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Abstract 

The sensitivity of lead dioxide coating properties to the deposition conditions and electrolyte 

composition has allowed the preparation of coatings with different properties for different 

applications. In this study, the effects of electrolyte additives on the electrodeposition process were 

investigated using electrochemical measurements such as cyclic voltammetry, chronoamperometry 

and electrochemical impedance spectroscopy. The results showed that the presence of fluoride ions 

significantly reduce the possibility of TiO2 formation. The addition of copper ions not only prevents 

lead loss at the cathode, but also leads to the formation of copper oxide on the surface at initial stages, 

which hinders nucleation of PbO2. The presence of sodium dodecyl sulfate (SDS) also interferes with 

the nucleation process as it occupies active nucleation sites. The α-PbO2 interlayer prevents copper 

oxidation and solves the problem of lead dioxide nucleation. Finally, it was found that the 

simultaneous use of all additives together with the α-PbO2 interlayer has a positive effect on the 

coating process.  

Keywords: Lead dioxide electrode, anodic electrodeposition, chronoamperometry, cyclic 

voltammetry 
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The lead dioxide electrode has been known as one of the most widely used electrodes since the 

invention of the lead-acid battery [1]. PbO2 electrodes exhibit unique properties that distinguish them 

from other anodes, such as low cost [2,3], high chemical stability [4,5], and electrocatalytic activity 

[6,7]. PbO2 electrode, which is primarily fabricated by anodic deposition [8,9], has received more 

attention from researchers and industry professionals. Lead dioxide has two crystal structures (α-PbO2 

and β-PbO2), each with unique properties [10,11]. The electrocatalytic properties and chemical 

stability of lead dioxide electrode can be modified and customized according to the desired 

application by controlling the synthesis conditions and using different additives [12-14]. Therefore, 

PbO2 electrodes are not only used in the field of energy storage [15], but also in the production of 

ozone [16,17], wastewater treatment [18-20], and recently in the electrowinning of non-ferrous metals 

[21-24]. 

Numerous studies have been conducted to better understand the details of the electrochemical 

mechanism of lead dioxide electrodeposition [25-27]. Currently, the model proposed by Velichenko 

et al. for lead dioxide coating in an acidic environment is widely accepted among researchers [27-

29]. According to their proposed mechanism, the role of hydroxyl radicals (OH) formed during the 

coating process by decomposition of water is considered crucial for the anodic deposition of lead 

dioxide. Reactions (1) -(4) represent this model. 

(1) -+ e ++ H adsOH →O 2H 

(2) 2+Pb(OH) → ads+ OH 2+Pb 

(3) -+ e ++ H 2+
2Pb(OH) →O 2+ H 2+Pb(OH) 

(4) ++ 2H 2PbO → 2+
2Pb(OH) 

Based on these reactions, the mechanism of lead dioxide formation on the substrate proceeds in 

four steps. When a current is applied, a quantity of OH radicals is formed and adsorbed on the surface 

of the anode. This substance reacts with Pb2+ ions present in the electrolyte to form Pb(OH)2+, which 

is then electrochemically converted to Pb(OH)2
2+. In the final step, the lead dioxide chemically 

crystallizes at the electrode surface [29]. Thus, the coating of the lead dioxide on anode surface is a 
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two-electron transfer process that has no relation to the electrolyte medium. This means that the 

additives to the electrolyte only affect the kinetics of the process [6,16]. 

In a study by Shen et al. [30], the electrodeposition process of lead dioxide on the titanium surface 

was investigated using a cyclic voltammetry method. They showed that deposition starts at a voltage 

of 1.9 V, indicating the formation of the lead dioxide layer and the oxygen evolution reaction. In the 

second cycle, the initiation of the anodic peak occurred at 1.7 V, meaning that subsequent formation 

of lead dioxide on the deposited PbO2 surface is easier. In another study by Chen et al. [10], the 

process of lead dioxide electrode formation on aluminum substrate was investigated in both acidic 

and alkaline environments. According to their study deposition of alpha phase (alkaline environment) 

starts above 0.25 V with two anodic peaks at 0.29 V and 0.49 V, respectively on aluminum substrate, 

indicating the formation of Pb3O4 and PbO2 phases. Moreover, the cathodic peak at 0.1 V represents 

the dissolution of the previously formed cathodic phase of lead dioxide. Also, the potential for 

initiating the deposition of beta phase (acidic environment) was about 1.66 V, which means that lead 

dioxide forms much faster in an alkaline environment than in an acidic environment. 

In addition to the study of lead dioxide electrodeposition, numerous efforts have been made to 

improve the performance of lead dioxide coatings through various additives. Reports have shown that 

using additives can significantly improve the stability and electrocatalytic properties of lead dioxide 

coatings. Various additives have been applied to the electrodeposition bath in the form of ions and 

oxide particles such as F- [31], Bi3+ [32], Ag+ [33], Cu2+ [34], MnO2 [35], ZrO2 [12], RuO2 [36], 

Co3O4 [37] to improve the performance of lead dioxide electrodes. Table 1 shows a list of selected 

additives and their advantages in lead dioxide electrodeposition. All these studies show that additives 

may have significant effects on the morphology, structure, electrochemical properties and stability of 

lead dioxide deposits. 

[Table 1 would be here] 

Despite all these studies, the simultaneous usage of additives in the electrodeposition process 

of lead dioxide electrodes has not been attempted so far. In addition, the effects of surfactants, such 
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as sodium dodecyl sulfate (SDS), and their composite formation with oxides on the electrodeposition 

of lead dioxide have been studied, but their individual effects have not been evaluated. In our previous 

study [43], the effects of Cu2+, SDS, and the presence of α-PbO2 interlayer on the properties of Ti/α-

PbO2/β-PbO2 anode suitable for electrowinning applications were evaluated. It was found that the 

presence of all additives improved the electrocatalytic activity and stability of the electrode and 

decreases the oxygen evolution potential (OEP) of the electrode from 2.05 to 1.85 V which is 

beneficial for electrowinning applications. In this study, the separate and combined effects of fluoride 

ions, copper ions, SDS, and an α-PbO2 intermediate layer on the electrodeposition process of lead 

dioxide were investigated using cyclic voltammetry (CV), chronoamperometry (CA) and 

electrochemical impedance spectroscopy (EIS) to gain a better understanding of the effects of these 

additives on the properties of the prepared lead dioxide anode to be used in electrowinning processes. 

2. EXPERIMENTAL PROCEDURES 

2.1. Electrode preparation 

The titanium plates were cut to dimensions of 25×25×0.6 mm and polished with sandpaper 

(400-800 mesh number). The polished Ti plates were then degreased by washing the surface with 

soap and immersing in a soap-water mixture for 30 min, followed by washing with deionized water 

and another 30-min immersion in ultra-pure acetone. Then the Ti plate was etched in boiling 15 wt% 

oxalic acid for 1 hour until the surface of the Ti plate turned gray. Finally, they were washed 

thoroughly with distilled water and stored in ultra-pure isopropanol. Prepared Ti samples were used 

as the working electrode (anode), while Pt sheet were used as the counter electrode (cathode). 

2.2. Electrochemical measurements 

The electrochemical measurements were performed on the CorrTest Electrochemical 

Workstation CS350. Ti samples with dimensions of 25×25 mm and a working area of 2 cm2 were 

used as the working electrode, while Ag/AgCl and Pt sheet were used as the reference and the counter 

electrode, respectively. 
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Cyclic voltammetry was performed with a potential range of 0 to 2.5 V for 2 cycles with a scan 

rate of 20 mV/s. Chronoamperometry experiments were carried out with single positive potential 

steps from the open-circuit potential to 1.8 V vs. Ag/AgCl. Electrochemical impedance spectroscopy 

(EIS) was measured at 1.8 V vs. Ag/AgCl at frequencies ranging from 100 kHz to 100 mHz. 

For all electrochemical measurements, the composition of electrodeposition bath included 0.5 

mol. L-1 Pb(NO3)2, 0.1 mol. L-1 HNO3, and different kind of additives as needed (0.05 mol. L-1 NaF, 

0.026 mol. L-1 Cu(NO3)2 and 0.001 mol. L-1 SDS) (Table 2). All chemicals used were of high purity 

and analytical grade. Scanning electron microscopy (VEGA TESCAN, Czech Republic) was 

performed to study the microstructure and morphology of the samples. 

[Table 2 would be here] 

3. RESULTS AND DISCUSSION 

3.1. Effects of additives on cyclic voltammetry curves 

To study the process of lead dioxide coating on the titanium substrate in different deposition 

environments, the coating was carried out using cyclic voltammetry. The prepared titanium substrate 

was considered as the working electrode, while a Pt sheet and an Ag/AgCl electrode were used as the 

counter and reference electrodes, respectively. Cyclic voltammetry in the range of 0-2.5 V with a scan 

rate of 20 mV/s in different environments was used to study the process of lead dioxide deposition 

(Fig. 1). 
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Fig. 1. cyclic voltammetry of Ti substrate in 0.1 M HNO3, 0.5 M Pb(NO3)2 and a) Sample A2, 

b) Sample B2, c) Sample C2, d) saturated PbO in 3.5 M NaOH, e) Sample D2, f) Sample E2 

Fig. 1(a) shows the cyclic voltammetry curve of Ti substrate in 0.1 M nitric acid solution in the 

presence of 0.5 M Pb(NO3)2 without any additives (Sample A2). It should be noted that the substrate 

was cycled without preparation or interruption between cycles. With an increase in potential, no 

significant changes in current were observed until the onset potential (Eonset) of PbO2 formation (p1) 
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at 1.9 V, where the current density increased exponentially afterwards. This exponential increase 

indicates the deposition of PbO2 on the titanium substrate and the evolution of oxygen [10, 12]. In the 

potential reversal path, the oxidation reaction continues up to a voltage of 1.75 V (p2). This is due to 

the ease of continued coating on the already formed PbO2 layer compared to the titanium substrate 

[44]. A cathodic peak (c1) is observed at 0.44 V, which is due to the reduction of the freshly formed 

PbO2 [10, 12]. It is important to note that the current density on the reverse path is still negative, 

indicating the presence of a PbO2 layer on the titanium surface [45]. The second cycle is similar to 

that of the first cycle, with the difference that the Eonset is 1.8 V, which is 0.1 V lower than the first 

cycle. Also in the second cycle, an anodic peak (a1) is observed before the Eonset in the potential range 

of 1.2-1.6 V, which is attributed to the oxidation of PbO to PbO2 [43]. A cathodic peak (c2) is 

observed at 0.46 V, with the difference that the current density is significantly reduced compared to 

c1, which could be due to the increased stability and adhesion of the PbO2 coated on the already 

formed lead dioxide. 

Fig. 1(b) shows the CV curve of Ti substrate in 0.1 M HNO3, 0.5 M Pb(NO3)2, and 0.05 M NaF 

(Sample B2). As can be seen, the Eonset is 1.75 V. The decrease of the Eonset value by 0.15 V compared 

to the coating without NaF shows that the deposition rate of lead dioxide has increased, which could 

be due to the presence of F- ions in the electrolyte. Fluoride ions play two important roles in the lead 

dioxide coating: a) the formation of the PbF2 phase, which prevents the contact of the substrate with 

the electrolyte and the formation of the oxide layer (TiO2); and b) reducing the number of active sites, 

which decreases the oxygen evolution rate and leads to the formation of a lead dioxide layer [21]. 

After the addition of NaF, the process is irreversible and there are no cathodic peaks. The second 

cycle is similar to the first cycle, except that the Eonset is 0.2 V less than that of the first cycle, which 

is consistent with the easy continuation of the coating on the pre-formed lead dioxide. The maximum 

anodic current density increases with the addition of NaF to the medium. The maximum anodic 

current density indicates that the presence of fluoride ions not only improves the coating process, but 

also greatly reduces the probability of formation of TiO2 oxide layer on the substrate surface [46-48]. 
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Fig. 1(c) shows the CV curve of Ti substrate in 0.1 M HNO3, 0.5 M Pb(NO3)2, 0.05 M NaF, and 

0.026 M Cu(NO3)2 (Sample C2). A sharp anodic peak (a1) is observed in the potential range of 0.1-

0.35 V, which may be related to the oxidation of copper ions and its conversion to copper oxide or 

hydroxide [49-52]. The main reason for using copper is to avoid lead loss at the cathode [53,54]. 

From the results of CV, unexpectedly some copper is oxidized and can be deposited on the surface of 

the anode together with lead dioxide. This appears to have resulted in an increase in Eonset in the first 

cycle compared to the exclusive presence of fluoride ions (1.9 V). The presence of copper oxide in 

the common anode/electrolyte pathway appears to affect the electron transfer potential of lead 

dioxide, such that a higher potential is required to initiate electron transfer from lead dioxide [55,56]. 

In the second cycle, the oxidation peak of copper has completely disappeared, which may be because 

of copper ions tendency for reduction on the cathode. The Eonset in the second cycle is 0.3 V lower 

than first cycle. On the return path potential in the second cycle, in contrast to previous samples, a 

hysteresis loop is observed in the range of 2-2.32 V, indicating the difficulty of the nucleation process 

in the presence of copper ions [33,57] (such a loop was not observed in earlier samples). In fact, the 

presence of copper oxide interferes with the onset of the lead dioxide nucleation process, which could 

be due to the presence of copper oxide on the surface of the anode. The sudden decrease in the 

maximum density of the anodic current in the simultaneous presence of copper and fluoride ions in 

the environment, could be due to the presence of copper oxide and the consequent decrease in 

conductivity. 

Fig. 1(d) shows the CV curve of Ti substrate in saturated 3.5 M sodium hydroxide with lead oxide 

(PbO). As can be seen, the oxidation potential is much lower in an alkaline environment than in an 

acidic environment. When the potential is increased, an anodic peak is observed in the potential range 

of 0.5-0.6 V (a1), which is probably due to the formation of Pb3O4 [10]. In addition, a second peak is 

observed in the potential range of 1.6-1.8 V (a2), possibly due to the formation of PbO2 [10]. It 

appears that, unlike an acidic environment, in an alkaline environment some of the divalent lead is 

converted to tetravalent lead by an electrochemical reaction, forming Pb3O4 (or 2PbO.PbO2 [58]), and 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.3

51
3 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.iu

st
.a

c.
ir

 o
n 

20
24

-0
8-

19
 ]

 

                             8 / 28

http://dx.doi.org/10.22068/ijmse.3513
https://www.iust.ac.ir/ijmse/article-1-3513-en.html


 

9 

 

the remaining PbO is converted to PbO2 at higher potentials. In the second cycle, the oxidation of 

PbO to PbO2 occurs at a lower potential (a3), as expected. Subsequently, a very thin layer of PbO2 

was deposited on this sample. 

To investigate the effect of SDS on the process of the lead dioxide coating (Sample D2), 0.001 

M SDS was added to the coating solution in addition to NaF and Cu(NO3)2 (Fig. 1(e)). The anodic 

peak in the potential range of 0.1-0.35 V is related to the oxidation of copper. The height of this peak 

is lower than in the sample without SDS, which could be due to the presence of SDS and its 

occupation of the active sites as an insoluble anionic surfactant in the medium [14,59,60]. As the 

potential continues to increase, no more peaks are observed until a potential of 1.85 V, the initial 

potential of the lead dioxide coating. On the return path of the first cycle, a hysteresis loop is observed 

in the potential range of 1.7-1.96 V, indicating the difficulty of nucleation in the presence of SDS and 

copper ions. SDS interferes with nucleation by occupying active sites, which is the reason for 

observing the hysteresis loop in the first cycle. In the second cycle, the copper oxidation peak and 

hysteresis loop have completely disappeared, and the initial potential of the lead dioxide coating 

(Eonset) is 0.45 V lower than in the first cycle. 

Fig. 1(f) shows the CV curve of the Ti substrate in 0.1 M nitric acid together with all additives 

and using α-PbO2 as interlayer (Sample E2). As the potential increases, the current density increases 

exponentially at a potential of 1.5 V -the lowest initial potential of lead dioxide electrodeposition 

compared to previous samples- indicating the simultaneous effect of additives. Moreover, the 

oxidation peak of copper is eliminated in this curve, which is likely due to the presence of a lead 

dioxide interlayer (α-PbO2). In the second cycle, the Eonset is lower and the maximum current density 

of the anodic peak increases, indicating an improvement in the coating process. The anodic peaks 

(a1) and (a2) in the potential range of 1.6-1.8 could be due to the oxidation of PbO to PbO2, and 

because of the use of Ti/α-PbO2 as the working electrode, this peak is seen from the beginning at the 

first cycle. 

3.2. Effects of additives on chronoamperometry 
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To understand the effect of the additives on the PbO2 electrodeposition in the initial stages, 

chronoamperometry was used (Error! Reference source not found.). The current transients obtained 

from chronoamperometry can be divided into three regions [61]: i) the current density step, 

representing the double layer charging; ii) an induction period, representing the time required for 

PbO2 formation; and iii) the increase in current density to a maximum and the decrease to a steady 

state, representing the decrease of electroactive material near the electrode and the nucleation and 

growth of a new phase, respectively.  

Table 3 shows the jm (maximum current density during the initial stage of lead dioxide 

electrodeposition) and the tm (corresponding time). It is obvious that different additives have different 

jm and tm, which means that all additives change the double layer conformation on the electrode 

surface. It shows that presence of copper ions and SDS (samples C2 and D2) inhibits the electro-

crystallization of lead dioxide on the Ti plate, which is line with CV results. The tm and jm in sample 

E2 are minimum and maximum, respectively due to the ease of coating on the already formed α-PbO2 

layer compared to the titanium substrate, which shows the effect of the interlayer on the 

electrodeposition process at the initial stages. Fig. 2 shows that the response time (tm) required to 

reach the maximum current density (jm) is reduced in the presence of all additives and the interlayer. 

This means that PbO2 is preferentially deposited on the electrode and the simultaneous presence of 

additives and the interlayer can reduce the formation of by-products (reactions (2) and (3)) during 

nucleation induction period and increase the amount of PbO2 deposition, resulting in greater 

deposition of PbO2 on the surface of the substrate and improving the performance of the electrode. 

[Table 3 would be here] 
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Fig. 2. Chronoamperometry curves of lead dioxide in 1.8 V (vs. Ag/AgCl) on Ti Plate (the area at 2 

cm2) in the 0.5 mol.L–1 Pb(NO3)2 and 0.1 mol.L–1 HNO3 with and without different additives. 

3.3. Effects of additives on electrochemical impedance spectroscopy 

Fig. 3 shows the electrochemical impedance spectroscopy (EIS) of lead dioxide 

electrodeposition in a nitrate bath at 1.8 V vs. Ag/AgCl with different additives on the Ti plate. 

According to the Nyquist plot, lead dioxide with and without additives exhibit a capacitive loop at 

high frequencies and an inductive loop at low frequencies. The main difference between all samples 

is the radius of the Nyquist plot, which is larger or smaller depending on the additives used. The 

oxidation process in the lead nitrate bath is represented by the high frequency capacitive loop 

consisting of the double layer capacitance and the charge transfer resistance. In addition, the presence 

of a low frequency inductive loop is suggesting the presence of an adsorbed/desorbed intermediate 

[62]. This intermediate could be Pb(III) with oxygen, such as Pb(OH)2+ adsorbed to the surface of the 

electrode [63]. Diard et al. [62] also mentioned that this loop is associated with a two-step reaction 
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pathway that occurs at the electrode and involves the formation of an adsorbed intermediate. The 

reaction can be represented as follows: 

Reactant → Adsorbate + e-    (Step 1) 

Reactant + Adsorbate → Products + e-  (Step 2) 

which can be fully associated with reactions (1) and (2). 

 

Fig. 3. Nyquist plot of lead dioxide in 1.8 V (vs. Ag/AgCl) on Ti Plate (the area at 2 cm2) in the 

0.5 mol.L–1 Pb(NO3)2 and 0.1 mol.L–1 HNO3 with and without different additives. 

The electrochemical equivalent circuit fitted to the Nyquist diagram, illustrated in Fig. 3. Rs 

describes the solution resistance, the pair Cdl/Rct represents the oxidation process, where the charge 

transfer resistance (Rct) is related to the reaction rate, and the capacitance of the double layer (Cdl). 

part of the diagram appears in the negative imaginary part of the plot, indicating an adsorption or 

desorption process leading to inductive relaxation. To account for this behavior, an inductance 

resistance (RL) and an inductance (L) are introduced into the equivalent circuit in parallel with the 

Cdl/Rct pair. 

[Table 4 would be here] 
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According to the data calculated with the Zview2 software (Table 4), the Rct values for lead 

dioxide in the simultaneous presence of fluoride and copper ions (Sample C2), as well as fluoride 

ions, copper ions, and SDS (Sample D2), are almost twice those of the lead dioxide without additives 

(Sample A2), showing that copper ions and SDS reduce the reaction rate. in the presence of the 

interlayer (Sample E2), the Rct value notably decreased, showing the essential role of the α-PbO2 in 

the electrodeposition of lead dioxide.   The Cdl value of lead dioxide in the presence of copper ions 

and SDS (Samples C2 and D2) is lower compared to lead dioxide without additives and with 

interlayer (Samples A2 and E2). This decrease in Cdl can be attributed to the adsorption of copper 

ions and SDS at the anode, which hinders the electrodeposition of lead dioxide [63]. 

3.4. Effects of additives on coating morphology 

A cyclic voltammetry method with chronoamperometry and EIS were used to investigate the 

mechanism and process of the reactions involved in the formation of a PbO2 coating. SEM images of 

the coating surfaces are shown in Fig. 4. As can be seen in Fig. 4(a), the growth of the lead dioxide 

layer without additive (Sample A2) is cluster-like, indicating the superiority of vertical growth over 

horizontal, which is one of the reasons for the decrease in adhesion. The addition of NaF (Fig. 4(b)) 

leads to cohesion in the coating, and a pyramid-like structure of the lead dioxide can be seen from the 

beginning. The morphology of this sample is comparable to that of the samples with α-PbO2 interlayer 

(Figs 4(d) and 4(f)), proving the formation of PbF2. The presence of copper ions has led to a change 

in the surface structure of the coating in the first layers, significantly increasing the surface cracks 

and essentially transforming the coating structure into an island-like structure, similar to mixed metal 

oxides (MMO) anodes for oxygen evolution (Fig. 4(c)). The effects of the interlayer and SDS on the 

structure of the lead dioxide after the addition of α-PbO2 interlayer and NaF can be clearly seen in 

Figs 4(d) and 4(e). the presence of SDS can occupy growth sites, which significantly affects the 

electron/ion transfer on the surface by mechanical and electrostatic means (due to changes in the joint 

anode/electrolyte surface properties and consequent changes in the potential and current distribution 
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on the anode surface), ultimately leading to a change in grain growth and the achievement of a denser 

surface [43]. The interlayer, on the other hand, changed the morphology of the coating from the 

beginning and had a significant impact on the grain size. The addition of SDS reduces the number of 

cracks and eliminates the island-like structure of the coating, as it is preferentially placed on active 

sites.  The effects of all the additives in the electrolyte medium (Sample E2) on the initial layers of the 

lead dioxide coating can be seen in Fig. 4(f), where a very fine and dense structure influenced by the 

presence of NaF, the α-PbO2 interlayer, and SDS is clearly visible. The results show that the additives 

have a significant effect on the surface morphology of the coating at initial stages. 
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Fig. 4. SEM micrographs of samples electrodeposited in 0.1 M HNO3, 0.5 M Pb(NO3)2 and a) 

Sample A2, b) Sample B2, c) Sample C2, d) Sample C2 on Ti/α-PbO2, e) Sample D2, f) Sample E2 
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4. CONCLUSIONS 

In this study, an attempt was made to investigate the effect of three additives and one interlayer 

on the electrodeposition process of lead dioxide using electrochemical methods to understand their 

influence on lead dioxide electrode as an oxygen evolution electrode suitable for electrowinning. The 

methods of cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical impedance 

spectroscopy (EIS) were applied, and the results showed that fluoride ions not only do not interfere 

with the process of electrodeposition of lead dioxide, but also increase the deposition rate. This could 

be due to the formation of PbF2 and the prevention of oxygen evolution reaction (OER) by blocking 

the active sites. The presence of fluoride ions in the deposition bath also significantly reduced the 

probability of TiO2 formation through the formation of a PbF2 layer and decreased the initial potential 

of lead dioxide deposition. In addition, the addition of fluoride ions improved the electrodeposition 

of lead dioxide. It was found that copper ions, which mainly used to prevent lead loss at the cathode, 

could be oxidized at the surface. On the other hand, copper ions hinder the electrodeposition of lead 

dioxide at initial stages. Although the effect of copper ions is observed only in the initial stages due 

to their tendency to be reduced at the cathode. The presence of SDS also interfered with the deposition 

process by occupying the active sites. SDS as an anodic surfactant reduces the deposition rate of lead 

dioxide and prevents OER on the surface of the electrode. According to the present and previous 

studies, it can be said that SDS slightly modifies the deposition process of lead dioxide. The presence 

of an intermediate layer prevented copper oxidation and solved the nucleation problem. the results 

showed that the interlayer has the most significant effect on the electrodeposition of lead dioxide. The 

use of α-PbO2 as an interlayer during electrodeposition eliminates the disadvantages of copper ions 

and SDS at the initial stage, and also increases the deposition rate and modifies the morphology of 

the electrode. Simultaneous addition of all additives and the interlayer resulted in the lowest Eonset, 

tm, and Rct values. The results indicate that the additives had a significant effect on the surface 

morphology in the initial deposition layers. 
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• Effects of F- ions: Increases deposition rate (decrease of Rct), prevents the formation of the 

oxide layer (TiO2) (The most imax during CV test), changes the deposit morphology of the no-

additive coating 

• Effects of F− ions + Cu2+ ions: Hinder lead dioxide electrodeposition and interfere with the 

nucleation of lead dioxide in the initial stages (copper oxidation peak and a hysteresis loop 

on second cycle of CV test) 

• Effects of F− ions + Cu2+ ions + SDS: Hinder lead dioxide electrodeposition, interfere with 

the nucleation of lead dioxide (copper oxidation peak and hysteresis loop on the first cycle 

of CV test), decrease the deposition rate (modify the deposition process) 

• Effects of F− ions + Cu2+ ions + SDS on Ti/α-PbO2: Increase the deposition rate (the lowest 

Rct), eliminate the effect of the presence of copper ions on the anode (elimination of copper 

oxidation peak and hysteresis loop), modify deposit morphology (grain size reduction on the 

SEM pictures) 
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Table 1. A list of selected additives and their advantages for lead dioxide electrodes 

Additive Effect Ref. 

-F increases stability [38] 

2+Cu prevents lead waste on cathode, reduces grain size, increases coating density [34] 

3+Ce increases stability, improves electrocatalytic activity [39] 

3+Fe increases deposition rate, improves electrocatalytic activity [40] 

2+Co improves electrocatalytic activity [41] 

2ZrO Increases stability, increases oxygen evolution potential (OEP) [41] 

4O3Co improves electrocatalytic activity and active surface area [42] 

 

Table 2. Details of the samples and additives used in each sample 

Sample Code Substrate Additive 
Concentration of additive 

(mol.L-1) 

A2 Ti - - 

B2 Ti NaF 0.05 

C2 Ti 

NaF 

Cu(NO3)2 

0.05 

0.026 

D2 Ti 

NaF 

Cu(NO3)2 

SDS 

0.05 

0.026 

0.001 

E2 Ti/α-PbO2 

NaF 

Cu(NO3)2 

SDS 

0.05 

0.026 

0.001 
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Table 3. tm and jm of Chronoamperometry curves for lead dioxide in 1.8 V (vs. Ag/AgCl) on Ti 

Plate (the area at 2 cm2) in the 0.5 mol.L–1 Pb(NO3)2 and 0.1 mol.L–1 HNO3 with and without 

different additives 

Additives tm (s) jm (mA/cm2) 

Sample A2 3.22 3.92 

Sample B2 1.04 5.53 

Sample C2 6.67 3.03 

Sample D2 8.94 1.92 

Sample E2 0.40 6.60 

 

Table 4. Fitted EIS parameter results related to samples coated with different additives at 100 kHz – 

100 mHz in 0.5 mol.L-1 Pb(NO3)2 and 0.1 mol.L-1 HNO3 with 1.8 V (vs. Ag/AgCl) of applied 

potential. 

Sample Code Rs (Ω.cm-2) Rct (Ω.cm-2) n Cdl (μF.cm-2) 

A2 0.35 160.60 0.95 0.118 

B2 0.68 136.31 0.93 0.153 

C2 0.49 371.80 1.00 0.113 

D2 0.86 401.73 0.98 0.097 

E2 0.90 70.33 1.00 0.242 
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