Rare Metal Materials and Engineering
Volume 47, Issue 10, October 2018
Online English edition of the Chinese language journal

Available online at www.sciencedirect.com

ScienceDirect

Cite this article as: Rare Metal Materials and Engineering, 2018, 47(10): 3008-3014.

Electrochemical Performance of a New Type Aluminum
Foam/Pb-0.6 wt%Ag Alloy Composite Anode for Zinc

Electrowinning Industry

Zhou Xiangyang, Ma Chiyuan,

Central South University, Changsha 410083, China

Yang Juan,

Wang Shuai, Wang Hui, Long Bo

Abstract: In order to overcome the defects of high over-potential and preparation cost existing in traditional Pb alloy anodes, a new

type aluminum foam/Pb-0.6 wt%Ag alloy composite anode (AF/Pb-0.6 wt%Ag anode) was produced. The electrochemical
performance of AF/Pb-0.6 wt%Ag anode and traditional Pb-0.6 wt%Ag anode after 72 h galvanostatic polarization in 160 g/L H,SO4

solution was investigated comparatively by chronopotentiometry (CP), scanning electron microscopy (SEM), electrochemical

impedance spectroscopy (EIS) and Tafel measurements. The results show that the anodic layer of AF/Pb-0.6 wt%Ag anode is more

intact than that of the Pb-0.6 wt%Ag anode, and exhibits better corrosion resistance. Moreover, the AF/Pb-0.6 wt%Ag anode shows a
lower stable anodic potential, which is consistent with higher PbO,, lower PbO, PbO-PbSO, content and R, value obtained by CP

and EIS measurements. It is also revealed that the AF/Pb-0.6 wt%Ag anode possesses a better oxygen evolution reaction (OER).
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The Pb-(0.25 wt%~1wt%) Ag alloys have been widely used
as insoluble anode materials in the zinc electrowinning
industry!"?.  Although this kind of alloy satisfies the
fundamental needs of zinc production, it has several
disadvantages®, such as high anodic over-potential, Pb
contamination of the cathode zinc, unsatisfactory mechanical
performance, and high consumption of silver. In order to
alleviate those problems, researches have been done to
produce new type anodes. According to the difference in
preparation methods, those research fields can be classified
into three aspects in whole: 1) casting way: lead alloy anodes
like Pb-Co, Pb-Ca-Sn, Pb-Ag-Sn-Co anodes and Pb-Ag-Nd
anode"); 2) electro-plating coating way: metal coated anodes
including Al substrate and Pb substrate, Ti substrate, stainless
steel substrate anode like Ti/PbO,, Al/a-PbO,-CeO,-TiO,/f-
Pb0O,-WC-ZrO,, stainlesssteel/-PbO,-TiO, and Pb/Pb-MnO,
anode®™ " 3) mould-casting way: Al matrix alloy composite

anodes like Al/Pb-0.3 wt%Ag alloy composite anode!"!,
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Among these new-type anodes, the composite Al substrate
coated anode and Al matrix alloy anodes get the favour of
more and more researchers in recent years due to the good
properties of element Al, such as low density, low cost per unit
volume, high conductivity and harmless to electrolyte. For
example, both Al/Pb-0.3 wt%Ag alloy composite anode and
Al/Pb-PANI-WC coated anode''” show improved anodic
behaviors and compact anodic layers. However, how to get an
excellent binding between the substrate and the outer alloys
(coatings) is still a main problem in efficiently producing
those anodes. Although treatments including electro-
deposition''” or pre-plating interlayer (Sn or Pb) on the metal
substrate!"! have been adopted to solve this problem, they all
make the preparation process lengthy. Besides, the industrial
application of the metal coated anode was restricted because
of its poor resistance to corrosion and wear. Therefore, it is
necessary to explore novel anodes.

In this paper, instead of a Al plate, aluminum foam with
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excellent mechanical properties was used as a substrate to
obtain sandwich structural aluminum foam/Pb-0.6 wt%Ag
alloy composite anode(AF/Pb-0.6 wt%Ag anode). It is facile
for molten Pb-0.6 wt%Ag alloy to flow into the pores of the
aluminum foam and form a strong bonding between the two
materials. Thus there is no need to pre-plate interlayer or
conduct surface pretreatment on the Al substrate. In addition,
this method reduces the consumption of silver and the total
mass of anode, that is, lower manufacturing cost and possibility
of creep deformation. Then the electrochemical performance of
AF/Pb-0.6 wt%Ag anode and Pb-0.6 wt%Ag anode was
investigated comparatively, including galvanostatic electrolysis,
CP, Tafel and EIS measurements. Besides, the microscopic
morphologies of the anode metal substrate and the anodized
layer polarized for 72 h were obtained by SEM.

1 Experiment

1.1 Preparation of AF/Pb-0.6 wt%Ag anode

The main raw materials used in this experiment were Pb-0.6
wt%Ag alloy (Zhuzhou Smelter Group Co., Ltd) and
aluminum foam (Sichuan Yuantaida Group Co., Ltd). The
thickness of aluminum foam is 5 mm and the average pore
diameter is 2~3 mm.

The entire preparation process included the following steps:
1) The Pb-0.6 wt%Ag alloy was melted in a crucible at 873 K.
2) After the Pb-0.6 wt%Ag alloy was completely melted, the
crucible was taken out, and then the aluminum foam was
immersed into the molten alloy vertically using a hawkbill.
3) Hawkbill was held for 5 min until the Pb-0.6 wt%Ag alloy
was cooled to room temperature in air. 4) The as-obtained
AF/Pb-0.6 wt%Ag alloy was wire-cut into cuboids of 10 mmx10
mmx10 mm, with 5 mm-thick aluminum foam in the middle, and
a 2.5 mm-thick alloy on the two sides. And the Pb-0.6 wt%Ag
alloy was also wire-cut into cuboids of 10 mmx10 mmx10 mm as
a contrast sample. 5) The samples were then connected to a
plastic-isolated copper wire and cast into a denture base resin with
a exposed working area of Pb-0.6 wt%Ag alloy of 1.0 cm”.

The schematic of preparation process and cross section
diagram of AF/Pb-0.6 wt%Ag anode are shown in Fig.1 and
Fig.2, respectively.

Pit-type resistance furnace
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Fig.1 Smelting equipment for the preparation of AF/Pb-0.6 wt%Ag
anode

Aluminum foam f—__

Pb-0.6 wt%Ag

Fig.2 Cross section diagram of AF/Pb-0.6 wt%Ag anode sample

1.2 Measurements

All the electrochemical measurements in this work were
conducted with a three-electrode system in a 160 g/L. H,SO,
solution and the temperature of the test system was controlled
at 308 K using a thermostat. A high purity graphite plate (3
cmx3 cm) electrode and Hg/Hg,SO4/saturated K,SO, (0.64 V
vs standard hydrogen electrode) electrode were employed as
the counter electrode and reference electrode, respectively. All
potentials in this work were referred to the reference electrode.
The working electrodes were gradually ground with SiC sand
paper from 400# to 2000# before galvanostatic polarization
measurement. Before galvanostatic polarization measurement,
the working electrodes were electrolyzed at —500 A/m” for 10
min in order to remove the oxides on the anode.

All electrochemical measurements were performed using an
electrochemical workstation (PARSTAT 4000, Princeton,
USA).

Galvanostatic polarization tests were conducted at 500 A/m’
in a 160 g/L H,SO, solution for 72 h. An electrochemical
workstation was used to record the anodic potential every 60 s.
After 72 h galvanostatic polarization, the anodes were subse-
quently taken out, washed with deionized water, and dried at
333 K for 8 h. Then the morphologies of the anodic layers
were observed with environmental scanning electron
microscopy (SEM, Quanta FEG 250, Japan). In addition, the
morphologies of the metallic substrates were also observed
after the anodic layers were removed. The anodic layers were
removed by boiling sugar alkali solution (20 g/L glucose and
100 g/L NaOH).

EIS and Tafel measurements were conducted immediately
after the stable anodic layer was formed by 72 h galvanostatic
polarization. In each EIS measurement, the bias DC potential
was set as the anodic potential measured just before the EIS
measurement. The amplitude of the AC signal was 10 mV. The
frequency range was from 0.1 Hz to 10° kHz. The impedance
data were fitted to an electrical equivalent circuit (EEC) using
the Zsimpwin ® program. The best fit was acquired by
minimizing x> (Chi squared), which can represent the accuracy
of fitting result. The Tafel tests were carried out with a
potential ranging from 1.15 V to 1.4 V, and a scanning rate of
0.166 mV/s.

Moreover, CP measurements were carried out after 72 h
galvanostatic polarization to identify the phase composition of
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the anodic layer. The reduction current was —50 A/m” for a
duration time of 3 h.

2 Results and Discussion

2.1 Interface microstructure features

Fig.3 shows the interface microstructure morphology
between aluminum foam and Pb-0.6 wt%Ag alloy. There are
no obvious structural defects around the interfacial bonding
region, demonstrating a compact interfacial bonding and
strong adhesive strength. Owing to the porosity of oxidation
membrane on the aluminum foam, the Pb-0.6 wt%Ag alloy
melt can also penetrate into the oxidation layer and form an
excellent binding, which is beneficial to the better adhesive
strength between aluminum foam and Pb-0.6 wt%Ag alloy.
And the excellent binding between aluminum foam and Pb-0.6
wt%Ag alloy contributes to the improved performance of AF/
Pb-0.6 wt%Ag anode.
2.2 Galvanostatic polarization

Fig.4 shows the potential-time curves of Pb-0.6 wt%Ag
and AF/Pb-0.6 wt%Ag anodes during the galvanostatic
polarization for 72 h. At the beginning of the polarization,
the anodic potential of the both anodes descends rapidly due
to the oxidation reaction of Pb with PbSO,. As the coverage
of high-resistance PbSO, on the anode increases, both
anodes tend to have a sustainedly slight decrease owing to
the oxidation reaction of PbSO, with conductive PbO,. It can
be observed that the AF/Pb-0.6 wt%Ag anode takes 50 h to
come to a stable state, while the Pb-0.6 wt%Ag anode
continues to show a slight decrease trend near the end of
galvanostatic polarization. This demonstrates that the
AF/Pb-0.6wt% Ag anode is more stable than Pb-0.6wt% Ag
anode during galvanostatic polarization process. Besides, the
stable anodic potential of the AF/Pb-0.6wt% Ag anode is
approximately 10 mV lower than that of the Pb-0.6 wt%Ag
anode at the end of galvanostatic polarization, which
indicates that the AF/Pb-0.6 wt%Ag anode can facilitate the
decrease of anodic potential and energy consumption in the
electrolysis process.

Fig.3 Interface microstructure of AF/Pb-0.6 wt%Ag anode

146} —=—Pb-0.6 wt% Ag anode
144k —o—AF/Pb-0.6 wt% Ag anode
> B
S~

142}
G140
L

G138t
2136}

é1.34—

1.32

0 10 20 30 40 50 60 7
Time/h

Fig4 Potential-time curves of Pb-0.6 wt%Ag and AF/Pb-0.6

wt%Ag anodes during the galvanostatic polarization for 72 h

2.3 Morphology of the anodic layer

The surface morphologies of the Pb-0.6 wt%Ag and AF/
Pb-0.6 wt%Ag anodes after 72 h galvanostatic polarization are
presented in Fig.5. It can be seen that the anodic layer of
Pb-0.6 wt%Ag anode in Fig.5a shows a coral-like structure,
which is loose and coarse. This can be attributed to the effect
of oxygen evolution and the transformation between PbSO,
and PbO,: the conversion of PbSO, to PbO, results in a 48%
decrease in volume, which leads to a porous and incompact
passivation film. This kind of structure promotes the contact
of electrolyte with Pb alloy substrate, and aggravates the
corrosion of the anode. Additionally, these micro-holes can
also allow Pb oxides to be easily detached from the anode
surface. By comparison, the anodic layer of AF/Pb-0.6 wt%Ag

Fig.5 Anodic layers of the Pb-0.6 wt%Ag (a) and AF/
Pb-0.6 wt%Ag (b) anode after 72 h galvanostatic polarization
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anode shows a flake-like structure and possesses some fine
grains, as shown in Fig.5b. And the anodic layer of AF/Pb-0.6
wt%Ag anode is more intact and compact than Pb-0.6 wt%Ag
anode and shows a better bonding with substrate in whole.
The difference between the two anodes in anodic layer may be
related to the sandwich structure of AF/Pb-0.6 wt%Ag anode.
And due to the excellent properties of aluminum foam such as
high conductivity, low density and strong bonding with Pb-0.6
wt%Ag alloy, it is easier to form a homogeneous anodic layer
on the AF/Pb-0.6 wt%Agnode. Thus it can be concluded that
the anodic layer provides a better protection from corrosion
for AF/Pb-0.6 wt%Ag anode and helps to prolong the anode
service life.
2.4 Morphology of the metallic substrate

In order to analyze the corrosion resistance between the two
anodes, the metallic morphologies of them after 72 h
galvanostatic polarization are exhibited in Fig.6. It turns out
that the substrate corrosion for both anodes occurs preferentially
around the interdendritic boundaries, which is called a
chemically active region. The both anodes undergo homo-
geneous corrosion and show corrosion cracks and micro-holes
at the interdendritic boundaries. However, the Pb-0.6 wt%Ag
anode in Fig.6a exhibits more corrosion cracks and deeper
micro-holes than AF/Pb-0.6 wt%Ag anode in Fig.6b, indicating
that the Pb-0.6 wt%Ag anode suffers more severe corrosion.
This may be due to the following factors: the anodic layer of the
AF/Pb-0.6 wt%Ag anode is thicker and tightly bound to the
metallic substrate, which alleviates the substrate corrosion. It
can be concluded that the corrosion behavior is consistent

Fig.6 Morphologies of metallic substrate of the Pb-0.6 wt%Ag (a)
and AF/Pb-0.6 wt%Ag (b) anode after 72 h galvanostatic

polarization

with the discussion of the morphology of the anodic layer
mentioned in section 2.3, and the AF/Pb-0.6 wt%Ag anode
shows a better corrosion resistance.

2.5 CP measurement

CP measurement was adopted to identify the composition
and concentration of the formed anodic layer. After 72 h
galvanostatic polarization with a current density of 500 A/m’,
the reduction current of —5 mA/cm” was applied to the two
anodes. Then the high valence oxide of anodic layers is
reduced to the low valence oxide successively, and the
relevant potential platform is exhibited in Fig.7. The length of
each potential platform can represent the electric quantity
needed for the reduction of relevant Pb oxide, that is, the
concentration of the oxides.

It can be seen from Fig.7 that there are four obvious
potential platforms for each anode. The platform I, at about
—0.9 V, signifies the reduction of PbO,. The transformation
can be expressed by Eq.(1).

PbO,+2e+4H —Pb*"+2H,0 1)

And the platform II, at about —1.2 V, signifies the reduction
of PbO, PbO, (PbO and tetra-PbO,), and a small amount of
basic lead sulfate. These transformations can be expressed by
Eqgs.(2~4).

Pb®bSO ,+4et+2H —2Pb+SO, +H,0 ?)
3PbO-PbSO,H,0 +8e+6H —4Pb+S0,>+4H, 3)
Pb@® e+2H'—Pb+H,0 4)

At a more negative potential, platform III appears, corre-
sponding to the reduction of PbSO, to sponge Pb. The
transformation can be expressed by Eq.(5).

PbSO,+2e—Pb+ SO, (5)

In addition, at about —1.4V, platform IV appears,
representing the evolution of H,.

The reduction electric quantity can be calculated by the
following formula:

OFIA(tim—1;) (6)
where Q; represents the reduction electric quantity of the
platform i(i=I, II, IIT) (C); I represents current density of
reduction (A/mz); A represents anode’s area (mz); t; is the
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Fig.7 CP curves of Pb-0.6 wt%Ag anode and AF/Pb-0.6 wt%Ag
anode
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starting time of platform i.

Therefore, Table 1 was obtained through the formula above.

Table 1 shows the reduction electric quantity of each
platform. Both the anodic layers mainly consist of PbO,,
PbSO,, non-stoichiometric PbO and PbO-PbSO,. And it is
obvious that the total reduction electric quantity of the
AF/Pb-0.6wt%Ag anode is higher than that of Pb-0.6 wt%Ag
anode, so it can be concluded that anodic layer of the former is
thicker than the latter, which also explains the better corrosion
resistance of AF/Pb-0.6 wt%Ag anode. In addition, the
AF/Pb-0.6 wt%Ag anode shows a lower content of PbO and
PbO-PbSO,, which contributes to the decrease of the anodic
layer impedance and explains the lower anodic potential of the
AF/Pb-0.6 wt%Ag anode.

Owing to the lower PbO-PbSO, content and higher total
reduction electric quantity, the AF/Pb-0.6 wt%Ag anode
presents a thicker anodic layer and a lower anodic potential.
This indicates that the AF/Pb-0.6 wt%Ag anode has a great
potential on energy-saving.

2.6 Oxygen evolution behavior

As the conclusions of previous study, the over-potential of
OER critically takes a great part in the energy consumption
during the zinc electrowinning. Therefore, the oxygen
evolution behaviors of the two anodes were investigated in
this paper.

2.6.1 AC impedance

EIS measurement is an effective way to investigate OER on
the stable anodic layer of metallic oxide electrodes'*'®. Fig.8
shows the Nyquist plots of Pb-0.6 wt%Ag anode and
AF/Pb-0.6 wt%Ag anode after 72 h polarization. It is obvious
that only one capacitance arc appears in the Nyquist pattern,
which reveals that the charge transfer resistance of OER is in
parallel with the double layer capacitance. In addition, an
obvious inductance L is observed in the high frequency region,
which can be classified as the charge relaxation of
electro-active materials containing heterogeneity or energy
disorder!'”. The electrical equivalent circuit (EEC) in Fig.9
was used to fit the EIS data. R, represents the electrolyte
resistance between the reference electrode and the working
electrode, and R, represents the charge-transfer resistance in
the electrochemical process. The use of a constant phase
element (CPE) is a good approach to study the solid electrodes
with different surface roughness, physical nonuniformity or
uneven distribution of surface reaction sites!'™'”. The

impedance of CPE can be expressed as:
1

Zepg = 7
O(jo)" @

Table 1 Reduction electric quantity of each platform (C)
PbO and Total electric
Anod PbO PbSO
fode 2 PbO-PbSO, “ quantity

27.895 31.26
41.405 44.77

Pb-0.6 wt%Ag  1.295 2.07
AF/Pb-0.6 wt%Ag 1.78 1.585
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Fig.8 Nyquist plots of Pb-0.6 wt%Ag anode and AF/Pb-0.6 wt%Ag

anode after 72 h polarization
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Fig.9 Electrical equivalent circuit

where O is the capacity parameter (F-cm™s™'), @ is the
angular frequency, and n represents the deviation from the
ideal behavior (# is 1 for the perfect capacitance). Brug et al''®
proposed that the Cy is associated with the uncompensated
resistance R, and the charge transfer resistance R, as
expressed as:

O=(Ca) (R +(Re) 1" ®)

Thus, Cy was calculated using the Q obtained from the EEC
fitting. The simulated patterns and the parameters obtained
through EEC fitting are shown in Fig.8 (lines) and Table 2,
respectively.

As shown in Table 2, the 2> values of EEC fitting of both
anodes are around 107, suggesting that the simulation results
meet the required precision. The AF/Pb-0.6 wt%Ag anode
presents a higher double layer capacity (Cy). This indicates
that more charged species are absorbed at the anodic
layer/electrolyte interface during the polarization process of
the AF/Pb-0.6 wt%Ag anode'”. And the O value of AF/Pb- 0.6
wt% Ag anode is higher than that of the Pb-0.6 wt%Ag

Table 2 Equivalent circuit parameters for the Pb-0.6 wt%Ag
and AF/Pb-0.6 wt%Ag anodes

Parameter Pb-0.6 wt%Ag AF/Pb-0.6 wt%Ag
L/x107 H-em? 2.661 3.396
O/F-cm™s™! 0.0638 0.0701

Ca/*10? F-em™ 3.65 3.74

RJ/Q-em’ 0.5953 0.5266
Ro/Q-cm? 1.425 1.366
n 0.8663 0.8520
2x107* 2.857 1.432




Zhou Xiangyang et al. / Rare Metal Materials and Engineering, 2018, 47(10): 3008-3014 3013

anode, which demonstrates that the former has higher
electrocatalytic activity than the latter.

In addition, the smaller R, corresponding to the smaller
capacitive loop in the pattern of the polarized AF/Pb-0.6
wt%Ag anode may be related to the higher concentration of
Pb0O,, which is proved by the CP analysis in section 2.5.
According to the OER mechanism proposed by Clancy!,
PbO, is an essential factor for the generation of OER zones.
Thus a higher concentration of PbO, helps to form a larger
number of reaction sites for OER. Consequently, the polarized
AF/Pb-0.6 wt%Ag anode presents a lower anodic potential. In
summary, the higher Cy value and lower R, value indicate that
it is easier for OER to proceed on the surface of AF/Pb-0.6
wt%Ag anode.

2.6.2 Tafel analysis

The following reaction steps have been proposed as the

mechanism for oxygen evolution after the stable anodic layer

formed on active metal oxide electrodes®?2:

S+H,0—S-OH,¢+H +e 9)
S:OH,4—S-O,qtH +e (10a)
2S-OH,4—SO4qs+S+H,0 (10b)
25:0,45—25+0, (11)

where S represents the active sites on the anode surface and
S-OH,4, S-O,gs is the adsorbed intermediates. Among the
three steps, the rate determining step for a specific electrode is
normally related to its Tafel slope for oxygen evolution,
because the Tafel slope depends on the type, composition and
physical properties of the oxide electrodes™*". For the lead
dioxide electrode, it is concluded that when the Tafel slope b,
is >120 mV/dec, Eq.(10a) is rate determining step; when b is
~40 mV/dec, Eq. (10b) is rate determining step; when the
Tafel slope is ~15 mV/dec, the rate determining step is Eq.
(11)[19,24]'

In this paper, the corrected over potential (1) is used to
represent the real potential of the oxygen evolution. The
anodic polarization curve of the Tafel analysis was corrected
by Eq. (12):

N=Eopp—iR+0.64 V-1.25V (12)
where E,,, is the applied potential, i is the Faraday current,
0.64 V is the potential of mercury sulfate electrodes, and 1.25
V is the reversible potential of oxygen evolution calculated by
the Nernst equation in a synthetic zinc electrowinning
electrolyte of 160 g/ H,SO, at 308 KM and R is the
electrolyte resistance and it can be approximated by the R,
values exhibited in Table 2.

The results shown in Fig.10 and Table 3 are obtained via
potential sweep from 1.15 V to 1.4 V after 72 h polarization.
After the ohmic-drop correction, Tafel lines of the two anodes
present two distinct linear segments in both the low potential
region and the high potential region. In low over-potential
regions, the Tafel slopes b, of Pb-0.6 wt%Ag anode and
AF/Pb-0.6 wt%Ag anode are 124 and 115 mV/dec, respectively.
And the lower slope value of AF/Pb-0.6 wt%Ag anode may

| = Pb-0.6 wt% Ag anode
AF/Pb-0.6 wt% A g anode
— Fitting line
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Fig.10 Tafel curves of Pb-0.6 wt%Ag anode and AF/Pb-0.6 wt%Ag

anode

Table 3 OER dynamic parameters of Pb-0.6 wt%Ag anode and
AF/Pb-0.6 wt%Ag anodes obtained from the Tafel lines

in Fig.10
Anode by/mV-dec’ by/mV-dec! 5(i=0.05 A-cm™)/V
Pb-0.6 wt%Ag 124 160 0.720
AF/Pb-0.6 wt%Ag 115 170 0.705

be related to the lower R, value of the AF/Pb-0.6 wt%Ag
anode calculated in section 2.6.1. In high over-potential
regions, the Tafel slopes b, of Pb-0.6 wt%Ag anode and
AF/Pb-0.6 wt%Ag anode, increase to 160 and 170 mV/dec,
respectively. Both Tafel slopes increase to some extent, and
some studies have attributed the increase in the slope value to
the influence of partially evolved O;'"”. According to the
principles mentioned above, the formation and adsorption of
OER intermediates is suggested to be the rate determination
step for both anodes. Furthermore, the Tafel slope of the
AF/Pb-0.6 wt%Ag anode is slightly larger than that of Pb-0.6
wt%Ag anode in the high potential region. This is probably
because the structure of AF/Pb-0.6 wt%Ag anode is more
favorable for the evolution of 05", In industrial practice, the
applied current density is 0.05 A/cm’, which is located in the
high over-potential region. Therefore, the over-potential
values of the two anodes can be calculated using Tafel formula
parameters for this region. The result is listed in Table 3. It can
be concluded that the over-potential of AF/Pb-0.6 wt%Ag
anode is about 15 mV lower than that of the Pb-0.6 wt%Ag
anode, demonstrating that its anodic layer is preferable to
OER and energy-saving. This result is also consistent with the
lower anodic potential of AF/Pb-0.6 wt%Ag anode.

3 Conclusions

1) The AF/Pb-0.6 wt%Ag alloy composite anode shows a
lower anodic potential than the Pb-0.6 wt%Ag anode. This may
be related to the higher content of PbO, and the lower content
of PbO,, on the anodic layer of AF/Pb-0.6 wt%Agnode.

2) Compared with Pb-0.6 wt%Agnode, the anodic layer of
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