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Abstract: 3D through-hole Pb-Ca-Sn anode was prepared which may be a promising anode with excellent performance for copper

electrowinning. And the electrochemical properties of 3D through-hole Pb-Ca-Sn anode and Pb-Ca-Sn anode were studied by

galvanostatic polarization, electrochemical impedance spectroscopy, anodic polarization and double-Slope Tafel carried out in 160 g/L

H,SO, solution at 45 °C. Besides, the micro-morphology, element distribution and phase composition of the oxide layer were
investigated. Results show that compared with the traditional Pb-Ca-Sn, 3D through-hole Pb-Ca-Sn anode shows much lower anodic

potential, higher exchange current density and better electrocatalytic activity. These characteristics are related to its excellent 3D

through-hole structure, which increases the oxygen evolution surface area of the anode. Furthermore, the content of f-PbO, and

PbSO, in the oxide layer of 3D through-hole Pb-Ca-Sn is higher and lower than those of Pb-Ca-Sn, respectively.
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Copper  smelting  includes  pyrometallurgy  and
hydrometallurgy, of which hydrometallurgy accounts for
about 20%". About 90% of the raw materials for copper
smelting comes from sulphide ores, and about 10% comes
from oxidized ores and natural copper. The high-grade copper
sulfide ore is mainly smelted by pyrometallurgy, while the
oxidized copper ore, refractory complex ore and lower grade
waste ore are mainly smelted by hydrometallurgy®. However,
with the rapid development of copper smelting industry and
the depletion of high-grade copper concentrate resources, low-
grade copper ore, waste ore and refractory composite ore have
become the main resources for copper smelting.

Based on the above reasons, the trend of treating copper
sulfide ores and copper oxide ores in the hydrometallurgical
smelting process with low cost (the cost of hydrometallurgy is
about $2000, while $3800 by pyrometallurgy), is increasing
with the development of leaching methods and extractants.
Moreover, the copper electrowinning is an important step in
the whole copper hydrometallurgy process.

At present, the Pb-Ca-Sn alloy has been widely used as
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insoluble anode for oxygen evolution in copper
electrowinning, but it also has some limitations such as high
power consumption due to the high oxygen evolution over-
potential (OEOP, about 800 mV, accounting for 25%~30% of
the total power consumption), unsatisfactory mechanical
performance and catalytic activity™.

In order to alleviate those shortcomings, researchers have
made a lot of progress in developing new anodes, which can
be classified into the following categories. (1) Lead-based
alloy plate anode: lead alloy anodes like Pb-Sb, Pb-Cu-Ca-Sn,
Pb-Ca-Sn-Al and Pb-Ca-Sn-Co anode”™. (2) Metal coated
anodes include Ti matrix, Al matrix and stainless steel matrix
anodes like Ti/PbO,, Ti/RuO,, Ti/IrO,-Ta,0,, Ti/SnO,-Sb,0,-
PbO,, and Ti/Sn0O,-Sb,0,-PbO,-Co,0,!'*"?, Al/a-PbO,-B-PbO,,
Al/Pb-Co,0, and Al/Pb-PANI-WC™""; stainless steel/-PbO,-
TiO,-Co,0,, stainless steel/PbO,-CeO,, stainless steel/a-PbO,-
B -PbO,-CNT and stainless steel/PbO,-CeO,'*"". (3) 3D
structure lead anode such as porous lead anode!”, anti-
sandwich structure porous lead anode™ and 3D Al/Sn rod Pb-
(4) Other types of anodes:

Ag anode™". graphite™,
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polyaniline®™ and porous silicon composite anod
conclusion, although some progresses have been made in the
study of non-lead-based anodes, they are either expensive,
complex in preparation, or prone to fall off due to the
chemical potential difference between coatings and non-lead
substrates. Therefore, lead matrix anode is still widely used in
copper electrowinning industry.

According to the Tafel equation, the current density and
OEOP will be decreased with increasing the actual surface
arca of the anode, when the current is constant. Lead foam
prepared by seepage has good
electrochemical performance™, but its preparation process
and mechanical strength need to be improved. Compared with
the traditional lead alloy, the anodic potential and OEOP of
the porous lead alloy, prepared by our research group with
aluminum foam as the pore-making substrate, were greatly

anode anti-gravity

reduced, and the electrical conductivity of the anode was
greatly improved™
completely dissolve aluminum from the precursor, and

. However, it is difficult for the anode to

aluminum will slowly dissolve in the form of ions in the
subsequent service process, resulting in electrolyte pollution.

In this study, 3D through-hole Pb-Ca-Sn anode was
prepared by infiltration of molten Pb-Ca-Sn alloy into copper
foam and the dissolution process of the copper foam from the
precursor. After service, the copper foam gradually dissolves
into the copper electrolyte. The dissolved copper ions will
only slightly increase the concentration of Cu®" in the copper
electrolyte, but will not pollute it. Meanwhile, the actual
surface area of the anode will be increased and thus the OEOP
will be decreased. The electrochemical properties of 3D
through-hole Pb-Ca-Sn anode and traditional Pb-Ca-Sn after
72 h galvanostatic electrolysis at the current density of 200
A-m” were investigated comparatively in 160 g-L" H,SO, at
45 °C, including anodic polarization, Tafel and electroche-
mical impedance spectroscopy (EIS). Besides, the phase
composition and microscopic morphology of the anode oxide
layer were observed by X-ray diffraction (XRD) and scanning
electron microscope (SEM), respectively.

1 Experiment

1.1 Preparation of copper foam/Pb-Ca-Sn precursor

The main raw materials were Pb-Ca-Sn alloy (Kunming
Hendera Science and Technology Co., Ltd, China) and copper
foam (Sichuan Yuantaida Group Co., Ltd., China). The
thickness of copper foam was 8 mm and the average pore
diameter was about 0.6 mm.

Fig. 1 is a self-made pressurized seepage device, and the
entire preparation process consists of the following steps. (1)
Turn the left wheel to move the left slider to a specific
position and fix it. (2) Rotate the right wheel, and take out the
right slider, then the pressurized seepage device was placed
vertically, and the copper foam and Pb-Ca-Sn alloy were
placed into the seepage chamber. (3) Turn the right wheel so
that the right slider just touches the Pb-Ca-Sn alloy, and close
the seepage chamber, and then set the heating program to
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1-pedestal, 2-left wheel, 3-left slider, 4-seepage chamber, S5-heating
sleeve, 6-clamping rings, 7-right slider, 8-right wheel, 9-Pb-Ca-Sn alloy,
10-copper foam

Fig.1 Pressurized seepage device of copper foam/Pb-Ca-Sn

make the heating sleeve rise to 450 °C for 15 min. (4) Rotate
the right wheel to make the molten Pb-Ca-Sn alloy completely
percolate into the copper foam, and hold for 10 min until the
copper foam/Pb-Ca-Sn precursor was cooled to room
temperature.

1.2 Dissolution of copper foam and preparation of 3D

through-hole Pb-Ca-Sn

In the sulfuric acid electrolyte, the copper foam/Pb-Ca-Sn
precursor, the stainless steel plate and ammonium sulfate were
used as the anode, cathode and complexing agent,
respectively. And the change of anode potential with the
polarization time was tested. 3D through-hole Pb-Ca-Sn was
obtained when the anodic potential was basically stable. The
structure of 3D through-hole Pb-Ca-Sn is shown in Fig.2.

The traditional Pb-Ca-Sn and 3D through-hole Pb-Ca-Sn
were cut into cubic samples (10 mm>10 mmx8 mm) using a
wire-cut machine. Finally, both of them were connected to
copper wire and coated by denture base resins with a working
area of 10 mmx10 mm. The assembly diagram of
experimental sample is shown in Fig.3.

1.3 Measurements

The electrochemical workstation (PARSTAT 4000,
Princeton, USA) with three electrode systems was used to
measure the electrochemical properties for the anodes in 160
g/L H,SO, solution at 45 °C. The counter electrode was Pt
plate (3 cmx3 cm) and the reference electrode was MSE (Hg/
Hg,SO,/saturated K,SO,) with a potential E,,, = 0.64 V. All
potentials in this work are referred to the reference electrode.

Galvanostatic polarization was conducted for 72 h at

Copper foam/Pb-Ca-Sn
after pressurized seepage

3D through-hole
Pb-Ca-Sn

£
hrough-hole

Fig.2 Structure diagram of 3D through-hole Pb-Ca-Sn
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Copper conductor

Denture base resin

Experimental sample

Acid-proof plastic sleeve

Fig.3 Assembly diagram of experimental sample

200 A/m’ in 160 g/L H,SO, solution. EIS and LSV measure-
ments were conducted immediately after the stable anodic
layer was formed by galvanostatic polarization separately. The
frequency range of EIS measuring was 0.01~100 kHz and the
applied anodic potential for EIS measuring was 1.35 V. The
impedance data were fitted to an electrical equivalent circuit
(EEC) using the Zview software. The LSV were carried out
with the potential ranging from 1.05 V to 1.6 V, and the
scanning rate was 5 mV/s.

After galvanostatic polarization, the anodes were taken out,
washed with deionized water, and air-dried. Then the
morphologies changes and phase transformation of the anodic
layers were observed by SEM equipped with energy
dispersive X-ray spectroscopy (EDS, Quanta FEG250,
American) and XRD (Rigaku-TTRIII, Japan), respectively.

2 Results and Discussion

2.1 Galvanostatic polarization investigations

Galvanostatic polarization test is conducted to confirm the
anodic constant potential. Fig. 4 shows the potential-time
curves of 3D through-hole Pb-Ca-Sn and Pb-Ca-Sn anodes
during the galvanostatic polarization for 72 h.

For Pb-Ca-Sn anodes, the anodic potential in general
rapidly decreases, then slightly increases and decreases
rapidly until leveling off. At the beginning of the polarization,
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Fig.4 Galvanostatic polarization-time curves of 3D through-hole Pb-
Ca-Sn and Pb-Ca-Sn

the anodic potential of Pb-Ca-Sn descends rapidly due to the
oxidation reaction of Pb to PbSO, and following reaction of
PbSO, to the conductive PbO,. With the transformation
between Pb, PbSO,and PbO,, the anodic potential tends to
have a slight increase owing to the continuously growing
oxide layer. When the generation (Pb/PbSO, and PbSO,/Pb0O,)
and the decomposition (the corrosion and the oxygen
evolution reaction (OER) on the anode surface) of anode layer
reach equilibrium, the composition and thickness of oxide
layer become stable™”. Finally, the anodic potential of Pb-Ca-
Sn reaches a stable value of 1.45 V.

In general, the galvanostatic polarization curve of 3D
through-hole Pb-Ca-Sn is similar to that of Pb-Ca-Sn anode.
However, there are two peaks in the galvanostatic polarization
curve of 3D through-hole Pb-Ca-Sn at 15 and 40 h. This
phenomenon is may be due to the dissolution of residual
foamed copper and intense OER, resulting in the growth of
fresh oxide layer in 3D through-hole, which can be observed
in Fig. 5. In addition, the stable anode potential of the 3D
through-hole Pb-Ca-Sn is about 1.333 V, which is 117 mV
lower than that of Pb-Ca-Sn at the end of galvanostatic
polarization. The different anodic potentials may be explained
by the difference in specific surface area of the anodes,
directly related to the effective current density in the
electrolysis process. Compared with Pb-Ca-Sn, a lower anode
potential of 3D through-hole Pb-Ca-Sn is due to its larger
specific surface area.

2.2 Microscopic surface morphology and phase composi-
tion

In order to study the corrosion morphology and film
characteristics of the anodes, the surface micro-topography
and element distribution of anodic oxide layer are obtained
after 72 h galvanostatic polarization, and the results are shown
in Fig.5. Besides, Fig.6 depicts the element content of anodic
surface corrosion layer.

It can be seen in Fig.5a and Sc that the anodic layer of 3D
through-hole Pb-Ca-Sn consists mainly of tetragonal crystals
and orthorhombic crystals with a lot of fine particles and
cavities. According to EDS mappings (Fig. 5d~5f), EDS
spectrum (Fig.6) and the following XRD result, the tetragonal
crystals are f-PbO, and the orthorhombic crystals are a-PbO,
phase, probably. This kind of morphology can be attributed to
the impact of oxygen evolution and the transformation
between PbSO, and PbO,: (1) the OER occurs not only on the
anode surface but also in the 3D through-hole, resulting in a
raised number of fine grains and cavities; (2) the conversion
of PbSO, to PbO, results in a 48% decrease in volume, which
is beneficial to the formation of f-PbO,”. By comparison, the
anodic layer of Pb-Ca-Sn anode shows a irregular crystal
structure and possesses some fine grains, as shown in Fig.5b.
Due to the excellent properties of 3D through-hole structure, it
is easier for OER to occur.

XRD measurements were used to investigate the
composition of anodic oxide layers and the results are shown
in Fig.7. The phase on the oxide layers of the two anodes are
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Fig.5 SEM morphologies of 3D through-hole Pb-Ca-Sn (a, ¢) and Pb-Ca-Sn (b) anodes; corresponding EDS mappings of element Pb (d), O (e),
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Fig.7 XRD patterns of oxide layer of the two anodes after

galvanostatic polarization

mainly composed of PbSO,, a-PbO, and S -PbO,. However,
the amount of these phases varies between the two anodes.

The major phase of the Pb-Ca-Sn oxide layer is PbSO, with
a small amount of a-PbO, and -PbO,, while the anodic layer

of 3D through-hole Pb-Ca-Sn is determined with f -PbO,,
PbSO, and a small amount of a-PbO,, corresponding to the
results of the EDS mappings (Fig. 5) and EDS spectrum
(Fig.6). Compared with Pb-Ca-Sn, the diffraction intensity of
S -PbO, in the oxide layer of 3D through-hole Pb-Ca-Sn is
higher while that of PbSO, is lower, which will result in a
lower anode potential®. Besides, the 3D through-hole Pb-Ca-
Sn oxide layer presents a series of wide and low diffraction
peaks, indicating that the grains of anodic oxide layers are
amorphous.

2.3 EIS characterizations

Fig.8 depicts the EIS of the two anodes at 1.35 V. It can be
seen that a single capacitance arc can be observed in the
whole frequency range, indicating that the electrode reaction
mechanism of the two anodes is the same.

The capacitance arc is due to the charge transfer reaction on
the surface of electrode. The value of start point and diameter
represent electrolyte resistance (R) and charge transfer
resistance (R), respectively. Therefore, a simple R(R-C)
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Fig.8 EIS plots and equivalent circuit of the two anodes
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circuit can be used as the equivalent circuit to simulate the
electrochemical process of the electrode™™'. As shown in
Fig.8, the experimental (spots) and fitting (lines) data are well-
matched, indicating that the equivalent circuit perfectly
simulates the electrochemical impedance of the anodes in
electrolyte. The parameters are displayed in Table 1.

The double-layer capacitance, C,, can be calculated from
Eq.(1)P.

O~(C,YT(R) +R)']"™ (1)

Compared with the Pb-Ca-Sn, the R, of 3D through-hole Pb-
Ca-Sn is lower, which may be related to the presence of more
£ -PbO, with higher electrocatalytic activity in the anodic
surface oxide layer. The C, of 3D through-hole Pb-Ca-Sn is
higher than that of Pb-Ca-Sn, indicating that more oxygen
evolution active sites are adsorbed on the surface of the anode.
Due to the special structure of 3D through-hole Pb-Ca-Sn, the
actual surface area of OER is much larger than that of Pb-Ca-
Sn, which is beneficial to the oxygen evolution. In addition,
the Q value of 3D through-hole Pb-Ca-Sn is three times larger
than that of Pb-Ca-Sn, which means that the electrocatalytic
activity of the former is much higher than that of the latter.
2.4 Anodic polarization and kinetic parameters for oxygen

evolution

The anodic polarization curves of 3D through-hole Pb-Ca-
Sn and Pb-Ca-Sn after 72 h galvanostatic electrolysis are
shown in Fig.9. It is very clear that the linear sweep curves of
the two anodes present the same basic characteristics. Before
the OER, the anode is in passivation state and the current
density is low. When the OER begins, the current density
increases exponentially with positive potential scanning. The
oxygen evolution potentials of 3D through-hole Pb-Ca-Sn and
Pb-Ca-Sn are 1.291 and 1.431 V (vs MSE) at a current density
of 200 A/m’ (0.02 A/cm’), respectively.

In this study, the OEOP (overpotential of oxygen evolution,
1) is calculated by Eq.(2)"":

n=E+0.64-1.229-iR, 2)
where E is the anodic potential; 0.64 and 1.229 represent the
potential of MSE and OER, respectively; i is the Faradic
current; and R_ is the electrolyte resistance, which can be ob-
tained by Table 1. According to Tafel equation (y=a+blgi)"", a
and b can be obtained by linear fitting of the relationship

Table 1 Equivalent circuit parameters of the two anodes
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Anode 5 5 o ) n
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Fig.9 Anodic polarization curves of 3D through-hole Pb-Ca-Sn and
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Fig.10 Tafel lines of the two anodes

curve of 7 (y-axis) and 1gi (x-axis), and the results are shown
in Fig.10. It can be seen in Fig.10 that the Tafel curves of the
two anodes are double-slope in the whole potential range.
Finally, the exchange current density, i, (low potential area)
and 7, (high potential area) can be obtained by Tafel equation
when 7=0, and the results are shown in Table 2.

As shown in Table 2, the a values of the two anodes
probably depend on the irreversible reactions of PbSO, to f-
PbO, and @ -PbO, to f-PbO,”". The b, and b, values of 3D
through-hole Pb-Ca-Sn are larger than those of Pb-Ca-Sn,
which may be because the positive structure of 3D through-
hole Pb-Ca-Sn is more conducive to the electrode reaction and
OER. The i, and i, values of 3D through-hole Pb-Ca-Sn are
much higher than those of Pb-Ca-Sn, indicating that the
former is less susceptible to polarization and the electrode

0.63 1.214 29.614 0.836 19 615.37
Pb-Ca-Sn reaction is easier to proceed™. As can be clearly observed, the
Pb-Ca-Sn  0.563 3.279 8.365 0.922 6373.77 OEOP of 3D through-hole Pb-Ca-Sn is about 0.676 V, which
Table 2 Kinetic parameters of oxygen evolution of the two anodes
, , 7 (at 0.02A/cm?)/V
Anode a, b, a, b, i/A-cm’ i,/A-cm”
7]1 ;12
3D through-hole Pb-Ca-Sn 1.05 0.22 0.92 0.14 1.66x107 4.26x107 0.675 0.676
Pb-Ca-Sn 1.06 0.13 1.02 0.11 1.37x10° 9.56x10™"° 0.828 0.828
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is 152 mV lower than that of Pb-Ca-Sn. This phenomenon
may be related to its larger oxygen evolution surface area and
higher -PbO, content"”,

3 Conclusions

1) Due to the large specific surface area of 3D through-hole
Pb-Ca-Sn, its anode potential is about 117 mV lower than that
of Pb-Ca-Sn after 72 h galvanostatic polarization. The oxide
layer of 3D through-hole Pb-Ca-Sn consists mainly of
tetragonal crystals and orthorhombic crystals with a lot of fine
particles and cavities. Compared with Pb-Ca-Sn, the
diffraction intensity of £ -PbO, in the oxide layer of 3D
through-hole Pb-Ca-Sn is higher while that of PbSO, is lower,
which improves the electrocatalytic activity of the anode. The
3D through-hole Pb-Ca-Sn possesses a higher exchange
current density, lower charge transfer resistance and oxygen
evolution over-potential in comparison with Pb-Ca-Sn. All
these characteristics are related to its excellent 3D through-
hole structure and high -PbO, content.

2) No harmful impurities are introduced and energy saving
are realized by the utilization of 3D through-hole Pb-Ca-Sn.
Therefore, the developed 3D through-hole Pb-Ca-Sn anode
can be used as a high quality material to replace the traditional
Pb-Ca-Sn anode.
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