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Abstract: The anodic layer and oxygen evolution behavior of Pb—Ag—Nd alloy during pulse current polarization and constant
current polarization in 160 g/L H,SO, solution was comparatively investigated by chronopotentiometry, SEM, XRD, EIS and Tafel
techniques. The results show that the anodic layer on Pb—Ag—Nd alloy formed through pulse current polarization is more intact and
presents fewer micro-holes than that formed through constant current polarization. This could be attributed to the low current density
period, which works as a ‘recovery period’. During this period, the oxygen evolution reaction is less intense, which benefits the
recovery of porous anodic layer. Pb—Ag—Nd anode also shows a lower anodic potential during pulse current polarization, which is in
accordance with its smaller charge transfer resistance and smaller Tafel slope coefficient at high over-potential region. The lower
anodic potential could be ascribed to the higher concentration of PbO, in the anodic layer, which promotes the formation of more

reactive sites for the oxygen evolution reaction.
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1 Introduction

Pb-based anodes have been widely used in
hydrometallurgical electrowinning of Zn, Cu, Ni, Co and
Mn [1-4]. Most research publications on Pb-based
anodes are based on constant current polarization.
Actually, in industrial practice, the current passing the
anodes is not constant. Taking Zn electrowinning as
example, during the Zn stripping operation, the anodic
current would descend to a lower level. In addition, due
to the multi-step electricity pricing  policy,
hydrometallurgical plants tend to apply low current
density during the peak electricity periods and high
current density during the off-peak electricity periods,
because this current pattern is beneficial to decreasing
the electricity cost and ensuring the product output
simultaneously. Hence, the anodes are under pulse
current anodization rather than constant current
anodization in industrial practice.

It is well known that pulse current techniques have
shown many advantages compared with the direct

current (DC) techniques, such as pulse current
electrodeposition, which facilitates to obtain controllable
particle size, strong adhesion, uniform electrodeposition
and small internal stress [5,6]. Similarly, pulse current
anodization can be applied to fabricate structurally well
defined material as well, like Ni—P coatings [7], Ni-W—
P/Ce0,—Si0, composites [8] and AI/Pb—PANI-WC inert
anode [9]. However, limited publications have reported
the electrochemical behavior of Pb-based anodes during
pulse-current polarization [10,11]. TAGUCHI et al [10]
reported the effect of Sr on the corrosion behavior of
Pb—Sn alloy during the repetitive current application.
MASSE and PIRON [11] investigated the anodic
potential current response and the cathodic current
efficiency during Zn electrowinning using periodical
reverse current (PRC), and the result showed that PRC
could decrease the energy consumption and improve the
morphology of anode. However, these studies did not
reveal the influence of pulse current on the corrosion
behavior and oxygen evolution behavior of Pb-based
anode systematically. The correlation between the
properties of the anodic layer, the oxygen evolution
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kinetics with the current pattern remains unclear.

In this work, the anodic behaviors of Pb—Ag—Nd
alloy in H,SO, solution during pulse current polarization
and constant current polarization were investigated
comparatively. The influence of pulse-current
polarization on the anodic potential, morphology and
phase composition of the anodic layer and the oxygen
evolution kinetics was investigated separately. With
improved understanding of the anodic behavior of
Pb-based anode during pulse current polarization, it is
practical to evaluate the influence of pulse current
pattern on the performance of Pb-based anodes.
Furthermore, the hydrometallurgical plants could adjust
the current pattern to decrease the electricity
consumption and to improve the performance of
Pb-based anodes.

2 Experimental

The Pb—0.45Ag—0.03Nd (mass fraction, %) alloy
was cut into cuboid anodes (10 mm x 10 mm x 7 mm).
These anodes were sealed by the denture base resin with
an exposed geometric area of 1.0 cm?® All the
electrochemical measurements were carried out with a
three-electrode system in 160 g/L H,SO, solution. The
working electrodes were ground with SiC sand paper
gradually from 360 grit to 2000 grit before each
electrochemical measurement. A Pt plate (4 cm”) and
Hg/Hg,SOy/saturated K,SO, (0.64 V vs standard
hydrogen electrode) were used as the counter electrode
and reference electrode, respectively. All potentials in
this work are referred to the reference electrode. Each
electrochemical measurement was conducted on an
electrochemical workstation (1470 E, Solartron
Analytical, UK) at (35+0.5) °C.

Both constant current and pulse current were used
in this work, as shown in Fig. 1. The total polarization
time is 80 h for both current patterns. As for the
pulse-current polarization, two current densities, namely
Ji (500 A/m?) and J; (350 A/m?), were applied according
to the industrial operation condition. In Fig. 1, T'is one

Constant current
500 A/m?

Pulse current 1

500 A/m?

2 u r” J—|
350A/M* L H

Fig. 1 Two current patterns used for polarization of Pb—Ag—Nd
anode

pulse period, and its value is 24 h. #; and £ refer to the
duration time of high and low current density in one
pulse period, and their values are 20 h and 4 h,
respectively.

During the 80 h polarization, the anodic potential
was recorded by the electrochemical workstation. After
the polarization, the anodic layers obtained were
analyzed with scanning electron microscopy (MIRA 3,
TESCAN, Czech Republic) and X-ray diffractometer
(D/max 2500, Rigaku Co., Japan).

In addition, after the 80 h polarization,
electrochemical impedance spectroscopy and Tafel
measurements were carried out separately. During the
impedance measurements, the amplitude of AC signal
was 10 mV, and the frequency ranged from 100 kHz to
0.1 Hz. The DC bias potentials measured at the end of
the 80 h polarization were set as the anodic potential.
The Tafel tests were carried out with the potential
ranging from 1.52 to 1.22 V, and the scanning rate was
0.166 mV/s.

3 Results and discussion

3.1 Anodic potential variation

Figure 2 depicts the potential variation of
Pb—Ag—Nd anode during the constant current and pulse
current polarization. At the beginning of the constant
current polarization, the anodic potential descends
rapidly because of the low over-potential for the
oxidation of Pb to PbSO,. With the coverage of high
resistance PbSO, on the anode increases, the anodic
potential shows a slight increase, and peeks at 1.385 V
when the polarization time reaches 10 h. Then the anodic
potential descends sustainedly due to the transformation
of PbSO, to the conductive PbO,, which benefits the
oxygen evolution reaction (OER) because the PbO,
facilitates the formation of reactive sites for OER [9,10].
As for the pulse current polarization, the anodic potential
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Fig. 2 Anodic potentials of Pb—Ag—Nd anodes during 80 h

polarization
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shows a descending trend as well. During the low current
period, the anodic polarization is much smaller, and the
OER is less intense. Hence, the anodic potential is about
1.35 V, which is about 35 mV lower than that during the
high current period. At the end of polarization, the anodic
potential under the pulse current polarization is slightly
lower.

Figure 3 shows the potential variation when the
current density steps from 500 to 350 A/m® (Fig. 3(a))
and from 350 to 500 A/m’ (Fig. 3(b)). During the
downward and upward pulse, it takes about 500 s for the
anodic reaction to reach a steady state, and about 10 min
for the anodic potential to reach a stable value. During a
downward pulse, the anodic potential drops to a
minimum value at the very beginning, then ascends by
10 mV in the first 10 min. Similarly, the anodic potential
descends by about 5 mV in the first 10 min during each
upward pulse. It is notably that the anodic potential
during the 2nd downward pulse is about 3 mV lower
than that during the Ist pulse, and the anode shows the
lowest stable potential during the 3rd pulse. Similarly,
during the upward pulse, the anodic potential during the
3rd pulse is also the lowest. This could be attributed to
the concentration of PbO; in the anodic layer increases as
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Fig. 3 Anodic potential variation during current steps from 500
to 350 A/m? (a) and from 350 to 500 A/m? (b)

the polarization continues. In addition, it can be found
that the potential variations during both the 3rd
downward and upward pulse are less intense than that
during the 1st and 2nd pulse. It indicates that after
several current pulses, the anodic surface becomes more
stable and the anodic process could reach a steady state
rapidly. It can be inferred that the influence of current
pulse on the anodic behavior may become smaller as the
polarization continues.

3.2 Morphology of anodic layer

Figure 4(a) presents the morphology of the anodic
layer obtained through 80 h constant current polarization,
which features a typical coral-like morphology. The
anodic layer is loose, coarse, bearing a large number of
micro-holes. This feature could be attributed to the
intense impact of oxygen bubbles which accelerate the
detaching of Pb compounds, resulting in porous surface
of the anodic layer. The micro-holes presented in the
anodic layer would facilitate the transfer of electrolyte
into the inner part of the anodic layer, resulting in severe
corrosion. Additionally, these micro-holes may also
further make Pb oxides more readily detach from the
anode surface. As for the anodic layer formed through
pulse current polarization (Fig. 4(b)), it is more intact
than the former one. The number of micro-holes is
largely diminished, and the micro-holes are much
smaller and shallower. This could be correlated with the

R S ¥
Fig. 4 Morphologies of anodic layers on Pb—Ag—Nd anode
obtained through 80 h polarization: (a) Constant current

polarization; (b) Pulse current polarization
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applied current pattern. During the low current density
period, the impact of oxygen bubbles is much less
intense, and the anodic film is less readily detached from
the anode. Moreover, during the low current density
period, the growth of anodic layer at the holes(cracks)
existing regions could diminish the number of holes and
cracks, benefiting the formation of a more intact and
compact anodic layer. Therefore, the low current density
period could be regarded as ‘recovery period’, which
improves the quality of the anodic layer. In summary, the
pulse current polarization facilitates the formation of
mort intact and compact anodic layer, which could
provide better protection for the metallic substrates.

3.3 XRD analysis of anodic layer

Figure 5 shows the XRD patterns of the anodic
layers obtained through 80 h polarization with constant
current and pulse current. It is clear that the anodic layers
formed through two current patterns present similar
phase composition, with PbSO, and PbO, being the
predominant phases. The minority components, such as
PbO, non-stoichiometric PbO,,, and Pb basic sulfates are
not observed on the XRD patterns due to their limited
concentration on the surface of the anodic layers. The
intensity of PbO, of the anodic layer obtained through
pulse current polarization is slightly higher, and the
intensity ratio of PbO, to PbSO, for the anodic layer
obtained with pulse current is larger. This indicates that
the anodic layer obtained with pulse current has higher
PbO, concentration, which can be explained as follows:
the more intact and compact anodic layer facilitates the
electric contact between the conductive PbO, and the
inner part of the anodic layer. Under the anodic
polarization, these Pb compounds are less readily
dissolved into the electrolyte. Therefore, the
concentration of PbO, could increase gradually.
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Fig. 5 XRD patterns of anodic layers on Pb—Ag—Nd anode
obtained through 80 h polarization with constant current and
pulse current

3.4 EIS analysis on oxygen evolution behavior

The main reaction on Pb-based anodes during
electrowinning is OER. The OER reactivity determines
the anodic over-potential, which significantly affects the
energy consumption of the electrowinning operation.
Therefore, OER reactivity is a critical criterion for the
electrochemical performance of Pb-based anodes. The
OER kinetics was investigated by EIS and Tafel tests in
this work.

EIS technique was adopted widely to investigate
OER on metallic oxide electrodes [12—15]. Figure 6
shows the complex planes of Pb—Ag—Nd anodes after
80 h constant current and pulse current polarization.
There is only one capacitance arc appearing in the
complex planes, indicating that the charge transfer
resistance of OER is in parallel with the double layer
capacitance [16]. In addition, an obvious inductance, L,
is observed at the high frequency region, which can be
ascribed to the charge relaxation on electroactive
materials containing heterogeneity or energy disorder [17].
The electrical equivalent circuit (EEC) embedded in
Fig. 6 was adopted to fit the EIS data. The use of
constant phase element (CPE) is a good approach for the
study of the solid electrodes with different degrees of
surface roughness, physical nonuniformity or a non-
uniform distribution of the surface reaction sites [18,19].
Hence, CPE, instead of capacitors (C), was used to fit the
experimental data of double layer capacitance (Cgy). The
impedance of the CPE could be written as [19]

1

- - 1
0 (jo) ™

ZcpE
where Q is the capacity parameter in F-cm >s" ', w is the
angular frequency (s '), and n represents the deviation
from the ideal behavior (n is 1 for the perfect capacitor).
BRUG et al [19] proposed that the Cy was coupled with
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Fig. 6 Nyquist plots of Pb—Ag—Nd anodes after 80 h
polarization with constant current and pulse current (scatters
for experimental data and lines for simulated data)
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the uncompensated resistance R, and the charge transfer
resistance R, as expressed as

0=(Cy)"[(R) ™ +(Ry) 1" 2)

Therefore, Cy was calculated using O obtained from
the EEC fitting. The simulated patterns and the
parameters obtained through EEC fitting were shown in
Fig. 6 (lines) and Table 1, respectively.

Table 1 Main parameters for EIS data obtained through fitting
with EEC embedded in Fig. 6

Current pattern

Constant current Pulse current

L/(107 H-cm?) 0.99 1.30
Cy/(1072 F-cm?) 5.56 537
R/(Q-cm?) 0.567 0.577
Ry/(Q-cm?) 1.65 1.50

n 0.93 0.94
/o™ 2.47 3.91

As shown in Table 1, the chi square () values of
EEC fitting for both anodes are around 10, suggesting
that a good approximation can be obtained with EEC
shown in Fig. 6. The pulse current polarized Pb—Ag—Nd
anode presents smaller double layer capacity (Cy) and
charge transfer resistance (R.). Cgq could be used to
evaluate the roughness of the anodic layer according to
the following equation [20].

o 3)
C

where Rp is a roughness factor, C* represents the
reference value for the capacitance, which is about
20 pF/cm’® for smooth Hg electrodes. The anodic layer
formed during pulse current polarization has a smaller
Cyq, thus it has a smaller Ry, representing that the anodic
layer is smoother as demonstrated in Fig. 4. The smaller
Cq can also be explained by the fewer holes on the intact
anodic layer, which leads to smaller specific surface area
of the anodic layer. Consequently, fewer charged species
absorb at the anodic layer/electrolyte interface.

The smaller R, of pulse current polarized
Pb—Ag—Nd anode may be related with the higher
concentration of PbO, existing in the anodic layer, which
is proved by the XRD analysis. The higher concentration
of PbO, may lead to a larger number of reactive sites for
OER. Consequently, the pulse polarized
Pb—Ag—Nd anode presents a lower anodic potential.

current

3.5 Tafel analysis on oxygen evolution behavior

To further understand the kinetics of OER on
Pb—Ag—Nd anode, Tafel tests were conducted after 80 h
polarizations. The Tafel curves shown in Fig. 7 were

obtained by backward potential sweep. All experimental
Tafel curves were corrected by removing the ohmic drop
as expressed by [21]

Eeff = Eapp] - [Ru 4)

where E is the effective potential and £, refers to the
applied potential of Pb—Ag—Nd anode, /R, represents the
uncompensated ohmic drop of the anodic process.
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Fig. 7 Tafel curves of Pb—Ag—Nd anodes after 80 h
polarization with constant current and pulse current

After the ohmic drop correction (Fig. 7), Tafel
curves show two slopes. Their values were obtained by
linear fitting separately at the low and high over-potential
regions. The results are listed in Table 2. At the low
over-potential region, the Tafel slope is about
114 mV/dec. For the PbO, electrode, when the Tafel
coefficient b is near 120 mV/dec, the formation and
adsorption of the OER intermediates is suggested to be
the rate determination step [22]. However, at the high
over-potential region, the Tafel slopes of pulse-current
polarized anode increases to 158.8 mV/dec, about
10 mV/dec smaller than that of the constant current
polarized Pb—Ag—Nd anode. The increase of Tafel slope
may be related to the blocking effect of micro-pores by
increasingly evolved O, at the higher over-potential
region [23]. The smaller Tafel slope for pulse current
polarized anode can be explained by a more intact anodic
layer with fewer micro-pores, on which more O, bubbles
are produced and evolved more easily. In industrial
practice, the applied current density is 0.05 A/cm?, which
is located at the high over-potential region. Therefore,

Table 2 Oxygen evolution kinetics parameters of Pb—Ag—Nd
anodes obtained from Tafel curves shown in Fig. 7

Current pattern by/(mV-dec™) by/(mV-dec™)
Constant current 114.1 168.7
Pulse current 114.7 158.8
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the smaller Tafel slope at the high over-potential region
could explain the lower anodic potential of Pb—Ag—Nd
anode under pulse current polarization.

4 Conclusions

1) The anodic layer obtained through pulse current
polarization is more intact and compact than that
obtained through constant current polarization. In
addition, the former has higher PbO, concentration,
which could explain its lower anodic potential.

2) During the low current density period, the
oxygen evolution is less intense, which benefits the
recovery of porous anodic layer. Hence, the low current
density period could be regarded as a ‘recovery period’.

3) The Pb—Ag—Nd anode under pulse current
polarization presents smaller charge transfer resistance
(Ry) for OER and a smaller Tafel slope at the high
over-potential region, which can further explain its lower
anodic potential during pulse current polarization.
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