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avior of Pb–Co powder-pressed
alloy for electrowinning

Shuai Wang, Xiang-Yang Zhou, Chi-Yuan Ma, Bo Long, Hui Wang and Juan Yang *

In this study, Pb–Co powder-pressed alloy was fabricated and used as a suitable anode material to replace

Pb–Ca–Sn alloy in electrowinning. The Pb–Co anodes and the traditional Pb–Ca–Sn alloy on the

electrochemical properties are investigated in a 160 g L�1 H2SO4 solution at 35 �C using galvanostatic

polarization, electrochemical impedance spectroscopy and Tafel test. Thereafter, the anodic oxide layer

is observed by energy dispersive X-ray spectroscopy along with scanning electron microscopy and X-ray

diffractometry. The results show that the potential and oxygen evolution over-potential of the anodes

exhibit a declining trend with increasing the fraction of Co. The anode potential of the Pb-2 wt% Co is

approximately 170 mV lower than that of Pb–Ca–Sn alloy and reaches a stable value of 1.291 V at 35 �C,
which shows good electrocatalytic performance and commercial application prospect.
1. Introduction

Electrowinning (EW) is one of the oldest industrial processes,
whose importance lies in the nal reduction of metals such as
zinc, copper and manganese.1 About 80% of the world zinc
production and 20% copper are manufactured by this
technique.2,3

At present, the Pb–Ca–Sn (for copper) and Pb–Ag (for zinc)
alloys have been widely used as insoluble anode for oxygen
evolution in EW, but it also has some limitations such as high
power consumption due to the high oxygen evolution over-
potential (OEOP), high manufacturing cost, unsatised
mechanical strength and corrosion resistance.4–7 In addition,
for the Pb–Ag anodes, oxygen evolution reaction (OER) occurs
preferentially on the Ag2O2 sites on the anode surface,8 causing
the consumption of Ag. Meanwhile, various ternary alloys and
quaternary alloys have been researched, but so far only Pb–Ag–
Sn–Co alloy presents relatively good corrosion resistance and
oxygen evolution activity.9–12 Unfortunately, the process control
and complex manufacturing operation limit its application in
the electrochemical industry.

There are some new discoveries in the modication of lead-
based anode, including the preparation methods of Pb–Ag
composite anode and the exploration of Pb–MnO2 composite
materials. For instance, the creep resistance, OEOP and current
efficiency of Pb–Ag anode, which prepared by powder rolling
method, were investigated.13 The results show that the creep
resistance and the mount of Pb impurity in the deposited zinc
of the Pb–Ag power-rolled alloy have better performance than
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those of Pb–Ag cast-rolled alloy. In the latest studies, the elec-
trochemical property and corrosion behavior of Pb–MnO2

anode fabricated by powder pressing were systematically
studied in sulfuric acid electrolyte solutions.14,15 Compared with
the traditional Pb–Ag alloy anode, the Pb–MnO2 composite
anodes exhibit lower OEOR at lower content of MnO2 (1–
7 wt%)16 and better corrosion resistance at higher content of
MnO2(10–20 wt%),17 respectively.

Ti based dimensionally stable anodes (DSA), which have
been broadly used in not only EW but also other industrial
applications such as an active anode materials for Li-ion
batteries, super capacitor,18 titanium skeleton and organs for
medical supplies, and chloride-alkaline industry owing to its
high conductivity, low OEOP and good environment
stability.19–22 Various kinds of Ti based noble metallic oxide
anodes, such as IrO2 + ZrO2, IrO2 + TiO2, RuO2 + Ta2O5, IrO2 +
Ta2O5 and IrO2 + Nb2O5, have been reported to present long
service life in acidic media and high electrocatalytic activity.23–26

It is well known in the industry that the OER proceeds not on
the metal surface but on one already covered with a layer of
metallic oxide. With increasing the electrolysis time, however,
the insulating TiO2 layer between Ti substrate and noble
metallic oxide layer becomes more and more thick.27 Thus, the
anode potential and the resistance increase rapidly, resulting in
anode deactivation. Overall, considering the cost and the
availability of the noble metal, these anodes have not yet been
applied as suitable alternative electrode material for lead-based
anode used in EW.

Therefore, looking for low OEOP and high-performance alloy
element to replace traditional anodes is still the focus of the
researchers. Cobalt can effectively reduce the OEOP and the
corrosion rate of lead-based anode.28 However, to our best
knowledge, there is few report on Pb–Co alloy applied to the
This journal is © The Royal Society of Chemistry 2018
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OER of electrocatalysis material, due to the fact that lead and
cobalt can not form a binary alloy.29 Pb–Co composite anode,
prepared by powder pressing method, performs good properties
in aqueous sulfuric acid solution, and it can be served as an
alternative insoluble anode for copper EW. Nonetheless, these
studies are only focused on researching the corrosion resistance
and potential of the anode,30,31 as well as lacking of systematic
research in oxygen evolution mechanism. In the present
research, the oxygen evolution kinetic and the faradaic imped-
ance of Pb–Co anodes with different Co fractions were investi-
gated and compared to those of the Pb–Ca–Sn anode using
electrochemical techniques. The microstructure morphology
and composition of anodes layer were characterized by scan-
ning electron microscope (SEM) and X-ray diffraction (XRD),
respectively.
2. Experimental
2.1 Sample preparation

Pb powder was mixed with Co powder to a series of composition
of 0.5 wt%, 1 wt% and 2 wt%, subsequently ball milled
(mechanical alloying) for 10 h in a agate jar. The powder was
then uniaxially die-compacted using a pressure of 300 MPa. The
diagrammatic sketch of the mould and the owchart of exper-
imental process are shown in Fig. 1.

The samples were in argon atmosphere, undergoing a heat-
ing process of (i) heating to 300 �C at 3 �C min�1, (ii) keeping at
300 �C for 3 h, (iii) natural cooling to room temperature. The
obtained Pb–Co alloy was cut into cubic samples (10 mm �
10 mm � 5 mm) using a wire-cut machine. Finally, Pb-0.5 wt%
Co, Pb-1 wt% Co, Pb-2 wt% Co and Pb-0.06 wt% Ca-0.49 wt% Sn
cast-rolled alloy were connected to a plastic isolated copper wire
and coated by denture base resins with a working area of 10 mm
� 10 mm. Before being introduced into the electrolyte, the
working surface of all the samples was polished by SiC abrasive
paper.
2.2 Measurements

The testing was executed by PARSTAT 4000 electrochemical
workstation, which ensured that the testing procedure for every
Fig. 1 The diagrammatic sketch of the mould and process flow
diagram of Pb–Co anode.

This journal is © The Royal Society of Chemistry 2018
sample was identical. The counter and reference electrodes
were a platinum plate and a Hg, Hg2SO4/sat$K2SO4 electrode
(MSE), respectively. All potentials are given with respect to the
Hg/Hg2SO4 (0.64 V versus SHE) reference electrode. The distance
between the working electrode and the counter electrode was
xed at 3 cm. All the experiments were repeated two times.

Galvanostatic electrolysis at 50 mA cm�2 for 72 h was con-
ducted in a 160 g L�1 H2SO4 solution to produce an oxide layer
on the surface of the anodes. The electrochemical impedance
spectroscopy (EIS) was performed by applying an AC amplitude
of 10 mV root mean squared in the 100 kHz to 10 mHz
frequency range, and the applied potential was 1.3 V. Anodic
polarization curves (LSV) was obtained at a constant scan rate of
5 mV s�1, from 1.1 V to 1.7 V. Cyclic voltammetry (CV) test was
performed over the �1.2 V to +1.9 V potential range at a scan-
ning rate of 20 mV s�1.

Aer galvanostatic electrolysis, the anodes were taken out
from electrolyte, washed with deionized water and dried for 72 h
at room temperature. Then, the microscopic surface
morphology, element distribution and phase composition of
anodic layers were investigated by SEM equipped with energy
dispersive X-ray spectroscopy (EDS, Quanta FEG250, American)
and XRD (Rigaku-TTRIII, Japan), respectively.
3. Results and discussion
3.1 Galvanostatic polarisation investigations

Galvanostatic polarization test is conducted to conrm the
anodic potential as a function of the time. Fig. 2 shows the
galvanostatic polarization curves of the Pb–Co anodes with
different fractions and Pb–Ca–Sn anode in 160 g L�1 sulfuric
acid solution.

For Pb–Co anodes, the anode potential in general rapidly
decreases, then slightly increases and decreases rapidly until
leveled off. Moreover, the anodic potential of Pb–Co shows a peak
at around 2000 s, which corresponds to oxidation of PbSO4 to
PbO2 on the anode surface. But for the Pb–Ca–Sn anode, there is
not the obvious oxidation reaction. With the electrolysis time
increasing, PbSO4 is coverted into PbO2, the layer resistance of
the anode decreases, and OEOP of the anode reduces. When the
generation (Pb / PbSO4 and PbSO4 / PbO2) and the
Fig. 2 Galvanostatic polarization curves of the anodes.
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Fig. 3 SEM image and EDS elemental of Pb-0.5 wt% Co after galva-
nostatic polarization.

Fig. 4 SEM image and EDS elemental of Pb-1 wt% Co after galvano-
static polarization.

Fig. 5 SEM image and EDS elemental of Pb-2 wt% Co after galvano-
static polarization.
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decomposition (the corrosion and the OER on the anode surface)
of anode layer reach equilibrium, the content of oxide layer
components and anodic potential become stable. In addition,
when PbO2 translates into PbSO4, an increase of molar volume is
expected, in turn, cracks appear on the anode surface.32

It can be seen from the gure that the anodic potential of Pb–
Co is greatly lower than that of the Pb–Ca–Sn alloy throughout
the entire 72 h galvanostatic polarisation experiment. This is
due to the electrode reaction occurs not only on the anode
surface but also in the pores for the Pb–Co. Besides, the anode
potential of the Pb–Ca–Sn are about 155 mV and 190 mV higher
than those of Pb-2 wt% Co at 35 �C and 45 �C, respectively,
indicating that Co and increasing temperature facilitate the
OER. This observation may be due to the electrocatalysis of Co,
which is helpful in promoting anion adsorption and OER as
well as enhancing the conductivity of the PbO2 layer.33,34 As
everyone knows, low anodic potential is an important property,
it will save a lot of energy and resources, if the anode can reach
a steady low anodic potential state as soon as possible. There-
fore, the Pb–Co composite anode is easier to reduce the energy
consumption and cost than Pb–Ca–Sn alloy.

In general, the potential decreases slightly with the fraction
of Co increasing in the whole electrolysis process. With the
increase of electrolysis time, the anode potential of the Pb-
0.5 wt% Co is higher than that of Pb-1 wt% Co, the anode
potential of the Pb-2 wt% Co is approximately 25 mV lower than
13912 | RSC Adv., 2018, 8, 13910–13916
that of Pb-0.5 wt% Co and reach a stable value of 1.291 V at
35 �C. The different anodic potentials may be explained by the
difference in specic surface area of the anodes, directly related
to the effective current density in the electrolysis process. In
other words, the various effective current density (below or
equal to 50 mA cm�2) probably produce the difference in the
anode potential.35 This claim can be proved by SEM. However, it
is also possible that increasing Co content is similar to
increasing Co2+ in electrolyte,33 thereby decreasing anode
potential.

In this study, however, with the increase of Co content (above
2 wt%), crack and faultage appear on the anode surface and the
longitudinal section, leading to the failure of the anode.
Fig. 6 EDS spectra of Pb–Co after galvanostatic polarization.

This journal is © The Royal Society of Chemistry 2018
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3.2 Morphology and phase composition of anodic oxide
layer

In order to study the corrosion behavior and lm characteristics
of the anodes, SEM and XRD are conducted to evaluate the
microscopic surface morphology and phase composition of
anodic oxide layer aer galvanostatic polarization. Besides, the
element distribution of anodic surface corrosion layer is per-
formed by EDS mapping.

EDS mapping, SEM and XRD of the anodic oxide layers are
presented in Fig. 3–6. According to the EDS mapping results, O,
S, Pb and Co evenly distribute on the Pb–Co oxide layers, while
the content of Co is relatively low. It is clear that increasing the
fraction of Co from 0.5 wt% to 2 wt% leads to a signicant
modication of the anodic layer structure. For the Pb-0.5 wt%
Co, the oxide layer is mainly composed of square structure and
presents the largest grain size. At the same time, from Fig. 3,
irregular large-grained structure are shown on the surface of Pb-
1 wt% Co oxide layer. As to the Pb-2 wt% Co, the morphology of
the oxide layer changes signicantly: it presents a large number
of ne crystal grain and possesses the best regular structure
among the three Pb–Co anodes. In fact, the average crystal grain
size of Pb–Co decreases with increasing the fraction of Co, and
the high content of Co is prone to form a compact surface lm.
This behavior inhibits the grain further growth, and then need
more nucleation points for grain to nucleate, eventually forms
a large sum of small ne grain.

As we know, EDS is used to determine the distribution of
elements while XRD measurements conrm the specic phase
composition.
Fig. 7 Phase composition of the anodic oxide layer.

This journal is © The Royal Society of Chemistry 2018
Based on XRD results, the Pb–Co anodic oxide layers are
mainly composed of PbSO4, a-PbO2, b-PbO2 and CoO.36

However, the peak intensity of these phases varies with
increasing the fraction of Co. As shown in Fig. 7, the peak
intensity of PbSO4 and a-PbO2 decreases, then slightly increases
when the fraction of Co increases from 0.5 wt% to 2 wt%. While,
with the increase of Co content, the peak intensity of b-PbO2

and CoO presents a rising trend, which corresponding to the
results of the Co of the EDS mapping. To sum up, Pb-2 wt% Co
demonstrates the highest of the content of b-PbO2 and CoO.
According to the corresponding references and experimental
data,37,38 it is conrmed that a-PbO2, b-PbO2 as well as Co
promote the activity of OER. Therefore, Pb-2 wt% Co presents
the lowest the anode potential from the Fig. 2.
3.3 EIS characterizations

EIS is used to investigate the electrochemical reaction occurred
on the anodic layer during the EW process.

Fig. 8 depicts the alteration of the EIS of Pb–Co anodes with
various Co fractions and Pb–Ca–Sn alloy at 1.3 V where the
stable rate of O2 is occurring, corresponding to the galvanostatic
polarization curves in Fig. 2. It is clear seen from the Fig. 8(a)
and (c) that the phase plots of all the anodes exhibit one peak,
which represents only one time constant in the EIS. Moreover,
from the Fig. 8(b) and (d), only a single capacitance arc can be
observed in the whole OER frequency domain, indicating that
the electrode reaction mechanism does not change with
different anodes.39 The impedances of the Pb–Co anodes are
signicantly smaller than that of Pb–Ca–Sn alloy, indicating
that Co can promote the electrode reaction.

Because of the anodic polarization behavior and the result of
EIS plots, the constant phase element (CPE) should be used as
double layer capacitance (non-ideal capacitor) instead of the
pure capacitance (C). Thus, the equivalent circuit (Fig. 9) can be
simulate the electro-chemical process of the OER,40 and the
values of the component parameters are shown in Table 1.
Where Rs represents the solution resistance between the
Fig. 8 EIS patterns of anodes: (a) and (c) phase-angle Bode plots; (b)
and (d) Nyquist diagrams.

RSC Adv., 2018, 8, 13910–13916 | 13913
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Fig. 9 Equivalent circuit used to simulate the mechanism of OER.

Fig. 10 Tafel curves of the anodes.
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reference and working electrodes, and Rt is the charge transfer
resistance of the anode reaction. The tting-plots and parame-
ters are displayed in Fig. 8 (the lines) and Table 1, respectively.
Besides, the experimental (spots) and tting (lines) data are in
agreement with each other.

Therefore, the double-layer capacitance, Cdl, can be calcu-
lated from the eqn (1), and n represents the deviation from the
perfect capacitors. In Table 1, as a result of n is not close to 1,
the Cdl can't replace the CPE in the equivalent circuit.41

Q ¼ (Cdl)
n[(Rs)

�1 + (Rt)
�1](1�n) (1)

As demonstrated in Table 1, the Rt of Pb–Co is about 1U cm2,
while the value of Pb–Ca–Sn reaches 14.22 U cm2, which is
much higher than that of Pb–Co. The difference can be
explained that Co is prone to facilitate the charge transport in
the electrolyte and thus result in a much lower Rt. While the Cdl

of Pb–Ca–Sn alloy, possesses stable surface area, is higher than
the value of Pb–Co, meaning that the higher Cdlof Pb–Ca–Sn
alloy hinders the mass transport in the process of EW.

With increasing the fraction of Co, Rt decreases slightly, which
causes the decrease of the anode potential on the galvanostatic
polarization curves (Fig. 2). According to the expression of
Schmachtel,14 charge transport could affect the electrochemical
behavior of the anodes, which includes the kinetics and ther-
modynamics of OER. As to the OER (2H2O / O2 + 4H+ + 4e�),
a low Rt benets for the movement of H+, and then facilitates the
evolution of oxygen. Thus, Co can enhance the charge transport
and increases the number of active sites, then the activation
energy and potential of the OER decrease. The results of Rt and
Cdl are together consistent with the anodic potential of different
anodes.
3.4 Tafel curves and kinetic parameters for oxygen evolution

EIS provides affluent information at low potential while the
Tafel technique is widely used to research the mechanism of
OER taking place on the anodes surface at high over-potential.

On the basis of Yang's expression, the OEOP, h, is calculated
by the following formula42:
Table 1 Equivalent circuit parameters of the anodes

Anodes Rs (U cm2) Rt (U cm2)

Pb-0.5 wt% Co 0.576 1.005
Pb-1 wt% Co 0.691 0.954
Pb-2 wt% Co 0.595 0.857
Pb–Ca–Sn 0.547 14.22

13914 | RSC Adv., 2018, 8, 13910–13916
h ¼ E + 0.64 � 1.229 � iRs (2)

where E is the anodic potential; 0.64 V and 1.229 V represent the
potential of the MSE and OER, repectively; and Rs is the elec-
trolyte resistance between the working and reference electrodes,
which can be obtained by the equivalent circuit parameters of
EIS.

Based on the high anode potential applied in industry, the
exchange current density (i0) of the Pb–Co and Pb–Ca–Sn are
calculated when h ¼ 0. Thus, the slopes b and i0 are shown in
Table 2.

Fig. 10 shows the Tafel curves of the OEOP of Pb–Co and
Pb–Ca–Sn anodes in a 160 g L�1 H2SO4 solution at 35 �C aer
galvanostatic polarization. In Table 2, the exchange current
density, i0, are extremely small and can be considered
meaningless in evaluating the electrocatalytic activity of
anode materials due to the high OEOP. As can be clearly seen,
the OEOP of Pb–Co is much lower than that of Pb–Ca–Sn
alloy, besides, this effect is more obvious with increasing the
fraction of Co. In brief, the order of the OEOP of the anodes at
the current density of 500 A m�2 is as follows: Pb–Ca–Sn alloy
(0.834 V) > Pb-0.5 wt% Co (0.687 V) > Pb-1 wt% Co (0.677 V) >
Pb-2 wt% Co (0.664 V). The results may be because Co is
benecial to enhance the depolarization of anodes and
increases the OER rate.34 Like Ag promoting the generation of
PbO2 layer, Co also can be served as a catalyst which affects
the electrochemical characteristics of the PbSO4/PbO2.43,44

For the Pb–Co anodes, the mechanism of OER can be shown
in the following equations 30:
102 Q (U�1 cm�2 sn) n Cdl (mF cm�2)

7.973 0.785 30 204.89
8.114 0.754 26 604.41
8.949 0.800 37 594.11
7.92 0.899 55 424.77

This journal is © The Royal Society of Chemistry 2018
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Table 2 The overpotential and kinetic parameters of oxygen evolution reaction of the anodes

Anode b1 (mV dec�1) b2 (mV dec�1) h (i ¼ 0.05 A cm�2)/V i0/(A cm�2)

Pb-0.5 wt% Co 122.7 98.8 0.687 5.487 � 10�9

Pb-1 wt% Co 135.2 86.7 0.677 7.738 � 10�10

Pb-2 wt% Co 136.7 102.3 0.664 1.6 � 10�8

Pb–Ca–Sn 136.6 115.0 0.834 2.808 � 10�9
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Co2+ ! Co3+ + e (3)

Co3+ + OH� ! CoOH2+ (4)

2CoOH2+ ! 2Co2+ + H2O + O (5)

O + O ! O2 (6)

As can be seen from Fig. 10, all the anodes show double Tafel
slopes in the whole potential region. Furthermore, from Table
2, the different anodes oen lead to the different Tafel slope
values. Generally speaking, the rst slope is due to the oxidation
reaction of PbSO4 / PbO2 and the low extent of OER, while the
second slope is mainly attributed to the OER on the anodes
surface as well as in the pores of anodes.45 To be precise, the
Tafel slope of Pb–Co with different fraction of Co is similar, but
lower than that of Pb–Ca–Sn alloy. This may be due to Co
promotes the charge transfer and the OER rate. Since both PbO2

layer and Co active sites are electrocatalytic area on the surface
of Pb–Co, thus, the incremental active sites is more helpful in
enhancing the rate of OER. In other words, compared with the
Pb–Ca–Sn which is widely used in hydrometallurgy, the Pb–Co
save a lot of energy meaning that the product cost decrease in
the actual production.

4. Conclusions

In this study, the Pb–Co powder-pressed alloy with different
fraction of Co (0.5 wt%, 1 wt% and 2 wt%) are prepared andmay
be a promising insoluble anode having an excellent property for
hydrometallurgy.

Aer galvanostatic polarization electrolysis for 72 h at 35 �C,
the anode potential of Pb-2 wt% Co are about 170 mV lower
than that of Pb–Ca–Sn alloy. With increasing the fraction of Co,
the crystal grain size and surface gradually become ner and
coarser, respectively. The results are consistent with the values
of oxygen evolution over-potential of the anodes. Furthermore,
the peak intensity of a-PbO2, b-PbO2 and CoO presents a rising
trend.

The charge transfer resistance and the oxygen evolution over-
potential mainly present a declining trend with increasing the
fraction of Co. It can be explained that Co is benecial to
enhance the depolarization effect of anodes and increases the
OER rate.
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