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Pb-PbO,, Pb-Cosz0,4 and Pb-Cos04-PbO, composite inert anodes were prepared by vacuum hot
pressing technique from the mixtures of lead powders, CozO,4 and PbO, particles in a fixed mould. The
influences of heating temperatures and particles doping on the properties of the composite inert anodes
were researched. The surface microstructures, phase structures and electrochemical properties were
measured by X-ray diffraction (XRD), scanning electronic microscopy (SEM), energy dispersive
spectrometer (EDS), anodic polarization curves (AP), cyclic voltammetry curves (CV), Tafel polarization
curves and electrochemical impedance spectroscopy (EIS). The results showed that the uniform
distributions of Cos0,4 and PbO, as the second phase particles in the composite inert anodes have been
obtained by the vacuum hot pressing technique. The lead powders were melted and formed a uniform
and compact matrix, in which the morphologies and properties of Coz0,4 and PbO, particles were kept.

The electrochemical property and corrosion resistance of the composite inert anodes in a zinc
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Accepted 6th October 2017 electrowinning simulation solution were improved with the rise of heating temperatures during the
vacuum hot pressing, and those were also enhanced by the doping of CozO4 and PbO, particles. This

DOI: 10.1039/c7ra07898f method solved the problems of the lower dispersion uniformity of the composite inert anodes prepared
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1. Introduction

Composite inert anodes used in zinc electrowinning have been
studied widely for many years. The direction of reaction, kinetics
of electrode course, structure patterns of the electrolytic cell and
electric energy consumption are not only related to the electro-
lyte characteristics, but also related to the performance of anode
materials in zinc electrowinning."* The Pb-Ag (0.75-1.0 wt%)
and Pb-Ag (0.2-0.3 wt%)-Ca (0.06-0.1 wt%) alloy anodes are
widely used in zinc electrowinning industry in view of their good
stability and high corrosion resistance in acid solution.
However, they have some shortcomings such as poor conduc-
tivity, high overpotential of oxygen evolution, and dissatisfactory
mechanical performance.*” In order to solve shortcomings,
precious metal or other metal (i.e. silver, calcium and thallium in
lead alloy) has added in inert anodes by R. H. Newnham.® Active
particles such as tungsten carbide and cobalt oxide have been
doped in Al/Pb/a-PbO, inert anodes by S. He et al.” The Al/Pb-Ag
alloy anodes were studied by Y. Zhang et al. which were obtained
by electrodeposition on aluminum matrix.®
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by composite electrodeposition or traditional casting technique.

In order to solve the above problems, there are two main
optimization routes by researchers.*** (i) The electrocatalytic
activity, corrosion resistance and mechanical properties are
improved by binary alloy and multi-component alloy base on Pb
substrate such as Pb-Ag, Pb-Sn, Pb-Ca, Pb-Ba, Pb-Cd, Pb-Ag-
Ca, Pb-Ag-Ti and Pb-Ag-Sn.">® But there are still some defects
such as high energy consumption and short service life. (ii) The
electrocatalytic activity, corrosion resistance and mechanical
properties are improved by the metal substrate film anodes
such as MnO,, PbO, and platinum group oxide prepared by
composite electrodeposition and other methods, and Ti, Al, Pb
and stainless steel can be used as main substrates. However,
there are still some deficiencies of short service life and lower
dispersion uniformity.*

Co30, particle as a metal oxide catalytic agent has extensive
applications for catalyst to electrode.* It is widely used in the
fields of super capacitor, ceramic and catalyst, and has shown
excellent electrochemical properties such as electrocatalytic
capacity, electrocatalytic activity of oxygen evolution.** In
order to obtain Pb-Co3;0,-PbO, composite inert anodes used in
zinc electrowinning, the molten metal (traditional casting)
method was used firstly, But Co;0, and PbO, particles could not
be wetted into molten lead, leading that the blending homo-
geneity of particles in the composite inert anodes could not
controlled. The vacuum hot pressing method as a kind of

This journal is © The Royal Society of Chemistry 2017
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powder metallurgy process can be carried out under low-
temperature condition, which reduces diffusion rates and
controls the interface reaction kinetics.**”** It has been used to
prepare  diamond/Al, diamond/Si-Cu and  Al-Cu-Fe
composites.”*?*

In this research, Pb—Co;0,-PbO, composite inert anodes
were prepared by vacuum hot pressing technique from the
mixtures of Pb powders, Coz;O, and PbO, particles in a fixed
mould, which solved the problems of the failure and lower
blending homogeneity of the composite inert anodes prepared
by composite electrodeposition or traditional casting tech-
nique, and a better electrochemical property has been obtained
in a zinc electrowinning simulation solution. During the
vacuum hot pressing, the influences of the heating tempera-
tures and particles doping on the preparation and properties of
the composite inert anodes were investigated. The surface
morphologies, phase structures and electrochemical properties
of the composite inert anodes were measured by scanning
electronic microscopy, X-ray diffractometer and electrochemical
workstation.

2. Experimental

2.1 Preparation of the composite inert anodes

Lead powder (Pb, purity: 99.9%), cobalt oxide (Coz0,, purity:
99.9%) and lead dioxide (PbO,, purity = 97.0%) were used in the
experiments. The molar ratio of Pb/PbO, or Pb/Co;0, was 10 : 1,
and that of Pb/PbO,/Co;0, was 10 : 1 : 1. Firstly, the mixtures of
Pb, Co;0,4 and PbO, powders were blended homogeneously by
using agate mortar for 30 minutes. Then, the blended powders
were placed into graphite mould with inner and outer diameters
of 30 and 85 mm respectively in the vacuum hot press furnace.
Thereafter, the furnace was vacuumized to 10> Pa, a pressure
of 65 MPa and a heating rate of 10 °C min~" were provided. The
heating temperatures were controlled ranges of 260 °C to
340 °C, 260, 280, 300, 320, 340 °C respectively, and the heating
time was controlled at 45 min. And then, furnace was begun to
cool. When furnace temperature was cooled down to 80 °C, the
air would be pumped in the furnace, and when furnace
temperature was cooled down to 60 °C, the graphite mould
would be brought out. Finally, Pb-PbO,, Pb-Co3;0, and Pb-
Co3;0,-PbO, composite inert anodes were obtained by vacuum
hot pressing method in ZT-30-16Y vacuum hot press furnace.

2.2 Measurements of the composite inert anodes

All electrochemical measurements in the zinc electrowinning
simulated electrolyte were carried out by a PARATAT2273 elec-
trochemical workstation with a standard three-electrode
system. The composite inert anode was employed as the
working electrode and its active area was 1 cm?, the reference
electrode was a saturated calomel electrode (SCE) and the
counter electrode was a graphite electrode. The reference elec-
trode and working electrode were linked by a Luggin capillary
filled with agar and potassium chloride. In addition, the
distance between the capillary and working electrode surface
was about 2d (d is the diameter of capillary), and d was 0.5 mm.
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The compositions of the zinc electrowinning simulated elec-
trolyte solution were as follows: 50 ¢ L™" Zn>" and 150 g L™"
H,SO,, the test temperature was controlled at 35 °C. Anodic
polarization curves (AP), cyclic voltammetry curves (CV), Tafel
polarization curves and electrochemical impedance spectros-
copy (EIS) were obtained in the zinc electrowinning simulated
electrolyte system. In addition, phase structures of the
composite inert anodes were measured by D/Max-2200 X-ray
diffractometer, the surface morphologies and the chemical
compositions of the composite inert anodes were measured by
VEGA3-SBH scanning electronic microscopy with UltroDry
energy dispersive spectrometer.

3. Results and discussion
3.1 Anodic polarization curves of the composite inert anodes

Anodic polarization curves of Pb-Co;0, composite inert anodes
obtained at different heating temperatures were measured in
the zinc electrowinning simulated solution, and the results
were shown in Fig. 1. The inset is the Tafel lines (n = a + b 1g i) of
the oxygen evolution reaction.”*' The kinetic parameters of
Tafel linear fitting and oxygen evolution overpotentials of the
composite inert anodes obtained at different heating tempera-
tures were shown in Table 1.

As shown in Fig. 1 and Table 1, the oxygen evolution
potentials or overpotentials decreased with the rise of heating
temperatures from 260 °C to 340 °C, displaying that increasing
heating temperature was favourable to the reduction of oxygen
evolution potentials or overpotentials of the composite inert
anodes in the zinc electrowinning simulated solution. The
composite inert anodes obtained by the heating temperature of
340 °C possessed the lowest oxygen evolution overpotentials
with 0.768, 0.792 and 0.817 V at the current densities of 400, 500
and 600 A m~?, displaying that the electrocatalytic activity of
Pb-Co30, composite inert anode was the best in the zinc elec-
trowinning simulation solution.

Pb-Co;0, composite inert anode obtained at 340 °C
possessed the lowest oxygen evolution overpotentials and the
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Fig. 1 Anodic polarization curves of Pb-Coz0O, composite inert
anodes obtained at different heating temperatures (scanning rate: v =
5mV s,
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Table 1 Oxygen evolution overpotential and kinetic parameters of Pb—-CozO, composite inert anodes obtained at different heating

temperatures®

Oxygen evolution overpotential n/V

Tafel formula and related parameters

Heating temperature/°C 400 Am™? 500 Am > 600 Am 2 a b o 6 io/A cm >

260 0.878 0.900 0.917 1.283 0.295 0.207 0.793 4,519 x 107°
280 0.857 0.882 0.906 1.360 0.378 0.161 0.839 2.004 x 1074
300 0.825 0.852 0.876 1.330 0.368 0.166 0.834 2.417 x 1074
320 0.813 0.833 0.851 1.158 0.249 0.245 0.755 2.262 x 107°
340 0.768 0.792 0.817 1.203 0.315 0.194 0.806 1.508 x 10~*

“ Where, 7 is the oxygen evolution overpotential. a and b are constants, i, is the exchange current density, « and 3 are transfer coefficient.?>*

best electrocatalytic activity, while it was very difficult to prepare
the composite inert anodes because of the precipitation of
molten lead from the graphite mould at a pressure of 65 MPa.
Thus, the heating temperature was more appropriate to be
controlled at 320 °C.

Anodic polarization curves of Pb-PbO,, Pb-Coz;0,, Pb-
Co03;0,-PbO, composite inert anodes obtained at the heating
temperature of 320 °C in the zinc electrowinning simulated
solution, were shown in Fig. 2. The kinetic parameters of Tafel
linear fitting and oxygen evolution overpotentials of the
composite inert anodes were shown in Table 2.

As shown in Fig. 2 and Table 2, at the current densities of
400, 500 and 600 A m 2, the oxygen evolution potentials or
overpotentials of Pb-Coz;0, composite inert anodes were lower
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Fig. 2 Anodic polarization curves of Pb—PbO,, Pb-Co0:04 Pb-
Co3z04-PbO, composite inert anodes obtained at the heating
temperature of 320 °C (scanning rate: v =5 mV s™3).

than those of Pb-PbO, and Pb-Co;0,-PbO, composite inert
anodes obtained at the heating temperature of 320 °C. It can be
concluded that Co;0, particles improve the electrocatalytic
activity obviously better than PbO, particles in the zinc elec-
trowinning simulation solution. The good electro-catalytic
capability of Co;0, may be the main reason for the decreasing
of the oxygen overpotential.*>-**

The value of (a) closely associated with the initial oxygen
evolution overpotential, which is the oxygen evolution over-
potential of composite anode at 1 A m 2. The value of () is
directly relative to the transfer coefficient, whose relationship
was shown by equations (b = 2.303RT/aF, « + # = 1). According
to compare with Tafel formula and related parameters, there is
not obviously changing. It indicates that microcosmic electro-
chemical reaction is stable.*’

3.2 Cyclic voltammetry curves of the composite inert anodes

Cyclic voltammetry is one of the most simple and effective
method of electrochemical test, which can control the change of
electrode potential at a constant rate in the form of a triangular
wave and measure one or more times for current of the elec-
trode. Therefore, the redox reaction in the potential range of
electrode can be observed and the limit and reversibility of
electrode reaction can be determined.*“*> The voltammetry
charge g* reflects the amounts of the surface active sites of the
electrode, and it is an important parameter to evaluate the
electrochemical active surface area.*>**

The cyclic voltammetry curves of Pb-Co;0, composite inert
anodes obtained at different heating temperatures were shown
in Fig. 3, and its voltammetry charge g* was exhibited in
Table 3.

Table 2 The oxygen evolution kinetic parameters and overpotentials of Pb—PbO,, Pb—Co0z04 and Pb—Co03z04-PbO, composite inert anodes

obtained at the heating temperature of 320 °C

Oxygen evolution overpotential 7/V

Tafel formula and related parameters

Anodes types 400 Am™? 500 A m > 600 A m > a b a 6 io/A cm >

Pb-PbO, 1.062 1.086 1.112 1.553 0.358 0.170 0.830 4,592 x 107°
Pb-C030, 0.813 0.833 0.851 1.158 0.249 0.245 0.755 2.262 x 10°°
Pb-C0304,-PbO, 0.838 0.858 0.876 1.262 0.308 0.198 0.802 7.951 x 107°
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Fig. 3 Cyclic voltammetry curves of Pb-CozO, composite inert
anodes obtained at different heating temperatures (scanning rate: v =
50 mV s,

Table 3 Voltammetry charge g* of Pb—Co3z0,4 composite inert anode
obtained at different heating temperatures

2

Heating temperature/°C Voltammetry charge, g*/C cm™

260 0.548
280 0.643
300 0.730
320 0.787
340 0.856

As shown in Fig. 3, it was obvious that the redox reaction
occurring on the surface of Pb-Co;0, composite inert anodes
was an irreversible. There were one oxidation peak A and one
reduction peak B, in which peak A was produced by oxygen
evolution reaction, and peak B was taken place by the reduction
reaction of PbO, — Pb>". In addition, the peak values of
oxidation peak A increased gradually with the rise of heating
temperatures. It can be seen in Table 3 that the voltammetry
charge g* of Pb—Co3;0, composite inert anodes increased with
the rise of heating temperatures, the main reason is that a part
of lead powders were oxidized by residual air during the vacuum
hot pressing process, and some lead dioxides were formed.
According to the results in Fig. 3, the peak values of PbO,
reduction peak B increased with the rise of heating tempera-
tures, which reflects the increasing of the amounts of lead
dioxides on the surface of the composite inert anodes, leading
to the increasing of the surface active sites amounts and vol-
tammetry charge g*.*> Above research results display that the
values of voltammetry charge g* were increased with the raise of
treated temperatures from 260 °C to 340 °C and the electro-
catalytic activity of Pb-Coz;0, composite inert anodes were
improved with increasing heating temperatures from 260 °C to
340 °C.

The cyclic voltammetry curves and voltammetry charge g* of
Pb-PbO,, Pb-Co03;0, and Pb-Co0;0,-PbO, composite inert
anodes were shown in Fig. 4 and Table 4, respectively.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Cyclic voltammetry curves Pb—PbO,, Pb-Cos0, and Pb-
Co304—PbO, composite inert anodes obtained at the heating
temperature of 320 °C (scanning rate: v = 50 mV s™3).

Table 4 Voltammetry charge g* of Pb—PbO,, Pb-Coz0,4 and Pb-
Co03z04-PbO, composite inert anodes obtained at the heating
temperature of 320 °C

Anode types Voltammetry charge, ¢*/C cm ™2
Pb-PbO, 0.325
Pb-Co;0, 0.787
Pb-C0;0,-PbO, 0.530

As shown in Fig. 4, there were also one oxidation peak A and
one reduction peak B. The peak value of oxidation peak A of
Pb-Co3;0, composite inert anode was the maximum, that of
Pb-Co03;0,-PbO, composite inert anode was in the middle and
that of Pb-PbO, composite inert anode was the minimum. It
can be seen in Table 4 that the voltammetry charge g* of Pb-
PbO,, Pb-Co030,4, Pb-C03;0,-PbO, composite inert anodes were
0.787C cm™ 2, 0.530C cm ™ > and 0.325C cm ™ 2. To compare with
doping level, the values of voltammetry charge g* were
increased obviously with doping Coz;0, particles than PbO,
particles. Therefore, it can be concluded that the electro-
catalytic activity of the composite inert anodes is related with
particle types, the electrocatalytic activity of Pb-Coz;0,
composite inert anode was higher than that of Pb-PbO,
composite inert anode, displaying that Co;0, particles
improved the electrochemical performance obviously better
than that of PbO, particles, this research result was consistent
with that of Fig. 2 and Table 2.

3.3 Corrosion resistance of the composite inert anodes

Tafel polarization is a fast and effective technique to charac-
terize the corrosion resistance of materials, which has been
widely used in the field of the corrosion science.*®* The self-
corrosion potential and the self-corrosion current density of
the working electrode can be obtained. The value of self-
corrosion potential (E..) expresses the self-corrosion ability

RSC Adv., 2017, 7, 49166-49176 | 49169
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Fig. 5 Tafel polarization curves of Pb-CoszO, composite inert
anodes obtained at different heating temperatures (scanning rate: v =
1mv s

of material without any external electric source, and the value of
self-corrosion current density (i.o;;) represents the corrosion
rate of materials at the same potential.

The Tafel polarization curves of Pb-Co;0, composite inert
anodes obtained at different heating temperatures from 260 °C
to 340 °C were shown in Fig. 5, Ecorr and icory were shown in
Table 5.

As shown in Fig. 5 and Table 5, the value of E.,, of Pb—Co030,
composite inert anodes increased with the rise of the heating
temperature from 260 °C to 340 °C and that of i ., decreased
with the rise of the heating temperatures, showing that the
corrosion resistance of the composite inert anodes in the zinc
electrowinning simulated electrolyte solution was enhanced
with the rise of the heating temperatures. Pb-Co;0, composite
inert anode obtained at 340 °C possessed the highest E.o
(—0.134 V) and the lowest i o, (2.305 x 10> A cm ™ 2), displaying
that its corrosion resistance was best.

The Tafel polarization curves, Ecorr, icorr Of Pb-PbO,, Pb-
Co304, Pb-C0;0,-PbO, composite inert anodes obtained at the
heating temperature of 320 °C, were shown in Fig. 6 and
Table 6. The E.o value of Pb-Co3;0,~-PbO, composite inert
anode was the highest (—0.125 V), and its i.., value was the
lowest (2.034 x 10> A cm™?), displaying that the corrosion
resistance of Pb-Co;0,-PbO, composite inert anodes obviously
better than that of Pb-PbO, and Pb-Co;0, composite inert

Table 5 Self-corrosion potential and self-corrosion current density of
Pb-Cos0,4 composite inert anodes obtained at different heating
temperatures

Self-corrosion Self-corrosion

Heating potential E..,/V current density
temperature/°C (vs. SCE) icore/A cm ™2
260 —0.227 7.298 x 10>
280 —0.222 6.183 x 10°°
300 —0.203 5.797 x 107°
320 —0.146 5.461 x 10°°
340 —0.134 2.305 x 10>

49170 | RSC Adv., 2017, 7, 49166-49176
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Fig. 6 Tafel polarization curves of Pb—PbO,, Pb—Coz0O,4 and Pb-
Coz04-PbO, composite inert anodes obtained at the heating
temperature of 320 °C (scanning rate: v =1mV s %).

Table 6 Self-corrosion potential and self-corrosion current density of
Pb—-PbO,, Pb—Co0:04 and Pb—Co0z04—PbO, composite inert anodes
obtained at the heating temperature of 320 °C

Self-corrosion Self-corrosion

potential E o,/ current density
Anode types V (vs. SCE) fcorr/A cm ™2
Pb-PbO, —0.286 7.298 x 107°
Pb-Co;0, —0.146 5.461 x 10~°
Pb-Co0,0,-PbO, —0.125 2.034 x 10°°

anodes in the zinc electrowinning simulated electrolyte
solution.

The corrosion resistance the composite inert anodes is
affected by particle property and of preparation process
temperature. On the one hand, more lead powders were melted
and recrystallized with the rise of heating temperatures, and
then a more compact matrix was formed, in which it decreased
the structure defects of Pb-Co;0, composite inert anodes.**
Therefore, the corrosion resistance of Pb-Co;0, composite
inert anodes was improved with increasing heating tempera-
tures from 260 °C to 340 °C. On the other hand, PbO, and Co;0,
powders are insoluble particles in the zinc electrowinning
simulated electrolyte solution, the simultaneous doping of
Co30, and PbO, particles in the lead matrix improved the
corrosion resistance more obviously than the individual doping
of Co30, or PbO, particle. Thus, the corrosion resistance of Pb-
C03;0,-PbO, composite inert anode was better than that Pb-
PbO, or Pb-Co;0, composite inert anode in the zinc electro-
winning simulated electrolyte solution.

3.4 Electrochemical impedance spectroscopy of the
composite inert anodes

In the case of electrochemical impedance spectroscopy (EIS)
measurements, the working electrode potential was performed
at 1.6 V potential chosen from the oxygen reaction controlled
region over a frequency range of 100 kHz to 0.1 Hz with a signal

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Nyquist plots before and after cycle of Pb—Coz0,4 composite
inert anodes obtained at different heating temperatures.

amplitude perturbation of 10 mV.** Nyquist plots before and
after cycle of Pb-Coz;0, composite inert anodes obtained at
different heating temperatures were shown in Fig. 7, equivalent
circuit of that was shown in Fig. 8, Bode plots before and after
cycle of Pb-Co;0, composite inert anodes were shown in Fig. 9
and EIS simulating parameters before and after cycle of equiv-
alent circuit element of Pb—Co;0, composite inert anodes were
shown in Tables 7 and 8.

As shown in Fig. 7, the similar two profiles of the Nyquist
plots reveal that the electrode oxygen evolution reaction
mechanism does not change with the raise of heating temper-
atures. According to the calculation from Zsimp-win software,
circuit R(QR)(QR) was selected as equivalent circuit to simulate
Nyquist plots. The values of Chi squared are close to 10> shown
in Tables 7 and 8, which indicates the equivalent circuit can
reflect oxygen evolution reaction more accurately on the surface
of Pb-Co;0, composite inert anodes. In present circuit, Ry is the

Q Q.
Rs
ALy

Fig. 8 Equivalent circuit of Pb—Cos0,4 composite inert anodes ob-
tained at different heating temperatures.
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Fig.9 Bode plots before and after cycle of Pb—Co30,4 composite inert
anodes obtained at different heating temperatures.

solution resistance and Q, is adsorption charge capacitance. R;
and R represent adsorption resistance and interfacial charge
transfer resistance respectively. Q is corresponding to interfa-
cial charge transfer. The values of Ry are all identical with each
other, which show that the solutions have good conductivity.
The charge transfer resistance R, can reflect difficulty of oxygen
evolution reaction as an important parameter. The values of R,
decreased with the raise of heating temperatures.® It reveals
that the oxygen evolution reaction would be easy and the
electro-catalytic capability can be improved by the raise of
heating temperatures, this research result was consistent with
analysis of anodic polarization curves and cyclic voltammetry
curves. In addition, there are two peaks in Bode plots, and the
number of peaks in the phase angle Bode plot equals the
number of (CPE) elements in circuit.”* It was consistent with
analysis of Nyquist plots. To compare with the Nyquist and
Bode plots before and after cycle of Pb-Co;0, composite inert
anodes, it shows that Pb-Co;0, composite inert anodes have
stable electrochemical performance.

Nyquist plots and Bode plots before and after cycle of Pb-
PbO,, Pb-Co30, and Pb-Co;0,~-PbO, composite inert anodes
obtained at the heating temperature of 320 °C were shown in
Fig. 10, Tables 9 and 10 respectively. The circuit R(QR)(QR) was
selected as equivalent circuit due to values of Chi squared are

RSC Adv., 2017, 7, 49166-49176 | 49171
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Table 7 EIS simulating before parameters of equivalent circuit element of Pb—Coz04 composite inert anodes obtained at different heating

temperatures

Heating temperature/°C  Ry/Q cm™> Q/Sem™?s™ n R./Q cm ™2 Q/Sem s my R,/Q cm 2 Chi squared
260 0.8178 2.747 x 107° 0.5586 64.57 2.178 x 10°° 0.8535 10.640 9.620 x 10
280 0.8678 3.305 x 1073 0.5662 53.78 1.417 x 10° 0.8783 5.505 9.894 x 107*
300 0.8747 3.802 x 103 0.6233 36.48 2.566 x 10°° 0.8142 5.619 1.426 x 1073
320 0.4866 5.591 x 10> 0.6640 21.97 1.094 x 104 0.6789 3.229 1.845 x 103
340 0.8685 7.662 x 1073 0.5541 18.44 3.211 x 10°° 0.9944 2.460 5.998 x 103

Table 8 EIS simulating after cycle parameters of equivalent circuit element of Pb—Coz0,4 composite inert anodes obtained at different heating

temperatures

Heating temperature/°C  Ry/Q cm™> Q/Sem™?s™™ n Re/Q cm ™2 Q/Sem™?s™" my R/Qcm™2 Chi squared
260 0.8936 2.724 x 10°° 0.5595 64.47 1.865 x 10°° 0.8935 10.550 1.206 x 10
280 0.8822 3.354 x 103 0.5587 54.42 1.138 x 10°° 0.8822 5.298 1.061 x 103
300 0.8801 3.753 x 10° 0.6295 36.30 2.650 x 10°° 0.8107 5.823 1.719 x 10
320 0.4827 5.405 x 10° 0.6707 21.46 1.130 x 10~* 0.6758 3.252 1.320 x 10°
340 0.8393 7.670 x 10 0.5532 18.50 4.786 x 10°° 0.9581 2.507 5.704 x 10°

close to 1072 shown in Tables 9 and 10. As shown in Table 8, the
R value of Pb—-Co30, and Pb-PbO, composite inert anode are
the minimum and maximum respectively. It shows that the

Before cycle . ®
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Fig. 10 Nyquist plots before and after cycle of Pb—PbO,, Pb—Co0304
and Pb—-Co304—-PbO, composite inert anodes obtained at the heating
temperature of 320 °C.
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oxygen evolution reaction would be easy by the doping of C0;0,.
The Co;0, particles improved the electrochemical performance
obviously better than that of PbO, particles, this research result
was consistent with analysis of anodic polarization curves and
cyclic voltammetry curves. There are also two peaks in Bode
plots, which displays that analysis of Nyquist plots is correct
(Fig. 11).

3.5 The phase structures and surface microstructures of the
composite inert anodes

XRD patterns of Pb-PbO,, Pb-Co;0, and Pb-Co;0,-PbO,
composite inert anodes obtained under the optimum prepara-
tion conditions, were shown in Fig. 12.

The surface microstructures of Pb, Coz;O, and PbO,
powders were shown in Fig. 13, and those of Pb-PbO,, Pb-
Co3;0, and Pb-Co3;0,-PbO, composite inert anodes were
shown in Fig. 14.

The energy spectrum analysis of Pb-PbO, composite inert
anode was shown in Fig. 15 and Table 11, that of Pb-Co03;0,
composite inert anode was shown in Fig. 16 and Table 12, and
that of Pb-Co3;0,-PbO, composite inert anode was shown in
Fig. 17 and Table 13.

As can be seen in Fig. 13, lead powders were irregular
elliptical, Co;0, particles were spherical, and PbO, particles
were tetragonal. As shown in Fig. 14(a) and (c), 15, 17, Tables
11 and 13, it can be seen that a part of lead powers were melt
to the recrystallized lead with compact microstructures
during the vacuum hot pressing, and thereafter, some lead
powders and recrystallized lead were also oxidized to PbO,.
Therefore, the characteristics of Pb and PbO, powder
mixtures occurred in the microstructures of Pb—-PbO, and Pb-
C030,-Pb0O, composite inert anodes. As shown in Fig. 14(b)
and (c), 16, 17, Tables 12 and 13, Co3;0, and PbO, particles
were distributed uniformly in Pb-Co;0, or Pb-Co;0,-PbO,

This journal is © The Royal Society of Chemistry 2017
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Table 9 EIS simulating parameters before cycle of equivalent circuit element of Pb—PbO,, Pb—Co0z04 and Pb—Coz04—PbO, composite inert

anodes obtained at the heating temperature of 320 °C

Heating temperature/°C  Ry/Q cm™> Q/Sem™?s™ n R./Q cm ™2 Q/Sem s my R/Qcm ?  Chisquared
Pb-PbO, 0.6430 2.491 x 1073 0.4990  68.30 7.337 x 10°° 0.8541  20.780 3.230 x 1072
Pb-C050, 0.4866 5.591 x 107 0.6640 21.97 1.094 x 10™* 0.6789 3.229 1.845 x 1073
Pb-Co0,;0,-PbO, 0.7844 5.663 x 10> 0.5416  56.79 3.058 x 10°° 0.8430 9.897 5.109 x 10~ *

Table 10 EIS simulating parameters after cycle of equivalent circuit element of Pb—PbO,, Pb-Co0:04 and Pb-Co030,4-PbO, composite inert

anodes obtained at the heating temperature of 320 °C

Heating temperature/°C RJ/Q cm™? Q/Scm ™2 s™" n Re/Q cm ™2 Q:/Sem™2s™" ny R/Q cm™2 Chi squared
Pb-PbO, 0.6560 2.534 x 10 0.4972 68.42 8.095 x 10°° 0.8431 21.080 3.587 x 10°
Pb-C0;0, 0.4827 5.405 x 1073 0.6707  21.46 1.130 x 1074 0.6758 3.252 1.320 x 1073
Pb-Co0;0,-PbO, 0.8150 3.942 x 1073 0.5475 56.31 3.942 x 107° 0.8132 10.370 6.854 x 1074

Before cycle
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Fig. 11 Bode plots before and after cycle of Pb—PbO,, Pb—Co30,4 and
Pb-Co0:04—-PbO, composite inert anodes obtained at the heating
temperature of 320 °C.

composite inert anodes, which solved the problems of lower
dispersion uniformity for the composite inert anodes
prepared by composite electrodeposition or traditional
casting technique. Above research results show that the
morphologies and properties of Co;O0, and PbO, particles in
the composite inert anodes were kept during the vacuum hot
pressing.

This journal is © The Royal Society of Chemistry 2017

3.6 The performance of current inert anodes compared with
others

The performance of inert anodes compared with other related
inert anodes in the literatures were show in Table 14.

There are five types of inert anodes in the table. The Pb-
Co30, inert anodes were obtained by vacuum hot pressing
technique in our research. The Al/Pb/a-PbO,-WC inert anodes

a *1n
#—Pb °~a—PbO, e-B-PbO, V-Co,0,
3 ;
4(200) *(220)
*31) *311)
4(222) *402) V)
X FoN
] o
5 b ¢
<}
o
o
> i .
‘@ ¢ V(400)
c Y & A oy ¥ . (xm{;
] _L_‘_LJ h di A
[
111)
c 2
(103)
¢ .
(110) WIJ @11 ‘e @
:‘J 2 .l L l A A
1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90 100

20/degree

Fig. 12 XRD patterns of Pb—PbO,, Pb—Co3z0,4 and Pb—Co0z0,-PbO,
composite inert anodes with (a) Pb—Coz04—PbO,, (b) Pb—Co3z0,4 and
(c) Pb—PbO5.

Fig. 13 Surface microstructures of with Pb (a), CozO4 (b) and PbO, (c)
powders.
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Fig. 14 Surface microstructures of Pb—PbO, (a), Pb—Coz0, (b) and
Pb—-Co0304-PbO, (c) composite inert anodes.

Fig. 15 The energy spectrum analysis of Pb—PbO, composite inert
anode.

Table 11 The energy spectrum analysis of Pb—PbO, composite inert
anode

Points at% of O at% of Pb wt% of O wt% of Pb
pt1 41.19 58.81 10.43 89.57
pt2 40.42 59.58 11.81 88.19
pt3 36.69 63.31 11.92 88.08
pt4 36.09 63.91 10.51 89.49
pt5 34.64 65.36 6.96 93.04

Fig. 16 The energy spectrum analysis of Pb—Coz0, composite inert
anode.

View Article Online

Paper

Fig. 17 The energy spectrum analysis of Pb—Co3z04-PbO, composite
inert anode.

were studied by S. W. He et al.” The performance of Al/Pb-PANI-
WC inert anodes was studied by R. D. Xu. et al.** The electro-
chemical properties of Pb-0.3% Ag/Pb-WC and Pb-1% Ag inert
anodes were measured by S. He et al.* It can be seen from the
table above that the oxygen evolution overpotential of Pb-Co03;0,
inert anodes were obviously lower than other inert anodes.
According to the experimental data of different types of inert
anodes, the Pb-Co;0, inert anodes showed better electro-
chemical performance than other inert anodes.

4. Conclusions

Pb-PbO,, Pb-Co30, and Pb-Co;0,-PbO, composite inert
anodes were prepared by vacuum hot pressing technique from
the mixtures of lead powders, Co;O, and PbO, particles in
a fixed mould, and the uniform distributions of Co;0, and PbO,
particles in the composite inert anodes have been obtained.

Increasing heating temperatures from 260 °C to 340 °C was
favourable to the reduction of oxygen evolution potentials or
overpotentials of Pb-Co;0, composite inert anodes. Co30,
particles improved the electrocatalytic activity obviously better
than PbO, particles in the zinc electrowinning simulated
solution.

The corrosion resistance of Pb-Co;O0, composite inert
anodes was enhanced with the rise of the heating temperatures
from 260 °C to 340 °C. The simultaneous doping of Co;0, and
PbO, particles in the lead matrix improved the corrosion
resistance more obviously than the individual doping of Co;0,
or PbO, particle.

The vacuum hot pressing technique solved the problem of
lower dispersion uniformity for the composite inert anodes
prepared by composite electrodeposition or traditional casting
technique.

Table 12 The energy spectrum analysis of Pb—Coz0,4 composite inert anode

Points at% of O at% of Co at% of Pb wt% of O wt% of Co wt% of Pb
pt1 59.71 21.53 18.76 25.51 34.46 40.03
pt2 37.07 20.82 42.11 5.62 11.64 82.74
pt3 18.50 8.50 73.00 3.58 6.07 90.35
pt4 36.69 57.75 5.56 11.41 66.19 22.40
pt5 30.60 6.24 63.16 5.18 4.11 90.71

49174 | RSC Adv., 2017, 7, 49166-49176
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Table 13 The energy spectrum analysis of Pb—Coz0,4—PbO, composite inert anode by point scanning

Points at% of O at% of Co at% of Pb wt% of O wt% of Co wt% of Pb
pt1 26.46 14.70 58.84 4.23 8.82 86.95

pt2 24.79 33.10 42.09 5.95 17.99 76.06

pt3 34.21 27.91 37.88 9.94 17.76 72.30

pt4 31.41 34.02 34.57 10.25 22.77 66.98

Table 14 The performance of current inert anodes compared with other related inert anodes in the literature

Oxygen evolution overpotential 7/V

Self-corrosion Self-corrosion current
Anode types 400 Am? 500 A m 2 600 A m 2 potential E.,/V (vs. SCE) density icon/A cm >
Pb-Co0;0, 0.813 0.833 0.851 —0.146 5.461 x 10°
Al/Pb/a-PbO,-WC 0.807 0.839 0.866 1.186 9.045 x 10°°
Al/Pb-PANI-WC — 0.941 — —0.470 4.506 x 103
Pb-0.3% Ag/Pb-WC — 0.926 0.940 —0.522 9.500 x 10°
Pb-1% Ag — 1.171 1.182 —0.505 5.170 x 10°
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