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a b s t r a c t

Two disadvantages of lead acid batteries are poor power and energy densities and the necessity of rela-
tively long recharging times. In this paper it is presented the results of ongoing work aimed at increasing
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both the positive active material (PAM) specific capacity and the positive plate charge acceptability.
The experimental results show that adequate curing processes can be used to develop an intercon-

nected structure among nanometric PbO2 particles to produce tubular electrodes with specific capacity
higher than 180 Ah kg−1 and maintain this value for 130 cycles with deep discharges.

These PbO2 positive plates are expected to exhibit higher charge acceptability due to their larger PAM
d to c

zon

ubular electrode
ead acid battery

surface area as compare
resistance of the grid/PAM

. Introduction

Lead acid battery tubular plates are usually assembled from a
ixture of PbO and Pb3O4. The typical specific capacity for the

lates is approximately 120 Ah kg−1 [1], and their microstructure
onsists of micrometric particles with 2 m2 g−1 surface area [2].
he transformation of the material during the curing/formation
rocesses is responsible for the structural integrity and electri-
al contact among the active material particles. Tubular electrodes
ssembled directly with PbO2 particles are able to provide satis-
actory discharge capacity if mounted with high enough density,
o ensure a minimal pressure among the particles. Tubular plates

ounted with 3.8 g cm−3 of PbO2 extracted from a commercial
asted plate were found to furnish up to 80 Ah kg−1 [3]. Bervas
t al., using nanometric PbO2 synthesised by oxidation of Pb2+ ions
ith ammonium persulphate in an alkaline media, were able to

onstruct tubular electrodes with 100 Ah kg−1, which were capa-
le of withstanding more than 150 charge/discharge cycles in 2 M
ulphuric acid [4]. The utilisation coefficient and power output
apability of tubular electrodes can be improved by adjusting the
eometry of the components and the charge regimen. Pavlov and
o-workers [5–7] had shown that tubular plates with strap grids
urrent collectors (Strap Grid Tubular Plates, STGP) and thinner

AM layer can furnish up to 140 Ah kg−1 (C20) specific capacity,
an present high enough output power to meet the requirement
or EV’s and HEV’s application, and also can withstand more than
000 EV cycles which means more than 50,000 km.
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onventional ones, but the results indicate that the high internal ohmic
e limits the fast charge efficiency.

© 2010 Elsevier B.V. All rights reserved.

The influence of the active material thickness on the utilisation
coefficient was already reported by Faber back in the 1970s [8].
Faber had shown that the smaller the PAM thickness, the greater its
utilisation coefficient for conventional geometry tubular electrodes
and also for Ti fibre electrodes.

Still, when considering batteries for EV’s and PHEV’s, the sus-
ceptibility to fast charge is a highly desirable feature. However it
is commonly associated with a high rate of heat generation and
high overvoltage, which are both potentially hazardous for lead
acid batteries.

Different physicochemical processes control the plate polariza-
tion that depends on the plate characteristics and the battery usage
protocol. One method to decrease the plate overpotential during
charging is to use active material particles with high area to vol-
ume ratios. This would decrease the actual current density during
charging and, consequently, the reaction zone polarization. This
reasoning leads to the conclusion that positive plates with nano-
metric active materials should have a higher susceptibility to fast
charging than conventional plates.

Recent work has reported methods to synthesise nanometric
PbO2 particles [4,9], which could be beneficial to lead acid battery
technology due to their presumable large surface area.

From the agglomerate of spheres model [10] for positive active
material (PAM) particles, it can be concluded that the first necessity
of any methodology to produce positive electrodes is to build up the
necks between the particles and the contacts between the particles
and the spine.
2. Experimental

The nanometric PbO2 was synthesised from the hydrolysis of
lead (IV) acetate, according to the method used by Caballero et
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Fig. 1. Diffractogram of the nanometric PbO2.

l. [9]. Fig. 1 shows the diffractogram of the synthesised mate-
ial.

The pattern corresponds to that of �-PbO2 [11]. Using the Scher-
er equation and the parameters of the highest peak, the mean
iameter of the particles was estimated to be approximately 10 nm
12]. Fig. 2 shows a TEM image of the synthesised material, con-
rming the mean diameter estimate.

The surface (BET) area, measured using N2 adsorption, was
2 m2 g−1.

Fig. 3 shows a schematic representation of the electrodes.
The amount of PbO2 in each electrode was 1.5 g (� ∼ 3.5 g cm−3).
Different methods to build up the interconnected structure of

he PbO2 electrode have been tested on the basis of the follow-
ng criteria: (a) the utilisation coefficient of the positive active
aterial and (b) the residual capacity after removal of the tubular
auntlet. Only the results of the utilisation coefficient measure-
ents obtained with the best curing process will be shown for

omparison. Details of the different methods have been shown
n Ref. [13]. The electrode susceptibility to fast charging was

Fig. 2. TEM image of the synthesised PbO2 particles.
Fig. 3. A schematic representation of the tubular electrodes. The porous tube had a
height of 20 mm and an internal diameter of 8.6 mm. The lead spine had a diameter
of 3 mm.

also evaluated using pulsed charge algorithms. All electrochem-
ical measurements were conducted in standard three-electrode
electrochemical cells. The potential values were measured with
Hg/Hg2SO4/H2SO4 reference electrodes with the acid solution hav-
ing the same concentration as the cell.

3. Results

3.1. Utilisation coefficient measurements

A typical potential versus time discharge curve for a nano PbO2
electrode in 2 M sulphuric acid solution can be seen in Fig. 4.

No significant difference can be found between the discharge
curve show in Fig. 4 and one of a typical tubular electrode [14].

The discharges for utilisation coefficient measurements was
performed down to 0.75 V cut off potential, in a 30 h regimen and
the charge factor was 1.3.

Fig. 5 shows the specific capacity evolution of a typical elec-
trode, which was prepared and submitted to discharge/charge
cycles without any curing process. The current densities were

icharge = 10 mA g−1 and idischarge = 5 mA g−1.

As shown in Fig. 5, the electrode assembled with nanostructured
PbO2 and without curing process performed poorly with a utili-
sation coefficient less than the typical values for regular tubular

Fig. 4. Typical discharge curve at 30 h rate for a nanometric PbO2 tubular electrode.
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ig. 5. Discharge capacity during charge/discharge cycles for an electrode assem-
led with PbO2 nanostructures and without curing process. At the data point marked
y the arrow, the experiment was stopped, the electrode tube was carefully removed
nd the cycles were re-started.

lates but in agreement with previous reports for tubular elec-
rodes assembled directly with PbO2 [3]. The capacity increased
uring the first cycles, indicating that some contact between the
articles had been established. But after removing the gauntlet
indicated by an arrow), the electrode fell apart almost completely.

The performance of an electrode submitted to the curing process
nd under the same experimental conditions as the electrode in
ig. 5 is shown in Fig. 6.

Prior to the measurements, the electrode was incubated for two
ours in 2 M sulphuric acid solution, washed with deionised water,
ried, replaced into the electrochemical cell and submitted to an
nodic current of 5.0 mA g−1 for 30 min. The stabilised capacity
alue was very high and remained high after removing the gaunt-
et, indicating that the pretreatment and the first charge/discharge
ycle built up the interparticle necks to produce an aggregated
tructure. The specific capacity determined after the tubular holder

emoval accounted for the amount of active mass lost during the
ismounting processes, which was about 7%.

The pretreatment did not significantly increase the average
iameter of the nanometric PAM particles. After the pretreatment
nd 20 charge/discharge cycles, the PAM particles size was approx-

ig. 6. Specific capacity versus cycle number for an electrode submitted to 2 h
mmersion in 2 M sulphuric acid solution, washed, dried, placed into the electro-
hemical cell and galvanostatically oxidised before the cycles.
Fig. 7. The electric potential variation of a nanometric PbO2 electrode during a single
charge pulse.

imately 20 nm, and its specific surface area decreased only to
20 m2 g−1

.

3.2. Susceptibility to fast charge

The nanometric PbO2 tubular electrodes were tested using
charge/discharge cycles with pulsed fast charges and its behaviour
was compared to tubular plates made of PbO.

The tubular PbO electrodes were mounted according to Ref. [15]
because of their known high specific capacity value.

The efficiency of the pulsed charge was measured on both plates.
The parameters for the charge algorithm consisted of a 1 Hz fre-
quency, which was found to be the optimum value [16,17], a 50%
duty cycle and a 2C30 current. This charging protocol would be
expected to completely charge the electrode in 1 h if no side reac-
tions occur.

The electrodes were charged using a charge factor of 1. The mea-
sured capacity is the amount of charge “absorbed” by the electrode.
The efficiency of the charge regimen is defined as the ratio between
the measured capacity and the nominal capacity of the electrode.

The pulsed charge applied to electrode A in which only PbO
was used as precursor material, and it had an efficiency of 65%.
For electrode B, made with nanometric PbO2, the pulsed charge
efficiency was only 40%. It was expected that the nanometric PbO2
electrodes would result in a higher charge acceptance due to their
larger surface area. An analysis of the potential curve trough charge
explains this behaviour, but it is first necessary to consider some
basic aspects of the potential versus time curve in a single pulse.

Fig. 7 shows how the potential of a PbO2 electrode behaves dur-
ing a single charge pulse. The period with current flow is called on
time (ton), and off time (toff) is the rest period.

The abrupt variation in the potential value during the transition
from ton to toff is caused by the ohmic component of the total sys-
tem resistance. It is attributed to the electrode external contacts, the
cables, the lead spine and the active material particles. The poten-
tial variations during the on and off times (the regions marked by
ellipses in Fig. 7) are attributed to ion diffusion phenomena.

The evolution of the plate potential during an entire pulse charge
can provide information about the variation of its ohmic resistance.
However, if the complete curve with all the data points were plot-

ted, the resulting graph would be a miscellany of curves that would
compromise a clear observation. To display the ohmic variation of
the plate potential during the pulse charge experiments shown in
Fig. 8, only the electrode potentials for the last value of on time and
the first point of off time for each pulse for both PbO and PbO2 plates
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Fig. 8. Potential versus time curves during pulsed charge experiments for nanomet-
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electrical conductivity of the grid/PAM interface due to the forma-
tion of low valence lead oxides with poor electrical conductivity
in this region [19]. These low valence lead oxides are oxidised to
highly conductive lead oxides during the high potential period of
the pulsed charges (the high potential is due to the ohmic polar-
ic PbO2 (+) and conventional PbO (�) electrodes. The arrows indicate the ohmic
ariation of the potential.

ere plotted (the points refer to those at both ends of the arrow in
ig. 7).

The ohmic resistance for the nanometric PbO2 electrode is
igher than the PbO electrode for the entirety of the charge cycle.

The positive active material of lead acid batteries is considered
o be a network of interconnected particles, i.e., the agglomerate of
pheres model [10]. The total electrical and mechanical resistance
s determined by the contact zone between particles or necks [18].

These considerations lead to the conflicting conclusion that,
espite the high specific capacity, the nanometric PbO2 electrode
as a weak mechanical structure due to its poor conductivity.
he electric current generated on the PAM (with a typical area
f 3–7 m2 g−1 and in the present work, 20–30 m2 g−1) must flow
hrough the spines with a typical area several orders of magni-
ude smaller than the PAM. A bottleneck occurs at the PAM spine
nterface, which determines the overall electrical resistance of the
lectrode, this interface encompasses the “active mass collecting
ayer” and the “corrosion layer” [5]. Considering this, the hypothe-
is of a well interconnected structure developed during the curing
rocess remains consistent so far. If the electrode’s high resistance

s mainly due to the grid/PAM interface instead of the nanometric
nterconnections, a decrease in the PAM mass to spine surface area
atio, defined as the � factor by Pavlov [5], would be expected to
ignificantly decrease the ohmic polarization shown in Fig. 8.

To evaluate this prediction, an electrode assembled with nano-
etric PbO2 and a 6 mm diameter spine was submitted to a pulsed

harge experiment. The results are shown in Fig. 9.
Fig. 9 shows that the overpotential during the entire charge

s lower for the electrode with the thicker spine, indicating that
he high resistance of the plate is most likely due to the inter-
ace grid/PAM and that the pretreatment successfully formed the
nterconnected structure.

The efficiency of the pulsed charge for the electrode with thicker
pine was higher than the thinner one, 68% versus 40%, respectively.

During the pulsed current cycles, the utilisation coefficient
ncreased (Fig. 10).

Because of the low efficiency of the pulsed charge, each cycle
hown in Fig. 10 is actually composed of two subcycles. The first
ubcycle was a single discharge/pulsed charge cycle that was used

o evaluate the efficiency, and the second subcycle consisted of a
onstant current (CC) charge for 20 h to effectively measure the full
apacity of the electrode.
Fig. 9. Potential versus time curves during pulsed charge experiments for nanomet-
ric PbO2 electrodes with a central spine of 3 mm diameter (+), and 6 mm diameter
(�). The arrows indicate the ohmic variation of the potential.

Fig. 10 shows the evolution of the specific capacity for an elec-
trode with a 6 mm diameter spine measured after a CC slow charge.
The first six cycles were performed using only conventional charge,
identical to that shown in Fig. 6, and the specific capacity value
stabilised at approximately 170 Ah kg−1, which was higher than
the stabilised value for the 3 mm spine electrodes in Fig. 6. The
next set of cycles was conducted with pulsed charges, and the
specific capacity of the PAM increased to 195 Ah kg−1. The same
behaviour was observed for the electrodes with the thinner 3 mm
spines (Fig. 11).

The specific capacities increased from 160 Ah kg−1 (Fig. 6) to
180 Ah kg−1 after the pulsed charge cycles. Considering that each
cycle shown in Fig. 10 is actually composed of two deep discharges,
the nanometric PbO2 tubular electrodes endured more than a 130
deep discharges.

The explanation for this increase in the PAM utilisation coef-
ficient is as follows: as shown by Hollekamp et al., the capacity
of electrodes with pure lead grids and Pb–Ca are limited by the
Fig. 10. Evolution of the specific capacity of the nanometric PbO2 tubular electrode
with a 6 mm diameter spine during conventional and pulsed charge cycles.
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ig. 11. Evolution of the specific capacity for a nanometric PbO2 tubular electrode
ith a 3 mm diameter spine during pulsed charge cycles.

zation on the grid/PAM interface) and increase the amount of PAM
articipating in the discharge process.

. Conclusions

It has been shown that it is possible to assemble a tubular elec-
rode for lead acid batteries directly using chemically synthesised
anometric PbO2 particle. Using a specific method to build up the
onnections among the particles and between the particles and the
pine, it was possible to obtain electrodes with 180 Ah kg−1 that
ndured more than 130 cycles.

Despite the large surface area, the electrodes with nanomet-

ic PbO2 were found to be highly resistive, as inferred from the
igh current pulsed charge experiments. The main component of
he electrode global resistance was found to be the active mate-
ial zone adjacent to the spine. This assessment was based on two
bservations: (1) the high overpotential during the pulsed charge

[
[

Sources 196 (2011) 4832–4836

increased the conductivity of the PAM/spine interface and the PAM
utilisation coefficient and (2) a decrease in the � factor increased
the PAM utilisation coefficient. Electrodes with specific capacities
as high as 198 Ah kg−1 were successfully constructed.

Further work regarding the morphology of the PAM/spine inter-
face is necessary.
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