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Abstract

A kinetic mechanism is proposed for the discharge reaction of positive plates of lead/acid batteries. It includes several steps occurring at
different times in each part of the electrode surface. The mechanism takes into account solid-state reactions at the beginning followed by a
dissolution/precipitation mechanism. On this basis, experimental data are presented to show that the mechanism implies an intermediate stage
in which the product behaves as a continuous film. Finally, data are presented showing that, up to this intermediate stage, the reaction product

is a form of PbO that will react later with H,SO, to give PbSO,.
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1. Introduction

In the past, the kinetic discharge mechanism of the positive
and negative plates of lead/ acid batteries has been understood
on the basis of the double lead sulfate theory proposed by
Gladstone and Tribe [1]. For the case of negative plates it
seems that the lead sulfate continues to be the product result-
ing directly from the discharge [2,3]. Nevertheless, the tra-
ditional view for the positive plate [2,4] is changing [5-8].

If the positive plates are initially fully charged there is only
PbQ, in the plate. The first step of its discharge must be the
nucleation of the discharge product demonstrated by the peak
at the beginning of the galvanostatic discharge of a fully
charged plate.

A second step will be the growth of the three-dimensional
(3D) nuclei of the discharged product. Due to the nucleus
ionic structure a reasonable overpotential inside of each one,
to force an ionic current through each nucleus, will be
required and, thus, promoting its growth. There will be higher
current densities at the thinner regions of the nucleus (for a
simple hemi-spherical nucleus, at its borders). The non-
homogeneous current density distribution on the surface of
each nucleus will give rise to a fast transformation of the 3D
into a 2D nucleation. Finally, this will produce a continuous
film as schematically shown in Fig. 1. All the nucleation
based on solid ionic structures are not yet explained by the
nucleation theories [9,10]. These theories are essentially
developed for nuclei with a high electron conductivity.
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Fig. 1. Schematically representation of the growth of hemispherical nuclei
having an ionic structure. The representation takes into account that the
ohmic overpotential through each nucleus will give rise to a non-homoge-
neous distribution of the current density on its surfaces. This non-homoge-
neous distribution is represented by the number of arrows.

The third step is the growth of the continuous film. Under
the situation of a field-assisted growth, the product cannot be
PbSO, [5]. The reason is clearly shown in Fig. 2. Being
considered as a reduction of PbQ,, the field inside the film
will be against the entrance of the SO, >~ ions, but 0%~ will
be able to migrate to the solution side or H* migrates in the
opposite way

PbO, + 2H* (solution) + 2¢~ — PbO-H,0 (1)

The first product of the PbO, discharge must be related to
PbO.
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Fig. 2. Inner potential difference (¢) vs. position at the PbO,/film of the
discharge/solution interface: (a) at the Flade potential (zero current den-
sity), and (b) at a given potential during a discharge (cathodic current
density).

The fourth stage comes from the fact that the plate is a
porous electrode with a high inner surface, where the reaction
takes also place. Due to this fact, as the film is thicker in a
given region, the current will look for another area having no
film or a thinner one. As a consequence the field inside the
film will also fall down. Then, the chemical reaction with
H,S0, will become possible, because the field is not anymore
inhibiting the entrance of the SO, *>~ ions. This will be the
true reaction that produces the PbSO,. This process will be
repeated at different times and positions inside the plate. In
such a way, that the discharge reaction will move from the
regions near to the plate surface to the inner regions.

The partial volume of the formed PbSO, will be about two
times that of the PbO [11]. The PbSO, film will be disrupted
to very small particles with a high tendency to recrystalliza-
tion. The rupture and the recrystallization is the fifth and last
stage. This last stage of recrystallization has been described
in several papers explaining the dissolution/precipitation
mechanisms [2,4]. It must be considered that, for any ex situ
measurement, during the preparation of the samples recrys-
tallization may occur over the entire plate surface, because
the cut-off of the polarization and the time is sufficient to
allow the lead sulfate to recrystallize. Microstructures pro-
duced by dissolution/precipitation mechanisms can be
observed by scanning electron microspcopy (SEM) [2.4].

All these stages make that the reaction is very complicated
because the electrode behaves as a multiple electrode. There-
fore, the inner potential difference and the current density at
each position and time, during a galvanostatic discharge,
changes continuously on each point of the electrode surface.

The present work will show the validity of two aspects of
the proposed mechanism: (1) an intermediate stage givesrise
to a continuous film, and (ii) PbO is an intermediate. The
problem of the reaction between the PbO and the H,SO, was
avoided by the substitution of the acid solution by distilled
water, just before the cut-off of the discharge current.

2, Experimental

The experiments were performed on small portions of
actual automotive battery plates. These portions were consti-

tuted by the smaller rectangular area of the plates, delimited
by the rods of the grid. They were cut from the plates before
the formation process. The rod of the grid was 1.7 mm diam-
eter. The geometrical area of the rectangles was about 1 cm®
(1.9cm X 0.55 cm). Then, all the values per unit area will be
given taken into account both sides of the rectangles (2 cm?)
due to the experimental set-up, which will be discussed fur-
ther. The amount of the PbO and tribasic lead sulfate paste
(density 4.1 g cm~?) was about 0.7 g for each positive
electrode.

The experimental set-up was a positive plate between two
negative plates, all them having identical geometrical areas.
The distance between the positive and negative plates was 1
cm in order to keep the acid concentration in the solution
constant during the experiments. This set-up can be seen in
Fig. 3. The volume of the solution in the cell was 200 cm®.

After the assembly, the positive and negative plates were
formed in a 0.86 M H,SO, solution under a current density
(i) of 5.0 mA cm~? (14.3 mA g~ ! of the original paste)
during 48 h. The obtained amount of PbO, was about 0.45 g
for each plate.

In the present work, one assembly of electrodes was used
for each experimental point in the plots. After formation, each
electrode was submitted to five stabilization cycles. Stabili-
zation was done under a charge of 2.5 mA cm™?/100 min
and under a discharge of 10 mA cm~2/20 min, controlled
automatically. After stabilization, the electrodes were main-
tained at 1.8 mA cm~? (8.0 mA g~ of active material) as
a floating current density, until the moment of the
measurement.

Fig. 3. (a) General view of the experimental set-up: (a-1) connections of
the two negatives and the positive plates; (a-2) cover of the cell; (a-3) glass
cell; (a-4) polypropylene support for the electrodes; (a-5) positive elec-
trode; (a-6) two negative electrodes; (a-7) stopcock for the acid withdrawal.
(b) Details of the cell cover: (b-1) hole for introduction of the water; (b-
2) holes for the connections of the electrodes; (b-3) hole for the reference
electrode. (c¢) Details of the polypropylene support assuring rigidity to the
plates.
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Finally, before the beginning of the potentiostatic or a
galvanostatic discharges, the electrodes were maintained, at
least for 1 h, at an anodic potential (1.35 V) or a galvanostatic
anodic current density (1.8 mA cm™?), respectively. This
procedure was adopted to assure a completely charged elec-
trode and at the same time, to have a small oxygen evolution.

Substituting H,SO, by water, during the galvanostatic dis-
charges, the process continued without stopping the discharge
current density (iy). The water was introduced through a tube
connected to the remainder hole (see Fig. 3) onthe cell cover.
At the same time, the acid was drained out at the bottom of
the cell. Care has been taken that the electrodes always
remained immersed. The operation was considered finished
when the liquids coming out from the cell did not present any
visible reaction of the SO, 2~ anion with a 0.5 M BaCl,
solution. However, this test was continued for at least 10 min
more. Then, iy was stopped. The whole operation took 40
min.

The mass of the partially discharged active mass (PDAM)
was determined by the mass difference between the whole
washed and dried plate and the grid. The SO, 2~ content in
each PDAM was determined by the BaSO, gravimetric
method. This was done by dissolving portions of the PDAM
in a concentrated HCI solution and precipitating with a 0.5
M BaCl, [12]. The results are given as the average of three
measurements for each PDAM.

All the galvanostatic and potentiostatic measurements
were controlled by a PARC Model 173. The equipment was
able to maintain the iy even when the acid solution was com-
pletely replaced by the low-conductivity water during the
galvanostatic discharges. Also, this equipment was able to
maintain the selected electrode potential (E;) during the
potentiostatic discharges.

The working solution was 4.6 M H,SO, and the reference
electrode Hg/Hg,SO,, H,S0, (4.6 M).

3. Results and discussions

Due to the proposed objectives, the present discussion will
be divided into two parts. In the first part it will be indirectly
shown that, during the discharge of an actual positive plate,
the discharge product passes through a stage that can be
described as a continuous film. In the second part it will be
shown that the first product of the discharge is related to a
form of PbO - H,0.

3.1. Continuous film

The passivity theories [ 13] for the growth of a passivating
continuous films, allows to show the evolution of the ionic
specific resistivity inside a growing film. The theory, for
different growth conditions (voltammetric, galvanostatic or
potentiostatic), always shows that during film growth the
ionic specific resistivity (p;) of the film, during the transient,
passes through a minimum or a flat valley.

As a consequence, in a voltammetric sweep it is usually
observed that the current passes through a maximum given
rise to a peak. The peak corresponds to the minimum in
the p;.

On the other hand, in a galvanostatic experiment the poten-
tial will first change fast with time, due to the increase of the
thickness and the initial fall down of p,. Then, it will reach a
linear increase associated with the minimum or the valley of
p;- Finally, at the end of the process, a fast change of the
potential due to the new increase of p, will appear.

In a potentiostatic experiment, a maximum charge density
(g™™) is attained because when the p; increases, after the
valley, the current becomes so small that the charge becomes
constant.

The most interesting point is when the variation of g™ is
considered as a function of the potentiostatic discharge over-
pontential (7). From a theoretical point of view [ 14], if there
is the formation of a continuous film, a maximum in the g™*
versus 7) plots can be observed.

In this sense, recent experiments of potentiostatic dis-
charges of porous electrodes have shown that the maximum
charge of a discharge (gg**) plotted against the discharge
overpotential (74), also presents a maximum. This is the case
for porous iron electrodes [ 15] and also for porous NiQ - OH/
Ni(OH), electrodes [ 16], both in KOH solutions.

Thus, if there is a reaction stage with the formation of a
continuous film in the positive plate then, there must be a
maximum in the g3 versus 7, plots during potentiostatic
discharge.

The Fig. 4 shows the i4 versus time plots at different 7, for
the positive plates of lead/acid batteries under potentiostatic
discharges.

The variation of the charge density (g,4) as a function of
time is plotted in Fig. 5 for the same experiments presented
in Fig. 4. Fig. 5 shows the presence of maxima in the charge
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Fig. 4. Current densities (iy) vs. time (r) for the initial part of potentiostatic
discharges of positive plates in 4.6 M H,SO, solution: (A) 7n,=0.12 V;
(0O) 74=0.20V, and (@) n,=0.24 V.
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Fig. 5. Charge density of discharge (q4) vs. time () for the same experi-
ments presented in Fig. 4: (A) 7,=0.12 V; (O) 1,=0.20 V, and (®)
n,=024V.
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Fig. 6. Representation of the maximum charge density of a discharge (g3**)

as a function of the overpotential for a potentiostatic discharge (74) ata4.6
M H,SO, concentration.

density of the discharges (g5**), as was suggested by the
theoretical approach.

gy versus 74 plot is presented in Fig. 6. It is evident that
the g3 passes through a maximum as foreseen by the theory
for the growth of a continuous film. This is evident in the
sense that, as the result of the nucleation and growth of the
nuclei, there is a stage of formation and growth of a contin-
uous film.

3.2. PbO as an intermediate

Fig. 7 shows the plots of the equivalent charge density
(gpbsos, exp) Versus the charge density of the discharge, for
galvanostatic discharges. The gpyso,, exp 15 the equivalent
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Fig. 7. Equivalent charge density (gpnso,, exp) corresponding to the experi-
mental determined PbSO, mass, measured as SO, >~ ions in the active mass,

vs. thye charge density of the discharge. (@) regular discharge: (O3) non-
conventional discharge, and (- - -) theoretical results.

charge density that corresponds to the experimental deter-
mined mass of PbSO,. This last one was measured as SO, >~
ions in the active mass. Each result corresponds to a different
time of discharge and to different plates.

The data in Fig. 7 are representing two cases. The first one,
when there is no elimination of the H,SO, from the solution
(regular experiments). The second one when, before to cut
off the iy, the H,SO, solution is replaced by water (non-
conventional experiments). For comparison, the dashed
straight line in Fig. 7 represents the results as if all the charge
has been used to give only PbSO, (theoretical results).

It is clearly seen in the Fig. 7 that the plotted results for the
regular experiments present a constant shift to higher values
than the theoretical ones. This shows that, as it is well known
[17], at the end of the formation process of a plate, there is
always an amount of lead sulfate that has not been oxidized.
This amount will depend on the formation conditions.

Let now to consider Fig. 7 showing the results obtained
when the H,SO, is replaced by distilled water, before the cut-
off of the current. In this case, the amount of PbSO, equivalent
charge (gpyso., exp) Presents a constant shift to values that are
lower than those theoretically obtained. The amplitude of the
experimental error is lower than the shift of these results with
relation to the normal experiments. The difference between
the values of the gpyso,, exp from the regular experiment and
that from the non-conventional, which is also practically con-
stant, was 16.6 C cm ~2. On the other hand, it must be con-
sidered that during the replacement of H,SO, by water, some
amount of PbO will be formed (mainly at the end of the
replacement). Therefore, one should consider that the
detected difference does not come from this fact.

Considering that during all the time of the H,SO, replace-
ment by water only PbO (which will give a maximum con-
tribution by this way) has been formed, it is possible to
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calculate the maximum acceptable value for the difference
between the gpyso,, exp Of the regular and the non-conventional
experiments. Since the time for the replacement is 40 min
and the used iy is 4 mA cm ™2, the corresponding equivalent
charge in gpyso,, exp WOUld be 9.6 C cm ™~ 2. This result will be
an overestimation of the actual one because during some time,
at the beginning of the replacement, there will be H,SO, in
the pores and micropores of the plate. Even so, this result is
lower than the found difference between the experiments
(16.6 C cm™2). Then, the observed difference must have
another explanation. The discharge of PbO, must produce,
during the nucleation, the overlapping of the nuclei and the
growth of the continuous film, the formation of PbO and not
of PbSO,. The PbSO, will be formed only after the end of
the third step of the proposed mechanism.

The low value for the constant difference between the
regular discharge and that eliminating the acid, must be due
to the fact that the only parts that will have no sulfate will be
those areas that were intervening in the first, second or third
steps of the discharge. This is because the field inside the film
in these areas is inhibiting the entrance of the SO, 2~ ions.
Those areas in the fourth and fifth steps must have sulfate.
The detected difference (16.6 C cm™~2) must be compared
with the total capacity under the same discharge conditions.
This total capacity was 115 C cm ™2, The areas that are in the
first, second or third steps are, then, a very small part of the
total area of the micro and macropores. All this is in agree-
ment with the proposed mechanism of the discharges and
shows that the reaction mechanism passes through a stage
with the presence of PbO.

4. Conclusions

A general model is proposed for the discharge mechanism
of the PbO, positive plates. It includes several steps:

(i) the nucleation and the overlapping of the nucleus pass-
ing from a 3D to a 2D nucleation;

(ii) the formation of a layer with a continuous thickness;

(iii) the growth of this layer and the consequent reduction
of the field through it;

(iv) the reaction with the sulfuric acid after the reduction
of the field inside the film and its disruption, and

(v) the recrystallization of the disrupted film.

On the basis of this proposed general sight about the dis-
charge mechanism, it is shown that this process passes
through a stage in which the product is a continuous film.
This is done using some aspects of the passivity theories for
the continuous film growth under potentiostatic conditions.

On the other hand, the results presented here are clearly
indicating that the first product of the discharge of the PbO,
is some form of PbO. As a consequence, to give the final
product (the PbSO,), this intermediate must react with
H,S0,. This will happen only when the field inside the PbO
film becomes small enough, due to its thickening and the
consequent redistribution of the current.
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