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Abstract: The effects of Pb®" concentration, current density, deposition time and temperature on Pb deposit structure
were investigated. In lower Pb>" concentration (~0.15 mol/L), carambola-like 3D-Pb structure was constructed, while in
higher Pb*" concentration (>0.30 mol/L), Pb deposits exhibited pyramid-like structure. Furthermore, the oxide layer and
anodic potential of carambola-shaped 3D-Pb (Cara-Pb) and pyramid-shaped 3D-Pb (Pyra-Pb) anodes were investigated
and compared with those of fresh Pb anode. After 72 h galvanostatic electrolysis (50 mA/cm?) in 160 g/L H,SO,
solution, the oxide layer on Pyra-Pb was much thicker than that on Cara-Pb and Pb anodes, which remarkably relieved
intercrystalline corrosion of the metallic substrate. Additionally, the oxide layer on Pyra-Pb anode presented a larger
surface area and higher PbO, content. Hence, Pyra-Pb anode showed a 40 mV lower anodic potential compared to
Cara-Pb and Pb anodes. In sum, Pyra-Pb anode had a potential to decrease energy consumption and prolong the life

span of traditional Pb anode.
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1 Introduction

Lead and lead alloys are used as traditional
anodes in the electrowinning of nonferrous metals
like zinc [1], copper [2], and manganese [3,4] from
sulphate electrolytes. Lead/lead alloys are only used
as initial anode materials since an oxide layer
formed on the electrode surface works as actual
reaction media after a long-stage electrolysis [5,6].
Fortunately, this oxide layer offers a lower current
density and anode potential than fresh lead/lead
alloys [7,8]. However, the oxide layer formed
during electrolysis normally presents a porous
coral-like structure and poorly adheres to the
metallic substrate [9], which leads to corrosion of

lead-based anodes and Pb-contamination of cathode
products [10,11]. Therefore, the management of the
oxide layer plays a pivotal role in enhancing anode
performance in harsh working environment.

To improve the adhesion and stability of
oxide layer on lead/lead alloy, RAMACHANDRAN
et al [12] developed a method to create a hard dense
PbO; layer on lead substrate by preconditioning the
anode at high current density in an acidic fluoride-
containing electrolyte. An alternative precondition
process was developed by Mintek in the early
1990s, which involved sandblasting the surface of
lead-base anodes with coarse silica sand at high
pressures [3]. The sandblasting process could
modify the surface texture, enlarge the surface
area and enhance the adhesion of oxide layer [13].
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Afterwards, RST Technologies reported that a fine,
uniform non-elongated grain structure of rolled lead
alloys could facilitate the formation of a hard and
dense PbO, layer [14], and the grain structure
mentioned above could be obtained through
controlling the rolling parameters. These cases
demonstrated that surface modification was an
adoptable strategy to improve the adhesion and
stability of lead anodes.

Over the past 20 years, Ti/TiO, nanotube (NT)
has been widely used in photocatalysis, dye-
sensitized solar cells, and biomedical devices [15,16].
It was reported that in Ti/TiO, NT/PbO, for
environmental applications, TiO, NT structure
could act as an anchor for the PbO, deposits with
better adherence and mechanical stability,
consequently increasing by 3.5 times their life span
with respect to Ti/PbO, anodes [17,18]. Enlightened
by Ti/TiO, NT/PbO,, in this work, 3D-Pb structure
is constructed on Pb surface via electrochemical
deposition. The introduction of 3D-Pb structure is
aimed at improving the adhesion of oxide layer to
Pb substrate during long term electrolysis, and
further relieving the corrosion of lead anode. In this
work, 3D-Pb anodes with carambola-like and
pyramid-like structures were prepared. The growth
behavior of 3D-Pb structure was discussed in detail.
In addition, oxide layer property and anodic
potential of these 3D-Pb anodes after/during 72 h
galvanostatic electrolysis in 160 g/L. H,SO, solution
were investigated and compared with fresh Pb
anode.

2 Experimental

3D-Pb structures were constructed on 1 cm®
fresh Pb substrate through galvanostatic electro-
deposition. The basic compositions of the
deposition bath were as follows: Pb(BF,),, HBF,,
H;BO; and gelatin [19,20]. All solutions were
prepared with analytical reagents and deionized
water. The electrodeposition experiments were
conducted with a two-electrode system in 250 mL
beaker. A graphite plate with an area of 4 cm® was
used as counter electrode. The temperature of
electrolyte was controlled through a thermostat
(DF—-1018S). Pb substrates were ground to 1000 grit
using a SiC abrasive paper and washed with
deionized water before -electrodeposition. The
effects of Pb*" concentration, current density,

temperature, and deposition time on the
morphologies of Pb deposits were investigated
through scanning electron microscope (SEM,
MIRA 3).

The electrochemical measurements on 3D-Pb
anodes were performed in 160 g/L. H,SO,4 solution
at (35+£0.5) °C using a standard three-electrode
system. A graphite plate of 4 cm” and Hg/Hg,SO4/
sat. K,SO, were used as counter and reference
electrodes, respectively. All potentials shown in this
study were relative to this reference electrode. To
evaluate the performance of 3D-Pb anodes during
metal electrowinning process, galvanostatic
electrolysis was performed in 160 g/ H,SO,
solution at a current density of 500 A/m? for 72 h.
During the galvanostatic electrolysis, anodic
potentials were recorded by an electrochemical
workstation (CH Instrument, 660E). After the
galvanostatic  electrolysis,  linear  scanning
voltammetry (LSV) tests were immediately carried
out. The scanning potential ranged from 1.45 to
—1.50 V at a scanning rate of 5 mV/s. In terms of
other samples in parallel tests, after 72h
galvanostatic electrolysis, the 3D-Pb anodes were
taken out, washed with deionized water and dried
for 8 h at 80 °C. Next, the surface and cross section
morphology of 3D-Pb anodes were observed via
SEM. The preparation method of cross section
samples was illustrated in our previous work [21].
In addition, after surface morphology observation,
the anodic layers on the surface of 3D-Pb anodes
were removed by immersing in boiling solutions
(100 g/L NaOH and 20 g/L glucose), and then the
corrosion morphologies of metallic substrates were
observed. Same experiments mentioned above have
also been performed on fresh Pb anodes as
comparison.

3 Results and discussion

3.1 Effect of Pb** concentration on Pb deposits

structure

The surface morphologies of Pb deposits
formed through galvanostatic electrodeposition in
the presence of Pb*" of different concentrations are
presented in Fig. 1. As Fig. 1(a) shows, in the
presence of 0.05 mol/L Pb*", only a small amount
of Pb deposited on the surface during the given
time, and the Pb deposits were relatively rough
and porous. In solution containing 0.15 mol/L Pb*"
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Fig. 1 Surface morphologies of Pb deposit formed through galvanostatic electrodeposition at 40 mA/cm?” with different

Pb>" concentrations (deposition time: 40 min, temperature: 55 °C, and deposition bath composition: x mol/L Pb(BF,), +
0.40 mol/L HBF, + 12 g/L H;BO; + 0.50 g/L gelatin): (a) x=0.05; (b) x=0.15; (c) x=0.30; (d) x=0.45; (e) x=0.60

(Fig. 1(b)), the Pb deposits exhibited a carambola-
like structure. The substrate was entirely covered by
evenly-distributed carambola-shaped Pb grains. The
size of these carambola-shaped grains ranged from
1 to 5 um. However, in the presence of higher Pb**
concentration, the Pb deposits presented a quiet
different structure. As observed in Fig. 1(c), the Pb
grains presented a pyramid-like structure. More
precisely, these pyramid-shaped Pb grains owned
more than 4 arris lines. It was apparent that the size
of pyramid-shaped Pb grains was much larger than
carambola-shaped Pb grains. Further increasing
Pb*" concentration did not affect the Pb deposits
structure obviously. As shown in Figs. 1(d, e), in the
presence of 0.45 and 0.60 mol/L Pb*", the Pb
deposits also presented a pyramid-like structure. As
Pb>" concentration in deposition bath increased, the
grain size of pyramid-shaped Pb deposits increased
apparently.

By comparing the surface morphologies of Pb
deposits formed in the presence of Pb*" of different
concentrations, it is established that Pb*"
concentration exerted a critical effect on Pb
deposits structure. When Pb*" concentration of the
deposition bath is higher than 0.05 mol/L, Pb
deposits with 3D structures could be constructed.
More specifically, the carambola-like Pb structure is
obtained at a relatively lower Pb>" concentration
(~0.15 mol/L), while at a higher Pb*" concentration
(>0.30 mol/L) Pb deposits tend to exhibit a
pyramid-like structure.

As a 3D structure aimed at improving the
adhesion and stability of oxide layer on metallic
substrate, the Pb grain with 3D structure was
expected to be uniform and robust mechanically.
Hence, the effects of deposition parameters (current
density, deposition time and temperature) on
carambola-like and pyramid-like 3D-Pb structures
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were further separately investigated in the presence
of 0.15 mol/L and 0.30 mol/L Pb*".

3.2 Preparation of carambola-shaped 3D-Pb

anode
3.2.1 Current density

Figure 2 depicts the surface morphologies of
Pb deposits formed at different current densities in
the presence of 0.15mol/L Pb*". At current
densities of 20 (Fig.2(a)) and 40 mA/cm’
(Fig. 2(b)), the Pb deposits both presented
carambola-like structure. It was notable that some
lumps were observed in the carambola-shaped
grains in Fig. 2(a), while no apparent lump was
seen in Fig. 2(b). Consequently, carambola-shaped
grains formed at 40 mA/cm® seemed to be much
more compact than that formed at 20 mA/cm?. In

Fig. 2 Surface morphologies of Pb deposit formed
through galvanostatic electrodeposition at different
current densities (deposition time: 40 min, temperature:
35 °C and deposition bath composition: 0.15 mol/L
Pb(BF,), + 0.40 mol/L HBF, + 12 g/L H;BO; + 0.50 g/L
gelatin): (a) 20 mA/cm?; (b) 40 mA/cm?; (c) 60 mA/cm?

addition, as current density increased, the Pb grain
size decreased slightly. This rendered a larger
number of carambola-shaped grains in Fig. 2(b)
compared with Fig. 2(a). However, at 60 mA/cm?,
the Pb deposits were unexpectedly composed of a
large number of bud-shaped grains (Fig. 2(c)).
Therefore, to construct compact carambola-like
3D-Pb structure, a current density of 40 mA/cm’
was preferable.
3.2.2 Deposition time

Figure 3 compares the surface morphologies of
Pb deposits formed through different deposition
time. After 10 min deposition (Fig. 3(a)), the Pb
deposits presented bud-shaped structure, similar to
what was observed in Fig. 2(c). This implied
that the bud-shaped structure could be attributed
to insufficient growth of Pb grains within short

Fig. 3 Surface morphologies of Pb deposit formed
through galvanostatic electrodeposition at 40 mA/cm’
with different deposition time (temperature: 35 °C, and
deposition bath composition: 0.15 mol/L Pb(BFy), +
0.40 mol/L HBF, + 12 g/LL H;BO; + 0.50 g/L gelatin):
(a) 10 min; (b) 20 min; (¢) 30 min
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deposition time or at high current density. As
deposition time prolonged, the Pb deposits tended
to exhibit a regular carambola-like structure, as
shown in Figs. 3(b, c). It was apparent that the grain
size of Pb deposits formed through 30 min
deposition was much smaller than that formed
within 20 min. Consequently, the Pb deposit in
Fig. 3(c) exhibited larger number of Pb grains and
smaller height of Pb grains. As mentioned above,
the 3D-Pb structure was expected to act as anchors
to improve the adhesion of oxide layer. It was easy
to understand that increasing the anchor length
(height) was beneficial to improve the mechanical
bonding strength between it and another subject due
to a larger embedding depth. Hence, 3D-Pb
structure shown in Fig. 3(c) might have limited
anchor effect due to its small height. Therefore,
the deposition time should be restricted to about
20 min.

3.2.3 Temperature

The surface morphologies of Pb deposits
formed at different temperatures are shown in
Fig. 4. Carambola-shaped Pb grains were observed
at all investigated temperatures. It was apparent that
as deposition temperature increased the grain size
of carambola-shaped Pb deposit increased. At 55 °C,
the Pb deposit presented highly uniform grain size
(Fig. 4(c)). However, many lumps were observed in
the Pb grains deposited at 45 and 55 °C. Especially
at 45 °C, the presence of large number of lumps led
to irregular and loose carambola-like structure,
which would remarkably diminish its anchor
function for oxide layer. Therefore,
deposition temperature was more adoptable in
constructing carambola-like 3D-Pb  structure.
Additionally, it was found that in the presence of
0.15 mol/L Pb*", the lumps were more probable to
exist in larger carambola-shaped Pb grains.
Considering the limited anchor effect of Pb grain in
small size or containing lumps, the grain size of
carambola-shaped Pb deposits should be strictly
controlled.

According to above results, it was
demonstrated that the structure of Pb deposits was
susceptible to deposition condition. Comparatively,
the effects of current density and deposition time
were more significant than deposition temperature.
To obtain carambola-like 3D-Pb  structure
composed of compact and uniform Pb grains with
preferable grain size, the deposition condition was

a lower

Fig. 4 Surface morphologies of carambola-shaped Pb
deposit formed through galvanostatic electrodeposition at
40 mA/cm* and different temperatures (deposition time:
20 min, and deposition bath composition: 0.15 mol/L
Pb(BF,), + 0.40 mol/L HBF, + 12 g/L H;BO; + 0.50 g/L
gelatin): (a) 35 °C; (b) 45 °C; (c) 55 °C

optimized as follows: current density of 40 mA/cm?,
deposition time of 20 min, and deposition
temperature of 35 °C. All carambola-shaped 3D-Pb
anodes mentioned below were prepared under this
condition.

3.3 Preparation of pyramid-shaped 3D-Pb anode
3.3.1 Current density

The surface morphologies of Pb deposits
formed in the presence of 0.30 mol/L Pb*" at
different current densities are shown in Fig. 5. At
low current density (Fig. 5(a)), only a small part of
Pb grains presented pyramid-like structure, and the
height of these pyramid-shape Pb grains was small.
Hence, the Pb deposits had a relatively smooth
surface, which was detrimental to its anchor effect.



540 Xiao-cong ZHONG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 535-547

Fig. 5 Surface morphologies of pyramid-shaped Pb
deposit formed through galvanostatic electrodeposition at
different current densities (deposition time: 40 min,
deposition bath composition: 0.30 mol/L Pb(BF,), +
0.40 mol/L HBF, + 12 g/L H3BO; + 0.50 g/L gelatin,
and deposition temperature: 55 °C): (a) 20 mA/cm?’;
(b) 40 mA/cm?; (c) 60 mA/cm’

At 40 mA/cm® (Fig. 5(b)), most of Pb grains
exhibited regular pyramid-like structure. However,
at a higher current density (Fig. 5(c)), the Pb grains
showed different structures in different regions. The
Pb grains near the substrate mainly presented
irregular pyramid-like structure, while a large
number of carambola-shaped Pb grains were
observed on the surface of these irregular
pyramid-shaped Pb grains. The appearance of
carambola-shaped Pb grains could be explained by
low Pb*" concentration at the deposition frontline
due to severe depletion of Pb*" during galvanostatic
deposition at high current density.
3.3.2 Deposition time

Figure 6 compares surface morphologies of Pb

N
haped Pb
deposit formed through galvanostatic electrodeposition at

Fig. 6 Surface morphologies of pyramid-s

40 mA/cm® with different deposition time (deposition
temperature: 55°C, and deposition bath composition:
0.30 mol/L Pb(BF,), + 0.40 mol/L HBF, + 12 g/L
H;BO; + 0.50 g/L gelatin): (a) 10 min; (b) 20 min;
(c) 40 min; (d) 60 min

deposits formed through different deposition time.
It was apparent that deposition time also had a
significant effect on Pb deposits structure. After
10 min (Fig. 6(a)), the pyramid-shaped Pb grains
failed to entirely cover the substrate. In addition,
the Pb deposit presented a relatively smooth surface
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due to small height of Pb grains. When the
deposition time was prolonged (Figs. 6(b, ¢)), the
density and height of pyramid-shaped Pb grains
increased gradually. As shown in Fig. 6(c), the
deposited Pb grains exhibited regular pyramid-like
structure with an average size of 30 um. However,
further prolonging deposition time led to
amorphous deposits on the surface (Fig. 6(d)).
Therefore, deposition time of 40 min was preferable
to construct pyramid-like 3D-Pb structure.
3.3.3 Temperature

Figure 7 depicts the surface morphologies of
Pb deposits formed at different temperatures.
Similar to the effect of temperature on the surface
morphologies of carambola-like 3D-Pb structure,
the size of pyramid-shaped Pb grains increased as
deposition temperature increased. Simultaneously,

A,

Fig. 7 Surface morphologies of pyramid-shaped Pb
deposit formed through galvanostatic electrodeposition at
40 mA/cm’® and different temperatures (deposition time:
40 min, and deposition bath composition: 0.30 mol/L
Pb(BF,), + 0.40 mol/L HBF, + 12 g/L H;BO; + 0.50 g/L
gelatin): (a) 35 °C; (b) 45 °C; (c) 55 °C

the density and height of exposed pyramid-shaped
Pb grains decreased, which would be detrimental to
the anchor function of pyramid-like 3D-Pb
structures. Especially at 55 °C (Fig. 7(c)), due to
the larger Pb grain size, the interspace among
pyramid-shaped Pb grains substantially decreased,
so was the exposure height of pyramid-shaped Pb
grains. Therefore, the deposition temperature was
optimized to be 35 °C to obtain preferable pyramid-
like 3D-Pb structure.

Similar to carambola-shaped Pb deposit, the
structure of pyramid-shaped Pb deposit was also
susceptible to deposition condition. The size,
density and height of Pb grains could be regulated
by controlling current density, deposition time and
temperature. The optimized deposition condition
was as follows: current density of 40 mA/cm’
deposition time of 40min, and deposition
temperature of 35 °C. All pyramid-shaped 3D-Pb
anodes mentioned below were prepared under this
condition.

3.4 Deposition behavior of Pb**

It has been demonstrated that Pb*"
concentration,  current  density,  deposition
temperature and deposition time all affect the
structure of Pb deposits. Especially, the Pb deposits
structure is most susceptible to Pb>" concentration,
implying that Pb deposition process is largely
determined by Pb*" mass transport. As deposition
proceeded, the Pb>" concentration at the deposition
frontline depleted in different extents. Hence, the
Pb>" deposition rate in different directions varied
due to different Pb®" concentration gradients
between deposition frontline and bulk solution. To
better understand the correlation between Pb
deposit structure and initial Pb>" concentration, it
was assumed that in the presence of a specific Pb*"
concentration (marked as C,) the Pb deposit
presented normal pyramid shape as shown in
Fig. 8(a). In the case that Pb*" initial concentration
in deposition bath was lower than C,, the Pb**
deposition behaviors in different directions were
analyzed separately. In the direction vertical to the
substrate, the deposition rate at the apex was the
largest due to the sufficient supply of Pb** through
almost spherical diffusion. However, in the plane
parallel to the substrate, the deposition rates in
different directions were represented by the length
of blue arrows shown in Fig. 8(b). The deposition
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rate was inversely proportional to the distance
between deposition site and adjacent arris line.
Namely, at the middle point between two arris lines
Pb*" deposited at the slowest rate, while at the arris
line the Pb”" deposited at the fastest rate. This could
be explained by the smaller number of deposition
sites and larger amount of available bulk solution in
the region near arris line. Due to the wvarious
deposition rates in different directions as analyzed
above, the Pb deposits transferred from pyramid-
like structure to carambola-like structure. In the
case of high Pb>" concentration (>C,) in deposition
bath (Fig. 8(c)), the mass transport of Pb*" was
much faster due to larger Pb*" concentration
gradient. In the plane parallel to the substrates, the
number of preferable deposition directions for Pb*"
deposition might increase, which could result in
pyramid-shaped Pb grain with more arris lines (>4),
as observed in Figs. 1(c—e). Furthermore, it could
be speculated that if Pb*" concentration in
deposition bath was sufficiently high (Fig. 8(d)), the
Pb** deposition rate would be the same in different
directions in the plane parallel to the substrate.
Consequently, the Pb deposit would exhibit
cone-shaped structure.

v © ‘ (d)

Fig. 8 Schematic presentation of transformation of Pb
deposit structure as function of initial Pb*" concentration
(a) Pyramid-like
(b) Carambola-like structure; (c) Polygonal pyramid-like
structure; (d) Cone-shaped structure

in deposition bath: structure;

3.5 Characterization of oxide layer on 3D-Pb
anodes
During the metal electrowinning process, a
constant current is placed on lead-based anodes. As
electrowinning process proceeds, an oxide layer
mainly containing PbO, and PbSO, formed
gradually on the surface. This oxide layer not only

acted as a barrier to protect the metallic substrate
from continuous attack by electrolyte, but also
provided active sites for oxygen evolution reaction.
Therefore, the properties of oxide layer play a vital
role in the performance of lead-based anode. In
this work, surface morphology, cross-section
morphology and composition of oxide layer were
characterized.
3.5.1 Surface morphology

Surface morphologies of the oxide layer
formed on 72 h polarized Pb, carambola-shaped
3D-Pb (designated as Cara-Pb) and pyramid-shaped
3D-Pb (designated as Pyra-Pb) anodes are
presented in Fig. 9. As shown in Fig. 9(a), some
cracks were observed in the oxide layer of 72 h
polarized Pb anode. The oxide layer near these
cracks was rough and porous, presenting a typical
coral-like structure. However, in other regions, the

Fig. 9 Surface morphologies of oxide layer formed on
surface of Pb (a), Cara-Pb (b), and Pyra-Pb (c) anodes
after 72 h galvanostatic electrolysis in 160 g/L H,SO,
solution at 50 mA/cm? and 35 °C
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oxide layer was relatively smooth and compact.
These cracks would not provide sufficient
protection to the metallic substrate, which may lead
to permeation of electrolyte and corrosion of Pb
substrate [22,23]. In the case of Cara-Pb (Fig. 9(b))
and Pyra-Pb (Fig. 9(c)) anodes, the oxide layer
presented similar coral-like structure. However,
there was no obvious crack observed on these two
anodes. This denoted that carambola-like and
pyramid-like 3D structures were beneficial to
improving the integrity of oxide layer on Pb anodes.
Compared with Cara-Pb anode, the oxide layer on
Pyra-Pb anode was much rougher and presented
abundant pores. Due to these pores distributed in
the oxide layer, the actual surface area of polarized
Pyra-Pb anode was much larger than that of Pb and
Cara-Pb anodes.
3.5.2 Cross-section morphology

As a physical barrier between metallic
substrate and electrolyte, the inner structure of
oxide layer plays a crucial role in the performance
of lead-based anodes [21,24]. To clarify the effect
of 3D-Pb structure on the inner structure of oxide
layer, the cross-section morphologies of 72 h
polarized Pb, Cara-Pb and Pyra-Pb anodes were
observed via back scattered electron imaging. As
shown in Fig. 10, the cross-section images could be
divided into three sections. The black section on the
top represented the insulate resin, the white section
at the bottom indicated the metallic substrate, and
the gray section between the black and white
sections corresponded to the oxide layer [21]. In
Fig. 10(a), the surface of oxide layer on polarized
Pb anode was relatively compact and smooth,
which matched with the surface morphology shown
in Fig. 9(a). Its thickness was about 10 um. As for
polarized Cara-Pb anode (Fig. 10(b)), its thickness
was close to that of the polarized Pb anode.
However, the oxide layer was rougher and less
compact compared to that of polarized Pb anode,
which could be attributed to the typical coral
structure of oxide layer, as observed in Fig. 9(b). As
shown in Fig. 10(c), the cross-section of oxide layer
on polarized Pyra-Pb anode was quite different
from that on polarized Pb and Cara-Pb anodes.
Firstly, its thickness was about 60 pum, far greater
than what was observed in Figs. 10(a, b). Secondly,
the oxide layer surface was much rougher and more
porous than that of polarized Pb and Cara-Pb
anodes, which seemed like tree branch. This could

be explained by the presence of abundant pores, as
observed in Fig. 9(c). A cracking was observed
in the oxide layer shown in Fig. 10(c), probably due
to either high stress levels in the oxide layer or
drying process, which was common in thick
coatings [25,26]. Fortunately, the inner part of oxide
layer on polarized Pyra-Pb anode was compact and
integral, which would provide sufficient protection
for the underneath metallic substrate.

50 um

l;.

Fig. 10 Cross-sectional images of Pb (a), Cara-Pb (b) and
Pyra-Pb (c) anodes after 72 h galvanostatic electrolysis
in 160 g/L H,SO, solution at 50 mA/cm® and 35 °C

3.5.3 Composition

Cathodic linear sweep voltammetry (LSV) was
performed to analyze the composition of oxide
layer formed during 72 h galvanostatic electrolysis.
As shown in Fig. 11, the first cathodic peak
(denoted as A) of the LSV curves appeared in the
potential range of 0.50—1.00 V. This cathodic peak
could be attributed to the reduction of PbO, to
PbSO, [27,28]. It was apparent that Peak A of
polarized Pyra-Pb anode presented much higher
peak intensity and larger peak area, demonstrating
that more PbO, was formed during the 72 h
electrolysis. Another cathodic peak (denoted as B)
was observed on the voltammograms of polarized
Pb and Cara-Pb anodes, representing the reduction
of PbO, PbO-PbSO, and PbSO, [29]. However,
Peak B was not observed on polarized Pyra-Pb
anode. It could be inferred that at the end of LSV
test, the oxide layer on polarized Pyra-Pb anode
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was not entirely reduced. This resulted in a
reduction branch rather than Peak B on the LSV
curve of polarized Pyra-Pb anode. This result
matched with the thicker oxide layer as proven in
Fig. 10(c). Therefore, it was confirmed that the
pyramid-shaped 3D-Pb structure facilitated the
formation of PbO; in the oxide layer.

200

—o— Cara-Pb

100 |

100

JI(A-cm?)

=200 -

=300 -

-400 : . -
-1.6 -0.8 0 0.8 1.6

o(vs Hg/Hg,SO,)/V
Fig. 11 Cathodic linear sweep voltammetry curves of Pb,
Cara-Pb and Pyra-Pb anodes after 72 h galvanostatic
electrolysis with potential from 1.45 to —1.50 V at
5mV/s and 35 °C

3.6 Corrosion morphology of 3D-Pb anodes
Figure 12 compares corrosion morphologies of
72 h-polarized Pb, Cara-Pb and Pyra-Pb anodes
after removing the oxide layers by chemical
dissolution method. As shown in Figs. 12(a, b),
metallic substrates of Pb and Cara-Pb anodes
presented evident intercrystalline corrosion, which
was also reported by MOHAMMADI et al [22].
The intercrystalline corrosion was the most likely
reason for the appearance of cracks in the oxide
layer on 72 h-polarized Pb anodes, as seen in
Fig. 9(a). In the intercrystalline corrosion region,
the formation of corrosion products was faster than
in other regions. Consequently, higher inner
pressure in this region led to the appearance of
pores and cracks in the oxide layer. Compared with
Pb anode, the depth of corrosion crack on Cara-Pb
anode was smaller, implying the positive effect of
carambola- like 3D-Pb structure on corrosion
resistance of Pb anodes, which was in line with the
absence of cracks in the oxide layer shown in
Fig. 9(b). However, the appearance of corrosion
cracks in Fig. 12(b) revealed that the carambola-like
structure was destroyed after 72 h electrolysis. This
could demonstrate that carambola-like structure

Fig. 12 Corrosion morphologies of Pb (a), Cara-Pb (b),
and Pyra-Pb (c) anodes after 72 h galvanostatic
electrolysis in 160 g/L H,SOy solutions at 50 mA/cm’
and 35 °C

only had a short-term function. Unlike what was
observed on Pb and Cara-Pb anodes, there was no
obvious corrosion cracks observed on the metallic
substrate of Pyra-Pb anode (Fig. 12(c)), suggesting
that the corrosion process remained undergoing in
the pyramid-shaped Pb deposits. Namely, the
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corrosion did not yet extend to the pristine Pb
substrate. This could be explained that the larger
thickness of oxide layer provided sufficient
protection for the underneath metallic substrate
from electrolyte attack. The results mentioned
above demonstrated that pyramid-like 3D-Pb
structure was more beneficial to prolonging the life
span of Pb anode.

3.7 Anodic potential of 3D-Pb anodes

At the beginning of galvanostatic electrolysis,
growth of oxide layer and oxygen evolution
reaction (OER) proceeded simultaneously on lead
anodes. The effects of 3D-Pb structures on the
growth of oxide layer and OER over time were
investigated using galvanostatic polarization. These
experiments were performed at a constant current
density of 50 mA/cm?® which was adopted in a
typical zinc tank house. Anodic potential variations
of Pb, Cara-Pb and Pyra-Pb anodes during 72 h
galvanostatic electrolysis are shown in Fig. 13.
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Fig. 13 Anodic potential variations of Pb, Cara-Pb and

Pyra-Pb anodes during 72 h galvanostatic electrolysis in

160 g/L H,SO, solutions at 50 mA/cm? and 35 °C

Inset in Fig. 13 shows the potential variation
during the initial 150 s. A rapid decline of anodic
potential was observed on Pb anodes when the
electrolysis began, while the anodic potential of
Cara-Pb and Pyra-Pb anodes ascended drastically at
the beginning. The potential ascending could be
attributed to the longer charging time of double
electronic layer on 3D-Pb anodes due to their larger
surface area. It can be inferred that Cara-Pb anode
had a larger surface area because of its longer
charging time compared with Pyra-Pb anode.
Afterwards, anodic potential of three anodes

descended substantially due to rapid formation of
PbO, on the surface.

As shown in Fig. 13, at initial 12 h, Cara-Pb
anode presented the lowest anodic potential, which
could be explained by the depolarization effect of
its largest surface area. However, the potential of
Cara-Pb exhibited a slight increase after 10 h,
which might be attributed to the decreasing of
surface area due to the growth of oxide layer in the
grain interspace. After 15 h, anodic potential of
three anodes descended continuously. At 70 h, the
potentials tended to level off due to a relatively
stable anodic layer formed on the surface. It could
be observed that the potential-time curves of Pb
and Cara-Pb anodes almost overlapped at the end of
72 h electrolysis. While the anodic potential of
Pyra-Pb anode was about 40 mV lower than that of
Pb and Cara-Pb anodes. Based on the
characterization of oxide layer, the lower anodic
potential of Pyra-Pb anode could be attributed to
larger surface area of oxide layer and higher
PbO, content formed during 72 h galvanostatic
electrolysis. As demonstrated by MONAHOV and
PAVLOV [30,31], the PbO, was a prerequisite for
the formation of OER active sites. Both large
surface area and higher PbO, content facilitated the
formation of OER active sites. Therefore, it could
be concluded that the pyramid-like 3D-Pb structure
was beneficial to improving OER reactivity. Due to
the lower anodic potential, Pyra-Pb anode had a
great capacity to decrease the energy consumption
of the metal electrowinning process.

4 Conclusions

(1) In lower Pb*" concentration (~0.15 mol/L),
3D-Pb could be
constructed, while in higher Pb*" concentration
(>0.30 mol/L), Pb deposits tended to exhibit
pyramid-like structure. The 3D-Pb structures could
be modified by adjusting current density, deposition
time and temperature.

(2) Both carambola-like and pyramid-like
3D-Pb structures were beneficial to improving
integrity of oxide layer formed during long-stage
electrolysis. The oxide layer on Pyra-Pb anode had
a larger actual surface area and higher PbO,
content, which rendered Pyra-Pb anode a lower
anodic potential.

(3) Both carambola-like and pyramid-like

carambola-like structure



546

Xiao-cong ZHONG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 535-547

3D-Pb structures were beneficial to relieving the
intercrystalline corrosion of Pb anodes. Due to the
thicker oxide layer formed during electrolysis, there
was no obvious corrosion crack observed on
Pyra-Pb anode after 72 h electrolysis. Thus,
Pyra-Pb anode was expected to possess a longer life
span.

the

(4) Pyra-Pb anode was demonstrated to have
potential to decrease anodic potential and

prolong life span of Pb anodes. When applied in
metal electrowinning industry, Pyra-Pb anode was
expected to decrease energy consumption and
capital cost of the electrowinning process.
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RExZA e REIAH 3D-Pb [HRAVHI & S 1ERE
APEREE ) gk R, MIREE ', 3IE& ], WA, RE%!

1. ILPEHE TR AE TS5, 0 341000;
2. TREMAEBIIAT, ) 5106505
3. B EESESGEAMHERE SR E, M 510650

8 . WU POTUREE. RN, DURIR R FEXTIUR Pb S5 . R PO 451 R (~ 0.15 mol/L),
Pb TR ERBR, TH1E B PO* R BE 264 T (20.30 mol/L), Pb JiAM R STHER . HE— XS LLHF 7T HRIR Pb BAMR
(Cara-Pb) 37 HEIR Pb FH % (Pyra-Pb)Al Pb FH R it SEALIE 2 RIBH AR FRLAT o £E 160 /L H,SO, i B AR AL(50 mA/cm?)
72 h J&, Pyra-Pb FH#EALIR)Z JEE KT Cara-Pb F1 Pb BHAK, #EIMEE NS BE RS A E M. b, Pyra-Pb
RE AR S A 2 B B R SR T AR A B =) PbO, &, Ak, A4k 72 h 5 Pyra-Pb FHAR B4 %L Cara-Pb Al Pb FHAR I
40mV. ZiL, £ Pb PR E L HEIR 3D-Pb 245+ B AR B TARAEHRE . SEK PR A dr (78 7.
KR B UURLG 3D EVEEM; AR KL EULIEE: PHIREAL
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