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Abstract

Metal dissolution, active-passive transition and passive layer electroreduction reactions taking place during discharge/charge processes in
the lead/sulfuric acid system are discussed on basis of data obtained from steady-state polarizations, potentiostatic pulses, single (STPS) and
repetitive (RTPS) triangular potential sweeps, modulated voltammetry, complex voltammetry combined with potentiostatic steps, and
electrochemical impedance spectroscopy, using rotating ring (Pb)-disc (Pb) electrode assembly, as well as scanning electron microscopy
(SEM). Data analyses derived from transient electrochemical techniques employing parametric identification procedures, non-linear fit
routines and computer simulations have been interpreted in terms of appropriate nucleation and growth models for the formation of new
phases, in which the characteristics and properties of the compounds generated on the Pb electrode surface exhibit a remarkable dependence

on the operational potential.
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1. Introduction

The lead/acid battery is one of the most successful elec-
trochemical energy storage devices, but its design is still open
to new developments in order to improve its performance. In
this respect, the mechanisms of charge/discharge processes
taking place in battery electrodes are of practical interest
because of their relevance under operational conditions. Lead
electrodes in sulfuric acid electrolytes exhibit a wide variety
of phenomena that occur both at the interface and in solid
state, and their explanation requires proper use of modern
theories of surface electrochemistry as well as those of nucle-
ation and growth of new phases [ 1-3].

According to Pavlov and co-workers [4,5], the character-
istics of passive films formed on lead electrodes in H,SO,
solution can be separated into three distinct potential regions:
(i) at potentials from —0.95 to —0.30 V (versus Hg/
Hg,SO,) the passive layer consists of PbSO, crystals; (ii)
the layer produced from —0.30 to 0.95 V is composed of
PbSO, and an inner layer including several basic lead(II)
compounds, and (iii) above 0.95 V the a-PbO, and 3-PbO,
species become the predominant anodic surface products.
The inner layer formed in the intermediate potential range
assigned to basic Pb(II)-containing compounds, such as
basic lead sulfates, lead hydroxide and lead monoxide, builds
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up progressively beneath the initially grown PbSQ,4 as aresult
of the increasing pH gradient within its porous layered
structure.

In previous works [6-17], the kinetics of the electrooxi-
dation of Pb or the electroreduction of surface anodic prod-
ucts formed on Pb electrodes in sulfuric acid solutions at
different operational conditions were separately studied. The
aim of this paper is to analyse the whole set of experimental
data concerning the electrode reactions in the 0-50 °C tem-

pperature range in order to postulate a complete scheme of

processes involved during the charge/discharge of the lead
electrode.

2. Experimental

The experimental setup was described in Refs. [6-17].
High purity polycrystalline Pb in the form of rotating discs
or ring (Pb)—disc (Pb) assembly, embedded in polytetra-
fluoroethylene (PTFE) holders, were used as working elec-
trodes in 5 M H,SO, under nitrogen gas saturation at
temperatures covering the 0-50°C range. Potentials were
measured and referred to against a Hg/Hg,SO, , K,SO, (sat-
urated) reference electrode. Before each electrochemicalrun,
the working electrodes were mechanically polished with 600
and 1200 grade emery papers, thoroughly rinsed with triply
distilled water and cathodically polarized in the hydrogen-
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evolution reaction potential region for 5 min, to provide a
reproducible electroreduced Pb initial surface.

Runs were performed by using steady-state polarizations,
potentiostatic pulses, single (STPS) and repetitive (RTPS)
triangular potential sweeps, complex voltammetry combined
with potentiostatic steps, and electrochemical impedance
spectroscopy (EIS). The different potential routines are illus-
trated as insets in the figures. Typical perturbing potential
programs were the following: (i) triangular potential sweeps
between preset cathodic (E;.) and anodic (E,,) switching
potentials at a scan rate (v) comprised in the 7X 1073V
s '<v<0.2 Vs 'range; (ii) combined potential scans and
potentiostatic steps, usually two potential steps at E; and E;
(initial and final potential, respectively), covering different
potential regions, in order to modify or reduce the anodic
surface products. Data obtained were complemented with
scanning electron microscopy (SEM) imaging.

3. Results and discussion

3.1. Electroformation of the anodic layers on Pb during
discharge processes

Previous kinetic investigations using linear sweep voltam-
metry and potential step transients have been interpreted
based upon reaction models considering a dissolution/pre-
cipitation [3] or a solid-state [ 18,19] mechanism. The dis-
solution/precipitation mechanism considers that PbSO,
nuclei are formed in the solution adjacent to the Pb surface,
and growth of the three-dimensional PbSO, layer occurs
through Pb electrodissolution and subsequent incorporation
of soluble Pb?* species into the growing nuclei. The solid-
state mechanism involves PbSO, nucleation and either a two-
or three-dimensional layer growth on the Pb surface [18,19],
until this surface becomes mostly covered by PbSO,. The
subsequent growth of the PbSO, crystals involves the trans-
port of Pb* ions through the PbSO, layer. It seems that the
first mechanism is valid for Pb passivation at relatively low
anodic overpotentials, whereas the second predominates at
high anodic overpotentials.

In this work, the results of potential sweep and potential
step experiments in the Pb electrooxidation potential region
are fitted quantitatively to a mechanism consisting of several
separate steps, as illustrated in Fig. 1. Thus, the average rate
of the overall anodic reaction expressed as j(t), the apparent
current density, involves three contributions

J(1) =jg(2) +ja(1) +J(t) (1

which stand for the instantaneous nucleation and two-dimen-
sional growth of the PbSQ, surface film under charge-transfer
control, j (1), for the Pb electrodissolution from the film free
metal surface fraction, j4(#), and for the Pb dissolution
through this initally formed PbSO, surface film, j(¢), respec-
tively. The kinetics of the inner PbSO, layer formation are
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Fig. 1. Scheme of the electrode cross sections during the discharge process.
[:+:-1 Pb; [\\\] PbSO, conducting layer (8"}; [///] PbSO, passivation
layer (8”). The different current contributions are indicated.

governed by instantancous nucleation followed by two-
dimensional growth under charge-transfer control [20]
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where 6 is the fractional Pb surface coverage by the inner
PbSO, film (Fig. 1), g, the apparent charge density of this
layer, Ny the number of nuclei formed instantaneously, k the
average film growth rate constant, and Mg,, ps, and hg, the
molecular weight, the density and the average height of the
inner PbSO, layer, respectively.

The dissolution of Pb>* from the bare lead surface should
be proportional to the fraction of the surface not covered by
the film (1—6"). Thus
Ja() =ji(1-6) (3)
where j$ stands for the Pb?™* electrodissolution current for
6'=0(t=0).

The above two processes are not sufficient to account for
the observed current transients, hence it is proposed that the
inner PbSO, film transmits cations by electromigration in the
solid state. These Pb** cations will enter the electrolyte solu-
tion at the outer surface of the film and contribute to the build-
up of dissolved Pb>* adjacent to the electrode. The anodic
current due to film transmission is proportional to the film
coverage 6', but diminishes by the fractional coverage 6" of
a passivating layer of PbSO, that precipitates on top of the
conductive film (0<6"<¥8')

Ji(8) =2Fk(6' — 8") 4

Once the concentration of dissolved Pb** reaches the crit-
ical supersaturation limit, precipitation of polycrystalline
PbSO, takes place on the outer surface of the conductive
inner film
de”

—=k,(0'—0" 5
=k (6= 6") (5)

This outer passive film does not transmit Pb** ions and

hence electrode passivation occurs.
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Fig. 2. Comparison of experimental (@) and calculated (j(¢)) potential
step transients. The different anodic current contributions j,(¢), j4(#), and
Js(t) are indicated. (a) E,= —1.00 V, and (b) E;=~0.95 V.

The above mechanism has been fitted to the experimental
data and satisfactory agreement has been obtained for results
of potentiostatic steps and potentiodynamic sweeps. Exam-
ples of potential step transients are shown in Fig. 2, where
the partial currents j,(¢), js(#) and j(¢) and the total current
Jj(t) are compared with experimental data. The results show
that at relatively low overpotentials, the dissolution/precip-
itation mechanism j,(¢) predominates (Fig. 2(a) ), whereas
the contribution corresponding to the nucleation and growth
process jg(t) becomes important at high anodic overpoten-
tials (Fig. 2(b)). System parameters resulting from para-
metric identification procedures and non-linear fit routines
applied to experimental potentiostatic current transients and

voltammograms in order to simulate the electrochemical
dynamic responses, yielded values of potential-dependent
film thickness and kinetic constants. Particularly, the poten-
tial dependence of j3, the current under film free lead surface
condition, fulfills a Tafel equation with slope values close to
30 and 120 mV decade ™' at low and high overpotentials,
respectively. This agrees, in principle, with an initial revers-
ible behaviour of the Pb<>Pb?* +2¢~ reaction, which
becomes activation controlled with increasing potential. As
one would expect, the value of (2Fk;), which represents the
dissolution of the Pb electrode surface when the conducting
PbSO, layer has already grown, becomes smaller than that
obtained through the fitting of j9. Nevertheless, as the cation
transfer through the film is a slow process, the contribution
Je(?) explains the slow decay of the current exceeding the
current peak and represents the main contribution of j(¢) for
long times at any anodic potential (Fig. 2(a) and (b)). Vol-
tammogram computer simulation procedures considered that
a potential sweep is the sum of an infinite number of potential
increments and that between successive increments, the sur-
face coverage of the Pb electrode remains constant [ 10].
The above results are also consistent with ring—disc elec-
trode data and SEM micrographs. The formation of Pb(II)
soluble species during anodization was detected using the
ring—disc electrode technique, and it was found that the elec-
troreduction charge corresponding to the Pb?>* ions reduced
at the ring diminishes as the potential in the disc is shifted
positively [8]. These results agree with data shown in Fig.
2(a) and (b). Moreover, SEM micrographs show that the
number of PbSO, crystals increases with the applied poten-
tial, in contrast to the average crystal size (Fig. 3). Few and
large crystals grow slowly at low potentials under a dissolu-

Fig. 3. SEM micrographs of Pb electrodes held at (a) E;= —1.020 V, (b) E;= —1.000 V, and (¢) E,= —0.975 V, in 5 M H,SO, solution at 25 °C.
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tion/precipitation mechanism, but at higher anodic over-
potentials the nucleation and growth process under charge-
transfer control, j,(#), favours the formation of more but
smaller PbSO, crystals.

The concept of the conducting film was first advanced by
Pavlov [21] and Pavlov and Popova [22] who admitted that
at positive potentials, the inner part of the PbSO, layer acted
simultaneously as a perm-selective membrane for the Pb?*
ions, and as a blocking membrane for the access of $O,%~
ions to the interfacial region. This determines the formation
of an inner zone with higher concentration of Pb>* ions than
that of SO,2~ [21]. Furthermore, as the formation of the
passivating layer 6’ advances and the pores become narrower
(Fig. 1), the Pb®* ion flux is abruptly reduced and, in order
to maintain the electrical neutrality, H* ions must migrate
from the inner zone and the solution within the pores becomes
more alkaline. This pH gradient between the solution and the
inner zone is maintained as a dynamic equilibrium between
an inward diffusional flux of H* from the solution, which is
5 M H,S0,, and an outward migrational flux of H* from the
inner zone established by the electric field. The more positive
is the applied potential, the higher are the migrational flux
and the internal alkalinization. Thus, basic compounds of
Pb(II) should be formed at high potentials [6,9,21,22].

Voltammograms of Pb in 5 M H,S0, at v=0.02 Vs™!
run between E, .= ~1.3 V and E,,=0.40 V for different
anodization times 7 at E,, are shown in Fig. 4(a) and (b).
The positive-going potential sweep exhibits a well-defined
anodic current peak (Al) at about —0.96 V corresponding
to the electrooxidation of Pb to Pb(II), followed by a wide
passive current region (Fig. 4(a)). The potentiodynamic
response during the reverse scan exhibits one or two cathodic
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Fig. 4. Voltammograms of Pb in 5 M H,SQ, run at » =0.02 V s~ ! between
E,.=-130Vand (a) E;,=0.40 Vor (b) E,,= —1.00 V, and a potential
holding at E;, for a time 7 within the 0 min < 7<20 min range.
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Fig. 5. Dependence of Q,, at 7, at E,, from voltammograms run at » =
0.02 Vs~ ' between E,.= —1.30 Vand 0.00 V<E,,<0.60 V.

peaks, depending upon the values of both E,, and 7. For
E,,<—04 YV, only peak C1 located at about —1.10 V is
observed (Fig. 4(b)), while for E,, set at more positive
potentials, — 0.4V <E,, < 1.0V, two cathodic peaks C1 and
C2 appear (Fig. 4(a)) [6,9]. The cathodic processes occur-
ring in the potential ranges of peaks C2 and C1 can be asso-
ciated with the electroreduction of basic Pb(Il) compounds
(mainly PbO) and PbSO, layers, respectively [6,9].

The influence of anodizing time T on the cathodic charge
of peaks C1 and C2 can be easily understood, then, within
the characteristic features of the model proposed above. At
relatively low anodic potentials E, , , the electric field through
the anodic layer and the migrational flux of H* maintained
by it are not high enough to ensure a significative alkalini-
zation. Consequently, the PbSO, layer continues growing
during anodization and the charge of peak Cl increases
according to 7 (Fig. 4(b) ). On the other hand, for higher E, ,
H™ ions become the main current carriers and the charge of
peak C2 associated with the electroreduction of PbO,
increases with 7 while peak C1 remains practically unaltered
(Fig. 4(a)). From Fig. 4(a), it is found that the log Q¢, (the
cathodic charge corresponding to peak C2) increases linearly
with log 7 according to the following relationship

log Qc;=—-0.5+05log 7 (6)

the slope (8log Qc,/dlog 7) =0.5 remains unaltered for E ,
in the 0.0 V<E ,<0.6 V range (Fig. 5). Furthermore, this
value agrees with results of Guo et al. [23], who found that
the PbO charge passed at constant potential, i.e. O, is pro-
portional to the square root of the polarization time. The rate-
determining step of the PbO layer growth is a mass-transfer
process: the migration of H* ion across the PbSO, layer and
that of OH™ ion across the PbO layer [23].

3.2. Electroreduction of the anodic layers formed on Pb
during charge processes

In the passive potential range, a PbO layer builds up pro-
gressively beneath the PbSO, porous layer initially produced.
The comparison between experimental results and simulated
data suggests that during Pb electrode discharge, the electro-
lyte penetration in the pores of the PbSO, crystal structure
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ensures the current flow through the PbSO, layer, which
transforms gradually into a semipermeable membrane hin-
dering the diffusion of SO,*~ ions and causing an increase
of the Pb>* ion concentration in the inner zone of the passive
layer. The formation of PbO arises as a consequence of the
local alkalinization at the Pb/PbSQ, interface. Hence, local
pH changes due to different permeability of the PbSO, layer
between different regions determine variations in the PbO
layer thickness across the electrode surface.

The impedance diagrams recorded in the potential range
where a composite Pb(II)—containing sulfate/oxide passive
layer is produced, exhibit a complex frequency response,
where the insulating behaviour of the PbSQ, layer contribu-
tion appears at the lower frequencies. The analysis of high
frequency data indicated that the inner barrier PbO layer
behaves as a semiconductor [9]. The charge-carrier concen-
tration decreases slightly as a passive film formation potential
is fixed more positively. A Warburg-like diffusion compo-
nent was detected in the intermediate frequency region and it
can be attributed to the H" ion transport process due to the
increasing alkalinity of the Pb/film interface as the PbO layer
is formed in the inner portion of the surface film [9].

In spite of this complex surface-layer structure, the elec-
troreduction of the PbO and PbSO, layers can be studied
using conventional planar electrode models provided that
simulation data prove to be autoconsistent. Let us consider
the PbO electroreduction. Dynamic system analysis applied
to the set of data resulting from combined voltammetry and
potentiostatic current transient techniques allows us to
explain the kinetics of the electroreduction of PbO layers,
mainly in terms of a progressive nucleation and a three-
dimensional growth mechanism under charge-transfer con-
trol whereas in the initial short time range a process under
H* ion diffusion control has been detected [6,14,15]. The
initial electroreduction process is related to the electrored-
uction of Pb(II) ions controlled by the diffusion of H* from
the outer PbSQO, layer to the inner passive film. Rate constants
of the main current contribution fit an Arrhenius-type behav-
iour [14]. Results suggest that the thermal increase in the
crystal growth perpendicular to the plane surface is about
twice that in the parallel direction. Furthermore, the activation
enthalpy includes two contributions, one related to an ordi-
nary chemical reaction and the other to the reversible electro-
chemical reaction taking place at the inner portion of the
passive film structure [ 14].

Potentiostatic cathodic current transients corresponding to
the PbO electroreduction process at E;= —0.90 V after a
potential step at E,,=E; =040 V for 7 in the range 30 s
< 7<30 min are shown in Fig. 6. According to the kinetic
model above proposed, these transients can be appropriately
described by the expression

J()y=zFk 0,(t)[1—6,(2)] + Pp, exp(—Pp,t) @)

with

Fig. 6. Fitting of current transient data recorded at E.= —0.90 V after a
potential holding at E;= E, ,=0.40 V during different 7 in the 30 s<7<
30 min range, according to Eq. (7) (full traces).

2
Oi(t)=exp(—£1£0%‘4-kjt3) (8)
3pox

where 6,(¢) is the coverage by the PbO species at the inner
surface layer, k ; and k| denote the rate constants describing
crystal growth perpendicular and parallel to the plane surface
electrode, respectively, A is the nucleation rate constant, po,
the density of the layer and M, the PbO molecular weight.
In Eq. (7), the main term corresponds to the progressive
nucleation and the three-dimensional growth under a charge-
transfer control process [24], whereas the second term,
which predominates only at very short times, is related to the
instantaneous nucleation and a two-dimensional growth proc-
ess under diffusion control (P, and Pp,) [14,15].

Fig. 6 also illustrates a good agreement between the exper-
imental and calculated data. The potential E; was chosen to
allow the separation of the electroreduction process of the
inner PbO layer from that corresponding to the PbSQ, spe-
cies, which takes place when E;< - 1.05 V. It is important
to mention that the electroreduction charge of the current
transients increases with 7according to Eq. (6), determined
from voltammectric results, but for each ritremains unaltered
for E; varying in the whole potential range of the voltam-
metric peak C2, i.e. —0.82<E;< —1.02 V. The values of
the model parameters for different E; and 7, corresponding to
E;=0.40 V, can be obtained from the following relationships:

logk, = —12.19—-8.34E;,—~0.101 log 7 (9)
log(Aky/ pd,) = —25.94 —25.10E,—1.82 log 7 (10)

These relationships yield slopes [(3E//dlog k,)],=
—0.120 V/decade and [E,/dlog(Aki/pgé,)1,=0.040 V/
decade, with values in agreement with those reported previ-
ously from data obtained at shorter anodization times during
Pb discharge, e.g., thinner passive layers [ 14,15].

Furthermore, the charge density comprised in the case of
the instantaneous nucleation and two-dimensional growth
process under diffusion control is given by the P,/ Pp, ratio
[6]. This charge density, which is associated with the small
current contribution described for the second termin Eq. (7),
seems to be practically constant in the whole E;range covered
in this work, and it involves less than 10% of the whole
electroreduction charge. During the previous anodic polari-
zation of the Pb electrode in the discharge process, the local
pH increases due to the decrease of the concentration of
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SO,2~ and the increase of the concentration of Pb®* in the
inner zone of the passive film. When polarization turns into
cathodic values during the charge stage, the Pb?>* concentra-
tion decreases abruptly and, in order to maintain the electro-
neutrality of the solution in the pores, H* ions migrate from
the solution into the pore and combine with the OH ™ liberated
from the PbO electroreduction. Thus, the initial electrored-
uction current decay can be related to the electroreduction of
Pb(1II) ions controlled by the diffusion of OH ™ to the solution
or H* to the inner layer of the passive film.

In order to achieve a simulation of the electrode response
to a cathodic potential sweep, it is necessary to describe the
current density j and the surface coverage 6, in terms of the
dependent variables E and ¢ for any given transient. As the
second term of the current density in Eq. (7) makes only a
small contribution to the whole faradaic charge, for the sake
of simplicity it is neglected in the voltammetric simulations.
Thus, the use of Egs. (8)—(10) combined with the first term
of Eq. (7) allows the complete description of the voltam-
mograms. The method has been described in detail in Refs.
[10,15,25]. Simulated cathodic voltammograms for different
anodization times 7 at E,, shown in Fig. 7 exhibit identical
trends to the experimental ones. The apparent cathodic charge
density of the simulated voltammograms increases according
to 7 following Eq. (6) closely. As the first term in Eq. (7)
comprises the main current contribution, the cathodic charge
involved in the electroreduction of PbO layers can be approx-
imated by [6]

—-1/3
szo.ls(szg(%lﬂ) (11)
Ox
and

10g Opyo = log 0.18 +log(zFk , ) — (1/3) 1og(”3;’—;’“%) (12)

Ox

Thus, the parametric functionalities of data given by Egs.
(9) and (10) approach the values predicted by the well-
established reaction model, according to Egs. (6) and (12).

Combined voltammetry and potentiostatic current tran-
sient techniques have been also employed to study the elec-
troreduction processes of the anodically fomed PbSQ, layers
[6,13]. The kinetic data suggests that the electroreduction of
the PbSO, layer involves mainly an instantaneous nucleation
and three-dimensional growth mechanism under diffusion
control. In the short-time range, after correction for the elec-
trical double-layer discharge the initial falling current tran-
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Fig. 7. Influence of 7 on the simulated voltammetric data.

sients obey an instantaneous nucleation and two-dimensional
growth under diffusion control. The latter can be associated
with the diffusion-controlled reversible electroreduction of
Pb(1I) ions, whose concentration under critical supersatura-
tion condition at 25 °C seems to attain a value of about
2X 1075 mol cm >, which is consistent with a diffusion
coefficient close to 10~ ¢ cm?s 1.

The experimental results for the electroreduction of PbO
and PbSO, layers at temperatures in the 0-50 °C range, var-
ying E; and E; at convenience, are in accordance with the
above proposed kinetic models. The kinetic study was con-
ducted at temperatures up to 50 °C taking into account that
at about 60 °C a degradation in operation life of automotive
batteries is usually observed [2,3]. Potentiostatic current
transients corresponding to the electroreduction of PbSO,
layers formed at different temperatures by a linear potential
scan at v,=0.02 V s”' between E,,=—13 V and
E..=E;=—1.0V, ie. in the peak Al potential range, are
shown in Fig. 8. The electroreduction process at E; was pre-
ceded by a potential hold during 7=3 min at E;, which is
remarkably more negatively located than the potential region
of PbO layer formation. These experimental current transients
can be satisfactorily reproduced (full traces in Fig. 8) through
the expression [6,13]

J(t) =2FD}"*Acym™ "2~ [ 1 - exp( — NomK;D;t) ]
+2FD}*Acm™ /22 (13)

where K; denotes a proportionality constant, K;=
(8mACM,,ps,')' %, D; and Ac; are the diffusion coefficient
and the concentration difference of the mobile speciesjinside
the solution in pores of the surface films, N, are the nuclei
instantaneously formed, Mg, is the molecular weight of
PbSO, and pg, is the density of the surface layer. The main
contribution implies current control by diffusion of lead ions
in the film, the calculated value of (D}/?Ac;) from voltam-
mograms is in accordance with that derived from current
transient fit parameters, the diffusion coefficient at 25 °C
being in this case about D;=3X 10~ ' cm?s ™' and the nuclei
instantaneously formed about 8 X 10'® cm ™2,

The influence of the temperature on the set of adjusted
parameters furnishes additional data related to the energies
of the involved processes and allows a new insight about the
influence of temperature on the performance of the lead/acid

j / mAem?

E = ~1.000 V
E = ~1.085 V

Fig. 8. Fitting of current transient data recorded at different temperatures
and E;= —1.085 V after a potential holding at E,= —~1.000 V during 7=
3 min, according to Eq. (13) (full traces).



J.R. Vilche, F.E. Varela / Journal of Power Sources 64 (1997} 39-45 45

battery. Let us consider the following possible consecutive
reactions involved in the Pb(II)—sulfate layer electroreduc-
tion mechanism

PbSO,+H;0* »Pb** +HSO,” + H,0 (14a)
Pb’* +2¢~ —Pb (14b)

Eq. (14) implies a phase-transition process, whose kinetics
can be interpreted by a nuclation and three-dimensional
growth mechanism under diffusion control, so that H;O*/
HSO, ™ or Pb?* ions migrate alternately through the PbSO,
layer, and in a fast electron-transfer step (Eq. (14b)) the
Pb** ions are electroreduced on the surface. The calculated
activation enthalpy of the diffusion-controlling step yields
AH*1;=95.7 kJ mol ', This value is in close agreement
with that found by Valeriote and Gallop {26] during the
oxidation of anodic films on lead in sulfuric acid solutions at
low temperatures, where the rate-limiting diffusion of ions
may be controlled by an activation process involving the
partial dehydration of the diffusing ion and/ or desorption of
interfacial water. On the other hand, for the process occurring
during the initial falling current transient, A H*p,; close to
40.2 kJ mol ! was obtained. This valued was found to be
larger than that expected for an ion diffusion process in solu-
tion, but it gives support to the conclusion that can be related
to diffusion-controlled electroreduction of Pb(1I) ions from
the supersaturated solution within the pores located between
the PbSO, crystals.

4. Conclusions

The kinetics of the Pb/Pb(II) charge/discharge electro-
chemical reactions in sulfuric acid solutions were investi-
gated using different potential perturbing techniques. Results
showed that both the electrooxidation of Pb and the subse-
quent electroreduction of the surface anodic products
corresponded to highly irreversible processes. Thus, the elec-
trochemical process related to the discharge of the Pb elec-
trode can be explained through a complex mechanism that
includes a nucleation and two-dimensional growth under
charge-transfer process in parallel with a dissolution/precip-
itation one. On the other hand, the electroreduction of the
PbSO, layer during the charge process involves mainly an
instantaneous nucleation and three-dimensional growth
mechanism under diffusion control.

Furthermore, as the internal alkalization of the PbSQ, layer
promotes the formation of basic Pb(II) compounds, it was
established that the rate-determining step of the slow PbO
layer growth is a mass-transfer process: the migration of H* /
OH™ ions through the anodic layer. During the electro-
reduction of the PbO film, however, the H* /OH ™ diffusion-
controlled process represents less than 10% of the whole
electroreduction charge. Likewise, the main electroreduction
contribution corresponds to a three-dimensional progressive
nucleation with charge-transfer controlled growth process.
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