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Abstract: Due to the excellent electrical conductivity and mechanical properties, Al/Pb-Ag alloy has a great potential to be used as

an alternative anode for zinc electrowinning. In this work, the effects of Ag content and surface plating with 5-PbO, on the anodic

behavior and reaction kinetics were investigated by cyclic voltammetry (CV), anodic polarization curves, electrochemical impedance

spectroscopy (EIS) and corrosion rate test. The phase composition and microscopic morphology of the anode oxide layers after

electrolysis were observed by X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. The results indicate

that high content of silver and electroplating f-PbO, layer can increase the oxygen evolution activity, electrocatalytic activity and

corrosion resistance of the anodes. Al/Pb-0.75%Ag plating f-PbO, has the lowest oxygen evolution overpotential followed by
Al/Pb-0.3%Ag plating f-PbO,, Al/Pb-0.75%Ag and Al/Pb-0.3%Ag. Besides, high content of silver is more beneficial to improving

corrosion resistance compared with electroplating S-PbO, on anode. In addition, the phase composition of four anodes layer are

mainly composed of a-PbO,, f-PbO,, Pb and PbO.
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In the zinc electrowinning industry, the Pb-Ag

(0.5%~1.0%) alloy is widely used due to its good corrosion
resistance and stabilization in acidic sulfate solutions.'”!
However, there are two main shortcomings which restrict
its application. One 1is the high oxygen evolution
overpotential (OEOP) resulting in high cell voltage and low
cell efficiency. On the other hand, although high content of
silver can enhance the mechanical properties of the anode,
it undoubtedly increases the anode manufacturing costs. To
tackle these problems, various alternative alloys are
proposed to obtain a balance between anode performance
and cost, that is, reducing the OEOP and the corrosion rate
while keeping low manufacturing cost'*.

Studies have demonstrated that Pb-Ag-Ca alloy enhanced
mechanical strength, and decreased the manufacturing cost
by lowering the consumption of Ag. D. A. Rand et al”
reported that a high Ca content could increase the corrosion
rate because of the decreased grain size. J. Xu et al® found
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that the corrosion rate of the Pb-Sn alloy decreased with the
increasing of Sn content; however, high Sn content of Pb-Sn
alloy caused poor mechanical strength!”). Compared with the
cast Pb-Ag (1.0%) alloy, Pb-Co-Ti has good corrosion
resistance, but does not reduce the oxygen evolution potential
(OEP)®!. The Pb-Ag-Sn-Co alloy significantly reduces the
OEP and shows the least corrosion in comparison to Pb-Ag,
Pb-Ag-Sr, Pb-Ag-Ba-As, Pb-Ag-Sn and Pb-Ag-As; however,
the complex production process of these alloys restrict their
wide spread commercial application””). Recently, Pb-based
composite anodes and doping active particle have been

widely studied!*'"

, which could greatly improve the
corrosion resistance and oxygen evolution activity of the
anodes. Nevertheless, due to the weak adhesion between the
active dispersed phase and lead substrate, these active
deposited layers tend to crack or fall off when the composite
anodes are applied in industry, thus severely affecting the

service life of anodes.
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In recent years, Al/Pb-Ag alloy is proposed as a novel
type anode, which not only maintains the alloy composition,
but also does not need to coat active catalytic layer.
Aluminum is employed as matrix due to its low cost and
density, properties and high
conductivity. Owing to the application of aluminum
substrate, the silver content is greatly reduced, mechanical
performance of the anode is improved, and surface activity

excellent mechanical

of the anode is comparable to that of the traditional Pb-Ag
alloy. Besides, most of the literatures indicate that S-PbO,
has excellent
resistance, which could further improve the overall
performance of anode!'>'®. Al/Pb-Ag anodes have been
studied for several years, mostly in a relatively short time

electrocatalytic activity and corrosion

and at low current density!'”'*. However, only after a long
time of electrolysis or high current density, the anode oxide
film of Pb-Ag anodes can be in a stable state '), Therefore,
the electrochemical properties of Al/Pb-Ag anode and
Al/Pb-Ag plating f-PbO, anode with different Ag contents
after 12 h galvanostatic electrolysis at a high current
density of 10 000 A‘m™ were investigated to obtain the
effect of Ag content and S-PbO, plating on the performance
of anodes. The phase composition and microscopic
morphology of the anode oxide after electrolysis were
observed by XRD and SEM, respectively.

1 Experiment

The main raw materials are Al/Pb-0.3%Ag and
Al/Pb-0.75%Ag alloy (Kunming Hendera Science and
Technology Co. Ltd, China). Anode preparation processes
were as follows: firstly, intercepting a piece of Al/Pb-Ag
alloy; then degreasing, polishing, washing, airing and
electroplating S-PbOy; finally, Al/Pb-0.3%Ag,
Al/Pb-0.75%Ag, Al/Pb-0.3%Ag plating p-PbO, and
Al/Pb-0.75%Ag plating S-PbO, were connected to a plastic
isolated copper wire and coated by epoxy resin and
polyamide resin (2:1) with a working area of 1.0 cmx1.0
cm. For the convenient purpose, the experimental samples
were numbered as shown in Table 1. After galvanostatic
electrolysis for 12 h, the samples were studied by
electrochemical test, XRD , SEM and corrosion rate test.

The composition and process conditions of the S-PbO,
plating bath were as follows: MR electroplating bath,
current density of 300 A-dm™, bath temperature of 40 °C
and electroplating for 3 h.

Table 1 Number and composition of the experimental sample
Samples Anode type
1# Al/Pb-0.3%Ag plating f-PbO,
2# Al/Pb-0.3%Ag
3# Al/Pb-0.75%Ag plating f-PbO,
44 Al/Pb-0.75%Ag

Galvanostatic electrolysis of four anode samples was
conducted at an anodic current density of 10000 A'‘m™ in 150
g-L'] H,SO, at 35 °C. Then, the electrochemical measurements
for the four anodes were carried out on an electrochemical
workstation (PARSTAT2273, America) and performed in
electrolyte of 50 g-L™" Zn*" and 150 gL' H,SO, at 35 °@ sing
a single three-electrode system. The reference electrode and
the counter electrode were saturated calomel electrode (SCE)
and graphite electrode of 2 cmx5 cm, respectively. All
potentials in this study were against SCE.

The scanning range of CV was -1.0~2.4 V with a sweep
rate of 20 mV's. Anodic polarization experiment was
conducted at a constant scanning rate of 2 mV-s ' from the
initial potential of 1.7 V to the final potential of 2.1 V. The
AC amplitude of EIS measurement was 10 mV root mean
squared and the frequency range was from 10" Hz to 10™ Hz,
and the potential was 1.9 V.

In addition, the microscopic morphology and phase
composition of the anodic oxide layers were observed using
FEI-Quanta 200
D/max-2200 X-ray diffractometer, respectively.

scanning electron microscope and

2 Results and Discussion

2.1 Cyeclic voltammetry

The CV curves of four anodes are shown in Fig.1. The
voltammetry curves are overall characterized by the two
typical anodic peaks (a and ¢ in Fig.1) at the positive
scanning and by one cathodic peak (d in Fig.1) and one
cathodic branch peak (e in Fig.l) during scanning in the
negative direction””.

The peak (a), (c¢) and (f) in Fig.1 of anode 3# is the
highest, followed closely by that of anode 4#, 1# and 2#.
For the peak (b), (d) and (e), the anode 3# is the highest,
while anode 1#, 2# and 4# are almost the same.

According to some literatures®*'!, the peak (a) refers to
the oxidation of Pb to PbSO,, and the polarization area of
3# is the biggest compared with those for the other three
anodes. It suggests that a larger number of PbSO, on the
surface, which are the reaction site for the peak (c). In this
potential field, small amounts of PbO, PbO-PbSO, and
PbSO4H,O may be also generated. The anodic peak (c) is
ascribed to the oxidation of PbO to a-PbO,, PbSO4 to
P-Pb0O, and oxygen evolution reaction. The peak (c) shows
that the four anodes have different oxygen evolution
characteristics, and this depolarization is probably due to a
variety of silver content and whether electroplating S-PbO,
or not. There is a special peak (b) at 1.4~1.6 V during the
scanning in the negative direction. This peak is due to the
oxidation of Pb and SO,” which diffuse into the anodic film.
In other words, the peak (b) appears only in the presence of
already formed PbO, at the positive scanning when the
potential moves in the negative direction, which in turn
contributes to the oxidation of Pb to PbSO,.
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Fig.1 CV curves of four anodes

The cathodic peak (d) represents the reduction of a-PbO,
and B-PbO, to PbSO,. This peak is an indication of the
0-Pb0O, and S-PbO, generated. The peak current density of
3# is 120 mA-cm™, while those of the other three anodes are
about 70 mA-cm™. And this result is in agreement with the
XRD results as illustrated below. Moreover, the reduction
peak (c) shifts toward the negative direction corresponding
to the shift of the oxidation peak (d). The cathodic peak (e)
is due to the reduction of PbO and PbSO, to Pb.
Furthermore, this peak of 3# is approximately twice as high
as the other three anodes. Finally, the peak (f) corresponds
to the reduction of PbSO, to Pb. Compared with the other
three anodes, the peak of 3# is as high as twice and
apparently moves about 120 mV toward the negative
direction.

2.2 Anodic polarization and kinetic parameters for
oxygen evolution

The OEOP (#) uses the following formula*'"':

n=E+ 0.245 V—1.242 V—iR, (N
where E is the applied potential, 0.245 V is the potential of
the SCE, 1.242 V is OEP in a synthetic zinc electrowinning
electrolyte of 50 g'L™" Zn**, 150 g'L"' H,SO, at 35 °C, and
R, is the electrolyte resistance between the working and
reference electrodes, which can be obtained by the
equivalent circuit parameters of EIS.

As shown in Fig.2, all fitting lines exhibit a double-slope
behavior. According to the Tafel equation: x=a+blogi.
Where, 7 is OEOP, a is the Tafel constant, b is the Tafel
slope, and i is electrode surface current density. Therefore,
the curve of #5(y-axis) and logi (x-axis) is drawn, a and b
can be acquired by the liner fitting for relationship curve of
n and logi in our study. Finally, the exchange current
density of electrode surface, i, can be calculated by Tafel
equation when #=0. The calculated kinetic parameters of
oxygen evolution of four anodes are listed in Table 2.

In Table 2, the value of i, is extremely small and
considered to be meaningless in evaluating the oxygen
evolution activity of anodes. However, the value of OEOP,

n, is relatively remarkable. Among the # of the four anodes,
the order is as follows: 3#<<1#<<4#<2#. As a result, both
electroplating f-PbO, and high
can improve oxygen evolution activity of the anode.

content of silver
Moreover,  of 1# is lower than that of 4#, indicating that
electroplating S-PbO, can significantly enhance oxygen
evolution activity of the anode compared to high content of
silver. Table 2 shows that b, of 3# is the lowest compared
with the other three anodes, but its b, is relatively larger.
This is probably due to that the 3# anode presents a
fine-grain anodic layer, large specific surface area and
electrocatalytic effects of increased S-PbO, content*”,
which can be further confirmed by Fig.5 as discussed
below.
2.3 EIS characterizations

The reaction of oxygen evolution in acid solution is as
follows: 2H,0—~4H" +0, + 4¢".

According to the relevant literature™**, the mechanism
of oxygen evolution reaction consists of the following four

steps:
S+ H,0—S-OH,4,+ H + ¢ ()
S-OH,4s—>S-Ops + H' + & 3)
28-OH,4,—>S-O,¢ + S + H,0 4)
S-0,4s—S + 0.50,; (3)

Where S is active sites on the oxide surface, and S-OH,4,
S-0,4 are absorption intermediates. Step (3) and step (4)
are usually supposed to be controlled by compact
morphology and cracked morphology, respectively. Among
the steps expressed above, the rate controlling step of a
specific anode is determined by its Tafel slope. In general,
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Fig.2 Tafel lines of four anodes
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Table 2 Overpotential and kinetic parameters of oxygen
evolution reaction of four anodes
Sample b b,  p/V(i=0.05 A/lem®)  i/A-cm’
1# 158.4  340.7 0.941 5.462x10°®
24 309.6 1275 1.045 2.108x10™°
3# 747 2977 0.905 3.954x10™
4# 167.0  170.1 0.977 8.962x10°*
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step (2) is a rate controlling step, when the Tafel slope, b is
=120 mV-dec; if b is about 40 mV-dec™, step (3) and step
(4) are rate controlling; and if » is approximate to 15
mV-dec”, step (5) is rate determining.

Table 2 shows that all the Tafel slopes of the four anodes
are close to or larger than 120 mV-dec™', indicating that step
(2) is regarded as a rate controlling step. It means that the
reaction kinetic mechanism of four anodes is the same.
Therefore, an equivalent electrical circuit (Fig.3)[25’26],
using ZView 2.0 software, can be simulated by the oxygen
evolution reaction. As shown in Fig.3, the experimental
(spots) and simulated (lines) data can reach a good
agreement. Where R, is the solution resistance; Cy
double-layer  capacitance at  the
anode/electrolyte interphase; R, is the charge transfer

represents  the

resistance of the anode reaction; R, and C, represent the
equivalent resistance and capacitance connected with
absorption of intermediate (S-OH,,), respectively.

Table 3 shows that R, plays an important role in the
whole impedance. Besides, the R, of 3# is the largest
compared with the other three anodes, and the R, and R, are
also comparatively large. This is due to its compact anodic
film, which hinders the mass transfer of electrolyte, and
leading to the increase of the charge transfer resistance and
the solution resistance. The results correspond with Fig.4.
2.4 Microscopic surface morphology and phase

composition

Fig.4 shows the microscopic surface morphologies of the
four anodes.

1#, 2# and 4# present a severely corrosive microstructure
and a high porosity amorphous film is clearly seen to
extend to the whole anode surface. Besides, both 2# and 4#
show many cavities and deep holes, indicating the worst

corrosion resistance. This means that a high content of
silver ~enhances the anode
Nevertheless, 3# has changed dramatically, presents the

corrosion  resistance.
most regular and compact structure among the four anodes,
indicating the highest corrosion resistance in the electrolyte.
In addition, the uniform granules of 3# indicates that the
large specific surface area can result in a smaller effective
current density and lower anodic potential in this electrolyte
compared with other anodes.
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Fig.3 EIS spectra and electrical equivalent circuit of four anodes

Table 3  Equivalent circuit parameters of four anodes

corresponding to the spectra in Fig.3

Anode Rs/Q-cm2 Cdl/F-cm'2 Rt/Q-cm2 Ca/F-cm'2 Ra/Q-cm2

1# 0.0245 0.0408  0.6004 1.04 0.1255
2# 0.4645 0.0203 0.9039 0.618 0.2281
3# 0.3648 0.0594 1.093 0.4695 0.3134
4# 0.2984 0.0118 0.6354  0.0341 0.3997

Fig.4 SEM images of surface morphologies of the four anodic oxide layers: (a) 1#, (b) 2#, (c) 3#, and (d) 4#
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Fig.5 shows that the phase composition of four anodes
are mainly composed of a-PbO,, -PbO,, Pb and PbO. The
major phase of oxide layer 1# and 2# consist of a-PbO, and
PbO. While 2# presents low fraction of f-PbO,, indicating
that the electroplating f-PbO, film has fallen from the
anode surface after electrolysis at high current density.
Corresponding to Fig.5, the peak intensities of all the phase
of 4# layer become average compared to the other three
anodes. However, the major phase of 3# oxide layer is
composed by a-PbO, and S-PbO, as well as a small amount
of Pb and PbO. In fact, the peak intensity of f-PbO, of this
layer is the highest among four anodes, and the peak
intensity of a-PbO, is also relatively high. What is more,
S-PbO, contributes to the oxygen evolution reaction due to
its better electrocatalytic activity. Theoretically, 3# should
have excellent oxygen evolution activity and low OEOP.
2.5 Corrosion rate

The corrosion rate of anode can be described with the
formula:

A I (6)

St
Where, V represents corrosion rate; m, and m; represent
anode quality before and after electrolytic, respectively; S is
effective area of anode surface, and its value is 4.396 X
10*m’; ¢ represents electrolysis time.

According to Table 4, the corrosion rate of four anodes is
as follows: 3#<<4#<<1#<<2#.1It is well known that the
corrosion rate is determined by electrolyte composition,
current density and anode material. In this study, four
different anode materials are adopted while keeping all
other experimental conditions fixed. Therefore, the anode
corrosion rate in our study is controlled by the composition
of anodes. As shown in Table 4, the corrosion resistance of
3# is the best, while that of 2# is the worst. In addition, the
corrosion resistance of 4# is lower than that of 1#,
indicating that a high content of silver is more helpful to
improve corrosion resistance compared with electroplating
S-PbO, on anode.

1-a-PbO, 2-p-PbO, 3-PbO 4-Pb

Intensity/a.u.
E ﬁ

25 30 35 40 45 50 55 60 65 70
20/°)

Fig.5 XRD patterns of four anodic surface

Table 4 Corrosion rate of four anodes after 12 h electrolysis

Anode (mo—myy/g V/g-h!'-m?
1# 0.132 25.023
2# 0.1485 28.151
3# 0.1087 20.606
4# 0.1224 23.203

3 Conclusions

1) Al/Pb-0.75%Ag plating S-PbO, has the lowest oxygen
evolution overpotential followed by Al/Pb-0.3%Ag plating
p-PbO, and Al/Pb-0.75%Ag and then Al/Pb-0.3%Ag.
Moreover, electroplating f-PbO, significantly enhances
oxygen evolution activity of the anode compared with a
high content of silver.

2) The oxygen evolution reaction mechanism of four
anodes is controlled by the generation and consumption of
S-OH,4, and the charge transfer resistance (R,) takes a
dominant part in the whole reaction resistance. Compared
with the other three anodes, the R, of Al/Pb-0.75%Ag
plating B-PbO, is the largest due to its compact anodic
layer.

3) Al/Pb-0.75%Ag plating S-PbO, presents the most
regular, compact
resistance, while the other three anodes perform relatively

structure and excellent corrosion
serious corrosive microstructure and complex crystal grains.
The phase composition of four anodes are mainly composed
of a-PbO,, f-PbO,, Pb and PbO. However, the proportions
of these phases gradually vary by different anodes.

4) Al/Pb-0.75%Ag plating S-PbO, has the best corrosion
resistance followed by Al/Pb-0.75%Ag and Al/Pb-0.3%Ag
plating S-PbO, and then AIl/Pb-0.3%Ag. Furthermore, a
high content of silver is more contribute to improve
corrosion resistance compared with electroplating f-PbO,
on anode.
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