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1. Introduction

Lead alloyed with less than 1% Ag is commonly used as
an anode for zinc electrowinning. Lead±silver alloys
allow a decrease in the oxygen overpotential, a reduced
corrosion rate of lead and an increased mechanical
resistance of the material [1±3]. In addition to the
oxygen reaction, several oxidation reactions also take
place on the lead anodes, which generate complexed
Mn3+ and MnOÿ4 ions in the electrolyte, and MnO2 in
the whole cell where slimes are observed to deposit
progressively [4±6].
Iridium oxide ®lms have attracted much attention

over the last two decades, especially for their high
electrocatalytic activity for oxygen evolution [7±10].
Iridium oxide ®lms thermally deposited on titanium are
particularly remarkable for their anodic stability and
electrocatalytic activity [11±17].
With a view to obtaining similar catalytic e�ects on

the lead anodes for zinc electrowinning, the deposition
of iridium oxide on lead surfaces has been attempted. In
the present work, the idea was to try to improve the
performances of the industrial lead anodes utilized by
Union MinieÂ re. The usual deposition of IrOx by
pyrolisis of gels or iridium chloride could not be carried
out as the lead substrates are de®cient in mechanical
resistance at annealing temperatures over 300 °C.
Therefore we focused on the various electrochemical
procedures of IrOx deposition which have been previ-
ously described [18±23]. Methods giving IrOx ®lms on
cathodes [18, 19] were ruled out as they also produce
inclusions of iridium metal corroding rapidly in sulfuric
acid media [20]. Alternative methods with anodic IrOx

deposition were preferred [21±23]. Recently, we present-
ed an electrochemical procedure leading to IrOx ®lms by
oxidation of soluble species in basic aqueous solution
[23]. Initially formed on conducting SnO2-coated glass
electrodes, the IrOx ®lms can also be deposited on other
electrode materials. In this paper, we describe the
method of depositing IrOx on lead substrates, and we
present the catalytic properties of these electrodes for

oxygen evolution in the electrolyte for zinc electrowin-
ning.

2. Preparation and characterization of IrOx deposits

2.1. Solution for IrOx deposition

Chemicals from Aldrich were used as-received. The
iridium containing solution for the IrOx deposition was
prepared as follows:
To 0.2 mmol of K3IrCl6 (104 mg) dissolved in ap-

proximately 30 ml of water, 1 mmol of oxalic acid
H2C2O4.2H2O (125 mg) was added. The pH of the
solution was raised to 10 by adding 5 mmol of K2CO3

(690 mg). Due to this increase of pH, the colour of the
solution turned from pale yellow to pale green. The
volume of the solution was then increased to 50 ml.
These freshly prepared solutions are ine�cient at
iridium oxide deposition. It is necessary to age the
iridium solution in air, the shortest ageing time being
determined as four days at 35 °C, or 1 day at 45 °C. The
ageing is easily controlled by monitoring the absorbance
of the solution at 570 nm, which was found to increase
linearly from zero. Empirically, we noticed that all
solutions found to be e�cient at anodic IrOx deposition
have an absorbance at this wavelength which typically
exceeds 0.2 (optical cell of pathlength 1 cm). Though
this behavior remains unclear, the measurement of the
absorbance at 570 nm is the most convenient method of
predicting the e�ciency of aged solutions for IrOx

deposition.
E�cient solutions can be stored for several weeks at

4 °C without degradation.

2.2. Electrochemical set-up for IrOx deposition

A conventional electrochemical set-up was used with the
counter and reference electrodes being, respectively, a
platinum wire and a saturated mercurous sulfate elec-
trode (SSE: 0.614 V vs SHE). Three kinds of material
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were taken as working electrodes, each of area approx-
imately 1 cm2: Pb with 0.0066% Ag, Pb with 0.56% Ag,
and Pb covered with a PbO2 layer (generated by
oxidizing the Pb surface for 18 h at 1.39 V vs SSE in
1.8 M H2SO4).
In the described procedure for IrOx deposition [23],

the best IrOx ®lms on inert electrodes were obtained
using a ®xed anodic current density of approximately
0.04 mA cm)2. Pb electrodes could not be covered by
IrOx under these experimental conditions, as the
potential of the anode stabilized at a plateau value of
)0.17 V vs SSE which corresponds to the formation of
Pb oxides in basic solution. Consequently, the original
parameters for IrOx deposition had to be adjusted to
enable the use of Pb electroactive substrates. After
several attempts, a potentiostatic method was chosen,
which gave regular dark blue ®lms of IrOx at 0.26 V vs
SSE with current densities ranging from 0.1 to
0.3 mA cm)2. The charge used for the anodic deposi-
tion was limited to 2 C cm)2. The Pb electrodes
covered with IrOx were rinsed several times in water
and dried at 70 °C. Finally, a thermal treatment at
220 °C for 30 min was carried out in order to stabilize
the IrOx coated surfaces.

2.3. Characterization of IrOx deposits

The IrOx coated surfaces were examined in a scanning
electron microscope (SEM) and the Ir content in the
electrodes was determined by X-ray energy dispersion
spectroscopy (EDS).
The typical morphology of IrOx deposits, shown in

Figure 1, was found to be independent of the three
substrates used (Pb, Pb±Ag, or PbO2). Figure 1 reveals
that the electrode surface is cracked and nonhomoge-
neous. The electrode surface may be divided into
di�erent regions A, B, and C. The Ir/Pb ratio of each
region was determined by EDS and found to decrease
from the region A to C, the Ir/Pb ratio of region C being
practically that of the substrate. The average value of

38 � 15% was obtained independently of the three
substrates used (Pb, Pb±Ag, or PbO2).

3. Catalytic properties for oxygen evolution

The kinetics of the Pb/IrOx anodes were investigated at
37 °C in the electrolyte for zinc electrowinning, con-
taining 1.83 M H2SO4, 0.84 M ZnSO4 and 0.091 M

MnSO4. The anode and the Al cathode, of equivalent
surface areas (1 cm2), were orientated vertically in the
cell. Starting from V = 0.8 V vs SSE, the polarization
curves for IrOx coated electrodes were obtained by
potential steps of 20 mV every 15 min (10 min for the
current stabilization and 5 min for the impedance
measurements in the frequency range (60 kHz±
60 mHz). The high frequency limit of impedance gives
the electrolyte resistance, Re, and the potential E
corrected for the ohmic drop e�ect, that is,
E = V ) Rei, where i denotes the current density.
The polarization curves corresponding to di�erent

IrOx deposits on Pb substrates are shown in Figure 2.
Taking into account the limited reproducibility of the
curves, it is shown that the anode surface (Pb, Pb±Ag
(0.56%) or PbO2) does not signi®catively in¯uence the
catalytic properties of the IrOx deposit. However, in
comparison with the curves obtained in the absence of
IrOx on Pb or Pb±Ag anodes, it clearly appears that the
IrOx deposits act as an electrocatalyst on oxygen
evolution in the zinc electrowinning electrolyte: a
polarization decrease of at least 340 mV is observed at
i = 50 mA cm)2. It should also be noted, however, that
the relative positions of the polarization curves are not
connected with the scattered values of the Ir content in
the electrodes, as indicated in Figure 2.
Due to the decreased oxygen overpotential, no slimes

formed in the electrolyte, which advantageously re-
mained clear with the oxidation of Mn2+ into MnOÿ4 ,
Mn3+ and MnO2 being considerably reduced. In addi-
tion, no porous deposit was found on the IrOx anodes

Fig. 1. Typical SEM morphology of IrOx deposit on lead : the Ir/Pb

ratio decreases from region A to region C.

Fig. 2. Polarization curves for various anode materials: Pb, Pb±Ag

(0.56%), and di�erent IrOx deposits on Pb. The percentages on curves

indicate the Ir content on the surface of the electrodes.
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during electrolysis (as shown in Figure 3), unlike the
experiments performed on Pb±Ag and Pb electrodes [24].
The typical shape of the impedance plots obtained

with IrOx anodes is depicted in Figure 4. The high
frequency loop corresponds to the charge transfer
resistance, Rt, in parallel with the double layer capac-

itance, Cdl. A second capacitive loop can also be
observed at frequencies close to 1 Hz, but it remains
smaller than that of typical Pb±Ag anodes [24]. The
charge transfer resistance re¯ects the catalytic activity of
the IrOx anodes: the Rti product ranges between 25 and
65 mV, as shown in Figure 5, and those values are much
lower than those reported for the Pb±Ag anodes (about
250 mV) [24]. In addition, for all IrOx electrodes,
Figure 5 shows a clear increase of Rti product with
potential. Hence the highest catalytic e�ect corresponds
to the smallest Rti values, thus indicating that the
electrocatalysis is essentially due to an increase in the
charge transfer coe�cient of the oxygen reaction, in
agreement with the already proposed change in the
reaction mechanism [25].
Impedance data also show that the values of the

double layer capacitance, Cdl, of the IrOx electrodes
range between 1 and 10 mF cm)2, that is, the same
order of magnitude as for the Pb±Ag electrodes [24].
Consequently, the oxygen reaction probably occurs on a

Fig. 3. SEM morphology of lead anode covered with IrOx after use in the zinc electrowinning electrolyte.

Fig. 4. Complex plane impedance plot at point D in Figure 2.

Fig. 5. Potential dependencies of the Rti product corresponding to the curves for the di�erent IrOx deposits in Figure 2.

1349



large surface area, thus suggesting that the active surface
includes not only the external smooth surface visible on
Figure 3, but also numerous active sites possibly be-
longing to a porous sublayer. This question remains
entirely unsolved.
To test the catalytic performance of IrOx deposits

over a long time interval, galvanostatic electrolyses were
carried out at a current density of 55 mA cm)2. As
shown in Figure 6, the anode potential slightly increas-
es, and subsequently the energy gain progressively
decreases with time. However, after eight days, the
electrode potential is still lower (by 100 mV) than that of
the Pb±Ag (0.56%) anode. This loss of performance is
possibly due to slow dissolution of the IrOx ®lm.

4. Conclusion

IrOx deposits can be grown on Pb or Pb±Ag substrates
by electrochemical oxidation of IrCl3ÿ6 . These deposits
have been shown to have an electrocatalytic activity on
oxygen evolution in the acidic sulfate electrolyte used for
zinc electrowinning. This catalytic e�ect is essentially
associated to a stimulation of the transfer coe�cient of
the reaction.
Tests performed over long time spans reveal a slow

loss in catalytic e�ect during the electrolysis. Improve-
ments in the deposits properties (reproducibility and

stability) are expected from the optimization of the
conditions of IrOx deposition and/or of the thermal
treatment of the deposits (temperature, duration).
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Fig. 6. Time dependence of the potential of a lead anode covered with
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(0.56%) anode.

1350


