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a b s t r a c t

This study interpreted open circuit impedance measurements of single negative and positive lead-acid
battery plates, which were at different discharge levels and arranged in a four-electrode cell. This was
performed in the framework of a proposed general model of charge/discharge reactions, morphologi-
cal models of active materials, and based on interpretation of the characteristics of single negative and
eywords:
ead-acid battery single plates
harge/discharge mechanisms
ctive material morphologies
IS single plate data

positive plates as measured by electrochemical impedance spectroscopy (EIS). This study shows that the
proposed reaction models, morphological characteristics and EIS attributions are compatible with the
obtained EIS data. The analysis indicates that negative and positive plate reaction mechanisms cannot be
those proposed by the dissolution–precipitation mechanism alone. Rather, the reactions seem to obey
the various mechanisms and morphologic ideas proposed in the present paper. It is shown that variations
in the resistivity and dielectric constants of discharged films need to be studied in greater detail than film
thicknesses to gain a better understanding of the processes.
. Introduction

As discussed in a parallel paper in this issue [1], a critical review
f the literature indicates that negative plates need to be thought
f as having only macropores. This is because they yield practically
he same area for Hg porosimeter and BET measurements [2]. In
egative plates, the variation of BET area with respect to forma-
ion procedure [1] is much more restricted than that of positive
lates [2]. Variation in BET area for negative plates can be explained
s variation in the roughness of the macropore surface [1]. On the
ther hand, since positive plates present two very different levels
f BET area (see in ref. [3]), it is necessary to introduce the exis-
ence of macropores and micropores to explain these two levels.
hese results reflect the fact that negative plate active material is a
pongeous lead structure [4]. In contrast, positive plate active mate-
ial is formed by particles that are bounded by necks, forming a
oralline structure with micropores on the free surface of bounded
articles [5]. As a consequence, charge/discharge reactions occur at
he macropore surfaces of negative plates, and at macropore and
icropore surfaces of positive plates.
The discharge reaction forms on negative electrodes through a

olid-state mechanism, two types of PbSO4 films [6]: (1) a glued
bSO4 film, and (2) a disrupted PbSO4 film that lies above the
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first. This does not mean that there is not a small amount of
Pb2+ that dissolves at the beginning [7]. The glued film grows ini-
tially directly on the lead surface by a solid-state high electric
field mechanism. The disrupted film is formed by partial rup-
ture of the glued PbSO4 film when the electric field through it
decreases below a critical level, causing it to lose its stabilizing
properties [6]. These phenomena have been found to occur in sev-
eral metals and conditions [6]. The PbSO4 glued film on Pb can
easily be reduced to Pb by a high electric field mechanism, as
voltammetric measurements have demonstrated [6]. The PbSO4
disrupted films require the dissolution–precipitation mechanism
for reduction to occur [6]. This last dissolution-diffusion process
requires more time than that required by the high electric field
process.

For positive flat electrodes, the existence of glued and dis-
rupted films has also been demonstrated [8], although the author
of the study did not state this conclusion. Without this conclu-
sion, it would not be possible to explain how a considerable
part of the voltammetric discharged PbO2 can be recuper-
ated in the following anodic sweep at 10 mV s−1 [8]. This is
an extremely high sweep velocity for a large portion of dis-
charged PbO2 to be re-oxidized by the dissolution–precipitation

mechanism. The mechanism for film growth (reduction of
PbO2) or oxidation of the glued film is the high electric field
mechanism, as for negative plates. Nevertheless, the glued film can-
not be PbSO4, because the SO4

2− ion cannot enter the film against
a reductive electric field [9]. It has been proposed that this film is

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dalkaine@dq.ufscar.br
dx.doi.org/10.1016/j.jpowsour.2008.12.097
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Fig. 1. Schematic imaginary impedance component/real impedance component
plot of the three typical characteristic phenomena of EIS results for negative/positive
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were always 4.6 M H2SO4. Reference electrodes in both cells were
Hg/Hg SO /4.6 M H SO and all the experiment were done at 25 ◦C.
ead-acid battery plates. (1) First capacity distributed loop; (2) second capacity dis-
ributed loop; Rp,1 polarization resistance of 1; Rp,2 polarization resistance of 2; Rs

erial resistance and ˝, characteristic parameter.

ome kind of PbO [10]. The existence of a disrupted PbSO4 film, as
ell as the existence of a small amount of Pb2+ dissolution at the
eginning of glued film formation, has never been questioned. In
he positive plate, the disrupted PbSO4 film is formed by disruption
f the PbO glued film, followed by the reaction of disrupted PbO
ith H2SO4, because the electric field has disappeared.

Since glued and disrupted films exist at both negative and pos-
tive electrodes, charging processes always involve two steps. In
he negative plate, the first step is recovery of the glued PbSO4
lm by its reduction through a solid-state high field mechanism
6]. This step is followed by reduction of the disrupted film via
he direct dissolution–precipitation mechanism [11] or through
he dissolution–precipitation mechanism in a narrow gap [8]. In
he latter case, the active material reaction front (the narrow gap)
dvances in the direction of the disrupted film through a metaso-
atic process. For the positive plate, the two steps are equivalent

o those in negative plates, although the glued film is a form of PbO
nstead of PbSO4.

Electrochemical impedance spectroscopy (EIS) of negative and
ositive single plates shows three types of behaviors [12]. They
resent an inductive loop at high frequencies, a first capacity loop
1) at middle frequencies, and a second capacity loop (2) at low fre-
uencies. These three behaviors can be seen schematically, together
ith different characteristic parameters, as plotted in Fig. 1. It is

mportant to note the Rp,1 parameter can be considered as a polar-
zation resistance related to the first (1) capacity loop, and the Rp,2
arameter is related to the second (2) capacity loop. These param-
ters will be determined and used in the present paper. The Rs

arameter will also be used (Fig. 1). This is a serial resistance compo-
ent at high frequencies, where impedance imaginary component
f the inductive loop cancels with that of the first (1) capacity
oop.

Many articles have been published on EIS measurements per-
ormed on single negative or positive lead-acid battery plates using

four-electrode configuration method [13]. Models and theories
n electrochemical reaction processes were tested [14–17], physi-
al and chemical plate characteristics were discussed [18–20], and
he four-electrode method was shown to permit the determination
f the working central plate impedance [21,22]. Nevertheless, rela-
ively few publications interpret or examine the underlying cause of

he detected EIS phenomena which have been summarized in Fig. 1.
hus, beginning with a detailed description of proposed morpholo-
ies and reaction mechanism models, including the attributions
or different EIS phenomena, the present paper tests the proposed
er Sources 191 (2009) 28–35 29

models and attributions for EIS data under different discharge con-
ditions.

2. Experimental

Electrodes were lead-acid battery plates from stabilized VRLA
stationary batteries of two different sizes and used in a two different
cells of four electrodes setup. Central working electrodes measured
4.5 cm × 6.6 cm (geometrical double face area = 60 cm2) and were
taken from a 7 Ah, 12 V VRLA battery. For these electrodes, nega-
tive central plates had a C20 of 3.4 Ah, and positive central plates
had a C20 of 3.9 Ah. Counter-electrodes were of two types obtained
from the 7 Ah, 12 V VRLA battery or from a 600 Ah, 2 V VRLA bat-
tery. In this last case the plates’ dimensions were 14.0 cm × 20.0 cm
(total double face geometrical area = 560 cm2) and both plates (pos-
itive and negative) had a C20 of 42 Ah and were overdimensioned to
assure they will not suffer practical discharge during EIS measuring
[22].

The experimental setup for discharge processes (discharge cell)
was a four-electrode configuration, where the counter and work-
ing electrode geometrical areas were the same (4.5 cm × 6.6 cm).
In the EIS measurement setup (the measuring cell), the working
central electrodes were those from the 7 Ah, 12 V VRLA battery
and always maintained at the center of the two side counter-
electrodes. The side counter-electrodes were from the 600 Ah,
2 V VRLA battery, in a similar configuration as the discharge cell.
Nevertheless, the area relation r, defined as the ratio of the counter-
electrode geometrical area to the working electrode geometrical
area, in the measuring cell, was 1.5. To obtain this area relation,
the used counter-electrodes were partially immersed in the sul-
phuric acid solution, to a depth of 3.1 cm, yielding a 43.4 cm2 area
(3.1 cm × 14 cm).

To eliminate external electrolyte concentration changes, both
cells were built with a 3-cm distance between working and counter-
electrodes. This also reduced electrolyte concentration changes
inside plate pores and permitted the introduction and removal of
the central electrode.

The experimental procedure included: (1) discharging the cen-
tral discharge cell electrode, (2) interrupting the discharge, (3)
carrying the central electrode from the discharge cell to the EIS
measuring cell, (4) waiting 2 h, (5) performing EIS measurements
and (6) returning the central electrode to the discharge cell.

To assure that the depth of discharge (DOD) always corre-
sponded to the same level of discharge, plates were full charged
prior to any discharge, allowed to return to their reversible poten-
tials and kept at this free electrode potential for some time.

EIS measuring cell counter-electrodes were maintained in a fully
charged state in order to avoid any influence of their charge state on
the EIS measurements. This was possible because they were used
high capacity counter-electrodes.

In the EIS measuring cell, a 2-h rest time was always observed
to eliminate possible concentration gradients inside central plate
pores due to the discharge. EIS measurements were performed
under a current perturbation of 10−3 A rms, in the linear region.
The measuring frequency domain was from 104 to 10−2 Hz.

Electrode discharges were performed at a C18 discharge rate for
negative plates, using a 3 mA cm−2 current density (double face)
and at a C22 discharge rate for positive plates, using the same current
density than in negative plates. Electrolyte solutions in both cells
2 4 2 4
The used equipment for charge/discharge and EIS measure-

ments was a Gamry Potenciostat/Galvanostat/ZRA, serie G750, used
always under galvanostatic conditions, together with the EIS300
Electrochemical Impedance Spectroscopy Software.
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phenomenon may not, however, affect EIS data, because it would
present low resistance in comparison with the glued film resistance.

Typical EIS results at different partial discharge levels, DOD, are
plotted for negative plates in Fig. 3. The DOD are given as a percent-
age of the total discharge, total DOD.
0 C.V. D’Alkaine et al. / Journal

. Results and discussion

Results will be analyzed first for negative plates and then for
ositive plates. Subsequently, these two ensembles of data will be
ompared. The analysis will be carried out using morphological
nd mechanistic models, including the attributions for different EIS
henomena, for negative and positive plates, proposed in the intro-
uction and summarized in the next section. The main objective of
he present work was to test the physical meanings attributed to
ifferent EIS characteristics.

.1. Morphologies, models and EIS phenomena interpretations

Negative plates will be treated as if formed by a Pb spongeous
tructure containing only macropores with a certain surface rough-
ess. Positive plates will be treated as though formed by a coralline
tructure containing macropores and micropores, with the origin of
icropores at the surface of the macropores. On all inner surfaces of

he active material, films were considered to grow in five stages: (1)
mall amount of initial Pb2+ dissolution, (2) nucleation and growth
f the nuclei via solid-state reactions, (3) formation of a continuous
lm via collapse of nuclei, (4) growth of this film through a high
lectric field mechanism, and (5) partial disruption and recrystal-
ization of the external portion of this film. For negative plates, both
he glued and disrupted films were PbSO4. For positive plates, the
lued film was a type of Pb(II) solid film, possibly PbO, which when
artially disrupted gives rise to a PbSO4 disrupted film via reaction
ith H2SO4.

Based on these models different phenomena appearing in EIS
easurements have received special physical attributions, which
ill be tested. The imaginary part at high frequencies (Fig. 1) has

een attributed, fundamentally, to the inductive behavior of inter-
onnected active materials in negative and positive plates. The
rst capacity loop (Fig. 1) in negative and positive plates has been
ttributed to reactions at the inner macropore surfaces. Finally, the
econd capacity loop (Fig. 1) in negative plates has been attributed
o an inhomogeneous distribution of EIS perturbation current at
he inner macropore surfaces. This inhomogeneous distribution is
he result of inhomogeneities in film thickness. It seems that some
ypes of CPE (Constant Phase Element) behavior [21] can arise from
nhomogeneous current distribution. For positive plates, the sec-
nd capacity loop has been attributed to reactions at the inner
icropore surfaces. This is because researchers generally accept

hat in porous electrodes, when the frequency is reduced the alter-
ating current perturbation advances in the direction of the inner
orous material [22,23]. In positive plates, there are micropores at
he surface of macropores, where the reaction can advance.

.2. Negative plate results

In Fig. 2, a typical EIS result can be seen for a negative plate in
ts initial state, before the start of discharge.

EIS measurements of this initial state were always taken after a
ull charge followed by a waiting period, to permit the plate to come
o its reversible potential. As a consequence of the auto-discharge
uring this waiting period, the negative active material should be
ssumed, from the point of view of the proposed model, to be cov-
red on the macropore surfaces by a very thin glued PbSO4 film,
ver which there is an extremely thin PbSO4 disrupted film. Fig. 2
hows the normal inductive behavior at high frequencies. Based
n the model described above, the inductive behavior is due to

nterconnected spongeous Pb together with connectors and exter-
al contributions. At middle frequencies a first capacity distributed

oop appears, which is followed at lower frequencies by a constant
hase element. The model predicts that the first capacity loop is
ue to the glued PbSO4 film covered by a disrupted PbSO4 film on
Fig. 2. Typical initial EIS data of a negative plate in its initial state, before the start
of discharge. Plate area double face = 60 cm2. Frequency range = 104–10−2 Hz.

the macropore surfaces. The estimated Rp,1 of the first capacity loop
(see Fig. 1 for Rp,1 interpretation) was approximately 0.03 � (Fig. 3).
The second capacity loop is attributed to the inhomogeneous EIS
perturbation current distribution at the macropore surfaces. In this
case it was not possible to calculate the Rp,2, which can be related to
the CPE, for very low frequencies. This may be due to the frequency
range used (up to only 10−2 Hz).

It is interesting to note that, if the model is correct, not only
would the first capacity distributed loop be present under different
discharge conditions, but it would increase with increasing dis-
charge. This would demonstrate the increase in glued film thickness
during galvanostatic discharge. The glued film must grow on macro-
pore surfaces, due to the increase of discharge. Disrupted films also
must grow, since the disruption has had more time to occur. This
Fig. 3. Typical EIS data of a negative plate at different partial discharge levels (DOD).
(�) DOD = 30%; (�) DOD = 60%; (�) DOD = 90%. Plate area double face = 60 cm2. Fre-
quency range = 104–10−2 Hz.
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assumed, from the point of view of the proposed model, to be cov-
ered at macropore and micropore surfaces by an extremely thin
glued PbO film. According to the model, also an extremely thin
disrupted PbSO4 film lies on top of the first one.
ig. 4. Serie resistance (Rs) and polarization resistance of the first capacity loop (Rp,1)
ersus discharge level (DOD) for negative plates.

From Fig. 3, the Rs value (see Fig. 1 for Rs interpretation) is shown
o change very little with DOD. This is consistent with the proposed

odel in that a spongeous structure should not be significantly
erturbed in its electronic conductance (resistance), due to film
ormation on its surface.

Fig. 4 shows values of Rp,1 and Rs for different DOD, including
he cases of total discharged and initial states. The constancy of Rs

ith DOD has been previously discussed. For Rp,1 of the negative
late, related to the first capacity loop, two effects must be consid-
red. One is an increase in Rp,1 values up to approximately 40–50%
f DOD, which the model attributes to the increase in thickness of
he glued film. The second effect is a small decrease in Rp,1 after
DOD between 40% and 50%, which can be attributed to a reduc-

ion in average glued film thickness due to the disruption process.
hese considerations are based on the fact that the more impor-
ant contribution to Rp,1 comes from the glued film thickness and
onsidering that its ionic resistivity and the area are not important
actors in this case.

Fig. 3 also points out that the real component of the sec-
nd capacity loop starting point decreases at the end of the
ischarge. According to the model, this reflects increases in the

nhomogeneities of EIS perturbation current distributions at inner
acropore surfaces, which produce the second loop. This raises the

uestion of why inhomogeneities appear at lower values for the
eal component of impedance at the end of the discharge. The rea-
on may be that the increase in discharge increases the thickness
f the glued film. This increase in thickness would be responsi-
le for the appearance of film inhomogeneities, as a result of the

ncrease of the disruption process. The film through which the
IS perturbation current flows at middle frequencies (first capac-
ty loop) seems to look more homogeneous, because there are no
ifferences in the EIS data for different DOD in this range of fre-
uencies.

Fig. 3 also shows that there is a strong increase in the second
apacity loop near the discharge end, in contrast to its nearly con-
tant value during the initial and middle stages of discharge. This is
onsistent with the large increase in glued film thickness at the end
f the discharge, once the entire macropore surface has been cov-

red. The large increase in thickness is caused by the large increase
n potential at the end of the discharge. On the other hand, the
esults of Fig. 3 as a whole are apparently inconsistent with the
ata from Fig. 2. This is because the real and imaginary compo-
er Sources 191 (2009) 28–35 31

nents of the impedance are smaller in Fig. 3 than those in Fig. 2,
for equivalent frequencies. An explanation for this apparent con-
tradiction may be that the characteristics of the glued film change
with DOD when going from the initial film to discharged ones. It is
quite possible that the initial thin glued film has a higher resistivity
and lower dielectric constants than films formed during discharge.
Research on this point is ongoing.

In Fig. 5, a typical EIS result is shown for a totally discharged neg-
ative plate up to the cutting potential (−0.7 V). It is interesting for
the model to note the strong increase in the second capacity loop
magnitude at low frequencies compared to its magnitude in Fig. 3.
This increase has begun to occur from a DOD of 90% in Fig. 3. The
increase in second capacity loop contribution is interesting because,
another time under the discharge conditions used (C18), inhomoge-
neous distribution currents inside the plate inner surfaces become
relevant only at the end of the discharge. In contrast, the capac-
ity and resistance increases are consistent with the effects of the
increase in the glued film thickness at the end of the discharge.

Finally, it is also interesting to note that, for a totally discharged
negative plate (Fig. 5), the second distributed capacity loop shows
quasi-diffusional behavior at the beginning of the loop, which
becomes a CPE behavior at lower frequencies. An equivalent result
has been reported in the literature (see Fig. 3 in ref. [23]).

3.3. Positive plate results

In Fig. 6, a typical EIS result is shown for the initial state of a
positive plate, prior to the beginning of discharge. The three types
of behavior found previously for the negative plate also appear in
the figure: (1) an inductive behavior, at high frequencies; (2) a first
capacity distributed loop, at middle frequencies; and (3) something
resembling a complex capacity loop, at lower frequencies.

As for the negative plate, EIS measurements for the initial state of
the positive plate were always made after a full charge followed by
a waiting period, which allowed the plate to come to its reversible
potential. Consequently, due to the auto-discharge during this wait-
ing period, the positive active material at the initial state can be
Fig. 5. Typical EIS data of a totally discharged negative plate up to the cutting poten-
tial (−0.7 V). Plate area double face = 60 cm2. Frequency range = 104–10−2 Hz.
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Fig. 9 shows a typical EIS for a positive plate that is totally dis-
charged up to the cutting potential (1.05 V). In this case the Zthf is
not more present since the electrode is now completely covered
by the two films at the end of the discharge (glued PbO and dis-
ig. 6. Typical initial EIS data of a positive plate at the initial state before
he beginning of the discharge. Plate area double face = 60 cm2. Frequency
ange = 104–10−2 Hz.

In Fig. 6, inductive behavior at high frequencies is attributed to
he interconnected, and now coralline structure of PbO2, together
ith connectors and external contributions.

EIS a.c. perturbation penetrates more deeply into the PbO2
orous structure as the frequency decreases. As a consequence,
he results in Fig. 6 can be related to the different morphology
f the negative and positive plates: the capacity loop at middle
requencies, with macropores; the complex capacity loop at low fre-
uencies, with micropores. Since the discharge in this case occurs
s a zone reaction going from macropores to micropores [10], the
ormation of a glued PbO film and subsequently the formation of
isrupted PbSO4 film follow the zone reaction sequence, going from
acropores to micropores. Taking into account these facts for the

ositive plate model, the Rp,1 (see Fig. 1 for interpretation) would
ary with film growth at the macropores, depending on the reac-
ion zone area, if this last one advances through the macropores at
he beginning of the discharge. For the initial state in Fig. 6, the Rp,1
alue was found to be 0.04 �. In contrast, as for the negative case, it
as not possible to calculate the Rp,2 (see Fig. 1 for interpretation).

Positive plate measurements at different discharge levels (Fig. 7)
howed that the first capacity loop seemed to remain constant,
hile the second capacity loop grew fundamentally at the end of

he discharge. These facts can be interpreted based on the proposed
ositive plate model, considering that the film seems to be present
ver the entire macropore surface from the beginning of discharge
Rp,1 is constant in Fig. 8), but it advanced into the micropore dur-
ng the increase in DOD (the second capacity loop slightly increases
uring discharge, see Fig. 7). The fact that Rp,1 remains constant
or different levels of discharge implies, taking into account the
roposed model, that the product of film thickness and resistivity
eems to remain essentially constant.

Finally, it appears that at the end of discharge, a substantial
ecrease in free micropore area available for film growth occurs.
his decrease gives rise to an even greater increase in the glued film
hickness at micropores because there is an increase of the second
apacity loop at the end of the discharge (see Fig. 7).

As a consequence of all the above discussions, the positive plate

s predicted to have two variable impedances in parallel, during
he discharge. One is referred to the areas where glued films are
rowing (Zgf) and the other is referred to the areas containing the
nitial thin film that has yet to grow (Zthf); the latter seems to occur

ostly at micropore surfaces. These two parallel impedances can
Fig. 7. Typical EIS data of a positive plate under different discharge levels (DOD).
(�) DOD = 20%; (�) DOD = 40%; (�) DOD = 60%; (�) DOD = 80%. Plate area double
face = 60 cm2. Frequency range = 104–10−2 Hz.

give different total impedance Z behaviors (increasing or decreasing
|Z| with the discharge) when the EIS data of different discharge lev-
els are compared. This is because it will vary the related areas of Zthf
and Zgf together with the thickness and the dielectric constants cor-
responding to Zgf (lgf and εgf, respectively), while the thickness and
dielectric constants corresponding to Zthf (lthf and εthf, respectively)
will remain practically constant. For the initial state of discharge
there will be only Zthf (Fig. 6) and for the final state of discharge, up
to the cutting potential (Fig. 9), only Zgf with its corresponding lgf
and εgf.

In Fig. 8, the increase of Rs may be explained by the idea that
an increase in discharge level compromises the necks between par-
ticles in the coralline structure of positive plates, which provides
evidence that such coralline structure exists.
Fig. 8. Serie resistance (Rs) and polarization resistance of the first capacity loop (Rp,1)
versus discharge level (DOD) for positive plates.



C.V. D’Alkaine et al. / Journal of Power Sources 191 (2009) 28–35 33

F
t

r
t
(
c
t
g
i
t
r

3

i

p
c
t

F
p

ig. 9. Typical EIS data of a totally discharged positive plate up to the cutting poten-
ial (1.05 V). Plate area double face = 60 cm2. Frequency range = 104–10−2 Hz.

upted PbSO4) at macropores and micropores. The model predicts
hat under these conditions, the system has only one component
Zgf). The second capacity loop is even greater than at lower dis-
harge levels (compare Fig. 9 with Fig. 7, especially DOD 80% in
he latter). This is consistent with an increase in the thickness of
lued film, which increases film resistance and decreases its capac-
ty inside micropore areas. The Rs value (Fig. 9) increases even more
han before (Fig. 8) due to discharge films at the necks and Rp,1
etains the same value of the other discharge levels.

.4. Comparison between negative and positive plate results

Several interesting aspects must be pointed out when compar-
ng negative and positive single plate EIS data.
The comparison between EIS measurements of the negative and
ositive initial states (Fig. 10) shows that the imaginary and real
omponents of the observed impedances are higher for the nega-
ive plates than for the positive ones for the same frequency; this is

ig. 10. Comparison between typical initial EIS data of negative (�) and positive (�)
lates at the initial state before the beginning of the discharge (0% DOD).
Fig. 11. Polarization resistance of the first capacity loop (Rp,1) versus discharge level
(DOD) for negative (�) and positive (�) plates.

consistent with the fact that negative plates have a BET area approx-
imately 10 times smaller than positive ones [2]. These results are
consistent with the proposed model, which predicts that the imagi-
nary and real components are proportional to the inverse of the BET
area. Differences in the resistivity and dielectric constants between
the two glued films, PbSO4 and PbO, seem not to be the main fac-
tors to determine the order of magnitude of the impedance module
differences at the initial states.

Another interesting point about the EIS of negative and positive
initial states is that the second capacity loops at low frequencies
are different (Fig. 10). This is consistent with the models, which
holds that the second capacity loop in negative plates is related to
an inhomogeneous EIS perturbation current distribution at macro-
pore surfaces and in positive plates, in contrast, it is related to the
existence of micropores.

When comparing different negative and positive plate discharge
levels (Fig. 11), it is worth noting that Rp,1 increases for nega-
tive plates and then slowly decreases with farther discharge level
increase. For positive plates, in contrast, Rp,1 remains essentially
constant for any DOD (Fig. 11), indicating that the discharge pro-
cesses must be different for the two plates. This fact is inconsistent
with the dissolution–precipitation mechanism because this propo-
sition presupposes the same mechanisms, but it is consistent with
the reaction models presented here. The Fig. 11 shows that Rp,1 (neg-
ative) is greater than Rp,1 (positive) except at the initial states. The
Rp,1 results for the first distributed capacity loop correspond, follow-
ing the proposed models, to reactions occurring in macropore areas
as seen for the Hg porosimeter. The average area measured for posi-
tive plates using the Hg porosimeter method is slightly higher than
for negative plates [2], in agreement with the previous result. This
proves the importance of the differences found in areas measured
at negative and positive plates by the Hg porosimeter technique.
If this is so, the ratio of Rp,1(negative)/Rp,1(positive) for totally dis-
charged plates should give an idea of the relationship between the
values for the inverse of the Hg porosimeter macropore area in the
negative and positive cases. This ratio gives approximately 4, which
agrees with the value calculated using Hg porosimeter results (cal-

culated from ref. [2]). This reasoning does not take into account the
variations in resistivity.

The constancy in Rs for negative plates and its increase for posi-
tive plates during discharge (Fig. 12) supports the idea that negative
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is not a real shifting of the first or the second capacity loops, it is
ig. 12. Serie resistance (Rs) versus discharge level (DOD) for negative (�) and pos-
tive (�) plates.

lates are made up of a spongeous Pb matrix, while positive plates
re made up of PbO2 particles connected by necks, giving rise to a
hree-dimensional coralline framework. Fig. 12 shows that the Rs

or negative plates is lower than for positive plates, principally after
ifferent discharge levels. This is presumably due to the existence of
spongeous Pb structure for negative plates and a coralline struc-

ure for positive plates where the necks are compromised during
ischarge.

On the other hand, EIS data for negative and positive plates
n Fig. 13 seem to contradict each other, if only the greater BET
ctive area for positive plates over negative plates is taken into
ccount. In Fig. 13, real and imaginary components of negative
lates are lower than positive ones. This can be explained by the
odel proposed here, considering that the product of resistivity

ultiplied by thickness or that of the dielectric constant divided

y thickness will be different for the two glued films (PbSO4 for
egative plates, and PbO for positive plates). The difference cannot
e explained only by different film thickness. However, it can be

ig. 13. Comparison between typical EIS data of negative (�) and positive (�) plates
nder 60% discharge level (60% DOD).
Fig. 14. Initial capacity loop real component versus discharge level (DOD) for nega-
tive (�) and positive (�) plates.

explained by the variation in film properties between negative and
positive plates.

In Fig. 14, it is seen that the shifts of the starts of the second
capacity distributed loops on the real axis of negative and positive
plates (obtained from Figs 2, 3 and 5 for negative and Figs. 6, 7 and 9
for positive plates) present different behaviors and then must obey
to different causes. In the negative plate a shift only occurs at the
end of the discharge and to lower values of the real axis, in agree-
ment with the increase of the inhomogeneity of the glued PbSO4
film at the end of the discharge. In the positive plate the shift is to
higher values of the real axis and for any discharge level, mainly at
the end of the discharge. From Fig. 7, the shift in the positive case
is clearly due to the shift of the first capacity loop. Actually, this
only the consequence of the increase of the value of Rs with the
discharge (see Fig. 7). This is why it occurs from the beginning of
the discharge, like the increase of Rs. These analyses again indicate
the need to invoke different mechanisms for the second capacity

Fig. 15. Comparison between typical EIS data of a totally discharged negative (�)
and positive (�) plates up to the respective cutting potentials (100% DOD).
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oop at the negative and positive plates, as the proposed models
o.

Finally, it is necessary to compare the EIS results for totally dis-
harged plates up to the cutting potentials (Fig. 15). The interesting
oint is that in the low frequency region, negative plates show a

ower second capacity loop than that of positive plates, which is
nconsistent with the fact that the former have a BET area approx-
mately 10 times smaller than positive plates. This shows that, at
ow frequencies, in negative and positive plates the EIS data see
ifferent phenomena as proposed.

. Conclusions

To explain positive and negative single plate EIS results, the lit-
rature on plate morphology and reaction mechanism models is
ritical reviewed and models are presented on this base. In these
odels, negative plates are considered to be made up of a lead

pongeous structure with only macropores, with films of different
hicknesses during discharge. Positive plates are considered to be

ade up of a coralline structure with macropores and micropores,
ith the latter having their origin on the surface of the former. The
odels propose that a thin glued film grows on the inner surfaces

f negative and positive plates, and a disrupted film forms over the
hin glued film. For negative plates, both the glued and disrupted
lms are PbSO4. For positive plates, the glued film is a type of PbO.
his film, after its partially disruption gives rise to a PbSO4 disrupted
lm by reaction with H2SO4.

These models are used to interpret the three different phenom-
na recorded in EIS lead-acid battery plate measurements. The
nductive loop at high frequencies is mainly attributed in nega-
ive and positive plates to the inductive behavior of interconnected
ctive materials. The first capacity loops in negative and positive
ingle plates at middle frequencies are attributed to film growth at
nner macropore surfaces. Finally, for negative plates, the second
apacity loop at low frequencies is attributed to inhomogeneous
lm growth at inner macropore surfaces, which gives rise to an

nhomogeneous distribution of EIS perturbation currents. These
nhomogeneities appear because the increase in discharge also
ncreases the glued film thickness, which in turn increases the dis-
uption process and generates film inhomogeneities. For positive

lates, the second capacity loop is attributed to glued film growth
t inner micropore surfaces.

In order to explain the empirical EIS data it was necessary, in
ome cases, to take into account the glued film resistivity and
ielectric constants, together with variations in film thickness.

[

[

er Sources 191 (2009) 28–35 35

The whole analysis shows that discharge processes at nega-
tive and positive single plates cannot be explained using only the
dissolution–precipitation model. Two different models are pro-
posed here that do account for the different processes at both
positive and negative plates.
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