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The kinetic behaviour of lead and lead±silver anodes, polarized under galvanostatic conditions in a
H2SO4±ZnSO4±MnSO4 electrolyte, has been studied. Whereas the potential of the lead anode sta-
bilizes during electrolysis, the potential of the lead±silver alloy anode oscillates between two limits
after an induction time. Both silver on the anode surface and manganese in the electrolyte are
required for the potential oscillations to appear. With increasing time the potential oscillations
change in shape and period. From impedance data obtained earlier, at the beginning of, and during
the potential oscillations, it is shown that the potential instabilities originate from electrode coverage
by a silver salt adsorbate.
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1. Introduction

In electrochemical systems there are numerous ex-
amples of oscillatory behaviour appearing under
potentiostatic or galvanostatic control [1±3]. Fre-
quently, the oscillations have been associated with the
presence of a passivating process able to generate a
negative resistance in the electrode impedance. It is
also known that a passivating process can generate
multiple steady states, primarily when it is coupled
with the other steps by di�usion [4].

During zinc electrowinning in acidic sulfate elec-
trolytes, potential oscillations of the cathode poten-
tial have been observed which correspond to cycles of
alternate zinc deposition and deposit redissolution
[5]. These oscillations appear after an induction pe-
riod and originate from the presence of metal impu-
rities in the electrolyte, which codeposit on the
electrode and stimulate hydrogen evolution [5±8]. In
this case, the polarization curve recorded under po-
tentiostatic conditions reveals a hydrogen peak and a
more cathodic branch corresponding to zinc deposi-
tion. Between the hydrogen peak and the zinc depo-
sition branch, there exists a potential region where
the polarization resistance of the electrode is nega-
tive, due to a strong inhibition of hydrogen evolution
[9].

During oxygen evolution on Pb±Ag alloy anodes
in H2SO4±ZnSO4±MnSO4 electrolytes for zinc elec-
trowinning, potentiostatic measurements of the elec-
trode impedance have recently revealed an inhibiting
process which slowly degenerates into a passivating
process with increasing electrolysis time [10]. This
passivating process has been ascribed to the forma-
tion of a silver salt adsorbed on the MnO2 oxide layer
[11], thus suggesting the possible occurrence of

instabilities for this electrochemical system. However,
the passivating process is fast, as compared to the
inductive feature which governs the slope of the
steady-state polarization curve, which remains single-
valued without the presence of multistates.

The aim of the present work was to analyse the sta-
bility of Pb±Ag anodes polarized under galvanostatic
conditions. In this paper, the existence of potential
oscillations will be demonstrated and an interpretation
of experimental results will be proposed.

2. Experimental details

2.1. Electrodes and cell

Anodes of pure lead (Johnson Matthey, specpure
99.9999%) and silver±lead alloys (Union-MinieÁ re,
silver content 0.128% and 0.56%, other impurities
given in Table 1) were used, with an e�ective surface
area of 1 or 1.13 cm2. They were vertically oriented in
the cell and insulated with epoxide resin (Buehler).
Before electrolysis, a mirror-like polish was achieved
with emery paper (grit 1200).

To clarify the chemical in¯uence of silver used as
an alloying element, we also studied pure lead elec-
trodes chemically preformed for 3 s in 0.3M HNO3

+ 0.2 M AgNO3 solution, so as to create a number of
active silver sites on the anode surface.

The counter electrode was aluminium (Union-
MinieÁ re) with an e�ective surface area of 1 cm2

positioned in front of the working electrode surface.
The reference electrode was a saturated Hg/Hg2SO4

electrode (SSE), and a magnetic stirring of electrolyte
was realized. The electrolysis cell was thermostated at
37 °C and the electrolyte volume was approximately
200 cm3.
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The H2SO4±ZnSO4±MnSO4 electrolyte consists of
1.83M H2SO4, 0.84M ZnSO4 and 0.091M MnSO4. All
chemicals were Merck products of analytical grade
purity and the water was doubly ion-exchanged and
twice distilled in a quartz apparatus.

2.2. Experimental methods

The anodes were directly polarized under galvano-
static conditions near the industrial working point at
a constant current of 50, or 80mA cm)2, and were
maintained at this current. The variations V(t) of the
electrode potential were recorded as a function of
time.

The electrolyte resistance, Re, is known to char-
acterize the screening e�ect of bubbles at the elec-
trode surface [12±14] and ¯uctuations of Re re¯ect
their growth and detachment on the electrode
[15, 16]. In the present work, the anode electrolyte
resistance was obtained from the electrode imped-
ance, measured at 20 kHz, every 14 s. Re and V were
recorded simultaneously.

Impedance measurements were performed using a
frequency response analyser (Solartron 1250) and an
electrochemical interface (Solartron 1280) controlled
by an IBM PS/2 microcomputer. The signal ampli-
tude was 3mV.

3. Results and discussion

3.1. Lead±silver alloy anodes

The results obtained with Pb±Ag (0.128%) and Pb±
Ag (0.56%) anodes, polarized at 50 or 80mAcm)2 in
the H2SO4±ZnSO4±MnSO4 electrolyte, were similar.
In most cases the electrode potential was stable at the
beginning of electrolysis, and started oscillating after
a variable induction time. The amplitude and the two
potential limits Vmin and Vmax were scattered from
one experiment to another. In a few cases no oscil-
lation (NO) appeared within the observation time of
25 h. Figures 1 and 2, respectively, show the statistical
representation of the induction time necessary for the
oscillations to appear, and of the oscillation ampli-
tude, as functions of the experiment number. When
oscillations appeared, the average induction time was
10 h of electrolysis and the mean oscillation ampli-
tude was 110mV: the average values of Vmin and
Vmax were 1.38 and 1.49V vs SSE, respectively.
Taking into account the poor reproducibility of Vmin

and Vmax values, it can be considered that the two
types of Pb±Ag anode have the same polarization
characteristics. For the same reason, it is di�cult to
make a di�erence between the results obtained at
i = 50mAcm)2 and i = 80mAcm)2.

After the induction time, potential oscillations ap-
peared and progressively changed in shape and peri-
od with increasing time. This phenomenon is
illustrated in Figs 3, 4 and 5, which present ¯uctua-
tions of potential V(t) and electrolyte resistance Re(t)
for various electrolysis durations, at constant current
density (50mA cm)2). From the beginning of elec-
trolysis (Fig. 3), only small potential ¯uctuations due
to oxygen bubbles were observed. Then the oscilla-
tions started after about 1 h. The increase in Re is due
to the slow formation of a duplex PbO2±MnO2 oxide
layer, and probably re¯ects a change in the screening
e�ect by bubbles. It is known that small bubbles
evolve at the beginning of electrolysis on a major part
of the electrode [10]. With increasing electrolysis time
only the sites at the bottom of macropores in the
MnO2 layer remain active and oxygen has been ob-
served to take place only by big bubbles evolving
through a few holes in the outer MnO2 layer [11]. In
Fig. 3, the continuous increase in the ohmic drop,
iRe, was about 10mV, which is consistent with the

Table 1. Impurity contents in Pb±Ag alloy (Union MinieÁre)

Impurity Bi As Sn Fe Cu Sb Zn Cd

/ppm <250 <1 <1 <8 <12 <1 <5 <10

Fig. 1. Statistical representation of the induction time for the
oscillations to appear, as a function of experiment number. NO
means no oscillation.

Fig. 2. Statistical representation of the oscillations amplitude as a
function of experiment number. The potentials Vmin and Vmax, in
volts vs SSE, are reported for each experiment. NO means no
oscillation.
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slow drift of the potential, about 20mV for 2 h of
electrolysis. After several hours the potential V os-
cillated more periodically and the shape of the oscil-
lations varied: the potential remained closer to Vmax

than to Vmin, over a longer time, as illustrated in
Fig. 4, which was obtained after 11 hours of elec-
trolysis. Then the situation was reversed after 20 h,
Fig. 5. Between these two situations, the bubble
con®guration probably changed, since the electrolyte
resistance, Re, decreased.

In Figs 4 and 5, no correlation appears between
the potential oscillations of amplitude close to
100mV and variations of Re(t) which induces varia-
tions in the ohmic drop iRe(t) of about 1mV. On the
other hand, a pure lead anode polarized under the
same conditions never oscillated: the potential re-
mained close to V = 1.53V vs SSE. Consequently, it
is clear that silver as alloying element is necessary to
produce the potential oscillations.

3.2. Lead anodes preformed in acidic AgNO3 solution

To better understand the in¯uence of silver as an
alloying element, pure lead anodes were chemically

preformed in a AgNO3 + HNO3 solution. This
treatment induces the creation of separate silver sites
scattered on the anode surface, as shown in Fig. 6.

Figure 7 shows the V(t) recording corresponding
to one of these anodes polarized at i = 80mAcm)2

in the H2SO4±ZnSO4±MnSO4 electrolyte. The po-
tential value, initially low (V = 1.31V vs SSE) pro-
gressively increased with time to attain V = 1.39 V
vs SSE after 1 h of electrolysis (Fig. 7 (a)). At this
time, potential oscillations appeared and an ampli-
tude of about 150mV was attained for an electrolysis
time of 8 h, Fig. 7(b). Therefore, when silver sites are
present on the pure lead anode surface from the
beginning of electrolysis, potential oscillations also
appear. With the preformed anodes, the potential
oscillations disappeared for long electrolysis times,
Fig. 7(c), and then the mean potential value,
V = 1.53V vs SSE, corresponded to that of a pure
lead anode. At this moment, there were probably no
more silver sites on the performed anode surface, due
to their anodic dissolution and/or their inclusion in
the MnO2 layer. The remaining potential ¯uctuations
in Fig. 7(c) correspond to oxygen bubbles. These re-
sults show that the silver sites on the anode surface
are directly involved in the existence of oscillations.

Fig. 3. Fluctuations of potential V(t) and electrolyte resistance Re(t) from the beginning of electrolysis at i = 50mAcm)2.

Fig. 4. Fluctuations V(t) and Re(t) after electrolysis for 11 h. Same anode and conditions as for Fig. 3.
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Another pure lead anode, preformed in the same
manner, was then polarized at i = 80mAcm)2 in a
Mn2+-free (H2SO4 + ZnSO4) electrolyte. Figure 8
presents the V(t) recording obtained under these
conditions. At the beginning of electrolysis, the anode

potential was low, V = 1.3V vs SSE, then increased
during 1 h and stabilized at 1.49V vs SSE for the
remainder of the electrolysis. This value corresponds
to that of a pure lead anode in Mn2+-free electro-
lytes; potential oscillations never appear. Their exis-
tence requires both silver sites on the anode surface
and Mn2+ ions in the solution.

3.3. Impedance spectra

The time dependence of the electrode impedance
spectra was examined under constant current density,
at di�erent stages of electrode ageing. During the
induction time prior to oscillations the electrode
impedance shows, at medium frequencies (Fig. 9,
curve 1), a capacitive feature corresponding to inhi-
bition by the silver salt adsorbate. An inductive
behaviour also appears at low frequencies.

Later, when rare oscillations appear, the stability
duration was su�cient to obtain impedance plots
down to 80mHz. Then the electrode impedance
shows a negative resistance (Fig. 9, curve 2), indi-
cating a much stronger inhibition at the electrode
surface.

For well established potential oscillations, only
truncated impedance plots (down to 0.2Hz) could be
recorded due to the limited duration of potential
stability at the maximal value, Vmax, and at the
minimal value, Vmin. As shown in Fig. 10, the im-
pedance plots present two alternative shapes: plot 2
was obtained at Vmax and plot 1 at Vmin. These results
indicate that the potential instabilities are due to
periodic variations in the parameter responsible for
the di�erence between the two plots in Fig. 9.

The potential oscillations observed in the present
paper with lead±silver anodes can be explained in
terms of the reaction model previously proposed
from potentiostatic analysis of the electrochemical
system [11]. The principal reaction is oxygen evolu-
tion, and secondary reactions associated to the for-
mation of a silver salt adsorbate (AgMnOÿ4 )ad occur
on the MnO2 layer existing on Pb±Ag electrodes, as
indicated in Fig. 11. The rate constants, K1 and K2, of

Fig. 5. Fluctuations V(t) and Re(t) after electrolysis for 20 h. Same anode conditions as for Fig. 3.

Fig. 6. SEM observation of the surface of a pure lead electrode
preformed in the HNO3 + AgNO3 electrolyte. EDS spectra
characteristic of silver sites (A) and lead matrix (B).
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the electrochemical steps are potential activated and
the electrode coverage, h, by the adsorbate is also
potential activated. The relaxation of h has been
shown to give rise to the capacitive feature observed
at medium frequencies on impedance plots [11]. It has
also been shown that an increase in h can generate a

stronger inhibition and a negative resistance, Ro, as
illustrated in Fig. 12. This Figure recalls the shape of
typical impedance diagrams obtained at di�erent

Fig. 7. V(t) recording for a preformed lead anode, polarized at i = 80mAcm)2, in the H2SO4±ZnSO4±MnSO4 electrolyte, for di�erent
electrolysis times: (a) beginning; (b) 8 h; (c) 14 h.

Fig. 8. V(t) recording for a preformed lead anode, polarized at
i = 80mAcm)2, in a Mn2+-free electrolyte.

Fig. 9. Complex plane impedance plots (1) before (time: 15min)
and (2) at the beginning of (t = 2h) oscillations; i = 50mAcm)2.
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potentials on the steady-state polarization curve
plotted under potentiostatic conditions. The medium
frequency capacitive feature corresponds to the re-
laxation of the electrode coverage, h, whereas the
low-frequency inductive loop is ascribed to the very
slow relaxation of the conductivity of a sublayer of
PbO or nonstoichiometric PbOn present in the oxide
layer [11, 17±19]. This inductive loop always extrap-
olates, at zero frequency, to a positive polarization
resistance, in agreement with a polarization curve
which remains single valued.

In terms of the model depicted in Fig. 11, the
potential oscillations observed under galvanostatic
conditions can be accounted for by considering
periodic changes in the electrode coverage h, by the
adsorbate. These changes would be due to relatively
fast breakdowns of the oxide layer, thus decreasing h,
followed by recovery of h, taking place alternatively
on the electrode surface. These breakdowns are likely
triggered by the departure of large oxygen bubbles.

4. Conclusion

The kinetic behaviour of lead, and lead±silver alloy
anodes, galvanostatically polarized in a H2SO4± ZnSO4±MnSO4 electrolyte under conditions similar

to those industrially used for zinc electrowinning,
have been compared. In this electrolyte, the potential
of a lead anode remains stable during electrolysis.
With lead±silver anodes, potential oscillations appear
after an induction time of several hours. The shape
and period of potential oscillations change with
increasing time. Similar oscillations have also been
observed with a pure lead electrode on which silver
sites had been previously deposited, before using it as
anode for zinc electrowinning. In addition to the
presence of silver on the anode surface, the presence
of Mn2+ ions in the electrolyte is necessary for the
potential oscillations to appear.

Measurements of the electrolyte resistance during
the formation of the PbO2±MnO2 layer re¯ect a
change in the screening e�ect by bubbles. However,

Fig. 10. Complex plane impedance plots during the oscillations.

Fig. 11. Reactions taking place on Pb±Ag electrodes.

Fig. 12. (a) Typical steady-state polarization curve of Pb±Ag
anode in the H2SO4 + ZnSO4 + MnSO4 electrolyte. Potentials
are corrected for the ohmic drop iRe. (B); (C): complex plane im-
pedance plots measured at points B and C. Rt means charge
transfer resistance.
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the electrolyte resistance ¯uctuations are too small to
account for the magnitude (about 100mV) of the
potential oscillations. From complex plane imped-
ance plots determined before, at the beginning of, and
during oscillations, it is concluded that the potential
instabilities are due to periodic variations in the
electrode coverage by a silver salt adsorbate present
at the MnO2-electrolyte interface.
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