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Abstract: The corrosion and oxygen evolution behaviors of cast and rolled Pb–Ag–Nd anodes were investigated by metalloscopy, environ-
mental scanning electron microscopy, X-ray diffraction analysis, and various electrochemical measurements. The rolled anode exhibits fewer 
interdendritic boundaries and a dispersed distribution of Pb–Ag eutectic mixtures and Nd-rich phases in its cross-section. This feature inhibits 
rapid interdendritic corrosion into the metallic substrate along the interdendritic boundary network. In addition, the anodic layer formed on 
the rolled anode is more stable toward the electrolyte than that formed on the cast anode, reducing the corrosion of the metallic substrate dur-
ing current interruption. Hence, the rolled anode has a higher corrosion resistance than the cast anode. However, the rolled anode exhibits a 
slightly higher anodic potential than the cast anode after 72 h of galvanostatic polarization, consistent with the larger charge transfer resis-
tance. This larger charge transfer resistance may result from the oxygen-evolution reactive sites being blocked by the adsorption of more in-
termediates and oxygen species at the anodic layer/electrolyte interfaces of the rolled anode than at the interfaces of cast anode. 
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1. Introduction 

Pb–Ag alloys have been widely used as anodes in the 
zinc electrowinning industry since their first application in 
1909 [1]. The alloying addition of Ag has been demon-
strated to decrease the over-potential of oxygen evolution 
reaction (OER) [2–3], increase the compactness of anodic 
layer [4], and reduce the corrosion rate [5–6]. However, the 
Ag addition cannot significantly reduce the creep of lead al-
loys [7], thus, Pb–Ag anodes are observed to be relatively 
weak and ductile [1], which result in cracks in the adherent 
PbO2 layer and exposing the fresh anode surfaces, leading to 
the further corrosion. Therefore, alloying elements such as 
Ca [8], Sr, and Co [9] have been added to improve the me-
chanical properties of Pb–Ag anodes. 

In addition to the variation of alloying components, me-
chanical deformation is also an effective method for im-
proving the performance of Pb–Ag anodes. Rolled Pb–Ag 
anodes have been reported to exhibit higher corrosion resis-

tance and lower anodic polarization compared to the cast 
anodes [5]. According to the Ref. [10], alloying components 
and plastic deformation improve the electrochemical prop-
erties and corrosion resistance through the same mechanism 
as modification of the alloy microstructure. Some authors 
[7,10–11] have pointed out that the rolling process induced 
the deformation of cast grain structure, resulted in uniform 
and fine grains with less segregation, and eliminated cracks, 
defects, and pores. 

In our previous works [12–13], the effects of Nd on the 
electrochemical performance of Pb–Ag anodes were studied. 
It was observed that the addition of Nd reduced the corro-
sion rate and oxygen evolution over-potential of Pb–Ag an-
odes. In this study, to further investigate the influence of 
rolling process on Pb–Ag–Nd anodes, the corrosion resis-
tance and OER behavior of cast and rolled Pb–Ag–Nd an-
odes were investigate and compared. 

The metallographic structures, anodic layers, corrosion 
morphology, and OER of cast and rolled anodes were stud-
ied comparatively in this research. A correlation between the 
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microstructure and corrosion/OER behavior was proposed 
on the basis of morphology observations, X-ray characteri-
zation, and various electrochemical measurements, such as 
galvanostatic polarization, potential decay, AC impedance 
measurements, and Tafel analysis. 

2. Experimental 

2.1. Electrodes and experimental cell 

Cast and rolled Pb–Ag–Nd alloys (0.49wt% Ag and 
0.03wt% Nd) were provided by Yuguang Gold & Lead Co., 
Ltd., China. The raw alloy materials were wire-cut into cu-
boids of 10 mm × 10 mm × 7 mm. A conductive copper 
wire was welded to one end of the cuboid piece before it 
was mounted in a Teflon holder with an exposed geometric 
area of 1.0 cm2. All electrochemical measurements were 
conducted in a three-electrode system with 1.63 mol·L−1 
H2SO4 solution as the electrolyte. The temperature of the 
test system was controlled at (35 ± 1)°C using a thermostat. 
A Pt plate with an area of 4 cm2 and a Hg/Hg2SO4/0.1 
mol·L−1 K2SO4 electrode were used as the counter and ref-
erence electrodes, respectively. All potentials shown in this 
study were stated relative to this reference electrode. Each 
electrode was gradually abraded with SiC paper from 400 
grit to 1500 grit and subsequently washed with deionized 
water before each electrochemical measurement. All elec-
trochemical measurements were performed using an elec-
trochemical workstation (1470 E, Solartron Analytical, UK). 

2.2. Measurements 

The cast and rolled Pb–Ag–Nd alloys were gradually 
abraded with SiC paper from 400 grit to 1500 grit and then 
polished with ultrafine alumina (<0.1 µm). They were sub-
sequently etched with a solution of glacial acetic acid and 
hydrogen peroxide (3:1, molar ratio). The metallographic 
structures of the cast and rolled Pb–Ag–Nd alloys were ob-
served by metalloscopy (MeF3A, Leica, Germany). For the 
rolled Pb–Ag–Nd alloy, both the longitudinal plane and 
cross-section were observed separately. 

Galvanostatic polarization tests were conducted for 72 h 
at 500 A·m−2 in 1.63 mol·L−1 H2SO4 solution; the anodes 
were subsequently taken out, washed with deionized water, 
and dried for 8 h at 80°C. The morphologies of the anodic 
layers were observed with environmental scanning electron 
microscopy (ESEM, Quanta-200, FEI, The Netherlands). 
Moreover, a X-ray diffractometer (D/max 2500, Rigaku Co, 
Japan) equipped with a Cu Kα radiation source was used to 
identify the phase composition of the anodic layers. In addi-
tion, after the anodic layers were removed, the morphologies 

of the metallic substrates were also observed. 
The corrosion rates of the cast and rolled anodes during 

72 h galvanostatic polarization at 500 A·m−2 were deter-
mined by the weight-loss method. The detailed procedures 
have been reported elsewhere [14]. The stability of the an-
odic layers toward electrolyte was analyzed by potential de-
cay tests, which were performed by recording the 
open-circuit potential after 72 h of polarization at 500 
A·m−2. 

Electrochemical impedance spectroscopy (EIS) meas-
urements were used to investigate the OER dynamics. EIS 
measurements were conducted after 72 h of galvanostatic 
polarization. In each EIS measurement, the bias DC poten-
tial was the same as the anodic potential measured just be-
fore the EIS measurement. The amplitude of the AC signal 
was 5 mV. The frequency range was from 0.1 Hz to 100 
kHz. The impedance data were fitted to an electrical equiv-
alent circuit (EEC) using the Zsimpwin program. The best 
fit was obtained by minimizing χ2 (chi squared), which 
could characterize the accuracy of fitting result. 

As quasi-state potentiodynamic measurements, Tafel 
tests were conducted when the anodic reaction reached a 
steady state. In this study, both forward and backward po-
tential sweeps were performed after 72 h of galvanostatic 
polarization. The potential sweep range was between 1.20 V 
and 1.50 V, and the sweep rate was 0.166 mV·s−1. 

3. Results and discussion 

3.1. Metallographic structure 

The performance of metallic materials is determined by 
their microstructures [15]. Therefore, lead-based anodes 
with desired corrosion resistance and oxygen evolution re-
activity can be obtained by tailoring their microstructures, 
either through the optimization of alloying elements or 
through the plastic deformation. To understand the interrela-
tion between the microstructure and corrosion behavior of 
cast and rolled Pb–Ag–Nd anodes, the microstructures of 
these two alloys were observed, as shown in Fig. 1. 

Because the cast anodes were line-cut from a large cast 
ingot, the structure of cast alloy could be inferred to be iso-
tropic on a small scale. Therefore, only one micrograph of 
the cast Pb–Ag–Nd anode is displayed in Fig. 1(a). The 
as-cast microstructure exhibits a typical cellular array, fea-
turing a Pb-rich matrix (α-phase, the solid solution of Ag or 
Nd in Pb) with Pb–Ag eutectic mixtures located in the in-
terdendritic boundaries. The Pb-rich matrix and the inter-
dendritic eutectic mixture are indicated by the light regions 
and the dark regions, respectively. In addition, Nd tends to 
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form intermetallic compounds with Pb (Nd-rich phases). 
These Nd-rich phases, indicated by tiny dark dots and large 

dark regions, are observed in the Pb-rich matrix and inter-
dendritic boundaries. 

  
The hot-rolled Pb–Ag–Nd alloys exhibit the directional 

macrostructures along the rolling direction. The longitudi-
nal-section microstructure of the rolled anode in Fig. 1(b) 
indicates that the original cellular array is broken up by the 
rolling process. Consequently, the eutectic mixtures and 
Nd-rich phases are distributed discontinuously and dispers-
edly. The interdendritic boundaries become vague and dis-
persed. In the cross-section as shown in Fig. 1(c), the micro-
structure exhibits a lamellar structure. The lamella of the 
eutectic mixture and Nd-rich constituents segment the 
Pb-rich matrix layer-by-layer, resulting in a more homoge-
nous and uniform microstructure of the rolled anode. 

3.2. Corrosion behavior 

(1) Corrosion rates 
Table 1 shows the average corrosion rates of the cast and 

rolled anodes during 72 h of galvanostatic polarization. The 
rolled anode exhibits a slightly lower corrosion rate. The 
reason for this lower rate was revealed by the morphologies 
of the anodic layers and metallic substrates detailed below. 

(2) Morphology of the anodic layer 
The morphologies of the anodic layers formed by the 72 

h of galvanostatic polarization are shown in Fig. 2. The an-
odic layers on both the cast and rolled anodes exhibit loose 
surfaces with a typical coral structure. Several holes are dis-
tributed on the anodic films, which are mainly produced by 

the impact of oxygen bubbles. Because of the long duration 
of polarization, the surface morphologies of the two anodes 
do not exhibit obvious differences. 

Table 1.  Corrosion rates of cast and rolled Pb–Ag–Nd anodes 
during 72 h of galvanostatic polarization            g·m−2·h−1 

Anodes Test 1 Test 2 Test 3 
Average 

value 
Cast anode 3.10 3.02 3.25 3.12 

Rolled anode 2.91 2.85 2.88 2.88 
 
(3) Composition of the anodic layer 
The X-ray diffraction (XRD) patterns of the anodic layers 

of the cast and rolled Pb–Ag–Nd anodes after 72 h of gal-
vanostatic polarization are shown in Fig. 3. The anodic lay-
ers formed on the two anodes both consist primarily of 
PbSO4 and PbO2. The intensities of PbSO4 and PbO2 peaks 
in the pattern of the rolled anode are higher than those of the 
cast anode. This increased intensity is primarily attributed to 
the thicker anodic layer of the rolled anode. Notably, Pb 
peaks appear in XRD patterns of both anodes. The presence 
of Pb peaks indicates that the anodic layer is relatively thin 
and incompact. Comparatively, the XRD pattern of rolled 
anode shows less intense Pb peaks, demonstrating that the 
anodic layer on the rolled anode is slightly thicker and more 
compact. 

Fig. 1.  Microstructures of Pb–Ag–Nd
alloys: (a) cast Pb–Ag–Nd alloy; (b)
rolled Pb–Ag–Nd alloy in the longitudi-
nal plane; (c) rolled Pb–Ag–Nd alloy in
the cross-section. 
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Fig. 2.  Morphologies of the anodic layers on the cast (a) and rolled (b) Pb–Ag–Nd anodes formed through 72 h of galvanostatic po-
larization. 

 
Fig. 3.  XRD patterns of the anodic layers on the cast and 
rolled Pb–Ag–Nd anodes. 

(4) Morphology of the metallic substrate  
Unlike the morphologies of the anodic layers, the mor-

phologies of the metallic substrates of the cast and rolled 
anodes differ substantially after the 72-h polarization, as 
shown in Fig. 4. The substrate of the cast anode exhibits 
several wide and deep cracks around the Pb-rich matrix, ex-
actly corresponding to the interdendritic boundaries shown 
in Fig. 1(a). In addition, corrosion holes, which are ascribed 

to the corrosion of Nd-rich dispersed phases or to the pres-
ence of defects such as pores and cracks, also emerge in the 
Pb-rich matrix. Therefore, the corrosion of the cast anode 
exhibits clear traits of interdendritic corrosion. The corro-
sion preferentially occurs on these chemically active regions. 
In the case of the cast alloys, the corrosion readily occurs in 
the inner part of the metallic substrates along the interden-
dritic boundary network, which may lead to the early pierc-
ing and failure of the cast anode. 

In contrast, the corrosion substrate of the rolled 
Pb–Ag–Nd anode is intact without any cracks. The differ-
ence in the morphology of the corrosion substrate can be 
explained by the lamellar structure shown in Fig. 1(c). The 
interdendritic boundaries and Nd-rich phases in the 
cross-section of the rolled alloys are distributed evenly, dis-
persedly, and discontinuously. Without the intact interden-
dritic boundary network in the cross-section, the rolled an-
ode tends to undergo the homogeneous corrosion. The cor-
rosion could only extend further into the metallic substrate 
in a layer-by-layer fashion. 

In summary, the rolled Pb–Ag–Nd metallic substrate 
exhibits the greater corrosion resistance through two 

 
Fig. 4.  Morphologies of the metallic substrates of cast (a) and rolled (b) Pb–Ag–Nd anodes after removal of the anodic layers. 
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mechanisms. One mechanism relies on its fewer interden-
dritic boundaries, which are more chemically active than the 
grain itself (Pb matrix) [16]. The other mechanism is related 
to the absence of an intact interdendritic boundary network 
in the cross-section. 

(5) Potential decay 
Potential decay tests, also called self-depassivation tests, 

were used to investigate the transformation of different 
phase compositions of anodic layers and the stability of the 
anodic protective layer toward the electrolyte when the cell 
current was switched off [17–18]. Fig. 5 shows the open-cir-
cuit potential of the anodes after 72 h of galvanostatic po-
larization. 

 
Fig. 5.  Open-circuit potential variation of the 72 h-polarized 
cast and rolled Pb–Ag–Nd anodes during potential decay tests. 

The potentials of the two anodes quickly decrease from 
the working potential to approximately 0.95 V at the begin-
ning of the decay tests. During this period, the oxygen spe-
cies absorbed on the anodic layers are removed [19]. The 
time required for the removal of oxygen species in the case 
of the rolled anode is twice that required in the case of the 
cast anode. Thus, more oxygen species may be adsorbed 
onto the surface layer of the rolled anode. Next, a potential 
plateau occurs at approximately 0.95 V. According to the 
Ref. [18], the reduction of lead(IV) oxide to lead(II) sulfate 
on the anode couples with the oxidation of metallic lead to 
lead(II) sulfate, thereby generating a mixed potential that 
corresponds to the potential plateau. For the rolled anode, 
the potential plateau lasts approximately 3.7 h, whereas that 
of the cast anode lasts only approximately 1.2 h. The dura-
tion of the potential plateau is determined by the amount of 
PbO2 and by the kinetics of the transformation reaction. Be-
cause the two reactions are driven by the potential gap be-
tween two electrochemical couples and no current is present 
in the circuit, calculating the amount of the corresponding 
reactants is difficult. The longer potential plateau for the 

rolled anode may be caused primarily by its thicker anodic 
layer and by the presence of more PbO2, as inferred from the 
XRD analysis results. It may also be caused by a slower 
transformation rate. The more intact anodic layer on the 
rolled anode may inhibit the transfer of 2

4SO  −  and H2O 
into the anodic layer, which may further explain its longer 
potential plateau. 

After the first potential plateau, the potentials for both the 
cast and rolled anodes decrease rapidly again and then ex-
hibit a long-lasting and slow potential decay. In the potential 
range from 0.75 V to 0.15 V, the potential is a mixture of 
the potential of such electrochemical couples as tetra-PbOn 
(1 < n < 2)/PbSO4, PbO/Pb, and Pb/PbSO4. During the 
transformation of different phase compositions on the an-
odic layer, some cracks may emerge because of the differ-
ence in mole volumes among the different phase composi-
tions, leading to etching and dissolution of the metallic sub-
strate. As shown in Fig. 5, the potential of the cast anode 
decreases drastically from 0.40 V to 0.15 V, indicating the 
formation of cracks via the aforementioned mechanism. 

In the potential range shown in Fig. 5, the potential decay 
of the rolled anode is much slower. It is concluded that the 
anodic layer formed on the rolled anode is thicker or more 
intact, helping to protect the metallic substrates. A slower 
potential decay indicates greater stability of the rolled anode 
toward the electrolyte under the condition of current inter-
ruption. With greater corrosion resistance of metallic sub-
strate and greater stability toward the electrolyte, the rolled 
anode has a higher corrosion resistance during service, con-
sistent with its lower corrosion rate. 

3.3. Oxygen evolution behavior 

(1) AC impedance 
As previously mentioned, the over-potential of OER 

critically affects the energy consumption during zinc elec-
trowinning. In addition, the OER of anode fundamentally 
affects the corrosion process. Therefore, the oxygen evolu-
tion behaviors of cast and rolled anodes were compared in 
this study. 

The EIS technique has been widely adopted to investigate 
the OER of metallic oxide electrodes [17,20]. To further 
study the kinetics of OER and anodic film structures, EIS 
measurements were conducted in this study. Before the EIS 
measurements, the anodic potentials were measured at the 
end of 72 h of galvanostatic polarization. The anodic poten-
tial of the cast anode was 1.35 V, and that of the rolled an-
ode was 1.37 V, approximately 20 mV higher. 

Fig. 6 shows the typical Nyquist plots for the cast and 
rolled Pb–Ag–Nd anodes. The complex plane exhibits only 
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one capacitance over the whole frequency domain, indicat-
ing that the charge transfer resistance of oxygen evolution is 
in parallel with the double-layer capacitance. An obvious 
inductance (L) is observed at high frequencies, which is at-
tributed to the charge relaxation on electroactive materials 
with heterogeneity or energy disorder. 

 
Fig. 6.  Nyquist plots of the cast and rolled Pb–Ag–Nd anodes 
after 72 h of galvanostatic polarization. The bias DC potential 
is 1.35 V for the cast anode and 1.37 V for the rolled anode. 

According to the Ref. [21], because of the irreversible 
character of OER with one state variable in addition to the 
electrode potential, the faradaic impedance (ZF) of OER can 
be expressed as Eq. (1). 

a
F ct

a a1 j
RZ R

R Cω
= +

+
 (1) 

where ω is the angular frequency, Rct the charge transfer re-
sistance of OER, and Ra and Ca the equivalent resistance and 
the pseudo-capacitance associated with the adsorption of in-
termediates, respectively. Given the existence of an anodic 
layer, a combination factor (RfCf) is sometimes added to 

account for the capacitive response of oxide layer, where Rf 
and Cf indicate the resistance and capacitance of the oxide 
layer, respectively. 

The use of a constant phase element (CPE) is a good ap-
proach for the study of solid electrodes with different de-
grees of surface roughness, physical nonuniformity, or a 
nonuniform distribution of surface reaction sites [22]. The 
CPE was used instead of capacitance (C) to fit the experi-
mental data for the double-layer capacitance (Cdl). The im-
pedance of CPE (ZCPE) is expressed as Eq. (2). 

( )
CPE

1
j nZ

Q ω
=  (2) 

where Q represents the capacity parameter, F·cm−2·s(n−1), and 
n accounts for the deviation from the ideal behavior (n = 1 
for a perfect capacitor). Other authors [23] have proposed 
that Cdl is coupled with the uncompensated solution resis-
tance (Rs) and with the charge transfer resistance (Rct) ac-
cording to the following equation. 

( ) ( ) ( )
( )11 1

dl s ct
nnQ C R R

−− −⎡ ⎤= +⎣ ⎦  (3) 

Therefore, Cdl was calculated using the Q values obtained 
from the EEC approximation via Eq. (3). The simulated 
patterns and parameters derived by fitting the impedance 
data of the cast and rolled Pb–Ag–Nd anodes are presented 
in Fig. 6 and Table 2, respectively. In the simulation of the 
cast Pb–Ag–Nd anode, the calculated values based on the 
EEC illustrated in Fig. 7(a) are in good agreement with the 
experimental data (χ2 = 1.35 × 10−3). However, with regard 
to the rolled Pb–Ag–Nd anode, only when the layer imped-
ance loop (RfCf) is added into the circuit, as shown in Fig. 
7(b), a satisfactory approximation is obtained (χ2 = 7.54 × 
10−4).  

Table 2.  Equivalent circuit parameters for the cast and rolled Pb–Ag–Nd anodes 

Anodes Rs / (Ω·cm2) Cf / (F·cm−2) Rf / (10−2Ω·cm2) Cdl / (10−2F·cm−2) Rct / (Ω·cm2) Ca / (F·cm−2) Ra / (Ω·cm2) 

Cast 0.544 — — 4.54 0.751 0.113 0.226 
Rolled 0.596 0.399 1.35 5.15 1.070 0.311 0.186 

 

 
Fig. 7.  Electrical equivalent circuits used to fit the impedance 
data shown in Fig. 6: (a) cast Pb–Ag–Nd anode; (b) rolled 
Pb–Ag–Nd anode. 

As shown in Table 2, the rolled Pb–Ag–Nd anode also 
has a higher double-layer capacitance (Cdl) than the cast 
Pb–Ag–Nd anode. This result is consistent with its larger Ca 
value and smaller Ra value, demonstrating that the adsorp-
tion intermediate, PbO•(OH)2···(OH°), is more readily 
formed at the anodic layer/solution interface of the rolled 
anode. However, the charge transfer resistance (Rct) for the 
OER of the rolled Pb–Ag–Nd anode is larger than that of the 
cast anode, indicating that the anodic layer/solution inter-
faces on the rolled anode are less favorable to charge trans-
fer. Higher Rct and lower Ra values result in more adsorption 



X.C. Zhong et al., Comparison of corrosion and oxygen evolution behaviors between cast and rolled Pb–Ag–Nd anodes 1073 

 

intermediates and oxygen species at the anodic layer/solu-
tion interface on the rolled anode, which is consistent with 
the analysis of the potential decay tests. These adsorption 
intermediates and oxygen species may block the reactive 
sites for OER, which can explain the slightly higher anodic 
potential of the rolled anode. 

(2) Tafel analysis  
To further explore the OER dynamics on the cast and 

rolled anodes, the Tafel analyses were conducted after 72 h 
of polarization. The results shown in Fig. 8 were obtained 
via the backward potential sweeps. All experimental Tafel 
curves show a deviation from linearity at high over-potential, 
which requires correction for the ohmic drop expressed by 
Eq. (4), as proposed elsewhere [24].  

eff applE E IR= −  (4) 
where Eeff and Eappl represent the effective and applied po-
tential of anode, respectively, and IR represents the ohmic 
drop of the anodic process. However, the resistance of the 
anodic film is very small, as demonstrated in the EIS analy-
sis. Hence, R can be approximated by the Rs values reported 
in Table 2. 

As shown in Fig. 8, after the ohmic-drop correction, both 
curves feature two Tafel slopes obtained separately by linear 
fitting of the low and high over-potential regions. The re-
sults are listed in Table 3. At low over-potential regions, the 
Tafel slopes for the cast and rolled anodes are 114 and 101 
mV dec−1, respectively. However, the Tafel slopes at high 
over-potential regions increase to 172 and 181 mV dec−1 for 
the cast and rolled anodes, respectively, which are quite 
similar to the OER Tafel slope reported for β-PbO2 in Ref. 
[24]. For the lead dioxide electrode, when the Tafel coeffi-
cient (b) is near 120 mV·dec−1, the formation and adsorption 
of the intermediate, PbO•(OH)2···(OH°), are suggested to be 
the rate-determining steps [25–26]. In this respect, at low 
over-potentials, the OER occurring on the cast and rolled 
anodes is controlled by both the formation and adsorption of 
the intermediates. The lower slope for the rolled anode may 
be related to its smaller Ra, as shown in Table 2. At the high 
over-potential regions, the slopes increase, which may be at-
tributed to the influence of partially evolved O3 [22]. How-
ever, other studies attributed this phenomenon to the mi-
cro-porous essence of lead-based anodes. At higher over-po-
tential regions, the mass and charge transfer may become 
insufficient because of the longer transfer distance and the 
blocking of the micro-pores by increasingly evolved O2 [27]. 
Together, the analysis of the potential decay and the EIS re-
sults suggest that the higher Tafel slopes of the cast and 
rolled anodes at high over-potentials may result from the 
blocking of interfaces by the intermediates and oxygen spe-

cies. Because of the absorption of more intermediates and 
oxygen species on the rolled anode, its slope is larger than 
that of the cast anode, which further explains the higher an-
odic potentials of the rolled anode. 

 
Fig. 8.  Tafel curves of the cast and rolled Pb–Ag–Nd anodes 
in 1.63 mol/L H2SO4 solution at 35°C, where b1 and b1 repre-
sent the Tafel slopes at low and high over-potential regions, 
respectively. 

Table 3.  OER dynamic parameters of the cast and rolled 
Pb–Ag–Nd anodes obtained from the Tafel curves shown in 
Fig. 8 

Anode b1 / (mV·dec−1) b1 / (mV·dec−1) 

Cast anode 114 172 

Rolled anode 101 181 

 
Notably, different from the previously published results 

[5], it was here reported that the rolled anodes exhibited a 
slightly larger anodic potential after 72 h of galvanostatic 
polarization. This increased anodic potential might be re-
lated to the polarization time. As mentioned in the Ref. [7], 
the rolled anodes required a longer time to form a stable 
anodic layer and reach a stable anodic potential. With longer 
polarization times (on the order of months), the rolled anode 
might exhibit a lower anodic potential. Therefore, the OER 
behavior of the rolled anode during longer polarization 
times should be investigated in future work. 

4. Conclusions 

(1) The rolling process breaks up the cellular array of the 
cast Pb–Ag–Nd alloys, resulting in a lamellar structure with 
dispersed eutectic mixtures and Nd-rich phases. Without an 
intact and continuous interdendritic boundary network in the 
cross-section, the rolled Pb–Ag–Nd anode undergoes the 
homogeneous corrosion instead of rapid corrosion into the 
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metallic substrate along the interdendritic boundary network.  
(2) The anodic layer formed on the rolled anode exhibits 

the greater stability toward the electrolyte, which is attrib-
uted to the anodic layer being thicker or more intact. There-
fore, the rolled anode exhibits higher corrosion resistance. 

(3) The rolled Pb–Ag–Nd anode exhibits a slightly higher 
anodic potential compared to that of the cast Pb–Ag–Nd 
anode. It is attributed this higher potential to the adsorption 
of more intermediates and oxygen species at the anodic lay-
er/solution interface, which severely blocks the reactive sites 
for the OER. 
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