive materials
also makes the current and potential distributions more uniform in
the initial formation. However, they do not affect the latter forma-
tion much. At 3 C discharge rate, the current density is the highest
in the middle of the positive plates and it is low in the upper and
lower parts. And with discharging it drops obviously at the bottom
and top. Pb3O4 can increase the capacity of the positive plate. But
it makes the paste curing and the contact between AM particles
poor, which results in the higher polarization resistance. So it is
unnecessary to use high Pb3O4 content in the paste if its amount is
enough to enhance the formation. Although BaPbO3 is not as effec-
tive as Pb3O4 in enhancing formation, it has high stability in acidic
media and at high polarization while Pb3O4 is transformed into
PbO2 after the formation. Therefore, BaPbO3 can improve the per-
formance of the positive plate greatly at a high discharge rate due
to its good conductivity. The violent charge at the high polarization
near the grid frame with better conductivity at the beginning of
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ive material and with (B6) Pb3O4 and (C6) BaPbO3 at 3 C discharge rate. Discharge

the formation can lead to poor AM contact and high polarization
resistance.
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